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Summary 

Homogeneaus condensation, the process of droplet formation in the absence of foreign 
particles, occurs when in a vapour the supersaturation ratio exceeds some critical value. 
Dropwise condensation consists of two stages: nucleation and droplet growth. Nucleation 
is the formation of critica! clusters, foliowed by droplet growth. The simplest theory 
predicting the nucleation rateis Classica! Nucleation Theory (CNT). 

In a nucleation pulse expansion wave tube, a pulse-like pressure history is generated 
by means of a local widening in the tube. The experiment is designed in such a way that 
significant nucleation occurs only during this nucleation pulse. Because the time duration 
of the pulse is very short, all condensation nuclei formed are approximately of the same 
size. The nuclei will grow to macroscopie dropiets which can be optically detected. From 
the measurements, the droplet growth rate and the nucleation rate can be calculated. 

For these measurements, it is crucial to know the vapour pressure prior to an expansion. 
Sirree the vapour dealt with in this work is water, a relative humidity sensor is used to 
determine the initial relative humidity. The sensor is based on the principle that the 
capacity of a polymer film changes when it adsorbs and/or absorbs water. Both adsorption 
and absorption are dependent on relative humidity rather than absolute vapour pressure. 
The dependenee of the sensor on total pressure is investigated, for helium and for nitrogen 
gas. It turns out that helium does not have a significant influence on the output voltage of 
the sensor. Addition of nitrogen however, decreases the sensor output voltage. The effect 
can be qualitatively explained by adsorption of nitrogen on the sensor polymer in the case 
of low vapour pressures (p < 1 Pa). At higher vapour pressures, the effect is associated 
with the surface tension decreasing influence of nitrogen on water. 

Nucleation experiments with water are carried out at condensation temperatures near 
230 K and 250 K, at condensation pressures of 10, 25 and 40 bar. As carrier gases, 
helium and nitrogen are used. The results of these experiments should still be regarcled 
as preliminary. The cooling of the mixing pump during preparation of the experiments 
turned out to be insufficient. This caused the adsorption process at the vessel walls around 
the mixing pump to be far from equilibrium. A consequence is an inhomogeneity of the 
gas mixture leading to an uncertainty in the initial humidity. 

When camparing measured nucleation rates with theoretica! data, the pressure depen
denee of surface tension is important. Our results indicate that such a pressure dependenee 
affects the nucleation process. A formula was found in literature to correct the surface ten
sion as a function of pressure and temperature. However, the temperature dependenee of 
this correction is very unclear. This should be subject to a closer investigation. 
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Chapter 1 

Introduetion 

Homogeneaus condensation, the formation of dropiets out of a vapour, is a process that 
can be observed often, in everyday's life as wellas in technica! environments. An example 
is the formation of fog: a humid atmosphere suddenly cooling down will cause dropiets 
to be formed. Another example, in a more technica! environment, can be found in a gas 
purification plant. Sudden pressure drops will lead to a cooling down of gas. This can 
cause condensation of vapours present in the gas. Generally, this is an undesired situation, 
since dropiets can obstruct the gas flow through pipes and valves. 

In both examples, cooling leads to a thermadynamie non-equilibrium state, in which the 
vapour pressure is higher than the saturation pressure at the same temperature. The way 
back to equilibrium is condensation: the formation of dropiets causes the vapour pressure to 
decrease, thereby lowering the supersaturation ratio. The supersaturation ratio is defined 
as the vapour pressure divided by the saturation pressure at the same temperature. In 
the condensation process, two different stages are distinguished: nucleation and droplet 
growth. The first stage, nucleation, is the formation of microscopie clusters with radii 
of the order of nanometers. In the droplet growth stage, the nuclei grow to macroscopie 
detectable sizes. When foreign particles are present, the condensation is heterogeneous. In 
the absence of foreign particles, we have homogeneaus condensation, which is the subject 
of this work. 

Chapter 2 describes the simplest theory of homogeneaus nucleation: Classica! Nucleation 
Theory (CNT). This theory pends on the capillarity approximation, that is the assumption 
that microscopie dropiets consisting of only tens of molecules have the same properties as 
macroscopie droplets. In CNT, the formation free energy ~Fn of a cluster of n molecules, 
a microscopie droplet, is calculated. The expression for the free energy consists of two 
terms. One term accounts for the formation of a surface, the other term is a bulk term. 
The surface term is always positive: it will cost energy to form a surface. The sign 
of the bulk term depends on the supersaturation ratio S. When S < 1, this term is 
positive, but when S > 1, it is negative. When S < 1, the formation energy of clusters 
is always positive. Therefore, condensation will not occur. When S > 1 however, the 
formation energy of a cluster shows a maximum as a function of the number of molecules 
in the cluster. The cluster size for which the maximum occurs is called the critical size. 
Clusters smaller than the critical cluster will tend to evaporate, whereas clusters larger 
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than the critical cluster will tend to grow further to macroscopie droplets. The maximum 
in formation energy constitutes a harrier in the condensation process, causing nucleation 
to occur at supersaturation ratios much larger than unity. Due to statistkal fluctuations, a 
certain equilibrium number distribution of clusters as a function of cluster size exists. This 
distribution is proportional to the Boltzmann factor exp( -!J,.Fn/kT), with k Boltzmann's 
constant and T the temperature. The clusters in this distribution exceeding the critical 
cluster size will grow to macroscopie droplets. Consequently, the number of dropiets formed 
per unit time and per unit volume, the nucleation rate J, is propurtional to the Boltzmann 
factor exp - !J,.Fcrit/ (kT). 

In a laboratory, condensation can be stuclied by a fast expansion of a gas mixture. The 
expansion causes the necessary cooling and therefore a high supersaturation ratio of the 
vapour present in the gas mixture. In the group Gasdynamics and Aeroacoustics, depart
ment of Fluid Dynamics, Eindhoven University of Technology, two experimental principles 
are used for the creation of a fast expansion: a Wilson cloud chamber and a nucleation 
pulse expansion wave tube, often referred to as shock tube. All nucleation experiments 
described in this report are carried out with the expansion tube. In this tube, a special 
pressure history is created by means of a local widening, resulting in a pulse-like super
saturation history at the endwall of the tube. The experiment is designed in such a way, 
that only during the pulse nuclei are formed. Since the time duration of the nucleation 
pulse is relatively short, all dropiets formed will have approximately the same size. The 
macroscopie dropiets can be detected optically, with a technique that allows to determine 
the droplet radius as a function of time and the density of droplets. From this information, 
the droplet growth rate and the nucleation rate can be obtained. 

In this report, the first measurements on nucleation rates of water at high pressures are 
described. For determining the supersaturation ratio during the nucleation pulse, which is 
needed for a comparison with theory, it is necessary to know the initial vapour pressure 
in the system. The initial vapour pressure can be measured, in the case of water, with a 
relative humidity sensor. The sensor that is used in this work is based on the change in 
capacity of a polymer as it adsorbs and/or absorbs water. As the sensor was to be used 
in a high pressure environment, a calibration procedure had to be carried out in order to 
correct for the influence of gas at high pressures. In chapter 4, the calibration of this sensor 
is treated. 

In chapter 5, the results of the nucleation experiments are presented. Chapter 6 finally 
compiles the conclusions that can be drawn from this work. 



Chapter 2 

Theory 

2.1 Classica! N ucleation Theory 

The Classica! Nucleation Theory (CNT) outlined in this section was originally developed 
by Becker and Döring (1935) and Zel'dovich (1943). The following treatment of CNT is 
largely taken from an earlierreport by Muitjens [16]. 

In a supersaturated vapour, clusters of vapour molecules will exist. When these clusters 
are larger than a certain critica! size, the clusters will grow further and become droplets. 
The formation of critica! clusters is called nucleation. The number of critical clusters that 
are formed per unit time and per unit volume is called the nucleation rate. The nucleation 
rate is a most important quantity in the process of condensation and depends strongly on 
the supersaturation ratio S. 

In a closed system with volume V and temperature T, a pure vapour a and a droplet f3 
are present (figure 2.1). The vapour behaves as a perfect gas with constant heat capacities 
cv and cP. The Helmholtz free energy in the system before the droplet is formed is P'. 

V,T 

0 
Figure 2.1: The vapour-droplet system 

When a droplet is present, the Helmholtz free energy is po: in the vapour and P 3 in the 
droplet. The formation energy f:j.p to form a droplet in the vapour is given by: 

f:j.p = pa: + pf3 - P'. (2.1) 

It can be shown [1] that for a spherical droplet with radius r and surface tension a- the 
formation energy f:j.p can be expressed as 

4 kT 
f:j.p = - -1rr

3 -InS + 47ra-r2
, 

3 Vm 

6 

(2.2) 
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with k Boltzmann's constant, Vm the molecular volume of the incompressible fluid and S 
the supersaturation ratio defined by 

S = Pv 
Psat(T). 

(2.3) 

The first term at the right hand side of (2.2) is a bulk term, the second is a surface 
term. The bulk term depends linearly on the number of molecules i in the droplet, i being 
proportional to r 3 . The surface term denotes the energy that is needed to form the surface 
of the droplet. 

In figure 2.2, the formation energy tlF is depicted as a function of droplet radius. 
When the vapour is undersaturated, S < 1, the formation energy is an increasing function 

* r 
r-

Figure 2.2: The formation energy tlF as a function of droplet radius at constant tempe
rature for an undersaturated (S < 1) and a supersaturated (S > 1) vapour. 

of radius. Therefore, no stabie dropiets will be formed. In the case of a supersaturated 
vapour however, there is a maximum in the formation energy. The droplet radius for which 
this maximum occurs is called the critica! radius r* and can be calculated from (2.2) with 
d~/ = 0. The result is 

* 2avm 
r = kTlnS' (2.4) 

called the Kelvin relation for homogeneaus condensation. Substituting th.e critica! radius 
(2.4) in the expression for the formation energy (2.2) yields the critica! formation energy 
tlF*: 

1 2 
tlF* = -a4nr* . 

3 
(2.5) 
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The system tends to change in the direction of decreasing energy. Therefore, dropiets 
having a radius smaller than r* tend to evaparate to single molecules and dropiets having 
a radius larger than r* will grow to macroscopie droplets. The growth rate is limited only 
by diffusion and heat conduction. 

Because of statistica! fl.uctuations, a distribution of clusters in a stationary equilibrium 
will exist. The density ni of clusters consisting of i molecules depends on the formation 
energy by the Boltzmann distribution [1]: 

(2.6) 

For critical clusters, the formation energy has a maximum value. Consequently, the density 
of critical clusters has a minimum value. This causes the limitation for nucleation, sirree 
all dropiets have to pass the critica! size. Once a critical cluster has grown by collisions 
with vapour molecules, it will pass the energy harrier and grow further. The number of 
clusters that grows beyond the critica! size per unit time and per unit volume is called 
the nucleation rate J and is in fi.rst approximation proportional to ni* and the callision 
frequency ei* of vapour molecules with the cluster: 

(2.7) 

The factor e accounts for the sticking probability of a colliding vapour molecule on the 
droplet and corrects for temperature differences between growing cluster and environment. 
We will neglect these infl.uences and assume for e the value unity. Also, collisions between 
clusters are neglected. The Zel'dovich factor Zi* is introduced to correct for the deviation 
from stationary equilibrium caused by droplet growth and condensation. The real concen
tration of critica! clusters is lower than ni* because i + I-clusters will grow further and 
therefore deplete the population of i-clusters. The Zel'dovich factor is given by Abraham 
[1]: 

zi.2 = (a2~p) ~-
ai i=i* 21r kT 

(2.8) 

For a calorically perfect vapour, the Collision frequency ei* and the Zel'dovich factor zi* 

can be expressed as [1] 

ei* 
Pv · 47rr*2 and (2.9) 

v'2m1rkT 

zi. ~m (2.10) -
21!" Ptr*2' 

with m the mass of a vapour molecule and p1 the density of the liquid. With equations 
(2.2) to (2.10), the nucleation rate can be expressed in macroscopie quantities: 

(2.11) 
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When comparing the theoretica! nucleation rate (2.11) with experimental measured 
nucleation rates, it is usualto plot the factor r as a function of temperature T. The factor 
r is defined as the ratio of experimental and theoretica! nucleation rate: 

r = lexp . 

Jtheory 
(2.12) 

2.2 Surface tension 

Special care has tobetaken to calculate the surface tension CY in formula (2.11), because 
the surface tension can depend on the surrounding carrier gas, as was found by Slowinski 
[20]. The expression for the corrected surface tension of water CYcorr reads 

P T 
CYcorr = CYo(T)- KCYo(Tref) ·- · -;::p-, 

Pref 1 ref 
(2.13) 

where CYo(T) is the surface tension without correction. The factor K depends on the 
gas. For nitrogen, the pressure dependenee has to be taken into account. The paper by 
Slowinski is not very clear to the temperature dependenee of K. We shall assume that K 
is temperature independent, but this should be subject of further investigation. 



Chapter 3 

Experimental Setup 

The treatment of the experimental setup in this chapter is taken, with minor changes, from 
the report by Luijten [15]. 

3.1 Introduetion 

As already remarked in chapter 1, a fast expansion is an excellent means to create a 
supersaturated state. "Fast" here means that the expansion can in good approximation be 
considered isentropic, so that the temperature decreases together with pressure. Since the 
equilibrium density of a vapour depends strongly on temperature, a supersaturated state 
can be reached during the expansion. 

One way to achieve a controllable and fast expansion is to make use of the expansion 
wave that travels in the opposite direction of the shock wave in a shock tube. The tem
perature after the expansion can be controlled by varying the pressure ratio between the 
high pressure section (HPS) and low pressure section (LPS) of the tube; when the molar 
fraction of water is known (which is not assumed to change during the expansion), the 
value of the supersaturation ratio S after the expansion is also a known quantity. 

By introducing a small local widening in the low pressure section of the tube, even a 
pulse-like variation of S can be obtained. This principle will be described in section 3.2. 
Sirree nucleation rates depend very strongly on supersaturation - which will be obvious 
from formula (2.11) in the previous chapter- the only significant nucleation will take place 
during the pulse. After the pulse, however, S still exceeds unity, so that the nuclei formed 
will grow to macroscopie sizes and can be optically detected. The optical detection will 
be the subject of section 3.3. In this way information is obtained on the nucleation rate 
by simply "counting" the dropiets per unit volume and dividing by the duration of the 
nucleation pulse. Because the pulse duration is very short, the dropiets formed all have 
approximately the same sizes. This has the advantage that information can be obtained 
on the droplet radius as a function of time, which is the growth rate. 

In addition to the nucleation and droplet growth rates, the thermadynamie state at 
which these quantities are measured is important. The state of a binary mixture of gases 
is characterized by the temperature T, the pressure p and the molar vapour fraction Yv· 
The determination of pandT will be the subject of section 3.4. 

For the determination of the composition of the mixture, a choice can be made out of 

10 



3.2. EXPERIMENTAL SETUP 11 

several methods, which will be described in section 3.5. 
In section 3.6 the experimental procedure of a nucleation experiment will be described 

in some detail. 

3.2 Experimental setup 

A schematic representation of the nucleation pulse shock tube can beseen in figure 3.1. It 
is a modification of the expansion-shock tube developed by Peters [17]. 

At time zero, the membrane is heated by a hot ribbon and opens within approximately 

HPS 
LPS 
MS 
PM 
PD 
L 
RH 

MS LPS 

gas supply 
.... RH MP lP 
CD 
(IJ 

co 
r:::: 
0 
"[ 
<( 

high pressure sectien 
low pressure sectien 
membrane sectien 
photomultiplier 
photodiode 
lens 
humicap 

gas sampling 

V 1 , ... ,4 valves 
VP vacuum pump 
MP mixing pump 
lP injection point 

Pd static pressure (Druck PDCR 200} 

Pk dyn. pressure (Kistler 603 B} 

Figure 3.1: Schematic representation of the nucleation pulse shock tube setup. 

100 f..LS [13]. A shock wave travels into the LPS; an expansion wave travelsin opposite di
rection. The shock wave refl.ects at the local widening as another small expansion, foliowed 
by a small recompression as it reaches the end of the widening. In figure 3.2 a simula
tion of the propagating waves is represented in a (x, T)-diagram. The numerical methad 
used is the one-dimensional Random Choice Methad (RCM); details of this methad can 
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be found in references [7, 13, 21]. For convenience, a schematic drawing of the tube and 
the development of the pressure at the HPS endwall arealso included in the figure. 

2 1 
p (bar) 

15 

(i) 
g 10 

5 

I 
0 

0.5 1 1.5 2 
x (m) 

HPS I= LPS 
M 

Figure 3.2: (x, T)-diagram of the wave propagation in the expansion shock tube. 

The pressure dip due to the local widening - which is in fact the nucleation pulse - is 
typically 0.8 ms in time. This can be varied by mounting a widening of different length 
into the tube. After typically 35 ms, the shock wave - that has reflected at the LPS 
endwall in the meantime - arrives at the HPS endwall and brings the experiment to an 
end. The mentioned times hold for experiments where nitrogen was used as carrier gas. 
When helium is used, these times are smaller due to a larger sound speed c. 

The gasdynamic aspects of the setup are described in more detail by Looijmans et 
al. [13]. 

3.3 Droplet concentrations and growth 

For the determination of the droplet concentration in the mixture during the experiment, 
use is made of an optical setup (see figure 3.3). 

A laser beam is sent through the HPS in transversal direction at about 5 mm from 
the endwall. In this way the velocity of the gas at the point of detection can be neglected 
during the experiment, whereas detection still takes place outside the thermal boundary 
layer at the endwall. 

The transmitted beam is sent through a thick glass plate, whereby the first outcoming 
reflection is measured (this means a reduction of intensity with respect to the primary 
beam by a factor of about 600). The intensity of this beam is recorded with a photodiode. 
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..... M mirror 
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d diaphragm 

Figure 3.3: Optical setup for determining concentration and radius of the draplets formed. 

While doing experiments at low pressures with the expansion shock tube, the trans
mitted beam was led through a circular diaphragm to reduce the infl.uence of forward 
scattered light on the signal. At high pressures the refraction index of the gas mixture 
starts differing significantly from unity. This, in combination with the oblique placement 
of the tube windows, causes the transmitted beam to deviate from its original propagation 
direction. In the stationary initial state this can easily be corrected for by rnaving the 
photodiode D2 . During the expansion, however, the refraction index decreases again and 
the transmitted beam again changesits propagation angle. The described effect is so large 
that the diaphragm can not be used with the high pressure experiments any more, and 
has to be replaced by lens L3 to make sure that the beam keeps falling on photodiode D2 . 

Consequently, there is also some forward scattered light included in the transmission signal. 
Calculations show that the contribution of this forward scattered light to the transmitted 
signal can be as large as 10% using lens L3 . Since the beam deviation is only in vertical 
direction, L3 could be combined with a slit-shaped diaphragm to reduce the infl.uence of 
forward scattered light. 

When dropiets are formed, the transmitted beam is attenuated. The droplet concen
tration can be derived from the amount of attenuation according to the Lambert-Beer 
law. 

For very low droplet concentrations, a problem arises with this method in view of 
the very high experimental pressures: some disturbances due to the propagation of the 
shock wave in the tube are inevitable. In combination with the small attenuation at low 
concentrations, this causes the signal-to-noise ratio to fall to a value that cannot be used 
for a proper determination of the transmission coefficient anymore. The salution to this 
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problem will be given later in this section. 

The size of the dropiets as a function of time is obtained by recording the intensity of the 
light scattered within a small solid angle of the direction perpendicular to the incident 
beam (90°-scattering). For particles with sizes of the order of the wavelength of light 
(hundreds of nanometers), the Mie theory describes the intensity scattered by spherical 
particles as a function of scattering angle, index of refraction n and dimensionless radius 
27rr /À (À being the wavelength of the incident light). Details of this theory can be found 
in references [22, 26]. A typical Mie pattem is plotted in figure 3.4. 

::J 

~ 
~ ën 
c 
Q) -c 

0 

88.85° < 9 < 91.15° 

83.72° < ö < 96.28° 

n = 1.334 (HP) 

5 10 

2m/'A. 

15 20 

Figure 3.4: Typical Mie pattem of the intensity scattered by spherical dropiets versus 
dimensionless radius 27rr /À. Scattering angle is 90°, index of refraction is 1.334. 

In our optical setup, the recorded intensity of the scattered light has - to a very high 
degree of accuracy - the same form, but now as a function of the square root of time. 
Measured peaks can be identified with the theoretica! ones and so, knowing the wavelength 
and index of refraction, the droplet radius can be obtained as a function of time very 
accurately. In principle, this can be dorre for r being a continuous function of time; it is 
sufficient, however, only to consider the peak tops in order to determine the growth rate. 

Here, a remark has to be made about the detection limitsof the scattering setup. The lower 
limit is constituted by the recognizability of the peaks (thus by the signal-to-noise ratio). 
The upper limit is formed by the saturation limit of the measuring device (photomultiplier 
+ acquisition system). Consequently, the measurable droplet concentrations are all within 
a range of about a factor 104 (nucleation rates have been measured varying from 4 · 1013 

m-3s-1 up to 3 · 1018 m-3s-1 ). 

Now, the procedure during a series of experiments is as follows. One experiment of the 
series, the one with the highest measurable droplet concentration, is chosen as the reference 
experiment. The droplet concentration is derived from the transmitted light attenuation. 
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Other experiments, all with lower concentrations, are related to the reference experiment 
by comparison of absolute heights of corresponding Mie-peaks. The ratio of the intensity 
of the highest detectable peak to that of the reference peak is taken and multiplied by the 
droplet concentration in the reference experiment. After a correction due to the intensity 
of the incident beam, which differs slightly from one experiment to another, the droplet 
concentration is abtairred for the other experiments, even if they are below the detection 
limit of the attenuation method. 

3.4 Thermadynamie state 

A thermadynamie variabie that is relatively easy to measure is obviously the pressure p. 
Making the assumption that the expansion is isentropic, the temperature T is calculated 
from the standard isentropic gas relations. For helium, the ideal gas law is used, whereas 
for nitrogen, real gas effects are taken into account with the aid of the Sychev equation of 
state described in appendix A. Details of this calculations can be found in [12]. 

In this manner, p and T are known as continuous functions of time. The pressure and 
temperature during the nucleation pulse are averaged; it's these values that come into the 
relationship J(p, T) that is going to be determined. 

3.5 Composition of the mixture 

The composition of the mixture is up to now the most difficult quantity to measure accu
rately. Three methods will be described here, consiclering advantages and disadvantages 
of each method. 

The most straightforward methad is the following. The rnalar density of the vapour is 
calculated from the initial vapour pressure with the ideal gas law and is assumed not to 
change when the other component (the gas) is added. The total rnalar density is calculated 
from the total pressure of the mixture with a real gas equation of state. The vapour fraction 
is now equal to the ratio of the two densities. 

There are some reasans to abandon this method. When the vapour is injected, the 
vapour pressure indicates that not all the water has vaporized: some water is adsorbed 
at the tube walls in the liquid phase. Upon addition of the gas the chemical potential of 
the liquid is raised, whereas the chemica! potential of the vapour changes only slightly. 
It is thus likely that more water dissolves into the gas phase. Although it can be shown 
with the aid of adsorption theory (see chapter 4) that adding nitrogen does not change 
the relative humidity in the system considerably, there are still reasans that make this 
methad doubtful. As the adsorption process takes some time to equilibrate (typically half 
an hour), leakage of the system becomes important; the measured vapour pressure has to 
be corrected for leakage. The leakage rate when the system is evacuated can be measured 
accurately. However, what not can be determined easily is the leakage that occurs when 
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injecting the vapour. This depends on the state of the septurn used and on the duration 
of the injection. 

The second method is the use of a relative humidity sensor. This method can only be 
applied for experiments with water vapour. The relative humidity, from which the vapour 
concentration can be calculated, is measured by a sensor that is based on the change in 
capacity of a polymer film as it adsorbes and/or absorbes water molecules. The sensor 
used in our group is a Humicap type 124B, further in this work referred to as Humicap. 
It is designed for pressures up to 100 bar. However, there were doubts about the pressure 
independenee that was suggested by the manufacturer. Therefore, the Humicap had to be 
calibrated at high pressures. This calibration is described in detail in chapter 4, where it 
will be found that for nitrogen, a correction factor has to be introduced dependent on the 
total pressure as well as the relative humidity in the system. 

The last method that is used to determine the water molar fraction is based on the droplet 
growth stage. As already mentioned, the growth rate can be measured very accurately with 
the shock tube setup. A numerical code for the calculation of binary droplet growth, based 
on Gyarmathy's growth model, has been developed some time ago by van Beeck [25, 8]. 
Details of the growth model can be found in his work. 

The water molar fraction is one of the input parameters to calculate the growth rate. 
By adjusting it until the growth rate is in agreement with the experiment, a value of the 
molar fraction can be obtained. 

Of course, the validity of this method depends on the correctness of the growth model at 
high pressures. Especially the diffusion coefficients needed in the model are still a subject 
of concern. 

In this work the Humicap relative humidity device was chosen as the method todetermine 
the initial composition of the gas mixture. 

3.6 Experimental procedure 

In this section, the procedure that is foliowed duringa high pressure nucleation experiment 
is outlined. 

After mounting a new membrane, an experiment starts with the evacuation of the 
tube. The LPS is evacuated until the pressure is lower than 1 Pa; the HPS is brought 
below w-3 Pa and then pumping is continued during 15 minutes. 

Then liquid water is injected. The injection volume depends on the desired satura
tion ratio during the experiment, but a simple relationship between injection volume and 
saturation before or after the expansion can not be given because of the strong nonlinear 
behaviour of the initial vapour pressure with injection volume. In fact, the injection vol
ume is at first determined by a trial-and-error procedure: once a good experiment has been 
clone, the rest of the series of experiments is carried out by slightly varying the injection 
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volume of the succesful experiment. After injection the pressure rises to typically 1500 Pa 
or 500 Pa, dependent on the desired nucleation temperature, but lowers duringabout ten 
minutes by a few percents, due to adsorption on the walls of the tube. 

When the relative humidity does not change substantially any more, the gas (in this 
work nitrogen or helium) is added. Simultaneously, the LPS is brought to its desired initial 
pressure. This has to do with the choice of the membrane: it must be thick enough to 
hold the initial pressure difference between HPS and LPS, but on the other hand it must 
be thin enough to open easily when heated by the hot ribbon. In view of the fact that 
membrane burst pressures ( thicknesses) are chosen so critically, the LPS is always kept 
under the HPS pressure to prevent the membrane from bowing back and forth ( this could 
cause an undesired early bursting). 

When the pressure in the HPS has reached its desired value, the mixing pump is put 
on. Pumping is continued duringa quarter of an hour. This duration is not arbitrary. In 
the mixing circuit it is possible to monitor the relative humidity of the mixture passing 
by means of the Humicap, see figure 3.1. While doing experiments with water under high 
pressures, it was noticed that the signal of the Humicap showed an oscillation when the 
mixing pump was turned on; the oscillation in all cases damped out to a constant value 
(i.e., constant humidity) within a quarter of an hour. This means that it takes at most 
this time to homogenize the mixture. (In chapter 4, some typical signals of the Humicap 
during mixing will be shown.) 

While the mixing pump is working, the laser beam is put on to give it some time to 
stabilize before the experiment starts. 

After mixing, the mixing circuit is closed. Leaving it open would cause disturbances of 
the wave propagation behaviour of the tube described insection 3.2. 

Now everything is ready for the experiment. Initial HPS and LPS pressures and initial 
temperature are recorded. The dynamic pressure transducer (Kistler type 603 B, in combi
nation with a Kistier type 5001 charge amplifier) is put in its operating state. This is done 
just now to prevent its output signal from drifting. Then a pulse current is sent through 
the heating ribbon in the membrane chamber, the membrane bursts and the experiment 
starts. 

During the experiment four signals are recorded: the dynamic pressure, the intensity 
of the reference beam and the transmitted beam (both by means of a photodiode) and the 
intensity of the light scattered under 90°, see section 3.3. These signals are recorded with 
a sampling rate of 32kHz into a LeCroy 6810 waveform recorder, which is triggered by the 
dynamic pressure signal falling below a threshold value. Typical results are described in 
chapter 5. 



Chapter 4 

Calibration of Relative Humidity sensor 
at high pressures 

4.1 Introduetion 

As mentioned in chapter 3, a relative humidity sensor is used in the shock tube todetermine 
the initial relative humidity. The relation between Humicap reading and relative humidity 
of a pure vapour can be determined in a straightforward manner. This has been dorre by 
Hesen [9] by mounting the Humicap in the shock tube circulation system, by evacuating the 
system fi.rst, and by adding pure water vapour. The vapour pressure is determined by means 
of a Barocel type 600A. Sirree we are interested in the relative humidity at high pressures, 
special calibration procedures had to be designed. According to the manufacturer, the 
reading of the Humicap device should not be sensitive to the preserree of a carrier gas. 
However, our preliminary results gave a strong indication that carrier gas does have an 
infiuence. In order to investigate this, two procedures were followed. The first is based on 
the assumption that adding carrier gas does not strongly affect the relative humidity in 
the system, so that a direct relation is obtained between the Humicap signal and pressure 
at constant relative humidity. The second procedure, which was not very succesful, was 
basedon a gravimetrie method. For completeness we will describe this method and we will 
discuss the results obtained. 

To understand the adsorption processes taking place during the calibration, in the 
Humicap sensor as well as on the vessel walls of the system used, adsorption theories are 
pointed out in this chapter. From adsorption theory it can beseen that adsorption of water 
is dependent on relative humidity rather than on absolute vapour pressure. It will turn 
out as a consequence that the relative humidity in a system does not undergo substantial 
changes when pressure is increased by a gas. 

4.2 Definition of relative humidity 

The relative humidity a, in literature often referred to as RH, is defined as follows: 

p 
a=-. ( 4.1) 

Psat 

18 
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with p the (partial) vapour pressure and Psat the saturation pressure at a given temperature. 
In fact, it corresponds with the supersaturation ratio S defined in chapter 2, but forS < 1 
the saturation ratio is conventionally denoted as a. The saturation pressure is defined as 
the equilibrium pressure of the vapour above a fiat surface of water. This pressure can be 
calculated with the Rankine-Kirchhoff equation, given by 

( 
T ) - J3 [ L0 ( 1 1 ) l 

Psat = Prk (T) = Pref Tref exp Rv Tref - T , (4.2) 

with: Pref 610.8 Pa 

Tref 273.15 K 

{3 5.1421 

Lo 3.15. 106 Jfkg 

Rv 461.4 Jf(kg K). 

From this equation we notice an exponential dependenee of Prk on temperature. 
Increasing the pressure above the water surface by adding an inert gas component will 

infiuence the equilibrium of water vapour and liquid. This effect is known as the Poynting 
effect and can be deduced simply by consiclering chemica! potentials. 
In equilibrium, the chemica! potential /-lv of the vapour equals the chemica! potential /-ll of 
the liquid. With df-l = Vmdp and the ideal gas law Vm,v = R0T /Pv this equilibrium can be 
written as 

R0T 
-dpv = Vmzdpz. (4.3) 

Pv ' 

Consicier now a fiat surface of water, in equilibrium with its vapour having a pressure of 
Pv = Psat,O· The index 0 refers to the absence of any other gas. Adding an inert gas will 
cause the total pressure above the surface to increase from Psat,o to Ptot· The saturation 
pressure of the vapour will change from Psat,o to Psat· To yield an expression for Psat, 
equation ( 4.3) has to be integrated from Psat,o to Psat on the left hand side and from Psat,o 
toPtot on the right hand side. The result is 

l Psat Vm,l ( ) 
n -- = R T Ptot- Psat,o , 

Psat,O 0 
( 4.4) 

which can be rewritten 

Psat = Psat,o exp { ~~~ (Ptot - Psat,o)} · ( 4.5) 

The exponential factor in equation ( 4.5) is called the Poynting factor. For water, this 
correction factor equals 1.077 for a pressure of 100 bar, at T = 293 K. In figure 4.1, the 
saturation pressure is plotted for pure water (solid line) and for water exposed toa pressure 
of 100 bar (dashed line). 
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Figure 4.1: Saturation pressure for water. Solid line: pure water, calculated by the Rankine 
Kirchhoff equation ( 4.2). Dashed line: water exposed to a pressure of 100 bar (Poynting 
effect). 

4.3 Adsorption theory 

In adsorption theories, the adsorbed amount of vapour is expressed in terms of surface 
coverage B. A surface coverage of unity corresponds to one monolayer, so B could also be 
called the number of monolayers. To yield an expression for B, adsorbing and desorbing 
flows are required to be in an equilibrium state. 
In this section, two adsorption theories will be considered: 

1. Langmuir theory, descrihing adsorption of at most one monolayer. The adsorption 
flow towards the surface equals the desorption flow from the surface. 

2. BET theory, descrihing adsorption of several monolayers. The equilibrium of adsorp
tion flow and desorption flow holds in every single adsorbed layer. 

In order to estimate the influence of a gas with high pressure above the surface with 
adsorbed vapour molecules, the Langmuir theory will be extended to be applicable for 
a two component system, allowing two different gases or vapours to adsorb on the same 
surface. For this extension, the statistica! mechanica! approach will be used instead of 
consiclering equilibrium between adsorption and desorption flows. 

The treatment of Langmuir theory for 1 component and BET theory, sections 4.3.1 
through 4.3.3 and section 4.3.5, largely follow the lecture notes by Brongersma [6]. 
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4.3.1 Adsorption Flow 

To obtain the flow that is adsorbing on a surface, we will use a result from kinetic gas 
theory: the number of particles from an ideal gas colliding on a surface per unit time and 
per unit area is given by 

with: p : pressure of the gas, 
T : temperature of the gas, 
k : Boltzmann's constant, 

. p 
Je = V27rmkT' 

m : mass of one partiele in the gas. 

Only part of the colliding flow Je will adsorb on the surface, given by 

with: s : sticking probability, 
nm : number of adsorption sites per unit area, 
O" : cross section. 

( 4.6) 

(4.7) 

The sticking probability is introduced because not all impinging particles are able to stay 
on the surface, dependent on the surface coverage and the activation energy for adsorption. 
Once the partiele has reached the adsorption site, it has to react with the surface. The 
reaction probability is given by the cross section O", expressed in m2. 

4.3.2 Desorption Flow 

Once a partiele has adsorbed, it can desorb again if it has enough energy available, that is 
at least the adsorption energy Ea· Assuming a Maxwellian energy distribution, the number 
of particles having sufficient energy to escape from the surface reads 

( 4.8) 

with na the total number of adsorbed particles. Each partiele will attempt to escape with 
a frequency v0 , which is of the order of the lattice oscillation frequency. Therefore, the 
desorption flow jd will be given by 

( 4.9) 

where the desorption frequency vd is defined by 

( 4.10) 
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4.3.3 Langmuir theory for 1 component 

Having derived the adsorption and desorption flows in the previous sections, we will now 
consider the stationary state of a surface, when adsorption and desorption are in equilib
rium. To calculate the surface coverage, a value has tobechosen for the sticking probability 
s. This value follows from the conditions assumed in the Langmuir adsorption theory: 

1. The adsorption energy is independent of surface coverage. 

2. The maximum surface coverage is given by (} = 1, that is one monolayer. 

These conditions imply that the sticking probability is proportional to the number of 
unoccupied adsorption sites: 

(
nm- na) s = s0 , 

nm 
with s0 the maximum sticking probability, usually taken unity. 
that 

)a= )d, 

with Ja and Jd given by (4.7) and (4.9), respectivily: 

(4.11) 

In equilibrium, we know 

(4.12) 

( 4.13) 

where ( 4.11) was used for the sticking probability. For the surface coverage (} follows 

Using ( 4.6) this becomes 

with 

(} 
p 

p+Vd~ 
uso 

p 

p+po' 

VoV27rmkT Ea 
----exp--

O"So O"So kT. 

( 4.14) 

( 4.15) 

(4.16) 

( 4.17) 

This is the Langmuir adsorption isotherm, which can also be derived from statistica! me
chanica! theory leading to the same equation ( 4.16), but with p0 given by 

(
mkT) ~ Ea 

Po= 27rfï2 kT exp- kT' (4.18) 

where n entered the formula due to the non-classica! approach. In ( 4.3.4), statistica! 
mechanics will be used for the extension of the Langmuir isotherm to a system with two 
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Figure 4.2: The Langmuir isotherm for water at temperatures varying from 293 K to 333 
K in steps of 10 K. 

gases. As will turn out then, equation ( 4.16) can be considered a special case of the 
two-component Langmuir isotherm. 

In figure ( 4. 2), the Langmuir isotherm is plotted for water, ha ving an adsorption energy 
Ea = 59 kJ/mol [3]. Finally we notice the limiting cases for the Langmuir isotherm: 

P ~ Po =? B = !!__; 
Po 

p » Po =? B = 1. 

4.3.4 Langmuir theory for 2 components 

For abtairring the Langmuir adsorption isotherm for a mixture of two gases or vapours 
above a surface, consider a system consisting of three subsystems (figure 4.3): 

1. N1 molecules of gas 1. 

2. N2 molecules of gas 2. 

3. an adsorption site where at most one molecule can adsorb, with adsorption energy 
per molecule E1 for gas 1, E2 for gas 2. 

System 3 has both thermal and diffusive contact with the other systems, but between 
systems 1 and 2 there is only thermal contact: It is impossible for a molecule to turn 
into a molecule of the other gas. This will evolve in one temperature and two chemical 
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Figure 4.3: The contacts between the subsystems. 

potentials descrihing equilibrium. The grand canonical sum or Gibbs sum for subsystem 
3, the adsorption site, is as follows: 

( 4.19) 

with: 111 , 112 chemica! potentials, 
T : kT, the thermodynamic temperature. 

The first term denotes an unoccupied adsorption site, the second and third terms denote 
occupation by one molecule of species 1 resp. 2. By writing 

( 4.20) 

for i= 1, 2, the Gibbs sum ( 4.19) can be written: 

(4.21) 

For anideal gas, Ài can be expressed in termsof pressure and temperature by (see [28]): 

\. - .J!..!:_ 
/\~ - ) ( 4.22) 

TnQi 

where the quanturn concentration nQi was used, given by 

( 
miT )3/2 

nQi = 27rn? ) ( 4.23) 

with mi the mass of one molecule of species i. The surface coverage by molecules of gas i, 
ei, is given by the probability that one molecule i will occupy an adsorption site: 

Àie-Ei/T 

ei = 1 + Àle-El/T + À2e-E2/T • 
( 4.24) 

For water, using the ideal gas expression Ài (4.22), this becomes 

el = pi/(TnQl)e-El/T . 

1 + pi/(TnQ1)e-El/T + p2/(TnQ2)CE2/T 
( 4.25) 
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Terms can be rearranged to yield the final expression 

( 4.26) 

The constants Poi read 

( 
M )3/2 

Poi = 27r~2 (kT)5/2 e-fi/T. 

With Avogadro's constant NA we write the adsorption energy per mole 

A minus sign is introduced to obtain the same value for Ea,i as the adsorption energy 
used in BET theory (section 4.3.5). Using the expression Ro = NAk for the universa! gas 
constant R0 , the Langmuir constants can be written as 

m· 52 ~ 
( ) 

3/2 E · 

Poi = 27r~2 (kT) I eRoT. 

In figure ( 4.4), the adsorption isotherm for pure water vapour is shown, as well as the 
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Figure 4.4: The influence of nitrogen on the adsorption of water vapour 

adsorption isotherm for water vapour where an additional pressure from nitrogen gas is 
present. The adsorption energies have been taken 59 kJ/mol for water, 21 kJ/mol for 
nitrogen. These values are given as maximum observed values for adsorption in [3]. The 
difference in adsorption energies causes the influence of nitrogen to be rather small. 
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4.3.5 BET theory 

The Langmuir model does not give a good description of the adsorption of vapours able 
to condense on the fi.rst layer, resulting in multilayer adsorption. The theory of multilayer 
adsorption was worked out by Brunauer, Emmett and Teller (1938), abbreviated BET. In 
this theory, the following assumptions are made: 

1. Adsorption is not limited to one monolayer. The adsorption energy for the fi.rst layer 
is Ea, as in the Langmuir theory. For the subsequent layers the adsorption energy is 
E1, the condensation energy of the adsorbing vapour. 

2. Adsorption energies are independent of surface coverage. 

Like in the Langmuir model, we will consider equilibrium of adsorption and desorption flow, 
but now in several adsorbed layers instead of one. The coverage fractions are given by ei, 
derroting the fraction of the (total) surface covered with i layers of molecules (see tigure 
4.5). In the stationary state, the adsorption flow equals the desorption flow. Let's consider 

i +1 
--------~------~ 

l 

i -1 
~------------------------~ 

3 I I 

'------...1...---------, 2 I I 

1 '------------~-------, 

0 I 

I I 

Figure 4.5: Multilayer adsorption by BET theory 

layer i. The adsorption flow towards this layer is given by ia,i-1 . Note that the index is 
one lower than the layer number because the molecules are adsorbing on the preceeding 
layer. The desorption flow from layer i is given by jd,i· For equilibrium we have 

. . 
)d,i = )a,i-1· (4.27) 

Applying equation ( 4.9) for the desorption flow and ( 4. 7) for the adsorption flow yields 

( 4.28) 
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For Bi we can write 

The equivalent of equation ( 4.30) for i = 1 is 

e _ CTJcse 
1--- 0· 

vd,a 

27 

( 4.29) 

( 4.30) 

(4.31) 

In equation (4.31) the desorption frequency vd,a, for the fi.rst layer, is used whereas in (4.30) 
the desorption frequency vd,l, for subsequent layers, is used. Using ( 4.6) to eliminate Je we 
can write 

CTS p p 

vd,l vd,l V27rmkT Psat' 

defining Psat· The reason for the index sat will be clear later. 
by 

C 
Vdl Ea- El 

=-' =exp--
Vda RoT ' , 

( 4.32) 

Furthermore, we define C 

( 4.33) 

the latter being justified because of equation ( 4.10). Now, we require the sum of all fractions 
ei to be 1, according to the definition of these fractions. In mathematica! form, this can 
be written 

So for (}0 we can write 

00 

i=l 
00 . 

1- B0C ~ (_l!_)z. 
L..,. Psat 
i=l 

1 
Bo = ----=oo:::----. 

1 + c~(_l!_)t 
L..,. Psat 
i=l 

The total number of adsorbed particles per unit area can be expressed 

00 

na = LiBinm 
i=l 

00 . 

nmBoC ~i (_1!_) z 
L..,. Psat 
i=l 

( 4.34) 

( 4.35) 

( 4.36) 
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c_p_ 
_ n Psat 

- m( )( )' 1-_p_ 1-_p_+C_p_ 
Psat Psat Psat 

(4.37) 

In the last step two standard series were used: 
00 

"""'"' . x ~xt=--
i=l 1- x 

and 
~ . x 
~ ixt = ( )2. 
i=l 1- x 

For the surface coverage we can write1 

n c_p_ 1 (} = ~ = Psat , -----,------

nm 1 - _p_ 1 + ( C - 1) _p_ · 
Psat Psat 

( 4.38) 

For p = Psat, equation ( 4.38) gives an infinite number of adsorbed particles. This is con
densation, which occurs at the saturation pressure of the vapour. Therefore, the pressure 
Psat can be identified with the saturation pressure, which can be calculated by the equation 
of Rankine Kirchhoff (4.2). In figure (4.6), some BET isotherms are plotted. According to 
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Figure 4.6: BET theory: the surface coverage (} for some temperatures. For comparison, 
also a Langmuir isotherm is plotted. 

the definition of relative humidity ( 4.1) we can write a = p / Psat. The surface coverage (} 
can then be expressed 

(} = Ca . 1 
1-a 1+(C-1)a· 

( 4.39) 

We see that the surface coverage is a function of relative humidity a. This causes sensors 
based on vapour adsorption to measure relative humidity rather than absolute vapour 
pressure. 

1 Note that the definition of() without index differs from the definition of ()i with index. 
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4.3.6 Infiuence of inert gas on humidity in a system 

The infiuence of adding an inert gas on the relative humidity of a system with constant 
total amount of vapour particles is of practical interest. Therefore, we will consider the 
quantity 

( ~;) P•+Po' 
( 4.40) 

with Pv the vapour pressure and Pa the fictitious adsorption pressure, defined by 

na RoT 
Pa= V ( 4.41) 

with na the number of moles adsorbed on the surface of the system. The adsorption 
pressure is thus the pressure that would exist if all adsorbed particles would be present in 
the gas state in the system with volume V. Requiring Pv +Pa to be constant is a way to 
express the fact that the number of vapour particles in the system, consisting of surface 
as well as volume, is constant. We will consider the quantities Pa and Pv as a function of 
variables a and p. We assume the BET adsorption theory to be valid, so the adsorption 
pressure Pa is a function of relative humidity a only: 

dpa 
dpa = dada. 

The vapour pressure Pv will depend on a and total pressure p: 

(
ÖPv) (ÖPv) dpv = äa P da + äp a dp. 

( 4.42) 

( 4.43) 

In this expression, the second term is related to the Poynting effect. As Pv+Pa is a constant, 
we have a third equation: 

dpv = -dPa· 

Combining equations ( 4.42) to ( 4.44) yields 

{ d; + (:) P} da = - ( 7;)" dp. 

So for ( 4.40) we can find the expression 

The term in the numerator in 4.46 can be estimated with the Poynting effect: 

(
ÖPv) ~ 0.077pv 
äp 100 bar 

Q 

( 4.44) 

( 4.45) 

( 4.46) 

( 4.4 7) 
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The volume that has to be injected into the system to achieve a certain relative humidity 
can be calculated assuming that no adsorption occurs. From a typical experiment, it is seen 
that the volume that has to be injected is approximately two times this calculated volume, 
indicating that half of the injected liquid is adsorbing on the vessel walls. Therefore, we 
can make the following approximation 

dpa ~ (OPv) ' ) dcx ocx (4.48 
p 

expressing that a certain change in relative humidity will increase both Pa and Pv equally. 
Sirree ( ~) P = Psat, the final approximation is 

(
dcx) 0.077pv/100 bar -4 /b 
- ~ = -4 · 10 ex ar 
dp + 2Psat Pv Pa 

( 4.49) 

Equation ( 4.49) shows that the change in relative humidity in the system due to adding 
gas is rather small. Therefore, a calibration procedure for the Humicap device based on 
subsequently adding gas to the system should give reasonable results. 

4.4 Relative Humidity sensor 

The relative humidity sensor used is a Humicap 124B type, designed for total pressures 
up to 100 bar. Besides the humidity sensor, the transmitter incorporates a PtlOO type 
temperature sensor. The humidity sensor consistsof a plate capacitor filled with a polymer. 
This polymer has several properties that enable it to measure relative humidity: 

• The micro-porosity of the polymer. 

• The ability to adsorb water molecules at the micropores at low values of the relative 
humidity. 

• The ability to absorb water molecules at higher values of relative humidity. 

The micro-porosity causes the sensor to have a high effective internal surface, enabling a 
lot of water molecules to adsorb. Moreover, the micropores will be partially filled with 
liquid water depending on the relative humidity. Sirree water has a particularly high value 
for the dielectric constant, the capacitance of the polymer will change significantly. This 
change in capacitance is transformed by an electronic circuit, the linearization unit, to a 
voltage that is linear with relative humidity. 

4.4.1 High pressure effects 

Dielectric infiuence 

Sirree the functioning of the Humicap sensor is based essentially on a change in dielectric 
constant, it is important to realize what effect a gas under high pressure has on the dielectric 
constant. 
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é 

He, 1 bar 1.0000650 
N2 , 1 bar 1.0005480 
H20, saturated vapour 1.00022 
H20, liquid 80.20 

Table 4.1: Dielectric constants for helium, nitrogen, water vapour and liquid water, at 
T = 293 K [11]. 

The dielectric constant is given by the following general formula [11]: 

é- 1 _ (47rNAa 47rNAJ12
) 

c + 2 - Pm 3 + 9kT ( 4.50) 

with: Pm molar density (mol/m3 ) 

NA Avogadro's number (mol-1 ) 

k Boltzmann's constant 
T : temperature (K) 
a : molecular polarizability (m3 ) 

J1 : permanent dipole moment (Debye units) 

We will consider ( 4.50) now for the gases of our interest, nitrogen and helium. For nitrogen 
and helium, J1 = 0, whereas é for these gases is close to unity. Therefore, we can simplify 
( 4.50) in good approximation to 

Assuming that the ideal gas law holds, c can be written as a function of pressure p: 

p 
é -1 = 47ra

kT 

(4.51) 

( 4.52) 

We see that the dielectric constant is a linear function of pressure. From a reference value 
at 1 bar, the dielectric constant at a given pressure can be calculated straightforwardly. 
In table 4.1, values for é are given for helium and nitrogen at 1 bar. For comparison, 
also the dielectric constant for water vapour and liquid water is given. From this table, 
the necessity for concentrating water molecules in the sensor is obvious, in order to detect 
water, not gas. As explained before, this is clone by adsorption on a surface of porous 
material, or by absorption within the micropores of the materiaL 

Solubility 

In the humicap sensor, a few layers of water exist. If a gas is added, a certain amount of 
gas will dissolve in the water, depending on the pressure of the gas. If a lot of gas dissolves, 
the effective dielectric constant in the sensor will decrease, because water molecules having 
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a high E will he replaced by gas molecules. The solubility can he found in literature ([4] 
and [5]). In figure 4. 7, rnalar concentrations of dissolved helium and nitrogen in water are 
plotted as a function of gas pressure. The solubility for nitrogen is higher than for helium, 
but they are in the same order of magnitude. 
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Figure 4. 7: The rnalar concentrations of dissolved nitrogen and helium in liquid water as 
a function of partial pressure. 

Adsorption 

At high pressures, gas molecules are present in a much larger amount than water molecules. 
Therefore, it can he expected that the gas molecules suppress the water molecules from 
being adsorbed, even if the adsorption energy for water is higher than for the gas. 

From adsorption theory, it follows that the difference in adsorption energy between 
water and nitrogen is so large that at higher vapour pressures, nitrogen is hardly decreasing 
the surface coverage by water ( figure 4.4). However, at low vapour pressures (in the order 
of 1 Pa), nitrogen can have a considerable infl.uence, as is depicted in figure 4.8, where 
the surface coverage of water is plotted as a function of nitrogen pressure, at a constant 
vapour pressure of 1 Pa. The surface coverage was calculated with the Langmuir theory 
for two components, given by formula (4.26). An adsorption energy of 21 kJ/mol, given 
in literature [3] gives a linear decrease in surface coverage. Because the Humicap sensor 
consists of a polymer material, we might expect a higher adsorption energy than for steel. 
Taking an adsorption energy of 30 kJ /mol for nitrogen gives a more or less exponential 
decrease. (It will turn out that such a decrease is found experimentally in the case of 
nitrogen.) If such an effect is present in the Humicap sensor, the output voltage of the 
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Figure 4.8: The surface coverage of water as a function of nitrogen pressure at a constant 
vapour pressure of 1 Pa, calculated with the Langmuir theory for two components. The 
adsorption energy for water was taken 59 kJ /mol, the temperature is 293 K. For nitrogen, 
two different adsorption energies are taken, giving a linear and a non-linear decrease in 
surface coverage. 

sensor, at low vapour pressures, is expected to decrease in approximately the same way as 
the surface coverage in figure 4.8. 

4.5 Calibration of the Humicap Device 

As was discussed in the introduction, two different procedures to study the effect of carrier 
gas pressure on the Humicap signal will be discussed. The first is basedon the assumption 
that adding carrier gas has no important effect on the relative humidity. This assumption 
was argued in section 4.3.6, where it is shown that only minor deviations in relative hu
midity will appear. The second procedure is based on a gravimetrie method. Before we 
shall discuss both calibration procedures, we first show the relation between the Humicap 
signal and pressure fora relative humidity of (nearly) zero. 

4.5.1 Experiments without water vapour 

A simple investigation concerning the pressure dependenee of the Humicap device can 
be made by evacuating the system and supply gas, without having supplied any water 
vapour. Several experimental facilities were used for this purpose; the shock tube and the 
calibration setup as well as a Wilson expansion chamber setup, also used in our group 
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for condensation research. The results are shown in figure ( 4.9). Some remarkable effects 
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Figure 4.9: Humicap output voltage when the system is first evacuated, then supplied with 
gas. 

can be seen in this figure. First of all, the Humicap signal appears to be sensitive for 
the gas that is supplied; at higher pressures, helium causes the signal to increase, while 
nitrogen causes a decrease. When helium is supplied, some hysteresis can be noticed when 
the pressure is decreased again aft er reaching a maximum pressure of 80 bar. The linear 
increase during helium supply could be due to a change in effective dielectric constant 
in the Humicap sensor, as given by (4.52). However, it cannot explain the hysteresis. If 
the change in dielectric constant would indeed be the explanation of the measured linear 
increase, nitrogen gas is expected to show the same effect being approximately one order 
of magnitude larger. Figure 4.9 shows that nitrogen gas has a totally different effect. The 
condusion is that nitrogen has another (additional) infl.uence. A hypothesis is that not 
all water vapour is removed from the system; a well-known experience in high-vacuum 
systems is, that monolayers of water are very hard to remove without heating the system 
walls. This causes the sensor to have adsorbed a small amount of water. As nitrogen is 
present in much larger amounts at high pressures, it could squeeze water molecules out of 
the sensor, causing a decreasein output voltage. Helium is supposed not to cause such an 
effect, because of its nearly ideal chemical behaviour, resulting in zero adsorption energy. 
Camparing figure 4.9 with figure 4.8 shows a qualitative agreement for nitrogen. 

The hypothesis that there is still some water vapour present in the system is supported 
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by the fact that the measurements in different systems yield different values at zero pres
sure. Every system has its own lowest reachable pressure. The Humicap calibration setup 
is evacuated by means of a rotation pump, whereas the other two systems can additionnaly 
be pumped with turbo pumps, thus attaining lower residual pressures. A higher residual 
pressure also means that there is more water present in the system. Indeed, the measure
ment in the calibration setup yields the highest value for the Humicap output voltage, 
in agreement with the fact that in this system most water is present. The tendency for 
the Humicap signal to drop when nitrogen is supplied, is the same in the shock tube as 
wellas in the calibration setup. Camparing both nitrogen measurements, the series in the 
calibration setup, with higher residual vapour pressure, appears to be shifted upwards. 

The scatter within one series of experiments is probably due to temperature effects; 
During gas supply the temperature rises because the gas is compressed in the system. 
When the system is brought back to atmospheric pressure, the gas is expanding resulting 
in a temperature drop. This temperature effect never exceeded 1 K for the measurements 
depicted in figure 4.9. 

4.5.2 Procedure 1, adding carrier gas to water vapour and mixing 

The Humicap is mounted in the mixing circuit of the test section of the shock tube that 
was described in chapter 3. First, the system is evacuated, then water vapour is injected 
by means of a syringe and a septum. Then carrier gas, helium or nitrogen, is added up to 
a certain pressure, and the mixing pump is switched on. During the whole procedure the 
Humicap signalis recorded. Two typical recordings, one for helium and one for nitrogen, 
are shown in figure 4.10. 

After such a recording, two stabie output voltages of the Humicap are considered: 

1. Just before the gas supply; voltage VRH,o, the "vacuum" value. 

2. Just after the mixing pump is switched off. The voltage is VRH,p, the high pressure 
value. (In the expansion experiments, this is the value that will be used to determine 
the initial vapour pressure of the expansion.) 

For both gases, it can be seen from the pulses that mixing is efficient; after 10 minutes 
the major variations in relative humidity have disappeared. Before and after mixing (1 
and 4 in figure 4.10, resp.), the relative humidity might change due to adsorption processes 
and/or temperature effects; at the time that these experiments were done, it was not 
clear yet that these effects could be important. A slight change of relative humidity after 
mixing can beseen in figure 4.10 in the case of helium. By camparing VRH,o and VRH,p we 
note a difference between the helium and nitrogen experiments. In helium experiments, the 
difference VRH,o- VRH,p is less than in nitrogen experiments, where the difference seems to be 
linear with pressure. In figure 4.11, the relative difference (VRH,o- VRH,p)/(VRH,o- Vaffset) 

is plotted against total pressure p, for helium and nitrogen respectivily. The scatter of 
the data points is caused mainly by temperature effects and adsorption processes in the 
system. 
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Figure 4.10: The Humicap voltage during preparation of an expansion experiment. 

Later, a separate series of experiments was performed in order to show that helium has 
no significant infl.uence on the Humicap signal. It turned out that, provided that special 
care was taken to equilibrate the concentration and the temperature in the system, no 
significant relation between Humicap signal and helium pressure could be found. This 
is shown in figure 4.12, where the Humicap voltage is plotted against total pressure for 
several constant values of relative humidity. 

Then, the same experiments were repeated with nitrogen as a carrier gas. Now, the 
effects appeared to be significant, in agreement with the preliminary results of figure 4.11. 
The infl.uence of carrier gas pressure on the Humicap signal depends on the relative hu
midity as is shown in figure 4.13. A fit formula was found by Luijten [14] to calculate the 
resulting Humicap signal VRH, given by 

with: VRH,o 
b(ao) 

the Humicap output voltage when only water vapour is supplied 
asymptotic deviation, dependent on the relative humidity a0 

The relative humidity dependenee is found to be given by 

b = 0.21 + 8.13a0 - 3.01a0
2

. 

The fit is also shown as lines in figure 4.13. 

( 4.53) 

( 4.54) 
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Figure 4.11: Relative change of Humicap output voltage when total pressure is increased 
by adding gas to the system. The scatter is mainly caused by adsorption processes, which 
could not reach full equilibrium during the time interval of these experiments. 

The question remains why nitrogen has such astrong influence on the Humicap signal 
and helium does not. A possible explanation is that this is due to surface tension. It has 
been found e.g. by Slowinski et al. [20] that the surface tension of water decreases by about 
10 % when nitrogen is added up to 100 bar (see section 2.2), while there is no such effect 
when helium is added. Since the filling of micropores is associated with surface tension 
this could be of importance. 

4.5.3 Procedure 2, calibration by a gravimetrie methad 

In figure (4.14), the experimental setup is shown which was used for the calibration of the 
Humicap sensor. The setup consistsof a tube which can be filled with a mixture of water 
vapour and a gas up toa pressure of 60 bar. The composition of the mixture is determined 
by leadinga sample through a molecular sieve, which willabsorb all water molecules from 
the mixture. By measuring the increase in weight of the tubes containing the molecular 
sieve, the amount of water can be determined. This methad is known in literature as the 
gravimetrie method. The pressure drop in the tube yields the composition of the mixture. 

In detail, the experimental procedure is as follows: 

1. The system is evacuated by means of a rotation pump. Valves E1 and V 1 are opened, 
valve V 2 is closed. The water vessel will be evacuated separately, to avoid water 
leaking to the tube. 
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Figure 4.12: The Humicap signal when helium pressure is supplied. 
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Figure 4.13: The Humicap signal when nitrogen pressure is supplied. 
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Figure 4.14: Experimental setup for calibration of the Humicap sensor 
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2. Valve E1 is closed, V 2 opened. The water vessel is being pumped for a couple of 
minutes, to remove dissolved air. 

3. Valve V1 is closed, E1 opened. The tube is filled with water vapour. Valves E1 and 
V 2 are closed when the relative humidity has reached its desired value. 

4. Valve E1 is closed. Through valve E3, gas is supplied. The pressure is measured by 
the Druck DPI 601 piezoelectric pressure transducer. 

5. During gas supply, the water vapour is compressed to the left side of the tube. To 
keep the mixture homogeneous, the ball is rolled several times by rotating the tube 
around point R, causing the ball to roll to the lower side of the tube. 

6. When the pressure has reached the desired value, valve E3 is closed and the ball is 
rolled again several times. 

7. Due to the compression during gas supply, the temperature has risen several de
grees. Also, the adsorption processcan be expected to be in a non-equilibrium state. 
Therefore, at least a couple of hours, and usually one night, is waited before the first 
measurement is done. During this time, the tubes containing the molecular sieve are 
placed in an oven at a typical temperature of 180 oe to evaparate absorbed water. 

8. After a couple of hours, the tubes have to cool down. Cooling down takes at least 
half an hour after they are taken out of the oven. 

9. The mass of both tubes containing the molecular sieve is determined with a Mettier 
balance. 

10. The tubes are put in position and the following quantities are measured: pressure, 
Humicap RH voltage, Humicap Pt100 voltage. Also the ambient pressure and tem
perature are measured. In case the flow meter is used, its reading is written down. 

11. The needie valve N is opened till a flow of a few 100 1/h is achieved, prefarably 400 
1/h, since the flow meter is calibrated at this flow. 

12. The needie valve is closed again when the Humicap RH voltage has dropped typically 
0.5 V. The pressure, Humicap RH voltage, Humicap PtlOO voltage and, optionally, 
the flow meter are read immediately after closing the needie valve. Because the 
temperature is rising to room temperature after the expansion has stopped, the 
pressure tends to rise, while the RH tends to drop. 

13. The mass of both tubes is determined again. 

14. Steps 10 through 13 are repeated till the pressure in the tube has reached atmospheric 
pressure. 
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In the following sections, the procedure described from step 10 to step 13 will be called 
a ( calibration) experiment. A series of these experiments, starting at the initial pressure 
prepared in step 6 will be called a ( calibration) series. 

To calibrate the Humicap sensor, we need to know the relative humidity in the tube. 
This requires measuring vapour pressure as well as temperature during the experiment 
described in the previous section. The temperature is measured directly with the Pt100 
sensor of the Humicap. The vapour pressure, as already mentioned, is measured indirectly 
by the increase of mass in the little tubes with molecular sieve. 

We will calculate the calibration in 3 steps, illustrated by a typical calibration series 
with nitrogen gas. The steps are determined by succeedingly taking into account the terms 
Ptot, Pv and J in the expression for a that will be used: 

a = l!.:!_ = J Ptot 

Prk Prk 
(4.55) 

where the mole fraction f was introduced as the ratio of vapour pressure Pv and total 
pressure Ptot· The mole fraction is written as a separate term to be able to account for any 
desorption effects. If there would not be any desorption during a calibration series, the 
mole fraction would be a constant during the whole series. For achieving a calibration, the 
relative humidity a has to be plotted against the Humicap output voltage VRH. This will 
be done in the following steps: 

1. From equation (4.55), it follows that a is proportional to the total pressure Ptot· 

Therefore, the first step in the calibration is to plot Ptot against VRH, see figure 4.15. 
At each value of total pressure the maximum and minimum values of the Humicap 
reading are indicated. 

2. The quantity Ptot/Prk is plotted against VRH (figure 4.16). This step takes the tem
perature dependenee of the relative humidity into account. In comparison with figure 
4.15, the scatter is reduced. This illustrates that the output voltage VRH is propor
tional to the relative humidity. 

3. The last step requires the calculation of the mole fraction f of water vapour in 
the mixture during the series. Using the index i for the initial condition, e for the 
condition at the end of an experiment, we can write the ideal gas law for the change 
of the number of moles N present in the tube: 

( 4.56) 

The amount of water vapour present in the released water/nitragen mixture, which 
is absorbed by the molecular sieve, is dN1 . It is assumed that 

( 4.57) 
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Figure 4.15: First step of calculating the calibration: Humicap output voltage VRH plotted 
against total pressure Ptot· The calibration series starts at the right hand side at a nitrogen 
pressure of 58 bar. The pressure is decreased to atmospheric pressure at the left hand side. 
During the series, some scatter can be noticed due to temperature variations. 
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Figure 4.16: Second step of calibration: Humicap output voltage plotted against total 
pressure divided by saturation pressure, taking into account the temperature dependenee 
of relative humidity. Note that the scatter has reduced in comparison to figure 4.15. 
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Figure 4.18: Calibration for Humicap 239030 in nitrogen in comparison with the vacuum 
calibration by P.C.M. Hesen [9]. The solid line denotes the calibration in vacuum. Nitrogen 
appears to have a decreasing influence on the Humicap output voltage. 
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with: n1 : the molar concentration (mol/m3 ) of water vapour in the tube 
ntot : the total molar concentration (mol/m3 ) in the tube 

This assumption is correct as long as the relative change in mole fraction f is small 
during the experiment. The calculated f can then be considered to be the average 
mole fraction during the experiment with a pressure drop from Pi to Pe· Defining the 
average pressure of one experiment 

Pe +Pi 
Pav = 2 

( 4.58) 

we can plot the mole fraction f against Pav for a series of experiments. This is done 
in figure 4.18, where we note an increase in the mole fraction when the calibration 
series proceeds ( from right to left in the figure). This increase can be explained by 
assuming desorption of water vapour from the vessel walls, according to the BET 
adsorption theory. When the vapour pressure decreases due to the release of gas 
mixture, adsorbed vapour will desorb causing the vapour fraction to increase. The 
steep increase when the series is reaching atmospheric pressure, thus when the vapour 
pressure is reaching very low values, is a result from the steep increase of the BET 
(also Langmuir) isotherm at low vapour pressures (figure 4.6). A fit is made for 
the mole fraction as a function of total pressure. This fit f(Ptat) enables the third 
step of the calibration to be finished. The result is plotted in figure 4.18, where the 
calibration for vacuum, found by Hesen [9], is included as a solid line. 

Results for helium 

As already stated in 4.5.2, the first procedure did notshow a significant influence of helium 
on the Humicap output voltage. Procedure 2 however showed a different result. In figure 
4.19, the result of a helium calibration is plotted, tagether with the vacuum calibration 
of the Humicap. This calibration suggests that helium has an increasing influence on the 
Humicap signal. It is also seen that at high pressure the Humicap voltage doesnotchange 
for a while, as if the relative humidity would not change during the first experiments in 
the calibration series. A probable explanation for this effect is that the Humicap sensor 
is oversaturated with water vapour and even may contain liquid water. As the sensor is 
situated opposite to the side of gas supply, water vapour is compressed in the direction 
of the sensor during gas supply, which can cause condensation. The Humicap sensor is 
protected to damage by a cap of sintered materiaL Therefore, the small volume where 
the Humicap sensor is situated and its environment have to be equilibrated by a diffusion 
process, which is very slow, especially at high pressures. Because there was no equilibrium 
within the sensor, the calibration found in this series is shifted from the expected vacuum 
calibration, in the direction of higher output voltage. 

Results for nitrogen 

From procedure 2, one typical series was shown in 4.18. In such a measurement, there is a 
coupling between pressure and relative humidity, since bothof them are lowered simultane-
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Figure 4.19: Humicap calibration in helium with gravimetrie method. In the beginning 
of the calibration series, the Humicap sensor appears to be in an oversaturated state; the 
gas near the sensor is not in equilibrium, causing a shift of the calibration curve when 
compared with the vacuum calibration (line). 

ously. Therefore, several series were measured, with different initial conditions, in order to 
have calibration points in a range of relative humidity and pressure values. All calibration 
points were put in one database, and a fitting procedure was dorre. A fit, similar to the fit 
by Luijten ( 4.53) was used, but the scatter in the datapoints turned out to be unacceptably 
high: The scatter in the points is in the order of 0.5 V, to both sides, which is equivalent 
to a scatter of 5 %, to both sides, in relative humidity. As the required accuracy is a few 
percent only, procedure 2 for calibration of the Humicap does obviously not meet this re
quirement. The main reason for the scatter is, like in the case of helium, the compression of 
water in the Humicap sensor. In figure 4.20, the calibration series described in this section 
as a typical example is plotted tagether with the vacuum calibration and the fit found by 
procedure 1. With respect to the calibration found by procedure 1, the calibration found 
by procedure 2 is shifted towards higher output voltages; this is the same effect as was 
seen in the helium series, which can be explained by compression of water in the Humicap 
sensor, causing the gas mixture near the sensor to have a higher humidity than the rest of 
the tube. As each calibration series had a different pressure and a different equilibration 
time, the shift differs from series to series, causing the large scatter of datapoints found by 
procedure 2. 
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Figure 4.20: Comparison of procedure 1 and procedure 2: the series measured with pro
cedure 2 is, with respect to the fit found by procedure 1, shifted towards higher output 
voltage. 

4.6 Conclusions 

Comparing both calibration procedures, we conclude that the first procedure gave reason
able results, but that the second procedure was not yet succesful. This is mainly caused 
by the following reasons: 

1. The diffusion process is very slow at high pressures. This implies that a blowu
down calibration series is very time-consuming and should be automised. With the 
experiments done so far there still were non-uniformities in vapour concentration. 

2. The mass increase measurements of the molecular sieve showed a far larger scatter 
than expected based on the accuracy of the Mettier balance. Since the spreading 
in data points is in the same order of magnitude as the pressure effect that is to be 
measured, the calibration experiments do not have the necessary accuracy. A new 
construction of the tubes containing the molecular sieve and a more careful handling 
could not reduce the scatter to an acceptable level. 

3. Special care should betaken not to supersaturate the Humicap device with water. If 
this happens, effective diffusion times can be even larger, which is unacceptable. 



Chapter 5 

Results on nucleation experiments 

5.1 Introduetion 

In this chapter, the results of the high pressure nucleation experiments are presented. The 
results are given in terms of the factor r discussed in chapter 2, based on Classica! Nu
cleation Theory. In section 5.2, some typical experiments are described. Section 5.3 deals 
with the water/helium experiments, section 5.4 describes the water/nitrogen experiments. 
The results of the nucleation experiments are listed in tabular form in appendix C. 

5.2 A typical experiment 

This section describes some typical results obtained from the high pressure nucleation 
experiments. In figure 5.1, a typical pressure history at the endwan of the high pressure 
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Figure 5.1: The pressure history at the endwan of the HPS. The reflected shock wave 
brings the experiment to an end. 

section is shown, with an initial pressure of 15.0 bar and a condensation pressure of 10.1 
bar. The shock wave at t = 16 ms is caused by the refl.ection of the shock wave at the 

47 
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endwall of the low pressure section. This shock reileetion causes a sudden increase in 
pressure and therefore also in temperature. The nucleation pulse in this experiment is not 
strictly horizontaL Probably, this is due to imperfect bursting of the membrane. Most 
measurements however show a ( nearly) flat pressure history in the nucleation pulse. The 
pressure history shown in figure 5.1 is measured in helium. For nitrogen, the pressure 
history has the same shape, but the time duration of an experiment is longer, in agreement 
with the fact that waves in nitrogen travel slower than in helium, due to the difference in 
sound speed c, depending on gas parameter '"Y· In a typical nitrogen experiment, the shock 
reileetion occurs at t = 30 ms. 

The transmitted light signal is shown in figure 5.2. The transmitted light signal is not 

exp. nr. 018 

shock ret1ection 

0 5 10 15 20 

t (ms) 

Figure 5.2: The transmitted light signal. The shock reileetion can be recognized as a 
sudden decrease in the signal. 

a very smooth curve; it shows several disturbances. The disturbances are due to tube 
resonances caused by the propagation of waves. 

The shock reileetion causes the transmitted signal to decrease suddenly, as the droplet 
density is increased by the compression. 

Some measurements show a less noisy signal than the signal in figure 5.2 and some 
show a more noisy signal. This can be understood by consiclering the droplet density. A 
high droplet density leadstoa large attenuation of the light beam and therefore the signal
to-noise ratio is high. In the case of a low droplet density however, the attenuation of the 
light beam is less, resulting in a more noisy signal. As explained in section 3.3, the droplet 
concentration in the experiments with a low signal-to-noise ratio can be determined by 
relating heights of Mie-peaks to those of another experiment in the series, having a high 
signal-to-noise ratio. Therefore, the error in droplet concentrations can be kept within 
10 %. This is a highly acceptable value, because an experimental uncertainty of less than 
an order of magnitude is generally considered satisfactory in this kind of measurements. 
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Figure 5.3: The scattered light signal, theoretically (a) and measured (b). The agreement 
is very well. At t = 16 ms, the shock reflection ends the experiment. 

In figure 5.3, the scattered light signal is plotted. For comparison, also the theoretica! 
Mie-pattem is shown. Equivalent peaks are marked with the same number. The agreement 
of theoretica! and measured light intensity is very good. As explained in section 3.3, the 
droplet radius as a function of time is determined by camparing measured peak positions 
with the theoretica! ones. At t = 16 ms, the measured Mie-pattem is disturbed. This is due 
to the shock reflection; The temperature increase after the shock wave causes the dropiets to 
evaporate. The measured signal then shows the Mie pattem in reverse direction. The first 
minimum after the compression corresponds tothelast minimum before the compression. 
In the figure it can be seen that the depth of both minima has not the same value. This 
can be explained by the fact that the compression causes an increase in droplet density, 
which enlarges the signalas a whole. Therefore, the minimum after the shock has a higher 
value. 

In experiments with higher pressures than in figure 5.2, a more sudden increase in the 
scattering signal is seen at the shock reflection, due to the increase in droplet density. 
Immediately after that, the evaporation starts. 

The nucleation experiments at 230 K sametimes showed an unusual scattered light 
signal. Such a measurement is shown in figure 5.4. During the increase of the signal due 
to the Mie-pattem, the signal abruptly changes in slope, showing an approximately linear 
increase. A probable explanation is that ice is being formed, which does not scatter light 
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Figure 5.4: The Mie-pattem suddenly changes into a linearly increasing signal. It is 
assumed that this is due to ice formation. The nucleation temperature in this measurement 
was 224.8 K. The carrier gas is nitrogen; for helium, similar results were found. 

according to Mie-theory. Andersou [2] observed that at temperatures near 232 K, ice is 
being formed from freshly formed droplets. This is in agreement with the light scattering 
pattem observed in figure 5.4: First, there is an increase in signal that corresponds to the 
first Mie peak, indicating liquid droplet growth. Then the dropiets are freezing, causing 
the Mie pattem to be disturbed. 

In the experiments carried out in this work, a scattering signal like in figure 5.4 was 
observed when the initial vapour concentration was relatively high, or when the nucleation 
temperature was lower than 230 K. 

5.3 Results with helium as carrier gas 

In appendix C, the results of the high pressure water/helium nucleation experiments are 
listed in tabular form. In figure 5.5, the nucleation experiments with water/helium are 
shown for 230 K and 250 K. At both temperatures, the nucleation pressures were in a 
small range around 3 values; 10 bar, 25 bar and 40 bar. Different pressures are indicated 
by different markers. 

The factor r, being the ratio between experimental and theoretica! value of the nu
cleation rate, is plotted as a function of temperature. For the theoretica! nucleation rate, 
the classica! nucleation rate is taken. The nucleation temperature was calculated with the 
ideal gas law. It is shown in appendix A that this does not introduce a significant error 
at these pressures. With dashed lines, the region is marked where nucleation rates at low 
pressures were found by Looijmans [12] and Viisanen [29]. 

No significant pressure dependenee of the nucleation rate can be seen from the high 
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Figure 5.5: Results of nucleation measurements on water/helium. Dashed lines indicate 
the region where nucleation rates at low pressures were found by Looijmans and Viisanen. 

pressure experiments. Besides a considerable spreading in the measurements, there appears 
to be a deviation from the theoretica! nucleation rate as well as from the measurements by 
Looijmans and Viisanen. 

The largest experimental uncertainty arises from the determination of the initial hu
midity with the Humicap sensor. An error of 3% in the initial vapour fraction willlead, via 
the supersaturation ratio, to a deviation in nucleation rate by one order of magnitude. As 
was shown in chapter 4, the Humicap sensor doesnotshow a significant change in output 
voltage when helium gas is added. However, it was also shown that during preparation of 
expansion experiments, the output voltage of the Humicap was changed considerably in 
many cases after adding helium gas and mixing (figure 4.11). The difference could be up 
to 0.5 V, equivalent with about 5 % in relative humidity. These deviations are a sineere 
souree of concern for the measurements. As was mentioned, the differences were probably 
due to a non-equilibrium state of adsorption processes. Therefore, the question rises to 
what extent the gas mixture was homogeneaus in the whole system. Homogeniety is very 
important, sirree the Humicap sensor is situated in the mixing circuit, far from the measur
ing section at the endwall from the HPS. Later, after doing the expansion measurements, 
it became clear that intensive cooling of the magnetic coils of the mixing pump is essential 
to obtain a stable Humicap signal. During the expansion experiments, the magnetic coils 
were caoled less intensively than during the calibration procedure 1 outlined in chapter 4. 
An insuffi.cient cooling could cause the adsorption processes near the (hot) mixing pump 
to be far from equilibrium when the pump is turned off and consequently is cooling down, 
thereby adsorbing water vapour. This could explain the aften observed effect that after 
switching off the mixing pump the relative humidity tends to decrease. Although this is a 
small decrease only, it shows that the gas mixture is not in equilibrium. As the Humicap 
sensor is not mounted at the place where the relative humidity has to be known and be-
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cause of the fact that the diffusion processis very slow at high pressure, it can be doubted 
whether the relative humidity is determined within the desired accuracy of 1 %. 

A further point of concern is the fact that at high pressures, helium had a high leakage 
rate; at a pressure of 70 bar, the leakage was about 1 bar in 15 minutes (the mixing time). 
This is quite inconvenient, since the pressure has to be adjusted with an accurary of 0.1 
bar to obtain the desired nucleation temperature within a few tenths of a kelvin. As a 
consequence, the pressure in the HPS had to be adjusted approximately 1 bar above the 
desired pressure. A high leakage rate causes also the water vapour pressure to decrease, 
if a non-selective leakage is assumed. However, this leakage can not explain the extent of 
the drop in relative humidity that is observed often. 

Finally, the piezo electric pressure transducer (Druck) used for the determination of the 
initial pressure of an expansion could be a souree of systematic error: it is observed that 
when the system is brought back to atmospheric pressure after an expansion, the offset 
voltage of the pressure transducer is higher than usual. Typically, the pressure transducer 
indicates 0.3 bar too much immediately after the blow down. After a couple of minutes, 
the reading has equilibrated to its usual output voltage. A hypothesis is that the offset 
voltage of the Druck is increased by water vapour present in the system. However, this is 
a topic that should be subject to a closer investigation. 

5.4 Results with nitrogen as carrier gas 

In appendix C, the results of the water/nitragen experiments are listed in tabular form. 
In figure 5.6, the results are plotted, at temperatures 230 K and 250 K. As in the helium 
experiments, the condensation pressures were in small ranges around 10 bar, 25 bar and 
40 bar. For the calculation of temperature, use is made of the equation of state by Sychev, 
treated in appendix A. It turned out that the difference in condensation temperature with 
that given by ideal gas law was typically 1.3 K, a considerable deviation in these measure
ments, causing an error of at least 1 order of magnitude in the nucleation rate. Again, the 
dashed lines indicate the region of measurements by Looijmans and Viisanen. Like in the 
helium experiments, it is found that the high pressure experiments show a larger spreading 
and that they are found above the earlier low pressure measurements. A difference is found 
in the tendency of the high pressure measurements with temperature. At 250 K, the factor 
r is found to be significantly lower than at 230 K. Also, a pressure dependenee seems 
to be present; at higher pressure, the slope of r as a function of temperature increases. 
However, these conclusions should be subject to a critical analysis. As was pointed out 
briefl.y in section 2.2, in the case of nitrogen a correction is introduced in calculating the 
surface tension of water at high pressures. In our calculation of (2.13), the factor K was 
assumed to be temperature independent. Since K is related to surface coverage of nitrogen 
molecules on water, we expect this quantity to decrease with temperature. The temper
ature dependenee of the correction however was not very well known. Since the pressure 
effect on surface tension has a strong effect on the classica! nucleation rate, the results on 
r should be considered as preliminary results. 
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Figure 5.6: Results of nucleation measurements on water/nitrogen. Dashed lines indicate 
the region where nucleation rates at low pressures were found by Looijmans and Viisanen. 

Concerning the other sourees of errors in the nitrogen experiments, it can be mentioned 
that the behaviour of the Humicap in the nitrogen experiments gives more confidence than 
in the helium measurements, since it was found that the differences in output voltage after 
adding gas could be calculated by the high pressure correction for nitrogen. Still, it remains 
attractive to calculate the nucleation rates by the droplet growth method, mentioned in 
section 3.5. Because the diffusion coefficient at high pressures for the water/nitrogen 
system is well-known, a comparison can bemadebetween the two methods. An agreement 
between these two methods would give confidence in the experimental determination of the 
relative humidity with the Humicap sensor as well as in the validity of the droplet growth 
model. 

As was mentioned in the previous section, the Druck pressure transducer could cause 
a systematic error. 

During the preparation of the nitrogen experiments, the leakage rate was far smaller 
than during the helium experiments, enabling the initial pressure to be adjusted more 
accurately. 

5.5 Conclusions 

At this stage, conclusions about the interpretation of the nucleation experiments should be 
drawn very carefully, due tosome uncertainties still present in the experimental procedure. 

The main reason of concern is the determination of the initial relative humidity. In the 
case of helium, it is unclear why such a large difference is found in the Humicap output 
voltage after adding gas. Probably, this is due to an insufficient cooling of the mixing 
pump, which causes adsorption processes to be far from equilibrium when turning off the 
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pump. This, in turn, could result in a gas mixture that is not globally homogeneous. 
The behaviour of the Humicap gives more confidence in the nitrogen experiments, 

as the differences could be calculated with the high pressure correction. However, the 
correction for the surface tension should be investigated further. Also, calculations should 
be performed in which the droplet growth model is used as a basis for the determination of 
water concentration. A comparison between the Humicap method and the droplet growth 
method will give more insight in the accuracy of both methods. 

For helium, an approach with the droplet growth model is problematic, since the dif
fusion coefficient is not well-known at high pressures. 

For both helium and nitrogen experiments, it is important to know the behaviour of 
the offset voltage of the pressure transducer used. 



Chapter 6 

Conclusions 

This work has dealt with experiments on homogeneaus condensation of water at high 
pressures with helium and nitrogen as carrier gases. The condensation pressures were 
10, 25 and 40 bar, the condensation temperatures were around 230 K and 250 K. The 
experiments were carried out in a nucleation pulse expansion wave tube. 

The main problem arising in these measurements is the determination of the initial water 
fraction in the gas mixture. Although the manufacturer of the Humicap relative humidity 
sensor states that this device is pressure independent, there were strong indications that 
carrier gas had an infiuence on the Humicap output reading. Therefore, two calibration 
procedures were carried out, from which only one was successful. 

The unsuccessful procedure was based on a gravimetrie method; a sample of the gas 
mixture in the system, a vessel with a volume of 20 l, was led through a tube containing a 
molecular sieve which absorbs all water present in the mixture. From the mass increase of 
the molecular sieve and the pressure decreasein the system, the composition of the mixture 
can be calculated. This method gave results with an unacceptable spreading: comparison 
of all measured data yielded deviations of 5 % relative humidity from the average. The 
main reason for this uncertainty was found to be the homogeneity of the gas mixture in 
the system. The hall used for mixing could not reach the small volume of the Humicap 
sensor. Therefore, this volume had to be equilibrated by diffusion, which is very slow at 
high pressures. A second point of concern was the spreading within one calibration series, 
which was higher than expected basedon the accuracy of determining masses by a Mettier 
balance. The reason for this spreading remains unclear. 

The other calibration procedure wasbasedon the assumption that the relative humid
ity in the system does not change while adding carrier gas. It was estimated that this 
assumption would give errors of about 4 · w-4a/bar, which is reasonable. This calibration 
was carried out in the expansion shock tube, which has an efficient mixing system. It 
turned out that the Humicap signal doesnotchange significantly while adding helium up 
to 80 bar. For nitrogen as carrier gas however, astrong infiuence on Humicap reading was 
found, dependent on total pressure as well as relative humidity. 

Qualitatively, this pressure dependenee can be explained by adsorption of nitrogen 
on the sensor in the case of very low relative humidity. Adsorption of nitrogen prevents 
water molecules from being adsorbed. At higher relative humidities, the adsorption of 
water in the sensor becomes saturated. Further sorption of water takes place by filling the 
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micropores in the sensor. The amount of absorbed water in the micropores depends on 
relative humidity as well as on surface tension; Since nitrogen causes the surface tension 
of water to decrease, the amount of water absorbed is lowered by adding nitrogen to the 
sensor. 

Helium is not expected to adsorb significantly, nor does it have a surface tension de
creasing effect. Therefore, helium does not infiuence the Humicap output signal. 

The initial relative humidity in the nucleation experiments could now be determined 
from the Humicap reading. Still, the interpretation of the nucleation experiments should be 
regarcled as preliminary; it was seen during the experiments in helium that the Humicap 
output voltage often decreased significantly after adding carrier gas and mixing. As it 
was found that helium does not have an infiuence on the Humicap reading, this shows 
that adsorption processes at the vessels walls were not in equilibrium, probably due to 
insufReient cooling of the mixing pump. Therefore, it is doubtful whether the gas mixture 
was homogeneaus at the time of a nucleation experiment, causing an error in the initial 
relative humidity of the expansion. 

The temperature during an expansion is calculated from the pressure signal, using an 
equation of state. For helium, the ideal gas law turned out to be applicable. For nitrogen 
however, it was necessary to use an equation of state accounting for real gas effects, the 
Sychev equation of state. When comparing measured nucleation rates of water in nitro
gen with theoretica! data, care should be taken when inserting the surface tension in the 
expression for classica! nucleation rate, because the surface tension depends on nitrogen 
pressure. A correcting formula for the surface tension is given by Slowinski [20], but the 
temperature dependenee of this correction is not well known and should be subject to a 
closer investigation. 

For the experiments with nitrogen as carrier gas, it would be very useful to perform 
calculations in which the droplet growth model is used as a basis for determining the initial 
vapour pressure. A comparison between the droplet growth method and the Humicap 
method will give more insight in the accuracy of both methods. For the experiments with 
helium as carrier gas, these calculations are problematic, since the diffusion coefficient of 
water in helium is not known at high pressures. 

The offset voltage of the Druck pressure transducer, used for determining the initial pres
sure of an expansion, turned out to vary about 0.3 V, equivalent to 0.3 bar. A hypothesis 
is that the offset voltage depends on the preserree of water vapour. This should be sub
ject to further investigation; the effect has been corrected for, however, in the present 
measurements. 
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Appendix A 

Equations of State 

During experiments, in the shock-tube as well as in the calibration setup, the pressure of 
nitrogen and helium had values up to 80 bar. At this pressure, a gas can be expected to 
behave non-ideally. Therefore, the compressibility factor Z is considered here, defined as 

Z= pV 
nRT. 

It is obvious that for the ideal gas law Z = 1. 

(A. I) 

For nitrogen, we will calculate Z for two equations of state (EOS), namely the vander
Waais EOS and the EOS proposed by Sychev in [24]. The calculated compressibilities will 
be compared with values taken from a table of (measured) thermodynamic properties. 

For helium, it will be shown that for the nucleation experiments described in chapter 
3 the ideal gas law can be applied. 

A.l Nitrogen 

A.l.l The vanderWaals EOS 

The well-known vanderWaals EOS is given by 

( nza) 
p+ vz (V-nb)=nRT. (A.2) 

In this form, the vanderWaals equation can be considered to betheideal gas law with two 
correction terms. The correction term (n 2a)/V2 reflects the fact that the pressure is lowered 
by the intermolecular potential. The second term, nb, takes into account the volume of 
the molecules ( the ideal gas law assumes molecules to be points without any volume). 
The vanderWaals-parameters a and b can be calculated from the critica! temperature and 
pressure: 

a 

b 

27 R2Tc2 

64Pc' 
RTc 
8pc 
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(A.3) 

(A.4) 
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The critica! values can be found, for example, in [18]. For nitrogen, they read: 

Tc 126.2 K; 

Pc 33.9 bar. 

Equation (A.2) can be written in the cubic form 

ab 3 a 2 ( 
- V2 n + V n - pb + RT) n + pV = 0. (A.5) 

Fora given p, V and T, the number of moles n can be calculated numerically with (A.5). 
The compressibility factor Z then follows straightforwardly. 

A.l.2 EOS by Sychev 

In [24], the following EOS is proposed for nitrogen: 

(A.6) 

with wand T the reduced density and the reduced temperature, given by pf Pc and T /To re
spectivily. The parameters bij are given in [24]. They are determined by fitting all available 
experimental data with high accuracy, over a wide range of pressures and temperatures 
including our range of interest. By comparing the calculated values of Z with the original 
data, a standard deviation of 0.17 % is found. 

A.l.3 Comparison of Equations of State 

In figure (A.1), the compressibility factorZat T=290 K, is plotted against pressure p for 
ideal gas law, vanderWaals EOS and Sychev EOS. Also, the values from the thermody
namic table of properties [10] are shown. They agree very well with the Sychev EOS. The 
compressibility factor by the vanderWaals EOS, however, shows a large discrepancy. 
To get an impression of the temperature effect, the dashed lines give the compressibility 
factor at a temperature of 293 K. 

We can draw the following conclusions now for the considered pressure range 0 to 100 
bar at a temperature of 293 K: 

• The vander Waals EOS does not give a good description of the behaviour of nitrogen. 

• The deviation of Z from the ideal value 1 is less than 1 %. 
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Figure A.1: The compressibility factor for nitrogen, at T=290 K (solid lines) and T=293 K 
( dashed lines) 

A.2 Helium 

The compressibility factor for helium at a pressure of 80 bar and a temperature of 230 
K is 1.0480 [23]. Sirree this is a significant deviation from ideal gas law, some expansion 
experiments were worked out with the EOS proposed by Sychev, formula (A.6), which 
has the same form for helium with different parameters bij· However, it turned out that 
for an isentropic expansion there was no significant difference between the temperatures 
calculated by the ideal gaslawand the temperatures calculated with the Sychev EOS. This 
can be understood by consiclering the calculation of temperature and the EOS. 

Assuming an adiabatic expansion, the temperature is calculated by the isentropic rela
tion 

T (p )a 
To = Po 

(A.7) 

In case of an i deal gas, a is given by a = ("' - 1) /"', with "' the ratio of specific heats 
"' = cp/cv. When a gas does not behave ideally, a is not a constant but depends on 
temperature and pressure. The exponent a can be derived from thermodynamics [12]: 

a=~ C!), = ~z [1+ ~ (:~)J, (A.8) 

with Z the compressibility factor. 
The EOS by Sychev (A.6) is a series in inverse reduced temperature. Sirree the critica! 

temperature for helium is extremely low (5.19 K), the reduced temperature is much larger 
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than unity; for 230 K, the reduced temperature is T = 44.3. As a coJsequence, the 1/r
term is the only relevant term in the series in (A.6), so we can approximate the series by 
the 1/r-term: 

(A.9) 

For the derivative follows 
oZ cTc 
-"'--oT T 2 . 

(A.10) 

Using (A.9) and (A.10) in (A.8) yields 

(A.ll) 

which is the ideal gas expression fora. For helium, the specific heat cP is nearly independent 
on pressure: cP for 100 bar equals cP for 1 bar within 0.1 % [23]. Therefore, it can be 
concluded that for calculating temperatures with (A. 7) for helium, the ideal form (constant 
a) can be used. 



Appendix B 

Fanno flow 

To determine the initial composition of a gas mixture in the case of a methanefnonane 
or methanefoctane experiment, a gas chromatographer will be used. lf a sample of gas 
mixture is lead from the HPS of the shock-tube to the gas chromatographer, the pressure 
has to be reduced from typically 80 bar to atmospheric pressure. Since condensation of 
vapour is to be avoided, the pressure must decrease smoothly. A way to do this is to lead 
the gas mixture through a narrow tube, a capillary. The length that is necessary to achieve 
the desired pressure drop will be calculated here. 

lf a capillary tube of fixed length and diameter is considered, two different flow regimes 
should be distinguished dependent on the pressure difference. lf this pressure difference 
is suffi.ciently small, the flow Mach number inside the tube, although increasing in flow 
direction, is always smaller than unity, and the exit pressure at the end of the tube equals 
the back pressure of the surroundings. But if the pressure difference is increased, the Mach 
number becomes unity at the end of the capillary. Then, in general, the exit pressure will 
be larger than the ambient pressure, and a large pressure drop exists in the free jet at the 
end of the capillary. We shall consider the case that marks the border between the two 
situations mentioned, i.e.: the exit Mach number is unity and the pressure is locally equal 
to that of the surroundings. 

In the following calculations fora flow in a capillary tube, we will make use of stagnation 
values and critical values for the pressure p, density p, temperature T and speed of sound 
c. The stagnation values, referred to with an index 0, are defined as the values that would 
be reached if the flow would be brought isentropically to rest. The critica! values, referred 
to with an asterisk, are the values that exist when the flow is critical, that is when the 
Mach number M is unity. In [27], some relations between stagnation, critical and actual 
values are derived for a calorically perfect gas which will be used here: 

p* C!Jo, 
Po 

(B.l) 

p* 

Po 
c:J', (B.2) 

c* J1!1 (B.3) 
co 
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p 
p Po ( 1 )'~' ( 2 r~' (B.4) 

p* Pop* = 1 + 1~ 1 M 2 1 + 1 

c C Co ( 1 ) j ( 2 rj (B.5) 
c* co c* = 1 + 1~ 1 M 2 1 + 1 

Consicier a circular capillary tube with diameter 2a, shown in figure B.l. The stagnation 

reservmr 

Por= Pr 

x 

1 2 

Figure B.1: Schematic drawing of a capillary tube. The flow is from the reservoir to the 
right.1: entrance of the duet, 2: exit of the duet. 

pressure and temperature in the reservoir are Por and Tor· As the volume of the reservoir is 
assumed to be much larger than the volume of the capillary duet, the gas in the reservoir 
is in rest and the stagnation quantities of the reservoir equal the actual pressure and 
temperature Pr and Tr· 

The mass flux density cp is independent of position x and is given by: 

p c p* c* 
1Y = pV = --M--poco, 

p* c* Po co 
(B.6) 

where the Mach number M = Vjc was used. Using relations (B.3), (B.2) and the ideal gas 
law Po = Po/(RT0 ) in (B.6) yields 

(B.7) 

(B.8) 

In the last step, Co = viRTo, valid for an ideal gas, is used. Also, the function F was 
defined, which can be written as a function of M by using (B.4) and (B.5): 

p c ( 1 ) ~~ ( 2 ) -~~ FM ---M- -- M 
( ) - p* c* - 1 + ~ (r - 1) M 2 1 + 1 ' 

(B.9) 
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Figure B.2: The function F(M) has a maximum at M = 1. 

In figure B.2, the function F(M) is plotted. The function F(M) has a maximum value 
of unity at M = 1, independent of 'Y· A consequence is that the mass flux cp (B.8) has 
a maximum at M = 1 for a given p0 , c0 and T0 . Sirree the mass flux density (B.8) is 
independent of x, a maximum in F(M) implies a minimum in stagnation pressure p0 . This 
means that in the duet the Mach number will not exceed the maximum value of unity; the 
situation M = 1 can only be found at the exit of the duet. Therefore, we will consider 
from now on a critica! flow at the exit of the duet: M 2 = 1. With this assumption we can 
write p2 = p2 * for the exit of the duet. Equation (B.8) can then be expressed as 

( 
2 )H~RiPo2 c/J=1· -- ---P2· 

'Y + 1 RTo P2* 
(B.10) 

Using (B.1) for p0 jp2* we can write 

(B.ll) 

This equation gives arelation between the mass flux density cp and the pressure p2 . Equa
tion (B.8) becomes at the entrance of the duet: 

(B.12) 

At the entrance of the duet, we have p01 =Por = Pr· Using (B.ll) to eliminate the mass 
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flux we obtain 

( 1': 1) -lp, = F(Mt) ( 1': 1) ~~ p,. (B.13) 

Inserting expression (B.9) and rewriting yields 

p2 ( 2 ) t ( 1 ) t ~ 
Pr = 'Y+l 1+ 1~1 MI2 M1

. 
(B.14) 

From this equation, the Mach number M 1 at the entrance of the duet can be calculated 
with numerical methods. Because the Mach number at the entrance of the duet is small, 
we can approximate equation (B.14) by omitting the quadratic term toyieldan analytica! 
result: 

1 

MI = ( 'Y + 1) 2 P2 
2 Pr 

for M1 < 0.2. (B.15) 

For M = 0.2, the error caused by the approximation in (B.15) is about 2%. Once the Mach 
number at the entrance is known, the length L of the capillary can be calculated with the 
following expression, derived in [27]: 

f L 1 - M1 2 'Y + 1 l ~ ('Y + 1) M1 2 

- 2 + -- n 1 2 
2a 'Y M1 21' 1 + 2 ('Y - 1) M1 

(B.16) 

This formula assumes a Mach number of unity at the exit of the duet. The friction factor 
f in (B.16) is dependent on the Reynolds number, where a difference is made between 
laminar (Re < 2300) and turbulent (Re > 2300) flow: 

Re< 2300 

Re> 2300 

f = 64 
Re 

~ = -0.8 + 2log ( Re{j) 

(B.17) 

(B.18) 

Equation (B.18) is called the Karman-Nikuradse equation and is valid for smooth pipes (see 
[19]). From this equation, the friction factor f can be calculated with numerical methods. 
A typical value for the friction factor is f = 0.03. Reynolds number is given by 

Re= 2pVa = 2a</J 
Tl Tl ' 

(B.19) 

with Tl the viscosity. Substitution ofthe expression (B.ll) for the mass flux density <P yields 
the Reynolds number as a function of pressure p2: 

2a /1 P2 
Re= -;ryy "2'~' ('Y + 1) ..;R:To (B.20) 

With the pressure p2 and the capillary diameter 2a given, the length Lof the duet can 
now be calculated numerically; the quantities M1 and f have to be determined to calculate 
the length with (B.16): 
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• The Mach number M 1 at the entrance of the duet is determined by equation (B.15). 
It is checked that M 1 < 0.2. 

• Assuming a critica! flow, Reynolds number Re is calculated with (B.20). Depending 
on the value of Re, the friction factor f follows from (B.17) or (B.18). In the latter 
case, fis determined with a Newton-Raphson method. 

The length L can now be calculated straightforwardly with (B.16). The result of this 
calculation is shown in figure B.3, for metharre at a temperature of 333 K. The temperature 
of 333 K is chosen because the gas chromatographer will be held on this temperature, and 
the capillary tube will be heated to equal the temperature of the gas chromatographer. 
The necessary lengthof the capillary tube is calculated as a function of capillary diameter, 
for several initial (reservoir) pressures. The change from laminar to turbulent flow results 
in a discontinuity in the calculated length. 

50 
p,= !()()bar 

40 

80bar --s 30 
"-" 
..s::: ...... 
on 
1=1 20 Q) -

10 

20bar 

o~~~~======~~===c====~ 
0.05 0.1 0.15 0.2 0.25 

diameter (mm) 

Figure B.3: The necessary lengthof a capillary tube as a function of diameter to reduce a 
given pressure Pr to atmospheric pressure without sudden pressure drop at the end of the 
tube. The discontinuity is a consequence of the change from laminar to turbulent flow. 

Finally, we derive a simple, approximating, analytica! expression for the length. 
small M 1 , equation (B.16) can be written as 

For 

fL 1- M1 2 

~ ~ 1M12 ~ 1M12 • 

1 
(B.21) 

Using (B.15) for the Mach number M 1 yields 

f L 1 2 (Pr)
2 

~ = "11 + 1 P2 ' 
(B.22) 
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which can be rewritten as 
L- 4a 1 Pr 

( )

2 

- f 1' ('-y + 1) P2 . 
(B.23) 



Appendix C 

Tables of results 

In this appendix, the relevant parameters of the high pressure water/helium and wa
ter/nitrogen nucleation experiments are presented in tabular form. 

For the calculation of Scond, use is made of the Rankine-Kirchhoff equation (4.2), where 
the Poynting factor was always taken into account. 

exp. nr. Po (bar) To (K) Pvo (Pa) Pcond (bar) Tcond (K) Scond J ( -3 -1) exp m s 

010 18.86 293.35 353 10.06 228.2 16.7 2. 1015 

014 18.49 293.25 457 10.11 230.4 17.5 8. 1016 

015 18.29 293.45 446 10.13 231.7 15.1 6 . 1016 

037 46.32 295.45 449 25.68 233.4 12.5 2 . 1012 

042 46.43 294.55 414 25.43 231.6 13.7 1 . 1016 

046 46.53 294.85 445 24.90 229.7 17.7 8 . 1016 

047 46.23 293.05 417 24.94 229.0 18.0 1. 1017 

024 73.50 294.05 470 40.00 230.6 17.0 2. 1015 

025 73.50 294.25 540 40.01 230.7 19.3 2. 1017 

028 73.40 293.85 545 40.34 231.3 18.5 1 . 1017 

Table C.l: Results of water/helium experiments at temperatures around 230 K. 
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exp. nr. Po (bar) To (K) Pvo (Pa) Pcond (bar) Tcond (K) Scond J ( -3 -1) exp m s 

076 57.15 291.45 339 24.00 225.7 16.3 2 . 1015 

077 57.96 291.95 442 25.81 230.0 14.2 5 . 1014 

079 57.46 292.95 537 25.33 230.2 16.7 1 . 1016 

080 57.46 292.85 561 25.10 229.5 18.2 8. 1016 

083 90.23 291.65 451 41.21 231.1 13.0 4. 1015 

084 90.54 291.85 468 41.33 231.2 13.3 9. 1015 

085 90.03 291.35 493 41.69 231.8 13.4 4 . 1015 

086 90.43 292.05 503 40.80 230.6 15.1 8. 1016 

087 90.29 292.65 499 41.21 231.8 13.3 8 . 1015 

089 23.37 293.25 502 10.19 230.5 15.2 2 . 1015 

090 23.47 293.75 490 10.02 229.5 16.1 2 . 1015 

091 23.47 293.95 538 10.08 230.0 16.8 1. 1016 

Table C.2: Results of water/nitragen experiments at temperatures around 230 K. 

exp. nr. Po (bar) T0 (K) Pvo (Pa) Pcond (bar) Tcond (K) Scond J ( -3 -1) exp m s 

017 14.94 293.55 1205 10.05 250.5 8.1 3. 1014 

018 15.04 293.55 1300 10.11 250.5 8.7 4. 1014 

020 14.85 293.35 1418 10.12 251.7 8.7 1 . 1015 

052 37.50 294.45 1243 24.88 249.9 8.6 9. 1013 

053 37.30 293.45 1375 24.90 249.7 9.7 2 . 1015 

054 37.50 293.85 1332 25.35 251.3 8.3 6. 1013 

055 37.50 293.95 1426 25.34 251.3 8.8 3 . 1014 

056 37.60 294.25 1350 25.26 251.0 8.5 2 . 1014 

031 58.85 293.45 1285 39.78 250.9 8.2 2 . 1014 

032 60.06 293.75 1412 40.06 249.8 9.7 2 . 1015 

033 59.75 294.25 1309 40.49 251.9 7.6 1 . 1014 

034 59.95 294.85 1654 40.13 251.1 10.2 2 . 1016 

035 59.85 293.95 1401 40.38 251.2 8.6 3. 1014 

Table C.3: Results of water/helium experiments at temperatures around 250 K. 
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exp. nr. Po (bar) To (K) Pvo (Pa) Pcond (bar) Tcond (K) Scond J ( -3 -1) exp m s 

057 69.59 293.75 1480 39.04 247.6 10.4 2. 1015 

058 69.48 292.95 1498 39.78 248.4 10.1 1 . 1015 

061 69.78 293.35 1712 40.23 249.3 10.6 6 . 1015 

062 69.68 291.35 1529 40.52 248.2 10.6 9 . 1015 

063 68.58 292.15 1635 40.12 249.3 10.4 2 . 1015 

069 43.52 291.95 1470 25.31 249.1 9.5 2 . 1014 

071 42.81 291.35 1530 25.82 251.2 8.5 2. 1014 

072 42.96 291.55 1583 24.73 248.0 11.2 2 . 1016 

073 43.02 291.85 1604 25.01 249.0 10.5 2 . 1015 

074 42.42 291.45 1551 25.52 251.1 8.7 1 . 1014 

075 42.62 292.05 1642 25.27 250.6 9.5 3 . 1014 

093 17.56 294.35 1473 10.25 251.9 7.6 5 . 1013 

094 17.56 294.75 1608 9.83 249.3 10.0 3 . 1015 

095 17.96 295.25 1647 9.88 248.4 10.9 2 . 1016 

096 17.81 295.45 1646 9.96 249.8 9.8 3 . 1015 

097 17.76 295.25 1621 10.22 251.6 8.4 5 . 1013 

098 18.06 295.45 1652 9.96 248.7 10.6 2 . 1016 

099 17.96 295.45 1631 10.05 249.8 9.7 8 . 1014 

Table C.4: Results of water/nitragen experiments at temperatures around 250 K. 

_______________ ______. 


