
 

Experimental study of homogeneous water nucleation in a
pulse-expansion wave tube
Citation for published version (APA):
Fransen, M. A. L. J. (2015). Experimental study of homogeneous water nucleation in a pulse-expansion wave
tube. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Mechanical Engineering]. Technische Universiteit
Eindhoven.

Document status and date:
Published: 01/01/2015

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/1de642d9-3730-40e0-8221-11ffa8e0fa24


Experimental Study of Homogeneous Water
Nucleation in a Pulse-Expansion Wave Tube



Copyright c© 2015 by M.A.L.J. Fransen

All rights reserved. No part of this publication may be reproduced, stored in a re-
trieval system, or transmitted, in any form, or by any means, electronic, mechanical,
photocopying, recording, or otherwise, without the prior permission of the author.

A catalogue record is available from the Eindhoven University of Technology Library

ISBN: 978–90–386–3866–9

NUR: 926

Printed by Off Page, Amsterdam

Cover design: S.P.J. Bosmans

Cover photographs: M.A.L.J. Fransen

The cover photographs (from small to large) show: (i) side-view of the HPS (as seen
from the LPS); (ii) side-view of the LPS (right end-wall) with mounted pressure trans-
ducer; (iii) side-view of the HPS without photomultiplier tube (left end-wall) with op-
erating laser beam and mounted piezoelectric and piezoresistive pressure transducers;
(iv) side-view of the surface tension set-up (Institute of Thermomechanics, Academy
of Sciences of the Czech Republic) with measuring capillary tube and two Pt100 ther-
mometers.



Experimental Study of Homogeneous Water
Nucleation in a Pulse-Expansion Wave Tube

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de
Technische Universiteit Eindhoven, op gezag van de
rector magnificus prof.dr.ir. F.P.T. Baaijens, voor een

commissie aangewezen door het College voor
Promoties, in het openbaar te verdedigen op

donderdag 18 juni 2015 om 16:00 uur

door

Maurice Antonius Leonard Josephus Fransen

geboren te Oss



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de
promotiecommissie is als volgt:

voorzitter: prof.dr. L.P.H. de Goey
promotor: prof.dr.ir. D.M.J. Smeulders
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SUMMARY

Experimental Study of Homogeneous Water Nucleation in a Pulse-Expansion

Wave Tube

A Pulse-Expansion Wave Tube (PEWT) experimental facility has been used to deter-
mine homogeneous nucleation rates of water in different carrier gases. The PEWT is
based on the nucleation pulse method, which separates the processes of nucleation and
droplet growth in time. Owing to the sharp monodispersity of the droplet cloud gen-
erated by the nucleation pulse method, an accurate determination of droplet growth
curves is possible. Droplet growth curves yield information on the diffusion coefficient,
which only depends on pressure and temperature and on the supersaturation of indi-
vidual experiments. Experimental results are given for homogeneous water nucleation
rates in nitrogen at a nucleation temperature of 240 K and a pressure of 1.0 MPa and
for growth of supercooled water droplets at 247 K and 1.1 MPa. The supersatura-
tion was varied between 10 and 14, resulting in nucleation rates ranging from 1014 to
1017 m−3 s−1, typical for fast expansion devices. For the diffusion coefficient, a value
of 1.51 ± 0.03 mm2 s−1 was found (247 K, 1.1 MPa) in agreement with previously
reported results. Once the diffusion coefficient was determined, the supersaturation
for each individual experiment can be obtained from its corresponding droplet growth
curve and compared with the value from mixture preparation prior to the wave ex-
periment. These two alternative ways to determine the supersaturation showed no
systematic differences. The scatter in the nucleation rate versus supersaturation data
points was quite comparable for both techniques.

Next, several measures were taken to improve the accuracy of the data obtained
with the PEWT even further. Droplet sizes are determined by optical techniques
based on light scattering of a laser beam by the droplet cloud. By accounting for
background scattering (including multiple scattering), the experimental light scat-
tering can be accurately fitted with Mie theory. Adjustments were made such that
also high-intensity scattering recordings could be used. Furthermore, the molar wa-
ter vapor fraction was determined with three independent techniques. The resulting
standard uncertainty of the supersaturation was within 1.8 %. Results are given for
water nucleation in helium at 0.10 MPa (240 K) and at 1.0 MPa (220 K, 240 K), and
in nitrogen (240 K) at 1.0 MPa. The new experimental data differ systematically from



data published by Luijten et al. (1999), although similar trends were found. At a
nucleation temperature of 240 K we made the following observations: (i) the values of
the nucleation rate of water in helium at 1.0 MPa are slightly but significantly higher
(factor 3) than its values at 0.10 MPa; (ii) nucleation rates of water in nitrogen at
1.0 MPa are clearly higher (factor 10) than in helium at the same pressure. It is argued
that the explanation of the two trends is different. For case (i), it is the insufficient
thermalization of the growing water clusters in helium at the lowest pressure that
has a reducing effect on the nucleation rate. Experimental results are compared with
the theory by Barrett et al. (1993), which is based on Classical Nucleation Theory
(CNT). Full quantitative agreement was not found. This is not surprising at all, since
CNT itself is not accurately describing the nucleation process due to the capillarity
approximation. For case (ii), thermal effects being negligible, it is the pressure depen-
dency of the surface tension, much stronger for nitrogen than for helium, that affects
the homogeneous water nucleation rate. Based on an improved Langmuir adsorption
model, we estimated the relative decrease of the surface tension of supercooled water
in nitrogen to be 1.5±0.5 % (240 K). This partly explains the nucleation rate increase
when using nitrogen instead of helium at a pressure of 1.0 MPa.

New data were obtained for the surface tension of supercooled water down to 247 K.
Experiments performed at the Institute of Thermomechanics, Academy of Sciences
of the Czech Republic, did not confirm the anomalous temperature dependence of
the surface tension of supercooled water reported by some earlier measurements and
molecular simulations. A counterpressure capillary rise method as well as the classical
capillary rise method were used. In the counterpressure method, the liquid meniscus
inside the vertical capillary tube was kept at a fixed position with a helium distribution
setup. In particular, the magnitude of the counterpressure was adjusted such that the
meniscus remained at the same height, thus compensating the change of the surface
tension when the temperature is lowered from the reference temperature (303 K) to
the temperature of interest. One advantage of the counterpressure method over the
capillary rise method is that it avoids the uncertainty due to a possible variation of the
capillary diameter along its length. A second advantage is that the equilibration time
due to the capillary flow of the highly viscous supercooled water can be shortened.
The new data between 247 and 303 K do not exhibit any anomalous features and lie
close to the extrapolated IAPWS correlation for the surface tension of ordinary water.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and background

The three well-known phases of water are solid (ice), liquid, and vapor. This thesis
focuses on water condensation: the phase transition from the vapor to the liquid
phase. Water condensation occurs under a variety of conditions in technology and
nature. In the Earth’s atmosphere, knowledge of droplet and cloud formation is
of paramount importance as it affects weather and climate models.1 All outside air
contains water but this is usually in the form of an invisible gas called water vapor.
Cold air cannot hold as much water vapor as warm air, so in a cooling process some
of the vapor condenses to form very tiny droplets in a visible cloud. A cloud is a large
collection of small water droplets or ice crystals floating in the air. If the droplets
form out of foreign particles (ions, dust) or on macroscopic surfaces, the process is
called heterogeneous condensation. Macroscopic surfaces leading to heterogeneous
nucleation are often encountered in technological applications. Condensers produce
film-type condensation by bringing a vapor in contact with a cold surface and remove
heat in refrigeration systems, distillation columns, power plants, and steam heaters.2,3

In the present work, homogeneous condensation is studied, in which foreign bodies
are absent and stable clusters (aggregates of molecules) are formed due to thermal
fluctuations. Homogeneous condensation is a stochastic process of molecular collisions
with a probability that colliding molecules will stick together to form a condensation
nucleus. Some of these nuclei will grow by catching other molecules to reach a crit-
ical cluster size (nucleation) beyond which they grow to macroscopic sizes (droplet
growth); other nuclei will simply evaporate into individual molecules again. The two
underlying physical processes of condensation that can be distinguished are nucleation
and droplet growth.

Consider the case of air containing water vapor that is subjected to a rapid expan-
sion, resulting in a drop in temperature. A crucial variable in this physical process
is the supersaturation S, which describes how far from phase equilibrium the vapor
phase is. It can be approximated by the ratio of the partial water vapor pressure
pw and the saturated vapor pressure ps. In a typical experiment, the saturated va-
por pressure, which is strongly temperature dependent, decreases much faster with

1
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Figure 1.1. Illustration of the nucleation barrier. (a) Mechanical analogue of the nucleation
barrier, adapted from Knight 4 . (b) Nucleation barrier for pure water at T = 293.15 K for different
values of the supersaturation S. The nucleation barrier becomes less pronounced and shifts to smaller
critical cluster sizes when S is raised.

temperature than the partial water vapor pressure. The supersaturation therefore in-
creases and the vapor phase is far away from phase equilibrium. Intuitively, one would
expect that undercooled vapor would always condense as by this phase transition free
energy would be reduced. We can think of free energy as an analogue to potential
energy in mechanical systems: it measures the capacity for doing work.4 The driving
force behind the vapor-to-liquid phase transition is the system’s aim for equilibrium,
defined by a uniform chemical potential throughout the system and corresponding
minimum free energy. The reason that this transition does not automatically take
place is because a new interface between vapor and liquid has to be formed: the
so-called nucleation barrier. Figure 1.1a presents a mechanical analogue of this nucle-
ation barrier,4 in which a solid rectangular element rotates due to an external force.
The potential energy of the object is proportional to the height of the center of grav-
ity, indicated by the black dot. Initially, the object is in the upright position and
in metastable equilibrium since the center of gravity is higher than in the horizontal
position (stable equilibrium). The element will not necessarily move to the stable
equilibrium, unless it is supplied with energy to overcome the unstable condition.

Consider the case of homogeneous nucleation of water. Figure 1.1b shows the
nucleation barrier for pure water at standard conditions (T = 293.15 K). The free
energy is plotted as a function of the number of molecules per liquid cluster for
several supersaturation values. When the supersaturation is smaller or equal to unity,
we have a monotonically increasing curve. For supersaturations larger than unity,
there will be a maximum at the critical cluster size (i.e. the nucleation barrier). This
maximum becomes less pronounced and shifts to smaller critical cluster sizes when S
is raised.

The petrochemical industry is interested in homogeneous nucleation and the phys-
ical separation of impurities (e.g. heavy hydrocarbons and carbon dioxide) from nat-
ural gas.5 One method is to use a so-called condensed rotational separator,6,7 which
has been developed at Eindhoven University of Technology. It creates a fast reduc-
tion in pressure and temperature over a turbine, so that a cloud of micron-sized liquid
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droplets is formed. This cloud is subsequently removed by a rotating particle device.8

Another approach to clean contaminants from natural gas is dehydration using su-
personic nozzles.9,10,11,12,13 In both techniques also water condenses out, which causes
operational problems such as corrosion and gas hydrate formation in pipe lines.

Compared to other fluids, water shows several anomalies at low temperatures, e.g.
the well-known maximum in liquid density above the freezing point at 277 K. The
unusual behavior of liquid water becomes even more distinct below the freezing point
in the supercooled region.14,15,16,17,18,19

Supercooled water droplets commonly exist in clouds. Aircraft flying through
them cause the droplets to freeze, resulting in ice formation on the aircraft’s wings
or malfunctioning of its instruments.20 Supercooled water droplets in homogeneous
nucleation experiments are subject of investigation in this thesis.

1.2 Experimental methods

The phenomenon of homogeneous water nucleation is experimentally investigated in
this work. The following overview describes the different techniques to investigate
vapor-to-liquid nucleation.21 A distinction can be made between turbulent mixing
chambers, expansion cloud chambers, static diffusion chambers, flow diffusion cham-
bers, supersonic nozzles, and expansion wave tubes. We will not discuss the turbulent
mixing chamber since it is mostly used to study binary nucleation.22,23,24

Coulier (1875), Aitken (1880), and Kiessling (1884) performed the first basic nu-
cleation experiments with water vapor in air.25,26 They used methods that did not
yet allow for rapid, adiabatic expansions of gas-vapor mixtures.a In 1897, Wilson 25

was the first to execute such a nucleation experiment. For this purpose, an expan-
sion cloud chamber was used, which was later named Wilson expansion chamber
after him. The air containing the water vapor was rapidly expanded from an initial
volume under well-controlled conditions. Later, modifications of the original expan-
sion cloud chamber27,28 (e.g. the nucleation pulse chamber29,30,31,32,33,34) allowed for
accurate quantitative measurements. A rapid expansion leads to a drop in tempera-
ture, so the supersaturation (S = pw/ps) increases and condensation starts. A small
mechanically-induced recompression stops the formation of new droplets and initi-
ates droplet growth to optically detectable sizes. The processes of nucleation and
droplet growth are therefore separated in time.35 Heterogeneous nucleation is avoided
by repetitive experiments with the same mixture. This removes the droplets that are
condensed on condensation nuclei, such that a cleaner environment is achieved every
iteration. In some occasions, an electric field was employed to avoid possible water
condensation on ions.27,36

The static diffusion chamber 37,38,39,40,41 is a cylindrical device that consists of two
metal plates separated by an optically transparent ring. The chamber employs a
difference in temperature between the two parallel plates to generate condensation.
In most cases, the top plate is cool and the bottom plate warm. The bottom is covered
with a liquid pool, which is the substance under investigation. The vapor evaporates
from the surface of the pool and diffuses towards the cold plate. Along its way

aThe vapor is the condensing constituent of the mixture, while gas refers to the non-condensing
carrier gas.
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up, the temperature drops, leading to a supersaturated state close to the top plate.
So, clusters are formed, grow to macroscopic sizes (droplets) and fall down. These
falling droplets are counted using light scattering techniques.42 Cleanliness is provided
inherently by the design of the static diffusion chamber: once foreign particles (e.g.
dust) create droplets, they fall into the liquid pool and the contamination decreases.36

The supersaturation can be varied by changing the temperature difference between
the two plates.

The flow diffusion chamber 43,44,45,46 (also called laminar flow tube reactor) consists
of three main components: the saturator, the preheater, and the condenser (i.e. a
chilled tube). The saturator produces the desired gas-vapor mixture by fully saturat-
ing a carrier gas with vapor. The temperature of the saturator controls the amount
of vapor in the mixture. After the saturator, the mixture enters the preheater, which
is kept at a higher temperature than the saturator to avoid premature condensation.
Once a laminar flow profile is obtained in the preheater, the gas-vapor mixture enters
the condenser, which is kept at a much lower temperature than the saturator. As with
the previous cases, the temperature decrease results in an increasing supersaturation.
Consequently, droplets are formed in the so-called nucleation volume in the condenser.
These droplets are counted by light scattering techniques further downstream. Since
the droplets move along with the flow, droplet growth is geometrically separated from
the nucleation process.

Supersonic nozzles 47,48,49,50,51,52 are the fourth option for studying nucleation. The
unsaturated gas-vapor mixture flows along a converging-diverging nozzle and under-
goes a rapid isentropic expansion. Since the temperature drops during the expansion,
the gas-vapor mixture becomes supersaturated. This causes nucleation to take place
in the throat region of the nozzle. The droplets start to grow and are detected with
light scattering techniques. Typical cooling rates associated with supersonic nozzles
are large, so the corresponding nucleation rates – the number of droplets formed per
unit volume and time – are much higher than with the previously described techniques.

Finally, an expansion wave tube can be employed to investigate nucleation, as
was first reported by Wegener and Lundquist.53 A constant-area duct is divided into
a High-Pressure Section (HPS) and a Low-Pressure Section (LPS)b by means of a
diaphragm.54 Diaphragm rupture results into the formation of a shock wave in the
LPS, while the test gas, which was initially at rest in the HPS, isentropically expands
to initiate condensation. A modification was suggested by Peters,55,56,57,58 who com-
bined the advantages of the expansion wave tube with the nucleation pulse method
of Allard and Kassner Jr.35 He used a constriction in the LPS, which leads to a small
gasdynamic recompression wave traveling towards the HPS. Consequently, nucleation
is stopped and the processes of nucleation and droplet growth are separated in time.

Using the facility of Peters 55 as inspiration, a modified expansion wave tube was
developed by Van Dongen and co-workers.59,60,61,62 The constriction in the LPS was
replaced by a local widening,59,63 thereby further improving the performance in nu-
cleation studies. This Pulse-Expansion Wave Tube (PEWT) was originally meant
for studying condensation phenomena occurring in the Groningen gas field.64 With
the PEWT experimental facility, results were also obtained for water nucleation in
helium,65,66,67 nitrogen,62,65,68 methane,69,70 and mixtures of methane and carbon diox-

bThe HPS and LPS sections are also referred to as driver section and driven section, respectively.
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ide.71 The experimental facility is capable of measuring nucleation rates at low to high
pressures (0.1 – 4.0 MPa) and at various temperatures, ranging from 200 to 270 K.
The PEWT is also used for the present work.

1.3 The current status of experimental work on

water nucleation

A thorough description of theoretical investigations on nucleation is not pursued in
this thesis, although we will discuss the most frequently used nucleation theory, i.e.
the Classical Nucleation Theory (CNT), in Chapter 2. We refer to the recent book by
Kalikmanov 72 for an in-depth discussion of the theoretical approaches to nucleation.
In the past decades, many experiments were conducted in the field of water nucleation,
with overviews provided by several authors.22,41,45,73,74With the different experimental
methods, the measured nucleation rates range from 104 up to 1023 m−3 s−1. This is
shown in Fig. 1.2. The nucleation pressures vary between 40 kPa to 4.0 MPa, while
nucleation temperatures range from 200 to 320 K.

An extensive study on homogeneous water nucleation rates in argon was published
by Wölk and Strey 32 in 2001. The nucleation rates, measured with a nucleation pulse
chamber,29,30,31 comprise up to four orders of magnitude, approximately from 1011 to
1015 m−3 s−1, for temperatures between 220 – 260 K. Wölk and Strey 32 found that the

Figure 1.2. Overview of the available experimental techniques and their obtained homogeneous
water nucleation rates as a function of the supersaturation. Note that the nucleation pulse chamber
is a variety on the expansion cloud chamber. The pulse-expansion wave tube is the method used in
this thesis. The solid lines are the predictions by the empirical function by Wölk et al. 75 The figure
is modified from Manka et al. 45
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trends predicted by the Classical Nucleation Theoryc were qualitatively in agreement
with their data. Nevertheless, CNT showed a much stronger temperature dependence
than experimentally observed, so a temperature-dependent correction of the classical
theory was proposed, described in detail by Wölk et al.75

The group by Mikheev et al. 44 published homogeneous water nucleation rates in
helium in 2002. Contamination of water was discussed as a major concern in water
nucleation experiments. Therefore, an analysis of the chemical content of the freshly
nucleated water droplets was made using a mass spectrometer.

The results by Mikheev et al. 44 were obtained with a flow diffusion chamber and
performed over the temperature range of 210 – 250 K. The slopes of the experimen-
tal data, showing the dependence of the nucleation rate on supersaturation, were
consistent with theoretical predictions. However, the temperature dependence of the
nucleation rates did not agree with CNT, thereby confirming the findings by Wölk and
Strey.32 Also, at low temperatures (220 K) large discrepancies with other experimental
data were found.

The results and the main conclusions drawn by Wölk and Strey 32 were later con-
firmed by Manka et al.,45 who used a flow diffusion chamber comparable to the
one used by Mikheev et al.44 The nucleation rates in helium ranged from 109 to
1015 m−3 s−1, for temperatures between 240 – 270 K. It was corroborated once more
that CNT does not predict the correct temperature dependence of the nucleation rate.
The empirical function by Wölk et al. 75 was found to be valid for the Manka et al. 45

data too, but was shown to be different from other data at low (210 – 220 K) and
high (310 – 320 K) temperatures.40,41,44

Wyslouzil and co-workers used a supersonic nozzle48,49,50,51,52 to measure homoge-
neous water nucleation rates in nitrogen. Kim et al. 50 published the first results for
heavy water (D2O) in 2004.d At temperatures of 210 – 230 K, the homogeneous nucle-
ation rates were between 4 × 1022 and 3 × 1023 m−3 s−1 for supersaturations ranging
from 45 to 145. The droplet number densities were retrieved using small-angle neu-
tron scattering methods (wavelength approximately 1 nm). The experimental results
agreed quite well with the empirical function proposed by Wölk et al.75 The results
by Kim et al. 50 were later verified by Wyslouzil et al. 51 with a different technique
to study the water droplets. Small-angle X-ray scattering was used to directly study
nucleation and droplet growth. The maximum water nucleation rates in those mea-
surements were between 1023 and 1024 m−3 s−1. Theoretical models on the formation
and growth of water droplets in supersonic nozzles were developed at a later stage.52

Brus and co-workers40,41 published two papers on water nucleation rates in helium,
ranging from 3 × 104 to 3 × 108 m−3 s−1. The nucleation rates were measured at
relatively high temperatures (290 – 320 K) for pressures between 50 – 170 kPa and 80
– 125 kPa. The droplets were counted using a combination of digital photography and
image processing40 or using a photomultiplier.41 The second data set41 was in better
agreement with other experimental data and with the empirical function by Wölk et
al.75 The best agreement, however, was found with the scaled model by Hale 78 that
fitted all isotherms well. Brus et al. 40 also made a comparison of physicochemical

cThere is still discussion on the exact formulation of CNT;76,77 Wölk and Strey 32 did not use
the so-called 1/S factor.

dWölk and Strey 32 showed that nucleation rates for both water isotopes (H2O, D2O) are the
same within experimental accuracy.
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properties (such as the surface tension, saturated vapor pressure, and liquid density),
which were used in most nucleation studies up to then. No major impact on the
theoretical results was found at temperatures from 290 to 320 K. In Appendix A we
summarize the physical properties used in this work.

Homogeneous nucleation experiments normally use a mixture of a vapor and a
carrier gas. The role of this non-condensing carrier gas is to absorb the latent heat
that is released by the growing microscopic clusters. Brus et al. 79 describe possible
effects of pressure and carrier gas on nucleation. Relatively few experimental studies
exist for the case of water nucleation. Using an expansion wave tube, Barschdorff 80

examined the effect of carrier gas for pure water vapor and water vapor mixed with
several carrier gases such as helium, air, and argon. In the low pressure regime
(at approximately 5 kPa), he found that for identical initial conditions the onset
of condensatione was dependent on carrier gas type. Pure water vapor expanded
to a lower onset temperature than water mixed with a carrier gas. No systematic
differences between the different carrier gases were found. Later, Viisanen et al.33

measured homogeneous nucleation rates with a nucleation pulse chamber31 in the
atmospheric pressure range. For the carrier gases helium, neon, argon, krypton, and
xenon no significant differences in nucleation rate were observed. Wyslouzil et al. 81

investigated the influence of pressure on the onset of condensation in a supersonic
nozzle. In the atmospheric pressure range and at high nucleation rates typical for
supersonic nozzles, no significant effect was found.

Luijten et al. 65 published an extensive experimental study on the nucleation rates
of water in helium and nitrogen in the pressure range 1.0 – 4.0 MPa. This is the only
experimental investigation of water nucleation in the high pressure range. They found
significant dependencies of the nucleation rate on pressure and carrier gas, which they
ascribed to surface tension variations.

Hyvärinen et al. 46 recently measured water nucleation rates in helium at low
pressures (70 – 200 kPa) for temperatures between 240 and 270 K. They found an
increase in the nucleation rate, stronger than predicted by theory based on the work
by Wedekind et al.,82 with increasing pressure at 270 K and a smaller increase at
lower temperatures. Their explanation is that at low pressure, the thermalization
process – the collisions of the carrier gas molecules with the clusters which equilibrate
temperature differences originating from release of latent heat of condensation – is
less efficient than at high pressure. Feder et al.83 were the first to quantify this effect.
Barrett et al.84,85 and Wedekind et al.82,86 slightly modified Feder’s work. In this
work, Barrett’s approach87 is used.

1.4 Thesis overview and research objectives

The present work focuses on improving the quality of the data obtained with the
Pulse-Expansion Wave Tube. We present nucleation rates of water in helium carrier
gas at a pressure of 100 and 1000 kPa, and of water in nitrogen at 1000 kPa. We will
focus on two important mechanisms that may be responsible for the dependencies
of nucleation rates on pressure: the thermalization by the carrier gas and the

eThe onset of condensation is the instant at which the pressure values (and light scattering signals)
deviate from a “dry” isentropic expansion.
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dependence of surface tension on pressure and carrier gas. The measurements take
place at a nucleation temperature near 240 K. To compare the nucleation rates with
theory, we need accurate values for the surface tension under supercooled conditions.
In addition, we studied water nucleation in helium at 220 K and a pressure of 1000 kPa.

The following overview describes the chapter outline of this thesis:

Ch. 2 Thermodynamical concepts and assumptions are presented, together with all
relevant equations. The Classical Nucleation Theory and the Nucleation Theo-
rem are introduced. Furthermore, recent developments in nucleation theory and
numerical simulations are briefly discussed.

Ch. 3 The nucleation rate is strongly depending on the nucleation barrier accord-
ing to Classical Nucleation Theory. This implies that the nucleation rate is
extremely sensitive to the surface tension of pure water. All nucleation exper-
iments in this work take place in the supercooled region, where data on the
surface tension of pure water are scarce and sometimes even conflicting. The
surface tension of supercooled water is therefore studied in a dedicated set-up,
within the framework of a collaboration with the Institute of Thermomechanics,
Academy of Sciences of the Czech Republic.

Ch. 4 The experimental facility consisting of the Pulse-Expansion Wave Tube
(PEWT), the Mixture Preparation Device (MPD), and the Humidity Measure-
ment Cell (HMC) is presented in detail. The focus is on the preparation of the
gas-vapor mixture. Because of the strong dependence of nucleation rates on su-
persaturation, two additional experimental techniques were introduced to verify
the supersaturation: Chilled Mirror Hygrometry and Karl Fisher Titration.

Ch. 5 Experimental results are given for homogeneous nucleation rates of super-
cooled water droplets in nitrogen at nucleation temperature 240 K and pressure
1.0 MPa and for growth of supercooled water droplets at temperature 247 K
and pressure 1.1 MPa. Using well-established light scattering techniques, we
accurately determine droplet growth curves. It is discussed how the informa-
tion from recorded droplet growth data can be used to assess the quality of the
individual water nucleation experiments.

Ch. 6 Homogeneous water nucleation rates obtained with the Pulse-Expansion Wave
Tube are presented. We will investigate to what extent the two mechanisms
associated with a pressure and carrier gas dependence play a role in the inter-
pretation of our experimental results.

Ch. 7 Presentation of the general conclusions based on this work.

Chapter 3 has been published as a peer-reviewed research article in J. Phys. Chem.
B, Vol. 119, 5567, 2015 (doi:10.1021/acs.jpcb.5b00545), Chapter 5 in Exp. Fluids,
Vol. 55, 1780, 2014 (doi:10.1007/s00348-014-1780-y), and Section 6.2 in J. Chem.
Phys., Vol. 142, 164307, 2015 (doi:10.1063/1.4919249).

http://dx.doi.org/10.1021/acs.jpcb.5b00545
http://dx.doi.org/10.1007/s00348-014-1780-y
http://dx.doi.org/10.1063/1.4919249
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This thesis is motivated by the following research questions:

• How does the surface tension of pure water behave below the freezing point?

• How can we verify the contents of the desired gas-vapor mixture used in the
nucleation experiments?

• Can we infer the supersaturation in-situ, i.e. from recorded droplet growth
curves?

• Is there a systematic dependence of the water nucleation rate on the type and
total pressure of the carrier gas (helium, nitrogen), and if so, what is the expla-
nation?
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CHAPTER 2

THEORETICAL ASPECTS

2.1 Thermodynamics of phase equilibria

Consider the open system in Fig. 2.1. Within this open system, condensation may
occur, such that a cluster (an aggregate of molecules) is formed. The internal energy
U of the system depends on the extensive variables entropy S, volume V , and number
of molecules N : U = U(S, V, N). The system exchanges work (i.e. volume change),
heat, and mass with the environment. The reversible change in internal energy U of
a homogeneous open system is given by

dU = T dS − p dV + µ dN, (2.1)

with the intensive variables temperature T , pressure p, and chemical potential µ. It
is more convenient to use temperature and pressure as independent variables. Com-
bining the Gibbs function72,88,89

G = U − T S + p V, (2.2)

with Eq. 2.1, we find that

dG = −S dT + V dp + µ dN. (2.3)

open
system

environment

U U V N= ( , , )S
Mass transfer

Exchange
of work

Heat transfer

cluster

Figure 2.1. Schematic of the open system and the environment. The system exchanges work,
heat, and mass with the environment. The work done by the system is positive. A cluster is formed
inside the system.

11
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From Eq. 2.3, we can define the chemical potential as follows

µ =
( ∂G

∂N

)

p,T
. (2.4)

For a single-component system, the chemical potential can be interpreted as the Gibbs
energy per particle. For a homogeneous system (bulk gas or liquid), we can integrate
Eq. 2.4 using Euler’s theorem for homogeneous functions90 since G and N are exten-
sive quantities. Consequently, the total Gibbs energy is given by

G = µN. (2.5)

The corresponding total differential of the Gibbs energy is given by

dG = µ dN +Ndµ. (2.6)

When comparing Eq. 2.3 with Eq. 2.6, we find the Gibbs-Duhem equation:

SdT − V dp+N dµ = 0. (2.7)

Since we will consider isothermal systems, the dependency on the temperature (dT =
0) will be omitted. Eq. 2.7 then relates the change in chemical potential to the change
in pressure:

dµ = (V/N) dp = vℓ dp, (2.8)

with vℓ the molecular volume. For an ideal gas (pV = NkT , with the Boltzmann
constant k), we find the following change in chemical potential

µid − µref
id = kT ln

( p

pref

)

, (2.9)

where the subscript id denotes ideal gas and the superscript ref indicates a reference
state. The change in chemical potential for two states is a function of the ratio of
their corresponding pressures.

For the more general case of a non-ideal vapor in a mixture with a carrier
gas,a we simply adhere to the form of Eq. 2.9 to define

µv − µv,ref = kT ln
( f

f ref

)

, (2.10)

where the superscript v denotes the vapor component and f is the so-called fugacity.
For the gas phase, we introduce the fugacity coefficient φ:

φ =
f

yp
, (2.11)

with y the molar vapor fraction. The chemical potential of the gas phase is then given
by

µv − µv,ref = kT ln
(φ y p

f ref

)

. (2.12)

aWe always use gas-vapor mixtures in our experiments.
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Consider the phase equilibrium for pure components (subscript s), which requires
equality of the chemical potentials of liquid (superscript ℓ) and vapor states. This
leads to the following choices for the reference state:

µv,ref = µℓ,ref ≡ µs (2.13)

and

f ref = φs ys ps = φs ps, (2.14)

so that Eq. 2.12 becomes

µv − µs = kT ln
(φ y p

φs ps

)

. (2.15)

Subsequently, we consider the effect of carrier gas on phase equilibrium. At total
pressure p, the chemical potentials of vapor and liquid are again equal: µv = µℓ. For
the liquid state, using Gibbs-Duhem (Eq. 2.8) the chemical potential µℓ is given by

µℓ − µs =

p
∫

ps

vℓ(p′) dp ′. (2.16)

Here, we neglected effects of dissolution of the carrier gas in the liquid. At phase
equilibrium with pressure p, with µv = µℓ, and combining Eqs. 2.15 – 2.16, we find

µv
eq − µs = kT ln

(φeq yeq p

φs ps

)

=

p
∫

ps

vℓ(p′)dp ′, (2.17)

where the subscript eq denotes an equilibrium quantity. We now introduce the en-
hancement factor fe:

fe =
yeq p

ps
. (2.18)

With Eq. 2.17 this becomes

fe =
φs

φeq

exp
[

p
∫

ps

vℓ(p′)

kT
dp ′

]

. (2.19)

This enhancement factor describes both the total pressure effect on phase equilibrium
and non-ideal gas behavior. The exponential factor is the Poynting correction,91,92

which describes the pressure effect on the liquid phase when going from ps to p. The
Poynting correction is independent of the carrier gas and straightforward to calculate
(when the liquid is assumed to be incompressible). The fugacity coefficients (φs,
φeq) are corrections for non-ideal gas behavior. For water vapor considered in this
thesis, the Poynting correction at and below 1.0 MPa is between 1.00 and 1.01 (for
temperatures close to 240 K).
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2.1.1 Supersaturation

The supersaturation S is a measure of the deviation from phase equilibrium.b It
compares the current state with the corresponding vapor-liquid equilibrium state at
the same pressure and temperature:

S = exp
[µv(p, T, y)− µv

eq(p, T, yeq)

kT

]

= exp
[(µv − µs) + (µs − µv

eq)

kT

]

. (2.20)

The supersaturation can be rewritten using Eqs. 2.15, 2.17, and 2.18:

S =
φ

φeq

y

yeq
≈ y

yeq
=

y p

fe ps
, (2.21)

where we assumed that not only in the equilibrium state, but also in the actual state
the water vapor fraction is low (below 5 × 10−3). Consequently, all relevant inter-
molecular interactions are between (water) vapor molecules and carrier gas molecules,
so that φ ≈ φeq.

2.1.2 Energy of cluster formation

In this section, we follow the reasoning by Vehkamäki 89 to calculate the energy of
cluster formation. Our system of Fig. 2.1 is thought to be in contact with a much
larger equilibrium reservoir. The combination of our system and the reservoir is a
new (total) system which is assumed isolated. The pressure (pres) and temperature
(Tres) of the reservoir are assumed constant and we assume reversible processes in the
reservoir. The internal energy, entropy, and volume of the reservoir can change. We
choose our particular system (Fig. 2.2) as follows: it is isothermal and exchanges only
heat and work with the reservoir. This means that the number of molecules (N) is
constant. Other choices can also be made as is discussed by Vehkamäki.89 They lead
to the same results.

dW

dW

dQ

dQ

T
p

system

clusterres

res
res

res

reservoir

Figure 2.2. Schematic of the system inside the reservoir. The system is much smaller than the
reservoir. The combination of system and reservoir is isolated. The system exchanges work and heat
with the reservoir. A cluster is formed inside the system.

According to the second law of thermodynamics, the total change of the entropy
dStot must be non-negative in a spontaneous process:

dStot = dS + dSres ≥ 0, (2.22)

bNote the difference in notation with respect to the entropy, i.e. the calligraphic S.
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with S our system’s entropy and Sres the reservoir’s entropy. We can rewrite dStot as

dStot = dS +
d̄Qres

Tres

= dS − d̄Q

Tres

, (2.23)

with d̄Qres and d̄Q infinitesimal amounts of heat. We want to express d̄Q in terms of
properties of our system. For this purpose, we use the first law of thermodynamics
for the system:

dU =d̄Q −d̄W =d̄Q +d̄Wres, (2.24)

with d̄W an infinitesimal amount of work and d̄Wres = −pres dV an infinitesimal
amount of work performed by the reservoir. Using Eqs. 2.23 and 2.24, we arrive at
the following inequality:89

dU − Tres dS + pres dV ≤ 0, (2.25)

with Tres and pres properties of the reservoir and U , S, and V properties of the system.
It is now convenient to introduce a Gibbs free energy:

G = U − Tres S + pres V. (2.26)

Following Vehkamäki,89 we associate ∆G = G−G0 with the energy of cluster forma-
tion, in which G0 refers to the initial state when the system only contains vapor. Since
the system after nucleation contains vapor, liquid (i.e. the cluster) and a surface,c the
Gibbs free energy can be written as:

G = Uv + U ℓ + U s − Tres(Sv + Sℓ + Ss) + pres(V
v + V ℓ), (2.27)

where we assumed that the surface (superscript s) has no volume. For the internal
energy, we write the fundamental equation89

U = T S − p V + σ A + µN, (2.28)

with A the surface area of the cluster. Hence, the internal energies can be written as

Uv = TresSv − pvV v + µvNv (2.29)

U ℓ = TresSℓ − pℓV ℓ + µℓN ℓ (2.30)

U s = TresSs + σA+ µsN s. (2.31)

For the initial state, we can write using Eq. 2.5

G0 = µ0N0. (2.32)

Further, using µ0 = µv, pv = pres, N0 = Nv + N ℓ + N s, assuming µs = µℓ, and
combining Eqs. 2.27 – 2.32 we arrive at:

∆G = G−G0 = −V ℓ∆p+ n∆µ+ σA, (2.33)

cThe surface separates the vapor from the liquid cluster.
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where ∆p = pℓ − pv, ∆µ = µℓ(pℓ) − µv(pv), and n = N ℓ +N s. The change in chem-
ical potential can be rewritten by adding and subtracting the equilibrium chemical
potential µv

eq:

∆µ = (µℓ − µv
eq) + (µv

eq − µv). (2.34)

Now, we have to adopt a model for the cluster. Here, the capillarity approximation is
used:72

• the cluster is seen as a sphere with a well-defined radius having bulk liquid
properties inside (and bulk vapor properties outside);

• the interface between the liquid cluster and the vapor is infinitely thin and the
interfacial energy is equal to that of the bulk phases at equilibrium;

• the liquid is considered incompressible.

Using Eq. 2.8 with the assumption of pressure-independent molecular liquid volume
vℓ and the definition of supersaturation (Eq. 2.20), we obtain

∆µ = vℓ∆p− kT lnS. (2.35)

It can be shown that the assumption of curvature-independent surface tension is
equivalent with the assumption that the surface excess number of molecules (N s) is
equal to zero.89 Under such circumstances, we can write vℓ n = V ℓ. Using this and
substituting Eq. 2.35 into Eq. 2.33, we find

∆G = −n kT lnS + σA. (2.36)

Note that vℓ n = V ℓ caused the pressure-volume terms to cancel out. The volume of
the liquid cluster with n molecules in the capillarity approximation is given by

vn = vℓ n. (2.37)

The radius of a cluster with n molecules is

rn =
(3vℓ

4π

)1/3

n1/3 ≡ r1 n
1/3, (2.38)

where r1 is the radius of a single molecule. Similarly, we find the surface area of a
cluster with n molecules:

an = 4πr2n = (36π)1/3 (vℓ)2/3 n2/3 ≡ a1n
2/3, (2.39)

where a1 is the surface area of a single molecule. When substituting the surface area
an (the equivalent of A) into Eq. 2.36, we find the energy of cluster formation

∆G

kT
= −n lnS + n2/3 θ, (2.40)

where we introduced the dimensionless surface tension

θ ≡ a1 σ/kT. (2.41)
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Figure 2.3. Nucleation barrier for pure water at T = 293.15 K for different values of the
supersaturation S. The critical cluster size n∗ for S = 10 is indicated by the vertical, solid line.

The first (negative) term on the RHS of Eq. 2.40 denotes the bulk volume term,
whereas the second (positive) term refers to the created interface between the bulk
liquid and the vapor. For a supersaturated vapor (S > 1), the two contributions to
the energy of cluster formation counteract each other, as can be seen in Fig. 2.3.
The figure shows the energy of cluster formation for pure water at T = 293.15 K for
several supersaturations. The energy of cluster formation has a maximum when the
cluster has reached the critical size n∗:

n∗ =
( 2 θ

3 lnS

)3

(2.42)

and the corresponding energy of cluster formation is

∆G∗

kT
=

4

27

θ3

(lnS)2
. (2.43)

The maximum in Fig. 2.3, i.e. the nucleation barrier, becomes less pronounced
and shifts to a smaller critical cluster size when S is raised.

2.2 Classical Nucleation Theory

The Classical Nucleation Theory (CNT) was developed in the 1920s and 1930s by
Volmer and Weber,93 Frenkel,94 Becker and Döring,95 and Farkas.96 It was further
extended by others, such as Zeldovich 97 and Turnbull and Fisher 98 in the 1940s. It is
still the most frequently used theory since it allows for a straightforward calculation
of nucleation rates. We refer to Abraham,99 Kashchiev,100 Vehkamäki,89 Kelton and
Greer,101 and Kalikmanov 72 for a complete discussion.
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2.2.1 Nucleation kinetics

The kinetic model by Szilard96 will be used to derive the number density of n-clusters
(a cluster containing n molecules). Its main assumptions are:

• the size of the cluster only changes by addition or loss of a single molecule,
i.e. cluster-cluster interactions are neglected since the concentration of vapor
monomersd is much higher than the concentration of clusters;

• all monomers that collide with the cluster stick to it, i.e. the sticking probability
is equal to unity;

• there is no memory effect, i.e. there is no correlation between successive events.

Figure 2.4 shows the nucleation kinetics in a schematic way. The rate of change
of the number density of n-clusters ρn is written as

dρn
dt

= fn−1ρn−1(t) + bn+1ρn+1(t)− fnρn(t)− bnρn(t). (2.44)

The condensation (forward) rate is denoted by fn, whereas the evaporation (backward)
rate is given by bn. Denoting the exchange rate between n-clusters and (n+1)–clusters
by Jn:

Jn(t) ≡ fnρn(t)− bn+1ρn+1(t), (2.45)

we find the Becker-Döring (kinetic) equations:

dρn
dt

= Jn−1 (t)− Jn(t). (2.46)

J

b b

ff

Jn-1

n-1

nn-1

n
rrr
n+1

n

n n+1

Figure 2.4. Schematic of the nucleation kinetics, in which the number density of n-clusters is
denoted by ρn. The condensation rate is indicated by fn, whereas the evaporation rate is given by
bn. The nucleation rate Jn describes the net rate at which clusters grow from an n-cluster to an
(n+ 1)-cluster.

For the gas-to-liquid phase transitions considered in this thesis, the condensation
rate fn is determined by the rate of collisions of monomers with the cluster surface.
Using kinetic gas theory102 and assuming a Maxwell-Boltzmann velocity distribution
for the monomers, we find

fn =
( kT

2πm

)1/2

a1n
2/3ρ1, (2.47)

dThe terms single molecule and monomer are used interchangeably in this thesis.
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with m = M/NA the mass of a vapor molecule and ρ1 the monomer number density.
The evaporation rate bn is not known a priori. Fortunately, it can be calculated

using the principle of detailed balance, which requires that in equilibrium the tran-
sition rates between any pair of states are equal in either direction. This implies
that the evaporation rate can be found at stable equilibrium of the saturated vapor.
This approach is called the Katz kinetic approach, first formulated by Katz and co-
workers.103,104 At the chosen equilibrium state, we have Jn = 0 for all n and the cluster
distribution ρeqn is independent of time. We further assume that the evaporation rate
only depends on the cluster size and that it is independent of vapor pressure.72,105

Using Eq. 2.45, we find

bn+1 = f eq
n

ρeqn
ρeqn+1

. (2.48)

The next step is to assume steady-state, which means that dρn/dt equals zero for all n.
Then, from Eq. 2.46, all rates Jn are equal to the steady-state rate J . The nucleation
rate J , which is in fact a flux in size space, describes the number of clusters formed
per unit volume and time. For supersaturated water vapor (T ≈ 240 K, S ≈ 10) the
kinetic process (Eq. 2.44) reaches steady-state within a characteristic relaxation time
of the order of 1 µs (cf. Abraham,99 Feder et al.,83 and Kalikmanov 72). Substitution
of Jn = J into Eq. 2.45 leads to

J = fnρn − f eq
n

ρeqn
ρeqn+1

ρn+1. (2.49)

In our experimental situation we use dilute vapors, so we have mainly monomers.
The monomer density is proportional to the partial pressure of the vapor and, conse-
quently, also to the supersaturation. This implies that the condensation rate must be
proportional to the supersaturation as well:72,105,106

fn = f eq
n S. (2.50)

Dividing Eq. 2.49 by fnρ
eq
n Sn (i.e. S to the power n) and using Eq. 2.50 to rewrite

the last term on the RHS, results in

J

fnρ
eq
n Sn

=
1

Sn

ρn
ρeqn

− 1

Sn+1

ρn+1

ρeqn+1

. (2.51)

Summation for n = 1 to n = N yields (due to mutual cancellation of successive
terms):

J

N
∑

n=1

( 1

fnρ
eq
n Sn

)

= 1− ρN+1

ρeqN+1 S
N+1

. (2.52)

The last term on the RHS becomes asymptotically small for sufficiently large
N .72,105,106 Replacing the summation by integration to infinity, we find for the steady-
state nucleation rate:

J =
[

∞
∫

1

1

fnρ
eq
n Sn

dn
]

−1

, (2.53)
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with n a continuous variable. The condensation rate can be taken out of the integral
(as fn∗) since it varies more slowly with n than ρeqn Sn (cf. Ref. 73). To proceed
further, we have to adopt a model for the equilibrium distribution. We use the
Courtney distribution:107

ρeqn Sn = ρeq1 exp(n lnS − n2/3θ) = ρeq1 exp(−∆G

kT
). (2.54)

This shows that ρeqn Sn is (i) relatively small for small n due to the surface contribution,
(ii) reaches a minimum close to n = n∗, and (iii) increases exponentially due to Sn.
This means that only the region close to n∗ contributes to the integral in Eq. 2.53
as the integrand has a sharp peak around this value. The non-equilibrium formation
energy can then be expanded in a Taylor series around n∗. This leads to

J = fn∗ ρeq1

{

∞
∫

1

exp[−Z2π(n− n∗)2] dn

}

−1

exp
(

− ∆G∗

kT

)

, (2.55)

with Z the Zeldovich factor given by

Z =
1

3

( θ

π

)1/2

(n∗)−2/3. (2.56)

When we extend the lower limit of the integral to -∞ (which is not a problem since the
integrand decreases rapidly when moving away from n∗), we recognize a Gaussian in-
tegral with a standard solution (here: 1/Z). Implementing all necessary substitutions
(Eqs. 2.43, 2.47, 2.56), we obtain

J = ρ1ρ
eq
1 vℓ

( 2σ

πm

)1/2

exp
[

− 4
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θ3

(lnS)2

]

. (2.57)

This is the nucleation rate given by the kinetic approach and based on the Courtney
distribution. Several proposals have been made to improve the basic theory and the
equilibrium distributions used.108,109,110 We will discuss other nucleation theories in
Section 2.3.

2.2.2 Incorporating the carrier gas

The water vapor in our experiments is mixed with a carrier gas. This carrier gas is
defined as the non-condensing constituent of the gas-vapor mixture. The influence of
the carrier gas pressure on the nucleation rate is evident in the molecular volumee vℓ,
supersaturation S (Section 2.1), surface tension σ (Section 6.2), and monomer density
ρ1. The influence of the carrier gas pressure on the monomer density can be identified
with the compressibility factor Z = p/ρkT , where ρ is the number density of the
mixture. Since the water vapor fraction is very small (y ≪ 1), the compressibility
of the mixture is equal to that of the carrier gas: Z ≈ Zg. Because we have dilute
vapors in our experiments, we mainly have monomers:

ρ1 =
yp

ZgkT
= S

feps
ZgkT

(2.58)

eThe molecular volume is calculated from M/(NAρ
ℓ) for simplicity.
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and

ρeq1 =
feps
ZgkT

. (2.59)

The nucleation rate can then be written in measurable quantities using the definition
of the dimensionless surface tension (Eq. 2.41) and Eqs. 2.57 – 2.59:

J =
( fe ps
ZgkT

)2 S

ρℓ

(2σM

πNA

)1/2

exp
[

− 16π

3

( M

ρℓNAkT lnS

)2( σ

kT

)3]

. (2.60)

2.3 Beyond Classical Nucleation Theory

The Classical Nucleation Theory is able to qualitatively predict experimental water
nucleation rates.32 Quantitative predictions for these nucleation rates, however, are
sometimes orders of magnitude off.33,40,41,65,67 The situation even worsens when study-
ing multicomponent systems111,112 or substances other than water, such as highly polar
fluids, for which CNT models the wrong trends.89 Various new theoretical approaches
have therefore been developed.

2.3.1 Theoretical developments

The classical view on nucleation is based on the capillarity approximation and the
premise that macroscopic properties (e.g. the planar surface tension) can be used.
Taking individual molecules as a starting point and using microscopic properties is
the field of molecular dynamics simulations (discussed in the forthcoming). Density
Functional Theory (DFT)72,89,113 is somewhat in between: the vapor-liquid system is
treated as an inhomogeneous fluid with some (unknown) density profile of the inter-
face between gas and liquid; the density gradually changes from a bulk liquid value in
the core to a bulk vapor value in the far field. DFT calculations are much faster than
the full microscopic molecular dynamics simulations. Challenges arise when spherical
symmetry is absent. Potentials describing real water properties, such as hydrogen
bonds and the polarity or asymmetry in the molecule, lead to a large increase in
computational costs. When DFT was introduced to the field of nucleation, suitable
symmetric potentials had to be developed.114,115 All models assume that the thermo-
dynamic potential of the nonuniform system can be related to the thermodynamic
properties of the uniform reference system.72 The various DFT models116 (such as
AHS-DFT and SAFT-DFT) differ in the way they formulate the reference fluid free
energy.

The Gibbs’ p-form was proposed by Obeidat et al. 117 in 2004. It closely resembles
the Classical Nucleation Theory, but determines the energy of cluster formation and,
in particular, the pressure difference between liquid and supersaturated vapor in a
different way (cf. Eq. 2.33). This pressure difference is calculated using two dedicated
equations of state (EoS): one for the liquid and another one for the vapor. The strategy
to calculate the pressure from the EoS is given in the original paper.117

The combined Extended Modified Liquid Drop - Dynamic Nucleation Theory
(EMLD-DNT)72,116,118 model was presented by Reguera and Reiss in 2004. The
EMLD part focuses on a closed system at a specific temperature with a certain number
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of molecules confined by a spherical volume. The whole system inside this confining
sphere acts as the physical droplet for nucleation, although it consists of both a liq-
uid droplet and vapor molecules (ideal gas). This reflects the possibility to include
vapor depletion, which is not taken into account in CNT. The liquid droplet itself is
defined in the same way as in CNT, that is, using the capillarity approximation and
the macroscopic planar surface tension. The definition of the volume of the confin-
ing sphere is not trivial and should be nonarbitrary. This is why a molecular based
DNT model119 is needed. It establishes a physical criterium based on nucleation ki-
netics. Schenter et al. 120 showed that the correct definition of the volume minimizes
the evaporation rate. It can be shown that this kinetic condition is the same as the
thermodynamic one, in which the confining volume is identified with the volume that
minimizes the pressure.72,118

In 2006, the Mean-Field Kinetic Nucleation Theory (MKNT)72,121,122 was pub-
lished by Kalikmanov. It treats nucleating clusters in such a way that the capillarity
approximation is no longer needed. The MKNT model makes a distinction between
molecules in the core and molecules in the surface. The molecules in the core have
bulk liquid properties (such as in the CNT description), whereas the surface molecules
have intermediate properties close to the liquid values. For large clusters (typically
above 300 molecules121) almost all molecules are located in the core and there are
hardly any surface molecules. This limit case of MKNT (termed the macroscopic nu-
cleation regime) is in fact the CNT description, where we make use of the macroscopic
planar surface tension. For small and intermediate clusters the picture is different.
The division between these two categories is made using the coordination number,
which describes how many nearest-neighbors each molecule has. For clusters with a
size smaller than the coordination number121 (with a maximum value of 12), there
are only surface molecules. These molecules are not ordered in a spherical shape, but
have a chain-like structure. MKNT then relies on microscopic considerations and uses
a so-called microscopic surface tension per particle123 since the planar surface tension
looses its physical meaning for very small cluster sizes.

An excellent comparison between the previously mentioned theories was performed
by Bennett and Barrett.116 Figure 2.5 shows a comparison of the theoretical results
for water at a temperature of 220 K (the thermophysical properties were taken from
Wölk and Strey 32). All theories (Gibbs’ p-form, MKNT, EMLD-DNT, AHS-DFT,
SAFT-DFT) show a supersaturation dependence different from the Classical Nucle-
ation Theory. The Gibbs’ p-form results in an increasing J/Jcnt for decreasing S
(increasing 1/lnS), while all other theories predict a reversed trend. The SAFT-DFT
and EMLD-DNT models show close resemblance with each other and, just like AHS-
DFT, are comparable with the classical theory. MKNT shows a stronger S-dependence
of the nucleation rate.

Bennett and Barrett 116 also performed an analysis of the theoretical temperature
dependencies and compared these with experimental data. This will be discussed in
detail in the forthcoming. For now, it suffices to state that none of the presented the-
ories (including CNT) were able to predict the correct homogeneous water nucleation
rates over a wide range of temperatures (220 – 260 K).
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Figure 2.5. Comparison of several theories with the Classical Nucleation Theory (dotted black
horizontal line). The calculations are done for water at 220 K and the physical properties were taken
from Wölk and Strey.32 The figure is modified from Bennett and Barrett.116

2.3.2 Computer simulations

Computer simulations are a powerful tool to investigate nucleation. Computational
costs have decreased drastically over the years and more accurate and efficient molec-
ular models and computational approaches became available.124 It is important to
note the distinctions between the different types of computer simulations. Molecular
dynamics models the dynamic behavior of small systems (with box sizes of the order
of nm and numbers of molecules of the order of 100 to 10,000) for short time scales
(ns). The resolution at the atomistic level comes with an appreciable computational
cost. Molecular dynamics allows simulation of equilibrium clusters in a small closed
system or simulation of the non-equilibrium nucleation process in a larger system.
The Monte Carlo technique is a more efficient approach, but it does not provide the
real dynamics.89,125 Usually, Monte Carlo uses variants of the Metropolis algorithm126

to generate configurations of molecules that correspond to random samples from the
equilibrium distribution. Consequently, Monte Carlo is used to simulate equilibrium
systems. Monte Carlo is convenient for thermodynamic integration, when thermody-
namic properties of the system at a desired state (e.g. a cluster in equilibrium with
vapor) are found by integrating along a sequence of states starting in a reference state
(e.g. ideal gas).

All computer simulations studying water necessitate the use of suitable inter-
molecular potentials, which are parameterized to mimic the experimental thermody-
namic properties. A variety of potentials exists, of which TIP4P/2005, with its large
validity range for both temperature (123 to 573 K) and pressure (up to 4000 MPa),
is a recent example.127 A large amount of computational studies is devoted to vapor-
liquid transitions of Lennard-Jones fluids because of their simplicity (one atom na-
ture).89,128,129 There does exist an increasing number of computer simulations on
vapor-liquid nucleation of water. A complete overview is given by Hale 124 and refer-
ences therein. One of the first numerical simulations to directly measure homogeneous
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water nucleation rates was reported by Yasuoka and Matsumoto.130 These authors
carried out a molecular dynamics simulation on a large system (10,000 molecules)
with water molecules interacting via the TIP4P potential. It is difficult to compare
nucleation rates of computer simulations with those obtained in experiments. Most
experiments probe the supercooled regime, while computer simulations are performed
at much higher temperatures (approximately around 350 K). The scaling theory de-
veloped by Hale78,131,132 is a first attempt to solve this issue. New molecular dynamics
simulations by Mokshin and Galimzyanov133,134 and Tanaka et al.135 come closer to
experimental temperatures and supersaturations. Yet, for obtaining relevant homoge-
neous water nucleation rates in the supercooled region we have to rely on experimental
studies.

2.4 Nucleation theorem

There exists a powerful tool to relate the macroscopic nucleation rate and super-
saturation quantities resulting from experiments to the microscopic (critical) cluster
properties, without invoking the capillarity approximation (Section 2.1). The general
nucleation theorem136,137 modified for isothermal gas-liquid nucleation is given by

∂∆G∗

∂µv
= −∆n∗, (2.61)

with ∆n∗ the excess number of vapor molecules in the cluster beyond that present in
the same volume of the vapor phase before the cluster was formed. The density of the
vapor is much smaller than that of the liquid (ρv ≪ ρℓ) and the water vapor fraction
is small (≪ 5× 10−3), so we have ∆n∗ = n∗ − n0 ≈ n∗, with n∗ the actual number of
vapor molecules and n0 the initial amount. The nucleation rate in its simplest form
is given by:

J = K exp
(

− ∆G∗

kT

)

, (2.62)

with K the kinetic prefactor. If we isolate the Gibbs free energy and differentiate to
lnS, we get

1

kT

(∂∆G∗

∂ lnS

)

p,T
= −

(∂ ln J

∂ lnS

)

p,T
+
(∂ lnK

∂ lnS

)

p,T
. (2.63)

The first term on the RHS can be found in nucleation experiments, in which we
find J(S)-isotherms. The second term on the RHS is equal to unity since we have
K ∝ f(p, T )S (cf. Eq. 2.60). Using Eq. 2.61 and the definition of the supersaturation
(Eq. 2.20), we find

1

kT

(∂∆G∗

∂ lnS

)

p,T
= −n∗. (2.64)

Substituting this in Eq. 2.63, we finally obtain

n∗ =
(∂ ln J

∂ lnS

)

p,T
− 1. (2.65)

Eq. 2.65 has practical relevance, because it allows us to calculate the actual number
of vapor molecules in a critical cluster in a model-independent way.



2.5. Thermal effects on nucleation 25

2.5 Thermal effects on nucleation

The Classical Nucleation Theory (Section 2.2) is based on the a priori assumption of
equal temperatures between clusters and the surrounding gas-vapor mixture. When
a cluster catches a new water molecule, it absorbs the latent heat of condensation
as thermal energy. Consequently, the cluster’s temperature rises. This heat is trans-
ferred to the carrier gas by high-frequency collisions. The temperature difference
subsequently decays until the cluster catches a new water molecule. This process is
continuously repeated. Here, we will discuss the nonisothermal model to incorporate
thermal effects in nucleation originally proposed by Feder et al. 83 and later modified
by Barrett and co-workers.84,85,87 This nonisothermal model describes the transitions
in cluster size and cluster energy. This includes the release and attachment of vapor
monomers by evaporation and condensation, as well as the increase and decrease of
energy by latent heat release and (non-sticking) gas and vapor molecule collisions with
clusters.84 The ratio of the nonisothermal and isothermal nucleation rate, which we
aim to determine, is given (in zeroth order) by87

J

Jiso

=
[

1 +
(H + ĉbv)

2

ĉbv(λ+ 1)

]

−1

, (2.66)

with H defined as

H =
mL

kT
− 1

2
− ĉbv +

2

3(n∗)1/3
T
dθ

dT
. (2.67)

Here, L is the latent heat of condensation and ĉbv = cbv/k, with cbv = cv + k/2 the
monomer heat capacity for the vapor at constant volume. The parameter H is given
in terms of the classical model for the cluster (capillarity approximation), but is rather
insensitive to the exact droplet model.85 The parameter λ is given by

λ =
cbg
cbv

ng

n1

νg

νv

, (2.68)

where cbg is the heat capacity of the gas at constant volume; ng and n1 are the number
densities of the gas and the vapor monomers; νg and νv are the mean molecular gas and
the mean molecular vapor (monomer) speeds. The parameter λ takes the influence
of the carrier gas into account: λ = 0 if no carrier gas is present (nonisothermal
situation), while λ → ∞ in the (ideal) isothermal case.

With this model, we calculate the thermal effects for our water-helium experiments
(T = 240 K, S = 13) that will be presented in the forthcoming. The results are
shown in Fig. 2.6. For large λ, the ratio J/Jiso goes to unity. At high pressure (p
= 1000 kPa, λ = 2.57 × 103), nonisothermal effects appear to be negligible. For low
pressure conditions (p = 100 kPa, λ = 263), however, we find J/Jiso = 0.747.

Nonisothermal effects depend upon the molecular mass of the carrier gas. Most
experimental water nucleation studies are performed with helium, but experiments
with argon carrier gas also exist. The nonisothermal effects in argon are larger, as can
be seen in Fig. 2.7, which shows the ratio J/Jiso for specific measurements by Wölk
and Strey 32 (T = 240 K, S = 11.5, p = 60 kPa). The molar mass of argon is ten times
larger than for helium, so the value of λ decreases much (λ = 57). Consequently, the
ratio J/Jiso decreases to the value of 0.387.
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Figure 2.6. The ratio of nonisothermal to isothermal nucleation J/Jiso for water (T = 240 K, S
= 13) as a function of λ, obtained with the model by Barrett 87 . The text arrow indicates the ratio
J/Jiso for water nucleation in helium carrier gas at a total pressure of 100 kPa.
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Figure 2.7. The ratio of nonisothermal to isothermal nucleation J/Jiso for water (T = 240 K, S
= 11.5) as a function of λ, obtained with the model by Barrett 87 . The text arrow indicates the ratio
J/Jiso for water nucleation in argon carrier gas at a total pressure of 60 kPa.



CHAPTER 3

SURFACE TENSION OF PURE WATER

Measurements of the surface tension of supercooled water down to 248 K
have been reported recently (Hrubý et al., J. Phys. Chem. Lett. 2014, 5,
425–428). These experiments did not show any anomalous temperature
dependence of the surface tension of supercooled water reported by some
earlier measurements and molecular simulations. In the present work,
this finding is confirmed using a counterpressure capillary rise method
(the counterpressure method) as well as through the use of the classical
capillary rise method (the height method). In the counterpressure method,
the liquid meniscus inside the vertical capillary tube was kept at a fixed
position with an in-house developed helium distribution setup. A preset
counterpressure was applied to the liquid meniscus when its temperature
changed from a reference temperature (303 K) to the temperature of in-
terest. The magnitude of the counterpressure was adjusted such that the
meniscus remained at the same height, thus compensating the change of
the surface tension. One advantage of the counterpressure method over
the height method consists of avoiding the uncertainty due to a possible
variation of the capillary diameter along its length. A second advantage
is that the equilibration time due to the capillary flow of the highly vis-
cous supercooled water can be shortened. For both the counterpressure
method and the height method, the actual results are relative values of
surface tension with respect to the surface tension of water at the ref-
erence temperature. The combined relative standard uncertainty of the
relative surface tensions is less than or equal to 0.18%. The new data be-
tween 247 and 303 K lie close to the IAPWS correlation for the surface
tension of ordinary water extrapolated below 273.16 K and do not exhibit
any anomalous features.

27
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The content of this chapter was developed within the framework of
a collaboration with the Institute of Thermomechanics, Academy of
Sciences of the Czech Republic and is taken from the following paper:

V. Vinš, M.A.L.J. Fransen, J. Hykl, and J. Hrubý. Surface
tension of supercooled water determined by using a counterpressure
capillary rise method. J. Phys. Chem. B, 119:5567–5575, 2015.
doi:10.1021/acs.jpcb.5b00545.

Supplementary material is presented in Appendix B.

3.1 Introduction

The surface tension of supercooled liquids, in particular, water and aqueous mixtures,
is an important property both in academia and in industry. It plays an essential role
in atmospheric research of the nucleation and growth of water droplets138 and ice
crystals.139 It is known that water in clouds can persist in a supercooled liquid form
at temperatures down to 235 K.140 Manka et al.141 recently showed that liquid water
nanodroplets rather than ice crystals form by homogeneous nucleation at temperatures
down to 200 K. Reliable data for the surface tension of supercooled aqueous systems
are also important in technical applications such as operation of wind turbines,142

aircraft icing,20 or design of secondary refrigeration systems operating with brine.143

Compared to other fluids, water shows several anomalies at low temperatures, e.g.
the well-known maximum in the liquid density at 277 K at atmospheric pressure. The
unusual behavior of liquid water becomes more distinct in the metastable supercooled
region below 273.15 K. For instance, the isobaric heat capacity and the isothermal
compressibility seemingly diverge (or approach a sharp maximum) when extrapolated
to temperatures around 228 K, i.e. below the homogeneous nucleation temperature
TH = 233 K at atmospheric pressure.144 On the basis of both experimental and the-
oretical studies, Mishima and Stanley14 proposed an explanation for some of these
anomalies. The liquid–liquid phase transition (LLPT) hypothesis with the hypoth-
esized second critical point of water seems to provide a rational explanation of the
anomalous thermophysical properties of supercooled water.16,145,146

Early measurements of the surface tension at subzero temperatures147,148 indicated
another anomaly of supercooled water: a distinct change in the temperature trend,
called the second inflection point (SIP), in the surface tension of water.149,150 Feeney
and Debenedetti151 supported the existence of SIP with their model based on the
van der Waals theory of interfaces combined with the LLPT hypothesis. Molecular
simulations by Lü and Wei152 also pointed to the existence of SIP at temperatures
around 303 K. On the other hand, other molecular simulations, e.g. by Chen and
Smith153 or Viererblová and Kolafa,154 did not indicate this anomaly. New measure-
ments performed in this study down to 247 K show that the SIP anomaly expected in
the temperature range from 303 to 264 K seems to be an artifact in older experiments
and molecular simulations.

http://dx.doi.org/10.1021/acs.jpcb.5b00545
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Methods to measure the surface tension have been reviewed, e.g. by Franses et
al.155 or Adamson and Gast.156 The usual tensiometric techniques cannot be employed
for measurements under metastable supercooled conditions, because they require rela-
tively large volumes of the liquid. The probability of the appearance of an ice nucleus
within the time scale of the experiment is proportional to the sample volume.157 More-
over, small samples can be cooled more rapidly and the experimental time scale can be
shortened. It is thus desirable that the sample volume under the metastable condition
is as small as possible. Furthermore, contacts with solid surfaces promoting crystal-
lization must be avoided and the liquid samples have to be chemically pure and free
of mechanical particles to suppress heterogeneous ice nucleation. Consequently, the
methods used successfully for the measurement of the surface tension of supercooled
water employ short columns of liquid in glass or fused silica capillary tubes.148,150,158

In the early days of surface tension measurement, the purity of water samples
and the quality of capillary tubes were troublesome criteria. Nonetheless, in 1895,
Humphreys and Mohler147 managed to measure the surface tension of pure water at
subzero temperatures down to 265 K using the capillary rise technique. The first ex-
tensive data set for the surface tension of supercooled water was reported by Hacker148

in 1951. Hacker’s measurements were based on a method developed by Ferguson and
Kennedy,159 who used a horizontally oriented capillary tube, partially filled with liq-
uid, with a gas counterpressure applied to one end of the capillary tube. A short water
thread was loaded into the capillary tube such that one liquid meniscus was located
at the planar open end of the capillary tube. The shape of the outer meniscus was
at first concave but gradually became planar and, subsequently, changed into convex
by applying an increasing counterpressure at the other end of the capillary tube. The
surface tension could be determined from the counterpressure corresponding to the
plane meniscus by employing the Young–Laplace equation given as follows

σ =
∆p d

4 cos θ
. (3.1)

In Eq. 3.1 ∆p denotes the pressure difference compared with the barometric pressure,
d marks the inner diameter of the capillary tube, and θ is the contact angle between
water and capillary wall, usually considered equal to zero for glass or fused silica.
Hacker’s data, measured down to 251 K, showed a clear inflection point at subzero
temperatures (SIP) around 264 K.

Existence of SIP could not be confirmed nor denied by subsequent measurements
made by Floriano and Angell158 and Trinh and Ohsaka160 as both data sets showed
relatively large scatter. Furthermore, the data by Trinh and Ohsaka160 might have
suffered from an experimental artifact as it shows a significant offset from the IAPWS
(International Association for the Properties of Water and Steam) standard for the
surface tension of ordinary water161 above the triple point. The IAPWS correlation
approved for use at temperatures between the triple point and the critical point of
water has the following form

σcorr(T ) = B τµ (1 + b τ) , (3.2)

where σcorr denotes the correlated surface tension, τ = 1− T/Tc is the dimensionless
distance from the critical temperature Tc = 647.096 K, µ = 1.256 is a universal
critical exponent, and the coefficients B and b have values 235.8 mN ·m−1 and −0.625,
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respectively. Equation 3.2 is based on the correlation of Vargaftik et al.162 updated
by IAPWS for the ITS-90 temperature scale. It shows one inflection point at a
temperature of 529.61 K.

Recently, our groupa managed to make an important breakthrough in the discus-
sion about SIP. Measurements by Hrubý et al.150 did not confirm the existence of SIP
or any other anomaly in the temperature course of the surface tension of supercooled
water down to 248 K. The data collected on two different apparatuses by two inde-
pendent research groups from Prague and from Pilsen were in mutual agreement and
could be relatively well reproduced by the IAPWS correlation (Eq. 3.2) extrapolated
below 273.16 K. Both experimental setups were based on the classical capillary rise
technique modified for operation under the metastable supercooled conditions.

In this study, new data sets verifying our previous measurements150,163 were col-
lected. The Prague setup was modified such that it could be used for two slightly
different measuring techniques: a classical capillary rise method (height technique)
with improved accuracy and a new approach based on the counterpressure capillary
rise method (counterpressure technique). The main goals of the present study were to
improve the original measuring technique and to obtain a new consistent data set at a
high degree of supercooling with smaller uncertainty. A more comprehensive descrip-
tion of the experimental setup and the evaluation of the surface tension is provided
in comparison with the previous study.150

3.2 Experimental methods

The counterpressure method, combining the classical capillary rise method with the
counterpressure of inert gas, has been developed and used for measuring the surface
tension of supercooled water. The liquid column elevated in a vertical capillary tube
was kept at a constant height with the help of an in-house developed helium distri-
bution setup. A counterpressure of helium was adjusted such that it compensated
the change of the surface tension due to the temperature jump. Keeping the liquid
meniscus at a fixed position within the capillary tube avoided the uncertainty from
a possible variation of the capillary tube inner diameter along its length. Moreover,
the equilibration time of the capillary flow of highly viscous supercooled water was
reduced in the counterpressure method because of a constant height of the elevated
liquid column. In addition to the counterpressure method, the classical capillary rise
technique was employed for comparison. The height technique provided more accu-
rate results compared to the previous study150 thanks to a new device for the height
measurement.

3.2.1 Overview

Figure 3.1 shows a schematic overview of the experimental apparatus. The measuring
technique was based on a modification of the standard capillary rise approach.156,158

A vertical capillary tube, whose lower end was submerged in a liquid container with
a lid, was partly located in the laboratory environment and partly in a special in-
house designed glass chamber. The lower part of the capillary tube together with

aThat is, the Institute of Thermomechanics, Academy of Sciences of the Czech Republic.
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Figure 3.1. Scheme of the experimental apparatus.

the water container was kept at the ambient temperature Tout. The liquid container
was positioned in such a way that the upper liquid meniscus inside the measuring
capillary tube (MCT) was located approximately in the center of the glass chamber.
The height of the outer part of the capillary tube slightly varied around hout = 60 mm.
An external fan was blowing ambient air on the capillary tube to ensure a constant
temperature Tout along the entire outer part. The upper part of the capillary tube,
mounted in the glass chamber with inner temperature Tin, had a length of 45 mm. The
liquid column inside the capillary tube elevated to a certain total height h resulting
from the equilibrium between the surface forces and the pressure difference ∆p in the
Young–Laplace equation (Eq. 3.1).

The cylindrical glass chamber, insulated with 10 mm thick thermal foam insula-
tion, was connected to two evacuated chambers on its bases through a set of optical
windows. The evacuated chambers prevented condensation of air humidity on the
optical windows at temperatures below the dew point temperature of ambient air.
The temperature inside the glass chamber Tin was equal to the temperature of liquid

Figure 3.2. Scheme of the ethanol circuit with switch-valves. The cold bath was set to the target
temperature T , whereas the warm bath was kept at a constant reference temperature Tref .
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ethanol flowing through the chamber. The ethanol was supplied by a temperature-
control unit consisting of two separate thermostatic baths, two special in-house de-
signed switch-valves allowing for fast switching between the two baths, and silicon
tubing. The valves and the connecting tubing were insulated with thermal foam in-
sulation. A scheme of the ethanol circuit is depicted in Fig. 3.2. One bath was set
to the desired measuring temperature T , while the other one was kept at a constant
reference temperature Tref = 303 K. Using two distinct thermostatic baths together
with the switch-valves allowed rapid temperature transition and stabilization thanks
to the high heat transfer of liquid ethanol. The temperature inside the chamber Tin

stabilized within a maximum of 7 min after switching the valves. The subsequent
measurement was carried out for 4–5 min. Fast temperature stabilization is a nec-
essary condition to achieve a high supersaturation ratio since the eventuality of the
onset of nucleation of ice rapidly increases with time. Some other studies, e.g. Flo-
riano and Angell,158 employed cooling gases such as nitrogen with much lower heat
transfer. An insufficient temperature stabilization with cooling gas could explain the
rather large scatter of their data.158

The temperature was measured and logged at eight locations along the ethanol
circuit. Most important was the temperature of the liquid ethanol inside the glass
chamber in the region close to the capillary tube. It was measured by two Pt100 re-
sistance thermometers connected to a digital thermometer bridge. The thermometers
were calibrated against a secondary temperature standard. The standard uncertainty
of the measured temperatures, including the effect of small temperature fluctuations,
was better than 0.06 K for all measurements.

The height of the liquid column inside the capillary tube was measured by a
monochromatic high-resolution digital camera installed on a high-precision height
gauge. The standard uncertainty of the total height was better than u(h) = 0.012 mm.
This represents a significant improvement compared to our previous measurements
performed with a standard cathetometer with an uncertainty of 0.040 mm.150,163

The water-wetted material of all measuring capillary tubes was fused silica. Their
inner diameter d was close to 0.32 mm; the accurate values and their uncertainties
are discussed in Section 3.3. The capillary tube was thoroughly cleaned with chromo-
sulfuric acid and flushed with ultrapure water before each measurement series. After
cleaning, the upper end of the capillary tube was immediately connected to a helium
distribution setup to avoid any contact with ambient air. Application of pure helium
reduced the risk of contamination of the inner surface by aerosol pollutants. Helium
was chosen as the operating gas due to its low adsorption on the liquid surface and low
solubility in water. From the measurements of Wiegand and Franck,164 it follows that
helium increases the surface tension by 0.002% at ambient temperature and pressure,
which is 2 orders of magnitude below the expected uncertainty of the present results.
The main atmospheric gases - nitrogen, oxygen, argon, and carbon dioxide - lower
the surface tension of water by a few tenths of a percent compared to the surface
tension of water in equilibrium with pure saturated vapor at ambient temperature
and pressure.165,166
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3.2.2 Helium distribution setup

The helium distribution setup was used (i) to ensure that the liquid meniscus is in
contact with pure and particle-free helium, (ii) to flush the measuring capillary tube
(MCT) with helium to ensure that a fresh water sample is used for each measurement,
and (iii) for the counterpressure method to maintain the meniscus at a constant height
by a precisely adjusted counterpressure.

The helium distribution setup is sketched in Fig. 3.3. Helium of declared purity
99.996% was further filtered by filter F1 to exclude particles down to 10 nm. The
gas had to be clear of any organic vapors that could adsorb at the liquid meniscus
and the fused silica surface and, consequently, affect the measured surface tension.
Therefore, immediately before entering the measuring capillary tube (MCT), the gas
passed through a hydrocarbon trap (F2) followed by a mechanical filter (F3) to capture
particles possibly generated within the helium distribution setup (e.g. by operating
the valves).

Helium was supplied from a gas bottle and depressurized to 0.5 MPa by a pressure
regulator valve (PRV). From the PRV, helium flowed through an inlet capillary tube

water
column

syringe

gas
bottle

1.0 m

bypass

needle valve

open to
atmosphere

P1

F3

PRV

V1V2

F2

F1
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tube (MCT)

outlet
capillary
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inlet
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Figure 3.3. Scheme of the helium distribution setup. The flow direction in the counterpressure
modus and in the helium flush is indicated by the solid blue arrows and the dashed red arrows,
respectively.
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(ICT). The dimensions of this stainless steel capillary tube (inner diameter 0.25 mm,
length 1.55 m) were chosen such that a standard flow rate of 200 cm3min−1 was ob-
tained. The major part of this flow was led to the bottom of a 1.0 m high water
column (valve V1 being closed), thus generating a stable pressure reference of about
10 kPa. A metering needle valve enabled a fine adjustment of flow through the stain-
less steel outlet capillary tube (OCT, inner diameter 0.5 mm, length 70 mm). The
maximum standard volume flow rate through this section was 13 cm3min−1 when the
needle valve was fully open. The pressure head generated at the outlet capillary tube
(OCT) was measured with three differential pressure transducers (P1, P2, and P3)
with ranges of 150, 500, and 2500 Pa. Taking into account minute fluctuations of the
helium overpressure by multiple readouts, the resulting standard uncertainty of over-
pressure measurement was determined as 0.36 Pa. The three-way valve V2 connected
the measuring capillary tube (MCT) to the helium overpressure when performing reg-
ular measurements with the counterpressure method. For comparative measurements
at the reference temperature, and for the height method, valve V2 was vented to the
atmosphere to enforce atmospheric pressure above the liquid meniscus. The vent of
valve V2 was blown over by helium escaping from the outlet capillary tube (OCT)
in order to prevent random inflow of air into the system. The vent was located at
about the same elevation as the liquid meniscus (center of the glass chamber), so
that the difference of densities of helium and air did not lead to a significant pressure
head. In both measuring methods, the liquid content within the measuring capillary
tube (MCT) was replaced before each measurement by fresh water from the liquid
container. To this end, water was first repelled from the measuring capillary tube
(MCT) using a helium flush. An overpressure of 10 kPa was applied to the capillary
tube by opening the bypass valve V1. After closing valve V1, the water column as-
cended toward the equilibrium height. In agreement with earlier studies,158 we found
that reproducible results were obtained with a descending meniscus. This observation
can be explained by the roughness of the capillary tube surface and the need to form
an adsorbed liquid layer smoothing the microscopically uneven surface. Formation of
this layer in front of an ascending meniscus by a diffusion process is slow. A practical
approach is to measure with a descending meniscus. In this case, the walls are wetted
and the gas above the meniscus is fully saturated with water vapor. To measure with
the descending meniscus, the liquid column was slightly lifted using a 2 ml syringe.
The motion of the syringe created a pressure dip which then rapidly returned to the
adjusted overpressure and the meniscus smoothly equilibrated at a well-reproducible
position.

3.2.3 Water

Regular tap water was treated with a serially connected reverse osmosis unit and
an analytical purification system. The resulting ultrapure water, with a constant
resistivity of 18.2 MΩ · cm, free of particles larger than 0.2 µm, and total organic
carbon content between 1 and 5 ppb, was used throughout all the measurements.

Further details about the components of the experimental apparatus are pro-
vided as Supporting Information in Appendix B.
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3.3 Results and discussion

In the present experimental study, the surface tension was determined from the
Young–Laplace equation (Eq. 3.1). The total pressure difference from the baro-
metric pressure ∆p was given as a sum of the hydrostatic pressure of the elevated
liquid column ∆phyd and the helium overpressure above the liquid meniscus inside the
measuring capillary tube (MCT) ∆pHe:

∆p = ∆phyd +∆pHe. (3.3)

The hydrostatic pressure was generated by the height of the liquid column. Because
its temperature was nonuniform, we express it generally as

∆phyd = g

∫ h∗

0

ρ(z)dz . (3.4)

In Eq. 3.4 z denotes the vertical coordinate measured from the water container level
and h∗ marks the effective total height of the liquid column. The actually measured
total height h spanned between the container level and the bottom of the meniscus.
The effective total height includes the correction accounting for the meniscus weight
with nonzero contact angle

h∗ = h+
d

6

1− 3 sin2 θ + 2 sin3 θ

cos3 θ
. (3.5)

Equation 3.5 agrees with the direct numerical solution of the differential equation
derived from the Young–Laplace equation156 for circular capillary tubes with an inner
diameter up to 3.0 mm. Consequently, other terms correcting for deviations of the
meniscus shape from sphericity derived by Lord Rayleigh167 are completely negligible
for capillary tubes with d ≈ 0.32 mm.

The measuring apparatus was designed such that the temperature of the liquid
column changed sharply from the ambient temperature Tout to the temperature inside
the temperature-controlled chamber Tin. Therefore, it is practical to express the
integral in Eq. 3.4 as

∆phyd = g
[

h∗ρin + hout(ρout − ρin) + tqρin
]

, (3.6)

where hout is the height up to the middle of the temperature transition zone (see
Fig. 3.1), t is the height of the transition zone (not shown), and q is a dimensionless
coefficient depending on the temperature profile in the transition zone and on the
dependency of density on temperature between Tout and Tin. Coefficient q is defined
in the following manner

q =
1

tρin

∫ hout+t/2

hout−t/2

∆ρ(z)dz , (3.7)

where ∆ρ(z) = ρ(z) − ρout for z < hout and ∆ρ(z) = ρ(z) − ρin for z ≥ hout. We
note that there is no approximation in the transformation of Eq. 3.4 into Eq. 3.6
with definition 3.7. Since the height of the transition zone was quite small, it suffices
to consider a linear temperature profile T (z) in the transition zone hout − t/2 < z <
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hout + t/2, allowing to express coefficient q exclusively based on the dependency ρ(T )
as

q =
1

(Tin − Tout)ρin

∫ Tin

Tout

∆ρ(T )dT , (3.8)

where ∆ρ(T ) = ρ(T )− ρout if T − (Tout+ Tin)/2 has the opposite sign as T −Tout and
∆ρ(T ) = ρ(T )− ρin otherwise.

Equation 3.6 is written in a form allowing one to appreciate the importance of the
various heights and estimate their contribution to the uncertainty budget. Of the three
heights h∗, hout, and t, the effective total height h∗ is multiplied by a largest weight ρin.
Because the correction accounting for the meniscus weight (Eq. 3.5) is very small and
accurate, the uncertainty of h∗ is essentially equal to the uncertainty of the directly
measured total height h, i.e. u(h∗) ≈ 0.012 mm. The position of the temperature
transition zone hout was measured with an uncertainty of u(hout) = 0.57 mm; however,
it is weighted by (ρout − ρin). The height of the transition zone was determined from
the design of the screw cap on the chamber with the measuring capillary tube (MCT)
as t = 3.0±1.0 mm. The uncertainty u(t) has a minor effect on the uncertainty budget
as the absolute value of coefficient q was always smaller than 0.008. The density of
the stable and supercooled liquid water was evaluated from the IAPWS-95 equation
of state168 with uncertainties of 0.0001 and 0.03% above and below the triple point
of water, respectively. The local gravity measured at our laboratory was taken as
g = (981007.0± 1.0)× 10−5 m · s−2.

Figure 3.4 shows the helium overpressure ∆pHe and the total pressure difference
∆p for two independent data sets obtained with the counterpressure method. Both
pressures have an almost linear temperature trend. The hydrostatic pressure of the
elevated water column, phyd = ∆p − ∆pHe, varied between 880 and 885 Pa with its
highest value at 277 K corresponding to the maximum in the liquid density of water.

A zero contact angle is usually considered for water and capillary tubes made of
glass or fused silica.148,158 In the present study, we took a more accurate value for a
nonzero contact angle θ = 3 ± 1◦ evaluated by Stepanov et al.169 for the receding
contact angle of water and fused silica. It is important to note that a constant
temperature independent contact angle could be considered in Eq. 3.1 as the present
measurements were made at temperatures far below 473 K, where the receding contact
angle starts to increase with temperature.170

The inner diameters of the employed capillary tubes d were first measured optically
at the cuts of the capillary tubes. However, the uncertainty of these measurements
would adversely affect the otherwise highly accurate measurements. For this reason,
the inner diameters were determined by inverting Eq. 3.1 to fit the evaluated surface
tension at a reference temperature of 303 and 293 K for the counterpressure technique
and the height technique, respectively, to the reference surface tension evaluated by
the IAPWS correlation (Eq. 3.2). In this way, the present measurements are relative
with respect to the value of the surface tension at the reference temperature. The
actual result of the present study is the relative surface tension Y , defined as

Y (T ) =
σ(T )

σref

. (3.9)

Using a different value for σref for the evaluation of the experiment would not affect the
evaluated relative surface tension; only the evaluated capillary tube diameters would
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Figure 3.4. Helium overpressure ∆pHe and total pressure difference ∆p for the counterpressure
measurements.

be changed. The only place where the absolute value of the capillary tube diameter
matters is the correction of the meniscus weight (Eq. 3.5). This correction is very
small and taking any reasonable value for σref will not result in an effect observable
in the significant digits. We note that the relative surface tension is independent of
gravity. In addition, some systematic errors, e.g. in the height or temperature mea-
surement, cancel out to some extent. Ignoring these cancelations makes the present
uncertainty estimates more conservative.

The inner diameter of the capillary tube d is an intermediate result which depends
on the value of the reference surface tension. Consequently, it is appropriate to divide
the relative total uncertainty ur(d) into two independent contributions

u2
r(d) = u2

r,ref(d) + u2
r,Y (d) . (3.10)

The first contribution is dominated by the relative uncertainty of the reference surface
tension ur(σref) and includes also the uncertainty of the relative uncertainty of the
gravity ur(g),

u2
r,ref(d) = u2

r(σref) + u2
r(g) . (3.11)

The second contribution to the uncertainty of the capillary tube inner diameter ur,Y (d)
enters the uncertainty budget of the relative surface tension Y . This contribution in-
cludes the statistically evaluated uncertainty of repeated evaluations of the capillary
tube diameter (A-type uncertainty) and uncertainties of the height gauge and tem-
perature sensors based on their specifications and calibrations, and the uncertainty of
the water density (B-type uncertainties).

The total relative uncertainty of the relative surface tension ur(Y ) includes the
part of the capillary tube diameter ur,Y (d) and further statistically evaluated scatter
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of the individual determinations of the relative surface tension and uncertainties of
the measured height, temperature, and pressure (for the counterpressure method),
and the uncertainty of the water density. The relative uncertainty of the evaluated
relative surface tension was better than 0.18% for all measurements with both the
height method and the counterpressure method.

While Eq. 3.9 provides the definition of the relative surface tension, the actual
working expression is explicit in the absolute surface tension

σ(T ) = Y (T )σref . (3.12)

As explained before, the experimentally determined relative surface tension Y is in-
dependent of the reference surface tension σref . Correspondingly, the uncertainty of
the surface tension is obtained as

u2
r(σ) = u2

r(Y ) + u2
r(σref) . (3.13)

For the absolute surface tensions provided in this work, the value of the reference
surface tension was determined from the IAPWS correlation (Eq. 3.2), i.e. σref =
σcorr(Tref). The IAPWS correlation161 has relatively large uncertainty estimates at
low temperatures close to the triple point, e.g. u(σcorr) = 0.36 mN· m−1 at 303 K,
thereby affecting the uncertainty of the surface tensions provided in this work. The
uncertainty of the absolute surface tension evaluated using Eq. 3.13 lies between
0.36 and 0.41 mN ·m−1 for temperatures between 303 and 247 K, respectively, i.e.
around 0.5%. When a more accurate value σref becomes available for the surface
tension at the reference temperature, the present relative measurements remain valid
and the absolute surface tensions can be obtained by multiplying them with the new
reference value. Correspondingly, the uncertainty of the absolute surface tensions will
be modified according to Eq. 3.13. For example, Pallas and Harrison171 at 293 and
298 K declared much narrower uncertainties than the IAPWS standard.161 However,
a broad systematic study is needed to establish new generally accepted values for the
surface tension of ordinary water at ambient temperatures and their uncertainties.

Tables 3.1 and 3.2 summarize the experimental data for the relative and absolute
surface tension of the supercooled water. Each table includes two independent data
sets. Results in Table 3.1 were obtained by the counterpressure method, while Table
3.2 contains data for the height technique. Both techniques resulted in a compara-
ble relative standard uncertainty of the relative surface tension ur(Y ) ≤ 0.18%. The
lower uncertainty for the data sets h-2 and p-2 was caused by different settings of
the low-temperature thermostatic bath, improving the temperature stability inside
the glass chamber. The measurement of each data point listed in Tables 3.1 and
3.2 was followed by a comparative measurement at the reference temperature that,
consequently, avoided risk of accumulation of error possible by a continuous measure-
ment. The inner diameters of the capillary tubes together with their uncertainties are
provided in Table 3.3 for all four data sets. The relative uncertainty ur,ref(d) from the
uncertainties of the reference surface tension and the gravity is in all cases more than
3 times higher than the relative uncertainty ur,Y (d) influencing the uncertainty of the
relative surface tension Y .



3.3. Results and discussion 39

Table 3.1. Surface tension of supercooled
water measured with the counterpressure tech-
nique.

T (K) Y u(Y ) σ (mN/m)a

Data set p-1b

248.48 1.1111 0.0020 79.10
250.61 1.1064 0.0019 78.76
253.09 1.1018 0.0019 78.44
259.14 1.0903 0.0019 77.62
263.79 1.0811 0.0019 76.96
265.76 1.0773 0.0019 76.69
268.72 1.0723 0.0019 76.34
271.10 1.0669 0.0019 75.95
273.46 1.0624 0.0019 75.63
278.64 1.0523 0.0019 74.91
283.57 1.0419 0.0019 74.17
288.45 1.0321 0.0018 73.48
293.41 1.0220 0.0018 72.76
298.38 1.0103 0.0018 71.92
303.36 0.9996 0.0018 71.16

Data set p-2c

247.23 1.1141 0.0017 79.31
247.62 1.1138 0.0017 79.29
247.86 1.1129 0.0017 79.23
248.26 1.1122 0.0017 79.18
249.56 1.1091 0.0017 78.96
251.16 1.1062 0.0017 78.75
253.29 1.1018 0.0017 78.44
255.40 1.0981 0.0017 78.17
263.32 1.0833 0.0017 77.12
265.23 1.0787 0.0017 76.79
267.52 1.0740 0.0017 76.46
271.21 1.0657 0.0016 75.87
273.36 1.0619 0.0016 75.60
278.56 1.0506 0.0016 74.79
283.54 1.0429 0.0016 74.24
288.44 1.0322 0.0016 73.48
293.39 1.0216 0.0016 72.73
298.37 1.0104 0.0016 71.93
303.34 0.9997 0.0015 71.17

a σ = Y σref
b,c Tref = 303.15 K, σref = 71.19 mN/m

Table 3.2. Surface tension of supercooled
water measured with the height technique.

T (K) Y u(Y ) σ (mN/m)a

Data set h-1b

253.26 1.0779 0.0015 78.41
259.21 1.0664 0.0015 77.57
263.77 1.0583 0.0015 76.98
266.30 1.0533 0.0015 76.62
268.73 1.0493 0.0015 76.33
271.21 1.0429 0.0014 75.86
273.43 1.0397 0.0014 75.63
275.82 1.0350 0.0014 75.29
278.64 1.0290 0.0014 74.85
283.49 1.0193 0.0014 74.14
288.44 1.0096 0.0014 73.44
293.39 0.9998 0.0014 72.73
298.37 0.9887 0.0014 71.92
303.35 0.9784 0.0014 71.17

Data set h-2c

247.97 1.0873 0.0015 79.09
249.03 1.0853 0.0015 78.94
250.61 1.0825 0.0014 78.74
253.80 1.0768 0.0014 78.33
270.20 1.0456 0.0014 76.06
273.02 1.0402 0.0014 75.66
275.22 1.0357 0.0014 75.34
276.86 1.0329 0.0014 75.13
281.48 1.0235 0.0014 74.45
285.47 1.0158 0.0014 73.89
288.44 1.0096 0.0013 73.44
291.41 1.0033 0.0013 72.98
294.39 0.9969 0.0013 72.51
297.37 0.9909 0.0013 72.08
300.39 0.9846 0.0013 71.62
303.34 0.9783 0.0013 71.16

a σ = Y σref
b,c Tref = 293.15 K, σref = 72.74 mN/m
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Table 3.3. Inner diameter of the capillary tubes and contributions to its relative uncertainty
defined in Eq. 3.10.

Data set d (mm) ur,ref(d) (%) ur,Y (d) (%)

p-1 0.3216 0.50 0.10
p-2 0.3217 0.50 0.10
h-1 0.3215 0.50 0.09
h-2 0.3218 0.50 0.09

Figure 3.5 shows the IAPWS correlation (Eq. 3.2) extrapolated to subzero tem-
peratures compared with the new data obtained by both the counterpressure method
and the height method. Literature data for the surface tension of supercooled water
are also provided. The surface tension was measured down to 247 K, which is 2 K
lower than in the previous study150 (using the Prague setup). The higher supercooling
and faster equilibration of temperature were mainly achieved by an improved design
of the switch-valves with additional cooling channels. Nevertheless, the lowest tem-
perature of 247 K is still 14 K above the homogeneous nucleation limit for pure water,
TH = 233 K.144 Hence, there is probably some space left to achieve somewhat lower
temperatures in the surface tension measurement.

As can be seen in Fig. 3.6, which shows the deviation of the relative surface tension
from the extrapolated IAPWS standard, the new data agree well with the previous
capillary rise measurements. Moreover, the counterpressure data and the height data
are in mutual agreement, proving the correctness of both measuring techniques. As
a consequence, the assumption of a constant inner diameter of the capillary tubes
employed in the height method was proven to be correct in our case. Variations of
the inner diameter with height were not detected. The data indicate a systematically
higher surface tension for supercooled water than the extrapolated IAPWS correlation
(Eq. 3.2) at temperatures below 256 K. The experimental surface tension is on average
higher by 0.19 mN ·m−1 than the extrapolated Eq. 3.2 at a temperature of 248 K. The
difference lies close to the uncertainty of the relative surface tension u(Y ) and entirely
within the uncertainty of the absolute surface tension u(σ) equal to 0.41 mN ·m−1 at
the lowest temperature.

Figure 3.7 shows the deviation of the counterpressure data and the literature
data from the extrapolated IAWPS correlation (Eq. 3.2). A systematic deviation of
Hacker’s data148 from both the new data and the extrapolated IAPWS correlation is
clearly visible at temperatures below 264 K. The new data have relatively low scatter
and good internal consistency compared to other data sets, e.g. by Floriano and
Angell158 or Trinh and Ohsaka.160 The temperature trend of the measured surface
tension supports the previous study150 refuting the existence of SIP, expected in the
temperature range from 264 to 303 K, or any other anomaly in the surface tension
of supercooled water. On the other hand, a small systematic offset of the new data
from the extrapolated correlation (Eq. 3.2) is observed at temperatures below 256 K.
This effect can be hardly qualified as indication of an anomaly. The measured data in
the supercooled region lie close to a linear extrapolation of the IAPWS standard161

from 273.16 K. The present results of course do not exclude anomalous interfacial
phenomena close to the homogeneous nucleation limit, or even at lower temperatures
for microscopic droplets occurring in vapor-to-liquid nucleation studies.32,67,141
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The new data are planned to be used in an update172 of the existing IAPWS
standard for the surface tension of ordinary water.161 In particular, the range of
validity of correlation 3.2 will be extended to the metastable supercooled region, which
is of high importance, e.g. in atmospheric modeling. The accuracy of the current
standard, especially its estimate of uncertainty at temperatures close to ambient, will
also be improved. A better estimate of the uncertainty for the reference surface tension
u(σref) can subsequently be used to improve the uncertainty of the absolute surface
tension u(σ) determined in this study.

3.4 Conclusions

New experimental data for the surface tension of metastable supercooled water were
measured in this study. A capillary rise technique designed for measurement with
supercooled liquids was modified such that the liquid meniscus could be kept at a
fixed position within a vertical capillary tube by applying a preset counterpressure
of helium. Keeping the meniscus at constant height avoided the negative effect of
a possible varying inner diameter along the capillary tube length and reduced the
equilibration time due to the flow of the highly viscous supercooled water. In addition,
the surface tension of supercooled water was measured with the classical capillary
rise method, with improved accuracy compared to previous measurements.150,163 The
data obtained with the counterpressure technique and with the height method are
in mutual agreement and support our previous measurements.150 No anomaly in the
surface tension of water was detected in the temperature range between 247 and
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303 K. A small systematic offset of the experimental data from the IAPWS standard
for the surface tension of water161 extrapolated to subzero temperatures was detected
at temperatures below 256 K. This deviation lies entirely within the uncertainty range
for the absolute surface tension. However, it can point to a slightly incorrect behavior
of the IAPWS correlation extrapolated to such low temperatures. Consequently, the
presented data sets are important from the perspective of the planned extension of
the IAPWS standard for the surface tension of ordinary water to the metastable
supercooled region.
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CHAPTER 4

EXPERIMENTAL METHODS

In this Chapter we will discuss the experimental facility to measure homogeneous
water nucleation rates. It consists of the Pulse-Expansion Wave Tube (PEWT), the
Mixture Preparation Device (MPD), and the Humidity Measurement Cell (HMC). A
comprehensive overview is given in Fig. 4.1. The PEWT is a stainless steel expansion
wave tube consisting of a High-Pressure Section (HPS) and a Low-Pressure Section
(LPS) with lengths of approximately 1 and 9 m, respectively. Both sections are
separated by a diaphragm (D) that acts as a fast opening valve. The HPS contains
the gas-vapor mixture under investigation at (relatively) high pressure, whereas the
LPS contains gas at (relatively) low pressure. To prepare the gas-vapor mixtures,
we use the MPD. In view of the extreme dependence of the nucleation rates on the
supersaturation, it is of paramount importance to know the supersaturation to the
highest degree of accuracy. The supersaturation is proportional to the water vapor
fraction (cf. Eq. 2.21), which largely determines its accuracy. Therefore, different
methods were developed and implemented in the HMC to verify the water vapor
fraction. Once this composition analysis is finished and the HPS is flushed with the
gas-vapor mixture, the HPS is isolated by closing valves V1 and V2. The PEWT is
now ready for a wave experiment. It is during such a wave experiment that the water
droplets are formed, close to the left end-wall. These droplets are detected using
optical techniques. All data is sampled and stored by a data acquisition system.

The first section of this chapter describes the MPD, which produces the desired gas-
vapor mixtures. Subsequently, we explain how the water vapor fraction is determined.
This is followed by a description of the wave experiment and a brief discussion of the
optics. The final section summarizes the data acquisition process. Other aspects
concerning the experimental facility will be described in more detail in Section 5.3.
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Figure 4.1. Overview of the Pulse-Expansion Wave Tube (PEWT). The Mixture Preparation
Device (MPD) and Humidity Measurement Cell (HMC) are depicted in the forthcoming. The nucle-
ation and droplet growth measurements take place close to the left end-wall of the PEWT. The flow
direction when filling and flushing the High-Pressure Section (HPS) is indicated by the arrows. D:
diaphragm, G: gas supply, HPS: High-Pressure Section, LPS: Low-Pressure Section, V1,2,3,4: valve,
W: widening.

4.1 Mixture Preparation Device

The Mixture Preparation Device13,69,105,173 has been designed to prepare a well-defined
gas-vapor mixture of one or two carrier gases mixed with either one or two vapors. The
carrier gas is defined here as the non-condensing constituent of the gas-vapor mixture.
Further details are given by Hrubý.174 Here, the focus will be on the general operation
of the mixing process for a gas-vapor mixture containing one carrier gas and one vapor
(water). A photo of the MPD is shown in Fig. 4.2, while a schematic representation
of the mixture preparation process is given in Fig. 4.3. The MPD basically consists of
two saturators175 and several mass flow controllers (MFCs). During the filling of the
HPS, the carrier gas flows through MFCs 1 and 2, which have different capacities. The
carrier gas feed stream from MFC 1 is led through the saturators containing (liquid)
purified water.a In the saturators, the carrier gas is saturated with water under well-
controlled conditions. The method assumes that vapor-liquid phase equilibrium (S =
1) exists at the exit of the saturators.b This wet feed stream is diluted with pure carrier
gas from MFC 2. The total flow is kept constant at 2 to 4 normal litres per minute,
with normal denoting the corresponding flow at normal conditions (101.325 kPa and
273.15 K). The total feed stream is fed into the heated box, in which a metering
valve (M) regulates the pressure reduction between MPD and PEWT. The heated
box operates at a temperature of 318 K to prevent water condensation inside the
metering valve (M).

In the forthcoming, we will use the term flow for molar flow rates, unless stated
differently. The wet feed stream leaving the saturators can be written as a sum of

aThe liquid water in the saturators is purified externally using a demineralization cartridge (BWT
Ministil P-21) and has a resistivity of at least 1.0 MΩ·cm.

bThis is verified by alternatingly using either one or two saturators in series. No discrepancies
were found between tests using one or two saturators.
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Figure 4.2. Photo of the Mixture Preparation Device (MPD). The gas cylinder supplies carrier
gas via the hose on the upper right. The pressure is verified with the pressure transducer in the upper
left part, before the (two) streams split in a manifold and enter the MFCs in operation (MFC 1 and 2).
The temperature in both saturators (not shown) is monitored by platinum resistance thermometers.
The pressure in the system, including the saturators, is measured by the pressure transducer in the
lower left part. The two separate streams come together in the lower part of the tubing system and
go through the heated box towards the PEWT.

the initial flow entering the saturators (Qx)
c and the flow of water vapor (Qw). The

resulting flow contains the water vapor fraction at phase equilibrium (yeq, cf. Eq.
2.18):

yeq = fe(p, T )
ps(T )

p
=

Qw

Qw +Qx

. (4.1)

It is clear that the equilibrium water vapor fraction is imposed by the pressure and
temperature in the saturators. Since the temperature in the saturators (291 K) is
below the ambient temperature, we avoid premature condensation of the wet flow
(Qw + Qx). The dilution flow from MFC 2 (Q0) mixes with the wet flow to produce
the desired molar water vapor fraction (y):

y =
Qw

Qw +Qx +Q0

=
yeq

1 + (1− yeq)Q0/Qx

. (4.2)

The final water vapor fraction (y) is thus determined by the ratio of the dilution
flow (Q0) and the initial gas flow (Qx). Because the MFCs control these flows, they
regulate the overall mixture preparation process. The estimated uncertainty in the
molar water vapor fraction is 1.0%.

We are now automatically filling the HPS with the desired gas-vapor mixture.
Simultaneously, the LPS is manually filled with a gas bottle (Fig. 4.1) to avoid

cWe assume that no accumulation of carrier gas takes place in the saturators.
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Figure 4.3. Schematic representation of the Mixture Preparation Device (MPD). The carrier
gas (Qx) flows through MFC 1 and the saturators, where the gas is saturated with pure water under
controlled temperature and pressure. The method assumes vapor-liquid phase equilibrium at the exit
of the saturators. The wet feed stream (Qw + Qx) is diluted with pure gas from MFC 2 (Q0) and
fed into the heated box, in which a metering valve (M) regulates the pressure reduction between MPD
and PEWT.

premature rupture of the diaphragm. Once the HPS has reached its set pressure and
the upstream pressure controller (UPC) is opened, we start flushing. Specifically, we
saturate the tubing system and, more importantly, the tube walls of the HPS. So,
adsorption equilibrium is attained in the HPS. The flushing is enabled by the MPD
since it generates a steady, continuous flow. The humidity in the system is constantly
monitored by a RH sensor, which is placed downstream of the HPS. Methods to
determine the in-situ water vapor fraction are presented next.

4.2 Composition analysis

4.2.1 Introduction

The water vapor fraction should be accurately known for the correct interpretation
of nucleation experiments since it determines the supersaturation (cf. Eq. 2.21). The
water vapor fraction is controlled to a high degree of accuracy by the MPD. Nonethe-
less, differences between distinct measurement series71 and unexplained anomalies in
the past gave rise to some doubts. Two different techniques were used to determine
the molar water vapor fraction during the flushing procedure prior to the wave exper-
iment: Chilled Mirror Hygrometry (CMH) and Karl Fisher Titration (KFT). They
are implemented in the Humidity Measurement Cell (HMC), which is shown in Fig.
4.4. The HMC is connected to the rest of the set-up by 3-way valve V4. This allows
us to sample either the mixture that is coming from the MPD (upstream) or the
mixture that already went through the HPS of the PEWT (downstream). This is of
importance because of possible water adsorption at the HPS walls. After flushing,
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Figure 4.4. Overview of the Humidity Measurement Cell (HMC). The 3-way valve V4 (see
Fig. 4.1) allows us to sample both upstream and downstream of the HPS. CMH: Chilled Mirror
Hygrometer, KFT: Karl Fisher Titration, PT5: pressure transducer, RH2: relative humidity sensor,
RM: rotameter, T3: temperature sensor, V4,5,6,7: valve.

differences should no longer exist between the upstream and downstream modi. In
particular, adsorption equilibrium should have been reached inside the HPS.

The water vapor fraction determination proceeds as follows: the gas flow enters
relative humidity sensor RH2. It operates at the pressure of the PEWT and uses high
flow rates. After RH2, the gas flows into the 1/4 ′′ tubing leading to the Chilled Mirror
Hygrometer and the 1/16 ′′ capillary tubing to the Karl Fisher Titration. The flow
towards CMH is regulated by needle valve V5 and that to KFT by needle valve V6.
The gas volume going to the KFT is measured by a rotameter (RM). The reading in
normal liters per minute at calibrated conditions needs to be corrected for the actual
experimental conditions. Hence, both the temperature and pressure are measured
by a thermocouple (T3) and pressure transducer (PT5). Prior to each Karl Fisher
Titration, the capillary tube is purged with the gas stream.176 The three-way valve
V7 is switched when the purge process has been completed. The gas stream then goes
directly to the KFT.

4.2.2 Relative Humidity Sensor

Quantitative measurements on the water vapor fraction were performed with Chilled
Mirror Hygrometry (Section 4.2.3) and Karl Fisher Titration (Section 4.2.4). The
relative humidity sensor RH2 was used only for indicating the approximate humidity
of the gas flow.105 The sensor (Vaisala HMP 124B), in combination with a data ac-
quisition device (National Instruments 9215 and cDAQ 9171), operates over a wide
range of temperatures (253 – 353 K) and pressures (0 – 10 MPa). The temperature
is measured by a Pt100 sensor with a reported accuracy of 0.3 K, whereas the rela-
tive humidity is measured with Vaisala’s Humicap sensor. For more information, the
reader is referred to Luijten 106 and Luijten et al.177
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4.2.3 Chilled Mirror Hygrometry

Chilled Mirror Hygrometry is a precise technique for determining water vapor fractions
in gases.178,179 The used hygrometerd (General Eastern Hygro M4-DP) measures the
dew (Td) or frost point (Tf) by means of a chilled mirror sensor (General Eastern
1311DR). The temperature of the mirror is controlled at the threshold of dew/frost
formation. Figure 4.5 shows the phase diagram of pure water and, thereby, provides
an overview of the definitions that will be used. If the mirror is controlled to an
equilibrium condition above the freezing point (273.15 K), the sensor measures the
dew point. Below the freezing point, however, the deposit usually cannot stay liquid,
and the sensor in general measures the frost point. In Fig. 4.5, we indicated the
measurement regime for our conditions with relatively low water vapor fractions. The
phase boundaries are explained in further detail in Appendix A. Supercooled liquid
water might exist below the freezing point.

200 300 400 500 600 700
10

0

10
2

10
4

10
6

10
8

Temperature (K)

P
re

ss
ur

e 
(P

a)

Normal freezing point
T = 273.15 K
p = 0.101325 MPa

Triple point
T = 273.16 K
p = 611.657 Pa

Normal boiling point
T = 373.12 K
p = 0.101325 MPa

Critical point
T = 647.10 K
p = 22.064 MPa

Liquid

Solid
Vapor

p
m

p
s

250 260 270

p
subl

p
s

Figure 4.5. Phase diagram of water that contains all phase boundaries and points of interest.
The symbols denote the following curves: pm the melting curve, psubl the sublimation curve, and ps
the saturated vapor pressure curve for water (solid line) and supercooled water (dotted line). The
measurement regime of the Chilled Mirror Hygrometer for our conditions is indicated by the shaded
area. The sublimation pressure psubl is hardly distinguishable from the saturated vapor pressure ps
for supercooled water, as depicted in the inset.

The gas-vapor mixture is flowing over the mirror at sufficient flow rates, between
0.5 to 1.5 normal liters per minute (ln min−1). When the temperature of the mirror
crosses the frost point, the water vapor will form a frost layer. The frost formation
is optically detected. In particular, the mirror is illuminated with a LED light and
the resulting reflectivity is monitored by a photodetector. The photodetector is fully
illuminated when no frost layer is present. If a stable frost layer is formed, however,

dThis device was kindly made available to us by dr. Jan Hrubý and the Institute of Thermome-
chanics, Academy of Sciences of the Czech Republic.
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the light will be scattered and the reflectivity decreases. The mirror’s reflectivity in-
fluences the photodetector output current. A large output current, resulting from the
absence of a frost layer on the mirror surface, causes the mirror to cool. Consequently,
a frost layer will be formed that decreases the photodetector output current. This
leads to a decrease in cooling by a Peltier heat pump. A feedback loop ensures that
the mirror quickly stabilizes at a temperature that maintains a thin frost layer on the
mirror. The frost point temperature is measured by a precision platinum resistance
thermometer embedded in the mirror.

The molar water vapor fraction y is given by (cf. Eq. 4.1)

y = fe(p, Tf)
psubl(Tf)

p
. (4.3)

An empirical correlation for the sublimation pressure psubl as a function of temper-
ature (valid between 50 and 273.16 K) is given in Appendix A. The total ambient
pressure p is measured with a manometer (DeltaOhm HD 2114B.2). The total rela-
tive uncertainty in the water vapor fraction determination with CMH is estimated to
be 3.0%, mainly due to the uncertainty of the frost point temperature.

4.2.4 Karl Fisher Titration

Karl Fisher Titration (KFT) is the classical method123 for the determination of trace
amounts of water in all kinds of samples, including gases.180 The amount of water in

PEWT
bypass

7

Titration
cell

three-way
valve (V )

Figure 4.6. The Karl Fisher Titration set-up consisting of the coulometer with remote control
(bottom left), the magnetic stirrer (bottom), and the titration cell with the solution. The three-way
valve V7 connects the PEWT to the titration cell. It is switched when the purge process has been
completed. The gas flow then enters the titration cell. The plastic part of the tubing leading into the
solution is custom-made.
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gases is small, i.e. in our gas-vapor mixtures we use 100-5000 parts per million (ppm)
water. With these low amounts of water, the so-called coulometric Karl Fisher Titra-
tion must be applied.176 In this work, a commercial titration instrument (Metrohm
831 Coulometer) is used. Its main element is a glass titration cell, in which the im-
portant chemical reactions take place. The chemistry is described in greater detail in
Appendix C. The size of the vessel is kept relative small (approximately 300 ml) to
avoid dead volume. A photo of the Karl Fisher Titration set-up is given in Fig. 4.6.

A reproducible determination of the water vapor fraction is difficult. The problem
is not the coulometric determination, but the sample introduction.176 An optimal de-
sign of the set-up (Figs. 4.4 and 4.6) and an accurate determination of the gas volume
are of decisive importance. The gas coming from the PEWT must be depressurized.
The involved cooling necessitates heating of the gas flow, which takes place upstream
of the RH2 sensor. The capillary tube is thoroughly purged with the gas stream prior
to titration.176 The final (plastic) part of the tubing leading into the solution of the
titration cell is custom-made. It is kept as short as possible, since it absorbs water
and, thereby, could affect the titration. The titration time is at least 5 minutes (10
minutes in general).

The volume flow rate to the titration vessel is measured by a rotameter (Krohne
DK48/N), whose range matches the working gas flow rate (50-250 ml min−1) of the
coulometer. The rotameter yields the normal volume flow rate of nitrogen Qcal

n at
calibrated conditions (pcal = 130 kPa and T cal = 293.15 K). From now on, we will
denote normal conditions with the subscript n, whereas the actual flow is indicated
by act; the other conditions are indicated by the superscripts cal and exp. To obtain
the normal volume flow rate Qexp

n for an arbitrary gas at experimental conditions (pexp,
T exp), we need to correct the reading of the rotameter.e The experimental pressure
and temperature are measured by, respectively, pressure transducer PT5 (Druck PMP
4070, 350 kPa) and temperature sensor T3 (type T thermocouple) connected to a
controller (Omega MDSS.T8A.TC). The correction equation is given by

Qexp
n = Qcal

n

√

T cal

T exp

pexp

pcal
M cal

M exp
, (4.4)

where Qcal
n denotes the reading of the rotameter and M is the molar mass of the gas

(M cal was nitrogen).

eWe assume that we have dry gases here, so the contribution of the water vapor is neglected.
Even for the gas-vapor mixtures in which the water vapor is most abundant, no more than 3 per
mille of the total mass constitutes water.
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Intermezzo. For an ideal gas, the actual volume flow rate is proportional to the
square root of the inverse density:

Qexp
act ∝ 1√

ρ
=

√

T exp

pexp M exp
,

Qcal
act ∝

1√
ρ
=

√

T cal

pcal M cal
,

(I.1)

which represent the actual flow at experimental and at calibrated conditions. The
ratio of the two equations gives the correction equation when the actual volume
flow rate at calibrated conditions is known and one wants to calculate the actual
volume flow rate at experimental conditions:

Qexp
act = Qcal

act

√

pcal

pexp
T exp

T cal

M cal

M exp
. (I.2)

The normal volume flow rate is related to the actual volume flow rate as follows:

Qn = Qact

ρ

ρn
= Qact

ρRTn

pn
(I.3)

Using the ideal gas law for the actual density ρ, the normal volume flow rate at
calibrated conditions can be written as

Qcal
n = Qcal

act

Tn

pn

pcal

T cal
, (I.4)

where Qcal
n denotes the reading of the rotameter. If we substitute Eq. I.4 in Eq.

I.2, we have

Qexp
act = Qcal

n

pn
Tn

√

T cal

pcal
T exp

pexp
M cal

M exp
. (I.5)

Similar to Eq. I.4, we can also write

Qexp
n = Qexp

act

Tn

pn

pexp

T exp
. (I.6)

If we substitute Eq. I.5 in Eq. I.6, we find the correction equation (Eq. 4.4).

The reported uncertainty of the rotameter at full scale is 1%.181 To check whether
the rotameter works according to these specifications, we have determined the volume
flow rate in an alternative way. To this end, we used a low-capacity mass flow con-
troller (MFC 3), which was not used during the nucleation experiments.f It turned
out that the volume flow rates Qexp

n measured by the rotameter were 2.5% higher than

fThis specific MFC was calibrated several times with an accurate flow rate metering device both
prior and during the tests. It was found to be consistent and free from drift.
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the calibrated MFC values. In order to remedy this, we corrected the rotameter values
Qexp

n as follows:

Qexp
n,m = a+ b×Qexp

n , (4.5)

where a is 0.00611 ln/min and b is 0.93838; Qexp
n,m denotes the final, empirical value

for the volume flow rate as given by the rotameter. The resulting values after this
empirical correction are shown in Fig. 4.7. The deviation is now less than 1%, except
for the lowest volume flow rates.
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Figure 4.7. Comparison of the normal volume flow rates as measured by MFC 3 (y-axis) and
the rotameter (x-axis) in normal liters per minute (ln/min). The rotameter values were corrected
empirically using Eq. 4.5. This leads to results within 1% deviation (dotted lines).

The output of the Karl Fisher coulometer is the total water amount m in absolute
terms (µg). However, we are interested in the molar water vapor fraction y (ppm).
Hence, the absolute amount must be converted into moles of water using the molar
mass M (g/mol) and the total molar gas flow. Since the normal molar volume V mol

n

(ln/mol) and the measurement time ∆t are known, the normal volume flow rate Qexp
n,m

can be converted into the amount of gas in moles. The molar water vapor fraction y
(ppm) is then given by

y =
V mol
n

Qexp
n,m∆t

m

M
. (4.6)

The coulometer is validated regularly with the aid of certified water standards
(Sigma Aldrich 34828 Hydranal Water Standard 1.00). Besides, we have also checked
whether all vapor had reacted. For this purpose, the Chilled Mirror Hygrometer (see
Section 4.2.3) was connected to the outlet of the coulometer. It was found that the
molar water vapor fraction of the gas leaving the titration cell was well below 5 ppm.
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The relative uncertainty in the Karl Fisher water vapor fraction determination is
estimated to be 5.5% due to the uncertainties in the absolute water amount m,182

the measurement time ∆t, and the volume flow rate Qexp
n,m. Note that this uncertainty

(5.5%) is larger than the uncertainty of the Mixture Preparation Device (1.0%).

4.2.5 Results

Water-nitrogen mixtures

The results for water-nitrogen mixtures are shown in Fig. 4.8. The molar water vapor
fraction determined by the Mixture Preparation Device (MPD) is compared with the
Karl Fisher Titration (KFT) and the Chilled Mirror Hygrometry (CMH) methods.
The sampling modus (Fig. 4.4), i.e. upstream or downstream, is stated below the
data points. The corresponding experiment numbers are also given below the data
points; the letters a-f denote repetitions, which are performed in a 15 min interval.
In this time interval, the chilled mirror’s frost layer is quickly removed by heating (1
min). This is followed by renewed conditioning (10-15 min), in which a fresh frost
layer forms at the frost point temperature. Meanwhile, the Karl Fisher coulometer is
bypassed by the gas flow.

The water vapor fractions in Fig. 4.8 are stable, particularly for the MPD. The
stability in the MPD results means that the two mass flow controllers (Section 4.1) are
operating in steady state. Overall, the KFT values are slightly higher than the MPD
values and CMH values are lower. Yet, all values are perfectly comparable within
experimental accuracy.

Experiment 146 was performed in upstream modus, whereas all other experiments
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Figure 4.8. Comparison of the molar water vapor fraction (including error bars) as measured by
the MPD, KFT, and CMH methods. They agree for all investigated water-nitrogen mixtures. For
experiments 151 a-c the CMH values were not measured.
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Figure 4.9. Comparison of the molar water vapor fraction as measured by the MPD, KFT, and
CMH for other water-nitrogen mixtures. The three methods are in mutual agreement, except for
experiments 153a-c, 155a, and 155c.

used downstream sampling. In the latter case, the sample did already go through the
HPS. Nonetheless, no differences between the two modes were found at this point.
Figure 4.9 that shows the results for other water-nitrogen mixtures proves that no
systematic differences between downstream and upstream sampling exist. The data
of Fig. 4.9 and subsequent graphs can be found in tabulated form in Appendix D.
In Fig. 4.9 similar trends are observed as in Fig. 4.8: most values are comparable
within experimental accuracy. Experiments 153a-c, 155a, and 155c, however, are
exceptions. In experiments 153a-c and 155a, the KFT values are below the MPD and
CMH values.g We note that the KFT values are relatively lower than the ones in Fig.
4.8. We do not have an explanation.

Water-helium mixtures

Figures 4.10 and 4.11 present the molar water vapor fractions for water-helium mix-
tures as determined by the MPD and CMH methods. The values in Fig. 4.10 are
comparable within experimental accuracy. The regime indicated by the MPD is en-
tirely contained in the CMH interval. Experiments 188 a-c and 188 d-e again prove
that no systematic differences between the two sampling modes arise. All experiments
in Fig. 4.11 were performed in downstream modus, except for 198 a-c. It is clear that
experiments 196b, 197b-c, 198d, and 205a show differences between the MPD and
CMH. We speculate that the small water vapor fractions lead to higher inaccuracies
in the determination of the frost point temperature with the CMH.

gIt is tempting to assume that startup effects might have caused these deviations. This is not the
case since sufficient purging times were used. Furthermore, these startup effects were not observed
in other tests.
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Figure 4.10. Comparison of the molar water vapor fraction as measured by the MPD and CMH
methods for water-helium mixtures. All measurements are in mutual agreement.
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Figure 4.11. Comparison of the molar water vapor fraction as measured by the MPD and CMH
methods for water-helium mixtures with low water vapor fractions. The methods agree in general,
but experiments 196b, 197b-c, 198d, and 205a are not in agreement.
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Figure 4.12. Scatter plot of the molar water vapor fraction as measured by the MPD and CMH
methods for water-helium mixtures with high water vapor fractions. The CMH method was based on
the frost point. The solid line indicates ideal agreement, whereas the dashed line is a fit.
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Figure 4.13. Scatter plot of the molar water vapor fraction as measured by the MPD and CMH
methods for water-helium mixtures with high water vapor fractions. The CMH method was based on
the dew point. The solid line indicates ideal agreement, whereas the dashed line is a fit.
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Figure 4.12 shows the water vapor fractions determined for the water-helium mix-
tures with relatively high water vapor fractions. The majority of the experiments was
performed in both upstream and downstream modus. The CMH indicated tempera-
tures between 267.8 to 271.4 K at the equilibrium state, so it is uncertain whether we
have indeed attained the frost point temperature, and not the dew point temperature.
Although the results in Fig. 4.12 are stable when calculating the outcomes based on
the frost point temperature (see Eq. 4.3), they slightly differ for both methods. Even
more, the slope of the dashed line through the data points is not equal to the ideal
(solid) line. In contrast, if we analyse the measurements with the dew point tem-
perature and the saturated vapor pressure for supercooled water (see Fig. 4.5 and
Appendix A), we obtain results that perfectly match. This is clear from Fig. 4.13. In
that case, the CMH values are only 1% higher (on average) than those predicted by
the MPD and the slopes of both lines are equal to unity. This means that indeed we
encountered the presence of a supercooled liquid water film on the chilled mirror at
indicated temperatures between 267.8 and 271.4 K.

The conditions corresponding to Figs. 4.8 – 4.11 with temperatures between 230.5
and 248.0 K were such that we do not have to worry about the dew and frost point
ambiguity. New methods are currently being developed to classify the nature of the
layer (supercooled liquid water or ice crystals) on top of a chilled mirror.183 In that
case, it is no longer necessary to assume that the apparatus always measures the frost
point below the freezing point or to rely on the interpretation by the operator who
uses a microscope to distinguish between the two possibilities.

4.2.6 Conclusion

No systematic differences between the upstream and downstream modes were found
using the Chilled Mirror Hygrometry and the Karl Fisher Titration methods. This
means that at the time of our composition analysis no net adsorption takes place
at the walls of the HPS. The results for all gas-vapor mixtures have shown that the
produced water vapor fractions by the MPD are reliable over a wide interval from 100
to 5000 ppm. Furthermore, they are comparable to the CMH and KFT values within
experimental accuracy. The relative uncertainty of the CMH was approximately 3.0%,
but probably larger for small water vapor fractions (∼ 100 ppm). The relative un-
certainty of the KFT was estimated at 5.5%. Since the relative uncertainty of the
MPD (1.0%) is much smaller than the other two, we base the overall uncertainty of
the water vapor fraction on that specific value.
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4.3 Wave experiment

4.3.1 Working principles

The diaphragm that separates the HPS from the LPS (see Fig. 4.1) is ruptured by a
high-voltage electric pulse. This will be explained in further detail in Section 4.3.2.
The almost instantaneous opening of the full cross section of the tube induces a specific
wave pattern, which will be shown in the forthcoming (Fig. 5.2). A local widening
section (W) that has a slightly larger circular cross-sectional area than the remainder
of the tube (41 versus 36 mm diameter) is installed in the LPS.63 Its purpose is to
implement the nucleation pulse method,35 which implies that nucleation is confined to
a short time period. During this nucleation pulse, the supersaturation and nucleation
rate have relatively high values chosen such that droplet formation takes place almost
exclusively during this pulse. This is shown in Fig. 4.14. The initial rapid expansion
decreases the temperature from room temperature down to a temperature slightly
above the desired nucleation temperature (see Fig. 4.14a). The local widening in the
LPS is responsible for the subsequent small but important decrease and increase in
temperature that produce the nucleation pulse. The same is true for the pressure
in Fig. 4.14b: the initial rapid expansion decreases the pressure significantly (from
approximately 185 to 115 kPa). The widening creates the (small) expansion and
compression that mark the nucleation pulse. The small drops in temperature and
pressure (at 0.9 ms) have a strong influence on the supersaturation and nucleation rate:
both rise sharply during the pulse. The nucleation rate is strongly dependent on the
supersaturation, which itself is sensitive to temperature and pressure. After the pulse,
the temperature and pressure are kept constant such that no new nucleation takes
place and droplet growth is undisturbed. In short, a drop of 5-10% in pressure causes
the nucleation rate to increase from a negligible value to 2×1015 m−3s−1 and vice-versa
(Fig. 4.14b). This is exactly what we are aiming for: a well-defined nucleation pulse
after which no new droplet formation occurs.
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Figure 4.14. Diagram of a representative wave experiment in the Pulse-Expansion Wave Tube
(water nucleation in helium, experiment 215). The nucleation pulse is indicated by the text arrow.
(a) The temperature and corresponding supersaturation as a function of time. (b) The pressure and
corresponding (empirical) nucleation rate as a function of time.
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4.3.2 Fast opening valve

Each wave experiment starts with the rupture of the PET diaphragm (D), which has
a thickness of either 50 µm (atmospheric nucleation pressures) or 125 µm (elevated
nucleation pressures). This diaphragm acts as a fast opening valve. It opens when
a large current (200-300 A, peak-to-peak) goes through an iron-chromium-aluminium
alloy (Kanthal) wire that is pressed against it. The diaphragm bursts due to the
combined effect of the heating (melting) and the pressure difference.

The opening time was determined by Van den Bergen184 using a dedicated set-
up, in which the experimental pressure conditions were mimicked one-to-one. A high
speed camera (Photron Fastcam SA3), set at the maximum frame rate of 25k frames
per second, was able to capture the opening. The result is given in Fig. 4.15, in
which a portion of the diaphragm is visible. The actual opening starts somewhere
around the third or fourth image and ends at the last image. The diaphragm was
125 µm thick and subjected to a pressure difference of 1.0 MPa, equal to the pressure
difference in a typical nucleation experiment at high pressure (1.0 MPa). The result
in Fig. 4.15 leads to an approximate opening time of 80-120 µs. This is close to the
opening time of 140± 20 µs that was determined by Looijmans et al. 59 for a pressure
difference of about 0.4 MPa over the diaphragm. We indeed have a fast opening valve
since the opening time is short compared to the expansion time (1 ms) in a typical
nucleation experiment.

t = 0 sm t = 40 sm t = 80 sm

t = 120 sm t = 160 sm t = 200 sm

Figure 4.15. The rupture of the diaphragm captured with a high speed camera (top view). A
thin layer of white paint was added to the diaphragm to improve the contrast ratio. The start of the
opening takes place in the third (t = 80 µs) or fourth (t = 120 µs) image and ends in the last image
(t = 200 µs).

4.4 Optics

Droplet detection is performed using a dedicated optical set-up. It is described in
full detail in Section 5.3.5 and Appendix E. Here, we will briefly introduce the basic
aspects of the optical measurements. Two optical quantities are measured during each
wave experiment: the irradiance of laser light that is scattered by the water droplets
at an angle of 90◦ and the attenuation of the laser beam by the droplet cloud. The set-
up is depicted in Fig. 4.16. The 90◦ scattering is detected by a photomultiplier (PM)
tube, whereas the attenuation is measured by a photodiode (PD). The laser light, with
a wavelength of 532 nm, is linearly polarized (100:1) perpendicular to the scattering
plane. A filter mounting, which contains one or more specific neutral density (ND)
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Laser

Photo
Multiplier

Filter
mounting

Convex-plano
lens

Diaphragm
Photodiode

Figure 4.16. Photo of the optical setup. The laser light enters and leaves the expansion tube
through BK7 optical glass windows. The 90◦ scattering is detected by the photomultiplier, whereas the
attenuation is measured by the photodiode. The attenuated laser beam is focused by a plano-convex
lens. The filter mounting, containing one or more specific ND filters, decreases the intensity of the
laser light.

filters, was added (in a later stadium) to decrease the intensity of the laser light. The
laser light enters the expansion tube on the left side and the attenuated beam leaves
it on the right side, both through BK7 optical glass windows. These windows are
placed under an angle of 6◦ to prevent interference with reflections (i.e. the original
laser beam is spatially separated from the main reflection, cf. Appendix E).

4.5 Data acquisition

Before the nucleation experiments start by rupture of the diaphragm, we have to
arm the data acquisition apparatus. The first experiments (045–083) were performed
with a LeCroy 6810 Waveform Recorder, described by Holten.105 It has been replaced
in later experiments (110–222) by a state-of-the-art Agilent L4534A data acquisition
system. The latter is more robust, has improved resolution (16-bit instead of 12-bit),
and is easier to operate. Both devices were employed with the same settings, such
as a sampling frequency of 200 kHz. The triggering is done with an edge-negative
routine: once the pressure signal drops below a certain voltage, the data acquisition is
started. All signals (piezoresistive pressure, piezoelectric pressure, photodiode output,
and photomultiplier output) are also pre-triggered. Usually, 10% of the output file is
allocated to the pre-triggering and 90% to the isentropic expansion and the subsequent
nucleation pulse and droplet growth stadia.



CHAPTER 5

ON THE GROWTH OF

HOMOGENEOUSLY NUCLEATED

WATER DROPLETS IN NITROGEN: AN

EXPERIMENTAL STUDY

A pulse-expansion wave tube method to determine homogeneous nucle-
ation rates of water droplets has been improved. In particular, by ac-
counting for background scattering, the experimental light scattering can
be fitted extremely well with the Mie scattering theory. This results in an
accurate determination of the droplet growth curve, which is well-defined
owing to the sharp monodispersity of the droplet cloud generated by the
nucleation pulse method. With this method water condensation is ef-
fectively decoupled in birth (nucleation) and growth of droplets. Droplet
growth curves yield information on the diffusion coefficient, which only
depends on pressure and temperature, and on the supersaturation of the
individual experiments. Here we propose to use this information in the
interpretation of nucleation rate data. Experimental results are given for
homogeneous nucleation rates of supercooled water droplets at nucleation
temperature 240 K and pressure 1.0 MPa and for growth of supercooled
water droplets at temperature 247 K and pressure 1.1 MPa. The su-
persaturation was varied between 10 and 14 resulting in nucleation rates
varying between 1014 m−3 s−1 and 1017 m−3 s−1. For the diffusion coef-
ficient a value of 1.51 ± 0.03 mm2 s−1 was found (247 K, 1.1 MPa) in
agreement with previously reported results. It is discussed how the infor-
mation from droplet growth data can be used to assess the quality of the
individual water nucleation experiments.
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The content of this chapter is an unabridged version of the following
paper:

M. A. L. J. Fransen, E. Sachteleben, J. Hrubý, D. M. J. Smeul-
ders. On the growth of homogeneously nucleated water droplets
in nitrogen: an experimental study. Exp. Fluids, 55:1780, 2014.
doi:10.1007/s00348-014-1780-y.

Supplementary material is presented in Appendices F, G, and H.

5.1 Introduction

The understanding of water condensation is of importance from both industrial and
scientific points of view. The upstream oil and gas industry is interested in the physical
separation of water from natural gas, especially for remote offshore gas fields.5 Water
vapor, which is the most common impurity, causes operational problems such as
corrosion and hydrate formation. For this reason, new techniques, such as supersonic
dehydration,9 have been proposed. Water condensation has not only been investigated
for over a century,25 but is expected to remain an active research area in the future.

Water condensation consists of two distinct processes: nucleation and droplet
growth. The nucleation process is called homogeneous when the presence of dust
particles and foreign bodies can be excluded. Homogeneous water nucleation has been
thoroughly studied over a range of temperatures (200-320 K) as shown by Manka et
al.45 The results were mostly obtained for water in the carrier gases helium33,41,44

and argon27,32,33,56 at atmospheric or subatmospheric pressures. Considerably less
effort has been devoted to nitrogen and to nucleation at elevated pressures relevant
for technological applications.

The carrier gas is defined here as the noncondensing constituent of the gas-vapor
mixture. It acts as a latent heat reservoir to keep the nucleating water at isothermal
conditions. It can be estimated that the temperature difference between the uniform
droplets and the carrier gas is negligible (< 0.6 K) for steady-state growth in our
conditions.70,185 In Appendix H we study the effects of latent heat release on the
droplet cloud’s temperature. The effect of latent heat will be neglected in the remain-
der. Furthermore, the carrier gas pressure affects nucleation in multiple ways.68 With
increasing carrier gas pressure, the surface tension decreases, whereas the saturated
vapor density increases (the so-called enhancement effect).

Water condensation has been studied in thermal diffusion cloud chambers,40 ex-
pansion cloud chambers,28 supersonic nozzles,48 and expansion tubes.55,58 In this work
we apply a Pulse-Expansion Wave Tube (PEWT) which was first described by Looij-
mans et al. 59 and Looijmans and Van Dongen.62 The PEWT is based on the nucleation
pulse method.35 A diluted vapor in a carrier gas is expanded adiabatically to a ”low”
pressure and temperature (high supersaturation) during a short period of time, the
nucleation pulse. During that pulse a cloud of homogeneous nuclei is formed. The
pulse terminates by a slight recompression, maintaining the state of supersaturation,
but chosen such that no new nuclei are formed. The existing nuclei form a growing
droplet cloud. In this way the birth of droplets (nucleation) is almost fully separated

http://dx.doi.org/10.1007/s00348-014-1780-y
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from growth of droplets and a monodisperse droplet cloud is obtained.

With the PEWT setup results were obtained for water nucleation in helium,65,66,67

nitrogen,62,65,68 methane,69 and mixtures of methane and carbon dioxide.71 The setup
is capable of measuring nucleation rates at low (0.1 MPa) to high (4.0 MPa) pressures
and at various temperatures, ranging from 200 to 270 K. In the reported conden-
sation experiments with a nucleation temperature of 240 K only a vapor to liquid
transition takes place. Supercooled water can exist as a metastable phase if liquid
water above the triple point is carefully cooled down. Since the work of formation for
the vapor to liquid transition is substantially smaller than the work of formation for
the vapor to solid transition (Peeters et al.,66 Fig. 5), direct vapor to ice nucleation
can be excluded. Ice formation during growth might be expected at temperatures
below the equilibrium melting line. However, we argue that this is not the case for
the reported experimental conditions (see Appendix F). This is corroborated by re-
cent water freezing experiments by Manka et al. 141 who found that nano-sized water
droplets in argon start to freeze at temperatures between 202 and 215 K. This is far
below the temperatures in the experiments that will be presented here.

To measure the nucleation rate, the droplet number density needs to be deter-
mined. The droplet number density is found by combining two different optical
techniques, both based on light scattering. We use Constant-Angle Mie Scattering
(CAMS, Wagner 42) of a laser beam to deduce the droplet growth curves (the depen-
dence of droplet radius on time). Once the droplet size is known, the droplet number
density follows from the measured laser beam attenuation. The nucleation rate is
then obtained as the ratio of droplet number density and nucleation pulse duration.

In previous work,62 the extrema in CAMS signals were identified with the extrema
in the size-dependence of light scattering for a single droplet according to Mie the-
ory.186 In this work, we shall show that it is possible to use the full CAMS signals (not
just the extrema) for reconstructing droplet growth curves, thereby increasing their
accuracy. From a series of condensation experiments at (approximately) constant
temperature and pressure, varying the supersaturation, a value for the binary diffu-
sion coefficient can be deduced. When for such an experimental series the diffusion
coefficient is known, the individual droplet growth curves give additional information
on the supersaturation. We shall discuss how this information correlates with the
measured nucleation rates and how this information can be used to assess the quality
of individual nucleation rate experiments.

5.2 Nucleation theory and droplet growth

5.2.1 Classical Nucleation Theory

To analyse the water condensation experiments, the phenomenological Classical Nu-
cleation Theory (CNT) is used here, although numerous other theories exist. The
classical nucleation rate JCNT, which describes the number of stable droplets formed
per unit time and volume, is given by72

JCNT = K exp
(

− ∆G∗

kT

)

, (5.1)
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Table 5.1. Parameter values for water vapor and supercooled liquid water and the empirical
formula for the enhancement factor (fe) of water in nitrogen. The listed physical properties are the
molar mass (M), the critical temperature (Tc), the liquid mass density (ρℓ), the surface tension (σ),
and the saturated vapor pressure (ps). The temperature T and the pressure p are given in K and Pa,
respectively.

parameter unit REF
M = 18.015 kg kmol−1 184
Tc = 647.096 K 66

ρℓ = 43.51 tanh
(

T−234.08
17.65

)

+ 345.54
(

Tc−T
Tc

)0.2

+ 647.66 kgm−3 185

σ = 235.8 (1− T/Tc)
1.256 (1 − 0.625 [1− T/Tc)] mN m−1 158

ps = exp [54.842763− 6763.22/T − 4.210 lnT + 0.000367T

+tanh [0.0415(T − 218.8)]× (53.878− 1331.22/T−
9.44523 lnT + 0.014025T ) ]

Pa 186

fe = exp [ (4.420× 10−2 − 3.03× 10−4T + 7.31× 10−7T 2

−5.98× 10−10T 3)× (p− ps)/10
5]

- 67

with K the kinetic prefactor, k the Boltzmann constant, T the absolute temperature,
and ∆G∗ the work of formation:

∆G∗ =
16π

3

( M

ρℓNAkT lnS

)2

σ3, (5.2)

where M is the molar mass, ρℓ the liquid mass density, NA Avogadro’s constant, S
the supersaturation, and σ the surface tension of pure water. The pressure effect for
experiments at 1.0 MPa is small, so that the surface tension is not corrected for the
presence of a carrier gas. The physical properties of water vapor and supercooled
liquid water are listed in Table 5.1.

There are several expressions for the kinetic prefactor K. The original derivation
for an ideal gas by Becker and Döring,95 which was used by, for example, Wölk and
Strey,32 leads to

KBD =
( ps
kT

)2 S2

ρℓ

(2σM

πNA

)1/2

. (5.3)

Here, ps is the saturated vapor pressure. The physical properties of water vapor and
supercooled liquid water are listed in Table 5.1. We will use the corrected kinetic
prefactor, which was first suggested by Courtney 107 and discussed by Wilemski.77 In
the case of a non-ideal carrier gas, it is given by66,67,68,71

K C =
( fe ps
ZgkT

)2 S

ρℓ

(2σM

πNA

)1/2

, (5.4)

where Zg stands for the compressibility factor of the carrier gas and fe denotes the
so-called enhancement factor, which depends on pressure and temperature.68 All quan-
tities in Eq. 5.4 can be (indirectly) measured or obtained from literature (Table 5.1).
Note that the main difference between Eqs. 5.3 and 5.4 is the dependence on S which
is quadratic and linear, respectively.

The supersaturation of water vapor in a carrier gas at elevated pressure p is defined
as68

S =
y

yeq
=

y p

fe ps
, (5.5)
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where y is the molar water vapor fraction and yeq the corresponding value at vapor-
liquid equilibrium. The molar water vapor fraction y in the reported water conden-
sation experiments is small, typically between 400 and 600 parts per million (ppm).

5.2.2 Droplet growth

The mechanism by which the water droplets grow directly after nucleation, depends
on the Knudsen number Kn. It is defined as the ratio of the mean free path of the
vapor molecules and the droplet diameter. Peeters et al. 187 showed that the mean
free path of vapor molecules can be approximated by the mean free path of the carrier
gas molecules, if the masses of vapor and gas molecules are comparable. The kinetic
theory of gases results in a mean free path of about 5 nm for the reported droplet
growth conditions in nitrogen (T = 247 K and p = 1.1 MPa). The smallest size at
which the macroscopic droplets can be detected in the setup is approximately 300 nm.
Accordingly, the Knudsen number Kn ≪ 1. Diffusion-controlled growth of the water
droplets at constant temperature and pressure can be described as follows:70,188

dr2

dt
= 2

ρ∗g
ρ∗ℓ

D (y − yeq), (5.6)

where ρ∗g and ρ∗ℓ are the molar densities of the gas-vapor mixture and the liquid, re-
spectively, and D is the diffusion coefficient for water vapor in nitrogen. The density
of the carrier gas in the experiments can be calculated with an appropriate equa-
tion of state for nitrogen189 at growth conditions. The presence of water vapor is
neglected, because of the relatively high carrier gas pressure (p = 1.1 MPa) and the
corresponding low water vapor fraction. The liquid density is obtained from Malila
and Laaksonen,190 who give an empirical expression that is based on experimental
data (see Table 5.1).

Diffusion-controlled growth of water droplets is slowed down when depletion oc-
curs. To take depletion of the water vapor into account, we use the model of Muitjens
et al.191 It is an exact solution for a monodisperse cloud of growing droplets with
radius r at constant temperature and pressure:

t− t0 = 2
r2m
c
G
( r

rm

)

, (5.7)

where t0 is the droplet growth start time, rm is the maximum droplet radius (the
droplet growth stops when the water vapor fraction becomes equal to its equilibrium
value yeq), c is defined as (dr2/dt)t=t0 , and G is the growth function:

G(x) =
∫ x

0

x′

1− x′3
dx′ =

1√
3

[π

6
− arctan

(1 + 2x√
3

)]

+
1

6
ln
[1 + x+ x2

(1− x)2

]

. (5.8)

If depletion can be neglected, Eq. 5.7 reduces to (t− t0) c = r2.
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5.3 Methodology

5.3.1 Gas-vapor mixture preparation

The experimental setupa consisting of the Pulse-Expansion Wave Tube (PEWT) and
the Mixing Preparation Device (MPD) is sketched in Fig. 5.1. The PEWT is a
stainless steel expansion tube consisting of a high-pressure section (HPS) with a length
of 1.25 m and a low-pressure section (LPS) with a length of 9.23 m. Both sections are
separated by a 125 µm-thick PET diaphragm (D). The HPS contains the gas-vapor
mixture under investigation (nitrogen and water vapor) at high pressure, whereas the
LPS contains carrier gas (nitrogen) at lower pressure.

To prepare the gas-vapor mixtures, we use the MPD (see upper left inset in Fig.
5.1). It consists of two saturator vessels (saturators) and two mass flow controllers
(MFCs). Nitrogen gas flows through MFCs 1 and 2, which have different capacities.
The total flow is always kept at 2 normal liter per minute, with normal denoting the
corresponding flow at 101.325 kPa and 273.15 K.

The nitrogen feed stream flows through MFC 1 and the saturators, where nitrogen
is saturated with distilled water under controlled conditions. The temperature and
pressure in the two saturators are closely monitored. The method assumes that vapor-
liquid phase equilibrium (S = 1) exists at the exit of the saturators. This is verified by

aNote that the Humidity Measurement Cell (HMC) was not used here, i.e. valve V4 remains
closed in Fig. 4.1.
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Figure 5.1. Overview of the experimental setup consisting of the Pulse-Expansion Wave Tube
(PEWT) and the Mixing Preparation Device (MPD). The MPD is enclosed by the dotted square. The
nucleation and droplet growth measurements take place close to the left end-wall of the PEWT. The
flow direction when filling and flushing the high-pressure section (HPS) is indicated by the arrows.
The low-pressure section (LPS) is separately filled at the right end-wall with a second gas bottle.
D: diaphragm, G: gas supply, HPS: high-pressure section, L: laser, LPS: low-pressure section, M:
metering valve, MFC1,2: mass flow controller, PD: photodiode, PM: photomultiplier, PT1a,1b,2,3,4:
pressure transducer, RH: relative humidity sensor, T1,2: temperature sensor, UPC: upstream pressure
controller, VM: vacuum manometer, VP1,2: vacuum pump, V1,2,3: valve, W: widening.
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alternatingly using either one or two saturators in series. No discrepancies were found
between tests using one and two saturators. The MFC 1 feed stream is diluted with
pure nitrogen from MFC 2 and fed into the heated box, in which a metering valve
(M) regulates the pressure reduction of at least 0.5 MPa between MPD and PEWT.
The feed stream is heated to prevent water condensation over the metering valve (M).
Thus, the water vapor fraction is determined by measuring the exact flow rate in
each MFC. Careful calibration leads to an uncertainty of only ± 1%. This method
to determine the water vapor fraction will be referred to as the ”MPD” method.
Resulting values for different experiments are given in Appendix D. Note that the
water vapor fraction in the MPD method (yMPD) ranges from 432 to 562 ppm. Their
estimated uncertainty is ± 1%. The corresponding values for the supersaturation
(SMPD) are also shown in Appendix D.

5.3.2 Filling procedure

Each experiment starts with evacuating both HPS and LPS to a pressure of 5 Pa
by two vacuum pumps (VP, Alcatel Adixen ACP 15). A vacuum manometer (VM,
Edwards 600 Barocel) measures this pressure inside the HPS. When the evacuation of
both sections is finished, valves V1 and V2 are opened, whereas V3 and the upstream
pressure controller (UPC, Brooks SLA 5820) remain closed. The filling of the HPS is
performed automatically using a flow rate of 2 normal liter per minute. Simultane-
ously, the LPS is manually filled to a set pressure of 1.08 MPa. For this purpose, a
second gas bottle is used (see Fig. 5.1). Once the HPS has reached a pressure of 2.04
MPa, the UPC is opened and the flushing procedure is started to saturate the walls
of the HPS. The humidity of the gas-vapor mixture is constantly monitored by a RH
sensor (Vaisala HMP 124B), which is placed downstream of the HPS. The flushing
procedure is ended when the humidity indicated by the sensor no longer changes. Now
the PEWT is ready for a wave experiment.

5.3.3 Wave experiment

The diaphragm that separates the HPS from the LPS is ruptured by a high-voltage
electric pulse. This almost instantaneous opening of the full cross section of the tube
induces the wave pattern as depicted in Fig. 5.2. A local widening section (W) that
has a larger circular cross-sectional area than the rest of the tube (41 versus 36 mm
diameter) is installed in the LPS. Its purpose is to implement the nucleation pulse
method.35 In this method, the nucleation is confined to a short time period. Dur-
ing this nucleation pulse, the supersaturation S is increased significantly, so droplet
formation takes place only here.

In the PEWT, the nucleation pulse is created as follows. An expansion fan (A)
travels to the left into the measurement section and a shock wave (B) travels to the
right towards the local widening. The shock wave (B) reflects from the local widening
as expansion wave (C). Later, shock wave (B) also reflects from the local constriction
as weak shock wave (D). The resulting pressure profile in the measurement section
is depicted on the left in Fig. 5.2. The letters a through e mark the arrival of the
various expansion and shock waves in our measurement section. The nucleation pulse
takes place in time interval d -e (∼ 0.5 ms), characterized by a pressure trough and
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Figure 5.2. The x-t plot of the idealized wave pattern in the PEWT. The resulting p-t diagram
in our measurement section at the left end-wall of the HPS, is given on the left.

thus a high supersaturation peak. The advantage of the described nucleation pulse
method is that all droplets are created almost at the same instant of time. As a
result, a monodisperse cloud is generated, i.e. the time-resolved droplet radius r(t) is
approximately equal for all droplets. The supersaturation is reduced after the pulse, so
the nucleation process ends and is followed by a period of continuous droplet growth.
In this way, the processes of nucleation and droplet growth are effectively decoupled.
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ment section in a typical experiment. The nucleation pulse has a well-defined duration ∆t, as can be
seen in the inset. The initial pressure p0 and temperature T0 are indicated by the arrows.
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5.3.4 Pressure measurement

The pressure is measured by a combination of two pressure transducers: one piezoelec-
tric and one piezoresistive.67 Both pressure transducers are mounted at a location 5
mm away from the HPS end-wall (see Fig. 5.1), where thermal end-wall boundary lay-
ers do not play a role on the timescale (∼ 50 ms) of a measurement.192 The piezoelec-
tric transducer (PT1a, Kistler 603B) measures fast relative pressure changes, whereas
the (pre-calibrated) piezoresistive pressure transducer (PT1b, Kistler 4073A50) only
measures the absolute pressure, since it has a slightly longer response time. The pro-
portionality constant of the piezoelectric pressure transducer is calibrated for each
expansion against the pressure difference measured by the piezoresistive pressure
transducer. In this way, we can obtain an accurate pressure recording during the
experiment.

A typical pressure profile is given in Fig. 5.3a. Just ahead of the pulse there
already is a small pressure dip. This is most likely due to the non-ideal rupture of the
diaphragm. The nucleation pulse with a well-defined duration ∆t (see inset in Fig.
5.3a) is followed by a plateau (5 ms) of constant pressure (1.08 MPa), approximately
0.1 MPa larger than the pulse pressure. Subsequently, some minor pressure distur-
bances arrive, which are caused by the interactions of the reflections of the expansion
waves (A and C in Fig. 5.2) with the local widening. The primary expansion wave
(A) reflects on the local widening and returns as a weak shock wave. This gives rise to
the pressure increase at 9 ms. The reflection of the primary expansion wave (A) with
the end of the local widening gives rise to a weak expansion wave. As all combined
disturbances in pressure remain above the plateau value they cannot lead to renewed
nucleation. Hence, the droplet growth process is not interrupted.

The pulse duration ∆t is defined as the length of the bottom of the pulse where the
pressure is constant. Values for ∆t are given in Appendix D. Note the decompression
in Fig. 5.3a which starts the nucleation pulse. The change in pressure (0.1 MPa)
and, consequently, in temperature increases the supersaturation and nucleation rate
significantly, as is evident from Eqs. 5.1 and 5.2.

Based on the initial pressure p0, the pressure history, and the initial temperature T0

(taken to be equal to the temperature of the walls), we can calculate the temperature
T in the core of the HPS during the expansion. For this purpose, we use a dedicated
equation of state for nitrogen,189 where the presence of water vapor is neglected.
This is a valid assumption because of the relatively high carrier gas pressure and the
corresponding low water vapor fraction. The heat flux between the walls and the inner
core of the tube can be neglected. Since there is no significant dissipation of kinetic
energy in the core of the tube, we assume an isentropic expansion. The computed
temperature profile is shown in Fig. 5.3b.

5.3.5 Optics

Overview

Two important optical quantities are measured using the setup depicted in Fig. 5.4:
the irradiance of the laser light that is scattered by the water droplets at an angle of
90◦ and the attenuation of the laser beam by the droplet cloud.

The laser light (Lasos Lasnova GLK 3220 T01), with a wavelength of 532 nm,
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Figure 5.4. Sketch of the optical setup (dimensions in mm).

linearly polarized (100:1) perpendicular to the scattering plane, enters the expansion
tube on the left side through a window (4 mm diameter), which is made of BK7 optical
glass. The distance between the end-wall and the laser beam measurement plane is 5
mm. In this plane the pressure transducers (PT1a,1b) are mounted too (Section 5.3.4).
The light, which is scattered by the monodisperse droplet cloud, is detected by a
photomultiplier (PM, Hamamatsu 1P28A). The combination of the plano-convex lens
L1 (focal length: 100 mm) and the slit (width: 4 mm, height: 22 mm) ensures that
only light with a scattering angle of 90± 1◦ is received by the photomultiplier.

The attenuated laser beam is focused by a plano-convex lens L2 (focal length:
100 mm). The pinhole (aperture diameter: 1.5 mm) is located at the focal point
of L2. Three semitransparent plastic screens are used to indirectly illuminate the
photodiode (PD, BPW 34), where the attenuation is continuously measured. These
three plastic screens are used to compensate for possible beam steering, resulting
from a varying refractive index of the gas-vapor mixture. This is due to the varying
pressure throughout the measurement.

90◦ scattering and droplet growth

The droplet growth r(t) is obtained using the Constant-Angle Mie Scattering (CAMS)
method42. The characteristic pattern that results from the 90◦ scattering can be
compared with Mie theory186, which predicts the scattered irradiance of a single
spherical particle as a function of size. An example of such a typical Mie pattern
is given in Fig. 5.5. Fig. 5.6 shows a measured scattering signal (solid line) as
a function of time. The corresponding extrema in Figs. 5.5 and 5.6 can be easily
identified. This shows that the droplet cloud has a monodisperse character indeed.

In the original procedure62 droplet sizes at different instants of time were found.
It is also possible to compare the full scattering signal with the fitted reconstruc-
tion, based on the theoretical droplet growth curve given by Eqs. 5.7 and 5.8, with
(dr2/dt)t=t0 , t0, and rm as parameters. If depletion can be neglected, as is the case
in some experiments, the parameter rm is no longer used. To obtain a correct fit it is
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Figure 5.5. The scattered irradiance as a function of the water droplet radius according to Mie
theory. The scattering angle is exactly 90◦. The water droplet radius is only valid for the used laser
beam wavelength of 532 nm.

necessary to include the contribution of a background irradiance:

I(r) = C1 IMie(r) + Iback(r), (5.9)

with C1 an arbitrary (positive) constant and IMie(r) the theoretical irradiance. The
background irradiance Iback(r) has two distinct contributions. The first is caused
by the reflections from the expansion tube walls. The second is caused by multiple
scattering within the droplet cloud:

Iback(r) = C2 × [1− exp(−βl)] + C3 × [1− exp(−βl)]2, (5.10)

with C2 and C3 empirical (positive) constants; l is the extinction length and β the
extinction coefficient as further discussed in the forthcoming. The reflections by the
shock tube walls are assumed to be a first-order effect. The contribution from multiple
scattering is considered to be a second-order effect, implying that the laser light
interacts at least twice with the droplets before reaching the photomultiplier. The
total number of fitting parameters (including C1, C2, and C3 from Eqs. 5.9 and 5.10)
is either 5 or 6.

Laser light attenuation, droplet number density, and nucleation rate

The droplet number density nd is obtained from light transmittance measurements
(see Fig. 5.4). The attenuation of the laser beam I is described by the Lambert-Beer
law for which absorption is neglected:

I = I0 exp(−βl). (5.11)

Here, l is the extinction length, more specifically, the internal diameter of the expan-
sion tube, and β the extinction coefficient for spherical particles:193

β(r) = ndπr
2Qext. (5.12)
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The parameter Qext is called the extinction efficiency and can be found in many
textbooks, see Mishchenko et al.194

The droplet number density can be deduced by fitting I/I0 with the r(t) curves
found from light scattering. Once the droplet number density nd is known, the exper-
imental nucleation rate follows from:

Jexp =
nd

∆t
, (5.13)

with ∆t the nucleation pulse duration, see Fig. 5.3a.

5.4 Results and discussion

A series of experiments was done for water nucleation in nitrogen at average nucleation
conditions of 1.0 MPa and 240 K, and at average droplet growth conditions of 1.1 MPa
and 247 K. The supersaturation is varied between 10 and 14.

5.4.1 90◦ scattering and droplet growth

Results for the 90◦ scattering are plotted in Figs. 5.6–5.17. Figs. 5.6, 5.8, 5.10, 5.12,
5.14, and 5.16 show the comparison between the experimental and fitted scattered
irradiance, from which r(t) can be obtained. Figs. 5.7, 5.9, 5.11, 5.13, 5.15, and 5.17
show the corresponding droplet growth curves. For convenience, r2(t) is plotted. The
method based on Eqs. 5.9 and 5.10 works excellently in all measurements, although
in experiment 128 (see Fig. 5.12) only the first 7 ms of droplet growth show good
agreement. Note that the characteristic irradiance pattern is excellently captured
by the fit based on the Mie theory and that the background irradiance explains the
vertical offset growth of the experimental signal. In most experiments depletion of
the vapor is noticed; the growth process then slowly levels off. This can be seen in
Figs. 5.9 and 5.15, and, more prominently, in Fig. 5.13.

5.4.2 Diffusion coefficient

From the reconstructed droplet growth curves we are able to calculate the initial
growth rate (dr2/dt)t=t0 , just after the nucleation pulse. Combining this with Eqs.
6.3 and 5.6 we find:

D =
1

2

(dr2

dt

)

t=t0

ρ∗ℓ
ρ∗g

1

yeq

1

(S − 1)
. (5.14)

The S-values are taken from the MPD-data. To account for the slight variation in
experimental conditions we assume a power law temperature dependence. Following
Massman 195 we write:

D = Dref

( T

Tref

)α

/
( p

pref

)

= Dref D̃, (5.15)

where the subscript ref refers to a reference value. For α we take 1.81, as used by,
among others, Chen and Othmer 196 and Massman.195 Combining Eqs. 5.14 and 5.15
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Figure 5.6. The experimental and fitted (in-
cluding background) scattered irradiance for ex-
periment 119. The droplet growth start is indi-
cated by t0.
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Figure 5.7. The growth curve of experiment
119 resulting from Fig. 5.6. The droplet growth
start is indicated by t0.
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Figure 5.8. The experimental and fitted (in-
cluding background) scattered irradiance for ex-
periment 120.
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Figure 5.9. The growth curve of experiment
120 resulting from Fig. 5.8.
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Figure 5.10. The experimental and fitted
(including background) scattered irradiance for
experiment 122.
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Figure 5.11. The growth curve of experi-
ment 122 resulting from Fig. 5.10.
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Figure 5.12. The experimental and fitted
(including background) scattered irradiance for
experiment 128.
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Figure 5.13. The growth curve of experi-
ment 128 resulting from Fig. 5.12.
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Figure 5.14. The experimental and fitted
(including background) scattered irradiance for
experiment 129.
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Figure 5.15. The growth curve of experi-
ment 129 resulting from Fig. 5.14.
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Figure 5.16. The experimental and fitted
(including background) scattered irradiance for
experiment 139.
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Figure 5.17. The growth curve of experi-
ment 139 resulting from Fig. 5.16.
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Figure 5.18. The diffusion coefficient of water vapor in nitrogen multiplied with the pressure
during growth.

yields a Dref value for each experiment. Its average value is: Dref = 1.51 ± 0.03 mm2

s−1 for Tref = 247 K and pref = 1.09 MPa.

Figure 5.18 shows that the obtained diffusion coefficient agrees well with experi-
mental data from literature. Data below 273 K have been obtained by Luijten et al. 188

(upward triangles) and Peeters et al. 187 (open square), whereas the data in the tem-
perature regime above the triple point have been determined by O’Connell et al. 197

(open circles). The indicated error bar is equal to the estimated standard uncertainty
of 0.05 Pa m2 s−1.

5.4.3 Supersaturation values from droplet growth rates

Eqs. 5.14 and 5.15 can be used to determine in-situ values of S, based on droplet
growth rates and the obtained diffusion coefficient Dref . Let us call these values
SPEWT. In the evaluation of SPEWT using Eq. 5.14, we make corrections for the
small variations in thermodynamic conditions using Eq. 5.15 in the form D = Dref D̃.
The uncertainty in SPEWT is estimated to be ± 3%. Of course, the average value
of SPEWT is related to the average value of SMPD determined with the MPD method
through the procedure described in Section 5.4.2. However, the individual SPEWT-
values will correlate differently with the measured nucleation rates than the SMPD-
values. The advantage of SPEWT is that it is directly related to both droplet growth
and to nucleation in the same experiment.

5.4.4 Droplet number density and nucleation rate

The droplet number density nd can be deduced from Eq. 5.12. Results are shown in
Figs. 5.19–5.24, where the relative transmitted irradiance is plotted as a function of
time. Using only nd as the fitting parameter, an excellent match is obtained: the fit
(dashed line) can hardly be discriminated from the experimental signal (solid line).
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Figure 5.19. The experimental and fitted
relative irradiance for the transmitted light for
experiment 119.
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Figure 5.20. The experimental and fitted
relative irradiance for the transmitted light for
experiment 120.
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Figure 5.21. The experimental and fitted
relative irradiance for the transmitted light for
experiment 122.
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Figure 5.22. The experimental and fitted
relative irradiance for the transmitted light for
experiment 128.
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Figure 5.23. The experimental and fitted
relative irradiance for the transmitted light for
experiment 129.
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Figure 5.24. The experimental and fitted
relative irradiance for the transmitted light for
experiment 139.
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In the case of experiment 122 (Fig. 5.21), the droplet number density is quite small.
The attenuation of the laser beam hardly decreases and has a relatively low signal-to-
noise ratio. The excellent agreement of the theoretical and experimental transmittance
even for experiment 128 (Fig. 5.22) underpins that also at high nucleation rates our
optical methods still deliver good results. Note that in this case only the first 7 ms
were used (Fig. 5.12).

The nucleation rates have been determined according to the procedure explained in
Section 5.3.5. Since the nucleation rate is strongly dependent on both supersaturation
and temperature, we have shifted the S-values according to:

S ′ = S +
(∂S

∂T

)

J
(T̄ − T ), (5.16)

with T̄ an average temperature. For the derivative (∂S/∂T )J we applied Classical
Nucleation Theory (Section 5.2.1). Details are given in Appendix G.

The nucleation rates, whose numerical values are given in Appendix D, varied
between 1014 and 1017 m−3s−1, typical for fast expansion devices. The nucleation
rate is plotted as a function of the temperature-corrected supersaturation in Fig.
5.25. Both methods for determining the supersaturation (MPD and PEWT) lead
to comparable results. Most data points are scattered around the dotted straight
line. The scatter of the data points based on S ′

PEWT is not significantly different
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Figure 5.25. The experimental nucleation rates of water in nitrogen at 240 K and 1.0 MPa as a
function of the corrected supersaturation. The PEWT method (solid downward triangles) is compared
with the MPD method (open circles). Both methods indicate three potential outliers (encircled).
This marks the strength of using the droplet growth curves to obtain the water vapor fraction and
supersaturation in an alternative way. The dotted line serves to guide the eye. The results are
compared with CNT predictions (Eq. 5.1) too.
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from the scatter based on S ′

MPD. The uncertainty in the values for the nucleation
rate is relatively small, < 20%, so that the scatter in the data must be caused by
uncertainties in S ′.

For comparison, the results for Classical Nucleation Theory (CNT) are shown
(solid line in Fig. 5.25). CNT underpredicts the nucleation rate by more than two
orders of magnitude. The slope of the curve agrees with the experimental findings.
An overview of recent modifications to CNT is given by Kalikmanov.72

The strength of having two ways of determining the water vapor fraction and
supersaturation is the ability to assess the quality of each individual measurement.
In particular, we are able to compare pairs of data points for a varying corrected
supersaturation S ′. The three outliers in Fig. 5.25, already indicated by the well-
established MPD method, are reproduced by the PEWT method. These outliers
can be explained as follows. Experiments 120 and 122 were carried out at relatively
high temperatures (243 and 247 K, respectively). The applied temperature correction
(Appendix G) is based on CNT and is clearly not good enough. For experiment 119, a
possible explanation is that the carrier gas (nitrogen) in the PEWT was contaminated
with traces of air. As experiment 119 was the first in an experimental series, this also
explains why later experiments do not give any such problems.

5.5 Conclusions

Homogeneous water nucleation in nitrogen was studied using a Pulse-Expansion Wave
Tube (PEWT) setup, in which a monodisperse droplet cloud is generated with the
nucleation pulse method. Owing to this monodisperse character of the cloud, an
accurate determination of the droplet growth curve is possible using the Constant-
Angle Mie Scattering (CAMS) method. By incorporating background scattering,
caused by the reflections from the expansion tube walls and the multiple scattering
within the droplet cloud, we were able to fit the experimental scattering signal with
the signal based on Mie theory. Consequently, droplet growth curves can be deduced
that contain valuable information on the in-situ water vapor fraction and, therefore,
on the supersaturation. By varying the supersaturation, keeping the pressure and
temperature of the growing droplet cloud fixed, we obtained the diffusion coefficient
from the droplet growth curves. In order to do that, we had to assume that the
supersaturation is well predicted (on average) by the traditional method based on
careful feed stream measurements. The value of the diffusion coefficient (1.51 ± 0.03
mm2 s−1) is in agreement with previously reported data. Once the diffusion coefficient
was found, we were able to obtain the supersaturation for each individual experiment
also from the corresponding droplet growth curves.

The alternative way to determine the supersaturation allowed us to investigate
the quality of individual nucleation rate data points. We accomplished to identify
and discuss potential outliers. In principle, the scatter in the J-S ′ data points based
on the droplet growth method may be different from the scatter in the traditionally
obtained data points. Such a difference in scatter was not yet found. This might
be caused by shortcomings such as the procedure to correct an experiment for its
deviation from the averaged nucleation temperature. This correction was based on
Classical Nucleation Theory (CNT), which does not agree with our experimental data.
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It would be better to use an empirical temperature dependence of nucleation rates
instead. Such a correction can be developed when the nucleation rate is measured in
a range of temperatures. As in earlier publications, the measured nucleation rates for
supercooled water in nitrogen (240 K, 1.0 MPa) are considerably larger than predicted
by CNT. Classical Nucleation Theory is currently subject to substantial modifications
that could bring theory and experiment in better agreement.72 These modifications
are beyond the scope of the present paper.
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CHAPTER 6

HOMOGENEOUS WATER

NUCLEATION IN HELIUM AND

NITROGEN

In this Chapter we present new results for homogeneous nucleation rates of water
droplets obtained with the Pulse-Expansion Wave Tube. Section 6.1 provides prelim-
inary results and gives more details on the post-processing of the data. Section 6.2
shows the main results of this work and is written in the form of an article. Conse-
quently, there may be some overlap with the material in the rest of the thesis. Results
are given for homogeneous water nucleation in helium at 100 and at 1000 kPa, and
in nitrogen at 1000 kPa. These measurements all took place close to 240 K. Section
6.3 describes the results for water nucleation in helium at 220 K for a pressure of
1000 kPa. The parameters describing our data are given in Table 6.1, which specifies
the carrier gas and the average pressure p, temperature T , and supersaturation S.
Section 6.4 compares several nucleation theories with experimental data and Section
6.5 presents the obtained critical cluster sizes.

Table 6.1. The parameters describing the various obtained data sets.

Carrier gas Section p T S
(kPa) (K) (-)

Helium 6.2 100 240 13
Helium 6.3 1000 220 25
Helium 6.2 1000 240 13
Nitrogen 6.2 1000 240 12

All carrier gases were of high purity (Linde, purity ≥ 99.999 %). The water was
purified using a demineralization cartridge (BWT Ministil P-21) and had a resistivity
> 1.0 MΩ·cm.

83
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6.1 Post-processing of experimental data

The experimental nucleation rate is given by the ratio of the droplet number density
and the pulse duration (Eq. 5.13). This pulse duration is determined using visual in-
spection of the recorded pressure history. An alternative strategy to circumvent visual
inspection of the pulse duration is the pulse integration method.27,105 In Appendix I,
we show that this method does not lead to reduced scatter in our case.

We now briefly focus on homogeneous water nucleation rates that were obtained
in helium at nucleation temperature 240 K and nucleation pressure 100 kPa. The
supersaturation was varied between approximately 11 and 16 resulting in nucleation
rates ranging over four orders of magnitude, i.e. between 1×1013 and 2×1017 m−3 s−1.
Figure 6.1 shows the results (open circles). The data are also available in tabular form
in Appendix D.

The data belong to slightly different nucleation temperatures that result from
slightly varying initial temperatures, imposed by the laboratory conditions. The su-
persaturation can be corrected62,65,138 for this scatter in nucleation temperatures. In
that case, the S-values are shifted according to:

S ′ = S +
(∂S

∂T

)

J
(T − T ) = S +

S lnS

2

( 3

σ

∂σ

∂T
− 2

ρℓ
∂ρℓ

∂T
− 3

T

)

(T − T ), (6.1)

with T the average temperature of the whole series. For the derivative (∂S/∂T )J we
used the Classical Nucleation Theory (Section 2.2). More details on this correction
can be found in Appendix G. The corrected values (closed circles) are shown in Fig.
6.1 as well. It is clear that the scatter in the data is reduced.

The straight dotted line is not only depicted to guide the eye, but has physical
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Figure 6.1. The experimental nucleation rate of water in helium as a function of the supersatu-
ration for a nucleation temperature of 240 K and nucleation pressure 100 kPa (◦). The temperature-
corrected data are also shown (•). The slope of the corrected data is indicated by the straight dotted
line.
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meaning too. The slope of this line is related to the number of vapor molecules n∗ in
the critical cluster according to the Nucleation Theorem (Eq. 2.65):

n∗ =
(∂ ln J

∂ lnS

)

p,T
− 1. (6.2)

The straight line in Fig. 6.1 is fitted to an isotherm that is curved in principle (the
slope decreases with increasing supersaturation). Consequently, the line provides the
slope at the center of the isotherm. We argue that this is a good approximation. The
least-squares regression method minimized the sum of the squares of the horizontal
residuals since the error in lnS is higher than the error in ln J . This horizontal
optimization was advocated first by Holten.105 The fitting process resulted in n∗ =
29± 2, where the latter denotes the 90% confidence interval.

6.2 On the effect of pressure and carrier gas on

homogeneous water nucleation

Homogeneous nucleation rates of water droplets were measured at a nu-
cleation temperature close to 240 K in a Pulse-Expansion Wave Tube
(PEWT). Several measures were taken to improve the data obtained with
the PEWT. For instance, the molar water vapor fraction was determined
with three independent techniques. The resulting standard uncertainty of
the supersaturation was within 1.8%. Results are given for water nucle-
ation in helium at 100 kPa and at 1000 kPa and in nitrogen at 1000 kPa.
Two trends were observed: (i) the values of the nucleation rate of wa-
ter in helium at 1000 kPa are slightly but significantly higher (factor 3)
than its values at 100 kPa and (ii) nucleation rates of water in nitrogen
at 1000 kPa are clearly higher (factor 10) than in helium at the same
pressure. It is argued that the explanation of the two observed trends is
different. For case (i), it is the insufficient thermalization of the growing
water clusters in helium at the lowest pressure that has a reducing effect
on the nucleation rate, although a full quantitative agreement has not yet
been reached. For case (ii), thermal effects being negligible, it is the pres-
sure dependency of the surface tension, much stronger for nitrogen than
for helium, that explains the trends observed.

The content of this section is an unabridged version of the following
paper:

M.A.L.J. Fransen, J. Hrubý, D.M.J. Smeulders, and M.E.H. van
Dongen. On the effect of pressure and carrier gas on homogeneous water
nucleation. J. Chem. Phys., 142:164307, 2015. doi:10.1063/1.4919249.

Supplementary material is presented in Appendix J.

http://dx.doi.org/10.1063/1.4919249
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6.2.1 Introduction

Homogeneous condensation is the vapor-to-liquid phase transition in the absence of
foreign particles. The first stage of condensation is the nucleation process, which
is of paramount importance for meteorological models and climate studies.1 This
subject has also much relevance for the petrochemical industry, in which water vapor
is separated from natural gas.12 Many homogeneous water nucleation experiments
were conducted in the past decades.21,22,41,45,74 With various experimental methods,
the measured nucleation rates range from 104 up to 1023 m−3 s−1. The nucleation
pressures vary between 40 kPa to 4.0 MPa, while nucleation temperatures range from
200 to 320 K.

Usually, the experimental data are compared with Classical Nucleation Theory
(CNT).72,89 It is reported that the experimental nucleation rate dependency on both
supersaturation67,198 and temperature32,45,67,75,78 consistently deviates from CNT pre-
dictions. Also for modified nucleation theories,118,121 satisfactory agreement with
experimental data is still absent.116

Homogeneous nucleation experiments typically use a mixture of a vapor and a
carrier gas. The role of this non-condensing carrier gas is to absorb the latent heat
that is released by growing microscopic clusters. Brus et al.79 describe possible effects
of pressure and carrier gas on nucleation. Few experimental studies exist for the case
of water nucleation. Using an expansion tube, Barschdorff 80 examined the effect of
carrier gas for pure water vapor and water vapor mixed with several carrier gases
such as helium, air, and argon. In the low pressure regime (∼ 5 kPa), he found
that for identical initial conditions, the onset of condensationa was dependent on
carrier gas type. Pure water vapor expanded to a lower onset temperature than water
mixed with a carrier gas. No systematic differences between the different carrier gases
were found. Later, Viisanen et al.33 measured homogeneous nucleation rates with a
nucleation pulse chamber31 in the atmospheric pressure range. For the carrier gases
helium, neon, argon, krypton, and xenon, no significant differences in nucleation rate
were observed. Wyslouzil et al. 81 investigated the influence of pressure on the onset
of condensation in a supersonic nozzle. In the atmospheric pressure range and at high
nucleation rates typical for supersonic nozzles, no significant effect was found.

The only experimental study of water nucleation in the megapascal range was
published by Luijten et al.65 who measured nucleation rates of water in helium and
nitrogen. They found significant dependencies of the nucleation rate on pressure and
carrier gas, which they ascribed to surface tension variations.

Hyvärinen et al. 46 recently measured water nucleation rates in helium at low
pressures (70 – 200 kPa) for temperatures between 240 and 270 K. They found an
increase in the nucleation rate, stronger than predicted by theory based on the work
by Wedekind et al.,82 with increasing pressure at 270 K and a smaller increase at
lower temperatures. Their explanation is that at lower pressure, the thermalization
process – the collisions of the carrier gas molecules with the clusters which equilibrate
temperature differences originating from release of latent heat of condensation – is
less efficient than at high pressure. Feder et al.83 were the first to quantify this effect.
Barrett et al.84,85 and Wedekind et al.82,86 slightly modified Feder’s work. In this

aThe onset of condensation is the instant at which the pressure values (and light scattering signals)
deviate from a ’dry’ isentropic expansion.
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work, Barrett’s approach87 is used and experiments are carried out with a so-called
Pulse-Expansion Wave Tube (PEWT).59,62

6.2.2 Purpose and outline

The PEWT has been used extensively to investigate water nucleation.65,66,67,138,199

Luijten et al.65 performed the first comprehensive study at high pressure (1.0 –
4.0 MPa) and Holten et al.67 studied water nucleation in helium at atmospheric pres-
sure (100 kPa). While systematic discrepancies between the two studies were found, it
is the work by Holten et al.,67 using an improved PEWT, that shows excellent agree-
ment with data by Wölk and Strey.32 In this paper, we present new experimental
data and we take measures to eliminate the systematic discrepancies of the past (Sec.
6.2.3). We studied the nucleation behavior of water for a temperature of 240 K in he-
lium at 100 kPa and at 1000 kPa and of water in nitrogen at 1000 kPa. We will focus
on two important effects that play a role in nucleation experiments: thermalization
(Sec. 6.2.3) and the dependence of surface tension on pressure and carrier gas (Sec.
6.2.3). We reconsider the Langmuir adsorption model to estimate the importance of
the surface tension change with pressure at the nucleation temperature. The results
are presented in Section 6.2.4 and the conclusions are presented in Section 6.2.5.

6.2.3 Experiments and theory

The PEWT makes use of the nucleation pulse method,35 which separates the process
of nucleation from that of droplet growth. The nucleation is confined to a short period
of time ∆t called the nucleation pulse, in which the pressure and temperature have
fallen rapidly, and the supersaturation is high (10.5 to 15.5). The pulse duration is
on the order of a millisecond and a cloud of clusters is formed. After the pulse, the
pressure and temperature steeply rise, so that the nucleation process is quenched.
Still, the supersaturation is larger than unity (6.5 to 8.5) to allow the clusters to grow
to macroscopic sizes such that an almost monodisperse cloud of droplets is formed.
The droplet cloud is investigated by means of different light scattering techniques.42

The nucleation rate J follows from J = n/∆t, where n is the droplet number density.
The uncertainty of the nucleation rate is maximum 20% (on the order of the symbol
size in the forthcoming plots), resulting mainly from the uncertainty of the pulse
duration.

The supersaturation S is defined as68

S =
y p

fe ps
, (6.3)

with y the molar water vapor fraction, p the total pressure, fe(p, T ) the enhancement
factor, and ps(T ) the saturated vapor pressure; T denotes the temperature. The en-
hancement factor describes both the influence of total pressure on phase equilibrium
(Poynting effect91,92) and of non-ideal gas behavior. S = 1 corresponds with phase
equilibrium. In the pressure range considered, helium can be regarded as an ideal
gas without significant interaction with the vapor molecules. Then, for helium at a
pressure of 1000 kPa, only a small Poynting effect contributes to the enhancement
factor: fe = 1.0093 (T = 240 K). For nitrogen at 1000 kPa, non-ideal gas behavior
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has to be incorporated and the enhancement factor fe = 1.0539 (T = 240 K). The
saturated vapor pressure correlation by Murphy and Koop 200 was used. Holten 105

compared this correlation with others32,40 and found no significant differences (≪
1%) for a temperature of 240 K.

We improved the PEWT as follows:

• The mixture preparation device,69 which produces the gas-vapor mixture with
the desired molar water vapor fraction by means of two mass flow controllers,
was equipped with an independent mass flow rate calibration device.

• We have used recorded droplet growth curves to determine the supersaturation
by post-processing. This was reported in an earlier publication.138

• Two experimental techniques were added to determine the molar water vapor
fraction: Chilled Mirror Hygrometry179 and Karl Fisher Coulometry.123 The
corresponding devices were installed in such a way that they could measure the
gas-vapor composition of both the inflow and outflow of the PEWT. This is of
importance because of possible water adsorption at the PEWT walls.

• Next to the existing piezoelectric transducer (Kistler 603B), a piezoresistive
pressure transducer (Kistler 4073) was installed (this was already implemented
by Holten et al.67). The first has a better frequency response but only measures
pressure changes, while the latter measures the absolute pressure values. By
combining both readings, it is possible to determine the absolute pressure in the
nucleation pulse with high accuracy (uncertainty < 0.2%).

• To determine the initial temperature, we use two independent thermometers
(Tempcontrol PT-8316) with an accuracy of ± 0.03 K.

Taking into account the uncertainty of the initial temperature, that of the initial
and nucleation pressures, and that of the thermodynamic models,b the uncertainty of
the nucleation temperature was estimated (0.17 K). The molar water vapor fraction is
measured threefold and its uncertainty is based on the most accurate method, i.e. the
mixture preparation device. Consequently, the uncertainty of the water vapor fraction
is also very low (within 1.0%). Using Eq. 6.3, we find a maximum uncertainty of the
supersaturation of 1.8%.

Nonisothermal nucleation

Detailed theoretical thermalization studies were published previously.82,83,84,85,87,201,202

We use the nonisothermal model originally proposed by Feder et al.,83 which was later
modified by Barrett and co-workers.84,85 It describes the transitions in cluster size
and cluster energy. This includes the release and attachment of vapor monomers by
evaporation and condensation, as well as the increase and decrease of energy by latent
heat release and (non-sticking) gas and vapor molecule collisions with clusters.84 Using

bAssuming isentropic behavior, we calculate the temperature during the expansion with either
the ideal-gas relation (helium) or the equation of state by Span et al. 189 (nitrogen).
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detailed balance in the two-dimensional (size and energy) space yields the evaporation
rate.

Barrett 87 derived the following approximate analytical solution for the nucleation
rate (the same notation is used here):

J

Jiso

=
[

1 +
(ĉbv +H)2

ĉbv(1 + λ)

]

−1

, (6.4)

with J the nucleation rate, Jiso the isothermal nucleation rate which we aim to mea-
sure, and ĉbv = cbv/k with cbv = cv + k/2 the monomer heat capacity at constant
volume, where k is the Boltzmann constant. The parameter H is given by

H =
mL

kT
− 1

2
− ĉbv +

2

3(n∗)1/3
T
dθ

dT
, (6.5)

where m is the monomer mass, L the latent heat of vaporization, n∗ = (2θ/3 lnS)3 the
critical cluster size with θ = a1σ/kT the dimensionless variant of the surface tension
σ, and a1 = (36π)1/3 (vℓ)2/3 the monomer surface area with the monomer volume
in bulk liquid vℓ. The parameter H is expressed in terms of the classical model for
the cluster (capillarity approximation), but is rather insensitive to the exact droplet
model.85 The parameter λ is given by

λ =
cbg ng νg

cbv n1 ν
, (6.6)

with cbg = cg + k/2 the heat capacity of the gas at constant volume, ng the gas
number density, νg the mean gas molecular speed, n1 the monomer number density
in the vapor, and ν the mean molecular speed for vapor monomers. The parameter
λ takes the influence of the carrier gas into account: λ = 0, if no carrier gas is
present (nonisothermal situation), while λ → ∞ in the (ideal) isothermal case. The
parameter λ is proportional to the ratio of the mean gas molecular speed (νg) and
the mean molecular speed for vapor monomers (ν). This ratio is equal to the root of
the molecular masses of the water vapor and the carrier gas. Hence, λ and, therefore,
nonisothermal effects depend upon the molecular mass of the carrier gas.

Some assumptions in this nonisothermal nucleation model are disputable. For
example, the condensation rate is not valid for very small clusters, because the as-
sumption of a spherical shape (capillarity approximation) no longer holds. The stick-
ing probability is assumed constant and taken equal to unity, whereas it is likely to
be smaller than one and must decrease with decreasing cluster size and supersatura-
tion.135

Pressure dependency of the surface tension of water

The reduction of the surface tension of water by carrier gas is thermodynamically
related to the adsorption of gas molecules onto the liquid surface.203 Helium adsorbs
very little and, consequently, its effect on the surface tension is very weak in the
relevant pressure and temperature ranges.164,165,204 For nitrogen, it can hardly be de-
tected at atmospheric pressure, but becomes stronger at higher pressures.164,165,204,205

Unfortunately, no data on the effect of nitrogen pressure on the surface tension of



90 Chapter 6: Homogeneous water nucleation in helium and nitrogen

200 250 300 350 400 450
10

1

10
2

10
3

Temperature T [K]

10
11

 ×
 (

 d
σ 

/ d
p 

) 
[m

]

 

 
Wiegand & Franck (1994)
Hough et al. (1952)
Masterton et al. (1963)
Massoudi & King (1974)
Luijten et al. (1997)
This work
Confidence bounds

Figure 6.2. dσ/dp as a function of temperature.

water exist in the supercooled liquid region. Luijten et al.68 attempted to estimate
the surface tension change with pressure based on statistical mechanics. However, as
shown in Fig. 6.2, the model largely underpredicted the effect of nitrogen pressure at
elevated temperatures.164,165,204,205

For this reason, we reconsidered the Langmuir adsorption isotherm68,88

σ(pg) = σref −
k T

Ag

ln
(pg + pL

pL

)

, (6.7)

where σ(pg) is the surface tension at the partial nitrogen gas pressure pg, which is
assumed equal to the total pressure p, σref is the surface tension of pure water at
saturated vapor pressure, Ag is the average surface area per adsorption site, and pL
is the Langmuir pressure. For the site adsorption area, we adopted an estimate by
McClellan and Harnsberger,206 who have reported a value of Ag = 1.6×10−19 m2. This
estimate is in reasonable agreement with other literature values.207 Whereas Ag can
be treated as a constant, the Langmuir pressure is a strong function of temperature
which can be given as

pL =
k T

vA
exp

( uA
g

k T

)

. (6.8)

Here, vA is the effective volume available for translation of an adsorbed molecule and
uA
g is the potential energy of the interaction of gas molecules with the liquid surface.

The elementary derivation of Eq. 6.7 based on statistical thermodynamic arguments
is given in Appendix J.

The values for parameters vA and uA
g were determined using several data sets

for the dependency of the surface tension on nitrogen pressure at various tempera-
tures.164,165,204,205 From these data sets, we determined the initial slopes of the surface
tension vs. gas pressure plots at various temperatures:

σp0 ≡ lim
pg→0

(dσ

dp

)

T
= − k T

AgpL
, (6.9)
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where the pressure p in this limit case is equal to the saturated vapor pressure ps.
The left-hand side of Eq. 6.9 can be obtained from experiments and can be compared
with its right-hand side obtained from Eq. 6.8. When taking the logarithm and
substituting the Langmuir pressure (Eq. 6.8), we end up with a linear expression for
the reciprocal temperature:

ln(−σp0) = ln
(vA

Ag

)

−
uA
g

k T
. (6.10)

Figure 6.3 shows σp0 as a function of the reciprocal temperature for all data points.
The results of the various studies show considerable scatter. Therefore, mean values
(solid circles) with error bars have been calculated at two temperatures (300 and
375 K). These error bars show the standard uncertainties. The fitting process revealed
the following values: vA = 7.6 × 10−30 m3 and uA

g = −1.1× 10−20 J. At 240 K and
1000 kPa nitrogen pressure, the estimated effect of pressure on the surface tension of
water is a reduction by (1.5± 0.5)%.

Recently, new accurate measurements of the surface tension of pure water under
supercooled conditions at atmospheric pressure were published.150,208 It was proven
experimentally that the extrapolated IAPWS correlation161 adequately describes the
surface tension of supercooled water. No indication of a second inflection point in the
supercooled liquid region was found. For 240 K, we took the following value for the
reference surface tension: σref = 79.95 × 10−3 N m−1.

6.2.4 Results and discussion

Homogeneous water nucleation experiments were performed at a temperature of 240 K
for different pressures and carrier gases. The data are available in tabular form in
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Figure 6.4. Comparison of experimental nucleation rates for water J as a function of supersat-

uration S at 240 K. The carrier gases and pressure range were as follows: helium and 107 kPa (•),
helium and 94-110 kPa (◦), helium and 100 kPa (�,△), argon and 53-68 kPa (×), argon and
115-120 kPa (⊳).

Appendix D. Results obtained with helium at a pressure of 100 kPa are shown in
Fig. 6.4. Minute temperature-deviations that result from a slightly varying initial
temperature were compensated using established post-processing.62,138 Our results
are compared with experimental results by Holten et al.,67 Hyvärinen et al.,46 Manka
et al.,45 Wölk and Strey,32 and Miller et al.27 The data by Hyvärinen et al. 46 and
Manka et al. 45 have been obtained with a Laminar Flow Diffusion Chamber that was
used by both groups. Wölk and Strey,32 using a Nucleation Pulse Chamber, and
Miller et al.,27 employing an Expansion Cloud Chamber, used argon as carrier gas.
Our data agree with results by Holten et al.67 that were also obtained with the PEWT
and clearly coincide with the data by Wölk and Strey,32 thus proving the reliability
of the PEWT at atmospheric pressure.

Next, we varied the carrier gas and its pressure. Figure 6.5 shows the results
obtained for the following three cases: 100 kPa helium, 1000 kPa helium, and 1000 kPa
nitrogen. The 100 kPa helium data are given for reference. We now discuss our results.
Observation 1 : the nucleation rate in helium is a factor of 3 higher when going from
100 kPa to 1000 kPa. Observation 2 : the nucleation rate is a factor of 10 higher when
changing the carrier gas from helium to nitrogen at 1000 kPa.

It is worth mentioning here that the present PEWT 1000 kPa results for both
helium and nitrogen at 240 K are shifted over the S-axis by 15% approximately with
respect to the results previously reported by Luijten et al.65 This systematic change,
already noted for helium by Holten et al.,67 is attributed to an incorrect measurement
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Figure 6.5. The experimental nucleation rates of water J as a function of supersaturation S

at 240 K for three different conditions: 100 kPa helium (•), 1000 kPa helium (�), and 1000 kPa
nitrogen (⋆). The lines serve to guide the eye.

of the supersaturation, temperature, or both by Luijten et al.65 With all the newly
introduced measures to guarantee the highest quality (Sec. 6.2.3) and the confirmation
of the data by Holten et al.,67 we argue that the present results are reliable.

We note that a result similar to our first observation – an increase in nucleation
rate when increasing the carrier gas pressure – was found by Hyvärinen et al.,46

albeit at low pressures (70 – 200 kPa) and higher temperature (270 K). Our second
observation – an increase in nucleation rate when changing the carrier gas from helium
to nitrogen – quantitatively substantiates earlier work by Luijten et al.65 To the best
of our knowledge, these authors were the first to report on this carrier gas effect at
high pressure.

The following explanations are proposed. Observation 1 : we recognize an insuffi-
cient thermalization at 100 kPa helium pressure, which reduces the nucleation rate.
At 1000 kPa, the nucleation process is fully isothermal, so insufficient thermalization
is not an issue here. Using Eq. 6.4, we estimate the nonisothermal effect for our
conditions (p = 107 kPa, T = 240 K, S = 13, other physical properties taken from
Ref. 138). We find that according to the theory of Barrett,87 the nucleation rate for
our nonisothermal conditions is a factor 1.4 smaller than for isothermal conditions.
In the experiments, we found a factor 3 increase in the nucleation rate when going
from 100 to 1000 kPa helium pressure (Fig. 6.5), so theory underestimates the effect.
The experimental increase in the nucleation rate as a function of pressure reported
by Hyvärinen et al. 46 was also more pronounced than theoretically predicted.

Observation 2 : thermal effects being negligible, we recognize the pressure depen-
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dency of the surface tension of water in nitrogen. To evaluate the resulting effect on
the nucleation rate, we use CNT:72,89

J = K exp
[

− 4

27

θ3

(lnS)2

]

, (6.11)

with the kinetic prefactor K. A small change in the surface tension results in

J

Jref

= exp
[

− 4

9

θ3ref
(lnS)2

∆θ

θref

]

, (6.12)

where Jref and θref are the reference nucleation rate and dimensionless surface tension
and ∆θ/θref denotes the change in the surface tension. Using the appropriate values
for the parameters (T = 240 K, S = 13, θref = 11.4 based on σref , and ∆θ/θref =
∆σ/σref = −0.015 ± 0.005), we find a value between 2.7 and 7.4 for J/Jref . The
increase of the nucleation rate of water droplets in nitrogen with respect to helium
can therefore at least partly be explained by a decrease of the surface tension due to
the nitrogen pressure.

In the framework of CNT, we assign macroscopic bulk values to parameters (such
as the liquid density and surface tension) describing the microscopic cluster. This
capillarity approximation is obviously not valid for our clusters with typical critical
cluster sizes on the order of 20 to 30 molecules. A sophisticated nucleation theory
describing the microscopic clusters in a more realistic way and improved modeling
of the adsorption process on the molecular scale is therefore likely to lead to better
agreement between experiment and theory.

6.2.5 Conclusion

The PEWT experimental facility was improved substantially in order to decrease the
uncertainties in the measurements. This was achieved by adding two techniques to
independently measure the molar water vapor fraction. This leads to an improvement
of the maximum standard uncertainty in the supersaturation (within 1.8%). Two
cases were experimentally investigated at 240 K: (i) the influence of thermalization
on nucleation using pressure variations and (ii) the dependence of surface tension
on pressure at the nucleation temperature by varying carrier gases. A small but
significant increase in nucleation rates (factor 3) was found when going from 100 to
1000 kPa helium pressure. The existing thermalization theory by Barrett 87 (based on
earlier work by Feder et al.83), yielding an increase of a factor 1.4, predicts the correct
trend qualitatively, similarly as was found by Hyvärinen et al.46 It was already noted
by Hyvärinen et al. 46 that the lack of quantitative agreement between experiment
and theory is not fully surprising since CNT itself is not accurately describing the
nucleation process.

A significant increase (factor 10) in nucleation rates was measured when using
nitrogen instead of helium at high pressure, which quantitatively substantiates earlier
work by Luijten et al.65 We reconsidered the Langmuir adsorption isotherm and used
existing experimental data at higher temperatures to assign values to the potential
energy of the interaction of gas molecules with the liquid water surface and the effective
volume available for translation of an adsorbed molecule. Helium adsorbs very little,
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but nitrogen does have an effect on the surface tension of water. The established model
allowed us to estimate the dependency of the surface tension of water on nitrogen
pressure. The reduction in surface tension at 240 K with 1000 kPa nitrogen pressure
(1.5± 0.5%) at least partly explains the nucleation rate increase when using nitrogen
instead of helium at a pressure of 1000 kPa, although, also here, a full quantitative
agreement has not yet been achieved.
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6.3 Additional results

6.3.1 Homogeneous water nucleation in helium at 220 K

Homogeneous water nucleation rates were obtained for helium at a nucleation temper-
ature of 220 K as well. The supersaturation for this particular case was varied between
21 and 27 and the nucleation pressure was 1000 kPa. All raw data can be found in
tabular form in Appendix D. Wölk and Strey,32 Mikheev et al.,44 and Holten et al. 67

have measured homogeneous water nucleation rates at this specific temperature too.
Nevertheless, data by Mikheev et al. 44 are not used here since their measurements
were susceptible for water contamination. Figure 6.6 shows the comparison of our
helium data with the argon data by Wölk and Strey 32 for exactly the same tempera-
ture, but with different pressure (1000 versus 50 kPa). An empirical fit105 (valid down

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
10

11

10
12

10
13

10
14

10
15

10
16

10
17

10
18

Supersaturation S [−]

N
uc

le
at

io
n 

ra
te

 J
 [m

−
3  s

−
1 ]

 

 

helium (1000 kPa)

argon (50 kPa)

helium 
 (100 kPa)

This work
Wölk and Strey (2001)
Holten et al. (2005)

Figure 6.6. The experimental nucleation rate for water in helium as a function of supersaturation
for a nucleation temperature of 220 K. The empirical fit (solid line) by Holten et al. 67 is extrapolated
below a nucleation rate of 5× 1014 m−3 s−1.
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to nucleation rates of 5 × 1014 m−3 s) to the low pressure data by Holten et al. 67 is
also included (solid line). Its extrapolation (dotted line) agrees well with the data by
Wölk and Strey.32

The apparent difference between our data and literature values (∼ factor 15)
cannot be attributed to a limited thermalization of the carrier gas at the lowest
pressures in the literature data. With the model presented in Section 2.5, we find a
factor of J/Jiso = 0.688 for the conditions of Wölk and Strey 32 (p = 50 kPa, S =
20, argon) and a factor of J/Jiso = 0.906 for the conditions of Holten et al. 67 (p =
100 kPa, S = 25, helium). It is a matter of on-going research to find out what might
have caused the differences.

6.4 Comparison with theory

In Section 2.3 a comparison of several nucleation theories was presented. Here, we
will also compare these theories with experimental data. Figure 6.7 shows the ratio
of the experimental and the classical nucleation ratec (J/Jcnt) as a function of the
inverse supersaturation (1/ lnS) for a nucleation temperature of 220 K. The data of
this work were obtained in helium at 1000 kPa, while the data by Wölk and Strey 32

were determined in argon at a pressure of 50 kPa. All theories show a different
supersaturation dependence. The Gibbs’ p-form results in an increasing J/Jcnt for
decreasing S (increasing 1/lnS), while all other theories predict a reversed trend.
The SAFT-DFT and EMLD-DNT models show close resemblance with each other
and, just like AHS-DFT, are comparable with the classical theory. MKNT shows a
stronger S-dependence of the nucleation rate. The experimental data by Wölk and
Strey 32 agree reasonably well with the Gibbs’ p-form.

To investigate the temperature dependence of all theories, we made another com-
parison with experimental data. Figure 6.8 shows the ratio of the experimental and
the classical nucleation rate (J/Jcnt) as a function of temperature. The temperature
varies between 220 and 260 K (in 10 K increments). The theoretical predictions are
performed by Bennett and Barrett 116 for both the minimum and maximum super-
saturation of each isotherm of the Wölk and Strey 32 experimental data. The latter
were obtained in argon at differing pressures (between 40 and 70 kPa). Our water in
helium nucleation rates (p = 100 kPa, T = 240 K) are given for reference; the scatter
is caused by the minute variations in initial temperature, imposed by the laboratory
conditions.

Starting with the experimental data by Wölk and Strey,32 we observe that Clas-
sical Nucleation Theory predicts the correct homogeneous water nucleation rates at
260 K, but significantly deviates at lower temperatures. The experimental rates are
a factor 100 to 700 higher than predicted by CNT at 220 K. The behavior of the ex-
perimental data by Wölk and Strey 32 – decreasing J/Jcnt for increasing temperature
– is best represented by the Gibbs’ p-form or MKNT. Nevertheless, the dependence
on temperature of the Gibbs’ p-form is a little bit too weak, while it is slightly too
strong for MKNT. EMLD-DNT and AHS-DFT show behavior comparable to the
Classical Nucleation Theory, while SAFT-DFT is in slightly better agreement with
the experiments.

cThe physical properties for the theoretical calculations were taken from Wölk and Strey.32
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Figure 6.7. The natural logarithm of the dimensionless nucleation rate for water nucleation
at 220 K as a function of the inverse supersaturation. The data of this work (◦) were obtained
in helium at 1000 kPa, whereas the data by Wölk and Strey 32 (•) were determined in argon at a
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and Barrett 116 .
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Figure 6.8. The natural logarithm of the dimensionless nucleation rate for water nucleation as
a function of temperature. The data of this work (•) were obtained in helium at 100 kPa. The data
by Wölk and Strey 32 (•) were determined in argon at varying pressures; the data at 240 K was
obtained at a nucleation pressure of 60 kPa. The figure is modified from Bennett and Barrett 116 .
Their theoretical calculations are performed for both the minimum and maximum supersaturation of
each isotherm in the Wölk and Strey 32 experimental data.
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6.5 Critical cluster size

We can now calculate the experimental critical cluster sizes for all our nucleation con-
ditions. This critical cluster size has been reported in literature as well for different
experimental facilities.d A comparison plot is shown in Fig. 6.9 (cf. Fig. 5a in Ref.
45). It is clear that the critical cluster size increases with increasing temperature.
The supersonic nozzle (SSN) data by Kim et al. 50 were obtained at very high super-
saturations (S > 45) and nucleation rates (J > 1023 m−3 s−1), which might explain
the differences with other data. All experimental critical cluster sizes resulting from
the PEWT were obtained with (∂ ln J/∂ lnS − 1). This takes the supersaturation
dependence of the kinetic prefactor in the theoretical nucleation rate into account
(Eq. 2.57). The PEWT values are, therefore, 1 lower than those obtained by oth-
ers,32,40,41,45,50 who used the approximate expression (∂ ln J/∂ lnS). Our new data at
roughly 240 K agree well with data by Miller et al. 27 (ECC), Luijten et al. 68 (PEWT),
Wölk and Strey 32 (NPC), Mikheev et al. 44 (LFTR), and Manka et al. 45 (LFDC). This
means that the S-dependence of the nucleation rate data is consistent.
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Figure 6.9. The experimental critical cluster size (n∗) as a function of temperature, obtained
with different experimental facilities. The approximate intervals of the supersaturation for each data
set are indicated between parentheses.

dThe facilities include an expansion cloud chamber (ECC), a nucleation pulse chamber (NPC),
a laminar flow tube reactor (LFTR), a supersonic nozzle (SSN), a thermal diffusion cloud chamber
(TDCC), i.e. a static diffusion chamber, and a laminar flow diffusion chamber (LFDC).



CHAPTER 7

CONCLUSION

In order to better understand homogeneous water nucleation we studied the following
topics: (i) the surface tension of supercooled water, including the effect of gas
pressure at the nucleation temperature; (ii) the water vapor fraction in characteristic
nucleation experiments; (iii) the growth of freshly nucleated water droplets in
nitrogen, and (iv) the nucleation rate of water in helium and nitrogen at varying
pressures and temperatures.

The surface tension of pure supercooled water was studied in a collaboration
project with the Institute of Thermomechanics, Academy of Sciences of the Czech
Republic. For this purpose, a capillary rise technique was modified such that the
liquid meniscus (water-gas interface) could be kept at a fixed position within a
vertical capillary tube by applying a helium counterpressure. Keeping the meniscus
at constant height avoided the negative effect of a possible varying inner diameter
along the capillary tube length and reduced the equilibration time due to the flow of
the highly viscous supercooled water. In addition, the surface tension of supercooled
water was measured with the classical capillary rise method (height method). For
both the counterpressure and the height method, the actual results are relative
values of the surface tension with respect to the water’s surface tension at the
reference temperature. The uncertainty of the determined relative surface tensions
is within 0.18%. The new experimental data obtained with both techniques are in
mutual agreement, support previous measurements by Hrubý et al. 150 , and have
relatively low scatter compared to other data reported in literature. No anomaly
in the surface tension of supercooled water was detected in the temperature range
247–303 K, i.e. no additional inflection point was found. A small systematic offset
of the experimental data from the extrapolated IAPWS standard161 for the surface
tension of water was detected at temperatures below 256 K. It should be noted that
this deviation lies entirely within the uncertainty range for the measured surface
tension. However, it can point to a slightly different behavior of the IAPWS standard
at such low temperatures. The present results of course do not exclude anomalous
interfacial phenomena closer to the homogeneous ice nucleation limit (233 K) or
at even lower temperatures (220 K) at which clusters are formed in some of our
vapor-to-liquid nucleation experiments. The new experimental data are important
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from the perspective of the planned extension of the IAPWS standard for the surface
tension of water to the metastable supercooled region.

A Pulse-Expansion Wave Tube (PEWT) experimental facility has been used
to determine homogeneous nucleation rates of water in different carrier gases. We
investigated the following cases:

• water nucleation in helium at a nucleation pressure of 100 kPa, a nucleation
temperature of 240 K, and water vapor fractions between 4000 and 5200 ppm;

• water nucleation in helium at a nucleation pressure of 1000 kPa, a nucleation
temperature of 240 K, and water vapor fractions between 400 and 520 ppm;

• water nucleation in helium at a nucleation pressure of 1000 kPa, a nucleation
temperature of 220 K, and water vapor fractions close to 100 ppm;

• water nucleation in nitrogen at a nucleation pressure of 1000 kPa, a nucleation
temperature of 240 K, and water vapor fractions between 420 and 560 ppm.

The measured nucleation rates were in the range of 1013 to 1017 m−3 s−1, typical for
fast expansion devices. The PEWT has been improved with respect to earlier stud-
ies on nucleation and droplet growth.13,105,106,209,210 First, Chilled Mirror Hygrometry
(CMH) and Karl Fisher Titration (KFT) methods were added to the PEWT to quan-
tify the accuracy of the characterisation of the molar water vapor fraction, which is of
paramount importance for determining the supersaturation. The CMH water vapor
fraction measurements were prone to ambiguity at mirror temperatures slightly below
the freezing point. We found perfect agreement, when analysing the measurements
with the dew point temperature and the vapor pressure for supercooled water, i.e.
assuming that the condensate was supercooled liquid water (instead of ice). Further-
more, as no systematic differences between the upstream and downstream modes were
found using CMH and KFT techniques, we are confident that no net adsorption takes
place at the walls of the high pressure section (i.e. during composition analysis prior
to the nucleation experiments). The results for all investigated gas-vapor mixtures
showed that the produced water vapor fractions by the Mixture Preparation Device
(MPD) are reliable over a wide interval (between 100 to 5200 ppm). The resulting
standard uncertainty of the water vapor fraction was within 1.0 % and that of the
supersaturation within 1.8 %.

Second, another way of studying light scattering by micron-sized water droplets
was realized. In previous work, the extrema in the measured scattering signals were
identified with the extrema in the size-dependence of light scattering for a single
droplet according to Mie theory. We showed that it is possible to use the full scattering
signals (not just the extrema) by incorporating background scattering, caused by
reflections from the expansion tube walls and multiple scattering within the droplet
cloud. Next, we were also able to use high-intensity scattering recordings with the
implementation of neutral density filters.

Consequently, accurate droplet growth curves can be deduced that contain valu-
able information on the water vapor fraction and, therefore, on the supersaturation.
By varying the supersaturation, keeping the pressure and temperature of the growing
droplet cloud fixed, we obtained the diffusion coefficient for water-nitrogen mixtures
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at 1.1 MPa and 247 K from droplet growth curves. In order to do that, we had
to assume that the supersaturation is well predicted (on average) by the MPD.
The value of the diffusion coefficient (1.51 ± 0.03 mm2 s−1) is in agreement with
previously reported data. Once the diffusion coefficient was found, we obtained
the supersaturation for each individual experiment also from recorded droplet
growth curves. This alternative way to determine the supersaturation allowed us
to investigate the quality of individual nucleation rate data points. We succeeded
in identifying and discussing potential outliers. In principle, the scatter in the
nucleation data points based on the droplet growth method may be different from
the scatter in the traditionally obtained data points. Such a difference in scatter was
not found.

Although many experimental studies exist on water nucleation, discrepancies
between data obtained with different experimental facilities pertain. For example,
at low pressure (100 kPa) large differences are found. It should be noted that our
low pressure results in helium perfectly match results by Wölk and Strey32 Besides,
it is unknown what the effects of carrier gas and pressure are on the homogeneous
water nucleation rate. Conflicting results have been reported so far. Two cases
were therefore investigated at a nucleation temperature of 240 K: (i) the influence
of thermalization on nucleation using pressure variations and (ii) the dependence of
surface tension on pressure by varying carrier gases. A small but significant increase
in nucleation rates (factor 3) was found when going from 100 to 1000 kPa helium
pressure. Existing thermalization theories by Feder et al. 83 and Barrett et al. 84

predict the correct trend qualitatively, but a full quantitative agreement has not yet
been reached.

A significant increase (factor 10) in nucleation rates was observed when using
nitrogen instead of helium at high pressure (1000 kPa), which quantitatively sub-
stantiates earlier work by Luijten et al.65 We reconsidered the Langmuir adsorption
isotherm and used existing experimental data at higher temperatures (above room
temperature) to improve our understanding of the surface tension dependency of pure
supercooled water on nitrogen pressure. The reduction in surface tension at 240 K
with 1000 kPa nitrogen pressure (1.5 ± 0.5%) at least partly explains the nucleation
rate increase when using nitrogen instead of helium, although also here a full quanti-
tative agreement has not yet been reached.

The nucleation rate versus supersaturation data allowed us to calculate the critical
cluster sizes for our experimental conditions (with supersaturations ranging from 10 to
15). We found values between 25 and 30 water vapor molecules, which is in agreement
with critical cluster sizes reported in literature.
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APPENDIX A: PHYSICAL

PROPERTIES

In this Appendix we briefly describe the relevant physical properties used in the
calculations throughout the thesis. We start with the thermophysical properties of
supercooled water; an excellent review on this topic is written by Holten et al.16 The
second part deals with the used carrier gases (helium, nitrogen).

Properties of water

To introduce some of the quantities, we start with the phase diagram of pure water.
It is shown in Fig. A1 and presents all relevant correlations: the sublimation pressure
psubl, the saturation vapor pressure ps, and the melting pressure pm. Several points of
interest are also given in Fig. A1. The critical point is denoted by the subscript c, i.e.
the critical pressure and temperature are written as pc and Tc, respectively. A useful
quantity based on the critical temperature is τ , which is defined as τ = 1 − T/Tc.
The triple point is indicated by the subscript t, so the pressure and temperature at
the triple point are written as pt and Tt, respectively.

Sublimation pressure

The sublimation pressure of ice is specified by the International Association for the
Properties of Water and Steam (IAPWS) as follows211 (in Pa):

psubl = pt exp
{Tt

T
×

[

a1

( T

Tt

)b1
+ a2

( T

Tt

)b2
+ a3

( T

Tt

)b3]}

, (A.1)

where ai and bi are coefficients (i is the running variable). These coefficients are given
in Table A1. The validity region runs from 50 to 273.16 K.

Table A1. Coefficients for the sublimation pressure of ice211.

a1 -0.212 144 006 × 102 b1 0.333 333 333 × 10−2

a2 0.273 203 819 × 102 b2 0.120 666 667 × 101

a3 -0.610 598 130 × 101 b3 0.170 333 333 × 101
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Figure A1. Phase diagram of water that contains all phase boundaries and points of interest.
The sublimation pressure psubl is hardly distinguishable from the saturation vapor pressure ps for
supercooled water, as depicted in the inset.

Saturated vapor pressure

Plenty of correlations exist for the saturation vapor pressure.32,40,105,168,200,212 We use
the following correlation by Murphy and Koop 200 (in Pa):

ps = exp{c1−
c2
T
−c3 ln(T )+c4 T+tanh[c5(T−c6)]×(c7−

c8
T
−c9 ln(T )+c10 T )}, (A.2)

with ci the coefficients given in Table A2. The validity region is specified as 123 to
332 K.

Table A2. Coefficients for the saturation vapor pressure200.

c1 54.842763 c6 218.8
c2 6763.22 c7 53.878
c3 4.210 c8 1331.22
c4 0.000367 c9 9.44523
c5 0.0415 c10 0.014025

Surface tension

The surface tension of water (cf. Chapter 3) as described by Vargaftik et al. 162 and
later used in the IAPWS formulation168 is (in mN m−1):

σ (T ) = Bτµ (1 + b τ), (A.3)

where B = 235.8 mN m−1, µ = 1.256, and b = −0.625.
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Molar mass

The molar mass M (kg kmol−1) of water is taken to be 18.015.213

Density of liquid water

Data on the liquid density of supercooled water has been reported quite a few times.
An overview is given in Fig. A2. According to Holten et al. 16 the most accurate data
obtained with capillaries is the data by Hare and Sorensen.214 Recently, data obtained
with nanopores and small-angle neutron scattering allowed for measurements below
the homogeneous ice nucleation limit (233 K).144 Amongst others, Mallamace et al. 215

and Zhang et al. 216 have reported data far below the homogeneous ice nucleation limit.
The density according to Zhang et al. 216 decreases rapidly at low temperatures: at
180 K a value of approximately 835 kg/m3 was found. Several correlations tried
to model the liquid density behavior. The IAPWS–95 correlation168 was defined
down to 233.65 K (the temperature at which a spinodal is found). Please note that
the correlation by Wölk and Strey 32 was developed prior to the measurements by
Mallamace et al. 215 and Zhang et al.216 We use the following correlation that was
proposed by Malila and Laaksonen:190

ρℓ(T ) = d1 tanh
(T − d2

d3

)

+ d4

(Tc − T

Tc

)0.2

+ d5, (A.4)

where d1 = 43.51 kg m−3, d2 = 234.08 K, d3 = 17.65 K, d4 = 345.54 kg m−3, and
d5 = 647.66 kg m−3. Currently, a new follow-up correlation is being developed.217
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Figure A2. The liquid density of water as a function of temperature. The correlation by Malila
and Laaksonen (2008)190 is used in this thesis.
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Latent heat of condensation

We use the correlation by Poling et al. 213 to describe the latent heat of condensation
L (J mol−1). The empirical correlation is given by:

L

RTc

= e1(1− τ)e2 + e3(1− τ)e4 , (A.5)

with R the universal gas constant, e1 = 7.08, e2 = 0.354, e3 = 3.767, and e4 = 0.456.

Refractive index

The pure water refractive index is necessary to calculate the theoretical extinction
and scattering by the growing water droplets. This quantity has never been measured
for our temperature range (220 – 240 K) and wavelength (532.2 nm). Nonetheless,
Holten 105 was able to make careful extrapolations based on data by Duft and Leis-
ner,218 Carroll and Henry,219 and Saubade.220 The relative refractive index, i.e. the
ratio of the indexes of water and the carrier gas, might differ slightly from the pure
water refractive index obtained by Holten 105 . They depend on the specific pressure
and type of carrier gas. The effect of the specific pressure (close to 0.11 and 1.1 MPa)
and type of carrier gas is negligible for our (droplet growth) conditions. For simplicity,
all experiments were analysed using a relative refractive index of 1.33.

Properties of the carrier gases

Molar mass and isobaric heat capacity

The molar masses M (kg kmol−1) for nitrogen and helium are 28.01 and 4.003, re-
spectively.213 The molar isobaric heat capacity cp (J mol−1 K−1) is estimated by 7R/2
for nitrogen and 5R/2 for helium.213

Enhancement factor

The empirical correlation for the enhancement factor fe is expressed as68

ln(fe) = g (T )× (p− ps), (A.6)

with g (T ) (bar−1) a third-order polynomial

g (T ) = g1 + g2 T + g3 T
2 + g4 T

3. (A.7)

The values of this polynomial are given in Table A3.

Table A3. Values of the polynomial coefficient of g (T ) for nitrogen.68

g1 (bar−1) g2 (bar−1 K−1) g3 (bar−1 K−2) g4 (bar−1 K−3)

4.420×10−2 -3.03×10−4 7.31×10−7 -5.98×10−10



APPENDIX B: COUNTERPRESSURE

CAPILLARY RISE METHOD

Introduction

This Appendix contains details about the main components of the experimental appa-
ratus that has been developed for measuring the surface tension of supercooled water
(Chapter 3). The main parts of the apparatus can be summarized as follows:

• glass chamber with capillary tube;

• temperature control set-up;

• helium distribution set-up;

• pressure and temperature measurement;

• optical system for height measurements;

• setup for ultra-pure water treatment.

The measurement of the surface tension takes place in a vertical capillary tube
made of fused silica. As can be seen in Fig. B1, the capillary tube is placed partly
inside the temperature-controlled chamber and partly inside ambient air, i.e. in the
laboratory environment. An external fan is blowing air on the outer part of the cap-
illary tube to improve heat transfer between the capillary tube and ambient air. The
in-house developed cylindrical glass chamber is insulated with 10 mm thick thermal
foam insulation (removed in Fig. B1) to avoid condensation of air humidity during
measurements below the ambient dew point temperature.

Figure B2 shows a panorama overview of the experimental apparatus. The capil-
lary tube is highlighted with the dashed line. The digital camera installed on a height
gauge is visible on the left. The background light, illuminating the liquid container,
is visible on the right, together with the hydrocarbon trap (organic filter F2) and the
mechanical filter (F3) both installed at the helium distribution set-up. The plateau
with the liquid container can partly be seen just below the aluminum support of the
glass chamber (center of the photo). The inlet and outlet connections of the glass
chamber to the temperature control set-up, i.e. a set of thermostatic baths with
special switch valves, are visible at the top.

107



108 Appendix B: Counterpressure capillary rise method

capillary

glass chamber
with ethanol

vacuum
chamber

vacuum
chamber

T-sensor

pure water
container

T-sensor

Figure B1. Photo of the central part of the experimental set-up with the vertical capillary tube,
the glass chamber with removed thermal insulation, and the liquid container with the lid.
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Figure B2. Top view of the experimental set-up.
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Short list of equipment

Glass chamber and capillary tube

• Glass chamber: in-house developed, consisting of the main chamber with inner
diameter of 30 mm, two vacuum chambers, and a set of optical glasses B270
type from Edmund Optics ;

• Capillary tube: untreated fused silica capillary tube with inner diameter
0.32 mm, outer diameter 0.5 mm, and total length around 400 mm from
Macherey-Nagel ;

• Vacuum pump: Vacuubrand MD 4C.

Temperature control set-up

• Bath nr. 1: LAUDA Dr. R. Wobser model RP 855, range: −55 ◦C ÷ +200 ◦C,
accuracy ±0.01 ◦C;

• Bath nr. 2: Thermo Haake model C50, range −47 ◦C ÷ +200 ◦C, accuracy
±0.01 ◦C;

• In-house developed switch valves connected with silicon tubing.

Helium distribution set-up

• Regulating needle valve: Parker 4A-H0A-V-SS-TL with flow coefficient Cv =
0.0004;

• Valves and fittings: non-lubricated (series 1466) with outer diameter of 1/4”
from Swagelok ;

• Membrane filter (F1): Parker Balston GS series 97S6;

• Organic filter (F2): Restek capillary-grade hydrocarbon trap;

• Mechanical filter (F3): Swagelok SS-4FWS-0.5.

Pressure and temperature measurement

• Pressure transducers: Furness Control FCO332 series with ranges 150 Pa,
500 Pa, and 2500 Pa, and accuracies better than ±0.25 % of reading + 1 digit
over 10 % to 100 % range.

• Digital thermometer: ASL F500, range: −200 ◦C ÷ +962 ◦C, accuracy: full
range ±0.005 ◦C, typically ±0.001 ◦C;

• Temperature in chamber: 3 in-house calibrated temperature sensors Pt100
Omega PR-11-3-100 series with IEC class A accuracy;
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• Other temperature sensors: Omega Pt100 Omegafilm thin film RTD elements
F2020-100 series with class A accuracy;

• Data acquisition system: Agilent 34970 A.

Height measurement

• Digital camera: Basler Pilot piA2400-12gm monochromatic with 2448 x 2050
pixels resolution;

• Digital camera software: Basler Pylon Viewer;

• Telecentric lens: Edmund Optics 62-932, magnification 0.5x, working distance
173 mm (in air);

• Height gauge: Mitutoyo 192-614-10, modified by an in-house designed rail-
guided counter-weight to balance the weight of the camera and optics;

• Other optical elements: Edmund Optics.

Pure Water Treatment

• Reverse osmosis unit: Rowapur from DeltaChrom, Watrex Praha;

• Purification system: Neptune Analytical from Purite manufacturer.



APPENDIX C: KARL FISHER

TITRATION CHEMISTRY

This Appendix contains the supplementary material to Section 4.2.4. Karl Fisher
Titration (KFT) is based on the Bunsen reaction:221

2H2O+ I2 + SO2 −−→ H2SO4 + 2HI,

in which sulphur dioxide is oxidized in the presence of iodine. The iodine is
generated by electrolysis with a constant current strength (400 mA):221

2 I–−2 e– −−→ I2.

The iodide is present in the titration vessel’s solution along with sulphur diox-
ide and a combination of an alcohol and a base. A magnetic stirrer in the vessel
ensures rapid mixing of the reagents. A commercial methanolic solution (Hydranal-
Coulomat AG) is used that contains both the alcohol (methanol, CH3OH) and the
base (imidazole, (CH)2N(NH)CH). The latter is abbreviated as ”B”. The iodine
reacts with the sulphur dioxide in a slightly modified Bunsen reaction:

H2O+ I2 + SO2 + 3B −−→ 2BH+I– + BSO3.

In this case one mole of water is consumed for each mole of iodine. The sec-
ond partial reaction is enabled by the presence of the methanol:

BSO3 + CH3OH −−→ BH+SO4CH
–
3.

The compound BH+SO3CH
–
3 can be formed by the methanol, the sulphur dioxide,

and one of the base molecules. This, finally, leads to the following net reaction:

H2O+ I2 + BH+SO3CH
–
3 + 2B −−→ BH+SO4CH

–
3 + 2BH+I–.

The ratio of water molecules to iodine molecules is 1:1. Since the production
of each mole of iodine consumes two moles of electrons the coulometer only has to
measure time and current flow. Its product is proportional to the amount of iodine
generated and, therefore, the amount of water in the sample.
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Requirements for the titration include a 100% current efficiency in the (net) re-
action and the absence of side reactions. In practice, secondary reactions do occur.
In combination with penetration of moisture from the atmosphere this causes a con-
sumption of iodine during the titration.180 This is known as the drift (expressed in
µg H2O per minute). Afterwards, each titration is corrected for this drift. That is,
the mean drift times the titration time is subtracted from the result.



APPENDIX D: EXPERIMENTAL DATA

Table D1. Mixture preparation data of water in helium at low pressure. The quantities listed
here are the pressure (p) and temperature (T ) during the saturation process, the enhancement factor
(fe), the two volumetric flow rates (Q0, Qx), the saturated water vapor fraction (ysat), and the water
vapor fraction after mixing (yMPD).

Exp p T fe Q0 Qx ysat yMPD

(kPa) (K) (ln/min) (ln/min) (ppm) (ppm)

208 399.70 291.14 1.0030 0.535 3.89 5180 4556
209 399.70 291.11 1.0030 0.886 3.14 5169 4036
210 399.70 291.13 1.0030 0.845 2.98 5176 4037
211 399.70 291.11 1.0030 0.479 3.43 5168 4539
212 399.70 291.12 1.0030 0.680 3.30 5171 4290
213 399.70 291.15 1.0030 0.771 3.17 5181 4173
214 399.70 291.11 1.0030 0.458 3.25 5168 4532
215 399.70 291.12 1.0030 0.291 3.72 5170 4797
216 299.74 291.15 1.0022 1.07 2.91 6904 5056
217 299.74 291.12 1.0022 1.03 2.80 6889 5043
218 299.74 291.15 1.0022 0.999 3.09 6904 5225
219 299.74 291.16 1.0022 0.938 2.89 6907 5223
220 299.74 291.16 1.0022 0.974 3.01 6907 5226
221 399.70 291.11 1.0030 0.762 3.33 5168 4210
222 399.70 291.11 1.0030 0.767 3.35 5168 4210
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Table D2. Water nucleation data in helium at low pressure. The quantities listed here are
the initial pressure (p0) and temperature (T0), the pulse pressure (p) and temperature (T ), the water
vapor fraction as determined by the MPD method (yMPD), the pulse duration (∆t), the droplet number
density (nd), the experimental nucleation rate (Jexp), and, finally, the corrected supersaturations
resulting from the MPD method (S′

MPD).

Exp p0 T0 p T yMPD ∆t nd Jexp S′

MPD

(kPa) (K) (kPa) (K) (ppm) (ms) (m−3) (m−3s−1)

208 189.26 300.36 106.20 238.53 4556 0.16 3.61 × 1012 2.33 × 1016 14.20
209 189.26 299.03 106.75 237.95 4036 0.17 7.33 × 1011 4.31 × 1015 13.17
210 184.75 298.69 106.95 240.16 4037 0.17 3.19 × 109 1.93 × 1013 11.33
211 184.75 298.76 106.54 239.86 4539 0.17 1.39 × 1011 8.17 × 1014 12.96
212 184.75 298.43 106.96 239.96 4290 0.18 5.65 × 1010 3.14 × 1014 12.21
213 187.75 299.02 106.94 240.42 4173 0.17 3.37 × 109 2.04 × 1013 11.50
214 184.75 299.05 106.28 239.86 4532 0.18 1.44 × 1011 7.98 × 1014 12.91
215 184.75 299.17 106.46 240.13 4797 0.17 3.95 × 1011 2.40 × 1015 13.44
216 184.75 299.96 107.74 241.92 5056 0.16 8.69 × 1010 5.61 × 1014 12.61
217 187.72 299.95 107.69 240.33 5043 0.18 1.95 × 1012 1.11 × 1016 14.09
218 187.72 300.23 106.21 239.24 5225 0.16 1.93 × 1013 1.21 × 1017 15.51
219 186.71 300.65 106.28 240.15 5223 0.17 6.12 × 1012 3.60 × 1016 14.58
220 187.23 301.52 105.97 240.30 5226 0.17 4.99 × 1012 3.02 × 1016 14.40
221 184.75 299.32 107.02 240.73 4210 0.12 1.53 × 109 1.28 × 1013 11.35
222 185.28 299.33 106.58 240.07 4210 0.18 1.22 × 1010 6.94 × 1013 11.85
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Table D3. Molar water vapor fraction y in selected experiments of helium at low pressure.
The quantities listed here are the values determined by the MPD and CMH methods. The standard
uncertainties are also indicated.

Exp MPD CMH
(ppm) (ppm)

208a 4550 ± 46 4590 ± 103
208b 4552 ± 46 4590 ± 103
208c 4551 ± 46 4590 ± 103
209a 4030 ± 40 4052 ± 92
209b 4037 ± 40 4083 ± 93
209c 4028 ± 40 4083 ± 93
212a 4288 ± 43 4333 ± 98
212b 4292 ± 43 4333 ± 98
212c 4283 ± 43 4333 ± 98
213a 4161 ± 42 4203 ± 95
213b 4167 ± 42 4202 ± 95
213c 4167 ± 42 4202 ± 95
214a 4527 ± 45 4586 ± 103
214b 4531 ± 45 4585 ± 103
214c 4529 ± 45 4585 ± 103
214d 4532 ± 45 4585 ± 103
215a 4795 ± 48 4829 ± 108
215b 4789 ± 48 4829 ± 108
216a 5059 ± 51 5086 ± 113
216b 5062 ± 51 5124 ± 114
216c 5070 ± 51 5124 ± 114
216d 5056 ± 51 5125 ± 114
218a 5220 ± 52 5276 ± 117
218b 5223 ± 52 5276 ± 117
218c 5221 ± 52 5276 ± 117
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Table D4. Mixture preparation data of water in helium at high pressure. The quantities listed
here are the pressure (p) and temperature (T ) during the saturation process, the enhancement factor
(fe), the two volumetric flow rates (Q0, Qx), the saturated water vapor fraction (ysat), and the water
vapor fraction after mixing (yMPD).

Exp p T fe Q0 Qx ysat yMPD

(MPa) (K) (ln/min) (ln/min) (ppm) (ppm)

176 2.575 291.08 1.019 0.881 1.08 813.5 448.7
177 2.575 291.08 1.019 0.909 1.12 813.5 448.7
178 2.575 291.08 1.019 0.914 1.13 813.5 449.5
180 2.575 291.08 1.019 0.887 1.09 813.7 448.4
182 2.575 291.08 1.019 0.790 1.26 813.8 500.2
183 2.575 291.09 1.019 0.748 1.18 814.2 498.7
184 2.575 291.09 1.019 0.766 1.22 814.1 499.5
185 2.575 291.10 1.019 0.784 1.24 814.7 499.3
186 2.575 291.11 1.019 0.732 1.16 815.1 499.2
187 2.575 291.08 1.019 0.907 1.11 813.9 448.5
188 2.575 291.10 1.019 0.804 1.12 814.9 474.5
189 2.575 291.12 1.019 0.712 1.25 816.0 519.9
190 2.575 291.09 1.019 0.732 1.16 814.2 498.7
191 2.575 291.13 1.019 1.04 1.01 816.0 400.4

196 2.575 291.08 1.019 2.63 0.368 813.7 99.8
197 2.575 291.12 1.019 2.67 0.332 815.7 90.4
198 2.575 291.09 1.019 2.31 0.326 814.2 101
199 2.575 291.11 1.019 2.77 0.383 815.1 99.0
202 2.575 291.07 1.019 2.61 0.326 813.4 90.2
204 2.575 291.08 1.019 2.68 0.372 813.5 99.1
205 2.575 291.09 1.019 2.79 0.385 814.2 98.7
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Table D5. Water nucleation data in helium at high pressure. The quantities listed here are
the initial pressure (p0) and temperature (T0), the pulse pressure (p) and temperature (T ), the water
vapor fraction as determined by the MPD method (yMPD), the pulse duration (∆t), the droplet number
density (nd), the experimental nucleation rate (Jexp), and, finally, the corrected supersaturations
resulting from the MPD method (S′

MPD).

Exp p0 T0 p T yMPD ∆t nd Jexp S′

MPD

(MPa) (K) (MPa) (K) (ppm) (ms) (m−3) (m−3s−1)

176 1.6937 294.90 1.0129 240.08 448.7 0.21 1.25 × 1011 5.96 × 1014 12.07
177 1.6836 294.82 0.99629 239.01 448.7 0.22 4.37 × 1011 2.03 × 1015 12.81
178 1.6836 294.93 1.0054 239.97 449.5 0.21 6.06 × 1010 2.89 × 1014 12.10
180 1.6731 294.19 1.0053 239.96 448.4 0.22 8.73 × 1010 3.97 × 1014 12.08
182 1.6934 295.56 0.99656 239.08 500.2 0.22 6.68 × 1012 3.11 × 1016 14.21
183 1.7032 296.16 0.99761 239.11 498.7 0.21 6.18 × 1012 3.01 × 1016 14.15
184 1.6836 294.95 1.0023 239.69 499.5 0.21 2.61 × 1012 1.27 × 1016 13.68
185 1.6836 295.86 1.0031 240.51 499.3 0.21 5.94 × 1011 2.90 × 1015 12.91
187 1.6937 295.58 0.99897 239.31 448.5 0.22 3.50 × 1011 1.63 × 1015 12.57
188 1.7032 297.14 0.98718 238.90 474.5 0.20 2.58 × 1012 1.29 × 1016 13.53
189 1.7137 298.04 0.98697 239.01 519.9 0.20 2.05 × 1013 1.03 × 1017 14.70
190 1.7134 296.19 0.99424 238.24 498.7 0.21 3.48 × 1013 1.66 × 1017 14.96
191 1.7032 296.77 0.99591 239.44 400.4 0.20 7.01 × 109 3.50 × 1013 11.09

196 2.0337 294.11 0.96949 218.68 99.8 0.17 7.04 × 1012 4.27 × 1016 25.69
197 2.0435 296.03 0.96989 219.72 90.4 0.17 2.49 × 1011 1.47 × 1015 21.18
198 2.0337 294.91 0.95556 218.01 101 0.17 1.29 × 1013 7.59 × 1016 27.12
199 2.0435 296.23 0.96430 219.36 99.0 0.18 1.55 × 1012 8.85 × 1015 23.84
202 2.0239 294.34 0.95400 217.87 90.2 0.18 1.54 × 1012 8.54 × 1015 24.54
204 2.0337 294.35 0.97253 219.13 99.1 0.18 4.06 × 1012 2.32 × 1016 24.57
205 2.0540 296.26 0.96021 218.56 98.7 0.17 3.86 × 1012 2.27 × 1016 25.43
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Table D6. Molar water vapor fraction y
in selected experiments of helium at high pres-
sure. The quantities listed here are the values
determined by the MPD and CMH methods.
The standard uncertainties are also indicated.

Exp MPD CMH
(ppm) (ppm)

184a 500.1 ± 5.0 495 ± 15
184b 499.6 ± 5.0 495 ± 15
184c 499.6 ± 5.0 495 ± 15
188a 475.0 ± 4.7 475 ± 15
188b 475.6 ± 4.8 480 ± 15
188c 475.5 ± 4.8 470 ± 14
188d 475.0 ± 4.7 470 ± 14
188e 475.3 ± 4.8 470 ± 14

196a 99.1 ± 1.0 96 ± 3
196b 99.1 ± 1.0 95 ± 3
196c 99.5 ± 1.0 96 ± 3
197a 89.8 ± 0.9 94 ± 3
197b 90.0 ± 0.9 96 ± 3
197c 89.9 ± 0.9 95 ± 3
198a 100.6 ± 1.0 98 ± 3
198b 100.9 ± 1.0 104 ± 4
198c 100.9 ± 1.0 104 ± 4
198d 100.9 ± 1.0 95 ± 3
198e 101.1 ± 1.0 97 ± 3
205a 98.9 ± 1.0 93 ± 3
205b 99.4 ± 1.0 96 ± 3
205c 99.2 ± 1.0 97 ± 3

Table D7. Droplet growth data in he-
lium at high pressure. The quantities listed
here are the pressure (p) and temperature (T )
during growth, the initial droplet growth rate
(dr2/dt), and the maximum droplet growth
radius (rm) if vapor depletion plays a role.

Exp p T dr2/dt rm
(MPa) (K) (µm2/s) (µm)

176 1.0826 246.56 38.0 -
177 1.0709 246.03 35.9 -
178 1.0769 246.63 38.3 -
180 1.0717 246.15 38.3 -
182 1.0704 246.02 38.1 0.668
183 1.0744 246.31 41.5 0.590
184 1.0785 246.81 41.7 0.798
185 1.0023 239.68 41.1 1.498
187 1.0674 245.72 36.9 -
188 1.0693 246.65 38.4 0.813
189 1.0699 246.85 43.2 0.390
190 1.0721 245.55 40.6 0.328
191 1.0762 246.98 33.2 -

196 1.0888 229.07 8.29 0.390
197 1.0865 229.92 7.53 -
198 1.0768 228.69 8.60 0.295
199 1.0809 229.61 8.39 -
202 1.0687 228.00 7.34 -
204 1.0914 229.50 8.25 0.481
205 1.0798 229.07 8.30 0.478
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Table D8. Mixture preparation data of water in nitrogen. The quantities listed here are the
pressure (p) and temperature (T ) during the saturation process, the enhancement factor (fe), the
two volumetric flow rates (Q0, Qx), the saturated water vapor fraction (ysat), and the water vapor
fraction after mixing (yMPD). The final column contains the water vapor fraction obtained with the
droplet growth curves for selected experiments (yPEWT, Ref. 138).

Exp p T fe Q0 Qx ysat yMPD yPEWT

(MPa) (K) (ln/min) (ln/min) (ppm) (ppm) (ppm)

75 2.561 291.06 1.085 0.996 0.982 870.0 432.0 441
77 2.561 291.05 1.085 1.00 0.985 869.6 431.5 438
78 2.561 291.06 1.085 1.00 0.991 870.0 432.4 435
79 2.561 291.06 1.085 0.963 1.04 869.9 451.3 454
80 2.561 291.05 1.085 0.907 1.07 869.4 470.3 480
81 2.561 291.05 1.085 0.850 1.15 869.5 499.6 518
83 2.561 291.05 1.085 0.823 1.17 869.5 509.8 518
119 2.574 291.07 1.086 0.945 1.03 866.3 452.3 434
120 2.574 291.05 1.086 0.844 1.11 865.5 491.9 500
122 2.574 291.01 1.086 0.805 1.22 863.1 519.8 549
128 2.574 291.04 1.086 0.789 1.19 864.6 520.5 514
129 2.574 291.03 1.086 0.843 1.16 864.5 500.8 510
130 2.574 291.04 1.086 0.897 1.15 864.8 486.5 482
131 2.574 291.04 1.086 0.910 1.09 864.8 470.8 471
133 2.574 291.05 1.086 0.800 1.21 865.5 521.4 516
134 2.574 291.06 1.086 0.690 1.27 866.2 561.7 562
135 2.574 291.05 1.086 0.847 1.14 865.5 496.3 491
137 2.574 291.03 1.086 0.853 1.12 864.5 490.8 483
138 2.574 291.04 1.086 0.946 1.08 864.8 461.1 447
139 2.574 291.04 1.086 0.987 1.06 864.9 448.9 442
143 2.574 291.03 1.086 0.919 1.08 864.5 466.7 461
144 2.574 291.03 1.086 0.869 1.12 864.1 486.2 484
153 2.572 291.08 1.086 0.734 1.29 867.6 552.6 -
155 2.572 291.08 1.086 0.853 1.17 867.5 502.0 -
156 2.572 291.08 1.086 0.748 1.31 867.5 552.6 -
157 2.572 291.08 1.086 0.853 1.17 867.5 502.1 -
158 2.572 291.08 1.086 0.727 1.27 867.4 552.2 -
159 2.572 291.08 1.086 0.812 1.26 867.5 527.7 -
160 2.572 291.08 1.086 0.742 1.30 867.5 552.9 -
161 2.572 291.08 1.086 1.03 1.02 867.4 432.0 -
162 2.572 291.08 1.086 1.01 1.10 867.2 451.6 -
163 2.572 291.07 1.086 1.05 0.997 867.1 421.7 -
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Table D9. Water nucleation data in nitrogen. The quantities listed here are the initial pressure
(p0) and temperature (T0), the pulse pressure (p) and temperature (T ), the water vapor fraction as
determined by the MPD method (yMPD), the pulse duration (∆t), the droplet number density (nd),
the experimental nucleation rate (Jexp), and, finally, the corrected supersaturations resulting from
the MPD method (S′

MPD).

Exp p0 T0 p T yMPD ∆t nd Jexp S′

MPD

(MPa) (K) (MPa) (K) (ppm) (ms) (m−3) (m−3s−1)

75 2.0363 294.97 0.96973 238.02 432.0 0.51 1.6 × 1013 3.2 × 1016 12.17
77 2.0363 296.15 0.96547 238.67 431.5 0.57 2.5 × 1012 4.4 × 1015 11.58
78 2.0363 297.02 0.96718 239.50 432.4 0.51 3.4 × 1011 6.6 × 1014 10.97
79 2.0363 296.66 0.96599 239.12 451.3 0.50 2.3 × 1012 4.6 × 1015 11.74
80 2.0363 295.67 0.99016 239.99 470.3 0.50 2.4 × 1012 4.8 × 1015 11.78
81 2.0363 295.95 1.0088 241.58 499.6 0.56 8.9 × 1011 1.6 × 1015 11.37
83 2.0363 296.76 0.97002 239.49 509.8 0.38 2.3 × 1013 6.1 × 1016 12.97
119 2.0395 294.48 1.0080 240.18 452.3 0.55 1.6 × 1012 3.0 × 1015 11.37
120 2.0395 294.12 1.0518 242.83 491.9 0.57 1.6 × 1012 2.9 × 1015 10.61
122 2.0395 294.27 1.1108 246.82 519.8 0.55 4.9 × 1010 9.0 × 1013 8.69
128 2.0395 295.72 0.97878 239.14 520.5 0.53 6.7 × 1013 1.3 × 1017 13.67
129 2.0395 296.04 0.98714 240.00 500.8 0.56 7.2 × 1012 1.3 × 1016 12.50
130 2.0395 296.11 0.97850 239.45 486.5 0.51 5.6 × 1012 1.1 × 1016 12.52
131 2.0395 296.02 0.98399 239.78 470.8 0.51 1.8 × 1012 3.5 × 1015 11.90
133 2.0395 297.84 0.98499 241.32 521.4 0.50 1.6 × 1012 3.3 × 1015 11.82
134 2.0395 297.89 0.98085 241.05 561.7 0.57 2.5 × 1013 4.4 × 1016 12.95
135 2.0395 297.99 0.97830 240.97 496.3 0.49 5.6 × 1011 1.2 × 1015 11.46
137 2.0395 294.56 0.98306 238.50 490.8 0.48 6.4 × 1013 1.3 × 1017 13.52
138 2.0395 295.29 0.97473 238.51 461.1 0.40 8.6 × 1012 2.2 × 1016 12.62
139 2.0395 296.13 0.97992 239.55 448.9 0.54 6.3 × 1011 1.2 × 1015 11.49
143 2.0395 294.49 0.97601 237.95 466.7 0.49 3.4 × 1013 6.9 × 1016 13.26
144 2.0395 294.89 0.99675 239.70 486.2 0.51 1.3 × 1013 2.5 × 1016 12.51
153 2.0401 296.53 0.99615 241.01 552.6 0.55 2.8 × 1013 5.3 × 1016 12.96
155 2.0401 296.43 0.99730 241.01 502.0 0.57 1.7 × 1012 3.0 × 1015 11.78
156 2.0401 295.87 0.98770 239.86 552.6 0.50 1.2 × 1014 2.3 × 1017 13.93
157 2.0401 296.12 0.99491 240.59 502.1 0.51 3.5 × 1012 6.9 × 1015 12.11
158 2.0401 295.57 0.99317 240.02 552.2 0.54 1.1 × 1014 2.0 × 1017 13.85
159 2.0401 296.05 0.99949 240.85 527.7 0.57 8.2 × 1012 1.4 × 1016 12.55
160 2.0401 296.32 0.99591 240.82 552.9 0.52 2.9 × 1013 5.4 × 1016 13.15
161 2.0401 295.50 0.99664 240.20 432.0 0.54 1.4 × 1011 2.5 × 1014 10.72
162 2.0401 294.68 0.99069 239.12 451.6 0.53 2.6 × 1012 4.9 × 1015 12.03
163 2.0401 295.25 0.99198 239.67 421.7 0.52 1.1 × 1011 2.1 × 1014 10.83
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Table D10. Molar water vapor fraction
y in selected experiments of nitrogen. The
quantities listed here are the values deter-
mined by the MPD, KFT, and CMH methods.
The standard uncertainties are also indicated.

Exp MPD KFT CMH
(ppm) (ppm) (ppm)

153a 552.2 ± 5.5 498 ± 27 541 ± 16
153b 552.9 ± 5.5 493 ± 27 536 ± 16
153c 552.9 ± 5.5 508 ± 27 541 ± 16
153d 552.8 ± 5.5 544 ± 29 541 ± 16
153e 552.7 ± 5.5 554 ± 30 546 ± 17
155a 502.3 ± 5.0 470 ± 25 483 ± 15
155b 502.2 ± 5.0 472 ± 25 488 ± 15
155c 502.0 ± 5.0 485 ± 26 474 ± 15
155d 502.6 ± 5.0 497 ± 27 488 ± 15
155e 501.9 ± 5.0 506 ± 27 483 ± 15
156a 552.6 ± 5.5 540 ± 29 529 ± 16
156b 552.0 ± 5.5 556 ± 30 534 ± 16
156c 552.9 ± 5.5 561 ± 30 534 ± 16
156d 551.8 ± 5.5 532 ± 29 534 ± 16
158a 552.5 ± 5.5 526 ± 28 535 ± 16
158b 552.3 ± 5.5 539 ± 29 535 ± 16
158c 552.9 ± 5.5 543 ± 29 535 ± 16
158d 552.6 ± 5.5 532 ± 29 535 ± 16
161a 432.5 ± 4.3 426 ± 23 420 ± 13
161b 431.9 ± 4.3 441 ± 24 415 ± 13
161c 432.5 ± 4.3 429 ± 23 424 ± 13

Table D11. Droplet growth data in nitro-
gen. The quantities listed here are the pres-
sure (p) and temperature (T ) during growth,
the initial droplet growth rate (dr2/dt), and
the maximum droplet growth radius (rm) if
vapor depletion plays a role.

Exp p T dr2/dt rm
(MPa) (K) (µm2/s) (µm)

75 1.0822 245.69 11.1 0.433
77 1.0789 246.45 10.8 0.869
78 1.0837 247.50 10.6 -
79 1.0829 247.15 11.1 0.898
80 1.0829 246.28 11.9 0.875
81 1.0860 246.78 13.0 1.224
83 1.0860 247.44 13.2 0.400
119 1.1111 247.04 11.3 1.081
120 1.1493 249.13 12.4 1.052
122 1.2103 253.02 13.1 -
128 1.0857 246.42 13.4 0.285
129 1.0931 247.18 13.0 0.572
130 1.0897 247.01 12.1 0.643
131 1.0902 246.99 11.8 1.044
133 1.0847 248.14 13.1 1.070
134 1.0834 248.07 14.3 0.403
135 1.0855 248.32 12.0 -
137 1.0856 245.44 12.7 0.284
138 1.0863 246.09 11.4 0.572
139 1.0869 246.83 10.9 -
143 1.0872 245.49 12.0 0.346
144 1.1037 246.87 12.2 0.486
153 1.0969 247.81 14.1 0.380
155 1.0955 247.63 12.6 0.999
156 1.0937 247.03 14.6 0.243
157 1.1034 247.89 12.4 0.802
158 1.0961 246.95 14.3 0.247
159 1.0962 247.36 13.8 0.572
160 1.0970 247.64 14.1 0.389
161 1.0962 246.90 10.6 -
162 1.0945 246.11 11.4 0.861
163 1.0953 246.63 10.0 -
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APPENDIX E: OPTICAL

METHODOLOGY

The optical analysis of the nucleation measurements completely relies on the linear
behavior of the optical detectors. Therefore, the photodiode (Telefunken BPW-34)
and photomultiplier tube (Hamamatsu 1P28A with C956-04 power supply) must re-
spond linearly to the laser light irradiance. First, the response of the photodiode is
studied. Second, the properties of the photomultiplier tube are investigated. Finally,
we explain why the two small glass windows in the PEWT are slightly slanted (6◦).

Photodiode

The optical setup is kept the same as during the nucleation experiments (see Section
5.3.5). The only difference is the insertion of either a neutral density (ND) filter or
two polarizing filters directly in front of the laser. An ND filter reduces the intensity
of all wavelengths equally, so the transmission can be regulated without modifying
the original laser beam or the attenuation set-up. Each ND filter has a specified
transmission (or optical depth). In this case, 100% transmission is obtained when an
ND filter is absent, while 0% transmission is created by completely blocking the laser
light. From the left figure in Fig. E1, it is evident that the photodiode is working
properly: linear behavior is retrieved. We have verified these results by replacing the
ND filter with two polarizers. The transmission in this case is given by Malus’ law
(I = I0 cos2 θ, with I0 the initial intensity and θ the angle between the polarizing axes
of the two polarizers). When going from transparent to opaque and back, it is clear
that the linear behavior is obtained once more: see right figure in Fig. E1. Be aware
that some light (about 1/3) is lost inside the polarizers: the maximum intensity at
100% transmission is therefore approximately 0.6 V instead of 1.6 V as in the previous
case with the ND filter.

Photomultiplier

The photomultiplier (PM) tube is a photosensitive device with extremely high sensitiv-
ity and ultra-fast response,222 thereby suitable for studying our growing micron-sized
water droplets. It consists of a photocathode, an electron multiplier and an electron
collector (anode). When light enters the photocathode, photoelectrons will be emitted
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Figure E1. Results for the photodiode obtained with ND filters (left) and polarization filters
(right), respectively. The linear behavior is evident in both cases. The combination of the two
polarizers (right) absorbs the light partly; the initial beam strength (approximately 1.6 V) is not
obtained at 100% transmission.

into a vacuum. These electrons are directed towards the electron multiplier, where
they are multiplied by a cascade secondary emission process. The multiplied electrons
are collected by the anode as a large output current.

The PM’s transit time is defined as the time interval between the arrival of a
(delta peak) light pulse at the photocathode and the instant when the anode current
reaches its peak amplitude. The rise time is defined as the time needed to rise from
10% to 90% of the peak amplitude when the entire photocathode is illuminated by a
(delta peak) light pulse. The typical transit time of our PM is 22 ns with a rise time
of 2.2 ns.

The high sensitivity of a PM originates from the multiplication process, which
amplifies electrons by a cascade of electrodes (dynodes). The used PM has 9 stages of
electrodes, so that the very small photoelectric current from the photocathode can be
observed as a large output current. The power gain, i.e., the ratio of output current to
the photoelectric current, is 1 × 107. A small fluctuation in the power supply voltage
will deteriorate the PM’s performance, so a commercial power supply (Hamamatsu
C956-04) was used. The high voltage can be controlled manually in the range between
0 and -1000 V dc with an external 10 kΩ potentiometer. By maintaining a higher
programming voltage, the gain or sensitivity can be decreased and vice-versa: see Fig.
E2. In the first set of experiments (045 – 144) only the lowest sensitivity setting was
used (4.0 V).

The interstage voltages for the cascade of electrodes (dynodes) are supplied by
series-connected resistors. Figure E3 shows the ratio of the output of the PM to
the divider current as a function of the light flux. For accurate measurements, it is
necessary to operate within the linear region (A). The deviation from the ideal linear
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Figure E2. Sensitivity of the photomultiplier (PM) tube as a function of the programming voltage.
The higher the programming voltage, the lower the sensitivity of the PM. The line serves to guide
the eye.

curve (B) takes place when the interstage voltages change. A voltage loss between
the last dynodes is redistributed to the earlier stages of the cascade. The voltage loss
between the last dynodes has little effect on the final current, since the last interstage
voltage is only meant to collect the electrons emitted from the last dynode. The
increase in interstage voltage upstream in the cascade process, however, increases
the emission ratio at previous dynodes, thereby raising the overall gain. This is the
cause for the so-called overlinearity regime (B). As the light flux further increases,
the output current will saturate close to the value of the current flowing through
the voltage divider circuit. This is due to the fact that the last interstage voltage
approaches zero. This output saturation is evident in the third region (C).
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Figure E3. The output characteristics of the PM (modified from Ref. 222).

To check whether the optical analysis of the nucleation measurements (experiments
045 – 144) is not influenced by possible non-linear behavior of the PM, we have
mimicked the nucleation experiments one-to-one. A pulse with the same duration
as the measurement time in the pulse-expansion wave tube (approximately 40 ms) is
created by a function generator and send to a LED light. The irradiance is modulated
by a variable ND filter, with transmissions between 0.1 and 91%. The programming
voltage is kept the same as during the first series of the nucleation experiments (4.0 V).
The result is given in Fig. E4. It is clear that low output values, in the case of a
transmission of 10, 1, and 0.1%, respectively, lead to the desired, linear behavior.
On the other hand, for higher outputs, i.e., higher transmissions (32 to 91%), the
measurements suffer from a building-up effect. This is the case for outputs exceeding
0.1 V and more prominently for outputs above 0.2 V.

The results in Fig. E4 imply that for high PM output values (exceeding 0.2 V)
one has to be careful in the interpretation of the optical signals. Nevertheless, such
fast and high PM output values only result from nucleation rates close to the upper
measurement window of the PEWT, roughly above 5×1016 m−3 s−1. Since we are no
longer able to increase the programming voltage (4.0 V already indicates minimum
sensitivity, Fig. E2), we will have to decrease the light irradiance of our (powerful)
laser in another way. Hence, we have re-designed the photomultiplier tube construc-
tion to diminish the light irradiance. The whole PM construction (see Figs. E5-E7)
was extended with an external ND filter holder, in which either one or two ND filtersa

can be mounted, together with a dark disk (see Fig. E8) to avoid light bypassing
the ND filter(s). The large variety in optical densities allows for a straightforward
modification of the irradiance.

aThe optical densities are, respectively, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 1.0, 2.0, 3.0, and 4.0.
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Figure E4. Transient behavior of the PM on a representative light pulse, mimicking the situation
in the pulse-expansion wave tube during a nucleation experiment. The irradiance is varied by means
of a variable ND filter. The curves for a transmission of 10%, 1.0%, and 0.1% show very good
resemblance with the created light pulse. The other, higher outputs (above 0.1 V, transmission between
32% to 91%) slightly suffer from non-ideal transient behavior.
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Figure E5. Assembly of the modified PM construction, made from black anodized aluminium.
The scattered laser light enters the construction from the left and the photomultiplier tube itself is
mounted on the right. The filter holder can be used with either one or two ND filters. The light
cannot bypass the filter(s) because of a black PVC disk surrounding the filter holder (not shown).
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Figure E6. Technical drawing of the modified PM construction.
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Figure E7. Technical drawing of the black anodized aluminium filter holder.
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Figure E8. Technical drawing of the black PVC disk.
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Inclination of the optical windows

The two small BK7 optical glass windows (cf. Fig. 4.16 and 5.4) in the PEWT are
slightly tilted under an angle of 6◦. Figure E9 provides an overview and was obtained
with Zemax optical software in collaboration with ing. Paul Bloemen. The original
laser beam in Fig. E9 (dark yellow line) is spatially separated from the main reflection
(light blue line).

The initial laser beam (green line) is coming from the left and reflects at interfaces
(1) and (2) before entering the interior of the tube as the dark yellow original beam.
This beam reflects from interface (3) as the pink line (indicated by the text arrow).
Other reflections from the different interfaces are indicated in Fig. E9 as well. It is
important that they do not interfere. The original laser beam used for the attenuation
exits the glass-surroundings interface (4) on the right as the blue line.

Initial laser beam

Reflection

(1)

(2)

(4)

(3)
Reflection

Original beam

window (BK7 glass)window (BK7 glass)

Figure E9. Visualization of the reflections in the PEWT (obtained with Zemax optical software
in collaboration with ing. Paul Bloemen). The laser beam (green line) enters the tube from the left.
The main reflection (light blue line) is geometrically separated from the original beam (dark yellow
line). Each interface is denoted by a number: (1) surroundings-glass interface; (2) glass-tube interior
interface; (3) interior tube-glass interface; (4) glass-surroundings interface. The reflections inside
the glass windows are not shown.



APPENDIX F: FREEZING OF

DROPLETS THAT GROW BY VAPOR

DIFFUSION

This Appendix is part of the research article of Chapter 5. It was developed within the
framework of a collaboration with dr. Jan Hrubý of the Institute of Thermomechanics,
Academy of Sciences of the Czech Republic.

In a nucleation experiment, a large number N0 of monodisperse droplets are gen-
erated. They grow by condensing the available vapor. At a time t, N droplets are still
liquid or, more precisely, no nucleation event occurred in them until time t. With re-
spect to the purity of the system, we can assume that only homogeneous ice nucleation
can occur. As noted by Sigurbjörnsson and Signorell,223 for nanometer-sized droplets
present experimental techniques do not allow to distinguish between ice nucleation
on the surface of droplets and inside them. The droplets observed in the present
experiments are in the micron range, for which it is generally accepted that most
nucleation events occur inside the droplets. Consequently, the number of droplets in
which a nucleation event will occur during an (infinitesimally short) time interval dt
is proportional to their volume:

N J V dt . (F.1)

Here, J is the homogeneous ice nucleation rate, i.e. the number of ice nuclei formed
per unit of time (s) in a volume unit (m3), and V is the droplet’s volume. In other
words, the number of liquid droplets N decreases during the time interval dt by:

dN = −N J V dt . (F.2)

By integrating Eq. F.2 we obtain for the fraction of liquid droplets

P (t) =
N

N0

= exp

(

−
∫ t

0

J V (t)dt′
)

. (F.3)

P (t) can also be interpreted as a probability that a given droplet remains liquid at
time t.

As already discussed, the growth of droplets in the reported experiments is con-
trolled by diffusion of the vapor towards the phase interface. By integrating Eq.
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5.6 without considering the vapor depletion, one finds that the square of the droplet
radius r increases proportionally to time t,

r2 = Gt . (F.4)

The growth rate G is given as

G = 2
ρ′g
ρ′l
D(y − yeq) , (F.5)

and its magnitude is about 10−11m2 s−1. Since the temperature and pressure are
constant during the growth, the nucleation rate J can be assumed constant. As a
consequence of the growth law given by Eq. F.4, the volume increases in time as

V (t) =
4

3
π r3 =

4

3
π G3/2t3/2 . (F.6)

Performing the integration in Eq. F.3 we obtain

P (t) = exp(−at5/2) , (F.7)

where we defined the parameter a as

a =
8π

15
G3/2J . (F.8)

To represent the time in a dimensionless form, we propose a scaling time

t1/e = a−2/5 (F.9)

and define the dimensionless time τ as

τ =
t

t1/e
. (F.10)

The scaling time has the physical meaning of the time at which the fraction of liq-
uid droplets decreases to 1/e

.
= 0.3679. Eq. F.7 can be rewritten in terms of the

dimensionless time as

P (τ) = exp(−τ 5/2) . (F.11)

Eq. F.11 can be easily inverted to give the dimensionless time at which the fraction
of liquid droplets decreases to a given level:

τ = (− lnP )2/5 . (F.12)

For the purpose of the present experiments, we assume that the light scattering signal
will be hardly affected if the fraction of frozen droplets is smaller that about 5%, i.e.
limiting the experimental time to τ ≤ τ0.95

.
= 0.3048.

The probability density f of nucleation event at dimensionless time τ can be
obtained as

f(τ) =
d[1− P (τ)]

dτ
=

5

2
τ 3/2 exp(−τ 5/2) . (F.13)
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Figure F1. Solid line: probability P (τ) that a droplet remains liquid at dimensionless time τ
given by Eq. F.11. Dashed line: probability density f(τ) of an ice nucleation event at dimensionless
time τ given by Eq. F.13

The number of ice nucleation events during a time interval dt is N0f(τ)dt/t1/e. Its
maximum value is reached at τmax = (3/5)2/5

.
= 0.8152. The fraction of liquid droplets

P and the probability distribution function f are shown in Fig. F1. The mean dimen-
sionless lifetime of a liquid droplet can be computed as

τm =

∫

∞

0

τf(τ)dτ =
2

5
Γ(2/5)

.
= 0.8873 . (F.14)

Murray et al. 224 measured ice nucleation rates in the range of temperatures from
234.9 to 236.7 K and provided a parametrization of the nucleation rate in a broad
range of temperatures. Two variants of the parametrization are provided, differing
in the exponent in their formula for the temperature dependency of the interfacial
tension between liquid water and cubic ice. We computed the ice nucleation rate
J = 5.9 × 10−18m−3 s−1 at 247 K using exponent 0.3, which best matches data by
Murray et al. 224 and other ice nucleation data at small supercoolings. For our growth
rate G = 10−11m2 s−1, we found a mean lifetime of the liquid droplet tm = 2.2×1013 s,
corresponding to 70,000 years! Hence, freezing by homogeneous ice nucleation can be
completely excluded at 247 K.

Ice nucleation, however, comes into play at temperatures not much lower. For a
growth temperature of 237 K, roughly corresponding to a nucleation pulse temper-
ature of 230 K, we computed the ice nucleation rate 1.3 × 1012m−3 s−1 and a mean
liquid droplet lifetime of 41 s. For a growth temperature of 227 K, corresponding to
a nucleation temperature of 220 K, the nucleation rate increases to 7.1× 1022m−3 s−1

and the mean lifetime of a liquid droplet shrinks to 2.1 ms. For the latter temperature
we adopted an exponent of 0.97 for the interfacial tension formula given by Murray
et al.,224 since the nucleation rates computed using this value fit the data at deep
supercoolings by Huang and Bartell 225 and the recent data by Manka et al. 141 well.
It has been noted by Němec 226 that the Laplace pressure in small droplets signifi-
cantly increases the formation work of ice nuclei formed inside the droplets and, thus,
decreases the predicted nucleation rate. In this way, the data at high supercoolings
could be represented with an exponent of 0.35 in the interfacial tension formula that
fits the data at small supercoolings as well. In the present work, the pressure inside
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the droplets is increased by the surrounding gas pressure (roughly 1.0 MPa, except
for the 0.1 MPa helium experiments). The pressure effect decreases the ice nucleation
rate and, consequently, increases the lifetime of liquid droplets. Furthermore, vapor
depletion, neglected in the growth law (Eq. F.4), decreases and, ultimately, stops
the growth and increases the lifetime of liquid droplets. These facts reconfirm that
homogeneous ice nucleation is practically impossible for the experiments performed
at a nucleation temperature of 240 K.



APPENDIX G: CORRECTION OF THE

SUPERSATURATION

In our set-up, it is impossible in practice to obtain exactly the same nucleation temper-
ature repeatedly. Minute temperature-deviations that result from a slightly varying
initial temperature thus have to be compensated for. We assume that the Classical
Nucleation Theory (Section 2.2) predicts the correct changes in the nucleation rate
for small changes in supersaturation and temperature. Then it is possible to estimate
the supersaturation S ′, that is obtained when the temperature T equals the mean
temperature T̄ , while keeping the nucleation rate J constant. A change in tempera-
ture leads to a different value for the surface tension σ and liquid density ρℓ. This is
taken into account in the following corrected supersaturation:

S ′ = S +
S lnS

2

(3

σ

∂σ

∂T
− 2

ρℓ
∂ρℓ

∂T
− 3

T

)

(T̄ − T ). (G.1)

In first order, the correction to the supersaturation is given by

S ′ = S +
(∂S

∂T

)

J
(T̄ − T ). (G.2)

The derivative (∂S/∂T )J is calculated by means of the Classical Nucleation Theory,
which defines the nucleation rate as

J = K exp(−AΨ), (G.3)

with

A =
16π

3

M2

N2
Ak

3
(G.4)

and Ψ a function of the temperature given by

Ψ =
σ3

T 3(ρℓ lnS)2
. (G.5)

The Euler chain formula relates the derivative (∂S/∂T )Ψ to the following ratio:

(∂S

∂T

)

Ψ
=

−
(

∂Ψ
∂T

)

S
(

∂Ψ
∂S

)

T

. (G.6)
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Simple algebra gives the following results for the derivatives:

(∂Ψ

∂T

)

S
=

3 σ3

T 3(ρℓ lnS)2

( 1

σ

∂σ

∂T
− 1

T
− 2

3

1

ρℓ
∂ρℓ

∂T

)

, (G.7)

(∂Ψ

∂S

)

T
=

−2 σ3

S ln(S) T 3(ρℓ)2
. (G.8)

If Eqs. G.7 and G.8 are combined, the result is

(∂S

∂T

)

J
=

(∂S

∂T

)

Ψ
=

S lnS

2

(3

σ

∂σ

∂T
− 2

ρℓ
∂ρℓ

∂T
− 3

T

)

. (G.9)

Eq. G.1 is retrieved when substituting Eq. G.9 in Eq. G.2.



APPENDIX H: THERMAL EFFECTS

ON DROPLET GROWTH

Liquid water clusters start to grow after the nucleation pulse. During this growth
period, they release heat of condensation. The temperature of the gas-vapor mixture
therefore increases and might differ from the calculated isentropic temperature, e.g.
based on the nitrogen EoS.189 The temperature during growth is used in the deter-
mination of the diffusion coefficient of water in nitrogen, reported in Chapter 5. If
the actual growth temperature is higher, that determination is no longer accurate.
We prove in the forthcoming that the assumption of a small temperature increase
(< 0.8 K) is correct for nitrogen carrier gas at an elevated pressure of 1.0 MPa (ex-
periments 075 – 144). More details on the thermodynamics of growing droplets in a
gas-vapor mixture can be found elsewhere.13,185,210,227,228

To study the effects of the latent heat on the droplet cloud’s temperature, we
assume that the pressure is constant. Due to the gasdynamic design of our set-up this
is a valid assumption. In that case, the enthalpy h is constant:

h(t) = h(0) = h0. (H.1)

The considered enthalpy is a molar quantity. Note that we will use molar quantities
in the remainder as well.

The gas-vapor mixture consists of a carrier gas, a vapor, and a liquid. When we
assume constant specific molar heats and constant heat of condensation, the enthalpy
can be written as:

h = (yℓ cp,ℓ + yv cp,v + yg cp,g) T − yℓ L, (H.2)

with the subscripts g, v, and ℓ denoting the (carrier) gas, vapor, and liquid compo-
nent, cp the specific molar heat at constant pressure, and L the molar latent heat
of condensation. In Eq. H.2 it is assumed that there is no temperature difference
between the liquid and the gas-vapor mixture. Combining Eqs. H.1 and H.2 yields

(yℓ cp,ℓ + yv cp,v + yg cp,g) T − yℓ L = (yv,0 cp,v + yg cp,g) T0. (H.3)

The RHS of Eq. H.3 denotes the initial situation just after the nucleation pulse when
the mixture is still dry, i.e. yℓ = 0 and yv = yv,0, and the temperature is equal to T0.
Conservation of the vapor/liquid component, i.e. the total amount of water, leads to:

yℓ + yv = yv,0. (H.4)
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After some rearrangement Eqs. H.3 and H.4 yield

T =
(yv,0 cp,v + yg cp,g) T0 + yℓ L

yℓ (cp,ℓ − cp,v) + yv,0 cp,v + yg cp,g
. (H.5)

This relates the temperature of the droplets to the molar liquid fraction. We can
further simplify this expression, when the contribution of the vapor phase to the
enthalpy is neglected. This is certainly valid for the elevated pressures (p ≥ 1.0 MPa)
in our nitrogen experiments (075 – 144). In that case, Eq. H.5 reduces to:

T ∼= yg cp,g T0 + yℓ L

yg cp,g
= T0 +

yℓ L

yg cp,g
. (H.6)

The parameters on the RHS depend on the temperature, e.g. the molar heat of
condensation L. Nonetheless, we assume that these parameters are constant as a
first-order approximation. Eq. H.6 can then be used to obtain an estimate for the
temperature change ∆T = T − T0

∼= yℓL/(yg cp,g). For water droplets growing in
nitrogen carrier gas at elevated pressure (1.0 MPa), we find a temperature change of
approximately 0.8 K.

To calculate the temperature change in a more sophisticated way, we need an
expression for the molar liquid fraction. Fortunately, the molar liquid fraction yℓ is
related to the droplet number density per mole of mixture n

′

d, the molar liquid density
ρ∗ℓ , and the droplet radius r as:

yℓ = (4π/3) r3ρ∗ℓ n
′

d. (H.7)

The droplet number density nd changes with temperature, but the droplet number
density per mole of mixture n′

d does not change when T varies as a result of latent heat
release. Conservation of the vapor/liquid component (Eq. H.4) allows us to write

yv = yv,0 − (4π/3) r3ρ∗ℓ n
′

d. (H.8)

Combining Eqs. H.6 and H.7 leads to a direct relation between the temperature
and droplet size:

T ∼= T0 +
(4π/3) r3ρ∗ℓ n

′

d L

yg cp,g
. (H.9)

The experimental scattering signals (Section 5.3.5) give us the squared droplet
size r2 (and its time derivative) as a function of time. This allows us to calculate the
temperature change during each experiment. This modeled temperature can then be
used to calculate the approximate time derivative of the squared droplet size dr2/ dt:

dr2

dt
= 2D

ρ∗g
ρ∗ℓ

(yv − yv,eq), (H.10)

where D is the diffusion coefficient for which we use an “ansatz” value,b ρ∗g the molar
gas density, and yv,eq the equilibrium molar vapor fraction. The “ansatz” value for the

bMore details on the determination of the diffusion coefficient can be found in Chapter 5.
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diffusion coefficient D is obtained at the droplet growth start time t0. This has the
advantage that, for example, the water vapor fraction yv is known with high accuracy.
On the other hand, the assumption of monodispersity at the start of droplet growth
is weaker than for later times at which the droplet size distribution is increasingly
narrow.

In this way, the model for thermal effects on droplet growth for our water nucle-
ation experiments in nitrogen (075 – 144) is complete. Using Eqs. H.7 – H.10, Figs.
H1 and H2 show examples of typical water nucleation experiments in nitrogen carrier
gas. The liquid and the vapor fractions as well as the temperature are given as a
function of time. The droplet growth starts at t = t0, with t0 the droplet growth start
time. The diagrams of the liquid and vapor fractions are based on conservation of the
vapor/liquid component. It is evident from Figs. H1 and H2 that the temperature
of the droplet cloud only slightly increases, usually between 0.05 K and 0.7 K. The
experimental droplet growth rate is compared with the modeled droplet growth rate,
in which the temperature history is incorporated. For simplicity, we have assumed
that the diffusion coefficient is constant during the experiment. The graphs of the
two droplet growth rates (experiment, approximation) are in good agreement meaning
that taking the diffusion coefficient at time t0 is a good choice.
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Figure H1. The liquid fraction, the vapor fraction, the temperature, and the droplet growth rate
dr2/dt as a function of time for experiment 77. The experimental dr2/dt (dotted line) is compared
with our model (solid line).
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Figure H2. The liquid fraction, the vapor fraction, the temperature, and the droplet growth rate
dr2/dt as a function of time for experiment 144. The experimental dr2/dt (dotted line) is compared
with our model (solid line).
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APPENDIX I: PULSE INTEGRATION

The goal parameters of the experiments are the nucleation rate J and the supersatu-
ration S. These two parameters proceed from the choices made by the experimenter
early in the data analysis process when the pulse boundaries are defined by visual
inspection. The pulse shape is slightly different for every experiment and cannot be
reproduced very well.105 Hence, minute ambiguity is contained in the determination
of the pulse interval. This user-specified pulse interval with duration ∆t leads to the
pulse pressure pp, which equals the average value of the pressure during the pulse.
The pulse temperature Tp, in turn, is defined by this pulse pressure pp via the isen-
tropic gas relation or the corresponding Equation of State (EoS). Accordingly, the
pulse supersaturation Sp can be calculated since the water vapor fraction, pressure,
and temperature are known. The combination of the optical scattering and attenua-
tion techniques (cf. Chapter 5) leads to an experimental droplet number density nexp.
The ratio of this droplet number density nexp and pulse duration ∆t results in the
experimental nucleation rate J . Defining the pulse boundaries thus has far-striking
consequences for the final parameters of the nucleation experiment.

Given that an empirical model exists, the minute ambiguity contained in the deter-
mination of the pulse can be avoided by implementing the so-called pulse integration
method.105 In that case, the integration over the pressure history leads to a modeled
droplet number density

nm =

∫

Jm{T (t), S [y, p(t), T (t)]} dt, (I.1)

with Jm an empirical relation for the nucleation rate. Note that the nucleation rate
during the pulse contributes most. For this reason, it is unimportant how the in-
tegration limits are chosen as long as the pulse is included. A typical result for a
representative experiment is shown in Fig. I1. Figure I1b shows the modeled droplet
number density nm that is caused by the empirical nucleation rate in Fig. I1a. The
precursor in the empirical nucleation rate (Fig. I1a, 0.75 ms) does not influence the
final results: the kink in Fig. I1b is more than two orders of magnitude smaller than
the pulse.

The corrected experimental nucleation rate is given by

Jcorr =
nexp

nm

Jm. (I.2)

It remains under investigation how the pulse pressure pp and temperature Tp are
determined to find the pulse supersaturation Sp. The corrected pulse pressure is a
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Figure I1. Diagram of a representative experiment in the Pulse-Expansion Wave Tube (water
nucleation in helium, experiment 215). The nucleation pulse is indicated by the text arrow. (a) The
pressure and corresponding empirical nucleation rate as a function of time. (b) The modeled droplet
number density as a function of time.

weighted average with the nucleation rate as weight factor:

pcorrp =

∫

p(t)× Jm(t) dt
∫

Jm(t) dt
. (I.3)

The corrected pulse temperature can be found in two different ways. First, using
the same approach as with the pulse pressure, i.e. using a weighted average:

T corr
p =

∫

T (t)× Jm(t) dt
∫

Jm(t) dt
. (I.4)

An alternative is to apply the isentropic gas relation. The two methods should
lead to the same results.c

Unfortunately, an empirical model for the nucleation rate only exists for low pres-
sure helium experiments. For these conditions, we adopt the approach by Holten et
al.,67 who modified the original formula by Miller et al. 27 as follows:

Jm[T, S(y, p, T )] = J0 S exp
[

c1 + c2T − c3 + c4T

(lnS)2

]

, (I.5)

with J0 ≡ 1 m−3s−1 and c1, c2, c3, and c4 fitting parameters. The values found by
Holten et al. 67 were c1 = −1.9, c2 = 0.2737 K−1, c3 = 901.7, and c4 = −2.878 K−1.
They are valid for temperatures between 200 and 240 K and nucleation rates in the
range of 3×1013 – 1×1017 m−3 s−1.

To investigate whether the pulse integration method leads to other – possibly
improved – results, we tested the method for the case of helium at 100 kPa. The
change in pressure was smaller than 0.17 %, whereas the change in temperature was
0.23 K at most. Figure I2 shows the results for both data analysis strategies. It is
clear that the pulse integration method does not outperform the visual inspection. In
the present study we have therefore only used the visual inspection methodology.

cIn the case of water nucleation in helium at low pressure the pulse temperature only differed by
2×10−3 K.
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Figure I2. The experimental nucleation rate as a function of the corrected supersaturation for
helium (100 kPa, 240 K) for the two data analysis strategies.
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APPENDIX J: PRESSURE

DEPENDENCY OF THE SURFACE

TENSION

This Appendix is part of the research article of Section 6.2. It was developed within
the framework of a collaboration with dr. Jan Hrubý of the Institute of Thermome-
chanics, Academy of Sciences of the Czech Republic. Here we derive the Langmuir
adsorption model with a particular emphasis on the temperature dependency of the
Langmuir pressure pL. The reduction of the surface tension of water by carrier gas
is thermodynamically related to the adsorption of gas molecules onto the liquid sur-
face.203 Helium adsorbs very little and, consequently, its effect on the surface tension
is very weak in the pressure and temperature ranges used in this thesis.164,165,204 For
nitrogen, the effect can hardly be detected at atmospheric pressure, but becomes
stronger at higher pressures.164,165,204,205

Monolayer adsorption can be assumed for the adsorption of nitrogen molecules on
the liquid water surface. Despite the fact that water is liquid, we treat it here as if the
structure of its surface would be solid. This approximation is justified by the fact that
the binding energy of the nitrogen molecule is much weaker (roughly −3.3 kT ) than
the hydrogen bonds enabling the water structure (about −12 kT 229,230). Therefore,
the kinetics of adsorption and desorption of nitrogen molecules is much faster than
rearrangements of the structure of the interface requiring breaking of the hydrogen
bonds and establishing new ones. We further simplify the problem by assuming that
the liquid surface provides a number of adsorption sites which have identical proper-
ties. With decreasing temperature, the nitrogen molecule will oscillate closer around
the energetically most favorable position. Consequently, the binding energy is ex-
pected to slightly increase with decreasing temperature, whereas the volume covered
by the center of the nitrogen molecule during its thermal fluctuations will get smaller.
These secondary temperature effects will be neglected. The purpose of the present
treatise is obtaining a functional form for extrapolating the effect of nitrogen pressure
on the surface tension into the region of supercooled water.

We assume that the liquid surface has K adsorption sites formed by suitable
configurations of water molecules. Certain part NA

g of K adsorption sites is occupied
by adsorbed gas molecules, where the superscript “A” refers to adsorbed gas molecules.
Multiple occupation of the adsorption sites is not considered. Considering mutual
indistinguishability of the adsorbed molecules, the number of configurations of the
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adsorbed layer is given by the binomial coefficient

C =
K!

(K −NA
g ) !N

A
g !

. (J.1)

Equilibrium between the adsorbed gas molecules and the free gas molecules means
that the chemical potentials must be the same

µA
g = µG

g , (J.2)

where the superscript “G” refers to the free gas molecules. To find the chemical
potentials, we first need to estimate their respective Helmholtz free energies. For the
adsorbed case, it is given by

FA = UA − TSA. (J.3)

The internal energy UA consists of contributions by internal molecular degrees of
freedom uint

g , translation, and potential energy uA
g of the interaction between the

adsorbed gas molecules and the liquid surface,

UA = NA
g

(

uint
g +

3

2
k T + uA

g

)

. (J.4)

The potential energy of the interaction between the adsorbed gas molecules is ne-
glected, because it is much weaker than the interaction between the gas molecules
and the liquid surface for the systems studied. The entropy of the adsorbate can be
estimated by

SA = NA
g

[

sintg + k ln
( vA

Vref

)]

+ Sc, (J.5)

where sintg is the internal molecular entropy, Vref and vA are, respectively, a reference
volume and the effective volume available for translation of an adsorbed molecule.
The configurational entropy Sc on a per molecule basis is given by

Sc = −k
∑

i

pi ln pi, (J.6)

where pi is the probability of a configuration. Since all the configurations of the
adsorbed layer are considered as equally probable, the probability is simply the in-
verse of the number of configurations, i.e. pi = 1/C. We can therefore rewrite the
configurational entropy using Eq. J.1 as

Sc = −k
[ 1

pi
pi ln pi

]

= k lnC. (J.7)

After introduction of the surface coverage θ = NA
g /K and applying Stirling’s approx-

imation231 lnx! ≈ x ln x− x, we can rewrite Eq. J.7 into

Sc = −k K
[

(1− θ) ln(1− θ) + θ ln θ
]

. (J.8)
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The chemical potential for the adsorbed case µA
g can be found by investigating the

differential dFA, which consists of three contributions,

dFA = −SA dT + σg dA + µA
g dN

A
g , (J.9)

with σg the contribution of the adsorbate to the surface tension and A the surface
area. The general Gibbs adsorption equation is given by Ref. 89

S dT + A dσ +
∑

Ni dµi = 0. (J.10)

The change of the surface tension due to variation of the chemical potential of the gas
at constant temperature and chemical potential of the vapor is given by,

dσ = −
NA

g

AgK
dµg, (J.11)

where we have used A = AgK with Ag the average surface area per adsorption site.
Using the ideal gas law (and the constraints of constant temperature and chemical
potential of the vapor), the differential of the chemical potential of the gas is given by

dµg = vg dp = k T
dp

p
. (J.12)

Combining Eqs. J.11 and J.12 leads to

dσ = −θk T

Ag

dp

p
. (J.13)

To derive the expression for the surface coverage θ, we employ the equilibrium condi-
tion (Eq. J.2). The chemical potential for the adsorbed gas molecules using Eqs. J.3
– J.5 is given by

µA
g =

(

∂FA

∂NA
g

)

T,A

= uint
g +

3

2
k T + uA

g

−Tsintg − k T ln

(

vA

Vref

)

− T

(

∂Sc

∂NA
g

)

T,A

. (J.14)

The last partial derivative can be found using Eq. J.8,

(
∂Sc

∂NA
g

) = (
∂Sc

∂θ
) (

∂θ

∂NA
g

) =
1

K
(
∂Sc

∂θ
) = k[ln(

1− θ

θ
)]. (J.15)

Using this result in Eq. J.14 we obtain the following expression for the chemical
potential of the adsorbed gas molecules:

µA
g = uint

g +
3

2
k T + uA

g − Tsintg − k T ln
( vA

Vref

)

− k T ln
(1

θ
− 1

)

. (J.16)

The chemical potential for the gas phase µG
g can be derived in a similar way. If

the ideal gas law in the form v = NG
g kT/pg is used, we get the following simplified

equation:

µG
g = uint

g +
3

2
k T − Tsintg + k T ln

(pgVref

k T

)

. (J.17)
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Using Eqs. J.16 and J.17, we can write the equilibrium condition (Eq. J.2) as

uA
g − k T ln

( vA

Vref

)

− k T ln
(1

θ
− 1

)

= k T ln
(pgVref

k T

)

. (J.18)

Straightforward algebra leads to a new expression for the surface coverage,

θ =
(

1 +
pL
pg

)

−1

, (J.19)

where we introduced the Langmuir pressure (Eq. 6.8)

pL =
k T

vA
exp

( uA
g

k T

)

.

The integration of Eq. J.13 using the surface coverage θ of Eq. J.19 leads to the
following surface tension (Eq. 6.7):

σ = σref −
k T

Ag

ln
(pg + pL

pL

)

,

where σref is the reference surface tension of the pure substance.
For small surface coverages, i.e. θ ≪ 1, we have

θ ≈ pg
pL

, (J.20)

and integration of Eq. J.13 using Eq. 6.8 leads to an expression linear in gas pressure,

σ = σref −
vA

Ag

exp
(

−
uA
g

k T

)

pg = σref + σp0 pg. (J.21)



NOMENCLATURE

Roman

a1 m2 monomer surface area
an m2 surface area of cluster with n molecules
A m2 surface area
Ag m2 adsorption sites’ surface area
bn s−1 evaporation rate for n-clusters
c m2 s−1 initial growth rate of squared radius
cp J kg−1 K−1 isobaric specific heat
cv J kg−1 K−1 isochoric specific heat
d m diameter
D m2 s−1 diffusion coefficient
f Pa fugacity
fe - enhancement factor
fn s−1 condensation rate for n-clusters
F J Helmholtz free energy
g m s−2 gravitation acceleration
G J Gibbs free energy
G - droplet growth function
h m height
h J enthalpy
h∗ m effective height
H - dimensionless parameter in nonisothermal nucleation
I J m−2 s−1 irradiance
Iback J m−2 s−1 background irradiance
IMie J m−2 s−1 theoretical irradiance
J m−3 s−1 nucleation rate
Jiso m−3 s−1 isothermal nucleation rate
Jn m−3 s−1 flux in size space: clusters growing from n to (n + 1)
Jcnt m−3 s−1 nucleation rate predicted by CNT
k J K−1 Boltzmann constant
K m−3 s−1 kinetic prefactor
Kn - Knudsen number
l m extinction length
ln normal liters volume
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L J kg−1 latent heat of evaporation
m kg mass of vapor molecule
M kg mol−1 molar mass
n - number of molecules
n∗ - critical cluster size
n1 m−3 number density of vapor monomers
nd m−3 number density of droplets
ng m−3 number density of gas
N - number of molecules
NA mol−1 Avogadro’s number
q - dimensionless coefficient
Q ln min−1 flow rate
Q0 ln min−1 dilution flow rate
Qw ln min−1 water vapor flow rate
Qx ln min−1 initial flow rate
Qext - extinction efficiency
p Pa pressure
pL Pa Langmuir pressure
pm Pa melting pressure
ps Pa saturated vapor pressure
psubl Pa sublimation pressure
pw Pa partial water vapor pressure
r m droplet radius
r1 m monomer radius
rm m maximum droplet radius
rn m radius of cluster with n molecules
S - supersaturation
S ′ - temperature-corrected supersaturation
S J K−1 entropy
t s time
t m height of transition zone
T K temperature
Td K dew point temperature
Tf K frost point temperature
TH K homogeneous ice nucleation limit
u - uncertainty
uA
g J potential energy of gas molecules with liquid surface

U J internal energy
vA m3 translation volume of adsorbed molecule
vℓ m3 molecular liquid volume
vn m3 volume of cluster with n molecules
V m3 volume
V mol m3 mol−1 molar volume
y (ppm) molar vapor fraction
Y - relative surface tension
Z - compressibility factor
Z - Zeldovich factor
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Greek

α - size parameter
β m−1 extinction coefficient
∆G J energy of cluster formation
∆G∗ J energy of critical cluster formation
∆p Pa pressure difference
∆phyd Pa hydrostatic pressure
∆pHe Pa helium overpressure
∆t s nucleation pulse duration
θ - dimensionless surface tension
θ ◦ angle
λ m wavelength of light
λ - dimensionless parameter in nonisothermal nucleation
µ J chemical potential
ν m s−1 molecular speed
ρ kg m−3 density
ρ1 m−3 number density of monomers
ρn m−3 number density of clusters with n molecules
ρ∗g mol m−3 molar density of the gas-vapor mixture
ρ∗ℓ mol m−3 molar density of the liquid
σ N m−1 surface tension
σcorr N m−1 correlated (IAPWS) surface tension
τ - dimensionless temperature
φ - fugacity coefficient

Subscripts

0 initial state
act actual conditions
c critical point
eq phase equilibrium
exp experimental conditions
g (carrier) gas
id ideal gas
in inside capillary
m model (empirical)
n normal conditions
out outside capillary
p pulse
r relative (uncertainty)
ref reference state
res reservoir property
s pure compound
t triple point
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Superscripts

cal calibrated conditions
corr corrected value
eq equilibrium in nucleation kinetics
exp experimental conditions
ℓ liquid state
ref reference state
s surface layer
v vapor state
− average value

Operators

d̄Q J infinitesimal amount of heat
d̄W J infinitesimal amount of work

Acronyms

CAMS constant angle Mie scattering
CMH Chilled Mirror Hygrometry
CNT Classical Nucleation Theory
DFT Density Functional Theory
EMLD-DNT Extended Modified Liquid Drop–Dynamic Nucleation Theory
EoS Equation of State
HMC Humidity Measurement Cell
HPS high pressure section
IAPWS International Association for the Properties of Water and Steam
ICT inlet capillary tube
KFT Karl Fisher titration
LHS left-hand side
LPS low pressure section
MCT measuring capillary tube
MFC mass flow controller
MKNT Mean-field Kinetic Nucleation Theory
MPD Mixture Preparation Device
ND neutral density
OCT outlet capillary tube
PEWT Pulse-Expansion Wave Tube
PD photodiode
PM photomultiplier
RM rotameter
RH relative humidity
RHS right-hand side
UPC upstream pressure controller
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vele nuttige opmerkingen en ideeën. Ook dien ik mijn voorganger dr. Vincent Holten
niet te vergeten vanwege het overdragen van de fijne kneepjes van het experimenteren
met de schokbuis. Tot slot wil ik de leden van mijn promotiecommissie – prof. Bert
Brouwers, prof. Franz Peters, dr. Rob Hagmeijer en dr. Vitaly Kalikmanov – danken
voor het verbeteren van de kwaliteit van dit proefschrift.

I would like to express my gratitude to dr. Honza Hrubý for his feedback, friend-
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