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Summary

Experimental study of carrier gas and pressure effects on homogeneous water nucleation

The effects of pressure and carrier gases on homogeneous water nucleation are investigated
experimentally by means of a Pulse Expansion Wave Tube (PEWT).

A novel PEWT high pressure section is first designed and tested. The main difference with
earlier designs consists in a test section with flat walls, which avoids that optical windows and
pressure transducers locally affect the flow field. The test section is also shorter so that less
gas is needed and the duration of an experimental run is reduced. The flow phenomena are
simulated with a 2D numerical model. The model correctly predicts the gas-dynamic features
of the PEWT and the effects of the diaphragm opening process. Nucleation rates for water in
helium at 240 K and two pressure conditions, 0.1 MPa and 1 MPa, are in good agreement with
those from the earlier version of the PEWT.

With the new PEWT, homogeneous nucleation of water is investigated in argon and in
nitrogen at about 240 K and 0.1 MPa, 1 MPa and 2 MPa. At high pressures, the nucleation
rates increase, which can be explained by the reduction of the water surface tension due to
the adsorption of carrier gas molecules at the cluster surface. At low pressure, there is not
enough carrier gas available to ensure that the growing clusters are adequately thermalized by
collisions with carrier gas molecules, so that the nucleation rate is lower than under isothermal
conditions. Reasonable agreement between experiments and theoretical model for imperfect
thermalization is found for argon and nitrogen as carrier gases. For helium as carrier gas,
the observed nucleation rate decrease appears to be stronger than predicted by theory. The
temperature dependence of the nucleation rates at 0.1 MPa follows the scaling model proposed
in literature. Moreover, the number of water molecules in the critical clusters is determined
from the experimental data according to the nucleation theorem. The results are in reasonable
agreement with the Gibbs-Thomson equation, as also documented in literature. In addition, it
is found that all our experimental data could be described by a correlation function based on
the Classical Nucleation Theory (CNT) with empirical extrapolations of the surface tension to
our experimental conditions.

Next, experiments are carried out for water in carrier gas mixtures of nitrogen with carbon
dioxide molar fractions of 5%, 15% and 25% at 240 K and 0.1 MPa, 1 MPa and 2 MPa. Ad-
ditional 0.1 MPa experiments are carried out at 234 K and 236 K for a water-nitrogen mixture
with 25% of carbon dioxide. As pressure and carbon dioxide content are increased, the nucle-
ation rate increases accordingly. As discussed before, this behavior is attributed to the reduc-
tion of the water surface tension by adsorption of carrier gas molecules. The experimental data



are compared with theoretical predictions based on CNT and on extrapolations of empirical
surface tension data to the supercooled condition of 240 K. The extrapolation is performed on
the basis of a theoretical adsorption/surface tension model, extended to multi-component mix-
tures. The theoretical prediction of the nucleation rate shows the expected trend, but appears
to strongly overestimate the pressure and composition dependence. At 0.1 MPa, a reduction
of the nucleation rates is found due to an incomplete thermalization of colliding clusters and
carrier gas molecules. The observed nucleation rate decrease is supported by the theoreti-
cal model for imperfect thermalization, generalized here for nucleation in multi-component
carrier gas mixtures.

The water nucleation experiments in nitrogen — carbon dioxide mixtures are used to derive
the critical cluster compositions by means of the nucleation theorem. In this way, a macro-
scopic quantity - nucleation rate - reveals properties of clusters consisting of a few tens of
molecules. Two different methods are presented. The first method is a multi-component ex-
tension of the approach used in literature for mixtures of two components. The second method
is more straightforward and general. Both methods are found to lead to the same composition
of the critical clusters.
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Chapter

Introduction

1.1 Motivation and theoretical highlights

Condensation is the well-known phase transition of a substance from gas to liquid. Conden-
sation phenomena have been investigated for over a century,! but they remain an important
research area with many environmental and industrial applications.? For the oil and gas in-
dustry, the gas-to-liquid phase transition plays a crucial role. Natural gas consists of methane,
nitrogen, and numerous other components, such as carbon dioxide, heavy hydrocarbons (pen-
tane, nonane, benzene, etc.), sulphates and water vapor. Design and performances of impurity
separators,> or the development of devices coupling removal of contaminants and gas lique-
faction, require a profound understanding of the condensation process under a large variety of
conditions. Effects of condensation are also present in chemical reactors, aircraft, turbines and
engine applications. In addition, a full comprehension of this phase transition is also important
in modeling formation, persistence, and properties of clouds.

The condensation process can be heterogeneous or homogeneous. Heterogeneous conden-
sation takes place when surfaces or foreign particles are present, providing the starting points
for the condensation to initiate. In this case, a vapor pressure py slightly above the saturated
vapor pressure ps is sufficient to enable the gas-to-liquid phase transition. In absence of for-
eign particles or surfaces, aggregates of vapor molecules (clusters) must act as condensation
centers and the gas-to-liquid phase transition is considered homogeneous.! Unlike heteroge-
neous condensation, a condition of strong supersaturation (py > ps) must be reached. The
clusters can grow (condensation) or shrink (evaporation) by catching or releasing free vapor
molecules in a stochastic process. A cluster becomes critical when the probabilities of growth
and decay are equal. If adequate supersaturation conditions are met in absence of foreign par-
ticles or macroscopic surfaces, the largest clusters overcome the critical size in a stochastic
process of condensation and evaporation events and become growing droplets. The process
of critical cluster formation is called homogeneous nucleation. The present work focuses on
homogeneous nucleation of water.

A key parameter in nucleation studies is the homogeneous nucleation rate J, defined as the
number of droplets formed per units of time and volume. This quantity depends on pressure,
temperature and supersaturation S, which represents the driving force of nucleation and quan-
tifies how far the actual vapor state is from its corresponding equilibrium condition. More
details on the supersaturation definition can be found in Chapter 2. The homogeneous nucle-
ation rate J can be measured by experimental means. Several experimental techniques have
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been used since the pioneering work of Wilson in 1897.! An in depth overview of these tech-
niques was recently published by Wyslouzil and W6lk.? With reference to this work, the range
of pressures, temperatures, supersaturations and homogeneous water nucleation rates investi-
gated by various authors over the years is described in Sec. 1.2. The Classical Nucleation
Theory (CNT)*19 is currently the most used model, as it provides a simple way for quantify-
ing the homogeneous nucleation rate J by means of measurable bulk (macroscopic) quantities
(capillarity approximation). On the other hand, relying on the capillarity approximation re-
mains physically unrealistic, especially for small clusters (typically few tens of molecules).
As a result, the nucleation rates predicted by the CNT lead to a disagreement with the exper-
iments by several orders of magnitude. Thus, many researchers modified and extended the
CNT over the years. 103

1.2 Experimental overview

This section focuses on the state of the art in homogeneous water nucleation studies from the
experimental prospective. The range of pressures, temperatures, supersaturations and homo-
geneous water nucleation rates currently covered by the various authors is described. As for
an in depth description of the different experimental techniques, more details can be found in
the recent review paper by Wyslouzil and Wélk.? The various techniques can be categorized
based on the way the supersaturated state is obtained.

Diffusion based methods can be static, thermal diffusion cloud chamber (TDCC), or can
involve flows, laminar flow tube reactor (LFTR).? The TDCC was designed by Langsdorf
in 1939.3% This technique was later used by other authors3”-3® to study homogeneous water
nucleation. More recent TDCC experimental data were reported by Brus ef al. in 20083
and 200940 for water in helium between 290 K and 320 K and from 0.05 MPa to 0.17 MPa.
In the two papers, the same experimental conditions were investigated applying two different
techniques for measuring the nucleation rate: digital photography and image processing in
one case and a photomultiplier method in the second paper. Somewhat comparable results
were found. The measured nucleation rates ranged from 3-10* m=3s~! to 3. 108 m—3s~! for
supersaturation values between 2.8 and 4.3.

Homogeneous water nucleation experiments carried out with the LFTR device were re-
ported by Mikheev et al. in 2002.4' Water nucleation in helium was investigated between 210
K and 250 K at ambient pressure conditions, with measured nucleation rates ranging from
10" m—3s7! to 10'3 m—3s~! for supersaturations between 7 and 50. The LFTR - or equiv-
alently called laminar flow diffusion chamber (LFDC) - was later used by Manka et al. in
2010%2. They reproduced and extended the data of Mikheev et al.*! up to 270 K, with nu-
cleation rates ranging from 108 m—3s~! to 10'> m—3s~! for supersaturations between 5 and
11. The results compared well with other literature sources at the same pressure and tempera-
ture conditions. 3414347 The LFDC was also used by Hyvirinen et al.*® to analyze pressure
effects, in the low pressure regime, on the water nucleation rates with helium as carrier gas.
The temperature was varied from 240 K to 270 K, with the nucleation rates ranging from
103 m—3s~! to 103 m~3s~! for supersaturations between 4.5 and 10. At 270 K, the nucle-
ation rates decreased by a factor 10 with decreasing the pressure from 0.2 MPa to 0.07 MPa.
A smaller effect was observed at lower temperatures. They argued that this effect is due to the
carrier gas acting as a better thermalizer at higher pressures.

Expansion based devices were the first techniques developed to study nucleation phenom-
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ena. The expansion cloud chamber (ECC), designed by Wilson in 1897,! was later improved
by Allard and Kassner in 1965.4° The new design allowed to stop the nucleation process after
10-200 ms, followed by droplet growth to sizes detectable by photographic means. Quantita-
tive nucleation rate measurements of water in helium were enabled at about 268 K and ambient
pressure. Nucleation rates between 10° m—3s~! to 10 m—3s~! were obtained for supersatura-
tions between 4.5 and 5.6. The ECC was later used by Allen and Kassner in 19697 to analyze
temperature and carrier gas effects. In argon, homogeneous water nucleation rates of about
one order of magnitude larger than in helium were found. In a refined version of the ECC
by Schmitt,>! temperatures between 268 K and 318 K were investigated with nucleation rates
ranging from 108 m™3s~! to 10! m3s~!. In this case, the analyzed condensing components
were ethanol, nonane, and toluene.

A modified version of the ECC was designed by Strey and Wagner in 198 the two
pistons expansion chamber (TPEC), in which the application of the nucleation pulse method
by Allard and Kassner®® was improved. The nucleation time was reduced to about 1 ms,
thus more effectively decoupling nucleation and droplet growth. With the TPEC, the vapor-
gas mixture was prepared outside of the TPEC chamber. In addition, the so-called Constant
Angle Mie Scattering (CAMS) method was introduced for measuring nucleation rates.> Var-
ious studies were conducted with the TPEC by Strey, Wagner and Viisanen on unary water
nucleation,>” as well as on binary and ternary nucleation including water.>¢>°

1 52-54

In 1993, Viisanen et al.*® used a slightly modified version of the TPEC, the two valve ex-
pansion chamber (TVEC), to investigate homogeneous water nucleation between 220 K and
260 K at about 0.07 MPa for different carrier gases: helium, neon, argon, krypton and xenon.
No difference in the J-S isotherms was observed by changing the carrier gas. In addition,
the CNT was found not to quantitatively predict the nucleation rate as a function of supersat-
uration and temperature. In 2001, Wolk and Strey*? investigated unary water nucleation in
argon with the same setup (TVEC). The temperature was systematically varied from 220 K to
260 K, keeping the pressure at approximately 0.06 MPa. The nucleation rates were found to
vary between 10" m—3s7! to 10" m~3s~! for supersaturations ranging from 7 to 25. An em-
pirical temperature correction of the CNT was introduced, based on their experimental data,
which holds for the available literature data obtained at the same pressure and temperature
conditions, 39-42:44-47,60.61

Another expansion based option to study unary water nucleation is represented by the
supersonic nozzles (SSN). First introduced by Oswatitsch in 194292, the SSN technique was
later used by Wyslouzil and co-workers. ®3-7 Typical unary water nucleation rates - in nitrogen
carrier gas - from 10?2 m—3s! to 102> m3s~! were observed for supersaturations between
50 and 300, the temperature ranging from 200 K to 230 K with pressures below ambient
conditions. A good agreement was found with the empirical temperature correction of the
CNT proposed by Wolk and Strey.*? In 1994, Wyslouzil er al. 3 also investigated the pressure
effect on water nucleation in the atmospheric pressure range, but no relevant variation was
observed.

Shock tubes are expansion based devices largely exploited for nucleation studies. The
first homogeneous water nucleation data obtained with a shock tube device were reported by
Barschdorff in 1975.9% He analyzed the effect of various carrier gases (air, helium, argon)
at temperatures between 225 K and 282 K and pressures up to 8 kPa. No relevant variations
were found for the different carrier gases. In 1983, Peters%® was the first to propose a modified
shock tube to apply the nucleation pulse method.*® This idea was later perfected by van Don-
gen and co-workers, 0 leading to the first version of the pulse expansion wave tube (PEWT).
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This device has been improved and successfully used for almost 30 years to investigate homo-
geneous nucleation of different vapors in a large variety of carrier gases and for a wide range
of pressure and temperature conditions: from 0.1 MPa to 4 MPa and between 200 K and 260
K.44600.61,70-85 Typical nucleation rates obtained with the PEWT range from 102 m—3s~! to
10" m—3s~! with supersaturations between 7 and 20. An overview of the homogeneous water
nucleation studies carried out with the PEWT is reported in TABLE 1.1.

TABLE 1.1. Homogeneous water nucleation experiments carried out with the PEWT.

Authors and references Year p (MPa) T (K) Carrier gas
Looijmans and van Dongen, Ref. 60 1997 0.03-0.09 200-260 Ny

Luijten et al., Ref. 73 1997 1,25,4 230-250 N,

Luijten et al., Ref. 78 1999 1,25,4 240 N, He

Peeters et al., Ref. 82 2004 1.1,4.4 242,247 CHy

Holten et al., Ref. 44 2005 0.1 200-240 He

Holten and van Dongen, Ref. 84 2010 1 235 CHy4 + CO; (0%,3%,25%)
Fransen et al., Ref. 61 2014 0.1,1 240 He

Fransen et al., Ref. 85 2015 1 240 N,

Based on the experimental overview reported in this section, the following considerations
can be made.

* At about ambient pressure, several homogeneous water nucleation studies in different
carrier gases have been reported for various temperatures, 3-4244-47.60.61,64-67 They 41|
agree with the empirical temperature correction of the CNT proposed by Wolk and
Strey* and later perfected by Hale.3°

* A few studies investigate the effect of the carrier gases at low pressure*-%%8 and only

Allen and Kassner in 1969°° observed lower water nucleation rates in argon than in
helium. They argued that argon offers a somewhat lower binding energy since it would
interact with a greater number of water molecules through van der Waals forces. The
small size of the helium atom causes it to experience a much smaller interaction energy
with the water molecules, thus explaining the lower nucleation rates.>?

* Pressure effects were analyzed at low pressure (<0.2 MPa).*8:63.68 At these conditions,
there is not enough carrier gas to adequately thermalize the condensing clusters. Thus,
at low pressure, insufficient thermalisation is the only phenomena responsible for the
nucleation rate differences observed as a function of pressure.?

* At high pressure (>0.2 MPa), the only systematic analysis of the pressure effects was
carried out by Luijten et al.”® and by Fransen ez al.®!% for water in nitrogen and in
helium, respectively, and by Peeters et al. 8 for water in methane. The dependence of the

2 Surface tension variations as a function of pressure are negligible at low pressure (<0.2 MPa) for any carrier

gas and, thus, thermalisation becomes the only effect playing a role at this conditions. On the contrary, at
high pressure (>0.2 MPa) the surface tension reduction with pressure is predominant, while thermalisation
phenomena become negligible. These aspects will be discussed more in detail in Chapters 4 and 5.
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homogeneous water nucleation rates on pressure and type of carrier gas was attributed
to the surface tension variation.?

1.3 Research goal and thesis overview

The experimental overview presented in Sec. 1.2 underlines that pressure and carrier gas ef-
fects remain two puzzling aspects in homogeneous water nucleation studies. The aim of the
present work is to give a better understanding of these two effects by experimental means. To
this end, the thesis is structured as follows:

Chapter 2

Chapter 3

Chapter 4

Chapter 5

The two key parameters characterizing the nucleation phenomena, supersaturation S
and homogeneous nucleation rate J, are described. First, the equilibrium vapor molar
fraction and the enhancement factor are specified in order to define the supersaturation
parameter. Then, the CNT expression of the nucleation rate J is obtained starting from
elementary thermodynamics and the kinetic theory of cluster formation. Finally, the
CNT J-expression is extended to non-ideal mixtures by accounting for the presence of
the carrier gases and their effects on the nucleation rate.

A novel design of the PEWT test section is presented. The effect of the thermal insu-
lation on the piezoelectric pressure sensor and the thickness of the diaphragm, initially
separating the PEWT high and low pressure sections, are experimentally analyzed. The
flow phenomena are simulated with a 2D numerical model, which correctly predicts the
gas-dynamic features of the PEWT and the effects of the diaphragm opening process.
Homogeneous water nucleation experiments in helium at 240 K are carried out for 0.1
MPa and 1 MPa. They are shown to be in agreement with the experimental data ob-
tained at the same conditions by Fransen ef al.®' with the previous version of the test
section.

Homogeneous water nucleation rate data are obtained in argon and in nitrogen at about
240 K and 0.1 MPa, 1 MPa and 2 MPa, using the PEWT. The surface tension reduction at
high pressure qualitatively explains the observed J increase. At low pressure, the effect
of type of carrier gas and of pressure on the measured J is ascribed to imperfect ther-
malization phenomena as predicted by theory. The Gibbs-Thomson equation is used to
compute the number of water molecules in the critical clusters. The theoretical predic-
tions are in reasonable agreement with experimentally calculated critical cluster sizes as
reported by Wolk and Strey.*? Finally, an empirical correction of the CNT J-expression
is proposed, accounting for pressure, temperature and carrier gas effects experimentally
investigated in this chapter.

Homogeneous water nucleation experiments are carried out at 240 K in mixtures of ni-
trogen and 5%, 15% and 25% of carbon dioxide. Three pressure conditions are tested:
0.1 MPa, 1 MPa and 2 MPa. A restricted series of water nucleation experiments is pre-
sented with the 25% of carbon dioxide at 0.1 MPa for 234 K and 236 K. Increasing
pressure and carbon dioxide content leads to a nucleation rate increase. A theoretical
adsorption/surface tension model, extended to multi-component mixtures, is derived.
The J values predicted by the CNT in combination with the presented surface tension
model agrees with the pressure and composition dependence experimentally observed,
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Chapter 6

but appears to strongly overestimate it. At 0.1 MPa, the measured nucleation rates de-
crease as predicted by the theoretical model for imperfect thermalization,®’ generalized
here for water in multi-component carrier gas mixtures. The scaling model proposed by
Hale3® is shown to agree with the observed temperature dependence of the experimental
nucleation rates at 0.1 MPa.

The homogeneous nucleation data presented in Chapters 4 and 5 for water in nitrogen
and 0%, 5%, 15% and 25% of carbon dioxide are further analyzed. The experimental
nucleation rate dependencies on supersaturation, pressure and mixture composition at
constant temperature can be used to derive the critical cluster composition by employing
the nucleation theorem. This theorem is exploited to derive two methodologies. One
extends the method used in literature for two components to mixtures of N components.
The other method is more straightforward and can be used for unary as well as for
binary and multi-component nucleation cases. Within the experimental uncertainty, the
same critical nuclei compositions is found with both methods. At fixed temperature
and supersaturation, the calculated water content of the critical clusters decrease with
pressure and carbon dioxide fractions. On the contrary, the numbers of nitrogen and
carbon dioxide molecules adsorbed at the cluster surface increase. This increase cause
the surface tension to decrease, which explains the observed nucleation rate increase
with increasing pressure and carbon dioxide molar fraction at constant temperature and
supersaturation.



Chapter

Theoretical background

In this chapter, a theoretical insight of nucleation is given by introducing the two key parame-
ters describing the phenomenon: supersaturation S and nucleation rate J. Starting from phase
equilibrium of a single condensing component in a non-ideal mixture, the equilibrium vapor
molar fraction yeq and the enhancement factor f are first derived in order to define the super-
saturation S. The classical formulation of the nucleation rate J then follows from elementary
thermodynamics and the the kinetic theory of cluster formation. For non-ideal mixtures, the
classical formulation is extended by accounting for the presence of the carrier gases and their
effects on the nucleation phenomenon.

2.1 Phase equilibrium

Consider a non-ideal mixture of N components and a single condensing component with its
liquid and vapor phases in equilibrium. This condition can be described by the equality of
chemical potentials in the coexisting phases at the actual total pressure p and temperature 7
of the mixture 38

1S (P Ty Y1eq) = i (P, Ty X1 eq),s @2.1)

where y|eq and x| ¢q are the vapor and liquid molar fractions of the condensing component
(subscript ‘1”) at phase equilibrium (subscript ‘eq’) and with the superscripts ‘g’ and ‘¢’ de-
noting its gas and liquid phases. A property directly related to u is the fugacity .%. For the
condensing component ‘1°, the relation is ?

fflg(p,yl)}

2.2
ZE (1) @2

lulg(p7y1) = “ig(pls)+kT1n |:

where pj  is the saturation pressure of the pure condensing component ‘1’, taken as reference
state for both phases, and & is the Boltzmann constant. The quantity denoted as .% lg in Eq. 2.2
is the fugacity of component ’1’ in its gas phase and is formulated with respect to the fugacity
coefficient ¢; as follows

FE(p,y1) = ¢1y1p. 2.3)

Note that, by definition, the chemical potential of component i is ; = dG/dn; with nj;, p and T kept constant,
n;j the number of molecules of component i and G the Gibbs free energy.

7



8 Chapter 2. Theoretical background

It can be interpreted as a partial pressure p’f =y p corrected to account for the actual molecular
interactions taking place in the mixture.®® At low total pressure p — 0, ¢; — 1 so that .7, lg —
y1p. For the liquid phase of the condensing component, its molar liquid fraction x; ¢q — 1 for
our practical applications (small concentration of the other (N — 1) components in the liquid
phase - see Sec. 2.1.1). Therefore, the Raoult’s law applies, leading to

ui(p,x1) = pf (p) + kT Inxy, (2.4)

where the chemical potential uf( p) can be expressed with respect to the reference saturated
state of the pure component as

p
1i(p) = ui(prs) + / vidp, (2.5)
Pls

with vf the bulk liquid molecular volume of component ‘1°.

At the condition of chemical equilibrium between gas and liquid phases, the equality of
chemical potentials in Eq. 2.1 applies, with uf(p,y1eq) and p{(p, x| eq) as given in Egs. 2.2
and 2.4, the fugacity in the form of Eq. 2.3 and with uf(p;) = i (p1s)- This leads to the
general chemical equilibrium expression

P
kT In (‘Pleqy‘eqp) = kT Inx) eq + / Vdp. (2.6)
(Pl,spl,s Pls

Finally, the equilibrium vapor molar fraction y; ¢q for the condensing component (subscript
’1’) of a non-ideal mixture can be now derived from Eq. 2.6 as

D
Pis 91, v
Vieq = S S X1,eq exp/ —1dp. 2.7
P 9leq p

From Eq. 2.7, it follows that, for a non-ideal mixture, the equilibrium vapor molar fraction is
enhanced by two contributions:

(i) the real gas effect (¢15/91,q) accounting for the interaction of the condensing compo-
nent molecules with the other condensing component molecules and with the molecules
of the other (N — 1) components in the non-ideal mixture

and
(ii) the so-called Poynting correction (exp [” vf / kT dp), which takes into consideration

Pls
the effect of the total pressure on the liquid phase.

An additional effect considered in the y; ¢q definition of Eq. 2.7 is

(iii) the equilibrium liquid molar fraction x,¢q, accounting for the solubility of the surround-
ing (N — 1) components into the liquid phase.

It mast be noted that the effect (iii) is responsible for a decrease of yj g, Which is often
much less important than the real gas effect (i) and the Poynting contribution (ii). Under the
incompressibility assumption of the liquid phase, Eq. 2.7 simplifies as follows

V{ (]7 - pl,s)
kT '

Vieqg= Pls ¢l7s
e )4 (pl,eq

X1,eq €XP { (2.8)
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2.1.1 Enhancement factor

The heteromolecular interactions taking place in a non-ideal mixture between the condensing
component and the surrounding carrier gases are responsible for an increase of the equilibrium
vapor molar fraction y; ¢q. In order to quantify this increase, we now introduce an additional
parameter, the so-called enhancement factor f.. With reference to Eq. 2.8, it is defined as

v?(p_phs)
kT ’

_YleqP _ ¢1,s

f =
¢ Pls (pl,eq

X1,eq €XP [ 2.9)
where the three aspects discussed in Sec. 2.1 are taken into account: (i) the real gas effect,
(ii) the Poynting contribution and (iii) the solubility of the (N — 1) carrier gases into the liquid
phase by means of the equilibrium liquid molar fraction x; ¢q.

As far as the real gas effect is concerned, the fugacity coefficient of the pure condensing

component at the saturated state is”°
Biip1,
Ing; s = RT& (2.10)

with By the second virial coefficient of the pure component *1’. The fugacity of the condens-
ing component in presence of the (N — 1) carrier gases @y ¢q takes into account the interactions
with the other components of the non-ideal mixture:

2
; Iz @2.11)

N
ln(z)l,eq = |:y1,qull + Zijlj
=

where y; is the molar fraction of the j-th carrier gas, By; is the second cross-virial coefficient
for the condensing component in presence of the j-th carrier gas, with V the molar volume and
Z = pV /RT the compressibility factor of the mixture. The latter accounts for the non-ideality
of the mixture and can be reformulated by means of the virial equation of state®’

B
Z=1+— 2.12
+9 (2.12)
with
N N
i=1j=1

For j =i, Bjj is the second virial coefficient of the pure i-th component and, for j # i, Bj;
denotes the second cross-virial coefficient of the i-th and j-th interacting components.

In the present work, water is investigated as condensing component in four different carrier
gas mixtures: helium, argon, nitrogen and carbon dioxide with nitrogen. The corresponding
virial and cross-virial coefficients as functions of temperature are shown in FIGS. 2.1 and 2.2.
The values obtained from the literature sources used in the present work®! are represented
with a black solid line. For the whole set of investigated mixtures, the used values are shown
to be in agreement with the other data available in literature.!-101

The liquid fraction of the condensing component in Eq. 2.9 can be expressed as

N
Xieq=1—Y Xieg (2.14)
i=2
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with x; ¢ the fraction of the i-th carrier gases into the liquid phase at equilibrium. The solu-
bility in water has been analyzed for each of the carrier gases used in this work.

water second virial coefficient helium second virial coefficient
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FIG. 2.1. Second virial coefficients: present work values (black solid lines)®' compared to literature
data, 95:96.102-110
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FIG. 2.2. Second cross-virial coefficients: present work values (black solid lines)®! compared to literature
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For helium, argon and nitrogen, it is found to be negligibly small, as shown in FIG. 2.3 for
nitrogen as an example. On the contrary, for the case of carbon dioxide, the solubility in water
cannot be neglected, being an order of magnitude higher with respect to the other carrier gases
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at the reference temperature of 240 K and at the investigated pressure conditions (0.1 MPa, 1
MPa, and 2 MPa). The software REFPROP 10°! is employed to calculate the carrier gas liquid
fractions in water as a function of temperature and pressure. The results of these computations
for carbon dioxide in water are compared with the data available in literature®”°* and the
outcome is reported in FIG. 2.4. Taking this comparison into consideration, REFPROP 10°!
is chosen for the x; ¢q calculations of the present work.

0.3 REFPROP 10 (NIST)
8
3 0.1 5 MPa
)
=
g 0.03
5 1 MPa
]
S 001
'3
g
z 0.003 0.1 MPa
0.001

240 260 280 300 320 340
T (K)

FIG. 2.3. Solubility of nitrogen in water as a function of temperature for different pressures. !

——REFPROP 10 (NIST) e
- - -Holten 2009 .

—REFPROP 10 (NIST)
- - -Holten 2009 (CPA EOS)
----- Hou et al. 2013

CO2 liquid fraction (mol %)
CO2 liquid fraction (mol %)
S

0.01¢ ... Dodds et al. 1956
0 n . R R R R
240 260 280 300 320 340 0 025 05 075 1 125 1.5 1.75 2
T (K) p (MPa)
(@) (b)

FIG. 2.4. Solubility of carbon dioxide in water for water-carbon dioxide mixtures. The liquid fraction of carbon
dioxide is shown as a function of temperature at different pressures (2.4a) and as a function of pressure at different
temperatures (2.4b). The literature data®%* are compared with the values obtained with REFPROP 101 (black
solid lines) at the same pressure and temperature conditions available in literature.

2.1.2 Supersaturation

For a non-ideal mixture, the supersaturation of the condensing component ‘1’ is defined here

as the ratio of its gas phase fugacities at the actual and at the corresponding - same total

(mixture) pressure p and temperature T - equilibrium condition
FE(p,T.)) b Hi (P, T, y1) = i (P T,Y1.eq)

S= =ex
FE(p.T,¥1.eq) kT

(2.15)
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The second equality in Eq. 2.15 is derived from the chemical potentials expressed in Eq. 2.2
as a function of the corresponding fugacities. Hence, recalling Eq. 2.3, the supersaturation for
the condensing component ‘1’ in a non ideal mixture becomes

g ¢y oy np
(Pl,eqyl,eq Yleq fepl,s7

(2.16)

with the last equality derived from Eq. 2.9. The approximation ¢; ~ @i ¢q in Eq. 2.16 is valid
under the assumption that, both at the actual and at the equilibrium condition, the interactions
between monomers of the condensing component can be neglected with respect to the molecu-
lar interactions with the carrier gas. This condition is fulfilled with a high degree of approxima-
tion for the mixtures investigated in the present work, the gas molar fraction of the condensing
component being small with respect to that of the carrier gases (y; < 5000 ppm < yj1).

Note that our general definition of supersaturation given in Egs. 2.15 and 2.16 differs from
that by Wedekind e al. '3 S" = y; p/ P1,s, in which the saturated state of the pure condensing
component is taken as reference. While at low pressure f; — 1 and the two definitions coincide
S"=Sf. — S, at high pressures the enhancement effect plays a crucial role (1 < f. < 1.3)
as the influence of the surrounding becomes important. This influence is included in the
definition of S (see Egs. 2.15 and 2.16). In addition, at phase equilibrium for a given p and T,
S =1, while S’ > 1, depending on the pressure.

It must be stressed that the investigated nucleation conditions are chosen such that the car-
rier gases are always in the undersaturated state. In fact, the saturation pressure of the pure
carrier components is always larger than their partial pressure at our experimental conditions
Di#£1,s < pYix1. In addition, y;»; is so large that any carrier component in the gas phase is in
chemical equilibrium with the corresponding carrier gas in the cluster and the nucleation ki-
netics only depends on impingement/evaporation of the condensing component molecules.””
Luijten and van Dongen”’ have shown that nucleation phenomena of condensable vapors in
a carrier gas can be considered as unary nucleation if xj4| ¢q << (S—1)/S, with Xi#£leq the
dissolved gas fraction in the bulk liquid. With the xj4;¢q < 0.038 in our experiments (see
FIGS. 2.3 and 2.4), this condition is always fulfilled. For carrier gases with much larger
Xi#£l,eq- the full binary nucleation model applies. 114 Thus, we consider the nucleation phe-
nomena observed in the current work as essentially unary. Accordingly, ‘1’ being the only
(supersaturated) component providing the driving force for the nucleation process, the sub-
script ‘1’ is omitted in the expression of S (see Eqgs. 2.15 and 2.16).

2.2 Nucleation model

In this section, the thermodynamics of cluster formation (Sec. 2.2.1), the kinetic model of
nucleation (Sec. 2.2.2) and the classical nucleation model (Sec. 2.2.3) are described following
the approaches of Vehkamiiki''> and Luijten.®® In addition, the nucleation model is extended
to account for the presence of the carrier gas (Sec. 2.2.4) according to Luijten. 38

2.2.1 Thermodynamics of cluster formation

Consider a single component (vapor) system, kept at constant pressure p and temperature 7'
by its surrounding. The system is closed with respect to the surrounding, with which only
work and heat are exchanged and no molecules are flowing through their interface. System
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and surrounding together form an isolated macro-system. Assume the system passes from an
initial gas state (subscript *0’), where only monomers® are present, to a final liquid-gas state
(omitted subscript), in which a cluster is formed. It is assumed that the cluster is separated
from the vapor monomers by a surface. For the described system, only internal energy, entropy
and volume can change when passing from initial (Up, Sy, Vo) to final state (U, S, V).

isolated macro-system

surrounding system (p,T=const) .
single component

closed system

initial volume V,

FIG. 2.5. Schematic of the considered isolated macro-system (mixture), consisting of a single (condensing)
component system and a surrounding system (carrier gas), which keeps pressure and temperature constant. The
single component system being closed, it is assumed that no net flow of molecules is present with the surrounding
system.

The work of cluster formation can be expressed as the difference of Gibbs free energies
between initial and final state AG = G — Gy by combining the first and second law of thermo-
dynamics, which leads to3®113

AG = (U—-Uy)+p(V—Vy)—T(S—Sp) < 0. (2.17)

Being extensive quantities, the internal energy U, the entropy S and the system volume V can
be seen as result of the contributions from the gas (vapor monomers), liquid (cluster core)
and surface (cluster core - vapor monomers interface) subsystems, denoted respectively with
superscripts 'g’, ’¢> and ’s’. Tt follows that V = V& 4+ V¢, S = S¢ + S’ +S° and equivalently

U=U+U"'+U* (2.18)
where

Ut =—peVELTSE+nBus, (2.19a)

U'=—p'vi+ TS +nfu, (2.19b)

U =0Acns+TS* +n'us, (2.19¢)

at the final state and that, at the initial state,
Up=—pVo+TSo+nouo, (2.20)

with Ao~ the surface area of the cluster consisting of n molecules, ny = né + n’ +n® the
total number of molecules in the system at the initial state and né, n’ and n* the number of

bHere and in the forthcoming discussions, the terms 'molecule’ and *monomer’ will be used interchangeably,
with a “"monomer’ that can be seen as a cluster consisting of a single molecule.
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molecules in the gas phase, liquid phase and interface at the final state. Additionally, p = p&,
therefore top = p€ and u’ = p* as the cluster core (liquid phase) is in equilibrium with its
surface. Under these circumstances and inserting Eqs. 2.18-2.20 in Eq. 2.17, the work of
cluster formation becomes

AG=—V'Ap+nAu+0cA s, (2.21)

with Ap = p* — p&, A = u’ — u® and n = n’ +n’.

2.2.2 Kinetic model of nucleation

The dynamics of nucleation is characterized by continuous growth and decay of the forming
clusters. A single component system at constant temperature 7" and pressure p is considered
in order to describe the nucleation phenomena. Normally, the number density of clusters is
much less than the molecular number density in the system (dilute cluster condition). Thus,
the cluster formation can be assumed to take place by impingement and release of single
molecules, cluster-cluster interactions being negligible. Moreover, the sticking probability is
taken equal to one. Note that the clusters consisting of n molecules will be denoted as n-mers
in the forthcoming. The reader is referred to FIG. 2.6 for the following discussion. Assuming
steady state nucleation, the n-mer concentration or number density p<,~ (number of n-mers
per unit of volume), does not change in time, meaning that

d

P nt> —Jns =0, (2.22)
where

Jan> = Bans P<n> — Yant 1> P<nt 1> (2.23)

is the net transition rate between clusters of size n and size (n+ 1), with B> p<p> the number
of n-mers per unit of time and volume catching a single molecule (clusters per unit of time
and volume passing from a size n to a size n+ 1), Yon1 1> P<n+1> the number of (n+ 1)-mers
per unit of time and volume loosing a single molecule (clusters per unit of time and volume
passing from size n+ 1 to size n), B<p> and Y<p 1> being the condensation and evaporation
coefficients. In other words, the condensation coefficient can be interpreted as the number of
monomers per unit of time hitting an n-mer and is defined as follows

| kT
B<n> = p<i>Acn> dam’ (2.24)

P<n-1> P<n> P<n+1>
B<n-1> B<n>
2 OOO — = 230 =
05 ——-— OO%O —
Y<n> Y<n+1>
n-1 n n+1

FIG. 2.6. Schematic of the condensation and evaporation flows between n— 1, n and n+ 1, with B~ and Y~
the condensation and evaporation coefficients for size n. 1>
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where A -~ is the surface area of an n-mer, m is the molecular mass of the system component,
P<1> is the concentration (number density) of monomers in the system, the term under the
square root is the impingement rate of the monomers with a sticking probability equal to one.
The steady state assumption in Eq. 2.22 implies that the transition rate is independent of the
cluster size and, therefore, Jo,,_1~ = J<n~ = J, with J the nucleation rate, i.e. the formation
rate of critical clusters.

When gas and liquid phases are at equilibrium in the system, the concentration of n-mers
is constant in time with dph. /dt = 0 and, thus, p<y> = pSh~. At this condition, the net
transition rate Joh- = 0 and Eq. 2.23 leads to

B pe
Yenils> = Yompls = e <he , (2.25)
P <nnL 1>
where it is assumed that the probability of a cluster to release one molecule is independent of
the vapor concentration and only depends on 7 and #, i.e. y°3 nt1> = Y<n+1>. Considering the
gas phase to be ideal, the concentration of monomers is given by

nt  p¢

VET ' (2.26)

P<i> =

The Gibbs-Duhem equation applied to the ideal gas phase of the isothermal single-component
system under analysis can then be written as n®du& = VEdp® and, using Eq. 2.26, the follow-
ing expression for the difference in chemical potentials between the actual and equilibrium
conditions can be derived

pg
uE—u& =kTIn - (2.27)
Peq

In this specific case, the supersaturation definition becomes

g_ s g
S =exp (.Ulvbcq> = p—g7 (2.28)
Peq
which finally leads, by recalling Eqs. 2.24 and 2.26, to express the concentration of monomers

in the gas phase p1~ and the condensation coefficient of the n-mers in the system f.,~ as a
function of their corresponding quantities at equilibrium piqb and BSL.:

p<i>=5pl. and PBons =SB (2.29)

Using the expressions of y<p> given in Eq. 2.25 and B~ given in Eq. 2.29, Eq. 2.23 can be
reformulated, at the steady state condition (Jo,~ = J independent of n), as

J P<n> P<n+i1>
= . (2.30)
B<n>pShs 8P PE?DS p<n+1>Sn+]

Applying the summation for n from 1 to and an arbitrary value N > 1 to both right and left
hand sides of Eq. 2.30 gives the following expression by mutual cancellation of successive
terms

7 E\’ 1 _ P<i>  P<NAI> —1_ P<N+1> 2.31)
=i Ben> phs S piql>S pqu+l>SN+1 pi(}\f+l>SN+l ’
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where the second equality is obtained knowing that p.j~ =S piqb from Eq. 2.29. Extending
the summation to infinity, N — oo, p_ny 1 /(050 - S N+1) 5 0 and the formation (nucle-
ation) rate J can be finally derived as

o 1 -1
J= ) 2.32
< Z'l Bens pSh= S ) (/ ﬁ<n> Pihs S ) ( )

where the approximation is due to the extension of the summation to continuum limit.

2.2.3 Classical nucleation model

The classical cluster model is now introduced for the single component system described in
Secs. 2.2.1 and 2.2.2. According to this model, the liquid inside the clusters is considered
as a macroscopic hypothetical bulk liquid. Additionally, the cluster size is given solely by
the number of molecules in the cluster core n = n'. This is justified under the assumption of
a curvature-independent surface tension, known as capillarity approximation, which implies
that the surface of the cluster is chosen as an equimolar surface and »* = 0 (infinitely thin
surface). In the capillarity approximation, the surface tension of strongly curved clusters® is
taken equal to the flat surface value.!!> Once the capillarity approximation is introduced, the
volume of the single cluster can be expressed as V¢ = nv'. The chemical potentials of liquid
and gas phases being equal at equilibrium /,Lffq( PEq) = & (pSq), the difference of chemical
potentials between the two phases Au in Eq. 2.21 can be formulated as

Ap =t (p") — puE(p%) = [ (p") — 1y ()] + & (PSq) — HE(P®)], (2.33)

where [€(p#) — u&(pSq)] = kT 1nS (see Eq. 2.28) and

Aply = 1" (p") — u&(p5y) = 1 (p") — nly (P5) =V (p' — i) =V'(p' —p®)  (234)

with the third equality obtained by integrating the Gibbs-Duhem equation applied to the ideal
liquid phase of the investigated isothermal system (ndu’ = V¢dp’) and with the last equality
derived from the consideration that the Laplace pressure Ap = (pé —p8) > (pt— pgq) by
several orders of magnitude. Finally the difference of chemical potential

Au =V (p' = p®) —kTInS (2.35)
and the work of cluster formation defined in Eq. 2.21 becomes
W=—-nkTInS+0Acn>. (2.36)

Note that in Eq. 2.36 as in the forthcoming part of this dissertation, the work of cluster forma-
tion is denoted by the symbol W, instead of AG, as it is independent of the kind of free energy
that is used.*>113

In the classical model, an additional assumption is made by considering perfectly spherical
clusters. Thus, for a generic n-mer, the volume Vs = V¢ = (4/3) nrd,. = nV!, the surface
area Acq> = 47rrin> =Ac > n?/3 and the radius Fens = Fel> n'/3 can be defined, where

¢ Typically, the critical clusters consist of few tens of molecules.
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Vers = Acps = 47rr2<l> and r-1> = (3v!/41)'/3 are the corresponding quantities for a

single monomer. Finally, introducing the non-dimensional surface tension

Ao 36 (V)P o
0= <le> _l (k;] , (2.37)

Eq. 2.36 can be reformulated as follows

w
V5 i InS+0n/3, (2.38)

with W / kT as a function of n characterized by a maximum at the critical cluster size (Gibbs-
Thomson equation)

. 20 \° 3271(v)%c3
" (31nS> ~ 3k sy’ 239

which is characterized by equal probabilities of growth and decay. The energy of critical clus-
ter formation (nucleation barrier) can be derived by simply substituting n = n* in Eq. 2.38:°

wr 40 160 / V' \2/ o3
kT27(1nS)23<lnS> (ez) (2.40)

The Courtney distribution pSh. = piql S exp(f®n2/ 3) is now introduced to define the con-
centration of n-mers at the equilibrium state, which is a distribution model obeying the law of
mass action.® Such a distribution leads to the following expression for the term pS% . S™ given
in Eq. 2.32

w
P $7 = p%_ exp(n InS—@n2/3) = p_ exp <_kT> , (2.41)

where the second equality is derived by employing Eq. 2.36. Since exp(W/kT) is charac-
terized by a sharp maximum for n = n*, a second order Taylor expansion around n* can be
applied to W. As a result, the corresponding rate of formation (see Eq. 2.32) becomes

o —1
W*
J= ﬁ<n*>piq]> [/1 exp[— 2% (n—n*)? dn} exp (kT> , (2.42)

where 2 = [(—27kT) " (9>°W* /dn?),+]'/? = [(©®/r) (n*)?/3]/3 is the Zeldovich factor.” The
condensation coefficient By~ is weakly dependent on n and it is therefore not included in the
integral, with its value evaluated at n*, i.e. Bcps &~ B<p+~. Because of the sharp maximum
for n = n*, it is possible to extend the lower limit of the integral to — co. The resulting integral
is of Gaussian type with a standard solution given by 1/% for our specific case. Substituting
in Eq. 2.42, the final form of the nucleation rate according to the classical nucleation theory
(CNT) becomes

W*
J=Kexp (_kT) , (2.43)
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with W* / kT the non-dimensional work of critical cluster formation given in Eq. 2.40 and K
the so-called kinetic prefactor

20 2 20 N,
K=p<i> qul>"z\/ e (%) SV[\/ ”Ma, (2.44)

where p<1> =S piql> (Eq. 2.29) and piq]> = p§q /KT (Eq. 2.26), with p§q taken equal to the
saturation pressure ps of the single component present in the system. In Eq. 2.44, M = mN,
denotes the molar mass and N, the Avogadro’s number. According to the classical model, the
molecular volume is calculated as a bulk quantity v* = v, = m/p; from the liquid mass density
p¢. Similarly, regardless of the critical cluster size, o is taken equal to the surface tension of

the pure liquid component o = oy (capillarity approximation).

2.2.4 Accounting for the carrier gas

The nucleation rate given by Eqs. 2.43, 2.44 and 2.40 according to the CNT refers to a sin-
gle component system, closed with respect to the surrounding, with which no net flow of
molecules is present and only work and heat can be exchanged. For a non-ideal mixture,
the actual heteromolecular interactions taking place between condensing component and sur-
rounding carrier gases do strongly influence the nucleation process. This effect has been
partially accounted for by means of the enhancement factor discussed in Sec. 2.1.1 and it is
included in the definition of supersaturation for a non-ideal mixture given in Sec. 2.1.2.

The surface tension is the other parameter to be affected by the heteromolecular interac-
tions within the mixture. Adsorption of carrier gas molecules at the cluster surface increases
the nucleation rate by decreasing the actual surface tension ¢ with respect to the pure con-
densing component case (¢ < oy). The derivation of the actual surface tension as a function
of pressure and temperature for the general case of (N — 1) carrier gases is discussed in detail
in Appendix A. The surface tension decrease becomes particularly important at high pressure
and it will be analyzed for our practical applications in Secs. 4.2.2 and 5.2.1.

At low pressure conditions, adsorption phenomena are negligible, but, on the other hand,
thermalisation of the clusters by collisions with the carrier gas molecules is less efficient than
at high pressure. Hence, imperfect thermalisation effects become important at low pressure,
reducing the nucleation rates with respect to the corresponding - same temperature and super-
saturation - isothermal condition. This aspect will be discussed in Secs. 4.2.3 and 5.2.2 and
analyzed in detail for the investigated experimental conditions.

In this section, attention will be given to the concentration of monomers at the actual and
at the equilibrium condition: p.;~ and piqb (see Eq. 2.44). For the conditions considered
in this work (low temperature nucleation of water in several carrier gases), the gas phase of
the condensing component (subscript ‘1’) mainly consists of monomers. Therefore, p<1~ =
p1 = y1p, with p the total number density of the mixture and with p; and y; the partial
number density and the molar fraction of the condensing component in the gas phase. The
compressibility factor of the mixture Z = p/ pkT must also be taken into account in the case
of non-ideal mixtures. In addition, it must be recalled that y; is much smaller than the carrier
gas molar fractions y;; for our applications (y; < 5000 ppm), so that ¢ = @; q and, thus,
S/ y1/Y1,eq (see Eq. 2.16). As a result, accounting for the presence of the carrier gases in the
non-ideal mixture leads to

eq Jepis

_np 7Spl,sfe
<I> ZkT ’

P<>= 70T = ZkT

and p (2.45)
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with the kinetic prefactor K in Eq. 2.44 that becomes

Jfepis 2 20¢N,
K= s) s . 2.46
< ZkT " v, (2.46)

Note that the liquid phase is considered to be incompressible, although the liquid compress-

ibility may have an influence on the nucleation phenomena in non-ideal mixtures. Not to

make the present analysis unnecessary complicated, the Luijten approach8® is followed here

and the molecular volume vf is calculated from the pure liquid density pf of the condensing
¢

component as v{ = vy = m/py.



Chapter

Novel test section for homogeneous
nucleation studies

The content of this chapter is based on the paper “M.M. Campagna, M.E.H. van Dongen,
and D.M.J. Smeulders. Novel test section for homogeneous nucleation studies in a Pulse Ex-
pansion Wave Tube. Experimental verification and gas dynamic 2D numerical model. Exp.
Fluids, 61(4):108, 2020” (Ref. 116). For coherence with the rest of the thesis, some of the
symbols reported in Ref. 116 are modified in the present chapter. More details on the experi-
mental procedure are added in Sec. 3.3, extending the corresponding section in Ref. 116.

Abstract A novel design of a Pulse Expansion Wave Tube (PEWT) for the study of ho-
mogeneous nucleation in mixtures of vapors and gases is presented. The main difference
with the previous design consists in a test section with flat walls, which avoids that optical
windows and pressure transducers do affect the flow field locally. Additionally, the test
section length is reduced by a factor two. The performance of the wave tube is investi-
gated both experimentally and numerically. The thermal insulation of the piezoelectric
pressure sensor is proved to be beneficial for accurate measurements. The smallest thick-
ness possible of the diaphragm, initially separating the high and low pressure sections
of the PEWT, is also shown to be crucial. The flow phenomena are simulated with a 2D
numerical model. It is shown to correctly predict the gas-dynamic features of the PEWT
and the effects of the diaphragm opening process. Nucleation rates for water in helium
are determined as a function of supersaturation for two different pressure conditions, 1
MPa and 0.1 MPa, at a temperature of 240 K. The good agreement with results from pre-
vious experiments shows that the geometrical mismatch of optical windows and pressure
transducers in the original wave tube did not affect the nucleation rates significantly and
that both the original and the new wave tube produce reliable measurement data.

3.1 Introduction

Condensation has been actively studied for several decades, but, nevertheless, it remains an
active research area with critical implications for many industrial and environmental appli-
cations. Carbon dioxide emission and industrial pollution are just two fields in which a pro-
found knowledge of such phase transition plays a crucial role. Effects of condensation are
also present in chemical reactors, aircraft, turbines and engine applications.? The oil and gas
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industry is another important sector interested in condensation phenomena mainly for perfor-
mance prediction and design improvement of natural gas impurity separators,’ or even for
the development of integrated devices to couple the removal of contaminants with the gas
liquefaction process. Hence, a full comprehension of this phase transition and more accurate
models would lead to beneficial consequences in a wide range of scientific and technological
fields. A large variety of measurement techniques was applied in the past,” not only to verify
and validate the theory, but also to elaborate corrections for the existing condensation models.
The Pulse Expansion Wave Tube (PEWT) is one of the expansion based devices. Initially
designed to cope with the lack of experimental data related to homogeneous condensation of
hydrocarbons, it has been largely and effectively used with water as condensing vapor at a
later time. *+60:61.71.73-85 1y this chapter we discuss a new PEWT measurement section with
flat inner walls to allow a perfectly flush installation of optical windows and pressure sensors.
As the rest of the tube remains cylindrical, a coupler section is installed as well, which enables
a gradual transition of the cross-sectional shape from square to circular. Results of first wave
experiments with the new gasdynamic facility will be presented including nucleation rate data
for water-helium mixtures. Two-dimensional numerical simulations will be compared with
experimental wave tube observations.

3.2 Working principle

Water condensation is considered homogeneous when the vapor to liquid transition takes place
in absence of macroscopic surfaces or foreign particles. In heterogeneous condensation, such
surfaces or particles act as starting points for the phase transition and a vapor pressure py
slightly above the saturated vapor pressure py is sufficient to trigger the vapor to liquid transi-
tion. If such surfaces or impurity particles are absent, a gas-vapor mixture can easily become
oversaturated (py > ps). Nevertheless, due to the stochastic nature of the gas and the vapor
molecules, clusters are formed. While the smallest ones dissolve, the largest clusters reach the
so called critical size n* if adequate supersaturated conditions are met. After that, the critical
clusters become stable droplets and grow by collision with the free vapor molecules. The pro-
cess of critical cluster formation is known as homogeneous nucleation and it is followed by
droplet growth. The number of critical clusters formed per unit of volume and time is the so
called nucleation rate J. The critical size n* stands for the number of molecules constituting a
critical cluster. A key parameter in nucleation research is the supersaturation S. Two specific
cases are very useful. For an ideal vapor-gas mixture, S is defined as '

Py

S (3.1)
Ps
For a dilute non-ideal vapor-gas mixture, S can be approximated as (see Eq. 2.16)
S~ (3.2)
Yeq

with y the vapor molar fraction and yeq the equilibrium vapor molar fraction (see Sec. 2.1).
As shown by experimental evidence and confirmed by the Classical Nucleation Theory
(CNT),* 10115 the nucleation rate strongly depends on supersaturation and temperature. Ex-
ploiting such dependency, the nucleation pulse method*’ is capable of separating in time the
processes of nucleation and droplet growth, enabling an accurate determination of the nucle-
ation rate. The working principle is sketched in FIG. 3.1. The initially undersaturated (S < 1)
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vapor-gas mixture is first adiabatically expanded. The corresponding temperature drop causes
the saturation level to increase far above unity (S > 1). This is due to the fact that, in case
of homogeneous condensation, the partial vapor pressure p, decreases with the temperature
much less than the saturated vapor pressure ps. This state is maintained for a short time,
the nucleation pulse, indicated in FIG. 3.1 with Az,. The supersaturation level for the pulse
is chosen such that an appreciable amount of critical nuclei is formed. At the end of the
pulse, the mixture is slightly recompressed, inhibiting the nucleation process to continue, but
still keeping a supersaturated level (S > 1) for a relatively long period of time, in which the
droplets can grow. In order to narrow the size distribution of the clusters, Az, must be kept
much shorter than the growth time interval. In this way, nucleation and droplet growth are
effectively decoupled and the clusters can be assumed to be approximately monodisperse.®

S>>1

FIG. 3.1. Nucleation pulse method: pressure p, temperature 7 and supersaturation S vs. time ¢.

The first application of the nucleation pulse method dates back to 1965, when Allard and
Kassner*® designed a piston expansion chamber to expand and recompress the test mixture,
with a pulse duration of 10 ms. In order to limit vapor depletion, polydispersity and the
effect of heat released by the nucleating clusters, it is of fundamental importance to have a
sufficiently short pulse duration. Therefore, Wagner and Strey > later improved the design of
Allard and Kassner*® with a two pistons cloud chamber and a 1 ms nucleation pulse. Peters %
was the first to implement the nucleation pulse principle in a gasdynamic facility: the wave
tube. The Peters’ tube consists of two sections, the high pressure (driver section - HPS) and
the low pressure (driven section - LPS), separated by a diaphragm. A schematic of the Peters’
tube and its corresponding wave diagram is sketched in FIG. 3.2. After the diaphragm rupture,
waves are generated: an expansion fan (E) moving towards the end wall of the HPS and a
shock wave (sh) in the opposite direction. The idea of Peters was to partially reflect the shock
into the HPS, by reducing the LPS cross sectional area, at position C just a few centimeters
behind the diaphragm position D. Doing that, the test mixture at the observation point O is first
subjected to an adiabatic expansion E. After a short time interval (Az,), the shock reflected at
the cross section reduction C reaches the observation point O as a weak shock wave sh;. In
this way the mixture undergoes a slight, but sudden, recompression and the nucleation pulse
nP ends. The mixture remains at constant pressure, coinciding with the droplet growth stage.
The downside of such setup was that E and shy, reflected at the HPS end wall as rE and rSh;
respectively, interact with the cross section reduction C, generating a second slight expansion
rE; and a second weak shock rShic. This may lead to a second nucleation stage (sP) at the
observation point O, simultaneously with the droplet growth process.

The PEWT is a modified version of the Peters’ wave tube by Looijmans et al.”’ The
difference with the Peters’ tube consisted in the elimination of the second nucleation pulse by
replacing the cross sectional area reduction C with a local widening W. In FIG. 3.2 the PEWT
configuration and the corresponding wave diagram are also sketched for comparison with the



24 Chapter 3. Novel test section for homogeneous nucleation studies
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FIG. 3.2. Schematic x-t wave diagram for the Peters’ tube® and for the Looijmans et al. PEWT.”? The waves
related to the expansion E are drawn with black solid lines, while the waves due to the shock sh are represented
with green solid lines. The resulting pressure-time profiles at the observation point O are sketched in the red
dashed-dotted box on the left side of the wave diagram for both the Peter’ tube (blue solid line) and the PEWT
(light-brown solid line). Below the wave diagram, the geometrical configuration of both tubes is also represented.
The observation point O is situated at few mm from the end-wall of the HPS. The length of the HPS for the PEWT
of Looijmans et al. 70 is about 125 cm, the distance between D and W, is about 18 c¢m and the widening (W)
length is 15 cm. The diameter of the tube is 36 mm, while the widening diameter is 41 mm. For comparison
purposes, the Peters’ tube is represented here with the same dimensions of the PEWT and with a diameter of 31
mm for the LPS part on the right-hand-side of C.

Peters’ tube. The modifications of Looijmans ez al.”? implied a different way for the shock

sh to be reflected towards the observation point: at the enlargement W as a weak expansion
fan shy, at the restriction W5 as a weak shock sh,. The outcome was an isolated well-defined
nucleation pulse nppwt. The end-wall reflected waves interact with the cross-sectional area
change also in the PEWT case, with the difference that, beside a small recompression rE,, also
a second weak expansion rEw; at W5 is generated because of rE. Nevertheless, no appreciable
disturbance on the droplet growth process is present in this case, since the interference consists
of a small positive pressure ripple b after the nucleation pulse npgwT. In this way, the resulting
PEWT pressure-time profile at the observation point approximates the one prescribed by the
nucleation pulse method (FIG. 3.1) and the decoupling of nucleation and droplet growth is
achieved. Once the droplets grow to a detectable size, their size and concentration can be
measured by optical means (details in Sec. 3.3).

3.3 Experimental methodology

The PEWT overall facility consists of three main parts (see FIG. 3.3): the mixture preparation
device (MPD),!!” the pulse expansion wave tube PEWT and the optical setup.

The experimental procedure starts with the PEWT evacuation by means of two vacuum
pumps (Alcatel Adixen ACP 15) VPy and VPp, connected respectively to the HPS and the
LPS. The two sides of the tube are kept separated by means of a polyester (PET) diaphragm
placed at the diaphragm section D. Six possible diaphragm thicknesses from 30 ptm to 250 pum
are available, depending on the initial pressure difference. The evacuation procedure continues
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until a moderate vacuum of about 2 mbar is obtained, measured via two vacuum manometers
(Edwards 600 Barocel) denoted by P, and Py, in FIG. 3.3. When this condition is reached, the
valves Vi3 and V| 3 are closed and the evacuation ends. Note that the HPS is connected to the
MPD at this stage, thus, the MPD is also evacuated by the vacuum pump at the HPS VPy.

At this point, the valve Vy, is closed and the vapor-gas mixture can be prepared in the
MPD sketched in FIG. 3.3. The pure gas inside the gas bottle* Gy flows in the MPD, where
it is split into two flows Qa and Qg.P The latter remains dry, while Q4 is saturated® with
the pure water® contained inside the two saturators sat, and sat,. Before exiting the MPD, the
fully saturated flow Q' (Q" = Qa+ Qu,0) and the dry one Qg are mixed together. In this way,
the mixture composition can be easily controlled by regulating Qa and Qg and by keeping
constant the temperature Tiypg and the pressure pppq inside the MPD at known values.d Tt
follows that the water molar fraction y can be calculated as

On,0 Ve
Y= = e (3.3)
tot 1 + 1— /=D
(1=yeq) On
where y’eq is the equilibrium vapor molar fraction calculated at the MPD conditions as
/ QHZO Ps (Tmpd)
Yeq = = f Pmpd; T d ) (3 4)
‘4 On,o0+0a e(Prupd: Tpa) Pmpd

with fe(Pmpd, Tmpa) the enhancement factor (see Sec. 2.1.1) at pypq and Typg and ps(Tinpa) the
saturation pressure of pure water at Tppq. More details on the MPD can be found in Ref. 117.

The total flow coming from the MPD (Qo = Oa + Qn,0 + Op) enters a heated box, where
the pressure is reduced by a metering valve Vyp from pypq to po in the HPS. In order to
avoid condensation, the temperature in the heated box is kept at about 320 K, measured by the
platinum resistance thermometer Ty,. At the exit of the metering valve, in the heated box, a
static mixer smooths the fluctuations of the flow. %>

The HPS is now filled with the prepared mixture, while the LPS is pressurized with the
pure gas contained into the gas bottle Gr..

When the desired pressure levels are reached in both PEWT sides, valve Vi at the LPS
is closed and the so-called flushing procedure starts at the HPS. In this stage, the pressure
level inside the HPS is kept constant by means of an upstream pressure controller UPC and
saturation of the tube walls takes place. A relative humidity sensor (RH, Vaisala HMP 124 B)
constantly monitors the humidity level of the flow at the exit of the HPS, which keeps increas-
ing during this stage. The flushing ends when the RH signal does not change in time anymore,
meaning that no more net PEWT wall adsorption takes place. The mixture composition at the
test section can be derived by calculating y as in Eq. 3.3.

Once the wall saturation condition is reached, the bypass valve Vy, is opened and Vy; and
Vo are closed, isolating the HPS from the MPD. The wave experiment can be now run. It
starts with the fast opening of the diaphragm separating the HPS from the LPS, which leads to
the the wave pattern described in section 3.2 and sketched in FIG. 3.2. The concept and design

2Linde gas bottle with purity > 99.999% (type 5.0).

bEach flow is controlled with a Brooks 58508 mass flow controller (accuracy £0.2% FS).

“Water purified with a demineralization cartridge BWT Ministil P-21 (resistivity > 1.0 MQcm).

dpressure and temperature at the MPD are measured via a Druck PMP 4070 pressure transducer (accuracy
40.04% FS) and two in house calibrated platinum resistance thermometers (accuracy +0.02 K).
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FIG. 3.3. Layout of the PEWT facility. The mixture preparation device MPD is indicated with a blue dotted line
and the optical setup with a green dotted line. The test section with the flush mounted optical windows (A, A
and A3) and the location of the pressure transducers (PR, PE) are the modified parts of the new HPS.

of the diaphragm section D was first introduced by Looijmans and van Dongen in 1977.°° The
present configuration is shown in FIG. 3.4. The fast opening is triggered by an electrical pulse
(200 A - 300 A in 60 ms - 80 ms) trough a Kanthal ribbon (150 mm x 1.75 mm x 0.2 mm)
positioned in a circumferential groove placed at the section D. The PET diaphragm remains
in contact with the 0.2 mm side of the ribbon for the entire experimental procedure, being the
LPS clamped to the HPS. The electrical pulse, increasing the Kanthal temperature to about
800 K, weakens the diaphragm, enabling the pressure difference to open it in a short time
frame (~180 us, see Sec. 3.5.1). It should be noted that the ribbon does not go all the way
around the entire diaphragm circumference. At the top, a few millimeters are not wired. There
the PET material will remain intact, thus creating a hinge for the diaphragm to rotate around.

After the diaphragm rupture, the pressure as a function of time at the observation point O
is as shown in FIG. 3.5. Two transducers are used to measure the pressure at the test section
wall, one piezoresistive (PR, Kistler 4073A50)¢ and one piezoelectric (PE, Kistler 603B). De-
tails on the combined PR-PE measuring methodology can be found in Holten ez al. (2005).**

©This sensor is used for the experiments with a pulse pressure up to 2 MPa. It is replaced by the Kistler 4073A10
for the experiments with a pulse pressure of 0.1 MPa.
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FIG. 3.4. 3D view of the PEWT diaphragm section (D).
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FIG. 3.5. PE pressure-time signal.

By using such measuring methodology, the uncertainty on the nucleation pulse pressure is
less than 0.2%. Although the PE transducer is specifically suited for measuring rapid pres-
sure variations, as in the case of the nucleation pulse technique, the used sensor suffers from
a lack of thermal compensation when a temperature gradient is applied to it. Therefore, a
coating layer (Dow Corning 732 black sealant) of half a millimeter has been applied to the PE
sensing surface in order to insulate it from heat flow from the wall to the expanding gas. In
Sec. 3.5.2, the effect of such coating on the performances of the PE transducer is analyzed.
Wave experiments with dry helium have been performed to investigate the contribution of the
PE transducer with and without coating layer. The temperature profile is derived from the
pressure signal as follows. The initial temperature of the mixture is assumed equal to the test
section wall temperature Ty, which is measured via two independent thermocouples (Temp-
control PT-8316) with an accuracy of +0.03 K.3> Knowing the water molar fraction y, the
entropy sq for the actual mixture can be calculated at the initial conditions pg and Ty. Assum-
ing the process to be isentropic S(¢) = S(¢t = 0) = const, the temperature as a function of time
T(t) is finally derived for each known pressure condition p(z).%!

Once the experimental pressure and temperature signals in time are known, it is possible

to derive the pulse duration At, (FIG. 3.5). The corresponding supersaturation S follows from
equation 3.2, with y the initial vapor molar fraction from the MPD and y,, the equilibrium
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vapor molar fraction calculated at the pulse conditions.
Knowing that the experimental form of the nucleation rate is given by the equation

ngq
=2, 35
&, (3.5)
J can be determined if the droplet number density ny is measured, being Af, known from p(z).
In order to measure ny, the test section is equipped with the Optical Setup sketched in
FIG. 3.3, based on the light scattering and the light beam attenuation. It consists of

* a linearly polarized 100:1 laser (Lasos Lasnova GLK 3220 TO1 - wavelength A = 532
nm) probing the test section through the optical window A; (see FIG. 3.3),

* aphotomultiplier PM (Hamamatsu 1P28A) recording the 90° scattered irradiance Iy, (t)
at the optical window A, (see FIG. 3.3),

* aphotodiode PD (Telefunken BPW 34) measuring the transmitted laser light /(¢) leaving
the test section from the optical window Az (see FIG. 3.3).

A1, Ay and Az (see FIG 3.3) are three BK7 glass windows. The laser beam interacts with the
nearly monodisperse cloud of droplets generated during the nucleation pulse. As the droplets
start to grow to an optically detectable size, Iy,(¢) and I(¢) are detected by the PM and the
PD respectively. During the growth process, Iq(¢) shows a characteristic peaks and valleys
pattern of increasing intensity in time as reported in FIG. 3.6. Such pattern is strictly related
to the droplet radius r(¢) for a fixed refractive index m of the medium and wavelength A of
the laser light. Simultaneously, as r grows in time, I(¢) is attenuated proportionally to size
and number density of the droplets. In FIG. 3.7, a typical attenuated transmitted light 1(¢) /I
is shown, with Iy the initial undisturbed value of I(¢). The PM output is compared with the
theoretical 90° Mie scattered intensity I, (), which is function of the non-dimensional
droplet radius oo = 27r/A at a fixed A and m. The Iy, (o) pattern for A = 532 nm and
m = 1.33 is shown in FIG. 3.8. The almost one to one correspondence between experimental
(FIG. 3.6) and theoretical (FIG. 3.8) scatter qualitatively proves that the assumption of nearly
monodisperse droplets®2°*3> is well posed for the new PEWT." Therefore, by comparing
Ica(t) in FIG. 3.6 with the theoretical Iyq () in FIG. 3.8, the non-dimensional droplet
growth rate a?(¢) in FIG. 3.9 can be obtained.
The n; determination follows from the Lambert-Beer law

%:exp(fngﬂrr2 Qextl), (3.6)
with the the radius r = A o/27 calculated from a(¢) as given in FIG. 3.9. The parameter [
stands for the extinction length and it is taken equal to the inner diameter of the test section
(~ 32 mm for the new HPS, see Figures 3.11 and 3.12). The extinction efficiency term Qex( )
can be found in literature !'® and is a function of the non dimensional droplet radius ¢ for fixed
refractive indices m and wavelengths A.

fA quantitative estimate for the variation of the droplet size within the cloud is found as follows. A droplet formed

at time #o within the pulse period Atp, grows according to r? proportional to (t —tg) as illustrated in FIG. 3.9 for
diffusion dominated growth. Then, the width of the size distribution function is directly related to the possible
variation in #o, which is Aty: Ar?/r? = At,/(t —t9). For Af, = 0.2 ms and an average growth time of 6 ms, we
find for the relative width: Ar/r =0.02



3.3. Experimental methodology 29

~0.04} = 1

= —

- £ 0.99

g 0.03 &

= E

= £0.08

£ 0.02 2

g ‘é 0.97

= 0.01+ Z

% & 0.96
0 L L L L L L L
0 4 8 12 0 4 8 12

Time (ms) Time (ms)
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FIG. 3.8. Theoretical 90° Mie scattered intensity FIG. 3.9. Non-dimensional droplet growth rate curve
as a function of the non dimensional droplet radius a?(t) obtained by comparing the experimental Iy,(t)
o = 27r/A for a refractive index m = 1.33 and a in FIG. 3.6 with the theoretical Iy, () in FIG. 3.8.

wavelength A = 532 nm.

3.3.1 The newly designed HPS

A wide range of experimental conditions, accurate measurements of nucleation rates, droplet
growth rates and supersaturation have made the PEWT technique a powerful tool for homo-
geneous condensation studies. Nucleation rate data can be determined for a wide range of
pressures (0.1 MPa - 4 MPa) and temperatures (220 K - 260 K) and for different binary and
ternary vapor-gas mixtures. The nucleation rates have a strong dependence on temperature,
pressure and measured optical signals. In the previous version of the PEWT, a slight geo-
metrical mismatch between the cylindrical test section wall and the flat surfaces of Ay, As,
PE and PR was present. Such geometrical mismatch might generate local flow disturbances.
Therefore, the PEWT high pressure section was redesigned, which also allowed for improved
optical alignment.

The new design features a rectangular cross-sectional shape (see Figures 3.10 and 3.11). In
this way, flat optical windows and measuring surface of the pressure transducers (PE, PR) have
been mounted flush to the HPS wall, without any geometrical mismatch. In order to minimize
the intersections between the main laser beam and the secondary reflections, the two optical
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windows A and A3 (see also FIG. 3.3) have been positioned with the axis mutually parallel
and £2 mm distant from the center of the HPS. Doing that, the laser beam can enter the test
section through A; with an inclination of 7° (see FIG. 3.11), which prevents any possible
optical interference.

The PEWT High Pressure Section (HPS) has been also shortened from a length of 1.25 m
to about 0.66 m, which speeds up the filling procedure (see Sec. 3.3) and significantly reduces
the gas consumption.

Three main parts have been assembled to compose the new HPS: the 0.375 m long test
section HPS1 (see FIG. 3.10), which has a square cross area with rounded off corners (r =2.67
mm) and a width of 32 mm (see FIG. 3.11); the outlet and vacuum valve section HPS3 (see
FIG. 3.10) with a circular cross area shape as the LPS, diameter of 36 mm (B-B) and length
of 0.167 m; the transition part HPS2, having a length of 0.116 m and designed to facilitate a
gradual cross section transition from the circular shape of HPS3 to the square shape of HPS1
(see FIG. 3.10).

The test section distance from the HPS end-wall has been increased to 10 mm as shown in
FIG. 3.10. In this way, the thermal boundary layer developing from the walls towards the core
of the tube does not represent a possible source of disturbance for the last part of the droplet
growth process. 38119

The PEWT performances have been examined with two different experimental campaigns.
During the first one, the setup has been tested at four different pressure ranges with pure
helium, analyzing

* the added value brought to the measurement quality by the PE with respect to the PR,

* the effect of the coating on the PE measuring surface, applied to protect it from exchange
of heat with the gas during the wave experiment,

* the influence of the diaphragm thickness on the pressure profile at the observation point.

The above mentioned tests have been exploited as reference to design and verify the 2D nu-
merical model described in Sec. 3.4.

FIG. 3.10. New HPS: sectioned 3D view of the PEWT (all dimensions in mm). The diaphragm section and
the widening (internal diameter ®,, = 41 mm) are indicated with the letters D and W respectively. Details on
the observation plane (section A-A) are represented in FIG. 3.11. The rest of the PEWT is characterized by an
internal diameter ® of 36 mm, specified at the section B-B.
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FIG. 3.11. New rectangular test section side view (dimensions in mm). The flush mounted optical windows (A
and A3) and pressure transducers (PE and PR) can be noted. The laser beam (green solid line) enters the test
section from the left side (window A;) and exits it from the right side (window A3). The secondary reflections
are also represented (blue solid lines).

The second experimental campaign has been executed with the purpose of testing the reli-
ability of the modified PEWT setup by performing homogeneous water nucleation and droplet
growth experiments. The tested nucleation pressure and temperature conditions have been 1
MPa and 240 K, respectively. Helium has been chosen as carrier gas and the results have been
compared to the data obtained by Fransen et al. (2015)%3 at the same experimental conditions
with the previous PEWT version. Details on both test campaigns will be given in Sec. 3.5.2.

3.4 2D Numerical Model

3.4.1 Computational Domain, Numerical Settings and Grid Indepen-
dence Study

The PEWT has been modeled in a two dimensional manner. Details on the geometrical do-
main are sketched in FIG. 3.12. The 3D area variation of the PEWT has been modeled in
a 2D manner by changing the widening vertical dimension from 41 mm to 46.7 mm. This
choice allowed to keep the same relative cross-sectional area ratio when passing from the 3D
geometry to the 2D model.

The numerical model is based on non-stationary 2D Euler equations:

dU JX 0Y
i Iy 3.7
o Tax Tay 0 (3.7)
with U the vector of unknowns and X and Y convective fluxes in x and y direction respectively:
o) gu pv
pu pu“+p puv
= ; X = ;Y= ; 3.8
U ov |} puv ; ol+p | (3.8)

PE (PE +p)u (PE+p)v
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FIG. 3.12. 2D model domain (dimensions in mm). The blue arrow (1) indicates the diaphragm opening direction.

Egs. 3.8 have been solved in a coupled manner by means of the density-based explicit solu-
tion method present in the commercial software ANSYS® Fluent®. The discretization of the
convective fluxes X and Y has been performed by means of the Advection Upstream Splitting
Method (AUSM). For the spacial discretization, the Least Squares Cell Based Gradient has
been employed, while the Third Order Monotone Upstream - Centered Scheme (MUSCL) has
been exploited for the flow discretization. The time integration of the governing equations has
been performed by means of a second order implicit formulation. Helium has been chosen as
simulated gas and it is assumed to behave as a calorically prefect gas. In order to minimize the
numerical errors due to the grid choice, different mesh sizes have been tested for accuracy and
computational time (Ax and Ay both decreasing from 6 mm to 1 mm). Instantaneous opening
of the diaphragm has been considered at this stage. A mesh size with Ax =4 mm and Ay =2
mm has been selected.

Preliminary results of the 2D numerical model are reported in FIG. 3.13, where the pres-
sure (FIG. 3.13a) and the temperature (FIG. 3.13b) profiles in time are compared with the
reference experimental results of test 2c* (TABLE 3.1). It should be noticed that the shown
numerical results are taken at the observation plane wall Oy, at this stage. Such a choice has
been possible only after the verification of a perfect overlapping for the results taken at Oy,
and at the observation point O, when the diaphragm opening process is modeled as instanta-
neous. The simulated pressure and temperature profiles in time shown in FIG. 3.13 differ from
the experimental results in three regions: at the first expansion E, at the pulse npgwt and at
the ripple b. Such differences are due to two main reasons. In the first place, the diaphragm
opening process has been simulated as instantaneous at this stage, while such assumption is
far from the reality. For this reason, the finite diaphragm opening process will be implemented
in the 2D numerical model as explained in the next Sec. 3.4.2. Secondly, the presence of the
contact discontinuity, clearly visible on the wave diagram in FIG. 3.13b, might have interacted
with the reflected expansion rE in the proximity of Wy, contributing with a small overshoot to
the ripple b. The latter hypothesis has been verified by simulating the exact same conditions,
but without widening in the geometrical domain. A small recompression has been observed,
caused by the interaction between the expansion E and the only contact discontinuity.

3.4.2 Modeling of the Diaphragm Opening Process

The 3D opening process of the diaphragm, described in Sec. 3.3, has been simplified for the
present 2D model in the following way. It has been assumed that the diaphragm slides away
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FIG. 3.13. Pressure (3.13a) and temperature (3.13b) map on the x-t wave diagram. The latter is derived from
the 2D numerical tool described in this chapter, with the represented data taken at the tube wall line in time. The
simulated initial conditions are the same as for the test 2¢* (TABLE 3.1) and the diaphragm opening process is
modeled as instantaneous. On the left side of both figures, the pressure (3.13a) and temperature (3.13b) profiles
in time (red solid line) are compared to the experimental results (black solid line) of test 2c* (TABLE 3.1). The
simulated profiles are taken at the observation plane wall (Oy), where the transducers are placed (red circle).

as indicated by the blue arrow sketched in FIG. 3.12, so that the open area becomes 2

A d \* r\Ve
(i) = () @
Adiaph ddiaph Idiaph

with #4;,pn the total opening time of the diaphragm, A the open area of the diaphragm (d the
open diaphragm dimension in the 2D model) at the time 7 and Agjpn the total area of the
diaphragm (diapn the total diaphragm dimension).

The duration of each opening time step has been chosen to be 8 ms. The modeled di-
aphragm has been divided in 18 segments. The initial boundary condition for the whole di-
aphragm geometry has been set to be a wall, which perfectly separates the HPS from the LPS
side. After that, at each consecutive opening time-step, the boundary condition for each piece
of the diaphragm has been dynamically changed from wall to interior type, starting from the
bottom piece of the diaphragm. In this way, with such discrete piece-wise step function, it has
been possible to closely approximate the continuous 3D aperture process of the diaphragm.
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A parametric study has been performed on a and Zgispn. In first instance the exponent a
has been varied from 1/2 to 1/8 (see FIG. 3.14), with tg;apn kept fixed at 136 us.70 The best
agreement with the reference pressure-time profile of test 2¢* (TABLE 3.1) has been found
fora=3/8.
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FIG. 3.14. Parametric study performed with total opening time f4;,pn=136 s and varying the exponent a: a=1/2
(purple line), a=3/8 (green line) and a=1/8 (brown line). The different diaphragm opening function A(t) are
shown in 3.14a. In 3.14b the reference pressure-time profile (black line, test 2c*, TABLE 3.1) is compared to the
simulated p(7) in O. The pressure profile with instantaneous diaphragm opening is also reported (red line).

Then, t4iaph has been varied from 136 ps to 232 us (see FIG. 3.15), with a = 3/8. A
perfect agreement with the experimental reference (test 2¢*, Table 3.1) has been found for
Idiaph=184 ps. The 2D numerical model has been also verified with all the other experimental
conditions reported in TABLE 3.1 as reference and a perfect agreement has been obtained at
any condition.
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FIG. 3.15. Parametric study performed with total opening time a=3/8 and varying the total opening time of the
diaphragm: tgiapn = 136 us (green line), tiaph = 184 ws (magenta line) Zgizph = 232 s (cyan line). The different
diaphragm opening function A(z) are shown in 3.15a. In 3.15b the reference p(t) profile (black line, test 2c*,
Table 3.1) is compared with the simulated ones taken in O. The pressure profile with instantaneous diaphragm
opening is also reported (red line).
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3.5 Results and discussion

3.5.1 Numerical results

Now that the complete 2D numerical model has been validated, it is possible to analyze the
pressure-time profile at the bottom wall of the observation plane (A-A, see FIG. 3.10), namely
Oy, (see FIG. 3.12), where the pressure transducers are placed. The comparison between the
numerical and the reference experimental p(¢) and T (¢) profiles shows a perfect agreement,
when the diaphragm opening process is included in the 2D numerical model (see FIG. 3.16). It
must be also underlined that, by modeling the diaphragm opening process, the overshoot of the
numerical p(r) with respect to the experimental pressure at the ripple b disappears (compare
FIG. 3.13 to FIG. 3.16). This is due to the different position of the contact discontinuity
when the reflected expansion wave rE reaches W (see FIG. 3.16b). As evident in FIG. 3.17,
the experimental oscillations present at the plateau (r = 1.5+ 2.2 ms) and at the bottom of the
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FIG. 3.16. Pressure (3.16a) and temperature (3.16a) map on the x-t wave diagram. The latter is derived from
the 2D numerical tool described in this chapter, with the represented data taken at the tube wall line in time. The
simulated initial conditions are the same as for the test 2¢* (TABLE 3.1) and the diaphragm opening process is
modeled with a=3/8 and #4i,ph=184 fs. On the left side of both figures, the pressure (3.16a) and temperature
(3.16b) profiles in time (blue line) are compared to the p(r) and T(r) (black line) of test 2c* (TABLE 3.1). The
simulated profiles are taken at the observation plane wall Oy, where PR and PE are placed (red circle).
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12 14 16 18 2

FIG. 3.17. Pressure-time profile at O (purple line) and O,, (blue line) with emphasis on the pulse (r = 1.24 +1.44
ms) and the plateau (# = 1.5 2.2 ms). The experimental pressure measured at O,, for the test condition 2c*
(TABLE 3.1) is used as reference (black line).

pulse (r = 1.24 = 1.44 ms) are also appreciable in the numerical results at Oy. On the contrary,
such oscillations appears to be damped at the observation point O for the numerical results.
An additional proof of such pressure oscillations is reported in FIG. 3.18. The position and
the shape of the sh, front wave is highlighted by narrowing the color-map around the pressure
value in O at the beginning of the pulse recompression 74 = 1.44 ms (see FIG. 3.18b). The
evolution in time of such wave is shown by considering the time step before (14-0.004 ms, see
FIG. 3.18a) and after (rfo+0.004 ms, see FIG. 3.18c) ta. A typical oscillation over-shoot (B)
and under-shoot (C) of the pressure at O,, are shown in FIGS. 3.18d and 3.18e respectively. In
these cases, the color-map has been narrowed around the pressure value in O at the time ¢ and
tc. In this way, it is evident as the pressure in Oy, alternatively increases and decreases in time
with respect to the pressure in O. Moreover, the s-shape of the waves, visible in FIGS. 3.18a,
3.18b and 3.18c, appears to be absent for instantaneous opening of the diaphragm. In the latter
case, the waves are parallel to the HPS end-wall and the pressure oscillations are completely
absent at Oy, (see the wave diagrams in FIGS. 3.13a and 3.13b). The ripples of the pressure
at O,, in time are more evident in FIG. 3.19. It can be concluded that the pressure oscillations
are caused by the 2D diaphragm opening process. Moreover, such disturbances appear to be
sensed by the transducers, placed at the bottom wall of the observation plane A-A, while they
are strongly muffled at the observation point O. Therefore, no disturbances are expected to
affect the flow field at the observation point O.

3.5.2 Experimental results

The first experimental campaign with the modified version of the PEWT has been performed
by running four sets of wave experiments with pure dry helium. Each set of tests corresponds
to a different pulse pressure level p. Four levels have been checked. The pressure p and
temperature 7" values, averaged over the pulse duration A, are presented in TABLE 3.1. The
superscript ‘*’ indicates the tests performed applying the coating layer to the PE transducer
(Sec. 3.3). The typical temperature profiles are shown in FIG. 3.20. One observes a small
but significant difference between the two nucleation temperatures derived from both pressure
transducer signals, when the PE is uncoated. It must be noted that a temperature error of 1 K
corresponds to a shift in nucleation rate by more than a factor two. The temperature difference
disappears when the PE transducer is coated, indicating that the thermal insulation of the
coating is effective. Different diaphragm thicknesses have also been tested at 0.5 MPa and
1 MPa and the results are summarized in TABLE 3.1. The 75 um and 125 pum diaphragms
show an influence on the pulse duration Az, reducing the available time for the mixture to
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FIG. 3.18. Simulated pressure color-map of the HPS, narrowed around the reference pressure py at different
times: (a) £15-0.004 ms, (b) 14 = 1.44 ms, (c) to+0.004 ms, (d) 1t = 1.564 ms, (e) tc = 1.604 ms. A, B and C are
highlighted in FIG. 3.17.
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FIG. 3.19. Pressure map of FIG. 3.16a in 3D form. The z-direction is representative of the pressure level



38 Chapter 3. Novel test section for homogeneous nucleation studies

260
< 250t
|_
240+
0
260
< 250t
'_
240 :
0 1 2 3 4
Time (ms)
(b)

FIG. 3.20. Temperature profiles at the nucleation pulse derived from the PR (black line) and from the PE (blue
line) pressure signals. In (3.20a) the temperature profiles of the test 2a (TABLE 3.1) with uncoated-PE transducer
and in (3.20b) the temperature profiles with the test 2c* (TABLE 3.1) with coated-PE.

TABLE 3.1. Wave experiments overview.

Wave Diaphragm Aty p Ap T AT
Exp. um msec MPa % K %

la 50 0210  0.488 1.20 2376 048
Ic* 50 0210 0494 049 2415 020
1d* 75 0205 0492 038 2414  0.15
2a 50 0215  0.995 1.37  240.1 0.55
2c* 50 0.208 1.012  0.19 2417  0.08
2d* 75 0.194 1.001 027 2403  0.11
2¢* 125 0.180 0987 024 2402  0.09
3a 125 0.180 1.479 1.25 2388 0.0
3c* 125 0.180 1489 029 2419 0.12
4a 125 0.190 1.968 1.17 2385 047
4c* 125 0.185 1982 018 2419  0.07

293497

The superscript denotes the experiments performed with coated PE. Di-
aphragm and At indicate thicknesses of the diaphragm and pulse duration of
each experiment. The superscripts "PR” and ”PE” denote the quantities derived
from piezoresistive and piezoelectric transducer respectively. Ap = (pR — pPE).
100/p™R and AT = (Tpr — Tpg) - 100/ Tpg are the relative percentage difference
between the PR and PE measures.

nucleate. This effect points out the importance of using the thinnest diaphragm possible,
provided that it stands the pressure difference existing between HPS and LPS at the beginning
of the experiment.

A second experimental campaign has been carried out in order to verify the performances
of the novel design. Several homogeneous water nucleation experiments have been run with
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helium as carrier gas and a pulse temperature of about 240 K. Two nucleation pressures have
been tested, 1 MPa and 0.1 MPa, at different supersaturation levels. In FIG. 3.21 the results
for such tests are presented in terms of nucleation rate J - supersaturation S data. A data
overview of the nucleation experiments presented in this chapter is given in TABLE 3.2 (see
also Appendix B for more details). For both pressure conditions, a coating layer has been
applied to the PE sensing surface and a diaphragm thickness of 50 um and 40 um has been
found to be the optimal choice at 1 MPa and 0.1 MPa, respectively. The measured J - S values
are compared with the data obtained by Fransen et al. (2015)% at the same conditions, but
with the previous version of the PEWT. The main result to be underlined is the substantial
agreement with the literature data,® which demonstrates the well functioning of the PEWT,
in the new version as in the original one of Looijmans.”?

1015 L

Nucleation rate J (m'3 s'l)

11 12 13 14 15 16
Supersaturation S(-)

FIG. 3.21. Experimental data overview of the water nucleation rates J as a function of the supersaturation S at
240 K in helium. The data obtained with the new version of the PEWT at 1 MPa (filled squares) and 0.1 MPa
(filled circles) are presented. A data overview is reported in TABLE 3.2 (see also Appendix B). The data of
Fransen et al. % at 1 MPa (open squares) and 0.1 MPa (open circles), obtained with the previous PEWT version,
are also shown for comparison. The two trend lines at 1 MPa (dotted line) and 0.1 MPa (dashed line) have the
only purpose of guiding the eye.

3.6 Conclusions

The High Pressure Section (HPS) of the PEWT for homogeneous condensation experiments
has been redesigned. A square-shape cross-section has been chosen for the test section in order
to accommodate, without any geometrical mismatch, the pressure transducers (PR and PE) and
two of the three optical windows (A; and A3z). The HPS has been also halved in length with the
scope of a faster experimental procedure and a reduced gas consumption. Two test campaigns
have been carried out in order to verify, with the first one, the gas-dynamic performances of
the modified PEWT and, with the second campaign, the nucleation rate J - supersaturation S
data quality when homogeneous condensation experiments are run. The homogeneous water
nucleation data J - S obtained at 240 K and at two pressure conditions, 1 MPa and 0.1 MPa, in
helium with the newly designed PEWT have been shown to be perfectly aligned with previous
measurements performed, at the same experimental conditions, by means of the previous ver-
sion of the PEWT. This means that the modified wave tube is functioning properly. Moreover,
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TABLE 3.2. Experimental data overview of the water nucleation experiments performed with the new
version of the PEWT discussed in this chapter and reported in FIG. 3.21.

Test  pmpd Tinpd y P T At, nyq J S
MPa K ppm MPa K ms m3 m3s!
1 320 29638 504 1.00949 24146 0.208 2.18E+11 1.05E+15 12.10
2 320 296.68 514 1.00383 24132 0.202 2.83E+11 1.40E+15 12.39
3 320 296.15 494 0.99907 240.41 0.206 4.94E+11 2.40E+15 12.67
4 320 296.14 494 0.99285 239.75 0.204 1.26E+12 6.17E+15 13.18
5 320 296.64 509 0.99512 24031 0.206 1.30E+12 6.32E+15 13.09
6 2575 291.11 448 098943 239.85 0.200 4.60E+10 2.30E+14 11.83
7 2575 291.08 529 099342 239.87 0.204 7.88E+12 3.86E+16 13.99
8 2575 291.12 489 098796 240.75 0.204 1.18E+11 S5.77E+14 12.09
9 2575 291.07 488 098861 239.89 0.202 8.69E+11 4.30E+15 12.83
10 2.558 291.08 488 0.99004 240.37 0.200 2.03E+11 1.02E+15 1243
11 2575 291.08 447 0.99771 240.76 0.206 1.24E+10 6.01E+13 11.15
12 2575 291.06 516 0.98930 239.75 0.210 4.67E+12 2.22E+16 13.71
13 0.3  291.02 4803 0.10405 23992 0.142 4.29E+11 3.02E+15 13.37
14 0.3 291.03 4797 0.10453 240.67 0.148 O9.71E+10 6.56E+14 12.72
15 0.3 291.02 4795 0.10317 239.80 0.146 3.82E+11 2.61E+15 13.34
16 0.3  291.02 5313 0.10494 24139 0.152 4.80E+11 3.16E+15 13.44
17 0.3 291.01 5188 0.10269 239.22 0.148 1.37E+13 9.26E+16 14.95
18 0.3  291.02 5311 0.10247 23922 0.144 143E+13 9.95E+16 15.27
19 0.3 291.02 5310 0.10252 239.50 0.142 9.65E+12 6.80E+16 14.99
20 0.3 291.01 4884 0.10424 23947 0.134 8.69E+11 6.48E+15 14.05
21 0.3  291.01 4889 0.10432 23990 0.142 830E+11 5.85E+15 13.66
22 04 291.01 4243 0.10397 239.52 0.138 1.28E+10 9.24E+13 12.14

23 04 291.01 4177 0.10387 23920 0.136 2.14E+10 1.57E+14 12.21

The subscript “mpd” denotes the MPD quantities, while p and 7' are the pulse pressure and temperature.

it also implies that the quality of the nucleation rate data obtained with the previous version of
PEWT, is not significantly affected by the slight mismatch of the flat windows and transducers
with the circular walls of the previous test section. Both campaigns have demonstrated the
combination of piezoresistive (PR) and fast responding coated-piezoelectric (PE) transducers
to be essential for the purpose of providing a much more accurate measuring of the mixture
thermodynamic conditions during the PEWT experiments. The importance of the diaphragm
has also been pointed out, proving that the choice of the thinnest diaphragm thickness possi-
ble is crucial to minimize the intrusiveness of the diaphragm opening process. Additionally,
a 2D numerical model has been successfully developed for the PEWT, representing a pow-
erful support for the design of the forthcoming experiments. Such tool has been shown to
correctly predict all gasdynamic features of the PEWT, including the opening process and the
total opening time of the diaphragm and it has been possible to exclude the presence of any
disturbances on the flow field at the observation point.



Chapter

Homogeneous water nucleation in nitrogen
and 1n argon

The content of this chapter is an unabridged version of the paper “M.M. Campagna, J. Hruby,
M.E.H. van Dongen, and D.M.J. Smeulders. Homogeneous water nucleation: Experimental
study on pressure and carrier gas effects. J. Chem. Phys. 153(16):164303, 2020 (Ref. 121).

Abstract Homogeneous nucleation of water is investigated in argon and in nitrogen at
about 240 K and 0.1 MPa, 1 MPa and 2 MPa, by means of the Pulse Expansion Wave
Tube. The surface tension reduction at high pressure qualitatively explains the observed
enhancement of the nucleation rate of water as well in argon as in nitrogen. The differ-
ences in nucleation rates for the two mixtures at high pressure are consistent with the
differences in adsorption behavior of the different carrier gas molecules. At low pressure,
there is not enough carrier gas available to ensure the growing clusters are adequately
thermalized by collisions with carrier gas molecules, so that the nucleation rate is lower
than under isothermal conditions. This reduction depends on carrier gas, pressure and
temperature. A qualitative agreement between experiments and theory is found for argon
and nitrogen as carrier gases. As expected, the reduction of the nucleation rates is more
pronounced at higher temperatures. For helium as carrier gas, non-isothermal effects
appear to be substantially stronger than predicted by theory. The critical cluster sizes are
determined experimentally and theoretically, according to the Gibbs-Thomson equation,
showing a reasonable agreement as documented in literature. Finally, we propose an em-
pirical correction of the classical nucleation theory for the nucleation rate calculation.
The empirical expression is in agreement with the experimental data for the analyzed
mixtures (water-helium, water-argon and water-nitrogen) and thermodynamic conditions
(0.06 MPa-2 MPa and 220 K-260 K).

4.1 Introduction

Numerous studies have been reported on the dropwise vapor to liquid phase transition since
the pioneering work of C.T.R. Wilson in 1879.! An extensive overview of the past 100+ years
of experimental and theoretical developments in condensation study has been published by
Wyslouzil and Wolk (2016).2 One of the puzzling aspects is the effect of carrier gas and
pressure on nucleation.”77887-113.122° A gyccessful facility to study homogeneous nucleation
is the Pulse Expansion Wave Tube (PEWT). It offers the possibility to investigate dropwise

41
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condensation in a large variety of vapor-gas mixtures at pressures from 0.1 MPa to 4 MPa and
temperatures between 200 K and 260 K.4+60-61.71.72.74-85 [ this chapter, we present new data
on homogeneous nucleation of water at 0.1 MPa, 1 MPa and 2 MPa in two different carrier
gases: nitrogen at 240 K and argon at 236 K and 240 K. The novel experiments have been
carried out with a recently modified version of the PEWT.!!® A comparison is made with the
homogeneous water nucleation data by Wolk and Strey*? in argon between 220 K and 260
K, at about 0.06 MPa, and by Fransen ef al. at 240 K and 1 MPa in nitrogen,85 and at 0.1
MPa and 1 MPa in helium.%-'1® We shall discuss several aspects of the role of the carrier
gas in the nucleation process. It reduces warming of the growing clusters and causes the
nucleation process to be isothermal at sufficiently high pressure. At high pressure, real gas
effects become important as well as the reduction of surface tension due to adsorption of gas
at the phase interface. Additionally, we shall compare experimental critical cluster sizes with
predictions from Classical Nucleation Theory (CNT).4~! Finally, an empirical correction of
theoretical (CNT) nucleation rate is proposed, which takes into account the influence of the
different carrier gases and the effect of the investigated pressure and temperature conditions.

4.2 Theoretical background

Nucleation and droplet growth are the two steps in the dropwise condensation process. Nu-
cleation is called homogeneous when aerosol particles and foreign surfaces do not affect the
nucleation process. The carrier gas (non-condensing component) acts as heat reservoir, which
reduces the warming up of the clusters during nucleation. The key parameter in quantifying
the nucleation process is the nucleation rate J, which is the number of droplets formed per
units of time and volume. The other important parameter in homogeneous nucleation studies
is the supersaturation S. For a vapor-gas mixture, it quantifies the current state deviation of the
vapor component from its corresponding (same p and T') phase equilibrium. More details on
the J and S definitions will be given further on.

4.2.1 Classical Nucleation Theory and Nucleation Theorem

The Classical Nucleation Theory (CNT)*10 is the most used model to predict the nucleation
rates (see Eq. 2.43)

_W*
JCNT =K exp< kT > s (41)

with the work of cluster formation W* proposed by Becker and Doring’ (see Eq. 2.40)
167 Vy 2 3
= —— . 4.2
W =3 (i) (*+2)

As far as the kinetic prefactor K is concerned, we employ its corrected form suggested by
Courtney®' (see Eq. 2.44)

_(Ps 2 20yN,
K= (kT> Svey/ St (4.3)

In Egs. 4.1-4.3, k is the Boltzmann constant and the quantities v;, ps and oy are the molecular
liquid volume, '?3 the saturation vapor pressure '>* and the surface tension of pure water > at
the temperature 7.
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Of central importance in the nucleation theory is the so-called critical cluster, which is
defined by equal probabilities of growth and decay. The size of the critical cluster (number of
vapor molecules forming it) can be determined by the Gibbs-Thomson equation as (Eq. 2.39)

2
W 32wy o3
6T 3(kT InS)3 "
It should be noted that the CNT stipulates that bulk properties, such as surface tension, are
also valid for clusters which may consist of a few molecules only (capillarity approximation).

An independent way for the determination of the critical cluster size is provided by the first
nucleation theorem 126127

. (dInJ

which enables a straightforward derivation from the experimental J-S curves.

4.4)

4.2.2 Pressure and carrier gas influence on the surface tension

The pressure dependency of the water surface tension, in presence of helium, argon and ni-
trogen, has been largely investigated experimentally '>%-132 and, recently, also numerically '3!
for different conditions. The surface tension decrease with increasing pressure is generally
ascribed to the adsorption of carrier gas molecules on the condensing cluster surfaces. '33 As
already pointed out by Fransen er al. (2015),% adsorption of nitrogen is pronounced at high
pressure and mild at ambient pressure.?3-130:132 The analysis was based on the pressure de-
pendency of the water surface tension in presence of nitrogen, available in literature between
273 K and 423 K. Such dependency was linearly extrapolated into the supercooled liquid re-
gion of interest, namely 240 K. For the present study, we extend the Fransen analysis®> with
the water interfacial tension data of Chow er al. (2016)'3! for nitrogen and argon as diluent
gases. Following this approach,® the surface tension of water in presence of the diluent gas
can be expressed as

A A
o(p.T) = o(T) = 1-exp (,3) p=0(T)+00(T) p. (4.6)

with oy the surface tension of pure water, Ag the average surface area per adsorption site
(1.62:10~' m? for nitrogen and 1.38-10~!° m? for argon),'3* v* the effective volume avail-
able for the translation of an adsorbed molecule and u? the interaction potential energy of a gas
molecule with the liquid surface. The following values for v and ug have been found by fit-
ting the opo(7') data available in literature 128-132 (see FIG. 4.1): for nitrogen v = 8.85-1073°
m? and uy = —1.03-1072°J, for argon v* =7.13- 107" m? and uf = —1.03-1072° J. The re-
sulting water surface tension reduction at 240 K (o, = 79.95 - 1073 N-m~ 1) is 1.45% + 0.55%
for argon at 1 MPa, 2.89% =+ 0.98% for argon at 2 MPa, 1.53% =+ 0.49% for nitrogen at 1 MPa
and 3.06% =+ 0.87% for nitrogen at 2 MPa. Thus, the pressure effect on the surface tension
of water in argon and in nitrogen are expected to be similar. Additionally, values of surface
tension reduction within 0.2% = 0.1% confirm a negligible adsorption effect for both diluent
gases at pressures up to 0.1 MPa and temperatures between 220 K and 260 K. A negligible
effect has been also calculated for helium at pressures up to 1 MPa and 240 K. It should be
stressed that this analysis is based on the extrapolation to the supercooled liquid region of the
few literature data available only at temperatures above 298 K. This leads to a relatively high
uncertainty, as confirmed also by Fransen e al..%
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FIG. 4.1. Plot of o} data at different reciprocal temperatures for nitrogen 128-132 (4 1a) and argon 128-131 (4 1p).
The linear fit (dashed-dotted line) and the standard uncertainty bands (68% confidence interval CI, dotted line)
are also shown.

4.2.3 Kinetic model for non-isothermal nucleation

The cluster growth is characterized by two linked aspects: the trapping of vapor monomers by
collision with the clusters (size) and the release of latent heat due to impinging and evaporating
vapor monomers (energy). For mixtures of vapors and non-condensing carrier gases, the effect
of latent heat release is further reduced by collisions of vapor clusters and gas molecules. The
non-isothermal nucleation phenomena have been analyzed since 1966 by means of a 2D size-
energy space.8- 1131221357138 Wwe follow here the analysis of Feder et al. (1966),'?? later
modified by Barrett and co-workers. 3137138 The analytical expression of the non-isothermal
nucleation rate, approximated to the first order, reads

o 1 [ +< H*4-3H? 4 28y,H + 1 > } 47
Jiso B (6bv +H)2 (H2+1)((H+6bv)2+(l+l)ébv) ’
1+
va(1+)~)

where Jis, is the isothermal nucleation rate, ¢,y = cpy/k and cpy = ¢y +k/2 is the vapor
monomer heat capacity at constant volume ¢y, accounting also for the increased collision rate
of the high energy monomers k/2. The non-dimensional parameter H of Eq. 4.7 is defined as

goML 1.2 4o “s)
= — — — () — Al = .
NkT 2 ™ 3(ngp) 13 AT

with L the latent heat of vaporization, ® = A~ 0y/kT the non-dimensional surface tension,

and A< = (3671:)1/ 3 v?/ ? the surface area of the vapor monomer. The parameter A is given
by

Cp v
2 = SbePeVe

—, 4.9
Cov P1 V1 )

with ¢y = ¢g +k/2 the enhanced heat capacity of the gas at constant volume, pg and p; the
molecular gas and vapor number densities, V; and V| the mean molecular (thermal) velocities
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of gas and vapor. Additionally, X is defined as

20 (n§pe1+k)

T Ok (np) 3 (H2+1) *+-10)

with ¢ the heat capacity per molecule in the liquid. FIG. 4.2 shows J/Jjs, as a function of
(A + 1) for a water-carrier gas system at 240 K and a supersaturation of 12. The parameter
A strongly increases with pressure and with the reciprocal of the gas molecular mass. As a
result, negligible non-isothermal effects are predicted at high pressure (J/Jiso &~ 1). On the
other hand, at low pressures, thermalisation is more pronounced for gases with larger molec-
ular mass (J/Jiso < 1). Additionally, a larger thermalisation effect is predicted for increasing
temperature. The described model®’ will be used for the analysis of the low pressure experi-
ments presented in this chapter. Note that the zeroth order approximation of Eq. 4.7 (X = 0)
makes a small difference (over the third digit for our conditions) in the calculation of J/Jis,
as also pointed out by Barrett. 5’
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FIG. 4.2. Non-isothermal nucleation model of Barrett (Ref. 87): plot of J/Jis (Eq. 4.7) as a function of A + 1
(Eq. 4.9), at 240 K and a supersaturation of 12.

4.2.4 Enhancement factor and supersaturation definition

The presence of a carrier gas in a vapor-gas mixture in equilibrium with a liquid phase is re-
sponsible for the increase of the vapor content. In order to quantify this enhancement effect,
we consider the equality of chemical potentials in the coexisting phases. This equilibrium con-
dition leads to the following expression of the equilibrium vapor molar fraction7#3%90,139,140
(see Sec. 2.1)

P
Veq = %ﬁ(l — ) exp/ Y, @.11)

with p the total pressure of the mixture and pg the equilibrium (saturation) vapor pressure for
the pure condensing component at the total (mixture) temperature 7.'2* The term Xg is the
carrier gas molar fraction dissolved in the liquid, which can be assumed negligibly small for
the carrier gases investigated at temperatures well above 200 K. The quantities ¢s and ¢eq are
the fugacity coefficients at equilibrium for pure water vapor and for water vapor in presence
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of the carrier gas, respectively. Also assuming negligible liquid compressibility, Eq. 4.11 can
be reformulated as follows

fe — exp T 4.12)

_ YeqP _ 9 {w(p—ps)]
Ps Peq ’

The enhancement factor f. describes the increase of saturated vapor pressure due to the pres-
ence of the carrier (real) gas in the non-ideal mixture. %0 It consists of two contributions, both
related to the heteromolecular interactions taking place within the mixture. On one hand,
s/ Peq accounts for the non-ideality of the water vapor in presence of the surrounding carrier
gas molecules (real gas effect). The second contribution is the Poynting correction (exponent
on the right hand side of Eq. 4.11 and 4.12), which takes into consideration the increase of
equilibrium vapor fraction due to the pressure difference between the mixture and the pure
saturated vapor.

The fugacity coefficient ¢ can be expressed as a function of the second virial coefficient

for pure water B 1:90
By1ps
¢s—eXp< RT“). (4.13)
The fugacity coefficient ¢eq, can be written as follows 90
0eq =X (2B117eq + 2B12(1 = eq) ~ B) | (4.14)

with the second virial coefficient of the mixture B defined as
B = Bi1yeq+2B12Yeq(1 —Yeq) +Baa(1 —yeq)*. (4.15)

By, and Bj; are the second virial coefficients for the pure carrier gas and for the interact-
ing components of the mixture, respectively. The analytical expression of By, in the form
proposed by Hodges et al. 102103 is

T \%
By = Z ai (100> ) (4.16)

1

with the temperature 7 in K. The coefficients a; and b; were obtained by fitting computational
quantum chemistry results 102103112 for the different water-gas mixtures analyzed in this chap-
ter. The reader is referred to Sec. 2.1.1 for more details on carrier gas solubility in water and
on the virial and cross-virial coefficients used for the present study. In FIG. 4.3, the results of
this analysis are presented in terms of pressure (0.05 MPa — 5 MPa) and temperature (220 K —
300 K) dependency of real gas effect (¢s/¢eq), Poynting correction (exp[v, (p — ps)/kT]) and
total effect (fe) for the three mixtures: water-nitrogen (FIG. 4.3a), water-argon (FIG. 4.3b)
and water-helium (FIG. 4.3c). It should be noted that a link exists between the increase of
enhancement factor f, and the reduction of water surface tension with the pressure, as pointed
out by Luijten ef al. (1997).7* Both aspects account for the heteromolecular interaction taking
place in the vapor-gas mixture. Extending this qualitative consideration to different gases at
fixed thermodynamic conditions, a larger f. corresponds to a stronger reduction of the wa-
ter surface tension. This outcome is confirmed by our calculations of f. (FIG. 4.3) and o
(Sec. 4.2.2): at the same pressure and temperature conditions, f; for the water-argon mixture
is smaller than the one for water-nitrogen and the same applies for the ¢ reduction.
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FIG. 4.3. Pressure and temperature dependency of Poynting correction (exp[ve (p — ps)/kT]), real gas effect

(9s/9eq) and the total effect (f;) for water-nitrogen (4.3a), water-argon (4.3b) and water-helium (4.3c), between
0.05 MPa and 5 MPa and from 220 K to 300 K.

For a non-ideal vapor-gas mixture, the supersaturation of the condensing component can
be defined as the ratio of its fugacities at the actual and at the corresponding equilibrium
condition (see Eq. 2.15)

_ TZEw.T)
"Ozg(p)Ta)’eq)7

with y the vapor molar fraction. The fugacities #¢ = .Z&(p,T,y) and Feq = F4(p,T,Yeq)
can be expressed as a function of the chemical potential of the condensing component in the
vapor state u€ = u&(p,T,y) and in the corresponding vapor-liquid equilibrium state Ueq =
UHE(p,T,yeq) as (see Sec 2.1)

4.17)

Z8

RZ F
UE = Ues+kTIn <%> and Ueq = Uref +kTIn (yeqf) , (4.18)
Ie Ie

with the subscript ‘ref” denoting the (arbitrary) reference properties of the pure condensing
component. Hence, substituting Eq. 4.18 into Eq. 4.17, the supersaturation definition can be
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reformulated as follows (see Egs. 2.15 and 2.16)

ug_.ueq> y yp
S =ex —_— | = R 4.19
P( kT Yeq  JeDs ¢ )

with the last two equalities derived from the expression .% = ¢ yp (see Eq. 2.3) and by re-
calling Eq. 4.11. The validity of S ~ y/yeq =y p/(fe ps) is restricted to the case in which the
vapor monomers interact mostly with the diluent gas molecules and, consequently, ¢ ~ ¢,,,.
This condition is closely satisfied in the present application because of the small vapor molar
fraction y. Note that the definition of supersaturation (Eq. 4.19) differs from that by Wedekind
et al.,"'3 who took the saturated state of the pure condensing component as reference (see
Sec. 2.1.2 for more details).

4.3 Experimental

The experimental facility is a wave tube in which a well defined pattern of pressure waves can
be generated. Geometrical details of the Pulse Expansion Wave Tube (PEWT) can be found in
Chapter 3. A simplified schematic of the tube is represented in FIG. 4.4 (bottom-right). The
device consists of a high pressure section HPS (0.65 m) and a low pressure section LPS (9.2
m), separated by a polyester diaphragm D. The cross section areas of HPS and LPS are the
same, except for a local widening W (0.15 m long) of the LPS, placed at about 0.18 m from
the diaphragm location.

The test mixture of water vapor and carrier gas is brought into the high pressure section. A
well-defined composition of the mixture is obtained by sending a controlled carrier gas flow
through a saturator and by flushing the test mixture through the HPS until the tube walls are
saturated. This technique leads to a vapor molar fraction y with a maximum estimated standard
uncertainty of 1%. More details on the Mixture Preparation Device can be found in Sec. 3.3
and in Ref. 117.

The PEWT is designed to generate a specific wave pattern (see FIG. 4.4). The diaphragm
rupture generates an expansion fan (E), moving towards the end wall of the HPS, and a shock
wave (sh), in the opposite direction. The latter is reflected back as a weak expansion (shi)
at the widening cross-section enlargement W1 and as a small shock (shy) at the restriction
W;. In this way, at the observation point O, the test mixture undergoes a first large adia-
batic expansion (E), immediately followed by an additional weak expansion (sh;) and a small
re-compression (shy), shortly after the weak expansion (shy). This pressure-time pattern gen-
erated at the observation point O is able to greatly reproduce the features prescribed by the
nucleation pulse method, represented in the two left diagrams of FIG. 4.4. The combination
of the two expansions E and sh; increases the saturation level of the initially under-saturated
mixture far above unity (S > 1). The pressure drop is chosen such that the formation of a
large number of droplets is triggered. This condition is maintained for a short period of time
At,,, the nucleation pulse. It is followed by a slight but sudden re-compression, which lowers
the supersaturation level and inhibits the formation of new droplets. In this stage, the super-
saturation is kept above unity (S > 1) for a long period of time leading to a cloud of growing
droplets. As a consequence, separation in time of nucleation and droplet growth is achieved,
both at reasonably constant thermodynamic conditions. Additionally, if Az, is much shorter
than the growth time, the formed cloud of droplets can be assumed to be monodisperse to a
large degree.®® The nucleation pulse method has been successfully implemented by means
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FIG. 4.4. Schematic of the PEWT principle of operation. The two left figures represent the pressure and su-
persaturation profiles in time prescribed by the nucleation pulse method and obtained at the PEWT observation
point (O). The x-t wave diagram for the PEWT is represented in the right figure: the expansion wave is drawn in
black (E), the shock (sh) and its reflections (sh; and shy) in green.

of several experimental facilities since 1965.4%326%70 Peters® was the first to use a wave
tube with this purpose. Looijmans and co-authors”? later built the first version of the PEWT.
The nucleation experiments presented in this chapter have been carried out with an upgraded
version (see Chapter 3) of the Looijmans’s design.

The pressure signal is measured via two pressure transducers, placed at the bottom wall
of the observation plane: a piezo-resistive (Kistler 4073A50) and a piezo-electric (Kistler
603B). The combination of the two transducers leads to a pressure standard uncertainty of
0.2%.%* With the pressure in time known, also Az, can be measured with a maximum standard
uncertainty of 3%. Before the test mixture undergoes the expansion E, its temperature 7Tj is
measured at the HPS wall via two platinum resistance thermometers (Tempcontrol PT-8316),
placed at the walls of the observation plane. The time dependent temperature is calculated
from the pressure signal as follows. Knowing the vapor molar fraction y, the entropy for the
actual mixture can be calculated at the initial conditions. Assuming the process to be isentropic
S(t) = S(t = 0) = const., the temperature as a function of time 7 () can be finally derived for
each known pressure condition p(¢).°! A standard uncertainty of 0.1 K has been calculated
for the pulse temperature. Once the thermodynamic conditions are known, the supersaturation
can be computed from Eq. 4.19. The final standard uncertainty on the supersaturation has
been calculated to be within 2%, depending on the experimental conditions.

The droplet monodispersity, obtained with the nucleation pulse method, leads to an accu-
rate determination of the nucleation rate J by optical means. It is calculated as the ratio of
droplet number density ngq and Az,

ngq
= Aty (4.20)
with Af, obtained from the pressure signal and nq measured by means of a dedicated optical
setup represented in Fig. 4.5. The latter consists of a linearly polarized 100:1 laser light (Lasos
Lasnova GLK 3220 TO1 - wavelength of 532 nm), which probes the test section through the
optical window A;. A photomultiplier PM (Hamamatsu 1P28A) records the 90° scattered light
at the optical window A, and a photodiode PD (Telefunken BPW 34) measures the light atten-
uation at the optical window A3 (A, A; and A3 are BK7 glass windows). The droplet radius
in time is obtained by comparing the PM time signal with the theoretical (Mie theory) scat-
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FIG. 4.5. Layout of the Optical Setup with PM the Hamamatsu 1P28A photomultiplier and PD the Telefunken
BPW 34 photodiode. The linearly polarized 100:1 laser light generated by the Lasos Lasnova GLK 3220 T01
with a wavelength of 532 nm is shown in green. The optical access to the HPS test section is guaranteed by the
three optical windows A, A, and A3 (BK7 glass).

tered light as a function of the droplet radius. The PD time signal is used in combination with
the Lambert-Beer law and the calculated droplet growth rate to obtain ng. This technique is
known as the Constant Angle Mie Scattering method (CAMS).?25435 The estimated standard
uncertainty of J is within 20%. More details on the optical technique and the experimental
setup can be found in Chapter 3.

4.4 Results and discussion

Novel homogeneous water nucleation experiments have been carried out
* in nitrogen at 240 K and 0.1 MPa, 1 MPa and 2 MPa,
* in argon at 236 K and 0.1 MPa, 1 MPa and 2 MPa,
* in argon at 240 K and 1 MPa and 2 MPa.

The obtained nucleation rates J as a function of the supersaturation S are presented in FIGS. 4.6
and 4.7. The Jent(S) curves (Egs. 4.1-4.3) at the investigated temperatures are also reported
for reference. For each mixture, the J-S data at fixed temperature and pressure conditions are
fitted by means of the following regression curve

Jexp = Cexp { “4.21)

D
(InS )2] ’
with the coefficients C and D calculated for each condition analyzed in this chapter. The
reader is referred to the Appendix B for more details on experimental data and regression
coefficients. The estimated standard uncertainties of S and J (see Sec. 4.3) are 2% and 20%,
respectively. The J standard uncertainty is within the represented symbol sizes. Therefore,
only the S standard uncertainty, combined with the regression error, is reported in the J-S
plots.

In FIG. 4.6, the water-nitrogen experiments are shown in comparison with the Fransen
results.®! The latter were obtained for the same mixture at 1 MPa and 240 K, by means of the
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previous version of the PEWT. Most of these literature data®! fall within the uncertainty bands
identified in this study at the same conditions (water-nitrogen at 240 K and 1 MPa). However,
a relevant data scatter is noticeable (R2 =0.96), which is not present for our data (R2 =0.995,
see Appendix B). Hence, we can conclude that the new PEWT !¢ has significantly improved
the quality of the experiments, with a consistent reduction of the data scatter.

water in m’troglen (240 K) I .I
Y oo

S()

FIG. 4.6. J-S plot of the homogeneous water nucleation experiments in nitrogen. The lines refer to the Jexp(S)
curves (Eq. 4.21) of the data obtained at 240 K and 0.1 MPa (blue open squares, blue dashed line), 1 MPa (blue
open circles, blue solid line) and 2 MPa (blue stars, blue dotted line). The uncertainty bands are highlighted with
a lighter color (shaded in light blue). The data obtained by Fransen ef al.®' at 1 MPa (blue filled circles) are
shown for comparison. The Jey7(S) at 240 K (blue dashed-dotted line, Egs. 4.1-4.3) is also reported.

FIG. 4.7a shows the nucleation data obtained for water in argon at 1 MPa and 2 MPa.
These experiments have been carried out at 236 K (yellow data points and lines) and 240 K
(red data point and lines) in order to test the Hale scaling model®¢ of §

CO InS
<]2: B 1)3/2’
T

with Cp = (Te/ Ty — 1)3/ 2 Ty the target scaling temperature, S the actual supersaturation at
the temperature 7 and with T; the critical temperature of water. Using Hale’s approach, the
Jexp(8) fits of our data at 236 K for 1 MPa and 2 MPa are scaled to 240 K (red lines) as
represented in FIG. 4.7a: solid line for 1 MPa and dotted line for 2 MPa. The actual J-S data
obtained at 240 K for 1 MPa (red circles) and 2 MPa (red stars) are shown in FIG. 4.7a to fall
on top of the 240 K scaled curves for both high pressure conditions. It should be considered
that Eq. 4.22 was developed and verified by Hale® at low pressure (0.06 MPa).*? In view
of our experimental findings, this scaling model®® appears to be also valid at high pressure
conditions.

The water nucleation data in argon at 236 K and 0.1 MPa are compared with the Wolk
and Strey J-S values** measured for the same mixture at 0.06 MPa and two temperatures:
230 K and 240 K. This comparison is reported in FIG. 4.7b. The intermediate J-S values of
our experiments in comparison with the literature data*® is consistent with the investigated
thermodynamic conditions (water-argon at 236 K and 0.1 MPa). The Hale scaling model 3
is also tested for the latter case. The Jexp(S) fit of our 236 K and 0.1 MPa data is scaled to

InSs = 4.22)
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FIG. 4.7. J-S plot of the homogeneous water nucleation experiments in argon. The lines refer to Jexp(S)
(Eq. 4.21). FIG. 4.7a shows the results of the high pressure experiments in argon: 236 K and 1 MPa (yel-
low circles, yellow solid line), 236 K and 2 MPa (yellow stars, yellow dotted line), 240 K and 1 MPa (red circles)
and 240 K and 2 MPa (red stars). The Jexp(S) at 240 K and 1 MPa (red solid line) and 240 K and 2 MPa (red
dotted line) are obtained from the data at 236 K and 1 MPa (yellow circles) and 236 K and 2 MPa (yellow stars)
scaled®® to 240 K. The Jenr (S) (Egs. 4.1-4.3) at 240 K (red dashed-dotted line) and 236 K (yellow dashed-dotted
line) are reported for reference. In FIG. 4.7b the tests performed at 236 K and 0.1 MPa (yellow squares, yellow
dashed line) are shown in comparison with the data of Wolk and Strey*® obtained for the same mixture at about
0.06 MPa and for 230 K and 240 K (green triangles, green dashed line). The Jexp(S) for 240 K and 0.1 MPa (red
dashed line) is obtained by scaling 86 the 236 K-0.1 MPa data (yellow squares) to 240 K. The Jexp(S) for 230
K and 0.1 MPa (purple dashed line) is obtained by scaling®® the 236 K-0.1 MPa data (yellow squares) to 230
K. The uncertainty bands are highlighted with a lighter color for the 240 K (shaded in red), 236 K (shaded in
yellow), 230 K (shaded in purple) and the literature data®? (shaded in green).

240 K and to 230 K, as shown in FIG. 4.7b with red and purple dashed lines respectively.
These scaled curves are aligned with the 0.06 MPa water-argon data of Wolk and Strey at 240
K and 230 K*? (green triangular markers in FIG. 4.7b). Such outcome confirms the validity
of the Hale scaling function 86 at low pressure conditions, considering that, at 0.06 MPa and
0.1 MPa, negligible adsorption effects are present (see Sec. 4.2.2) and that the small pressure
difference has a negligible influence on the thermalisation.

4.4.1 Ciritical cluster size

The nucleation theorem (Eq. 4.5) leads to experimental values of the critical cluster size n*
from the J-S curves. These values can be compared with the theoretical ones n, based on the
Gibbs-Thomson formulation (Eq. 4.4) and the capillarity approximation (CNT). Therefore,
with the purpose of testing the Gibbs-Thomson equation, we calculate and compare n* and
ngr- The results are presented in FIG. 4.8 for the conditions investigated in this chapter (more
details in Appendix B).

A reasonable agreement is found, within the error bars, between the experimental and
the theoretical values of the critical cluster sizes, as already pointed out by Wolk and Strey
(2001).% As for them, we confirm that using the macroscopic values for surface tension and
density leads to a reasonable approximation of Jexp(S) slopes and experimental critical cluster
sizes.
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FIG. 4.8. Comparative plot of experimental n* (Eq. 4.5) vs theoretical ng; (Eq. 4.4) critical cluster sizes, calcu-
lated at the supersaturation mid-range ((Smin + Smin)/2) for each condition: water-nitrogen at 240 K and 0.1 MPa
(blue square), 1 MPa (blue circle) and 2 MPa (blue star); water-argon at 230 K and 0.1 MPa (purple square);
water-argon at 236 K and 0.1 MPa (yellow square), 1 MPa (yellow circle) and 2 MPa (yellow star); water-argon
at 240 K and 0.1 MPa (red square), 1 MPa (red circle) and 2 MPa (red star); water-helium ©-11¢ at 240 K and
at 0.1 MPa (black filled square) and 1 MPa (black filled circle); water-argon between 220 K and 260 K at about
0.06 MPa*? (green triangles). The dashed line represents the ideal perfect agreement between n* and ngr- The
standard uncertainty for each value ranges between 3 and 5 molecules, depending on the conditions (see Ap-
pendix B). The error bar for the only water-helium mixture at 240 K and 0.1 MPa is shown for reference.

4.4.2 Empirical correlation for the water nucleation rate

The CNT requires only bulk properties for the calculation of the nucleation rates Jont (Eq. 4.1-
4.3). This simplification makes possible to use the CNT relatively easily, but, on the other
hand, does not lead to a quantitative agreement with the experimental nucleation rates as
shown in FIGS. 4.6 and 4.7a. Therefore, we have investigated an empirical correction of JenT,
leading to a one to one correspondence with the experimental values Jex,(S) (see Eq. 4.21)
discussed in this chapter. A similar approach has been proposed in the past by Wolk and
Strey.*3 Their empirical correlation took into account the temperature dependency (between
200 K and 260 K) at about 0.06 MPa for water in argon. We propose a possible empirical
expression for the water nucleation rate, which includes not only the temperature, but also the
pressure and the carrier gas dependencies investigated in the present chapter. The proposed
form of the empirical nucleation rate is

Jeps ? 2(Yo)N, —lé6x ( \7] )2 wo\?
Jemp = Sve — ) 423
emp (ZkT Vy M exXp 3 InS T , ( )

with Z the compressibility factor of the mixture, approximated with the one of the carrier gas
Z, (small y for the fitted conditions) and with ¥ = ¥(p,T) the empirical correction function,
given by following equation

di+dyp
14+d3/p
The coefficients in Eq. 4.24 are ¢; = —2.477-107° K2, ¢, = 13.5- 103 K~!, d; = —0.8324,

dr» = 0.0274 MPa~!, d; = —0.0634 MPa’]/z, with T in K and p in MPa. The pressure-
temperature dependency of ¥ is shown in FIG. 4.9.

¥(p,T)=c1T?>+ e, T + (4.24)
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FIG. 4.9. Empirical correction function ¥(p,T) (Eq. 4.24).

It must be stressed that the proposed empirical correlation in Eq. 4.23 is obtained by fitting
the experimental conditions discussed in this chapter (including literature sources),*383116
and, therefore, the domain of Jep is strictly limited to water-helium, water-argon and water-
nitrogen mixtures with pressures between 0.05 MPa and 2 MPa and temperatures between 220
K and 260 K. For all the conditions analyzed, the Jemp(S) curves are shown in FIG. 4.10 to fall
within the uncertainty bands of Jep(S) (Eq. 4.21). It is worth mentioning that the empirical
correlation of Walk and Strey43 consists in a temperature correction of Jont (Eq. 4.1 and 4.2
with kinetic prefactor K calculated according to Becker and Déring)” such as a correspon-
dence with their experimental data is achieved. Since the proposed function Jep, is shown in
FIG. 4.10a to satisfactory reproduce such data,*? the two temperature-dependent fits can be
considered equivalent, albeit formally different.

Pressure, temperature and carrier gas dependencies are explicitly considered in Jemp through
o (Eq. 4.6), fe (Eq. 4.12) and Z, while ¥ only accounts for residual pressure effects and al-
most completely for the temperature corrections (partially considered also in o, f; and Z).
Additionally, the (f./Z)? term accounts for the presence of the non-ideal carrier gas in the
mixture, taking into consideration its compressibility factor (Z =~ Z) and the enhancement
effects (f;) of the non-ideal vapor-gas mixture discussed in Sec. 4.2.4 (see also Sec. 2.2.4).
The parameters 6/0y, fe, Z and P are all between 0.9 and 1.1, but because ¢ and ¥ appear
cubed and in the exponent, they provide the major contribution to the pressure dependency of
Jemp-

The pressure dependency of W is obtained by fitting the experimental data at the four
pressure conditions (0.06 MPa, 0.1 MPa, IMPa and 2 MPa) analyzed in this chapter. Similarly,
o is derived, in Sec. 4.2.2, by fitting the data available in literature. A slightly non-monotonic
pressure dependency of ¥ between 1 MPa and 2 MPa (see FIG. 4.9) is obtained as a result. We
might speculate that the reason of the non-monotonicity is the fact that the correction includes
non-isothermal effects at low pressure, whereas, at high pressures, it represents deviations
from the true magnitudes of the modeled gas effects on surface tension and enhancement
factor. Currently, the empirical correlation proposed in this chapter (Eq. 4.23) appears to
be the solution that provides the most satisfactory reproducibility of the available data (see
FIG. 4.10) with the minimum number of fitting coefficients possible.
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FIG. 4.10. Comparison between Jemp (Eqs. 4.23 and 4.24) and Jexp (Eq. 4.21) for all the conditions ana-
lyzed. The Jexp (S) curves are identified only with the uncertainty bands (colored regions) and the Jemp(S) curves
with the diamond-spotted lines: water-argon at 0.06 MPa (shaded in green*’ and green diamond-spotted lines)
[FIG. 4.10a], water-argon at 236 K (shaded in yellow and yellow diamond-spotted line) [FIGS. 4.10a and 4.10b],
water-argon at 240 K (shaded in red and red diamond-spotted lines) [FIGS. 4.10a and 4.10b], water-argon at 230
K (shaded in purple and purple diamond-spotted lines) [FIG. 4.10a], water-nitrogen at 240 K (shaded in blue
and blue diamond-spotted lines) [FIG. 4.10c], water-helium at 240 K (shaded in gray3>!1® and black diamond-
spotted lines) [FIG. 4.10d]. In FIG. 4.10a, the 230 K and the 240 K conditions at 0.1 MPa (shaded in red and
shaded in purple) refer to Jexp(S) at 0.1 MPa and 236 K (shaded in yellow) scaled®® to 240 K and 230 K (see
FIG. 4.7b).

4.4.3 Effect of carrier gas adsorption on J., at high pressure

The water-helium mixture at 1 MPa and 240 K316 has been demonstrated to be rather insen-
sitive to adsorption and thermalisation effects, as mentioned in Sec. 4.2.2 and 4.2.3 (J /Jiso = 1
and Ao /oy < —0.12%). Thus, its Jexp(S) curve is used as experimental reference to analyze
the water nucleation data at high and low pressure. Non-isothermal effect on nucleation can
be reasonably excluded at high pressure (J/Jiso = 1, see Sec. 4.2.3). In a previous publica-
tion, Fransen et al.®> compared the nucleation rates for water-nitrogen and the water-helium
at 1 MPa and 240 K. They argued that the larger J increase for water-nitrogen than for water-
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helium was due to the significant pressure effect on the reduction of water surface tension.
We have shown in Sec. 4.2.2 as this effect is expected to be somewhat smaller for argon than
for nitrogen at the same pressure conditions. In order to verify this theoretical outcome, we
compare the high pressure nucleation experiments carried out with water-nitrogen and water-
argon at 1 Ma and 2 MPa, both at 240 K. The results of these experiments are collected in
Fig. 4.11 for a comparative analysis. The reference water-helium Jex,(S) curve at 1 MPa and
240 K316 5 also represented.
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FIG. 4.11. J,-S plot of the homogeneous water nucleation experiments in nitrogen and argon at 240 K and 1
MPa (blue solid line and red solid line) and 2 MPa (blue dotted line and red dotted line). Jexp(S) of the water-
helium data®"-116 at 240 K and 1 MPa (black solid line) is reported as reference condition. The uncertainty bands

are highlighted for the different carrier gases: nitrogen (shaded in blue), argon (shaded in red) and helium®'-116
(shaded in gray).

The nucleation rates for water-argon at 240 K and 1 MPa are shown to overlap with the
ones obtained with the water-nitrogen mixture at the same conditions. The differences are
within the uncertainty bands. This is consistent with the predicted o reduction at 1 MPa for
the two mixtures (see Sec. 4.2.2): 1.45% =+ 0.55% for argon and 1.53% = 0.49% for nitrogen.
At 1 MPa and 240 K, the adsorption effect for argon and nitrogen appears to be significantly
larger than for helium. The nucleation rates of water-nitrogen at 240 K and 2 MPa show larger
values than water-argon at the same conditions, albeit a significant overlap of the uncertainty
bands is still present. Nevertheless, the J increase is shown to be more pronounced at 2 MPa
than at 1 MPa for the two mixtures. This is in qualitative agreement with the larger o reduction
at 2 MPa (see Sec. 4.2.2): 2.89% =+ 0.98% for argon and 3.06% + 0.87% for nitrogen. The
qualitative agreement between experimental and predicted J increase is further analyzed in
TABLE 4.1. The expected nucleation rate enhancement J/Jy is calculated according to the
CNT (Eqgs. 4.1-4.3) at the upper and lower uncertainty bands of the surface tension reduction
(see Sec. 4.2.2). The experimental nucleation rate increase (J/Jy)exp is calculated as the ratio
of Jexp and reference (Jo)exp, which is considered to be Jexp of water-helium at 240 K and 1
MPa (J/Jo = 1). The experimental increase (J/Jo)exp is shown to be systematically close to
the lower limit of (J/Jo)cnr for all pressure conditions and mixtures analyzed at 240 K.

Additionally, we analyze the 236 K experiments carried out in water-argon at 1 MPa and 2
MPa. In this case, the reference experimental condition (J/Jg ~ 1) is (Jo)exp of water-helium
at 1 MPa and 236 K. Since this condition is not available in literature, we compute it as Jemp
by employing the proposed empirical correlation (see Eq. 4.23). Equivalently, the reference
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TABLE 4.1. Pressure effect on the ¢ reduction (—Ac/oy) for water in different carrier gases (see Sec. 4.2.2).
Comparison between theoretical (J/Jo)cnt (Eqs. 4.1-4.3) and experimental (J/Jp)exp nucleation rate increases.

(-Ac/or)% (J/Jo)ent
T (K) p (MPa) Sa min  max min  max  (J/Jp) epr References®
240 He 0.9968 127 0.10 0.14 1.11 1.15 1 85,116
Ar 1.0002 11.9 0.89 2.00 2.6 8.2 2.9 cow.
1.9939 11.8 1.91 3.88 7.6 56.7 8 cow.
Na 1.0018 11.8 1.03 2.02 3.0 8.5 3.5 cw.
2.0004 11.6 219 393 10.5  63.1 14.2 cW.
236 He 0.9968 132  0.10 0.14 1.11 1.16 1 Eq. 4.23
Ar 1.0002 13.1 0.97 2.08 2.8 9.0 3.5 cw.
2.0004 13.0 2.07 4.03 9.1 68.2 94 c.w.

“Mid-range of S for each experimental condition: (Smin + Smax)/2-

bRatio of Jexp (Eq. 4.21) and experimental reference (Jo)exp, both calculated at the same S-value. The
reference (Jo)exp is taken equal to Jexp (Eq. 4.21) of water-helium at 1 MPa for 240 K (see FIG. 4.11) and
0 Jemp (Eq. 4.23) of water-helium at 1 MPa for 236 K (see FIG 4.12).

‘Literature and equation references, with c.w. (current work) denoting the new data.

condition can be obtained by scaling®® the water-helium data at 1 MPa and 240 K to 236 K.
The J-S plots of these conditions are shown in FIG. 4.12. Similarly to the 240 K case, the
experimental nucleation rate increase (J /Jo)exp is found to be consistently close to the lower
limit of (J/Jy)cnr for all pressure conditions analyzed at 236 K, as reported in TABLE 4.1.
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FIG. 4.12. Jexp-S plot of the homogeneous water nucleation experiments in argon at 236 K and 1 MPa (yellow
solid line) and 2 MPa (yellow dotted line) with the corresponding uncertainty bands (shaded in yellow). The
Jemp(S) curve (Eq. 4.23) for water-helium at 236 K and 1 MPa (black square-spotted line) is reported as reference

condition. Equivalently, the latter can be derived from the water-helium data at 1 MPa and 240 K scaled % to 236
K [Jexp(S) (black solid line), uncertainty band (shaded in black)].

Considering these experimental evidences, we can conclude that the adsorption phenom-
ena and the corresponding water surface tension reduction seem to be the predominant causes
of the nucleation rate increase at high pressures. For a definitive confirmation of our findings,
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experiments at higher pressure conditions and with carrier gases that affect the surface tension
more profoundly are needed. Further research studies should also be made in order to extend
the few interfacial tension data, available above 298 K, 128-132 to the supercooled liquid region.

4.4.4 Thermalisation effect on J.x, at low pressure

Adsorption effects are not important at low pressure as discussed in Sec. 4.2.2 (Ac /oy <
—0.2%). So, we assume that only thermalisation affects the nucleation rates at pressures up
to the ambient condition. The experimental data at 0.1 MPa and 240 K for water-nitrogen and
water-argon are analyzed in comparison with the 240 K water-helium data sets3>116 at 0.1
MPa and 1 MPa. The 1 MPa case is taken as experimental isothermal reference (Jiso)exp at
240 K, being negligible thermalisation effects (J/Jiso = 0.97 & 1, see TABLE 4.2) and adsorp-
tion phenomena (Ac /oy = —0.12%, see TABLE 4.1). The Jexp(S) curves of these conditions
are collected in FIG. 4.13. The nucleation rates of water-argon and water-nitrogen at 0.1 MPa
and 240 K are shown to be almost identical. The water-helium data at 0.1 MPa and 240 K
present smaller nucleation rates than water-argon and water-nitrogen at the same conditions.
Non-isothermal effects are investigated in order to explain the nucleation rate variations for
the different carrier gases at low pressure. A quantitative analysis is presented in TABLE 4.2.
According to the Barrett kinetic model,?” the theoretical (CNT-based) nucleation rate reduc-
tion (see Eq. 4.7) is expected to be larger with increasing the molecular mass of the carrier
gas, at fixed conditions (0.1 MPa and 240 K): smaller for water-helium (J/Jiso = 0.757), in-
termediate for water-nitrogen (J/Jiso = 0.641) and larger for water-argon (J/Jiso = 0.514).
At the same conditions, the experimental nucleation rate reduction is found to be in quali-
tative agreement with the predicted trend: smaller for water-nitrogen ((J/Jiso)exp = 0.328)
than for water-argon ((J /Jiso)exp = 0.258). However, the predicted trend is not respected
for water-helium, which experimentally shows the most significant nucleation rate reduction
((J/Jiso )exp = 0.187), while it was expected to be least significant ((J/Jiso) = 0.757).
Additionally, we investigate the temperature dependency of the thermalisation effect. The
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FIG. 4.13. Jex,-S plot of the homogeneous water nucleation experiments at 240 K and 0.1 MPa for different
carrier gases: nitrogen (blue dashed line), argon (red dashed line) and helium®!11® (black dashed line). The
Jexp(S) curve of the water-helium data®b116 at 240 K and 1 MPa (black solid line) is reported as reference
condition. The uncertainty bands are highlighted for the different carrier gases: nitrogen (shaded in blue), argon
(shaded in red) and helium®"-'1¢ (shaded in black).
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TABLE 4.2. Summary of the non-isothermal analysis for the 240 K nucleation experiments in water-helium,
water-argon and water-nitrogen. The theoretical J/Jiso (Eq. 4.7) are compared with the experimental values
(‘,/‘]iso)exp-

p (MPa) s? A T/ Jiso (U Tiso)exp® Ref.
He 0.1054 13.5 253 0.757 0.187 85,116

0.9968 12.7 2526 0.968 1 85,116
Ar 0.1028 12.0 87 0.514 0.258 cw.
N, 0.1017 12.6 147 0.641 0.328 cw.

“Mid-range of S for each experimental condition: (Smin + Smax)/2.

bRatio of Jexp (Eq. 4.21) and experimental isothermal reference (Jiso)exp at 240 K (Jexp of
water-helium at 1 MPa and 240 K), both calculated at the same S-value.?

“Literature references and new data from current work (c.w.).

Barrett model®” is employed to predict the nucleation rate reduction for the water-argon ex-

periments carried out at 0.06 MPa and different temperatures (220 K-260 K) by Woélk and
Strey.*3 The results of this analysis are summarized in TABLE 4.3. The theory®” predicts
a larger nucleation rate reduction for increasing temperatures: from J/Jjs, = 0.681 at 220 K
to (J/Jiso) = 0.163 at 260 K. In order to verify the predicted temperature dependency of the
thermalisation effect, the experimental isothermal references (Jiso)exp at each temperature con-
dition are needed. These references are chosen such as adsorption effects can be considered
negligible and the theoretical J/Jis, = const ~ 1. Exploiting Eqgs. 4.7-4.10, we have found that
such requirements are met by a water-helium mixture (Ao /oy < —0.2%, see SEC. 4.2.2) at
0.219 MPa for 220 K, at 0.458 MPa for 230 K, at 0.922 MPa for 240 K, at 1.834 MPa for 250
K and at 3.339 MPa for 260 K. Since experimental data for these conditions are not available
in literature, we calculate them as Jemp(S) by employing the proposed empirical correlation
(Eq. 4.23). Note that Jemp for water-helium at 3.69 MPa and 260 K is not calculated because
outside of the Jey, domain (see Sec. 4.4.1). The comparison between Jex, and (Jiso)exp is

TABLE 4.3. Temperature dependency of non-isothermal effect for water-argon at about 0.06 MPa.*> The theo-
retical J/Jiso (Eq. 4.7) are compared with the experimental values (J/Jigo )exp-

p (MPa) T (K) S? A ]/]iso (]/]iso)cpr
0.0482 220 19.5 217 0.681 0.446
0.0571 230 14.8 110 0.551 0.297
0.0611 240 11.4 55 0.397 0.205
0.0517 250 9.2 23 0.223 0.195
0.0631 260 7.6 14 0.163 -

“Mid-range of S for each experimental condition: (Smin + Smax)/2.

bRatio of Jexp (Eq. 4.21) and corresponding (same S-value)* isothermal references
(Viso)exp at different temperature. The latter is taken equal to Jomp (Eq. 4.23) of
water-helium at 0.219 MPa for 220 K, at 0.458 MPa for 230 K, at 0.922 MPa for
240 K, at 1.834 MPa for 250 K, at 3.339 MPa for 260 K (out of Jemp domain, see
Sec. 4.4.1). These conditions are chosen such as the theoretical J/Jiso = const ~ 1
and adsorption effects can be considered negligible (Ac /oy < —0.2%).
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FIG. 4.14. Temperature dependency of the non-isothermal effect. Comparison between Jexp (Eq. 4.21) for
water-argon (shaded in green, green dashed line)* at 0.06 MPa and different temperatures (220 K-250 K) and
the isothermal (experimental) references (Jiso)exp (black triangle-spotted line). The latter are computed as Jemp
(Eq. 4.23) of water-helium at 0.219 MPa for 220 K, at 0.458 MPa for 230 K, at 0.922 MPa for 240 K and at 1.834
MPa for 250 K.

shown in FIG. 4.14 as a function of § at the different temperature conditions. As a result,
the experimental nucleation rate reduction is also found to be larger with increasing temper-
atures: from (J/Jiso)exp = 0.446 at 220 K to (J/Jiso)exp = 0.195 at 250 K. The experimental
trend is quantitatively well predicted by the Barrett model®” at 250 K: (J/Jiso)exp = 0.195
and J/Jiso = 0.223. With decreasing temperatures, the theoretical nucleation rate reductions
deviate from the experimental trend: (J/Jiso)exp = 0.446 and J/Jiso = 0.681 at 220 K. This
outcome is not fully surprising since the Barrett model®” was validated fo the water-argon
case at 260 K and 0.06 MPa. However, at low as at high temperatures, the experimental trend
is in qualitative agreement with the Barrett model,®’ albeit the theory quantitatively under-
estimates the thermalisation effect on the nucleation rate reduction, as already pointed out by
Hruby and co-authors.'#! This qualitative agreement is also confirmed when comparing water-
argon and water-nitrogen at fixed temperature conditions (240 K). We argue that other aspects
poorly treated by the classical nucleation theory are responsible for the lack of quantitative
agreement. It is a matter of on-going research to find a possible reason for such discrepancy
between theory and experiments.

4.5 Conclusions

Homogeneous nucleation of water has been experimentally studied in argon and nitrogen at
about 240 K with the PEWT facility. Three different pressure conditions have been analyzed
for both mixtures: 0.1 MPa, 1 MPa and 2 MPa. A substantial scatter reduction of the J-S data
has been found with respect to the experiments carried out with the previous version of the
PEWT,®! which confirms the improvements introduced with the new version of the setup. !¢
A good agreement of the J-S data has been found with the literature results, available at two of
the investigated conditions (water-nitrogen®! at 240 K and 1 MPa and water-argon*? at 240 K
and 0.06 MPa). The surface tension decrease due to adsorption effects appears to be the pre-
dominant cause of the nucleation rate enhancement at high pressure for both mixtures. Further
research studies on the surface tension of water in diluent gases at supercooled conditions is
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the key for a more accurate quantitative analysis. Higher pressure conditions and carrier gases
with a larger influence on the surface tension are needed to give further confirmation of our
findings. At fixed low pressure conditions, the theory of Barrett®” on non-isothermal effects
has been shown to qualitatively explain the experimental nucleation rate differences between
water-argon and water-nitrogen at fixed temperature, as well as the temperature dependency of
the thermalisation phenomenon in water-argon. For helium as carrier gas, the non-isothermal
effects appear to be much stronger than predicted by the Barrett model.®” The critical cluster
size has been calculated from the experimental J-S curves by means of the nucleation theo-
rem. The comparison with the Gibbs-Thomson equation has revealed an agreement, within
the experimental error bars, as already pointed out by Wolk and Strey.*3 This confirms that, at
the analyzed conditions, the capillarity assumption can be considered an acceptable approxi-
mation to predict critical cluster size and slopes of the experimental J(S) curves. On the other
hand, using the macroscopic values of surface tension and density in the JenT, even with cor-
rections for real gas, adsorption, and imperfect thermalisation, does not lead to quantitatively
correct predictions of nucleation rates. Thus, we have introduced an empirical correction of
JonT, based on the experimental values at the presented conditions. The proposed expres-
sion takes into account pressure, temperature and type of carrier gas, showing a one to one
correspondence with the experimental nucleation rates within their uncertainty bands. This
outcome suggests that the proposed empirical correlation can be used as a tool for the deter-
mination of actual nucleation rates within the following domain: water-argon, water-nitrogen
and water-helium mixtures at pressures between 0.06 MPa and 2 MPa and temperatures from
220 K to 260 K.
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Chapter

Homogeneous water nucleation in carbon
dioxide-nitrogen mixtures

The content of this chapter is an unabridged version of the paper “M.M. Campagna, J.
Hruby, M.E.H. van Dongen, and D.M.J. Smeulders. Homogeneous water nucleation in carbon
dioxide-nitrogen mixtures: experimental study on pressure and carrier gas effects. J. Chem.
Phys. 154(15):154301, 2021” (Ref. 142).

Abstract New homogeneous nucleation experiments are presented at 240 K for water in
carrier gas mixtures of nitrogen with carbon dioxide molar fractions of 5%, 15% and
25%. The Pulse Expansion Wave Tube (PEWT) is used to test three different pressure
conditions, namely 0.1 MPa, 1 MPa and 2 MPa. In addition, a restricted series of nucle-
ation experiments is presented for 25% carbon dioxide mixtures at temperatures of 234
and 236 K at 0.1 MPa. As pressure and carbon dioxide content are increased, the nucle-
ation rate increases accordingly. This behavior is attributed to the reduction of the water
surface tension by adsorption of carrier gas molecules. The new data are compared with
theoretical predictions based on the Classical Nucleation Theory and on extrapolations
of empirical surface tension data to the supercooled conditions at 240 K. The extrapo-
lation is done on the basis of a theoretical adsorption/surface tension model, extended
to multi-component mixtures. The theoretical model shows the expected trend, but ap-
pears to strongly overestimate the pressure and composition dependence. At relatively
low pressures of 0.1 MPa, a reduction of the nucleation rates is found due to an incom-
plete thermalisation of colliding clusters and carrier gas molecules. The observed de-
crease of the nucleation rate is supported by the theoretical model of Barrett, generalized
here for water in multi-component carrier gas mixtures. The temperature dependence of
the nucleation rate at 0.1 MPa follows the scaling model proposed by Hale.

5.1 Introduction

Dropwise condensation phenomena have been studied for over a century! with important
implications in many industrial, technological and atmospheric applications.>!*? In climate
science, for example, cloud formation is of paramount importance but extremely difficult to
model. This is because clouds both shade the Earth and trap heat. A recent study of Zelinnka et
al. '** suggests that in a warmer world, clouds would become thinner on average, resulting in
additional global warming. This can be characterized as an indirect effect (cloud feedback) of

63



64 Chapter 5. Homogeneous water nucleation in carbon dioxide-nitrogen mixtures

higher atmospheric carbon dioxide concentrations. In the present chapter we investigate the ef-
fect of carbon dioxide concentration and pressure on water nucleation in the absence of foreign
particles or surfaces (homogeneous nucleation) in a nitrogen carrier gas, at low temperatures.
Homogeneous nucleation is attractive because the number of stable droplets produced per unit
of time and volume (nucleation rate) can directly be compared with the classical nucleation
theory (CNT).*'0 However it is not straightforward to realize experimentally, as nucleation
is almost always heterogeneous. As shown in previous publications, #+-60:61.71,72,74-85,116,121
Pulse Expansion Wave Tube (PEWT) is capable of eliminating contact of nuclei with foreign
particles or surfaces and it enables experiments at different nucleation pressures, temperatures
and various gas compositions.

In Chapter 4,'?! we investigated pressure and carrier gas effects on nucleation, pointing
out the central role played by adsorption. In the present chapter, we present new homogeneous
water nucleation experiments at 240 K and 0.1 MPa, 1 MPa and 2 MPa in nitrogen mixtures
with carbon dioxide molar fractions of 0%, 2! 5%, 15% and 25%. The enhancement of the
saturated vapor pressure due to the carrier gas presence in the mixture (enhancement factor) is
accounted for in the experimental results. The observed trends are explained in terms of two
different phenomena: adsorption and incomplete thermalisation. Adsorption of gas molecules
on a liquid surface reduces the surface tension. Therefore, a theoretical analysis of the surface
tension of water in presence of mixed carrier gas formed by nitrogen and carbon dioxide is
proposed. The CNT is used to predict the effect of the calculated surface tension decrease
on the nucleation rates and the results are compared with our experimental outcomes. At low
pressure, the adsorption phenomena become negligible, while the collision frequency of gas
molecules with clusters is too low for a full thermalisation of the clusters.37:122:135-138 Thjg
effect is investigated theoretically according to the analytical model of Barrett.®” Predictions
of this model, generalized for water in a mixed carrier gas formed by nitrogen and carbon
dioxide, are used to interpret our experimental findings at 0.1 MPa and 240 K. Additional
0.1 MPa experiments are carried out at 236 K and 234 K in nitrogen with 25% of carbon
dioxide. The effect of the temperature on the experimental data is investigated by means of
Hale’s scaling model.3¢ Apart from the comparison of the novel nucleation rate data with
theoretical predictions, the combined effect of adsorption and insufficient thermalisation will
also be shown by a comparison with reference nucleation rate data. These reference data are
chosen such that both effects do not play a significant role.

5.2 Theoretical aspects

In this section, we shall discuss three phenomena with a common origin in the heteromolec-
ular interaction taking place within the mixture: adsorption, incomplete thermalisation and
enhancement effect.

5.2.1 Adsorption effects

The surface tension decrease of water in the presence of a diluent gas is related to the adsorp-
tion of gas molecules on the liquid surface.'33 As the pressure of the system increases or the
temperature decreases, this effect becomes stronger.®> The pressure and temperature depen-
dency of the surface tension is also influenced by the type of carrier gas in the mixture (almost
negligible effect in helium, stronger effects in nitrogen and argon).?312! We now extend this
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analysis to water-carbon dioxide-nitrogen mixtures. To this end, we first need to generalize the
theoretical treatment of the adsorption effect to the case of mixed carrier gas. The complete
derivation is given in Appendix A. As a first step, we consider the general expression of the
water surface tension in presence of one or more diluent gases

a:c[—klln(wﬁ), (5.1)
Aq pPL

where p; = p — ps(T), p is the total pressure of the mixture, ps(7") and oy are the equilibrium
(saturation) vapor pressure !># and the surface tension'?> of pure water at the temperature T,
A, is the average surface area per adsorption site and k is the Boltzmann constant. In the
case of carbon dioxide and nitrogen as diluent gases (subscripts "2’ and ’3’ respectively), the
Langmuir pressure py can be formulated as follows (see Eq. A.20)

-1

Y2 Y3
pL=(2+y3) [ + } 7 (5.2)
PL2 DPL3
where y; and y3 are the molar fractions of carbon dioxide and nitrogen and
A
kT U i o
pPLi= Vl —x €Xp (le> , with 1=2.3. (5.3)

The parameters ug and v are the interaction potential energy of the i-th gas molecule with the
liquid surface and the effectlve Volume avallable for the translation of an adsorbed (i-th gas)

molecule. The two quantities ug_2 and v2 (water-carbon dioxide case) are derived as follows.

The surface tension data available in literature for water in carbon dioxide %147 are used

to calculate the Langmuir pressures pp > from Eq. 5.1 with py = pp > and A, =1.62-10""°
m?.13% Finally, the pp»(T) values are fitted with a regression curve in the form of Eq. 5.3,
leading to the following regression parameters: vﬁ‘ =1.37-1073" m? and ”gz =-28-107%
J. FIG. 5.1a shows the experimental Langmuir pressures as a function of temperature (black
squares, pentagons and triangles) and their fit (black dashed line). The same procedure can
be applied to the water-nitrogen case (surface tension data from Refs. 128-132), leading to
v3 =6.94-1073% m? and u® 03 = —1.18-10729 J (see FIG. 5.1b). In this way, the water sur-
face tension reduction in carbon dioxide and nitrogen can be calculated (Eqgs. 5.1-5.3) for the
investigated experimental conditions. The final results are reported in FIG. 5.2.

For small ratios pg/pr., the In(1+ pg/pr) term in Eq. 5.1 can be approximated by pg/pr.
(see Eqs. A.21-A.23 in Appendix A). This approach was used in our previous publication '?!
for the water-nitrogen case, leading to similar values for v? and uQS (8.85-1073% m3 and
—1.03- 10720 J). In the water-carbon dioxide case, the linear approximation is inaccurate,
leading to a different py »(7T') curve (red dashed-dotted line in FIG. 5.1a). For this reason, the
general derivation is used in the present analysis for water in carbon dioxide and, in order to
keep a consistent approach, for water in nitrogen as well.

5.2.2 Incomplete thermalisation effects

Nucleation in vapor-gas systems is generally affected by an incomplete thermalisation of the
growing clusters. 87-122:135-138 Thjs effect becomes more pronounced at lower pressures as the
amount of the non-condensing component is insufficient to thermalize the clusters. The result
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FIG. 5.1. Langmuir pressure for water in carbon dioxide pr » (5.1a) and in nitrogen pr 3 (5.1b) as a function of
temperature. The experimental values in (5.1a) are derived from surface tension data for water in carbon dioxide
atmosphere, available for above 278 K. 43-147 The experimental values in (5.1b) are derived from surface tension
data for water in nitrogen atmosphere, available for above 298 K.!28-132 The corresponding values of pL2 and
pL3 (black symbols) are fitted and extrapolated to the super-cooled region down to 220 K (black dashed line).
The fit obtained assuming small pg > /pL2 and Pg3/pL3 (red dashed-dotted line) is shown for comparison. The
standard uncertainty is shaded around the lines.
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FIG. 5.2. Relative water surface tension reduction (¢ — 67)/0y as a function of carbon dioxide molar fraction in
the water-nitrogen mixture at 240 K (Eqgs. 5.1-5.3). The values are calculated at the investigated pressures: 0.1
MPa (dashed line), 1 MPa (dotted line) and 2 MPa (solid line). The standard uncertainty is shaded around the
lines.

is a nucleation rate reduction, with respect to the isothermal case, modeled by Barrett as (in
zeroth order approximation)37-137-138

~1
J Coy + H)?
() = [1 +(cbv+)} 7 (54)
Jiso B va(1+/’L)
where Jig, is the isothermal condition. In Eq. 5.4, & = ¢y/k+ 1/2 with ¢y the vapor monomer
heat capacity at constant volume. The non-dimensional parameter H is defined as
ML 1 2 de

H="" o oyt T 55
NAT 2~ O30 i ar G-
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with M the molar mass of the vapor component, L the latent heat of vaporization, 7' the tem-
perature, nf = 327vi07 /[3(kT InS)?] the critical cluster size as defined by Gibbs-Thomson
(see Eq. 4.4), v, the molecular liquid volume of the pure vapor component, ' @ =A_ - o, /kT
the non-dimensional surface tension of the pure vapor component (see Eq. 2.37) and A~ =
(36m)'/? vz/ ? the surface area of the vapor monomer. In the Barrett model, the parameter A
of Eq. 5.4 is defined for a vapor — (single) carrier gas mixture as A = cpg Pg Vg /Coy P1 V1 (see
Eq. 4.9), with cpg = cg +k /2 the enhanced heat capacity of the gas at constant volume, p and v
the number densities and the mean thermal velocities of gas and vapor components (subscripts
g’ and ’1’). We propose the following generalization of this expression, accounting for the
presence of two (or more) carrier gases (subscripts *2’ and ’3’):

3
Zcbg-,i PgiVei
i—2

A=) 56

We will use this approach to calculate (J/Jiso ) at the investigated conditions and analyze the
incomplete thermalisation influence on the experimental data.

5.2.3 Enhancement factor

Interactions between vapor and gas molecules cause an enhancement of the vapor molar frac-
tion yeq in the gas phase in equilibrium with the liquid phase (see Sec. 2. 1).74:89.90.139,140 g
effect can be quantified by the enhancement factor f; as (see Eq. 2.9)

YaP _ &xl,eq eXp |:

fe= De _¢eq

v[(p_pg):| , (5.7)

kT

with p and T the total pressure and temperature of the mixture and xj ¢q = (1 —X2eq —x31eq)
the liquid fraction of the vapor component (see Eq. 2.14). In our analysis we shall neglect
the solubility of nitrogen in water as x3 ¢q < 0.0015 (see FIG. 2.3). It follows that x; ¢q can be
directly derived from the liquid fraction of carbon dioxide x; ¢q (see Sec. 2.1.1). The parameter
¢ in Eq. 5.7 is the fugacity coefficient at equilibrium for pure water vapor and it is obtained
as s = exp[B11ps/(RT)] (see Eq. 2.10), with By; standing for the second virial coefficient of
pure water (see FIG. 2.1a).°! The fugacity @eq Tor water vapor in presence of carbon dioxide
and nitrogen is computed with the following expression

2
In¢eq = [YeqB11 +Y2B12+y3B13] v InZ, (5.8)

where y, and y3 are the carbon dioxide and nitrogen molar fractions and where B, and B3
are the second cross-virial coefficients for water-carbon dioxide®® (see FIG. 2.2d) and water-
nitrogen (see FIG. 2.2¢), '3 respectively. The compressibility factor Z = pV /RT can be ex-
pressed as Z =1+ B/V, where V is the molar volume and B the second virial coefficient of
the mixture

B = y1B11 +Y3Bx +¥3B33 + 2y1y2B12 + 2y1y3B13 + 2y23B23. (5.9)

with By, and Bsjz the second virial coefficients of the pure carbon dioxide (see FIG. 2.1e)
and nitrogen components (see FIG. 2.1d), while B»3 is the second cross-virial coefficients for
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FIG. 5.3. Enhancement factor of water in carbon dioxide and nitrogen as a function of the carbon dioxide molar
fraction at 240 K and 0.1 MPa, 1 MPa and 2 MPa (black solid lines). The figure shows also the comparison with
the enhancement factor calculated assuming the liquid fraction of carbon dioxide to be negligible x, = 0 (dotted
lines).

carbon dioxide-nitrogen (see FIG. 2.2¢).°! The enhancement factor calculated according to
the present analysis is reported in FIG. 5.3 for the investigated conditions.

The reader is referred to Sec. 2.1.1 for more details on the carbon dioxide and the nitrogen
solubility in water and on the virial and cross-virial coefficients used for the present study.

5.3 Experimental methodology

The experimental setup used for the present work is the Pulse Expansion Wave Tube (PEWT)
(see Chapter 3),''0 a specially designed shock tube, implementing the so called nucleation
pulse method.%® This technique enables the nucleation and the droplet growth phenomena to
be effectively decoupled, leading to a monodisperse cloud of condensing clusters. !¢ In this
way, the nucleation rate J — the number of critical clusters generated per unit of time and
volume — can be determined as J = ng/ At,, with At, the nucleation pulse duration 16 and
ng the droplet number density. The Constant Angle Mie Scattering method (CAMS)3243
is used to measure ng by means of an optical setup placed at the observation section of the
PEWT. !'® A maximum standard uncertainty of 20% is calculated for J (see Chapter 4). 2!
The other key parameter in homogeneous nucleation studies is the supersaturation. It
quantifies the deviation of the current state for the vapor component from its corresponding
(same p and T') phase equilibrium and can be approximated as S ~ y/yeq (see Eq. 2.16), where
Yeq (Eq. 5.7) is the equilibrium vapor molar fraction for water in carbon dioxide and nitrogen
at the nucleation conditions p and 7. The pressure p is measured via two pressure transducers
at the PEWT test section, while the temperature 7 is derived from the pressure signal, by
assuming isentropic conditions for the real mixture and measuring the initial temperature at
the test section walls. 6121 A controlled vapor molar fraction y is obtained by means of the
mixture preparation device (MPD) shown in FIG. 5.4. Pure nitrogen flowing from gas bottle
Gi (99.999% purity) is split into two controlled flows A and B (normal volume flow rates Qa
and Q). Flow A is fully saturated with the pure water contained inside the saturators sat,
and saty, ''® while flow B remains dry. A third flow (normal volume flow rate Qc) of nitrogen
and carbon dioxide is let into the MPD from the premixed gas bottle Gyj. As a result, a well
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FIG. 5.4. Schematic of the Mixture Preparation Device (MPD).

defined total flow rate Qor = QA + OB + Oc + O, 0 is obtained at the MPD outlet, with On,0
the water flow rate added to the mixture after Qa passes through sat, and sat,. Once the
thermodynamic conditions pypq and Tipg and the three flow rates Qa, Qp and Qc are known,
the vapor molar fraction of water in the mixture can be determined as

On,0 Yeq
= = , 5.10
Y Otot 14+ (1—y. )QB+QC (5.10)
T 0a
where yéq is the equilibrium vapor molar fraction calculated at the MPD conditions as
/ Ou,0 Ps (Tmpd)
Y= 20 _ o PslTmpa) (5.11)
4 Omo+0a U™ Pmpd

and where fe mpa = fes( Pmpd> Tmpd) is the enhancement factor for water in nitrogen at pypd
and Tiypq. By controlling the MPD thermodynamic conditions (pmpg and Tiypa) and flow rates
(Qa, Qp and Qc), the desired vapor molar fraction of carbon dioxide can be derived as

0 ys Oc
= = ) ,
QtOl 17A/ + QB + QC
- yeq

»2 (5.12)

with Op = y2C Qc the carbon dioxide flow rate and y2C = 0.5 the molar fraction of carbon
dioxide in Gy;. This experimental methodology leads to a maximum standard uncertainty for
S of 2.5%. A more extensive description of the MPD can be found in Refs. 92, 117 and in
Chapter 3. The calculation of the described quantities at the investigated conditions is reported
in Appendix B.

5.4 Results and discussion

In this section, the experimental results will be presented and, afterwards, interpreted with
reference to adsorption (Sec. 5.2.1) and incomplete thermalisation effects (Sec. 5.2.2). The
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enhancement of the equilibrium vapor pressure (enhancement factor), discussed in Sec. 5.2.3,
is accounted for in the presented supersaturation values as described in Sec. 5.3.

5.4.1 Experiments at 240 K for various pressures and carbon dioxide
contents

Homogeneous water nucleation experiments have been carried out at 240 K and 0.1 MPa, 1
MPa and 2 MPa in nitrogen with 5%, 15% and 25% of carbon dioxide.? The resulting nucle-
ation rate data J as a function of the supersaturation S are summarized in FIG. 5.5 for each
pressure condition: 2 MPa (FIG. 5.5a), 1 MPa (FIG. 5.5b) and 0.1 MPa (FIG. 5.5¢). The J-S
data are represented for variable carbon dioxide molar fractions: 5% (green circles), 15% (red
squares) and 25% (blue triangles). The whole set of data is fitted according to the following
regression curve Jexp = C exp[D/(In S)?] (see Eq. 4.21), with the coefficients C and D calcu-
lated for each pressure and temperature condition and for each carbon dioxide vapor molar
fraction. Different Je,p(S) line types are used to distinguish the pressure conditions: dashed
lines for 0.1 MPa, dotted lines for 1 MPa and solid lines for 2 MPa. The standard uncertainties
for J (20% at the most - within the symbol sizes) and for S (2.5%) are shaded around the re-
gression curves (FIG. 5.5). The experimental nucleation rates presented in Chapter 4 for water
in nitrogen at the investigated pressures (0.1 MPa, 1 MPa and 2 MPa) and temperature (240 K)
are also included in the analysis, denoted as 0% carbon dioxide (FIG. 5.5). The Jexp(S) lines
are colored according to the carbon dioxide content. Details on regression coefficients (C and
D), fitting quality (Rgdj) and experimental J-S data can be found in Appendix B. As pointed
in Chapter 4, both surface tension reduction and incomplete thermalisation effects can be con-
sidered negligible at 240 K for homogeneous water nucleation in helium at 1 MPa. Therefore,
also for the current analysis, this condition is used as experimental reference at 240 K and it
is denoted as Jig exp (dashed dotted lines in FIG. 5.5).

The J-§ data at 2 MPa and 240 K in FIG. 5.5a show that Jexp is higher than Jjg exp from
about an order of magnitude at 0% of carbon dioxide to about three orders of magnitude at
25% of carbon dioxide. Consistently, intermediate results are found for Jexp with 5% and 15%
of carbon dioxide in the mixture. In TABLE 5.1, Jexp / Jid exp 18 quantified at the supersaturation
mid-range value [(Smax + Smin) /2] for each condition.

The data at 1 MPa and 240 K with 5%, 15% and 25% of carbon dioxide in FIG. 5.5b show
a smaller nucleation rate increase than the 2 MPa case.

At 0.1 MPa, the increasing trend of Jexp with increasing the carbon dioxide content, albeit
present, is within the uncertainty bands. Moreover, the nucleation rates at 0.1 MPa and 240
K are found to be lower than the nucleation rates at the ideal experimental condition Jig exp.
Later we will show that this can be attributed to the effect of incomplete thermalisation.

5.4.1.1 Comparison of the 240 K high pressure experiments with the theoretical pre-
dictions: effect of adsorption of carrier gases on nucleation rates

The described experimental behavior can be qualitatively explained by taking into account
adsorption phenomena and incomplete thermalisation effects. The surface tension of water in
nitrogen and carbon dioxide decreases with respect to the surface tension of pure water oy as
pressure and carbon dioxide content increase (see Sec. 5.2.1 [Egs. 5.1-5.3]). The values of

2Note that the nucleation phenomena investigated in the present work can be considered as essentially unary
(water) nucleation, 7114 as pointed out at the end of Sec. 2.1.2.
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FIG. 5.5. J-S plot of the 240 K homogeneous water nucleation experiments in carbon dioxide and nitrogen at
2 MPa (FIG. 5.5a), 1 MPa (FIG. 5.5b) and 0.1 MPa (FIG. 5.5¢). The data are represented as a function of the
carbon dioxide molar fraction: 5% (green circles), 15% (red squares) and 25% (blue triangles). The lines refer
to the data fitting curve Joxp = C exp[D/(In S)?] (see text in Sec. 5.4). The standard uncertainties are shaded
around the regression curves. The Jexp(S) curves for water in nitrogen 121 4t 240 K and 0.1 MPa (black dashed
line), 1 MPa (black dotted line) and 2 MPa (black solid line) are denoted as 0% carbon dioxide. The lines are
colored according to the carbon dioxide content: 0% (black lines), 5% (green lines), 15% (red lines) and 25%
(blue lines). The experimental ideal reference Jig exp(S) corresponds to the Jexp(S) of the water-helium condition
at 240 K and 1 MPa (black dashed-dotted lines with black shaded band for the standard uncertainty). 121

the relative water surface tension decrease (—Ac /o) for the investigated conditions and their
standard uncertainties are reported in FIG. 5.2 (mean values in TABLE 5.1). This reduction
is caused by the adsorption of gas monomers on the cluster surface. A theoretical estimate of
this effect on the nucleation rates can be made by employing the Classical Nucleation Theory
(CNT) expression (see Eqgs. 4.1-4.3)
o\3
()]

2
167v;

JonT = (&) ? Sv

NT= k) M 3(In 5)2
The nucleation rates calculated according to the CNT will be indicated as Jont when it is
assumed 6 = 6 (p,T,y2,y3) [Egs. 5.1-5.3]. The nucleation rate increase predicted by the CNT

can be estimated with the ratio Jont/Jo onT, Where Jo onr is the value for ¢ = 0. These ratios

20N, { (5.13)

—€X
M
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are calculated for each experimental condition and the results are reported in TABLE 5.1.

At2 MPa and 1 MPa, incomplete thermalisation phenomena do not play a role as (J/Jiso)B
is 0.98 and 0.95 respectively (TABLE 5.1). On the contrary, Jont/Jo,cNT progressively in-
creases with pressure and carbon dioxide content as the surface tension decreases. At 1 MPa,
Joent/Jo.ont goes from 27 for 0% of carbon dioxide up to 1.7-10° for 25% of carbon dioxide.
At 2 MPa, Jont/Jo,ont increases from 410 for 0% of carbon dioxide up to 5.2- 108 for 25% of
carbon dioxide.

We observe that the theoretical predictions Jent/Jo,cnt appear to strongly overestimate
the nucleation rate increase, due to gas adsorption, for all the analyzed conditions. This is not
fully surprising considering that the CNT assumes bulk properties (capillarity approximation),
which poorly describes the nucleation process in case of clusters consisting of a few molecules
only. This is the case for the experimental conditions presented in the current investigation:
the critical cluster size, as determined using the nucleation theorem, 126127 is of about 30
molecules (see TABLE 6.1). Hence, for the present analysis, Jont/Jo,onT can only be used
as qualitative reference to predict the trend of the nucleation rate increase as a function of
pressure and carbon dioxide content. We can conclude that our experimental findings at 240 K
and high pressure (2 MPa and 1 MPa) seem to confirm the central role played by the adsorption

TABLE 5.1. Summary of experimental nucleation rate variation Jexp /Jig exp as a function of the investigated CO,
molar fractions (%) and pressures p at 240 K. These values are compared to the theoretical (CNT) nucleation
rate increase Jont/Jo.ont (Eq. 5.13), due to the surface tension reduction (—Ac/0y)g. The predicted decrease
of the nucleation rate according to the Barrett model®” (J/Jig, ) [Eq. 5.4] is also reported.

(CO2)% p (MPa) N Jexp/Jid exp® (—Ac/0y)%C Jont/Jo,oNt (J/Jiso)B

0.10172 12.6 0.33 0.25 1.4 0.6404
5 0.10095 12.3 0.39 0.48 1.8 0.6439
15 0.10067 12.2 0.38 0.97 3.0 0.6432
25 0.10072 12.0 0.48 1.42 4.8 0.6451

1.0018 11.9 35 2.35 27 0.9487
5 1.0020 11.5 53 441 208 0.9495
15 0.9960 11.2 11 8.11 7.410° 0.9500
25 1.0051 10.9 40 11.39 1.7-10° 0.9513

2.0004 11.6 14 4.46 410 0.9740
5 1.9957 11.3 40 8.10 1.2-10* 0.9745
15 2.0003 10.6 350 14.2 1.8-10° 0.9757
25 2.0002 9.9 4.6:10° 19.08 5.2-108 0.9767

“Mid-range of S for each experimental condition: (Smin + Smax)/2-

bRatio of Jexp(S) and Jid,exp(s)7 both calculated at the same S-value.® As an example, consider the case with
25% of carbon dioxide at 2 MPa and S = 9.9 (last line in TABLE 5.1): Jexp(S =9.9) =7.2- 10%5, Jidexp(S =
9.9) = 1.6- 102 and Jexp/Jid,exp = 4.6 - 10°. Note that Jig exp(S) is the regression curve of the water-helium
data at 1 MPa and 240 K (reference experimental case), with Jig exp(S) = C exp[D/(In 5)?], C =5.5-10%° and
D = —224.7 (Ref. 121). The reader is referred to the Appendix B for the regression curves Jexp(S) of each
condition in the current work.

‘Ao = o0 —oy(T) (see Sec. 5.2.1, Egs. 5.1-5.3).

4L jterature references, with c.w. (current work) denoting the new data.
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phenomena in increasing the nucleation rate when pressure and carbon dioxide content are
increased.

5.4.1.2 Comparison of the 240 K low pressure experiments with the theoretical predic-
tions: effect of incomplete thermalisation on nucleation rates

At 0.1 MPa and 240 K, Jent/Jo ont ranges from 1.4 with no carbon dioxide up to about 4 with
25% carbon dioxide. Considering that the theory strongly overpredicts the nucleation rate at
high pressure, we postulate that Jont/Jo,onT is overpredicted at low pressure as well and is
close to unity in practice. On the other hand, incomplete thermalisation (Barrett theory) at am-
bient pressure tends to decrease the nucleation rate with respect to the isothermal condition,
with a (J/Jis0)p of about 0.64 for any carbon dioxide content (TABLE 5.1). Hence, incom-
plete thermalisation at 0.1 MPa explains the experimental data at this condition, within the
uncertainty bands. It is clear that, for a more detailed check of the Barrett model, experiments
at much lower pressures would be indispensable.

5.4.2 Experiments at 0.1 MPa and 25% of CO,: temperature effect on
nucleation rate and Hale scaling

Additional water nucleation experiments in nitrogen and 25% of carbon dioxide have been
conducted at 0.1 MPa for 236 K and 234 K. The corresponding J-S data, fitting curves and
uncertainty bands are represented in FIG. 5.6. The reader is referred to the Appendix B for
more details. A nucleation rate decrease of about 2 order of magnitude is observed when
the temperature is reduced from 240 K to 236 K. This result is in agreement with the nu-
cleation rate reduction observed in Chapter 4 for water in argon. As pointed out, the J-S
data can be successfully scaled to different temperatures by employing the Hale model:%¢
Sse = exp[CoInS/ (T /T — 1)3/?] with Cy = (T./ Ty — 1)3/?, Ty the target scaling temperature,
S the actual supersaturation at the temperature 7 and with T; the critical temperature of water.
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FIG. 5.6. J-S plot of the 0.1 MPa homogeneous water nucleation experiments in carbon dioxide (25%) and
nitrogen at 240 K (blue triangles), 236 K (blue pentagons) and 234 K (blue diamonds). The two blue dashed
lines at 236 K and 234 K are the fitting curves Jexp(S) of the data at these two temperature conditions. The blue
dashed line at 240 K represents the Jep(S) curve that fits the 236 K and the 234 K data scaled®® to 240 K. The
uncertainty bands are shaded in blue.
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We now verify the Hale scaling for our water-nitrogen-25% carbon dioxide mixture at 0.1
MPa. The 0.1 MPa J-S data obtained at 234 K (blue diamonds) and 236 K (blue pentagons)
are shown in FIG. 5.6. These data are scaled® to 240 K and the regression curve for the
scaled data is represented as blue dashed line at 240 K in FIG. 5.6. The comparison between
the scaled curve (blue dashed line at 240 K) and the actual J-S values at 240 K (blue triangles)
shows a perfect agreement, which demonstrates the validity of the Hale scaling model3° for the
current water-nitrogen-carbon dioxide mixture as well as for the water-argon case discussed
in Chapter 4.

5.5 Conclusions

Homogeneous water nucleation experiments were carried out with the Pulse Expansion Wave
Tube in mixtures of nitrogen and 5%, 15% and 25% carbon dioxide molar fractions. Most
experiments were performed at a temperature of 240 K. Various pressures were tested: 0.1
MPa, 1 MPa, and 2 MPa. Nucleation rates were determined as functions of the supersaturation
for a fixed pressure, temperature and carrier gas composition. An experimental reference
was identified in literature for which adsorption and thermalisation effects do not play a role
(Sec. 5.4.1).116:121

As the pressure is increased from 1 MPa to 2 MPa, the experimental nucleation rates
are found to increase. This effect is stronger when the fraction of carbon dioxide increases
(Sec. 5.4.1 and FIG. 5.5) and it can be attributed to the surface tension reduction (Sec. 5.4.1.1).
The adsorption of carrier gas molecules on a liquid surface reduces the surface tension. To
compute this, use is made of an adsorption/surface tension theory, extended to multi compo-
nents (Sec. 5.2.1 and Appendix A). Empirical literature data in the temperature range of 280
K - 350 K for the Langmuir pressure were extrapolated to 240 K. The surface tension data
are substituted in the Classical Nucleation Theory (CNT). The predicted effects of pressure
and composition are in qualitative agreement with the experimental trend (Sec. 5.4.1.1 and
TABLE 5.1), as extensively pointed out in literature. ’8848%121 A strong quantitative overesti-
mation of the model is found, mainly due to the CNT (Sec. 5.4.1.1).

At 0.1 MPa and 240 K, the increase of carbon dioxide from 0% to 25% does not appear
to affect the nucleation rates. Additionally, they are found to be smaller than the experimental
isothermal reference (Sec. 5.4.1 and FIG. 5.5¢). This can be explained by incomplete ther-
malisation of the colliding clusters and carrier gas molecules. These results were confirmed,
within the experimental uncertainty, by the theoretical model of Barrett®” (Sec. 5.4.1.1 and
TABLE 5.1). It is recognized that adsorption phenomena are negligible at 0.1 MPa and 240
K.

Additional experiments were performed at 0.1 MPa, 25% carbon dioxide and two different
temperatures: 234 K and 236 K. The nucleation rates decrease with temperature and perfectly
follow the scaling model of Hale (Sec. 5.4.2 and FIG 5.6).



Chapter

Critical cluster composition from
homogeneous nucleation data: application to
water in carbon dioxide-nitrogen

The content of this chapter is an unabridged version of the paper “M.M. Campagna, J. Hruby,
M.E.H. van Dongen, and D.M.J. Smeulders. Critical cluster composition from homogeneous
nucleation data: application to water in carbon dioxide—nitrogen carrier gases. Exp. Fluids

62(9):189, 2021” (Ref. 149).

Abstract Knowledge on critical cluster composition is important for improving the nucle-
ation theory. Thus, homogeneous water nucleation experiments previously carried out in
nitrogen and 0%, 5%, 15% and 25% of carbon dioxide (Refs. 121, 142) are analyzed.
The tests were conducted at 240 K and 0.1 MPa, 1 MPa and 2 MPa. The observed nucle-
ation rates are strongly dependent on supersaturation, pressure, temperature and mixture
composition. These experimentally found dependencies can be used to derive the compo-
sition of critical clusters by means of the nucleation theorem. In this way, a macroscopic
quantity, nucleation rate, reveals properties of critical clusters consisting of a few tens of
molecules. Two novel methods are presented for the detailed application of the nucleation
theorem. The first method extends to mixtures of N > 2 components the approach used in
literature for two components. The second method not only applies to N > 2 mixtures in a
more straightforward manner, but it can also be used for unary as well as for binary and
multi-component nucleation cases. To the best of our knowledge, for the first time the crit-
ical cluster composition is computed for high pressure nucleation data of a vapor (here
water) in mixtures of two carrier gases (here carbon dioxide-nitrogen). After a proper
parameterization of the nucleation rate data, both methods consistently lead to the same
critical nuclei compositions within the experimental uncertainty. Increasing pressure and
carbon dioxide molar fraction at fixed supersaturation leads to a decrease of the water
content of the critical cluster, while the adsorbed number of nitrogen and carbon dioxide
molecules increases. As a consequence, the surface tension decreases. This outcome ex-
plains the observed increase of the nucleation rate with increasing pressure and carbon
dioxide molar fraction at constant supersaturation.

75
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6.1 Introduction

Water condensation processes have important implications for a great variety of technologi-
cal and climate related processes.? Water condensation is considered homogeneous when the
vapor-to-liquid transition takes place in absence of surfaces or foreign particles such as dust
or ions. Under these circumstances, Wilson! speculated that aggregates of water molecules,
called nuclei, must act as condensation centers. Molecular clusters grow by collision with
the free vapor molecules, while they also shrink by evaporation in a stochastic process. The
probabilities of growth and decay are equal for the critical cluster. The number of super-
critical clusters/droplets formed per unit time and volume is the so-called nucleation rate J.
This quantity can be experimentally determined. !'6:121:142 The homogeneous nucleation rate J
strongly depends on temperature 7', pressure p, supersaturation S of the condensing vapor and
presence of carrier gases in the mixture. The supersaturation S represents the driving force of
the nucleation process and quantifies the current state deviation of the condensing component
from its corresponding (same p and T) phase equilibrium. A generally accepted expression
for the nucleation rate J is (see Eq. 2.43)

—W*
J—Kexp( T ), (6.1)
with W* the work of formation of a critical cluster, K a pre-exponential factor, k the Boltzmann
constant, and T the temperature.

According to the Classical Nucleation Theory (CNT) the size of a critical cluster can be
estimated by means of the Gibbs-Thompson equation (see Eq. 2.39). This approach relies on
the capillarity approximation, which assigns macroscopic surface energy properties to small
clusters (typically some tens of molecules). In addition, the classical model does not account
for the presence of carrier gas molecules at the cluster. As a result, the CNT does not lead to
a satisfactory agreement with experiments. In 1994, Oxtoby and Kashchiev'?® proposed an
alternative to the Gibbs-Thompson equation to evaluate the critical cluster content in a model-
independent way: the nucleation theorem. They showed that, for a generic component i, its
excess number of molecules in the critical cluster, An, relates to the partial derivative of the
work of critical cluster formation W* as follows

Iw*

a7 — —An’ fori=1,2,..,N, (6.2)
alu.g n
P T

1

with uf the chemical potential of component i in its gaseous phase and N the number of
components in the mixture. The excess number An is defined as the number of molecules
in the critical cluster minus the number of molecules in the gas phase occupying the same
volume of the cluster.

Combining Egs. 6.1 and 6.2 enables to relate the excess number of molecules in the critical
cluster to the measured nucleation rates J at different pressure p, supersaturation S and carrier
gas molar fractions. For the present analysis, the condensing component is denoted as i = 1,
while the other components are not supersaturated. These components can enter the cluster by
means of dissolution and adsorption.

Several examples can be found in literature on the analysis of the cluster composition
by exploiting the nucleation theorem,34376.78.84127.150° At high pressure (>0.2 MPa), only
few studies can be found in literature on the analysis of the critical cluster composition for
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water-carrier gas mixtures.’%* Luijten er al.”® analyzed water-helium, water—nitrogen and
n-nonane-methane mixtures at 240 K and 1 MPa, 2.5 MPa and 4 MPa. Using the supersatura-
tion and pressure dependence of the experimental nucleation rates, they estimated the cluster
composition for their binary mixtures (vapor in a single carrier gas). Following the same ap-
proach as Luijten et al.,’® water-carbon dioxide-methane mixtures at 235 K and 1 MPa were
analyzed by Holten et al..3* In this case, only the number of water and methane molecules in
the critical cluster was determined.

The analysis presented in this chapter aims to cope with the lack of research studies on the
critical cluster composition for mixtures of water in multiple carrier gas environments (N > 2)
at high pressures. Providing information on the critical cluster composition is of paramount
importance for improving the existing nucleation theory. For this purpose, two methods based
on the nucleation theorem will be presented. With the first method, the approach generally
used in literature for systems with two components is extended to mixtures with N > 2 com-
ponents (Sec. 6.3.1). In addition, a more straightforward method to determine the critical
cluster composition will be provided (Sec. 6.3.2), which can be used in case of unary as well
as multi-component nucleation. Both methods will be applied to the experimental nucleation
data of water-carbon dioxide-nitrogen mixtures at 240 K?® and various pressures (0.1 MPa,
1 MPa and 2 MPa) and carbon dioxide molar fractions (0%, 5%, 15% and 25%) previously
published by the authors. '>!:142 After careful parameterization of the nucleation data (Egs. 6.9
and Eqgs. 6.10), the cluster composition will be deduced for these experimental conditions
(Sec. 6.4) by exploiting the nucleation rate dependence on supersaturation, pressure and car-
bon dioxide molar fraction (Method 1) and on the fugacities (Method 2).

6.2 Experimental methodology overview

The experiments used for the analysis of the present chapter were carried out with the Pulse
Expansion Wave Tube (PEWT). 21142 A schematic of the facility is reported in FIG. 6.1 (more
geometrical details in Chapter 3). The PEWT is a special shock tube® implementing the nu-
cleation pulse method. %° This technique enables an effective decoupling of nucleation and the
droplet growth phenomena, which generates an almost monodisperse cloud of growing clus-
ters/droplets (see Chapter 3).''® The number of critical clusters per unit of time and volume
J (nucleation rate) is experimentally determined as J = nq /Atp, with ng the droplet number
density and Af, the nucleation pulse duration. The quantity nq is measured via a dedicated
optical setup placed at the PEWT test section as sketched in Fig. 6.1. It consists of a 100:1
linearly polarized laser beam with a wavelength of 532 nm, a photodiode PD and a photo-
multiplier PM. By means of the optical setup, Constant Angle Mie Scattering CAMS 32743
is applied and ng can be determined. The nucleation pulse duration A, is obtained from the
pressure signal, which is measured at the test section wall of the PEWT with two pressure
transducers (see Chapter 3).!'® The temperature T at the pulse condition is determined by
measuring the initial temperature of the test section wall and assuming isentropic expansion
as explained in Chapters 3-5. 116121142 A well-defined mixture composition (y1,y2,y3) is gen-

2The Pulse Expansion Wave Tube (PEWT) allows to study homogeneous nucleation by experimental means

at temperatures ranging from 220 K to 260 K (see Ref. 116). The temperature range is limited to avoid the
formation of ice crystals (for 7' < 220 K) and by PEWT gas dynamics constraints (for 7 > 260 K). Within this
temperature range, the choice of working at the intermediate temperature of 240 K is driven by the temperature
conditions used in literature (Refs. 61, 78, 84, 85) and adopted as references for our previous publications
(Refs. 116, 121, 142).
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FIG. 6.1. Sketch of the experimental facility. The Pulse Expansion Wave Tube (PEWT) has a local widening at
the low pressure section, enabling the application of the nucleation pulse method. The optical setup is placed at
the test section and consists of a linearly polarized laser light with a wavelength of 532nm, a photodiode PD and
a photomultiplier PM. The two pressure transducers are placed at the test section wall. The mixture preparation
device is denoted as MPD.

erated in the mixture preparation device (MPD) connected to the PEWT (see FIG. 6.1). In
this way, knowing the thermodynamic conditions at the pulse (p and T'), the supersaturation
can be determined as S ~ yl/yl,,eq (Eq. 2.16), y| ¢q being dependent on (p,T,y1,y2,y3) (see
Chapter 5).'4? For a more extensive description of the experimental methodology, the reader
is referred to the Chapters 4 and 5.

For the analysis presented in this chapter, we use the homogeneous water nucleation exper-
iments carried out in nitrogen and 0%, 5%, 15% and 25% of carbon dioxide, previously pre-
sented in Chapters 4 and 5. The tests were carried out at 240 K and three pressure conditions,
0.1 MPa, 1 MPa and 2 MPa. The results are shown in terms of nucleation rate J and supersatu-
ration S in FIG. 6.4 (blue lines and symbols, with the standard uncertainty blue-shaded around
the lines). It must be stressed that the experimental nucleation conditions were chosen such
that the carrier gases were always in the undersaturated state. In fact, the saturation pressure
of the pure carrier components was always larger than their partial pressure at the investigated
conditions. In addition, the molar fractions of the carrier gases were so large that any carrier
component in the gas phase was in chemical equilibrium with the corresponding carrier gas
in the cluster and the nucleation kinetics only depended on impingement/evaporation of the
condensing component molecules. In 1999, Luijten and van Dongen showed that nucleation
phenomena of condensable vapors in a carrier gas can be considered as unary nucleation if
Xgeq << (S—1)/8, with xg ¢q the dissolved gas fraction in the bulk liquid. With a maximum
carrier gas solubility xco,eq < 0.038 in our experiments (see FIG. 2.4), this condition was
always fulfilled. For carrier gases with a much larger x; ¢q, the full binary nucleation model
applies.''# Thus, we consider the nucleation phenomena analyzed in the present work as es-
sentially unary, with water the only (supersaturated) component providing the driving force
for the nucleation process.

6.3 Application of the nucleation theorem to mixtures of N
components at constant temperature
For a mixture with N components at constant temperature 7', the nucleation rate J and the

work of critical cluster formation W* depend on a set of N independent thermodynamic vari-
ables: (uf, us, us, .., ug) or equivalently (S, p, y2, .., yn—1). The partial derivative of J with
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respect to these variables, can be used in combination with the nucleation theorem in Eq. 6.2
to compute the N unknowns (Anj, Anj, Anj, ..., Any)).

The dependence of J and W* on S and p, in combination with the nucleation theorem, is the
method that has been explored in literature to determine the cluster composition for mixtures
with a maximum of two components, one of which being the condensing component. 37334 We
will extend this procedure to a mixture of N > 2 components in subsection 6.3.1 by exploiting
the J and W* dependence on on (S, p, y3, ..,yn—1). Hereafter, this method will be denoted as
Method 1. In addition, we will present in subsection 6.3.2 a novel methodology, based on the
J and W* dependence on the N fugacities (Z*, Z5, Z£, .., 7). Hereafter, this method will
be referred to as Method 2. Such method will be shown to be more straightforward and easily
applicable to multi-component nucleation cases.

6.3.1 Method 1

We now consider the dependence of nucleation rate J and work of cluster formation W* on
the set of N independent variables (S, p, y2, ..,yn—1). The expression of the partial derivative
of J with respect to S can be obtained by employing Eq. 6.1 and the chain rule as follows

dlnJ 1 & owr ous
alns =TTl ot &lu 5 1
| p yaeynot i=1 aui gi | p ya et
N 3
Z “ L +1, (6.3)
=1 In§ P32, YN—1

with the second equality obtained by substituting the nucleation theorem in Eq. 6.2. Note that
dInK/d1InS =1 in Eq. 6.3 for the following reason. In order to express the pre-exponential
factor K, a kinetic model of nucleation needs to be considered. However, regardless of the
model, the impingement rate of the vapor molecules is proportional to the vapor concentration.
Thus, K is proportional to S, which leads to dInK/d1InS = 1.

Analogously to Eq. 6.3, J can be derived with respect to p leading to

s o i owr|  duf
alnp S.¥25YN-1 kT i= ./g#i 8p Sz N
N
)4 Z * a'u'l
R YW ’ (6.4)
kT = S.¥2,N-1

where dInK/dInp ~ 0. In order to justify the latter approximation, it must be considered
that the expression of K as a function of (p, y, ..,yn—1) at constant S depends on the kinetic
model. We employed the kinetic model in the form of Courtney®!? extended to the case of
non-ideal mixtures. 2! For our conditions, dInK /d1np has been found to be much smaller
than the uncertainty of d1nJ/d1Inp. Thus, dInK/dInp can be safely neglected in deriving
Eq. 6.4.

At this point, two linear equations 6.3 and 6.4 are available with N unknowns to be ob-
tained. The remaining (N — 2) equations to close the system are given by the (N — 2) deriva-
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tives of J with respect to each of the molar fractions (y3, .., yg, .-, YN—1) as

dlnJ o 3 ow*|  ouf
I g
W lspypnay KT O lue, Dalspy, o
1 N ous
i=1 Yq S,PYi£{1,qN}

for g =2,3,..,(N—1). Note that d InK/dy, is neglected in Eq. 6.5 for the same reason given
for neglecting dInK/dp.

The left hand sides of Eqgs. 6.3-6.5 can be directly obtained from the experimental nucle-
ation rates J as a function of (S, p, 2, ..,yn—1). For our practical applications (N = 3), details
will be given in Sec. 6.4 (see Egs. 6.9 and Figs. 6.2 and 6.4).

Finally, in order to determine (Anj, Anj, Anj, ...,Anf) from Egs. 6.3-6.5, each of the
chemical potentials (uf, uy, uf, ... y) needs to be differentiated with respect to (S, p, y2, ..,
¥N—1)- Details are given in Appendix C.

6.3.2 Method 2

The definition of fugacity ﬁig (see Eq. C.7) leads to duf = delngfig and Eq. 6.2 can be

written as
IW*
ou

1 Iw*

T kT InF?
Mz P

— _ant. (6.6)

We now consider the J, K and W* dependence on (Zf, 75, Z£, .., %5). From Eq. 6.1, the
partial derivative of J/K with respect to fig leads to

dIn(J/K) 1 9wr 6.7)
d1In % o kT oIn.Zf# 7, '
Finally, by employing the nucleation theorem in the form of Eq. 6.6, we obtain that
dIn(J/K
dIn(J/K) —An* fori=12,..N, (6.8)
onZ |z
TiA

where, analogously to Method 1 (Sec. 6.3.1), it can be considered d1nK/d lng“lg ~ 1 and
dInK/dInF2 ~0fori=23,..,N.

Eq. 6.8 enables a straightforward derivation of the cluster composition (An},Anj,An}, ...,
An;) from the experimental J data expressed as a function of the corresponding (Z, #5,
ﬁ;” , ..,5@5). In addition, Eq. 6.8 can be directly applied to multi-component as well as to
unary nucleation cases, which makes this methodology more general than Method 1. For our
practical applications (N = 3), details will be given in Sec. 6.4 (see Eqgs. 6.10 and FIGS. 6.3
and 6.5).
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6.4 Critical cluster composition for water-carbon dioxide-
nitrogen mixtures at 240 K

The cluster composition is determined for mixtures of water in nitrogen with 0%, 5%, 15%
and 25% of carbon dioxide, at 240 K and 0.1 MPa, 1 MPa and 2 MPa (presented in Chapters 4
and 5). 121,142 Tphe analysis is based on the two methods derived in Secs. 6.3.1 and 6.3.2,
applied to the case of three components (N = 3), where the unknowns are the excess number
of water An;‘{zo, carbon dioxide Anéo2 and nitrogen Anl*\lz. Note that, hereafter, the subscript
for the condensing component “1” will be assigned to water, “2” to carbon dioxide and “3” to
nitrogen.

In order to determine Aniﬁbo, Anéo2 and Anlﬁlz, the calculation of the partial derivatives
given in Eqgs. 6.3-6.5 are required: d1nJ/dnS, dInJ/dInp and d1nJ/dyco, (Method 1). For
Method 2, determining the excess numbers of water, carbon dioxide and nitrogen requires the
following partial derivatives to be computed from Eq. 6.8: d1nJ/dIn ﬁl_glzo, dInJ/dIn 9’7(%02
and dInJ/d1n ﬁ’fh. To this end, we parameterize J as a function (S, p, yco,) and as a function
of (7,00 Zo,» FRK,) to the experimental data. The following expressions are found to
efficiently describe the data set for any experimental condition investigated in the present
chapter (see Figs. 6.4 and 6.5).

e Method 1
G
In/=A 6.9
n 1+ (InS)? (6.9a)
where
Ay = ajo+a2p+aizpyco, (6.9b)
Ci=ciot+ci2ptcizpyco, (6.90)

withajo =734, a1p = —4.39-1078, a;3 = —1.42-107>, ¢jo = —247, c1p = 1.24- 1077,
ci3=1.36- 1074, for J inm3s~!, p in Pa and S non dimensional.

In Fig. 6.2, the function J(S, p, yco,) as from Eqgs. 6.9 is represented for § = 11.

e Method 2
InJ =A+C n 7 (6.10a)
where
Ay = ago +an Féo, +an Iy, (6.10b)
Cy = c0+cnFéo, + 37y, (6.10c)

with axg = 162, axp = 7.97 - 1075, arz3 = 4.90- 1076, c0=31.9, ¢cpp = —1.05- 1075,
¢33 =—5.10-10"7, for J in m—3s~! and ﬁézo,ﬁgoz7§§2 in Pa.

In Fig. 6.3, the function J (7, 7o, 7, ) as from Egs. 6.10 is represented for Z§ , =410
MPa.

Finally, Aniﬁlzo, Anéo2 and An?i,z can be calculated and the outcomes for Method 1 and 2
are reported in TABLE 6.1.
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FIG. 6.2. 3D view of J parameterized as a function of (S, p, yco, ), represented here for § = 11. The standard
uncertainty is also reported as thinner upper and lower layers.
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FIG. 6.3. 3D view of J parameterized as a function of (F o, #&,,, Fy, ), represented here for F§ 5 = 410
Pa. The standard uncertainty is also reported as thinner upper and lower layers.

The results obtained with both methods show a good agreement within the uncertainty
bands (see TABLE 6.1). This finding supports the validity of both methods, with Method 2
being more straightforward and easily applicable to unary as well as to multi-component nu-
cleation cases (Sec. 6.3). It must be noted that a small difference between the outcomes of
the two methods can be observed. We argue that this difference can be attributed to the dif-
ferent ways with which the data are parameterized (see Egs. 6.9 and Egs. 6.10). However, the
agreement between the two methods proves that the parameterizations are consistent. Given
the equivalence of the two methods, we refer to Method 1 only.

At fixed carbon dioxide molar fraction yco, and supersaturation S, Anl’fbo decreases with
pressure, while Anéo2 and Anl’(I2 increase (see TABLE 6.1). For yco, = 0.25, Anl’fho ranges
form 34.2 & 5.2 at 0.1 MPa to 21.5 & 4.0 at 2 MPa. On the other hand, Anzo2 and An;;z
increase with the pressure: Ang, vary from 0.41 £ 0.09 at 0.1 MPa to 6.33 + 1.63 at 2 MPa
and Anl’i,2 ranges from 0.12 £ 0.05 at 0.1 MPa to 3.20 4 1.45 at 2 MPa. This behavior con-
sistently repeats itself at smaller yco,, becoming less pronounced with decreasing the carbon
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TABLE 6.1. Method 1 vs. Method 2: excess numbers at the experimental conditions analyzed in the present
chapter for 240 K. The data reported here refer to S = 11 for Method 1 and to .?lj‘;zo =410 Pa for Method 2.
These two reference values are the only S and g%io in common to all p and yco, conditions (see FIGS. 6.4
and 6.5). )

Method 1 Method 2

yco, p(MPa) Ang,0 Anco, Any, Ang,0 Anco, Any;,

0 0.10172 347+£43 0.16 = 0.07 309 +£4.2 0.17 £ 0.08
0.05 0.10095 346+52 0.09+£002 0.15+0.07 30.8+5.2 0.08+£0.02 0.16+0.08
0.15  0.10067 344+52 025+0.05 0.14+£0.06 30.7+53 024+0.05 0.14+£0.07
0.25 0.10072 342+52 041+£009 0.124+0.05 306 +44 039+0.09 0.13+0.06

0 1.0018 33.1+44 1.70 £0.77 304 £ 4.6 1.69 £+ 0.82
0.05  1.0020 30.1+£49 080+0.20 1.64+0.74 300+43 072+£0.16 1.61+0.78
0.15  0.9960 30,1 £55 2.114+048 1.54£0.70 290£5.1 215+£049 1.43+0.69

025  1.0051 28.1+£52 328+0.73 1.38+0.32 28.1 £5.0 3.57+0.81 1.284+0.62

0 2.0004 31.3+44 3.47 4+ 1.57 299 +4.38 3.34+ 1.62
0.05  1.9957 293+50 148+034 3.46+1.56 29.1£47 133+£030 3.17+1.54
0.15  2.0003 254+44 390+£090 3344151 274+44 395+089 2.85+1.38

0.25  2.0002 21.5+4.0 633+1.63 320+1.45 258+40 649+147 253+1.23

dioxide molar fraction.

At fixed pressure p and supersaturation S, AnI’ZIZO decreases with increasing yco,, while
Anéo2 increase and Anl’il2 somewhat decreases (see TABLE 6.1). For 2 MPa, the values of
Anl*_lzo vary from 31.3 &+ 4.4 for yco, = 0 to 21.5 £ 4.0 for yco, = 0.25. At 2 MPa, the
Anéo2 values increase from 1.48 4= 0.34 for yco, = 0.05 t0 6.33 & 1.63 for yco, = 0.25. The
values of Any, slightly decrease with increasing yco, at 2 MPa. However, this small decrease
remains well within the uncertainty bands (for both methods) and Anfi,z can be considered
approximately constant. The behavior observed at 2 MPa is also found at 1 MPa and 0.1 MPa,
but with consistently bigger values of Anj;  and smaller An¢, and Any,.

The microscopic picture given by the critical cluster composition in TABLE 6.1 provides
important information. At constant supersaturation (the driving force of nucleation), increas-
ing p and yco, facilitates the nucleation process as J increases (see Fig. 6.4). This effect is
due to more and more carrier gas molecules adsorbed at the cluster surface. Their increas-
ing excess numbers with increasing p and yco, reduces the energy of formation available for
the water molecules, which explains the smaller AnI’ZIZO. The larger number of carrier gas
molecules adsorbed® at the cluster surface causes a decrease of the surface tension, leading to
the observed increase of J with p and yco, (see FIG. 6.4). 121,142 Ap estimate of the surface ten-
sion reduction for the analyzed nucleation condition was given in FIG. 5.2: with yco, = 0, the
surface tension decrease is of about 0.25% at 0.1 MPa and 4.5% at 2 MPa; with yco, = 0.25,
the surface tension decrease is consistently larger and of about 1.4% at 0.1 MPa and 19.1%
at 2 MPa. This causes the experimental work of critical cluster formation to decrease and,
as a consequence, the observed nucleation rates increase with p and yco,. By increasing the

bAs demonstrated by Luijten ez al.,”” the carrier gas bulk fractions are smaller than its equilibrium liquid frac-
tions. Therefore, the carrier gas molecules at the critical cluster can be all considered as located at the surface.
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pressure from 0.1 MPa to 2 MPa, in fact, the magnitude of decrease in the critical work of
cluster formation is ~10% with yco, = 0 and ~36% with yco, = 0.25.

It is worth mentioning that, even though yco, < yn, for any investigated condition, the
presence of carbon dioxide at high pressure (1 MPa and 2 MPa) significantly increases J with
respect to the case of yco, = 0. This is coherent with the much stronger effect that carbon
dioxide has on the surface tension reduction, even for the conditions in which Anéoz is smaller
than or comparable to Any,.

6.5 Conclusions

The nucleation theorem is used to deduce the cluster compositions at constant temperature T
by experimental means. Two novel methods (Method 1 and 2) are derived from the nucle-
ation theorem for mixtures of N components, with one being supersaturated (Sec. 6.3). The
nucleation rate dependence on supersaturation, pressure and mixture composition is used in
Method 1 (Sec. 6.3.1). This method extends to mixtures of N > 2 components the approach
used in literature for two components only,343-76.78.84127.130 NMethod 2 (Sec. 6.3.2) relies on
the nucleation rate dependence on the N fugacities. It can be used in case of unary as well as
multi-component nucleation and it greatly simplifies the calculations with respect to the first
method.

The two methods are applied to homogeneous water nucleation experiments in nitrogen
and 0%, 5%, 15% and 25% of carbon dioxide, presented in Chapters 4 and 5121142 Tpe
experiments were carried out at 240 K and 0.1 MPa, 1 MPa and 2 MPa. As a result, the excess
numbers of water, carbon dioxide and nitrogen are deduced for the whole set of analyzed
experimental conditions (Table 6.1). To the best of our knowledge, for the first time the critical
cluster composition is deduced for mixtures of water in more than one carrier gas at high
pressure (>0.2 MPa). After parameterization of the nucleation rate data (see Egs. 6.9 and
Egs. 6.10), Method 1 and 2 gave equivalent results in terms of critical cluster composition.
This finding supports the validity of both methods and proves the used parameterizations to
be consistent.

At constant carbon dioxide fractions, the excess number of water molecules decreases with
increasing the pressure, while the excess number of carbon dioxide and nitrogen increase.
At constant pressure, the water molecules in the critical cluster decrease with increasing the
carbon dioxide content, while the excess number of carbon dioxide predictably increases. In
this case, the nitrogen excess number remains approximately constant.

The microscopic overview that results from this analysis can be interpreted as follows. In-
creasing pressure and carbon dioxide fraction at constant supersaturation (the driving force of
nucleation), increases the nucleation rate, meaning that the nucleation process is greatly facil-
itated (J increases). This is due to a larger number of carbon dioxide and nitrogen molecules
adsorbed at the cluster surface. Adsorption phenomena cause a surface tension decrease, thus
explaining the observed nucleation rate increase with pressure and carbon dioxide molar frac-
tion. 121142 The pulse expansion wave tube experiments can thus successfully be used to un-
ravel the composition of condensing clusters on the molecular scale, which is crucial for the
advancement of the existing nucleation theory.
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FIG. 6.4. Method 1: J-S plots of the homogeneous water nucleation experiments 2142 (blue lines and symbols)
carried out in nitrogen and 25% (FIG. 6.4a), 15% (FIG. 6.4b), 5% (FIG. 6.4c) and 0% (FIG. 6.4d) of carbon
dioxide at 0.1 MPa (dashed lines), 1 MPa (solid lines) and 2 MPa (dotted lines). The standard uncertainty is
blue-shaded around the lines. The experimental J-S data are compared to the values of J calculated from Egs. 6.9
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Chapter

Conclusions

The final goal of the present thesis was to provide new findings on the pressure and carrier gas
effects on homogeneous nucleation of water by experimental means. The Pulse Expansion
Wave Tube (PEWT) was used for this purpose.

The high pressure section of the PEWT was redesigned. A square-shape cross-section was
chosen for the test section in order to avoid geometrical mismatches with pressure transducers
and optical windows. In addition, the high pressure section was halved in length to reduce the
gas consumption and accelerate the experimental procedure. The gas-dynamic performances
of the re-designed PEWT were verified by performing a preliminary test campaign. These
experiments demonstrated that the combination of accurate piezoresistive pressure transduc-
ers and fast responding piezoelectric transducers - with coating reducing the thermal shock
- allows accurate measurements of thermodynamic conditions. In addition, the importance
of choosing the thinnest diaphragm thickness possible was shown to be important in order to
minimize the intrusiveness of the diaphragm opening process. A 2D numerical model was
developed. It was shown to correctly predict the gasdynamic features of the PEWT, as well
as the opening process and the total opening time of the diaphragm. The numerical model al-
lowed to exclude the presence of disturbances on the flow field at the observation point during
the experiments. A second experimental campaign was carried out to test the nucleation rate —
supersaturation data quality after redesigning the PEWT test section. Thus, homogeneous wa-
ter nucleation experiments were carried out in helium at 240 K and two pressure conditions,
0.1 MPa and 1 MPa. The data were found to be in perfect agreement with measurements
performed at the same conditions by Fransen et al.%! with the previous version of the PEWT.
This demonstrated the proper functionality of the newly designed test section, additionally
implying that the slight geometrical mismatches present in the previous version of the high
pressure section did not significantly affect the quality of the data.

Homogeneous water nucleation in argon and nitrogen was experimentally investigated by
means of the PEWT. At about 240 K, three pressure conditions were tested for both mixtures:
0.1 MPa, 1 MPa and 2 MPa. The comparison with the J-S data obtained by Fransen et al.®
in nitrogen at 240 K and 1 MPa showed a significant scatter reduction, confirming the im-
provements introduced with the new design of the PEWT test section. The nucleation rate
significantly increases with the gas pressure. The physical explanation is that the surface ten-
sion of water decreases with pressure due to adsorption of carrier gas molecules. The observed
enhancement of the water nucleation rate at high pressure was found somewhat stronger for ni-
trogen than for argon. At 0.1 MPa, non-isothermal effects theoretically predicted by Barrett®’
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qualitatively explain the measured nucleation rate differences between water-argon and water-
nitrogen at fixed temperature. At the same pressure condition, the temperature dependence
of the water nucleation rates in argon was also shown to qualitatively agree with the predic-
tions of the Barrett theory. By employing the nucleation theorem, the experimental J-S curves
were used to calculate the critical cluster size in terms of number of water molecules. These
calculations agreed reasonably well with the Gibbs-Thomson predictions, similarly to Wolk
and Strey.*> On the other hand, the CNT incorrectly predicted the experimental nucleation
rates. An empirical correction of the CNT J-expression was proposed, based on the analyzed
data and, thus, accounting for pressure, temperature and type of carrier gas dependencies. The
proposed J-expression was shown to agree well with the experimental J-values (within their
uncertainty) for water-argon, water-nitrogen and water-helium mixtures, between 0.06 MPa
and 2 MPa and from 220 K to 260 K.

In order to further confirm that the surface tension decrease is responsible for the increase
of the nucleation rate, homogeneous water nucleation experiments were carried out in carrier
gas mixtures of nitrogen and 5%, 15% and 25% of carbon dioxide. The tests were conducted
at 240 K and for 0.1 MPa, 1 MPa, and 2 MPa. As expected, the experimental nucleation
rates increased with pressure. This increase was much more pronounced by adding carbon
dioxide to the carrier gas mixture. An adsorption/surface tension model, extended to multi
component mixtures, was derived. Empirical literature data in the temperature range of 280 —
350 K for the Langmuir pressure were extrapolated to 240 K. The surface tensions calculated
at the investigated temperature, pressure and carrier gas conditions were substituted in the
CNT J-expression. The predicted nucleation rate increase with pressure and carbon dioxide
molar fraction qualitatively agreed with the experimental trend, substantiating the previous
findings. A substantial overestimation of the modeled nucleation rate enhancement was ob-
served, which was attributed the inherent weaknesses of the CNT. At 0.1 MPa and 240 K,
the increase of carbon dioxide from 0% to 25% did not affect the nucleation rates, which are
observed to be smaller than the isothermal reference. Incomplete thermalisation of colliding
clusters and carrier gas molecules justifies this behavior, as confirmed by the theoretical model
of Barrett.3” At 0.1 MPa, a series of homogeneous water nucleation experiments were con-
ducted in nitrogen and 25% of carbon dioxide for 234 K and 236 K. The scaling model by
Hale® explained the observed effect of temperature on the measured nucleation rates.

Finally, the critical cluster compositions were deduced from the water-nitrogen-carbon
dioxide data. By employing the nucleation theorem, two methods were derived for mixtures
of N > 2 components, one being supersaturated. The first method exploited the nucleation
rate dependence on supersaturation, pressure and mixture composition. The nucleation rate
dependence on the N fugacities was used to derive the second method. The application of the
two methods to the experimental data led to equivalent values for the critical cluster composi-
tions. In this way, the macroscopic quantities measured with the PEWT setup can successfully
be used to unravel the composition of condensing clusters on the molecular scale. At constant
temperature and carbon dioxide fractions, the number of water molecules in the critical clus-
ter were found to decrease with pressure, while the number of carbon dioxide and nitrogen
molecules increases. At constant temperature and pressure, the number of water molecules
in the critical cluster decreases with increasing the carbon dioxide content. In this case, the
number of carbon dioxide molecules increases, with the nitrogen content in the critical clus-
ter remaining constant. These outcomes were interpreted as follows. Increasing the pressure
and the carbon dioxide molar fraction causes a larger number of carbon dioxide and nitrogen
molecules to be adsorbed at the critical cluster surface. The gas adsorption is substantially
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stronger for carbon dioxide, which is explained by a stronger attraction between carbon diox-
ide and water molecules. In consequence of the gas adsorption, the surface tension decreases,
thus increasing the nucleation rates and, following the Gibbs — Thomson equation, reducing
the number of water molecules contained in the critical cluster.
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Appendix A

Generalized derivation of the Langmuir
adsorption for multiple adsorbates

The present section has been published as appendix to the paper “M.M. Campagna, J. Hruby,

M.E.H. van Dongen, and D.M.J. Smeulders. Homogeneous water nucleation in carbon dioxide-
nitrogen mixtures: experimental study on pressure and carrier gas effects. J. Chem. Phys.

154(15):154301, 20217 (Ref. 142).

The derivation of the Langmuir adsorption was extensively discussed by Fransen et al.® for a
single type of gas molecules adsorbed at the condensing water cluster surfaces. That approach
is now generalized to the case of (N — 1) gases. Given x available adsorption sites at the
condensing cluster surfaces, one can consider that Ngi sites are occupied by the adsorbed
(superscript *A’) molecules of the i-th gas. The number of possible configurations for the
adsorbed layer can be calculated as

x!
N N ’
(= X Ng)t TNy
i=2 2 =2

Co (A1)

assuming no multiple occupation of the adsorption sites and mutual indistinguishability of the
adsorbed molecules. The equilibrium condition between the adsorbed and the free molecules
(superscript G’) of the i-th gas is given by the chemical potential equality

— uS. (A.2)

The chemical potentials in Eq A.2 can be found as follows. For the adsorbed case, we first
consider the Helmholtz free energy

A
ug,i

A=yr-TSh, (A3)

with the internal energy
Z ( ”“+ kT+u ) (A4)

For the i-th gas, u‘m and (3/2)kT are the internal molecular energy and the translation degrees

of freedom, whlle ug<

; is the potential energy of the interaction between the adsorbed gas
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molecules and the liquid surface. For our case, the potential energy of the interaction between
adsorbed gas molecules is neglected, being weaker than the one between gas molecules and
the liquid surface. In Eq. A.3, the quantity S* denotes the entropy of the adsorbate

ref

N A
st = Y A [sgﬁ +kIn (;—)} +S, (A.5)
i=2
where, for the i-th gas, si"j is the internal molecular entropy, Vi and viA are, respectively, a
reference volume and the effective volume available for translation of an adsorbed molecule.
The configurational entropy S on a per molecule basis is given by

C
Sc = —k Y} PjInP; = kInC, (A.6)

j=1

where the probability of the j-th configuration P; is considered equal for any configuration,
i.e. P; = 1/C. Being the surface coverage of the i-th gas component 6; = N?,i /x and applying
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Stirling’s approximation ' Inx! ~ xInx — x, Eq. A.6 becomes

N N N
Se=—kx [(1-Y.6)In(1-Y 6)+) 6,1n6;|. (A7)
i=2 i=2 i=2
We now consider the differential of the Helmholtz free energy of the adsorbed phase
N
dFA = —SMdT + 0,dA + Y udNg (A.8)
i=2

with o, the contribution of the adsorbate to the surface tension and A surface area. Recalling
Eq. A.3, the chemical potential for the adsorbed molecules of the i-th gas can be expressed as

A <8FA> (8UA TaSA> A9)
ei = | oNA =\ onva “Tona :
INZ, rAN INgi  INgi )14 NA

#i #i
with the partial derivative of the configurational entropy that can be decomposed as follows
(980/8N§i = (dS¢/90y;) (d Qg’i/8N§‘i) and then calculated by recalling Eq. A.7:

dS. N
ONA. =k In [(1—;91)/91] (A.10)
&1/ T,A,NA i

g

Finally, u?i can be derived by plugging Eqs. A.4 and A.10 in Eq. A.9:

.3 .
A N

—kTIn (V) —kT n[(1-Y 6)/6]. (A.11)
Viet i=2

The chemical potential for the free gas molecules of the i-th gas ygi can be derived in a similar
manner, assuming v; = kT /pg ; (ideal gas law):

P g]’(‘Tre*). (A.12)

3 4
Ng,i =g+ EkT—ngg—i—len(
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The equilibrium condition of Eq. A.2, combined with Eq. A.11 and A.12, leads to the follow-
ing expression

A
kT Uy
1—29 /e_pi xp(kg%) (A.13)
2i Vi

The change of surface tension due to the chemical potential variation of the (N — 1) gases
can be derived from the Gibbs adsorption equation !

N
SAT +Ado +Nydpy + ) Ngjditg; =0 (A.14)
i=2

at constant temperature and vapor chemical potential as

NNA

do = —): gxdugl, (A.15)

where A = Agy and A, the average surface area per adsorption site. It must be stressed that
this derivation considers the same A, for the (N — 1) gases. The term dyls ; in Eq. A.15 can be
calculated as

dpg

dugi =vgidpg =kT—= P

(A.16)

with the second equality obtained from the ideal gas law under the assumption of constant
temperature, pressure and Ng (. The combination of Eq. A.15 and A.16 leads to

N
6, kTd
do=-Y APt (A17)
o Ae g
Finally, considering the derivation of 6; from Eq. A.13
A
Dgii v ex Mg
kT P\ kT
6, = , A.18
1 14y Peiy U o
el d vy

the integration of Eq. A.17 leads to the following general expression for the surface tension

kT (pigﬂ’L), (A.19)

c=0y——1In
Ag PL

where the Langmuir pressure is defined as

-1
N
pL= <2zg,i pLj> (A20)

and py_; is the Langmuir pressure for individual gas i, whose temperature dependence is given
in Eq. 5.3. In Eq. A.20, zg; = yi/ Zf\lz »¥i with y; the molar fraction of the i-th gas. If the
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Langmuir pressure is much grater than the gas pressure, the general expression of the surface
tension in Eq. A.19 becomes a linear function of pressure:

0 = 0y + OpoPg, (A.21)

where
N 1 -1
00 =| Y 2i00; | - (A.22)
i=
and

v Ui
Gp(l,i = Ai exp _ﬁ (A23)
g

the coefficient of the linearized dependence of the surface tension on pressure for the case of
pure gas i.



Appendix

Experimental data

The meaning of the symbols used in the following tables is listed in nomenclature. Their
definitions and derivations can be found in Chapters 3-6.

TABLE B1. Experimental regression coefficients C and D (Eq. 4.21) and corresponding numbers of water
molecules of the critical clusters n* (Eq. 4.5) and n§y (Eq. 4.4) for the J-S data presented in Chapters 3 and 4.
The quality of the regression analysis is reported as Rﬁdj. The standard uncertainty of n* is denoted as U (n*).

p(MP2) T(K) min max C@m73s™h) D R n* ngr U@n®)

He 0.10545 240 113 155  5612B+31 -251.8 09838 28 25 4 TABLE B4
0.99678 240 108 14.6  5.509E+30 -224.7 0988 26 27 4 TABLE B4°

Ar 0.04815 220 16.6 225 1.I83E+27 -2755 0970 20 26 3 Ref. 43
0.05715 230 129 166  3.677E+28 -251.0 0989 25 28 4 Ref. 43
0.10281 230 13.1 18.1  2.184E+30 -2779 0973 26 26 3 TABLE B6°
0.10281 236 113 153  2.184E+30 -2463 0973 27 28 4 TABLE B6
0.10281 240 103 137  2.184E+30 -2274 0973 29 29 4 TABLE B6¢
0.06109 240 9.9 129  2709E+29 -2158 0993 29 3l 5 Ref. 43
0.05171 250 8.0 105  2463E+29 -177.7 0993 31 33 5 Ref. 43
0.06314 260 6.7 84 3.174E+28 -1372 0922 32 36 6 Ref. 43
0.99999 236 11.2 15.1 7452E+30 -2382 0987 27 28 4 TABLE B$
1.00020 240 10.1 13.6  7.452E+30 -2200 0987 28 29 4 TABLE B8
1.99449 236 114 147  8.203E+30 -2323 0991 26 28 4 TABLEB10
1.993890 240 103 132  8.2203E+30 -2145 0991 28 29 5 TABLEB10

N, 0.10172 240 108 145  7.204E+31 -2460 0991 29 27 4 TABLEB12
1.00177 240 102 134  6924E+31 2348 0995 30 29 5 TABLEB14
2.00041 240 10.1 13.1  6.627E+31 -2224 0989 30 30 5 TABLEB16

“4Calculated at the mid-range of S for each experimental condition: (Syin + Smax)/2-

bCondition in agreement with the data obtained by Fransen ez a

1.61

with the previous version of the PEWT.

¢Condition derived from the data in TABLE B6 scaled to the temperature T (K) according to the Hale’s model. 8
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TABLE B2. Regression coefficients C and D for the water-carbon dioxide-nitrogen J-S data presented in Chap-
ter 5. The quality of the regression curves is given by the Rgdj values.

yco, p(MPa) T(K) min max Cm3sh D Rgdj

0.05 0.10095 240 109 137 6.711E+31  -2453 0.994 TABLE B19
0.15 0.10067 240 10.7 13.7 5.794E+31  -243.9 0.994 TABLE B19
025 0.10072 240 10.6 135 5.036E+31 -242.6 0.991 TABLE B20
025 0.10139 236 114 15.1 6.431E+31 -264.3 0.991 TABLE B20
025 0.09970 234 120 163 4.345E+31  -2739 0.992 TABLE B20

0.05  1.0020 240 99 132 3.434E+31  -228.1 0.989 TABLE B22
0.15  0.9960 240 99 126 8.339E+30 -214.6 0.996 TABLE B22
0.25  1.0051 240 9.7 122 2.000E+30 -200.8 0.996 TABLE B22

0.05  1.9957 240 9.8 127 1.644E+31  -209.1 0.992 TABLE B24
0.15  2.0003 240 9.2 119 9.783E+29  -182.0 0.990 TABLE B24
0.25  2.0002 240 87 111 5.919E+28 -155.1 0.987 TABLE B24

TABLE B3. Water-helium experiments analyzed in Chapter 3: mixture preparation data.

Pmpd (MP2)  Tipa (K)  Qa (In/min) Qg (In/min)  fempa ¥ (ppm)*

0.400 291.01 3.341 0.704 1.0005 4233
0.400 291.01 3.276 0.752 1.0005 4166
0.300 291.03 2.760 1.186 1.0007 4790
0.300 291.02 2.724 1.171 1.0007 4788
0.300 291.02 2.786 1.191 1.0007 4796
0.300 291.02 3.075 0.891 1.0007 5305
0.300 291.01 2.928 1.175 1.0007 4881
0.300 291.01 2.833 1.142 1.0007 4876
0.300 291.01 3.186 1.020 1.0007 5180
0.300 291.02 3.085 0.895 1.0007 5302
0.300 291.02 3.064 0.888 1.0007 5303
2.575 291.08 1.103 0.904 0.9973 438
2.575 291.11 1.108 0.908 0.9973 439
3.200 296.38 1.079 0.873 0.9965 491
2.575 291.12 1.190 0.796 0.9973 478
3.200 296.68 1.075 0.869 0.9965 500
2.575 291.08 1.204 0.803 0.9973 478
3.200 296.15 1.084 0.889 0.9965 481
2.575 291.07 1.209 0.807 0.9973 477
3.200 296.64 1.108 0.908 0.9965 496
3.200 296.14 1.099 0.900 0.9965 481
2.575 291.06 1.281 0.737 0.9973 505
2.575 291.08 1.310 0.706 0.9973 517

“Water molar fraction in the mixture.
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TABLE B4. Water-helium experiments analyzed in Chapter 3: nucleation data.

y(pm)?*  po(MPa) Ty (K) p(MPa)® T (K f° Aty (ms)  J(m7sh) S
4233 0.17851  297.17  0.10397 239.5  1.0001 0.14 8.7-10"3 12.1
4166 0.17892  297.19  0.10385 239.2  1.0000 0.14 1.6-10' 12.2
4790 0.17660  296.74  0.10446 240.7  1.0000 0.15 6.6-10'4 12.7
4788 0.17685  297.38  0.10311 239.8  1.0001 0.15 2.6-101 13.3
4796 0.17697  296.60  0.10399 239.9  1.0001 0.14 3.0-10" 133
5305 0.17692 29732 0.10490 2414  1.0001 0.15 3.1-10 13.4
4881 0.17839  297.12  0.10433 239.9  1.0001 0.14 5.9-1013 13.6
4876 0.17895  297.06  0.10424 239.5  1.0001 0.13 6.5-101 14.0
5180 0.17674  296.75  0.10295 239.2  1.0001 0.15 8.4-10'6 15.0
5302 0.17600  296.96  0.10263 239.5  1.0001 0.14 6.6-10'6 15.0
5303 0.17639 29693  0.10258 239.2  1.0001 0.14 9.6-10'6 153
438 1.7197 299.34 0.9977 240.8  0.9995 0.21 5.9-1013 11.0
439 1.7245 299.54 0.9894 239.8  0.9995 0.20 2.5-10 11.7
491 1.6894 296.69 1.0095 241.5  0.9995 0.21 1.0-10% 11.8
478 1.7360 301.65 0.9880 240.8  0.9995 0.20 5.9-10' 11.9
500 1.6880 297.08 1.0038 2413 0.9995 0.20 1.4-1013 12.1
478 1.7172 299.61 0.9900 2404  0.9995 0.20 1.0-10 12.2
481 1.6945 296.99 0.9991 2404 0.9995 0.21 2.5-10 12.4
477 1.7235 299.61 0.9886 239.9  0.9995 0.20 4.3-10"3 12.6
496 1.6956 297.41 0.9951 2403 0.9995 0.21 6.9-101 12.8
481 1.6949 296.94 0.9929 239.8  0.9995 0.20 6.7-10% 12.9
505 1.7089 298.35 0.9893 239.8  0.9995 0.21 2.2-10'° 135
517 1.7113 298.17 0.9934 239.9  0.9995 0.20 3.8-10'6 13.8

“Water molar fraction in the mixture.

bNucleation (pulse) quantity.
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TABLE B5. Water-argon experiments at about 0.1 MPa (nucleation pressure) analyzed in Chapter 4: mixture
preparation data.

Pmpd (MP2)  Trpa (K)  Qa (In/min) Qg (In/min)  fempa ¥ (ppm)*

0.5003 291.02 1.733 0.781 1.0158 2870
0.5003 291.01 1.336 0.656 1.0158 2792
0.5251 291.01 1.757 0.752 1.0165 2779
0.5003 291.01 1.400 0.612 1.0158 2896
0.4748 291.05 1.867 0.651 1.0150 3256
0.4748 291.04 1.749 0.704 1.0150 3129
0.4748 291.03 1.934 0.574 1.0150 3382
0.4748 291.04 1.812 0.702 1.0150 3164
0.4748 291.03 1.741 0.741 1.0150 3077
0.4748 291.01 1.757 0.764 1.0150 3052
0.5003 291.01 1.468 0.553 1.0158 3022
0.4748 291.05 1.875 0.643 1.0150 3269
0.4748 291.04 1.804 0.697 1.0150 3165
0.4748 291.03 1.511 0.513 1.0150 3274
0.4748 291.03 1.611 0.412 1.0150 3491
0.4097 291.03 1.272 0.459 1.0131 3731
0.4748 291.03 1.923 0.591 1.0150 3355
0.4748 291.02 1.607 0.400 1.0150 3509
0.4748 291.03 1.599 0.398 1.0150 3510
0.4500 291.02 1.511 0.488 1.0143 3493
0.4500 291.02 1.559 0.436 1.0143 3612
0.4500 291.02 1.615 0.415 1.0143 3675

“Water molar fraction in the mixture.
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TABLE B6. Water-argon experiments at about 0.1 MPa (nucleation pressure) analyzed in Chapter 4: nucleation

data.

y (ppm)*  po (MPa) To(K) p(MPa)® T (K)P £ Aty (ms) J(m73s7h) S
2870 0.18204  296.61  0.10311  236.4  1.0055 0.60 3.4-10'2 10.3
2792 0.18149 29531  0.10296 2355  1.0055 0.66 7.1-10'2 10.7
2779 0.18261 295.64 0.10286  235.1  1.0056 0.60 1.6-103 10.9
2896 0.18142 29545  0.10290 2356  1.0055 0.65 1.3-10"3 11.0
3256 0.18122  296.52  0.10339  237.0  1.0055 0.62 1.3-10"3 11.1
3129 0.18014 29624  0.10225 2363  1.0055 0.62 1.5-1013 11.1
3382 0.18081 296.76  0.10316  237.2  1.0055 0.62 3.2-1013 11.3
3164 0.18283  297.33  0.10280 2363  1.0055 0.64 2.9-103 11.3
3077 0.18157 29622  0.10256 2358  1.0055 0.63 3.4-101 11.4
3052 0.18246  296.58  0.10256  235.6  1.0055 0.61 5.2-1013 11.4
3022 0.18144 29507 0.10313 2355  1.0056 0.65 47-1013 115
3269 0.18264 29693  0.10324 2364  1.0055 0.62 7.2:1013 11.6
3165 0.18349  297.46  0.10251 2358  1.0055 0.63 1.1-10" 11.7
3274 0.18127 29626  0.10268  236.1  1.0055 0.60 1.1.10™ 11.8
3491 0.18153  296.57  0.10307  236.6  1.0055 0.63 2.3-10™ 122
3731 0.18042 29725 0.10267 2373  1.0054 0.65 5.5-10' 12.3
3355 0.18276 29733 0.10229 2358  1.0055 0.64 3.7-10M 12.3
3509 0.18205 296.68 0.10298  236.3  1.0055 0.62 9.4-10™ 12.5
3510 0.18205  296.73  0.10292 2363  1.0055 0.60 9.5-10" 12.5
3493 0.18261  296.78  0.10247  235.6  1.0055 0.63 2.3-10"5 13.0
3612 0.18261 296.85 0.10249 2357  1.0055 0.63 43-10 13.3
3675 0.18153  295.61  0.10281 2356  1.0055 0.63 1.7-10'6 13.7

“Water molar fraction in the mixture.

bNucleation (pulse) quantity.



100 Appendix B. Experimental data

TABLE B7. Water-argon experiments at about 1 MPa (nucleation pressure) analyzed in Chapter 4: mixture
preparation data.

Pmpd (MP2)  Trpa (K)  Qa (I/min) Qg (In/min)  fempa ¥ (Ppm)*

2.599 291.00 0.709 1.274 1.0801 304
2.501 291.00 0.668 1.288 1.0770 301
2.599 291.02 0.696 1.305 1.0801 296
2.599 291.02 0.692 1.268 1.0801 301
2.599 291.04 0.733 1.251 1.0800 315
2.599 291.01 0.733 1.270 1.0801 311
2.599 291.00 0.717 1.286 1.0801 304
2.599 291.05 0.757 1.249 1.0800 322
2.501 291.01 0.717 1.313 1.0770 311
2.599 291.02 0.729 1.239 1.0801 315
2.599 291.03 0.733 1.216 1.0801 320
2.599 291.04 0.818 1.154 1.0800 354
2.599 291.02 0.745 1.272 1.0801 314
2.599 291.04 0.785 1.262 1.0801 327
2.599 291.04 0.806 1.235 1.0800 337
2.599 291.05 0.842 1.183 1.0800 355
2.599 291.03 0.802 1.204 1.0801 341
2.599 291.02 0.846 1.123 1.0801 366
2.599 291.05 0.830 1.158 1.0800 356
2.599 291.05 0.842 1.185 1.0800 354
2.599 291.01 0.858 1.158 1.0801 362
2.599 291.01 0.874 1.140 1.0801 369
2.599 291.02 0.882 1.101 1.0801 379
2.599 291.04 0.874 1.142 1.0800 370
2.599 291.05 0.850 1.113 1.0800 369
2.599 291.02 0.866 1.132 1.0801 369
2.599 291.01 0.903 1.057 1.0801 392
2.599 291.01 0.907 1.061 1.0801 392
2.599 291.00 1.011 0.999 1.0801 428
2.599 291.02 1.072 0.949 1.0801 451
2.599 291.04 1.007 1.003 1.0801 427
2.599 291.02 1.128 0.883 1.0801 478
2.599 291.01 1.268 0.720 1.0801 542
2.599 291.03 1.200 0.827 1.0801 504
2.599 291.00 1.244 0.706 1.0801 543

“Water molar fraction in the mixture.
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TABLE BS8. Water-argon experiments at about 1 MPa (nucleation pressure) analyzed in Chapter 4: nucleation
data.

y(pm)* po(MPa) To(K) pMPa)® TEK"  f>  Ap@ms) Jm7s™) S

304 17572 29528  1.0080 2364  1.0543 0.68 1.9-1013 10.1
301 1.7564 29499  1.0069 236.1  1.0544 0.67 321013 10.3
296 17676 29633  0.9985 235.8  1.0541 0.69 3.0-1013 10.3
301 1.7673 29620  0.9996 235.8  1.0542 0.68 2710 10.4
315 1.7606  296.41  0.9991 2362  1.0538 0.69 5.3-10"3 10.5
311 1.7578 29493  1.0097 2362  1.0545 0.67 3.6-1013 10.5
304 1.7568  295.10  1.0008 2356  1.0544 0.66 42.1013 10.7
322 1.7711  296.85  0.9998 236.1  1.0540 0.68 9.6-103 10.8
311 1.7564 29501  1.0016 235.6  1.0544 0.65 8.1-10"3 10.9
315 17671 296.05  0.9999 2357  1.0543 0.65 1.0-10" 11.0
320 17773 29731  0.9942 2356  1.0540 0.68 2.3-101 11.1
354 1.7473 29595  1.0029 2370  1.0536 0.66 4.5-10" 11.2
314 17731 29582  1.0007 2353 1.0546 0.69 3.2:10™ 11.3
327 17666 29594  0.9983 2355  1.0543 0.69 5.2-10" 11.5
337 1.7763  297.41  0.9949 235.8  1.0539 0.63 7.4-10" 11.5
355 17661  296.43  1.0017 2362  1.0540 0.68 1.7-10% 11.8
341 1.7577 29550  0.9979 235.6  1.0542 0.68 2.5-101 11.9
366 17674  296.49  1.0021 236.2  1.0540 0.65 3.3-10"5 122
356 1.7763 29697  0.9973 2357  1.0541 0.68 4.1-10 12.3
354 1.7744 29673  0.9967 2355  1.0542 0.69 5.5-101 12.4
362 17573 295.11 1.0021 2357  1.0544 0.67 1.1-10'¢ 12.6
369 1.7570 29522  1.0031 2359  1.0543 0.66 1.1-10'° 12.6
379 1.7676  296.50  1.0007 236.1  1.0540 0.68 1.3-10'° 12.7
370 1.7780  297.13  0.9962 235.6  1.0541 0.67 1.5-10'6 12.8
369 17741  297.12  0.9899 2352 1.0540 0.66 2.7-10'° 13.1
369 1.7678 29525  1.0021 2352 1.0547 0.68 3.8-10'° 132
392 1.7668  296.18  0.9994 235.8  1.0542 0.69 6.8-10'° 13.4
392 17671 29637  0.9955 2355  1.0541 0.68 7.8-10'° 13.6
428 1.6658  294.65  1.0023 2404  1.0513 0.70 4.5.1013 10.5
451 1.6922 29637  0.9996 240.0 1.0514 0.66 3.8-10™ 11.4
427 1.7049  296.57  0.9953 239.1 1.0518 0.68 8.7-10™ 11.5
478 1.6920  296.44  0.9995 240.1  1.0514 0.68 1.9-10" 12.0
542 1.6575  294.80  1.0131 242.1  1.0509 0.67 1.8-10" 12.0
504 1.6916 29638  0.9970 239.8  1.0514 0.68 1.5-10'° 12.8
543 1.6714 29490  1.0005 240.1  1.0514 0.62 5.6-10'6 13.6

“Water molar fraction in the mixture.
bNucleation (pulse) quantity.
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TABLE B9. Water-argon experiments at about 2 MPa (nucleation pressure) analyzed in Chapter 4: mixture
preparation data.

Pmpd (MP2)  Trpa (K)  Qa (I/min) Qg (In/min)  fempa ¥ (PPm)*

4.499 291.02 0.631 1.381 1.1123 159
4.499 291.02 0.623 1.371 1.1123 158
4.499 291.01 0.692 1.309 1.1123 175
4.499 291.03 0.648 1.348 1.1123 164
4.499 291.01 0.684 1.327 1.1123 172
4.499 291.02 0.761 1.309 1.1123 186
4.499 291.00 0.692 1.309 1.1123 175
4.499 291.01 0.704 1.301 1.1123 178
4.499 291.02 0.700 1.286 1.1123 179
4.499 291.02 0.692 1.313 1.1123 175
4.499 291.01 0.700 1.266 1.1123 180
4.499 291.01 0.745 1.251 1.1123 189
4.499 291.01 0.749 1.257 1.1123 189
4.499 291.02 0.785 1.251 1.1123 195
4.499 291.00 0.761 1.210 1.1123 195
4.499 291.01 0.874 1.146 1.1123 219
4.499 291.02 0.907 1.103 1.1123 229
4.499 291.02 1.015 1.014 1.1123 253
4.499 291.02 0.995 0.995 1.1123 253
4.499 291.02 1.020 0.960 1.1123 261

“Water molar fraction in the mixture.
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TABLE B10. Water-argon experiments at about 2 MPa (nucleation pressure) analyzed in Chapter 4: nucleation

data.

y (ppm)*  po (MPa) To(K) p(MPa)® T (K)P° £ Aty (ms) J@m73s™h S
159 34878 29555  1.9930 236.2  1.0806 0.62 7.3-1013 10.3
158 34920 29545  1.9948 236.1  1.0807 0.67 9.9-1013 10.4
175 3.4880 29542  2.0004 236.5  1.0807 0.68 7.1-10" 11.2
164 3.5059 29543  1.9897 2355  1.0811 0.66 9.4-10" 11.2
172 34858 29521  1.9950 236.1  1.0808 0.68 9.8-10' 11.3
186 3.5029  296.46  2.0028 237.0  1.0803 0.62 1.7-10%5 114
175 34919 29544  1.9928 236.0  1.0807 0.67 1.5-101 11.5
178 34841 29506  1.9959 236.1  1.0808 0.62 3.5-10%5 11.7
179 3.5053  295.81 1.9942 236.0  1.0808 0.66 3.0-10%5 11.7
175 3.5400 29493  2.0146 2354 1.0823 0.62 1.7-10'¢ 12.2
180 3.5039 29546  1.9893 2356  1.0810 0.68 1.1-10'° 12.2
189 3.5024  296.02  1.9896 236.1  1.0806 0.66 1.4-10'° 12.3
189 3.5255  296.59 1.9917 236.0  1.0807 0.68 1.8-10'¢ 124
195 35117 296.04  1.9893 235.8  1.0808 0.66 6.0-10'° 13.0
195 3.5098  295.89  1.9842 235.5  1.0808 0.67 7.8-10'° 132
219 3.3994  296.88  1.9873 239.5  1.0775 0.63 6.8-10' 11.2
229 34003  297.01 1.9916 239.8  1.0775 0.66 1.3-10" 11.4
253 3.3364  296.10  1.9923 2409  1.0766 0.63 2.6-101 11.7
253 33741 29649  1.9911 240.1  1.0772 0.64 1.9-10'6 12.4
261 34012 297.09  1.9981 240.1  1.0774 0.65 3.4-10'6 12.7

“Water molar fraction in the mixture.

bNucleation (pulse) quantity.
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TABLE B11. Water-nitrogen experiments at about 0.1 MPa (nucleation pressure) analyzed in Chapter 4: mixture
preparation data.

Pmpd MPa)  Tinpg (K)  Qa (In/min) Qg (In/min)  fempa ¥y (ppm)*

0.3998 291.03 1.575 0.262 1.0146 4464
0.3998 291.04 1.563 0.282 1.0146 4412
0.3998 291.04 1.553 0.280 1.0146 4412
0.3998 291.02 1.563 0.284 1.0146 4404
0.3998 291.04 1.501 0.349 1.0146 4228
0.3998 291.03 1.596 0.229 1.0146 4551
0.3998 291.04 1.596 0.229 1.0146 4554
0.3998 291.03 1.578 0.262 1.0146 4463
0.3998 291.02 1.538 0.305 1.0146 4342
0.3998 291.03 1.584 0.228 1.0146 4551
0.3502 291.03 1.405 0.449 1.0130 4497
0.3502 291.03 1.572 0.260 1.0130 5088
0.3998 291.03 1.587 0.228 1.0146 4551
0.3502 291.03 1.454 0.403 1.0130 4649
0.3502 291.03 1.516 0.358 1.0130 4801
0.3502 291.02 1.405 0.449 1.0130 4496
0.3502 290.99 1.581 0.285 1.0130 5014
0.3502 291.03 1.448 0.401 1.0130 4648
0.3502 291.03 1.566 0.282 1.0130 5029
0.3502 291.03 1.516 0.358 1.0130 4802
0.3502 291.04 1.501 0.355 1.0130 4801
0.3502 290.99 1.581 0.285 1.0130 5014
0.3502 291.01 1.584 0.263 1.0130 5081
0.3502 291.00 1.581 0.285 1.0130 5017
0.3502 290.99 1.584 0.287 1.0130 5011
0.3502 291.00 1.587 0.263 1.0130 5077
0.3502 291.02 1.646 0.201 1.0130 5283

“Water molar fraction in the mixture.



Appendix B. Experimental data

105

TABLE B12. Water-nitrogen experiments at about 0.1 MPa (nucleation pressure) analyzed in Chapter 4: nucle-

ation data.

y (ppm)*  po (MPa) To(K) p(MPa)® T (K)P VA Aty(ms) J@m73sh 8
4464 021366  297.12  0.10374 2417  1.0058 0.53 1.2-1013 10.8
4412 0.21058  296.89  0.10168  241.1  1.0057 0.55 8.2-10'2 10.9
4412 0.21168 297.16 0.10178  241.0  1.0057 0.59 1.9-10"3 11.0
4404 0.21052  297.03  0.10111 2409  1.0057 0.53 1.4-1013 11.0
4228 021369  297.12  0.10182 2404  1.0058 0.51 1.1-1013 11.0
4551 021216 29742  0.10222 2414  1.0057 0.58 1.7-1013 11.1
4554 021169 29742  0.10107  240.8  1.0057 0.52 5.1-1013 11.5
4463 021363 297.07 0.10199 2405  1.0058 0.60 7.1-1013 11.6
4342 021366 297.02  0.10134  240.0  1.0058 0.55 9.0-1013 11.6
4551 021169 297.06  0.10078 2403  1.0057 0.56 1.7-10™ 11.9
4497 021071 29649  0.10066  240.1  1.0057 0.51 1.6-10" 11.9
5088 0.21349 29693  0.10482 2423  1.0058 0.60 2.3-10M 11.9
4551 0.21148  297.16  0.10022  240.0  1.0057 0.43 1.9-10™ 12.0
4649 0.21209 29696  0.10135 2405  1.0057 0.59 2.1-10™ 12.0
4801 021111  297.08 0.10117  240.8  1.0057 0.57 2.8-10™ 12.1
4496 021193 29690 0.10020  239.7  1.0057 0.53 4.7-10" 122
5014 0.21057 294.87 0.10515 241.8  1.0059 0.60 7.3-101 122
4648 0.21208  296.55 0.10078  239.7  1.0058 0.54 1.2-10" 12.6
5029 0.21254 29643  0.10324 2412  1.0058 0.58 1.0-10" 12.6
4802 021211  297.16 0.10018  239.8  1.0057 0.54 1.8-10%5 12.9
4801 0.21260  297.18  0.10002  239.6  1.0057 0.51 2.8-1015 13.1
5014 0.21018 29475 0.10274 2402  1.0058 0.57 7.2:101 13.4
5081 0.21366  296.78  0.10180  240.1  1.0058 0.59 1.2-10'° 13.5
5017 0.21103 29540 0.10171  239.8  1.0058 0.51 1.3-10'6 13.7
5011 0.21073 29479  0.10233  239.8  1.0058 0.57 1.3-10'° 13.7
5077 021178 29541  0.10153 2394  1.0058 0.61 3.7-10' 14.2
5283 0.21361  296.82  0.10093  239.6  1.0058 0.53 4.4-10'° 14.5

“Water molar fraction in the mixture.

bNucleation (pulse) quantity.
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TABLE B13. Water-nitrogen experiments at about 1 MPa (nucleation pressure) analyzed in Chapter 4: mixture
preparation data.

Pmpd MPa)  Tmpg (K)  Qa (I/min) Qg (In/min)  fempa ¥ (ppm)*

2.599 291.08 0.984 1.097 1.0925 409
2.599 291.07 0.947 1.035 1.0925 413
2.599 291.09 0.978 1.047 1.0925 418
2.599 291.11 0.965 1.057 1.0925 414
2.599 291.07 1.027 1.027 1.0925 432
2.599 291.07 1.092 0.990 1.0925 453
2.599 291.08 1.027 1.026 1.0925 433
2.599 291.10 1.092 0.978 1.0925 457
2.599 291.11 1.108 0.899 1.0925 478
2.599 291.06 1.154 0.965 1.0925 470
2.599 291.07 1.157 0.937 1.0925 477
2.599 291.08 1.176 0.908 1.0925 488
2.599 291.05 1.176 0.889 1.0925 491
2.599 291.09 1.244 0.832 1.0925 518
2.599 291.06 1.160 0.886 1.0925 489
2.599 291.01 1.337 0.741 1.0926 554
2.599 291.10 1.259 0.807 1.0925 528
2.599 291.09 1.294 0.823 1.0925 528
2.599 291.08 1.297 0.807 1.0925 533

“Water molar fraction in the mixture.
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TABLE B14. Water-nitrogen experiments at about 1 MPa (nucleation pressure) analyzed in Chapter 4: nucle-

ation data.

y (ppm)*  po (MPa) Ty (K) p(MPa)® T(XK)P £ Aty (ms)  J(m3s7!) S
409 2.1145 298.04 1.0017 240.1  1.0575 0.54 1.5-103 10.2
413 2.1056 297.54 0.9987 239.8  1.0575 0.54 4.9-10"3 10.5
418 2.1308 298.46 1.0019 2399  1.0576 0.54 4.6-1013 10.6
414 2.1542 299.15 0.9979 239.5  1.0577 0.55 9.4-10"3 10.8
432 2.1098 297.76 1.0008 240.0  1.0575 0.55 1.2-10" 10.9
453 2.1090 297.59 1.0058 2402  1.0577 0.54 3.6-10" 113
433 2.1246 298.09 0.9953 2394  1.0576 0.54 4.3.10" 11.3
457 2.1388 298.86 0.9983 239.7  1.0575 0.55 1.1-10" 11.7
478 2.1437 299.24 1.0043 2403  1.0575 0.61 1.4-10" 11.8
470 2.0988 296.97 1.0046 2400  1.0578 0.56 2.2-10'5 11.9
477 2.1103 297.69 0.9992 239.8  1.0576 0.55 3.6-10"5 12.2
488 2.1141 297.92 0.9974 239.7  1.0575 0.56 8.1-10"5 12.4
491 2.0953 296.62 1.0034 239.7  1.0579 0.56 1.4-10% 12.6
518 2.1144 298.30 0.9988 240.1  1.0573 0.55 2.5.10'° 12.9
489 2.1301 297.19 1.0097 239.5  1.0584 0.54 3.1-10'° 12.9
554 2.0741 296.70 1.0132 2412  1.0575 0.56 4.7-10'° 13.0
528 2.1295 298.70 1.0047 2404  1.0575 0.56 2.8-1010 13.0
528 2.1091 298.14 1.0011 2403 1.0573 0.56 2.9-10'° 13.0
533 2.1037 297.75 0.9968 239.9  1.0573 0.56 8.1-10'6 13.4

“Water molar fraction in the mixture.
bNucleation (pulse) quantity.
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TABLE B15. Water-nitrogen experiments at about 2 MPa (nucleation pressure) analyzed in Chapter 4: mixture
preparation data.

Pmpd Tmpa (K)  Qa (In/min)  Qp (In/min)  fempa ¥ (ppm)*

(MPa)

5.001 291.07 0.882 1.150 1.1845 211
5.499 291.05 0.962 1.040 1.2045 216
5.001 291.06 0.876 1.125 1.1845 213
5.001 291.05 0.922 1.112 1.1845 220
5.001 291.05 0.938 1.063 1.1846 228
5.001 291.05 0.916 1.103 1.1846 221
5.001 291.04 0.972 1.071 1.1846 231
5.001 291.03 1.006 1.057 1.1846 237
5.001 291.07 0.993 1.023 1.1845 240
5.001 291.06 1.003 1.001 1.1845 243
5.001 291.05 0.956 1.033 1.1845 234
5.001 291.04 0.981 1.041 1.1846 236
5.001 291.08 1.052 0.975 1.1845 253
5.499 291.06 1.133 0.909 1.2045 250
5.001 291.10 1.074 0.968 1.1845 256
5.001 291.05 1.120 0.947 1.1846 263
5.001 291.03 1.148 0.896 1.1846 273
5.001 291.04 1.139 0.922 1.1846 268
5.001 291.04 1.145 0.857 1.1846 278

“Water molar fraction in the mixture.
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TABLE B16. Water-nitrogen experiments at about 2 MPa (nucleation pressure) analyzed in Chapter 4: nucle-

ation data.

y (ppm)*  po (MPa) Ty (K) p(MPa)® T(XK)P £ Aty (ms)  J(m3s7!) S
211 4.1612 297.23 1.9982 2399  1.1182 0.57 4.0-10"3 10.1
216 4.1271 296.41 2.0041 240.0 1.1184 0.57 1.2-10" 10.3
213 4.1419 296.62 1.9972 2397  1.1184 0.57 8.0-10"3 10.3
220 4.1029 295.95 2.0041 2400  1.1183 0.58 2.4-10M 10.4
228 4.1429 296.84 2.0055 240.1  1.1183 0.60 2.7-10M 10.7
221 4.1900 297.11 1.9960 2392 1.1190 0.60 6.8-10'4 11.1
231 4.1323 296.42 2.0034 2399  1.1185 0.59 7.7-10" 11.1
237 4.1083 295.93 2.0099 240.1  1.1185 0.57 1.2-10" 11.2
240 4.1832 297.65 2.0014 240.0  1.1183 0.55 2.7-10%5 11.4
243 4.1633 297.19 2.0044 2400  1.1183 0.55 3.9-10'° 11.5
234 4.1724 296.81 1.9960 2393  1.1189 0.55 4.8-10" 11.7
236 4.1497 295.81 2.0087 239.3  1.1197 0.56 9.4-10" 11.8
253 42136 298.14 2.0006 239.8  1.1184 0.54 1.7-10% 12.2
250 4.0733 296.72 1.9472 2392 1.1160 0.56 3.9-10'° 12.3
256 42372 298.61 1.9982 239.7  1.1184 0.54 2.6-10'° 12.4
263 4.1477 296.37 2.0151 240.0  1.1191 0.57 4.7-10' 12.6
273 4.0989 295.78 2.0123 2403  1.1185 0.57 1.0-10%7 12.8
268 4.1467 296.64 2.0031 239.8  1.1186 0.55 8.1-10'° 12.9
278 4.1316 296.75 2.0023 240.1  1.1180 0.55 1.4-10"7 13.1

“Water molar fraction in the mixture.
bNucleation (pulse) quantity.
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TABLE B17. Water-carbon dioxide-nitrogen experiments at about 0.1 MPa (nucleation pressure) analyzed in
Chapter 5: mixture preparation data, I part.

Pmpd (MPa)  Tppg (K)  Qa (In/min) Qg (In/min) Q¢ (In/min)  fempa ¥ (PPM?*  yco,

0.2997 291.07 1.163 0.647 0.200 1.0112 4023 0.0495
0.2997 291.07 1.160 0.647 0.198 1.0112 4020 0.0493
0.2997 291.08 1.228 0.613 0.202 1.0112 4180 0.0492
0.2997 291.07 1.197 0.596 0.196 1.0112 4182 0.0491
0.2997 291.06 1.166 0.650 0.200 1.0112 4020 0.0493
0.2997 291.08 1.147 0.572 0.189 1.0112 4183 0.0493
0.2997 291.07 1.240 0.400 0.180 1.0112 4736 0.0491
0.2997 291.08 1.252 0.528 0.196 1.0112 4405 0.0494
0.2997 291.07 1.234 0.615 0.203 1.0112 4181 0.0493
0.2997 291.08 1.197 0.596 0.197 1.0112 4182 0.0494
0.2997 291.08 1.361 0.442 0.198 1.0112 4726 0.0494
0.2997 291.08 1.410 0.411 0.201 1.0112 4848 0.0494
0.2997 291.08 1.388 0.405 0.197 1.0112 4848 0.0493
0.2997 291.07 1.410 0.411 0.200 1.0112 4849 0.0492
0.2997 291.08 1.432 0.368 0.198 1.0112 4980 0.0494
0.2997 291.08 1.382 0.422 0.198 1.0112 4797 0.0493
0.2997 291.07 1.509 0.321 0.201 1.0112 5161 0.0492
0.2997 291.07 1.425 0.434 0.204 1.0112 4799 0.0493
0.2997 291.06 1.184 0.229 0.601 1.0112 4087 0.1486
0.2997 291.06 1.223 0.189 0.601 1.0112 4221 0.1487
0.2997 293.02 1.169 0.226 0.594 1.0111 4618 0.1487
0.2997 293.01 1.201 0.232 0.692 1.0111 4440 0.1621
0.2997 293.03 1.169 0.226 0.594 1.0111 4620 0.1487
0.2997 291.05 1.279 0.135 0.601 1.0112 4406 0.1486
0.2997 291.07 1.322 0.079 0.595 1.0112 4601 0.1484
0.2997 291.05 1.385 0.030 0.602 1.0112 4764 0.1486
0.2997 293.02 1.117 0.216 0.641 1.0111 4443 0.1617
0.2997 293.01 1.231 0.190 0.677 1.0111 4606 0.1606
0.2997 295.03 1.206 0.233 0.608 1.0111 5238 0.1478

“Water molar fraction in the mixture.
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TABLE B18. Water-carbon dioxide-nitrogen experiments at about 0.1 MPa (nucleation pressure) analyzed in
Chapter 5: mixture preparation data, II part.

Pmpd (MPa)  Tiypq (K) Qa (In/min) Qg (In/min) Q¢ (In/min) fe,mpd y (ppm)* Yco,

0.2997 294.99 0.907 0.088 0.997 1.0111 4044 0.2493
0.2997 295.00 0.930 0.069 0.997 1.0111 4139 0.2488
0.2997 294.99 0.964 0.029 0.997 1.0111 4299 0.2494
0.2502 294.99 0.837 0.150 0.997 1.0094 4486 0.2501
0.2502 294.99 0.859 0.126 0.997 1.0094 4608 0.2504
0.2502 294.99 0914 0.062 0.997 1.0094 4926 0.2513
0.2502 295.01 0.930 0.064 0.997 1.0094 4972 0.2492
0.2502 295.02 0.920 0.063 0.997 1.0094 4950 0.2505
0.2502 294.99 0.911 0.062 0.997 1.0094 4915 0.2518
0.2997 291.06 0.868 0.116 0.997 1.0112 3048 0.2509
0.2997 291.03 0.842 0.163 0.997 1.0112 2920 0.2484
0.2997 291.03 0.973 0.019 0.997 1.0112 3394 0.2497
0.2997 291.03 0.970 0.019 0.997 1.0112 3388 0.2501
0.2997 293.04 0.828 0.160 0.997 1.0111 3285 0.2504
0.2997 293.03 0.837 0.161 0.997 1.0111 3303 0.2490
0.2997 293.02 0.822 0.159 0.997 1.0111 3270 0.2513
0.2997 293.03 0.831 0.160 0.997 1.0111 3290 0.2499
0.2997 295.02 0.842 0.163 0.997 1.0111 3744 0.2482
0.2997 291.04 0.970 0.010 0.997 1.0112 3407 0.2513
0.2997 293.04 0.967 0.029 0.997 1.0111 3818 0.2492
0.2997 293.05 0.959 0.046 0.997 1.0111 3772 0.2480
0.2997 293.04 0.945 0.046 0.997 1.0111 3743 0.2498
0.2997 293.04 0.970 0.029 0.997 1.0111 3824 0.2488
0.2997 293.04 0.931 0.045 0.997 1.0111 3716 0.2517
0.3498 291.04 0.887 0.102 0.997 1.0129 2660 0.2504
0.3498 291.03 0.887 0.102 0.997 1.0129 2658 0.2504
0.3498 291.03 0.939 0.069 0.997 1.0129 2788 0.2479
0.4000 295.02 0.840 0.162 0.997 1.0144 2807 0.2487
0.2997 291.03 0.839 0.162 0.997 1.0112 2915 0.2488
0.2997 293.03 0.831 0.160 0.997 1.0111 3289 0.2499
0.3498 295.02 0.851 0.147 0.997 1.0127 3255 0.2491
0.2997 293.03 0.819 0.158 0.997 1.0111 3265 0.2518
0.3498 295.02 0.854 0.147 0.997 1.0127 3262 0.2486

“Water molar fraction in the mixture.
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TABLE B19. Water-carbon dioxide-nitrogen experiments at about 0.1 MPa (nucleation pressure) analyzed in

Chapter 5: nucleation data, I part.

y (ppm)*  yco, po(MPa) To(K) p(MPa)® T (K)° £ Aty (ms) T(m3s™h S
4023 0.0495 021216  296.61  0.09982  239.7  1.0061 0.56 8.9-10'2 109
4020 0.0493 021165 29571  0.10059  239.6  1.0062 0.54 1.4-1013 11.0
4180 0.0492  0.21066 29426  0.10280  240.2  1.0063 0.58 2.5-1013 11.1
4182 0.0491 021175 29553  0.10134 2399  1.0062 0.56 3.3-1013 11.2
4020 0.0493 021173 29543  0.10042 2393  1.0062 0.55 46108 113
4183 0.0493  0.21338  295.89  0.10097  239.5  1.0062 0.57 1.1-10% 116
4736 0.0491 021215 296.02 0.10228  240.8  1.0062 0.54 3.9-104 120
4405 0.0494 021218 29513  0.10153  239.6  1.0062 0.57 6.2-10"% 121
4181 0.0493  0.21203 29447  0.10081  238.6  1.0062 0.53 5810 123
4182 0.0494  0.21521 29556  0.10085  238.5  1.0062 0.54 54104 124
4726 0.0494 021268 29638  0.10099  240.1  1.0062 0.54 1.2-10% 12.5
4848 0.0494 021281 296.18  0.10079  239.8  1.0062 0.56 4.1-10% 131
4848 0.0493 021274 29646  0.10018  239.6  1.0061 0.53 5.0-101° 132
4849 0.0492  0.21277 29645  0.10009  239.5  1.0061 0.53 8.8-10'5 13.2
4980 0.0494 021286 29591  0.10139 2399  1.0062 0.57 6.9-101 134
4797 0.0493  0.21221  296.13  0.09961  239.1  1.0061 0.52 1.2:1010 134
5161 0.0492 021217 29638  0.10073  240.1  1.0061 0.52 1410 136
4799 0.0493  0.21255 29441 0.10197 2392  1.0063 0.58 1.4-10' 137
4087 0.1486  0.21468  296.56  0.09993  240.0  1.0082 0.53 9.1-10'2 107
4221 0.1487  0.21480 29659  0.09994  240.0  1.0082 0.53 2010 111
4618 0.1487  0.21413  294.88 0.10370 2413  1.0075 0.54 85101 115
4440 0.1621 021215 294.68 0.10119 2402  1.0077 0.62 9.0-10'3 11.6
4620 0.1487  0.21418 29475 0.10324 2409  1.0075 0.57 24104 118
4406 0.1486  0.21413  296.05 0.09988  239.7  1.0082 0.58 1.9-10% 118
4601 0.1484  0.21465 29634  0.09991  239.8  1.0082 0.52 5910 123
4764 0.1486  0.21433 29598  0.10003  239.7  1.0082 0.60 28105 128
4443 0.1617  0.21304 29448  0.09929 2385  1.0075 0.59 3.1-101 12.9
4606 0.1606  0.21222 29460 0.09956  239.1  1.0075 0.59 2710 129
5238 0.1478  0.21295 29557 0.10065 2402  1.0082 0.56 1.2.10'¢ 137

“Water molar fraction in the mixture.

bNucleation (pulse) quantity.
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TABLE B20. Water-carbon dioxide-nitrogen experiments at about 0.1 MPa (nucleation pressure) analyzed in

Chapter 5: nucleation data, II part.

y(@pm)*  yco, po(MPa) To(K) pMPa)® T (K)P 10 Aty (ms) J(m73s7h) S
4044 02493  0.21562  295.78  0.09969  240.0  1.0093 0.55 5.7-10'2 10.6
4139 0.2488  0.21672  296.11  0.10025  240.3  1.0093 0.53 6.2-10'2 10.7
4299 0.2494  0.21467  295.34  0.09994  240.1  1.0093 0.53 6.2:1013 11.2
4486 02501 0.21786 29627  0.10128  240.8  1.0081 0.54 4.5.1013 11.3
4608 02504  0.21969  296.34  0.10130 2403  1.0081 0.55 3.6-10™ 12.0
4926 02513 0.21872 29620 0.10169  240.8  1.0081 0.58 1.1-10" 12.5
4972 0.2492  0.22020 296.61  0.10093  240.1  1.0080 0.56 7.2:101 13.1
4950 02505  0.22019  296.48  0.10083  240.0  1.0080 0.53 8.1-10%5 13.2
4915 02518  0.22080  296.34  0.10056  239.5  1.0080 0.53 1.3-10'° 13.5
3048 02509  0.23380  296.32  0.10240 2369  1.0080 0.54 3.6-10'2 11.4
2920 0.2484  0.23324 29595 0.10123 2360 1.0078 0.54 5.8-10'2 11.6
3394 0.2497 023173 296.10 0.10236 2373  1.0080 0.55 5.0-103 12.4
3388 02501  0.23231  296.19  0.10220  237.1  1.0080 0.54 5.9-1013 12.5
3285 0.2504 022976 29576  0.10026 2362  1.0077 0.52 6.2-1013 12.7
3303 0.2490  0.23492  296.02  0.10229 2363  1.0079 0.60 1.6-10" 13.0
3270 02513 0.23126 29501 0.10070 2355 1.0078 0.56 5.8-10' 13.4
3290 02499  0.23545 29593  0.10169 2357  1.0079 0.22 6.1-10' 13.4
3744 0.2482  0.23336  296.04 0.10275  237.0  1.0080 0.53 1.5-10" 14.0
3407 02513 0.23479 29627 0.10015 2352  1.0077 0.56 3.2-10%5 14.2
3818 02492 0.22981  296.12  0.10024 2365  1.0098 0.54 43-101 14.4
3772 0.2480  0.23634  296.68  0.10198 2362  1.0079 0.56 1.1-10'° 14.8
3743 0.2498  0.23436 29638  0.10089 2358  1.0078 0.55 1.3-10'° 15.0
3824 0.2488  0.23290 296.36  0.10058  236.0 1.0077 0.52 1.9-10'° 15.0
3716 02517  0.23636  296.64 0.10107 2356 1.0078 0.57 2.8-10'° 15.1
2660 02504  0.23488  295.85  0.10029 2349 1.0076 0.52 3.0-10'2 12.0
2658 0.2504  0.23314  295.11  0.09880  233.8 1.0101 0.56 2.1-1013 12.8
2788 0.2479  0.23524 29596  0.09966 2344  1.0100 0.52 2.6-1013 12.9
2807 0.2487  0.23562  295.85  0.09959 2342  1.0101 0.51 4.4-1013 13.2
2915 0.2488  0.23369  295.64  0.09937 2344  1.0100 0.52 9.3-103 13.4
3289 0.2499  0.23082 29538  0.09940 2350  1.0100 0.55 7.2-10" 14.5
3255 0.2491  0.23676 29598  0.10082 2348  1.0077 0.56 1.6-10" 14.8
3265 02518  0.23528  296.10  0.09906 2342  1.0101 0.58 5.4-101 15.3
3262 0.2486  0.24083  296.07 0.10036 2335 1.0103 0.56 3.2-10'° 16.3

“Water molar fraction in the mixture.

bNucleation (pulse) quantity.
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TABLE B21. Water-carbon dioxide-nitrogen experiments at about 1 MPa (nucleation pressure) analyzed in
Chapter 5: mixture preparation data.

Pmpd (MPa)  Trpa (K)  Qa (In/min) Qg (In/min)  Qc (In/min)  fempa ¥ (PPM)*  yco,

2.599 291.08 1.009 0.855 0.203 1.0931 422 0.0491
2.599 291.07 0.972 0.823 0.196 1.0931 422 0.0492
2.599 291.03 1.123 0.744 0.203 1.0931 468 0.0491
2.599 291.06 1.040 0.843 0.206 1.0931 430 0.0492
2.599 291.09 1.018 0.792 0.198 1.0931 439 0.0494
2.599 291.08 1.015 0.860 0.204 1.0931 422 0.0491
2.599 291.07 1.027 0.869 0.207 1.0931 422 0.0491
2.599 291.09 1.061 0.702 0.193 1.0931 469 0.0492
2.599 291.09 1.061 0.793 0.202 1.0931 446 0.0491
2.599 291.06 1.099 0.663 0.194 1.0931 485 0.0495
2.599 291.07 1.173 0.677 0.202 1.0931 494 0.0492
2.599 291.09 1.114 0.736 0.202 1.0931 470 0.0492
2.599 291.06 1.151 0.607 0.193 1.0931 510 0.0493
2.599 291.06 1.222 0.645 0.203 1.0931 510 0.0491
2.599 291.08 1.247 0.659 0.208 1.0931 510 0.0492
2.599 291.06 0.922 0.454 0.601 1.0931 403 0.1520
2.599 291.04 0.953 0.440 0.601 1.0931 412 0.1507
2.599 291.06 0.928 0.457 0.601 1.0931 404 0.1513
2.599 291.07 1.021 0.420 0.612 1.0931 430 0.1489
2.599 291.06 1.052 0.383 0.601 1.0931 446 0.1476
2.599 291.07 1.034 0.426 0.607 1.0931 432 0.1468
2.599 291.07 1.034 0.377 0.605 1.0931 443 0.1500
2.599 291.06 1.064 0.338 0.601 1.0931 459 0.1500
2.599 291.06 1.058 0.311 0.601 1.0931 464 0.1525
2.599 291.06 1.154 0.288 0.613 1.0931 485 0.1490
2.599 291.06 1.195 0.271 0.618 1.0931 495 0.1482
2.599 291.05 1.160 0.256 0.601 1.0931 496 0.1489
2.599 291.05 1.195 0.262 0.608 1.0931 499 0.1472
2.599 291.08 1.201 0.208 0.601 1.0931 517 0.1495
2.599 291.07 1.244 0.239 0.627 1.0931 510 0.1485
2.400 294.97 0.668 0.350 1.006 1.0829 390 0.2485
2.400 294.97 0.677 0.335 1.006 1.0829 396 0.2492
2.400 294.96 0.686 0.324 1.012 1.0829 401 0.2501
2.400 294.97 0.693 0.294 1.006 1.0829 410 0.2523
2.400 294.95 0.755 0.262 1.004 1.0829 441 0.2483
2.400 294.96 0.714 0.322 1.009 1.0829 412 0.2465
2.400 294.95 0.724 0.268 1.006 1.0829 427 0.2517
2.400 294.95 0.786 0.274 1.024 1.0829 445 0.2456
2.299 294.94 0.770 0.268 1.012 1.0793 461 0.2467
2.400 294.96 0.820 0.245 1.030 1.0829 462 0.2457
2.400 294.97 0.792 0.276 1.020 1.0829 448 0.2442
2.400 294.95 0.795 0.220 1.006 1.0829 464 0.2488
2.400 294.97 0.826 0.211 1.024 1.0829 474 0.2483
2.400 294.96 0.820 0.209 1.006 1.0829 476 0.2471
2.400 294.95 0.832 0.212 1.010 1.0829 478 0.2457

“Water molar fraction in the mixture.
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TABLE B22. Water-carbon dioxide-nitrogen experiments at about 1 MPa (nucleation pressure) analyzed in
Chapter 5: nucleation data.

y(pm)®  yco, Ppo(MPa) To(K) pMPa)® TXKP £°  Af(ms) J(m 37! S
422 0.0491  2.1315 298.17  1.0152  241.1 1.0632 0.55 1.2:101 99
422 0.0492  2.1228  297.62  1.0090 2405 1.0630 0.56 3.9-108 102
468 0.0491  2.0922 297.06 1.0110 2412 1.0628 0.56 1.5-10%  10.8
430 0.0492  2.1421 29851  0.9971 2398  1.0623 0.60 1.6-104 109
439 0.0494  2.1527 29879  1.0033  240.1 1.0627 0.55 1.9-10 109
422 0.0491  2.1443 29793  1.0014 2395 1.0626 0.55 2.1-10% 109
422 0.0491  2.1244 29725 09939  239.1 1.0622 0.55 3.7-10% 112
469 0.0492  2.1383  298.06  1.0076 2403  1.0629 0.58 1.8-1015 116
446 0.0491  2.1564 29841 09993 2394 1.0625 0.56 1.7-10% 117
485 0.0495  2.1365 29835  1.0034 2403 1.0627 0.59 29-10° 119
494 0.0492 21055 29724  0.9971 2400  1.0622 0.56 1.2-10'¢ 123
470 0.0492  2.1558  297.67 1.0068 2393  1.0631 0.55 1.7-10' 124
510 0.0493  2.0988  296.89  0.9972 2399  1.0623 0.57 3.1-10 128
510 0.0491  2.0975 296.67 09945  239.6 1.0621 0.55 5.4-10'  13.1
510 0.0492  2.1437 29846 09930 2394 1.0621 0.55 6.1-10'¢ 132
403 0.1520  2.1398 29720  1.0000  240.0 1.0746 0.55 2.8-1013 99
412 0.1507  2.1235 29674 09972 2400 1.0740 0.58 54-108% 102
404 0.1513  2.1365 29691  0.9939 2395 1.0739 0.53 7.4-108 103
430 0.1489  2.1465 29828  0.9900 2400 1.0731 0.54 1.3-10"% 105
446 0.1476  2.1249  297.65 09924 2403 1.0730 0.55 27-10% 107
432 0.1468  2.1471  298.14 09883 2397 1.0724 0.57 3.6-10 108
443 0.1500  2.1389  297.94 09878 2398 1.0732 0.55 6.4-10"*  11.0
459 0.1500  2.1638  298.12  0.9991 240.0 1.0743 0.53 2.1-10% 114
464 0.1525  2.1420 29756 09943 2399  1.0742 0.55 2310 115
485 0.1490  2.1550 297.88  1.0040 2404 1.0745 0.55 45100 117
495 0.1482  2.1477  297.90 1.0031 2405 1.0742 0.59 49-10° 118
496 0.1489  2.1518  297.61 09993 2399  1.0740 0.57 201016 123
499 0.1472  2.1452  297.67 09957 2399 1.0733 0.55 2510 124
517 0.1495  2.1630  298.55  1.0001 2404 1.0743 0.57 22:10'° 124
510 0.1485  2.1563 29823 09949 2400 1.0735 0.57 3.8-10'° 126
390 0.2485 22083 29777  1.0072 2398 1.0916 0.57 3.7-1013 9.7
396 02492 22335 298.18  1.0109 2397 1.0923 0.54 9.2:10% 100
401 02501 22015 297.51  1.0045 2397 1.0917 0.58 1.4-10* 100
410 02523 22229 29798  1.0094 2397  1.0929 0.57 3.0-10% 103
441 0.2483  2.1687  297.19  1.0037  240.3 1.0911 0.55 45.10* 105
412 02465  2.1996 29730  1.0022 2394  1.0907 0.57 5210 105
427 02517  2.1893  296.69  1.0088  239.7  1.0927 0.56 1.0-10%5 107
445 02456  2.1916  297.14  1.0070  239.8 1.0910 0.55 29-105  11.1
461 02467 21613 29690  0.9961 2398  1.0899 0.54 6.0-10"° 113
462 0.2457  2.1889  297.38  1.0048 2399  1.0907 0.57 4810 114
448 0.2442 22430 29832  1.0044  239.0 1.0905 0.56 1.5-10'¢ 118
464 0.2488  2.1971  296.93  1.0072  239.5 1.0918 0.55 1.5-10' 118
474 02483 22089 29790  1.0037  239.7 1.0913 0.56 2110 118
476 02471 22073  297.61  1.0022 2394  1.0909 0.56 42.10'°  12.1
478 0.2457 22023 29734  1.0036 2394  1.0907 0.57 4.8-10' 122

“Water molar fraction in the mixture.
bNucleation (pulse) quantity.
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TABLE B23. Water-carbon dioxide-nitrogen experiments at about 2 MPa (nucleation pressure) analyzed in
Chapter 5: mixture preparation data.

Pmpd (MPa) Tmpd (K)  Qa (n/min) Qg (In/min)  Qc (In/min) fc,mpd y (ppm)* YCo,

5.001 291.07 0.879 0.961 0.200 1.1866 210 0.0490
5.001 291.06 0.903 0.944 0.200 1.1866 215 0.0488
5.001 291.07 0.879 0.957 0.200 1.1866 210 0.0490
5.001 291.11 0.959 0.860 0.198 1.1865 232 0.0492
5.001 291.08 0.931 0.891 0.200 1.1866 225 0.0494
5.001 291.08 0.968 0.866 0.200 1.1866 232 0.0491
5.001 291.07 1.009 0.827 0.200 1.1866 242 0.0490
5.001 291.08 1.049 0.806 0.200 1.1866 249 0.0486
5.001 291.09 1.046 0.767 0.200 1.1866 254 0.0496
5.001 291.07 1.071 0.741 0.200 1.1866 260 0.0496
5.001 291.07 1.111 0.717 0.200 1.1866 267 0.0492
5.001 291.07 1.136 0.710 0.200 1.1866 271 0.0488
4.501 291.05 0.773 0.652 0.601 1.1664 203 0.1483
4.501 294.96 0.631 0.823 0.612 1.1605 206 0.1481
4.501 294.94 0.637 0.795 0.604 1.1605 211 0.1483
4.501 291.06 0.789 0.618 0.601 1.1664 209 0.1497
4.501 291.06 0.832 0.607 0.601 1.1664 217 0.1473
4.501 294.97 0.668 0.799 0.621 1.1605 216 0.1487
4.501 291.06 0.860 0.575 0.601 1.1664 225 0.1476
4.501 291.05 0.879 0.564 0.601 1.1664 229 0.1471
4.501 291.07 0.891 0.514 0.601 1.1664 236 0.1498
4.501 291.06 0.922 0.533 0.601 1.1664 239 0.1462
4.501 291.06 0.972 0.491 0.601 1.1664 251 0.1456
4.501 291.05 0.975 0.493 0.601 1.1664 251 0.1453
4.501 291.05 0.981 0.456 0.601 1.1664 256 0.1475
4.501 294.96 0.764 0.652 0.604 1.1605 255 0.1494
4.501 294.97 0.773 0.648 0.607 1.1605 257 0.1496
4.501 291.06 0.972 0.408 0.601 1.1664 261 0.1518
4.501 291.06 0.981 0.440 0.601 1.1664 258 0.1486
4.299 291.05 0.730 0.339 1.012 1.1584 194 0.2431
4.501 291.06 0.767 0.248 1.005 1.1664 202 0.2487
4.501 291.07 0.786 0.240 1.005 1.1664 206 0.2474
4.299 291.05 0.752 0.304 1.008 1.1584 201 0.2442
4.501 291.06 0.817 0.222 1.004 1.1664 213 0.2458
4.501 291.06 0.804 0.259 1.005 1.1664 207 0.2430
4.299 291.06 0.789 0.234 1.012 1.1584 215 0.2486
4.501 291.06 0.841 0.195 1.004 1.1664 219 0.2459
4.501 291.05 0.891 0.122 1.006 1.1664 235 0.2491
4.501 294.98 0.730 0.291 1.018 1.1605 242 0.2496
4.501 291.05 0.888 0.158 1.005 1.1664 230 0.2450
4.501 291.05 0.922 0.099 1.006 1.1664 242 0.2481
4.501 291.05 0.941 0.073 1.008 1.1664 248 0.2492

“Water molar fraction in the mixture.
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TABLE B24.

Water-carbon dioxide-nitrogen experiments at about 2 MPa (nucleation pressure) analyzed in
Chapter 5: nucleation data.

y(ppm)®  yco, Ppo(MPa) To(K) pMPa)® TXP® f£° Af(ms) Jm3s7!) S
210 0.0490  4.1858  297.54  1.9942 2400 1.1298 0.55 6.6-103 9.8
215 0.0488  4.1612 29673  2.0034  240.1 1.1304 0.56 1.9-10% 100
210 0.0490  4.1876  297.03  1.9911 2395  1.1300 0.58 1.7-10"% 102
232 0.0492 42221 29873  1.9966 2405 1.1298 0.52 6.1-10"% 105
225 0.0494 42168 298.09 1.9912 2399 1.1299 0.56 6.4-10"*  10.6
232 0.0491 42036  297.79 19925 2399 1.1299 0.55 2.1-10% 110
242 0.0490  4.1803 29724  1.9966  240.0 1.1301 0.57 4910 114
249 0.0486 42001  297.57  2.0045 2402 1.1303 0.55 1.5-10'° 116
254 0.0496 42275 298.07 19916 2397 1.1302 0.55 3.9-10'0 121
260 0.0496  4.1811 29722  1.9962 2399  1.1304 0.56 5.1-10'6 122
267 0.0492 41903  297.64  1.9952  240.1 1.1300 0.56 99106 124
271 0.0488  4.1713  297.12 19959 2400 1.1299 0.55 1.3-107 127
203 0.1483  4.1410  295.16  2.0036  240.1 1.1679 0.54 8.1-10"3 9.2
206 0.1481 42269 297.12  2.0013 2402 1.1674 0.55 1.5-10' 9.3
211 0.1483 42253  296.64 2.0197 2404 1.1691 0.57 1.4-10' 9.4
209 0.1497 41840  296.04  2.0031 240.1 1.1686 0.55 1.9-10 95
217 0.1473 42216 29779 19802  240.1 1.1652 0.54 6.7-10' 9.7
216 0.1487  4.2865 298.03  2.0044  240.1 1.1682 0.56 8.4-10 9.8
225 0.1476  4.1846 29679  1.9897 2402  1.1662 0.57 1.3-1015  10.0
229 0.1471 42113 29648  2.0039 2400 1.1678 0.54 2810 104
236 0.1498 42390 29742  1.9953 2400 1.1678 0.57 8.9-105 107
239 0.1462 42177 297.05 1.9912 2399 1.1660 0.55 7.7-10 10.9
251 0.1456  4.2199 29722  1.9957 2402 1.1659 0.55 3110 113
251 0.1453 42020 29642  2.0060  240.1 1.1668 0.58 24-10'° 113
256 0.1475  4.1912 29631  2.0068 2403 1.1675 0.54 2.8-10'° 115
255 0.1494 42536 29752 1.9991 2400 1.1681 0.56 6.6-101° 116
257 0.1496 42751 29790 2.0022  240.1 1.1685 0.56 7.1-10'°  11.6
261 0.1518 42260 29695  2.0029  240.1 1.1695 0.56 8510 118
258 0.1486 42209 29661  1.9998 2398  1.1680 0.55 1.0-107 119
194 02431 42791 29652 20015 2397 12130 0.56 1.9-10' 8.7
202 02487 42862 29697  2.0044  240.1 1.2152 0.56 3.7-10' 8.8
206 02474 43149 29735 20132 2403 12154 0.55 3.0-10™ 8.9
201 02442 42736 29620  2.0052 2397 12142 0.55 5.4-10' 9.1
213 0.2458 42310  296.11  1.9963  240.0 12129 0.56 1.0-10" 9.3
207 02430 42803 29657 19936 2395 1.2127 0.57 1.1-10'5 9.4
215 0.2486 42985  296.83  2.0015 2397 1.2158 0.54 2.4-101 9.6
219 0.2459 42851 296.85 19910  239.6 12134 0.55 6.3-101 9.9
235 02491 42670 29658  2.0007 2400 1.2152 0.55 24106 103
242 0.2496 43705 29836  2.0044 2399 12160 0.55 5.6-10'°  10.6
230 0.2450 42931 29630  1.9985 2392 12149 0.54 37101 107
242 0.2481 42903  296.82  1.9994  239.8 12150 0.55 5.2:10'  10.8
248 02492 42974  297.00 1.9934 2396 1.2152 0.52 1.1-10"7  11.1

“Water molar fraction in the mixture.
bNucleation (pulse) quantity.
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Appendix

Chemical potentials and partial derivatives

In this section, more details will be given on the partial derivatives of the chemical potentials
in Eqgs. 6.3-6.5. To this end, each of the chemical potentials (uf, u5, p5, .., 1uS) needs to be
expressed as a function of (S, p, y2, ..,yn—1).2

We start with the partial derivative of the chemical potentials (,uf , uzg, ,u_f, . ,u;f’]) to the
logarithm of S at constant (p, 2, ..,yN—1) in Eq. 6.3. From the definition of supersaturation
S = fflg/ﬁl_eq (see Eq. 2.15),

1§ = 1 eq +KTInS
14
:,ulAs-Q—lenxl,eq—i—/ v dp+kTnS, (C.1)
Pls

with (1 ¢q the chemical potential of the condensing component “1” with its gaseous and liquid
phase at equilibrium, x; ¢q the liquid fraction of “1” at equilibrium, ( flf’l . ‘/1 dp) the Poynt-
ing contribution and with ;s and p; the chemical potential and the pressure of the pure
component “1” at saturation (see Sec. 2.1). It follows that

op
dlnS

= KT. )
PsY25--:YN—1

In addition, for y; < (y2, ¥3, -.,yN), it can be safely assumed that (u5, u;‘;, ., 4§ are not
influenced by the variations of S due to the variation of y; at constant T and (p, y2, ..,yN—1)-
Hence,

o
dInS

=0 fori=2,3,.,N. (C.3)
PsY2;5-YN—-1

Finally, Eq. 6.3 simplifies as follows

JdlnJ

_— =An}+1 4
dlnS mt €4

P:Y25-:YN—1

which enables a straightforward calculation of Anj from the experimental J-S curves at con-
stant T and (p,y2,-.,YN—1)-

#Note that the temperature 7 is not included, being T = const for the present analysis.
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The partial derivative of uf with respect to p in Eq. 6.4 and with respect to dyq in Eq. 6.5
can be obtained from Eq. C.1 as

oué kT Oxige

Tpl S,¥2,- N1 B Vﬁ +xl,eq ﬁ S,Y2,-N-1 ©
and

ouf _ KT 9xieq , (C.6)

8yq S.PYiA{1.4.N} Heq ayq PYiA{1,9.N}

The partial derivative of the chemical potentials (uf, uj, uf, .., u3) to the pressure p
at constant (S, y2, ..,yn—1) in Eq. 6.4 can be obtained as follows. We now introduce the
correlation between chemical potential ,uig and fugacity ﬂig for the generic i component in

its gaseous phase

g ﬁg
S = Ui ref e, T)+kTln | —F—— C.7
1y Hl,ret(Preta )+ n |:<%.ref(prefa T)] ) (o))

where [i; ror and Z; ot are the chemical potential and the fugacity of the pure component i at
the temperature 7 and an arbitrary reference pressure pr.s. Thus, at constant temperature 7

a'uig = kl ayig (C.8)
g .
Ip S.y25- N1 yi Ip Y2, YN-1
and
i AL O 9
dy . FE oy . ’ '
418, pYjt(1.4.N) i 94 1pyisi1aN}
with
FE =i p. (C.10)

The parameter ¢; in Eq. C.10 denotes the fugacity coefficient, which can be defined by means
of the virial EOS as

Ineo: — o
n¢; RT’

al p
2 Byjyj —B} (C.11)
j=1

where B is the second virial coefficient of the mixture, defined as

Z

B =

Mz

i) Bij. (C.12)
1i=1

In Eqs. C.11 and C.12, B;; denotes the second virial coefficient of the pure i component and
Bij; stands for the second cross-virial coefficient of the i-th and j-th interacting components
(see Chapter 2.1.1).
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Cby

coefficient of the diaphragm opening function in the 2D model
computational quantum chemistry (empirical) coefficient of Bjj;
open diaphragm surface area at the time ¢ in the 2D model
monomer surface area

total diaphragm surface area

surface area of a cluster with n molecules (n-mer)

average surface area per adsorption site

computational quantum chemistry (empirical) coefficient of Bjj;
second virial coefficient of a mixture

second cross virial coefficient for a system of two i and j # i inter-
acting components

second virial coefficient of a pure component i

coefficient of Jexp

number of possible configurations for the adsorbed layer
non-dimensional coefficient of the Hale scaling model %
isochoric heat capacity per molecule in the liquid

coefficient of Jemp

coefficient of Jexp

enhanced heat capacity of the (carrier) gas at constant volume
non dimensional cpy

enhanced ¢y (increased collision rate of the high energy monomers)
isochoric heat capacity of the (carrier) gas

isobaric vapor monomer heat capacity

isochoric vapor monomer heat capacity

open diaphragm dimension at the time 7 in the 2D model
coefficient of Jepp

coefficient of Jexp

coefficient of Jexp

coefficient of Jexp

total diaphragm dimension

diffusion coefficient

fugacity

enhancement factor

Helmholtz free energy of the adsorbates

enhancement factor at the MPD conditions
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I

Isca
Isca,Th
J
Jemp
Jexp
Jiso
J<n>
Jont

SEIE R e

S S
*

Pmpd
Ps
Pv

Oa

ms—2

J

m

Jm 27!
Jm 257!
Tm2s7!
Jm 2!
m3 57!
m 35!
m 35!
m—3s!
m 3!
m3 57!
JK!
m 35!
m
normal liters
Tkg™!
kg

kg mol ™!
m-3
mol !

Pa

Pa

Pa

Pa

Pa

Pa

Pa

Pa

I, min~!
I, min~!
I, min~—!

gravitation acceleration

Gibbs free energy

height

dimensionless parameter in non-isothermal nucleation
transmitted irradiance

transmitted irradiance before expansion

scattered irradiance

scattered irradiance from Mie theory

nucleation rate

nucleation rate calculated from the empirical expression
nucleation rate calculated from experimental J-S data fitting
isothermal nucleation rate

net transition rate between clusters of size n and size (n+ 1)
nucleation rate predicted by CNT

Boltzmann constant

pre-exponential factor

extinction length

volume

latent heat of evaporation

mass

refractive index

molar mass

number of cluster molecules

critical cluster size

total number of molecules at the initial gaseous state
number density of droplets

number of vapor monomers (gaseous phase)

critical cluster size according to the Gibbs-Thomson equation
(CNT)

number of molecules in the cluster core (liquid phase)
number of molecules at the cluster surface

number of mixture components

Avogadro’s number

number of sites occupied by the adsorbed molecules of the i-th car-
rier gas

pressure

partial pressure of the gaseous phase

probability of the j-th configuration

Langmuir pressure

partial pressure of the liquid phase

Langmuir pressure

pressure condition at the MPD

saturated vapor pressure

partial vapor (condensing component) pressure

flow rate

flow rate at the exit of sat, and saty,

flow rate to sat, and saty,
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Og 1, min~! dilution flow rate
Oc I, min~! dilution flow rate of CO,
OH,0 I, min~! water flow rate
Qext - extinction efficiency
Orot I, min~! total flow rate at the exit of the MPD
r m droplet radius
rei> m monomer radius
Ten> m radius of cluster with n molecules (n-mers)
R Jmol~! K™! universal gas constant
S - supersaturation
s/ - supersaturation according to Wedekind et al. '3
S JK! entropy
So JK! entropy of the system at the initial (gaseous) state
sA JK! entropy of the adsorbates
Se JK! entropy of vapor monomers (gaseous phase)
sig“§ JK! internal molecular entropy of a gas molecule (i carrier gas)
Si JK! entropy of cluster core (liquid phase)
S* JK! entropy of cluster surface
Se JK™! configurational entropy on a per molecule basis
t s time
fdiaph S total opening time of the diaphragm
T K temperature
Ty K temperature HPS wall temperature
T. K critical temperature of water
Tho K temperature at the heated box
Tinpd K temperature at the MPD
T K target scaling temperature in the Hale model %
u - extended uncertainty with 95% confidence interval
ms~ 1 velocity component in the axial direction
”gA.i J potential energy of the interaction between the adsorbed gas
' molecules (i carrier gas) and the liquid surface
ug‘} J internal molecular energy of a gas molecule (i carrier gas)
U - standard uncertainty
U J internal energy
U vector of unknowns
uA J internal energy of the adsorbates
Uy J internal energy of the system at the initial (gaseous) state
Us J internal energy of vapor monomers (gaseous phase)
U’ J internal energy of cluster core (liquid phase)
Us J internal energy of cluster surface
m3 molecular volume
ms~ 1 velocity component in the radial direction
vA m3 effective volume available for the translation of an adsorbed
molecule
Ve m> molecular volume of the carrier gas ( free molecules)
¢ m3 molecular liquid volume
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7 m3 molecular bulk liquid volume
vf m3 molecular liquid volume of component ‘1’
Vens m3 volume of clusters with n molecules
% m3 mol ! molar volume
Vo m3 volume occupied at the initial (gaseous) state
Ve m? volume occupied by the vapor monomers (gaseous phase)
vt m? total volume occupied by the liquid phase (cluster)
yref m3 reference volume
w J work of cluster formation
X - liquid molar fraction
x m axial coordinate
X - non-dimensional parameter in non-isothermal nucleation
X convective flux in x direction
Xg - carrier gas solubility in the liquid phase
y m radial coordinate
y - gaseous molar fraction
y1 - gaseous molar fraction of the condensing component ‘1’
yéq - equilibrium molar fraction at the MPD conditions
Y convective flux in y direction
Z - compressibility factor
z - Zeldovich factor
Greek
a - non-dimensional droplet radius
B m~! extinction coefficient
B<n> s~ ! condensation rate of n-mers
Yen> s7! evaporation rate of n-mers
AG J Gibbs energy of cluster formation
AG* J Gibbs energy of critical cluster formation
At, S nucleation pulse duration
6; surface coverage of the i-th gas component
(©) - non-dimensional surface tension
A m wavelength of light
A - non-dimensional parameter in non-isothermal nucleation
u J chemical potential
Uo JK! chemical potential of the system at the initial (gaseous) state
us JK! chemical potential of vapor monomers (gaseous phase)
[,L;;i JK! chemical potential of i carrier gas molecules adsorbed at the
cluster surface
,ug’i JK! chemical potential of i carrier gas free molecules
ut JK! chemical potential of cluster core (liquid phase)
us JK! chemical potential of cluster surface
Vi ms~! the mean molecular (thermal) velocity of component ‘1’
Vg ms! mean molecular (thermal) velocity of the (carrier) gas
p m—3 total number density of the mixture

p1 m partial molecular number density of component ‘1’
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P<1> m
Pg m
P<n> m
pe kg m
P kg m

-1
Og N m

Subscripts

€q
emp
exp
g
GT
id

l

p
ref
S

0

Superscripts

mNOmg*}

Operators

number density of monomers

the molecular gas and vapor number densities

number density of clusters with n molecules

bulk liquid density

liquid density of component ‘1’

surface tension

the contribution of the adsorbate to the surface tension
bulk liquid surface tension

coefficient of the linearized dependence of the surface tension
on pressure for the case of pure gas i

fugacity coefficient

diameter of the widening

available adsorption sites at the condensing cluster surfaces
empirical correction function of Jemp

equilibrium condition
empirical
experimental
(carrier) gas
Gibbs-Thomson
ideal

bulk liquid

pulse

reference state
saturated (pure component) state
initial gaseous state

denotes a quantity associated to the adsorbate
denotes a quantity associated to critical clusters
equilibrium condition

gaseous state

denotes a quantity associated to the free molecules
liquid state

liquid-gaseous interface (cluster surface)

derivative of
partial derivative of
difference or variation of
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Acronyms
2D 2 dimensional
3D 3 dimensional
Ay optical window (laser access to test section)
Ay optical window (PM access to test section)
Az optical window (PD access to test section)
AUSM Advection Upstream Splitting Method
b pressure ripple
C reduction section in the LPS of Peter’s tube ®°
CAMS constant angle Mie scattering
CI confidence interval
CNT Classical Nucleation Theory
D diaphragm section
E expansion wave
ECC expansion cloud chamber
EoS Equation of State
Gy gas bottle of pure dry gas at the MPD
Gy gas bottle of pure dry gases (N2+CO3)
GL gas bottle of pure dry gas at the LPS
HPS high pressure side of the PEWT
HPS; element of HPS with square-shaped section
HPS, transition element of HPS from square to circular section-shape
HPS; element of HPS with circular-shape section
IAPWS International Association for the Properties of Water and Steam
LFDC laminar flow diffusion chamber
LFTR laminar flow tube reactor
LPS low pressure side of the PEWT
MEC mass flow controller
MPD Mixture Preparation Device
MUSCL Third Order Monotone Upstream - Centered Scheme
NPEWT nucleation pulse in the PEWT
nP nucleation pulse in the Peter’s tube %
o observation point ( axial position of test section)
Ow radial projection of O at the HPS wall
P, vacuum manometer at the HPS
P, vacuum manometer at the LPS
PD photodiode
PE piezoelectric transducer
PEWT Pulse-Expansion Wave Tube
PM photomultiplier
PR piezoresistive transducer
rE expansion wave E reflected at the HPS end-wall
rE, (E reflected at W (or C for the Peter’s tube)®°
rEw» rE reflected at W5
rSh sh; reflection at the HPS end-wall

rSh;c

rSh; reflection at W (or C for the Peter’s tube) %



Nomenclature 127
RH relative humidity sensor
SAFT-VR statistical associating fluid theory - variable range
SGT square-gradient theory
saty saturator a
saty, saturator b
sh shock wave
shy shock wave reflection at W (or C for the Peter’s tube)®®
sP second nucleation pulse in the Peter’s tube®
SSN supersonic nozzles
TDCC thermal diffusion cloud chamber
TPEC two pistons expansion chamber
TVEC two valve expansion chamber
UPC upstream pressure controller
Vi bypass valve at the HPS
VH1 HPS inlet valve
VH2 HPS outlet valve
Vus valve between HPS and VPy
Vib metering valve at the heated box
VL1 LPS valve to VP, and Gy,
Vi2 LPS valve to waste
Vi3 LPS valve to VP,
VPy HPS vacuum pump
VP, LPS vacuum pump
W widening at the LPS
Wi enlargement section of W

reduction section of W
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