


  



 
 
 
 
 
 
 

New Insights into Nucleation 

 

Pressure Trace Measurements and the First  
Small Angle X-ray Scattering Experiments 

in a Supersonic Laval Nozzle 
 

 

 
 

Inaugural - Dissertation 
 
 
 

 
zur 

Erlangung des Doktorgrades 
der Mathematisch-Naturwissenschaftlichen Fakultät 

der Universität zu Köln 
 
 
 
 
 

vorgelegt von 
 

David Ghosh 
geboren in Neu Delhi, Indien 

 
 

Köln 2007 



  

 

 

 

 

 

 

Berichterstatter: Prof. Dr. Reinhard Strey, Universität zu Köln 

 PD Dr. Thomas Kraska, Universität zu Köln 

 Prof. Dr. Barbara E. Wyslouzil, The Ohio State University 

 

Tag der mündlichen Prüfung: 06.11.2007  



 

 

 

 

 

 

 

 

 

 

Many years ago as a small child I stood on a brick wall, 

the wall was huge compared to me, 

 and barbed wire was lying right in front of the wall. 

It was a huge jump to make it across the barbed wire. 

I was not alone on the wall,  

there were other children from my neighborhood. 

I was the youngest and therefore the smallest and weakest. 

They all jumped from the wall across the barbed wire. 

They dared me to jump. 

I knew I wouldn’t make it. 

Yet I was not scared. 

I jumped. 

I didn’t make it and landed in the barbed wire. 

I didn’t shed a single tear. 

Today I carry the scares with pride. 

 

Even today I take every hurdle, fear no fear, 

and the saying “once bitten, twice shy” is left unheard. 

I am growing, the wall is shrinking, 

and so is the gap with the barbed wire. 
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Abstract 

Homogeneous nucleation rates of the n-alcohols and the n-alkanes have been determined 

by combining information from two sets of supersonic Laval nozzle expansion experi-

ments under identical conditions.  The nucleation rates J = N / ∆tJmax for the n-alcohols are 

in the range of 1·1017 < J / cm-3s-1 < 5·1017 for the temperatures 207 ≤ T / K ≤ 249, the nu-

cleation rates for the n-alkanes lie in the range of 5·1015 < J / cm-3s-1 < 2·1018 for the tem-

peratures 143 ≤ T / K ≤ 215.  For the first time it is shown that the nucleation rate is not 

only a function of the supersaturation and temperature but clearly also sensitive to the ex-

pansion rate during supersonic nozzle expansion.  A good agreement between the experi-

mental results and those available in literature is found by applying Hale’s scaling formal-

ism [Hale, B., Phys. Rev. A 33, 4256 (1986); Hale, B., Metall. Trans. A 23, 1863 (1992)].  

The scaling parameters from this work are also in good agreement with those shown by 

Rusyniak et al. [Rusyniak, M., M. S. El-Shall, J. Phys. Chem. B 105, 11873 (2001)] and 

Brus et al. [Brus, D., V. Ždímal F. Stratmann, J. Chem Phys. 124, 164306 (2006)].  In the 

first experiment static pressure measurements were conducted for the n-alkanes to deter-

mine the condensible partial pressure, temperature, supersaturation, characteristic time, and 

the expansion rate corresponding to the maximum nucleation rate.  Characteristic times in 

the range of 13 ≤ ∆tJmax / µs ≤ 34 were found.  In the second set of experiments, the first 

flow rate resolved Small Angle X-ray Scattering experiments are conducted to determine 

the particle number density for both substance classes.  Particle number densities in the 

range of 1·1012 < N / cm−3 < 5·1012 and 1·1011 < N / cm−3 < 3·1012 for the n-alcohols and 

n-alkanes are found, respectively.  Additionally, by analyzing the radially averaged scatter-

ing spectrum, information on the mean radius and the width of the size distribution of the 

aerosols is obtained.  Mean radii for the n-alcohols in the range of 4 < ‹r› / nm < 10 and for 

the n-alkanes in the range of 5 < ‹r› / nm < 31 are found.  The variations of the mean radius 

and the width of the size distribution with the flow rate and growth time, the systematic 

changes with increasing carbon chain length within one class of compounds, as well as the 

difference in behavior of these parameters between the n-alkanes and the n-alcohols 

deepen the knowledge of the growth behavior of nano-aerosols formed during supersonic 

nozzle experiments.     
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Kurzzusammenfassung 

Die homogenen Keimbildungsraten von n-Alkoholen und n-Alkanen werden mit Hilfe 

zweier Sätze von Laval-Überschalldüsen-Experimenten unter identischen Bedingungen 

bestimmt.  Die Keimbildungsraten J = N / ∆tJmax von n-Alkoholen sind in der Größenord-

nung von 1·1017 < J / cm-3s-1 < 5·1017 für Temperaturen von 143 ≤ T / K ≤ 215, die Keim-

bildungsraten von den n-Alkanen liegen in der Größenordnung von 

5·1015 < J / cm-3s-1 < 2·1018 für Temperaturen zwischen 207 ≤ T / K ≤ 249.  Zum ersten 

Mal konnte gezeigt werden, dass die Keimbildungsrate nicht nur eine Funktion von Über-

sättigung und Temperatur, sondern eindeutig auch abhängig von der Expansionsrate wäh-

rend der Überschalldüsen-Experimente ist.  Eine gute Übereinstimmung zwischen den 

experimentellen Ergebnissen und denen aus der Literatur konnte durch Anwendung von 

Hale’s Skalierungsformalismus [Hale, B., Phys. Rev. A 33, 4256 (1986); Hale, B., Metall. 

Trans. A 23, 1863 (1992)] gefunden werden.  Die Skalierungsparameter dieser Arbeit 

stimmen ebenso gut mit denen von Rusyniak et al. [Rusyniak, M., M. S. El-Shall, J. Phys. 

Chem. B 105, 11873 (2001)] und Brus et al. [Brus, D., V. Ždímal F. Stratmann, J. Chem 

Phys. 124, 164306 (2006)] überein.  Im ersten Satz von Experimenten werden statische 

Druckmessungen für die n-Alkane durchgeführt, um den kondensierbaren Partialdampf-

druck, die Temperatur, die Übersättigung, die charakteristische Zeit und die Expansionsra-

te korrespondierend zu der maximalen Keimbildungsrate zu bestimmen.  Charakteristische 

Zeiten in der Größenordnung von 13 ≤ ∆tJmax / µs ≤ 34 wurden ermittelt.  Im zweiten Satz 

von Experimenten werden die ersten flussratenaufgelöste Kleinwin-

kel-Röntgenstreuexperimente durchgeführt, um die Teilchenzahldichte beider Substanz-

klassen zu bestimmen.  Teilchenzahldichten in der Größenordnung von 

1·1012 < N / cm−3 < 5·1012 und 1·1011 < N / cm−3 < 3·1012 werden für die n-Alkohole sowie 

die n-Alkane gefunden.  Zusätzlich werden durch die Analyze des radial gemittelten Streu-

spektrums Informationen bezüglich des mittleren Radiusses und der Breitenverteilung der 

Aerosole erlangt.  Mittlere Radien werden für die n-Alkohole in der Größenordnung von 

4 < ‹r› / nm < 10 und für die n-Alkane in der Größenordnung von of 5 < ‹r› / nm < 31 de-

tektiert.  Die Änderungen des mittleren Radiusses und der Breitenverteilung mit Flussrate 

und Wachstumszeit, das systematische Verhalten mit steigender Kohlenstoffkettenlänge 

innerhalb einer Substanzklasse sowie die Änderung im Verhalten dieser Parameter bei 

n-Alkanen und n-Alkoholen vertieft das Verständnis vom na-

no-Aerosolwachstumsverhalten während Überschalldüsen-Experimenten. 
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1 Introduction 

1.1 Condensation and Nucleation 

The galaxy, the planet, and we ourselves consist of matter.  Everyday we are exposed to 

different materials, e.g. water, cloth, metal, wood…, but also to different type of states of 

one material/substance, e.g. gaseous, liquid and solid.  The different states of one material 

are in a dynamical equilibrium with each other, thus, liquids and gases constantly evapo-

rate and condense.  Despite the tremendous presence of materials / substances in their dif-

ferent states and our natural behavior to this exposure, it is up to date not fully understood 

how phase transitions function within the dynamics of this equilibrium.  

Vapor phase condensation plays an essential role in many natural and industrial proc-

esses including cloud formation and the separation of water and hydrocarbons from natural 

gas.  The first stage of condensation is nucleation, the formation of the initial microscopic 

fragments of the stable phase from the meta-stable mother phase.  Further growth and ag-

ing build up the macroscopic phase (Figure 1.1).  From these three phenomena, nucleation 

is the least well understood and hardest to predict, because the initial fragments are very 

small, meta-stable and short-lived.   

 

Figure 1.1: Schematic figure of the phase transition from gas to liquid. 
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It is important to distinguish between two types of nucleation.  Homogeneous nuclea-

tion is nucleation in the absence of any foreign surfaces or particles, while heterogeneous 

nucleation occurs in the presence of foreign surfaces and particles.  Even though most con-

densation processes in nature are initiated by heterogeneous nucleation, it is important to 

understand the much simpler homogeneous nucleation process first.  

Even though there have been many theoretical approaches, such as the Classical Nu-

cleation Theory (CNT) by Becker and Döring1 or also more recent approaches like 

EMLD-DNT,2 which try to describe homogeneous nucleation quantitatively, it is still not a 

trivial task to predict the nucleation rate correctly.  Deviations of several orders of magni-

tude between theoretical predictions and experimentally determined nucleation rates are 

common.  In some cases these deviations are attributed to the fact that the new phase is a 

supercooled liquid whose physical properties are uncertain.  In other cases the problem is 

assumed to stem from theories that do not account for the complex intermolecular poten-

tials of the molecules of experimental interest.   

Whenever experimental results are compared to theoretical predictions it is evident that 

most theories fail to describe a set of experiments in a wide temperature range.  For exam-

ple, Wölk and Strey3 showed that CNT is able to predict the measured H2O nucleation rates 

at 240 K accurately, however, shows a disparate temperature dependency.  While the the-

ory predicts too high rates for high temperatures, the isotherms lie too low at low tempera-

tures.  Such a disparate temperature trend has also been observed for other substances such 

as n-nonane4 and for the homologous series of n-alcohols starting from 1-methanol to 

1-hexanol.5  Surprisingly, even for molecules like argon, where the intermolecular poten-

tials are well known, discrepancies between theoretical and measured nucleation rates of 

16 to 26 orders of magnitude have been observed.6  Additionally, a similar disparate tem-

perature dependency is found.  

Comparisons between theory and experiment are enhanced by measurements made over 

a wide range of nucleation rates, temperatures, and supersaturations.  Figure 1.2 exhibits 

the range of nucleation rates for numerous experimental devices.7 For example, in the dif-

                                                 
1 Becker and Döring, 1935. 
2 Reguera and Reiss, 2004b; Reguera and Reiss, 2004a. 
3 Wölk and Strey, 2001. 
4 Wagner and Strey, 1984. 
5 Strey, Wagner, and Schmeling, 1986; Biet, 1998; Iland et al., 2004b. 
6 Iland, 2004a. 
7 For a review of nucleation experiments see Strey, Wagner, and Schmeling, 1986; Heist and He, 1994; 
Laaksonen, Talanquer, and Oxtoby, 1995. 
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fusion cloud chamber8 the fog accumulation of a liquid between two different tempered 

plates is investigated.  In case of the laminar diffusion cloud chamber9 a vapor flows from 

a warm liquid filled tube into a cold tube in which condensation takes place.  In supersonic 

nozzles10 and wave tubes11 a gas mixture can be expanded.  Here, the nucleation is detected 

by a deviation in the pressure profile or also by light scattering, respectively.  These ex-

perimental apparatuses initially only detect the onset conditions, i.e. the conditions at 

which newly built droplets can already be detected.  In case of the supersonic nozzle Khan 

et al.12 have developed a method, by which the maximum nucleation conditions can be 

derived.  The maximum nucleation conditions are not sensitive to the experimental detec-

tion method, and thus, not system specific.  One of the key parameters of the nucleation 

phenomenon is the nucleation rate J, the number of clusters/aerosols formed per unit vol-

ume and time.  With the single piston expansion chamber developed by Allard and Kass-

ner,13 the nucleation rate can be directly measured by expanding a gas mixture and simply 

counting the particle number density.  In the nucleation pulse chamber,14 the particle num-

ber density is determined by evaluating the Mie15 scattering signal, while the characteristic 

time, the time associated to the formation of the clusters/aerosols, is determined by analyz-

ing the width of the expansion pulse.  The ratio of both properties yields the nucleation rate 

J.  The shock tube16 and the pulse expansion wave tube17 are built in a manner that the 

pressure wave itself is pulsed.  This enables direct measurements of the nucleation rate J. 

However, since most experimental devices can access only a limited range of nucleation 

rates (< 3 – 5 orders of magnitude (Figure 1.2)), data from many different experimental 

setups must be combined to stringently test theoretical predictions.  The existing discrep-

ancies between theoretical predictions and experimental nucleation results, as well as be-

tween experimental results themselves, make it evident that further reliable data sets of 

nucleation experiments are indispensable.   

                                                 
8 Katz, 1970; Heist and Reiss, 1973; Hung, Krasnopoler, and Katz, 1989. 
9 Anisimov et al., 1998; Lihavainen and Viisanen, 2001a. 
10 Wegener, 1966; Wyslouzil et al., 1994. 
11 Peters and Paikert, 1989. 
12 Khan et al., 2003. 
13 Allard and Kassner, 1965. 
14 Wagner and Strey, 1981; Strey, Wagner, and Viisanen, 1994. 
15 Wagner, 1985. 
16 Peters, 1982; Peters, 1983. 
17 Looijmans and van Dongen, 1997. 
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Figure 1.2: Different vapor-liquid nucleation experiments and their respective measuring window (details and 

references: see text).18 

The n-alcohols and the n-alkanes form two classes of compounds that are accessible to 

most experimental devices, and they have the further advantage that, in most nucleation 

experiments, condensation occurs at temperatures far above the triple point where the 

physical properties are well known.  In 1995 at the workshop of Nucleation Experiments - 

State of the Art and Future Development in Prague the nucleation community chose 

n-pentanol in helium as carrier gas at temperatures of 240 K, 250 K, and 260 K as the best 

compound with suitable temperatures for a series of individual experiments on homogene-

ous nucleation.19  The goal was to measure nucleation rates spanning a range of 

J ~ 20 cm-3s-1 orders of magnitude.  

Since it is important for chemical engineering processes to understand and to be able to 

predict systematic trends for a homologous series of substances the investigation on 

n-pentanol has been extended by many groups and the nucleation properties for the ho-

mologous series of n-alcohols have been further investigated.20  During an overseas re-

search project from June – October 2003 in the Aerosol Laboratories of 

Prof. B. E. Wyslouzil at the Worcester Polytechnique Institute the nucleation behavior of 
                                                 
18 Figure according to Iland, 2004a. 
19 Smolík and Wagner, 1996. 
20 Kacker and Heist, 1985; Strey, Wagner, and Schmeling, 1986; Viisanen and Strey, 1994; Strey, Viisanen, 
and Wagner, 1995; Hruby, Viisanen, and Strey, 1996; Luijten, Baas, and van Dongen, 1997; Viisanen, 
Wagner, and Strey, 1998; Zdimal and Smolik, 1998; Rudek et al., 1999; Anisimov et al., 2000; Graßmann 
and Peters, 2000; Lihavainen, Viisanen, and Kulmala, 2001b; Graßmann and Peters, 2002; Schmitt and 
Doster, 2002; Iland et al., 2004b; Brus et al., 2005; Brus, Zdimal, and Stratmann, 2006. 
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the n-alcohols (CiH2i+1OH, i = 3 - 5) was investigated by conducting pressure trace meas-

urements in a supersonic nozzle apparatus.  The results of these experiments are the tem-

perature TJmax, condensible partial pressure pJmax, supersaturation SJmax, and characteristic 

time ∆tJmax corresponding to the maximum nucleation rate.  Our promising results led to a 

publication where a detailed discussion of Figure 1.3 is given.21  

 

Figure 1.3:  The pressure vs. the inverse temperature (left) and the supersaturation vs. the temperature (right) 

corresponding to the maximum nucleation rate. The solid, dashed dotted, and the dashed line in the right 

figure represent the predictions of Classical Nucleation Theory for J = 5.1016cm-3s-1 for n-propanol, n-butanol, 

and n-pentanol, respectively.  A detailed discussion of these figures is given in Gharibeh et al..21    

However, since the nucleation rate J is defined as 

VV

NZ

Jt

N
TSJ

ρ

ρ

max

),(
∆

= , (1.1) 

and we had not measured the particle number density N in our supersonic nozzle, we could 

only estimate the nucleation rate J based on the values of N measured for H2O, D2O, and 

H2O - D2O aerosols using Small Angle Neutron Scattering (SANS) in the identical noz-

zle.22  In equation (1.1) the ratio ρNZ / ρVV accounts for the change in gas density between 

the region where the particles were formed – the nucleation zone (NZ) – and the region 

where the particle number density was measured – the viewing volume (VV) – and is 

                                                 
21 Gharibeh et al., 2005. 
22 Kim et al., 2004. 
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available from the pressure trace measurements.  The motivation of this work is to charac-

terize the missing variable, the particle number density N, via the first Small Angle X-ray 

Scattering experiments in a Laval supersonic nozzle, and thus to determine the nucleation 

rate J. 

Another interesting substance class closely related to the n-alcohols are the n-alkanes.  

The n-alkanes play an essential role in the petrochemical industry during production, sepa-

ration, transport, and handling of oil and natural gas.  Natural gas containing mainly meth-

ane but also water and long chained hydrocarbons, like the n-alkanes, is found at high pres-

sures beneath the earth surface in large cavities and other hollow rock formations.  This gas 

mixture is passed through throttling valves and pipelines.  Here, the gas undergoes a pres-

sure drop.  Consequently, nucleation of the long chained hydrocarbons takes place.  This 

process can be used as a separation and purification process.  Understanding the nucleation 

processes of long chained n-alkanes, for example in supersonic nozzles, can help engineers 

build more efficient pipeline systems with more sophisticated separation techniques.  Dur-

ing the prior mentioned overseas research project, the first preliminary pressure trace 

measurements of n-nonane (Table 8.5 values with asterisk) were performed in a supersonic 

nozzle. These results promised interesting nucleation behavior.  This motivated to extend 

the investigation on the nucleation and growth behavior of the homologous series of 

n-alkanes (CiH2i+2, i = 7 - 10). 
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1.2 Task Description 

The task of the present work was to determine the homogeneous nucleation behavior of 

n-alcohols (CiH2i+1OH, i = 3 - 5) and n-alkanes (CiH2i+2, i = 7 - 10) during supersonic noz-

zle expansion.  For this, three experimental projects were assigned. 

First, the particle number density of the n-alcohol (CiH2i+1OH, i = 3 - 5) aerosols at flow 

rates similar to the preceding publication23 had to be determined by Small Angle X-ray 

Scattering experiments.  Combining the particle number densities with the characteristic 

time obtained from the earlier thermodynamic measurements23 reveals information on the 

nucleation rate in supersonic nozzles.  Additionally, the mean radius and the width of the 

size distribution function had to be determined from the SAXS measurements. 

Second, by conducting pressure trace measurements of the n-alkanes (CiH2i+2, i = 7 - 10) 

information on the partial pressure, temperature, supersaturation, expansion rate, and the 

characteristic time corresponding to the maximum nucleation rate had to be obtained.  Due 

to the higher complexity of the molecules, the temperature dependency of the constant 

pressure heat capacity had to be imbedded into the data analysis technique. 

Third and final, the particle number density of the n-alkane (CiH2i+2, i = 7 - 10) aerosols 

had to be determined by Small Angle X-ray Scattering experiments.  Again, combining the 

particle number densities with the characteristic time obtained from the pressure trace 

measurements yields information on the nucleation rate in supersonic nozzles.  Addition-

ally, the mean radius and the width of the size distribution function had to be determined. 

 

 

                                                 
23 Gharibeh et al., 2005. 





 

 17 

2 Theory of Phase Transitions and Vapor to Liquid 

Nucleation 

As this work deals with the gas to liquid phase transition, the condensation, a brief review 

of the theoretical basics needed to understand phase transition is presented in this chapter.  

After a short summary of the fundamentals for phase transitions24 (Chapter 2.1), the Ehren-

fest24 classifications for phase inversions are summarized in chapter 2.2.  Chapter 2.3 dis-

cusses the importance of treating the heat capacity for complex molecules in a temperature 

dependent manner during expansion experiments.25  And finally, the Classical Nucleation 

Theory is given in chapter 2.4.26 

2.1 Phase Transitions
24

 

Before starting this chapter with well known thermodynamic facts, I would like to address 

the reader with a simple question:  Why is equilibrium water at 1.00 atm and 373.14 K a 

liquid, however, at 1.00 atm and 373.16 K a vapor?  Why does such a minor change in 

temperature make such a significant difference in structure and thermophysical properties? 

The answer to this question is related to the fact that the free Gibbs energy of a system 

at equilibrium conditions always strives for a minimum.  Figure 2.1 illustrates schemati-

cally the molar free Gibbs energy (chemical potential) of liquid and gaseous water as a 

function of temperature at 1.00 atm.  If at a given temperature one phase has a lower 

chemical potential (solid line) than that of any other phase (dashed line), the system can 

lower its molar free Gibbs energy by relaxating into the thermodynamical stable phase.  

For example, at temperatures below 373.15 K the chemical potential of the liquid phase is 

lower than that of the vapor phase, thus, under equilibrium conditions we will find liquid 

water.  If the temperature is increased above 373.15 K, also only slightly, the chemical 

potential of the vapor phase is lower than that of the liquid phase, and thus, if we allow the 

                                                 
24 Wedler, 1997; Atkins, 1998; Mortimer, 2000. 
25 Witte and Tatum, 1994. 
26 Becker and Döring, 1935. 
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system to rest until equilibrium is reached we shall observe that a phase transition has 

taken place, i.e. we will find gaseous water. 

liquid
liquid

vapor

vapor
Gm

T373.15 K  

Figure 2.1: The molar Gibbs energy of water vs. the temperature near the liquid-vapor phase transition. The 

minimization of the molar Gibbs energy determines the stable phase (solid line) compared to the meta-stable 

state (dashed line) at a given temperature. 

In order to fully understand Figure 2.1 it is important to review the following basic ther-

modynamic relationship 

m
p

m S
T

G
−=








∂

∂
. (2.1) 

Here Gm is the molar free Gibbs energy, and Sm the molar entropy.  The molar entropy of 

gaseous water is greater than that of liquid water, and thus, the slope of the gaseous curve 

in Figure 2.1 is more negative than the slope of the liquid.  The intercept of the liquid and 

the gaseous curve is the equilibrium vapor pressure at 313.15 K.  Above this temperature, 

the gaseous curve lies lower than the liquid curve, thus, the vapor is the stable phase (solid 

line), and the liquid is the meta-stable phase (dashed line).  Below the normal boiling tem-

perature, the liquid is stable (solid line), and the gaseous phase is meta-stable. 

Figure 2.1 can also be understood by the following basic thermodynamic relationship 

mmm TSHG −= . (2.2) 

At a constant temperature, it is possible to minimize the molar free Gibbs energy Gm by 

either lowering the enthalpy Hm or by increasing Sm.  The latter has a stronger influence at 
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high temperatures compared to low temperatures, as it is proportional to the temperature T. 

Thus, the phase of higher molar entropy is the stable phase at high temperatures. In con-

trast, the phase of lower molar enthalpy is the stable phase at low temperatures. The tem-

perature of coexistence is the temperature at which these terms balance each other. 

It is also possible to induce phase transitions by varying the pressure at a given tempera-

ture. Figure 2.2 illustrates the free Gibbs energy of liquid and gaseous water as a function 

of pressure at 373.15 K. The slope to fit the tangent of the curve is given by 

m

T

m V
p

G
=









∂

∂
. (2.3) 

The molar volume Vm of the gas is greater than that of the liquid phase, and thus, the 

gaseous curve has a steeper slope than the liquid curve. At 373.15 K and pressures greater 

than 1.00 atm the liquid phase is stable and the gas is meta-stable. However, at 373.15 K 

and pressures less than 1.00 atm the gaseous phase is stable and the liquid is meta-stable. 

liquid

liquid

vapor

vapor

Gm

p1.00 atm
 

Figure 2.2: The molar Gibbs energy of water vs. the pressure near the liquid-vapor phase transition. The 

minimization of the Gibbs energy determines the stable phase (solid line) compared to the meta-stable state 

(dashed line) at a given pressure. 

2.2 The Ehrenfest Classification of Phase Transitions
27

 

Many different types of phase transitions, such as vaporization, condensation, freezing, 

                                                 
27 Wedler, 1997; Atkins, 1998; Mortimer, 2000. 
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melting, fusion, and less common examples of solid-solid, conducting-superconducting, 

and fluid-superfluid transitions can be found in nature and industrial processes. Paul 

Ehrenfest proposed a method to classify these different types of phase transitions into cate-

gories such as first-order phase transitions, second-order phase transitions, and λ-phase 

transitions. 

During a first-order phase transition the Gibbs energy exhibits a cusp at the phase tran-

sition (Figure 2.3, top left and right). Further, at least one of the first derivatives of the 

molar Gibbs energy, i.e. the molar volume or the molar entropy, is discontinuous at the 

phase transition (Figure 2.3, center left and right). Usually both qualities are discontinuous. 

There are some few exceptions, such as the transition between ice IV and ice VII, where 

only one of the first derivatives of the molar Gibbs energy will be discontinuous. Further-

more, due to the discontinuity of the molar volume or the molar entropy, the second de-

rivatives of the Gibbs energy, 

T
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the heat capacity or the compressibility, must show a singularity. Figure 2.3, bottom left 

and right exhibits the constant pressure heat capacity as a function of temperature and the 

compressibility as a function of pressure in the vicinity of the phase transition. The infinite 

value of the heat capacity during a first-order phase transition corresponds to the fact that a 

finite amount of heat produces an infinitesimal change in temperature as one phase is con-

verted into the other phase. The physical reason is that heating drives the phase transition 

rather than raising the temperature of the substance, e.g. boiling water stays at the same 

temperature even though heat is being supplied. The infinite value of the compressibility 

corresponds to the fact that a finite volume change occurs as one phase is converted into 

the other while the pressure only changes infinitesimal. All common phase transitions such 

as vaporization, condensation, freezing, and melting are first-order phase transitions. These 

first-order phase transitions are often initiated by nucleation. Density fluctuations in the 

mother phase furnish microscopic small clusters of the new phase. Once these clusters 

exceed a certain critical size further growth and aging build the new macroscopic phase. 
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Figure 2.3: The changes in physical properties during first-order phase transitions. 

During second-order phase transitions both of the first derivatives of the molar Gibbs 

energy are continuous, however, at least one of the second derivatives is discontinuous, but 

does not show a singularity. A continuous slope of the molar Gibbs energy on either side 

of the phase transition implies that the volume, entropy, and hence the enthalpy do not 

change during the phase transition (Figure 2.4). Second-order phase transitions are not 

common. An example is the conducting-superconducting transition in metals at low tem-

peratures.   
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Figure 2.4: The changes in physical properties during second-order phase transitions. 

A λ-phase transition is a transition that is not a first-order phase transition, yet, the heat 

capacity becomes infinite at the phase transition. Typically during λ-phase transitions the 

heat capacity rises smoothly towards infinity well before the transition instead of rising 

abruptly at the phase transition as in first-order phase transitions. Figure 2.5 exhibits the 

shape of the heat capacity curve as a function of the temperature. The term λ-phase transi-

tion is due to the resemblance of the behavior of the temperature dependent heat capacity 

with the Greek letter λ. An example of a λ-phase transition includes order-disorder phase 

transitions in solid metal alloys, e.g. β-brass, the onset of ferromagnetism, and the 

fluid-superfluid transition of helium. 
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∞cp,m

T  

Figure 2.5: The behavior of the constant pressure heat capacity as a function of the temperature during 

λ-phase transitions. 

2.3 The Influence of the Temperature Dependent Heat Capacity on the 

Nucleation Temperature
28

 

Phase transitions are induced by varying at least one of the field variables, i.e. pressure or 

temperature in such a manner that the state of the substance varies from the former stable 

state into a meta-stable state.  This meta-stable state then relaxes into an under the new 

conditions stable state.  This work examines the gas to liquid phase transition, the conden-

sation.  In this field of research it is not unusual to perform an expansion of a gas, as also 

conducted in this work, by which rapid cooling is achieved.  The decrease of pressure is 

accompanied by a decrease in temperature.  In the following the influence of the tempera-

ture dependency of the heat capacity for a gas mixture consisting of a condensible species 

(n-alkane, cp(T)) and a carrier gas (argon; cp = const) is investigated on the compressible 

flow relations. 

If the constant pressure heat capacity for the investigated n-alkane is given by 

2
321, TDTDDc alkanep ++= , (2.6) 

the constant pressure heat capacity of the carrier gas by 

Bc Arp =, , (2.7) 

and if the n-alkane–argon mixture contains an initial mole fraction y0 of the n-alkane, then 

                                                 
28 Witte and Tatum, 1994. 
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the total heat capacity of the mixture is 

( ) ( )ByTDTDDycp 0
2

3210 1−+++= . (2.8) 

The first law of thermodynamics 

mmmrev dEWQ =+ δδ ,  (2.9) 

and the definition of entropy 

mmrev TdSQ =,δ  (2.10) 

along with the thermodynamic relation 

mm pdVW −=δ  (2.11) 

yields 

mmm pdVdETdS += . (2.12) 

Here Qrev,m is the reversible molar energy transferred to a system in form of heat, Wm is the 

molar work done on a system, and dEm is the resulting change in the molar energy.  The 

molar entropy is given by Sm, and –pdVm is the expansion work.  The definition of molar 

enthalpy Hm is 

mmm pVEH += . (2.13) 

The total differential of the molar enthalpy gives 

dpVpdVdEdH mmmm ++= . (2.14) 

Combining equation (2.12) and equation (2.14) yields 

dpVdHTdS mmm −= . (2.15) 

For a thermally perfect gas the relation 

dTcdH pm =  (2.16) 

is valid.  Here cp is the constant pressure heat capacity.  The substitution of equation (2.16) 

into equation (2.15) and the definition of the specific volume ρ = 1 / v results in 

T

dp

T

dT
cdS pm

ρ

1
−= . (2.17) 

Substituting the equation of state p = ρRT yields 

p

dp
R

T

dT
cdS pm −= . (2.18) 

Integrating equation (2.18) along the pathway of Figure 2.6 gives 
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For the isentropic path from the stagnation state (subfix 0) to the final state of expansion 

(subfix exp.) S0 – Sexp = 0 is valid and thus 
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The analytical expression for this equation with a temperature dependent heat capacity 

according to equation (2.8) is given by 
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 (2.21) 

To solve this equation for the coefficient Texp a numerical method, e.g. root bracketing, or a 

mathematical program, e.g. Wolfram Mathematica® can be used. 

The approximation cp = const. yields the following 
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The coefficient R/cp can be rewritten by  
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 (2.23) 

Inserting equation (2.23) into equation (2.22) yields the Poisson equation 
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Figure 2.6: The expansion path from the initial entropy S0, temperature T0, and pressure p0 to the final expan-

sion entropy Sexp, temperature Texp, and pressure pexp. 

For earlier n-nonane measurements available in literature the effect of treating the heat 

capacity in a temperature dependent manner (equation (2.21)) compared to a constant 

value (equation (2.24)) of γ = cp / cv = 1.1 is analyzed in chapter 6.2.  

2.4 Classical Nucleation Theory by Becker and Döring 

The first theoretical approach to homogeneous nucleation was given by Volmer and Weber 
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in 1926.29  Both alluded to the theory of curved surfaces developed by Gibbs during 

1876 / 1878 and emphasized that the stability of a supersaturated gas is a question of kinet-

ics.  Farkas30 developed a new model in 1927, which was the basis for many following 

theories.  Becker and Döring31 used this model to develop a simple analytical expression 

for the nucleation rate J as a function of the temperature T and the supersaturation S.  This 

theory is called Classical Nucleation Theory (CNT).  

The Classical Nucleation Theory uses three basic approximations:  First, the liquid 

droplet is considered as a homogeneous and incompressible sphere with a sharp interface.  

Second, a cluster consisting of only a few molecules has the same thermo-physical proper-

ties as its macroscopic bulk liquid phase.  This is referred to as the “capillarity approxima-

tion”. The advantage of using this approximation is that the nucleation rate J can be calcu-

lated by using macroscopic properties for the nano-cluster, e.g. the cluster has the surface 

tension, the density, and the vapor pressure of the bulk flat liquid.  Third and final, the 

vapor is ideal. 

For the Classical Nucleation Theory Becker and Döring31 used a Boltzmann approach to 

describe the nucleation rate J 

( ) .exp * kTGKJ ∆−⋅=
 

(2.25) 

Here ∆G* is the Gibbs energy of formation for the critical cluster, k the Boltzmann con-

stant, T the temperature, and K the pre-exponential factor.  

The Gibbs energy ∆G* of the critical cluster is derived by thermodynamic relations.  For 

a newly built critical cluster consisting of n molecules out of the mother gas phase, n mole-

cules change their chemical potential Gm, additionally a new spherical surface with the 

surface tension σST of a droplet with the radius r needs to be built up.  Thus, the Gibbs en-

ergy of the critical cluster is given by 

.4 2
STm rGnG σπ+∆=∆

 
(2.26) 

The change in the chemical potential from the gas phase Gm,g to the liquid phase Gm,l is  

.ln,, SkTGGG gmlmm −=−=∆
 (2.27) 

Here S is the supersaturation which is the ratio of the actual vapor pressure to the equilib-

rium vapor pressure at the given temperature. The first approximation of the Classical Nu-

cleation Theory, i.e. the cluster is spherical, gives us the number of molecules in the criti-

                                                 
29 Volmer and Weber, 1926. 
30 Farkas, 1927. 
31 Becker and Döring, 1935. 
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Here νl is the molecular volume in the liquid. By including equations (2.27) and (2.28) into 

(2.26) the following equation is obtained for the Gibbs energy 
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(2.29) 

In Figure 2.7 the free enthalpy of cluster formation is shown as a function of the cluster 

radius. Here we can distinguish between two cases:  First, the saturation being lower than 

one, meaning that the vapor pressure of the nucleating substance is lower than its equilib-

rium vapor pressure at the given temperature.  In this case the first part of equation (2.29) 

generates positive values.  Thus, the Gibbs free enthalpy rises to an infinite value.  The 

barrier which needs to be overcome in order for nucleation to occur is infinitely high.  

Therefore, nucleation cannot take place in subsaturated systems.  And in the second case, 

the saturation is higher than one.  In this case the first part of the equation (2.29), which is 

influenced by the third moment of the radius, generates negative values and dominates the 

Gibbs energy ∆G at large radii compared to the second part of the equation, influenced by 

the second moment of the radius, which dominates at small radii.  Thus, the Gibbs free 

energy passes through a maximum at a certain radius, the critical radius r*, and declines as 

the radius increases. 
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Figure 2.7:  A schematic diagram of the Gibbs energy for cluster formation in a subsaturated (red solid line) 

and a supersaturated (green solid line) vapor according to CNT as a function of the cluster radius r (equation 

(2.29)).  The barrier ∆G* is located at the critical cluster radius r*. 

To obtain the critical cluster size the free Gibbs energy has to be derived with respect to 

the radius and placed zero 
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(2.30) 

From this the radius of the critical cluster is obtained 
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(2.31) 

By inserting equation (2.31) into equation (2.28) the number of molecules in the critical 

cluster is given by 
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(2.32) 

Figure 2.8 illustrates schematically the sensitivity of the critical cluster radius (equation 

(2.31)) and the number of molecules in the critical cluster (equation (2.32)) vs. the super-

saturation of the gas phase at a constant temperature.  The supersaturation is varied by 

varying the partial pressure of the condensible species.  With increasing supersaturation in 

the gas phase the critical cluster size and the number of molecules in the critical cluster 

decreases.  Clearly the effect of decreasing critical cluster size and decreasing number of 

molecules in the critical cluster is the largest at small supersaturations.   
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Figure 2.8:  The sensitivity of the critical cluster radius (left, equation (2.31)) and the number of molecules in 

the critical cluster (right, equation (2.32)) vs. the supersaturation at a constant temperature. The supersatura-

tion is varied by varying the partial pressure of the nucleating species.  

The Gibbs energy of the critical cluster ∆G* is obtained by inserting equation (2.31) into 

equation (2.29)  
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(2.33) 

Figure 2.9 illustrates the sensitivity of the Gibbs energy to the supersaturation as a func-

tion of the cluster radius.  Increasing the supersaturation (S › 1, Figure 2.9 left to S ›› 1, 

Figure 2.9 right) in a system lowers the critical Gibbs energy and shifts the critical cluster 

size towards smaller radii. 
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Figure 2.9:  The sensitivity of the Gibbs energy for cluster formation to the supersaturation as a function of 

the cluster radius at constant temperature.  

Figure 2.10 illustrates the critical Gibbs energy for cluster formation predicted by CNT 

as a function of supersaturation at constant temperature.  Increasing the supersaturation in 

the gas phase decreases the critical Gibbs energy.  Clearly the effect of decreasing critical 

Gibbs energy is the largest at small supersaturations and becomes significantly smaller 

with increasing supersaturation, however does not vanish even at very high supersatura-

tions. 

 

Figure 2.10:  A schematic diagram of the Gibbs energy of the nucleation barrier predicted by CNT as a func-

tion of the supersaturation at constant temperature.  The barrier does not vanish even for very high values of 

supersaturation.   
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The derivation of the kinetic pre-exponential factor K is obtained by considering a 

quasi-stationary condensation process, in which primarily the condensation and evapora-

tion rate of monomers onto a cluster are examined.32  According to this the pre-exponential 

factor is given by 

.
22

πµ

σ ST
ll NvK =

 
(2.34) 

Here µ is the molecular weight of the nucleating substance and Nl the number density of 

monomers, which can be obtained from the number of particles and the ideal gas law 
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Finally, the classical nucleation rate JBD is expressed by 
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32 Becker and Döring, 1935. 
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3 Experimental Setup 

The experimental work consists of two sets of experiments:  First, pressure trace meas-

urements are conducted during supersonic nozzle expansion experiments.  All of these 

experiments have been performed in April – Juli 2005 at The Ohio State University, Co-

lumbus, OH, USA, with an exception of 11 experiments which were carried out in Sep-

tember 2003 at the Worcester Polytechnic Institute, Worcester, MA, USA.  Second, the 

Small Angle X-ray Scattering experiments were conducted in December 2005 at the Na-

tional Advanced Photon Source, Argonne National Laboratory, IL, USA. 

This chapter will first give a detailed description of the majority of the pressure trace 

measurements.  The 11 pressure trace measurements which were carried out in Septem-

ber 2003 at the Worcester Polytechnic Institute, Worcester, MA, USA use a very similar 

experimental setup discussed in detail elsewhere.33  After this, the Small Angle X-ray Scat-

tering experiments are described in-depth.  

3.1 Pressure Trace Measurements 

The supersonic nozzle apparatus used for the majority of the pressure trace measurements 

consists of the carrier gas generator, the vaporizer, the heat exchanger and the plenum, and 

the nozzle with the pressure probe.  The plenum, the flow straightener, and the nozzle are 

located in a vacuum box to reduce the heat transfer to the environment.  Figure 3.1 exhibits 

a schematic diagram of the experimental setup.  

                                                 
33 Gharibeh et al., 2005. 
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Figure 3.1: A schematic diagram of the experimental setup for the pressure trace measurements.  

Depending upon the n-alkane under study N2 or Ar is used as carrier gas.  Two carrier 

gas streams, the main - and the secondary gas stream, is drawn from the gas side of two 

high pressure liquid Dewars.  Electrical heaters (1000 FS Mc ILRRATH’S Heaters) bring 

the gas to room temperature to prevent regulators and gas lines from freezing.  Two mass 

flow controllers (MKS flow controllers Range 400  SLM and 200 SLM) monitor and con-

trol each of the carrier gas flow rates (Figure 3.2).  

Dewars

electrical heaters

flow
controllers

a) b)

 

Figure 3.2:  The Dewars, electrical heaters (a), and the mass flow controllers during the experiment (b). 



Chapter 3: Experimental Setup 35 

The secondary carrier gas stream is heated further by heating bands, before it reaches 

the vaporizer.  Here, a peristaltic pump (Master flex pump, Model 7525-20) transports the 

condensible liquid at a constant flow through a needle (1.6 mm diameter) into the vapor-

izer.  This needle is inserted into the vaporizer through a hole in a plate which is 0.15 mm 

wider than the diameter of the needle.  Part of the secondary carrier gas stream flows 

through this gap to disperse the condensible liquid into a fine spray.  The remaining secon-

dary carrier gas stream flows through eight additional holes drilled symmetrically around 

the needle in the plate.  This disperses the condensible liquid further and provides the en-

ergy to evaporate the droplets and dilute the vapor.  The mass flow rate of the condensible 

is determined by monitoring the weight change of the condensible located in a flask on a 

balance over the length of the experiment (Figure 3.3).  

The vapor rich gas stream is combined with the main carrier gas stream and the mixture 

flows through a heat exchanger placed in a temperature controlled circulating water bath 

(VWR Scientific, Model 1157).  This water bath also controls the plenum temperature T0, 

while the plenum pressure p0 is controlled by the flow through the system (Figure 3.3).  
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Figure 3.3: A view of the vaporizer unit, the flask containing the condensible, the balance, the heat ex-

changer, and the circulating water bath (a), and a schematic diagram of the vaporizer (b). 

The gas mixture continues its flow through the plenum in which a copper heating spiral 
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is located.  The copper heating spiral is fed with water from the thermostat.  In the plenum 

the velocity of the gas is ~0.3 m/s, and compared to sonic speed (~340 m/s) at the throat of 

the nozzle, stagnation conditions can be assumed.  A MKS Baratron (MKS Type 690A) 

attached to the plenum measures the stagnation pressure p0.  After the gas passes through 

the plenum it continues through the flow straightener (6.4 cm x 2.54 cm x 1.27 cm).  Here 

a platinum resistance temperature detector (RTD, Omega Engineering, Type A, sensing 

element) measures the plenum temperature T0.  Figure 3.4a exhibits a view of the closed 

box in which the plenum is located during an experiment.  In Figure 3.4b the box is opened 

for demonstration purposes.  

a) b)

Baratron

plenum

closed box open
box

nozzle

 

Figure 3.4: A view of the closed box and the MKS Baratron (a) during the experiment.  Additionally, a view 

in the open box with the plenum and the nozzle (b). 

The gas mixture enters the Laval nozzle (Figure 3.5a and b), which consists of two 

shaped nozzle blocks defining the top and bottom surface, and two flat sidewalls.  The top 

and the bottom surface are shaped in a manner that the nozzle consists of a converging and 

a diverging section through which the gas flows.  A movable pressure probe measures the 

static pressure of the gas as a function of the axial position along the center line of the noz-

zle, from ~2 cm upstream of the throat to ~8 cm downstream of the throat.  The pressure 
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probe is a 30.5 cm long hollow, front side capped tube with a diameter of 0.102 cm.  Three 

holes with a diameter of 0.05 cm are drilled symmetrically 15.7 cm downstream of the 

capped tip.  The open back side is attached to a MKS Baratron (Type 690 A) (Figure 3.5c).  

Finally, the flow is exhausted to atmospheric pressure by two pumps (Figure 3.5d). 

c)

counter

baratronpressure
probe

b)

nozzle

pump

a)

d)

 

Figure 3.5: The nozzle is built up from two sidewalls and a top and bottom plate (a), a view of the nozzle in 

the experimental setup (b), the movable pressure probe, MKS Baratron, counter (c), and the pumps (d). 

The majority of the reported condensation experiments were performed at a stagnation 

pressure of p0 = 30.2 ± 0.02 kPa.  The 11 n-nonane runs, performed in 2003 were carried 

out at a stagnation pressure of p0 = 59.6 ± 0.02 kPa.34  The opening angle of nozzle C, used 

for the n-alkane pressure trace measurements, is d(A/A*)/dx = 0.078 cm-1 in the supersonic 

region, with A being the effective area of the nozzle and A* the effective area of the throat.  

The opening angle for the nozzle was determined by a linear fit to the area ratio from 2 cm 

to 7 cm downstream of the throat. 

Once the system reaches stable operating conditions, a pressure trace p(x) is measured 

                                                 
34 Gharibeh et al., 2005. 
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starting with the pressure probe at the furthest upstream position, 2 - 3 cm upstream of the 

throat.  Several pressure trace measurements are conducted in the sub-sonic region.  In the 

vicinity of the throat the measurements are conducted at 0.1 mm intervals, and downstream 

of the throat the pressure is measured at 1.0 mm intervals to the end of the nozzle.  In addi-

tion to recording the static pressure at each position x, the stagnation temperature T0, the 

stagnation pressure p0, the flow rate of the carrier gas im& , and the time of each condensible 

experiment are recorded using a digital-to-analog board (Keithly DAS1602) and a desktop 

computer.  At every measurement position a burst of 21 measurements are taken for every 

variable in less than 1 s via direct memory access mode, and the average value of each 

variable and its standard deviation are computed.  In addition, the mass flow rate of the 

condensible liquid entering the system is recorded manually for the time period of each 

flow rate experiment.  Before the actual experiment starts, a dry trace experiment (only 

carrier gas) is conducted.  After this the wet trace measurements of experimental interest 

are carried out (carrier gas with condensible species). 

3.2 Small Angle X-ray Scattering Experiments 

The supersonic nozzle apparatus used in the Small Angle X-ray Scattering experiments is 

the setup used for earlier spectroscopy work35 with the additional improvement that the 

carrier gas flow is now controlled using two MKS mass flow controllers (MKS flow con-

trollers Range 400  SLM and 200 SLM).  Figure 3.6 exhibits a schematic diagram of the 

experimental setup.  

                                                 
35 Paci et al., 2004. 



Chapter 3: Experimental Setup 39 

high pressure N
2

liquid

MKS flow controller

vapor 
generator

peristaltic
pump

flow meter
nozzle

vacuum pumps

plenum

water
bath

Tp

p – MKS Baratron T – RTD probe       - Heating Tape

balance
Neutron

Beam

2-D
detector

x-ray beam

MKS flow controller

high pressure

N2

heater

heater

SAXS measurement hutch

x-ray beam

flow

nozzle

plenum

detector

 

Figure 3.6: A schematic diagram of the setup for the Small Angle X-ray Scattering experiments. 

Since the fundamental method of operation for this supersonic nozzle apparatus is simi-

lar to that used for the thermodynamic measurements (Section 3.1) only the main differ-

ences will be presented here.  First, for the Small Angle X-ray Scattering experiments the 

plenum and the nozzle are not contained in a metal vacuum box.  Second, the stagnation 

temperature T0 is measured slightly further upstream of the nozzle entrance.  And finally, 

the stagnation pressure p0 is determined by measuring the static pressure through a pres-

sure tap in the entrance region of the nozzle, where the cross section is constant and cor-

recting for the velocity of the gas.  These changes in the setup are due to geometrical issues 

concerning space availability.   

As illustrated in Figure 3.7, at the x-ray facility the carrier gas and the vapor generator 

system were located outside of the SAXS measurement hutch, while the water bath, ple-

num, nozzle, and the pumps were located inside (Figure 3.7).  
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Figure 3.7: A view inside and outside of the SAXS hutch. 

As for the pressure trace measurements our nozzles for the SAXS studies (nozzle H2 

and nozzle C2) are machined from aluminium and consist of two shaped nozzle blocks that 

define the top and bottom surface, and two flat sidewalls.  Each sidewall has a window 

consisting of a 1 mm x 90 mm slot covered by a 25 µm thick piece of mica 

(10 mm x 100 mm) glued in place using epoxy.  The experimental setup is built up in a 

manner that the x-ray beam is guided in a right angle through these windows (Figure 3.8).  

The opening angle of the nozzle used for the n-alcohol SAXS measurements (nozzle H2) is 

d(A/A*)/dx = 0.054 cm-1, while the opening angle of the nozzle used for the n-alkane SAXS 

measurements (nozzle C2) is d(A/A*)/dx = 0.078 cm-1.  The opening angles for both noz-

zles were determined by a linear fit to the area ratio from 2 cm to 7 cm downstream of the 

throat. 
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Figure 3.8: A view of the nozzle side wall with the window slots. 

The SAXS measurements were performed using the Besserc 12-ID beam line36 at the 

Advanced Photon Source, Argonne National Labs., Argonne, IL.  A 0.2 mm x 0.2 mm 

beam of 12 keV (λ = 1.0332.10-10m)37 x-ray with a wavelength of spread ∆λ/λ = 10-4 

passes through the nozzle at a right angle to the gas flow.  The two dimensional detector 

consists of a mosaic of nine CCD chips with a 15 cm x 15 cm active area comprised of 

3072 x 3072 pixels.  The sample to detector distance (SDD) was fixed at 2.0 m and the 

q-range was calibrated by scattering from a sample of silver behenate.38  Here the scatter-

ing vector q is related to the scattering angle θ and the x-ray wavelength λ by 

















=

2
sin

4 θ

λ

π
q . (3.1) 

The absolute calibration factor was established by scattering from several D2O aerosols 

that were produced under conditions identical to a previous SANS study.39  The total inte-

gration time for each spectrum was 5 s for the sample (nozzle with carrier gas and conden-

                                                 
36 Seifert et al., 2000. 
37 For those who have asked me: Yes, it is possible to calculate λ from E: E = hPlanck

·a/λ. 
38 Huang et al., 1993; Blanton et al., 1995; Megens et al., 1997. 
39 Wyslouzil, Strey, and Wilemski, 2007. 
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sible) and 5 s for the empty cell (nozzle with carrier gas).  The sample and the empty cell 

measurements were alternated. For the data reduction the local empty cell measurement 

has always been used.  To produce radially averaged spectra the APS data inversion pro-

gram that corrects for dark background, pixel efficiency, and special inhomogeneities has 

been used.  
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4 Data Analysis 

The backbone of every experimental work is the analysis of the measured data.  In this 

thesis many data analysis techniques acquired from former research projects are used.40  

However, also innovative improvements for the data analysis have been imported:  As the 

n-alkanes are more complex molecules, the temperature dependency of the heat capacity 

has been imbedded into the data analysis technique for the very first time.  Further, a novel 

approach to calculate the characteristic time has been developed.  

In chapter 4.1 the analytical technique used for the data reduction of the pressure trace 

measurements is explained.  The procedures for the analysis of Small Angle X-ray Scatter-

ing curves are presented in chapter 4.2.  

4.1 Pressure Trace Measurement 

To analyze the pressure trace measurements, first, the effective nozzle geometry has to be 

determined (Chapter 4.1.1).  In a second step, the pressure profiles of the wet condensing 

flows have to be rescaled for the effective throat position (Chapter 4.1.2).  In a third step, 

the entire history of the flow can be calculated (Chapter 4.1.3), i.e. the temperature T(x), 

the density ρ(x), the velocity u(x), and the condensate mass fraction g(x) at every position x 

in the nozzle.  Finally, the maximum nucleation conditions can be determined (Chapter 

4.1.4).  

4.1.1 Effective Area Ratio 

To determine the variables of interest for the condensible flow, i.e. the temperature T(x), 

the density ρ(x), the velocity u(x), and the condensate mass fraction g(x) at every position x 

in the nozzle it is essential to know the exact nozzle geometry.  However, the area ratio 

A/A* with no gas flowing through the nozzle (physical area ratio) changes once gas flows 

through the nozzle (effective area ratio) due to boundary layers.  Thus, it is not as simple as 

                                                 
40 Wyslouzil et al., 2000a. 
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to meter the physical area ratio to know the exact nozzle geometry.  To obtain the effective 

area ratio a dry trace measurement (carrier gas, i.e. pure nitrogen or argon) is analyzed by 

the following set of equations: 
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Here, T0 is the stagnation temperature, p0 the stagnation pressure, and M = u/a the Mach 

number, with u being the local velocity of the gas, a2 = γRT/µ the local speed of sound, 

γ = cp/cv the ratio of constant pressure and volume heat capacity, R the universal gas con-

stant, and µ the molecular weight. 

4.1.2 Rescaling for the Effective Throat Position for the Condensing Flow 

In a first step, it is necessary to rescale the counter position of the pressure ratio p/p0 meas-

urements for the wet condensing flow relative to the effective throat position.  For pressure 

trace measurements, the position of the throat (M = 1) is found by determining the location 

of p*/p0.  However, when cp is not constant, i.e. γ is a strong function of the temperature, as 

for the n-alkanes, the usual isentropic relationship 
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is not accurate enough.  Thus, a novel integration procedure is used for rescaling.41  For 

this the following set of equations are used42 
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41 Tanimura et al., 2007. 
42 Shapiro, 1953. 
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From the definition of M = u/a one obtains 
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Combining equation (4.4) - (4.7) yields the following expression for dp/p, 
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From equation (4.6), (4.8), and (4.9) dγ can be written in terms of dM 
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The pressure and temperature at the throat are determined by integrating equation (4.6), 

(4.8), and (4.10) from M = 0 to M = 1. In this work, the pressure dependency of γ was ne-

glected, i.e. (∂γ/∂p) = 0, while the temperature dependency of cp is given in chapter A.3. 

4.1.3 Flow Profiles 

The n-alkanes are longer, and more complex molecules compared to the isotopes of water 

and the n-alcohols (n-CiH2i+1, i = 3 - 5), substances that have been studied to date in our 

experimental setup.43  As direct consequence the heat capacity cp(T), and the heat capacity 

ratio 

( ) ( ) ( ) ( )( )RTcTcTcTc ppvp −== //γ  (4.12) 

                                                 
43 Wyslouzil et al., 2000a; Heath et al., 2002; Streletzky et al., 2002; Heath et al., 2003; Khan et al., 2003; 
Kim et al., 2004; Paci et al., 2004; Gharibeh et al., 2005; Tanimura, Zvinevich, and Wyslouzil, 2005. 
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are functions of the temperature and must be treated as such when analyzing the pressure 

measurement data to determine the temperature T(x), the density ρ(x), the velocity u(x), 

and the condensate mass fraction g(x) at every position x in the nozzle.  To derive these 

key unmeasured properties we assume the effective area ratio of the pure carrier gas flow 

and that of the condensible mixture as identical.  This value is used to determine the vari-

ables of interest by integrating the diabatic flow equations cast in a form with pressure and 

area ratio as the known quantities.44  The first two equations are the mass balance equation 
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and the density equation 
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Here the asterisk indicates that the variables are evaluated at the throat position.  The sub-

script zero indicates stagnation values.  Equation (4.14) is a combination of the momentum 

equation, 

ppudu −=  (4.15) 

and the mass balance equation (4.13).  One of the two remaining diabatic flow equations is 

the complete temperature change equation 
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Here the quantities w0(g) and w(g) are defined as 

( ) ( )[ ]ggw −= 100 µµ  (4.17) 

and 

( ) ( )[ ]ggw v −= 1µµ , (4.18) 

where µ is the mean molecular weight of the gas mixture when the condensate mass frac-

tion g is non-zero and µ0 is the corresponding value of µ at the stagnation conditions when 

g = 0. 

                                                 
44 Wegener, 1966. 
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In order to integrate equation (4.16) it is necessary to investigate how the condensate 

mass fraction g varies in the nozzle.  This is determined by first combining the energy 

equation for the heat added per unit mass of gas flow Q with equation (4.16) to eliminate 

dT.  This is followed by using the definition of dQ in terms of g 

( )dgTLdQ = , (4.19) 

where L(T) is the latent heat of condensate per unit mass. The result is 
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where 
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is the specific heat of the flowing gas stream. 

Finally, to calculate the theoretical expansion of a vapor-carrier gas mixture in the ab-

sence of condensation, the “wet isentrope”, equation (4.13) - (4.16), is integrated and dg 

and g is set to zero. 

Once the temperature profile T(x) and the condensate mass fraction profile g(x) are 

known, the driving force of the nucleation, the supersaturation profile S(x) is calculated 

( )
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∞
=)( . (4.22) 

Here p∞(T(x)) is the equilibrium vapor pressure of the condensible species and p(x) is the 

partial pressure of the condensible which is related to the initial conditions and the conden-

sate mass fraction by  
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Here ( )ivv mmmg &&& +=∞  is the initial mass fraction of the condensible in the gas mixture, 

vm&  and im&  are the mass flow rates of the condensible vapor and the inert gas respectively.  

The mole fraction of the condensible vapor in the initial mixture is given by 
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where vvm µ&  is the molar flow rate of the vapor and vim µ0
&  is the molar flow rate of the 

inert carrier gas through the nozzle at stagnation conditions. 

4.1.4 Maximum Nucleation Conditions and Characteristic Time 

The temperature TJmax, condensible partial pressure pJmax, and supersaturation SJmax corre-

sponding to the maximum nucleation rate Jmax are determined by calculating the nucleation 

rate as a function of position using the temperature T(x) and supersaturation S(x) profiles 

and the CNT expression by Becker and Döring45 
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Here σST is the surface tension of the macroscopic fluid-vapor interface, vm the molecular 

volume and k the Boltzmann constant.  With a known nucleation profile it is easy to deter-

mine the temperature TJmax, the condensible partial pressure pJmax, and the supersaturation 

SJmax values corresponding to the maximum nucleation rate.  

The characteristic time ∆tJmax is one of the two essential key variables needed to evalu-

ate the experimental maximum nucleation rate Jmax = N / ∆tJmax.  In this work a novel cal-

culating method is approached to determine the characteristic time compared to the former 

calculation technique.46  To calculate ∆tJmax it is assumed that the ratio of the experimental 

particle production rate ∫ dtJ exp  to the experimental maximum nucleation rate max
expJ  is the 

same as that predicted by CNT45 or any other reasonable nucleation rate expression.  The 

characteristic time is given by 
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where 

u
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dt = . (4.27) 

Here ( ) ( )( ) 21−−= iuiuu  with u being the local velocity and the distance between the 

                                                 
45 Becker and Döring, 1935. 
46 Khan et al., 2003. 



Chapter 4: Data Analysis 49 

position i and i-1 being 0.02 cm.  

4.2 Small Angle X-ray Scattering Experiments 

In this section the analysis of the Small Angle X-ray Scattering signal of n-alcohol and 

n-alkane droplets is described. 

4.2.1 X-ray Scattering Length Density 

The X-ray Scattering length density of a molecule is given by  

m

i
SL

SLD V

Zr∑
=ρ , (4.28) 

where Z is the atomic number, r = 2.81.10-13cm, and the molar volume is 

A
m N

V
ρ

µ
= . (4.29) 

Here µ is the molecular weight, ρ the density of the aerosol at the approximated nucleation 

temperature, and NA is the Avogadro constant.  The contrast factor ∆ρSLD, the difference in 

scattering length density between the liquid n-alkane or n-alcohol droplet ρdroplet and the 

surrounding bulk gas phase ρgas, the carrier gas, is given by 

gasdropletSLD ρρρ −=∆ . (4.30) 

4.2.2 Scattering of n-Alkane Aerosols 

To characterize the n-alkane aerosols, i.e. the average particle radius 〈r〉, the distribution 

width σ, and the volume fraction φ, the spectra are fit assuming the aerosol consists of a 

polydisperse Gaussian distribution of spheres with a diffuse interface thickness tD.47  In 

this case the scattering intensity I(q) is given by 
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47 Strey, 1992. 
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( ) ( ) ( )[ ] ( )222 2exp2cos22sin2 qrqqrqrqf σσ −+−= , (4.33) 
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where φ is the volume fraction, and ∆ρSLD the contrast factor.  The final term Iincoh is due to 

small differences in incoherent scattering between the sample and the empty cell.  The 

value of N comes from 
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where 〈r3〉 is the third moment of the radius, which is given by 
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4.2.3 Scattering of n-Alcohol Aerosols 

To characterize the n-alcohol aerosols, i.e. the average particle size 〈r〉, the distribution 

width σ, and the volume fraction φ, the scattering spectra are fit to scattering from a 

polydisperse distribution of spheres.  Here it is assumed that the droplet size distribution 

follows either a Gaussian or a Schultz distribution. For a Gaussian distribution of droplets 

the scattering intensity I(q) is given by 
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where P(q,r) is the particle form factor for spheres 
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and where ∆ρSLD , the contrast factor, is the difference in scattering length density between 

the liquid n-alcohol droplet and the surrounding bulk gas phase, the N2 carrier gas.  The 

aerosol number density is given by 
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where 〈r3〉, the third moment of r, is given by 
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Similar expressions for the scattering intensity from a collection of polydisperse spheres 

that follow a Schultz distribution are given in the literature.48 

The main difference between the Gaussian and Schultz distributions is that the former is 

symmetric about the average particle size 〈r〉, while the latter is asymmetric and skewed 

towards larger sizes.  As shown in Table 8.3, the differences between the two distributions 

are small for particles with narrow size distribution, i.e. σ/〈r〉 < ~0.3. 

 

 

                                                 
48 Kotlarchyk and Chen, 1983. 
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5 Fundamental Basics during Supersonic Nozzle 

Expansion Experiments 

In Chapter 4.1 it is explained how the key unmeasured properties, temperature T(x), con-

densible partial pressure p(x), and supersaturation S(x) are calculated at every position x in 

the nozzle. In the following chapter I will discuss how these profiles behave and how they 

are affected if variables such as the condensible flow rate m&  (Chapter 5.2), or the plenum 

temperature T0 are varied (Chapter 5.3). Further, the influence of the used carrier gas is 

investigated (nitrogen or argon) in Chapter 5.4.  This systematic discussion is to train the 

reader’s ability to understand and interpret the results discussed in Chapter 6. 

5.1 Flow Profiles 

As a gas mixture, consisting of carrier gas and condensible species, flows through the noz-

zle the gas is expanded and accelerated.  Consequently the temperature of the gas mixture 

drops, or in other words, a temperature gradient in the nozzle arises.  As temperature and 

total pressure correlate, the gas mixture also undergoes a pressure drop during the expan-

sion in the nozzle.  To visualize this behavior Figure 5.1 shows exemplarily an expansion 

experiment for n-pentanol with a flow rate of 59 mmol min-1 and a plenum temperature of 

T0 = 60°C.49  During the above mentioned temperature and total pressure drop the conden-

sible species changes its state from the former stable gas state into a meta-stable vapor, and 

finally, relaxes into the under the new conditions stable state, the liquid.  This phase transi-

tion releases latent heat into the system and static pressure trace measurements detect this 

heat addition as a deviation of the condensing pressure trace (Figure 5.1 top, solid line) 

from the theoretical isentropic expansion of the same gas mixture only without the ability 

of condensation (the wet theoretical isentrope, Figure 5.1 top, dotted line).  The tempera-

ture gradient in the nozzle (Figure 5.1, center solid line) decreases up to the position where 

condensation takes place (here x ~ 2.6 cm).  At this point an increase in temperature of the 

condensing flow from the theoretical wet isentrope due to the latent heat released by nu-
                                                 
49 Gharibeh et al., 2005. 
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cleation is detected (Figure 5.1 center, dotted line).  Further expansion of the gas mixture 

continues to decrease the temperature of the gas mixture.  Figure 5.1 center also exhibits 

the partial pressure of the condensible species in the nozzle. The condensible partial pres-

sure decreases during the expansion and at the point of nucleation (x ~ 2.6 cm) a sudden 

rapid decrease in condensible partial pressure is observed.  This is due to the strong deple-

tion of the vapor phase during nucleation.  The equilibrium vapor pressure is an exponen-

tial function of the inverse temperature. And thus, the equilibrium vapor pressure decreases 

rapidly in the nozzle, much quicker than the decrease of the condensible partial pressure. 

The supersaturation, given by the ratio of the partial condensible pressure to the equilib-

rium vapor pressure, increases up to the point of nucleation and reaches a maximum value 

(Figure 5.1, bottom).  The strong depletion of the vapor phase at the nucleation position is 

accompanied by a decrease in supersaturation.  The apparent increase in supersaturation 

after the nucleation burst is an artifact and not a real event.  It is a consequence of bound-

ary layer recompression, i.e. the boundary layer is compressed slightly by the increase in 

pressure due to the release of latent heat.  Thus the pressure measured during the wet con-

densing flow is lower than it would be if recompression would not occur.  While inverting 

the pressure data the condensate mass fraction is slightly underestimated, which means that 

the condensible partial pressure doesn’t decrease as much as it should and consequently the 

supersaturation increases.50  The normalized nucleation rate profile J / Jmax according to 

CNT is given by a dashed line in Figure 5.1 bottom.  The trend of the profile is to some 

extent similar to that of the supersaturation.  The nucleation rate increases up to a maxi-

mum value at x ~ 2.6 cm and then drops off rapidly.  However, the peak of the nucleation 

profile is much steeper, slimmer and much more pronounced than the supersaturation peak.  

Further downstream the nucleation rate also increases as the supersaturation increases. 

                                                 
50 Paci et al., 2004., Tanimura et al., 2007. 
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Figure 5.1:   The experimentally measured total pressure ratio p/p0 (top, solid line) and the expansion of an 

identical gas mixture without the ability of condensation, the theoretical isentrope (top, dotted line), the par-

tial pressure of the condensible pi (center), the temperature T (center, solid line) and the temperature profile 

of the theoretical isentrope (center, dotted line), the equilibrium vapor pressure peq(T) (center), the supersatu-

ration S (bottom, solid line), and the normalized nucleation rate according to Classical Nucleation Theory 

(bottom, solid line) as a function of the position x in the nozzle for a n-pentanol flow rate of 59 mmol min-1 at 

T0 = 60°C. The vertical dashed-dotted-dotted line is a reference line corresponding to the maximum nuclea-

tion rate condition. 
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5.2 The Flow Rate of the Condensible Species 

Information on the phenomena of nucleation is enhanced by measurements made over a 

wide range of nucleation rates, temperatures, and supersaturations.  To achieve this, a 

number of parameters can be varied during the experiment.  The primary parameter is the 

flow rate m&  of the condensible species.  For low flow rates the critical supersaturation is 

reached at low pressures and temperatures, thus, the nucleation position shifts further 

downstream in the nozzle while for high flow rates the critical supersaturation is inherently 

reached at higher pressures and temperatures, and thus, the nucleation position shifts fur-

ther upstream.  An example is shown in Figure 5.2:51  Decreasing the flow rate for 

n-propanol at a plenum temperature of T0 = 50°C from 248 mmol min-1 to 68 mmol min-1 

shifts the nucleation position from x = 2.0 cm to x = 4.7 cm downstream.  

 

Figure 5.2:  The reduced total pressure ratio p/p0 (left) and temperature T (right) vs. the nozzle position x for 

a series of n-propanol flow rates at a plenum temperature of T0 = 50°C. 

The occurring nucleation at a given plenum temperature T0 for various condensible flow 

rates m&  does not only take place at different pressures, temperatures, and supersaturations 

but is also sensitive to the expansion rate.  Since this work uses a Laval nozzle (opening 

angle = const.; d(A/A*) = const.) the expansion rate (d(p/p0)/dt ≠ const.) is sensitive to the 

nucleation position in the nozzle.  Consequently, the occurring nucleation itself is also 

affected by the nucleation position in the nozzle.  Figure 5.3 illustrates the expansion rate 

                                                 
51 Gharibeh et al., 2005. 
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at the maximum nucleation position for two n-propanol flow rates, 248 mmol min-1 and 

68 mmol min-1, at T0 = 50°C.  For this the pressure ratio p/p0 is plotted vs. the time.  Here 

the unit of the abscissa has been transformed from a position to a time scale as described 

by equation (4.27).  Nucleation occurring further upstream in the nozzle shows higher val-

ues for the negative expansion rate ( ) dtppd 0/− .  The value for the negative expansion 

rate indicates how steep the system is probing the meta-stable regime in terms of pressure 

per unit time at the maximum nucleation position.  For strong declining expansion rates the 

condensible species crosses its equilibrium vapor pressure line and probes the meta-stable 

vapor state with a sharp decline.  Consequently, states of higher nucleation rates for the 

relaxation are reached.  Simultaneously we will see that large values for the negative ex-

pansion rate correspond to small characteristic times (Figure 6.17).  

 

Figure 5.3:  The pressure ratio p/p0 vs. the time t for two n-propanol flow rates, 248 mmol min-1 (dashed line) 

and 68 mmol min-1 (solid line), at a plenum temperature of T0 = 50°C. The dashed-dotted-dotted line and the 

dashed-dotted line represent the tangent at the nucleation position, respectively. 
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5.3 The Stagnation Temperature 

It is not possible to decrease or increase the flow rate of the condensible species m&  at a 

given stagnation temperature to an arbitrary value.  If the chosen flow rate at a given stag-

nation temperature is too low, condensation would not occur in the nozzle. Using a longer 

nozzle would only delay the problem.  If the chosen flow rate at a given stagnation tem-

perature is too high, the condensible species would already be supersaturated in the plenum 

and condense.  To prevent these two phenomena the stagnation temperature T0 can be var-

ied depending upon the flow rate of interest.  Decreasing the stagnation temperature shifts 

the nucleation position further upstream, and thus, allows us to measure low flow rates of 

the condensible species.  Increasing the stagnation temperature increases the equilibrium 

vapor pressure in the plenum; i.e. condensation in the plenum is prevented, and further-

more, the nucleation position shifts further downstream in the nozzle and allows us to 

measure high flow rates.  Figure 5.4 illustrates an example for a flow rate of 

67.5 mmol min-1 of n-propanol at a stagnation temperature of T0 = 35°C and T0 = 50°C.52  

For a stagnation temperature of T0 = 35°C the nucleation position is at x = 2.5 cm.  Increas-

ing the stagnation temperature by 15 K to T0 = 50°C shifts the nucleation position 2.2 cm 

downstream to x = 4.7 cm.  Figure 5.4 bottom left and right illustrate the expansion and the 

cooling rate at the maximum nucleation position for an n-propanol flow rate of 

67.5 mmol min-1 at a stagnation temperature of T0 = 35°C and T0 = 50°C.  Here the unit of 

the abscissa has been transformed as described by equation (4.27).  Lower stagnation tem-

peratures shift the nucleation position further upstream.  Here the expansion rate 

( ) dtppd 0/−  and the cooling rate ( ) dtTTd 0/−  are large.  Consequently, the condensible 

species crosses its equilibrium vapor pressure line and probes the meta-stable vapor state 

with a sharp decline so that states of higher nucleation rates for the relaxation are reached.   

                                                 
52 Gharibeh et al., 2005. 
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Figure 5.4:  The reduced total pressure ratio p/p0 (top left) and the temperature T (top right) vs. the position x 

in the nozzle for 67.5 mmol min-1 n-propanol at a stagnation temperature of T0 = 35°C (solid line) and 

T0 = 50°C (dashed line).  The identical experiments, only with a transformed abscissa (time) are given in the 

left and right bottom figure. The dashed-dotted and the dashed-dotted-dotted lines correspond to the respec-

tive tangents at the maximum nucleation condition. 

5.4 The Effect of Carrier Gas  

As the thermostat has its limits for cooling the plenum and the gas flow (water bath ~ 6°C), 

it is not possible to continue decreasing the flow rate of the condensible species to an arbi-

trary small value.  Furthermore, as the investigation within one class of compounds pro-

gresses, e.g. for the n-alkanes as also shorter chained n-alkanes like n-heptane with higher 

equilibrium vapor pressures are of further interest, a complication occurs.  In order for 



60 Chapter 5: Fundamental Basics during Supersonic Nozzle Expansion Experiments  

  

nucleation to occur very low temperatures in the noozle have to be achieved.  However, it 

is not as simple as to lower the plenum temperature, since the condensible substance would 

simply condense in the plenum.  In such cases it is wise to switch the carrier gas from ni-

trogen to argon.  Nitrogen with γ = 7/5, compared to Argon with γ = 5/3, has the ability to 

store heat in the two additional degrees for rotation and one degree for vibration.  Conse-

quently, when using Nitrogen the gas stream does not cool down as rapidly as with Argon.  

Figure 5.5 top left exhibits a pressure trace in nozzle C with nitrogen and argon at 

T0 = 15°C.  When using Ar lower pressures are reached at a given nucleation position 

compared to N2 as carrier gas.  The reason is quite obvious when observing Figure 5.5 top 

right.  Argon as carrier gas cools down in the nozzle much more rapidly compared to ni-

trogen, and since pressure and temperature correlate the pressure profile of argon must lie 

below that of N2.  Using nitrogen as carrier gas a nozzle exit temperature of 164 K is 

reached. When switching to argon as carrier gas the nozzle exit temperature is reduced to 

127 K.  Consequently, a shifting of the nucleation position is accompanied by switching 

between different carrier gases.  And since the expansion rate (d(p/p0)/dt ≠ const.) and 

cooling rate (d(T/T0)/dt ≠ const.) are sensitive to the nucleation position in the nozzle the 

occurring nucleation is effected by switching between the carrier gases.  Figure 5.5 bottom 

left and right illustrate the expansion and the cooling rate for a hypothetical nucleation 

temperature of 180 K.  Here the unit of the abscissa has been transformed as described by 

equation (4.27).  When using Argon as carrier gas, the nucleation position is reached fur-

ther upstream in the nozzle at higher pressures.  Here the expansion rate ( ) dtppd 0/−  and 

the cooling rate ( ) dtTTd 0/−  are larger and the condensible species crosses its equilib-

rium vapor pressure line and probes the meta-stable vapor state with a sharp decline.  As 

the system probes further into the meta-stable regime, states of higher nucleation rates for 

the relaxation are reached.  This is similar to switching between different nozzles with 

various opening angles (d(A/A*) = const.).53   

                                                 
53 Kim et al., 2004. 
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Figure 5.5:  The reduced total pressure ratio p/p0 (top left) and the temperature T (top right) vs. the position x 

in the nozzle for a pure nitrogen (solid line) and a pure argon expansion (dashed line) at T0 = 50°C and 

p0 = 30.2 kPa.  The identical experiments, only with a transformed abscissa (time) are given in the left and 

right bottom figure. The dashed-dotted and the dashed-dotted-dotted lines correspond to the respective tan-

gents at the temperature T = 180 K. 
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6 Results and Discussion 

This chapter will proceed as follows: First, the results of the Small Angle X-ray Scattering 

experiments of the n-alcohols will be presented.  This section builds up on our earlier pub-

lication.54  Second, the influence of the temperature dependent heat capacity is investigated 

on n-nonane expansion experiments available from literature.55 Then, the results of 

n-alkane pressure trace measurements are shown. Fourth and final, the Small Angle X-ray 

Scattering results of the n-alkane aerosols will be presented and discussed. 

6.1 Small Angle X-ray Scattering of n-Alcohol Droplets 

Small Angle X-ray Scattering experiments at a fixed position, x = 6.5 cm downstream of 

the throat, were conducted of n-propanol, n-butanol, and n-pentanol aerosols in nozzle H2.  

During these experiments the n-alcohol flow rate m&  was varied.  All condensation experi-

ments were performed at a stagnation pressure p0 = 30.2 ± 0.02 kPa and stagnation tem-

peratures T0 that ranged from 35°C - 60°C depending on the n-alcohol.  Figure 6.1 illus-

trates the radially averaged x-ray spectra for droplets formed from n-butanol in expansions 

with T0 = 50°C, p0 = 30.2 kPa, and n-butanol flow rates between 32.1 mmol min-1 and 

107.9 mmol min-1.  The spectrum for 32.1 mmol min-1 is at the absolute intensity scale, 

determined by comparing D2O SAXS spectra to D2O SANS spectra previously measured 

using the NG7-SANS instrument at the NIST Center for Neutron Research,56 while the 

spectra at higher flow rates are offset by factors of 4, 16, 256, and 4096, respectively.  The 

error bars, based on count statistics, have been omitted for clarity. Below q = 1 nm-1 the 

error is less than 1% of the signal and for q > 1 nm-1 the error is generally less than 5% of 

the signal (Figure 6.2). 

                                                 
54 Gharibeh et al., 2005. 
55 Wagner and Strey, 1984; Viisanen, Wagner, and Strey, 1998. 
56 Wyslouzil, Strey, and Wilemski, 2007. 
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Figure 6.1:  All one-dimensional n-butanol SAXS spectra in this figure are measured at T0=50°C and 

p0=30.2 kPa. The spectrum for 32.1 mmol min-1 of n-butanol is at the true absolute intensity scale.  The spec-

tra at higher flow rates are offset by factors of 4, 16, 256, and 4096, respectively.  For clarity error bars are 

omitted. Below q = 1 nm-1 the error is less than 1% of the signal.  For q > 1 nm-1 the error is generally less 

than 5% of the signal. 

As illustrated in Figure 6.1, at high flow rates the data cover ~5 orders of magnitude in 

intensity over the accessible range of the scattering vector q.  As the flow rate decreases, 

the inflection point in the intermediate q range moves to larger q values, an indication of a 

decrease in the average particle size.  In the high q region, the intensity decreases as q-4, a 

feature characteristic for scattering from a polydisperse distribution of spheres.  

One of the major advantages of SAXS, compared to earlier Small Angle Neutron Scat-
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tering work57 is that these measurements were conducted with normal, hydrogenated com-

pounds rather than expensive deuterated ones. Furthermore, the high photon flux available 

at synchrotron sources has reduced the time required to obtain highly resolved spectra by 

about 3 orders of magnitude. Finally, because the speed of the x-rays (speed of light) is so 

much higher than the speed of the aerosols (~500 m/s), a Doppler shift is not observed in 

the scattering pattern and the data analysis is, therefore, more straightforward.58  

The mean radius 〈r〉, the width of the size distribution function σ, and the particle num-

ber density N are determined by fitting each spectrum to scattering from a polydisperse 

distribution of spheres. In this thesis the sensitivity of the parameters derived to the under-

lying size distribution is tested by fitting to both Gaussian and Schultz distribution func-

tions.  Figure 6.2 illustrates a typical Gaussian fit to one of the n-butanol spectra, and Ta-

ble 8.3 summarizes all of the fit results. In most cases there are no significant differences 

between the values of 〈r〉 (< 5%), σ (< 10%), or N (< 5%) obtained for the two distribu-

tions. The polydispersity σ/〈r〉 is usually lower for the Schultz distributions, and, generally, 

the differences are most pronounced for the smallest droplets. 

                                                 
57 Wyslouzil et al., 1999; Wyslouzil, Wilemski, and Strey, 2000b; Heath et al., 2003; Khan et al., 2003; Kim 
et al., 2004. 
58 Wyslouzil et al., 1999. 
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Figure 6.2:  The one-dimensional SAXS spectrum of 82.0 mmol min-1 n-butanol at a plenum temperature of 

T0=50°C and pressure of p0=30.2 kPa.  The symbols correspond to the SAXS measurement, while the solid 

line indicates the fit curve.  The fit curve is calculated assuming a polydisperse Gaussian distribution of 

spheres.  During these experiments the incoherent background is generally 1·10-6 < Iincoh /cm-1 < 10·10-6.  

The variations in the size distribution parameters (Gaussian fits) with the n-alcohol flow 

rate are summarized in Figure 6.3 (n-propanol), Figure 6.4 (n-butanol), and Figure 6.5 

(n-pentanol).  For each n-alcohol a rapid increase in the mean radius 〈r〉 with the condensi-

ble flow rate m&  is found.  This increase is expected because the concentration of conden-

sible vapor is directly proportional to m& , the reservoir.  If the particle number density N 

and the fraction of vapor that condenses are constant, a simple volumetric balance shows 

that 3 mr &∝ .  In Figure 6.3 the solid black line illustrates this trend for a particle number 
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density N = 1012 cm-3.  The experimental data follow the simple scaling law at high flow 

rates where N ≈ 1012 cm-3, however deviate at low flow rates as N increases rapidly.  

Clearly as N increases with decreasing n-alcohol flow rate this simple scaling overesti-

mates the particle radius 〈r〉.  When N increases for decreasing condensible concentration, 

〈r〉 must decrease as (1012/Nobs)
1/3.  This trend is given by the dashed line in Figure 6.3 and 

a rather good agreement is found between the measured radii and this simple scaling.  Fi-

nally, the droplet size (squares in Figure 6.3 - Figure 6.5) observed at a fixed position in 

the nozzle does not only depend on the the n-alcohol flow rate but also on the length of 

time available for droplet growth.  Droplets formed further upstream have a longer time of 

flight before they reach the fixed observation point compared to those formed further 

downstream in the nozzle.  In a supersonic nozzle, the position corresponding to the maxi-

mum particle formation rate moves closer to the throat, i.e. further from the observation 

point, as the stagnation temperature T0 decreases or as the flow rate of the condensible 

increases (Chapter 5.2 - 5.3).  Thus, at a fixed condensible flow rate, particles formed in 

expansions starting from a lower T0 will have a longer growth time and should be slightly 

larger, a trend that is confirmed by the data in Figure 6.3 – Figure 6.5.  Since the changes 

in 〈r〉 with T0 are only on the order of 3%, it is concluded that this effect is not dominent 

for these experiments.  

The deviation between the scaling law, which takes the non constancy of the particle 

number density into account N ≠ const. (black dashed line) and the measured radii depends 

on the stagnation temperature and the condensible flow rate for a measurement set of con-

stant plenum temperature.  Understandably in both cases, decreasing plenum temperature 

and increasing flow rate, increase the growth time for the aerosols, and thus, deviations 

between the simple mass balance (black dashed line) are propagated. 

Over the range of measured n-alcohol flow rates the mean radius 〈r〉 and the width of 

the size distribution σ  (triangles in Figure 6.3 - Figure 6.5) both increase by factors of 

2 - 2.5. For fits to the Schultz distribution, the polydispersity σ /〈r〉 is remarkably constant 

at σ/〈r〉 = 0.26 ± 0.01, while for the Gaussian fits σ/〈r〉 ranges from σ/〈r〉 ≈ 0.3 for the 

smallest drops decreasing to σ/〈r〉 ≈ 0.25 for the largest drops. At a fixed n-alcohol flow 

rate, the values of σ for different values of T0 differ by up to 15%, and the lowest values of 

σ correspond to the highest values of T0.  

In contrast to the mean radius 〈r〉 and the width of the size distribution σ, the particle 

number density N (circles in Figure 6.3 - Figure 6.5) decreases rapidly, by up to a factor of 
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4, as the n-alcohol flow rate increases.  At a fixed n-alcohol flow rate, the particle number 

densities lie within ~20% of each other and the lowest values of N correspond to the lowest 

T0.  The increase in N with decreasing flow rate may be understood in the following way:  

Decreasing flow rates shift the nucleation position further downstream in the nozzle to low 

temperatures and high supersaturations.  High supersaturation, in turn, means a stronger 

driving force for the nucleation, and thus, a larger particle production rate ∫ dtTSJ ),( .  

Thereto, downstream condensation entails small values for the negative expansion rate 

( ) 00 pdtdppp −=− & .  Small values of the negative expansion rate correspond to a large 

characteristic time ∆tJmax  (see Figure 6.17).  At the same time, in the supersonic nozzle, 

the nucleation pulse occurs because particle growth depletes the vapor phase and quenches 

particle formation.  Decreasing the n-alcohol flow rate also corresponds to a decreasing 

vapor phase concentration.  Lower vapor phase concentrations and lower temperatures 

both decrease the impingement rate of monomer onto the growing drop, and thus, should 

act to slow down the self quenching process.  A longer characteristic time ∆tJmax, (in both 

cases) in turn, should give rise to higher particle number densities N as long as the nuclea-

tion rate does not decrease too rapidly.  Consequently more subcritical and critical clusters 

can be formed which continue to grow.  The change in N with T0 is most likely due to dif-

ferences in the gas density at the observation point and due to a small degree of coagula-

tion between the position of particle formation and the observation point, and also because 

of the fact that the nucleation position shifts in respect to the plenum temperature.   
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Figure 6.3:  The mean radius (squares), the width of the size distribution function (triangles) and the particle 

number density (circles) as a function of the flow rate for n-propanol at T0=35°C (light coloured), T0=45°C 

(grey coloured) and T0=50°C (dark coloured).  The Small Angle X-ray Scattering signal has been analyzed 

assuming a Gaussian distribution of droplets. The grey dashed lines are intended to guide the eye. The grey 

dotted lines indicate a 10% deviation of the particle number density.  The black solid line indicates the 

growth behavior of the radius as a function of the flow rate assuming a constant particle number density of 

N=1·1012cm-3 and that the mean radius scales with 3 m& .  The black dashed line indicates the growth behav-

ior of the radius as a function of the flow rate taking into account the flow rate dependency of the particle 

number density. 
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Figure 6.4:  The mean radius (squares), the width of the size distribution function (triangles) and the particle 

number density (circles) as a function of the flow rate for n-butanol at T0=35°C (light coloured) and T0=50°C 

(dark coloured). The Small Angle X-ray Scattering signal has been analyzed assuming a Gaussian distribu-

tion of droplets. The dashed lines are intended to guide the eye. 
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Figure 6.5:  The mean radius (squares), the width of the size distribution function (triangles) and the particle 

number density (circles) as a function of the flow rate for n-pentanol at T0=45°C (light coloured) and 

T0=60°C (dark coloured). The Small Angle X-ray Scattering signal has been analyzed assuming a Gaussian 

distribution of droplets. The dashed lines are intended to guide the eye. 

Figure 6.6 exhibits the mean radius (squares) and the width of the size distribution func-

tion (triangles) for n-propanol (white), n-butanol (grey) and n-pentanol (dark) as a function 

of the n-alcohol flow rate (Gaussian fit).  At a given flow rate the mean radius and the 

width of the size distribution increase as the n-alcohol chain length increases.  The increase 

in the mean radius with increasing n-alcohol chain length can be understood, or at least in 

part, first by the fact that at a given plenum temperature and molar flow rate the nucleation 

position moves further upstream as the n-alcohol chain length increases.  Longer chained 

n-alcohols have a smaller equilibrium vapor pressure, and thus, the critical supersaturation 

is reached at higher temperatures, i.e. further upstream.  This upstream shift and the ad-

junctive increase in the available time of growth up to the detection position x = 6.5 cm 

downstream of the throat is the dominant factor.  Second and not dominant, the increasing 

n-alcohol chain length is conjoint with an increase in molecular volume which implicates a 
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larger cluster radius. 
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Figure 6.6:  The mean radius (squares) and the width of the size distribution function (triangles) for 

n-propanol (white), n-butanol (grey), and n-pentanol (dark) as a function of the flow rate. The Small Angle 

X-ray Scattering signal has been analyzed assuming a Gaussian distribution of droplets. The dashed lines are 

intended to guide the eye. 

Figure 6.7 exhibits the particle number densitiy for n-propanol (white), n-butanol (grey) 

and n-pentanol (dark) on a log-log scale as a function of the n-alcohol flow rate (Gaussian 

fit).  The particle number density decreases at a given molar flow rate as the n-alcohol 

chain length increases.  This can be understood by the following:  At a given molar flow 

rate and plenum temperature the nucleation position is shifted further upstream as the 

n-alcohol chain length increases which is conjoint with an increase in nucleation tempera-

ture.  As the supersaturation is an exponential function of the inverse temperature it de-

creases as the n-alcohol chain length increases.  Lower supersaturation, in turn, means a 

smaller driving force for the nucleation and a smaller particle production rate ∫ dtTSJ ),( .  

Thereto, a large negative expansion rate ( ) 00 pdtdppp −=− &  corresponds to a shorter 

characteristic time.  A shorter characteristic time, e.g. shorter nucleation bursts, in turn 

means a decrease in the particle number density N. 
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Figure 6.7:  The particle number density for n-propanol (white), n-butanol (grey) and n-pentanol (dark) as a 

function of the flow rate. The Small Angle X-ray Scattering signal has been analyzed assuming a Gaussian 

distribution of droplets. 

The main purpose of our research is to measure the maximum nucleation rate during 

condensation in our supersonic nozzle.  Ideally, the thermodynamic and SAXS measure-

ments should be conducted using the same nozzle under identical operating conditions.  

The previous thermodynamic59 measurements were conducted in nozzle A which has a 

linear opening angle of d(A/A*)/dx = 0.0486 cm−1, where A/A* is the area ratio and A* is the 

area of the throat. The nozzle used for this set of SAXS experiments, nozzle H2, has a lin-

ear opening angle of d(A/A*)/dx = 0.054 cm−1.  The opening angle is obtained by fitting the 

area ratio between x = 2 and x = 7 cm.  Figure 6.8 compares a pressure trace measurement 

                                                 
59 Gharibeh et al., 2005. 
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and the area ratio A/A* of these two nozzles for a pure nitrogen expansion at p0 = 59.6 kPa 

and T0 = 35°C. 

 

Figure 6.8: The pressure ratio (left) and the area ratio (right) of nozzle A and nozzle H2 at p0=59.6 kPa and 

T0=35°C using pure nitrogen. 

To combine the SAXS and the pressure trace measurements first the measured particle 

number densities N have to be corrected for the difference in opening angle between nozzle 

H2 and nozzle A.  To do this I rely on extensive particle number density measurements 

made by Kim et al.60 for D2O droplets formed in three nozzles, including nozzle A, with 

expansion rates that bracket that of nozzle H2.  Figure 6.9 illustrates the particle number 

densities Kim et al.60 measured as a function of the molar flow rate of D2O for nozzle A 

(circles), B (squares), and C (triangles).  Based on these data the estimated correction for 

the difference in the expansion rate between nozzle H2 (black dashed line) and nozzle A is 

a 15% decrease of the measured particle number densities.  Further, it is then possible to 

correlate the corrected number densities as a function of flow rate in order to obtain the 

values of N corresponding to the thermodynamic data, and finally, to calculate the nuclea-

tion rate.  

                                                 
60 Kim et al., 2004. 
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Figure 6.9:  Particle number density vs. molar flow rate from former D2O SANS experiments for Nozzle A 

(d(A/A*)/dx = 0.0486 cm-1), Nozzle B (d(A/A*)/dx = 0.0385 cm-1) and Nozzle C (d(A/A*)/dx = 0.0786 cm-1) 

(details and references: see text). The estimated dependency of the particle number densities as a function of 

flow rate for nozzle H2 (d(A/A*)/dx = 0.054 cm-1) is indicated by a black dashed line. 

Table 8.4 summarizes the values of interest including the temperature, pressure, super-

saturation, and characteristic time corresponding to the maximum nucleation rates, as well 

as the ratio of gas densities in the nucleation zone to the observation point.  The values for 

the pressure and temperature corresponding to the maximum nucleation rate are identical 

to those reported in our earlier publication61 and have been conducted at p0 = 59.6 kPa.  

However, the values for the supersaturation differ from those reported earlier61 because of 
                                                 
61 Gharibeh et al., 2005. 
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the use of a different equilibrium vapor pressure function.62  Table 8.4 further summarizes 

the values of the particle number density N and the nucleation rate J corresponding to a 

Gaussian and a Schultz distribution of particles.  In general, the nucleation rate varies be-

tween ~1·1017 cm-3s-1 and ~5·1017 cm-3s-1.  The deviation between the nucleation rate as-

suming a Gaussian and a Schultz distribution is therewith less than ~10%.  

Figure 6.10 illustrates the variation in the measured nucleation rates with supersatura-

tion and temperature.  For all three n-alcohols, the nucleation rate increases slowly as the 

supersaturation increases and temperature decreases.  A similar trend was also observed for 

D2O by Kim et al., in nozzle B.63  The agreement between nucleation rates measured at the 

same temperature, in expansions starting from different T0, is quite reasonable and cer-

tainly within the error bars of the measurements.  Since all of the measurements were made 

in a single nozzle the range of accessible nucleation rates is quite small.  Additional ex-

periments with nozzles of different opening angles are necessary to obtain the data re-

quired to determine the properties of the critical clusters, i.e. the number of molecules in 

the critical cluster and their excess internal energy.  

In an earlier work64 it was estimated that the particle number densities were in the range 

of 1·1011 < N / cm−3 < 1·1012.  This work demonstrates that over the range of conditions 

investigated N is by a factor of 2 - 10 higher than the average value of N previously esti-

mated to evaluate the nucleation rates.64  The particle number densities are 

1·1012 < N / cm−3 < 5·1012.  Thus, the newly calculated nucleation rates are higher than the 

estimated value of J = 5·1016 cm-3s-1 by the same amount.  When assigning an uncertainty 

factor of 2 to all of the rates, there is some overlap between the current measurements and 

the earlier estimates,61 although most of the current values lie slightly above the margin of 

error.  

                                                 
62 Strey and Schmeling, 1983. 
63 Kim et al., 2004. 
64 Gharibeh et al., 2005. 
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Figure 6.10:  The experimental nucleation rate J vs. the supersaturation S for n-propanol, n-butanol, and 

n-pentanol. The nucleation temperature is additionally exhibited in the figure. 

Finally, it is possible to compare the experimental data to those available in the pub-
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lished literature65 using Hale’s66 scaling formalism.  Figure 6.11 plots the normalized nu-

cleation rates –ln(J/1026) vs. C0[(Tc/T)-1]3/(lnS)2.  The virtue of the latter parameter is that 

it simultaneously accounts for differences in the temperature and supersaturation between 

different experiments.  For consistency, the identical equilibrium vapor pressure expres-

sions (Table 8.1) are used to calculate S for all data presented here.  The value of C0 is 

adjusted until the best fit between the data and a straight line with a slope of 1 is achieved.  

From C0 the parameter Ω, the surface entropy per molecule divided by k can be estimated. 

3 0

16

10ln3

π

C
=Ω . (6.1) 

Remarkable good agreements are found over ~21 orders of magnitude between most of 

the experimental results found in literature and our own (Figure 6.11), e.g. for n-pentanol: 

The data from this work, and those of Luitjens et al.,67 who used an expansion wave tube, 

Hruby et al.,68 who used a nucleation pulse chamber, Lihavainen et al.,69 who used a lami-

nar flow diffusion chamber, Graßmann and Peters,70 who used a piston expansion tube, 

and those of Ždímal and Smolík,71 who used a static diffusion chamber agree remarkable 

well with each other.  This is astonishing, because not only do the nucleation rates differ by 

~21 orders of magnitude, but also the temperature and supersaturation regimes are often 

quite removed from each other, and in some cases the experimental techniques rely on very 

different physical phenomena.  The largest scatter in data is seen for n-pentanol for the data 

by Anisimov et al.,72 who used a laminar flow diffusion chamber, and those of Rudek et 

al.,73 who used an upward thermal diffusion cloud chamber.  

The estimates for C0 changed only slightly from those reported earlier,74 and the scaling 

parameter for n-propanol agrees with that presented by Brus et al..75 

                                                 
65 Kacker and Heist, 1985; Strey, Wagner, and Schmeling, 1986; Viisanen and Strey, 1994; Strey, Viisanen, 
and Wagner, 1995; Hruby, Viisanen, and Strey, 1996; Luijten, Baas, and van Dongen, 1997; Viisanen, 
Wagner, and Strey, 1998; Zdimal and Smolik, 1998; Rudek et al., 1999; Anisimov et al., 2000; Graßmann 
and Peters, 2000; Lihavainen, Viisanen, and Kulmala, 2001b; Graßmann and Peters, 2002; Schmitt and 
Doster, 2002; Iland et al., 2004b; Brus et al., 2005; Brus, Zdimal, and Stratmann, 2006. 
66 Hale, 1986; Hale, 1992. 
67 Luijten, Baas, and van Dongen, 1997. 
68 Hruby, Viisanen, and Strey, 1996. 
69 Lihavainen, Viisanen, and Kulmala, 2001b. 
70 Graßmann and Peters, 2000. 
71 Zdimal and Smolik, 1998. 
72 Anisimov et al., 2000. 
73 Rudek et al., 1999. 
74 Gharibeh et al., 2005. 
75 Brus, Zdimal, and Stratmann, 2006. 
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Figure 6.11:  The n-alcohol nucleation rates available in the literature are presented in a series of Hale plots. 
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6.2 The Effect of Temperature Dependent Heat Capacity on the 

Nucleation Temperature and the Critical Superaturation 

Argon as mono-atomic “molecule” has three degrees of freedom, which are all transla-

tional degrees, and thus, the heat capacity is constant for all temperatures.  For small and 

simple molecules, e.g. water or short chained n-alcohols and n-alkanes the temperature 

dependency of the heat capacity is negligible and often assumed to be constant.  However, 

for longer chained n-alkanes such as n-nonane the molecule size, bondings, and intra mo-

lecular branching increase.  Therewith, the complexity of the molecule and the number of 

degrees of freedom for rotation and vibration also increase.  As a consequence of this, the 

heat capacity of these molecules can no longer be assumed to be constant and must be 

treated in a temperature dependent manner. 

In Figure 6.12 the deviation in the nucleation temperature, and thus, in the supersatura-

tion using equation (2.24) with a temperature independent heat capacity (cp = const., 

γ = cp / cv = 1.1 ) and equation (2.20) with a temperature dependent heat capacity cp(T) is 

investigated for two sets of n-nonane literature values, Wagner and Strey,76 and Viisanen et 

al.,77 by plotting the nucleation rate vs. the supersaturation.  Both sets of data have been 

investigated using the two piston expansion chamber.  The supersaturation is defined as 

( )Tp

p
S

∞
= . (6.2) 

Here p is the partial pressure of the condensible species and p∞(T) the equilibrium vapor 

pressure of the condensible species at the nucleation temperature T (Texp in Chapter 2.3).  A 

change in nucleation temperature is reflected by a change in the supersaturation. 

For the Wagner and Strey76 data (Figure 6.12, top) measured for the initial temperatures 

T0 = 25°C, T0 = 5°C, and T0 = -15°C the nucleation temperatures are increased by ~3 K, 

~0.5 K, and ~0.1 K, respectively, using equation (2.20) instead of equation (2.24) with 

γ = cp / cv = 1.1.  This increase in nucleation temperature is accompanied by an increase in 

equilibrium vapor pressure and consequently by a decrease in supersaturation.  Clearly the 

effect of the change in nucleation temperature and supersaturation are amplified as the 

expansion path is increased (Figure 2.6).   

For the Viisanen et al.77 data measured for the initial temperature T0 = 28.1°C the nu-

cleation temperature T shifts up from T = 230 K to T ~ 231.15 K. Consequently, the equi-

                                                 
76 Wagner and Strey, 1984. 
77 Viisanen, Wagner, and Strey, 1998. 
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librium vapor pressure increases and the supersaturation values are shifted to lower values.   

 

Figure 6.12:  The nucleation J rate vs. the supersaturation S for n-nonane measured by Wagner and Strey 

(top) and Viisanen et al. (bottom).  The empty symbols are the literature values. Here the temperature T is 

calculated by equation (2.24) with γ = 1.1.  The temperatures of the red filled symbols have been recalculated 

by equation (2.20).  The change in temperature T causes a change in equilibrium vapor pressure p∞(T), and 

thus, also in supersaturation S. 
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When observing a plotted series of measurements, the observer generally judges that the 

abscissa is correct and if at all the ordinate is faulty.  It is important to realize that, the ab-

scissa (the supersaturation) can carry substantial error in itself when plotting the nucleation 

rate J vs. the supersaturation S.  These errors can for example reflect in a faulty critical 

cluster size (∂lnJ / ∂lnS ≈ n*) or also in a wrong excess internal energy.  From Figure 6.12 

it is evident that an estimated value of γ = cp / cv = 1.1 could falsify the nucleation tempera-

ture and further the critical supersaturation for substances analog to n-nonane.  Treating the 

heat capacity in a temperature dependent manner (equation (2.20)) should accurately give 

the nucleation temperature and supersaturation.  Thus, in the following chapters the heat 

capacity for the n-alkanes is treated as a temperature dependent function for the first time 

during such supersonic nozzle expansion experiments.   

6.3 n-Alkane Pressure Trace Measurements 

As a mixture of carrier gas and condensible vapor flows through the nozzle, it undergoes 

an adiabatic expansion.  During this expansion the temperature of the gas mixture drops 

rapidly, and the supersaturation of each component rises (Chapter 5.1).  In a p-T diagram, 

the condensible species crosses its equilibrium vapor pressure line and enters the 

meta-stable vapor state.  As the meta-stable vapor relaxes to the stable liquid state by con-

densation, heat is released to the flow.  Static pressure trace measurements detect the addi-

tion of latent heat as a positive deviation of the measured condensing flow profile from the 

pressure profile calculated for an expansion of the same gas mixture in the absence of con-

densation, i.e. the wet theoretical isentrope.  

Ideally, the condensing flow curve and the wet isentrope agree up to the onset, i.e. the 

begin of condensation.  In some cases, however, the condensing flow curve lies slightly 

below the wet isentrope prior to the onset (Figure 6.13).  In the worst case, a flow rate of 

70.9 mmol min-1 n-nonane in N2 at T0 = 35°C for example, shown as inset in Figure 6.13, it 

is found that the temperature along the wet isentrope is up to 0.3 K higher than along the 

condensing flow curve, and the ratio of the condensate mass fraction to the initial mass 

fraction of condensible g/g∞ is slightly negative (-3.5%).  These deviations may be due to 

minor changes to the shape of the boundary layer as the mixture of the composition 

changes.  And they primarily effect the values of the condensible partial pressure pJmax and 

the effect on the supersaturation SJmax is well within the standard error of ± 10 - 15 % based 
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on a potential systematic error of ± 1 K in the plenum temperature T0.  Table 8.5 summa-

rizes the experimental conditions as well as the thermo-physical properties of interest cor-

responding to the maximum nucleation rate for the n-alkanes.  
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Figure 6.13:  A temperature profile T(x) for a flow rate of 70.9 mmol min-1 n-nonane in N2 at T0 = 35°C. 

Figure 6.14 illustrates on a linear-log plot the changes in the maximum nucleation tem-

perature as a function of the n-alkane flow rate.  The data lie on a series of straight lines 

reasonably parallel to each other, with each line corresponding to a particular n-alkane 

expanding from a constant plenum temperature T0 in a given carrier gas.  The solid grey 

lines correspond to measurements made with Argon and and the dashed black lines to Ni-

trogen as carrier gas, respectively, and are only meant to guide the eye.  At a given molar 
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flow rate m&  the temperature TJmax increases as the n-alkane chain length increases. For a 

particular n-alkane, the temperature TJmax increases at a given molar flow rate m&  as the 

stagnation temperature T0 decreases. For an n-octane in N2 expansion at a flow rate of 

~85 mmol min-1, for example, the maximum nucleation temperature increases from 

TJmax = 175.4 K when T0 = 25°C to TJmax = 178.4 K when T0 = 15°C.  This trend also holds 

for experiments when Ar is used as carrier gas.  For a n-heptane in argon flow rate of 

98mmol min-1 at T0 = 45°C a maximum nucleation temperature of TJmax = 164.9 K is 

reached.  Decreasing the plenum temperature by 35 K to T0 = 10°C increases the maximum 

nucleation temperature to TJmax = 171.3 K for a flow rate of 96 mmol min-1 of n-heptane in 

Ar.  Furthermore, when switching the carrier gas from N2 to Ar for a particular n-alkane a 

higher maximum nucleation temperature is reached.  This behavior can be clearly seen in 

Figure 6.14 for n-heptane, n-octane, and n-nonane.  Although no experiments were con-

ducted in Ar and N2 as carrier gas with identical plenum temperatures T0 a direct compari-

son can be made.  Generally, the experiments conducted in Ar as carrier gas have larger 

plenum temperatures T0.  For a given n-alkane and flow rate the maximum nucleation tem-

perature usually shifts towards smaller values for high plenum temperatures T0.  However, 

an increase in maximum nucleation temperature is observed as the carrier gas is switched 

from N2 to Ar even though simultaneously the plenum temperature is increased.  Here it is 

observed that the carrier gas Ar overcompensates the decrease in maximum nucleation 

temperature due to the increase in plenum temperature in such a strong manner which ef-

fectively leads to an increase the maximum nucleation temperature. 
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Figure 6.14:  The temperature TJmax that corresponds to the maximum nucleation rate vs. the molar flow rate. 

The grey solid lines and the black dashed lines which correspond to measurements with argon and nitrogen 

as carrier gas, respectively, are intended to guide the eye. 

A far more unified picture is presented in Figure 6.15 where the maximum nucleation 

pressures pJmax of the condensible species are plotted as a function of the inverse tempera-

tures TJmax in a Volmer plot.78  The grey solid lines and the black dashed lines correspond 

to measurements with argon and nitrogen as carrier gas, respectively, and are meant to 

guide the reader’s eye.  There is no drawn line for the n-heptane in nitrogen data because 

there are too few points.  In this figure, the data points for each n-alkane – carrier gas mix-

ture lie along a single straight line independent of the stagnation temperature T0. It is im-

portant to point out, that the changes in the nucleation temperature TJmax, with the molar 

flow rate m&  which arise from the change in plenum temperature T0 (Figure 6.14) are ac-

companied by changes in the condensible partial pressure pJmax as well.  Thus, the discon-

tinuities cancel down.  The n-nonane data in N2 which were conducted at many conditions, 

for example at T0 = 25C, p0 = 30.2 kPa, and T0 = 25°C, p0 = 59.6 kPa, and also at 

T0 = 35°C, p0 = 59.6 kPa, show no discernable differences between these curves. The lines 

                                                 
78 Volmer and Weber, 1926. 
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corresponding to different n-alkanes and a particular carrier gas are reasonably parallel to 

each other.  At a given maximum nucleation pressure pJmax, the maximum nucleation tem-

perature TJmax increases as the carbon chain length increases.  For a given n-alkane and 

nucleation pressure pJmax, measurements using Ar reach lower values of TJmax compared to 

corresponding experiments using N2.  This effect is entirely consistent with the following 

observation: By switching the carrier gas from N2 (γ = 7/5) to Ar (γ = 5/3) the nucleation 

position is reached earlier in the nozzle, i.e. further upstream (Chapter 5.4).  Here the ex-

pansion rate 0/ pp&  and the cooling rate d(T/T0)/dx are large.  Consequently, by using Ar 

instead of N2 we are able to probe steeper into the meta-stable regime, e.g. lower pressures 

and temperatures for the phase transition are reached.  Additionally higher nucleation rates 

are achieved. This is similar to switching between nozzles with different physical opening 

angles d(A/A*)/dx while using the same carrier gas.  
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Figure 6.15:  A Volmer plot of the condensible partial pressure pJmax vs. the inverse maximum nucleation 

temperatures TJmax. The grey solid lines and the black dashed lines which correspond to measurements with 

argon and nitrogen as carrier gas, respectively, are intended to guide the eye. 

In Figure 6.16 the critical supersaturation is plotted as a function of the inverse maxi-

mum nucleation temperature.  The dashed-dotted-dotted lines are intended to guide the 
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reader’s eye.  The data points of each n-alkane lie on a curved line reasonably parallel to 

each other.  At a fixed nucleation temperature the critical supersaturation increases as the 

carbon chain length of the n-alkanes increases.  The curved line behavior is consistent with 

the predictions of CNT.79 By combining equation (2.25), (2.26), and (2.27) we obtain  

( )σπ
2** 4lnexp rSkTnKJ +⋅= . (6.3) 

By rearranging the following expression is obtained 
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where *r  is the radius of the critical cluster, n* the number of molecules in the critical clus-

ter, J the nucleation rate and K the kinetic prefactor for the nucleation rate.  In a particular 

supersonic nozzle, the nucleation rate J rarely varies by more than a few orders of magni-

tude and K is also roughly constant.  A straight line, or also a line with a constant slope, 

can only be expected if both rnrA σσ ∝∝ *2  and B are constant. However, for 

non-isothermal measurements the surface tension σ increases and *r  decreases as the tem-

perature T decreases.  Consequently, the parameters A and B cannot be constant.  Thus, the 

dependency of the supersaturation on the inverse temperature is not linear over a large 

enough temperature range.  This behavior can be seen in Figure 6.16, where the slope of 

the data for each n-alkane increases as the temperature decreases.  In particular, the effect 

is clearly seen for the n-heptane data where experiments were conducted over a wide tem-

perature range in Ar.  The n-octane and n-nonane data are confounded by the fact that two 

carrier gases, Ar and N2, were used.  This changes the nucleation position in the nozzle, 

which in turn affects the expansion rate, the cooling rate, and the nucleation rate J in our 

nozzle, and thus, some of the change in the slope is reflected by these changes.  

                                                 
79 Becker and Döring, 1935. 
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Figure 6.16:  The critical supersaturation SJmax corresponding to the maximum nucleation rate vs. the inverse 

maximum nucleation temperature TJmax. The black dashed-dotted-dotted lines are intended to guide the read-

er’s eye. 

In order to quantitatively determine the nucleation rate Jmax = N / ∆tJmax it is necessary 

to know the characteristic time ∆tJmax corresponding to the maximum nucleation rate.  

When calculating ∆tJmax by analyzing the pressure trace measurements using equation 

(4.26), it is important that the maximum nucleation rate occurs far enough upstream so that 

the entire nucleation pulse is inside the nozzle.  This condition is not always met for the 

lowest n-alkane flow rates, and thus, the calculated characteristic times are smaller than 

they actually should be even if the conditions corresponding to the maximum nucleation 

rate can still be estimated.  Going to longer nozzles would only delay the problem to lower 

flow rates, not eliminate it.  When a dash appears for the characteristic time in Table 8.5, it 

corresponds to conditions where the entire nucleation pulse was not inside the nozzle.  The 

pressure trace measurements show that the characteristic time corresponding to the maxi-

mum nucleation rate, is in the range of 1·10-5 ≤ ∆tJmax / s ≤ 4·10-5.  In Figure 6.17 the char-

acteristic time is plotted vs. the expansion rate d(p/p0)/dt.  Even though there is a rather 

large scatter in the characteristic time, a general trend can be seen:  As the expansion rate 
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d(p/p0)/dt declines sharper the characteristic time decreases.  The reason for this is that the 

expansion rate reflects how steep the system is probing into the meta-stable regime.  Prob-

ing with a sharper decline into the meta-stable regime enables the system to cross the equi-

librium vapor pressure curve and reach states of higher nucleation rates for the relaxation.  

Higher nucleation rates in turn can correlate to shorter times for particle production, or also 

shorter nucleation bursts.  Interestingly, during supersonic nozzle investigations the highest 

nucleation rates are observed for experiments with a low flow rate of condensible specie.  

Here, the nucleation temperature is low, the supersaturation is large, the characteristic time 

is large as well and the phase transition happens near the exit of the nozzle where the nega-

tive expansion rate is low.  It is important to realize that the characteristic time also de-

pends on how fast growth occurs.  Nonetheless, further investigations need to be carried 

out in order to fully understand these phenomena.  The values for the characteristic times 

(Figure 6.17) are by a factor of 2 - 3 larger than those from previous D2O measurements by 

Kim et al.80 in the same nozzle 5.9·10-6 ≤ ∆tJmax / s ≤ 1.2·10-5.  Finally, this is what will 

enable us to probe the the region where particle formation and growth are both occurring 

and competing. 

                                                 
80 Kim et al., 2004. 
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Figure 6.17:  The charecteristic time ∆tJmax vs. the expansion rate d(p/p0)/dt corresponding to the maximum 

nucleation rate for the series of n-alkanes. 

6.4 n-Alkane SAXS Measurements 

For all of the n-alkane Small Angle X-ray Scattering experiments, the x-ray beam was 

located x = 7cm downstream of the throat of nozzle C2.  The nozzle operating conditions, 

i.e. stagnation temperature T0, stagnation pressure p0, carrier gas, and condensible flow rate 

m& , were all chosen to match those of the earlier pressure trace measurements as closely as 

possible, i.e. stagnation temperatures between T0 = 15°C and T0 = 55°C, a stagnation pres-

sure of p0 =30.2 kPa, and Ar as well N2 as carrier gas were used.  Ar has a higher heat ca-

pacity ratio compared to N2, and thus, by using Ar it is possible to reach lower tempera-

tures in the same nozzle (Chapter 5.4).  For all of the thermodynamic measurements 

(Chapter 6.3) nozzle C was used, which has a linear opening angle d(A/A*)/dx = 0.078 cm−1 

in the supersonic region.  Here A/A* is the area ratio and A* is the area of the throat. For 

these SAXS experiments a new nozzle, nozzle C2, was built with an identical opening 

angle of d(A/A*)/dx = 0.078 cm−1 (Figure 6.18). The opening angles for both nozzles were 

determined by a linear fit to the area ratio from 2 to 7 cm downstream of the throat. 
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Figure 6.18:  The pressure ratio (left) and the area ratio (right) of nozzle C (pressure trace measurements) and 

C2 (SAXS experiments) at p0 = 30.2 kPa and T0 = 25°C using nitrogen as carrier gas. 

Figure 6.19 illustrates the radially averaged x-ray spectra for n-heptane in argon at 

T0 = 45°C and p0 = 30.2 kPa with varying flow rates.  The spectrum for n-heptane at a flow 

rate of 52 mmol min-1 is at the true absolute intensity scale as determined using a calibra-

tion factor obtained by comparing D2O SAXS spectra to D2O SANS spectra made under 

the same conditions using the NG7-SANS instrument at the NIST Center for Neutron Re-

search.81  For clarity the spectra at higher flow rate are offset by factors of 16, 256, 4096, 

65536, and 1048576, respectively, and the error bars have been omitted.  Below q = 1 nm-1 

the error is less than 1% of the signal and for q > 1 nm-1 the error is generally less than 5% 

of the signal (Figure 6.20).  In Figure 6.19 it can be observed that at high flow rates the 

data cover ~6 orders of magnitude in intensity over the accessible q-range, while at low 

flow rates the intensity covers ~4½ orders of magnitude.  As the flow rate increases, the 

point of inflection in the intermediate q range moves to lower q values, an indication that 

the particle size is increasing.  At the same time the inflection point develops into a more 

pronounced feature, which indicates that the particle size distribution is becoming more 

monodisperse.  

                                                 
81 Wyslouzil, Strey, and Wilemski, 2007. 
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Figure 6.19:  All one-dimensional n-heptane SAXS spectra in this figure are measured at T0=45°C and 

p0=30.2 kPa. The spectrum for 52mmol min-1 of n-heptane is at the true absolute intensity scale as deter-

mined using a calibration factor. For clarity, the spectra at higher flow rates are offset by factors of 16, 256, 

4096, 65536, and 1048576, respectively. For clarity error bars are omitted. 

All of our measurements used a fixed sample to detector distance of 2 m. This setting is 

reasonable for particles with average radii 〈r〉 up to ~20 nm, a size that corresponds to the 

largest particles that had been previously observed in a nozzle.82  Ideally, the feature at 

intermediate q should be in the middle of the experimental q-range so that the spectrum 

contains enough scattering information from both the large particles that scatter at low q, 

and the small particles that scatter at high q.  As illustrated in Figure 6.19, at the highest 

                                                 
82 Streletzky et al., 2002. 
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n-alkane flow rates the feature is no longer centered in the q-range.  Nevertheless, under 

these conditions, it is found that there was still enough signal at low q to accurately deter-

mine values for the mean radius.  Furthermore, the highly resolved scattering signals in the 

high q region allows fitting the data to a function that accounts for the diffusive interface of 

the particles (Chapter 4.2.2).83 

Figure 6.20 exhibits a SAXS spectrum for n-nonane in N2 at T0 = 35°C and 

p0 = 30.2 kPa and an n-alkane flow rate of 177.8 mmol min-1.  The error bars, based on 

count statistics, are shown and the data are on the correct absolute intensity scale.  The 

solid line is the fit to the data assuming scattering from a Gaussian distribution of polydis-

perse spheres with a diffuse interface (Equation (4.31) - (4.35)) and the parameters of the 

size distribution are noted in the figure.  For all of the fits, it is found that the incoherent 

background that arises from small differences between scattering from the sample and the 

empty cell, is always in the range of 3·10-7 < IIncoh /cm−1 < 4·10-5, and that there is no sys-

tematic variation of IIncoh with the composition of the condensing mixture.  

 

                                                 
83 Strey, 1992. 
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Figure 6.20:  One-dimensional SAXS spectrum for n-nonane with a flow rate of 177.8 mmol min-1 at 

T0 = 35°C and p0 = 30.2 kPa. The solid line indicates the fit to the measured data (circles) assuming a Gaus-

sian distribution of droplets with a diffuse interface. 

Table 8.6 summarizes the nozzle operating conditions and the aerosol properties includ-

ing the mean radius 〈r〉, the width of the size distribution function σ, the particle number 

density N, the polydispersity index p = σ/〈r〉, the thickness of the diffuse interface thick-

ness tD, and the volume fraction of the aerosol droplets φ derived by fitting the spectra.  

The last column in Table 8.6 is the average time available for droplets to grow before they 

are detected.  This time corresponds to the time of flight ttof between the maximum nuclea-

tion position xJmax and the detection position x = 7 cm downstream of the throat.  

Figure 6.21 – Figure 6.24 illustrate the variation of 〈r〉, σ, and N  with the n-alkane mo-
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lar flow rate m&  for n-heptane, n-octane, n-nonane, and n-decane. Droplets in the range 

5 < 〈r〉 /nm < 30 were found.  At a fixed stagnation temperature T0, the average particle 

size 〈r〉 increases with increasing n-alkane flow rate m& . This observation is easily ex-

plained by recognizing that as the molar flow rate m&  increases at a fixed T0, the amount of 

condensible vapor in the gas mixture increases, and thus, the particles have the potential to 

grow larger.  Furthermore, in these experiments the particle number density decreases by 

~½ - 2½ orders of magnitude as the flow rate increases. With fewer droplets and more 

vapor available for growth, the droplet size increases even more rapidly than the 3 m&  scal-

ing expected if N were constant (Chapter 6.1).  Unlike the n-alcohols, the average particle 

size of the n-alkane droplets is also quite sensitive to the plenum temperature T0, with 〈r〉 

increasing rapidly as T0 decreases at a fixed n-alkane flow rate (Figure 6.22 for n-octane 

and Figure 6.23 for n-nonane).  Decreasing stagnation temperatures T0 (Chapter 5.3) shift 

the nucleation corresponding to the maximum particle formation rate closer to the throat, 

i.e. further from the observation point.  Thus, at a fixed condensible flow rate, particles 

formed in expansions starting from a lower T0 have more time to grow before they are ob-

served (see Table 8.5), an effect that is clearly confirmed by the data in Figure 6.22 and 

Figure 6.23.  For example, at an n-octane flow rate of 136.8 mmol min-1
, the value of the 

mean radius 〈r〉 is 9.4 - 9.8 nm and the time available for growth is ~13 µs when T0 = 25°C.  

When the plenum temperature is decreased to T0 = 15°C at a very similar flow rate, 

133.6 mmol min-1, the time of flight increases to ~63 µs and the mean radius 〈r〉 increases 

to ~16.8 nm.  Evidently the growth of n-alkane droplets is driven by two major forces: 

Exhaustibility of the gas reservoir and the available time for particle growth.  

The width of the aerosol distribution function ranges from about 3 nm to 6 nm, increas-

ing with the n-alkane flow rate. Changing the plenum temperature does not strongly influ-

ence σ at a given molar flow rate. As for the Gaussian n-alcohol fits, the polydispersity 

index P = σ/〈r〉 decreases with increasing flow rate.  It must be noted that for the n-al-

cohols it is found that the Schultz fits give more consistent values of the polydispersity 

index P, and so the change in the polydispersity P with m&  may be caused by the Gaussian 

distribution function. 

The diffuse interface thickness tD was always in the range of tD~0.1 - 0.2 nm or roughly 

about 11% - 22% of the length of an n-heptane molecule or 8.3% – 16.6% of the length of 

an n-decane molecule, or also 40% - 80% of the width of any n-alkane molecule.  
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Figure 6.21:  The mean radius ‹r› (squares), the width of the size distribution function σ (triangles) and the 

particle number density N (circles) as a function of the flow rate for n-heptane at T0=45°C with Ar as carrier 

gas.  The SAXS spectra were analyzed assuming a Gaussian distribution of droplets with a diffuse interface.  

The dashed lines are intended to guide the reader’s eye. 
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Figure 6.22:  The mean radius ‹r› (squares), the width of the size distribution function σ (triangles) and the 

particle number density N (circles) as a function of the flow rate for n-octane at T0=15°C (white coloured), 

and T0=25°C (grey coloured).  The carrier gas is N2 in all cases. The SAXS spectra were analyzed assuming a 

Gaussian distribution of droplets with a diffuse interface.  The dashed lines are intended to guide the reader’s 

eye.  The values of 〈r〉 are a strong function of T0, while N and σ are relatively insensitive to T0.  
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Figure 6.23:  The mean radius ‹r› (squares), the width of the size distribution function σ (triangles) and the 

particle number density N (circles) as a function of the flow rate for n-nonane in N2 at T0=25°C (white col-

oured), n-nonane in N2 at T0=35°C (grey coloured), and n-nonane in Ar at T0=55°C (dark coloured). The 

SAXS spectra were analyzed assuming a Gaussian distribution of droplets with a diffuse interface. The 

dashed lines are intended to guide the reader’s eye. The values of 〈r〉 are a strong function of T0, while N and 

σ are relatively insensitive to T0. 
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Figure 6.24:  The mean radius ‹r› (squares), the width of the size distribution function σ (triangles) and the 

particle number density N (circles) as a function of the flow rate for n-decane at T0=35°C. The carrier gas 

was N2 for all of the experiments. The SAXS spectra were analyzed assuming a Gaussian distribution of 

droplets with a diffuse interface. The dashed lines are intended to guide the reader’s eye. 

As noted for the n-alcohols, the change in particle number density with the n-alkane 

flow rate (Figure 6.21 – Figure 6.24) can be understood by recognizing that decreasing the 

condensible flow rate shifts nucleation to lower condensible partial pressures, lower tem-

peratures and higher supersaturations.  High supersaturations, in turn, means a stronger 

driving force for the nucleation process, and thus, a larger particle production rate 

( )∫ dtTSJ , .  Thereto, the downstream condensation entails small values for the negative 

expansion rate 0pp&− .  Small values for the negative expansion rate correspond to a large 

characteristic time ∆tJmax (Figure 6.17). Low temperatures and low vapor phase concentra-

tions both act to decrease the impingement rate of monomer onto the growing droplets.  

Thus, vapor phase depletion slows down and the time interval to quench nucleation in-

creases.  Increasing the characteristic time (in both cases) yields higher particle number 
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densities as long as the nucleation rate does not decrease significantly.    

For the n-alkanes, the particle number density N is quite insensitive to changes in the 

plenum temperature T0 (Figure 6.25). At T0 = 15°C and an n-octane flow rate of 

133.6 mmol min-1 in N2, for example, a particle number density N = 2.05·1011cm-3 is meas-

ured, while at T0 = 25°C and a flow rate of 136.8mmol min-1 a particle number density of 

N = 2.1·1011cm-3 is obtained, a difference of only a few percent.  However, a dependency 

of the particle number density on the carrier gases can be observed.  In Figure 6.25 the 

difference in slope for n-alkane runs in N2 (high flow rates; empty and grey symbols) and 

in Ar (low flow rates; dark symbols) can be seen.  Interestingly for all substances a good 

agreement in particle number densities N at ~70 mmol min-1 is observed, i.e. for n-heptane 

in Ar the particle number density is N = 8·1011 cm-3, for n-octane in N2 N = 6·1011 cm-3, for 

n-nonane both in N2 and Ar N = 6.5·1011 cm-3, and for n-decane in N2 N = 9·1011 cm-3.  

Comparing the slopes of the measurements in N2 and Ar, it can be noticed that at low flow 

rates the discrepancy between both sets of data can be as large as half an order of magni-

tude.  To account for differences between the n-alkane flow rates used for SAXS and those 

used for the thermodynamic measurements, correlations for the particle number density N 

of each n-alkane in N2 and Ar are developed, separately as a function of m& .  Since there 

are no Small Angle X-ray Scattering measurements for n-octane in Ar and n-heptane in N2 

the mean interpolation function of n-nonane and n-heptane in Ar, and n-octane and 

n-nonane in N2 is used to estimate the value for the particle number density N for n-octane 

in Ar and n-heptane in N2, respectively.  For clarity reasons the particle number density for 

n-decane is omitted in Figure 6.25. 



Chapter 6: Results and Discussion 101 

m / mmol min-1

10 100 1000

N
 / 

cm
-3

1010

1011

1012

1013

1014

n-nonane in N2 T0=35°C

n-nonane in N2 T0=25°C

n-nonane in Ar T0=55°C

n-heptane in Ar T0=45°C 

n-octane in N2 T0=25°C

n-octane in N2 T0=15°C

.
 

Figure 6.25:  The particle number density as a function of molar flow rate for n-heptane in Argon at T0=45°C 

(black diamonds), n-octane in N2 at T0=15°C (white circles) and T0=25°C (grey circles), and n-nonane in N2 

at T0=25°C (white triangles), T0=35°C (grey triangles), and n-nonane in Ar at T0=55°C (black triangles). A 

linear fit to the data in Ar (black dashed line) shows that the particle number density increases more rapidly 

with decreasing flow rate than for measurements in N2 (grey dashed line).  To estimate the particle number 

densities for the pressure trace measurements of n-octane in Ar a fit function for the combined data set of 

n-nonane and n-heptane in Ar is used. 

The nucleation rates are calculated by combining the data from the pressure trace meas-

urements and the Small Angle X-ray Scattering experiments using equation (1.1).  For 

these experiments, the expansion rates of nozzles C (pressure trace measurements) and C2 

(Small Angle X-ray Scattering) is close enough that it was not necessary to correct the 

particle number density N for differences in the opening angle (Figure 6.18).  

Not only because of a nozzle with a large opening angle, and because of switching be-

tween nitrogen and argon as carrier gas, i.e. investigating the nucleation rate over a wide 

temperature regime 150 < T / K < 215, but more importantly, because of the strong tem-

perature dependency of the equilibrium vapor pressure of the n-alkanes84 it is possible to 

                                                 
84 Katz, 1970. 
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conduct measurements over several orders of magnitude of supersaturation 103 < S < 3·107 

and nucleation rates 5·1015 < J / cm-3s-1 < 2·1018.  The measured nucleation rates J(S,T), are 

summarized in Table 8.5.  In Figure 6.26 the nucleation rate J is plotted vs. the supersatura-

tion S corresponding to the maximum nucleation rate.  Various systematic trends can be 

observed: Similar to previous H2O and D2O measurements85 (and Figure 6.10) the nuclea-

tion rate increases with increasing supersaturation, or also with decreasing nucleation tem-

perature (top value Figure 6.26).  Furthermore, the nucleation rate is not only sensitive to 

the nucleation temperature and supersaturation but also to the expansion rate 0pp& (bottom 

value Figure 6.26).  Nucleation for experiments starting from lower stagnation tempera-

tures T0 for a given molar flow rate m&  occur further upstream.  Here the negative expan-

sion rate shows high values.  The negative expansion rate indicates how strong the pressure 

changes per unit time during the phase transition.  High values for the negative expansion 

rate correspond to states where the meta-stable regime is being probed with a sharp de-

cline.  Consequently, states of higher nucleation rates for the relaxation are reached.  This 

behavior is confirmed by our data:  Nearly one order of magnitude higher values for the 

nucleation rates are found for n-heptane in Ar at T0 = 6°C with values for the expansion 

rate between -1667 < 0pp& / s-1 < -1754, compared to measurements in Ar at a plenum 

temperature T0 = 45°C where the expansion rate is round about 1000 s-1 smaller for similar 

flow rates m& .  Also n-octane verifies this trend.  The nucleation rates for measurements 

conducted in N2 at T0 = 15°C which show expansion rates between 

-1000 < 0pp& / s-1 < -1213 lie half an order of magnitude higher compared to measurements 

conducted in N2 at T0 = 25°C with expansion rates between -750 < 0pp& / s-1 < -1000 at 

similar flow rates m& . Also n-nonane follows this behavior.  For decreasing plenum tem-

perature T0 nucleation experiments at a similar condensible flow rate show higher nuclea-

tion rates. 

                                                 
85 Kim et al., 2004. 
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Figure 6.26:  The experimental nucleation rate J vs. the supersaturation S for the homogeneous series of 

n-alkanes.  The values for the nucleation temperature (top value) and the expansion rate (bottom value; nega-

tive value) are given. 

Finally, Hale’s86 scaling theory is used, which enables a comparison of experimental re-

sults measured in different experimental setups, all serving different regimes of nucleation 

                                                 
86 Hale, 1986; Hale, 1992. 
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rate, supersaturation, and temperature, to compare our results to those available in litera-

ture.87  For this the parameter ( )[ ] ( )23
0 ln1 STTC c −  that simultaneously accounts for the 

temperature and supersaturation dependency in the exponent of the nucleation rate expres-

sion is plotted as a function of –ln(J/1026).  By adjusting the parameter C0 until the data 

conform to a straight line with a slope equal to 1, the effective value of Ω can be derived 

from C0 by equation (6.1).  Physically, Ω can be thought of as the surface entropy per 

molecule divided by the Boltzmann constant k. 

It was not attempted to optimize the value of C0 by a weighted least square fit in Figure 

6.27, since it is not clear how to weight each individual set of data.  To ensure comparabil-

ity between the different sets of data the same expression for the equilibrium vapor pres-

sure88 for all sets of data has been used.  Furthermore, for the n-nonane Wagner and Strey89 

data and for the n-nonane Viisanen, Wagner and Strey90 data the expansion temperature 

Texp, which was prior calculated by the Poisson equation (equation (2.24) with γ = 1.1) has 

been recalculated by such means that the temperature dependency of the heat capacity88 

has been imbedded into the expression for the expansion temperature (equation (2.21)).  

Remarkably good agreements are found over ~21 orders of magnitude between the major-

ity of the experimental results available in literature and those of this work (Figure 6.27).  

This is astonishing because not only do the nucleation rates differ by ~21 orders of magni-

tude, but the temperature and supersaturation regimes are often quite removed from each 

other, and in some cases the experimental techniques rely on very different physical phe-

nomena.  For n-nonane some of the data from M. J. E. H. Muitjens91, C. C. M. Luitjens92, 

and P. Peters93 show a scatter from the behavior of the remaining literature data sets.  A 

reason could be that these data were measured using methane as carrier gas.  Due to the 

miscibility of n-nonane and methane it is no longer an ideal homogeneous system and it 

could be possible that also to an extent heterogeneous nucleation was measured. The dis-

crepancies are enlargend for high initial pressure p0 measurements.  Since low pressures 

strive to an ideal vapor, it is evident that high pressures entail non ideal behavior in the gas 

phase.  Furthermore, it is found that the scaling parameters Ωheptane= 2.31, Ωoctane= 2.40, 

                                                 
87 Wagner and Strey, 1984; Hung, Krasnopoler, and Katz, 1989; Muitjens, 1996; Rudek et al., 1996; Luijtens, 
1998; Viisanen, Wagner, and Strey, 1998; Peters, 2002. 
88 Katz, 1970. 
89 Wagner and Strey, 1984. 
90 Viisanen, Wagner, and Strey, 1998. 
91 Muitjens, 1996. 
92 Luijtens, 1998. 
93 Peters, 2002. 
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Ωnonane= 2.47 and Ωdecane= 2.55 and the scaling factors shown by Rusyniak and El-Shall94 

Ωheptane=2.29, Ωoctane=2.37, Ωnonane=2.44 and Ωdecane=2.51 agree well with each other. 

                                                 
94 Rusyniak and El-Shall, 2001. 
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Figure 6.27:  The n-alkane nucleation rates available in the literature are presented in a Hale plot.  The ex-

pansion temperature Texp, which was prior calculated by the Poisson equation (equation (2.24)) has been 

recalculated by such means that the temperature dependency of the heat capacity has been imbedded into the 

equation for the expansion temperature (equation (2.21)) for the n-nonane data by Wagner and Strey and the 

n-nonane data by Viisanen, Wagner and Strey. 
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7 Summary and Outlook 

7.1 Summary 

In most first-order phase transitions nucleation is the first step towards the formation of 

a new phase.  Understanding the phenomenon of nucleation is of great interest in many 

fields of science, technology, and industrial processes.  Although many efforts have been 

undertaken to clarify the nucleation process by several groups with various experimental 

devices all serving different regimes of nucleation rate, supersaturation, and temperature, 

the nucleation process is not fully understood up to date.  In this work the nucleation be-

havior of n-alcohols and n-alkanes is investigated in a supersonic Laval nozzle by conduct-

ing two sets of experiments under identical conditions.  First, static pressure measurements 

are carried out to determine the condensible partial pressure pJmax, the temperature TJmax, 

the supersaturation SJmax, the characteristic time ∆tJmax, and the expansion rate 0/ pp&  for 

the n-alkanes.  For the n-alcohols these experiments have been carried out recently.95  The 

pressure measurements build the basis for the second set of experiments, the first pioneer-

ing Small Angle X-ray Scattering experiments of aerosols in a supersonic nozzle, which 

give the mean radius ‹r›, the width of the size distribution σ, and the particle number den-

sity N of the aerosols.  Combining the results from the pressure trace measurements and the 

SAXS experiments reveals information on the nucleation rate J = N / ∆tJmax during super-

sonic nozzle expansion.  Additionally, by analyzing the variation of the mean radius ‹r› 

and the width of the size distribution σ with the molar flow rate of condensible deepens the 

knowledge of nano-aerosol growth during supersonic nozzle expansion.   

For the n-alkane pressure trace measurements the temperature dependency of the con-

stant pressure heat capacity has been imbedded for the first time into the data analysis 

technique.  Nucleation temperatures are found in the range of 207 ≤ T / K ≤ 249 for the 

n-alcohols95 and 143 ≤ T / K ≤ 215 for the n-alkanes.  Further, the characteristic times 

                                                 
95 Gharibeh et al., 2005. 
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∆tJmax which are in the range of 6 ≤ ∆tJmax / µs ≤ 22 for the n-alcohols96 and 

13 ≤ ∆tJmax / µs ≤ 34 for the n-alkanes are determined.  For the first time, it is recognized 

that the characteristic time ∆tJmax is sensitive to the expansion rate (Figure 6.17).   

Under identical conditions as for the pressure measurements, e.g. the stagnation tem-

perature T0, stagnation pressure p0, carrier gas, and condensible flow rate m& , SAXS ex-

periments have been carried out.  Particle number densities in the range of 

1·1012 < N / cm−3 < 5·1012 and 1·1011 < N / cm−3 < 3·1012 for the n-alcohols and n-alkanes 

are found, respectively.  The nucleation rate is then calculated by combining the data from 

the pressure trace measurements and the SAXS experiments.  This leads to values in the 

range of 1·1017 < J / cm-3s-1 < 5·1017 for the n-alcohols (Figure 6.10).  For the n-alkanes 

nucleation rates in the range 5·1015 < J / cm-3s-1 < 2·1018 are determined (Figure 6.26).  The 

nucleation rate increases for both substance classes as the supersaturation increases and the 

temperature decreases.  Furthermore, for the first time it is shown that the nucleation rate is 

also sensitive to the expansion rate 0pp&−  during supersonic nozzle expansion.  Finally, 

when comparing the nucleation rates of this work to those available in literature97 a good 

agreement is found over ~21 orders of magnitude and the scaling parameters agree well 

with those shown by Rusyniak and El-Shall98 and Brus et al..99  

Mean radii for the n-alcohols in the range of 4 < ‹r› / nm < 10 and for the n-alkanes in 

the range of 5 < ‹r› / nm < 31 are found.  Additionally, a systematic variation of the size 

distribution parameters, e.g. the mean radius ‹r›, the width of the size distribution σ, and 

the particle number density N, with the condensible flow rate m&  are observed for the 

n-alcohols (Figure 6.3 - Figure 6.5) and the n-alkanes (Figure 6.21 - Figure 6.24):  The 

mean radius ‹r› increases rapidly with the condensible flow rate m& .  This is expected be-

cause the concentration of the condensible vapor is directly proportional to the condensible 

flow rate m& .  For the n-alcohols the length of time available for growth, governed by vary-

ing the condensible flow rate m&  or the plenum temperature T0, which leads to a shift of the 

maximum nucleation position, plays a minor role compared to the n-alkanes, where discon-

                                                 
96 Gharibeh et al., 2005. 
97 Wagner and Strey, 1984; Kacker and Heist, 1985; Strey, Wagner, and Schmeling, 1986; Hung, 
Krasnopoler, and Katz, 1989; Viisanen and Strey, 1994; Strey, Viisanen, and Wagner, 1995; Hruby, 
Viisanen, and Strey, 1996; Muitjens, 1996; Rudek et al., 1996; Luijten, Baas, and van Dongen, 1997; 
Luijtens, 1998; Viisanen, Wagner, and Strey, 1998; Zdimal and Smolik, 1998; Rudek et al., 1999; Anisimov 
et al., 2000; Graßmann and Peters, 2000; Lihavainen, Viisanen, and Kulmala, 2001b; Graßmann and Peters, 
2002; Peters, 2002; Schmitt and Doster, 2002; Iland et al., 2004b; Brus et al., 2005; Brus, Zdimal, and 
Stratmann, 2006. 
98 Rusyniak and El-Shall, 2001. 
99 Brus, Zdimal, and Stratmann, 2006. 
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tinuities in the mean radius as a function of the flow rate m&  can be observed for different 

plenum temperatures T0 (Figure 6.22 - Figure 6.23).  The width of the size distribution σ 

for the n-alcohols and n-alkanes also increases, however, only on a smaller scale as the 

condensible flow rate is increased.  In contrast to the mean radius ‹r› and the width of the 

size distribution σ the particle number density N decreases rapidly because decreasing flow 

rates shift nucleation further downstream to low temperatures and high supersaturations 

where the particle production rate ( )∫ dtTSJ ,  and the characteristic times ∆tJmax are large. 

7.2 Outlook 

The results of this work suggest further investigations in many directions.   

First, as this work reveals the nucleation behavior during supersonic nozzle expansion 

experiments are a multi-dimensional challenge.  An important step towards understanding 

the phenomenon of nucleation is to reduce the dimensionality.  A nozzle with a constant 

expansion rate 0/ pp&  at every position can reduce one dimension of the challenge, and 

thus, simplify the interpretation of the experiments. 

Further, during the Small Angle X-ray Scattering experiments the flow rate was varied.  

By this variation the dimensionality of the nucleation phenomenon increases since the nu-

cleation position xJmax, the time of flight ttof from the particle formation position to the de-

tection position, the condensible partial pressure pJmax, the temperature TJmax, the supersatu-

ration SJmax, the expansion rate 0/ pp& , and the reservoir are not constant.  A different ap-

proach would be to conduct position resolved SAXS measurements at a given flow rate.  

Here a deeper understanding of the growth behavior can be won as the change in the radii 

of the aerosols can be followed at every position and temperature in the nozzle.  The re-

sults presented in this work may be a valuable landmark for such future work. 

Clearly, the homologous series of n-alcohols and n-alkanes can be extended.  Prelimi-

nary n-undecane in N2 measurements at plenum temperatures of T0 = 45oC and T0 = 55oC 

were carried out by Dirk Bergmann in 2005 in the aerosol laboratory of The Ohio State 

University.  Deeper analysis is in progress for these measurements. 

As the nucleation rate is a strong temperature and supersaturation dependent function 

experiments are enhanced by measurements made over a wide range of nucleation rates, 

temperatures, and supersaturations.  Figure 6.11 and Figure 6.27 reveal a gap in the acces-
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sible experimental nucleation rates between 1012 < J / cm-3s-1 < 1016.  Preliminary H2O in 

Argon measurements in a two valve expansion chamber during which simply an expansion 

was carried out (Figure 7.1) have shown that experimental nucleation rates of 

J = 1013 ± 102 can be achieved.100  Consequently, the gap in accessible nucleation rate can 

be reduced.  In fact, the analysis of these experiments is very similar to supersonic nozzle 

expansion experiments, since a similar pressure profile is measured.  Also here the latent 

heat addition due to condensation is observed by a deviation of the wet condensing flow 

from an isentropic argon expansion.  Currently a deeper data analysis technique is being 

developed by Alexandra Manka, for which the insides of this work can be a helpful guide-

line. 
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Figure 7.1:  Preliminary H2O results in the two valve expansion chamber during which simply an expansion 

was carried out.  The solid line is the condensing pressure curve, the dashed line is the pressure for a pure 

argon expansion, and the light scattering signal of the photomultiplier is given by the dotted line vs. the time. 

 

                                                 
100 Manka et al., 2007. 
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Appendix 

A.1 Chemicals 

The condensible materials studied were n-propanol (99.5%, Sigma-Aldrich Co.), n-butanol 

(99.5%, Sigma-Aldrich Co.) and n-pentanol (99.5% Sigma-Aldrich Co.).  The n-alcohols 

were not further purified.  The n-pentanol used for the SAXS experiments was not from the 

lot distributed as part of the Workshop on Nucleation Experiments – State of the Art and 

Future Developments (Lot No. K21223075518, Merck, Germany).  The carrier gas was 

nitrogen.  

The thermo-physical properties of interest for the n-alcohols are summarized in Table 

8.1.  In our earlier work, we used the thermo-physical parameters given in Table 1 of 

Schmeling and Strey101 to evaluate the equilibrium vapor pressure.  These parameters were 

derived by fitting only their experimental data to the Dupré-Rankine formula.  Here, the 

parameters given in Table 2 of Schmeling and Strey101 are used because these are derived 

by fitting all of the available literature data, and are the expressions used by most other 

groups to calculate the supersaturation S. 

The condensible materials including n-heptane (99+%), n-octane (99+%), n-nonane 

(99+%), and n-decane (99+%) were all purchased from Sigma-Aldrich Co. and were not 

further purified.  Boil off from liquid nitrogen or argon Dewars provided the carrier gas.  

The thermo-physical properties of the n-alkanes are summarized in Table 8.2. 

                                                 
101 Schmeling and Strey, 1983. 
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A.2 n-Alcohol Parameters 

Table 8.1:  The thermo-physical properties of n-propanol, n-butanol, n-pentanol, and nitrogen.  The proper-

ties are µ, the molecular weight; ρSLD, the scattering length density for the x-ray beam; and p∞(T), the equilib-

rium vapor pressure,102 here T is given in Kelvin.  The scattering length density is calculated as given in 

equation (4.28) and (4.29).  For the scattering length density it has been accounted for, that the exit tempera-

ture of nozzle H2 is 6 K lower than that of nozzle A and a mean temperature has been used.  

n-propanol 

µ / g mol-1 60.10 

ρSLD / Å−2 8.24.10-6 

p∞(T) / Pa 133.322.exp(84.7 – 8559.6/T – 9.29.ln T) 

 

n-butanol 

µ / g mol-1 74.12 

ρ SLD / Å−2 8.29.10-6 

p∞(T) / Pa 133.322.exp(93.6 – 9412.6/T – 10.54.ln T) 

 

n-pentanol 

µ / g mol-1 88.15 

ρSLD / Å−2 8.31.10-6 

p∞(T) / Pa 133.322.exp(90.08 – 9788.4/T – 9.9× ln T) 

  

nitrogen 

ρSLD / Å−2 9.8.10-9 

 

                                                 
102 Schmeling and Strey, 1983. 
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A.3 n-Alkane Parameters 

Table 8.2:  The thermo-physical properties of n-heptane, n-octane, n-nonane, and n-decane.  The properties 

are µ, the molecular weight;103 Tc, the critical temperature;104 cpl, the heat capacity of the liquid;104 cp(T), the 

heat capacity of the vapor,103 p∞(T), the equilibrium vapor pressure;103 ρl, the density of the bulk liquid;103 σ, 

the surface tension;103 ∆Hvap, the heat of vaporization; ρ, the scattering length density for the x-ray beam, T is 

given in Kelvin; and R is the universal gas constant.  The scattering length density is calculated as given in 

equation (4.28) and (4.29).  For the scattering length density a mean nucleation temperature has been used. 

n-heptane 

µ / g mol-1 100.206 

Tc / K 540.2 

pc / MPa 2.74 

cpl(at 298.15 K) / J g-1 K-1 2.25 

cp(T) / cal mol-1 K-1 cp = -8.49134 + 0.19666.T - 1.16.10-4.T2 

p∞(T) / Torr log p∞ = 6.9024 - 1268.115 / (T - 56.25) 

ρl / g cm-3 
ρl = 0.70048 - 8.476.10-4 . (T -273.15) + 1.88.10-7 . 

(T - 273.15)2 - 5.23.10-9 . (T - 273.15)3 

σST / N m-1 σ = (22.44 - 0.107 . (T – 273.15)) / 1000 

∆Hvap /J mol-1 ∆Hvap = R . T2.  (ln 10) . 1268.115 / (T - 56.25)2 

ρSLD  / Å−2 8.24.10-6 

n-octane 

µ / g mol-1 114.233 

TC / K 568.7 

pc / MPa 2.49 

cpl(at 298.15 K) / J g-1 K-1 2.22 

cp(T) / cal mol-1 K-1 cp = 28.8144 + 0.01713.T – 1.421.10-4.T2 

p∞(T) / Torr log p∞ = 6.92377 - 1355.126 / (T - 63.63) 

ρl / g cm-3 
ρl = 0.71848 - 8.239.10-4 . (T 273.15) + 4.459.10-6 . 

(T – 273.15)2 - 5.293.10-9 . (T - 273.15)3 

σST / N m-1 σ = (23.52 - 0.09509 . (T – 273.15)) / 1000 

∆Hvap / J mol-1 ∆Hvap = R . T2.  (ln 10) . 1355.126 / (T – 63.63)2 

ρSLD / Å−2 8.29.10-6 

                                                 
103 Katz, 1970. 
104 edited by Lide, 2003. 
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n-nonane 

µ / g mol-1 128.260 

Tc / K 594.6 

pc / MPa 2.29 

cpl(at 298.15 K) / J g-1 K-1 2.217 

cp(T) / cal mol-1 K-1 cp = 6.00821 + 0.16816.T – 5.30.10-5.T2 

p∞(T) / Torr log p∞ = 6.93513 - 1428.811 / (T - 71.53) 

ρl / kg m-3 ρl = 0.7333 - 7.5.10-4 . (T -273.15) + 4.55.10-7 . (T – 273.15)2 

σST / N m-1 σ = (24.72 - 0.09347 . (T – 273.15)) / 1000 

∆Hvap / J/mol-1 ∆Hvap = R . T2.  (ln 10) . 1428.811 / (T – 71.53)2 

ρSLD / Å−2 8.31.10-6 

n-decane 

µ / g mol-1 148.286 

Tc / K 617.7 

pc / MPa 2.11 

cpl(at 298.15 K) / J g-1 K-1 2.217 

cp(T) / J mol-1 K-1 cp = -70.37 + 1.232.T – 8.646.10-4.T2 + 2.455.10-7.T3 

p∞(T) / Torr log p∞ =  4.06853 - 1495.170 / (T - 79.292) 

ρl / kg m-3 ρl = 60.9421 / 0.25745 ^ (1+(1 – T / 617.7) ^ 0.28912) 

σST / N m-1 σ = 0.02573 - 9.19.10-5. (T - 273.15) 

∆Hvap / J/mol ∆Hvap = R . T2.  (ln 10) . 1495.170 / (T – 79.292)2 

ρSLD / Å−2 8.31.10-6 
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A.4 n-Alcohol SAXS Results 

Table 8.3: The results of the Small Angle X-ray Scattering experiments for n-propanol, n-butanol, and 

n-pentanol.  The stagnation pressure is fixed at p0 = 30.2 kPa; m&  is the molar flow rate; T0 is the stagnation 

temperature; “distribution” indicates which distribution function has been assumed; ‹r› is the mean radius; σ 

is the width of the distribution function, N is the particle number density; and P is the polydispersity index. 

m&   

mmol min-1 

 

T0 / K 

 

distribution 

 

<r> / m-9 

 

σ / m-9 

 

N / 1012 cm-3 

 

P = σ/ <r> 

       

n-propanol 

41.10 308.15 Gauss 3.95 1.20 3.7 0.30 

  Schultz 3.99 1.06 3.8 0.26 

41.10 308.15 Gauss 3.80 1.20 4.4 0.32 

  Schultz 3.73 1.15 4.6 0.31 

       

58.24 308.15 Gauss 5.00 1.50 2.7 0.30 

  Schultz 5.03 1.33 2.8 0.26 

58.24 308.15 Gauss 5.00 1.60 2.5 0.32 

  Schultz 5.01 1.35 2.8 0.27 

       

75.71 308.15 Gauss 5.80 1.70 2.3 0.29 

  Schultz 5.96 1.56 2.2 0.26 

75.71 308.15 Gauss 6.00 1.70 2.1 0.28 

  Schultz 6.01 1.55 2.1 0.26 

       

69.88 318.15 Gauss 5.00 1.60 2.9 0.32 

  Schultz 5.16 1.29 2.9 0.25 

69.88 318.15 Gauss 5.20 1.40 2.9 0.27 

  Schultz 5.14 1.34 2.9 0.26 

       

69.88 318.15 Gauss 5.20 1.40 2.9 0.27 

  Schultz 5.17 1.41 2.9 0.27 

69.88 318.15 Gauss 5.20 1.40 2.9 0.27 

  Schultz 5.34 1.33 2.6 0.25 

       

100.67 318.15 Gauss 6.85 1.70 1.9 0.25 

  Schultz 6.72 1.71 1.9 0.25 

100.67 318.15 Gauss 6.70 1.60 2.1 0.24 

  Schultz 6.73 1.68 1.9 0.25 

       

101.16 318.15 Gauss 6.60 1.70 2.0 0.26 

  Schultz 6.69 1.70 1.9 0.25 

101.16 318.15 Gauss 6.60 1.70 2.1 0.26 

  Schultz 6.65 1.71 1.9 0.26 
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m&   

mmol min-1 

 

T0 / K 

 

distribution 

 

<r> / m-9 

 

σ / m-9 

 

N / 1012 cm-3 

 

P = σ/ <r> 

       

139.27 318.15 Gauss 8.10 2.10 1.4 0.26 

  Schultz 7.96 2.05 1.5 0.26 

139.27 318.15 Gauss 8.10 2.10 1.4 0.26 

  Schultz 8.13 2.05 1.4 0.25 

       

139.77 318.15 Gauss 8.20 2.20 1.3 0.27 

  Schultz 8.06 2.06 1.4 0.26 

139.77 318.15 Gauss 8.20 2.10 1.4 0.26 

  Schultz 8.09 2.04 1.4 0.25 

       

70.55 323.15 Gauss 5.10 1.13 3.2 0.22 

  Schultz 5.07 1.21 3.0 0.24 

       

101.83 323.15 Gauss 6.40 1.60 2.3 0.25 

  Schultz 6.45 1.63 2.1 0.25 

101.83 323.15 Gauss 6.45 1.60 2.2 0.25 

  Schultz 6.42 1.62 2.1 0.25 

       

133.11 323.15 Gauss 7.60 2.00 1.5 0.26 

  Schultz 7.56 1.84 1.6 0.24 

133.11 323.15 Gauss 7.50 2.20 1.6 0.29 

  Schultz 7.57 1.89 1.6 0.25 

       

164.89 323.15 Gauss 8.40 2.30 1.4 0.27 

  Schultz 8.39 2.11 1.4 0.25 

164.89 323.15 Gauss 8.35 2.30 1.4 0.28 

  Schultz 8.37 2.12 1.4 0.25 

       

246.09 323.15 Gauss 10.05 2.70 1.0 0.27 

  Schultz 10.05 2.50 1.0 0.25 

246.09 323.15 Gauss 10.05 2.70 1.0 0.27 

  Schultz 10.04 2.50 1.0 0.25 

       

n-butanol 

31.17 308.15 Gauss 4.50 1.20 2.8 0.27 

  Schultz 4.50 1.18 2.7 0.26 

31.17 308.15 Gauss 4.40 1.20 3.1 0.27 

  Schultz 4.46 1.22 2.8 0.27 

       

32.11 323.15 Gauss 4.14 1.02 3.5 0.25 

  Schultz 4.09 1.02 3.5 0.25 

32.11 323.15 Gauss 3.64 1.37 4.2 0.28 

  Schultz 3.82 1.11 4.4 0.29 

       

       

       

       



118 Appendix A.4 n-Alcohol SAXS Results  

  

m&   

mmol min-1 

 

T0 / K 

 

distribution 

 

<r> / m-9 

 

σ / m-9 

 

N / 1012 cm-3 

 

P = σ/ <r> 

       

56.26 323.15 Gauss 5.75 1.70 2.3 0.30 

  Schultz 5.74 1.55 2.4 0.27 

56.26 323.15 Gauss 5.65 1.70 2.4 0.30 

  Schultz 5.75 1.52 2.3 0.26 

       

82.03 323.15 Gauss 7.03 2.19 1.7 0.31 

  Schultz 7.18 1.91 1.7 0.27 

82.03 323.15 Gauss 7.20 2.00 1.7 0.28 

  Schultz 7.25 1.89 1.7 0.26 

       

107.93 323.15 Gauss 8.85 2.30 1.2 0.26 

  Schultz 8.86 2.25 1.2 0.25 

107.93 323.15 Gauss 8.82 2.30 1.2 0.26 

  Schultz 8.85 2.27 1.2 0.26 

 

n-pentanol 

20.53 318.15 Gauss 3.76 1.30 3.4 0.35 

  Schultz - - - - 

20.53 318.15 Gauss 3.78 1.27 3.3 0.34 

  Schultz - - - - 

       

31.76 318.15 Gauss 5.15 1.45 2.2 0.28 

  Schultz 5.18 1.38 2.2 0.27 

31.76 318.15 Gauss 4.91 1.59 2.4 0.32 

  Schultz 5.18 1.40 2.2 0.27 

       

24.05 333.15 Gauss 4.02 1.10 3.1 0.27 

  Schultz 4.09 1.11 3.2 0.27 

24.05 333.15 Gauss 4.02 1.10 3.1 0.27 

  Schultz 4.09 1.02 3.2 0.25 

       

44.36 333.15 Gauss 5.80 1.60 2.1 0.28 

  Schultz 5.80 1.54 2.1 0.27 

44.36 333.15 Gauss 5.75 1.60 2.1 0.28 

  Schultz 5.85 1.51 2.0 0.26 

       

69.77 333.15 Gauss 7.55 2.30 1.4 0.30 

  Schultz 7.75 2.02 1.4 0.26 

69.77 333.15 Gauss 7.59 2.20 1.4 0.29 

  Schultz 7.64 2.00 1.4 0.26 

       

89.73 333.15 Gauss 9.45 2.45 1.0 0.26 

  Schultz 9.44 2.46 1.0 0.26 

89.73 333.15 Gauss 9.58 2.45 1.0 0.26 

  Schultz 9.49 2.45 1.0 0.26 
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A.5 n-Alcohol Nucleation Rates 

Table 8.4:  The combination of the data obtained from the pressure trace measurements and the Small Angle 

X-ray Scattering experiments of n-propanol, n-butanol, and n-pentanol.  The stagnation pressure for the 

Small Angle X-ray Scattering experiments is fixed at p0 = 30.2 kPa; m&  is the molar flow rate; T0 is the stag-

nation temperature; pJmax, SJmax, TJmax, and ∆tJmax are the pressure, temperature, supersaturation, and the char-

acteristic time corresponding to the maximum nucleation rate Jmax (these values are from previous pressure 

trace measurements105 and have been conducted at p0 = 59.6 kPa), respectively, NGaussian, and NSchultz are the 

particle number density assuming a Gaussian or a Schultz distribution function, respectively, ρNZ/ρVV is the 

density ratio of the gas at the nucleation zone to the viewing volume, and JGaussian, and JSchultz are the nuclea-

tion rate corresponding to NGaussian and NSchultz, respectively. The values for the pressure pJmax and temperature 

TJmax corresponding to the maximum nucleation rate are identical to those reported in an earlier publica-

tion.105  However, the values for the supersaturation SJmax differ from those reported earlier105 because of the 

use of a different equilibrium vapor pressure function.106 

m&  

mmolmin-1 

 

T0 / K 

TJmax 

K 

pJmax 

Pa 

 

SJmax 

∆tJmax 

µs 

NGaussian 

1012cm-3 

NSchultz 

1012cm-3 

 

ρNZ/ρVV 

JGaussian 

1017cm-3s-1 

JSchultz 

1017cm-3s-1 

           

n-propanol 

           

67.7 323.15 219.73 61 35.5 12.5 2.3 2.3 1.05 1.9 2.0 

93.0 323.15 224.40 90 28.3 10.0 1.8 1.8 1.10 2.0 2.0 

134.4 323.15 229.99 140 21.9 9.0 1.3 1.3 1.16 1.7 1.7 

167.2 323.15 233.53 183 18.7 9.4 1.1 1.1 1.20 1.4 1.4 

247.9 323.15 239.64 293 15.0 8.1 0.9 0.9 1.26 1.3 1.3 

67.7 318.15 219.87 62 35.4 12.0 2.3 2.3 1.10 2.1 2.1 

134.3 318.15 229.81 142 22.7 10.2 1.3 1.3 1.21 1.6 1.6 

22.0 308.15 207.20 19 67.5 17.6 5.5 5.7 1.04 3.3 3.4 

28.6 308.15 210.51 26 55.9 14.9 4.5 4.6 1.08 3.3 3.3 

33.8 308.15 212.97 32 47.9 13.2 3.9 4.0 1.11 3.3 3.4 

50.7 308.15 219.10 52 32.9 12.1 2.9 2.9 1.19 2.8 2.9 

67.2 308.15 223.36 74 26.6 11.4 2.3 2.3 1.24 2.5 2.5 

           

           

           

           

           

           

           

           

           

                                                 
105 Gharibeh et al., 2005. 
106 Schmeling and Strey, 1983. 
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m&  

mmolmin-1 

 

T0 / K 

TJmax 

K 

pJmax 

Pa 

 

SJmax 

∆tJmax 

µs 

NGaussian 

1012cm-3 

NSchultz 

1012cm-3 

 

ρNZ/ρVV 

JGaussian 

1017cm-3s-1 

JSchultz 

1017cm-3s-1 

           

n-butanol 

           

29.1 323.15 221.63 27 66.7 11.5 3.6 3.7 1.09 3.4 3.5 

38.6 323.15 226.32 38 48.5 9.4 2.8 2.8 1.14 3.4 3.4 

56.5 323.15 231.75 60 37.1 8.8 1.9 2.0 1.21 2.7 2.7 

70.4 323.15 235.33 79 31.0 8.6 1.6 1.6 1.25 2.3 2.3 

111.7 323.15 242.47 138 22.8 6.2 1.0 1.0 1.33 2.2 2.2 

11.7 308.15 210.75 10 130.1 22.0 8.5 8.7 1.09 4.2 4.3 

13.1 308.15 212.84 12 111.7 16.2 7.7 7.8 1.12 5.3 5.4 

17.3 308.15 217.10 17 81.9 16.3 5.9 6.0 1.17 4.2 4.3 

21.9 308.15 219.79 22 71.0 11.9 4.7 4.8 1.20 4.8 4.9 

28.9 308.15 224.94 32 49.4 13.1 3.7 3.7 1.28 3.6 3.6 

           

n-pentanol 

           

24.8 333.15 228.54 22 117.5 12.9 2.6 2.4 1.09 2.2 2.1 

37.1 333.15 233.91 37 89.0 12.7 1.9 1.8 1.14 1.7 1.6 

49.5 333.15 238.78 52 65.3 11.4 1.5 1.4 1.20 1.5 1.5 

59.0 333.15 241.86 65 55.0 11.7 1.3 1.2 1.24 1.4 1.3 

73.6 333.15 245.90 86 44.1 13.9 1.1 1.0 1.28 1.0 1.0 

92.8 333.15 248.93 113 40.3 11.2 0.9 0.9 1.32 1.0 1.0 

12.5 318.15 222.79 12 155.9 17.2 4.4 4.2 1.16 3.0 2.8 

15.0 318.15 225.48 15 128.0 15.8 3.8 3.6 1.19 2.9 2.7 

18.6 318.15 228.08 20 109.2 11.7 3.2 3.1 1.22 3.4 3.2 

24.6 318.15 232.53 28 81.4 11.3 2.6 2.5 1.28 2.9 2.8 

31.0 318.15 236.39 38 65.4 10.5 2.1 2.1 1.33 2.7 2.6 
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A.6 n-Alkane Pressure Trace Measurements and Nucleation Rates 

Table 8.5: The results from the pressure trace measurements for n-heptane, n-octane, n-nonane, and n-decane 

are summarized. The stagnation pressure for the pressure trace measurements is fixed at p0 = 30.2 kPa with 

an exception of 11 n-nonane runs (values with asterisk) which were performed at p0 = 59.6 kPa in 2003 at the 

Worcester Polytechnic Institute with an experimental setup described in Gharibeh et al..107  The column 

“carrier gas” indicates which carrier gas is used; m&  is the molar flow rate; y is the vapor fraction of the con-

densible species; T0 is the stagnation temperature, pJmax, TJmax, SJmax, and ∆tJmax are the pressure, temperature, 

supersaturation, and the characteristic time corresponding to the maximum nucleation rate Jmax; d(p/p0)/dt is 

the expansion rate; ρNZ/ρVV is the density ratio of the gas at the nucleation zone to the viewing volume.  The 

particle number density N and the nucleation rate J is obtained by combining the data from the pressure trace 

measurements and the Small Angle X-ray Scattering experiments (Table 8.6).  The stagnation pressure for 

the Small Angle X-ray Scattering experiments is fixed at p0 = 30.2 kPa.  For the Small Angle X-ray Scatterig 

experiments a Gaussian distribution of particles was assumed. 

carrier 

gas 

m&  

mmol min-1 

 

y 

T0 

K 

pJmax 

Pa 

TJmax 

K 

 

SJmax 

pp /& 0 

s-1 

∆tJmax 

105s 

 

N / cm-3 

 

ρNZ/ρVV 

 

J / cm-3s-1 

n-heptane 

N2 152.5 0.0161 279.39 76.72 170.06 1.00.104 -875 2.02 1.72.1011 1.1 9.52.1015 

N2 185.2 0.0197 279.42 96.93 172.30 7.70.103 -770 2.10 1.24.1011 1.1 6.28.1015 

Ar 88.4 0.0106 283.15 80.67 169.86 1.10.104 -1754 1.26 4.79.1011 1.3 4.95.1016 

Ar 96.2 0.0116 283.15 88.01 171.30 8.70.103 -1754 1.27 3.95.1011 1.3 3.99.1016 

Ar 84.9 0.0102 283.15 75.56 169.19 1.20.104 -1667 1.27 5.26.1011 1.3 5.19.1016 

Ar 195.4 0.0252 318.13 142.76 177.19 4.10.103 -1000 1.65 7.8.1010 1.2 5.45.1015 

Ar 166.3 0.0214 318.15 121.09 174.85 5.60.103 -1000 1.80 1.1.1011 1.2 7.27.1015 

Ar 98.4 0.0126 318.13 60.95 164.88 2.70.104 -900 2.85 3.8.1011 1.1 1.47.1016 

Ar 59.5 0.0075 318.13 29.33 153.52 3.00.105 -664 3.44 1.2.1012 1.0 3.61.1016 

Ar 79.1 0.0101 318.14 42.43 158.18 1.10.105 -779 3.28 6.2.1011 1.1 2.00.1016 

Ar 69.5 0.0088 318.15 37.17 155.82 1.90.105 -700 3.43 8.4.1011 1.1 2.57.1016 

Ar 59.4 0.0075 318.14 32.17 153.82 3.00.105 -779 3.35 1.2.1012 1.1 3.79.1016 

Ar 49.3 0.0062 318.13 25.14 150.38 7.00.105 -664 3.35 1.8.1012 1.0 5.71.1016 

Ar 39.4 0.0050 318.13 18.83 146.94 1.70.106 -664 -   - 

Ar 29.6 0.0037 318.14 13.71 143.07 5.20.106 -664 -   - 

            

            

            

            

            

            

                                                 
107 Gharibeh et al., 2005. 
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carrier 

gas 

m&  

mmol min-1 

 

y 

T0 

K 

pJmax 

Pa 

TJmax 

K 

 

SJmax 

pp /& 0 

s-1 

∆tJmax 

105s 

 

N / cm-3 

 

ρNZ/ρVV 

 

J / cm-3s-1 

            

n-octane 

N2 85.2 0.0092 298.13 41.24 175.66 4.60.104 -625     

N2 142.7 0.0156 298.14 76.26 183.42 1.40.104 -875 2.53 1.9.1011 1.0 7.97.1015 

N2 204.7 0.0227 298.12 124.26 190.34 5.50.103 -1000 2.29 1.1.1011 1.1 5.14.1015 

N2 115.8 0.0126 298.12 59.44 180.28 2.20.104 -750 2.50 2.7.1011 1.0 1.13.1016 

N2 112.0 0.0119 287.99 65.77 183.85 1.10.104 -1000 2.30 2.9.1011 1.2 1.45.1016 

N2 84.2 0.0089 288.02 45.43 178.41 2.60.104 -1000 2.70 4.6.1011 1.1 1.89.1016 

N2 154.4 0.0164 288.03 101.86 189.61 5.20.103 -1213 2.07 1.7.1011 1.2 1.00.1016 

N2 59.4 0.0063 288.01 29.94 172.60 7.30.104 -875 -   - 

N2 46.6 0.0049 288.04 20.78 168.18 1.70.105 -625 -   - 

Ar 53.4 0.0067 308.12 42.68 173.03 9.30.104 -1524 1.89 1.5.1012 1.3 1.04.1017 

Ar 44.3 0.0055 308.14 33.19 169.64 1.80.105 -1442 1.92 2.3.1012 1.3 1.58.1017 

Ar 35.3 0.0044 308.15 25.10 165.98 3.90.105 -1269 1.95 4.0.1012 1.3 2.64.1017 

Ar 26.3 0.0033 308.14 17.01 161.70 1.00.106 -1300 2.24 8.2.1012 1.2 4.56.1017 

Ar 17.0 0.0021 308.15 10.38 155.73 4.80.106 -900 2.87 2.4.1013 1.2 9.94.1017 

Ar 8.5 0.0011 308.14 4.20 144.99 1.70.108 -664 -   - 

Ar 21.1 0.0026 308.11 13.33 158.25 2.50.106 -1000 2.66 1.4.1013 1.2 6.46.1017 

Ar 12.3 0.0015 308.13 6.65 150.01 2.90.107 -800 2.91 5.3.1013 1.1 2.08.1018 

            

            

n-nonane 

N2* 60.7 0.0033 298.10 38.59 191.39 2.80.104 -1107 2.27 8.5.1011 1.2 4.54.1016 

N2* 45.8 0.0025 298.11 27.27 186.35 6.60.104 -1125 2.92 1.4.1012 1.2 5.41.1016 

N2* 76.0 0.0041 298.11 52.83 195.33 1.60.104 -1395 1.97 5.7.1011 1.3 3.68.1016 

N2* 38.0 0.0021 298.14 18.29 181.20 1.70.105 -875 3.22 1.9.1012 1.1 6.27.1016 

N2* 53.9 0.0029 298.14 33.36 189.03 4.20.104 -1107 2.54 1.0.1012 1.2 4.83.1016 

N2* 91.1 0.0051 308.12 55.97 195.60 1.60.104 -1000 2.58 4.2.1011 1.2 1.88.1016 

N2* 136.8 0.0076 308.11 99.37 204.63 4.70.103 -1395 1.81 2.1.1011 1.3 1.47.1016 

N2* 226.7 0.0124 308.11 186.53 215.34 1.40.103 -1778 1.43 8.7.1010 1.4 8.58.1015 

N2* 172.6 0.0095 308.12 134.72 209.42 2.70.103 -1839 1.72 1.4.1011 1.3 1.08.1016 

N2* 107.3 0.0060 308.13 72.05 199.71 8.80.103 -1375 2.11 3.2.1011 1.2 1.82.1016 

N2* 70.9 0.0040 308.11 44.25 191.99 2.80.104 -1000 2.74 6.5.1011 1.1 2.65.1016 

N2 37.5 0.0041 298.11 19.85 180.10 2.50.105 -1000 -   - 

N2 53.3 0.0058 298.15 31.81 186.85 6.80.104 -1125 2.46 1.1.1012 1.1 4.57.1016 

N2 75.6 0.0084 298.13 53.01 193.88 2.20.104 -1375 2.23 5.8.1011 1.2 3.05.1016 

Ar 32.1 0.0041 328.10 25.12 179.74 3.50.105 -1300 2.53 5.2.1012 1.3 2.68.1017 

Ar 24.3 0.0031 328.16 16.56 173.07 1.70.106 -1200 2.47 1.1.1013 1.2 5.32.1017 

Ar 18.9 0.0024 328.12 12.95 169.96 3.70.106 -1200 3.02 2.0.1013 1.2 8.17.1017 

Ar 16.2 0.0021 328.14 10.55 166.84 9.00.106 -1000 3.32 3.0.1013 1.2 1.08.1018 

Ar 40.0 0.0052 328.16 32.91 184.42 1.30.105 -1683 2.38 2.9.1012 1.3 1.65.1017 

Ar 48.2 0.0063 328.17 40.21 187.35 7.60.104 -1667 2.17 1.8.1012 1.4 1.14.1017 

Ar 12.4 0.0016 328.12 7.27 163.59 2.10.107 -992 3.39 6.0.1013 1.2 2.05.1018 
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carrier 

gas 

m&  

mmol min-1 

 

y 

T0 

K 

pJmax 

Pa 

TJmax 

K 

 

SJmax 

pp /& 0 

s-1 

∆tJmax 

105s 

 

N / cm-3 

 

ρNZ/ρVV 

 

J / cm-3s-1 

            

n-decane 

N2 59.5 0.0067 308.14 42.36 204.59 3.10.104 -1512 2.12 1.3.1012 1.3 7.47.1016 

N2 61.7 0.0069 308.16 46.26 205.63 2.70.104 -1512 2.15 1.2.1012 1.3 6.98.1016 

N2 64.8 0.0073 308.12 50.18 206.76 2.30.104 -1609 2.01 1.0.1012 1.3 6.96.1016 

N2 36.9 0.0041 308.11 24.20 197.97 8.20.104 -1250 2.33 2.8.1012 1.2 1.42.1017 

N2 44.2 0.0049 308.15 31.03 200.76 5.40.104 -1428 1.83 2.0.1012 1.3 1.40.1017 

N2 22.8 0.0025 308.15 12.83 190.33 3.20.105 -875 2.73 6.2.1012 1.3 2.94.1017 

N2 29.5 0.0033 308.14 18.63 195.74 1.10.105 -1375 2.37 4.0.1012 1.2 2.01.1017 

N2 16.3 0.0018 308.15 7.63 185.14 8.70.105 -1000 2.73 1.1.1013 1.3 4.91.1017 

N2 95.7 0.0106 308.11 76.99 212.51 1.10.104 -2134 1.75 5.6.1011 1.4 4.44.1016 

N2 79.0 0.0088 308.12 63.87 210.34 1.40.104 -2045 1.79 7.8.1011 1.4 5.89.1016 
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A.7 n-Alkane SAXS Measurements 

Table 8.6: The results of the Small Angle X-ray Scattering experiments for n-heptane, n-octane, n-nonane, 

and n-decane are summarized.  The stagnation pressure is fixed at p0 = 30.2 kPa; m&  is the molar flow rate, T0 

is the stagnation temperature; ‹r› is the mean radius; σ is the width of the distribution function; N is the parti-

cle number density; P is the polydispersity index; tD, the thickness of the diffuse interface; φSAXS, the volume 

fraction of the condensed matter; “carrier gas” indicates which carrier gas was used, and ttof is the time of 

flight from the nucleation position to the detection position x = 7 cm.  For all fits a Gaussian distribution of 

particles was assumed. 

m&  

mmol min-1 

T0 

K 

<r> 

m-9 

σ 

m-9 

N 

1011cm-3 
P = σ /‹r› 

tD 

m-9 

 

φSAXS 

carrier 

gas 

ttof 

µs 

          

n-heptane 

52.09 318.15 5.5 3.00 16.7 0.55 0.2 2.50.10-6 Ar 16.0 

52.09 318.15 5.3 3.01 18.7 0.57 0.1 2.50.10-6 Ar 16.0 

          

72.55 318.15 9.8 2.20 7.5 0.22 0.1 6.30.10-6 Ar 27.9 

72.55 318.15 10.0 2.40 7.0 0.24 0.1 6.30.10-6 Ar 27.9 

          

93.61 318.15 13.0 2.90 4.1 0.22 0.1 8.10.10-6 Ar 37.0 

93.61 318.15 12.9 2.90 4.2 0.22 0.1 8.10.10-6 Ar 37.0 

          

123.25 318.15 19.0 3.50 1.9 0.18 0.1 1.20.10-5 Ar 46.9 

123.25 318.15 19.0 3.60 1.9 0.19 0.1 1.15.10-5 Ar 46.9 

          

157.18 318.15 23.0 4.20 1.3 0.18 0.1 1.45.10-5 Ar 55.7 

157.18 318.15 23.0 4.15 1.3 0.18 0.1 1.45.10-5 Ar 55.7 

          

196.60 318.15 28.0 5.00 8.4 0.18 0.1 1.65.10-5 Ar 63.7 

196.60 318.15 28.0 5.10 8.4E 0.18 0.1 1.65.10-5 Ar 63.7 

          

n-octane 

84.83 288.15 7.3 2.90 4.6 0.40 0.1 1.60.10-6 N2 20.4 

84.83 288.15 7.6 2.75 4.1 0.36 0.1 1.60.10-6 N2 22.5 

          

105.05 288.15 11.4 3.60 3.8 0.32 0.1 5.00.10-6 N2 43.0 

105.05 288.15 11.3 3.60 3.5 0.32 0.1 4.50.10-6 N2 42.6 

          

133.59 288.15 16.8 4.00 2.0 0.24 0.1 8.50.10-6 N2 62.6 

133.59 288.15 16.8 3.90 2.1 0.23 0.1 9.00.10-6 N2 62.6 

          

136.83 298.15 9.4 4.65 2.1 0.49 0.1 1.60.10-6 N2 13.3 

136.83 298.15 9.8 4.00 2.1 0.41 0.1 1.80.10-6 N2 13.3 
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m&  

mmol min-1 

T0 

K 

<r> 

m-9 

σ 

m-9 

N 

1011cm-3 
P = σ /‹r› 

tD 

m-9 

 

φSAXS 

carrier 

gas 

ttof 

µs 

          

164.93 298.15 14.2 5.00 1.5 0.35 0.1 3.80.10-6 N2 21.2 

164.93 298.15 14.5 5.00 1.4 0.34 0.1 3.80.10-6 N2 21.2 

          

196.09 298.15 19.0 5.20 1.2 0.27 0.1 7.30.10-6 N2 28.6 

196.09 298.15 19.0 5.00 1.2 0.26 0.1 7.30.10-6 N2 28.6 

          

n-nonane 

77.97 298.15 12.0 2.70 5.3 0.23 0.1 8.30.10-6 N2 60.3 

77.97 298.15 12.0 2.70 5.3 0.23 0.1 8.30.10-6 N2 60.3 

          

69.94 308.15 7.4 3.10 6.9 0.42 0.1 2.50.10-6 N2 31.6 

69.94 308.15 7.4 3.10 6.9 0.42 0.1 2.50.10-6 N2 31.6 

          

104.71 308.15 13.5 3.30 3.5 0.24 0.1 7.80.10-6 N2 51.1 

104.71 308.15 13.5 3.30 3.5 0.24 0.1 7.80.10-6 N2 51.1 

          

124.43 308.15 17.8 4.30 2.3 0.24 0.1 1.15.10-5 N2 59.5 

124.43 308.15 17.9 4.30 2.1 0.24 0.1 1.10.10-5 N2 59.5 

          

139.09 308.15 20.0 4.20 1.9 0.21 0.1 1.40.10-5 N2 64.8 

139.09 308.15 20.0 4.20 1.9 0.21 0.1 1.40.10-5 N2 64.8 

          

169.97 308.15 23.0 4.80 1.5 0.21 0.1 1.60.10-5 N2 74.5 

169.97 308.15 23.0 4.80 1.5 0.21 0.1 1.60.10-5 N2 74.5 

          

177.76 308.15 25.3 5.20 1.3 0.21 0.1 1.85.10-5 N2 76.7 

177.76 308.15 25.5 5.20 1.2 0.20 0.1 1.85.10-5 N2 76.7 

          

198.19 308.15 28.9 5.80 1.0 0.20 0.1 2.10.10-5 N2 81.9 

198.19 308.15 29.0 5.90 1.0 0.20 0.1 2.15.10-5 N2 81.9 

          

227.74 308.15 30.2 6.10 1.0 0.20 0.1 2.50.10-5 N2 88.7 

227.74 308.15 30.5 6.20 1.0 0.20 0.1 2.50.10-5 N2 88.7 

          

41.48 328.15 5.5 2.90 26.8 0.53 0.1 4.00.10-6 Ar 90.8 

41.48 328.15 5.5 3.00 26.8 0.55 0.1 4.00.10-6 Ar 90.8 

          

59.18 328.15 10.0 2.90 11.1 0.29 0.1 1.00.10-5 Ar 102.3 

59.18 328.15 10.0 3.00 10.4 0.30 0.1 9.30.10-6 Ar 102.3 

          

n-decane 

54.29 308.15 7.6 3.20 15.2 0.42 0.2. 2.80.10-6 N2 63.3 

54.29 308.15 7.5 3.30 15.8 0.44 0.2 2.80.10-6 N2 63.3 

          

67.00 308.15 10.5 2.90 9.3 0.28 0.2 4.50.10-6 N2 69.8 
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m&  

mmol min-1 

T0 

K 

<r> 

m-9 

σ 

m-9 

N 

1011cm-3 
P = σ /‹r› 

tD 

m-9 

 

φSAXS 

carrier 

gas 

ttof 

µs 

          

71.01 308.15 11.2 2.90 8.5 0.26 0.2 5.00.10-6 N2 71.6 

71.01 308.15 11.2 2.80 8.5 0.25 0.2 5.00.10-6 N2 71.6 

          

91.04 308.15 12.7 3.00 6.5 0.24 0.2 5.60.10-6 N2 79.2 

91.04 308.15 12.7 3.00 6.5 0.24 0.2 5.60.10-6 N2 79.2 
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