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Abstract 

Knowledge about condensation of alkanes at high pressures is important for natural gas 

industry. In this reportsome aspectsof the condensation phenomena in the alkarre mixtures 

are studied. 

Classica! unary nucleation theory is compared to a binary nucleation model for the case 

of nonarre nucleation in a metharre carrier gas at high pressures. Results from numerical 

calculations show no significant difference between the unary classica! theory and the binary 

nucleation model, and makes the use of unary theory at this point preferabie because of 

its simplicity. At pressures below approximately 25bar, bath theories predict the trend as 

observed in experiments. At higher pressures, bath theories fail to predict the trend of the 

experiments. This probably has to do with the model for the cluster the surface energy, 

which fails at high pressures. 

Nucleation rates and droplet growth rates are determined by applying the pulse-expansion 

wave tube in combination with light scattering and light extinction. Experimental results 

are shown for the ternary methane-propane-nonane mixture at a nucleation temperature of 

235K and lObar. The proparre vapour fraction was close to 1%. Droplet growth results are 

used in order to reduce the scatter in the nonarre vapour fraction and so reduce scatter in 

nucleation rates. Experiments show no significant influence of proparre on the nucleation 

process, which is in agreement with the theoretica! predictions. 
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Chapter 1 

Introduetion 

1.1 Background 

Many environmental and technologkal processes deal with phase transitions. An impor

tant class of phase transitions is that from the vapour to liquid state, called condensation. 

Homogeneaus condensation is the vapour to liquid transition in the absence of foreign par

ticles. The first stage of homogeneaus condensation is the nucleation process. During this 

stage several tens to hundreds of molecules form a stabie cluster (critica! cluster), which 

can grow further toa macroscopie droplet. The latter processis called droplet growth and 

differs essentially from nucleation. 

In this report the nucleation behaviour and droplet growth of supersaturated nonarre in 

metharre carrier gas and a metharre-proparre carrier gas mixture are studied. The idea 

of studying these systems comes from new developments in natural gas industry. The 

controlled generation of nucleation and droplet growth in newly developed gas/vapour sep

arators has been shown to be possible. Natural gas contains mainly metharre and numerous 

other components like propane, pentane, nonarre etc., carbon dioxide and water. The phase 

behaviour of natural gas is determined toa large extent by the heavier hydrocarbons. When 

the gas mixture is brought into a supersaturated state, homogeneaus nucleation may take 

place. Before the natural gas is delivered to the customers, a large part of these condens

able components has to be removed. This is achieved with the newly developed gasjvapour 

separator in the following way. First the gas is accelerated to a supersonic speed by a 

nozzle. Because of the isentropic acceleration the temperature and pressure of the gass will 

drop, creating supersaturation of vapour components in the gas mixture. Nucleation will 

take place and dropiets begin to grow. Subsequently, a vortex is induced in the gas flow 

by means of a vortex generator. The dropiets in the flow will be swirled to the outside of 

the tube. As a result the core of the flow will become dry, while the outside of the flow 

will contain most of the vapour components. The outer layer of the flow is then separated 

1 



2 Chapter 1. Introduetion 

from the core of the flow, leaving only the dry gas in the flow. In order to increase the 

performance of the separators, a good understanding of all the processes is needed. This 

report treats nucleation of alkane mixtures from both a theoretica! and an experimental 

point of view [1 ][2][3]. 

1. 2 Overview 

The report starts with a theoretica! treatment of nucleation theory, nucleation kinetics, 

unary and binary nucleation models are discussed. 

The second chapter is about diffusion controlled droplet growth. U sing the mass balance of 

a growing droplet, a final expression will be derived which is used to analyse experimental 

results on droplet growth. The Wilke and Lee method for calculating diffusion coefficients 

is discussed. 

The experimental procedure for performing nucleation experiments is discussed in chapter 

4. Nucleation experiments are performed using a modified expansion wave tube, creating a 

desired saturation time history suitable for studying nucleation and droplet growth. Mix

ture preparatien and droplet detection are outlined. 

In chapter 5, equilibrium models are presented for several mixtures. These models form an 

engineering tool for calculating phase equilibria. All models arebasedon the RKS equation 

of state, and were constructed using the PE2000 software for a range of conditions. The 

equilibrium models are also compared to experimental data. 

The following chapter presents numerical calculations of nucleation rates of supersaturated 

nonane in methane carrier gas, using the binary nucleation model developed in chapter 2. 

Non-idealities of the gas mixture are discussed and incorporated in the model. Models for 

calculation of the surface tension are discussed. Numerical results are compared to the 

classica! unary theory and experimental results. 

Chapter 7 presents results from nucleation experiments performed with a methane-propane

nonane mixture. The influence of propane on the nucleation process is examined. 

The report ends with the main conclusions and some recommendations for future work. 



Chapter 2 

N ucleation Theory 

2.1 Unary Nucleation Theory 

This section on unary nucleation theory follows the approach as described by Luijten [1]. 

At some points this theory is extended. 

2.1.1 Unary Nucleation Kinetics 

A cluster consisting of nv molecules can grow by collisions with clusters of any size. It can 

shrink by evaporation of clusters smaller than itself. As normally is done, the description 

of cluster formation is limited to the case of impingement and loss only of single molecules 

(monomers). The kinetic processof nucleation can under this assumption be depicted as in 

Fig. 2.1. There is a net "flow" rate of clusters in size space from size nv to size nv + 1. This 

Jv-1 Jv 

~ 
Cv-1 

% 
Cv 

~ 
~ ~ 

• 1111 

Ev Ev+1 

n -1 nv nv+1 V 

Figure 2.1: Schematic picture of unary nucleation kinetics. Cv and Ev are condensation 
and evaporation rates, lv is the net transition from nv to nv + 1. 

net flow rate (in number per cubic meter per second) is the result of catching a molecule 

by a nv-cluster (condensation) and the spontaueaus lossof a molecule by a nv + 1-cluster 

( evaporation). 

(2.1) 
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4 Chapter 2. Nucleation Theory 

The condensation rate Cv is the product of the surface area of the nv-cluster, the impinge

ment rate of morromers and the sticking probability (which is commonly set to unity). So 

the condensation rate can be described by 

213 ksT 
( )

1/2 

Cv = aonv PI 27Tmv ' (2.2) 

where mv is the mass of a vapour molecule and ao is a molecular surface area. For a 

spherical cluster (with v; = V~/nv)it is equal to 

The rate of change of the number density of nv-clusters Pv is given by 

dpv 
dt = lv-1 - lv, 

(2.3) 

(2.4) 

There are two limiting cases that result in varrishing of the time derivative in Eq. (2.1). In 

equilibrium dp~q /dt = 0 as lv = 0 for all nv. This is called the detailed balance condition 

where 

C eq eq _ Eeq eq 
v Pv - v+IPv+I· (2.5) 

The second possibility is steady-state nucleation where lv = J for all nv. It is assumed that 

the evaporation rate only depends on temperature T and cluster size nv and not on the 

vapour content of the surroundings, so Ev+l = E~~1 , which gives for the nucleation rate, 

using Eqs. (2.1) and (2.5) 
J CvPv Pv+l ) 

ceq eq = ceq eq - --eq· (2.6 
v Pv v Pv Pv+l 

As Cv is proportional to the morromer density, Cv/C;q = S, given that the vapour consists 

mainly of monomers. Dividing both sides of Eq. (2.6) by snv+l yields 

J Pv 
Cvp~qsnv - p~qSnv 

Pv+l 

P
eq snv+l. 
v+l 

This equation can be summed from nv = 1 to Nv, which results in 

The last term varrishes for sufficiently large Nv. Which gives 

The sum can be replaced by an integral giving 

(2.7) 

(2.8) 

(2.9) 

(2.10) 



2.1. Unary Nucleation Theory 5 

2.1.2 Unary Nucleation Theory 

The number density of nv-clusters is governed by a Boltzmann law: 

( 
llGv) Pv ex: exp -ksT (2.11) 

where !::.Gv is the free energy of formation of a cluster consisting of nv molecules. From 

thermodynamica! considerations the free energy of formation in phase equilibrium is given 

by, 

(2.12) 

where a is the surface tension of the liquid phase. This results in the equilibrium number 

density of nv-clusters in the equilibrium state, 

p~q = p~q exp (-~~:) = p~q exp( -Bn~13 ). 

Here 0 is the dimensionless surface tension, which is defined as 

0 = aao. 
ksT 

For clusters in the supersaturated state the formation energy is 

which results in a cluster distribution given by 

Pv =PI exp (- ~:;) =PI exp(nv ln S- On~13 ). 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

Fig. 2.2 shows the behaviour of the cluster formation energy for different values of supersat-

uration. For a supersaturated vapour there will be a maximum at some critica! cluster-size 

value n~. Clusters smaller than n~ will tend to evaporate, whereas clusters larger than n~ 

have a good chance to become stabie and grow further. The critica! cluster-size can be 

calculated with (ä!::.Gv/Önv) = 0 for n~, resulting in 

( 
20 )

3 

n~ = 3lnS (2.17) 

The corresponding value of the formation energy for the critica! cluster is equal to 

t::.G~ 4 03 

= 
ksT 27 (ln S) 2 • 

(2.18) 

The combination snv p~q in the denominator of the integral expression of the nucleation ra te 

Eq. (2.10) can be written as 

snv p~q = p~q exp( nv ln S - On~13 ) = p~q exp (- ~:;) . (2.19) 
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l-al 
~ -

200 

> 100 
(9 
-<:] 

0 

-100 +-~,.......,~~,.....,..,--..--..-..,....,..~,...,.---'~.......-\.....,........,......." 
10° 

Figure 2.2: Free energy of cluster formation versus number of molecules in the cluster, for 
different values of supersaturation S (theta=10}. 

As the exponents exhibits a sharp minimum at the critica! size, the only significant contri

butions to the integral can come from the region near n~. Therefore the energy of formation 

is expanded into a second order Taylor series near n~: 

(2.20) 

with the Zeldovich factor ( given by 

(2.21) 

The callision rate Cv varies much more slowly with nv as p~q snv and can therefore be put 

in front of the integral as C~. Substituting Eqs. (2.19) and (2.20) into (2.10) gives 

1 = C~p~q exp (- ~:;) [100 

exp[-(27r(nv- n~)2 ]dnv] -
1 

(2.22) 

When the integration interval is extended from -oo to oo, the remairring integral is of 

Gaussian type. The evaluation is standard and yields (-1 . The final expression for J is 

arrived at by substitution of Eqs. (2.2), (2.18) and (2.21) giving 

( 
2 ) 1/2 [ 4 ()3 ] 

J = PlP~qv~ 1f~v exp -27 (ln 8)2 . (2.23) 



2.1. Unary Nucleation Theory 7 

This is the result of the classica! nucleation theory. There is a problem with this result 

concerning so-called limiting consistency. Inspeetion ofEq. (2.12) shows that the formation 

energy of monomersis not zero, which it should be in a consistent model. The most widely 

used correction is to replace Eq. (2.12) by 

~~;q = e(n213 - 1), (2.24) 

which leads to a correction factor i 1 in the nucleation rate J. The final result of this 

so-called internally consistent classica[ theory (ICCT) is 

_ eq l (J 

( 
2 

) 
112 [ 4 ea J 

J- PlPI Vv 1rffiv exp e- 27 (ln S)2 . (2.25) 

2.1.3 Theoretica! Considerations 

In the derivation to classica! unary theory one of the steps was to make a second order 

Taylor expansion of the cluster formation energy. Subsequently the integral was extended 

from -oo to oo in order to arrive at an integral of Gaussian type. The question for what 

values of e and S the approximation of the nucleation integral Eq. (2.10) as the Gaussian 

type integral Eq. (2.22) is justified. This effect was stuclied by looking at the integrand of 

the nucleation rate, (Cvp~qsnv)- 1 and dismissing all the pre-factors. This results in 

1 
f(nv) = 2/3 . 

nv exp(nv ln s- en2/3) 
(2.26) 

For the Gaussian type integral of the classica! theory we find 

fcauss(nv) = (n~)2/3 exp(n~ ~n s- e(n*)2/3) exp [ -t (n~~4/3 (nv- n~)2] . (2.27) 

Eq. (2.26) is the exact discrete expression of the integrand, where Eq. (2.27) is the ap

proximated continuous expression. Fig. 2.3 shows these functions for two situations with 

different values forS and e. As can be seen, the approximated Gauss-function fits very well 

for large critica! clusters. For a very small critica! cluster-size however, the Gauss-function 

does not give an accurate description. Moreover the Gauss-function is also evaluated for 

negative nv-values. In order to evaluate the effect of this Gaussian approximation on the 

nucleation rate one has to campare the Gaussian nucleation integrand 

fcauss = [i: fcauss(nv)dnv] -
1 

(2.28) 

with the discrete nucleation sum 

(2.29) 
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n"v = 37 

6=15 
S=20 

10 20 30 40 50 80 70 80 
n 
' V 

(b) 

Figure 2.3: Comparison of continuous Gauss profile (fcauss(nv)) and discrete profile (f(nv)) 
for (a} () = 6, S = 10 {b) () = 15, S = 20. 

The approximation error 8 is given by 

8 = J- lcauss 
J , (2.30) 

which were evaluated for different values of S and (). In Fig. 2.4 the approximation error 

is plotted against S for several values of e. The dashed line in the plots is the maximum 

supersaturation for given (), belonging to a critical cluster-size of three. One can see that 

the approximation error is no larger than about 2%, and decreases rapidly to very small 

values with decreasing S. We conclude that using the Gaussian approximation to calculate 

the nucleation integral Eq. (2.10) is justified. The errors in the nucleation rates caused by 

the approximation are negligible for the stuclied range of S and () parameters. 

2.2 A Binary Nucleation Model for a Dilute Vapour In a 
Carrier Gas 

In this section we consider nucleation of a dilute supersaturated vapour in a subsaturated 

active carrier gas. The carrier gas does not nucleate itself but enters the clusters forentropie 

reasons only. 

2.2.1 Binary Nucleation Kinetics 

Binary nucleation kinetics can be treated in a similar fashion as in the unary case. A cluster 

consisting of nv vapour and n9 gas molecules can grow by collisions with clusters of any 
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Figure 2.4: Approximation error of Gaussian classica[ nucleation rate as function of S for 
(a)(}= 6 {b) (} = 10 (c) (} = 14 {d) (} = 18. 

size and shrink by emission of clusters of smaller size. Again the description is limited 

to the case of impingement and loss of vapour or gas monomers. The kinetic process of 

nucleation kinetics can be depicted as in Fig. 2.5. The rate of change of the number density 

of nv, n9-clusters for Pv,g is given by 

dpv,g _ jV Jv J9 J9 
~ - v-l,g - v.g + v,g-1 - v,g' (2.31) 

where 

J~,9 = C~,9Pv,9 - E~+I,gPv+I,g, (2.32) 

represents the net transition of nv, n9-mers to (nv + 1,n9 )-mers. 

The transition from nv,g to nv,g+I clusters is given by JE,9 and is equal to 

JZ,g = CZ,9Pv,g- E~,g+lPv,g+l· (2.33) 
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Figure 2.5: Schematic picture of binary nucleation kinetics. C~,g and E~,g are condensation 
and evaporation rates for vapour molecules, ce,g and EE,g correspond to the gas molecules. 
Also J~,g is the net transition from nv, n9 to nv + 1, n9 , whereas J3,9 is a transition from 
nv, n9 to nv, n9 + 1 clusters. 

The condensation rates C~,g and C3,9 are given by 

and 

C~,g = äo ( nv + n9 )
2
1

3 
Pü,1 ( 2~~9 ) 

112 

The molecular surface area äo is equal to 

Dividing Eq. (2.35) by Eq. (2.34) gives 

Cg 1/2 
v,g _ Po,1mg 

cv - 1/2. 
v,g P1,0mv 

(2.34) 

(2.35) 

(2.36) 

(2.37) 
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Fora binary mixture with very small vapour fraction in the gas phase Po,l » PI,O· For the n

nonane and methane mixture mv > mg. This gives for the impingement rates CE,g » C~,g· 
For the case of a mixture of n-nonane and methane we can say that the nucleation rates 

for the vapour and gas phase are approximately of the same order, O(JE,g) = O(J~,g)· And 

thus JZ,g « CE,gPv,g resulting in 

Cf,gPv,g::::::; E~,g+IPv,g+l· (2.38) 

The equilibrium condition for ng (detailed balance condition for ng) in the binary case is 

cgeq eq _ Egeq eq 
v,g Pv,g - v+l,gPv+l,g" (2.39) 

As in the unary case one can assume that the evaporation coeffi.cient is independent of the 

gas content of the surroundings leading to E~,g+l = E;~i,g, and thus CE,g::::::; CE,~q· 

Dividing Eq. (2.38) by Eq. (2.39) gives 

Pv,g Pv,g+l ---eq ::::::; _e_q_' 
Pv,g Pv,g+l 

(2.40) 

which means that the relative deviation from equilibrium of a v-cluster is independent of 

the number of g-molecules in the cluster. 

The net transition from clusters with nv molecules to nv +I-clusters regardless of the amount 

of g-molecules present in the cluster is equal to 

00 00 

Jv = L J;;,g = L [C~,gPv,g- E~+l,gPv+l,g]· (2.41) 
n 9 =0 n 9 =0 

The rate of change from nv to nv + 1-mers regardless of the number of gas-molecules present 

in the cluster is given by 

dpv ~ 
dt = L....J [Jv-l,g- Jv,g]· 

n 9 =0 

(2.42) 

The equilibrium condition for nv (detailed balance condition for nv) in the binary case is 

cveq eq _ Eveq eq 
v,g Pv,g - v+l,gPv+l,g· (2.43) 

For steady state nucleation in nv: 

00 

L J~,g = Jv = J. (2.44) 
n 9=0 

For the evaporation rate the same assumptionistaken as in the unary case, so E~+l = E~~i. 
This gives for J~,g using Eqs. (2.32) and (2.43): 

J~,g C~,gPv Pv+l,g 

C
veq eq - cveq eq - _e_q_· 
v,g Pv,g v,g Pv,g Pv+l,g 

(2.45) 
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Summation over g-space from n9 = 0 to oo yields 

J _ ~ cveq eq [ C~,gPv _ Pv+l,gl 
- L....,. v,g Pv,g Cveq eq eq · 

_ 0 v,g Pv,g Pv+l,g ng-

(2.46) 

We can say that the supersaturation S for the vapour phase is equal to S = C~,9 /C~,~q' 
provided that the vapour phase mainly consists of monomers. The term in brackets can 

than be put in front of the summation as, according to Eq. (2.40), it doesn't depend on n 9 , 

resulting in 
J Pv Pv+l,g 

~00 cveq eq = eq s- _e_q_· 
L....-ng=O v,g Pv,g Pv,g Pv+l,g 

(2.47) 

As in the unary case both sides are divided by snv+1 giving 

J Pv,g 

2:~=0 C~,gP~?gSnv - P~?gSnv 
Pv+l,g (2.48) 

P
eq snv+l. 
v+l,g 

Summing this expression left and right from nv = 1 to Nv gives due to cancellation of 

successive terms on the right hand side 

J """"' 1 PNv+l,n9 Nv ( 1 ) 
L.... 00 cv eq snv = - eq snv+l. 
nv=l 2:n9 =0 v,gPv,g PNv+l,ng 

(2.49) 

The last term varrishes for large enough Nv. Taking the limit of Nv to oo gives the nucleation 

rate for the binary case 

[ 

00 1 l-l 
J = L -=~=oo:::---c-v--;;e"'"q -s=-n-v 

nv=l L....-ng=O v,gPv,g 

Or by replacing the summations by integrals: 

2.2.2 A Binary Nucleation Model 

1 The number density of nv,9 -clusters can bedescribed by a Boltzmann-law 

( 
fl.Gv g) 

Pv,g ex: exp - ksT 

(2.50) 

(2.51) 

(2.52) 

1The term binary nucleation model could also refer to a system in which two components are supersatu
rated and can nucleate. In this case we have two components. One component is supersaturated the other is 
subsaturated. The subsaturated component participates in the nucleation process as it enters the clusters, 
and thus influences the nucleation. 
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where !:::..Gv,g is the free energy of formation of a cluster consisting of nv vapour molecules 

and n9 gas molecules. From thermodynamica! considerations the free energy of formation 

in phase equilibrium is given by, 

(2.53) 

where nt = nv + n9 , X i is the molar fraction of component i in the liquid phase and thus 

Xi = ndnt. The logarithmic terms are entropie mixing terms. The dimensionless surface 

tension (} is given by 
- uäo 
(} = kBT' (2.54) 

where ä0 is given by Eq. (2.36). This äo can be expressed in terms of ao of the unary case 

(Eq. (2.3)) 

( )

2/3 _ nv + vn9 ao = ao 
nv +n9 

(2.55) 

Here v = v~jv~ is the ratio of molecular volumes of vapour and gas molecules. For ë: 

(2.56) 

The equilibrium number density of nv, n9-cluster is thus equal to 

eq _ eq (- f:..G~?g) 
Pv,g - P1,0 exp kBT , (2.57) 

where 

t:..G~?g _ ( )2/3 ( nv ) ( n9 ) -k T - (} nv + vn9 + nv ln ( ) eq + n9 ln ( ) eq . 
B nv + n9 Xv nv + n9 x 9 

(2.58) 

The product P~?9 Snv is equal to 

eq ( f:..G~~) eq ( f:..Gv g) 
Peq snv = p exp n lnS- --' = p exp ---' v,g 1,0 v kBT 1,0 kBT (2.59) 

Which ultimately gives with Eq. (2.34), for the nucleation rate Eq. (2.50), 

(2.60) 

As in the unary theory a correction has to be made for consistency of the morromer energy 

of formation. The correction factor used in binary nucleation theory is exp( (} + ln(l / x~q)). 

This way the prefactor p~~o in Eqs. (2.57) and (2.60) is equal to the actual monomer vapour 

density. This internally corrected theory is referred to as the intemally consistent binary 

theory (ICBT). 
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Chapter 3 

Ditfusion Controlled Droplet 
Growth 

3.1 Introduetion 

Droplet growth is the process in which stabie liquid draplets gain molecules and thus be

come larger. Nuclei have to grow to draplets of macroscopie sizes in order to be detected. 

Therefore, droplet growth study, is an important part of experimental nucleation study. 

The growth of draplets is determined by the transfer of mass towards a droplet and the 

simultaneous transfer of energy (latent heat) away from the drop let. The mechanism of 

this mass and energy flux depends to a large extent on the Knudsen number K n, which is 

a length-scale parameter. It is defined as the ratio of the mean free path of the molecules 

to the diameter of the droplet. For very small Knudsen numbers, the transfer of molecules 

towards the droplet is governed by diffusion and the laws of continuurn fiuid dynamics can 

be used. For very large values of K n the transfer of heat and mass is dominated by the im

pingement rate of molecules onto the surface of the droplet and is described by gas kinetics. 

Droplet growth equations for the mentioned limiting cases are rather well known. However, 

draplets that start to grow after the nucleation stage will grow from the region of very large 

Knudsen numbers to the region of very small K n [2]. 

In the experimental procedure, n-nonane drapletscan be detected when the droplet radius 

exceeds approximately 0.16p,m. Nucleation experiments in this report are all performed 

at high carrier gas pressures (> 10 bar). At this condition the Knudsen number is small 

(Kn < 0.015), meaning that the droplet growth is diffusion controlled [2]. 

In the next section diffusion controlled droplet growth is treated. After this the methad of 

Wilke and Lee for calculating diffusion coefficients is discussed. 

15 
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3.2 Diffusion Controlled Droplet Growth 

Figure 3.1: Schematic view of a growing droplet, dijJusion controlled regime. 

In Fig. 3.1 the growing droplet is shown schematically. The droplet is assumed to be 

spherical with radius r d and to have uniform liquid molar density p1• The tot al mass of 

the droplet is M. Condensation of the gas at the droplet surface causes the droplet to 

grow. Condensation induces a diffusive flow of gas towards the droplet. Applying the mass 

balance on the time-dependent expanding surface at radius rd + E, with E « rd, gives for 

the mass increase of the droplet per second, M: 

M = 47rr~~ ( ~t -Ud) , (3.1) 

where p9 is the molar gas density, subscript d denotes that it's the density near the droplet 

surface. The mean molar radial velocity of the gas at the droplet surface is given by ud. 

In the quasi steady approach, the total induced molar flow is independent of the radius, 

(3.2) 

and thus 
. 2 2 drd 

M = -47rr n!lu + 47rr p9-. 
fJ d d dt (3.3) 

The increase of molar mass is by definition equal to: 

(3.4) 

It is assumed that the liquid density is uniform throughout the droplet, which leads to 

M. 4 2 zdrd 
= Jrrdp dt . 

Combining Eqs. (3.3) and (3.5) gives 

where At is equal to 

At 
p9u=--4 2' Jrr 

(3.5) 

(3.6) 

(3.7) 
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N ote that At is a function of time only. 

The same procedure can be foliowed for the components in the gas mixture. The total 

molar density of the gas phase is 

p9 =LP], (3.8) 
j 

where pJ is the density of mixture component j. The velocity of each component in the 

mixture is equal to the sum of the bulk velocity u and its diffusive velocity v. By definition 

the average of the diffusive velocity should vanish: 

(3.9) 

In a similar way as for the whole droplet, the equations for each component of the droplet 

can be derived. Combining 

(3.10) 

with 

(3.11) 

yields 

(3.12) 

whith 

(3.13) 

and 

(3.14) 

Combining Eqs. (3.6) and (3.12) gives 

(3.15) 

with YJ = p]/ p9 the fraction of component j in the gas phase. 

When we are dealing with a diluted component, diffusive veloeities can be approximated 

using Fick's law of diffusion [2] 

g 

9 9 9 d Pj 
p.v· =-pD.--. 

J J J dr pY (3.16) 

Here DJ is the diffusion coefficient of component j in the gas phase. Substituting Fick's 

law into Eq. (3.15) gives 

(3.17) 
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As Aj and At are functions of time only, they can be integrated directly over the radius. 

The equation is integrated from (rd; Yd,j) to (r = oo; Yoo,j ). Which gives 

( 
1 9 )drd _ P

9
D} l (1- Yoo,jAt/Aj) p -pd-- --- n 

dt r d 1 - Yd ·At/A · ' ,) J 
(3.18) 

and 
At p1

- p~ 
A l g j Pj- Pd,j 

(3.19) 

This expression can be simplified if Yoo,j « 1, yielding 

(3.20) 

3.3 Ditfusion Coefficients 

In order to use the equations derived in the previous section it is necessary to estimate 

diffusion coeffi.cients for binary and ternary mixtures. To determine mixture diffusion co

effi.cients the approach of Wilke and Lee [4] is followed. This empirically based correlation 

can be used to estimate diffusion coeffi.cients in low-pressure binary gas systems. Values 

of the estimated diffusion coefficient with this equation generally agree with experimental 

values to within five to ten percent. 

The theory for deriving diffusion coeffi.cients in binary gas mixtures at low to moderate 

pressures has been well developed. The theory is based on solving the Boltzmann equation, 

which was clone by Chapman and Enskog, leading to the working equation 

(3.21) 

where 

[ 
1 1 ] -l 

MAB=2 -+-
MA MB 

(3.22) 

Here, MA and MB are the molecular weights of component A and B. The callision integral 

for diffusion nD is a function of temperature and depends on the choice of intermolecular 

force law between colliding molecules. The characteristic length u AB also depends on choice 

of the intermolecular force law. The number density of molecules in the mixture is given by 

n. Finally, !D is a correction term which is of the order of unity. If fD is chosen as unity 

and the ideal gaslawis used to derive n, Eq. (3.21) can be written as 

(3.23) 
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The Wilke and Lee method rewrites this equation into 

The scale parameter is given by 

where for each component 

O"A + CTB 
CTAB = 

2 

19 

(3.24) 

(3.25) 

(3.26) 

in which Vb is the liquid molar volume, cm3 /mol, found from experimental data. The 

callision integral On is calculated with 

0 
_ 1.06036 o.193oo 1.03587 

D- (T*)0.15610 + exp(0.47635T*) + exp(1.52996T*) 
1.76474 

+ exp(3.89411T*)' 

and for each component 

with n as the normal boiling point. 

(3.27) 

(3.28) 

(3.29) 

For calculating diffusion coeffi.cients in multicomponent gas mixtures, Elanc's law can be 

used: 

( ) 

-1 
n 

x· 
Di,m= L DJ 

j=li=i ij 

(3.30) 

where Xj is the molar gas fraction of component j. Elanc's law can be applied to ternary 

cases in which i is a dilute component [4]. By means of Elanc's law we calculated diffusion 

coeffi.cients of the vapour component for the mixture stuclied in this report. 
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Chapter 4 

Wave Tube Experiments 

4.1 The N ucleation Pulse Methad 

In order to measure nucleation and droplet growth rates, use is made of an expansion 

wave tube. The expansion wave tube experiment is based on the so-called nucleation pulse 

method, one of the most popular and successful means to determine quantitative nucleation 

rates. The pulse method is based on the separation in time of the nucleation and growth 

stages of the droplet formation process. This separation is achieved by subjecting the vapour 

to a proper saturation time history. 

First the saturation is brought to a level that induces a significant nucleation rate. This state 

is maintained for a short time intervall:lt, the so-called nucleation pulse. After the pulse the 

supersaturation is reduced, thus quenching the nucleation process. The saturation ratio is 

still being kept larger than unity, allowing for the nucleated clusters to grow to macroscopie 

sizes. This way, a monodispersed cloud of dropiets is formed, which greatly facilitates the 

characterization in terms of radius and number density nd. Division of the number density 

and the time duration of the nucleation pulse yields the nucleation rate, i.e. the number of 

dropiets formed per unit time and volume 

(4.1) 

The required pulse-like saturation profile is always realized by gas dynamic principles. By 

creating a fast (isentropic) expansion wave in a vapour-gas mixture, the temperature de

creases rapidly with pressure. Due to the non-linear dependenee of the saturated vapour 

pressure p8 on temperature, the saturation ratio can be brought from below unity to very 

large values. The specific pulse-like time dependency of the saturation ratio is now achieved 

by modulating the initial expansion wave by a small recompression, see Fig. 4.1 [1]. 

One of the gas dynamic principles mentioned above is based on the use of a shock tube 

to generate the pulse. The saturation profile is created in the high pressure section of the 

21 
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sj 

___.. 
t 

àt àt 

Figure 4.1: Principle of the nucleation pulse method: schematic saturation profile and the 
associated pressure history required to produce it {3}. 

shock tube. The pressure drop is caused by the expansion wave travelling backwarcis into 

the high pressure section. The shock wave plays a crucial role in the formation of the pulse. 

It reflects at a local widening in the low pressure section as another small expansion, fol

Iowed by a weak recompression at the end of the widening. These reflected waves travel 

back into the high pressure section, creating the desired pulse-shaped expansion at the high 

pressure section end wall. After the pulse the pressure remains essentially constant over a 

longer period of time ( except for some small disturbances, which are mainly due to reflec

tions of the initial expansion wave at the local widening). The pressure plateau is finally 

ended by the return of the reflected shock wave from the low pressure section end wall. 

An x- t-diagram of the pressure waves in the expansion wave tube is shown in Fig. 4.2, 

together with the resulting pressure and temperature history at the observation point in 

the high pressure section [1]. 

4.2 Mixture Preparation 

The nucleation rate is extremely dependent on the supersaturation. A small inaccuracy in 

the initial composition of the vapour /gas mixture results in large errors in the nucleation 

rates. Therefore, the controlled mixture preparation is of crucial importance for obtaining 

good experimental results. 

Mixtures are prepared using a sophisticated system of tubes, valves and saturators through 

which the mixture flows, controlled by several mass flow controllers. The initial carrier gas 

is split into several branches, each one controlled by a mass flow controller. Each branch can 

be saturated with either n-nonane or water, at constant temperature and pressure, in the 

saturators, or keep its original composition. In the saturators the carrier gas is saturated 

either with water or n-nonane. The saturators consist of two vessels which are completely 
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Figure 4.2: x - t diagram of wave propagation in the pulse expansion wave tube, with 
schematic tube configuration and resulting pressure and temperature at the observation point 
0. The dashed lines indicate the position of the local widening; D denotes the diaphragm 
position {1]. 

filled with three layers of glass beads. The vessels are approximately half filled with either 

n-nonane or water. The vessels are submerged in a temperature-controlled bath. Saturation 

of the carrier gas is accomplished by bubbling the gas through the liquid in the vessels. This 

way the carrier gas gets saturated with the vapour until the equilibrium fraction of vapour 

is reached at the temperature and pressure in the saturators. 

After passing the saturators, the two flows join and mix. Subsequently the mixture is care

fully guided towards the high pressure section of the shocktube, the gas is preheated in 

order to avoid premature condensation. 

A schematic view of the mixture preparation of the ternary mixture methane-propane

n-nonane is presented in Fig. 4.3. The initial binary mixture consists of Yc1 metharre 

and Yc3 proparre gas fraction. This flow is split and one part flows through the satura

tor and is saturated with n-nonane at the conditions in the saturator. The composition 

after passing the saturator is equal to (Yd1 (Tsat.Psat. Ycl/Yc3), Yd3 (Tsat,Psat, Yc1/Yc3), 

y~q9 (Tsat,Psat, Ycl/Yc3)). The equilibrium fractions have to be calculated using Tsat, Psat 
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Figure 4.3: Schematic view of the mixture preparation system for the ternary mixture of 
methane-propane-n-nonane. 

and the constant metharre/proparre fraction 

l:.r eq 
.rc1 Yc1 ---eq. 
Yc3 Yc3 

(4.2) 

The total molecular flow is equal to 

(4.3) 

For q2 the following can be easily derived 

( 4.4) 

The amount of nonarre entering the mixture has to be calculated using an appropriate equa

tion of state. This introduces a systematic error in the experiment depending on the choice 

of equation of state. The vapour fraction is essential in determining the supersaturation at 

nucleation conditions. Moreover, for determining the supersaturation a second equilibrium 

calculation has to be made to determine the equilibrium nonarre vapour fraction at nucle

ation conditions, and thus introducing another systematic error due to the accuracy of the 

equation of state used for this calculation. When interpreting experimental results one has 

to be aware of these systematic errors as they can have a big influence on nucleation results. 

4.3 Optica! Droplet Detection 

For the experimental determination of droplet size and number density, the optica! setup, 

which is schematically shown in Fig. 4.4 is used. The cloud of dropiets that are formed 
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during the nucleation pulseis illuminated by asolid state laser (wavelength 532nm). The 

beam passes the tube through two conical windows, which are placed a bit below the tube 

axis to prevent interference of intemal reflections. 

During the growth stage, the draplets scatter part of the incident light in all directions, 

90°-scattering 

d L, , 

extinction 

Figure 4.4: Optica[ setup used for measurement of droplet size and number density, situated 
at the end wall of the expansion wave tube [1]. 

with a charaderistic pattem that is strongly dependent on the scattering angle e. The 

light scattered under an angle of 90° is recorded by a photomultiplier. The light which 

isn't scattered by the draplets is focussed on a photodiode on the other side of the tube. 

The transmitted light signal is normalized by the signal of a reference beam, to account for 

intensity fluctuations of the laser [1]. 

4.3.1 Constant Angle Mie Scattering 

In the experiment the light is vertically polarized and scattered by the draplets through the 

end wall of the high pressure section. The scattered light is focussed on the photomultiplier. 

Constant Angle Mie Scattering (CAMS) is used in order to interpret the signal. CAMS is 

basedon Mie theory, descrihing the scattering of plane electro-magnetic waves by dielectric 

particles of arbitrary size. For partiele sizes of the order of the incident wavelength, the 

scattered irradiance shows a typical pattem of extrema. This pattem can be calculated as 

function of the dimensionless parameter a = 21rr d/ À, for a fixed scattering angle and in

dex of refraction m of the liquid droplets. In a nucleation pulse experiment, where a nearly 

monodispersed droplet population is evolving in time, these extrema show up consecutively. 

\ 
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By mapping the experimental extrema to the theoretica! ones, each droplet radius rd can be 

assigned to a point in time, making it possible to construct an experimental droplet growth 

curve. 

This procedure is illustrated in Fig. 4.5, for an experiment in n-nonane-helium. In high 

86.85°< 6<91.15° 7 

84°<5<95° 

"; m=1.41 

tri -g = 5 J 
6 
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0 20 40 60 
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Figure 4.5: Theoretica[ and experimental scattering patterns for n-nonane droplets. From 
the mutual correspondence of extrema the time-resolved radius rd(t) is obtained [1}. 

pressure experiments, CAMS can also be used, however the number of extrema that can 

be observed in the finite observation time is smaller compared to low pressure experiments. 

This is because at high pressures diffusion processes praeeed at a lower rate [1]. 

4.3.2 Light Extinction 

The number density of draplets is determined using light extinction measurements, this 

methad is basedon Lambert-Beer's law 

I= Io exp( -(3l), (4.5) 

where I is the transmitted light density, l is the optical path length through the droplet 

cl oud ( equal to 36mm in the experiments). The extinction coefficient (3 is given by 

(4.6) 

The extinction efficiency Q ext depends on the size parameter a = 27rr d/ À and the index 

of refraction m, which can be calculated from Mie theory. Tagether with the attenuation 

I/ Io(t) the number density nd can be found, which should be approximately constant, in 

the ideal case, it would only vary due to small pressure fiuctuations during the growth 

period. But in practice there is some more scatter due to changes in refiection index and 
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dynamic forces acting on the tube during wave propagation, but these are minimized by 

careful alignment of the optica! setup [1]. 
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Chapter 5 

Phase Equilibrium Models 

5.1 Supersaturation 

As can beseen in Fig. 6.1, nucleation rates are strongly dependent on the supersaturation. It 

is therefore crucial to accurately know the supersaturation. The degree of supersaturation 

is characterized by the chemica! potential difference between the actually existing non

equilibrium state and the corresponding phase equilibrium. For the case of a pure vapour, 

the supersaturation S is defined as 

S 
_ [J-lv(p, T, Yv)- J-lv(p, T, Y~q)] 
- exp kBT ' (5.1) 

where Yv is the actual vapour fraction present in the mixture, which can be different from 

its equilibrium value y~q. This equation can be rewritten, using some thermodynamics, into 

S cPvYvP 
- ,.~.eq eq · 

'/'V Yv P 
(5.2) 

In this expression cPv and c/J~q are the fugacity coefficients, that account for the intermolecular 

farces that a vapour molecule experiences from its surroundings. Since vapour fractions in 

both the supersaturated and equilibrium states are very small, cPv and c/J~q are equal to one 

another toa high degree of approximation. Therefore Eq. (5.2) can be approximated as [1] 

S ~ Y;q, 
Yv 

(5.3) 

thus the supersaturation is simply a measure for the overpopulation of the vapour phase. 

5.2 RKS Equation of State 

The actual vapour fraction Yv is determined by the nucleation experiment. Equilibrium 

vapour fractions have to be calculated using a proper equation of state (EOS) or equilibrium 

29 



30 Chapter 5. Phase Equilibrium Models 

experiments. For the cases investigated in this report, experimental data is not present. 

For n-nonane-methane mixtures it was concluded on the basis of experimental data [5], that 

the Redlich-Kwong-Soave (RKS) equation yielded the smallest overall error in composition 

[1]. 
The RKS EOS is given by: 

RT a(T) 
p=V-b-V(V+b)' (5.4) 

where a(T) depends on temperature according to 

(5.5) 

with 

f(w) = 0.48 + 1.574w- 0.176w2
• (5.6) 

In these equations, R is the universa! gas constant, V is the molar volume, w is Pitzer's 

acentric factor and the subscript c refers to the critical point. The constant b is given by 

b = 0 .08664RTc . 
Pc 

(5.7) 

Fora mixture, a and bare evaluated from the pure component values using the mixing rules 

am = LLYiYj(aiaj)112 (1- kij) 
j 

(5.8) 

(5.9) 

which are valid for simple mixtures of nonpolar components. The binary interaction para

meters kij can be evaluated by fitting kij to binary vapor-liquid equilibria from an equation 

of state. For simple systems, kij is often nearly independent of temperature [6]. 

5.3 Phase Equilibria 2000 Program 

The program PE (Phase Equilibria) has been developed at the Technical University of 

Hamburg-Harburg, starting in 1985. PE was built in order to obtain an effi.cient tool to 

correlate phase equilibria, especially those at high pressure that are related to gas-extraction 

processes. PE offers niore than 40 different equations of state (EOS) with up to seven 

different mixing rules for correlating and predicting phase equilibria. PE offers subroutines 

to determine optimum binary interaction parameters for all EOS in order to reproduce the 

phase behavior of binary and ternary systems with a given set of EOS and mixing rule [7]. 

The PE program is used for calculating phase equilibria in binary and ternary mixtures. 
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Binary interaction parameters were also calculated by this program using experimental 

data. With the phase equilibria data calculated by the program, fitting curves were made, 

resulting in phase equilibrium calculation models. 

5.3.1 N-Nonane-Methane System 

The first system which is looked at is the binary n-nonane-methane mixture. Nucleation of 

this mixture was examined in chapter 6. This binary mixture farms also the basis of the 

ternary mixtures examined in the next sections. For calculation of the binary interaction 

parameter kij for this mixture, experimental data of Shipman and Kohn [5]. This resulted 

in the following equation for kij for n-nonane-methane 

(5.10) 

Using the FE-program, phase equilibria can be calculated. With the use of the Gibb's phase 

rule, the number of degrees of freedom in the system can be calculated: 

F=m+2-7r, (5.11) 

where m is the number of components and 1r the number of phases. We are looking at a 

binary mixture in liquid-gas phase equilibrium, resulting in two degrees of freedom [6]. For 

convenience the degrees of freedom are chosen to be the temperature Tand the pressure p. 

The range of temperatures is for experimental purposes chosen between 230 and 320K. Pres

sures range from 5 to 40 bar. The PEprogram calculates phase equilibrium compositions in 

this range. Making fits through these equilibrium points leads to equations for calculating 

phase equilibrium for this mixture using the RKS equation of state. 

An equation for the phase equilibrium vapor fraction of n-nonane is necessary for the de

termination of the supersaturation in nucleation experiments. The fit for the equilibrium 

n-nonane rnalar fraction in the gas phase for the given temperature and pressure range 

according to RKS is given by: 

(5.12) 

where p and T are dimensionless pressure and temperature. Equations for yf.~3 (p) can be 

found in appendix B tagether with equations for Xceq , xecq and Yceq . 
' 9 1 1 

The accuracy of this model can be compared to experimental data [5]. Table 5.1 compares 

experimental values for the rnalar fraction of metharre in the liquid phase xc1 with values 

calculated using the model in appendix B. In this table the error 8 is given by 

(5.13) 
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T(K) P(bar) exp 
xc ó(%) 

298.15 10.1325 0.0509 7.61 

298.15 20.2650 0.0986 0.09084 7.87 

298.15 30.3975 0.1426 0.13170 7.65 

298.15 40.5300 0.1832 0.17102 6.65 

273.15 10.1325 0.0540 0.05514 -2.12 

273.15 20.2650 0.1069 0.10569 1.14 

273.15 30.3975 0.1563 0.15203 2.73 

273.15 40.5300 0.2023 0.19642 2.91 

248.15 10.1325 0.0678 0.06871 -1.35 

248.15 20.2650 0.1288 0.13037 -1.22 

248.15 30.3975 0.1856 0.18557 0.02 

248.15 40.5300 0.2381 0.23793 0.07 

223.15 10.1325 0.0989 0.08910* 9.91 

223.15 20.2650 0.1737 0.16952* 2.41 

223.15 30.3975 0.2418 0.24173* 0.03 

223.15 40.5300 0.3033 0.30607* -0.91 

Table 5.1: Experimental phase equilibrium data for the n-nonane-methane system by Ship-
man and Kohn {5] compared to calculated equilibrium data using the fit in appendix B for 
the binary n-nonane-methane system. Values with * are outside the modelZing range. 

As can be seen in this table, errors are within 10%. At low temperatures, the error is no 

more than 5%. In the chapter on numerical calculations, the temperature of interest was 

240K, equilibrium calculations at this temperature seem to be quite accurate compared to 

the experimental data. 

5.3.2 N-Nonane-Methane-Carbon Dioxide System 

Because of interest in ternary mixture phase equilibria, the mixture n-nonane, methane and 

carbon dioxide was investigated. Following Gibb's phase rule Eq. (5.11), this system has 

three degrees of freedom. These are pressure, temperature and fraction of carbon dioxide 

in the gas phase, as these three parameterscan be controlled during the experiments. 

The range of temperatures is for experimental purposes chosen between 230 and 320K. 

Pressures range from 5 to 40 bar. The fraction of carbon dioxide in the gas phase ranges 

from 0 to 3%. 

To calculate phase equilibriafora ternary mixture using RKS requires three binary interac

tion parameters. The n-nonane-methane interaction parameter is given by Eq. (5.10). The 
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interaction parameter for n-nonane and carbon dioxide was calculated using experimental 

data from Jennings and Schucker [8] which gives using the PEprogram 

(5.14) 

The binary interaction parameter for methane and carbon dioxide was derived using exper

imental data from Kidnay and Wei [9] resulting in the following interaction parameter 

(5.15) 

From PE data it appears that y~~ is only slightly dependent on y~q02 . In the fit this 

dependenee is neglected this results for y~~ into 

(5.16) 

where p and T are dimensionless pressure and temperature. Equations for yf.~3 (p) can be 

found in appendix B together with equations for x6
9

, x6
1

, x6
02 

and y~~. 

If in these equations, y~qo2 is taken equal to 0, the equations simplify to the n-nonane

methane mixture equations. There is no experimental data for this ternary mixture within 

the chosen range, except for the limiting binary n-nonane-methane system treated in the 

previous section. The accuracy of the fit in comparison with the calculated equilibrium 

points by the PE program is illustrated in Fig. 5.1. Errors are all within 1% of the PE data. 

Fortherest of the componentsin the mixture, errors are within 5% of the PE data. 

5.3.3 N-Nonane-Methane-Propane System 

The final mixture under consideration is the ternary mixture of n-nonane, methane and 

propane. This mixture is treated in the experimental section of this report. As in the 

previous ternary mixture there are three degrees of freedom. Temperature, pressure and 

the propane molar fraction in the gas phase are chosen for this purpose. 

The range of temperatures is for experimental purposes chosen between 225 and 245K. 

Pressures range from 6 to 14 bar. The fraction of propane in the gas phase ranges from 0 

to 2%. 

To calculate phase equilibria for a ternary mixture using RKS requires three binary interac

tion parameters. The n-nonane-methane interaction parameter is given by Eq. (5.10). The 

interaction parameter for n-nonane and propane was calculated using experimental data 

from Jennings and Schucker [8] which gives using the PEprogram 

(5.17) 

The binary interaction parameter for methane and propane was derived using experimental 

data from Webster and Kidnay [10] resulting in the following interaction parameter 

(5.18) 
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Figure 5.1: Comparison of P E data points and fit for y~~ as Ju netion of yr;j02 based on these 
data points for the ternary system of n-nonane, methane and carbon dioxide. 

From PE data it appears that for y~ in this system the dependenee on Yds is not negligible. 

The fit for the n-nonane fraction for this system is given by 

y~ = exp(yf9(p) + yf9(p)T + yf9(p)T2)+ 

+y~; [exp(yf9(p) + yf9(p)T + yf9(p)T2)]' 
(5.19) 

where p and T are dimensionless pressure and temperature. Equations for y~~5 (p) can be 

found in appendix B together with equations for x~, xr;j
1

, xr;j
3 

and y~~. 

The equations of this mixture do not reduce to the binary n-nonane-methane mixture 

treated before, when setting y~; to zero, as the modeHing range is different. There is no 

experimental data for this ternary mixture within the chosen range. The only data present 

is the Shipman data [5] for the binary case, but all these experimental points are outside 

the modeHing range. However the data is compared with the model in appendix B, as can 

be seen in table 5.2. In this table the error 6 is given by 

(5.20) 

All values in this table are outside the modeHing range, so it is difficult to make conclusions. 

For pressures inside the modeHing range, the errors seem reasonable. 

The accuracy of the fit in comparison with the calculated equilibrium points by the PE 
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T(K) P(bar) exp 
xe 

fit 
Xe 6(%) 

273.15 10.1325 0.0540 0.05429* -0.54 

273.15 20.2650 0.1069 0.11824* -10.61 

248.15 10.1325 0.0678 0.06613* 2.46 

248.15 20.2650 0.1288 0.15109* -17.31 

223.15 10.1325 0.0989 0.08789* 11.14 

223.15 20.2650 0.1737 0.21043* -21.14 

Table 5.2: Experimental phase equilibrium data for the n-nonane-methane system by Ship
man and Kohn {5) compared to calculated equilibrium data using the fit in appendix B for the 
ternary system n-nonane-methane-propane. Values with * are outside the modelZing range. 

program is illustrated in Fig. 5.2. Errors are all within 1% of the PE data. For the rest of 

the componentsin the mixture, errors are within 5% of the PE data. 

1 ,2x10~ 
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Yc 3 
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Figure 5.2: Comparison of PE data points and fit for y~~ as function of y~~ based on these 
data points for the ternary system of n-nonane, methane and propane. 
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Chapter 6 

Numerical N ucleation Calculations 

6.1 Nucleation Behaviour of n-Nonane-Methane Mixtures 

Starting point in this chapter are the experimental results from nucleation experiments of 

supersaturated n-nonane (CgHzo) in a carrier gas of methane (CH4 ). Experiments were 

performed at Eindhoven University of Technology by several experimenters. The experi

ments were performed at a constant nucleation temperature of 240K, at varying pressures. 

Results of these experiments are displayed in Fig. 6.1. 

As can be seen in this figure, there is a clear pressure dependency in nucleation behaviour 

forthese series of experiments. First an increase of nucleation rate with increasing pressure 

can be observed. Secondly, if a fit is made through experimental data at the same pressure, 

a decrease in slope with increasing pressure is found. 

In the remainder of this chapter, nucleation theory will be examined to see whether it 

is able to predict this pressure trend. In the following sections, binary nucleation theory 

will be examined, and in several steps extended in order to study the effect on nucleation 

behaviour. In the first section, examination of the theory will start with ideal nucleation 

behaviour, and will be extended into several steps to Langmuir surface tension correct ion. 

This in order to find a possible explanation of the pressure dependenee of the nucleation 

rate of n-nonane in a carrier gas of methane. 

From the theoretical study a possible explanation of the pressure trend might also be for

mulated. 

37 



38 Chapter 6. Numerical Nucleation Calculations 

1018 

• 
1017 

• • • 
......... • • • 

";"U) 1016 • • ~ 
'?E • • • • - 40 bar "t ""') 

1015 • 
• 

33 bar 
1014 t\ ... ... 

25 bar 10 bar 

1013 
2 4 6 8 10 20 40 60 

s 

Figure 6.1: Experimental temperature-corrected nucleation rates for a n-nonane-methane 
mixture at 240K, 40 bar experiments by Peeters {circles), 33 bar experiments by Labetski 
{squares), 25 bar and 10 bar experiments by Luijten {triangles). 

6.1.1 ldeal Binary Nucleation Theory 

As a first approach the unary nucleation theory can be used to calculate nucleation rates 

[1]: 

_ eq l (J 

( 
2 

) 
112 [ 4 e3 J 

J - P1P1 Vv 1rffiv exp e - 27 (ln 8)2 . (6.1) 

The binary nucleation theory can also be used, if the logarithmic mixing terms are neglected 

we get: 

(6.2) 

with 
l:::.Gv,g _ ( 2/3 
kET - -e+e nv+vn9 ) +nvlnS. (6.3) 

The additional e in the right hand side of Eq. (6.3) is to guarantee consistency for the 

morromer density. 

In order to apply the model to a specific case, some of the constauts need to be specified. 
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In the first case, ideal gas behaviour is assumed. This gives for the equilibrium n-nonane 

monomer density 
s 

eq _ eq _ P 
PI,O- PI - kBT' (6.4) 

where p8 is the saturation pressure of n-nonane and is given in appendix A together with 

other physical properties for n-nonane. The non-equilibrium density is equal to the equilib

rium density times the supersaturation: 

Sps 
Pl,O =PI = kBT. (6.5) 

With these equations and the data in appendix A, theoretica! predictions can be made. 

Without the mixing terms present in the equation, the nucleation rate is independent of 

pressure. The results for unary and binary theory under the given assumptions can be found 

in Fig. 6.2 for several nucleation temperatures. For the surface tension, the pure nonane 

surface tension is used at corresponding temperatures as given in appendix A. 

As already mentioned before, there is no pressure dependenee in the case considered. This 
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Figure 6.2: Theoretica[ calculations for nucleation of n-nonane in methane at several tem
peratures using i deal unary ( dashed line) and binary theory { solid line), neglecting entropie 
mixing terms. For the surface tension, the pure nonane surface tension is used at corre
sponding temperatures. 

case assumes ideal gases, neglecting entropie mixing terms. For the surface tension, the pure 
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nonarre surface tension is used at corresponding temperatures. There is a clear temperature 

dependenee mainly caused by the dependance of surface tension on temperature. Higher 

nucleation temperatures give rise to higher nucleation rates for the same supersaturation. 

Classica! unary theory prediets a slightly lower nucleation rate compared to binary theory. 

Both theories give a similar temperature trend. In comparison with experimental results, 

it can be concluded that for this case the theoretica! nucleation rates are many orders of 

magnitude below experimental values for 240K. 

6.1.2 ldeal Nucleation Theory with Mixing Terms 

In the previous assumption, pure n-nonane clusters were considered. In the case of n-nonane 

in a carrier gas of methane, dissolving of metharre molecules into the cluster can be expected. 

A first approach to account for this effect is by implementing the entropie mixing terms 

into the binary theory. Metharre molecules enter the cluster for entropie reasons only. This 

extends Eq. (6.3) into [11] 

I::J.Gv,g = -{} - ln (-
1
-) + ()(n + vn )213 + n ln S 

k T eq V g V 
B Xv 

+nv ln ( ( nv ) eq) + n9 ln ( ( ng ) eq ) . 
nv + n9 Xv nv + n9 Xg 

(6.6) 

Notice the additionallogarithmic correction term for consistency. By including these mixing 

terms, a pressure dependency is introduced into the theory: the equilibrium molar fraction 

of n-nonane in the liquid phase x~q has a pressure dependency as well as a temperature de

pendency. This value can be calculated from equilibrium models which arealso presented in 

this report. These models assume a flat surface equilibrium between liquid and gas phase. 

They are based on the RKS equation of state and will be presented later. For the surface 

tension, the pure nonarre surface tension is used at conesponding conditions. The numerical 

results for this theory for a nucleation temperature of 240K at three pressures are shown in 

Fig. 6.3. 

This case assumed ideal gases. Entropie mixing terms were introduced. For the surface 

tension, the pure nonarre surface tension is used at conesponding conditions. From this 

figure it becomes clear that the effect of the mixing term does not have a large effect on 

nucleation rates. Moreover the pressure dependenee is opposite to the effect observed in the 

experimental results (Fig. 6.1). By introducing the logarithmic terman increase of pressure 

leads to lower nucleation rates. 
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Figure 6.3: Theoretica[ calculations for nucleation of n-nonane in methane at 240K at 
pressures of 10 bar, x;q = 0.93 (dotted line}, 25 bar, x;q = 0.83 (dash-dotted line} and 40 
bar, x;q = 0. 75 ( dashed line) using binary theory with mixing terms and nucleation at 240K 
without mixing terms (dashed line}.For the surface tension, the pure nonane surface tension 
is used at corresponding conditions. 

6.1.3 Non-Ideal Binary Nucleation Theory 

In the two previous approaches, it was assumed that the mixture could be treated as anideal 

mixture. In the following approach, non-ideality of the gases is introduced. By introducing 

the enhancement factor Je, non-ideality of the vapor morromer density is taken into account. 

The enhancement factor is a direct measure of the deviation of ideal gas behaviour. It 

represents the increase of the partial saturated vapour pressure with respect to the pure 

vapour state. 

When evaluating morromer densities, the compressibility of the gas phase must be taken 

into account. It is defined as Z = pj(pkBT), where p is the total molar density of the 

mixture. For small vapor fractions, the compressibility factor of the mixture is with a high 

degree of precision equal to the compressibility of the carrier gas, this is the case for the 

n-nonane-methane mixture under consideration. 
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This finally gives for the equilibrium monomer number density [11] 

eq _ eq _ feP
8 

PI,O- PI - ZkBT' (6.7) 

In appendix A, expressions for evaluating Je and Z can be found. The enhancement factor 

as well as the compressibility are dependent on the pressure, so that additional pressure 

dependency enters the binary nucleation expression. The numerical calculations using the 

non-ideal full binary nucleation theory (using mixing terms) in the case of a n-nonane

methane mixture can be seen in Fig. 6.4. For the surface tension, the pure nonane surface 

tension is used at corresponding conditions. 

As can beseen in this figure, non-ideality plays a more important role at higher pressures, 

1018 , '/ , 
240K 

~/~ 

1017 , , 
, , , , / 

'7(/) 1016 , .• / 

"' 
, '/ 

'E -...., 
1015 

1014 , .,._...,..'. , 

1013 
50 60 s 70 80 90 100 

Figure 6.4: Theoretica[ calculations for nucleation of n-nonane in methane at 240K at 
pressures of 10 bar, {dotted line), 25 bar, {dash-dotted line) and 40 bar, {dashed line) using 
binary theory, ideal gas assumption curves are colared grey, non-ideal curves are black. For 
the surface tension, the pure nonane surface tension is used at corresponding conditions. 
Entropie mixing terms are included into the model. 

as the effect of non-ideality increases with pressure. Non-ideality causes an increase of the 

nucleation rates compared to ideal behaviour. Due to the addition of non-ideality in the 

model, the pressure trend is reversed in comparison totheideal nucleation behaviour. High 

pressures result, under these approximations, into higher nucleation rates. Still the theo

retica! pressure effect is not comparable to the effect observed in experiments. Theoretical 
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nucleation rates are very small compared to the experimental obtained rates. Non-ideality 

of the gases was used in this case, as wellas entropie mixing terms. For the surface tension, 

the pure nonane surface tension was used at corresponding conditions. 

6.1.4 Langmuir Surface Tension Correction 

The surface tension of clusters plays a dominant role in nucleation behaviour, it controls 

the energy barrier for nucleation. Therefore it is essential to account for the effect of carrier 

gas pressure on the surface tension. The decrease of surface tension is generally ascribed to 

adsorption of the supercritical carrier gas. The following expression can be formulated for 

pressure dependency of surface tension 

(~~) (6.8) 

which means that the the surface tension is equal to minus the concentration of carrier gas 

molecules at the liquid phase surface times the molecular volume of carrier gas molecules 

in the gas phase. For the carrier gas surface concentration c§ =na{) can be used, where na 

is the number of adsorption sites per unit area and {) is the surface coverage. According 

to the simple Langmuir adsorption model, valid up to coverages of about 30%, it can be 

expressed as 

(6.9) 

where PL is the Langmuir reference pressure. From a simple statistical-mechanical model 

assuming discrete adsorption sites, it reads, 

(6.10) 

in which m is the molar mass of the adsorbing gas and Ea is the adsorption energy per 

molecule. For the molecular volume in the gaseous phase the ideal gas law is used v~ 

kBT/p. 

Substituting these assumptions into Eq. (6.8) gives 

(6.11) 

which can be integrated to 

( 6.12) 

Here a-0 is the surface tension of the pure substance. Pressure p is formally the carrier gas 

pressure, but it can always be taken equal to the total pressure. The number of adsorption 
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sites per unite area na can be estimated with na :::::; 6 · 1018m-2 , which is the inverse of 

the molecular area which is for most gases near 1.6 · 10-19m 2 per molecule. The Langmuir 

pressure PL can be found by fitting Eq. (6.12) to experimental data [12]. Results of this fit 

can beseen in Fig. 6.5 [1]. For the n-nonane-methane mixture it can be estimated (in bar) 

using [1] 

PL(T) = 258.8- 2.731T + 7.781 · 10-3T2
. (6.13) 

The results using Langmuir correction are displayed in Fig. 6.6 together with the exper-
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Figure 6.5: Values of the Langmuir pressure PL in Eq. (6.13}, obtained from fitting to 
experimental data for n-nonane-methane [12}[1]. 

imental results. Theoretica! results are in the range of experimental data. For the lower 

pressures the slope of nucleation rates are well predicted. The decreasing slope with in

creasing pressure is not predicted. 

6.1.5 Composition Dependent Surface Tension 

In the previous section, Langmuir surface tension correction could not describe the decreas

ing slope with increasing pressure as is observed in experiments (Fig. 6.6). Surface tensions 

as a function of pressure in n-nonane-methane mixtures were measured by Deam and Mad

dox [12]. They used a a pressurized pending drop cell method. The Langmuir pressure 

has been fitted to the experimental data resulting in the fit of Eq.(6.13). The question 

is whether this fit from experiments on macroscopie dropiets can be adapted to describe 

the surface tension of clusters that have the size of the critical cluster. From the previous 

section it appears that this approach is not valid for small clusters. 

In the previous sections the surface tension was taken constant during the double sum

mation in binary nucleation theory. This means that the surface tension was treated as a 

constant for all cluster-compositions summed over. In the Langmuir theory, it is clearly 
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Figure 6.6: Theoretica[ calculations for nucleation of n-nonane in methane at 240K at pres
sures of 10 bar, 25 bar, 33 bar and 40 bar using full Langmuir binary nucleation theory, in 
comparison with experimental data. Non-ideality and mixing terms are taken into account. 

stated that adsorption of methane molecules at the cluster surface leads to a decrease of 

surface tension. Soa constant surface tension seemsnot to be logical, while conducting the 

full summations over vapor-gas space. 

The next approach is to use a composition dependent surface tension inspired on the para

chor method, in which the surface tension is obtained from [1] 

1/4 = ~ D. ( Xi _ .J!.!:._) 
(Y ~Ft Vl vv 0 

(6.14) 
i 

Here, Pi is the parachor of component i fitted to experimental values. The second term in 

this equation is neglected, as the rnalar volume in the gas phase V 9 , is much larger than the 

rnalar volume in the liquid phase V 1. The sum in Eq.(6.14) can be extended and rewritten 

as 

( 

1 n 9
) 4 +1'\,-

(Y _ (Y nv 

- L 1 + v~: ' (6.15) 

using V1 = nv + vn9 , and "" as the ratio of parachars (""=Pel/ Peg). For numerical calcu

lations, the Langmuir corrected surface tension was used as a reference surface tension. It 
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is easy to see that this parachor surface tension is dependent on composition. In a first ap

proximation, vis given the constant value of 1/9 and K, is varied. In literature experimental 

values for the parachor values can be found, but these are only valid for flat surfaces, in 

this approach it is chosen to vary this fraction in order to study the effect on nucleation 

rates. Binary nucleation theory was used and evaluated at 240K and 40 bar, using the 

parachor surface tension. Mixing terms are neglected, as methane molecules are adsorbed 

at the cluster surface and are not uniformly dispersed in the cluster. 

The results for these calculations together with the experimental results are shown in 

Fig. 6. 7. The composition dependenee of the surface tension is strongly dependent on 

the value of K,. Decreasing K, causes a strong increase of nucleation rates. Also a decrease 

in slope can be observed for lower values of K,. But the slope for these lower K, values is still 

much steeper than the experimentally found slope. 
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Figure 6.7: Theoretica[ calculations for nucleation of n-nonane in methane at 240K at a 
pressure of 40 bar using a parachor corrected surface tension with different values for K,, the 
ratio of the parachors. Circles are experimental data points. 
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6.2 Discussion 

Instead of using the full binary theory, Eq. (6.2), also unary theory can be applied, Eq. 

(6.1). The classical unary theory can be adapted to describe the infiuence of carrier gas 

pressure in a similar way as binary theory (accept for introduetion of the entropie mixing 

terms). We will refer to this adapted unary theory as quasi unary theory. Quasi unary 

theory takes into account non-ideality of gas es ( using Eq. ( 6. 7)), and Langmuir surface 

tension pressure correction, Eq. (6.12). The advantage of using quasi unary theory instead 

of binary theory is the analytical salution of the quasi unary theory, this saves a lot of 

calculation time. Calculations using quasi unary theory are compared to binary theory and 

experimentsin Fig. 6.8. 

As can beseen in this figure, there is almost no difference in results between quasi unary 

1018 

1017 

• 
• Á - 1016 

";"(/) 
Á 

• Á 

"' Á 'E 40 bar -""') 1015 

1014 

1013 
2 4 6 8 10 20 40 60 

s 

Figure 6.8: Theoretica[ calculations for nucleation of n-nonane in methane at 240K at 
pressures of 10 bar, 25 bar, 33 bar and 40 bar using full binary nucleation theory (black 
curves)and quasi unary theory (grey curves), in comparison with experimental data. 

and full binary theory. At this stage it is therefore more convenient to use quasi unary 

theory instead of full binary theory, as quasi unary theory has an analytical solution. 

Both binary and full unary theory are not able to predict nucleation behaviour at high 

pressures. The Langmuir corrected surface tension appears to be invalid at these pressures. 
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In Fig. 6.9, iso-0 contour lines are displayed tagether with the experimental results at 40 

bar and 240K. 

From this figure it becomes clear that the surface tension ( using binary theory) does not 
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Figure 6.9: Iso-0 contour lines for nucleation of n-nonane in methane at 240K and 40 bar. 
Squares are experimental results. Dashed line is the predicted theoretica[ curve. 

have a constant value in the experimental range of supersaturation values. Langmuir sur

face tension correction apparently does not work at these conditions. Overall experimental 

nucleation rates are several orders of magnitude higher than theoretica! ones, this is espe

cially the case for low supersaturation. 

In the derivation leading to the final Langmuir model, Eq. (6.9) was used, which is only 

valid for coverages up to 30%, the question is whether this is the case at 40 bar and 240K. 

Equilibrium models show that the mole fraction of metharre in the bulk liquid phase at 

these conditions is equal to about 25%. The adsorption of metharre molecules at the surface 

of the cluster is likely to be above 25%. So the validity of the Langmuir correction at these 

conditions is questionable. 

The Langmuir pressure has been fitted to experimental data of surface tensions for several 

temperature. Surface tensions as function of pressure in n-nonane-methane were mea

sured by Deam and Maddox [12]using a pressurized pending drop cell method. These are 

measurements performed on macroscopie droplets. The question is whether the measured 
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surface tension of macroscopie dropiets is valid for the microscopie critical clusters during 

nucleation. Langmuir surface tension correction is thus a very rough method in calculating 

surface tensions, but it is at the moment the best method available. 

In the binary calculations the surface tension was kept constant for all cluster sizes and 

compositions. In the previous section a first attempt was made to use a surface tension 

dependent on composition. As can beseen in Fig. 6.7, a variabie surface tension can have 

an influence on the slope of the theoretica! curve. More attention has to be payed in order 

to develop a new variabie surface tension, depending on size and composition. This in order 

to have a more realistic surface tension model. 
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Chapter 7 

Experimental Results 

7.1 Introduetion 

In this chapter results are presented regarding two series of experiments performed using the 

wave tube expansion methad described in the chapter on wave tube experiments. In these 

experiments, nucleation of the ternary methane-propane-n-nonane mixture was stuclied at 

nucleation conditions of approximately 235K, 10 bar and a propane fraction around 1%. 

Another series of experiments were conducted with the same conditions. Sarnething went 

wrong with the mixture preparation of these experiments, in Appendix D, these series of 

experiments are discussed. 

The ternary mixture was prepared using the setup as depicted in Fig.4.3 in the saturators. 

The nucleating component in the experimentsis n-nonane. The binary mixture of methane 

and propaneis acquired from Hoek Loos BV. Equilibrium calculations were performed using 

the PE2000 program. The RKS equation of state was selected for these calculations. 

In the next section the experiment 09jul05 002 will be used to illustrate the procedure to 

extract the nucleation results from the experimental data. 

7.2 Experiment 09jul05 002 

Experiment 09jul05 002 belongs to the second series of nucleation experiments of the 

methane-propane-n-nonane mixture. Table 7.1 lists the initial conditions of the experi

ment. This data is necessary in the subsequent analysis of the experimental results. 

From the mixture preparation data, the initial mixture composition at the beginning of 

the nucleation experiment can be calculated. The methanejpropane flow through the sat

urators is saturated with n-nonane vapour, the fraction of n-nonane in this flow can be 

calculated using an appropriate equation of state. In the experiments the RKS equation 

51 
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Mixture prep. 

Tsat(K) 290.63 

Psat(bar) 30.00 

Q1(nljmin) 0.0000 

Q2(nljmin) 2.0475 

Yc3 · 103 10.0 

Nucl. cond. 

To(K) 294.45 

Po(bar) 24.85 

Table 7.1: Initia[ experimental conditions for nucleation experiment 09jul05 002 for the 
nucleation of n-nonane in the ternary methane-propane-n-nonane mixture. 

YC1,mix 9.897 · 10-1 

YC3,mix 9.991 · 10-3 

YC9,mix 3.090 · 10-4 

Table 7.2: Initial mixture composition in the high pressure section of the shock tube at the 
beginning of nucleation experiment 09jul05 002 for the nucleation of n-nonane in the ternary 
methane-propane-n-nonane mixture. 

of state was selected. The equilibrium vapour fraction of n-nonane and proparre in the 

saturators (yd3,sat and y~q9,sat) is calculated at the conditions of Tsat, Psat and Yc3/1- Yc3 

(which has to be constant according to Eq. (4.2). After this calculation the composition of 

flow Q2 is known. The final mixture composition can now be determined using 

and 

where 

eq 
q2YC9,sat 

YC9,mix = Q + , 
1 q2 

Yc3 
q2 = Q2-e-q-· 

Yc3,sat 

(7.1) 

(7.2) 

(7.3) 

Now the initial mixture composition in the high pressure section of the shock tube at 

the beginning of the nucleation experiment is known. For experiment 09jul05 002 the 

composition can be found in Table 7.2. 

During the nucleation experiment, three signals are obtained, the pressure curve, the 

90°-scattering signal and the transmitted intensity signal. From these three signals all the 

nucleation and droplet growth data can be extracted. 
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7.2.1 The Pressure Signal 

The pressure curve of experiment 09jul05 002 is shown in Fig. 7.1. The pressure dip is 

25 09jul05, 00 

20 

15 

10 

0 5 10 15 20 25 30 35 40 

t (ms) 

Figure 7.1: Pressure signal of nucleation experiment 09jul05 002 of the methane-propane
n-nonane mixture. 

clearly visible. At this stage all the critica! clusters are formed. The pressure in the dip 

(Pcond) is determined from this graph. The dip is foliowed by a pressure plateau where the 

droplet growth takes place, the average pressure during droplet growth (Pgrowth) can also be 

obtained from this graph. The corresponding temperatures during nucleation (Tcond) and 

droplet growth (Tgrowth) can be calculated using an appropriate equation of state (RKS was 

used) and knowing the initial pressure Po and temperature Ta. The pressures and temper

atures for experiment 09jul05 002 are shown in Table 7.3. 

With the values of Tcond, Pcond and YC3,mix the equilibrium nonane vapour fraction y~q9,cond 
is calculated using for instanee the RKS equation of state. This equilibrium value at the nu

cleation condition is necessary to determine the supersaturation of n-nonane in the mixture. 

The supersaturation of nonane is then determined by: 

S 
YC9,mix 

C9,exp = eq · 
Yc9,cond 

(7.4) 

For experiment 09jul05 002, y~~.cond = 5.267 · w-6 and the supersaturation is equal to 

Sc9,exp = 58.67. 

From Fig. 7.1 the pulse duration can also be obtained, this value is necessary for determin

ing the nucleation rate given by Eq. (4.1). For experiment 09jul05 002, the pulse duration 
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Po(bar) 24.85 

To(K) 294.85 

Pcond(bar) 10.11 

Tcond(K) 236.10 

Pgrowth (bar) 11.63 

Tgrowth(K) 244.17 

Table 7.3: Pressures and temperatures obtained from the pressure profile (Fig. 1.1) of nu
cleation experiment 09jul05 002 of the methane-propane-n-nonane mixture. Corresponding 
temperatures were calculated using the RKS equation of state. 

D.t is equal to 0.41ms. 

7.2.2 The 90-Degrees-Scattering Signal 

During nucleation experiment 09jul05 002 the scattered intensity of the growing dropiets 

was obtained. The 90°-scattering signal is shown in Fig. 7.2. 

Several Mie-extrema can be distinguished, they are numbered according to Mie theory. 

0 5 

3 
09jul05, 002 

5 

4 

10 15 20 25 30 35 40 

t (ms) 

Figure 7.2: The 90°-scattering signalof nucleation experiment 09jul05 002 of the methane
propane-n-nonane mixture. Corresponding extrema described by Mie theory are numbered. 

Each extremum corresponds to a specific droplet size. This way a time resolved radius 
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curve can be obtained. One extra point can be added to this curve, at the starting point 

of the droplet growth the radius is equal to zero. For the starting point of droplet growth 

the time corresponding to the center of the pressure pulse is taken. In Fig. 7.3 the radius 

squared is plotted against time. The slope of the linear fit is equal to the surface growth 

rate of the droplets. In this experiment it is equal to 2.3 ± 0.2. w-2 p,m2ms-1 . 

0,14 

• 
0,12 

0,10 • 

~ 0,08 

"L 0,06 

0,04 

0,02 • 

0,00 
4 6 8 10 12 14 

t (ms) 

Figure 7.3: The droplet radius squared of nucleation experiment 09jul05 002 of the growing 
droplets, points correspond to the Mie peaks obtained from Fig. 7.2 and Mie theory. The 
slope of the linear fit is the surface growth rate which is equal to 2.3 ± 0.2 · w-2 p,m2ms-1 

for this experiment. The point with a droplet radius of 0 corresponds to the center of the 
pressure pulse. 

7.2.3 The Transmitted Intensity Signal 

The transmitted intensity signal of experiment 09jul05 002 is displayed in Fig. 7.4. The 

transmitted intensity is governed by Lambert-Beer's law Eq. (4.5). As discussed in the 

section on light extinction in the chapter on the experimental procedure, the extinction co

efficient depends on the extinction efficiency which can be calculated from Mie theory. For 

the Mie extrema points in Fig. 7.2 this efficiency is calculated. With this efficiency and the 

transmitted light intensity, the number density nd is derived from Eq. (4.5) and Eq. (4.6). 

In the case of experiment 09jul05 002 the number density nd is equal to 2.6 ± 0.3 ·1013m-3 . 

Tagether with the pulse duration of 0.41ms, the nucleation rateis J = 6.5±0. 7·1016m-3 s-1 . 
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09jul05, 00 

0 ---------------------------------------
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Figure 7.4: The transmitted intensity signal of nucleation experiment 09jul05 002 of the 
methane-propane-n-nonane mixture. 

7.3 Experimental Series 

The procedure as discussed in the previous section was repeated for each experiment. Two 

series of experiments were performed on nucleation of the methane-propane-n-nonane mix

ture at a nucleation temperature of approximately Tcond i:::: 235K and a nucleation pressure 

of Pcond i:::: lObar. The amount of proparre in the mixture was in all experiments approxi

mately around 1%. All the obtained data from the experiments can be found in Appendix 

C. 

From this data the surface growth curve can be produced. This curve displays the rate of 

increase of the surface of the droplet in time, as a function of the fraction of supersaturated 

vapour in the gas mixture, governed by Eq. (3.20) for diffusion controlled droplet growth. 

The surface growth curve for the two series of experimentsis displayed in Fig. 7.5. As can 

be seen from this graph, there is quite some scatter in surface growth rate data but overall 

the results seem to be consistent with diffusion controlled droplet growth theory. 

For producing the nucleation rate plot the supersaturation can now be calculated using: 

S = YC9,mix 
eq . 

Yc9,cond 
(7.5) 

Each experiment is performed at slightly different nucleation conditions. The scatter in 

temperature is corrected by the following equation, in which it is assumed that classica! 
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Figure 7.5: Surface growth rate versus n-nonane vapour fraction for nucleation experiments 
of the ternary mixture methane-propane-nonane. Squares are experimental results from se
ries 1, triangles series 2. The circles are the equilibrium n-nonane vapour fraction at the 
average temperature, pressure and propane fraction of each series. The grey lines are theo
retica[ curves calculated using Wilke and Lee methad for average temperature and pressure 
of each series, the black lines are linear fits for each series. Data can be found in appendix 
c. 

nucleation theory prediets the right temperature and supersaturation trends for sufficiently 

small ranges 

(as) 3 SlnS [ T da] 
Scorr = S + aT J JT = S + 2,----;y-- 1- a dT (T- Taim)· (7.6) 

Here Taim is the desired nucleation temperature, which for these experiments is set to the 

average nucleation temperature. For the two series of experiments the results are displayed 

in Fig. 7.6. As can beseen in this figure, the nucleation rates show appreciable scatter, but 

a trend is clearly visible. 

An attempt is made to reduce the scatter in the nucleation rates caused by the inaccuracy 

in calculating the nonane fraction in the mixture. The idea is that the droplet growth rate 

is accurately known, and that the error in the composition of the mixture is responsible 

for the scatter in the surface growth rates. The, the surface growth rates can be used to 

correct the values for the components. The correction is performed by adjusting the nonane 

fraction in the surface growth curve in order to match to the average rate of each series. 

As the droplet growth conditions in the series is somewhat different, each experiment is 

corrected to the average value of its own series. It is assumed that all ditfusion processes 
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Figure 7.6: Nucleation rate versus supersaturation for nucleation experiments of the 
methane-propane-nonane mixture, the propane vapour fraction is approximately 1%. 
Squares are experimental results from series 1 and triangles of series 2. The supersatu
ration is temperature corrected to the average temperature of the experiments. Data can be 
found in appendix C. 

are similar for each series and thus, the diffusion coefficient should be approximately the 

same. So every experiment in one series is attributed with the same diffusion coefficient, 

leading to a new value for the nonarre fraction and thus to a different supersaturation value. 

The results for the corrected nucleation rate can beseen in Fig. 7.7. 

On the average the scatter has decreased because of this correction, especially at low 

supersaturation values. At high supersaturation, the scatter has slightly increased. For the 

nucleation rates, the sametrend is found as in Fig. 7.6. 

7.4 Effect of Propaneon Nucleation of Nonane in Methane 

The experimental results of the nucleation of the methane-propane-nonane mixture can be 

compared to the nucleation of the binary methane-nonane mixture at the same conditions 

to examine the effect of adding 1% of proparre to the mixture. In Fig. 7.8 experimental 

nucleation rates of the binary mixture and of the ternary mixture are displayed. For the 

ternary mixture the nonarre fraction is corrected using the average diffusion coefficient of 

each series, as also was dorre in Fig. 7.7. 
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Figure 7.7: Nucleation rate versus supersaturation for nucleation experiments of the 
methane-propane-nonane mixture, the propane vapour fraction is approximately 1%. The 
nonane vapour fraction is corrected on the basis of the surface growth rates. Squares are 
experimental results from series 1 and triangles of series 2. The supersaturation is temper
ature corrected to the average temperature of the experiments. 

As can be seen in this image, there is no significant difference between the nucleation in 

the binary and the ternary mixture at these conditions (Tcond ;:::;::: 235K, Pcond ;:::;::: 10bar). 

The effect of propane for this case is hardly visible. 

A possible difference in nucleation behaviour between the binary and the ternary mixture, 

can be caused by a difference of the surface tension in the droplet. The addition of propane to 

the binary methane-nonane mixture could infl.uence the droplet surface tension as propane 

will change the composition of the droplet. With the use of the parachor method, the 

theoretica! difference between the surface tensions of the methane-nonane mixture and the 

methane-propane-nonane mixture can be estimated for the given experimental conditions. 

The parachor equation is given by Eq.(6.14): 

0'1/4 = ""'p ( Xi _ .J!.j_) 
L..J ~ Vl vv . 

i 

(7.7) 

Here, Pi is the parachor of component i fitted to experimental values. The second term in 

this equation is neglected, as the molar volume in the gas phase V 9 , is much larger than 

the molar volume in the liquid phase V 1. 

For the three components, the theoretica! values for the parachars can be found in liter

ature. The parachars are, Pe1 = 81.0 [12], Pe3 = 151.9 [13] and Pe9 = 387.6 [12]. For 
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Figure 7.8: Nucleation rate versus supersaturation for nucleation experiments of the binary 
methane-nonane mixture (stars}and the ternary methane-propane-nonane mixture (circles) 
and. Experiments of the binary mixture were performed by Luijten [1}. The propane vapour 
fraction in the ternary mixture is approximately 1 %. The nonane vapour fraction of the 
ternary mixture is corrected by the average dijjusion coefficient of each series. The super
saturation is temperature corrected to the average temperature of the experiments. 

Mixture x63 x69 p1(mol/l) 

CH4- CgH2o 0 0.9217 5.218 

CH4- C3Hs- CgH20 0.0687 0.8532 5.459 

Table 7.4: Liquid equilibrium conditions for the binary and ternary mixture at Tcond = 
235.9K and Pcond = 10.1bar, for the ternary mixture Yd3 = 1%, RKS equation of state was 
used. 

the experimental conditions, the equilibrium compositions of the liquid are calculated and 

sepcified in Table 7.4 With this data the surface tension is calculated, resulting in 

O"tern = 0.9980"bin- (7.8) 

So there is only a minor difference in surface tension between the two mixtures. The effect 

of this difference on nucleation rates can be estimated using ICCT, Eq.(2.25). The result 

IS: 

Jtern = 1.004Jbin· (7.9) 

So the effect of the difference between the surface tension of the binary and ternary mixture 

is very small and not detectable in nucleation experiments. 



Chapter 8 

Conclusions and Recommendations 

8.1 Numerical N ucleation Calculations 

This report discusses many aspects of nucleation study. First classica! nucleation theory 

was treated as well as a simplified binary nucleation theory. The question was whether the 

"simple" ICCT would predict the same nucleation behaviour as the extended binary theory 

using the full double summation over the gas and vapour molecules, for the nucleation of 

nonarre in methane. It was concluded that with the present binary model, using the Lang

muir approach for calculating the droplet surface tension, there is no significant difference 

in the prediction of nucleation behaviour between ICCT and the binary theory. 

ICCT and binary theory fail in predicting nucleation behaviour at high nucleation pressures. 

This is probably caused by the model used for the surface tension. This model assumes that 

each cluster, independent of size and composition has the samesurface tension at constant 

nucleation pressure and temperature. Sirree the Langmuir surface tension model is derived 

from experimental fiat liquid surface data, it is not very likely that this data also holds for 

microscopie clusters. 

At this moment, it is most convenient to use ICCT for the prediction of nucleation rates 

as it is a simple and efficient theory compared to the time consuming double summation in 

the binary nucleation model. 

A study on surface tension for microscopie clusters would be necessary for improvement 

of the nucleation theory. This model should incorporate size and composition dependency 

of the surface tension. When such a model is developed, the binary double summation 

nucleation model should probably be used for calculating nucleation rates. 

61 



62 Chapter 8. Conclusions and Recommendations 

. 
8.2 Nucleation Experiments 

This report discusses the results from nucleation experiments performed with a methane

propane-nonane mixture, in which nonarre is supersaturated and is thus the nucleating 

component. In order to fully understand the principle of nucleation experimerrts, some the

ory had to be studied. This theoretica! study has also been presented in this report. This 

includes a chapter on droplet growth and one on wave tube experiments. An equilibrium 

model was constructed using the PE2000 program for this mixture to make equilibrium 

calculatiorrs easier and faster. Another model was made for the ternary mixture, methane

carbondioxide-nonane, as it was needed for other experiments not treated in this report. 

For all phase equilibrium calculations the RKS equation of state was used. The accuracy of 

this equation of state determines for a large portion the accuracy of nucleation experiments, 

as it is used to calculate temperatures and mixture compositions. This introduces system

atic errors, and continuous effort and research should be put into improving the accuracy 

of equilibrium calculations. 

Experiments were performed on the methane-propane-nonane mixture, at nucleation con

ditions of approximately 235K and lObar with a proparre vapour fraction around 1%. Re

sults showed no significant difference in nucleation behaviour between the nucleation of the 

methane-propane-nonane mixture and the metharre-nonarre mixture, see Fig. 7.8. This indi

cates that at given nucleation conditions, the influence on nucleation of nonarre in metharre 

of proparre is negligible. This also follows from nucleation theory using the Parachor method 

to campare surface tensions for both cases. 

In order to improve the nucleation data, an attempt was made to correcting the nonarre 

vapour fraction with the use of droplet growth theory. Each experiment was corrected using 

the average diffusion coefficient of the experimental series and subsequently calculating the 

corresponding nonarre vapour fraction using the droplet surface growth rate. This reduced 

the scatter in the nucleation rate vs. supersaturation plot. 

More experiments could be performed using the methane-propane-nonane mixture, using 

different nucleation conditions and different proparre fractions, in order to study the effect 

of proparre on the nucleation behaviour. It would be wise to do some theoretica! research 

prior to these experiments to examine the nucleation conditions at which an influence of 

proparre is expected to occur. 
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Appendix A 

Physical Properties 

n-Nonane 

M 128.259 kg kmoz- 1 

Pc = 22.9 bar 

Tc 594.6 K 

Vc 548 cm3 moz-1 

d = 0.683 nm 

Cp -8.37 4 + o.8729T - 4.823 . 10-4r 2 

+1.031. 10-7r 3 Jmol- 1 K-1 

PS 133.322 exp( -17.56832ln T + 0.0152556T 

Pl = 733.5- 0.788(T- 273.15) 

-9.689 · 10-5(T- 273.15) 2 kgm-3 

L 4.944 · 103 [7.08(1 - T /Tc) 0·354 

+4.873(1 - T /Tc)0.456] J mol-1 

O"Q 0.02472 · 10-5(T- 273.15) Nm-1 

Table A.l: Physical properties for n-nonane. 

Enhancement factor for n-nonane-methane 

ln(Je) = b(T)[p- p 8 (T)] + c(T)[p- p8 (T)] 2 (A.1) 

b(T) = 2.385. 10-1 - 7.26 . 10-4r- 1.29 . 10-6T2 + 4.61 . 10-9r 3 (A.2) 

c(T) = 2.424 · 10-2
- 2.552 · 10-4T + 8.985 · 10-7T2

- 1.057 · 10-9T3 (A.3) 

Compressibility of methane 
Z = 1 +Ao (A.4) 
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M 

Methane 

16.043 

46.0 

190.4 

99.2 

0.3758 

Cp 19.25 + 5.213. w-2r + 1.197. w-5r 2 

-1.132 . w-8r 3 

kg kmol- 1 

bar 

K 

cm3 moz-I 

nm 

Table A.2: Physical properties for methane. 

p 
Pr=

Pc 

(A.5) 

(A.6) 

(A.7) 
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bw = 0.536557 4 b4o = 0.2431204. w-1 b73 = o.298552o . w-2 

bn = -0.1671289 · 101 b41 = 0.3478417 

b12 = 0.1704335. 101 b42 = 0.3587548 . w-1 bso = 0.3030236. w-1 

b13 = -0.4003982 . 101 b42 = 0.3587548. w-1 bs1 = -0.1014545. w-2 

b14 = 0.3491415 . 101 b43 = 0.2945131 bs2 = -0.1847890 . w-1 

b15 = -0.1332024. 101 b44 = 0.1565847. w-1 bs3 = 0.3250667 . w-2 

b16 = 0.5440249 . w-1 b45 = -0.4257759 

b11 = 0.5211075. w-1 bgo = -0.6183691 . w-2 

b5o = 0.1779964 bg1 = 0.6643026. w-2 

b2o = 0.7187518 · w-1 b51 = -0.2754465 . w-1 bg2 = 0.9014904. w-3 

b21 = 0.5481658 b52 = -0.5843797 bg3 = -0.8454372 . w-3 

b22 = -0.1932578 . 101 b53 = 0.2273617 

b23 = 0.4295984 . 101 b54 = -0.7393567. w-1 bw 0 = 0.6100390 . w-3 

b24 = -0.3969273 . 101 b55 = 0.1461452 . w-1 bw 1 = -0.1371245 . w-2 

b25 = 0.1944849 . 101 bw2 = 0.6833971. w-3 

b26 = -0.5923964 b6o = 0.1650834 

b61 = 0.1337959 

b3o = 0.4802716 . w-1 b62 = 0.1158357 

b31 = 0.1443345 b63 = -0.1025381 

b32 = -0.1249822 . 101 b64 = 0.7468426. w-1 

b33 = 0.1618220. 101 

b34 = -0.1690813. 101 b7o = -0.8863694. w-1 

b35 = 0.1154217. 101 bn = -0.6837762 . w-1 

b36 = 0.9352795. w-1 bn = 0.5915308. w-1 

Table A.3: Coefficients for calculating the isothermal compressibility factor for methane. 
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Appendix B 

Ternary Mixture Models 

B.l C02-CH4-C9H20 

Range: 
230K ~ T ~ 320K 
5bar ~p ~ 45bar 
0.00 ~ y~q02 ~ 0.03 

Model: 

x002 (p) = 8.33 · 10-1 -8.34 · 10-1 exp (--p-) 
0 85.99 

xf02 (p) = 1.099 + 55.18p- 1.14lp2 + 4.63 · 10-3p3 

xf02 (p) = 31.58 + 9.64 · 10-1 exp (
2
:.

35
) 
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(B.l) 

(B.2) 

(B.3) 

(B.4) 

(B.5) 

(B.6) 

(B.7) 

(B.8) 

(B.9) 
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xf9 (p) = -17.36 + 18.04exp (-
2
J.

77
) 

x~9 (p) = 47.12 + 1.142exp c4~01) 

xf9 (p) = -3.256 ·10-1 + 3.273 ·10-1 exp (-
6
:.

67
) 

x~9 (p) = -8.187- 47.68p + 1.039p2 
- 5.83 · 10-3p3 

xf9 (p) = 30.08 + 2.493 exp ( 
4
t

67
) 

1.761- 1.912. w-1p + 1.497. w-2p2 - 230:::; T:::; 210 

(B.10) 

(B.ll) 

(B.12) 

(B.13) 

(B.14) 

-5.188. w-4p3 + 8.505. w-6p4 - 5.526. w-8p5 

y~9 (p) = (B.15) 
1.773- 1.934. w-1p + 1.509. w-2p2 - 210 < T:::; 320 

-5.221 . 10-4p3 + 8.579 . w-6p4 - 5.597. w-8p5 

-61.45 + 1.364. w-1p + 8.9o. 10-3p2 , 230 :::; r:::; 210 
yf9 (p) = (B.16) 

-48.65 + 1.387 · 10-1p + 2.85 · 10-3p2 , 270 < T :::; 320 

3.151 · 10-1 - 1.18 · 10-3p- 5.524 · 10-5p2 , 230 :::; T:::; 270 
yf9 (p) = (B.17) 

2.202-10-1 -1.21. w-3p- 9.745. 10_6p2 , 210 < r:::; 320 

-4.387. w-4 + 1.467. 10-6p + 1.012 . 10-7 p2 , 23o :::; T :::; 210 
Yf9 (P) = (B.18) 

-2.629. w-4 + 1.565. 10-6p + 1.516. 10-8p2 , 270 < T:::; 320 

B.2 CH4-C3H8-C9H20 

Range: 
225K :::; T :::; 245K 
6bar :::;p:::; 14bar 
0.00 :::; Yd

3 
:::; 0.02 

Model: 

(B.19) 



B.2. CH4-C3H8-C9H20 

y~~ = exp(y~g(p) + yfg(p)T + yf9(p)T2)+ 

+y~; [ exp(yfg (p) + yfg (p )T + yfg (p )T2) J 

eq _ 1 _ ( eq eq ) 
Yc1 - Yc3 + Yc9 

xf3 (p) = 4.46 - 4.546 exp ( -
1
:.

68
) 

xf3 (p) = 4.475 · 104 + 2.799 ·105p -1.865 · 104p2 + 3.539 · 102p3 

xf3 (p) = 16.72 + 1.749exp (
2
J

45
) 

xf3 (p) = 5.172- 4.547exp Ct
52

) 

xf3 (p) = 1.447 · 10n - 6.413 · 1010p + 3.36 · 109p2 - 4.096 · 107 p3 

xf3 (p) = 9.091 + 5.886 · 10-1 exp ( 
1
:.

33
) 

xf9(p) = 5.464 ·10-1
- 4.545 ·10-1 exp ( -1.

07
:_ 102 ) 

xf9(p) = 3.488- 2.533p + 1.665 · 10-1p2 - 5.6. 10-3p3 

x~9 (p) = 40.90 + 2.383 · 10-2 exp ( 5 .~74 ) 
xf9(p) = -4.229 + 4.283exp ( -

1
:.

97
) 

xf9(p) = -6.491 · 104 -2.767 · 105p + 1.866 ·104p2 - 3.581. 102p3 

xf9(p) = 16.43 + 2.012exp c:.37) 

xf9(p) = -7.445 + 6.764exp c:74) 

xf9(p) = -1.620 ·10n + 7.217 ·1010p- 4.408 ·109p2 + 6.612 · 107p3 

xf9 (p) = 9.268 + 4.038 · 10-1 exp ( 
1
:.

65
) 
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y~9 = -67.02 + 2.026 . 10-1p + 1.073 . 10-2p2 

yf9 = 3.652. 10-1 - 2.49. 10-3p- 3.786. 10-5p2 

yf9 = -5.414 . 10-4 + 3.828 . 10-6p + 8.079 . 10-8p2 

yf9 = -44.90 + 3.054. 10-1p + 7.13. 10-3p2 

yf9 = 2.295 . 10-1 - 1.64. 10-3p- 5.958. 10-5p2 

yf9 = -3.529. 10-4 + 2.178. 10-6p + 1.252. 10-7 p2 

s 
eq - p 

P1,0- kET 

S eq 
P1,0 = P1,0 

eq _ feP8 

P1,0 - ZkBT 

eq _ eq ( eq T) 
Yc9 - Yc9 Yco2, p, 

s = J!y_ 
y~q 

lv = 0 -t E~~1 = C~q(_!3!_) eq 

Pv+1 

p~q = p~q exp (- ::~ n;/3
) 

J = CvPv - E~~1Pv+1 

( 
4 ()3 ) 

J = Jo exp - 27 (ln S)2 

J- " 1 
[ 

CXl l-1 
- L..J snv CXl cv eq 

nv=1 L::ng=O v,gPv,g 

(B.39) 

(B.40) 

(B.41) 

(B.42) 

(B.43) 

(B.44) 

(B.45) 

(B.46) 

(B.47) 

(B.48) 

(B.49) 

(B.50) 

(B.51) 

(B.52) 

(B.53) 

(B.54) 

(B.55) 



Appendix C 

Experimental Data 

exp Tsat(K) Psat(bar) Q1(nljmin) Q2(nljmin) Yc3 · 103 

16apr03 001 290.68 28.01 0.5270 1.4170 10.1 

16apr03002 290.68 28.01 0.5900 1.3580 10.1 

20apr04002 290.67 28.01 0.6740 1.1530 10.1 

20apr04003 290.68 28.01 0.4680 1.4870 10.1 

18oct04002 290.66 29.99 0.1616 0. 7631 10.1 

Table C.1: Experimental data on mixture preparation for the methane-propane-nonane mix-
ture, series 1. 

exp eq 103 eq 105 
YC3,mix · 103 

YC9 mix ·105 
Yc3 sat · Ycg sat · , 

16apr03 001 10.1 31.0 10.1 22.66 

16apr03002 10.1 31.0 10.1 21.67 

20apr04002 10.1 31.0 10.1 19.62 

20apr04003 10.1 31.0 10.1 23.64 

18oct04002 10.0 31.0 10.0 25.54 

Table C.2: Mixture composition for series 1 of experiments of the methane-propane-nonane 
mixture using RKS equation of state. 
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exp To(K) Po(bar) Tcond(K) Pcond(bar) Tgrowth(K) Pgrowth (bar) 

16apr03001 295.65 25.21 234.3 9.84 242.2 11.30 

16apr03002 295.55 25.20 234.3 9.84 241.8 11.23 

20apr04002 296.85 25.21 234.4 9.68 242.2 11.11 

20apr04003 296.25 25.22 234.5 9.79 242.3 11.23 

18oct04 002 295.25 25.22 235.1 10.03 243.4 11.60 

Table C.3: Pressures and temperatures obtained from the pressure profiles of the nucleation 
experiments with the methane-propane-nonane mixture of series 1. Temperatures were cal-
culated using the RKS equation of state. 

exp eq 107 
Ycg cond · growthrate(p,m2ms-1) Sc9,exp J(m-3s-1) 

16apr03001 44.1 1.98 ° 10-2 51.4 3.77 ° 1015 

16apr03002 43.8 1.82 ° 10-2 49.2 1.80 ° 1015 

20apr04002 44.8 1.94. 10-2 43.8 1.65 ° 1015 

20apr04003 45.1 2.02 ° 10-2 52.4 4.78 ° 1015 

18oct04002 47.5 2.14 ° 10-2 53.8 2.38 ° 1015 

Table C.4: Results of the nucleation experiments performed with the methane-propane
nonane mixture, data of experimental series 1. 
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exp Tsat(K) Psat(bar) Q1(nljmin) Q2(nljmin) Yc3 ·103 

06jul05002 290.64 30.00 0.2629 1.2766 10.0 

07jul05 001 290.64 30.00 0.4026 1.5692 10.0 

07jul05 002 290.64 31.10 0.5269 1.7120 10.0 

07jul05 003 290.64 30.00 0.5389 1.4781 10.0 

08jul05 001 290.64 30.00 0.2921 1.7884 10.0 

08jul05 002 290.64 30.00 0.2269 1.8550 10.0 

08jul05 003 290.62 30.00 0.1593 1.9191 10.0 

09jul05 001 290.63 30.00 0.0937 1.9956 10.0 

09jul05 002 290.63 30.00 0.0000 2.0475 10.0 

09jul05003 290.63 30.00 0.0497 2.0623 10.0 

10jul05 001 290.63 30.00 0.1423 1.9685 10.0 

10julü5002 290.63 30.00 0.1847 1.9191 10.0 

10jul05 003 290.63 30.00 2.2264 1.8624 10.0 

lljul05 001 290.63 30.00 0.3929 1.6972 10.0 

lljulü5002 290.63 30.00 0.4558 1.6258 10.0 

lljul05003 290.63 30.00 0.4026 1.7342 10.0 

12julü5 001 290.63 30.00 0.4026 1.6529 10.0 

12julü5 002 290.63 30.00 0.0000 2.1265 10.0 

12julü5 003 290.63 30.00 0.0677 2.0673 10.0 

Table C.5: Experimental data on mixture prepamtion for the methane-propane-nonane mix-
ture, series 2. 
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exp eq 103 
Yc3 sat · 

eq 105 
Ycg sat · YC3,mix · 103 

YC9,mix · 105 

06jul05002 9.99 30.9 9.99 25.6 

07jul05 001 9.99 30.9 9.99 24.6 

07jul05002 10.0 31.0 10.0 23.7 

07jul05003 9.99 30.9 9.99 22.7 

08jul05 001 9.99 30.9 9.99 26.6 

08jul05002 9.99 30.9 9.99 27.6 

08jul05003 9.99 30.9 9.99 28.5 

09jul05 001 9.99 30.9 9.99 29.5 

09jul05 002 9.99 30.9 9.99 30.9 

09jul05003 9.99 30.9 9.99 30.2 

10jul05 001 9.99 30.9 9.99 28.8 

10jul05 002 9.99 30.9 9.99 28.2 

10jul05 003 9.99 30.9 9.99 27.4 

lljul05 001 9.99 30.9 9.99 25.1 

lljul05 002 9.99 30.9 9.99 24.1 

11jul05 003 9.99 30.9 9.99 25.1 

12jul05 001 9.99 30.9 9.99 24.9 

12jul05 002 9.99 30.9 9.99 30.9 

12jul05 003 9.99 30.9 9.99 29.9 

Table C.6: Mixture composition for series 2 of experiments of the methane-propane-nonane 
mixture using RKS equation of state. 
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exp To(K) Po(bar) Tcond(K) Pcond(bar) Tgrowth(K) Pgrowth (bar) 

06jul05002 294.45 24.80 236.0 10.12 243.6 11.56 

07jul05 001 294.85 24.90 236.0 10.11 243.9 11.60 

07jul05 002 294.55 24.78 236.1 10.12 243.7 11.55 

07jul05 003 294.75 24.80 236.2 10.11 244.0 11.58 

08jul05001 294.65 24.85 236.1 10.14 243.8 11.60 

08jul05 002 294.75 24.85 236.7 10.21 243.9 11.60 

08jul05 003 294.65 24.85 235.8 10.09 243.8 11.60 

09jul05 001 294.55 24.80 236.5 10.19 244.2 11.66 

09jul05 002 294.85 24.85 236.1 10.11 244.2 11.63 

09jul05 003 295.05 24.85 236.5 10.14 244.3 11.62 

10jul05 001 294.85 24.85 236.7 10.20 244.3 11.66 

10jul05002 295.05 24.90 236.5 10.17 244.4 11.67 

10jul05 003 295.25 24.97 236.5 10.16 244.3 11.65 

11jul05 001 294.25 25.02 237.2 10.31 244.5 11.70 

11jul05002 294.05 25.05 234.7 10.07 242.8 11.60 

11jul05 003 295.15 24.79 236.3 10.22 243.8 11.65 

12jul05 001 295.25 25.02 236.3 10.16 244.4 11.68 

12jul05 002 294.15 24.78 235.9 10.15 243.7 11.62 

12jul05003 194.15 24.74 236.3 10.19 243.4 11.55 

Table C.7: Pressures and temperatures obtained from the pressure profiles of the nucleation 
experiments with the methane-propane-nonane mixture of series 2. Temperatures were cal-
culated using the RKS equation of state. 
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exp eq 107 Ycg cond · growthrate(f-lm2ms-1
) Sc9,exp J(m-3s-1) 

06jul05 002 51.6 2.12. 10-2 49.5 7.83 ·1015 

07jul05 001 52.2 1.93. 10-2 47.2 3.13. 1015 

07jul05 002 52.5 1.85 ·10-2 45.1 1.12. 1015 

07jul05 003 53.0 1.74·10-2 42.7 3.05. 1014 

08jul05 001 52.7 1.97. 10-2 50.4 5.10. 1015 

08jul05 002 55.5 2.05. 10-2 49.6 5.46. 1015 

08jul05003 51.2 2.22. 10-2 55.8 2.35. 1016 

09jul05 001 54.5 2.23. 10-2 54.2 2.15. 1016 

09jul05 002 52.7 2.33. w- 2 58.7 6.45. 1016 

09jul05 003 54.9 2.10. 10-2 55.0 2.98. 1016 

10jul05 001 55.7 2.21. w- 2 51.7 7.70. 1015 

10jul05 002 54.8 2.02. 10-2 51.4 4.03. 1015 

10jul05 003 54.5 1.98. 10-2 50.3 3.97. 1015 

lljul05 001 58.6 1.87. w- 2 42.9 3.62. 1014 

lljul05 002 45.4 1.75. w- 2 53.2 2.94. 1015 

lljulü5003 53.3 1.86 .w-2 47.0 8.20. 1014 

12julü5 001 53.7 1.79. w- 2 46.3 3.75 ·1014 

12jul05 002 51.6 2.31. w- 2 59.9 5.70. 1016 

12julü5 003 53.3 2.36. w-2 56.1 2.77. 1016 

Table C.8: Results of the nucleation experiments performed with the methane-propane-
nonane mixture, data of experimental series 2. 
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Correction of Experimental Series 
April 2005 

In April 2005 another series of experiments was conducted with the ternary methane
propane-nonane mixture. In these experiments, nucleation of the ternary methane-propane
n-nonane mixture was studied at nucleation conditions of approximately 235K, 10 bar and 
a proparre fraction around 1%. In these series of experiments, something went wrong with 
the mixture preparation, leading to inaccurate values of the nonarre vapour fraction YC9,mix· 

Droplet growth rates, nucleation rates, pressures and temperatures of the experiments are 
known and can be found in Table D.1 and Table D.2. 

In an attempt to obtain values for the nonarre vapour fraction, the principle of the same 
correction is foliowed as in the results chapter for the other experimental series. As droplet 

exp To(K) Po(bar) Tcond(K) Pcond(bar) Tgrowth(K) Pgrowth (bar) 

13apr05 002 294.85 25.09 234.8 9.99 242.8 11.48 

13apr05 003 294.95 25.14 234.6 9.95 242.8 11.49 

14apr05 001 295.15 25.03 235.2 9.98 243.2 11.48 

14apr05 002 294.85 25.08 235.4 10.08 243.2 11.56 

15apr05 002 294.75 24.74 235.6 9.99 243.8 11.52 

20apr05 001 294.75 25.04 235.5 10.09 243.3 11.58 

20apr05 002 295.25 25.20 235.2 10.03 243.1 11.53 

21apr05 001 294.85 25.09 235.3 10.06 243.1 11.55 

22apr05 001 295.05 25.09 235.6 10.10 243.4 11.57 

22apr05 002 295.05 25.14 235.4 10.08 243.0 11.52 

Table D.1: Pressures and temperatures obtained from the pressure profiles of the nucleation 
experiments with the methane-propane-nonane mixture of the series of experiments from 
April 2005. Temperatures were calculated using the RKS equation of state. 

79 



80 Appendix D. Correction of Experimental Series April 2005 

exp eq 107 
Ycg cond · growthrate(J.-Lm2ms- 1) Sc9,exp J(m-3s-1) YC9,mix · 105 

13apr05 002 46.3 1.85. 10-2 49.1* 1.43. 1015 22.7* 

13apr05003 45.1 2.02. 10-2 54.8* 8.05. 1015 24.7* 

14apr05 001 48.1 1.89. 10-2 48.3* 3.19. 1015 23.2* 

14apr05002 48.8 2.23. 10-2 55.7* 1.59 . 1016 27.2* 

15apr05002 50.4 2.17 ·10-2 56.6* 1.93 . 1016 26.5* 

20apr05001 49.4 1.81. 10-2 45.2* 4.72. 1014 22.3* 

20apr05002 47.9 1.84. 10-2 47.3* 7.96. 1014 22.7* 

21apr05001 48.3 1.78. 10-2 45.3* 3.21 . 1014 21.9* 

22apr05001 50.2 1.86. 10-2 45.5* 7.43. 1014 22.8* 

22apr05002 49.2 1.99. 10-2 49.6* 3.71. 1015 24.4* 

Table D.2: Results of the nucleation experiments performed with the methane-propane-
nonane mixture, data of the experimental series in April 2005. Data with a * are corrected 
data using the average dijjusion coefficient of series 1 and 3. 

growth temperatures and pressures as well as propane gas fractions of the April 2005 series 
are camparabie to both valid experimental series 1 and 2, the average diffusion coefficient is 
taken of both series to correct for the April 2005 series. This way conesponding values for 
the nonane vapour fraction can be found for each experiment, and thus leading to corrected 
values for supersaturation values, these corrected values can be found in Table D.2. The 
nucleation rate curve for all three series with the corrected supersaturation values for series 
April 2005 is displayed in Fig. D.I. 
As can be seen in this figure, the corrected results of the April 2005 series align well with 

the other series of experiments and thus support the overall nucleation results. 
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Figure D.l: Nucleation rate versus supersaturation for nucleation experiments of the 
methane-propane-nonane mixture, the propane vapour fraction is approximately 1 %. Cir
cles are experimental results for series 1 and 3, the nonane vapour fraction is corrected by 
the average dijjusion coefficient of each series. Stars are experimental results of the April 
2005 series, nonane vapour fractions are corrected using the average value of the average 
dijjusion coefficients of series 1 and 3. The supersaturation is temperature corrected to the 
average temperature of the experiments of series 1 and 3. 


