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“I do not know what I may appear to the 

world, but to myself I seem to have been 

only like a boy playing on the sea-shore, 

and diverting myself in now and then 

finding a smoother pebble or a prettier 

shell than ordinary, whilst the great 

ocean of truth lay all undiscovered 

before me.”  

Isaac Newton 

 

 

“Non so come io appaia al mondo, ma 

per quel che mi riguarda mi sembra di 

essere stato solo come un fanciullo sulla 

spiaggia che si diverte nel trovare qua e 

là una pietra più liscia delle altre o una 

conchiglia più graziosa, mentre il 

grande oceano della verità giace del 

tutto inesplorato davanti a me”  

Isaac Newton 
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ABSTRACT 

 

It is now well established that the emission of sub-micrometric particulate matter entrained 

in flue gases of industry and vehicles exhausts, is one of the most critical treats for human 

health because of the toxicological effects of ultrafine particles on the respiratory system 

and their ability to cross alveoli’s membranes reaching the circulatory system too.  

Albeit this scenario, the traditional particle abatement devices are mainly designed and 

optimised to treat particles larger than 1 �m, but they are far less effective towards the 

sub-micrometric particles. In particular, the existing technologies are far less efficient in 

collecting sub-micrometric particles, especially in the range 0.1 - 1 �m, called Greenfield 

gap.  

The aim of this work is the study of the heterogeneous condensation, a promising method 

that can be used to achieve very high particles removal efficiency with reduced costs: 

particles undergoing heterogeneous condensation increase their diameter by deposition of 

a liquid film on the particles surface, generating a liquid-solid aerosol with desired 

diameter. Therefore, this process can be used as a preconditioning technique to enlarge 

the particles diameter at micrometric size, allowing the use of conventional separators for 

gas cleaning. Although largely studied for its effect on atmospheric phenomena and for the 

application to particle measurement techniques (the CPC units), heterogeneous 

condensation has never been used at industrial scale as a method for gas cleaning. 

In this study, theoretical and experimental analyses on the heterogeneous condensation 

have been carried out. For this purpose instrumented lab scale equipment has been 

designed, constructed and tested. Experimental protocols and measurement techniques 

have been optimized. The core of the equipment is the growth tube, that consists in a 

glass tube where the particle laden gas flows comes into contact with a supersaturated 

water vapour environment, generated by a liquid film flowing on the tube internal walls. 

Preliminary experimental tests have been carried out to define adequate experimental 

protocols and to find out the most reliable techniques to measure the size and 

concentration of the liquid-solid aerosol in the water saturated gas that exists the growth 

tube. Afterwards, an experimental campaign has been carried out to study the 

heterogeneous condensation of soot particles produced by a ethylene-air premixed flame 

at different working conditions. Eventually, the experiments have been interpreted through 

a simplified theoretical model that allows a good description of observed results. 



 

 

 

Experimental and modelling results eventually provide preliminary guidelines for the 

design of a pilot scale unit to be tested for future experimentation.  
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Introduction 

 

 

 

 

Particulate matter emitted by flue gas of industrial and vehicles exhausts is one of the 

major health and environmental concerns. Basically, there are two different classification 

modes for particles identification: sorting by the size or by the particles formation modes 

(Whitby, 1978). Figure 1 outlines the terminology used for particles. 

 

 

Figure 1 - Typical engine exhaust size distribution: both in mass and in number (Kittelson, 1998). Dp is the 
particle diameter. 
 

The particles formation modes are:  

 Nucleation Mode: Freshly formed particles with diameters below about 10 nm, 

observed during active nucleation events. The lower limit is currently at about 3 nm;  

 Accumulation Mode: Particles with diameters from about 0.1 �m to just above the 

minimum in the mass or volume distributions which usually occurs between 1 and 3 

�m; 
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 Coarse Mode or Coarse Particles: Particles with diameters mostly greater than the 

minimum in the particle mass or volume distributions, which generally occurs 

between 1 and 3 �m. 

Among particulate matter, nanoparticles pose a major concern. Nanoscale particles have, 

by definition, at least one dimension below 50 nm and have properties that may 

significantly differ from those of non-nanoscale particles of the same chemical 

composition. They are aggregates of atoms bridging the continuum between small 

molecular clusters of a few atoms and bulk solids.  

Nanoparticles are ubiquitous. They occur as dust in the air, as suspended particles in 

superficial waters, in soil, in volcanic ashes and in technological applications ranging from 

ultra tough ceramics to microelectronics. Nanomaterials have a so wide application fields 

that they can both, pollute the environment and at the same time help keeping it clean. In 

fact, several applications have been investigated in which nanomaterials are employed for 

environmental protection and/or remediation. Nanostructured sorbents can capture 

noxious gases in an exhaust plume (Biswas et al., 1998) or purify drinking water, for 

example, by removing arsenic (Onyango et al., 2003; Peng et al., 2005) or, some more, 

can be used as catalysts to reduce mobile source emissions (Lloyd et al., 2005). Have 

been also reported some applications of nanoparticles to groundwater remediation by 

injection into subsurface contaminated by plumes (Zhang et al., 1997).  

 

 

Impact of particles on environment and human health 

Very fine particles pose a concern about their impact on human health and environment in 

that they can remain suspended in the atmosphere for a long time, travel long distances 

from the emitting sources and, once inhaled, reach the deepest regions of the lungs and 

even enter in the circulatory system.  

Since the particle size determines the capacity of penetration in the respiratory tract 

(Figure 2), following a precautionary principle it can be assumed that the lower the particle 

size, the higher its potential toxicity. Moreover, nanoparticles not only can be harmful by 

themselves but can also act indirectly as a carrier of hazardous substances.  

Toxicologists have already assessed that nanoparticles produce pulmonary inflammation 

at both epithelial and interstitial sites and that they can enter the bloodstream to reach 

other target sites, including the cardiovascular system (Nemmar et al., 2002, 2004; 

Oberdorster, 2001; Oberdorster et al., 2002).  
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Figure 2 - Impact on human health 

 

Toxicological studies also indicate that the ultrafine particles, unlike larger particles, are 

capable of penetrating the cellular membrane, where they create an inflammatory 

response by means of oxidative stress and causing damage to the mitochondria (Andre 

Nel, et al2006). 

The growing body of epidemiological studies indicates a clear relationship between the 

exposure to particulate air pollution in urban areas and acute increase in morbidity and 

mortality rates, especially for persons with obstructive lung and cardiovascular diseases 

(Pope et al., 2002). Although it is still not clear, whether it is the mass, the size, the number 

or the surface area of particles the most determinant parameter determining the health 

impact, some information from epidemiological studies suggests that ultrafine particles 

(with a diameter < 100 nm) exert a much stronger physiological effect than the same mass 

of larger particles (Oberdorster et al., 1992; Donaldson et al., 1998). Well recognized 

health hazards include heart diseases (strokes, high blood pressure, arteriosclerosis, heart 

attack) and altered lung functions (asthma, difficult or painful breathing, chronic bronchitis), 

especially in children and older people. Fine particulate matter associated with diesel 

engines exhaust is already verified as a carcinogenic substance and is listed as mobile air 

toxic source.  

In the environment, adverse effects of particulate matter are related to reduction of visibility 

in cities and scenic areas and, most alarming, adverse effects on climate are reported due 

to its influence on atmospheric radioactive phenomena (Menon et al., 2002). Visibility 

impairment occurs when particles scatter and absorb light, creating a haze that limits the 

distance we can see and that degrades the colour, clarity, and contrast of the view (US 

EPA, 2003; Jung & Kim, 2006). Humidity can also significantly increase visibility 

impairment by causing some particles to become more efficient at scattering light.  
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Furthermore, particles can also be deposited, from the atmosphere or through direct 

release from industrial sites, onto the soil and water bodies and result in secondary 

contamination or other environmental effects.  

 

Sources of particles 

Particulate matter may be generated either by natural processes or, most often, through 

human activities (Biswas P. et al., 2006). Particles may be primary – when emitted directly 

into the atmosphere by sources, or secondary – when particles are formed in the 

atmosphere through the interaction of primary emissions. The Figure 3 provides an 

overview of the environmental fine particles. 

 
 

Figure 3– Schematic diagram illustrating fine particles in the environment 

 

As can be seen, there are several sources that result in particle formation: stationary 

industrial sources, such as coal fired combustion systems and incinerators, or 

occupational environments, such as those where welding processes are prevalent and 

those where engineered particles are deliberately synthesized (Chang et al., 2004, Vincent 

et al., 2000); mobile sources such as automobiles and diesel powered vehicles (Kittelson, 

1998); and several natural sources of particles of biological origin as well, that also need 

significant attention (e.g. pollen fragments are potential causes of allergies, and viral 
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particles can be used as vaccines or can play a significant role in the spread of disease,  

Hogan et al., 2004). 

Secondary particles are formed in the atmosphere by nucleation events following 

photochemical or radioactive decay processes (McMurry et al., 2000, Kulmana, 2003; 

Kulmana et al., 2004). Once particles are emitted into the atmosphere, they may undergo 

chemical and/or physical transformations resulting in alterations of their pristine size and 

composition. Even these particles are important in the assessment of environmental 

impact and human exposure (Donaldson et al., 1998).  

A summary of some of the important particle source categories is provided in Table 1.  

 
 
 

Category Description 

Stationary emissions  
 

 Combustion systems by vary fuel types (coal/oil/gas 

boilers, incinerators, smelters, cooking, residential 

combustors) 

 Indoor sources from combustion 

Mobile emissions  
 

 Diesel/gasoline/LPG/CNG vehicles 

 Metals in catalytic converters/fuel cells  

 Noble metal particles may be potentially emitted 

Industrial processes  

 Hot process 

 Combustion process 

 Bioaerosol 

 High energy mechanical process 

Engineered nanoparticle 
production  
 

 Manufacturing process, including cleaning 

 Waste/wastewater disposal 

 Conditioning application  

Table 1 -  Sources of particles. 
 

The main source of particulate matter in the environment are the combustion processes 

arising from both stationary and mobile sources (D'Alessio et al., 1998; D’Anna et al., 

2008; D’Anna et al., 2007; De Filippo et al., 2008; Christense et al., 1998). 

With the recent advancement of nanotechnology products, nanomaterials are currently 

intentionally engineered and produced in industrial settings thus constituting novel 

potential emissions sources in the environment.  
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Particles are often generated even in exhaust air purification processes, for example 

aerosols formed by gas-phase reactions, like ammonium chloride (Dahlin et al., 1981), 

acid fog formed in absorption processes (Schaber, 1995), salt fumes in the flue gas of 

waste incinerations. Sub-micrometric particles can be also generated as residuals by 

evaporation of spray droplets in quenchers and scrubbers (Krames et al., 1992).  

A summary of the production of particles in many industrial processes is presented in 

Figure 4, and a typical cumulative frequency distribution is reported for each process. 

Hildemann and coworkers (1991) have characterized the aerosol size distributions of 

emissions from combustion processes such as industrial boilers, fireplaces, automobiles, 

diesel trucks, and meat-cooking operations. The predominant peak in the mass distribution 

was observed to be at or below ~ 0.2 �m (Hildemann et al., 1991). On examining the 

number distribution, many of these sources have their predominant peak much below 100 

nm. 

 

 

Figure 4 – Cumulative frequency distribution vs aerodynamic particle diameter for different 
kind of industrial processes (Ehrlich et al., 2007). 

 

In the past, the measured cumulative frequency distribution was based on gravimetric 

techniques and showed that typical emitted particulate spans from 0.3 to 1 �m. 

Gravimetric techniques, however, are ineffective in detecting nanosized particles. Now, 

new optical techniques allow the analyses of nanometric particles opening new research 

fields either on the understanding combustion, atmospheric phenomena and the 

interaction with biological systems.  

----- Combustion plants 
___  Mixed process 
…….  Mechanical 
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Regulations and removal of particles from gas 

The production of ultrafine to nanoparticles in gas-phase requires technical separation 

processes with high collection efficiency in the sub-micrometric size range to separate and 

recover the particles from the gas. With the aim of getting clean air streams, sub-

micrometric particles removal assume a special significance because they often consist of 

toxic components and toxic gases or liquids can be adsorbed on them. 

The new diagnostic methods for the analysis of particles size and concentration in gas 

streams have clearly pointed out that the particulate matter emitted by combustion sources 

is characterized by particle size distributions ranging from few nanometers up to several 

microns, while the one produced by diesel engines is usually smaller than 0.5 �m (Matti 

Maricq, 2006; Minutolo et al., 2008; Biswas S. et al., 2009).  

As a direct consequence, environmental regulations have gradually reduced the cut-off 

particle size for industrial flue gas from 10 �m (PM10) to 2.5 �m (PM2.5) until 1 �m (PM1) 

then generating engineering challenges both for defining very low particulate emission 

processes and for the implementation of appropriate filtering systems able to pull down the 

fine particles (Peukert W. et al., 2001; Andronache, 2004; Kuang-Yu Liu et al., 2007; 

Flagan et al., 1988).  

Similarly, restrictive regulations have been applied to diesel engines (e.g. Euro 4 and Euro 

5 regulations for cars; USA Tiers 2 standards for diesel locomotives). Also the maritime 

sector, traditionally refractory to the imposition of environmental regulation, has recently 

revised its standard (MARPOL VI) to account for the excessive emission of particulate 

matter, sulphate and nitrate. Albeit this scenario, the traditional particles abatement 

devices are mainly designed and optimised to treat particles with sizes above or around 1 

�m, but they are far less effective towards the sub-micrometric dimensions. Usually, for 

process industry and combustion units, complex systems including trains of consecutive 

abatements devices (water scrubber, fabric filters, cyclones, Venturi scrubbers, 

electrostatic precipitators) are employed (Woodard, 1998). It is possible to verify that all 

the conventional particulate removal devices are far less efficient in collecting sub-

micrometric particles, especially in the range 0.1 - 1 �m, called the Greenfield gap 

(Seinfeld et al., 1998) (see Figure 5). For example, as particle dimensions decrease, the 

efficiency of common filtering systems is considerably reduced because particles begin to 

behave as molecules and show a low tendency to remain on the surface of fibres in the 

filters. In fact, once the particle reaches the fibre surfaces the bounce off effect, due to the 
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kinetic energy of the particle, could be predominant over the interaction forces between 

particle and surface (Heim et al., 2005; Wang et al., 1991). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 - Particles with diameters in the range 0.1< dp < 1 �m often 
called “Greenfield gap”, appeared to have the lowest efficiency of 
collection. 

 

As a result of the new awareness on the diffusion and the toxicity of sub-micrometric 

particles, it appears the necessity of developing new and better techniques and methods 

for particle abatement devices to remove submicron particulate matter. 

The typical example of these new systems is the catalytic DPF (Diesel Particulate 

Filtration) coupled with EGR (Exhaust Gas Recirculation) developed for car diesel engine. 

This after-treatment unit allows high removal efficiency for nanometric particles and they 

are commonly adopted on cars, but the high pressure drops and the catalyst costs reduce 

their applicability for heavy duty diesel engines as those of trucks, trains or vessels.  

The American Lung Association (U.S. Lung Association, 2004) reported that the highest 

efficiency for sub-micrometric dust removal in indoor ambient environment is achieved by 

using the two-step-electrostatic separator (ESP). Anyway the efficiency is still lower than 

the desired quality of standard required preventing health risks (10% of total sub-

micrometric particles stills cross the ESP). However, the highly efficient technical 

separation of submicron particles from gas through the upgrading of conventional 

technique is difficult and expansive. 
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Aim of this thesis 

The separation of submicron particles from gases can be considerably simplified if the 

particles with size lower than micron are enlarged to a size of some microns by a 

preconditioning technique, as the heterogeneous condensation. This method allows to a 

condensable species, like water vapour, to condense on the sub-micrometric particle’s 

surface increasing its size (see Figure 6). 

 

 

 

 

 

 

 

 

 

 

Figure 6 – Scheme of heterogeneous condensation on the particle 

 

The heterogeneous condensation with water vapour has been exploited as a technique for 

enlarging particles diameter so to carry out the Greenfield gap prior to conventional 

separators (Yan Jin-Pei et al., 2008).  

The purpose of this thesis is to study the growing of sub-micrometric particles through 

heterogeneous condensation of water vapour, proposing a simplified way to enlarge the 

particles, with the use of a purpose-made laboratory system. The geometry of the 

laboratory system and the approach is similar to techniques used in counters 

condensation (Hering et al., 2005 (1), (2)) but, unlike CPC, the proposed system is a much 

simpler and cost-effective plant.  

The thesis is structured in four chapters. 

In the first chapter of the thesis are reported the state of the art and the pertinent literature 

on the removal of sub-micrometric particulate from combustion gas by means of 

heterogeneous condensation. The fundamentals steps of evolution of theory of nucleation 

and growth are described.  

In the second chapter the theoretical framework are illustrated. In this chapter are reported 

the heat and mass balances required to provide a model for the droplet growth rate.  

 

 

Liquid film particle 

Vapour 
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The third chapter is focused on the analysis systems and laboratory set up developed in 

this work. Besides a preliminary test are described. In particular the chapter is subdivided 

in three paragraphs. The first illustrates the instruments (DLS, DMA and LAS 3340) and 

the experimental protocols used for particles measurement while the second contains the 

description of the laboratory plant which has been realised for this thesis. The third 

paragraph reports the results obtained in the preliminary test performed in order to 

optimise the operating conditions, and to test the experimental set-up.  

Chapter four reports the results obtained in the experimental activities and the description 

of the different conditions performed for the tests. A comparison between experimental 

results and modelling data is eventually reported. The experimental results have allowed 

the development of the model that take into account the affective availability of steam.  
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Chapter 1 

State of Art of heterogeneous condensation 

 

 

Heterogeneous condensation of a solid insoluble sub-micrometric particle is an 

energetically unfavourable process because the liquid free surface increase causes a free 

energy rising. In order to overcome the energetic barrier, then to activate condensational 

growth, the vapour must be over saturated: the saturation ratio, S, defined as the ratio 

between partial vapour pressure Pv and equilibrium vapour pressure, P°(T), at the flow 

temperature, T, must exceed unity:  

 

( )TP

P
S

o

V=    (1.1) 

 

Lord Kelvin (Thomson, 1871) firstly showed that the smaller the particle the higher the 

supersaturation required to activate condensational growth. This is because the 

equilibrium vapour pressure over a droplet is higher than over a flat surface as a result of 

the droplet surface tension. This effect is described by the Kelvin’s relation (Thomson, 

1871): 

 

STR

M
D

V

K
ln

4

ρ

σ
=    (1.2) 

 

which associates the equilibrium vapour supersaturation, S, to the diameter of a droplet 

with diameter Dk composed of a condensed vapour, of molecular weight M, density ρ and 

surface tension σ. In equation 1.2 Rv is the universal gas constant and T is the absolute 

temperature.  

The enlargement of particle size through condensational growth is one of the oldest 

approaches for aerosol measurement (Podzimek et al., 1985). The study of Aitken (Aitken, 

1888) about the enlargement of particles through heterogeneous condensation by means 

of adiabatic expansion of a saturated air sample, enabling to count the number of dust's 

particles in the air. The first theoretical description of droplet growth by condensation goes 

back to Maxwell (Maxwell, 1890).  
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Indeed the first theory of condensation on completely soluble particles was proposed by 

Köhler (1936) that form the basis of the understanding of cloud formation.  

The process of particle enlargement by heterogeneous condensation can be divided into 

two stages that can be considered in series. Firstly, the particles have to be activated with 

formation of a liquid embryo on the particle surface, during a so called activation or 

nucleation stage. Then the vapour will condense around the embryo by condensation 

(growing stage).  

The saturation of the gas phase is a necessary but not a sufficient condition for the 

activation of heterogeneous condensation. In fact the saturation ratio S must exceed a 

critical value, 
hete

crS , defined as the value of S corresponding the nucleation rate is equal to 

one embryo per particle per second. However, in order to assure that are the vapour 

undergoes a heterogeneous condensation it has to avoid any homogeneous nucleation, 

which take place when the nuclei are generated only from the vapour phase where 

colliding vapour molecules result in the formation of molecule clusters. Molecule clusters 

which exceed a critical size act as nuclei for the further condensation of the vapour. This 

condition leads to the assessment of an upper critical value, 
o

crS
hom

, as the value of S 

corresponding to nucleation rate equal to one nuclei per second. Homogeneous nucleation 

requires high degrees of o

crS
hom  (≈2–5). In conclusion we can say that the optimal 

heterogeneous nucleation occurs for values of S higher than hete

crS  but lower than o

crS
hom  

(see Chap. 2). 

 

 

1. Nucleation 

Insoluble condensation nuclei were analyzed by Krastanov (1957) when a liquid nucleus 

completely covers the particle (see Figure 1.2).  

Fletcher (1958) verified that the heterogeneous nucleation on an aerosol particle starts 

from an embryo liquid lens (Figure 1.1). The angle between liquid and solid phase, indicate 

as θ in Figure 1.1, is called contact angle and it’s defined by Young’s equation (see Chap. 

2). Fletcher investigated heterogeneous nucleation on homophile aerosol particles when 

an embryo has finite contact angles (θ > 0°) and is smaller than the particle. The standard 

scheme for calculation of the nucleation free energy (∆G*) is used in the Fletcher’s formula 
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that descript the rate of formation of embryo per particle per second (see Chap. 2), is 

based on the minimization of Gibb’s energy variation respect to the formation of embryo 

with radius, r (Figure 1.1). The formula of ∆G* (Rp, T, S, θ, ρ, M) is illustrated in Chapter 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1 – Model of nucleation by Fletcher with formation of 
embryo with radius r on the particle with size Rp 

McDonald (1962) applied the condition relating to the minimization of the variation of Gibbs 

free energy to the study of the formation of condensation nuclei in homogeneous 

condensation, which is the formation of droplet of pure component from vapour phase. 

These studies, starting from an initial condition of minimization of Gibbs free energy 

related to the vapour-liquid passage equilibrium, through a mathematical demonstration 

arrives to Kelvin’s equation, which binds the critical radius, or minimum radius, of the 

homogeneous nucleus to the equilibrium vapour supersaturation, S. These studies show 

that the condensation process is energetically disadvantaged and to overcome this energy 

barrier S must be greater than unity. Although MacDonald's work is related to 

homogeneous condensation, the theoretical results are also applicable to heterogeneous 

condensation, replacing the concept of minimum radius of the homogeneous nucleus, with 
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the minimum radius of the solid particle necessary, given S, to activate the condensation 

process onto its own surface. The smaller the particle the higher the supersaturation 

required to activate condensational growth.  

Smorodin (Smorodin, 1983; Smorodin et al., 1986) proposed a general model of insoluble 

particles with “active sites”. This model assumes that on the surface of the insoluble 

particle there are zones with different chemical and physics characteristics, as the 

coefficient of wetting. Then from the supersaturated vapour phase different embryos with 

different radius and contact angle simultaneously may cover the active centres on the 

particle surface. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 - Schematic diagrams of models for heterogeneous nucleation on insoluble particles. 

 

In the 2004 the same author (Smorodin et al. 2004) has presented a study on the possible 

effects of surface heterophilicity of insoluble aerosol particles on the evolution of their 
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mean size during heterogeneous condensation, previously measured experimentally by 

Mavliev et al. (2001) and he concluded that the energy and rate of heterogeneous 

nucleation of polar liquids on heterophilic aerosol particles at a constant supersaturation 

depends on the particles size. For smaller particles, the rate is smaller; for larger particles 

the rate is higher due to the role of increased numbers of “active sites”. Therefore, 

depending on the particle size and supersaturation, heterophilic particles can have 

different activation behaviours. 

Other author (Lee et al., 2003) has examined the connection between molecular properties 

of the different condensing vapour. The particles are produced by burning natural gas 

using a Bunsen burner. The experimental data are compared to Fletcher’s heterogeneous 

nucleation theory. The conclusions cannot explain the gap between the experimental 

measurements and the Fletcher theory for some working fluid (e.g. octadecane). The 

author hypothesize that there may be nanoscale interactions that occur between the 

organic species, the carbon particles and the working vapour, but these speculations do 

not explain the discrepancy between theory and experiment.  
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Author Description 
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Homogeneous condensation. The particles are pure liquid droplets 
consisting of the condensed vapour.  
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Particles soluble. aw, wv and σ are the activity of 

water, the partial molar volume of water and the 
surface tension of the solution, respectively. 

W. Thompson Lord 

Kelvin (1871) 

Heterogeneous 

condensation 
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Solid insoluble particles. The particle activation 
depends on their wettability by the liquid. If particles 
are completely wetted, they behave as pure liquid 
droplets.  

Krastanov (1957) Shell theory. Heterogeneous condensation starts directly with a liquid 
shell around the particle 

Fletcher (1958) 
Nucleation theory. Heterogeneous nucleation on an aerosol particle 
starts from an embryo liquid lens. The nucleation rate function of particle 
wettability Hypothesis: smooth, spherical and homogeneous particles 

Smorodin (1983; 1986; 

2004) 

Sites theory. This model assumes that on the surface of the insoluble 
particle there are zones, “active sites”, with different chemical and 
physics characteristics, as the coefficient of wetting. Then different 
embryos are formed in the course of nucleation phase. 

Lee (2003) Experimental nucleation. Verification of Fletcher theory with different 
fluid. There is a gap explained by nanoscale interactions. 

Table 1.1 - Summary of the main works on the nucleation 

 

2. Growth of embryos 

Okuyama et al. (1984) studied with numerical models the time dependence of the droplet 

radius during condensational growth of DBP (dibutyl phthalate) under various conditions. 

They have found that for particles number concentrations higher than 105 particles/cm3, 

the final droplet radius can be determined by the particle number concentration, besides 

the vapour content, but at concentration lower than 103 particles/cm3 the particle growth 

can be approximated by the growth of an isolated droplet.  

Another approach has been given by two authors Barrett and Fissan (1989) that coupled 

the equations for the aerosol size distribution and the vapour saturation. In this work the 

rate of increase in droplet mass can be written as a function of supersaturation ratio, the 

initial radius of particle and Knudsen number (Kn), defined as ratio between free molecular 
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path and particle diameter and utilized to classify the gas-solid interaction system. This 

work shows as the condensation on smaller particles is difficult, as explained by the Kelvin 

effect, and the minimum radius activated, and hence the overall shape of the grown 

distribution, depends on the vapour source rate, or supersaturation ratio. 

Barrett and Clement (1988) analysed the growth rates of the liquid drops in the free 

molecule (Kn>>1), continuum (Kn<<1) and transition regime (Kn≈1). The basic idea was 

that droplet growth is controlled by heat and mass transfer.  

Williams (1995) proposed a model for liquid droplet growth by condensation for large 

saturation ratios. Analytical solution and presented in figures in terms of temperature, 

vapour pressure and saturation ratio at various distances from the droplet surface. 

Besides, a linear model is proposed for approximation of value of S, but it’s valid in the 

range 0.6-1.5. In fact the linear approximation is grossly in error for value of S out of that 

range. 

Kulmala (1993) proposed an analytical solutions for equations for the condensational 

growth and evaporation of single liquid droplet derived from energy and mass balance in 

the transition and in continuum regime. The Kelvin effect is considered. The analytical 

solution is compared with the numerical solution. The closer to the unity the saturation 

ratio and the smaller the latent heat of vaporization of the vapour, the better is the 

accuracy of the new expression. The analytical solution gives the condensational growth 

time (or evaporation time) as a function of initial and final droplet radius. The solution is 

valid for condensational growth or for evaporation when the droplet radius is more than 5 

nm. 

Barrett and Baldwin (2000) have proposed an approximate method for estimating the 

maximum saturation, the nucleation rate and the total number nucleated per second during 

the laminar flow of a hot vapour-gas mixture along a tube with cold walls is described. The 

basis of the approach is that the temperature and vapour concentration differences 

between the wall and a point in the tube are approximately proportional to R(r)Z(z) and 

R(r)F(Z(z)), respectively, where r and z are dimensionless radial and axial coordinates and 

R, Z, and F are known functions. Key parameters determining the location and magnitude 

of the maximum saturation are the Lewis number, Le, and a parameter, B, which 

determines the temperature variation of the equilibrium vapour concentration (B is roughly 

the latent heat of vaporisation per vapour molecule divided by Boltzmann's constant). For 

vapour-gas mixtures with Le>1, the maximum saturation occurs at the tube axis but for 

those with Le<1 it occurs near the tube wall. The magnitude of the maximum saturation 
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achieved increases rapidly with B. The approach assumes that condensation on previously 

nucleated particles is negligible, and a condition on the maximum nucleation rate for this to 

be so is derived. Predictions are compared with numerical calculations for dibutyl phthalate 

(DBP) vapour and for water vapour and very good agreement are found. 

This approach can be applied to many other two-dimensional systems where simultaneous 

heat and mass transfer occur provided that the temperature and vapour concentration can 

be expressed in the forms given above. 

Park and Lee (2000) derived an analytical solution when the size distribution changes by 

condensational growth of polydispersed aerosol, using the growing rate derived by 

Kulmala (1993). The results show how the size distribution moves to larger diameter. 

Condensational droplet growth in the system water vapour-air is investigated in the 

continuum regime (kn<<1) by Heidenreich (1994). A rigorous theoretical consideration 

based on the complete first-order transport equations for heat and mass is performed. 

Stefan-flow (1), thermal diffusion and Dufour effect (2) thus are included in the 

consideration. Not only the temperature dependence of the transport coefficients but also 

their dependence on the composition of the system is taken into account. On the basis of 

the complete equation for heat transport a temperature profile is derived. With this 

temperature profile the mass flux caused by thermal diffusion is calculated. For the 

determination of the unknown droplet temperature an equation can be derived from the 

heat balance of the droplet. The results show that the temperature of the environment has 

a significant influence on the droplet growth. The growth rate increases with a higher 

ambient temperature. This is caused by the fact that the transport coefficients increase 

with the temperature. The temperature difference between the droplet and the 

environment also increases. In addition by numerical results showed that for practical 

calculations a simplified approach can be used. Thermal diffusion and the Dufour effect 

can be neglected for small value of the thermal diffusion factor (α≤ -0.3). The dependence 

of the thermal conductivity on the composition of the system can also be neglected. It is 

sufficient to calculate droplet growth in the system water vapour-air with the simplified 

approach to show that the errors are, mainly: 

• about 2% by neglecting the temperature dependence of thermal conductivity and 

the enthalpy of the vapour molecules; 

• about 0.5% by neglecting the Stefan-flow. 

                                                 
1
 Transport phenomena concerning the movement of a chemical species by a flowing fluid that is induced to 

flow by the production or removal of the species at an interface 
2
 Energy flux due to a mass gradient occurring as a coupled effect of irreversible processes 
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Hering et al., (2005) has presented a new method for the enlargement of particle size 

through condensation of water vapour in a laminar, thermally diffusive flow. The method 

involves the introduction of an air flow at temperature Ti into a wet-walled tube at a wall 

temperature Tw > Ti . This approach yields higher supersaturation values than either 

mixing or cold-walled condensers when operating between the same temperature 

extremes. Model results for the saturation profiles within the condensing region show that 

the peak supersaturation are reached along the centreline of the flow, and that the 

activation efficiency curves are steeper for large temperature differences when the critical 

diameter is smaller. Experiments conducted with three types of aerosol have confirmed 

that condensational growth is achieved with this approach, although experimental critical 

diameter is somewhat higher than predicted for wettable particles. 

Based on this method, Hering et al. (2005) presented an new condensation particle 

counter. The particle counter evaluated was marketed as the TSI Model 3785. 

Fisenko and Brin (2006) have presented a new mathematical model of laminar flow 

diffusion chamber, with a cylindrical geometry, which includes mutual influence of 

homogeneous nucleation and droplets growth on heat and mass transfer processes. In 

this study the wall temperature is lower than mixture gas-vapour, which is introduced in the 

chamber. The numerical results applied to experimental results, carried out with helium 

and argon, shown that the model could be applied only for relatively low nucleation rates. 

The droplet growth, based on this model, is a function of the radial position, and is 

maximum along the axial position. 

Fisenko et al. (2007) have proposed a study about the vapour condensation on 

nanoparticles in a supersaturated gaseous mixture. The supersaturation was created by 

mixing two flows with different temperatures in a cylindrical mixer at atmospheric pressure. 

The conditions for mixing were chosen such that the homogeneous nucleation of vapour 

did not mask the growth of heterogeneous droplets with nanoparticles inside. A 

mathematical model of the growth of heterogeneous droplets was developed at one-

dimensional description of the mixer. Five parameters that affect the performance of the 

particles size magnifier were identified: temperature of the saturator and the flow with 

nanoparticles, the number density and initial radius of the nanoparticles, and the ratio gas 

and vapour of flow rates. The authors have seen that high number concentration of 

particles determines low efficiency due to depletion effect and that with high 

supersaturation the final radius of droplet reaches several microns, but leads the 
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homogeneous condensation. Besides, the Kelvin effect became important with radii about 

10 nm. The results of the simulation are compared with experimental data and they have a 

good agreement. 

Brin and Fisenko (2007) have studied the growth of heterogeneous water droplets 

containing nanoparticles in two laminar flow diffusion chambers of different designs. It is 

shown that the efficiency of heterogeneous condensation is, to a substantial extent, 

governed by the processes of heat and mass transfer inside a chamber condenser. 

Integral parameter, C(R), representing the probability that a nanoparticle with radius R is 

covered with a condensate film in a laminar flow chamber, is calculated. It is established 

that, in air–water vapour mixtures, the radius of heterogeneous water droplets may amount 

to several micrometers and efficient condensation begins on spherical nanoparticles when 

their radii exceed 5 nm. 

 

Authors Description 

Barrett and Fissan, 

(1988; 1989) 

The rate of increase in droplet mass as a function of S, the initial radius 
of particle and Kn. The basic idea was that droplet growth is controlled 
by heat and mass transfer.  

Williams (1995) Simplified relation for growth rate, but it is valid only S є[0.6-1.5]. 

Kulmala, (1993) 
Analytical solutions for equations for the condensational growth of single 
liquid droplet derived from energy and mass balance. The closer to the 
unity the S better is the accuracy of the solution.  

Barrett and Baldwin 

(2000) 

An approximate method for estimating the Smax, the nucleation rate and 
the total number nucleated per second during the laminar flow of a hot 
vapour-gas mixture along a tube with cold walls  

Heidenreich (1994) 

A rigorous theoretical consideration equations for heat and mass. The 
temperature of the environment has a significant influence on the droplet 
growth and the growth rate. The results shows that it is sufficient to 
calculate droplet growth in the system water vapour-air with the 
simplified approach to show that the errors are < 1%. 

Hering (2005) 

New method for the enlargement of particle size through condensation of 
water vapour in a laminar, thermally diffusive flow. The method involves 
the introduction of an air flow at temperature Ti into a wet-walled tube at 
a wall temperature Tw > Ti . This approach yields higher supersaturation 
values than either mixing or cold-walled condensers when operating 
between the same temperature extremes.  

Fisenko and Brin 

(2006) 

New mathematical model of laminar flow diffusion chamber, with a 
cylindrical geometry, which includes mutual influence of homogeneous 
nucleation and droplets growth on heat and mass transfer processes. 
The wall temperature is lower than mixture gas-vapour, that is introduced 
in the chamber. The numerical results applied to experimental results, 
shown that the model could be applied only for relatively low nucleation 
rates. The droplet growth, based on this model, is a function of the radial 
position, and is maximum along the axial position. 

Fisenko (2007) 

The supersaturation was created by mixing two flows with different 
temperatures in a cylindrical mixer at atmospheric pressure. A 
mathematical model of the growth of heterogeneous droplets was 
developed at one-dimensional description of the mixer. The authors have 
seen that high number concentration of particles determines low 
efficiency due to depletion effect and that with high supersaturation the 
final radius of droplet reaches several microns, but leads the 
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homogeneous condensation.  

Brin and Fisenko 

(2007) 

The efficiency of heterogeneous condensation is governed by the 
processes of heat and mass transfer. Integral parameter, C(R), 
representing the probability that a nanoparticle with radius R is covered 
with a condensate film in a laminar flow chamber, is calculated. It is 
established that, in air–water vapour mixtures, the radius of 
heterogeneous water droplets may amount to several micrometers  

Table 1.2 - Summary of the main works on the growth 

 
 

3. Application of heterogeneous condensation  

 

We have seen that droplet growth by condensation requires a supersaturated vapour 

phase. A vapour phase is supersaturated if the vapour pressure (Pv) in the system is 

higher than the corresponding saturation vapour pressure (P°) which is a function of the 

temperature of the system.  

Generally, supersaturation can be achieved in different ways, for example by mixing 

saturated gases of different temperature, by cooling, by chemical reactions and by 

evaporation a liquid surface. In all these cases, supersaturation is caused either by a 

reduction of the temperature of the system or by an increase in the vapour pressure in the 

system. The evaporation of a liquid surface is an economically feasible process to achieve 

supersaturation economically, also on a technical scale. 

The heterogeneous condensation of water vapour as a preconditioning technique has 

been experimentally investigated soon after the Second World War, when there was been 

the advent of large industrial installations that gave a new impetus and new direction to 

investigations on cleaning of the flue gases from combustion processes. Initially the 

approach was purely experimental, with the supersaturation required for heterogeneous 

condensation obtained by mixing steam with the particle laden gas stream without a 

specific control about nucleation process (Schauer, 1951). First experimental studies 

highlighted the contribution of heterogeneous condensation as improved wet scrubber 

efficiency removal (Lancaster and Strauss, 1971). 

Yoshida et al., (1976) produced a mechanism to improve a supersaturated atmosphere by 

mixing two kinds of saturated air, one of which was humidified by contact with hot water 

and the other with non-heated water. The degree of supersaturation or the quantity of 

condensable water vapour was controlled by changing their mixing ratio and the 

combination of their temperatures. Aerosols were continuously introduced into the 

supersaturated atmosphere at a constant rate.  
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The droplet growth can be realized also in trickle bed columns with water as showing 

investigations of Calvert and Englund (1984) and Johannessen et al. (1997) that have 

shown that fine particles can be separated from saturated warm gas streams in packed 

trickle beds with cold water. The separation of the fine particles was caused by an 

enlargement of the particles due to heterogeneous condensation. The main advantage of 

a trickle bed is that not only supersaturation and correspondingly particle growth by 

condensation can be achieved but also separation of the droplets takes place 

simultaneously.  

More detailed information about the influence of different parameters, such as 

supersaturation, mass of condensable water vapour, particle concentration, temperature 

and initial size distribution on the activation and growth rate of the particles, necessary for 

the design of an industrial plant, were studied by Heidenreich (1995). In this paper 

numerical calculations and experimental activities are performed to show the influence of 

above parameters on the activation and growth rate of sub-micrometric particles. The 

numerical results are compared with experimental results in which supersaturation was 

achieved by mixing two water vapour saturated air streams of different temperature. The 

results described the condensational growth of the droplets from solid nuclei, in the 

adiabatic and isothermal conditions, as a function of the supersaturation degree, which is 

the driving force of the process. By an appropriate choice of mixing ratio and temperature 

of the two air streams, it was possible to adjust the degree of supersaturation, the mass of 

condensable water vapour and the mixing temperature.  

In another work of Heidenreich et al., (2000) in order to demonstrate the degree of 

supersaturation achieved by simultaneous heat and mass transfer in a packed column 

some examples of calculated supersaturation profiles are given. The calculations were 

performed assuming that no particles are present in the system. Thus, the reduction of the 

supersaturation due to condensational droplet growth is neglected. The degree of 

supersaturation increases with increasing temperature difference between the gas and the 

water. Correspondingly, it is possible to enlarge sub-micrometric particles by 

heterogeneous condensation in packed columns trickled with water which is colder than 

the gas. 

The formation and the behaviour of aerosols formed by heterogeneous nucleation in flue 

gas cleaning processes have been demonstrated by Gretscher et al., (1999). The 

experimental work is accompanied by computer simulation with the special software 

SENECA. These investigations developed a reliable method for the prediction and 
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characterization of aerosols as well as strategies for the removal of aerosol particles. They 

are stabilized that the aerosol formation in wet scrubbing processes is present the 

mechanism of heterogeneous nucleation. The conclusions are that the properties of the 

particles play a decisive role for the aerosol formation. It is remarkable that such sub-

micrometric particles, generated by glowing charcoal and that are not supposed to have a 

sufficient wettability or any kind of hydrophilicity, serve as condensation nuclei at very low 

supersaturations of S=1.03. On the other hand, sub-micrometric environmental particles 

do not have any effect on the aerosol formation in absorption processes.  

More recently (Yan et al., 2008) the heterogeneous condensation has studied to increase 

the removal efficiency of wet-scrubber of PM2.5 from combustion. In particular an 

experimental device was set up to investigate the influence of particle initial size 

distribution, the amount of vapour addition, and the ratio of liquid to gas flow rates on the 

removal efficiency. The microstructure and major element compositions of fine particles 

were explored by scanning electron microscopy (SEM) and X-ray photoelectron 

spectroscopy (XPS). The results show that the physical-chemical properties of fine 

particles from coal and oil are very different and it has considerable influence on 

heterogeneous nucleation behaviour. The removal efficiency of PM2.5 of coal combustion is 

higher than that of oil. Both number and mass removal efficiencies increase with the 

increase in particle size and additional amount of vapour. The removal efficiency of 81% 

and 72% can be achieved for coal and oil combustion of fine particles with particle 

diameters of 0.4 µm at 0.08 kg/m3 vapour, respectively. Moreover, the collection efficiency 

can be improved with an appropriate ratio of liquid and gas flow rates. The results show 

that the heterogeneous condensation as a preconditioning technique can highly promote 

the removal efficiency in wet-scrubber by 60% and 50% for particles from coal and oil 

combustion. 

A theoretical study of application of heterogeneous condensation derive from a work (Fan 

et al., 2009) where the vapour nucleation on PM2.5 from MSWI (Municipal Solid Waste 

Incineration) was modelled combined with the wetting abilities, compositions and surface 

characteristics of the particles. Nucleation characteristics of the fine particles were 

numerically studied. In this paper an approach for calculating the characteristics of water 

vapour nucleation on the PM2.5 from MSWI has been developed. The free energy of 

embryo formation, the nucleation rate and the critical nucleation saturation under different 

conditions were calculated, and the corresponding results were obtained. Results show 

that the free energy barrier of embryo formation is not influenced by the total mass of 
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soluble salts in the PM2.5 when the mass fraction of each salt is constant. While the total 

mass of soluble salts does not change, the free energy barrier changes remarkably with 

the compositions of the soluble salts in the PM2.5. It is also found that the free energy 

barrier of embryo formation decreases due to the surface roughness of the particle. 

Simulation results of the nucleation rate and the critical nucleation saturation indicate that 

both the compositions of the soluble salts and the surface roughness dominate the 

nucleation capabilities of the PM2.5 from MSWI. In fact in this study the contact angle is 

considered a function of roughness and the spatial coordinates (x, y) are introduced  
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where θ is the local contact angle of the rough surface and Φ is the decrease of contact 

angle due to the surface roughness. For soluble particle, the Kelvin’s equation became: 
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where aw, wv  and σ are the activity of water, the partial molar volume of water and the 

surface tension of the solution, respectively. For an exact solution of equation 1.5 it has to 

be taken into accounts that aw, wv  and σ are functions of the solute concentration. This 

study gives the first indications of water vapour nucleation characteristics on the PM2.5 

from MSWI. 

Very recently (Yang et al., 2010) a novel process to remove fine particles with high 

efficiency by heterogeneous condensation in a wet flue gas desulphurisation (WFGD) has 

been studied. A supersaturated vapour phase, necessary for condensational growth of fine 

particles, was achieved in the SO2 absorption zone and at the top of the wet FGD scrubber 

by adding steam in the gas inlet and above the scrubbing liquid inlet of the scrubber, 

respectively. The condensational grown droplets were then removed by the scrubbing 

liquid and a high-efficiency demister. The results show that the effectiveness of the WFGD 

system for removal of fine particles is related to the SO2 absorbent adopted. When using 

CaCO3 and NH3·H2O to remove SO2 from flue gas, the fine particle removal efficiencies 

are lower than those for Na2CO3 and water, and the morphology and elemental 

composition of fine particles are changed. This effect can be attributed to the formation of 
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aerosol particles in the limestone and ammonia-based FGD processes. The performance 

of the WFGD system for removal of fine particles can be significantly improved for both 

steam addition cases, for which the removal efficiency increases with increasing amount of 

added steam. 

Authors Description 

Yoshida (1976) 

Production of a supersaturated atmosphere by mixing two kinds of 
saturated air, one of which was humidified by contact with hot water and 
the other with non-heated water. The degree of supersaturation was 
controlled by changing their mixing ratio and the combination of their 
temperatures 

Heidenreich (1995) 
The influence of supersaturation, mass of condensable water vapour, 
particle concentration, temperature and initial size distribution on the 
activation and growth rate of the particles 

Heidenreich (2000) The degree of supersaturation achieved by simultaneous heat and mass 
transfer in a packed column.  

Gretscher (1999). 

The formation and the behaviour of aerosols formed by heterogeneous 
nucleation in flue gas cleaning processes have been demonstrated. 
These investigations are stabilized that the aerosol formation in wet 
scrubbing processes is present the mechanism of heterogeneous 
nucleation.  

Fan, 2009 

A theoretical study of application of heterogeneous condensation about 
vapour nucleation on PM2.5 from MSWI (Municipal Solid Waste 
Incineration) was modelled combined with the wetting abilities, 
compositions and surface characteristics of the particles. It is found that 
the free energy barrier of embryo formation decreases due to the surface 
roughness of the particle. Simulation results of the nucleation rate and 
the critical nucleation saturation indicate that both the compositions of 
the soluble salts and the surface roughness dominate the nucleation 
capabilities of the PM2.5 from MSWI. 

Yang , 2010 

A novel process to remove fine particles with high efficiency by 
heterogeneous condensation in a wet flue gas desulphurisation (WFGD). 
The condensational grown droplets were then removed by the scrubbing 
liquid and a high-efficiency demister. The results show that the 
effectiveness of the WFGD system for removal of fine particles is related 
to the SO2 absorbent adopted. The performance of the WFGD system 
for removal of fine particles can be significantly improved for both steam 
addition cases, for which the removal efficiency increases with 
increasing amount of added steam. 

Table 1.3 - Summary of the main works on the application of heterogeneous condensation 

 

4. Patents 

In the following are described the patents which involved the heterogeneous condensation 

for industrial application in order to remove the particles from gas. 

 

 Title: Process for cleaning exhaust gases from a combustion engine comprises 

forming condensation nuclei in the combustion chamber from an additive fed 

into the chamber, and further processing 

Publication date: 09/12/2004 

Inventors: Dittler Achim (DE); Kraemer Lutz (DE); Wenninger Guenter (DE) 
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Abstract: Process for cleaning exhaust gases from a combustion engine comprises 

forming condensation nuclei in the combustion chamber from an additive 

fed into the chamber, forming soot particles by heterogeneous 

condensation of soot and/or soot precursor substances on the 

condensation nuclei, feeding the soot particles with the exhaust gas to 

the particle filter, and partially filtering out the soot particles from the 

exhaust gas 

 

 

 Title: Method and system for purifying a product gas formed from biomass 

Publication date: 24/01/2008 

Inventors: Van Paasen Sander (NL); Vincent Bern (NL) 

Abstract: A method for purifying a combustible gas that is contaminated with 

contaminants, such as tar and/or dust particle, comprises feeding oil to the 

contaminated gas. The oil evaporates through contact with the 

contaminated gas. Said evaporated oil is condensed on a quantity of the 

contaminants in such a manner that said contaminants grow in size to 

form particles of increased size in the gas. An electric field between 

electrodes is applied, by means of which said particles of increased size 

are electrically charged and removed from the gas. The condensation of 

the oil takes place at a temperature above the water dew point of the 

contaminated gas. This water dew point is preferably 50-100 °C, in 

particular between 50 and 80 °C. 
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Chapter 2 

Theoretical framework 

 

 

 

1. Kelvin’s equation 

 

Heterogeneous condensation of a solid insoluble sub-micrometric particle is an 

energetically unfavourable process because the liquid free surface increase causes a 

free energy rising (Brin et al., 2007). In order to overcome the energetic barrier and to 

activate condensational growth, the vapour must be oversaturated. That is, the 

saturation ratio, S, defined as a ratio between partial vapour pressure, Pv, and 

equilibrium vapour pressure, P°(T), at the flow temperature T, must exceed unity 

(Hering et al., 2005 (1); Hering et al., 2005 (2); Fisenko et al., 2007; Fisenko et al., 

2006): 

 

)(T

v

P

P
S

o
=      (2.1) 

 

The smaller the particle the higher the supersaturation required to activate 

condensational growth. This is because the equilibrium vapour pressure over a droplet 

is higher than over a flat surface as a result of the droplet surface tension (Hering et 

al., 2005 (1)). This effect is described by the Kelvin’s relation (Thompson, 1871; 

McDonald, 1962), which associates the equilibrium vapour supersaturation to the 

radius of a droplet composed of that condensed vapour, RC, called critical radius, 

 

STR
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2

ρ

σ
=     (2.2) 

 

where Mw, ρl , and σ are the molecular weight, liquid density, and surface tension of 

the condensing species, respectively; Rv is the universal gas constant; T is the 

absolute temperature. The radius RC is a property of the condensing species and is 
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equal to the radius of a droplet of the pure condensing species in equilibrium with its 

vapour at saturation ratio S and temperature T. 

The above relation describes equilibrium thermodynamically unstable. Growth and 

evaporation of a droplet of equilibrium size r=Rc have the same rates. Droplets with a 

size larger than Rc will be activated and they grow. The vapour phase is 

supersaturated for these droplets and thus condensation will take place. Droplets with 

a size smaller than Rc will evaporate. The vapour phase is undersaturated for these 

droplets. 

The Kelvin’s relation is derived for the case of an ideal condensation of a pure 

substance to form a single drop of radius RC from an energy balance (McDonald, 

1962) and its origin is described in the following. 

We begin by considering the change of Gibbs free energy (G) accompanying the 

formation of a single drop of pure water of radius Rp containing n molecules of the 

water: 

 

vapourdroplet GGG −=∆      

 

Let us assume that the initial total number of molecules of vapour is Nt; after 

condensation the number of vapour molecules remaining is Nl= NT-n. Then, if gv and gl 

are the Gibbs free energies of a molecule in the vapour and liquid phases, 

respectively, we have 

 

vTplvl gNRnggNG −++=∆ σπ 2
4   (2.3) 

 

where σπ 24 pR  is the free energy associated with an interface of radius of curvature 

Rp and surface tension σ. Because n= NT-Nl, we can write 

 

( ) σπ 2
4 pvl RggnG +−=∆     (2.4) 

 

The number of molecules in the drop, n, and the drop radius, Rp are related by 
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where vl is the volume occupied by a molecule in the liquid phase. 

Thus, combining (2.4) and (2.5), we have 

( ) σπ
π
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4
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R
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  (2.6) 

 

We now need to evaluate the difference in the Gibbs free Energy per molecule of the 

liquid and vapour phases ( )vl gg − .  

By definition, ii dnVdPSdTG µ∑++−=∆ , where � is the chemical 

potential. Since during condensation of pure gas T=cost, dn=0 and lv vv >> , the 

free energy variation become  

dpvdg v−=      (2.7) 

Assuming that the molecular volume in vapour phase is 
p

RT
vv =  and integrating we 

have 
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  (2.8) 

 

where P°A is the equilibrium vapour pressure of water over a surface, and PA is the 

partial pressure.  

Substituting (2.7) into (2.6) and reminding that S
P

P
o

A

A = , we obtain the following 

expression for the Gibbs free energy variation 

σπ
π

2

3

4ln
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p
RSRT

v

R
G +−=∆

  (2.9) 

The radius corresponding to the maximum value of G∆ can be calculated by setting 
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    (2.10) 

 

Solving equation (2.10), we obtain the Kelvin’s equation (2.2). 

In the case of heterogeneous condensation, the value Rc represent the minimum size 

of the solid particle necessary, given S, to activate the condensation process onto its 

own surface (i.e. the activation radius). The activation radius and the value of Rc are 

equivalent for the specific case of a particle that is readily wetted by the condensing 

vapour but insoluble in it, but if the particle composed of a material that is unwettable, 

or for soluble particles, the activation radius is different (Hering et al., 2005 (1)). In fact 

for particles composed of a material that is not wetted by the condensing vapour, the 

activation radius will be larger than Rc by (2.2), dependence on contact angle. For 

soluble particles, dissolution into the condensate on the particle surface lowers the 

equilibrium vapour pressure, and the critical radius required for particle growth is 

smaller, as described by the Köhler curves (1921, 1926). For soluble particle, the 

Kelvin’s equation became: 

 

( ) 
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
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
==

kv

w
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v

TDR

v
a

TP

P
S

σ4
exp     (2.11) 

 

where aw, wv  and σ are the activity of water, the partial molar volume of water and the 

surface tension of the solution, respectively.  

The Figure 2.1 shows as an example the equilibrium vapour pressure at the surface of 

aqueous sodium chloride droplets as a function of the droplet radius for different solute 

masses. Such curves were first described by Köhler (1924, 1926). Additionally, the 

equilibrium curve of a pure water droplet (also called Kelvin curve) is shown in Figure 

2.1. 
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Figure 2.1 - Equilibrium vapour pressure as a function of droplet size. (Heidenreich et al., 2000) 

 

From (2.2), we can find the critical supersaturation level required for heterogeneous 

condensation of a solid insoluble particle of radius Rc. 

 

 

          (2.12) 
 

 
The critical value S* decreases exponentially with Rc. 
 

2. Nucleation and growth rates 

 

The process of particle enlargement by heterogeneous condensation can be divided 

into two stages that we can consider in series. Firstly, the particles have to be 

activated with formation of a liquid embryo on the particle surface, during a so called 

nucleation or activation stage (Fletcher, 1958). Then the vapour will condense around 

the embryo by condensation (growing stage) (Smorodin, 2004). This double stage 

process is illustrated in figure 2.2. 
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Figure 2.2 - Scheme of model for nucleation and growth to droplet. tn is time of nucleation; tgr is time of 
the condensational growth; Rp is the particles mean radius  

 

In fact the physical and chemical properties of particles (compositions, surface 

characteristics, and wetting) considerably affect heterogeneous characteristics. For 

our modelling, we will consider smooth spherical particle of coal. 

 

2.1 Nucleation 

 

Nucleation rate represents the number of critical embryos created on a particle surface 

per second. 

Although in the literature many systems have been developed in which the particles 

are nucleated with water vapour and growth to sizes, complete theoretical models are 

not yet available. Theoretical models of heterogeneous nucleation for particulates 

have been limited to spherical particles. Recently there are some studies about 

interactions between the liquid nucleating embryo and the solid particles that have 

irregular shapes and complex surfaces (Fan et al., 2009). The model of Fletcher 

(1958), schematised in Figure 2.3, is the first and more important model for the 

nucleation rate. More recent models (Lee et al., 2003; Smorodin et al., 2004; Fan et 

al., 2009) use upgraded version of the Fletcher’s model using experimental data to 

estimated the necessary parameters. 

The Fletcher’s model, that is with a formation of a stable embryo, called critical 

embryo, from a gas phase on an ideal smooth and homogeneous solid sphere. 

Liquid film 

 

Particle  

Rp 

 

Nucleation, tn Growth, tgr 

Embryo 
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Figure 2.3 – Schematic representation of a liquid on a spherical particle (Rp); r, radius of embryo; θ: 
contact angle 

 

The rate of formation of critical embryo which can then develop into macroscopic 

droplets is given by the equation (Fletcher, 1958): 

 





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
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Tk
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KRJ

B

p

*
2
exp4π

    (2.13) 

 

where K is a kinetic constant and *
G∆  is the free energy of formation of a critical 

embryo. Basically, the nucleation rate increases with supersaturation of the water 

vapour and size of the particle. The value of K is somewhat uncertain and depends in 

detail upon the nucleation situation.  

From Fletcher’s theory we can say that J is determined largely by *
G∆  then is 

sufficient to know the value to one or two orders of magnitude of K (Fletcher, 1958). 

Fletcher adopts for K the value of 1025 (1/cm2sec).  
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The *
G∆  as a result of the critical embryo formation from water vapour under a 

constant pressure and the temperature can be expressed as  

( )
( )xmf
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8
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32
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ρ

σπ
=∆     (2.14) 

 

where Mw and ρl: are the molar weight and the density of water respectively; x is a 

dimensionless factor (defined following) and f(m,x) is a “geometrical factor” (Fletcher, 

1958) which, referring Figure 2.3 , has the following expression: 
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with  

mxxh 21 2 −+=  

and  

vl

lsvsm
σ

σσ
θ

−
== cos

     (2.16) 

 

The (2.16) is the Young’s equation (Young, 1805) and is the usual definition of the 

contact angle θ between smooth surface and water, provided 11 ≤≤− m  and where: 

σvs: surface tension between vapour and solid 

σls: surface tension between liquid and solid 

σvl: surface tension between vapour and liquid coinciding with the macroscopic surface 

tension (σ) and with surface free energy of the condensing liquid and  

 

In the following figure 2.4 is shown the curve f(m, x) vs x, calculated by Fletcher 

(1958), where m is shown as a parameter  
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Figure 2.4 – The geometrical factor f(m,x) in terms of the ratio x=Rp/r*; m 
is shown as a parameter (Fletcher, 1958) 

 

The value of m depends on the degree of wetting of solid particle. The table 2.1 shown 

some examples of the degree of wetting based on value of θ. 

 

Table 2.1 – Contact angle between water and solid with different wetting 
degree 

 

In the following the derivation of (2.14) is shown. 

Referring to Figure 2.3, the free energy of formation of an embryo of radius r on a 

nucleus (particle) of radius Rp is 

 

sllv SmSVGG σσ ++∆=∆ lg     (2.17) 

where  

 Slg is the surface between phase liquid and gas;  

 Ssl is the surface between phase solid and liquid;  

 Vl is the volume of liquid.  

and  
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is the free energy difference per unit volume of gas and liquid, and kB is the 

Boltzmann’s constant, T is the temperature and vl is the volume occupied by a water 

molecule in the bulk liquid. 

From figure 2.3 we have: 
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The energy of embryo formation can be identified as the maximum in the curve 	G a 

function of r setting: 

( )
0=

∂

∆∂

r

G
  

at r=r*for fixed m=cosθ, the calculation of the Kelvin’s critical radius of the embryo is 

given by 
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Substituting (2.18-2.22) into (2.17) with the (2.23), and  
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we obtain the free energy of formation of the critical embryo (2.14). 

In the following Figure 2.5 is shown the curve S vs Rp, calculated by Fletcher (1958), 

where m is shown as a parameter  

 

 

Figure 2.5 – Supersaturation S at which condensation occurs on a 
spherical particle of radius Rp at temperature 273 K. Parameter is m=cosθ 
(Fletcher, 1958) 

 

From figure 2.5 it results that for m=1, the nucleus (particle) is completely wet by water 

and behaves as a liquid droplet of radius Rp. For lower values of m, considerable 

supersaturation is required for condensation even for quite large particles. 

 

2.1.1 Critical saturation  

 

While the Kelvin limit, 
K

crS , represents the minimum value of supersaturation for 

thermodynamical “existence” of heterogeneous condensation, a critical saturation level 

is required to allow a reliable activation rate. Nucleation rate represents the number of 

critical embryos created on a particle surface per second. The critical saturation, hete

crS , 

is defined as the level of saturation for which the nucleation rate is appreciable, that is 

the rate (2.13) is one embryo/s. The critical saturation indicates the ambient saturation 

at which a particle promotes nucleation almost immediately. This it’s determined by the 

particle size, the morphologies, the surfaces of physico-chemical characteristics, and 

Rp (A) 

S 
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the vapour property. The creation of a suitable supersaturated vapour is essential to 

particle enlargement by heterogeneous condensation, and thus the determination of 

critical saturation is the key step to application of heterogeneous condensation for the 

removal of the particles. 

According to the heterogeneous nucleation theory (Fletcher, 1958; Fan et al., 2009; 

Lee et al., 2003), the critical supersaturation required to activate an insoluble and 

spherical particle can be obtained from the equation (2.13), for J= 1 (1/s): 
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π
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The dependence of the critical nucleation saturation, hete

crS , on the diameter of the 

particles are presented from an example in figure 2.8, f(m, x)= 0.15 and m=0.95 (high 

wetting) 

 

We can see that the hete

crS  is strongly affected by the particle size and decreases with 

the increase with particle size and gas temperature. Thus, steam condensed on the 

surfaces of bigger particles firstly, and the collection efficiency of fine particles 

increases with the increase in particle size. Once the particle is activated, water 

vapour will condensate it immediately and the particle will grow by heterogeneous 

condensation until supersaturation disappears.  

Making a comparison between critical supersaturation (2.24) and supersaturation from 

Kelvin’s equation (2.12), it can be noted that the first provides more severe conditions 

for the activation of nucleation. How can see from Figure 2.6, to active the nucleation 

on the same particle size, is necessary a level of supersaturation higher than that 

described by Kelvin. 
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Figure 2.6 – Comparison between critical supersaturation for homogeneous (♦ 
o

crS
hom

) and 

heterogeneous (▲ 
hete

crS ) condensation, and supersaturation by Kelvin’s equation (■ 
K

crS ). 

 

As can be seen the hete

crS  is higher than K

crS  about 10 %. 

We have seen that it’s possible to define another mechanism of nucleation, called 

homogeneous nucleation, which take place when the nuclei are generated only of 

molecules of condensable components. Eventually this leads to a limited use of steam 

for heterogeneous condensation: the formation of homogeneous drops leads to a 

decrease of supersaturation and lowers the heterogeneous condensation rate (Figure 

2.7). 

The critical level of S for homogeneous condensation represents the highest level of 

supersaturation for an optimal heterogeneous condensation rate. (Figure 2.6). 
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Figure 2.7 – Comparison between two mechanisms of formation of droplet respect to degree of S 

 

According to classical homogeneous nucleation theory, the rate of new droplets 

formation per second and cubic meter is given by 

 

           (2.25) 
 

 

where 

 kB: Boltzmann’s constant 

 ml: the mass of a vapour molecule 

 D: nucleus diameter 

 Po: equilibrium pressure of vapour 

 σ: surface tension of water 

 

A modified expression of nucleation rate, expressed as particle/m3*s, that works 

relatively well for water condensation has been given by Kashchiev (2006). 

 

           (2.26) 
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        (2.27) 
 

 

 

        (2.28) 
 

 

        (2.29) 
 

with 

 NA= Avogadro’s number 

 m= 1,084 for water 

 mo= mass of molecule of water 

 Po= equilibrium pressure of vapour 

 vl= volume per molecule of the bulk liquid phase  

 

The Kashchiev’s expression highlight the contribution of supersaturation ratio, S. Then 

it’s possible, in the same way of heterogeneous case, to define a critical value, o

critS
hom , 

for homogeneous condensation as the value of S corresponding to nucleation rate 

(2.22) equal to one nuclei per second. In this way can see that homogeneous 

nucleation requires high degrees of supersaturation, o

critS
hom  ≈2–5 (Heidenreich et al., 

1995; Kaschchiev, 2006). 

The comparison between hete

crS  and o

crS
hom , we plot both curve in the following Figure 

2.8. 

 
 
 

22/1

2
















=

kT

P

mN

M
A

o

oAl

o
π

σ

ρ

( )3

32

3

16

kT

v
B l σπ

=

Al

l
N

M
Tv

ρ
=)(



50  Marco Tammaro Ph. D Thesis 

 

 

1,00

1,20

1,40

1,60

1,80

2,00

2,20

2,40

2,60

2,80

3,00

3,20

70 120 170 220 270 320 370 420 470
Particle diameter (nm)

C
ri

ti
c
a
l 
s

o
v
ra

s
a

tu
ra

ti
o

n

 
Figure 2.8 – Comparison between critical supersaturation for homogeneous (♦) and heterogeneous (▲) 
condensation. 

 

The operating region delimited by the two curves in Figure 2.8 defines the minimum 

and maximum degree of supersaturation for every particle diameter. 

The goal of a good system for heterogeneous condensation of particle of a given 

diameter Dp is to operate at supersaturation level as close as possible to o

crS
hom . 

2.2. Growth  

 
After nucleation stage starts the embryo growth by condensation until supersaturation 

of the gas phase disappears. In this stage is very important the interaction between 

heat and mass flux between the gas and the droplet. The heat and mass balance on 

the single particle are performed. Following we’ll consider as the particle concentration 

influences the growth process.  

 

The Knudsen’s number is defined as 

 

d

l
Kn =    (2.30) 

 

where l is the free molecular path and d is the particle diameter. 
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The mean free path is the average distance a gas molecule travels in a straight line 

between two consecutive collisions. Based on the value of Knudsen’s number, there 

are two limiting cases and a transition to the type of interaction of particles with the 

fluid as described in the following and as shown in figure. 

• the continuous regime with Kn <<1, where the particle is immersed in a 

continuous fluid, and everything goes back to the motion of an object in a fluid; 

• the transition regime, with Kn ~ 1 

• the molecular regime with Kn>> 1, where the particle behaves like a molecule 

of gas and it "sees" an area occupied by molecules of discrete and continuous 

fluid. 

 

 

 

Continuum regime Kn << 1 

 

Molecular regime Kn >> 1 
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Transition regime Kn ~ 1 

Figure 2.9 - Scheme of regime with indication of Knudsen number 

 

2.2.1 Heat and Mass balance on the single droplet 

For our calculation all the properties are considered constant and independent by 

temperature and composition, and a system air-vapour is considered. 

 

2.2.1.1. Heat balance in continuum regime (kn<<1) 

For the determination of the droplet temperature an equation can be derived from the 

heat balance of the droplet. In the following it is assumed that the droplet has a 

uniform temperature, Td, i.e. there is no internal temperature profile in the drops. The 

heat balance of the droplet is given by: 

 

 

 

The heat change of the droplet can be caused by a change of the droplet temperature 

or a change of the droplet mass. The difference between the heat flux to the droplet 

and from the droplet is equivalent to the total heat flux to the droplet, which can be 

defined by the complete heat transport equation. The heat balance written as equation 

is 

 

QIh
dt

dT
cm cl

d

d =+   (2.31) 

 

where Q is the total heat flux and Ic is the mass flux to the droplet; and hl, c, md are the 

specific enthalpy of the liquid, the specific heat capacity and the mass of the droplet 

respectively.  

Change of the amount of 
droplet heat = 

Heat flux to the 
droplet 

- Heat flux from the 
droplet 
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Assuming that the heat may be transported by conduction and by diffusion of 

condensing and that the Dufour effect is neglected, i.e. the diffusion factor has small 

value (α<-0.3) (Heidenreich, 1994).  

 

 

Figure 2.10 – System for the analysis of mass and heat balance 

 

The heat flux from the gas to the droplet is:  

nhv
r

T
q +

∂

∂
−= λ     (2.32) 

 

where λ is the thermal conductivity, n the vapour number of molecules, v the average 

velocity of condensing vapour molecules and h the enthalpy of vapour.  

The total mass flux density of the vapour molecules to droplet is given by  

 

vnmjv =       (2.33) 

 

where m is the mass of a molecule of vapour. Then, from (2.33) we have: 

 

m

j
vn v=       (2.34) 

 

The (2.32) can be rewritten as 
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The term (h/m) is the specific enthalpy of vapour, hv. 

The droplet growth is not a stationary process, but as shown by Fuchs (1959), the 

growth can be considered as quasi-stationary. Then the (2.31) can be written as that 

the heat flux is equal to the liquid evaporation from the droplet: 

 

QIh cl =       (2.36) 

 

In a spherically symmetric geometry the heat flux at steady-state is 

 

constqrQ == 24π     (2.37) 

 

And the mass flux 

 

constjrI vc == 24π     (2.38) 

 

Then the total heat flux to the droplet can be written: 

 

vccl hI
dr

dT
rIh +−= λπ 24    (2.39) 

 

where hl is the specific enthalpy of water. From (2.32) we have 
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With the separation of variables we have: 
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Integrating the first member of (2.34) between Td and T∞, temperature at infinite radius, 

r∞, and between rd, the radius of droplet, and r∞, the right member, we have: 
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  (2.42) 

 

where (1/r∞) is set equal to zero. 

The difference (hv-hl) in (2.35) is equal to specific latent heat of condensation, L.  

Then, the (2.35) can be rewritten as: 

 

d
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TT

πλ4
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Which is the solution given by Fuchs (1959). It was shown by numerical analyses 

(Heidenreich, 1994) that for practical calculations a rigorous consideration is not 

required, because the influence of neglected terms is smaller than 1%. 

The latent heat of condensation released must be transported away since the 

temperature of the droplet, and accordingly the vapour pressure at the droplet surface, 

would increase continuously causing condensational droplet growth to stop. The 

temperature of the droplet, in the condensation conditions, must be greater than 

temperature of the surrounding atmosphere so that the heat released can be carried 

off (Figure 2.11). 

 

 

 

 

 

 

 

 



56  Marco Tammaro Ph. D Thesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 – Temperature profile surround droplet depending on the S value (Williams, 1995) 

 

2.2.1.2. Mass balance in continuum regime (kn<<1) 

 

The mass balance between a gas and a single droplet for in a binary mixture and in 

the continuum regime (kn<<1) only takes in account the diffusion mass flux. The 

Stefan-flow is neglected because is shown that the influence of the Stefan-flow on the 

droplet growth is about 0.5% (Heidenreich, 1994). The flux caused by temperature 

gradient (Soret effect) is also neglected because is shown that for value of the thermal 

diffusion factor, α, close to zero (α <-0.3) the influence of thermal diffusivity on the 

droplet growth is smaller than 1%. Finally the gas velocity surrounding droplet is 

neglected (Heidenreich, 1994). 

The mass flux at steady-state is given by equation (2.31). With the above hypothesis it 

results: 
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where D is the diffusion coefficient and ρ the vapour density. 

Considering a perfect gas phase, it results 
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Then the mass flux to the droplet is given by: 
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After separation of variables and integrating from infinite to droplet surface: 
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Thus 
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setting (1/r∞) equal to zero, we have: 
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which is the equation yields by Maxwell (Fuchs, 1959). During condensation Pv,∞ > Pv,a 

then Ic results negative; for this some authors (Heidenreich, 1994, 1995) put a minus 

sign on the right-hand side of equation (2.49). 

From the definition of Ic  as: 
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where dm/dt is the change of the droplet mass and ρl  is the density of the liquid. 

From (2.49) and (2.50) we have: 
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After separation of variables and integrating from initial radius, rd,o, to final radius, rd,f, 

of droplet and from initial time t0=0 to final time tf=t: 
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thus 
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Then can rewritten as: 
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In the continuum regime the vapour pressure at the droplet surface, pv,a, is assumed to 

be in equilibrium with the vapour phase. In the case of a pure water droplet 

(homogeneous condensation) or a droplet with an insoluble nucleus (heterogeneous 

condensation), the vapour pressure at the droplet surface is given by the Kelvin 

equation: 
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Substituting (2.55) into (2.54), the final droplet radius is: 
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The value of rd,f depends on temperature, vapour partial pressure and time.  

In terms of diameter we have:  
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The dependence of the growth rate and the final diameter on the temperature is shown 

in following figure.  
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Figure 2.12 – Influence of temperature on the final droplet radius, with T2= 323 K and T1= 313 K 

 

As can be seen from Figure 2.12, the droplets grow after a short time. The rate of 

droplet growth depends on the droplet size. Smaller droplets have a higher growth rate 

than larger droplets. Thus, theoretically, the droplet aerosol should grow to a system 

containing nearly monodisperse droplets (Heidenreich, 1994; 1995). 

The droplet growth is also influenced by initial supersaturation. As the supersaturation 

increases, both the growth rate and final diameter increase. With adiabatic growth, the 

differences between the final diameters are smaller than in the case of isothermal 
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growth. In the case of adiabatic growth, the dependence on the temperature is smaller 

and usually negligible (Heidenreich, 1995). 

 

 

2.2.1.3. Rigorous consideration on the mass balance in continuum regime 

 

On the basis of the general diffusion equation for a binary mixture a rigorous for mass 

flux expression, was given by (Heidenreich, 1994): 

 










∂

∂
+

∂

∂









−

−=
r

T

p

pp

r

p

P

p
RT

MD
rI

gvv

v

c

ln

1

4 2
α

π    (2.58) 

 

Where p is the total pressure, pg is the partial pressure of air, T is the gas temperature, 

α is the thermal diffusion factor.  

The equation (2.58) takes in account for the mass flux caused by concentration and 

temperature gradient (Soret effect) and for the Stefan-flow. Under the assumptions of 

the standard solution method, a temperature profile derived from Fourier’s law of heat 

conduction and a vapour pressure profile derived from Fick’s law of diffusion were 

combined. Thus an expression for the relation between the gradient 
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Where pv,a is the partial pressure of vapour at the droplet surface, and pv,∞ the partial 

pressure of vapour far from droplet surface. 

Combination of (2.58) and (2.59) yields 
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After separation of variable and integration from infinity to the droplet surface at 

steady-state, the mass flux to the droplet is: 
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This equation reports the rigorous expression for the droplet mass balance, but 

Heidenreich (1994; 1995) showed that if α is assumed to be zero and the Stefan and 

Soret flows should be reliably neglected, coming back to the equation (2.49) 

 

 

2.2.1.4. Heat and mass balance in the transition regime (Kn ~ 1) 

In the transition regime (Kn~1), where the size of the droplet is of the order of the mean 

free path of the surrounding medium, a jump in vapour pressure and also in 

temperature occurs at the droplet surface. This requires the introduction of correction 

factor function of Kn, f(Kn), to describe both the fluid dynamic and the transport 

phenomena between the gas and the particle. Commonly, the Fuchs-Sutugin (1971) 

formula is used: 
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Then the mass flux, from (2.49) became the classical approach (Fuchs and Sutugin, 

1971) propose to include the factor f(Kn) directly in the equations for the mass (2.49) 

and temperature (2.43) evolution:  
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2.3. Supersaturation region 

 

We have seen that droplet growth by condensation requires a supersaturated vapour 

phase. A vapour phase is supersaturated if the vapour pressure in the system is 

higher than the corresponding saturation vapour pressure, which is a function of the 

temperature of the system. In the following table a scheme of conditions for nucleation 

and growth is presented. 

Supersaturation Nucleation Growth 

( )
1>=

TP

P
S

o

V

V
 

 

Pv: partial pressure 

P°v: equilibrium 

partial pressure 

For appreciable nucleation 

critSS >  

where critS :critical saturation 

depending on nucleation 

mechanism 

Homogeneous nucleation: 

52 −≈critS  

Heterogeneous nucleation: 

8.11−≈critS  

Differences between 

adiabatic and isothermal 

conditions. 

 

Final diameter depending 

on temperature and 

supersaturation,  

 

Growth rate depending on 

droplet size, temperature 

and supersaturation 

Table 2.2 – Scheme of conditions for nucleation and growth 

 

Generally, supersaturation can be achieved in different ways, for example by mixing 

saturated gases of different temperature, by cooling, by chemical reactions and by 

simultaneous heat and mass transfer at a liquid surface. In all these cases, 

supersaturation is caused either by a reduction of the temperature of the system or by 

an increase in the vapour pressure in the system. The simultaneous heat and mass 

transfer at a liquid surface is a process to achieve supersaturation economically, also 

on a technical scale. 

In this study a cylindrical reactor with an evaporation liquid film is considered. This 

system is know as growth tube and is similar to condensation particle counters. The 

elevated temperature of the wetted walls produces a high concentration of water 

vapour, while the “cooling” arises from the entering sample gas flow. In this scenario 
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the diffusion of water vapour from the walls to the centreline is faster than the warming 

of the flow.  

 

 
 

 
Figure 2.13 – Scheme of growth tube 

 

2.3.1 Heat and mass balance in growth tube 

 

The gas temperature and the vapour partial pressure profiles in the gas and, then, the 

supersaturation at any point in a growth tube are described by a energy and mass 

balances (Hering, 2005 (1 - 2)).  

In all the following we assume that:  

 the gas phase is very diluted with air, then the presence of particles not 

influence the heat and mass balance;  

 the properties of the fluid, evaluated at a mean temperature, are considered 

constants and assimilated to the air;  

 the axial thermal diffusion and other second-order effects are neglected;  

 a plug flow with fully developed parabolic flow profile;  

 uniformity of entering temperature and partial pressure of vapour profile;  

 uniformity of the temperature of the water film inside tube wall.  

 

Besides the temperature and the vapour partial pressure profiles throughout the 

condensing region are modelled considering the axial symmetry of the growth tube 

and by using a two-dimensional model for convective and diffusive heat and mass 

transfer. These problems take the form of the classic Graetz problem (1883). 

The equations for temperature, vapour partial pressure and supersaturation are 

reported in the following.  

 

 

 

 

 T° inlet temperature 
Tw wall temperature 
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2.3.1.1 Temperature profile 

 

For the cylindrical geometry, the values of the gas temperature, T, throughout the 

growth tube are obtained by solving the energy balance throughout the tube: 

 

 

 

 (2.65) 
 

 
 
Where r and z are radial and axial coordinates respectively; R is tube radius; U is 

average flow velocity; and αt is thermal diffusivity of the flowing gas.  

 

Figure 2.14 - Ring-shaped control volume for the derivation of the energy equation for laminar flow 
through a tube; R is tube radius, r and z are the cylindrical coordinate 

 

The temperature profile is obtained from an energy balance on a ring-shaped control 

volume, as sketched in Figure 2.14 
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P

t
C

k

ρ
α =

 is the thermal diffusivity, with ρ the density and Cp the specific heat. 

 

A fully developed parabolic flow profile and uniform entering temperature (T°) and wall 

temperature (Tw) are assumed. Fluid properties are evaluated at a mean temperature 

and considered constants over the domain. Axial thermal diffusion (conduction) and 

radial thermal convection are ignored. 

The parabolic velocity profile for the velocity field gas: 
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The equation (2.66) can be rewritten as: 
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If we put rdrr ≅+  then we have the (2.65). 

Introducing dimensionless coordinates x=r/R and y=z/R, and defining the parameter 

tf  as ,  
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with some rearrangement we have 
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with the boundary conditions  
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The (2.69) is solved by separation of variables (Eckert et al., 1972), then we put a 

function for the temperature T like the product of a function of x and y: 

 

 

 

 

Introducing this expression into equation (2.69) we have: 
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After separation of functions we have  
 

 

 

           (2.72) 
 

 

 

Equation (2.72) be satisfied only when both sides of the equation are equal to a 

constant. Denoting this constant by (–βi
2), the equation can now be separated into two 

total differential equations: 
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This expression describes the variation of the variables field in the z direction, and for 

physical meaning obviously it requires the exponent to be negative. 

The (2.74) was integrated numerically by Nusselt (1910), with the boundary conditions 

at x=0 
( )

0=
dx

xdφ
 and 1=φ .  

The general solution, expressed in the form of the standard series solution, is 
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      (2.76) 

 

In figure 2.15 are shown the first three functions iφ  (Eckert et al., 1972). 

 

Figure 2.15 – Function φ  for the calculation of the temperature field in the thermally developing region 

of laminar flow through a tube. (Nusselt, 1910) 

 

The constant Ci can now be found through the boundary condition (2.70) at z=0 

through the equation 
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The solution of equation (2.69), along the centreline, is represented by the first three 

terms in the series solution (2.76) with boundary conditions (2.70) as follows (Hering, 

2005 (1)): 

 
            (2.77) 
 
 
The temperature is obtained from (2.77), through equation (2.68) by setting: 

 

 

In the following Figures 2.16 and 2.17 are shown the temperature profiles for three 

different radial position and for two values of wall temperatures (see Fig. 2.13), with 

following conditions: U= 0.74 m/s, Tin= 298 K; R= 0.0075 m. 
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Figure 2.16 – Temperature profile for three different value of (r/R) and for Tw= 313 K 
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Figure 2.17 – Temperature profile for three different value of (r/R) and for Tw= 323 K 
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2.3.1.2 Water mass balance and pressure profile 

 

For the cylindrical geometry, the values of the partial pressure of vapour, Pv, 

throughout the growth tube are obtained by solving the mass balance throughout the 

tube: 

 

 

 

            (2.78) 
 

where αv is the vapour diffusivity 

 

 

Figure 2.18 - Ring-shaped control volume for the derivation of the mass equation for laminar flow 
through a tube; R is tube radius, r and z are the cylindrical coordinate 

 
The partial pressure vapour field is obtained from a mass balance on a ring-shaped 

control volume, as sketched in Figure 2.18. 
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where Yv is the fraction mass of vapour, defined as ratio between partial pressure 

vapour and total pressure, which assumed constant along growth tube: 
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Y v

V =        (2.80) 

 

and Jd is the diffusion flux in dimensions of (kg/m2s) which measures the amount of 

substance that will flow through a small area during a small time interval, and is 

defined by Fick’s law, for one (spatial) dimension as: 
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where αv is the diffusion coefficient or diffusivity in dimensions of m2/s. 

The Fick’s law relates the diffusive flux to the concentration field, by postulating that 

the flux goes from regions of high concentration to regions of low concentration, with a 

magnitude that is proportional to the concentration gradient (spatial derivative).  

A fully developed parabolic flow profile is assumed with uniform entering partial 

pressure profile, Pin, and uniform wall partial pressure in equilibrium with film water at 

Tw defined by Raoult’s law: 
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If we put rdrr ≅+  then we have: 
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Substituting the (2.80) and (2.67), in above equation, we have the (2.78). 

Introducing dimensionless coordinates x=r/R and y=z/R in (2.78) and defining the 

parameter vf  as  
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after some rearrangement, we have: 
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with the boundary conditions: 
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        (2.84) 

 

The equation (2.83) is solved by separation of variables (Eckert et al., 1972); then we 

put a function for fv like the product of a function of x and y: 

( ) ( )yxfv ϕφ=         (2.85) 

 

The procedure to solving the (2.85) is the same followed in the steps (2.71-2.75). In 

the end we have the following expression  
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     (2.86) 

 

The constant Ci can be found through the boundary condition (2.84) at z=0: 

R

r
C ii∑= φ1  

The solution, along the centreline, of equation (2.83) is represented by first three terms 

in the series solution (2.86) with boundary conditions (2.84) as follows (Hering, 2005 

(1)): 

 
            (2.87) 
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The partial pressure is obtained from equation (2.87) through equation (2.82) by 

setting  

UR

zv

v 2

α
µµ ==

  

 

In the following Figures 2.19 and 2.20 are shown the partial pressure vapour profile for 

three different radial position and for two values of wall temperature (see Figure 2.13), 

with following conditions: U= 0.74 m/s, Pin= 3160 (N/m2), R= 0.0075 m and w

vP = 

P°(Tw). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.19 - Partial pressure vapour profile for three different value of (r/R) and for Tw= 323 K 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.20 - Partial pressure vapour profile for three different value of (r/R) and for Tw= 313 K 
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2.3.1.3 Supersaturation ratio profile 

 

The profile of S is obtained by equation (2.1), where the local value of the equilibrium 

partial pressure P°(T) is obtained by Antoine’s formula: 
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TC

B
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with 

A= 8.07131 

B= 1730.63 

C= 233.426 

and 

P° [ ]=  mmHg 

T [ ]=  °C 

In the following figure is shown the supersaturation profile in the growth tube for 

different (r/R) value.  

 

0,90

1,00

1,10

1,20

1,30

1,40

1,50

1,60

1,70

1,80

0 5 10 15 20 25 30 35 40

z (cm)

S

(r/R)=0 (r/R)=0,4 (r/R)=0,8

Tw= 313 K

 
Figure 2.21 - Supersaturation profile for three different values of (r/R) and for Tw= 313 K 
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Figure 2.22 - Supersaturation profile for three different values of (r/R) and for Tw= 323 K 

 
As can be seen the peak of the supersaturation is reached along the centreline 

(r/R=0), with the supersaturation near the wall rapidly decaying to 1. From comparison 

between the above graphs, it is clear the influence of the wall temperature on the 

supersaturation degree. 

 
 

2.4. Nucleation and growth rate in the growth tube 

 

In the following figure is shown the scheme of the processes of nucleation and 

condensation growth in the growth tube. With our modelling we have hypothesised 

that the two processes are in series. 
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Figure 2.23 – Scheme of model for nucleation and growth  

 

Every stage is characterised by a rate and time; of course the sum of characterised 

times must be lower or equal to residence time (tres) in the growth tube. 

It’s possible, from pressure, temperature and supersaturation profile in the growth 

tube, to plot, in the same conditions, also an example of nucleation and growth rate, as 

can be seen from following figures 2.24-25 and 2.26-27 respectively.  

The dashed line in figure 2.24 and 2.25 corresponds to the condition J=1 (embryo/s), 

or the same S=Scr, necessary for activation of nucleation process. The nucleation 

process is active when the corresponding curve is above the dashed line; indeed when 

it’s below the nucleation doesn’t take place. 
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Figure 2.24 – Nucleation rate vs residence time for three different radial position and with Tw= 313 K. 
The dashed line indicates the condition J=1 (embryo/s), corresponding to critical supersaturation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.25 - Nucleation rate vs residence time for three different radial position and with Tw= 323 K. 
The dashed line indicates the condition J=1 (embryo/s), corresponding to critical supersaturation 
 

From comparison between the curves of the figures 2.24 and 2.25 we can see that the 

nucleation rate is strongly affected by wall temperature. Besides, it can be seen that 

the heterogeneous condensation occurs at different extent in function of the radial 

position.  
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Then, when the nucleation is not active (below dashed line), the corresponding growth 

doesn’t take place, how can see from following figures. 
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Figure 2.26 - – Final droplet radium vs residence time for different radial position and 
Tw= 313 K 
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Figure 2.27 - Final droplet radium vs residence time for three different radial position and  
Tw= 323 K 
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From Figure 2.26 we can see that in the group of curve corresponding to Tw= 313 K 

there isn’t the radial position (r/R=0.8), because, in that radial position is not reached 

the condition J=1 (embryo/s), in fact the nucleation curve of radial position (r/R=0.8) is 

above the dashed line (see Figure 2.24).  

The curves of figures 2.26 and 2.27 start at different times, because the droplet growth 

starts when the condition J=1 (embryo/s) is reached, and this condition is reached at 

different times, how can see from figures 2.24 and 2.25, or the same when the 

condition S=Scr is realised, as can be seen from following figures 2.28 and 2.29. 
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Figure 2.28 - Comparison between supersaturation profile e Scr vs residence time in the growth tube for 

three different radial position, for Tw= 313 K 
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Figure 2.29 - Comparison between supersaturation profile e Scr vs residence time in the growth tube for 

three different radial position, for Tw= 323 K 

 

As can be seen from Figure 2.28, in this example for radial position (r/R=0.8) the 

condition S=Scr is not realised. 

Finally in the following figure is shown the comparison between critical supersaturation 

for three radial positions at two wall temperatures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.30 - Critical supersaturation vs particle radius for three radial positions at Tw=313 K and 323 K 

 

As can be seen the critical supersaturation is strongly dependence on temperature. 
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2.5. Condensational growth of aerosol 

 

In order to describe the growth of a polydisperse droplet aerosol by condensation, the 

interaction of the droplets and their coupling with the surrounding continuous phase 

must be taken into account. This is only possible by means of models which simplify 

the process.  

One model is the so-called cellular model in which each droplet is surrounded by a cell 

of a defined volume. This volume is given by unity divided by the number 

concentration of droplets. The boundary of each cell is considered as impermeable. 

Thus, no interaction occurs between cells. The growth laws of a single droplet are 

applied to each droplet thus solving the given boundary conditions and the 

conservation of vapour mass and energy for each cell.  

Another model is characterized by time-dependent bulk conditions. It is assumed that 

the distance between the droplets is large compared to the droplet size and thus the 

vapour concentration and the temperature profiles between the droplets are horizontal. 

Only in the neighbourhood of the droplet surface are high vapour concentrations and 

temperature gradients exhibited. Thus, average bulk conditions for the vapour 

pressure and the temperature of the surrounding continuous phase can be calculated 

by solving the equations for the conservation of vapour mass and energy. Droplet 

growth is determined by means of the growth laws for a single droplet and interactions 

between the droplets are not considered. As shown by Carstens et al., (1970) who 

have solved the vapour concentration and temperature profiles for two neighbouring 

droplets: the influence of the neighbouring droplets on the vapour concentration and 

the temperature profile only occurs if the distance between the droplets is of the order 

of the droplet radius. For example, assuming a concentration of 106 particle cm-3 and 

equidistant droplets, the distance between the droplets is 100 �m. For submicron 

particles growing to 5 �m, the probability of an interaction between the droplets 

remains small. But, in reality, the droplets are not equidistant and the probability of 

droplet interaction exists. Thus, interaction between the droplets cannot be excluded 

completely. In our modelling, we have calculated the growth of a droplet aerosol by 

using the time-dependent bulk condition model. The bulk conditions have been 

calculated on the basis of vapour mass and energy conservation in a unit volume of 
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the system. The aerosol is discretely subdivided into N size ranges with a number 

concentration Ci per unit volume in the i-th size range with an average radius ri.  

In the following the change in the vapour pressure from the mass balance for a unit 

volume of the system is calculate. The growth condensation of droplets surrounding 

the particles determines depletion in the amount of condensable vapour, then 

decreasing the vapour partial pressure. 

Under the hypothesis of ideal gas we have: 

 

C
M

RT
Pv =      (2.89) 

 

where C is the mass vapour concentration. The time derivative of both sides gives 

 

dt

dC

M

RT

dt

dPv =      (2.90) 

 

The variation of concentration, dC, can be written as: 

 

∑
=

=
N

i

iidmCdC
1

    (2.91) 

 

where 

Ci : number of droplet with radius i per unit volume 

dmi : variation of single droplet mass with radius i 

 

From definition of mass flux (2.43) we can write 

 

dtIdm ii −=      (2.92) 

 

where Ii is the flux of mass to droplet with radius ri. 

From combination of (2.91) and (2.92), the (2.90) can be rewritten as: 
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 (2.93) 

 

After separation of variables and integrating the (2.93), we have: 
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   (2.94) 

 

where P’v  is the partial pressure vapour at time t=t’ and P°v that at t=to. 

In the following, the steps for calculation of change in the temperature profile are 

reported.  

The latent heat of condensation released causes an increase in the temperature of the 

surrounding continuous phase if droplet growth is considered to be an adiabatic 

process. The energy balance for unit volume of the system is 

 

( ) ∑
=

=+
N

i

iivpvgpg CILV
dt

dT
CCCCV

1

 (2.95) 

 

where Cpg and Cpv are the heat specific of gas and vapour respectively, L is the heat 

latent, V is the volume, Cg is the gas concentration and is given by 

( )
RT

M
PPC

g

vg −=     (2.96) 

 

where Mg and P are the mass molecular of gas and the total pressure respectively; the 

Cv  is the vapour concentration and is given by equation (2.89). 

Substituting (2.96) and (2.89) in the (2.95), we have: 
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1
  (2.97) 

 

After separation of variables and integration of the (2.97), the change in temperature of 

the gas phase around the droplet is given by: 
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where α is given by 
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Then the (2.57) became: 
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In order to demonstrate the influence of particle’s concentration on the process of 

particle enlargement by condensation, in following Figure 2.31 is shown as an 

example some calculated droplet growth curves. The curves were calculated for 

different particle number concentrations. In the example given here, the initial 

supersaturation was 1.5 and the initial temperature of the gas/vapour mixture was 308 

K. The calculated growth curves indicate that droplets grow by condensation very fast. 

Particles with a size down to a few nanometers can be enlarged to droplets of a size of 

1.5 �m within 5 ms. For concentrations higher than 2×105 particles per cm3, the growth 

is complete in less than 50 ms. The higher the particle concentration is, the faster the 

growth is complete. The final droplet diameter depends on the particle concentration. 

With an increase in the particle concentration the vapour condenses on more particles 

and thus the amount of vapour which condenses on each particle decreases. 

Correspondingly, the final droplet diameter decreases with increasing particle 

concentration (Heidenreich et al., 2000; Wagner, 1982). 
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Figure 2.31 - Droplet growth curves for different particle number concentrations. Initial properties of the 
gas/vapour mixture: T=308 K and S=1.5. (Heidenreich et al., 2000) 

 

As can be observed for concentrations lower than 105 particles per cm3 ca, the amount 

of latent heat of condensation released and the depletion in mass of vapour is 

negligible and then the final diameter is independence from particle’s concentration 

(Heidenreich et al., 1995). In fact as can be seen from Figure 2.31 the two curves 

relative to concentration 1 and 104 cm-3 have almost the same trend. 
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2.6. Modification to the model 

 

The model equations reported so far and summarized by the (2.99) are based on the 

fundamental assumption that the water vapour is always available without any 

limitation in the growth tube. In practice, however, the vapour concentration in the 

growth tube may be limited by the effective mass flux from the evaporating liquid film.  

In order to take in account the effective vapour mass presents in the system, a 

modification to the model is presented. At this purpose lets make a comparison 

between the effective evaporation rate from the liquid film on the wall of the growth 

tube (Figure 2.13), and the ideal evaporation rate which provides the mass of vapour 

required for the growing of droplets according to the model (2.99). 

To this aim, the formula for determination of evaporation rate from film liquid has been 

considered. 

 

( )
bscKE ρρ −=    (2.100) 

 

expressed as (kg/sm2) and where  

 Kc is the mass transport coefficient 

 ρs is the surface film liquid vapour density 

 ρb is the bulk vapour density 

The density, with hypothesis of ideal gas, is calculated by 

RT

PM
=ρ      (2.101) 

For calculation of ρs, the temperature and the pressure to put in (2.101) are the film 

liquid temperature (Tw) and the corresponding equilibrium pressure (Pw=Pw°(Tw)) 

respectively. Then the (2.100) can rewritten as: 
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  (2.102) 

where Pb and Tb are the vapour partial pressure and temperature in the gas phase 

derived from mass and heat balance respectively. 
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The coefficient Kc is obtained from Sherwood number that, for wetted-wall column with 

falling film (Perry et al., 1984), is given by 

44.083.0Re023.0 Sc
P

P

D

LK
Sh

v

c
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
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


==

 (2.103) 

where 

 L: geometrical factor (for our system is the diameter of the growth tube) 

 D: mass diffusivity  

 P: total pressure 

 Pv: vapour partial pressure  

 
µ

ρvL
=Re : Reynolds number (where � is the viscosity and v is the gas velocity) 

 
D

Sc
ρ

µ
= : Schmidt number  

It’s possible to calculate the effective partial pressure vapour (
eff

bP ) as the sum of two 

contributes: the amount of vapour derivate from evaporation of film liquid and the 

vapour present in the gas phase at inlet growth tube. Then the effective evaporation 

rate can write as: 
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The ratio between effective and ideal evaporation rate, called M, can write as 

=
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    (2.105) 

Now if we call B the ratio between the effective droplet diameter measured in the 

experimental test, Dexp, and the droplet diameter corresponding to model (2.99), Dmod,  
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mod

exp

D

D
B =

       (2.106) 

and writing a relation between factors M and B in the form: 

n
MaB *=       (2.107) 

we can found the two factors, a and n, through a data experimental analysis (see 

chapter 4).  

Thus we can define a modified model that takes in account the effective mass of 

vapour through the enhancement factor, (a*Mn), and which has the following 

expression: 
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Chapter 3 

Measurement device and experimental apparatus. Preliminary test 

 

1. Experimental apparatus 

 
In Figure 3.1 the experimental flow chart is shown. It is composed by following principal 

parts: 

 Burner 

 Sampling system 

 Cooling system 

 Growth tube 

 Sample filter/Measurement device 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 – Flow chart of experimental apparatus 

 

Every part is connected with others through a PTFE flexible tube with internal diameter of 

6 mm.  

1.1. Burner 

The particles are produced by premixed ethylene (C2H4) - air one-dimensional flame 

generated at atmospheric pressure. Nevertheless some tests have been carried out with a 

Bunsen burner fed with CH4. The burner consists of two concentric stainless steel tubes. 

The inner tube has an internal diameter of 9 mm and a height of 140 mm. At the upper end 

of tube there is a 40 mm thickness layer of mullite honeycomb (400 cpsi zirconia mullite, 

produced by Ceramique Technique Industrielles CTI) that allows to obtain the laminar flow 
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of gas and the stable flame. The tube is inserted into a Teflon bushing with three 

entrances to 120° from each other. The outer tube produces an annulus of inner diameter 

of 23.5 mm and 32 mm outside. It has the function of thermal insulation. The flame is then 

obtained from a mixture of air and ethylene and each gas flow rates are regulated by float 

flowmeter. In following Figure 3.2 are shown the flame velocities versus composition of 

different fuels mixtures in air. As can be seen, the ethylene has got the highest velocity 

flame. Therefore it is important to regulate the cold gasses in order to have a velocity 

about 10 cm/s and a percentage of ethylene lower than 4 % or higher than 10 %, by this 

way it is possible to have flame velocity equal to the cold gas velocity 

 

 
Figure 3.2 - Flame velocities versus composition of different fuels mixtures in air. 

 

The equivalent ratio (Φ) is adjusted through the control of the ethylene and air flows to the 

burner. The equivalence ratio of a system is defined as the ratio of the fuel-to-oxidizer ratio 

to the stoichiometric fuel-to-oxidizer ratio: 
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where, m represents the mass, n represents number of moles, suffix st stands for 

stoichiometric conditions. The advantage of using equivalence ratio is that it does not 

dependend on the units of measure. Another advantage of using the equivalence ratio is 

that ratios greater than one always represent excess fuel in the fuel-oxidizer mixture than 

would be required for complete combustion (stoichiometric reaction) irrespective of the fuel 

and oxidizer being used, while ratios less than one represent a deficiency of fuel or 

equivalently excess oxidizer in the mixture. 

Traditionally laboratory premixed one-dimensional flames involving ethylene as the fuel 

represent simpler system to study the mechanisms of fuel decomposition and particles 

formation in flames. In recent years different studies are been performed to characterize 

the premixed ethylene/air flame in different burning conditions in order to reveal some 

important properties of these particles (D’Anna et al., 2007, 2009). In particular it was 

found that in ethylene/air premixed flame, the volume fraction of particles, expressed as 

ppm (part per million) increases with ratio (carbon/Oxygen) , at least until C/O= 0.77 

(D’Anna, 2009). Besides is been found that the diameter of particles, produced with C/O= 

0.69, increases with HAB (Height Above Burner), until diameter of 90 nm corresponding to 

HAB= 15 mm and that the max flame temperature measured is about 1700K (Echavarria 

et al., 2010). In addition, the particles so produced seem to experience a size-dependent 

coagulation rate at high temperature (D’Alessio et al., 2005). 

The study of formation mechanism and of the physico-chemical properties of particles 

formed in the premixed ethylene/air flame not is the purpose of this thesis. In fact, for the 

study of heterogeneous condensation, with simplified hypothesis of smooth, spherical and 

homogeneous particles, it is important to quantify the growth of the droplet, through the 

measurement of initial diameter of particles and the final diameter of droplet, for different 

fluidodinamic conditions. Therefore for this purpose, the measurement of particles size in 

absence of water in the growth tube, i.e. when the heterogeneous condensation is not 

activated, represents the initial diameter.  Then the droplet size measured at outlet of 

growth tube, when the heterogeneous condensation is activated, represents the final 

diameter. 

 

 

1.2. Sampling system 

The sampling of smokes from the burner is performed by means of a hood connected to a 

pump. The hood is made of steel and it is collocated on the burner to capture the total gas 
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flow of the burned. The hood aspires also the ambient air, whose flow is calculated as the 

difference between the measured total flow and the burned gas flow. The burned gas flow 

is calculated as illustrated in the following paragraph. The relative humidity and 

temperature of indoor air, measured, are 30% and 25 °C respectively; they are constant 

because the laboratory ambient is controlled. 

 

1.3. Cooling system 

The sampled gas then passes through a cooling system where the temperature drop 

(	T=Tg - T’g) is sufficient to reach the water vapour saturation conditions in the gas phase 

(S=1) at the inlet of growth tube. This condition is necessary to optimised the 

supersaturation region. The cooling is realized by heat exchange with water in two shell 

and tube glass exchangers of which temperature and flow are controlled through a 

thermostatic bath. The control of the total flow, composed by smokes produced by 

combustion and the air, aspirated from the indoor ambient is controlled through a 

flowmeter. By knowing the abovementioned flows (Ethylene, air and total smoke), the 

indoor air relative humidity, and from the stoichiometry of the reaction between oxygen and 

ethylene,  

 

OHCOOHC 22242 223 +=+   (3.2) 
 

it is possible to calculate the amount of vapour present in the burned gas phase and in the 

total flow smoke, and then the vapour partial pressure, Pv, at the inlet of the growth tube. 

Therefore, in order to have a gas saturated by water vapour, through the relation (2.1) it is 

possible to calculate the corresponding gas temperature T’g. Then the saturated gas is 

introduced into the growth tube.  

 

1.4. Growth tube 

 

The most important part of the experimental plant, called the growth tube, is where the 

supersaturation condition is created and the size amplification of particles through 

heterogeneous condensation takes place.  

A vapour phase is supersaturated if the vapour pressure in the system is higher than the 

corresponding saturation vapour pressure of the gas which is a function of the temperature 

of the system (see table 2.2, chap. 2). Generally, supersaturation can be achieved in 
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different ways, for example by mixing saturated gases of different temperature, by cooling, 

by chemical reactions and by simultaneous heat and mass transfer at a liquid surface. In 

all these cases, supersaturation is caused either by a reduction of the temperature of the 

gas or by an increase in the vapour pressure in the system. The simultaneous heat and 

mass transfer at a liquid surface is a process to achieve supersaturation economically, 

also on a technical scale. For our studies the water vapour supersaturation is achieved by 

introducing air flow into the growth tube, with temperature lower than that of the tube walls, 

as illustrated in Figure 3.3. The walls are wetted to maintain a partial pressure of water 

vapour at the walls near the equilibrium vapour pressure at the wall temperature. Then, the 

particle laden gases flows and the water film along the wall produce the necessary vapour. 

In fact, the elevated temperature of the wetted walls produces a high concentration of 

water vapour, while the cooling arises from the entering sample gas flow. In this scenario 

the diffusion of water vapour from the walls to the centreline is faster than the warming of 

the flow. The condensation of vapour on the particle surface is actives while the 

temperature of gas-particles is lower than that of vapour. This must be achieved along the 

growth tube because in our operating conditions the diffusion of water vapour from the 

walls to the centreline, is faster than the increase in temperature of the particle air stream 

(Hering et al., 2005 (1); Brin et al., 2007). In fact, in our working temperature range (300 - 

323) K, the values of the vapour diffusivities in air and thermal diffusivity of air are 0.265 

cm2/s and 0.215 cm2/s respectively (Perry et al., 1984). 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 – Scheme of growth tube 

 

The growth tube utilised for the experimental activities was designed and constructive on 

purpose for this thesis (see Figure 3.4). It is made by a glass pipe with length L = 40 cm 

and diameter D = 1,5 cm, placed vertically. The tube has an inlet and outlet section for the 
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gas (d), that flows upward, and an inlet and outlet for section the water (d’=0.5 cm), that 

flows downward. The inlet and outlet gas section are build through two glass cylinders, 

with diameter d= 1 cm and length l=6 cm, which are concentric with the growth tube. The 

function of this connection is to eliminate the interference between gas and water at the 

inlet and outlet sections. In order to ensure a residence time (tres) of the gas stream equal 

or higher than necessary for nucleation and for a condensational growth of droplet, τ  

(see chapter 2), in our gas flow rate range (2 - 4) l/min.  

In the following are described the steps for the design of the growth tube. 

From Figures 2.26 and 2.27 it is possible to evaluate the total time τ  in growth tube. For 

our calculation, we choose the worst operating conditions, i.e. those relating to the 

centreline (r/R=0) of the growth tube at Tw= 313 K (Figure 2.26) and as final threshold of 

the growth, the formation of a droplet with diameter of 1 �m. This diameter represents the 

upper limit of Greenfield gap (see Introduction), that is the minimum diameter of droplet to 

reach in order to remove the droplet, with inclusions, through a conventional method. As 

can be seen from Figure 2.26, the τ  is equal to sum of two terms: the nucleation time, 

corresponding to intercept with x-axis of curve (r/R=0) at Tw= 313 K, i.e., tnucl= 0.2 s ca, 

and the proper growth time, that starts from the nucleation time and stops to the time 

corresponding to droplet diameter equal to 1 �m, i.e. tgr = 0.5 s ca.. Then the sum is equal 

to 0.25 s ca; but for our conservative calculation we considered τ =0.3 s. Similar 

residence times are reported in literature (Smorodin et al., 2004; Fengxian et al., 2009). 

The vapour has to diffuse from wall to centreline in a time, tdiff, with a diffusivity equal to 

0.265 cm2/s. From theory of phenomena transport (Bird et al., ed. 2002) we have that the 

boundary layer thickness, δ, in laminar flow (Re<2000) is given approximately by: 

 

diffDt4=δ    (3.3) 

 

where D=0.265 cm2/s is the vapour diffusivities in air. 

The boundary layer is defined as the region where there is a velocity profile in the flow due 

to the shear stress at the wall. When the flow is considered to be fully developed, at first 

approximation the time required for vapour diffusion from the wall to the centreline can be 

estimated, by posing R=δ , as: 
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=     (3.4) 

 

For our calculation, considering the heterogeneous condensation the main process in the 

growth tube, we put the following conservative conditions: 

τ3≥rest     (3.5) 

resdiff tt 



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


≤

8

1
   (3.6) 

These conditions were chosen in order to ensure that the residence time is sufficient high 

to have the nucleation and growth of droplet and that the time of diffusion of vapour from 

wall to centreline is most lower.  

From (3.6) through the (3.4) we have that: 

2
4

τD
R =     (3.7) 

From definition of residence time we have that: 

 

Q

LR

flow

volume
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2π
==    (3.8) 

 

where L is the tube length and Q is the flow capacity of gas.  

Substituting the (3.7) in (3.8) and with condition (3.5), we have: 

 

D

Q
L

π2
=      (3.9) 

 

Using the values of τ =0.3 s and Q = 4 (l/min), the higher flow, in the (3.7) and (3.9) 

respectively, we have 

cmR

cmL

69.0

06.40

=

=
    (3.10) 

 

The real radius of growth tube is been fixed to 0.75 cm for reason construction. These 

dimensions of the growth tube are consistent with other works present in literature (Hering 

et al., 2005 (1 and 2)).  

The liquid film on internal walls has been obtained with a tangential inlet of the water; also 

the outlet is tangential. The water flow is supplied in closed loop by a thermostatic bath 
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that contains the purified water at controlled temperature, Tw. The thickness of liquid film, 

dw, is fixed to 1 mm and then the water flow, Qw, is given by: 

 

( ) πwwwwww ddRvSvQ −== 2   (3.11) 

 

where vw is water velocity (10 cm/s ca) and Sw is the liquid film section area. The water 

used is MilliQ, with final filter at 200 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 - Scheme of the growth tube. L= 40 cm; D=1,5 cm; d = 1 cm; l=6 cm; d’= 0,5 cm 

 

In the following figure is shown the scheme of functioning of growth tube, with indication of 

formation of droplets surround particles contained in the gas. 
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Figure 3.5 – Scheme of functioning of the growth tube 

 
The growth tube can be assimilated to a adiabatic system, since, the liquid film along the 

walls, acts as a thermal guard that isolates the system from outside. 

1.5. Sample filter/Measurement device 

 

At the end of the growth tube are placed either a filter or the measurement device, 

according on the performed test. 

The filter collects the fraction of particles enclosed in the droplets of larger size and then 

the filtrate can be analysed with a DLS to obtain information on the collected particles size. 

The filter have different mesh, from 0.2 to 3 �m, used individually or in series. They are 

made in PTFE (produced by Sartorius) and allocated in a metallic filter-holder. Before the 

filter are placed a drechsel, i.e. trap, that has the function to capture the biggest droplet of 

water, to assure that the filtered water do not clog the filter pores. Same drechsel are also 

placed along the pipeline to capture the bigger droplets, to protect the device or to prevent 

connecting tube obstruction. In following Figure 3.6 an example of experimental set up 

with filter allocated at end of growth tube is shown. The filters are collocated with 

decreasing mesh size. At end of the pipeline is placed a pump for the smoke aspiration, 

from hood to filters. 

 

 

Water film

Particles

Droplets with
inclusions

Vapour

IN water

OUT water
IN gas with particles

OUT gas with droplets

Water film

Particles

Droplets with
inclusions

Vapour

IN water

OUT water
IN gas with particles

OUT gas with droplets



98  Marco Tammaro Ph. D Thesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 - Experimental set up with use of filter. ICF: Indicator Controller Flow; 
TI: Temperature Indicator; CF: Controller Flow; d: drechsel 

 

The measurement devices used for on line analysis of particles concentration are DMA 

and LAS 3340.  

For the tests with the DMA, the gas leaving the growth tube is totally deviated to the 

device. The particles are produced by a Bunsen burner fed with methane. Before the DMA 

are placed three drechsels, to prevent damage to the instrument due to the excessive 

presence of water. In the Figure 3.7 is shown the corresponding experimental set up. The 

smoke aspiration is performed by the pump of the same DMA. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 - Experimental set up with use of DMA as on line measurement device. TI: 
Temperature Indicator; CF: Controller Flow; d: drechsel 
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For the tests with the LAS 3340 (Figure 3.8), a pump is collocated immediately after the 

hood to allow the aspiration of smoke from the burner and to send gas in the pipeline. The 

drechsel was placed immediately after he hood in order to prevent damage to the pump 

due to the excessive presence of water. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 - Experimental apparatus with use of LAS 3340. ICF: Indicator 
Controller Flow; TI: Temperature Indicator; CF: Controller Flow; d: drechsel 

 

The gas leaving growth tube is sampled from main flow (Figure 3.9), through a steel probe 

inserted in a flexible tube made in PTFE and coaxial with growth tube. The probe has a 

hook shape, with the opening facing against the flow of gas and was designed to allow an 

isokinetic sampling. The probe is connected to LAS 3340 through a PTFE flexible tube.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.9 – Isokinetic probe for the sampling 
system at outlet of growth tube for analysis with 
LAS 3340. L= 10 cm; ds= 1 cm; dd= 0.4 cm 
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2. Measurement device 

 

One of the most relevant problems in the experimental activities regards the detection and 

the analysis of particulate concentration and size distribution in a gas flow rich of water. 

For this reason, different analytical techniques have been utilised in order to obtain the 

best result for our experimental activities. In the following, the techniques adopted in this 

thesis are illustrated, in details. 

 

 

2.1. Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (sometimes referred to as Photon Correlation Spectroscopy or 

Quasi-Elastic Light Scattering) is a technique for measuring the size of particles typically in 

the sub micron region. Light scattering methodologies allow for both real-time and on line 

monitoring of aerosols. The intensity of the elastically scattered light varies as the sixth 

power of diameter for nanoparticles. Because of this, the scattered light signals from 

nanoparticles are very small and cannot be detected reliably. Nonelastic light scattering 

methodologies, such as dynamic light scattering, have been used for measuring 

nanoparticles. Dynamic light scattering, also called photon correlation spectroscopy, is the 

spectral broadening of the signal because of Brownian motion of the particles. In this 

method, the diffusion coefficient of the particles is determined by interpretation of the 

dynamically scattered light signal, and with knowledge of the temperature, an estimate of 

the particle size can be obtained. Clearly, this poses challenges several because of the 

difficulties in an accurate determination of temperature, for example, in combustion 

systems. Moreover, the optics are rather complicated, and, hence, the technique is not 

extensively used for in situ monitoring. However, there are several commercial instruments 

that are used offline to determine the fractional size distributions of particles in the 

nanometer-size regime 

 

2.3.2 Brownian motion 

DLS measures Brownian motion and relates this to the size of the particles. Brownian 

motion is the random movement of particles due to the collision with by the solvent 

molecules that surround them. Normally DLS is concerned with measurement of particles 

suspended within a liquid. The larger the particle, the slower the Brownian motion will be. 
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Smaller particles are “kicked” further by the solvent molecules and move more rapidly. An 

accurate measure of temperature is necessary for DLS since knowledge of the viscosity is 

required. The temperature also needs to be stable, otherwise convection currents in the 

sample will cause non-random movements that will ruin the correct interpretation of size. 

The velocity of the Brownian motion is defined by a property known as translational 

diffusion coefficient (usually given the symbol, D). 

The size of a particle is the hydrodynamic diameter and is calculated from the translational 

diffusion coefficient by using the Stokes-Einstein (Eq. 1 Appendix). The diameter that is 

measured in a DLS is considered the hydrodynamic diameter. The diameter that is 

obtained by this technique is the diameter of a sphere that has the same translational 

diffusion coefficient as the particle. The translational diffusion coefficient will depend not 

only on the size of the particle “core”, but also on any surface structure, as well as the 

concentration and type of ions in the solvent. The factors that affect the diffusion speed of 

particles are the strength of the solvent; the particle surface structure and the particle 

sphericity. 

 

2.3.3 Effect of the ionic strength of the solvent 

The ions in the solvent and the total ionic concentration can affect the particle diffusion 

speed by changing the thickness of the electric double layer, which is named Debye 

length. Thus a low conductivity solvent will produce an extended double layer of ions 

around the particle, reducing the diffusion speed and resulting in a larger, apparent 

hydrodynamic diameter. Conversely, higher conductivity media will suppress the electrical 

double layer and reduces the measured hydrodynamic diameter. 

The performance of a DLS instrument is normally verified by measurement of a suitable 

polystyrene latex standard. If the standard needs to be diluted prior to measurement, then 

dilution in an appropriate solvent is important. The International Standard on DLS 

(ISO13321 Part 8 1996) says that dilution of any polystyrene standard should be made in 

10mM NaCl. This concentration of salt will suppress the electrical double layer and ensure 

that the hydrodynamic diameter reported will be the same as the hydrodynamic diameter 

on the certificate or the expected diameter. 
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2.3.4 Effect of the particle surface structure 

Any change to the surface of a particle that affects the diffusion speed will correspondingly 

change the apparent size of the particle. An adsorbed polymer layer projecting out into the 

solvent will reduce the diffusion speed more than if the polymer is lying flat on the surface. 

The nature of the surface and the polymer, as well as the ionic concentration of the solvent 

can affect the polymer conformation, which in turn can change the apparent size by 

several nanometres. 

2.3.5 Non-Spherical Particles 

All particle-sizing techniques have an inherent problem in describing the size of non-

spherical particles. The sphere is the only object whose size can be unambiguously 

described by a single figure. Different techniques are sensitive to different properties of the 

particle, e.g. projected area, density, scattering intensity, and in general will produce 

different mean sizes and size distributions for any given sample. Even the size in a 

microscope image will depend on parameters set, such as edge contrast etc. It is 

important to understand that none of these results are inherently “correct”. 

The hydrodynamic diameter of a nonspherical particle is the diameter of a sphere that has 

the same translational diffusion speed as the particle. If the shape of a particle changes in 

a way that affects the diffusion speed, then the hydrodynamic size will change. For 

example, small changes in the length of a rod-shaped particle will directly affect the size, 

whereas changes in the rod’s diameter, which will hardly affect the diffusion speed, will be 

difficult to detect. The conformation of proteins and macromolecules are usually dependent 

on the exact nature of the dispersing solvent. As conformational changes will usually affect 

the diffusion speed, DLS is a very sensitive technique for detecting these changes. 

 

2.3.6 Light Scattering Theories Rayleigh Scattering 

If the particles are small compared to the wavelength of the laser used (typically less than 

d =λ/10 or around 60nm for a He-Ne laser), then the scattering from a particle illuminated 

by a vertically polarised laser will be essentially isotropic, i.e. equal in all directions. 

The Rayleigh approximation tells us that (I ∝  d6) and also that (I ∝  1/λ4), where  

 I= intensity of light scattered,  

 d = particle diameter  

 λ= laser wavelength.  



103  Marco Tammaro Ph. D Thesis 

 

 

The d6 term tells us that a 50nm particle will scatter 106 or one million times as much light 

as a 5nm particle. Hence there is a danger that the light from the larger particles will 

swamp the scattered light from the smaller ones. This d6 factor also means it is difficult 

with DLS to measure, for example, a mixture of 1000 nm and 10 nm particles because the 

contribution to the total light scattered by the small particles will be extremely small. The 

inverse relationship to λ4 means that a higher scattering intensity is obtained as the 

wavelength of the laser used decreases. 

 

2.3.7 Mie Theory 

When the size of the particles becomes roughly equivalent to the wavelength of the 

illuminating light, then a complex function of maxima and minima with respect to the 

scattering angle is observed. Figure 3.10 shows the theoretical plot of the log arithmetic of 

the relative scattering intensity versus the particle size at angles of 173o (the detection 

angle of the Zetasizer Nano S and Nano ZS in aqueous media) and 90o (the detection 

angle of the Nano S90 and Nano ZS90) assuming a laser wavelength of 633nm, real 

refractive index of 1.59 and an imaginary refractive index of 0.001. Mie theory is the only 

theory that explains correctly the maxima and minima in the plot of intensity with angle and 

will give the correct answer over all wavelengths, sizes and angles. Mie theory is used in 

the Nano software for conversion of the intensity distribution into volume. 
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Figure 3.10 - Theoretical plot of the log of the relative intensity of scattering versus particle size at angles of 
173

o
 (the detection angle of the Nano S, and Nano ZS in aqueous media) and 90

o
 (the detection angle of the 

Nano S90 and Nano ZS90) assuming a laser beam at a wavelength of 633nm, real refractive index of 1.59 
and an imaginary refractive index of 0.001 

 

2.3.8 How the DLS works 

In dynamic light scattering, the speed at which the particles are diffusing due to Brownian 

motion is measured. This is done by measuring the rate at which the intensity of the 

scattered light fluctuates when detected using a suitable optical arrangement. When a 

liquid sample that contains stationary particles is illuminated by a laser and a frosted glass 

screen to view the sample cell is used, a classical speckle pattern would be seen (Figure 

3.11).  
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Figure 3.11 - Schematic representation of a speckle pattern 

 

The speckle pattern will be stationary both in speckles size and position, because the 

whole system is stationary. The dark spaces are where the phase additions of the 

scattered light are mutually destructive and cancel each other out (Figure 3.12A). The 

bright “blobs” of light in the speckle pattern are where the light scattered from the particles 

arrives with the same phase and interfere constructively to form a bright patch (Figure 

3.12B).  

 

 

Figure 3.12 - The observed signal depends on the phase addition of the scattered 
light falling on the detector. In example A, two beams interfere and ‘cancel each 
other out’ resulting in a decreased intensity detected. In example B, two beams 
interfere and ‘enhance each other’ resulting in an increased intensity detected. 

 

For a system of particles undergoing Brownian motion, a speckle pattern is observed when 

the position of each speckle is seen to be in constant motion. This is because the phase 
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addition from the moving particles is constantly evolving and forming new patterns. The 

rate at which these intensity fluctuations occur will depend on the size of the particles. 

Figure 3.13 schematically illustrates typical intensity fluctuations arising from a dispersion 

of large particles and a dispersion of small particles. The small particles cause the intensity 

to fluctuate more rapidly than the large ones. 

 

Figure 3.13 - Typical intensity fluctuations for large and small particles 

 

2.3.9 How a Correlator works 

A correlator is basically a signal comparator. It is designed to measure the degree of 

similarity between two signals, or one signal with itself at varying time intervals. If the 

intensity of a signal is compared with itself at a particular point in time and a time much 

later, then for a randomly fluctuating signal it is obvious that the intensities are not going to 

be related in any way, i.e. there will be no correlation between the two signals (Figure 

3.14). Knowledge of the initial signal intensity will not allow the signal intensity at time t = 

infinity to be predicted. This will be true for any random process such as diffusion. 

However, if the intensity of signal at time = t is compared to the intensity a very small time 

later (t+δt), there will be a strong relationship or correlation between the intensities of two 

signals. The two signals are strongly or well correlated. If the signal, derived from a 

random process such as Brownian motion at t, is compared to the signal at (t+2δt), there 

will still be a reasonable comparison or correlation between the two signals, but it will not 

be as good as the comparison at t and (t+δt). The correlation efficiency is reducing with 

time. The period of time δt is usually very small, maybe nanoseconds or microseconds and 



107  Marco Tammaro Ph. D Thesis 

 

 

is called the sample time of the correlator. If the signal intensity at t is compared with itself 

there is perfect correlation as the signals are identical. Perfect correlation is indicated by 

unity (1.00) and no correlation is indicated by zero (0.00). If the signals at t+2δt, t+3δt, 

t+4δt etc. are compared with the signal at t, the correlation of a signal arriving from a 

random source will decrease with time until at some time, effectively t = ∞, there will be no 

correlation. If the particles are large, the signal will be changing slowly and the correlation 

will persist for a long time (Figure 3.15). If the particles are small and moving rapidly, then 

correlation will reduce more quickly (Figure 3.16). 

 

 

 

 

Figure 3.14 - Schematic showing the fluctuation in the 
intensity of scattered light as a function of time 

 

 
Figure 3.15 - Typical correlogram from a sample containing large 
particles in which the correlation of the signal takes a long time to 
decay 
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Figure 3.16 - Typical correlogram from a sample containing small 
particles in which the correlation of the signal decays more 
rapidly 
 

 
 

2.4 Differential Mobility Analyzer (DMA) 

 

Scanning Mobility Particle Sizes (SMPS) is useful experimental tool for the study of the 

emissions of carbonaceous ultrafine and fine particles since, in principle, it furnishes the 

measure of the size distribution of aerosols in size ranges from 1 to 1000 nm.  

The Model 3936 SMPS, used in this thesis, measures the number size distribution of 

particles using an electrical mobility detection technique. The SMPS uses a bipolar 

charger in the Electrostatic Classifier to charge the particles to a known charge level 

distribution. The particles are then classified according to their ability to traverse an 

electrical field, and counted. 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 – General sketch of the measurement with SMPS  
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As schematically displayed in Figure 3.17, the sampling systems are generally made of 

five main components: a charger which brings the polydisperse aerosol sample to a well 

defined “steady-state” (size dependent) charge distribution (Adachi et al., 1983; 

Wiedensohler et al., 1986; Wiedensohler, 1988), a controller to determine flows and high-

voltage, an electrostatic classifier (EC), a sensor which measure the particle concentration 

and a customized software to control individual instruments, collect and store sample data. 

Specifically, polydisperse aerosol, entering the charger, receive either a unipolar charge in 

the case of unipolar charger (ionizer) or positive, negative or zero charge in the case of a 

radioactive bipolar charger (neutralizer). Then, particles enter the electrostatic classifier 

(EC) where they are separated by their ability to transverse an electric field, namely by 

their electrical mobility. Thus a DMA classifies particles according to their electrical 

mobility. 

 
Figure 3.18 – Scheme of DMA (series 3936) 

 

The DMA (Figure 3.18) employs a cylindrically symmetric electric field applied to the 

electrostatic classifier to separate the charged aerosol particles. A stainless steel cylinder 



110  Marco Tammaro Ph. D Thesis 

 

 

constitutes the outer electrode with a metal rod, lined along its axis, working as the inner 

electrode of the electrostatic classifier (EC) where the particles are separated by their 

ability to transverse an electric field, namely by their electrical mobility. The sample 

charged aerosol enters the outer periphery of the classifier and mixes with a larger laminar 

sheath of particle free air, Qsh, which flows through the annular cavity between the two 

electrodes, with inner radius R1 and outer radius R2. The electric field applied across the 

central rod and the outer cylinder attracts the opposite charged particles toward the rod. 

Particles with a narrow range of electrical mobility 	Z have the proper trajectory to travel 

from the aerosol inlet to the exit aperture (distance of the travel, L) and enter the sensor for 

the subsequent detection. Thus, the size distribution is calculated from the distribution of Z 

(V), as function of the applied voltage or the electric field in the classifier, in terms of 

mobility diameter, dm2, by the Millikan-Fuchs’s equation, which is valid for spherical 

particles: 

 

m
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where q is the number of charges on the particles, e is the unit charge, and � is the 

viscosity of the carrier gas. The Cunningham correction factor, Cc, is a function of the 

Knudsen number (Hinds, 1999),  
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Where 

α = 1.142 

β = 0.558 

γ = 0.999 

(Allen et al., 1985) 

 

With the Electrometer, the current delivered by charged particles is measured by a 

Faraday Cup (Flagan, 1998). The particle concentration, Nae, is obtained from the aerosol 

electrometer current, I, using the following relationship: 
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Qe

I
N ae =

   (3.14) 

 

where Q is the volumetric flow rate through the electrometer, e is the charge per electron. 

The advantage of the Electrometer is to provide an independent measurement that does 

not rely on condensation and on the particle size. 

After exiting the DMA, the classified particles are counted by a CPC, which accurately 

measures the particle concentration. By ramping the voltage of the inner electrode 

exponentially over a user-selected period of time, the entire particle size distribution and 

number concentration are measured to a high degree of accuracy. The flow rates in the 

Series 3080 Electrostatic Classifiers are temperature and pressure corrected. The 

principle of the Model 3080 Electrostatic Classifier, used in this thesis, is based on the 

monotonic relationship between electrical mobility and particle size charged with one 

electron only. To ensure a fixed percentage of particles carrying one unit of charge, the 

particles are introduced to a bipolar charge where they undergo frequent collisions with 

bipolar ions. This process is known as bipolar charging or “neutralization.” As a result, an 

equilibrium state is obtained, with known percentages of particles carrying no charge, a 

single charge, or multiple charges of both positive and negative polarity. These aerosol 

particles are then measured with the differential mobility analyzer. The mobility distribution, 

and hence size distribution, can be determined from the measurement. 

The Aerosol Instrument Manager software controls the counting process, as well as data 

collection, calculation, and storage. It also corrects for multiple-charge effects and CPC 

detection efficiency. 
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2.5 Laser Aerosol Spectrometer (LAS) model 3340 

The Model 3340 by TSI (TSI Incorporated), is a laser aerosol spectrometer that measures 

the size of particles as a function of the amount of light scattered by the particle as it 

passes through an intense laser beam.  

In the instrument, particles are confined to the centerline of the laser beam by sheath air. 

Side-scattered light is collected by dual Mangin mirror pairs that focus the collected light 

onto two solid-state photodetectors. The electronics convert the light pulses into electrical 

pulses, the amplitude of which are then measured to determine the diameter for each 

individual particle. Transit times are also measured and minimum and maximum transit 

thresholds may be set for each detector gain stage.  

The TSI Model 3340 is able to sizing particles in the range from 90 nm to 7.5 �m in 

diameter. It uses fully user-specified size binning of up to 100 channels anywhere within its 

size range.  

The spectrometer instrument consists of five general subsystems: 

 The main optical subsystem responsible for generating the laser light, detecting 

the scattering from the particles and providing a mechanical enclosure for the 

optical system and for delivery of the sample aerosol.  

 The flow system for bringing the sample aerosol through the optical interaction 

region, including flow control and measurement.  

 The analog electronics system for amplifying and processing the particle signals.  

 The digital electronics system for analyzing particle signals, binning signals 

according to user-specified bin mappings and generating a histogram of number 

of particles in the specified bins, and for communicating with the PC and system 

monitor/control functions.  

 An onboard PC running Windows and a specialized application GUI for 

instrument control, setup and data reporting and collection.  

 

2.3.1 Optical System  

The Optical system consists of  

• The laser and associated components and optics.  

•  The detection system, including collection optics and photodetectors and 

reference monitoring.  

• Mechanical housing for above.  
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2.3.2 Laser and Associated Components and Optics  

The laser is a Helium-Neon gas laser. It operates in the fundamental spatial mode on the 

633 nm laser line with an intracavity power ~1 to 10 W. The laser mode has a 1/e2 

intensity diameter of ~400 �m at the interaction region. The standing wave laser mode is 

perpendicular to the flow of particles. Particle scatter is collected in a direction 

perpendicular to both the particle flow and the laser standing-wave. As particles traverse 

the laser mode, they scatter light into the detection system. The amount of light scattered 

is a strong function of the particle size.  

2.3.3 Detection System  

The detection system consists of two pairs of Mangin collection optics capable of collecting 

light over a large solid angle. The Mangins image the volume of space at which the flow 

intersects the laser mode onto a photodiode. There are two pairs of collecting optics: one 

pair images onto an Avalanche Photo Diode (APD) for detecting the smallest particles (the 

primary scattering detection system). The other pair (located on the opposite side of the 

block) images onto a low-gain PIN photodiode for detection of the upper size range of the 

instrument (the secondary scattering detection system). Each detector is amplified in a 

current-to-voltage stage which feeds the analog electronics system. The system can 

detect particles as small as 90 nm (≥50% efficiency, <01 count/ 5 minute dark count rate). 

The system size sensitivity is limited by several noise sources: a baselin noise process 

from the photon shot noise on the detected molecular scatter from background gas, a 

baseline noise process from the Johnson noise in the photodiode transimpedence 

feedback resistor and from technical noise of various sources.  

 

2.3.4 Flow System  

 
The mechanical laser mount forms a sealed block around the laser and the input/output 

jets. A pump draws on an exhaust jet pulling flow through the inlet jet and across the laser 

mode. The input jet is an aerodynamically focused assembly with a sample nozzle of 500-

�m diameter and a sheath nozzle of 760-�m diameter. The tip of the sheath jet sits close 

to the edge of the laser mode. Sample flows are between 5 and 100 Ncm3/min and the 

sheath flow is typically 650 Ncm3/min. Particle velocity depends on sheath flow rate, but is 

on the order of 50 to 100 m/s. The particles are confined to a region of space whose extent 
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is limited to a fraction of the laser mode size. This yields a sizing resolution of 

approximately 5% of the particle size.  

 

 
Figure 3.19 - Schematic Diagram of Flow System 

 
 

2.3.5 Simulation of measurement with LAS 3340 

At the exit of the growth tube, the suspended aerosol phase is made by the solid particles 

and by the condensed water droplets, part of which including the solid nuclei. Therefore, 

the aerosol is made by a mixture of different materials, characterized by a different 

refractive index. This leads to possible incorrect size detection by laser scattering based 

devices. For this reason, in collaboration with Institute of Research on Combustion of 

Naples, a simulation of measurement of droplets with inclusions by LAS 3340 is been 

performed, as can be seen from following figure, in order to evaluate the error by 

considering the droplet with inclusions as a pure component droplet.  
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Figure 3.20 – Error of measurement considering the droplets with inclusions as composed by pure 
component, vs diameter 

 
The case study consists in the analysis of the scattering signal for a particle with diameter 

of 200nm included in a drop of water. On the axis x of Figure 3.20 is reported the outer 

diameter of the drop. Then the computation was held fixed the core of soot while the 

thickness of the layer of water was varied. For example, 1 micron mean Ddroplet = 200 nm 

(core)+ 400 nm (thickness of the water).  

Two tests have been considered: a homogeneous drop of water and a 200 nm soot 

particle surrounded by a water layer having the same diameter of the homogeneous drop. 

For each diameter, the LAS 3340 provides two intensity of light scattering between 35°-

120°, Ivvcoat for heterogeneous case and Ivvwater for the homogeneous case. 

As can be seen from Figure 3.20, from the simulation appears that for Ddroplet> 2�m the 

presence of core soot has weakly influence. In fact the variation is less than 5%. 

Variazione %

-20

0

20

40

60

80

100

120

0 2 4 6 8 10 12

Ddroplet (µm)

(I
v
v

C
o

a
t 

- 
Iv

v
W

a
te

r)
 /

 I
v
v

W
a

te
r 

%

Dsoot=200nm

Ddroplet



116  Marco Tammaro Ph. D Thesis 

 

 

 

3. Preliminary test 

 
 
We have seen that the growth tube utilised is been designed and realised especially for 

this thesis. In order to verify the functionality, some preliminary tests are been performed. 

We will divide the tests in two groups, depending on the measurement device used. The 

experimental set up is also different for each group.  

3.1 Preliminary test with DLS 

The following tests have been performed with use of DLS as device for analysis of 

particles size. These tests are divided in two subgroup, called I and II. 

3.1.1 Preliminary Test I 

 

Preliminary tests have been performed on the experimental system in Figure 3.21.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 – Experimental plant for preliminary test I 

 

The particles were produced by burning natural gas using a Bunsen burner. 

In the following table (table 3.1) are shown the operating conditions of the tests. Can be 

seen that two kind of tests are performed. The first is the blank test, without any flame 

(Test 1 and 2); the second is the tests with flame (Test 3 and 4). The mesh of the sample 
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filter was 200 nm. The total flow of gas, composed by burned gas and indoor air, is 1 l/min, 

corresponding to residence time equal to 4.2 s. The duration of each test is 15 minutes. 

 

Without flame 

Test 1  Test 2  

Tw= 293 K (20°C) 

Tgas= 293 K (20°C) 

Tw= 333 K (60°C) 

Tgas= 293 K (20°C) 

With flame 

Test 3 Test 4 

Tw= 293 K (20°C) 

Tgas= 293 K (20°C) 

Tw= 333 K (60°C) 

Tgas= 293 K (20°C) 

Table 3.1 – Preliminary tests operating conditions (I). Tgas: temperature gas Inlet to growth tube; Qsmoke= 1 
l/min: total flow gas in the growth tube; Tw: temperature wall; duration each test: 15 min; residence time 
(tres)= 4.2 s 

 

At the end of testing the filtrate was recovered from the filter by injection with purified 

water. 

In Figure 3.22 the correlation coefficients recorded in the experimental trials are reported. 

The correlation coefficients have an exponential decay whose rate depends upon the 

diffusion of the particles being measured, that is their hydrodynamic radius by means of 

Stokes-Einstein equation. The scattering intensity is proportional to the sample 

concentration so that the higher is the intercept the higher is the particles concentration. 

DLS measurements of the four samples clearly show that in tests 1 and 2 (without the 

flame) no detectable trace amount of particles have been found; whereas tests 3 and 4 

(with flame) produced very similar particle sizes distribution. 
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Figure 3.22 – Correlation data curve 

 

The Table 3.2 shows the intensity recorded for samples coming from Test 3 (Tw =293 K) 

and Test 4 (Tw = 333 K). As can be seen, in the same particle size range the sample of 

Test 4 shows a narrower distribution leading to higher intensity percentage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.2 – Mean intensity in Test 3 and 4. 
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In Figure 3.23 the intensity particle size distribution of samples 3 and 4 are reported. Test 

3 produced a wide distribution centred around 255 nm whereas Test 4 produced a narrow 

distribution with its peak at 142 nm. These results suggest that the catching mechanism of 

nanoparticles is different in the two cases, because the filter mesh (200 nm) is the same in 

both cases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 – Curve of mean intensity test 3 and 4 

 

By comparison of the tests results we can notice that when the water temperature is set to 

333 K and gas temperature is set to 293 K (Test 4), the relative percentages of collected 

particles is slightly higher then when gas and water are at the same temperature (293 K, 

Test 3). Moreover, in test 4 the mean size of the collected particles is lower.  

Therefore, we can conclude that in Test 4 the heterogeneous condensation was active 

giving larger particle removal efficiency. In fact, small particles (i.e. Dc < dp < 200 nm) have 

grown forming a complex structure ‘particle + water film’ (Figure 3.24) whose total 

dimension exceed the 200 nm of the sample filter, as the mean size of the measured 

particles proves. 

In the other case (Test 3), the only mechanism for collecting particles is the filtration as the 

mean of the particle size distribution is well above 200 nm. 
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Figure 3.24 – Scheme of Test 3 and 4 (preliminary test I) 
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3.1.2 Preliminary Test II 

 

The second group of preliminary tests with DLS is been performed in order to found the 

better operating conditions and experimental set up to study the droplet growth trough 

heterogeneous condensation. For this purpose the set up in the following figure was 

adopted. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.25 – Experimental set up for preliminary test II with DLS 

 

During these tests, a procedure to optimize the use of DLS for our system was also 

studied. The measurement of particle size was conducted using the following steps: 

1. The filters are allocated in steel holder-filter placed along the gas line in order of 

decreasing mesh 

2. At the end of the test, filters are recovered from holder-filter with tweezers, in order 

to avoid contamination 

3. The filtrate is recovered and transferred it into a purified aqueous matrix 

4. The sample liquid is analysed with the DLS 

 

For the analyse the water used with the DLS is MilliQ, with final filter at 200 nm. In the 

following paragraph are described the procedures adopted to optimize the 

Burner

1 µm

0.45 µm

0.2 µm

3 µm

IT

CF

ICF

Air

Ethylene

ICF

Thermostatic
bath for cooling

Thermostatic
bath for Tw

CF

Burner

1 µm

0.45 µm

0.2 µm

3 µm

IT

CF

ICF

Air

Ethylene

ICF

Air

Ethylene

ICF

Thermostatic
bath for cooling

Thermostatic
bath for Tw

CF



122  Marco Tammaro Ph. D Thesis 

 

 

abovementioned steps. As can be seen, this procedure is cumbersome and may be 

subject to external pollution or to operator errors.  

Sonication was used for recovery of the filtrate. The procedure: 

1. The filter is immersed in about 5 cc of purified water in a container; 

2. The container is immersed in the sonication bath; 

3. Sonication is executed for a given time; 

4. At the end of sonication a water sample is poured directly into the cuvette used for 

DLS 

 

Defined this four points procedure, several experiments were carried to optimize each 

point in order to minimize external contamination. In fact the manipulation is done by 

placing filters tweezers and at end of each test the filters are positioned in special plastic 

and aseptic "filter holder". 

 

3.1.3 Blank test for choice of containers 

Tests to highlight the emission of particles from containers used for sonication were 

performed. For this purpose two containers, made glass and PFTE, which contain the 

same water volume (5 cc), are tested with 30 minutes in a sonication bath. In Figure 3.26 

the results of measurement on the water contained in the abovementioned containers are 

shown. 
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Figure 3.26 – Particles detected, with DLS, in water contained in two containers, glass and PTFE, 
after 30 minutes of sonication 
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The results show clearly that the PTFE container, compared to glass, may minimize the 

pollution of the sample. The presence of particles, though smaller than 200 nm, is due to 

aqueous matrix, or to the process used to produce water. As mentioned, the MilliQ distiller 

used present a final filter with mesh of 200 nm, and therefore smaller particles should still 

be present. 

 

3.1.4 Blank test for choice of filters  

The choice of filter, was carried out sonicating for 30 minutes the filters composed by 

different materials such as nylon, fiberglass and PTFE, immersed in purified water, in the 

abovementioned PTFE container. The results are shown in Figure 3.27. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27 – Particles detected in water after 30 minutes of sonication in a volume of liquid in which it was 
immersed the corresponding filter 

 

As can be seen the PTFE filters are those that emit smaller particles.  

Then it was carried out the assess the emission of particles from PTFE filters with different 

mesh as 3, 1, 0.45 and 0.2 microns, in order to have a "blank" for the tests with the 

particles produced by burner. Therefore we proceeded with sonication of these filters with 

the procedure described above. The results of the analysis performed with the DLS were 

shown in Figures 3.28 and table 3.3. 
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Figure 3.28 – Mean particle size from test with filter in water vs sonication time 

 

The figure 3.28 shows the values of the mean particles size. As can be seen the average 

particles size is lower than 200 nm, for all the filters, only when the sonication is 5 minutes. 

Therefore, based on graphs of Figure 3.28 we choose to set at 5 minutes the time to 

recover the filtrate in order to avoid contamination from the letter material. 

The Table 3.3 report the data sheet from DLS. As can be seen, for every measured size, 

five runs are performed. The final data (yellow background) is the arithmetic mean of five 

data from each run performed by the device. The number of run is indicated in brackets in 

column called “filter mesh (�m)”. 

The cell with green background indicates the quality report provided by DLS. 
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Sonication 

time (min)

Filter mesh 

(�m)

Mean Count 

Rate (kpcs)

Z-Ave 

(nm)

Pk 1 

Mean Int 

(nm)

Pk 2 

Mean Int 

(nm)

Pk 1 Area 

Int (%)

Pk 2 Area 

Int (%)

Intercept 

Correlation

Quality 

report

filter 3  (1) 186,7 620 4440 140 60,8 39,2

filter 3  (2) 261,3 224 233 4300 86,2 13,8

filter 3  (3) 148,6 231 239 4220 85,6 14,4

filter 3  (4) 226,8 312 269 4530 80,9 19,1

filter 3  (5) 310,8 254 250 4330 81,6 18,4

226,84 328,20 1086,20 3504,00 79,02 20,98

filter 1  (1) 71,2 110 131 0 100 0

filter 1 (2) 77,3 117 125 4550 94,8 5,2

filter 1  (3) 76,3 113 138 0 100 0

filter 1  (4) 81,4 117 137 5000 98,4 1,6

filter 1  (5) 86,9 127 131 4500 94,7 5,3

78,62 116,80 132,40 2810,00 97,58 2,42

filter 0,45 (1) 71,7 172 213 4720 95,3 4,7

filter 0,45  (2) 73,1 187 183 0 100 0

filter 0,45  (3) 83,3 181 244 4520 95,5 4,5

filter 0,45  (4) 78,4 171 193 4790 94,1 5,9

filter 0,45  (5) 78,6 172 232 4790 98,1 1,9

77,02 176,60 213,00 3764,00 96,60 3,40

filter 0,2  (1) 165,4 118 132 0 100 0

filter 0,2  (2) 177,5 118 147 0 100 0

filter 0,2  (3) 177,1 116 130 5040 98,8 1,2

filter 0,2 (4) 167,2 118 152 0 100 0

filter 0,2  (5) 180,8 123 152 3820 97,4 2,6

173,60 118,60 142,60 1772,00 99,24 0,76

filter 3  (1) 188,3 169 171 0 100 0

filter 3  (2) 167,1 144 168 0 100 0

filter 3  (3) 158,7 138 195 0 100 0

filter 3  (4) 154 129 180 0 100 0

filter 3  (5) 158,2 138 170 4820 95,3 4,7

165,26 143,60 176,80 964,00 99,06 0,94

filter 1  (1) 75,3 118 143 5030 98,2 1,8

filter 1 (2) 83,2 138 158 3560 92 8

filter 1  (3) 89,2 146 154 0 100 0

filter 1  (4) 85,7 134 138 0 100 0

filter 1  (5) 81,7 135 131 0 100 0

83,02 134,20 144,80 1718,00 98,04 1,96

filter 0,45 (1) 77,4 247 101 0 100 0

filter 0,45  (2) 77 148 130 0 100 0

filter 0,45  (3) 74,8 137 128 0 100 0

filter 0,45  (4) 75,3 140 155 0 100 0

filter 0,45  (5) 77 147 131 0 10 0

76,30 163,80 129,00 0,00 82,00 0,00

filter 0,2  (1) 144,1 117 120 0 100 0

filter 0,2  (2) 144,6 115 130 5310 98,9 1,1

filter 0,2  (3) 148,5 113 133 4510 98,8 1,2

filter 0,2 (4) 145,1 113 125 5040 98,7 1,3

filter 0,2  (5) 154,2 112 123 4770 97,8 2,2

147,30 114,00 126,20 3926,00 98,84 1,16

filter 3  (1) 167,6 119 165 3680 95,8 4,2

filter 3  (2) 189,7 131 94,8 371 50,7 49,3

filter 3  (3) 198,4 138 130 596 69,8 30,2

filter 3  (4) 188,3 133 175 4460 96,3 3,7

filter 3  (5) 190,8 129 148 4350 93,1 6,2

186,96 130,00 142,56 2691,40 81,14 18,72

filter 1  (1) 63,7 145 133 0 100 0

filter 1 (2) 64,4 147 131 0 100 0

filter 1  (3) 70,1 151 145 0 100 0

filter 1  (4) 73,1 153 155 0 100 0

filter 1  (5) 65 148 140 0 10 0

67,26 148,80 140,80 0,00 82,00 0,00

filter 0,45 (1) 87,7 170 152 0 100 0

filter 0,45  (2) 92,1 190 195 0 100 0

filter 0,45  (3) 95,7 189 195 0 100 0

filter 0,45  (4) 96,9 201 194 0 100 0

filter 0,45  (5) 92,1 183 216 46,4 96 4

92,90 186,60 190,40 9,28 99,20 0,80

filter 0,2  (1) 145 123 133 4700 95,3 4,7

filter 0,2  (2) 151,9 123 139 4680 96,4 3,6

filter 0,2  (3) 145,5 122 149 31,4 96,3 2,4

filter 0,2 (4) 156,2 125 162 0 100 0

filter 0,2  (5) 166,3 139 143 5220 96,6 3,4

152,98 126,40 145,20 2926,28 96,92 2,82

ok

0,7 ok

5

30

15

0,65

ok

0,7 ok

ok0,65

0,75 ok

0,6-0,7 ok

0,75 ok

0,75 ok

ok

0,8 ok

0,6

0,7 ok

0,7

 

Table 3.3 – Data sheet report from DLS analysis in blank tests 
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3.1.5 Test without water in the growth tube 

 

The following tests were performed with particles produced by premixed ethylene (C2H4) - 

air flame generated at atmospheric pressure with three different values of equivalent ratio, 

2.36, 3.27 and 6.33, but in the absence of water in the tube growth. The aim was to make 

a comparison between the particles emitted by filter (blank test) and particles captured by 

filter after flow of gas particle-laden. The filters are placed as indicated in Figure 3.25. The 

filter with mesh 3 �m is placed before the growth tube in order to remove from flow gas all 

the bigger particles. After the growth tube are placed three filters with decreasing mesh, 

from 1 to 0.2 �m. The procedure to recovery the filtrate from filter is the same described 

(paragraph 3.2). The results are shown in the following figures. The sonication time is 5 

minutes for all tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29 – Comparison between mean particles size captured by filter from flow gas with equivalent ratio, 
Φ=2.36, and those emitted by filter, at equal sonication time of 5 minutes. 

 
The figure 3.29 shows the comparison between the mean particles size captured by filters 

from gas produced by premixed ethylene-air flame with equivalent ratio Φ=2.36, and the 

particles emitted by the same filters in blank test.  
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Figure 3.30 - Comparison between mean particles size captured by filter from flow gas with equivalent ratio, 
Φ=3.27, and those emitted by filter, at equal sonication time of 5 minutes. 

 
The figure 3.30 shows the comparison between the mean particles size captured by filters 

from gas produced by premixed ethylene-air flame with equivalent ratio Φ=3.27, and the 

particles emitted by same filters in blank test.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.31 - Comparison between mean particles size captured by filter from flow gas with equivalent ratio, 
Φ=6.33, and those emitted by filter, at equal sonication time of 5 minutes. 
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The figure 3.31 shows the comparison between the mean particles size captured by filters 

from gas produced by premixed ethylene-air flame with equivalent ratio Φ=6.33, and the 

particles emitted by the same filters in blank test. The following Tables 3.4-7 show, for 

each filter, a comparison between the curves of Correlation data, size distribution by 

volume and size distribution by number. 
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Table 3.4 - Comparison between the curves of Correlation data, Size distribution by volume and Size 
distribution by number at different equivalent ratio and those in blank test, for filter 3 �m. 
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Table 3.5 - Comparison between the curves of Correlation data, Size distribution by volume and Size 
distribution by number at different equivalent ratio and those in blank test, for filter 1 �m. 
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Table 3.6 - Comparison between the curves of Correlation data, Size distribution by volume and Size 
distribution by number at different equivalent ratio and those in blank test, for filter 0.45 �m. 
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Table 3.7 - Comparison between the curves of Correlation data, Size distribution by volume and Size 
distribution by number at different equivalent ratio and those in blank test, for filter 0.2 �m. 

 
As can be seen from Figures 3.29-31 and Tables 3.4-7, there is not a remarkable 

difference between the results of blank test and the experimental test with different 

equivalent ratio, both in terms of particles size and concentration.  

Therefore the DLS is not very suitable for these experimental activities. The blank tests 

show that the particles emitted by filter during the sonication treatment, necessary to 

recovery the filtrate, are not negligible, both in size and in concentration. Therefore it is 

necessary to adopt another kind of measurement device. However, the DLS has been 

used successfully for the first information about the functioning of the growth tube. 
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3.2 Preliminary test with DMA 

 

The last group of preliminary test, with DMA, is been performed in order to found the better 

operating conditions and experimental set up for study of the droplet growth trough 

heterogeneous condensation. For this purpose an experimental tests are performed with 

set up shows in following figure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.32 - Experimental plant for preliminary test with DMA 

 

In this case the filter, usually placed at the end of the growth tube, is substituted by three 

drechsel in order to capture the bigger water droplets, with or without inclusions (particle). 

The DMA is placed after the drechsel. The aspiration of gas flow to analyse is guaranteed 

by the same pump of the device. The particles were produced by burning natural gas 

using a Bunsen burner. 

The following table shows the operating conditions of tests.  

Test Operating conditions 

1 Only air 

2 Flame without water in the growth tube 

3 Flame with growth tube at a 313 K 

4 Flame with growth tube at 323 K 

Table 3.8 - Preliminary tests operating conditions . 
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The Test 1 is performed without flame but only with indoor air. The aim was to make a 

comparison between the particles emitted by flame and the particles present in indoor air. 

The Test 2 is performed with flame, but without water in the growth tube. The purpose is to 

have a characteristic size distribution of the flame to compare with the size distribution in 

outlet of growth tube when the heterogeneous condensation is actives. The Tests 3 and 4 

are performed with liquid film in the growth tube at temperature Tw equal to 313 K and 333 

K respectively. 

The following figures 3.33 show the result of Test 1. 
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Figure 3.33 – The particle size distribution from Test 1 

 
The following figure shows the results of Test 2, 3 and 4. 
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Figure 3.34 – Particle size distributions for Test 2, 3 and 4 
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In Figure 3.33 is showed the size distribution when just air flow is introduced into the 

growth tube, without water. The purpose is to verify the absence of particle in the air. 

In Figure 3.34 the results of all the experiments conducted in the presence of flame are 

shown. It is worth noting that as the wall temperature rises, the particle size distribution 

curves move to larger size, because the activation’s process in growth tube became more 

efficient. We can conclude that in Tests 3 and 4 the processes of nucleation and growth 

have been efficiently working.  

Besides, if we consider the three drechsel before the DMA and at outlet of growth tube as 

a system to removal the droplet with particles inclusions from flow gas by inertial forces, 

then it is possible to define a removal efficiency as: 

 

100x
C

CC
f

°

−°
=η    (3.15) 

 

where C° is the initial size distribution, given by Test 2, and Cf is the size distribution when 

the heterogeneous condensation is actives with liquid film a Tw= 313 K and 323 K, given 

by Test 3 and 4 respectively. The results are show in following Figure 3.35. 
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Figure 3.35 – Removal efficiency vs particle diameter for two wall temperature, Tw 

 

Figure 3.35 shows the removal efficiency of particles. It can be seen that the removal 

efficiency increase with diameter and with temperature. This behaviour can be explained 

as follows: the condition for the formation and the growth of droplets by condensation is 

that the degree of supersaturation is greater than the critical supersaturation, Scr (the 

supersaturation corresponding to nucleation rate equal to 1), which decreases by the 
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increasing the particle size, then, vapour condensed on the surfaces of bigger particles 

firstly, and the collection efficiency of particles increases with the increase in particle size. 

This effect is amplified by increasing the temperature. The influence of temperature on the 

removal efficiency is small when increasing the particle size, because in an adiabatic 

system, as the growth tube may be assimilated, the influence of temperature on the 

droplet growth rate and the final droplet diameter is small. 
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Chapter 4 

Experimental test 

 
 
With preliminary tests we have verified the functionality of the growth tube. The last part of 

this thesis is on the experimental tests and modelling in order to study the nucleation and 

growth of the droplet surrounding the particles. The tests are performed with the 

measurement device LAS 3340 by TSI and with experimental set up illustrated in following 

figure and previously described in Chapter 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 – Experimental set up 

 

 

 

1. Blank Test 

The first tests are performed only with air (i.e. without flame) in order to have a method 

blank. The experimental planning is described in the following table. 
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Test Tw (K) tres (s) 
Q 

(l/min) 
U 

(m/s) 
Tin GT 
(K) 

B1 no water 

B2 313 

B3 323 

1,06 4,00 0,38 292 

B4 no water 

B5 313 

B6 323 

0,94 4,50 0,42 291 

B7 no water 

B8 313 

B9 323 

1,21 3,50 0,33 293 

B10 no water 

B11 313 

B12 323 

1,41 3,00 0,28 295 

B13 no water 

B14 313 

B15 323 

1,70 2,50 0,24 297 

B16 no water 

B17 313 

B18 323 

2,12 2,00 0,19 299 

Table 4.1 – Planning for blank test with only air 

 

Tests are divided in six groups, corresponding to six different air flows and to as many 

residence times. Each group is composed by three tests, one without water in the growth 

tube and two with liquid film in the growth tube at 313 K and 323 K, respectively. The Tin GT  

is the temperature to reach in order to have saturated gas at inlet growth tube (Chapter 3); 

Q is the total air flow aspirated; tres is the residence time; Tw is the liquid film temperature; 

U is the mean gas velocity in the growth tube. 

In the following, the graphs that illustrate the results of blank tests are shown. Every data 

are derived by an arithmetic mean from 20 samplings and corresponding measurement 

performed by LAS 3340.  
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Figure 4.2 – Results of blank test, described in Table 4.1, as Size distribution vs particle diameter. The tests 
B1, B4, B7, B10, B13 and B16 are performed without liquid film in the growth tube. 

 
As expected, the concentration of particles is very low (see Figure 4.2). The curves 

corresponding to tests without the liquid film (B1, B4, B7, B10, B13 and B16) show the size 

distribution of particle in the indoor air. The other curves, corresponding to tests with liquid 

film at two wall temperature, (Tw=313 K and 323 K), show the size distribution of particle 

when the heterogeneous condensation is active. In fact as can be seen, the size 

distribution moves toward larger diameters. We have already seen (Chapter 3) that the 

growth tube can be assimilated to an adiabatic system. In the adiabatic case, the 

dependence of growth rate and final droplet diameter on the temperature that increases 

with it is small (Heidenreich et al., 1995). As can be seen in Figure 4.2 from behaviour of 

the two curves corresponding to the two Tw, there is not remarkable difference between 

the two curves.  
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2. Test with flame 

In the following Table 4.2 is described the planning for the tests with particles produced by 

a premixed ethylene (C2H4)-air one-dimensional flame generated at atmospheric pressure. 

The tests are divided in two groups, corresponding to as many equivalent ratios and to as 

many pairs of ethylene and air-to-burner flows. Each group is composed by six subgroups, 

corresponding to different dilution ratio and residence time and to six different gas flows, 

composed by smoke and indoor air. Each subgroup is composed by three tests, one 

without water in the growth tube and two with liquid film at 313 K and 323 K respectively. 

The Tin GT T has the same meaning as described above; Q is total aspirated flow 

composed by air and smoke (produced by the burner); Dr is the dilution ratio given by the 

ratio between air and smoke flows; tres is the residence time; Qair is the air flow to the 

burner as combustive agent; Tw is the liquid film temperature; U is the mean gas velocity in 

the growth tube. 

Test Tw (K) tres Dr  Tin GT (K) 
Q 

(l/min) 
U 

(m/s) 
Q C2H4 

(ml/min) 
Qair 

(ml/min) 
Φ 

1 no water 

2 313 

3 323 

1,06 8,65 292 4,00 0,38 

4 no water 

5 313 

6 323 

0,94 9,86 291 4,50 0,42 

7 no water 

8 313 

9 323 

1,21 7,45 293 3,50 0,33 

10 no water 

11 313 

12 323 

1,41 6,24 295 3,00 0,28 

13 no water 

14 313 

15 323 

1,70 5,03 297 2,50 0,24 

16 no water 

17 313 

18 323 

2,12 3,83 299 2,00 0,19 

59,20 355,20 2,38 

19 no water 

20 313 

21 323 

1,06 8,17 292 4,00 0,38 

22 no water 

23 313 

24 323 

0,94 9,32 291 4,50 0,42 

25 no water 

26 313 

27 323 

1,21 7,03 293 3,50 0,33 

28 no water 

29 313 

1,41 5,88 295 3,00 0,28 

81,80 354,20 3,30 
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30 323 

31 no water 

32 313 

33 323 

1,70 4,73 297 2,50 0,24 

34 no water 

35 313 

36 323 

2,12 3,59 299 2,00 0,19 

Table 4.2 – Planning for tests with flame 

 

In the following figures the tests with Φ=2.38 are shown. Every data are derived by an 

arithmetic mean from 20 samplings and corresponding measurement performed by LAS 

3340.  
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Figure 4.3 – Size distribution vs diameter in Test 1 - 2 - 3, with Φ=2.38. The test 1 is performed 
without liquid film in the growth tube. 
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Figure 4.4 – Size distribution vs diameter in Test 4 - 5 - 6, with Φ=2.38. The test 4 is performed 
without liquid film in the growth tube. 

 

0,01

0,1

1

10

100

1000

0 500 1000 1500 2000 2500

Diameter (nm)

d
N

/d
lo

g
D

 (
1

/c
m

3
)

Test 7 Test 8 Test 9
 

Figure 4.5 – Size distribution vs diameter in Test 7 - 8 - 9, with Φ=2.38. The test 7 is performed 
without liquid film in the growth tube. 
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Figure 4.6 – Size distribution vs diameter in Test 10 - 11 - 12, with Φ=2.38. The test 10 is 
performed without liquid film in the growth tube. 
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Figure 4.7 – Size distribution vs diameter in Test 13 - 14 - 15, with Φ=2.38. The test 13 is 
performed without liquid film in the growth tube. 
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Figure 4.8 – Size distribution vs diameter in Test 16 - 17 - 18, with Φ=2.38. The test 16 is 
performed without liquid film in the growth tube. 

 

In the following figures the tests with Φ=3.30 are shown. Every data are derived by an 

arithmetic mean from 20 samplings and corresponding measurement performed by LAS 

3340.  
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Figure 4.9 – Size distribution vs diameter in Test 19 - 20 - 21, with Φ=3.30. The test 19 is 
performed without liquid film in the growth tube. 
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Figure 4.10 – Size distribution vs diameter in Test 22 - 23 - 24, with Φ=3.30. The test 22 is 
performed without liquid film in the growth tube. 
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Figure 4.11 – Size distribution vs diameter in Test 25 - 26 - 27, with Φ=3.30. The test 25 is 
performed without liquid film in the growth tube. 
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Figure 4.12 – Size distribution vs diameter in Test 28 - 29 - 30, with Φ=3.30. The test 28 is 
performed without liquid film in the growth tube. 

 

 

0,01

0,1

1

10

100

1000

0 500 1000 1500 2000 2500

Diameter (nm)

d
N

/d
lo

g
D

 (
1

/c
m

3
)

Test 31 Test 32 Test 33
 

Figure 4.13 – Size distribution vs diameter in Test 31 - 32 - 33, with Φ=3.30. The test 31 is 
performed without liquid film in the growth tube. 
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Figure 4.14 – Size distribution vs diameter in Test 34 - 35 - 36, with Φ=3.30. The test 34 is 
performed without liquid film in the growth tube. 

 

As can be seen from comparison between blank tests - performed only with air - and the 

tests performed in presence of flame with two equivalent ratio, Φ=2.38 (Figures 4.3-8), and 

Φ=3.30 (Figures 4.9-14), there is not a remarkable difference between the size 

distribution. As expected, the concentration of droplet increases with the equivalent ratio 

but the increase is small. This effect can be addressed to two main reasons. The first is 

related to the experimental conditions, i.e. to the high dilution ratio that reduces the 

concentration of the particles produced by flame. The second is related to the effect of 

aggregation, between both the particles both the droplets, which occurs when in the gas 

increases the concentration of particles. 

Therefore for the Figures 4.3-14 the same considerations done for Figure 4.2 can be 

applied. 

3. Critical diameter 

The two curves corresponding to the size distribution at two wall temperatures in Figures 

4.3-14 and 4.2 have the same behaviour. Indeed these curves initially, i.e. at low values of 

diameter, decrease with the same trend of the size distribution measured in the absence of 

the liquid film in the growth tube. Then, at a determined value of diameter, these curves 

change slope, because the heterogeneous condensation is activated. In the chapter 2 we 

have seen that the heterogeneous condensation starts when the supersaturation in the 

growth tube is equal to the critical supersaturation. This condition determines the diameter, 
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which we can call critical diameter, corresponding to slope change of the abovementioned 

curves. The meaning of critical diameter is that the particles with lower size are not 

activated by heterogeneous condensation. The identification of the critical diameter can be 

also achieved graphically as in the following reported examples. In Figure 4.15 the 

supersaturation and critical supersarturation profiles versus residence time (graphs a and 

c) and critical supersaturation profile versus particle diameter (graphs b and d) of the Test 

2 (Tw=313 K) and 3 (Tw=323 K) (Figure 4.3) are shown respectively. The curves are 

relative only to profile along centreline for clarity. 
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(d 

Figure 4.15 - Supersaturation and critical supersarturation profiles along centreline (r/R=0) versus residence 
time (graphs a and c) and critical supersaturation profile along centreline (r/R=0) versus particle diameter 
(graphs b and d) of the Test 2 and 3 (Figure 4.3) and Test 20 and 21 (Figure 4.9).  

 
 

The intersection between curves (graphs a and c) represents the abovementioned 

condition crSS = . Since critical supersaturation depends on the temperature and diameter 

(see Chapter 2), from curves b and d it is possible to individuate the diameter 

corresponding to the intersection point for each wall temperature. The arrows in Figure 

4.15 show the procedure to individuate the theoretical critical diameter. 
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Taking into account also the radial positions (r/R=0.4) and (r/R=0.8), it is possible to 

individuate the diameter corresponding to the intersection point for each wall temperature 

and for each radial position; in this way it is possible to individuate a critical diameters 

range within which the heterogeneous condensation starts. The range diameters is limited 

by the lowest and the higher diameter individuated with the previously described 

procedure, for each curves of supersaturation and critical supersaturation relative to three 

radial position (r/R=0, r/R=0.4, r/R=0.8). In the following, the figures with supersaturation 

and critical supersaturation profile versus residence time and the critical supersaturation 

profile versus particle diameter, at three radial positions, of test presented in Figures 4.3-

14, are shown. 
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(d 

Figure 4.16 - Supersaturation and critical supersarturation profiles versus residence time (graphs a and c) 
and critical supersaturation profile versus particle diameter (graphs b and d) for three different radial position 
(r/R=0, r/R=0.4, r/R=0.8) of the Test 2 and 3 (Figure 4.3) and Test 20 and 21 (Figure 4.9). 
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Figure 4.17 - Supersaturation and critical supersarturation profiles versus residence time (graphs a and c) 
and critical supersaturation profile versus particle diameter (graphs b and d) for three different radial position 
(r/R=0, r/R=0.4, r/R=0.8) of the Test 5 and 6 (Figure 4.4) and Test 23 and 24 (Figure 4.10). 
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Figure 4.18 - Supersaturation and critical supersarturation profiles versus residence time (graphs a and c) 
and critical supersaturation profile versus particle diameter (graphs b and d) for three different radial position 
(r/R=0, r/R=0.4, r/R=0.8) of the Test 8 and 9 (Figure 4.5) and Test 26 and 27 (Figure 4.11). 
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Figure 4.19 - Supersaturation and critical supersarturation profiles versus residence time (graphs a and c) 
and critical supersaturation profile versus particle diameter (graphs b and d) for three different radial position 
(r/R=0, r/R=0.4, r/R=0.8) of the Test 11 and 12 (Figure 4.6) and Test 29 and 30 (Figure 4.12). 
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Figure 4.20 - Supersaturation and critical supersarturation profiles versus residence time (graphs a and c) 
and critical supersaturation profile versus particle diameter (graphs b and d) for three different radial position 
(r/R=0, r/R=0.4, r/R=0.8) of the Test 14 and 15 (Figure 4.7) and Test 32 and 33 (Figure 4.13). 
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Figure 4.21 - Supersaturation and critical supersarturation profiles versus residence time (graphs a and c) 
and critical supersaturation profile versus particle diameter (graphs b and d) for three different radial position 
(r/R=0, r/R=0.4, r/R=0.8) of the Test 17 and 18 (Figure 4.8) and Test 35 and 36 (Figure 4.14). 

 

 

The theoretical critical diameters range individuated in this way, (150 ÷ 300) nm, fit with a 

good approximation to the range of diameters found experimentally, (100 ÷ 200). 

 

4. Comparison between experimental data and modelling 

 

In this section a comparison between the experimental data and the model (equations 2.99 

and 2.108) described in Chapter 2 will be performed. For this purpose a mean diameter of 

measured droplets have to be defined. This value must be representative of the diameter 

of the droplet reached in the growth tube through heterogeneous condensation.  

In the outlet of growth tube there is an aerosol, composed by droplet and particles that are 

not activated by heterogeneous condensation. The instrument LAS 3340, which is an 

optical device, does not distinguish between particles and droplets. Therefore, in order to 

be sure to consider only diameters of droplets and not those of particles, we have 

subtracted the diameters measured in the tests without liquid film from the distribution of 



154  Marco Tammaro Ph. D Thesis 

 

 

diameters present in the test with the liquid film. With this procedure we have adopted two 

hypotheses: a) negligible presence of large solid particles formed by aggregation; b) all the 

particles larger than critical diameter are activated by heterogeneous condensation. In the 

following figure an example, by Test 1-2-3, of procedure to define the range of droplet 

diameter. 
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Figure 4.22 – Procedure to define the size distribution of diameter of the droplet in outlet of growth tube 

 

As can be seen from the size distribution of the test with and without liquid film (Figure 

4.22a), we can obtain the size distribution of droplet (Figure 4.22b). 

Then we proceed to define a mean diameter, through a weighted average of the diameters 

of the droplet, where the weight is the normalised concentration, as follows: 

 

( )
( )∑

∑
=

i

ii

dLogDdN

dLogDdND
D

/

/*
  (4.1) 

 

In following table an example, by Test 2 and 3, of normalised concentration utilised as 

weight to define the abovementioned diameter through the (4.1).  
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Test 3 Test 2 

Tw= 323 K Tw= 313 K Di (nm) 

dN/dlogDi dN/dlogDi 

671 2,57844233 6,103227 

699 1,53703181 4,79093 

728 1,98290858 3,706348 

758 1,33892958 2,966356 

789 1,93302629 2,964977 

822 1,88437651 4,734651 

856 1,63608349 4,106261 

891 1,18978013 3,250407 

928 1,78507788 2,965862 

967 1,63579252 4,675986 

1007 1,09074302 2,680488 

1048 0,34705694 1,36884 

1092 0,59506738 1,425945 

1137 0,34703703 1,368805 

1184 0,49586049 1,08362 

1233 0,69407374 1,368673 

1284 0,39663058 1,596831 

1337 0,24792771 1,710872 

1393 0,44621955 1,368973 

1450 0,54532134 1,368859 

1510 0,49580852 1,026687 

1573 0,74359972 1,482464 

1638 0,49582815 2,680671 

1706 1,2394724 2,338099 

1777 0,54534012 1,311742 

1850 0,59494215 1,026459 

1927 0,24789476 0,627365 

2007 0,24787527 0,456351 

2090 0,09915704 0,627374 

2176 0,09917105 0,171079 

2266 0,0495905 0 

2360 0,049566 0 

2458 0,04957135 0 

2666 0,09916142 0 

Table 4.3 – Numerical size distribution for Test 2 and 3  

 

 

 

In the following table the results, for each test, of this procedure. 
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D  (�m) 

Test Φ 
Residence 

time (s) 
Q (l/min) 

Tw= 313 K Tw= 323 K 

B 0,94 4,5 0,948 0,941 

A 1,06 4 1,055 1,050 

C 1,21 3,5 0,941 0,803 

D 1,41 3 0,712 0,782 

E 1,7 2,5 1,272 1,244 

F 

2.38 

2,12 2 1,061 1,207 

      

H 0,94 4,5 0,538 0,567 

G 1,06 4 0,811 0,811 

I 1,21 3,5 0,746 0,809 

J 1,41 3 0,758 0,656 

K 1,7 2,5 1,157 1,116 

L 

3.30 

2,12 2 1,120 1,115 
Table 4.4 – Mean droplet diameter for each test 

 

In order to calculate the temperature and pressure profiles in the presence of solid 

particles, the calculation of the term ii IC∑ , will be now considered. This term is contained 

in equations 2.93 and 2.97. In the following table an example of calculation by Test 1. The 

fluxes of mass iI  are calculated through the 2.49. The particles concentration, iC , for 

each diameter i, is measured by LAS 3340. Then for each particle diameter, for each 

temperature profile in the growth tube derived by the two wall temperature, and for each 

radial position (r/R=0, r/R=0.4 and r/R=0.8), is calculated ii IC∑ . A mean between the 

radial position is performed in order to have one value for each particle diameter and wall 

temperature. 

 

 

Particles 
diameter 

(nm) 

Concentration 
(n/m3) 

ii IC∑  

(Tw=313 K) 

ii IC∑  

(Tw=323 K) 

92 2,68E+06 5,03E-04 2,21E-03 

96 2,69E+06 5,07E-04 2,22E-03 

100 2,59E+06 5,22E-04 2,15E-03 

104 2,50E+06 4,79E-04 2,18E-03 

108 2,21E+06 5,02E-04 2,29E-03 

113 2,09E+06 5,09E-04 1,74E-03 

117 1,84E+06 5,17E-04 1,77E-03 

122 1,65E+06 3,27E-04 1,39E-03 

127 1,55E+06 3,36E-04 1,43E-03 

132 1,33E+06 3,65E-04 1,55E-03 
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138 1,25E+06 3,94E-04 1,67E-03 

144 1,16E+06 2,34E-04 1,72E-03 

149 1,03E+06 2,50E-04 8,75E-04 

156 8,63E+05 2,70E-04 9,46E-04 

162 8,11E+05 3,11E-04 1,09E-03 

169 7,04E+05 3,08E-04 1,08E-03 

176 6,39E+05 3,40E-04 1,19E-03 

183 6,05E+05 1,27E-04 1,36E-03 

191 4,97E+05 1,35E-04 4,34E-04 

199 4,07E+05 1,43E-04 4,61E-04 

207 3,90E+05 1,55E-04 5,00E-04 

215 3,50E+05 1,72E-04 5,53E-04 

224 3,07E+05 1,97E-04 6,34E-04 

234 2,82E+05 2,34E-04 7,52E-04 

243 2,60E+05 2,30E-04 7,39E-04 

253 2,42E+05 1,89E-04 2,19E-04 

264 2,11E+05 1,82E-04 2,11E-04 

275 1,37E+05 3,03E-05 1,80E-04 

286 1,31E+05 4,06E-05 1,21E-04 

298 1,25E+05 3,57E-05 1,06E-04 

310 1,24E+05 3,54E-05 1,05E-04 

323 9,68E+04 3,94E-05 1,17E-04 

337 6,90E+04 4,85E-05 6,51E-05 

350 5,94E+04 3,07E-05 4,12E-05 

365 3,93E+04 9,03E-06 5,10E-05 

380 2,40E+04 1,47E-05 8,30E-05 

396 1,25E+04 7,64E-06 4,32E-05 

412 7,67E+03 1,41E-05 7,96E-05 

429 2,88E+03 5,29E-06 2,99E-05 

447 9,57E+02 2,27E-07 9,57E-07 

466 9,57E+02 2,27E-07 9,57E-07 

485 9,57E+02 2,27E-07 9,57E-07 

505 1,92E+03 4,55E-07 1,92E-06 

526 1,92E+03 4,55E-07 1,92E-06 

548 2,87E+03 2,27E-07 9,58E-07 

570 2,87E+03 2,27E-07 9,58E-07 

594 1,92E+03 4,79E-07 2,06E-06 

619 1,92E+03 4,79E-07 2,06E-06 

644 1,92E+03 4,79E-07 2,06E-06 

  Sum 8,75E-03 3,44E-02 

Table 4.5 – Example of calculation of terms ii IC∑  by Test 1 

 

Then it is possible to perform a comparison between the experimental data and equation 

(2.99). In the following figures a comparison between the experimental data, D , and the 

model is presented for the two equivalent ratio 2,38 and 3,30 respectively.  
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Figure 4.23 – Comparison between experimental data, D , and model by (2.99), for Φ=2,38, vs residence 
time (s) 
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Figure 4.24 - Comparison between experimental data, D , and model by (2.99), for Φ=3,30, vs residence 
time (s) 

 

As can be seen from Figures 4.23 and 4.24, the experimental data reproduce the same 

behaviour of the model, that is, for an adiabatic system, increasing for low residence time 



159  Marco Tammaro Ph. D Thesis 

 

 

while became constant for long times. The light dependence of growth rate and of final 

droplet diameter on the temperature has been already reported, for the adiabatic case 

(Heidenreich et al., 1995). 

However, as can be seen from the above figures, there is a gap between experimental and 

model droplet diameter. In particular the model overestimates the final diameter.  

The model is based on simplified hypothesis of smooth, spherical and homogeneous 

particle, then it is acceptable that it diverges from the experimental data, but in this case 

the gap appears quite large.  

Then, in order to apply the equation (2.108) to our experimental data through the 

procedure defined in paragraph 2.6, we carry on to define the factors a and n of equation 

(2.107). 

For each test performed, we have calculated the parameters M defined in (2.105). The 

results are presented in following table. 
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−
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=  

2 313 19,66 38,10 25,06 1,41 

3 323 17,38 23,51 16,60 1,51 

5 313 18,38 23,51 15,84 0,67 

6 323 20,87 38,10 23,83 1,21 

8 313 16,40 23,51 17,45 1,45 

9 323 18,46 38,10 26,44 1,68 

11 313 15,55 23,51 18,40 1,56 

12 323 17,40 38,10 27,99 2,05 

14 313 14,99 23,51 19,45 2,1 

15 323 16,63 38,10 29,72 2,56 

17 313 14,88 23,51 20,60 2,96 

2,38 

18 323 16,29 38,10 31,62 3,37 

       

20 313 17,38 23,51 16,60 0,89 

21 323 19,66 38,10 25,06 1,21 

23 313 18,38 23,51 15,84 0,67 

24 323 20,87 38,10 23,83 1,41 

26 313 16,40 23,51 17,45 1,17 

27 323 18,46 38,10 26,44 1,68 

29 313 12,43 23,51 18,40 2,17 

30 323 17,40 38,10 27,99 2,05 

32 313 13,96 23,51 19,45 2,35 

33 323 15,64 38,10 29,72 2,68 

35 313 14,88 23,51 20,60 2,96 

3,3 

36 323 16,29 38,10 31,62 3,37 

Table 4.6 – Factor M calculated for each test 

 



160  Marco Tammaro Ph. D Thesis 

 

 

From equation (2.99) and from experimental data we can calculate the factor B defined by 

(2.106) as 

99.2.eqD

D
B =

      (4.2) 

 

From (2.107) we have that 
n

aMB = , that can rewritten as: 

 

( ) ( ) ( )MnaaMB
n lnlnlnln +==   (4.3) 

 

that is the equation of a straight line in a graph in logarithmic scale. In the following table 

the factors B and M, and their natural logarithms, calculated for each tests, are reported. 

 

M B Ln(B) Ln(M) 

Φ 
Tw= 313 K Tw=323 K Tw= 313 K Tw=323 K Tw= 313 K Tw=323 K Tw= 313 K Tw=323 K 

0,6694 1,2072 0,3505 0,1857 -1,0483 -1,6836 -0,4014 0,1883 

1,4144 1,5100 0,1788 0,0807 -1,7213 -2,5167 0,3467 0,4121 

1,4500 1,6849 0,1337 0,0591 -2,0122 -2,8286 0,3716 0,5217 

1,5569 2,0484 0,0946 0,0577 -2,3580 -2,8521 0,4427 0,7171 

2,0977 2,5617 0,1491 0,0913 -1,9034 -2,3931 0,7408 0,9407 

2,38 

2,9648 3,3654 0,1080 0,0840 -2,2257 -2,4773 1,0868 1,2135 

              

0,6694 1,4144 0,0896 0,0431 -2,4119 -3,1447 -0,4014 0,3467 

0,8879 1,2072 0,1262 0,0607 -2,0698 -2,8016 -0,1189 0,1883 

1,1738 1,6849 0,1147 0,0593 -2,1657 -2,8260 0,1602 0,5217 

2,1677 2,0484 0,1153 0,0469 -2,1603 -3,0608 0,7737 0,7171 

2,3535 2,6797 0,1673 0,0754 -1,7878 -2,5844 0,8559 0,9857 

3,3 

2,9648 3,3654 0,1468 0,0721 -1,9184 -2,6301 1,0868 1,2135 

Table 4.7 – Factors M and B and their natural logarithms calculated for each test 

 

Each pair of value ln(B) and ln(M), at same Tw and same Φ, is a point in the following 

graphs in Figures 4.25 and 4.26. Then through a linear regression it is possible to obtain 

the parameters a and n from equation (4.3). 
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Figure 4.25 – ln(B) vs ln(M) calculated for test with equivalent ratio Φ=2.38. The continue line is 
the linear regression for the points corresponding to Tw= 323 K. The dashed line is the linear 
regression for the points corresponding to Tw= 313 K 
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Figure 4.26 – ln(B) vs ln(M) calculated for test with equivalent ratio Φ=3.30. The continue line is 
the linear regression for the points corresponding to Tw= 323 K. The dashed line is the linear 
regression for the points corresponding to Tw= 313 K 

 

As can be seen from Figure 4.25 and 4.26 the best linear regression fit is obtained for low 

wall temperature. 
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Then it is possible to have a pair of a and n for each wall temperature and for each 

equivalent ratio, as reported in the following table. 

 

Φ Tw (K) a n 

313 0,212 -0,7623 2,38 
323 0,116 -0,4549 

313 0,111 0,277 
3,30 

323 0,046 0,3472 
Table 4.8 – Factors a and n calculated for each Φ and Tw 

 

Through an arithmetic mean we have that 

a= 0.121 

n= -0.148 

Now it is possible to draw the curve corresponding to equation (2.108) and make the 

comparison with the experimental data, D , for each equivalent ratio. 
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Figure 4.27 – Comparison between experimental data, D , and model by (2.108), for Φ=2,38, vs residence 
time (s) 
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Figure 4.28 - Comparison between experimental data, D , and model by (2.108), for Φ=3.30, vs residence 
time (s) 

 
As can be seen from the Figures 4.27 and 4.28, the equation (2.108) provides a better 

fitting of experimental data with respect to equation (2.99).  
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Conclusions 

 

 

This Ph.D. thesis has faced the study of the heterogeneous condensation as a technique 

to pre-conditioning the sub-micrometric particles contained in a gas with the aim of 

increase their dimensions enough to allow the use of consolidate cleaning techniques. 

This problem is important especially for sub-micrometric particles in the Greenfield gap 

0.1-2 µm, for which the traditional methods are far less ineffective. 

For this purpose instrumented lab scale equipment has been designed, constructed and 

tested. Experimental protocols and measurement techniques have been optimized. The 

core of the equipment is the growth tube, that consists in a glass tube where the particle 

laden gas flows comes into contact with a supersaturated water vapour environment, 

generated by a liquid film flowing on the tube internal walls. 

The sizing of this reactor is based on the results of a theoretical model, aimed to obtain a 

sufficient residence time for the particle-laden gas, high enough to allow: 1) the complete 

diffusion of the vapour from the walls to the centre of the tube, 2) the nucleation and the 

growth of the liquid-solid aerosols.  

Since the gas exiting the growth tube is saturated with water and contains liquid-solid 

aerosols, there were several problems to measure of the size and the concentration of the 

enlarged drops with the included particles, and to distinguish them from solid particles not 

covered by liquid. Several measurement systems were used: DMA (Model 3936), DLS 

(Model Hpps-Et Standard System) and LAS (Model 3340). Each of these devices is based 

on a different functioning principle. In particular the most reliable systems were considered 

the LAS 3340, an optical instrument that bases its measures on the refractive index of the 

material. This condition has posed some doubts on the real capacity of this system to 

discriminate between drops with a particle inclusion “solid core”, that not have an 

homogeneous refractive index. A simulation has allowed to evidence that, date the 

increase previewed by the models, the influence of the solid core on the measure 

considering the drop composed by pure water, is minimal. 

A simplified theoretical model has been used to estimate temperature, pressure and 

supersaturation profiles along the growth tube at different radial positions.  Water 

condensation on the sub-micrometric particles, liquid-solid droplet growth, temperature 

and water vapour profiles in the growth tube have been calculated and they have been 

used to interpret the experimental results. Although qualitatively consistent, theoretical 
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models overestimate the experimental data. This seems to be a consequence of a limited 

flux of water vapour from the liquid film that eventually limits the actual droplet growth. This 

mass flux limitation is not considered in the simplified theoretical model at present, but can 

be taken into account by introducing a semi-empirical relation to estimate the actual mass 

flux from the liquid. With this modification, the model is able to provide a reliable 

description of experimental data. 

The experimental results and the model considerations shows that the heterogeneous 

condensation can be easily carried out with the simple growth tube has the advantage to 

be simple, therefore of easy realization and then not expensive. Therefore it should be 

worth of consideration for a large scale industrial application. In this sense, the next step of 

this research should be represented by the design and the construction of a pilot scale 

prototype.  
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Appendix 

 

Definition of particle diameters  

For a spherical particle of unit density, the size can be simply characterized by the 

geometric diameter (dp). However, atmospheric particles can have arbitrary shape and 

density. Therefore their diameters are described by an equivalent diameter, defined as the 

diameter of a sphere that would have the same physical behaviour as the particle in 

question (US EPA, 2004). The appropriate particle size definition depends primarily on the 

type of measurement made (John, 2001): 

• Aerodynamic diameter (da): The aerodynamic diameter is defined as that of a 

spherical particle of unit density having the same settling velocity as the particle 

considered. It is usually used to analyze the data from a cyclone, a cascade 

impactor, an Electrical Low Pressure Impactor (ELPI) and an Aerodynamics Particle 

Sizer (APS) 

• Diffusive diameter (dd): The diffusive diameter is the diameter of a particle of unit 

density having the same rate of diffusion as the particle. This diameter would be 

used for a diffusion battery measurement 

• Stokes diameter (dSt) or hydrodynamic diameter (dH): The Stokes diameter 

describes particle size based on the aerodynamic drag force imparted when its 

velocity differs from that of the surrounding fluid. The Stokes diameter is the 

appropriate parameter for particle behaviour governed by diffusion, because the 

particle diffusion coefficient and Brownian diffusion velocity can be related through 

the Stokes-Einstein equation: 

 

D

kT
dH

πµ3
=

    (1) 

 

where: 

dH = hydrodynamic diameter 

D = translational diffusion coefficient 

k = Boltzmann’s constant 

T = absolute temperature 

µ  = viscosity 
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The Stokes diameter would be used in size distributions based on light scattering 

and mobility analysis. Thus particles of equal Stokes diameters that carry the same 

electrical charge will have the same electrical mobility. For spherical particles, the 

electrical mobility diameter would equal the Stokes diameter. The mobility diameter 

(dm) is diameter of a spherical particle that would have the same electrical mobility. 

To correlate the mobility diameter with the actual diameter (geometric diameter of 

known spherical particles), it is necessary to consider an effective diameter (do) of 

the gas in which the aerosol is immersed for the measurement: 

 

opm ddd +=   (2) 

 

For air at standard conditions, experimentally measured a value of do~0.53 nm 

(Fernandez de la Mora et al., 2003). 

• Optical diameter (dOP) = The optical diameter is defined as the diameter of a 

calibration particle having the same response in an instrument detecting particles by 

their interaction with light, namely that scatters the same amount of light into the 

solid angle measured. The optical diameter would be used with an Optical Particle 

Counter (OPC). 

• Equivalent spherical diameter (ESD) = The equivalent spherical diameter of an 

irregularly-shaped object is the diameter of a sphere of equivalent volume (Jennings 

et al., 1988). This would be used with an Atomic Force Microscopy (AFM). 

• d6-3 =This mean particle diameter is given by the ratio between the sixth and third 

moments of the particles number distribution function. 

 

 

Definitions of particle size distribution functions 

Monodisperse aerosols have a single mode of particles that are all contained within a 

narrow size range, and are usually generated in laboratory. Aerosols containing a wide 

range of particle sizes are said to be polydisperse (Hinds, 1999). The mathematical 

description of particle size distributions is characterized by very fine successive size 

intervals, each of them containing a counted number of particles. Because the dependent 

variable, or the ordinate of the plot, is the number of particles, such a distribution is called 

a number distribution (John, 2001). If N(dp) is the number of particles in the size interval 
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centered between dp and dp+ddp, where dp is the particle number, the number 

distribution is 

 

dN = N(dp) ddp    (3) 
 

Since the particle diameter typically ranges over several orders of magnitude, it is common 

to use dlndp (or dlgdp) for the size interval, and the number distribution becomes 

 

dN = N(dp) dlndp     (4) 
 

Similarly, frequently used size distributions are the surface distribution, the volume 

distribution and the mass distribution: 

 

dS = S(dp) dlndp  

dV = V(dp) dlndp    (5) 

dM = M(dp) dlndp  

 

The data for one of the above distributions might be obtained directly by an appropriate 

analyzer or indirectly by the measured number distribution. The total particle number 

concentration is expressed as: 

 

( )∑=
i

ipT dNN ,     (6) 

 

Assuming the particle as spherical, the total volume fraction is expresses as: 

 

( ) ( )∑ ∑ 















=

i i

ipipT ddNFV
3

,,
6

π
  (7) 

 

It is necessary to know the density, ρ, of the particle to obtain the total mass from the total 

volume fraction. 

Other useful parameters that are calculated from the size distributions are: 

• the mean arithmetic diameter, 
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    (8) 

 

• the median diameter defined as the diameter for which one-half the total 

number of particles are smaller and one-half larger 

• the mode diameter defined as the diameter associated to the peak of the lognormal 

distribution 

• the mean geometric diameter (dg), 

 

( )

( )∑

∑
=

i

ip

i

ipip

g
dN

ddN

d
,

,,

log
    (9) 

 

• the geometric standard deviation (σg), 
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