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Abstract 
Control of particulate matter (PM) emissions from combustion facilities and 
industrial processes is important for protection of human health and environments.  
The aim of this work is to analyze the particles growth process as a function of 
working conditions, with particular emphasis on the effect of particle dimension 
and number concentration on activation mechanism and time. The results showed 
in this work demonstrate that particle covering process is already active in 
conditions far from saturation of vapor bulk phase, even though their size variation 
is relatively low. On the other hand, at supersaturation conditions the droplets 
growth is driven by local vapor concentration in the bulk. In such a case the final 
size of the droplet is of the order of micron. It is worthwhile to note that both 
mechanisms are particularly effective for particles capture showing high activation 
efficiency in the operative conditions considered.  
 
Introduction 
The efficiency of traditional physical separation processes, in removing particle 
with diameters ranging from 0.1 µm to 1 µm decrease to approximately 25%, 
thereby rendering their application impractical [1]. Improvements in the operation 
at optimal working conditions might be facilitated by increasing the dimension of 
the particles to be eliminated upstream of the standard cleaning processes. An 
innovative technique for both industrial and domestic applications relies on 
increasing the diameter of fine and ultra-fine particles by condensing water vapor 
onto the particles themselves. The easy availability of vapor at relatively low 
temperatures makes this technique interesting for a wide range of industries, 
including chemical, glass, cement and metallurgy production systems and 
combustion facilities, all of which are interested in the removal of fine particles 
from waste gases [2]. In the field of combustion process, this technique might be 
even more relevant for flue gases coming from MILD (Moderate or Intense Low-
oxygen Dilution) [3] or coal Oxy-Fuel Combustion processes [4], where water 
vapor could be used as a diluent to reduce the maximum temperature reached 
during combustion, thereby leading to a decrease in pollutant formation. 
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Additionally, a high content of vapor can be present in the flue gases of biomass 
fuels, depending on the type of combustion facility and the feedstock 
characteristics. The characteristic rate of vapor nucleation on a particle is a 
complex function of both the ambient conditions and the particle characteristics, 
including morphology, dimension, charge and history. This study experimentally 
evaluated the evolution of droplets growth process as well as its characteristic time 
in dependence of working condition and particles properties. 
 
Experimental configuration 
The general scheme of the experimental set-up has been reported in Figure 1. A 10 
cm square cross section laminar flow chamber has been used for the experimental 
tests. A carrier gas, steam and/or particles from a spark generator system (PALAS 
GFG1000) are axially fed to the chamber with a 2 cm injection tube. An inert gas 
flow, is fed externally to the mainstream to prevent the diffusion of the droplets 
and particles toward the chamber walls and at the same time for a controlled 
cooling of the mainstream. The steam is fed by means of an evaporator able to 
provide a controlled steam flow. A remotely controlled heater system avoids the 
steam condensation along the feed line. A J-type thermocouple placed in proximity 
of the outflow section of the mainstream allows to control and monitoring the 
temperature of the working fluid.  
 

 
Figure 1. Experimental set up 

 
In the followings the results will be presented as a function of the axial coordinate 
i.e. residence time, t, being the axial flow velocity v constant and equal to 0.4 m/s 
in all the conditions reported. Accordingly, a residence time tres equal for all the test 
cases to zmax/v, can be defined. Temporal profiles of γ have been obtained varying 
Xv from 0 to 0.7. Thus, Xv=0 corresponds to the case where only graphite particles 
and carrier are fed to the flow chamber. By increasing the vapor concentration from 
0 to 0.7, the percentage of the carrier gas has been changed in such way that the 
fluid-dynamic conditions are equivalent in all the condition considered. The 
confinement temperature was fixed at Tc of 298K. The aerosol generator was 
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operated with graphite electrodes with a spark discharge frequency of 30 Hz and a 
carrier feed of Ar of 3.5 l/min. In this condition a monodispersed particle 
distribution with the maximum at Dp=150 nm have been measured after sampling 
with a Z-Sizer Nano (Malvern). This diameter corresponds to a particle number 
density of 2·107 particle/cm3. The evolution of the droplet growth process has been 
followed along the chamber axis (Z) by collecting the polarized components of 
laser light elastically scattered at 90° by the control volume and by computing the 
polarization ratio. The real-time measurements of the intensity of vertical and 
horizontal component of elastically scattered light allowed the evaluation of the 
polarization ratio along the chamber axis in dependence of operative conditions 
and particles characteristics. The final droplet dimension was assessed by 
comparing experimental data with numerical evaluation of polarization ratio 
computed through a Mie scattering coefficient program using Bruggeman 
approximation model [5]. Figure 2 shows the polarization ratio for carbonaceous 
nanoparticles covered by a liquid layer as a function of layer thickness i.e. droplet 
size varying particle dispersion, evaluated by means the effective refractive index 
model. 

 
Figure 2. Polarization ratio of a carbonaceous nanoparticle covered by a liquid 

layer as a function of layer thickness and particle dispersion 
 

Theory 
The fluid dynamic conditions typical of coaxial jet in laminar flow condition 
configuration, existing in the chamber permits to evaluate the mixing degree 
between the core flow and confinement flow. It is a function of the local 
temperature of the two stream fed into the system. Assuming a constant 
confinement flow temperature of Tc=298K, it is possible to approximate the mixing 
degree  as: 
       (1) 
Thus, it is possible to evaluate the local value of vapor concentration once the 
mixing degree is evaluated as , in this way the vapor local 
concentration may be reported as a function of the axial coordinate. Furthermore 
once the local value of temperature is measured it is possible to calculate the value 



 
XXXVI Meeting of the Italian Section of the Combustion Institute 

of equilibrium vapor concentration of vapor bulk phase Xvsat, evaluating the value 
of equilibrium vapor pressure Psat=P°(T) according to Antoine equation. In this 
work because of particles characteristics, the value of equilibrium vapor 
concentration over particle surface is very close to that of vapor bulk case, so it is 
not reported. Due to the complex morphology of particle, graphite particle surface 
is very far from to be a spherical homogeneous smooth surface. On such a type of 
nano-structured surface the formation of liquid meniscus can be stabilized at 
subsaturation conditions with the respect of vapor bulk phase. It is possible to 
evaluate the equilibrium vapor concentration on a such surface structure 
considering the formation of a liquid meniscus in the primary interparticle cavities 
by means the following expression: 

        (2) 

where P0 is the equilibrium vapor pressure on a flat surface and  is the 
equilibrium vapor pressure on a surface with negative curvature H=1/2rk <0 where 
rk is the Kelvin radius [6]. It is worth to note that the value of Xv_sat(H) evaluated 
from the PH strongly depends on surface morphology, chemical and physical 
properties (surface tension of vapor liquid interface, contact angle between solid 
and liquid phase) of both particles and condensing vapor specie.  
 
Results and discussion 
Figure 3(a) shows the polarization ratio and local values of vapor concentration 
evaluated with different theories above reported. In such a case the local vapor 
concentration Xv is higher than Xv_sat and Xv_sat(H). The polarization ratio 
profile related to this working condition (Xv=0.7, Tin=375K radial coordinate r=10 
mm) shows a value very higher (>1) with the respect Xv=0 case [7], furthermore it 
shows an oscillating behaviour along axial coordinate. In addition assuming a 
mono-disperse narrowed particle size distribution the oscillating behaviour 
suggests that particles reach micronic size as supported by numeric model.  

 
Figure 3. Left axis: Polarization ratio, right axis: Xv evaluated with different 

theory as a function of local temperature 
 
The polarization ratio oscillations depend on the width of the size distribution 
function. As shown in Figure 2 the position of the polarization ratio oscillations 
does not depend on the width of the size distribution function. However, as it can 
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be easily seen, up to a value of 10% it is possible to observe at least the first three 
oscillations. At wider size distribution functions the oscillation (apart from the first 
one) can no longer be observed. In other words the observation of three or more 
oscillations in correspondence of the drop size growth, due to water deposition on 
the surface, is a clear indicator of a relatively narrow size dispersion of the 
droplets. As a consequence, it is possible to affirm that the activation of nucleation 
and growth occur contemporaneously on all particles (unitary activation 
efficiency). In Figure 3(b) the profiles of polarization ratio and the local values of 
Xv, Xv_sat and Xv_sat(H) are reported. The trends of such vapor concentration 
profiles have been compared with the polarization ratio profile (secondary axis) 
measured for inlet condition of temperature and vapor concentration of Tin=375 K 
and Xv=0.25, feeding graphite particles into system and for a radial coordinate r=0 
mm. It is clearly shown in the figure that the local vapor concentration is very low 
with respect to the saturation concentration needed for nucleation process as 
derived from classical nucleation theory, widely used in literature for 
heterogeneous condensation [8] in the whole range considered. Sorjamaa et al., [9] 
by means of a theoretical analysis suggested that the process occurs due to 
adsorption of condensing species on particles even though no clear experimental 
identification of this process was available. In Figure 3(b) the comparison of local 
concentration value and the saturation vapor concentration computed taking into 
account for primary interparticles condensation process shows that they are 
relatively close especially in the spatial region where a change in polarization ratio 
occurs. When the local vapor concentration in the bulk phase Xv approaches to 
equilibrium vapor concentration Xv_sat(H) the liquid begins to cover the particle 
so that an increase of scatterers’ dimension is observed. This phenomenon allows 
to identify the induction time (tind) of the process, in correspondence of polarization 
ratio value variation. It begins to increase in correspondence of such conditions 
reaching a value of about 0.2 for Z>60 mm. The droplet growth continues until the 
system reaches an equilibrium condition due to vapor depletion in the bulk phase, 
as showed from polarization ratio value that present a plateau up to Z=90 mm.  

 
Figure 4. Characteristic time and final droplet diameter as a function of Xvin 
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The polarization ratio profile reported in Figure 3(b) is typical of a small size 
variation in scatteres dimension due to low local relative humidity conditions.  The 
final size of droplets was assessed in dependence of the operating condition by 
means the effective refractive index model. At same time, by analyzing the 
temporal profile of polarization ratio, the induction time of droplet growth process 
was identified. Figure 4 summarizes the results just described. It is worthwhile to 
note that by increasing inlet vapor concentration from 0 up to 0.7, the induction 
time of droplet growth process decreases from 125 ms to 50 ms while the final 
particle size increases, reaching a dimension greater than 1 micron. 

 
 
Conclusions 

An evaluation of droplets growth process demonstrates that dispersed particles, 

acting as condensation nuclei, were captured in the nucleated water droplets 
with high efficiency. The main result obtained is that particle covering process 
related to its morphology and chemical properties is active at subsaturation 
condition, even if in this case the particle size variation is relatively low. On the 
other hand at supersaturation condition the nucleated droplet reaches a size of the 
order of micron. It is worthwhile to note that both mechanisms are particularly 
effective for particles capture showing an unitary activation efficiency in the 
operative conditions considered. Furthermore the final size of the particles was 
increased with high inlet vapor concentrations and low working temperature, 
improving their removal from the gas stream. As final consideration, it is that the 
characteristic induction and growth times experimentally evaluated, are compatible 
with practical applications. Furthermore, their identification and the estimation can 
be very useful in the design and dimensioning of a real abatement units. 
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