Ilo pe3ynbpraraM KOMIBIOTEPHOTO MOJEIUPOBAHNAS METOJOM MOJIEKYJIIPHOM TMHAMUKH IPOLECCOB IIaB-
JIeHUd W KpHUCTaJUIM3allii HaHOKJIAacTepoB cepebpa, cocTodmiero u3 561 aroma, mokazaHa 3aBUCUMOCTh IIe-
pexona ot I'LIK cTpyKTypbl K HKOCa3ApUUECKON CTPYKTYPE OT CKOPOCTH HArpeBaHUs U OXJIAXKIACHUS KIacTe-
pa. Ha ocHOBe IPOBEIEHHOTO KOMIIBIOTEPHOTO aHaJIW3a MOXHO ClielaTh BBIBOJ, YTO IPHU HAIPEBAHMM KIa-
crepa nepexof oT I'TIK cTpyKTypbl K MKOCa3IpUUECKON MTPOUCXOJUT MPU MEIJIEHHOM HarpeBaHUH, B TO ke
BpeMs it (POPMHUPOBAHUS UKOCASIPUICCKON CTPYKTYPBI ITPH OXJIAXKJICHUU KIIacTepa HeoOX0JMMa BhICOKAs
CKOPOCTb OXJIAXKICHHUS
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1. Introduction

The vapor nucleation rate measurements data have the key impotence for a material production. The first
nucleation experiment can be considered to be associated with measurements of liquid and crystals
supercooling done by Fahrenheit [1]. The nucleation of bubbles in gas saturated solutions was observed and
the concept of critical embryos of a new phase was introduced in nucleation science during the second half
of 19" century [2]. The quality of vapor/liquid nucleation rate results has improved substantially beginning
in 1980s because of the development of new measurement systems. For example, the first prototype Flow
Diffusion Chamber for vapor nucleation rate measurements was developed by Anisimov et al. [3, 4].
Currently, the most significant problem in nucleation is the correspondence between experimental data and
theoretical predictions of nucleation rate values. As a rule, theoretical and experimental data on nucleation
rate are not in a good agreement over a range of temperatures and/or pressures. It appears that there may be
problems in both the experiments and theory and deficiencies can be identified in all versions of nucleation
theories and practically all of the reported experimental results.

Current theories correspond mostly to various modifications of Classical Nucleation Theory that was
completed in the 1940s [5]. The theoretical results look quite reasonable for sufficiently low vapor
nucleation rates where the droplet approximation is applicable [6]. However, these approaches have
problems at the nanometer scale when the critical embryos contain of the order of 200 or less molecules
(atoms). It appears that this quantity of molecules is near the threshold for the droplet critical embryo
approximation, at least for organic vapors. Some researchers [7, 8 et al.] have expressed unreasonable
optimism that nucleation theory and experiment were in agreement for the case of bubble generation from
the superheated liquids.

At the present time, vapor-gas nucleation theory can produce values that deviate from the experimental
results by up to several orders of magnitude [9, 10]. However, nucleation experiments using different devises
also show significant inconsistencies in the measured rates, for example [10]. Both problems produce
difficulties in establishing one or more standard vapor/liquid nucleation systems that could be used to test
vapor-gas nucleation rate measurement systems. The problem of the nucleation rate standard is more
complex than simply using the n-pentanol-helium system as was suggested by the International Workshop on
Nucleation in the Czech Republic, Prague in 1995 [11] as a candidate for a nucleation standard. The n-
pentanol-helium system has unfortunately not produced sufficiently consistent data to date. The advantages
and current problems of the vapor-gas nucleation experiments are discussed below and a view of the future
studies is presented based on the assessment of vapor-gas/liquid nucleation experimental resutls.

One can find in scientific literature a pretty fresh idea of the nucleation rate surfaces design over the
diagrams of phase equilibria. That idea looks like profitable for the nucleation theory development and for
various practical applications where predictions of theory have no high enough accuracy for today. The
common thermodynamics has no real ability to predict parameters of the first order phase transitions.
Kinetics description of these transitions is complicate problem as well. It is known widely that many-body
problem has no exact solution. The usual way of any theory is to reduce the many-body problem to one body
in some field. The features of one body and the field are adjusted usually to get the reasonable compliance to
the empirical results. Relation of the theoretical and empirical results is not good enough in case of the
Nucleation Theory.

2. The Empirical Methods

Initial measurements of vapor nucleation were made by Aitken [12] and Coulier [13, 14] using the rapid
adiabatic expansion of air saturated with water vapor to provide the necessary supersaturation. Allen and
Kassner [15] modified the experimental procedure by using an expansion/compression cycle in a Wilson-
type chamber where compression is introduced after the adiabatic expansion of a vapor-gas mixture. The
compression stops the nucleation and initiates growth of the generated clusters to optically detectable sizes in
an atmosphere of low supersaturated vapor. This key idea has been the basis for quantitative optical
measurements of nucleation rate up to the present time.

This expansion/compression cycle of Allen and Kassner [15] was applied in the two-piston expansion
chamber such as that described by Strey et al. [16]. The expansion chamber is filled with a vapor-gas
mixture at pressure, p,, and temperature, 7,. The mixture is then expanded adiabatically. The pressure drops
t0 peyy resulting in a temperature drop to 7., The temperature drop causes supersaturation, S, of the vapor
that drives the formation of critical embryos, which are containing #* molecules (or atoms), of new phase at
temperature 7,,,. The compression of the mixture raises the temperature and reduces the vapor
supersaturation such that further new particle formation is negligible. However, the resulting vapor
supersaturation permits the growth of the nucleated clusters to optically detectable sizes. Nucleation pulse
experiments yield the number density of droplets, N, that can be measured using the first Mie maximum of
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scattered laser light. The nucleation rate, J, is described by the ratio J = N/At,.,, where At,, is the duration of
the vapor-gas expansion [17]. Precise determination of the vapor/carrier gas ratio is important for accurate
measurements of the nucleation rate. These studies employ high purity materials and clean systems that are
created using vacuum cleaning technologies. The pressure change, intensity of transmitted/scattered laser
light, and other parameters are recorded. Temperatures are measured with uncertainties of the order of
several tenths of a degree Kelvin.

The shock tube as a version of the expansion technique has recently shown considerable improvements in
the quality of nucleation rate data (for example, Peters & Paikert [18]). A shock tube (or wave tube) is a tube
that is initially divided by diaphragm with at a much higher pressure at one side than the other one. An
adiabatic expansion occurs when a diaphragm is broken and the vapor-gas mixture becomes supersaturated.
Nucleation then occurs. It has been thought that wave tube measurements are less accurate “because pressure
pulses cannot always be accurately reproduced” in comparison with two-piston chamber (Holten et al. [19]).
Supersonic jets have recently been used to produce the same adiabatic expansion scheme where cluster
generation and growth are decoupled (Kim et al. [20]). The shock tube and supersonic jets provide the
opportunity to measure high nucleation rates with values up to 10'” cm™s™ even if it may not yet provide as
high accuracy as other measurement systems. The nucleation temperature for adiabatic expansion techniques
ranges from 30 to 370 K. Nucleation rates can be measured over an interval of up to five orders of magnitude
in one system under investigation. The expansion techniques cover a total nucleation rate interval from 10°
up to 10'” cm™s™. The total nucleation pressures involve interval from approximately 100 kPa to 7 MPa.

3. Diffusion Chambers

Langsdorf [21] created the first static diffusion chamber (SDC). The SDC is described in detail by Katz
[22], Kacker and Heist [23], etc. The static diffusion chamber consists of two wet plates maintained at
different temperatures. Vapor diffusion and temperature gradient produce vapor supersaturation and
nucleation in the space between the plates such that clusters of the new phase are formed. Clusters then
grow. Particles can move toward the cold plate direction by temperature and vapor concentration gradients.
A particle drops when its mass gets sufficiently large. A special SDC design was used for vapor-gas
nucleation measurements at elevated pressures up to 4.0 MPa (Heist ef al.[24]).

The temperature and mole fraction distributions over the chamber volume need to be calculated using a
transport process model. Heist and coworkers have reported results of careful analysis of the SDC heat-mass
transfer problem (Heist et al., 2003). The key problem is to achieve operational stability of the vapor-gas
mixture in SDC with respect to convective flows. Important conditions such as “the total pressure must
remain below a limiting value that depends on temperature, condensable vapor, and background gas” needs
to be recognized (Heist et al.[24]). Total nucleation temperatures for SDC range from 240 to 370 K so that
nucleation rates can be measured over four orders of magnitude in one measuring system. The total
nucleation rates span the range of 107 up to 10 cm™s™. The total nucleation pressures span the interval from
near 30 kPa to 4 MPa.

Another system is the Flow Diffusion Chamber (FDC). Initial versions of the FDC were described by
Anisimov et al. [3, 4]. The FDC scheme uses a hot laminar vapor-gas flow within cold boundary conditions.
Hot vapor-gas flow enters the chilled tube (condenser). The vapor-gas velocity distribution at the beginning
of the tube is parabolic one. The distributions of temperature, 7, vapor supersaturation ratio, .S, and
nucleation rate, J, along the tube axis can be revealed as the result of the Navier-Stokes equations solution.
Embryos form in the nucleation volume and subsequently grow in the supersaturated vapor. A flow
laminator is used to produce fully developed initial laminar flow. Parameters of that flow are used as
boundary conditions for the stationary heat-mass transfer problem. It is assumed that the boundary vapor
pressure near the tube wall is at equilibrium at the wall temperature. The vapor concentration at the
beginning of tube is defined by vapor saturator design. Nucleation occurs in the condenser. The particle
concentration and size distribution are measured with an aerosol counter that is placed before pressure
controller to avoid the nucleation in the controller resulting from a decrease in the exhaust pressure.

An algorithm for estimation of the average nucleation rate over FDC nucleation volume was suggested by
Anisimov et al. [25]. The maximum experimental value of the nucleation rate, J,.,, in diffusion chambers
can be measured using an obvious relation Jieo/Nieor=Jmax/New, Where Jyeor 1s maximum theoretical
nucleation rate; Ny.,- and Ny, are the theoretical and experimental FDC particle concentrations respectively
(Hyvarinen et al. [26]; Wagner and Anisimov [27]). That relationship can also be used for J,.
measurements using a supersonic nozzle (Streletzky et al. [28]). The current FDC scheme has been used for
vapor nucleation rate measurements at total pressures from 0.03 to 0.50 MPa. The FDC data span over six
orders of magnitude in nucleation rate that can be measured in a single experimental system. Nucleation
temperatures from 230 to 400 K can be obtained in these systems now. Versions of FDC have built in
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Finland (Anisimov et al. [29]; Lihavainen & Viisanen [30]), the USA (Mikheev et al. [31]), the Czech
Republic (Brus ef al. [10]), etc. Brock and co-authors built laminar flow systems to study single (Brock ef al.
[31]) and multicomponent (Brock et al. [32]) nucleation kinetics and properties of condensational aerosols.

Several groups have used rapid turbulent mixing to measure nucleation rates of the single and binary
vapors (Kogan & Burnasheva [33]; Sutugin & Fuchs [34]; Okuyama et al. [35]; Wyslouzil et al. [36], etc).
Most studies have only measured the critical supersaturation for two-component vapor systems. Nguyen et
al. [37] have studied homogeneous and heterogeneous nucleation of a single vapor in a laminar flow aerosol
generator. The Thomson equation was considered empirically for small clusters using an FDC in article [38].
The nucleation theorem (Anisimov & Cherevko [4]; Anisimov et al. [25, 39]; Kashchiev [40]) is presenting
the theoretical relationship between the nucleation rates and the number of molecules in the critical embryos
of condensate for vapor-gas measurements. It has been suggested in some articles, that single condensable
vapor nucleation in the gaseous media should be considered as binary systems because of clear influence of
carrier gas (CO,, SF¢) on critical embryo phase transitions (Anisimov et al.[41, 42]).

The problem of a turbulent mixing scheme is associated with wide spectrum of nucleation conditions.
Fluctuations of vapor supersaturation and temperature can be large enough in the pre-nucleation zone to
generate some pre-particles before system achieves homogeneity. These pre-particles initiate heterogeneous
nucleation. Thus, turbulent flow systems are rarely used for homogeneous nucleation measurements.
However, they have proved useful for heterogeneous (Lee et al. [43]; Mavliev et al. [44]) and ion-induced
(Seto et al. [45]; Gamero-Castano, et al. [46]; efc) nucleation measurements.

During the past three decades, several research groups have examined the effects of pressure and carrier
gas composition on homogeneous nucleation to better understand the experimental data describing vapor to
condensed phase nucleation. Classical nucleation theory assumes that the only role of the carrier gas is to
maintain the temperature equilibrium of the clusters with the ambient media. Frank and Hertz [47] made the
first observations of a gas-pressure effect. The result was reproduced in several other measurements (Katz et
al. [48]; Brus and Zdimal [49], etc).

Katz et al. [48] found experimental variation from negative to positive gas-pressure effects. Nevertheless
these authors concluded that the effect is not significantly larger than the changes in nucleation rate that
occur due to other uncertainties such as in thermal conductivity of the mixture. That conclusion is unsatisfied
as it follows from other empirical results. Clear gas-pressure effects were found in several publications. For
example, Anisimov and Vershinin [50, efc] experimentally found a positive gas-pressure effect and a gas-
composition effect at gas pressures from 0.10 to 0.30 MPa. They concluded on the basis of the ideal solution
approximation (known now as the nucleation theorem) that carrier gas molecules were involved in the
critical embryos. Heist and co-workers [51, 52] have reported effects of pressure and carrier gas composition
on the nucleation rates for a series of short-chain alcohols. Other experimental results have supported a
dependence of the nucleation rate on the nature and total pressure of the carrier gas (Luijten and van Dongen
[53]; Luijten et al. [54]; Anisimov et al. [42]; Lihavainen and Viisanen [55]. Gas-pressure effects were
detected by van Remoortere et al. [56] although most of the measurements from this research group (i.e.,
Viisanen et al. [57]; Viisanen and Strey [58]) did not observe carrier gas influences on nucleation rate.

Fladerer and Strey [9] did attempt to measure supersaturated argon nucleation using a cryogenic nucleation
pulse chamber. They concluded that growth rate of the nucleated argon droplets was too high to make permit
decoupled nucleation and embryo growth. Nevertheless the onset of nucleation corresponding to a nucleation
rate of J=10"""? cm™s™ at temperatures 52 < T(K) <59 and argon vapor supersaturation value near 10 was
estimated. Classical theory predicts nucleation rates of the order of 102~ 10" cm™s™ for these conditions.
Experimental results of different experimental schemes used for nucleation rate measurements at cryogenic
temperatures are still inconsistent (Fladerer and Strey [9]) because of low accuracy of the experimental data.

Several research groups have made comparative measurements of nucleation rates (Anisimov et al., [29,
59]; Wilck et al. [60]; Brus et al. [10], etc.) The nucleation rates of n-butanol in helium using both an FDC
(Hyvarinen et al. [61]) and an expansion chamber (Strey et al. [16]) illustrate the data sets deviation on 4-5
orders of magnitude. It can be seen that the data from the different systems can cross each other. However,
the slopes of the nucleation rate isotherms for the two measurement systems are nearly the same.

The origin of these data discrepancies can be better understood through the consideration of nucleation
rate surfaces (Anisimov et al. [62, 63]). In the most events, the vapor-gas nucleation temperature is higher
than the critical temperature of gas. In that case, nucleation rate surface extends over a drop-shaped region as
it is by Anisimov et al. [62].

In the most cases, the gas is treated as an inert media to absorb the heat released from the phase
transitions. Inconsistencies among the experimentally measured values from the different experimental
schemes are a major problem for current vapor-gas nucleation experiments. Consideration of vapor-gas

138



nucleation as a binary system is a reasonable way to resolve the data inconsistencies. It is plausible to think
that different experimental systems have the inconsistent trajectories along the nucleation rate surface when
the vapor-gas system is treated as binary system. Several results, for example, Anisimov et al. [41, 63]
illustrate that high pressure measuring techniques need to be designed to study multi-channel nucleation.

4. Reference system for nucleation rate measurements

In order to test the accuracy of an experimental system, it is important to have a standard system that can
be measured over a range of nucleation conditions. The n-pentanol-helium system was proposed in Prague,
1995 for such measurements. The available results from several research groups were collected and
compared (Anisimov et al. [11]). They proposed a reference equation for nucleation rates of n-pentanol—
helium as a practical test of any experimental measurement system for total pressures from 0.10 to 0.30 MPa.
Although the equation does not reproduce all of the results, the approximation is useful in its present form to
provide a relative view of the different results up to time when a more accurate approximation can be
generated. The problem of a nucleation standard can only be solved when consistent results have been
obtained by independent groups that use the different experimental schemes. It is believed that the vapor-gas
nucleation rates should be represented by a surface instead of the single line that is used for most current
presentations of the isothermal nucleation rate data in vapor-gas systems.

5. Nucleation rate surfaces design

Nucleation experiment can be provided in very local nucleation conditions even the nucleation takes
place from the critical conditions down to the absolute zero temperature limit and from zero nucleation rates
at phase equilibria up to the spinodal conditions. Theory predictions have low reliability as a rule. It is well
known that any phase diagram has several lines of phase equilibria. It is easy to show that each line of phase
equilibria generates the nucleation rate surface in space of nucleation process parameters. It means that one
has multi sheet nucleation rate surfaces in the common case. Each nucleation rate surface is related to one
phase state generation, or it is related to a single channel of nucleation. Semiempirical design of the
nucleation rate surfaces over diagrams of phase equilibria have a potential ability to provide a reasonable
quality information on nucleation rate for each channel of nucleation. Consideration and using of the
nucleation rate surface topologies to optimize synthesis of a given phase of the target material can be
available when data base on nucleation rates over diagrams of phase equilibria will be created.

One reason for nucleation theory problem is the application of inconsistent assumptions that are used to
interpret the experimental results. The most experimental data on vapor nucleation are interpreted as a one-
surface (one nucleation channel) approximation of a nucleation theory. However, two or more nucleation
channels are really present in most systems as it was recently reported by Anisimov et al [6, 68].

We need to admit now that agreement between experimentally measured vapor nucleation rates and
current theoretical predictions exists for only a limited number of systems. It was found long ago that the
lines of phase equilibria are continued by line of unstable equilibria for metastable systems. Vortisch et al.
concluded [64] retrospectively that “the temperatures and compositions leading to a given nucleation rate
roughly follow the melting curve.” That kind of empirical result initiated the two-sheet vapor nucleation rate
surface design (Figure 1) twenty years ago in the vicinity of the triple point [65].

7
Figure 1. Nucleation rate, J, surface topology for triple point vicinity. Vapor-solid (light grey) and vapor-liquid (dark grey)
nucleation separately. 7 is temperature; P is pressure; kta is line of vapour-solid and rtc is vapour-liquid equlibria; ¢ is triple point;
c is critical one

To empirically detect a single nucleation channel one needs to have the appropriate measuring system,
but these kinds of systems are not currently under active development. The semiempirical approach permits
the prediction of a realistic topology for the nucleation rate surface. That topology can be designed over the
phase equilibria diagrams [62, 66]. One needs at least several experimental points on the nucleation rate
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surface and the phase diagram to effectively develop these surfaces [66].

A short history of semiempirical design of the nucleation rate surfaces over phase equilibrium diagrams
will be presented. This approach involves a simple idea developed by Anisimov et al. [65], that nucleation
rate surfaces arise up from the phase equilibria lines. It means that each line of the real and metastable phase
equilibria produces two nucleation rate surfaces (for two are Both surfaces reflect the nucleation kinetics for
each of two metastable phases that can be jointed by an equilibrium line.
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Figure. 2. Sulfur hexafluoride — 1,3- propanediol nucleation at pressure of 0.30 MPa.

Experimental detection of nucleation rate for each of two individual vapor nucleation rate channels,
which are generating two single nucleation rate surfaces for vicinity of the triple point, one can see in article
[67]. That result is unique to the present time. However, the most experimental data are interpreted in the
one-surface (one channel) approximation. The theory not yet adequately developed to accurately predict two-
channel nucleation unfortunately.

Empirical studies of vapor nucleation are of significant interest as this is a fundamentally important
problem of the first-order phase formation kinetics description. The current technical level of research for the
study of aerosol formation is of fairly high quality, but there is no theory that is suitable for quantitative
prediction of the experimental vapor nucleation rates. In the common case, the theory of phase transitions
cannot predict the phase transition parameters such as pressure and temperature for nowadays as of the
adjacent metastable states.

Theory involves a number of assumptions to describe small clusters [68]. Further, when the size
dependencies of the surface tension and density of nuclei were taken into account [6] and the inherent
degrees of freedom were used to calculate the statistical sum for a nascent cluster [69], agreement between
theoretical and experimental results get worse. Semiempirical design over diagram of phase equilibria is
applied for metastable volume construction [65-68]. That way has a considerable potential in the nucleation
rate description.
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Figure 3. Sulfur hexafluoride — 1,2- propanediol nucleation rates at total pressures of 0.10 and 0.20 MPa.
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A Laminar Flow Diffusion Chamber [41] is widely used for nucleation rate measurements of vapor-gas
systems. A simple relation [63] can be used as criterion, 4, to detect a nucleation rate surface singularity
which is initiated by phase transitions of the first order for the surface section at J(7,S) = constant:

[alnjj ) (azm] (é’lnSJ _,
orT S.P..Pn dlnsS T.P..Pn or J.PB..Pn

The criterion value, 4, is equal to zero if the vapor nucleation rate surface J = J(7,S) has no singularities.
Here S and P; are vapor supersaturation and partial pressure of component i at temperature 7 of system
respectively. Singularity in the nucleation rate surface breaks the local condition for surface continuity and
monotony. Criterion, 4, is deviating from zero value in that case. The A-criterion provides a sensitive tool for
the detection of singularities in nucleation rate surfaces.

Clear singularities presence was found for data in Figures 2&3. These singularities can be attributed to
unknown earlier phase transitions of the first order in the vicinity of critical line of binary (vapor-gas)
systems. The phase transition temperature clearly decreases with a rise in sulfur hexafluoride pressure (P).
Presumably the sulfur hexafluoride concentration in a condensed solutions increases proportionally to the
total pressure. Mole fraction of sulfur hexafluoride grows up in a critical embryo composition. Naturally for
that trend that phase transitions in subcritical conditions, which are higher a sulfur hexafluoride critical
temperature, are shifting down to critical point temperature. New phase transitions of the first order probably
produce surface. It needs to get more data to reveal the real topology of the phase transition surface.

That surface involves critical points of gas and vapor, jointed by critical line for sulfur hexafluoride and
propanediol system in the present case. A vapor-gas as binary system has a three dimensional volume of
metastable states, which is bounded by surfaces of phase equilibria and spinodal conditions. These surfaces
are jointed along the critical line of binary system which can be calculated using one of the correlations [70].
The glycerine vapor activities (a) on nucleation temperatures (T) for two levels of the nucleation rates (J) are
presented in article [9] for a total pressure 0.10 MPa. The same shapes are appeared for total pressure of 0.20
MPa. The clear discontinuities, which are produced by melting points, can be seen for all cases.

Let look the reasons for these discontinuities. In our experiments we have transition from a nucleation
rate surface of one phase to other. In common case nucleation rates can be expressed such as J = B exp(-
AG/kT). In that equation AG = n*(leona ~thapo) + fi Where n* is number of molecules in the critical
embryos; Lleond -Lapor 1S @ chemical potential difference for the condensed phases and vapor for the macro-
scale samples; f'is aﬂp excess energy of a critical embryo comparing with n* molecules in a bulk c%ndensed

74 Bgrnd
phase (presumably &7 has a discontinuity at conditions of the phase transition); Partial derivative &% is
broken at conditions for a phase transitign of theﬁﬁrst order; L0 1S @ continuous and monotonous function

g I
of temperau;re. Tlée partial derivatives #T and #T are negative and positive quantities. In some cases their
b OF
difference (#F  #T ) as well as A-criterion can be equal to zero. It means that a nucleation rate surface has
a local continuity and monotony in that case.

K

Vapor
Condenced
Phase

Figure 4. Schematic presentation of a chemical potentials, p, on vapor activity (a) for the condensed phases of 1 and 2 (left panel)
and Pressure (P) -Temperature (7) — partial volume (v) diagram for a single component system with the metastable areas colored

by gray
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Figures 2&3 illustrate an impact of a critical embryo phase change on the nucleation rate surface topolo-
&reond

gy. Partial derivative @T is broken at conditions for a phase transition %E the ﬁrg; order; fhapor 1S @
=
continuous and monotonous function of temperatu;i. Thgfpartial derivatives #7 and #7 are negative and
L
positive quantities. In some cases their difference (T #T ) as well as A-criterion can be equal to zero. It
means that a nucleation rate surface has a local continuity and monotony in that case. Figures 2&3 illustrate
an impact of a critical embryo phase change on the nucleation rate surface topology.

It may be that there is a sufficient experimental variation in the nucleation rate measurements which is
preventing the detection of this kind of nucleation event. A major problem in detection of the nucleation rate
surface singularities is the random error inherent in any experimental data. This problem exists even one has
experimental results of relatively high accuracy as it is shown by Anisimov [6]. A conceptual problem in
vapor-gas to liquid (or solid phase) nucleation is its treatment of the nucleation as a single component
problem instead as a two component system.(s 'a) of the triple points. Lines mac; and sac, are the vapour-
liquid and vapour-solid binodals. c; and c; are critical points (right panel).

Results of the present research illustrate clearly that gases can generate a phase transitions in a condensed
state of matter. It has led conclusion that gas can be involved in the critical embryos and any vapor-gas
system nucleation should be considered in an approximation of binary solution. A direct mass spectrometric
measurements show the presence of the carrier gas in the critical cluster under some nucleation conditions
for example in a monosilane-argon system [71].

6. Conclusions

In the present review, advantages and problems related to aerosol generation experiments are discussed.
Adiabatic expansion and gas-jet techniques, diffusion chambers, turbulent mixing apparatus were
considered. It can be concluded that the development of accurate experimental techniques for vapor-gas
nucleation research are still in progress. Measurable nucleation rates for the available experimental
techniques span up to 19 orders of magnitude ranging from 107 cm™s™ up to 10" em™s™ and nucleation
temperatures from cryogenic around 30 K to near 1300 K. Pressures in vapor-gas systems have been
achieved within the interval from 30 kPa to 10 MPa. The current recommendations for vapor-gas nucleation
rate measurements can be summarized such as: Vapor nucleation and cluster growth volumes should be
decoupled to allow the embryos to grow before light scattering detection. Decomposition of embryos should
be evaluated when an adiabatic recompression (Allen & Kassner [15]) is applied to interrupt nucleation.

Theory independent algorithms are needed to estimate experimental nucleation rates based on FDC and
others flow systems experimental data. Homogeneous nucleation rates should be measured for sufficiently
high supersaturation values (Anisimov and Cherevko [4]). Impurities in the vapor substance must not exceed
0.2% for the present time. This level of impurities shifts the nucleation rate values within one order of
magnitude as shown by Anisimov et al. (1987) and Strey et al. (1995). Aerosol size distribution
measurements are strongly recommended to identify the possibility of two and more channels for
homogeneous and heterogeneous nucleation. Continuity and monotony criteria should be applied for the
detection of nucleation rate surface singularities and data quality characterization. Vapor-gas systems are
strongly recommended to be considered as binary nucleation systems. The problem of experimental data
inconsistencies should be resolved to create a nucleation standard. It can be hoped that the uncontrolled
parameter(s) will be identified in the near future and permit consistent nucleation rate data to be derived from
different research methods. The introduction of one or several nucleation standard(s) is a major current
problem. Success in the nucleation standard development and its introduction in nucleation research practice
is a key issue for current nucleation experiments.

It can be concluded that a conceptual problem in vapor-gas to liquid (or solid phase) nucleation is its
treatment of the nucleation as a single component problem instead of a two component approximation.
Results of the present research illustrate clearly that gases can generate a phase transitions in a condensed
state of matter in the critical line vicinity. Gas can be involved in the critical embryos and any vapor-gas
system nucleation should be considered in an approximation of binary solutions. A direct mass spectrometric
measurements show the presence of the carrier gas in the critical cluster under some nucleation conditions,
for example, in a monosilane — argon system [12]. Several contemporary achievements are collected in the
present review. It is clear that idea of a semiempirical design of the nucleation rate surfaces is promising tool
for the advanced material synthesis. One can easily see that idea of semiempirical design of the nucleation
rate surfaces will get development in the nearest future. The data base file of the algorithms of that kind of
activities, the digital information on nucleation rates, equations of states, phase equilibria diagrams, binodal
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and spinodal conditions, efc will be intensively collected without doubt. Time when soft to the nucleation
rate surface design will be available for each scientist and engineer is approaching. It means that knowledge
on nucleation will get position of powerful tool which is effective in scientific research and industrial
applications.
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