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Abstract. Peculiarities of fractal cluster growth in the
gasecous phase are analysed. The effect of thermal and
ionised particles on the structure of forming aggregates is
considered. Special attention is paid to the analysis of
experimental methods of generating fractal clusters. The
role of charges and electric fields in the growth of fractal
structures is demonstrated. The influence of the geometry
of fractal objects on their aerodynamic, sorption, and
kinetic characteristics is analysed on the basis of
experimental data.

1. Introduction

Application of the fractal geometry concept to physics
dates from the 1970s when fundamental works of
Mandelbrot [1] were first published. Since that time, the
theory of fractal systems has been successfully employed to
analyse the structure and the properties of objects formed
in the course of nonequilibrium processes. Such objects
include fractal clusters, i.e. structures resulting from
coagulation of solid particles which move along certain
trajectories.

The clusters are normally supposed to consist of
nanometer particles although there is only one formal
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limitation imposed on the size of their constituent ele-
ments, which is that they must be considerably smaller than
the agglomerate. From this standpoint, clusters of galaxies
in the Universe are also considered to be fractal clusters [2].

A fractal cluster is a convenient object to use in
constructing numerical models intended to simulate the
effect of growth conditions on the aggregate structure.
Current knowledge of these objects largely stems from
the use of computer models. Fractal growth models have
been extensively discussed in the literature and reviewed in a
few recent publications [3, 4]. At the same time, certain
authors appear to be increasingly interested in exploring the
properties of fractal aggregates [5].

This interest can be attributed to at least two causes. In
the first place, fractal clusters have been found to occur
frequently in nature. For example, it has been shown that
certain species of atmospheric aerosols (e.g. smoke partic-
les) and some types of stratospheric aerosols are in fact
fractals. This accounts for the great attention paid to
studying their optical [6, 7, 8, 9] and transport [10, 11]
properties which are supposed to be responsible for the
degree of their involvement in atmospheric processes.

Secondly, the fractal cluster is the principal structural
element in a number of macroscopic systems known to
emerge from physicochemical processes and events that
resemble fractal growth phenomena [12]. Of late, many
studies dedicated to this class of objects have focused upon
aerogels, i.e. macroscopic systems of very low density with
well-developed porous structure and large specific surface.

In terms of properties, aerogels may actually be
regarded as a new physical state of matter intermediate
between gaseous and condensed states [13]. Such structures
have been reported to possess a specific combination of
physicochemical properties [14] which look very promising
in the context of their technological application.
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Unfortunately, our present understanding of the struc-
ture and properties of fractal aggregations is largely based
on the analysis of theoretical models and poorly supported
by experimental findings. The main reason for this is the
notorious technical difficulty with these objects of exper-
imentation, which is both challenging and laborious.

A major methodological problem which needs to be
solved to facilitate experimental studies is caused by the
lack of an approach to the synthesis of aggregates with the
broad spectrum of structural characteristics necessary to
obtain structure-related information about physical and
chemical properties of fractal clusters. Equally important is
a reliable system of diagnostic tools to characterise
structural parameters.

The former problem can only be solved with deeper
insight into the processes responsible for the development of
fractal aggregate structure. Computer models of cluster
growth used to simulate extreme physical situations provide
only a rough approximation to the solution of the problem.

The main reason for the disparity between numerical
models and real aggregation experiments is that growth
models a priori fix the aggregation patterns (cluster —cluster
or cluster —particle), motion of clusters and particles
(rectilinear or Brownian), and probability of coagulation
during their interaction, whereas in cluster generation
experiments these growth parameters are subject to con-
tinuous variation.

In the course of evolution of a dispersed gas system, the
initial interaction of the cluster —particle type associated
with rectilinear motion (kinetic regime) turns at a later stage
into an interaction between clusters with Brownian motion.
At intermediate stages, the particles appear to be involved
in mixed interaction, with the contribution of either
mechanism being variable in space, owing to density
fluctuations.

The pattern becomes even more complicated under the
influence of various processes on the surface of interacting
particles, especially when they carry a charge. Specifically,
charge redistribution between the particles automatically
affects coagulation. The natural result of the diverse
processes taking place in a real physical milieu is a marked
difference between the structural parameters of aggregates
formed under these conditions and those obtained in
numerical simulations.

The above facts to a certain extent determined the
choice of research strategy with respect to the properties
of fractal aggregates. Earlier studies attempted to elucidate
how conditions in which aggregates were generated influ-
enced their structure. Analysis of experimental findings
indicates that the structure of an aggregate formed in the
gaseous phase is largely dependent on the parameters of the
initial stage of this process. With this in mind, it is
convenient to distinguish between high-temperature and
low-temperature techniques for preparing fractal aggre-
gates.

As a rule, high-temperature methods are used to
vaporise refractory metals. These techniques include wire
explosion [15], laser evaporation [16, 17], and arc discharge
[18, 19]. Lower-temperature techniques provide for milder
sublimation of starting materials with melting temperature
below 1000 K [20].

An essential feature of high-temperature techniques is
the formation of dense plasma near the surface with a
temperature of several thousands of degrees and pressure in

the range of few to tens of atmospheres. Relaxation of such
a system is accompanied by the very fast (within 1072 S)
production of fractal clusters because of the initially high
primary particle number density [13].

All attempts to significantly increase characteristic times
of individual stages of the process and make them directly
observable have been in vain because the plasma system
remains stable in a rather narrow range of ambient
parameters.

This explains why the mechanism of cluster formation in
an ionised medium has to be understood from the structure
of the aggregates produced and also from theoretical
considerations, including those which ensue from the use
of numerical models. Analysis of fractal cluster growth in a
weakly ionised medium is presented in Section 2 of the
present review.

Substances with low melting temperature appear to
provide a better opportunity for the detailed examination
of selected growth stages of fractal clusters and also an
advantage in terms of the experimental technique. High
vapour pressure for such substances is attainable at
moderate temperature when ionisation of the medium is
low and unlikely to have marked effect on the development
of the system.

In this situation, it is easy to select conditions under
which characteristic times of individual aggregation stages
would increase to such an extent as to make it possible to
simplify the experimental techniques considerably and
design studies without sophisticated equipment. Methods
for generation and structural analysis of fractal clusters are
described in Section 3 which also contains some experi-
mental data on fractal growth dynamics.

Section 4 is devoted to the experimental studies on
aggregate structure modification in an electric field. More-
over, this section examines the relationship between the
structure of aggregates and their aerodynamic and sorption
characteristics.

2. Formation of aggregates upon relaxation
of aerosol plasma

In a real aggregation experiment, the structure of fractal
clusters is markedly dependent on the conditions in which
they are obtained. This dependence is apparent at all stages
of the system evolution, from vapour condensation into
primary kernels to the formation of large aggregates.

At an early growth stage, the structure of the aggregates
produced is greatly influenced by the degree of ionisation of
the medium and also by the size, shape, and density of the
number of primary kernels. If cluster assemblage occurs at
relatively low temperature, the dispersed system becomes
responsive to external fields. Specifically, electric fields have
a marked effect on the structure of fractal clusters.

Since field modulation is the simplest and most readily
available method of structural modification of growing
clusters, it seems appropriate to examine factors which
contribute to their directional growth under the influence of
an electric field and to describe processes responsible for the
formation of fractal clusters during the evolution of
vapours as they cool down.

2.1 Condensation process in weakly ionised plasma
It has already been mentioned that fractal clusters are
normally obtained in gaseous phase by heating the starting
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materials to high temperature. It is essential that the
primary vapour—gas medium is a high-temperature
mixture composed of atoms (or molecules) and charged
particles, regardless of the method of supplying energy to
the system (electric current, chemical reaction of combus-
tion).

Evolution of such a system depends on the presence of
ions which are the main sites of condensation of atoms and
formation of growing microparticles initiated by fast
cooling. The density of ions is therefore crucial for the
size of primary kernels and serves as a rate-limiting factor.
[t is important to examine changes in the ionisation state of
the system at different stages of cooling.

To begin with, the system is in ionisation equilibrium
which is described by the Saha equation for density of
charged particles. The time needed for the ionisation
equilibrium to be reached increases as plasma cools
down. This may account for disequilibration of the system
under certain conditions. Therefore, cooling results in a
higher density of charged particles compared with equilib-
rium density.

In the case in question, electron (or ion) density N, is
defined by the balance equation [21]:

N

L — kN (NE- N2, n
where Ng is the equilibrium electron density described by
the Saha equation and k, is the rate constant for triple
recombination of electrons and ions.

Eqn (1) suggests that electrons and ions are formed
during stepwise ionisation of atoms, and that they are
removed by triple recombination. The equilibrium electron
density Ng changes with time ¢, as does the plasma
temperature. It may be defined by the equation
Ns(t) = Ns(0) exp(—yt/2).

If N§ ~ exp(—I/kgT) (where I is the atomic ionisation
potential, T is plasma temperature, and kp is the Boltzmann
constant), then

I |dr
= |—]. 2
4 kpT? | dt @
This means that Eqn (1) may be written as
dNn
= kN[ V3(0) exp (=) — NZ] . 3)

The asymptotic solution of this equation in the region
where equilibrium is drastically disturbed has the form

1 -1/2
N, = (2 J K, dt> . @
to

(if the process of ionisation is disregarded).

Now, we have to determine parameter #,. This requires
the asymptotic solution of Eqn (3) to be found on the
assumption that the recombination rate constant k, is
independent of time. This assumption is valid because
Ng(T)-dependence is stronger than k. (T).

The asymptotic solution of Eqn (3) may be presented in
the following form:

2
I 2k, [W_ln 2%N3(0) .
y

HON

. ®

where C is Euler’s constant. Evidently, this solution does
not depend on the choice of initial time #,.

Comparison of Eqn (5) with expression (4) in the form
of N;? = 2k,(t — ty) allows parameter #, to be found:

2k, N2
yt0:C+lnk'TS(0). (6)

This relation in fact indicates that the recombination time
and the time of plasma density change in the region of
disturbed ionisation equilibrium are similar.

Let us now derive the asymptotic expression for electron
(ion) density. In the parameter range in question, k, ~ T
[22]. After a series of calculations, this dependence can be
presented as [23]

X | 9/2
ky/em® s7h = 6.4 x 107 (%) . @)

If plasma is assumed to dilate adiabatically, then
(T x1/R)

—x—T T

ar Tar T %
where R is the distance from the evaporation spot. In this
case, Eqn (4) takes the form of

1 ' dT  Tk(T TY
—2:2J kr = r( ) 1_ e i (8)
N3 W dT/dr  3dT/dt T;
where T is plasma temperature at a given point and
T; =T(ty) is temperature at the lower boundary of the

region of marked ionisation disequilibrium (where
Ng € N,) which, according to Eqn (5), fulfils equation
e’ 1 dr
k. (T;,)Ni(T;) = — — . 9
TN =5 (dt) ©

Table 1 presents calculated parameters which charac-
terise the ionisation state of copper plasma formed during
laser evaporation of surface atoms. It is estimated that
about 30 % of the laser radiation power is expended to
produce copper vapour. The coefficient of accommodation
of copper atoms to clusters (on collision with their surfaces)
is 0.2.

Table 1. Characteristics of laser-induced copper plasma.

Radiation flux/W cm—2

107 3 % 10° 10
Ty/K 7340 5440 4440
Ng/em™ 1.1 x 10% 4.1 % 10" 1.6 x 10"
T,/K 4910 3640 2950
N,/em™ 2.8 x 10" 1.0 x 10" 4.0x 10"
p1/atm 19 5.0 1.6
T./K 3270 2720 2360
N¢/em™ 1.5% 10" 6.4 % 10" 2.9 % 10"
T;/K 5300 5000 4800
N¢/em™ 2.1x 10" 1.4 x 10" 1.0 x 10
N/Ng" 62 1200 17 000
ro/nm 17 12 7.3

The calculations are made for the case in which buffer
gas pressure is much lower than the pressure of the
substance being evaporated, and the plasma beam propa-
gates at acoustic speed. In this case, the temperature of a
single-atom gas in beam 7T, is related to the surface
temperature Ty by T, = 0.67 T, while Ny = 0.25 N, holds
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for the relationship between atom density in beam N; and
saturated vapour density N, [21].

The vapour density at temperature 7, is somewhat
lower than the saturated vapour density. This accounts
for condensation starting at some distance from the
irradiated surface where the beam dilates and the tem-
perature drops accordingly to T.. Density N; at this
temperature is close to the saturated vapour density N, [24].

Table 1 lists values of T; , electron (ion) density N, on
the saturation line, and the ratio N./Ng (where Ng is
equilibrium electron density). This ratio characterises the
degree to which ionisation equilibrium is distributed on the
saturation line.

The next stage of evolution of a gas—plasma system
during cooling is condensation. Almost instantaneous
initial condensation of saturated vapour on ions is
followed by the sticking of the resultant charged clusters
to each other. Particle growth by fusion and reciprocal
neutralisation of charged clusters occurs until their size
becomes of the order of the Coulomb radius r,,,; = ez/kBT.

With a further growth of the particle radius, collision
with the gas-kinetic cross-section oy, = n(r; + r2)2 acquires
greater importance as it equalises the probability for
clusters bearing like and unlike charges to condense. The
rate constant of this process is

8kgT m; +m 1/2
kyin = (—B ]72) n(r + 1) .
T miymy

(10)

For the function of cluster mass distribution
f(m) ~ exp(—m/m) (where m is the mean mass of particles
in a given moment), averaging yields

knT
ki = 10 22220

(1
where p is the mean density of the material in the
condensed phase and ry is the mean particle radius.

The particle size increases because of the coalescence of
its total mass into a drop while it is fluid. In this case, the
equation for the mean particle mass m has the form

dm

E = kcoag/_) 5

where p is the mean density of the material in the
condensed phase and k. is the particle coagulation
rate constant.

Coagulation of particles proceeds as a series of direct
collisions which allows time dependence of the mean
particle radius to be obtained from Eqn (11), with
Eqn (10) used for the rate constant:

kBTI—)ZtZ 1/5
ro = 4—p3 .

Also, Table 1 lists the values of r, for t = 1074 s, that is for
the time period during which the particles remain fluid. The
particle radius of 10—30 nm is characteristic of a number
of substances (Pt, Fe, Ag) which are formed in argon or
helium at ambient pressure.

Transition of atoms to the condensed state at tem-
peratures exceeding 1000 K is accompanied by the intensive
emission of electrons from the surface which results in the
formation of multicharged particles at a certain stage of
system evolution.

(12)

This phenomenon is worthy of examination in more
detail taking into account both electron emission and the
reverse process, i.e. recombination of electrons with
positively charged particles. In this case, the electron
density changes at a rate of [25]

AN, AS ®
N7 ~? NN,
dr p eXp( kT ) X

where A = 4nm ek} /> is the Richardson emission constant
(h is Planck’s constant), S is the surface area of emitting
particles, ¢ is the work function, a is the recombination
coefficient, and N is the charged particle density.

S :411:r(2) holds for particles with mean radius ry.
Moreover, N, =mN (m is the particle charge in electron
charge units) and @ = @, 4+ me” /ry (the term me?/r, reflects
increased work function due to the charge of the particle). If
the recombination cross-section in the first approximation
is considered equal to mr?, then o= (v) (where (v) =
(8kBT/1tmc)]/2 is the electron speed and m, is its mass).

Substitution of expressions for S, N,, «, and ¢ into
Eqn (13) yields

1/2
dNe _ o [4AT2 oxp (_ @y + me? /r0> . (8kBT> / ] .
e

dr kBT mm,

(13)

(14)

In equilibrium, dN./d¢=0. Hence

2 1/2
T
4AT? exp _w = emN 8kp . (15
kBT m,

where m, is the equilibrium charge of the particle.

Eqn (15) is practically identical to the relationship
obtained from the analysis of equilibrium particle ionisa-
tion [26, 27] provided formation of both positive and

negative charges on dispersed particles is taken into
account in the latter:
NC 2 K 1 2 rkBT
—=0¢’In—+—, = . 16
N ¢ nNc+2 7 e (16)

Here, K = 2(2mmokpT /h*)*/* exp(—@,/ksT) is the equilib-
rium constant for the single ionisation reaction.

It has been shown for the case of equilibrium ionisation
[26] that the charge distribution between particles is the
same as the normal distribution density

Nm ] ex

N oom) T
where N, is the number density (of particles with charge m)
and o is dispersion.

Table 2 presents parameters, calculated from Eqn (16),
which characterise the ionisation state of plasma containing
the condensed phase in the form of carbon, copper, and
magnesium oxide particles. It can be seen that at the stage
of condensation, particles of size exceeding 5 nm almost
invariably bear positive charge of a few elementary units.

However, further cooling of the system results in the
absorption of free electrons by the particles, and the charge
density distribution (17) at plasma temperature below T,
becomes quasisymmetric with respect to zero; indeed,
my = (N./N); <0.1. This implies that the densities of
positively and negatively charged particles are virtually
the same.

(m — mo)2
202

, an
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Table 2. Ionisation state of plasma containing condensed phase.

C (T, =3980K,N, =2 x 10" cm™)

Cu (T, =3270 K, N, = 1.5 x 10" cm ™)

MgO (T, = 3870 K, N, = 2.4 x 10" cm™)

ro/nm ro/nm

(Ne/N)r, Tp/K

(Ne/N)r,

T,/K ro/nm (NC/N)Tc T,/K

5 3.13
10 8.32
20 21.44
40 53.30

2840 5 0.39
2582 10 1.57
2363 20 5.75
2176 40 18.22

3051 5 4.36
2738 10 10.90
2480 20 26.77
2269 40 64.21

2441
2191
1996
1824

Table 3. Distribution of acrodisperse plasma particles by charge (in %) at
the crystallisation temperature of the particle material (ry = 15 nm).

Material T, /K Number of elementary charges on the particle

C 3940 213 368 240 120 44 1.2 03
Cu 1350 362 479 140 28 0.1 - -
MgO 3070 23.8 40.1 234 94 2.7 0.5 -

The ultimate charge distribution spectrum formed in the
zone of particle-to-solid conversion is shown in Table 3.

In order to determine the time necessary to reach
emission equilibrium, assume that ¢’ = g, +m0e2/r,
m,—g = 0 and integrate Eqn (14). This gives

AT AT ? - —aNt
= AT 9 L ep(zaNn)

e kgT oaN {18

Eqn (18) suggests that equilibrium is practically reached
in time ©=1/aN =my/N.m(v,), where 7 is an over-
estimate since the emission rate is minimal for the
selected expression for ¢'.

At T =3000K, time t=10"%s for particles with
r=10"cm, which means that equilibrium is attained if
the particles remain in the zone of condensation one order
of magnitude longer than is implied by the above value.
Otherwise, the particle charge would be higher than the
equilibrium one.

2.2 Initial stage of coagulation

An important outcome of vapour relaxation in a weakly
ionised medium is conservation of a high charge by
particles undergoing transition to the solid state. Owing
to this, the early stage of coagulation largely occurs
between charged particles. This predetermines to a large
extent both the growth mechanism and the structure of the
primary clusters.

Numerical models of charged solid particles with the
Coulomb interaction potential provide a clear idea of
principal features of the system evolution at early stages
of aggregation. Specifically, calculations by the
Monte Carlo method indicate that thermodynamic param-
eters of an ionic system in gaseous phase should not be
regarded as smooth functions of temperature and pressure;
indeed, they show peculiar characteristics which suggest the
existence of phase transition at selected points.

Typical relationships calculated for the internal energy
of a system of 12 charged particles with a rigid kernel are
illustrated in Fig. 1 [28]. The figure shows that high density
isochores exhibit four segments of smooth, almost linear
energy behaviour separated by characteristic steps.

—0.1 }

I

—0.3 +

—0.5

—0.7 | 1 1 | |
0.1 0.3 0.5 0.7 0.9
T*
Figure 1. The plot of internal energy u* (per particle) vs temperature
T* at different density of the particles in the system. Dimensionless
parameters arc used: u* =ufe, T*=T/e where &=m?/2r,
Ve =v/(2r)’.

Analysis of binary distribution functions and instanta-
neous configurations corresponding to the points at each of
the above segments permitted their identification with
various types of structures. The high-temperature segment
I (T* > 0.38) corresponds to the Debye region of isolated
charges. The temperature range /I (0.17 < T* < 0.38) is
associated with the formation of ion pairs, whereas segment
117 (0.08 <T* <0.17) corresponds to increasing triple
correlations and tends to produce linear ion triplets.

The next step following the formation of triplets is the
build-up of long chains rather than production of compact
ion quadruplets. In this process, the high-temperature
portion of segment IV (0.05 < T* < 0.08) corresponds to
the region where chains are assembled. In the low-
temperature portion 7" < 0.05, the chains are folded
into compact structures.
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Table 4. Temperature intervals (in kelvins) for different structural types of charged particles calculated for solid particles with density 10'° ecm™.

3

Type The number of elementary charges on the particle
of structure

1 2 3 4 N 6
Single charges > 210 > 845 > 1900 > 3380 > 5290 > 7610
lon pairs 95-210 380-845 8501990 1510-3380 2360-5290 3400-7610
Triples 45-95 180-380 400-850 710-1510 1110-2360 1600-3400
Chains 28-45 110-180 250400 450-710 650-1110 1000-1600
Folded chains < 45 <110 < 250 < 450 < 650 < 1000

This can be accounted for by the fact that transition to
compact structures in a system of particles of unlike charge
is not accompanied by such a dramatic energy drop as in
the case of neutral particles; aggregation brings together
both like and unlike charges.

Chain formation is entropically favourable. The free
energy FF'=U — TS becomes crucial only at a much lower
temperature, and this results in the transition of the system
to a compact structure. This inference is confirmed by
calculations using harmonic approximation [29] which
reveal a broad region (0.02 < T* <0.06) of thermody-
namic stability of chain-like clusters on the phase diagram.

Furthermore, analysis of a number of locally stable
configurations demonstrated that chains are a typical but
not the sole variant of the chain structure. As the aggregate
size grows, ‘cross-linking’ of isolated chains into branched
structures becomes entropically more favourable.

The results of numerical models are largely supported
by experimental findings. To facilitate their comparison,
Table 4 shows temperature intervals for different types of
structures in relation to the particle charge.

Formation of primary pairs and triplets can be seen on
micrographs of carbon clusters obtained at high magnifica-
tion. Fig. 2a demonstrates that primary structure-forming

Figure 2. Micrographs of carbon clusters: (a) a fragment of aggregate
structure (x70000), (b) cross-linked filamentary structures (x7000).

-

Yot

1 ym
| S

Figure 3. Aggregates of magnesium oxide obtained by burning magne-
sium: (a) in arc discharge, (b) in air.
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elements of the cluster are linear aggregates rather than
isolated kernels. Each aggregate consists of two or three
particles, and their combination at an early stage of
aggregation gives rise to both filamentary and ‘cross-
linked’ structures (Fig. 2b).

Another characteristic indicator of the relationship
between the ionisation state of a system and the structure
of aggregates is provided by a comparative study of burning
magnesium in arc discharge and in air (Fig. 3). In the first
experiment magnesium was burnt in a plasma channel at
10000 K whereas in the second experiment the combustion
temperature did not exceed the magnesium oxide condensa-
tion temperature, i.e. 3000 K [30].

In arc discharge, ionisation equilibrium was grossly
disturbed at the time of vapour condensation, and primary
ion number density was much higher than equilibrium
density. This accounted for a large amount of small
particles formed during condensation. High initial particle
density in a fixed temperature range was responsible for
markedly reduced energy of chain formation (see Fig. 1)
and therefore an increased relative density of chain-like
structures.

Burning of magnesium oxide in air had quite a different
outcome. In this case, magnesium oxide vapour condensed
on a relatively small amount of ions which accounted for
the low particle number density and a much weaker
tendency for the particles to form. An additional factor
which interfered with chain formation during burning of
magnesium oxide in air was the relatively large size of
primary particles (around 0.2 pm). Diffusional movements
of such particles partly counterbalance the directional effect
of coagulation produced by the Coulomb interaction forces.

Thus in the early stage of particle coagulation, which as
a rule occurs in the gas-kinetic regime, the ionisation state
of the medium has a major effect on the structure of
primary clusters. Results of numerical models and exper-
imental findings both indicate that chain-like structures are
most readily formed in high-temperature systems with
initially enhanced density of charged particles.

Given equal particle densities, chains are most likely to
form in the case of substances with high melting point
whose particles carry higher charges during conversion to
solids. Such conditions are characteristic of plasma media
generated by arc discharge or laser vaporisation of
refractory materials. It is in these systems that chain
aggregates are most frequently found as both linear and
ramified structures.

2.3 Late coagulation. Effect of electric field

Further growth of aerodispersed particles giving rise to
fractal clusters occurs from the previously formed small
aggregates that tend to fuse into bigger structures, i.e. by
the mechanism of cluster —cluster aggregation.

This process comprises two stages differing in physical
mechanisms and hence in characteristic times. In the first
stage, particles draw together till they touch one another
(diffusion); during the next stage, particles that are in
contact join together via intermolecular bonds. Based on
the different characteristic times of the two processes,
models of cluster—cluster aggregation are categorised
into two major types: diffusion-limited aggregation
(DLA) and reaction-limited aggregation (RLA).

In RLA, the ‘binding’ time of particles greatly exceeds
the characteristic time needed to bring them together. In

other words, each particle is involved in a few collisions
before an aggregate is produced. This ensures deeper
interpenetration of the particles and formation of compact
structures. According to Refs [31, 32], the characteristic
fractal dimension of such aggregates is D ~ 2.1.

In DLA, diffusion of particles takes more time than
their ‘binding” which means that each collision results in
aggregation. In this case, interpenetration of the particles is
not so deep as in RLA and the fractal dimension of the
resulting aggregates is smaller: D ~ 1.78.

The type of aggregation that is actually produced
depends on the properties of the dispersed system, i.e. its
density, materials of the dispersed phase and the medium, the
number, size, and charge of the particles. It follows from the
foregoing discussion that at an earlier stage of aggregation,
the cluster growth largely occurs in accordance with the RLA
model owing to the high density of small dispersed particles
and, hence, increased frequency of their collision. The
particle number density decreases as more primary aggre-
gates are formed, and their further growth is limited by the
diffusion rate.

In fact, the majority of real aggregation processes are far
more complicated because they include reorientation of the
constituent components inside clusters (restructuring),
chemical reactions on their surface, breakdown of the
established links, etc.

An important feature of the cluster —cluster aggregation
is its susceptibility to the presence of external fields. This
accounts for the structural anisotropy of the clusters being
formed. This effect should be attributed to the orientation
of the clusters in the external field where their aggregation
proceeds in a certain preferred direction.

Electric fields appear to be of special interest in this
context, and their influence on cluster aggregation has been
examined in a number of experimental studies. In an electric
field E, aerosol particles are subject to polarisation, and the
induced dipole moment for nonspherical particles is
dependent on their orientation with respect to the electric
field lines. The induced dipole moment for elongated
aerosols (e.g. chains of primary kernels) can have the form

(19)

where k is polarisability of the aerosol (proportional to the
particle length) and 6 is the angle between the particle axis
and the electric field.

Moreover, primary aggregates formed at an early stage
of coagulation may have their own dipole moment since
they mostly arise from oppositely charged particles; the
direction of this dipole moment more or less coincides with
that of the aggregate axis. Interaction of the induced dipole
moment and the dipole moment of the aggregate with the
electric field causes the aerosol particles to assume the most
energetically favourable orientation, i.e. along the electric
field lines.

Particle distribution in terms of orientation with
respect to an electric field can be found by using the
Boltzmann law [33]:

H6) ~ exp [_ (kE cos 0 + py) E cos .
kT

Ping = KE cos 0,

(20)

It is clear that the fraction of oriented particles increases
with increasing electric field.

The average cosine of angle # may be used as a measure
of particle orientation in an aerodisperse system. cos 8 = 0.5
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Figure 4. Representative fragment of the structure of an anisotropic
fractal carbon cluster grown in an electric field of 2.5 kV ¢m™

corresponds to the absence of regular orientation whereas
cos 6 = 1 indicates that all the particles are oriented along
the field lines.

Calculations show that elongated aggregates (0.1 pm)
are completely oriented (cos@ > 0.9) at ambient tempera-
ture in an electric field of around 1 kV cm~™' whereas
orientation of chains 1 pm long occurs in a field as weak as
30 V em™'. Therefore, this effect is apparent only when the
temperature of the system is not too high. Otherwise,
thermal motion prevails over the directional effect of the
electric field.

Another aspect of the influence of the electric field on
coagulation is related to the directional drift of particles
along the field lines caused by the uncompensated charge
they carry. Moreover, the effect of dipole—dipole inter-
action between polarised aggregates becomes more and
more pronounced as they draw together which results in
faster aggregation of clusters.

All the above factors are collectively responsible for the
formation of highly anisotropic elongated fractal clusters,
and anisotropy is equally inherent in the inner structure of

the aggregate. A representative fragment of such a structure
is presented in Fig. 4.

In strong electric fields (ca 100 V ecm™') and at a high
initial particle density, directional cluster —cluster aggrega-
tion may result in the formation of macroscopic structures
called fractal threads (filaments) [13]. Electric field is of
paramount importance in the formation of such structures;
apart from the factors mentioned above it contributes to the
consolidation of cluster structure, in agreement with the
restructuring model [34].

Thus, fractal threads can be considered as the final
result of directional cluster—cluster aggregation in an
external field. In isotropic conditions, aggregation of the
cluster —cluster type is directionless and leads to the
formation of isotropic loosely bound aggregates. The
eventual outcome of this process is a single macroscopic
cluster, i.e. an aerogel.

3. Experimental studies on growth dynamics of
fractal aggregates

3.1 Experimental design

It has already been mentioned that experiments on fractal
cluster generation normally begin with evaporation of the
starting material by one of the available techniques. This
procedure is followed by vapour condensation which
results in the formation of dispersed primary nanometer
particles; their further aggregation gives rise to larger
aerodisperse agglomerations. The structure of such aggre-
gates will be the subject of the following discussion.

The experimental setup was designed to grow fractal
clusters in line with the above scheme [20]. It consisted of
three basic modules: a generator of particles, a coagulation
chamber, and a sampling unit (Fig. 5).

The main element of the generator was the passive
evaporator / with cooled walls. The material was heated by
means of tube heater 2 and cooled by pumping gas (W3)
through the evaporator. Vapours were mixed with a flow of
nitrogen (W) at the entrance of the generator.

The gas mixture was heated to 1000 K then passed to
condensation chamber 3 where it was further mixed with
cold gas (W,) which resulted in a sharp drop of vapour
temperature to 400 K and its condensation. The design of
the apparatus allowed the number density of primary

N27 W2
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Figure 5. Diagrammatic representation of the experimental setup for growing fractal clusters. The notation is explained in the text.
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particles at the outlet of the generator to be changed over a
broad range by varying only the melting temperature. This
did not seem to affect the size of the resulting particles
appreciably (20—40 nm).

Particles aggregate in coagulation chamber 4, a 20 litre
isothermal brass sphere which admitted the outside air
through multilayer filter 5. Measurement of the coagulation
time started as soon as the chamber volume was assumed to
be filled to the desired density. Aggregated particles were
deposited on substrate 6 in thermal precipitator 7.

The operating parameters of the generator were chosen
to ensure filling the chamber volume to the required initial
particle number density (ca 10® cm™) within 2 to 3 min. In
this case, characteristic growth time was about 1.5 h.
Sampling performed within the scheduled time-frames
allowed evolution of the system to be traced from the
formation of primary aggregates until micrometer clusters
had been produced.

We normally used lead iodide (Pbl,) as a starting
material to obtain fractals. This compound is known to
be readily converted to a vapour and, besides, provides the
necessary image contrast in an electron microscope.

It should be emphasised that electron microscopy is
universally applied to the structural analysis of micrometer
and submicrometer clusters. Statistical treatment of the
microscopic findings allows a number of geometric para-
meters of individual clusters and ensembles of aggregating
particles to be obtained.

Application of such analysis to images obtained at
different points in time made it possible to trace the
evolution of the aggregation system in some detail and
revealed mechanisms responsible for the formation of
fractal cluster structures.

3.2 Morphological analysis of aerosol clusters

Geometric analysis of visual images is one of the most
widely used methods for studying fractal properties of
different objects. Depending on the size of the object, it
may be viewed either directly (photographic and television
images) [35, 36] or with the use of light [37] and
electron [15] microscopy. Brightness in different points of
the image indicates whether they belong to the object or
not.

Further analysis of the image for the purpose of
revealing clues about fractals requires first of all its
discretisation. This procedure divides the image (photo-
graph, TV image, etc.) into a finite number of constituent
elements, each considered to be uniformly bright.

In this way, an initially continuous planar image is
divided into a number of discrete elements organised in a
rectangular grid. The minimum size of an element [,
depends on the resolution of the scanner and in turn
determines the quality of fractal analysis.

Ideally, the size of an image element /[, should be the
same as the size r of the primary particles which give rise to
the aggregate and the frame size compatible with the size of
the examined aggregate. Moreover, the number of discrete
elements must be sufficiently large (of the order of 10*) to
enable scale invariance of the cluster to be verified in a wide
size range.

Image discretisation reveals areas corresponding to
fractal clusters, and further processing of the image is
performed by means of standard algorithms, in accordance
with the theory of fractal systems.

To begin with, characteristic cluster size or radius of
gyration R, can be determined as the average quadratic
distance between elements in the cluster. This parameter is
most convenient for isotropic particles [38]:

1 &
2 _
Re =2,

(ri—r)’
i, j=1

N
:#”Z] [(xli_xlj)2+(x2i_x2j)2] , (21
where N is the number of cluster elements in the image, r,
is radius vector of the k-th element, x;;, and x,, are the
Cartesian coordinates of this element.

In the case of anisotropic aggregates, all components of
the tensor of inertia need to be determined to obtain a
qualitative description of the degree of anisotropy:

N

1
2

Ry = N ' ](xmi _xmj) (xm‘ _xnj) ) (22)
Iy J=

where m, n =1, 2 (for a flat image).

Diagonalisation of the tensor (22) gives the main radii
of gyration, R; < R,,. Their ratio is a measure of fractal
cluster anisotropy [37, 39]:

2
_Ri

A=21
R3

(23)
A major feature of fractal objects is self-similarity of
their internal structure which can be qualitatively char-

acterised by the fractal dimension D, obtained from relation
[38]

N < R? , 24

where N is the number of primary particles which
constitute the fractal aggregate, within a sphere of radius
R. For practical purposes, the number of cluster elements
in the image N, is counted within a square grid of area
L x L with the centre coincident with the cluster mass
centre.

Given self-similarity of the aggregate structure, the plot
of Ny vs L in logarithmic coordinates is a straight line, the
slope of which defines the fractal dimension commonly
referred to as mass fractal dimension

d[In No(L)]
N d(ln L) -
However, the law of similarity is valid only on scales
lp KL <R, For this reason, the fractal dimensionality
described by Eqn (25) largely depends on the choice of
fractal interval boundaries.

Mathematically, such a problem is ill-posed, and the
minimum error criterion for D cannot be used for the
optimal choice of this fractal interval. Hence, the likelihood
of the mass fractal dimension being greatly in error. This
fact was considered in Ref. [40] where the notion of ‘cell’
fractal dimension D, was suggested as allowing for more
correct calculation.

Evaluation of ‘cell’ fractal dimension is possible by
covering a given fractal set with a lattice of equally-sized
squares [41]. The number of filled squares N, is related to
their size ¢ by the law of similarity:

(25)

Ny (e) o< e . (26)
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For a strictly self-similar fractal, cell and mass dimen-
sions coincide, but comparative calculations performed for
real fractal clusters [42] indicate that cell fractal dimension
exhibits a smaller spread of sizes which makes it preferable
for the description of fractal properties of aggregated
particles.

This approach may be employed to determine the
dimensions for a selected class of fractals. Assuming
identity of structural characteristics of clusters in an
aerodisperse system (as the clusters grow under similar
conditions) and using relation (24), one can extrapolate
observations on individual clusters to the law of similarity
for the entire assembly of particles, as follows:

N xRy’ 27

where N is the number of elements in a cluster of size R,.

Fractal dimension Dg can be determined by measuring
the radius of gyration R, and N for a large number of
aggregates in the system. On the one hand, the aggregates
thus examined must contain many primary particles (i.e.
they must be fractal aggregates). On the other hand, these
aggregates must be significantly different in terms of size so
that Dg can be found from the dependence In N(In R,) with
a sufficient degree of accuracy.

These requirements are somewhat contradictory and can
be fulfilled only at later stages of coagulation in an
aerodisperse system when clusters undergo extensive dis-
tribution by size.

The foregoing discussion has demonstrated that fractal
image analysis requires bulky calculations which are greatly
facilitated by the use of computers. A large variety of
devices is currently available to solve the main technical
problem, i.e. loading an image on the computer. Most of
these instruments is scanners of various types for loading
images from paper carriers (photographs, etc.) [42] or the
so-called framegrabbers for loading directly from a video-
camera [37].

Discretisation of primary images is accomplished as they
are loaded into the computer memory. These devices are
useful in automation of fractal analysis and processing of
large volumes of experimental data.

3.3 Fractal dimension and the structure of growing
clusters

Complicated and multistep patterns of coagulation growth
of clusters involving different stage-specific physical
mechanisms to a large extent dictate the methods for
studying the dynamics of this phenomenon. Experimental
studies have demonstrated that a very characteristic feature
of the aggregate formation is the relationship between the
structural parameters of the clusters and the duration of
their growth.

Evolution of fractal dimensions and the cluster radius of
gyration in time is found to provide most information for
the analysis of relaxing aerodisperse systems. This con-
ceptual approach was applied to experiments in which
fractal clusters were grown and their properties analysed
together with those of aerogels obtained from these clusters.
Selected results of this study are discussed below.

The method used to grow and analyse Pbl, clusters as
described in Section 3.1 was also employed to elucidate the
dependence of D, and Dy on the time of coagulation and
the initial particle density (Fig. 6). Taken together, results
of kinetic analysis and electron micrographs of the
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Figure 6. Plots of D, and Dg versus coagulation time 7 at initial particle
densities (cm™) of 4 x10° (circles), 10° (triangles), and 2 x 10°
(squares).

aggregates [20] allowed the correlation of changes in the
values of D, and Dg seen in the plots with structural
changes in the growing aggregates. Specifically, it has been
shown that in the beginning prior to the onset of
aggregation, their planar projection gave values of D = 2.

Aggregation normally started as cluster —particle inter-
action. The plots exhibit a characteristic decrease in fractal
dimension associated with the formation of primary clusters
with anisotropic structure at an early stage of the process.

For uncharged particles, growth anisotropy is largely
due to the effect of particle polarisation immediately before
collision [43]. Nevertheless, we believe that the influence of
charges on the formation of such structures cannot be
totally excluded because some of them appear to carry a
charge even at room temperature [see Eqn (17)].

As more monomers are bound in clusters at later stages,
the cluster —particle interaction gives way to the cluster —
cluster mechanism of aggregation which leads to a gradual
decrease in growth anisotropy and, in the end, to the
production of relatively symmetric fractal structures with
higher D values.

It is worthwhile to note that fractal dimension is
generally assessed for bigger aggregates on scales which
considerably exceed the size of the primary particles. In this
size range, the structures are self-similar, and their fractal
dimension is the same as their similarity dimension [38]. At
thesametime, fractal dimension D based on the Hausdorff—
Besicovitch formalism can be determined just as well for the
systems that do not possess such a property.
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An example of such systems is provided by clusters
formed at an early stage of growth and composed of tens of
particles. There is evidence that the fractal dimension of
such aggregates remains very useful in that it serves as a
quantitative characteristic of the filling by the cluster of the
space it occupies.

Comparison of the dependences in Fig. 6 reveals that the
absolute values of D, and Dy do not coincide in the entire
range of coagulation times examined in the present
experimental study. This disagreement is largely due to
changes in cluster structure near its boundary. For this
reason, specific features of fractal growth near the outer
boundaries must be taken into consideration when compar-
ing dimensions D, and Dyg.

Refs [44, 45] introduce the notion of the outer active
zone (penetration depth) Ar which collects all the newly
incoming monomers. In the case of Gaussian probability of
their joining the cluster, the relation between D, and Dg
may be written in the form [46]

2\ AF
D, =Dgl|l — — .

We used expression (28) to calculate the dependence of
Ar on cluster size (Rg). Fig. 7 shows that penetration depth
of the particles increases in an almost linear fashion with
increasing cluster size. This feature of the aggregate growth
appears to be typical of early coagulation stages where
clusters are represented by very loose structures.

On introduction of the relationship Ar ~ R?, data from
Fig. 7 yield y=0.86-0.96. According to Ref. [46],
y = (d—D,)/2, where d is the space dimensionality. It is
easy to see that a similar result can be obtained by
substituting experimental values of D, into this expression.

Also, Fig. 7 suggests that the dependence of penetration
depth on the cluster size ceases beyond a certain value of R,
(which in turn depends on the monomer number density).

(28)
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Figure 7. Relationship between cluster size and penetration depth. See
Fig. 6 for notation.

Associated with this size range is a coagulation stage at
which the bulk of the primary particles join together upon
contact to form clusters. At this stage of the evolution of the
system, the cluster—cluster mechanism of aggregation is
predominant. This strikingly decreases the probability of
cluster interpenetration which in turn results in the
termination of active zone growth. This observation is
supported by the wvalue of fractal dimension
Dg = 1.75 4+ 0.08 reached within 40 min after the beginning
of coagulation. This is characteristic of cluster—cluster
aggregation of Brownian particles [32].

3.4 Scaling in the course of growth

Self-similar aggregates are not the sole product of cluster —
cluster aggregation. The process also results in a scaling
(i.e. self-similar) distribution of cluster size.

Coagulation growth dynamics of aerodispersed aggre-
gates can theoretically be described with the use of the
Smoluchowsky equation in the discrete form [47] which
takes into account evolution of the cluster size distribution
function in time. If the kernel of the coagulation equation is
a uniform function of its arguments, an aerodisperse system
may ‘forget’ its initial state after a certain transition period
and tend to evolve towards the self-similar particle size
spectrum.

According to Ref. [48], the cluster size distribution
function can be well represented by the following scaling
form:

Cy(t) ~ 1725 f <tl> ,

where C, is the density of the number of clusters containing
s primary particles, ¢ is coagulation time, and f(x) is a
universal function independent of the initial distribution
which satisfies conditions

fx)—=1, x<1,

fx)—=0, x>1.

A novel feature of the distribution function C,(#) is the
presence of two dynamic exponents @ and z in addition to
the usual static exponent 7. The exponent w describes the
power-law decay of the number density of the cluster with
time during aggregation for the entire range of cluster sizes,
whereas exponent z governs the growth of the mean cluster
size S in the system:

C,(t 52

S(f) — ZA ~ tZ
ZCX(t) s

Scaling exponents of distribution function (29) are not

independent. The similarity relation cited in Ref. [48] is
fulfilled for them in the form of

0o=02-1)z.

(29)

(30)

@31

Experimental verification of scaling laws was performed
on a lead iodide aerosol with primary particles of 20—
40 nm. The initial aerosol number density in the system
varied in the range of (0.4—1.8) x 10® cm ™. The results of
evaluation of the cluster size distribution at different times
after the start of aggregation are summarised in Fig. 8.

The plot in Fig. 8 illustrates the dependence of the
integral cluster number density

AN, = rof(x) dx
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Figure 8. Scaling Pbl, cluster size distribution at different time-points after the initiation of aggregation.

on relative size of the clusters, s/S(¢). It can be seen that
almost all experimental data taken at different times during
the coagulation process fall approximately on a single
curve. This suggests scale invariance of the size spectrum.

To determine scaling exponents from experimental
findings, it is necessary to specify the shape of the self-
similar function f(x). Asymptotic analysis of the solution of
the coagulation equation for homogeneous kernels gives
exponential behaviour of the scaling function for large
x [49].

This in turn allows the function of cluster size distribu-
tion to be represented in the form

Cy(t) ~ 7% "exp [ - (32)

S
§ (t)] '
Eqn (32) was used to determine scaling exponents , 7, and
z, from the experimental values of the scaling exponents
C,(1) and S(¢). They turned out to be close for all initial
particle densities in the system, i.e. o = 0.44+0.08,
z=1.1%0.3 and 7 =1.62 +0.18. Evidently, scaling expo-
nents thus obtained satisfy the similarity relation (31)
(within analytical error limits) which confirms the validity
of the scaling form of the cluster size distribution function.
Moreover, because the aerodisperse system has a self-
similar size spectrum, it is possible to find the fractal
dimension Dg. Indeed, it follows from the definition of
fractal dimensions that

(1) ~ R . (33)

Comparison of this expression with Eqn (30) yields, in the
scaling approximation,

Ry~ t%/Pr (34)

Therefore, knowing the scaling index z and using depend-
ence R,(7), one can calculate the fractal dimension; in the
present experiment it was found to be Dg=1.7+0.3.

It is concluded from the results of this experiment that
the evolving aerodisperse system displays scale invariance,
with scaling taking place very early during coagulation.

The scaling parameters found by experiment satisfy the
similarity relation (31) but at the same time differ sub-
stantially from those obtained by computer modelling [50].
This discrepancy suggests a more complicated physical
mechanism underlying the real process of particle aggrega-
tion than the one predicted by mathematical models of
cluster growth.

4. Gas-dynamic and sorption properties of
fractal aggregates. Effect of structure

4.1 Principles of cluster structure modification

by the electric field

Theoretical considerations indicate that fractal clusters
must possess interesting and unusual (compared with
continuous particles) physical properties. Specific features
of their structure are exposed in modelling their opti-
cal [51, 52, 53], aerodynamic [10, 11], and sorption [54, 55]
properties. Unfortunately, experimental studies in this field
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are largely nonexistent. One reason for the lack of
substantial progress in this area is the difficulty of
obtaining, from the same substance, aggregates with
different fractal geometry.

An approach to the solution of this problem is provided
by the method of structural modification based on the effect
of surface tension forces. The simplest way to employ this
approach is to pump a gas-dispersed system through a
tubular furnace where surface tension forces at high
temperature gradually consolidate aggregate structures
with a concurrent increase in fractal dimension. For
example, experiments with silver aggregates revealed
enhancement of D from 2.06 to 2.18 when the temperature
inside the furnace is increased from 290 K to 390 K [56].

A similar effect of surface tension forces on the cluster
structure was demonstrated in experiments on capillary
condensation of water vapour [8]. Fractal soot particles
with the initial dimension D = 1.78 were shown to become
gradually more densely packed under the effect of surface
tension forces of the condensate, which accumulated in
pores. Finally, at a 3% supersaturation, water filled up all
the pores. The droplet thus formed compressed the particle
so that it turned into a dense globule of dimension D = 2.5.

Another approach to the solution of the problem of
structural modification of aggregates is based on the effect
of directional particle coagulation in the electric field (see
Section 2.3). This approach is essentially different from the
previous one in that it uses assemblage of the constituent

§
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Figure 9. The experimental system for obtaining fractal clusters in the
clectric field: (a) functional block diagram, (b) a single cascade of
the electrodiffusion separator. See the text for notations.

elements under controlled conditions rather than deforming
compaction of them.

With this approach, the aggregate structure strongly
depends on the shape of the primary clusters. Specifically,
at the terminal stage of evolution, filamentous clusters have
been shown to give rise to very loose structures of very low
density with D ~ 1.3 [57].

An example of practical application of the directional
growth technique is described below. The experimental
setup used in our study was equipped with an electrodiffu-
sion separator of particles 2 (Fig. 9a), placed between
particle generator / and coagulation chamber 3.

The electrodiffusion separator is a modified version of
the diffusion trigger battery (Fig. 9b) where each individual
cascade has an additional gauze electrode 6. Voltage U of
up to 8 kV is applied between the electrode and grids 7 (cell
size 1 mm). The optimal number of cascades and grids is
selected empirically.

During the flow of the aerodisperse system through the
cascades of the separator, the particles preferentially
coagulated along the electric field E giving rise to primary
clusters with prominent shape anisotropy. Isolated kernels
that failed to react because of high diffusive mobility
accumulated on the grids in the separator. As a result,
the flow at the outlet of the separator contained a large
number of small clusters and with minor fraction of free
kernels (Table 5). Further aggregation (largely of the
cluster —cluster type) proceeded in the coagulation cham-
ber.

Samples were collected from the coagulation chamber at
different times with the aid of thermal precipitator 5
(Fig. 9a) which allows us to follow the effect of preliminary
modification on the structure of fractal clusters during their
growth. Fractal dimension D, is plotted in Fig. 10 as a
function of the radius of gyration R, in relation to the
parameters of the initial dispersed system listed in Table 5.

Fig. 10 shows that the fractal dimension and hence the
cluster structure change in the course of growth. Curves
D,(R,) can be divided into two parts.

The first part corresponds to the small-sized range of
particles and shows a decrease in D,. This is common for all
three plots and is due to the formation of structures with
prominently anisotropic shape at early growth stages. The
second part, at R, = 1.5 um, clearly reflects the effect of the
initial parameters of the dispersed phase on the aggregate
structure produced in the course of coagulation.

It is seen from Fig. 10 that the association of particles
previously modified in the separator gave rise to very loose
structures with low D, values whereas unaltered particles
(curve 1) grew into compact clusters of greater fractal
dimension.

Characteristically, for modified particles which aggre-
gated at high P,_. values, there was a transition from
scaling invariance of the internal cluster structure

Table 5. Characteristics of primary clusters at the exit of the electrodiffusion separator.

Ficeld tension Number Curve number,

Mean linear size

Shape anisotropy Relative amount Initial probability of

E/kV cm™ of cascades Fig. 10 L pax /Hm Lnax/Lmin of monomers cluster —cluster
aggregation Py

0 0 1 0.18 1.40 1.47 0.28

6 1 2 0.27 1.75 0.18 0.67

6 3 3 0.48 2.17 0.04 0.92
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Figure 10. Relationship between fractal dimension D, and the gyration
radius R, of the clusters. Curves I -3 correspond to parameters of the
dispersed system listed in Table S. Vertical bars are boundaries where
the system wundergoes transition to cluster—cluster aggregation
(Peg—a = D).

[Dy=f(R,)] to self-similarity of the entire set of aggregating
particles (D, = const), within the coagulation times inves-
tigated in the present experiment. In this case, the higher
P was the sooner the system entered the automodelling
region.

4.2 Gas dynamics of fractal clusters and aerogels
Structural modification was even more apparent in
investigations into aerodynamic properties of aggregates.
These properties were studied by measuring the gravita-
tional sedimentation rate of the particles.

The sedimentation rate of the particles in coagulation
chamber 3 was evaluated with the aid of two collecting
elements (Fig. 9a) designed to capture precipitated partic-
les. The additional collector placed in the top portion of the
chamber was necessary to make up for potential biases in
the size and density spectra of the clusters caused by the
Brownian diffusion of aggregates on the chamber walls.

The electron-microscopic analysis provided data for
estimating the function of size distribution of the deposited
particles n,(L) which was approximated by a gamma
distribution with a 10% error. The rate of deposition of
clusters with size L = L,,, was found from the expression

”g(L)

VL) = n(L)At”’

(33)

where n(L) is the particle size distribution function in the
coagulation chamber averaged over deposition time Az =
60 min.

The data obtained are shown in Fig. 11a. They seem to
indicate that fractal clusters exhibit high resistance to
sedimentation, with an anomalous sedimentation rate
dependence (in comparison with the Stokes one, curve
4) for large clusters.

Indeed, these data reflect one of the principal intrinsic
features of fractal objects, i.e. a decrease in the mean cluster
density with growth in compliance with the following rule

P(R) ~ pg (1%0)3_0 .

where p, and r, are the density and the size repectively of
primary kernels.

(36)
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Figure 11. Acrodynamic properties of fractal clusters: (a) gravitational
sedimentation rate v in relation to linear size L, (curve 4 is calculated
from the Stokes formula [33]), (b) reduced acrodynamic radius R e /R o
in relation to radius of gyration R,. See Fig. 10 for notations.

A consequence of the low fractal cluster density is the
small aerodynamic (Stokes) radius R,., (compared with the
equivalent radius R4 = Nl/SrO) [57]. Fig. 11b demonstrates
that the difference between R, and Ry is most pronounced
for aggregates formed during cluster —cluster association of
modified particles (curve 3).

Analysis of the aerodynamic behaviour of fractal
clusters in gravitational and electric fields constitutes the
basis of ‘in situ” methods for the assessment of fractal
dimension [58] from its relationship with cluster density and
standard geometric characteristics.

The relationship between the equivalent and sedimenta-
tion radii of a cluster is defined by the expression [59]

_ 2D/3(D-1)
Re = R’ . 37

With the aid of this relation and independently determined
values of R, (e.g. by means of weight-computation
analysis) and R, (by sedimentation measurements), it is
possible to calculate the fractal dimension of the aggregate.

However, Eqn (37) is valid only in the approximation of
the Stokes regime of the cluster in a gaseous medium which
cannot be regarded as totally correct. Although the
aggregate size as a rule substantially exceeds the length
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of the free path of a molecule in the gas, the diameter of the
initial dispersed particles is comparable with and often
significantly smaller than the latter value.

It has been shown [60] that the drag exerted by the
medium depends on the dispersion of gas molecules on
primary elements of the structure, owing to the structural
features of fractal aggregates. The free path of molecules A¢
predicted by this mechanism at the mean particle number
density in the cluster

_(R/r)”

n= (38)
4mR3/3
is estimated from the relation
de—— g (T T (39)
= nrin TR

According to Eqn (39), condition A; > R is fulfilled for
fractal clusters with D < 2. The resulting drag can be
considered as the sum of the forces experienced by all
particles in the aggregate:

F =22 N2l = 8 N2 00 ke, )2 (40)
3VT 3
where N is the number density of molecules in the gas and
vy is their mean thermal velocity.
The condition of applicability of Stokes formula for the
force opposing the motion of the aggregate has the form

ALKR, <R, (41)

where 4 is the free path length of the molecules prior to
their collision with one another. Obviously, condition (41)
is not fulfilled for fractal aggregates obtained in gaseous
phase which makes both the Stokes formula and Eqn (37)
inapplicable to such systems.

This inference is supported by the dependences v (L ax)
found by experiments, which are strikingly different from
the respective curve for Stokes particles (Fig. 11a).

Transport processes in macroscopic aerogel-like struc-
tures also involve molecular kinetic mechanisms. In
particular, the pressure drop Ap across an aerogel plate
through which a gas is flowing at velocity j is found from
[60]:

. 3Ap
J = 9
21pS p(2mk T /m)'/?

(42)

where p is the gas density, [ is the plate thickness, S and p
are the specific surface and mean density of the material
respectively.

Eqn (42) is a variant of the Darcy law for highly porous
systems satisfying the conditions

l>}’0,

where R, is the characteristic size of the region in which the
system displays fractal properties.

Aerogels produced by relaxation of aerosol plasma are
very sparse structures of thin interlaced threads with
diameter comparable to that of the primary kernels from
which they arise (10—30 nm). Such structures differ from
other fibrous materials in that they have large specific
surface and low aerodynamic resistance. Combination of
these properties is a prerequisite for gas filtration by which
dispersed impurities can be effectively removed.

>R, 43)
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Table 6. Breakthrough coefficients for NaCl particles.
Type of filter Ap/mm Particlesize/um

H,0
005 01 02 05 1

Carbon aerogel 6 0.04 0.12 022 0.17 <0.02
AFA-VP 6 0.09 022 030 0.16 <0.02
Carbon acrogel-coated, 8 0.04 0.05 0.07 0.10 <0.02

AF A—VP filter

The results of an experiment designed to compare the
capture of NaCl particles by carbon aerogel and a standard
vinyl perchloride aerosol filter (AFA-VP) are listed in
Table 6. The uptake was assessed by calculating the
breakthrough coefficient—the ratio of the number of
particles that pass through the filter to their initial total
number. Parameters of the filters were measured at a linear
flow velocity of 1.8 cm s~

The data in Table 6 indicate that, at an equal resistance
to the flow, aerogel filters are more efficient. But the best
results were obtained with AFA-VP filters coated with
aerogel. The microstructure of the resulting material is
depicted in Fig. 12.

’ ‘..:,‘}: ’
-,

“y

Figure 12. Micrograph of polymeric fibres of the filter modified by
filamentary carbon clusters.

The micrograph clearly demonstrates that filamentary
carbon structures are responsible for a substantial increase
in the surface area of the system and thus contribute to the
enhanced trapping, largely by promoting contacts between
the particles and the filter and also because of electrostatic
attraction [61]. It is emphasised that an average three-fold
improvement in capture efficiency (in the size range of 0.1
to 0.5 pm) is associated with only a small rise in resistance
to flow.

4.3 Adsorption and capillary condensation on fractal
structures

A study of sorption properties including mechanisms of
capillary condensation may be of interest if a deeper insight
into the structure of fractal objects is to be obtained.
However, such investigations of fractal clusters produced in
the gaseous phase are not feasible at the level of isolated
microscopic structures.
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But, since the characteristic size of the adsorbed
molecules is significantly smaller than that of cluster-
forming primary particles, it seems safe to conclude that
structural information about sorption properties of individ-
ual clusters will also apply to their bound complexes.
Macrosystems of ‘frozen’ fractal clusters can be regarded
as aerogel species which makes them useful in experimenta-
tion.

4.3.1 A study of adsorption on fractal structures. Fractal
aggregates in the form of a Pbl, aerogel were obtained and
concentrated in an electrodiffusion separator (Fig. 9b).
Gauze electrodes with the cell diameter of 70 um were used
in all cascades of the separator.

Cluster growth in the modified separator was remin-
iscent of the process described in Section 3.1 in that it
involved virtually the same aggregation stages. However,
the terminal stages of the two processes were different.
When the aerodisperse system passed through a gauze
electrode, most of the particles were deposited on its
surface owing to polarisation interaction and the effect
of inertial forces. This resulted in a huge macrocluster in the
form of a coating a few millimeters thick which uniformly
covered the electrode.

There was a rise in the electric field strength at the tips
of filamentary aggregates which enabled new clusters from
the gaseous phase to join those previously deposited along
the field lines. This eventually led to the formation of a
loose large—cell structure (see Fig. 14 below).

It should be emphasised that both primary particles and
mature clusters collectively contribute to aerogel growth in
this situation, with the latter mechanism assuring faster
screening of inner aerogel layers and hence its lower average
density. Adjusting the electric field strength provides an
effective tool for controlling the relative amount of primary
particles in the aerodisperse system and thus of changing
the structure of the aerogel [62].

Particles that passed through the first electrode entered
the next one where further growth and precipitation
occurred, etc. The aerogel thus obtained and removed
from the electrode surface was a highly porous substance
with bulk density of 0.01-0.03 g cm ™ depending on
electric field strength.

The specific surface of Pbl, aerogel specimens was
calculated from nitrogen adsorption values measured by
the continuous flow technique with a GHS sorbtograph
(Japan), in accordance with the Brunauer —Emmet —Taylor
theory [55, 62].

As expected, the effect of the electric field on the growth
of the aerogel manifested itself in the formation of looser
structures that exhibited an almost linear decrease of fractal
dimension with increasing field strength (Fig. 13a). Also, it
is worthy of note that very open aerogels had greater
specific surface as indicated by the dependence S(D)
presented in Fig. 13b.

The plot of S vs D and the results of electron-micro-
scope image analysis (Fig. 14) taken together indicate that
changes of the aerogel specific surface were largely due to
variation of the mean coordination number v in the
aggregate.

In fact, the specific surface of a system of non-colliding
particles is dependent on their total surface area. In the case
of smooth monodisperse spheres with radius r, and density
po, it is defined by
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Figure 13. Modification of aerogel structure by the electric field:
(a) fractal dimension vs ficld tension, (b) specific surface vs fractal
dimension.

Sm
ToPo
Aggregation results in a decrease in the adsorption
surface of the system by by an amount equal to the sum
of the contact surfaces of the particles. Therefore, the
approximate expression for the specific surface of an
aerogel may be written in the form

S
S = 50(1 — —cont v> ,
Spart

(44)

(45)
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Figure 14. A fragment of aerogel structure obtained in an electric field
of 12 kV em™; (a) x10000, (b) x260 000.

where Sp,, is the mean surface area of an isolated particle
and S, is the mean surface of a single contact between
particles.

In the framework of applicability of formula (45), the
relationship between surface area and microstructure of a
specimen is totally dependent on the mean coordination
number v which is in turn related to both fractal dimension
and radius of gyration by v ~ RéD’d [9].

It has been estimated that the following equality holds in
the first approximation for cluster structures having the
shape of interconnected loops

v=nD, (46)

where # — 2 as the cluster radius R — oo. Analysis of
electron micrographs permits the assessment of this
coefficient for real objects. Specifically, for the aerogels
investigated in the present study # = 1.8 £0.5.

Taking into account Eqns (45) and (46) allows the
relationship between specific surface and fractal dimension
to be written down as

s
s :50(1 _SC—W"D) ,
part

Its linear nature is in good agreement with measured values
(Fig. 13b).

The best fit to the results obtained with Eqn (47) was
when  Sgon/Spare = 0.21. Similar data for this ratio
(0.20 £ 0.08) were obtained by the analysis of electron
micrographs (see Fig. 14) with the use of the relationship
Scont/Spart = h/2ro which implies that the zone of contact
has the shape of a spherical segment with height A.

It follows from Fig. 14 and Eqns (46) and (47) that the
specific surface of particles not involved in contacts (v = 0)
in the present experiment was Sq =53 m? g{1 whereas
calculations with the use of Eqn (45) for average radius
ro = 18 nm gave S{ = 27 m? g~'. This discrepancy was most
probably the result of neglecting the roughness of the
surface. Therefore, the ratio S,/S{ which in this case
equals 1.95 may be used as a measure of roughness of
primary kernels.

To summarise, results of specific surface measurements
and morphological analysis of the particles taken together
indicate that the main factors which determine the aerogel
surface area are the total surface of contacts and the
roughness of primary kernels. Roughness is a surface
constant and depends on the conditions in which primary
particles are generated whereas the total contact surface is a
variable depending on the mean coordination number and,
ultimately, on the fractal structure of the aerogel.

(47)

4.3.2 Capillary condensation. Structure of mesopores.
Specific features of capillary condensation were investi-
gated on Bi,O; aerogels [64] obtained as described above,
with the exception of the initial stage of generation of
primary particles which was modified.

Metallic bismuth was chosen as the starting material to
obtain primary particles. Its vapours underwent oxidation
to the respective oxide when mixed with a stream of air at
1140 K. Rapid cooling of the final product resulted in its
condensation as primary kernels 20+ 8 nm in size. The
resulting aerogel had structural characteristics which
depended on the electric field strength in the electrostatic
coagulator (modifier).

The specimens thus obtained were used to study
capillary condensation by the equilibrium elution tech-
nique [65], with benzene as the adsorbent. Functions of
pore volume distribution by effective radii were derived
from the Kelvin equation [66] and adsorption isotherms.

Characteristic spectra for three different values of
fractal dimension D are presented in Fig. 15a. As D
decreased, the initial spectrum underwent transformation
to a system with multimode pore distribution patterns, with
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107"
2R /pm
Figure 15. Pore volume distribution by effective radii: (a) at mean

fractal dimensions D of 1.60 (1), 1.57 (2), 1.50 (3); (b) at a pressure
(kPa) of 0.013 (1), 12.6 (2), 122.6 (3).

a concurrent increase in the intermode space. Analyses of
spectra and microphotographs collectively indicate that
these changes are related to changes in the fractal structure
of the aerogel.

Indeed, primary clusters in the modifier were formed
from structural elements of different length which depended
on the field strength. The proportion of primary filamen-
tous structures to the size spectrum increased with increas-
ing field strength. For this reason, the pore spectrum of a
macroaggregate of such elements was shifted towards larger
sizes while the mode number gradually diminished
(Fig. 15a, curve 3).

We tried to produce a controlled shift of the pore
spectrum towards smaller sizes in an experiment involving
deformation of the aerogel structure. Possible mechanisms
responsible for the enhanced density of the fractal aggregate
structure have been discussed in Ref. [67].

It should be emphasised that restructuring is a lengthy
process with characteristic time varying in the range of 1
hour to a few days. In order to accelerate the process and
make it amenable to control, a specimen was first com-
pressed by centrifugation at an appropriate angular velocity
for 5 min. Characteristic pore spectra of aerogel specimens
obtained by this method are shown in Fig. 15b.

The effect of compression on pores of different size
appeared to differ. [t was most conspicuous for pores of size
8 nm or more. In this case, the relative proportion of such
pores first increased with increasing pressure (curve 2)
which could be accounted for by the destruction of bigger
and therefore less stable pores.

The process was reversible, and further increase of
compression resulted in the dependence described by
curve 3. Such spectrum restructuring was due to deforma-
tion of primary kernels. The effect was most apparent for
bigger pores (>8 nm) and less prominent in the case of
smaller pores (<5 nm) composed of two or three particles.

To conclude, these experiments demonstrated that
fractal structures of weakly-bound nanometer particles
formed in the gaseous phase are responsive to modification
by external fields. Experimental data on the adsorption
patterns in the capillary condensation range may be used to
estimate changes in the porosity of the object.

The spectrum of pore distribution with respect to
effective radii is shifted towards smaller sizes when the
material is influenced by external factors. Taken together,

the experimental procedures described in this paper create
the necessary prerequisites for the controlled adjustment of
sorption characteristics of aerodisperse systems.

5. Conclusion

The evolution of a dispersed system when coagulation is
the dominant mechanism of its relaxation proceeds through
the formation of fractal clusters, self-similar aggregates of a
large number of primary particles. These structures may be
considered to represent an intermediate state of condensa-
tion starting from the dispersed phase. They are very
common in nature and they are formed in many physical,
chemical, and biological processes.

There is growing interest in mechanisms of fractal
structure generation in the gaseous phase. This has been
given an additional incentive by recent advances in basic
research and experimental modelling of ball lightning.
There is every reason to believe that the fractal structure
of plasmoids (e.g. generated by an erosion discharge)
underlies the unique physical properties of these long-lived
energy- consuming entities which account for their resem-
blance to natural ball lightnings.

Clearly, there are many important unanswered ques-
tions with regard to fractal structures including the
relationship between the properties and the dimension of
these systems. This problem has been extensively inves-
tigated in the physics of condensed state on thin films. In
the 1970s, it was unequivocally shown that dimension is not
a topological constant with respect to their properties. On
the contrary, an object may acquire the properties of a two-
dimensional or a three-dimensional system under different
conditions. Studies along these lines gave rise to a new area of
research referred to as ‘physics of reduced dimension” which
greatly contributed to the understanding of the nature of
such systems and provided practical approaches to many
current problems that require a deeper insight into the
characteristics of different materials.

The concept of dimension—property relationship
acquires special significance in the physics of fractal systems
because it provides a methodology for future in-depth
studies. It is in this context that we intended to present
results of our experiments, focusing on the relationship
between fractal dimension and aerodynamic or sorption
properties of the object.

Further progress in research on fractal aggregates is
firmly tied to the solution of a number of technical
problems on ways to generate fractal clusters with desired
morphological characteristics. It follows from the present
review that there can be no universal strategy for achieving
this goal. Specific approaches are needed for obtaining
specimens, depending on the nature of the starting material
and methods of conversion of the material to the condensed
phase. For all that, there is little doubt that further
technical and methodological progress in experimental
studies will yield new data on the physicochemical proper-
ties of fractal aggregates. This line of research should be
considered as most promising in modern physics.
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