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Abstract. Peculiarit ies of fractal cluster growth in the 
gaseous phase are analysed. The effect of t he rma l and 
ionised part icles on the s t ructure of forming aggregates is 
considered. Special a t tent ion is paid to the analysis of 
exper imental m e t h o d s of generat ing fractal clusters. The 
role of charges and electric fields in the growth of fractal 
s t ructures is demons t ra ted . The influence of the geometry 
of fractal objects on their ae rodynamic , sorpt ion, and 
kinetic characterist ics is analysed on the basis of 
exper imental da ta . 

1. Introduction 
Appl ica t ion of the fractal geometry concept to physics 
dates from the 1970s when fundamenta l works of 
M a n d e l b r o t [1] were first publ ished. Since tha t t ime, the 
theory of fractal systems has been successfully employed to 
analyse the s t ructure and the proper t ies of objects formed 
in the course of nonequi l ibr ium processes. Such objects 
include fractal clusters, i.e. s t ructures result ing from 
coagula t ion of solid part icles which move a long certain 
trajectories. 

The clusters are normal ly supposed to consist of 
nanomete r part icles a l though there is only one formal 
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l imitat ion imposed on the size of their const i tuent ele­
ments , which is tha t they must be considerably smaller t h a n 
the agglomerate . F r o m this s tandpoin t , clusters of galaxies 
in the Universe are also considered to be fractal clusters [2]. 

A fractal cluster is a convenient object to use in 
const ruct ing numer ica l models intended to simulate the 
effect of growth condi t ions on the aggregate s t ructure. 
Cur ren t knowledge of these objects largely stems from 
the use of compute r models . F rac t a l g rowth models have 
been extensively discussed in the l i terature and reviewed in a 
few recent publ ica t ions [3, 4]. At the same t ime, certain 
au tho r s appear to be increasingly interested in exploring the 
proper t ies of fractal aggregates [5]. 

This interest can be a t t r ibuted to at least two causes. In 
the first place, fractal clusters have been found to occur 
frequently in na tu re . F o r example, it has been shown tha t 
certain species of a tmospher ic aerosols (e.g. smoke par t i c ­
les) and some types of s t ra tospher ic aerosols are in fact 
fractals. This accounts for the great a t tent ion paid to 
s tudying their optical [6, 7, 8, 9] and t r anspor t [10, 11] 
proper t ies which are supposed to be responsible for the 
degree of their involvement in a tmospher ic processes. 

Secondly, the fractal cluster is the pr incipal s t ructura l 
element in a number of macroscopic systems k n o w n to 
emerge from physicochemical processes and events tha t 
resemble fractal g rowth p h e n o m e n a [12]. Of late, m a n y 
studies dedicated to this class of objects have focused u p o n 
aerogels, i.e. macroscopic systems of very low density with 
well-developed p o r o u s s t ructure and large specific surface. 

In te rms of proper t ies , aerogels m a y actually be 
regarded as a new physical state of mat te r in termedia te 
between gaseous and condensed states [13]. Such s tructures 
have been repor ted to possess a specific combina t ion of 
physicochemical proper t ies [14] which look very promis ing 
in the context of their technological appl icat ion. 

mailto:mikh@acro.phys.pu.ru


254 E F Mikhailov, S S Vlasenko 

Unfor tuna te ly , our present unde r s t and ing of the s t ruc­
ture and proper t ies of fractal aggregat ions is largely based 
on the analysis of theoret ical models and poor ly suppor ted 
by exper imental findings. The main reason for this is the 
no to r ious technical difficulty with these objects of exper­
imenta t ion , which is b o t h challenging and labor ious . 

A major methodologica l p rob lem which needs to be 
solved to facilitate exper imental studies is caused by the 
lack of an app roach to the synthesis of aggregates with the 
b r o a d spectrum of s t ructura l characterist ics necessary to 
obta in s tructure-related informat ion abou t physical and 
chemical proper t ies of fractal clusters. Equal ly impor t an t is 
a reliable system of diagnost ic tools to characterise 
s t ructura l pa ramete r s . 

The former p rob lem can only be solved with deeper 
insight into the processes responsible for the development of 
fractal aggregate s t ructure. C o m p u t e r models of cluster 
g rowth used to s imulate extreme physical s i tuat ions provide 
only a rough approx ima t ion to the solution of the p rob lem. 

The main reason for the dispari ty between numer ica l 
models and real aggregat ion experiments is tha t growth 
models a pr ior i fix the aggregat ion pa t t e rns ( c lus t e r -c lus t e r 
or c lus t e r -pa r t i c l e ) , mo t ion of clusters and part icles 
(rectilinear or Brownian) , and probabi l i ty of coagula t ion 
dur ing their interact ion, whereas in cluster generat ion 
experiments these growth pa rame te r s are subject to con­
t inuous var ia t ion. 

In the course of evolut ion of a dispersed gas system, the 
initial interact ion of the c l u s t e r - p a r t i c l e type associated 
with rectilinear mo t ion (kinetic regime) tu rns at a later stage 
into an interact ion between clusters with Brownian mot ion . 
At in termedia te stages, the particles appear to be involved 
in mixed interact ion, with the cont r ibu t ion of either 
mechanism being var iable in space, owing to density 
f luctuat ions. 

The pa t t e rn becomes even m o r e complicated under the 
influence of var ious processes on the surface of interact ing 
part icles, especially when they carry a charge. Specifically, 
charge redis t r ibut ion between the part icles automat ica l ly 
affects coagula t ion. The na tu ra l result of the diverse 
processes t ak ing place in a real physical milieu is a m a r k e d 
difference between the s t ructura l pa rame te r s of aggregates 
formed under these condi t ions and those ob ta ined in 
numer ica l s imulat ions. 

The above facts to a certain extent determined the 
choice of research strategy with respect to the proper t ies 
of fractal aggregates. Earlier studies a t t empted to elucidate 
h o w condi t ions in which aggregates were generated influ­
enced their s t ructure. Analysis of exper imental findings 
indicates tha t the s t ructure of an aggregate formed in the 
gaseous phase is largely dependent on the pa rame te r s of the 
initial stage of this process. Wi th this in mind, it is 
convenient to distinguish between h igh- tempera tu re and 
low- tempera ture techniques for p repa r ing fractal aggre­
gates. 

As a rule, h igh- tempera tu re m e t h o d s are used to 
vapor ise refractory metals . These techniques include wire 
explosion [15], laser evapora t ion [16, 17], and arc discharge 
[18, 19]. Lower - t empera tu re techniques provide for milder 
subl imat ion of s tar t ing mater ia ls with melt ing t empera tu re 
be low 1000 K [20]. 

A n essential feature of h igh- tempera ture techniques is 
the format ion of dense p lasma near the surface with a 
t empera tu re of several t h o u s a n d s of degrees and pressure in 

the range of few to tens of a tmospheres . Re laxa t ion of such 
a system is accompanied by the very fast (within 10~ 2 s) 
p roduc t ion of fractal clusters because of the initially high 
p r imary part icle n u m b e r density [13]. 

All a t t empts to significantly increase characterist ic t imes 
of individual stages of the process and m a k e them directly 
observable have been in vain because the p lasma system 
remains stable in a ra ther n a r r o w range of ambient 
pa ramete r s . 

This explains why the mechanism of cluster format ion in 
an ionised med ium has to be unde r s tood from the s t ructure 
of the aggregates p roduced and also from theoret ical 
considerat ions , including those which ensue from the use 
of numer ica l models . Analysis of fractal cluster growth in a 
weakly ionised med ium is presented in Section 2 of the 
present review. 

Substances with low melt ing t empera tu re appear to 
provide a better oppor tun i ty for the detailed examinat ion 
of selected growth stages of fractal clusters and also an 
advan tage in te rms of the exper imental technique. High 
vapour pressure for such substances is a t ta inable at 
m o d e r a t e t empera tu re when ionisat ion of the med ium is 
low and unlikely to have m a r k e d effect on the development 
of the system. 

In this s i tuat ion, it is easy to select condi t ions under 
which characterist ic t imes of individual aggregat ion stages 
would increase to such an extent as to m a k e it possible to 
simplify the exper imental techniques considerably and 
design studies wi thout sophist icated equipment . M e t h o d s 
for generat ion and s t ructura l analysis of fractal clusters are 
described in Section 3 which also conta ins some experi­
men ta l da ta on fractal growth dynamics . 

Section 4 is devoted to the exper imental studies on 
aggregate s t ructure modif icat ion in an electric field. M o r e ­
over, this section examines the relat ionship between the 
s t ructure of aggregates and their ae rodynamic and sorpt ion 
characterist ics. 

2. Formation of aggregates upon relaxation 
of aerosol plasma 
In a real aggregat ion experiment , the s t ructure of fractal 
clusters is marked ly dependent on the condi t ions in which 
they are obta ined. This dependence is apparen t at all stages 
of the system evolution, from vapour condensa t ion into 
p r imary kernels to the format ion of large aggregates. 

At an early growth stage, the s t ructure of the aggregates 
p roduced is greatly influenced by the degree of ionisat ion of 
the med ium and also by the size, shape, and density of the 
number of p r imary kernels. If cluster assemblage occurs at 
relatively low tempera tu re , the dispersed system becomes 
responsive to external fields. Specifically, electric fields have 
a m a r k e d effect on the s t ructure of fractal clusters. 

Since field modu la t ion is the simplest and most readily 
available me thod of s t ructura l modif icat ion of growing 
clusters, it seems appropr i a t e to examine factors which 
cont r ibu te to their direct ional growth under the influence of 
an electric field and to describe processes responsible for the 
format ion of fractal clusters dur ing the evolut ion of 
vapou r s as they cool down. 

2.1 Condensation process in weakly ionised plasma 
It has a l ready been ment ioned tha t fractal clusters are 
normal ly ob ta ined in gaseous phase by heat ing the s tar t ing 
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mater ia ls to high t empera tu re . It is essential tha t the 
p r imary v a p o u r - g a s med ium is a h igh- tempera ture 
mixture composed of a toms (or molecules) and charged 
particles, regardless of the me thod of supplying energy to 
the system (electric current , chemical react ion of c o m b u s ­
t ion) . 

Evolu t ion of such a system depends on the presence of 
ions which are the main sites of condensa t ion of a t o m s and 
format ion of growing micr op articles initiated by fast 
cooling. The density of ions is therefore crucial for the 
size of p r imary kernels and serves as a rate-l imit ing factor. 
It is impor t an t to examine changes in the ionisat ion state of 
the system at different stages of cooling. 

To begin with, the system is in ionisat ion equil ibrium 
which is described by the Saha equat ion for density of 
charged particles. The t ime needed for the ionisat ion 
equil ibrium to be reached increases as p lasma cools 
down. This m a y account for disequil ibrat ion of the system 
under certain condi t ions . Therefore, cooling results in a 
higher density of charged part icles compared with equil ib­
r ium density. 

In the case in quest ion, electron (or ion) density Ne is 
defined by the ba lance equat ion [21]: 

C o m p a r i s o n of E q n (5) with expression (4) in the form 

^ = kTNe(Nl-Nl), (1) 

where Ns is the equil ibrium electron density described by 
the Saha equat ion and kY is the ra te cons tant for triple 
recombina t ion of electrons and ions. 

E q n (1) suggests tha t electrons and ions are formed 
dur ing stepwise ionisat ion of a toms , and tha t they are 
removed by triple recombina t ion . The equil ibrium electron 
density Ns changes with t ime t, as does the p lasma 
tempera tu re . It m a y be defined by the equat ion 
Ns(t)=Ns(0) e x p ( - y * / 2 ) . 

If N$ ~ exp(—I/kQT) (where / is the a tomic ionisat ion 
potent ia l , T is p lasma tempera tu re , and kQ is the Bo l t zmann 
constant ) , then 

kRT* 
AT 
~At 

This means that Eqn (1) may be written as 

ANe 

At 
= i r W e [ 7 V 2

s ( 0 ) e x p ( - y O - ^ ] 

(2) 

(3) 

The asymptot ic solut ion of this equat ion in the region 
where equil ibrium is drastically dis turbed has the form 

-1/2 

NP = [ 2 | kT dt] (4) 

(if the process of ionisat ion is disregarded) . 
N o w , we have to determine pa rame te r t0. This requires 

the asymptot ic solut ion of E q n (3) to be found on the 
assumpt ion tha t the recombina t ion ra te cons tant kY is 
independent of t ime. This assumpt ion is valid because 
A/s(r)-dependence is s tronger t han kY(T). 

The asymptot ic solut ion of E q n (3) m a y be presented in 
the following form: 

1 2kY 

y 
yt - In r b V } - C (5) 

where C is Eu le r ' s cons tant . Evidently, this solution does 
no t depend on the choice of initial t ime t0. 

of Ne = 2kY(t — t0) allows pa ramete r t0 to be found: 

„ t 2kTNl(0) 
yt0 = C + In r s v ; . (6) 

This relat ion in fact indicates tha t the recombina t ion t ime 
and the t ime of p lasma density change in the region of 
dis turbed ionisat ion equil ibrium are similar. 

Let us n o w derive the asymptot ic expression for electron 
(ion) density. In the pa ramete r range in quest ion, kY ~ T~9^2 

[22]. After a series of calculat ions, this dependence can be 
presented as [23] 

kY/cm3 = 6.4 x 10" 
, z i ooo \ 9 / 2 

[T/KJ 
(7) 

If p lasma is assumed to dilate adiabatical ly, then 
(T oc l/R) 

^ ^ 1 / 2 ^ 5 / 2 

dt dR 

where R is the distance from the evapora t ion spot. In this 
case, E q n (4) takes the form of 

\ 6 i 

^ = 2 
Nl 

" AT _ Tk r(T) 
,0

 r AT/At ~ 3 AT J At _ 
1 - = (8) 

kriTONUT,) (9) 

where T is p lasma t empera tu re at a given poin t and 
T{ = T(t0) is t empera tu re at the lower b o u n d a r y of the 
region of m a r k e d ionisat ion disequil ibrium (where 
Ns <^ Ne) which, according to E q n (5), fulfils equa t ion 

Q ~ c I / d T 
2 kBT? V d t 

Tab le 1 presents calculated pa rame te r s which cha rac ­
terise the ionisat ion state of copper p lasma formed dur ing 
laser evapora t ion of surface a toms . It is est imated tha t 
abou t 30 % of the laser rad ia t ion power is expended to 
p roduce copper vapour . The coefficient of a c c o m m o d a t i o n 
of copper a toms to clusters (on collision with their surfaces) 
is 0.2. 

Table 1. Characteristics of laser-induced copper plasma. 

Radiat ion flux/W cm 2 

107 3 x 106 106 

V K 7340 5440 4440 
N0/cm~3 1.1 x 10 2 0 4.1 x 10 1 9 1.6 x 10 1 9 

Ti/K 4910 3640 2950 
A f t / c m - 3 2.8 x 10 1 9 1.0 x 10 1 9 4.0 x 10 1 8 

Pi/atm 19 5.0 1.6 

TJK 3270 2720 2360 
Nc/cm~3 1.5 x 10 1 9 6.4 x 10 1 8 2.9 x 10 1 8 

5300 5000 4800 
Njcm'3 2.1 x 10 1 4 1.4 x 10 1 4 1.0 x 10 1 4 

62 1200 17 000 
r 0 / n m 17 12 7.3 

The calculat ions are m a d e for the case in which buffer 
gas pressure is much lower t han the pressure of the 
substance being evapora ted , and the p lasma beam p r o p a ­
gates at acoust ic speed. In this case, the t empera tu re of a 
single-atom gas in beam Tx is related to the surface 
t empera tu re T 0 by T\ = 0.67 T 0 while Ni = 0.25 NQ ho lds 
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for the relat ionship between a tom density in beam Ni and 
sa tura ted vapour density N0 [21]. 

The vapour density at t empera tu re Tx is somewhat 
lower t han the sa tura ted vapour density. This accounts 
for condensa t ion s tar t ing at some distance from the 
i r radiated surface where the beam dilates and the t em­
pera tu re d rops accordingly to Tc. Dens i ty Ni at this 
t empera tu re is close to the sa tura ted vapour density Nc [24]. 

Table 1 lists values of Tx , electron (ion) density Ne on 
the sa tura t ion line, and the rat io Ne/Ns (where Ns is 
equil ibrium electron density). This rat io characterises the 
degree to which ionisat ion equil ibrium is distr ibuted on the 
sa tura t ion line. 

The next stage of evolut ion of a g a s - p l a s m a system 
dur ing cooling is condensa t ion . Almos t ins tan taneous 
initial condensa t ion of sa tura ted vapour on ions is 
followed by the sticking of the resul tant charged clusters 
to each other . Part icle g rowth by fusion and reciprocal 
neutra l isa t ion of charged clusters occurs unt i l their size 
becomes of the order of the C o u l o m b rad ius r c o u l = e2/kQT. 

With a further growth of the part icle radius , collision 
with the gas-kinetic cross-section cr k i n = n(rx + r 2 ) 2 acquires 
greater impor tance as it equalises the probabi l i ty for 
clusters bear ing like and unl ike charges to condense. The 
ra te cons tant of this process is 

8 £ B T m, + m 2 \ 1 / 2

 2 

— n f a + r z ) . 
71 m\m2 J 

(10) 

F o r the function of cluster mass dis t r ibut ion 
f(m) ~ exp(—m/m) (where m is the mean mass of part icles 
in a given momen t ) , averaging yields 

kQTr0 

= 10 (11) 

where p is the mean density of the mater ia l in the 
condensed phase and r 0 is the mean part icle radius . 

The part icle size increases because of the coalescence of 
its to ta l mass into a drop while it is fluid. In this case, the 
equat ion for the mean part icle mass m has the form 

dm 
~d7 

where p is the mean density of the mater ia l in the 
condensed phase and kcoag is the part icle coagula t ion 
ra te cons tant . 

Coagula t ion of part icles proceeds as a series of direct 
collisions which allows t ime dependence of the mean 
part icle rad ius to be obta ined from E q n (11), with 
E q n (10) used for the ra te constant : 

7*0 : 

kQTp2t2 1/5 

(12) 

Also, Table 1 lists the values of r 0 for t = 10~ 4 s, tha t is for 
the t ime per iod dur ing which the part icles remain fluid. The 
part icle rad ius of 1 0 - 3 0 n m is characterist ic of a number 
of substances (Pt, Fe , Ag) which are formed in a rgon or 
hel ium at ambient pressure. 

Trans i t ion of a t o m s to the condensed state at t em­
pera tures exceeding 1000 K is accompanied by the intensive 
emission of electrons from the surface which results in the 
format ion of mul t icharged particles at a certain stage of 
system evolut ion. 

This p h e n o m e n o n is wor thy of examinat ion in m o r e 
detail t ak ing into account b o t h electron emission and the 
reverse process, i.e. r ecombina t ion of electrons with 
positively charged particles. In this case, the electron 
density changes at a ra te of [25] 

-ocNPN (13) 
dNe AS o / cp 
— = N — T2 exp -

dt e \ kQT j 

where A = 4Tzmeek^/h3 is the R icha rdson emission constant 
(h is P l anck ' s cons tant ) , S is the surface area of emit t ing 
part icles, cp is the work function, a is the recombina t ion 
coefficient, and N is the charged part icle density. 

S = 4nrl ho lds for part icles with mean rad ius r 0 . 
Moreover , Ne = mN (m is the part icle charge in electron 
charge units) and cp = cp0 + me2/r0 (the term me2/r0 reflects 
increased work function due to the charge of the particle). If 
the recombina t ion cross-section in the first approx imat ion 
is considered equal to 7tr2, then a = 7tr2(v) (where (v) = 
(MQT/KMO)1/2 is the electron speed and m e is its mass) . 

Subst i tut ion of expressions for S, NG, a, and cp into 
E q n (13) yields 

dNe 

dt 
nr2

0 

4AT2 

exp 
<p0 + me2/r0 • mN 

V 2 l 

In equil ibrium, dNe/ dt = 0. Hence 

1 / 2 

(14) 

(15) 

where m 0 is the equil ibrium charge of the part icle. 
E q n (15) is practical ly identical to the relat ionship 

obta ined from the analysis of equil ibr ium part icle ionisa­
t ion [26, 27] provided format ion of bo th posit ive and 
negative charges on dispersed part icles is t aken into 
account in the latter: 

N 
2 i

 K 1 rknT 
(16) 

Here , K = 2(2nmekQT/h2)3^2 exp(—cp 0 /k Q T) is the equil ib­
r ium cons tant for the single ionisat ion react ion. 

It has been shown for the case of equil ibr ium ionisat ion 
[26] tha t the charge dis t r ibut ion between particles is the 
same as the n o r m a l dis t r ibut ion density 

N 
1 

exp 
(m - m 0 ) 2 

(17) 
<j(27i) i / z ' 2°2 

where Nm is the number density (of part icles with charge m) 
and G is dispersion. 

Table 2 presents pa ramete r s , calculated from E q n (16), 
which characterise the ionisat ion state of p lasma conta in ing 
the condensed phase in the form of carbon , copper , and 
magnes ium oxide part icles. It can be seen tha t at the stage 
of condensa t ion , particles of size exceeding 5 n m almost 
invariably bear posit ive charge of a few elementary uni ts . 

However , further cooling of the system results in the 
absorp t ion of free electrons by the part icles, and the charge 
density dis t r ibut ion (17) at p lasma t empera tu re be low T p 

becomes quasisymmetr ic with respect to zero; indeed, 
m 0 = (NQ/N)T < 0.1. This implies tha t the densities of 
positively a n d negatively charged part icles are virtually 
the same. 
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Table 2. Ionisation state of plasma containing condensed phase. 

c ( r c = 3980 K,Afc = 2 x 10 1 8 c m " 3 ) Cu (rc = 3270 K,Afc = 1.5 x 10 1 9 c m " 3 ) Mgo (rc = 3870 K,Afc = 2.4 x 10 1 8 c m - 3 ) 

r 0 / n m (*c/N)To V K r 0 / n m (NJN) rp/K r 0 / n m (Nc/N)To V K 

5 3.13 2840 5 0.39 3051 5 4.36 2441 
10 8.32 2582 10 1.57 2738 10 10.90 2191 
20 21.44 2363 20 5.75 2480 20 26.77 1996 
40 53.30 2176 40 18.22 2269 40 64.21 1824 

Table 3. Distribution of aerodisperse plasma particles by charge (in %) at 
the crystallisation temperature of the particle material (r 0 = 15 nm). 

u* 

Materia] T c r / K Number of elementary charges on the particle 
~ " v" = 1064 

0 1 2 3 4 5 6 
—0.1 

C 3940 21.3 36.8 24.0 12.0 4.4 1.2 0.3 
Cu 1350 36.2 47.9 14.0 2.8 0.1 - III 
MgO 3070 23.8 40.1 23.4 9.4 2.7 0.5 

The u l t imate charge dis t r ibut ion spectrum formed in the 
zone of part icle-to-solid conversion is shown in Table 3. 

In order to determine the t ime necessary to reach 
emission equil ibrium, assume tha t cp' = cp0 + m0e2/r, 
mt=0 = 0 and integrate E q n (14). This gives 

Anr2AT 2 

exp 
cp' 1 - e x p ( - a M ) 

ocN 
(18) 

E q n (18) suggests tha t equil ibrium is practical ly reached 
in t ime T = 1/ctN = /NQnr2 {ve), where T is an over­
est imate since the emission ra te is min imal for the 
selected expression for cp'. 

At T = 3000 K, t ime T = 1 0 " 6 s for part icles with 
r = 10~ 6 cm, which means tha t equil ibrium is a t ta ined if 
the part icles remain in the zone of condensa t ion one order 
of magn i tude longer t han is implied by the above value. 
Otherwise, the part icle charge would be higher than the 
equil ibrium one. 

2.2 Initial stage of coagulation 
A n impor t an t ou t come of vapour re laxat ion in a weakly 
ionised med ium is conservat ion of a high charge by 
part icles undergo ing t rans i t ion to the solid state. Owing 
to this, the early stage of coagula t ion largely occurs 
between charged part icles. This predetermines to a large 
extent b o t h the growth mechanism and the s t ructure of the 
p r imary clusters. 

Numer i ca l models of charged solid part icles with the 
C o u l o m b interact ion poten t ia l p rov ide a clear idea of 
pr incipal features of the system evolut ion at early stages 
of aggregat ion. Specifically, calculat ions by the 
M o n t e Car lo me thod indicate tha t t h e r m o d y n a m i c p a r a m ­
eters of an ionic system in gaseous phase should no t be 
regarded as smoo th functions of t empera tu re and pressure; 
indeed, they show peculiar characterist ics which suggest the 
existence of phase t ransi t ion at selected poin ts . 

Typical re la t ionships calculated for the internal energy 
of a system of 12 charged particles with a rigid kernel are 
il lustrated in Fig . 1 [28]. The figure shows tha t high density 
isochores exhibit four segments of smooth , a lmost linear 
energy behaviour separated by characterist ic steps. 

-0.3 

-0.5 

- 0 . 7 

15.0 

0.1 0.3 0.5 0.7 0.9 

r* 
Figure 1. The plot of internal energy u (per particle) vs temperature 
T* at different density of the particles in the system. Dimensionless 
parameters are used: u*—u/s, T* — T/s where e = ra2/2r0, 
v * = v / ( 2 r 0 ) 3 . 

Analysis of b inary dis t r ibut ion functions and ins tan ta ­
neous configurat ions cor responding to the po in t s at each of 
the above segments permi t ted their identification with 
var ious types of s t ructures . The h igh- tempera ture segment 
I (T* > 0.38) cor responds to the D e b ye region of isolated 
charges. The t empera tu re range II (0.17 < T* < 0.38) is 
associated with the format ion of ion pairs , whereas segment 
777 (0.08 < T* < 0.17) cor responds to increasing triple 
correla t ions and tends to p roduce linear ion triplets. 

The next step following the format ion of tr iplets is the 
bui ld-up of long chains ra ther t han p roduc t ion of compact 
ion quadrup le t s . In this process, the h igh- tempera ture 
por t ion of segment IV (0.05 < T* < 0.08) cor responds to 
the region where chains are assembled. In the low-
tempera tu re por t ion T* < 0.05, the chains are folded 
into compact s t ructures . 
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Table 4. Temperature intervals (in kelvins) for different structural types of charged particles calculated for solid particles with density 10 1 5 cm 

Type 
of structure 

The number of elementary charges on the particle 

1 

Single charges 
Ion pairs 
Triples 
Chains 
Folded chains 

> 210 
95-210 
45-95 
28-45 

< 45 

> 845 
380-845 

180-380 
110-180 

< 110 

> 1900 
850-1990 
400-850 
250-400 

< 250 

> 3380 
1510-3380 
710-1510 
450-710 

< 450 

> 5290 
2360-5290 
1110-2360 
650-1110 

< 650 

> 7610 
3400-7610 
1600-3400 
1000-1600 

< 1000 

This can be accounted for by the fact tha t t rans i t ion to 
compact s t ructures in a system of part icles of unl ike charge 
is not accompanied by such a d ramat ic energy drop as in 
the case of neut ra l part icles; aggregat ion br ings together 
b o t h like and unl ike charges. 

Cha in format ion is entropical ly favourable . The free 
energy F = U — TS becomes crucial only at a much lower 
t empera tu re , and this results in the t rans i t ion of the system 
to a compac t s t ructure. This inference is confirmed by 
calculat ions using h a r m o n i c approx imat ion [29] which 
reveal a b r o a d region (0.02 < T* < 0.06) of t h e r m o d y ­
namic stability of chain-like clusters on the phase d iagram. 

a 

Figure 2. Micrographs of carbon clusters: (a) a fragment of aggregate 
structure (x70000) , (b) cross-linked filamentary structures ( x 7 000). 

F u r t h e r m o r e , analysis of a n u m b e r of locally stable 
configurat ions demons t ra ted tha t chains are a typical bu t 
no t the sole var iant of the chain s t ructure. As the aggregate 
size grows, 'cross-l inking' of isolated chains into b ranched 
s tructures becomes entropical ly m o r e favourable . 

The results of numer ica l models are largely suppor ted 
by exper imental findings. To facilitate their compar i son , 
Table 4 shows t empera tu re intervals for different types of 
s t ructures in relat ion to the part icle charge. 

F o r m a t i o n of p r imary pa i rs and triplets can be seen on 
mic rographs of ca rbon clusters obta ined at high magnif ica­
t ion. Fig. 2a demons t ra tes tha t p r imary s t ructure-forming 

1 urn 

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 ra ther t h a n 
isolated kernels. Each aggregate consists of two or three 
part icles, and their combina t ion at an early stage of 
aggregat ion gives rise to b o t h f i lamentary and 'cross-
l inked ' s t ructures (Fig. 2b). 

Ano the r characterist ic indicator of the relat ionship 
between the ionisat ion state of a system and the s t ructure 
of aggregates is provided by a compara t ive s tudy of bu rn ing 
magnes ium in arc discharge and in air (Fig. 3). In the first 
experiment magnes ium was bu rn t in a p lasma channel at 
10 000 K whereas in the second experiment the combus t ion 
t empera tu re did no t exceed the magnes ium oxide condensa­
t ion t empera tu re , i.e. 3000 K [30]. 

In arc discharge, ionisat ion equil ibrium was grossly 
dis turbed at the t ime of vapour condensa t ion , and p r imary 
ion number density was much higher t han equil ibrium 
density. This accounted for a large a m o u n t of small 
part icles formed dur ing condensa t ion . High initial part icle 
density in a fixed t empera tu re range was responsible for 
marked ly reduced energy of chain format ion (see Fig. 1) 
and therefore an increased relative density of chain-like 
s tructures . 

Burn ing of magnes ium oxide in air had qui te a different 
ou tcome. In this case, magnes ium oxide vapour condensed 
on a relatively small a m o u n t of ions which accounted for 
the low part icle number density and a much weaker 
tendency for the particles to form. A n addi t iona l factor 
which interfered with chain format ion dur ing bu rn ing of 
magnes ium oxide in air was the relatively large size of 
p r imary part icles ( a round 0.2 um). Diffusional movemen t s 
of such part icles par t ly counterba lance the direct ional effect 
of coagula t ion p roduced by the C o u l o m b interact ion forces. 

T h u s in the early stage of part icle coagula t ion, which as 
a rule occurs in the gas-kinetic regime, the ionisat ion state 
of the med ium has a major effect on the s t ructure of 
p r imary clusters. Resul t s of numer ica l models and exper­
imenta l findings b o t h indicate tha t chain-like s t ructures are 
most readily formed in h igh- tempera ture systems with 
initially enhanced density of charged particles. 

Given equal part icle densities, chains are most likely to 
form in the case of substances with high melt ing poin t 
whose part icles carry higher charges dur ing conversion to 
solids. Such condi t ions are characterist ic of p lasma media 
generated by arc discharge or laser vapor isa t ion of 
refractory mater ia ls . It is in these systems tha t chain 
aggregates are most frequently found as b o t h linear and 
ramified structures. 

2.3 Late coagulation. Effect of electric field 
F u r t h e r growth of aerodispersed part icles giving rise to 
fractal clusters occurs from the previously formed small 
aggregates tha t tend to fuse into bigger s tructures, i.e. by 
the mechanism of cluster - cluster aggregat ion. 

This process comprises two stages differing in physical 
mechanisms and hence in characterist ic t imes. In the first 
stage, part icles d r aw together till they touch one ano ther 
(diffusion); dur ing the next stage, part icles tha t are in 
contact jo in together via intermolecular b o n d s . Based on 
the different characterist ic t imes of the two processes, 
models of cluster - cluster aggregat ion are categorised 
into two major types: diffusion-limited aggregat ion 
( D L A ) and reaction-l imited aggregat ion (RLA) . 

In R L A , the 'b ind ing ' t ime of part icles greatly exceeds 
the characterist ic t ime needed to b r ing them together . In 

other words , each part icle is involved in a few collisions 
before an aggregate is p roduced . This ensures deeper 
in terpenet ra t ion of the part icles and format ion of compact 
s t ructures . Accord ing to Refs [31, 32], the characterist ic 
fractal dimension of such aggregates is D w 2 .1 . 

In D L A , diffusion of part icles takes m o r e t ime than 
their 'b inding ' which means tha t each collision results in 
aggregat ion. In this case, in terpenet ra t ion of the part icles is 
no t so deep as in R L A and the fractal dimension of the 
result ing aggregates is smaller: D w 1.78. 

The type of aggregat ion tha t is actually p roduced 
depends on the proper t ies of the dispersed system, i.e. its 
density, mater ia ls of the dispersed phase and the med ium, the 
number , size, and charge of the part icles. It follows from the 
foregoing discussion tha t at an earlier stage of aggregat ion, 
the cluster g rowth largely occurs in accordance with the R L A 
mode l owing to the high density of small dispersed part icles 
and, hence, increased frequency of their collision. The 
part icle number density decreases as m o r e p r imary aggre­
gates are formed, and their further g rowth is limited by the 
diffusion ra te . 

In fact, the major i ty of real aggregat ion processes are far 
m o r e complicated because they include reor ienta t ion of the 
const i tuent componen t s inside clusters (restructuring) , 
chemical react ions on their surface, b r e a k d o w n of the 
established links, etc. 

A n impor t an t feature of the c lu s t e r - c lu s t e r aggregat ion 
is its susceptibility to the presence of external fields. This 
accounts for the s t ructura l an i so t ropy of the clusters being 
formed. This effect should be a t t r ibuted to the or ienta t ion 
of the clusters in the external field where their aggregat ion 
proceeds in a certain preferred direction. 

Electric fields appear to be of special interest in this 
context , and their influence on cluster aggregat ion has been 
examined in a number of exper imental studies. In an electric 
field £ , aerosol part icles are subject to polar isa t ion , and the 
induced dipole m o m e n t for nonspher ica l part icles is 
dependent on their or ienta t ion with respect to the electric 
field lines. The induced dipole m o m e n t for elongated 
aerosols (e.g. chains of p r imary kernels) can have the form 

And — KE cos 6 . (19) 

where K is polarisabil i ty of the aerosol (p ropor t iona l to the 
part icle length) and 9 is the angle between the part icle axis 
and the electric field. 

Moreover , p r imary aggregates formed at an early stage 
of coagula t ion m a y have their own dipole m o m e n t since 
they most ly arise from opposi tely charged particles; the 
direction of this dipole m o m e n t m o r e or less coincides with 
tha t of the aggregate axis. In terac t ion of the induced dipole 
m o m e n t and the dipole m o m e n t of the aggregate with the 
electric field causes the aerosol particles to assume the most 
energetically favourable or ienta t ion, i.e. a long the electric 
field lines. 

Part icle dis t r ibut ion in te rms of or ienta t ion with 
respect to an electric field can be found by using the 
Bo l t zmann law [33]: 

(KE COS 6 + po) E cos 6 
f(0) ~ exp (20) 

It is clear tha t the fraction of oriented part icles increases 
with increasing electric field. 

The average cosine of angle 6 m a y be used as a measure 
of part icle or ienta t ion in an aerodisperse system. c o s # = 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 c m - 1 

co r responds to the absence of regular or ienta t ion whereas 
cos 6 = 1 indicates tha t all the part icles are oriented a long 
the field lines. 

Calcula t ions show tha t elongated aggregates (0.1 um) 
are completely oriented (cos 6^0.9) at ambient t empera ­
ture in an electric field of a r o u n d 1 kV c m - 1 whereas 
or ienta t ion of chains 1 um long occurs in a field as weak as 
30 V c m - 1 . Therefore, this effect is appa ren t only when the 
t empera tu re of the system is no t too high. Otherwise, 
the rmal mot ion prevails over the direct ional effect of the 
electric field. 

Ano the r aspect of the influence of the electric field on 
coagula t ion is related to the direct ional drift of part icles 
a long the field lines caused by the uncompensa ted charge 
they carry. Moreover , the effect of d i p o l e - d i p o l e inter­
action between polar ised aggregates becomes m o r e and 
m o r e p r o n o u n c e d as they d r aw together which results in 
faster aggregat ion of clusters. 

All the above factors are collectively responsible for the 
format ion of highly anisot ropic elongated fractal clusters, 
and an iso t ropy is equally inherent in the inner s t ructure of 

the aggregate. A representat ive fragment of such a s t ructure 
is presented in Fig. 4. 

In s t rong electric fields (ca 100 V c m - 1 ) and at a high 
initial part icle density, direct ional c lu s t e r - c lu s t e r aggrega­
t ion m a y result in the format ion of macroscopic s t ructures 
called fractal th reads (filaments) [13]. Electric field is of 
p a r a m o u n t impor tance in the format ion of such s tructures; 
apar t from the factors ment ioned above it contr ibutes to the 
consol idat ion of cluster s t ructure, in agreement with the 
res t ruc tur ing mode l [34]. 

Thus , fractal th reads can be considered as the final 
result of direct ional cluster - cluster aggregat ion in an 
external field. In isotropic condi t ions , aggregat ion of the 
c lu s t e r - c lus t e r type is directionless and leads to the 
format ion of isotropic loosely b o u n d aggregates. The 
eventual ou t come 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 a l ready been ment ioned tha t experiments on fractal 
cluster generat ion normal ly begin with evapora t ion of the 
s tar t ing mater ia l by one of the available techniques. This 
p rocedure is followed by vapour condensa t ion which 
results in the format ion of dispersed p r imary nanomete r 
part icles; their further aggregat ion gives rise to larger 
aerodisperse agglomera t ions . The s t ructure of such aggre­
gates will be the subject of the following discussion. 

The exper imental setup was designed to g row fractal 
clusters in line with the above scheme [20]. It consisted of 
three basic modules : a genera tor of part icles, a coagula t ion 
chamber , and a sampling uni t (Fig. 5). 

The main element of the genera tor was the passive 
evapora to r 1 with cooled walls. The mater ia l was heated by 
means of tube heater 2 and cooled by p u m p i n g gas (W3) 
t h rough the evapora tor . V a p o u r s were mixed with a flow of 
n i t rogen (W{) at the ent rance of the genera tor . 

The gas mixture was heated to 1000 K then passed to 
condensa t ion chamber 3 where it was further mixed with 
cold gas (W2) which resulted in a sharp drop of vapour 
t empera tu re to 400 K and its condensa t ion . The design of 
the a p p a r a t u s allowed the n u m b e r density of p r imary 

N2, W2 

Figure 5. Diagrammatic representation of the experimental setup for growing fractal clusters. The notation is explained in the text. 
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part icles at the outlet of the generator to be changed over a 
b r o a d range by varying only the melt ing t empera tu re . This 
did no t seem to affect the size of the result ing part icles 
appreciably ( 2 0 - 4 0 nm) . 

Particles aggregate in coagula t ion chamber 4, a 20 litre 
i so thermal brass sphere which admi t ted the outs ide air 
t h rough multi layer filter 5. Measu remen t of the coagula t ion 
t ime started as soon as the chamber vo lume was assumed to 
be filled to the desired density. Aggregated part icles were 
deposi ted on subst ra te 6 in the rmal precipi ta tor 7. 

The opera t ing pa rame te r s of the genera tor were chosen 
to ensure filling the chamber vo lume to the required initial 
part icle number density (ca 10 6 c m - 3 ) within 2 to 3 min. In 
this case, characteris t ic g rowth t ime was abou t 1.5 h. 
Sampl ing performed within the scheduled t ime-frames 
allowed evolut ion of the system to be t raced from the 
format ion of p r imary aggregates unt i l micrometer clusters 
had been p roduced . 

W e normal ly used lead iodide ( P b l 2 ) as a s tar t ing 
mater ia l to obta in fractals. This c o m p o u n d is k n o w n to 
be readily converted to a vapour and, besides, provides the 
necessary image contras t in an electron microscope. 

It should be emphasised tha t electron microscopy is 
universally applied to the s t ructura l analysis of micrometer 
and submicrometer clusters. Statistical t r ea tment of the 
microscopic findings allows a number of geometr ic p a r a ­
meters of individual clusters and ensembles of aggregat ing 
part icles to be obta ined. 

Appl ica t ion of such analysis to images obta ined at 
different po in t s in t ime m a d e it possible to t race the 
evolut ion of the aggregat ion system in some detail and 
revealed mechanisms responsible for the format ion of 
fractal cluster s t ructures . 

3.2 Morphological analysis of aerosol clusters 
Geomet r i c analysis of visual images is one of the mos t 
widely used m e t h o d s for s tudying fractal proper t ies of 
different objects. Depend ing on the size of the object, it 
m a y be viewed either directly (pho tograph ic and television 
images) [35, 36] or with the use of light [37] and 
electron [15] microscopy. Brightness in different po in ts of 
the image indicates whether they be long to the object or 
not . 

F u r t h e r analysis of the image for the pu rpose of 
revealing clues abou t fractals requires first of all its 
discretisation. This p rocedure divides the image ( p h o t o ­
graph , T V image, etc.) into a finite number of const i tuent 
elements, each considered to be uniformly br ight . 

In this way, an initially con t inuous p lanar image is 
divided into a number of discrete elements organised in a 
rec tangular grid. The m i n i m u m size of an element l0 

depends on the resolut ion of the scanner and in tu rn 
determines the qual i ty of fractal analysis. 

Ideally, the size of an image element l0 should be the 
same as the size r of the p r imary part icles which give rise to 
the aggregate and the frame size compat ib le with the size of 
the examined aggregate. Moreover , the n u m b e r of discrete 
elements must be sufficiently large (of the order of 10 4 ) to 
enable scale invariance of the cluster to be verified in a wide 
size range . 

Image discretisation reveals areas cor responding to 
fractal clusters, and further processing of the image is 
performed by means of s t andard a lgor i thms, in accordance 
with the theory of fractal systems. 

To begin with, characterist ic cluster size or rad ius of 
gyrat ion Rg can be determined as the average quadra t i c 
distance between elements in the cluster. This pa ramete r is 
most convenient for isotropic part icles [38]: 

Ri 
1 

'2N* 

1 N 
(21) 

where N is the number of cluster elements in the image, rk 

is rad ius vector of the &-th element, xXk and x l k are the 
Car tes ian coordina tes of this element. 

In the case of anisot ropic aggregates, all componen t s of 
the tensor of inertia need to be determined to obta in a 
quali tat ive descript ion of the degree of an iso t ropy: 

/') ip^ni xnj) -> (22) 
h j=i 

where m, n = 1, 2 (for a flat image). 
Diagonal i sa t ion of the tensor (22) gives the main radi i 

of gyrat ion, Rx ^R2,- Their rat io is a measure of fractal 
cluster an i so t ropy [37, 39]: 

A = 
R\ 

(23) 

A major feature of fractal objects is self-similarity of 
their in ternal s t ructure which can be quali tat ively char­
acterised by the fractal dimension Z), obta ined from relat ion 
[38] 

N oc R D (24) 

where N is the number of p r imary part icles which 
const i tute the fractal aggregate, within a sphere of rad ius 
R. F o r pract ical purposes , the number of cluster elements 
in the image N0 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 s t ructure, the plot 
of NQ VS L in logar i thmic coordina tes is a straight line, the 
slope of which defines the fractal dimension commonly 
referred to as mass fractal d imension 

d _ d[ln N0(L)] 

d( ln L) 
(25) 

However , the law of similarity is valid only on scales 
l0<^L<^Rg. F o r this reason, the fractal dimensional i ty 
described by Eqn (25) largely depends on the choice of 
fractal interval boundar ies . 

Mathemat ica l ly , such a p rob lem is ill-posed, and the 
min imum error criterion for D cannot be used for the 
op t imal choice of this fractal interval. Hence , the l ikelihood 
of the mass fractal d imension being greatly in error . This 
fact was considered in Ref. [40] where the no t ion of 'cell ' 
fractal dimension Dh was suggested as al lowing for m o r e 
correct calculat ion. 

Eva lua t ion 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 Nh is related to 
their size s by the law of similarity: 

Nh(s) o c 8 D b . (26) 
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F o r a strictly self-similar fractal, cell and mass d imen­
sions coincide, bu t compara t ive calculat ions per formed for 
real fractal clusters [42] indicate tha t cell fractal dimension 
exhibits a smaller spread of sizes which makes it preferable 
for the descript ion of fractal proper t ies of aggregated 
part icles. 

This app roach m a y be employed to determine the 
dimensions for a selected class of fractals. Assuming 
identi ty of s t ructura l characterist ics of clusters in an 
aerodisperse system (as the clusters g row under similar 
condi t ions) and using relat ion (24), one can ext rapola te 
observat ions on individual clusters to the law of similarity 
for the entire assembly of part icles, as follows: 

N oc RgP , (27) 

where N is the number of elements in a cluster of size Rg. 
Frac t a l d imension Dp can be determined by measur ing 

the rad ius of gyrat ion Rg and N for a large number of 
aggregates in the system. On the one hand , the aggregates 
thus examined must conta in m a n y p r imary part icles (i.e. 
they must be fractal aggregates). On the other hand , these 
aggregates must be significantly different in te rms of size so 
tha t Dp can be found from the dependence \nN(\nRg) with 
a sufficient degree of accuracy. 

These requi rements are somewhat cont rad ic tory and can 
be fulfilled only at later stages of coagula t ion in an 
aerodisperse system when clusters undergo extensive dis­
t r ibut ion by size. 

The foregoing discussion has demons t ra ted tha t fractal 
image analysis requires bu lky calculat ions which are greatly 
facilitated by the use of computers . A large variety of 
devices is current ly available to solve the main technical 
p rob lem, i.e. loading an image on the computer . M o s t of 
these ins t ruments is scanners of var ious types for loading 
images from paper carriers (pho tographs , etc.) [42] or the 
so-called f ramegrabbers for loading directly from a v ideo-
camera [37]. 

Discret isat ion of p r imary images is accomplished as they 
are loaded into the compute r memory . These devices are 
useful in a u t o m a t i o n of fractal analysis and processing of 
large volumes of exper imental da ta . 

3.3 Fractal dimension and the structure of growing 
clusters 
Compl ica ted and mult is tep pa t t e rns of coagula t ion growth 
of clusters involving different stage-specific physical 
mechanisms to a large extent dictate the m e t h o d s for 
s tudying the dynamics of this p h e n o m e n o n . Exper imenta l 
studies have demons t ra ted tha t a very characteris t ic feature 
of the aggregate format ion is the relat ionship between the 
s t ructura l pa rame te r s of the clusters and the dura t ion of 
their growth . 

Evolu t ion of fractal d imensions and the cluster rad ius of 
gyrat ion in t ime is found to prov ide most informat ion for 
the analysis of relaxing aerodisperse systems. This con­
ceptual app roach was applied to exper iments in which 
fractal clusters were grown and their proper t ies analysed 
together with those of aerogels obta ined from these clusters. 
Selected results of this s tudy are discussed below. 

The me thod used to g row and analyse P b l 2 clusters as 
described in Section 3.1 was also employed to elucidate the 
dependence of Da and Dp on the t ime of coagula t ion and 
the initial part icle density (Fig. 6). Taken together , results 
of kinetic analysis and electron mic rographs of the 
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Figure 6. Plots of Da and Dp versus coagulation time t at initial particle 
densities ( c m - 3 ) of 4 x 105 (circles), 106 (triangles), and 2 x 106 

(squares). 

aggregates [20] allowed the correlat ion of changes in the 
values of Da and Dp seen in the p lo ts with s t ructura l 
changes in the growing aggregates. Specifically, it has been 
shown tha t in the beginning pr ior to the onset of 
aggregat ion, their p lanar project ion gave values of D w 2. 

Aggregat ion normal ly started as c l u s t e r - p a r t i c l e inter­
act ion. The p lo ts exhibit a characterist ic decrease in fractal 
dimension associated with the format ion of p r imary clusters 
with anisot ropic s t ructure at an early stage of the process . 

F o r uncharged particles, g rowth an iso t ropy is largely 
due to the effect of part icle polar isa t ion immediately before 
collision [43]. Nevertheless , we believe tha t the influence of 
charges on the format ion of such s tructures cannot be 
total ly excluded because some of them appear to carry a 
charge even at r o o m tempera tu re [see E q n (17)]. 

As m o r e m o n o m e r s are b o u n d in clusters at later stages, 
the c l u s t e r - p a r t i c l e interact ion gives way to the c l u s t e r -
cluster mechanism of aggregat ion which leads to a g radua l 
decrease in growth an iso t ropy and, in the end, to the 
p roduc t ion of relatively symmetr ic fractal s t ructures with 
higher D values. 

It is wor thwhi le to no te tha t fractal dimension is 
generally assessed for bigger aggregates on scales which 
considerably exceed the size of the p r imary part icles. In this 
size range, the s t ructures are self-similar, and their fractal 
dimension is the same as their similarity dimension [38]. At 
the same t ime, fractal dimension D based on the H a u s d o r f f -
Besicovitch formalism can be determined just as well for the 
systems tha t do no t possess such a p roper ty . 
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A n example of such systems is provided by clusters 
formed at an early stage of growth and composed of tens of 
part icles. There is evidence tha t the fractal dimension of 
such aggregates remains very useful in tha t it serves as a 
quant i ta t ive characteris t ic of the filling by the cluster of the 
space it occupies. 

C o m p a r i s o n of the dependences in Fig. 6 reveals tha t the 
absolute values of Da and Dp do no t coincide in the entire 
range of coagula t ion t imes examined in the present 
exper imental study. This disagreement is largely due to 
changes in cluster s t ructure near its b o u n d a r y . F o r this 
reason, specific features of fractal g rowth near the outer 
bounda r i e s mus t be taken into considerat ion when c o m p a r ­
ing dimensions Da and Dp. 

Refs [44, 45] in t roduce the no t ion of the outer active 
zone (penetra t ion depth) Ar which collects all the newly 
incoming m o n o m e r s . In the case of Gauss ian probabi l i ty of 
their jo in ing the cluster, the relat ion between Da and Dp 
m a y be wri t ten in the form [46] 

* « = d 4 1 + ( « ) * ] • ( 2 8 ) 

W e used expression (28) to calculate the dependence of 
Ar on cluster size (Rg). Fig . 7 shows tha t pene t ra t ion depth 
of the particles increases in an a lmost linear fashion with 
increasing cluster size. This feature of the aggregate growth 
appears to be typical of early coagula t ion stages where 
clusters are represented by very loose s tructures . 

On in t roduct ion of the relat ionship Ar ~ Ry, da ta from 
Fig. 7 yield y = 0 . 8 6 - 0 . 9 6 . Accord ing to Ref. [46], 
y = (d—Da)/2, where d is the space dimensional i ty. It is 
easy to see tha t a similar result can be obta ined by 
subst i tut ing exper imental values of Da into this expression. 

Also, Fig. 7 suggests tha t the dependence of pene t ra t ion 
depth on the cluster size ceases beyond a certain value of Rg 

(which in tu rn depends on the m o n o m e r number density). 

Associated with this size range is a coagula t ion stage at 
which the bulk of the p r imary part icles jo in together u p o n 
contact to form clusters. At this stage of the evolut ion of the 
system, the cluster - cluster mechanism of aggregat ion is 
p r edominan t . This strikingly decreases the probabi l i ty of 
cluster in terpenet ra t ion which in tu rn results in the 
te rmina t ion of active zone growth. This observat ion is 
suppor ted by the value of fractal d imension 
Dp = 1.75 ± 0.08 reached within 40 min after the beginning 
of coagula t ion. This is characterist ic of c lu s t e r - c lus t e r 
aggregat ion of Brownian part icles [32]. 

3.4 Scaling in the course of growth 
Self-similar aggregates are no t the sole p roduc t of c l u s t e r -
cluster aggregat ion. The process also results in a scaling 
(i.e. self-similar) dis t r ibut ion of cluster size. 

Coagula t ion growth dynamics of aerodispersed aggre­
gates can theoretical ly be described with the use of the 
Smoluchowsky equat ion in the discrete form [47] which 
takes into account evolut ion of the cluster size dis t r ibut ion 
function in t ime. If the kernel of the coagula t ion equat ion is 
a uni form function of its a rguments , an aerodisperse system 
m a y 'forget ' its initial state after a certain t ransi t ion per iod 
and tend to evolve t owards the self-similar part icle size 
spectrum. 

Accord ing to Ref. [48], the cluster size dis t r ibut ion 
function can be well represented by the following scaling 
form: 

(29) 

where Cs is the density of the number of clusters conta in ing 
s p r imary particles, t is coagula t ion t ime, and f(x) is a 
universal function independent of the initial dis t r ibut ion 
which satisfies condi t ions 

f(x) - 1, x < l , 

fix) -> 0 , x > 1 . 
A novel feature of the dis t r ibut ion function Cs{t) is the 

presence of two dynamic exponents co and z in addi t ion to 
the usua l static exponent T . The exponent co describes the 
power- law decay of the number density of the cluster with 
t ime dur ing aggregat ion for the entire range of cluster sizes, 
whereas exponent z governs the growth of the mean cluster 
size S in the system: 

S(t) (30) 

Scaling exponents of dis t r ibut ion function (29) are not 
independent . The similarity relat ion cited in Ref. [48] is 
fulfilled for them in the form of 

co = (2- T)Z (31) 

Figure 7. Relationship between cluster size and penetration depth. See 
Fig. 6 for notat ion. 

Exper imenta l verification of scaling laws was performed 
on a lead iodide aerosol with p r imary part icles of 2 0 -
40 nm. The initial aerosol number density in the system 
varied in the range of ( 0 . 4 - 1 . 8 ) x 10 6 c m - 3 . The results of 
evaluat ion of the cluster size dis t r ibut ion at different t imes 
after the start of aggregat ion are summarised in Fig. 8. 

The plot in Fig. 8 i l lustrates the dependence of the 
integral cluster number density 
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Figure 8. Scaling P b l 2 cluster size distribution at different time-points after the initiation of aggregation. 

on relative size of the clusters, s/S(t). It can be seen tha t 
a lmost all exper imental da ta taken at different t imes dur ing 
the coagula t ion process fall approximate ly on a single 
curve. This suggests scale invar iance of the size spectrum. 

To determine scaling exponents from exper imental 
findings, it is necessary to specify the shape of the self-
similar f u n c t i o n / ( x ) . Asympto t i c analysis of the solution of 
the coagula t ion equat ion for h o m o g e n e o u s kernels gives 
exponent ia l behaviour of the scaling function for large 
x [49]. 

This in tu rn allows the function of cluster size dis t r ibu­
t ion to be represented in the form 

Cs(t) ~ t ' exp 5(0. 
(32) 

E q n (32) was used to determine scaling exponents co, T , and 
z , from the exper imental values of the scaling exponents 
Cs(t) and S(t). They tu rned out to be close for all initial 
part icle densities in the system, i.e. co = 0.44 ± 0.08, 
z = 1.1 ± 0.3 and % = 1.62 ± 0.18. Evidently, scaling expo­
nents thus obta ined satisfy the similarity relat ion (31) 
(within analytical error limits) which confirms the validity 
of the scaling form of the cluster size dis t r ibut ion function. 

Moreover , because the aerodisperse system has a self-
similar size spectrum, it is possible to find the fractal 
dimension Dp. Indeed, it follows from the definition of 
fractal d imensions tha t 

S(t)~Rg (33) 

C o m p a r i s o n of this expression with E q n (30) yields, in the 
scaling approx imat ion , 

R0 ~ tz 
(34) 

Therefore, knowing the scaling index z and using depend­
ence Rg(t), one can calculate the fractal d imension; in the 
present experiment it was found to be Dp = 1.7 ± 0.3. 

It is concluded from the results of this experiment tha t 
the evolving aerodisperse system displays scale invariance, 
with scaling tak ing place very early dur ing coagula t ion. 

The scaling pa rame te r s found by experiment satisfy the 
similarity relat ion (31) bu t at the same t ime differ sub­
stantially from those obta ined by compute r model l ing [50]. 
This discrepancy suggests a m o r e complicated physical 
mechanism under ly ing the real process of part icle aggrega­
t ion than the one predicted by ma themat i ca l 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 
Theoret ical considera t ions indicate tha t fractal clusters 
must possess interest ing and unusua l (compared with 
con t inuous particles) physical proper t ies . Specific features 
of their s t ructure are exposed in model l ing their op t i ­
cal [51, 52, 53], ae rodynamic [10, 11], and sorpt ion [54, 55] 
proper t ies . Unfor tuna te ly , exper imental studies in this field 
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are largely nonexis tent . One reason for the lack of 
substant ia l progress in this area is the difficulty of 
obta in ing, from the same substance, aggregates with 
different fractal geometry . 

A n app roach to the solution of this p rob lem is provided 
by the me thod of s t ructura l modif icat ion based on the effect 
of surface tension forces. The simplest way to employ this 
app roach is to p u m p a gas-dispersed system th rough a 
tubula r furnace where surface tension forces at high 
t empera tu re gradual ly consol idate aggregate s t ructures 
with a concurrent increase in fractal d imension. F o r 
example, experiments with silver aggregates revealed 
enhancement of D from 2.06 to 2.18 when the t empera tu re 
inside the furnace is increased from 290 K to 390 K [56]. 

A similar effect of surface tension forces on the cluster 
s t ructure was demons t ra ted in experiments on capillary 
condensa t ion of water vapour [8]. F rac t a l soot part icles 
with the initial d imension D = 1.78 were shown to become 
gradual ly m o r e densely packed under the effect of surface 
tension forces of the condensate , which accumula ted in 
pores . Final ly, at a 3 % supersa tura t ion , water filled up all 
the pores . The droplet thus formed compressed the part icle 
so tha t it tu rned into a dense globule of dimension D = 2.5. 

Ano the r app roach to the solution of the p rob lem of 
s t ructura l modif icat ion of aggregates is based on the effect 
of direct ional part icle coagula t ion in the electric field (see 
Section 2.3). This app roach is essentially different from the 
previous one in tha t it uses assemblage of the const i tuent 

Figure 9. The experimental system for obtaining fractal clusters in the 
electric field: (a) functional block diagram, (b) a single cascade of 
the electro diffusion separator. See the text for notat ions. 

elements under control led condi t ions ra ther than deforming 
compac t ion of them. 

Wi th this approach , the aggregate s t ructure strongly 
depends on the shape of the p r imary clusters. Specifically, 
at the te rminal stage of evolution, f i lamentous clusters have 
been shown to give rise to very loose s t ructures of very low 
density with D ~ 1.3 [57]. 

A n example of pract ical appl icat ion of the direct ional 
g rowth technique is described below. The exper imental 
setup used in our s tudy was equipped with an electro diffu­
sion separa tor of part icles 2 (Fig. 9a), placed between 
part icle genera tor 1 and coagula t ion chamber 3. 

The electrodiffusion separa tor is a modified version of 
the diffusion trigger ba t t e ry (Fig. 9b) where each individual 
cascade has an addi t iona l gauze electrode 6. Vol tage U of 
up to 8 k V is applied between the electrode and grids 7 (cell 
size 1 mm) . The op t imal number of cascades and grids is 
selected empirically. 

D u r i n g the flow of the aerodisperse system th rough the 
cascades of the separa tor , the part icles preferentially 
coagulated a long the electric field E giving rise to p r imary 
clusters with p rominen t shape aniso t ropy. Isolated kernels 
tha t failed to react because of high diffusive mobil i ty 
accumula ted on the grids in the separa tor . As a result, 
the flow at the outlet of the separa tor conta ined a large 
number of small clusters and with minor fraction of free 
kernels (Table 5). F u r t h e r aggregat ion (largely of the 
c lu s t e r - c lus t e r type) proceeded in the coagula t ion c h a m ­
ber. 

Samples were collected from the coagula t ion chamber at 
different t imes with the aid of the rmal precipi ta tor 5 
(Fig. 9a) which allows us to follow the effect of pre l iminary 
modif icat ion on the s t ructure of fractal clusters dur ing their 
g rowth . F rac t a l dimension Da is p lot ted in Fig. 10 as a 
function of the rad ius of gyrat ion Rg in relat ion to the 
pa rame te r s of the initial dispersed system listed in Table 5. 

Fig. 10 shows tha t the fractal dimension and hence the 
cluster s t ructure change in the course of growth . Curves 
Da(Rg) can be divided into two par t s . 

The first pa r t cor responds to the small-sized range of 
part icles and shows a decrease in Da. This is c o m m o n for all 
three plots and is due to the format ion of s t ructures with 
p rominen t ly anisot ropic shape at early growth stages. The 
second par t , at Rg ^ 1.5 um, clearly reflects the effect of the 
initial pa rame te r s of the dispersed phase on the aggregate 
s t ructure p roduced in the course of coagula t ion. 

It is seen from Fig. 10 tha t the associat ion of part icles 
previously modified in the separa tor gave rise to very loose 
s t ructures with low Da values whereas unal tered part icles 
(curve 1) grew into compac t clusters of greater fractal 
d imension. 

Characterist ical ly, for modified part icles which aggre­
gated at high P c i - C i values, there was a t ransi t ion from 
scaling invariance of the in ternal cluster s t ructure 

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

Field tension 
E/kV cm -l 

Number 
of cascades 

Curve number, 
Fig. 10 

Mean linear size 

0.18 
0.27 
0.48 

Shape anisotropy Relative amount 
Lmax/Lmin of monomers 

1.40 
1.75 
2.17 

1.47 
0.18 
0.04 

Initial probability of 
cluster-cluster 
aggregation P c l _ c l 

0.28 
0.67 
0.92 
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Figure 10. Relationship between fractal dimension Da and the gyration 
radius Rg of the clusters. Curves 1-3 correspond to parameters of the 
dispersed system listed in Table 5. Vertical bars are boundaries where 
the system undergoes transition to cluster-cluster aggregation 

(^cl-c l = 1). 

[Da = f(Rg)\ to self-similarity of the entire set of aggregat ing 
part icles (Da = const) , within the coagula t ion t imes inves­
t igated in the present experiment . In this case, the higher 
P c l _ c l was the sooner the system entered the au tomodel l ing 
region. 

4.2 Gas dynamics of fractal clusters and aerogels 
Structura l modif icat ion was even m o r e apparen t in 
invest igations into ae rodynamic proper t ies of aggregates. 
These proper t ies were studied by measur ing the gravi ta­
t ional sedimentat ion ra te of the part icles. 

The sedimentat ion ra te of the part icles in coagula t ion 
chamber 3 was evaluated with the aid of two collecting 
elements (Fig. 9a) designed to cap ture precipi ta ted pa r t i c ­
les. The addi t iona l collector placed in the top po r t ion of the 
chamber was necessary to m a k e up for potent ia l 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 da ta for 
es t imat ing the function of size dis t r ibut ion of the deposi ted 
part icles n g ( L ) which was approx imated by a g a m m a 
dis t r ibut ion with a 10% error . The ra te of deposi t ion of 
clusters with size L = L m a x was found from the expression 

ng(L) 

V/c 

V(L) = 
n(L)At ' 

(35) 

where n(L) is the part icle size dis t r ibut ion function in the 
coagula t ion chamber averaged over deposi t ion t ime = 
60 min. 

The da ta obta ined are shown in Fig. 11a. They seem to 
indicate tha t fractal clusters exhibit high resistance to 
sedimentat ion, with an a n o m a l o u s sedimentat ion ra te 
dependence (in compar i son with the Stokes one, curve 
4) for large clusters. 

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

P ( * ) ~ P o ( £ ) , (36) 

where p 0 and r 0 are the density and the size repectively of 
p r imary kernels. 
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Figure 11. Aerodynamic properties of fractal clusters: (a) gravitational 
sedimentation rate v in relation to linear size L m a x (curve 4 is calculated 
from the Stokes formula [33]), (b) reduced aerodynamic radius Raer/Req 

in relation to radius of gyration Rg. See Fig. 10 for notations. 

A consequence of the low fractal cluster density is the 
small ae rodynamic (Stokes) rad ius Raer ( compared with the 
equivalent rad ius Req =Nl^3r0) [57]. Fig. l i b demons t ra tes 
tha t the difference between Raer and Req is mos t p ronounced 
for aggregates formed dur ing c lu s t e r - c lu s t e r associat ion of 
modified part icles (curve 3). 

Analysis of the ae rodynamic behaviour of fractal 
clusters in gravi ta t ional and electric fields const i tutes the 
basis of 'in si tu ' m e t h o d s for the assessment of fractal 
dimension [58] from its relat ionship with cluster density and 
s t andard geometr ic characterist ics. 

The relat ionship between the equivalent and sedimenta­
t ion radi i of a cluster is defined by the expression [59] 

?2D/3 (D-l) R eq Rt (37) 

Wi th the aid of this relat ion and independent ly determined 
values of Req (e.g. by means of weigh t -computa t ion 
analysis) and Rs (by sedimentat ion measurements ) , it is 
possible to calculate the fractal dimension of the aggregate. 

However , E q n (37) is valid only in the approx ima t ion of 
the Stokes regime of the cluster in a gaseous med ium which 
cannot be regarded as total ly correct . A l though the 
aggregate size as a rule substantial ly exceeds the length 
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of the free p a t h of a molecule in the gas, the diameter of the 
initial dispersed part icles is comparab le with and often 
significantly smaller t han the latter value. 

It has been shown [60] tha t the d rag exerted by the 
med ium depends on the dispersion of gas molecules on 
p r imary elements of the s t ructure, owing to the s t ructura l 
features of fractal aggregates. The free p a t h of molecules Af 

predicted by this mechanism at the mean part icle number 
density in the cluster 

.. (*Ao)D 

Table 6. Breakthrough coefficients for NaCl particles. 

4nR3

0/3 

is est imated from the relat ion 

nr^n 

(38) 

(39) 

Accord ing to E q n (39), condi t ion Af > R is fulfilled for 
fractal clusters with D < 2. The result ing drag can be 
considered as the sum of the forces experienced by all 
part icles in the aggregate: 

| l Nrl~D^kBT = I Nrl-D^(2nmkBTf2 , (40) F = 

where N is the number density of molecules in the gas and 
vT is their mean the rmal velocity. 

The condi t ion of applicabil i ty of Stokes formula for the 
force oppos ing the mot ion of the aggregate has the form 

X < R , lf < R (41) 

where X is the free p a t h length of the molecules pr ior to 
their collision with one another . Obviously, condi t ion (41) 
is no t fulfilled for fractal aggregates obta ined in gaseous 
phase which makes b o t h the Stokes formula and Eqn (37) 
inappl icable to such systems. 

This inference is suppor ted by the dependences v ( L m a x ) 
found by experiments , which are strikingly different from 
the respective curve for Stokes part icles (Fig. 11a). 

T ranspo r t processes in macroscopic aerogel-like s t ruc­
tures also involve molecular kinetic mechanisms. In 
par t icular , the pressure drop Ap across an aerogel p la te 
t h rough which a gas is flowing at velocity j is found from 
[60]: 

J = 
3Ap 

llpS p(2mkBT/n) 1/2 
(42) 

where p is the gas density, / is the pla te thickness, S and p 
are the specific surface and mean density of the mater ia l 
respectively. 

E q n (42) is a var iant of the D a r c y law for highly p o r o u s 
systems satisfying the condi t ions 

X r0 , I 5> Rc (43) 

where Rc is the characteris t ic size of the region in which the 
system displays fractal proper t ies . 

Aerogels p roduced by re laxat ion of aerosol p lasma are 
very sparse s t ructures of thin interlaced th reads with 
diameter comparab le to tha t of the p r imary kernels from 
which they arise ( 1 0 - 3 0 nm) . Such s t ructures differ from 
other fibrous mater ia ls in tha t they have large specific 
surface and low ae rodynamic resistance. Combina t i on of 
these proper t ies is a prerequisi te for gas filtration by which 
dispersed impuri t ies can be effectively removed. 

Type of filter Ap j mm Particle size / urn 
H 2 0 

0.05 0.1 0.2 0.5 1 

Carbon aerogel 6 
A F A - V P 6 
Carbon aerogel-coated, 8 
A F A - V P filter 

0.04 0.12 0.22 0.17 < 0.02 
0.09 0.22 0.30 0.16 < 0.02 
0.04 0.05 0.07 0.10 < 0.02 

The results of an experiment designed to compare the 
capture of N a C l particles by carbon aerogel and a s t andard 
vinyl perchlor ide aerosol filter (AFA-VP) are listed in 
Table 6. The u p t a k e was assessed by calculat ing the 
b r e a k t h r o u g h coefficient — the rat io of the number of 
part icles tha t pass t h rough the filter to their initial to ta l 
number . Pa ramete r s of the filters were measured at a linear 
flow velocity of 1.8 cm s _ 1 . 

The da ta in Table 6 indicate tha t , at an equal resistance 
to the flow, aerogel filters are m o r e efficient. But the best 
results were obta ined with A F A - V P filters coated with 
aerogel. The micro s t ructure of the result ing mater ia l is 
depicted in Fig . 12. 

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

The mic rograph clearly demons t ra tes tha t f i lamentary 
carbon s tructures are responsible for a substant ia l increase 
in the surface area of the system and thus cont r ibute to the 
enhanced t rapping , largely by p r o m o t i n g contacts between 
the part icles and the filter and also because of electrostatic 
a t t rac t ion [61]. It is emphasised tha t an average three-fold 
improvement in cap ture efficiency (in the size range of 0.1 
to 0.5 um) is associated with only a small rise in resistance 
to flow. 

4.3 Adsorption and capillary condensation on fractal 
structures 
A study of sorpt ion proper t ies including mechanisms of 
capillary condensa t ion m a y be of interest if a deeper insight 
into the s t ructure of fractal objects is to be obta ined. 
However , such investigations of fractal clusters p roduced in 
the gaseous phase are no t feasible at the level of isolated 
microscopic s tructures . 



268 E F Mikhailov, S S Vlasenko 

But , since the characterist ic size of the adsorbed 
molecules is significantly smaller t h a n tha t of cluster-
forming p r imary particles, it seems safe to conclude tha t 
s t ructura l informat ion abou t sorpt ion proper t ies of individ­
ua l clusters will also apply to their b o u n d complexes. 
M a c r o systems of ' frozen' fractal clusters can be regarded 
as aerogel species which makes them useful in exper imenta­
t ion. 

4.3.1 A study of adsorption on fractal structures. F rac t a l 
aggregates in the form of a P b l 2 aerogel were obta ined and 
concentra ted in an electrodiffusion separa tor (Fig. 9b). 
G a u z e electrodes with the cell diameter of 70 um were used 
in all cascades of the separa tor . 

Cluster growth in the modified separa tor was remin­
iscent of the process described in Section 3.1 in tha t it 
involved virtually the same aggregat ion stages. However , 
the te rmina l stages of the two processes were different. 
W h e n the aerodisperse system passed th rough a gauze 
electrode, most of the part icles were deposi ted on its 
surface owing to polar isa t ion interact ion and the effect 
of inertial forces. This resulted in a huge macrocluster in the 
form of a coat ing a few mill imeters thick which uniformly 
covered the electrode. 

There was a rise in the electric field s trength at the t ips 
of f i lamentary aggregates which enabled new clusters from 
the gaseous phase to jo in those previously deposi ted a long 
the field lines. This eventually led to the format ion of a 
loose large-cell s t ructure (see Fig. 14 below). 

It should be emphasised tha t b o t h p r imary part icles and 
m a t u r e clusters collectively cont r ibu te to aerogel growth in 
this s i tuat ion, with the latter mechanism assuring faster 
screening of inner aerogel layers and hence its lower average 
density. Adjust ing the electric field s trength provides an 
effective tool for control l ing the relative a m o u n t of p r imary 
part icles in the aerodisperse system and thus of changing 
the s t ructure of the aerogel [62]. 

Particles tha t passed t h rough the first electrode entered 
the next one where further growth and precipi ta t ion 
occurred, etc. The aerogel thus obta ined and removed 
from the electrode surface was a highly p o r o u s substance 
with bulk density of 0 . 0 1 - 0 . 0 3 g c m - 3 depending on 
electric field strength. 

The specific surface of P b l 2 aerogel specimens was 
calculated from ni t rogen adsorp t ion values measured by 
the con t inuous flow technique with a G H S sorb tograph 
(Japan) , in accordance with the B r u n a u e r - E m m e t - T a y l o r 
theory [55, 62]. 

As expected, the effect of the electric field on the growth 
of the aerogel manifested itself in the format ion of looser 
s t ructures tha t exhibited an a lmost linear decrease of fractal 
dimension with increasing field strength (Fig. 13a). Also, it 
is wor thy of no te tha t 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 e lect ron-micro­
scope image analysis (Fig. 14) t aken together indicate tha t 
changes of the aerogel specific surface were largely due to 
var ia t ion of the mean coord ina t ion number v in the 
aggregate. 

In fact, the specific surface of a system of non-col l iding 
part icles is dependent on their to ta l surface area. In the case 
of smooth monodisperse spheres with rad ius r 0 and density 
p 0 , it is defined by 
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Figure 13. Modification of aerogel structure by the electric field: 
(a) fractal dimension vs field tension, (b) specific surface vs fractal 
dimension. 

So = • 
>oPo 

(44) 
Aggregat ion results in a decrease in the adsorp t ion 

surface of the system by by an a m o u n t equal to the sum 
of the contact surfaces of the part icles. Therefore, the 
approx ima te expression for the specific surface of an 
aerogel m a y be wri t ten in the form 

S = s J l - ^ v ) , (45) 
\ ^part / 
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Figure 14. A fragment of aerogel structure obtained in an electric field 
of 12 kV c m - 1 ; (a) x 10 000, ( b ) x 2 6 0 000. 

where S p a r t is the mean surface area of an isolated part icle 
and SCONT is the mean surface of a single contact between 
part icles. 

In the f ramework of applicabili ty of formula (45), the 
relat ionship between surface area and micro s t ructure of a 
specimen is total ly dependent on the mean coord ina t ion 
number v which is in tu rn related to b o t h fractal dimension 
and rad ius of gyrat ion by v ~ Rf-d [9]. 

It has been est imated tha t the following equali ty holds in 
the first approx ima t ion for cluster s t ructures having the 
shape of interconnected loops 

v = rfD , (46) 

where rj —> 2 as the cluster rad ius R —> oo. Analysis of 
electron mic rographs permi ts the assessment of this 
coefficient for real objects. Specifically, for the aerogels 
investigated in the present s tudy rj = 1.8 ± 0 . 5 . 

Tak ing into account E q n s (45) and (46) allows the 
relat ionship between specific surface and fractal dimension 
to be wri t ten down as 

S = S 0 ( \ - ^ r , D ) , (47) 
\ ^ p a r t / 

I ts linear na tu re is in good agreement with measured values 
(Fig. 13b). 

The best fit to the results obta ined with E q n (47) was 
when ^ c o n t A p a r t = 0.21. Similar da ta for this ra t io 
(0.20 ± 0.08) were obta ined by the analysis of electron 
mic rographs (see Fig. 14) with the use of the relat ionship 
S c o n t / S p a r t = h/2r0 which implies tha t the zone of contact 
has the shape of a spherical segment with height h. 

It follows from Fig. 14 and E q n s (46) and (47) tha t the 
specific surface of part icles no t involved in contac ts (p = 0) 
in the present experiment was S0 = 53 m 2 g _ 1 whereas 
calculat ions with the use of E q n (45) for average rad ius 
r 0 = 18 n m gave SF

0 = 27 m 2 g _ 1 . This discrepancy was mos t 
p robab ly the result of neglecting the roughness of the 
surface. Therefore, the rat io SQ/SQ which in this case 
equals 1.95 m a y be used as a measure of roughness of 
p r imary kernels. 

To summarise , results of specific surface measurements 
and morpholog ica l analysis of the part icles taken together 
indicate tha t the main factors which determine the aerogel 
surface area are the to ta l surface of contac ts and the 
roughness of p r imary kernels. R o u g h n e s s is a surface 
constant and depends on the condi t ions in which p r imary 
part icles are generated whereas the to ta l contact surface is a 
var iable depending on the mean coord ina t ion n u m b e r and, 
ul t imately, on the fractal s t ructure of the aerogel. 

4.3.2 Capillary condensation. Structure of mesopores. 
Specific features of capillary condensa t ion were investi­
gated on B i 2 0 3 aerogels [64] obta ined as described above, 
with the exception of the initial stage of generat ion of 
p r imary part icles which was modified. 

Metal l ic b i smuth was chosen as the s tar t ing mater ia l to 
obta in p r imary part icles. I ts vapour s underwent oxidat ion 
to the respective oxide when mixed with a s t ream of air at 
1140 K. R a p i d cooling of the final p roduc t resulted in its 
condensa t ion as p r imary kernels 20 ± 8 n m in size. The 
result ing aerogel had s t ructura l characterist ics which 
depended on the electric field s trength in the electrostatic 
coagula tor (modifier). 

The specimens thus ob ta ined were used to s tudy 
capillary condensa t ion by the equil ibr ium elution tech­
n ique [65], with benzene as the adsorbent . Func t i ons of 
po re vo lume dis t r ibut ion by effective radi i were derived 
from the Kelvin equat ion [66] and adsorp t ion isotherms. 

Character is t ic spectra for three different values of 
fractal dimension D are presented in Fig. 15a. As D 
decreased, the initial spectrum underwent t rans format ion 
to a system with mul t imode po re dis t r ibut ion pa t te rns , with 
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Figure 15. Pore volume distribution by effective radii: (a) at mean 
fractal dimensions D of 1.60 (7), 1.57 ( 2 ) , 1.50 (3); (b) at a pressure 
(kPa) of 0.013 (7), 12.6 (2), 122.6 (3). 

a concurrent increase in the in te rmode space. Analyses of 
spectra and m i c r o p h o t o g r a p h s collectively indicate tha t 
these changes are related to changes in the fractal s t ructure 
of the aerogel. 

Indeed, p r imary clusters in the modifier were formed 
from s t ructura l elements of different length which depended 
on the field s trength. The p ropo r t i on of p r imary fi lamen­
tous s t ructures to the size spectrum increased with increas­
ing field strength. F o r this reason, the p o r e spectrum of a 
macro aggregate of such elements was shifted t owards larger 
sizes while the m o d e number gradual ly diminished 
(Fig. 15a, curve 3). 

W e tried to p roduce a control led shift of the p o r e 
spectrum towards smaller sizes in an experiment involving 
deformat ion of the aerogel s t ructure . Possible mechanisms 
responsible for the enhanced density of the fractal aggregate 
s t ructure have been discussed in Ref. [67]. 

It should be emphasised tha t res t ructur ing is a lengthy 
process with characterist ic t ime varying in the range of 1 
hour to a few days. In order to accelerate the process and 
m a k e it amenab le to control , a specimen was first com­
pressed by centrifugation at an appropr i a t e angular velocity 
for 5 min. Character is t ic po re spectra of aerogel specimens 
obta ined by this me thod are shown in Fig. 15b. 

The effect of compress ion on pores of different size 
appeared to differ. It was most conspicuous for pores of size 
8 n m or more . In this case, the relative p ropo r t i on of such 
pores first increased with increasing pressure (curve 2 ) 
which could be accounted for by the destruct ion of bigger 
and therefore less stable pores . 

The process was reversible, and further increase of 
compress ion resulted in the dependence described by 
curve 3. Such spectrum res t ruc tur ing was due to deforma­
t ion of p r imary kernels. The effect was most appa ren t for 
bigger pores ( > 8 nm) and less p rominen t in the case of 
smaller pores ( < 5 n m ) composed of two or three part icles. 

To conclude, these experiments demons t ra ted tha t 
fractal s t ructures of weak ly-bound nanomete r part icles 
formed in the gaseous phase are responsive to modif icat ion 
by external fields. Exper imenta l da ta on the adsorp t ion 
pa t t e rns in the capillary condensa t ion range m a y be used to 
est imate changes in the poros i ty of the object. 

The spectrum of po re dis t r ibut ion with respect to 
effective radi i is shifted t owards smaller sizes when the 
mater ia l is influenced by external factors. Taken together , 

the exper imental p rocedures described in this paper create 
the necessary prerequisi tes for the control led adjustment of 
sorpt ion characterist ics of aerodisperse systems. 

5. Conclusion 
The evolut ion of a dispersed system when coagula t ion is 
the dominan t mechanism of its re laxat ion proceeds t h rough 
the format ion of fractal clusters, self-similar aggregates of a 
large number of p r imary part icles. These s t ructures m a y be 
considered to represent an in termedia te state of condensa­
t ion s tar t ing from the dispersed phase . They are very 
c o m m o n in na tu re and they are formed in m a n y physical , 
chemical, and biological processes. 

There is growing interest in mechanisms of fractal 
s t ructure generat ion in the gaseous phase . This has been 
given an addi t iona l incentive by recent advances in basic 
research and exper imental model l ing of bal l l ightning. 
There is every reason to believe tha t the fractal s t ructure 
of p lasmoids (e.g. generated by an erosion discharge) 
underl ies the un ique physical proper t ies of these long-lived 
energy- consuming entities which account for their resem­
blance to na tu r a l bal l l ightnings. 

Clearly, there are m a n y impor t an t unanswered ques­
t ions with regard to fractal s t ructures including the 
relat ionship between the proper t ies and the dimension of 
these systems. This p rob lem has been extensively inves­
t igated in the physics of condensed state on thin films. In 
the 1970s, it was unequivocal ly shown tha t dimension is no t 
a topological cons tant with respect to their proper t ies . On 
the contrary , an object m a y acquire the proper t ies of a t w o -
dimensional or a three-dimensional system under different 
condi t ions . Studies a long these lines gave rise to a new area of 
research referred to as 'physics of reduced d imens ion ' which 
greatly cont r ibuted to the unde r s t and ing of the na tu re of 
such systems and provided pract ical approaches to m a n y 
current p rob lems tha t require a deeper insight into the 
characterist ics of different mater ia ls . 

The concept of d i m e n s i o n - p r o p e r t y relat ionship 
acquires special significance in the physics of fractal systems 
because it provides a me thodo logy for future in-depth 
studies. It is in this context tha t we intended to present 
results of our experiments , focusing on the relat ionship 
between fractal dimension and ae rodynamic or sorpt ion 
proper t ies of the object. 

F u r t h e r progress in research on fractal aggregates is 
firmly tied to the solution of a number of technical 
p rob lems on ways to generate fractal clusters with desired 
morpholog ica l characterist ics. It follows from the present 
review tha t there can be no universal s trategy for achieving 
this goal . Specific approaches are needed for ob ta in ing 
specimens, depending on the na tu re of the s tar t ing mater ia l 
and m e t h o d s of conversion of the mater ia l to the condensed 
phase . F o r all tha t , there is little doub t tha t further 
technical and methodologica l progress in exper imental 
studies will yield new da ta on the physicochemical p r o p e r ­
ties of fractal aggregates. This line of research should be 
considered as most p romis ing in m o d e r n physics. 
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