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Macroscopic fractal systems, aerogel and fractal fiber, have a high specific surface energy.
Mechanisms of the process of structure densification which leads to the transformation of the
surface energy into thermal energy are considered. Transport processes inside macroscopic
fractal systems are investigated. Conditions of the thermal explosion and the character of
propagation of the thermal wave inside these systems are analyzed.

1.INTRODUCTION

Aerogels which are formed from small particles in solu-
tions, and fractal fibers, which are formed from a non-equi-
librium low-temperature plasma in an external electric field,
are macroscopic fractal structures. Fractal clusters (fractal
aggregates) are the small elements of these structures. The
fractal property of these objects is essentially that, if one
passes a sphere of a definite radius through one of the cluster
particles and then changes this radius then, in a definite
range of radius values, on an average, the density of the ma-
terial inside the sphere will decrease with increasing radius.

However, this property of fractal structures is unimpor-
tant for the purpose of this paper. For us it is important that
the objects under consideration are very low density struc-
tures consisting of small particles. Thus, the average density
of the structural material to which we shall direct our atten-
tion in the estimates is of the order of 0.01 g/cm®. This is a
typical value for fractal fibers and is an attainable value for
aerogels (aerogel specimens are created with 0.005 g/cm’
density). In such a system, most of the volume inside the
object is occupied by empty spaces. Therefore, certain pro-
cesses which go on inside these structures will be analogous
to processes in gases, but here their own distinguishing fea-
tures will develop. For example, if we light small pieces of a
match in air, it will burn for seconds, and moreover, the
energy that is released here will be mostly carried away into
the air due to convection. The convection of air also provides
a flow of oxygen into the combustion zone. If one places the
small pieces of a match in a low density aerogel that is locat-
ed in air and ignites them, then there will be no convection,
the arrival of oxygen in the combustion zone will be provided
due to oxygen diffusion, and energy removal will be due to
radiation from the flame and partly due to the thermal con-
ductivity of air. As a result of this, combustion of the same
specimen will go on not for seconds, but for minutes, and the
chemical energy of the specimen will be mostly converted
into radiative energy.

A large specific internal surface area is another proper-
ty of the systems under consideration. The nature of the for-
mation of such structures leads to their consisting of small
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particles such that an appreciable fraction of the molecules
of these particles is located on their surfaces. At the same
time, the chemical composition of the material (as a rule,
this consists of oxides) provides a high chemical interaction
energy in the systems (as in ceramics). Therefore, aerogels
and fractal fibers have large specific energy supplies that are
comparable with the corresponding characteristics of gun-
powder and explosives. An explosion of these structures is
possible. As a result of this process, an increase of the struc-
ture’s density occurs, i.e., the average size of the structure’s
particles increases, and the system’s specific surface energy
decreases. The energy thatis released goes to heat the system
and accelerate the process. A thermal wave arises in the sys-
tem which, in propagating, leads to conversion of the inter-
nal energy and to destruction of the structure.

Along with the thermal processes within fractal struc-
tures, the conditions for the thermal explosion of structures
and the parameters of the thermal wave which arises here are
analyzed in this paper.

2.FRACTAL GROWTHSTRUCTURES
2.1. The fractal cluster

A fractal cluster (or fractal aggregate) is a system of
connected solid particles. It possesses the following proper-
ty. Its correlation function is

_Afp(@p(r’ =),
0 = £

here p(r) is the particle density at a given point, and ( )
denotes averaging over the particle positions. This equation
means that if one constructs a sphere of radius r with its
center located at one of the particles, counts the number of
particles on the sphere, and performs this operation many
times while changing the particles at the center of the sphere,
then the mean density of particles on the sphere varies ac-
cording to the law » — * with change of the sphere’s radius 7.
It follows from this that the mean density of particles inside
the sphere varies according to the law:

2.1

o Dd, (2.2)
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where @ = d — D, d is the dimensionality of space, and D is
the cluster’s fractal dimension. Below, we shall consider the
fractal cluster as a physical object in real space, i.e., d = 3.

A large number of reviews and monographs have been
devoted to investigating the properties of fractal clusters, the
processes of their growth, and to models describing these
processes.'™* Since a fractal cluster is of interest to us as a
real physical object, let us next briefly pause for just the ex-
perimental methods for obtaining fractal clusters and the
properties of such systems.

A fractal cluster is formed by the adhesion of solid par-
ticles. Processes for forming small solid particles in a gas and
fluid go on in various ways. In a gas, these particles are the
result of condensation of vapor formed, as a rule, by the
vaporization of a solid surface by an external effect on it.
Thus, in the first experiment by Forrest and Witten,'® this
effect consisted of passing a strong electric current through a
wire onto which specified substances had been coated. The
vaporized material cooled in the process of expanding into
space, which also led to condensation and then to the aggre-
gation into clusters of the solid particles which were being
formed. The average particle radius in the structure was 3
nm to 4 nm, and a typical cluster size was several microns.
This paper was the first experimental investigation of fractal
clusters and laid the methodological foundations for analyz-
ing such experiments. Fractal clusters were collected on a
net and were photographed by an electron microscope. An
ordinary photograph of a cluster covered an area of several
square microns and included in it a part of a cluster in which
a large number of particles was located. After dividing this
photograph into cells by means of a grid, from the degree of
filling of the corresponding cell, the authors considered it as
either empty or completely filled. Such information about a
photograph (in the form of zeroes or ones) was put into a
computer and was processed there in this form. A cluster’s
fractal dimension was determined on the basis of the dis-
tance dependence for the correlation function (2.1), the
fractal dimension D, or from the number of occupied cells
as a function of the area of the photograph section picked
out, the fractal dimension Dg. The results are shown in Ta-
ble 1. The value of the cluster’s fractal dimension averaged
from these data is 1.6 + 0.07.

This method of obtaining clusters was modified in a
series of papers,'”?2 where fractal clusters were finally set
down onto a surface and their high efficiency in absorbing
thermal radiation was used. Let us analyze one of the papers
of this series,?? where the formation of cobalt clusters was
studied. Small particles of cobalt were formed in an argon
atmosphere by vaporizing the metal with a traditional meth-
o0d*” of using a heated tungsten spiral with conditions of con-
vective vapor transfer. The argon pressure ranged from 0.25
torr to 10 torr. The metal particles, like soot, were collected
on a copper net covered with carbon and were investigated
by means of an electron microscope. The average thickness

of the metallic precipitate was 10 zm to 200 zm, and more-
over, the volume occupied by the cobalt particles in this lay-
er was estimated at 10~ * t0 0.01 of the total, i.e., the precipi-
tate had a porous structure and pores occupied most of its
volume. The average particle radius in these formations in-
creased with increasing argon pressure, the fractal dimen-
sions of the aggregates formed were from 1.75to0 1.9 at argon
pressures from 0.9 torr to 8 torr, and the average particle
radius was less than 8 nm. At argon pressures over 8 torr, the
particle radius in an aggregate was more than 8 nm, and the
fractal dimensions of an aggregate were from 1.9 to 2.05.

Let us notice that the fractal dimensions of clusters
formed during the vaporization of a metal in an inert gas are
somewhat higher than in the case of its vaporization in a
vacuum. According to the measurements in Refs. 18, 19, and
20, the fractal dimensions of clusters of aluminum, nickel,
and cobalt obtained during the vaporization of these metals
inan argon atmosphere were from 1.75 to 1.85. Vaporization
of a metal in an inert gas delays the formation process in
comparison with the case of its vaporization in a vacuum,
and therefore it leads to the creation of denser formations.

Another method for obtaining fractal clusters uses irra-
diation of different metals with laser radiation.”»** Then a
slightly ionized metal vapor which is at high pressure (sever-
al thousand degrees temperature and several tens of atmo-
spheres pressure) is formed near the surface. This vapor,
expanding in space, cools and condenses on ions. When the
temperature of the particles which are being formed is lower
than the material’s melting temperature, particles of the
metal join into fractal clusters. Experiments have been con-
ducted for different metals, Al, Ti, Fe, Ag, and Pt, and in a
number of buffer gases (air, argon, and helium) at pressures
of 4 torr and 1 atm. The qualitative nature of the results is
just the same here.

These experiments have been conducted with neody-
mium and ruby lasers, which provide average specific radi-
ation powers from 10° W/cm? to 10” W/cm? for ~0.001 sec.
The irradiated surface was of the order of 1 mm?. Different
methods for acting on a surface are possible in this and simi-
lar specific energy ranges. Laser breakdown, leading to the
laser energy being absorbed by the plasma and used up in
ionizing it, is possible at a sufficiently high density of the
vaporized plasma. Finally this leads to the occurrence of a
laser flash. It is clear that the specific laser radiation power
must be lower than the laser breakdown threshold in the
regime under consideration. Another regime is connected
with the formation of a liquid phase on the surface and the
splashing of drops of liquid as a result of thermal instability.
Thereby, the nature of the interaction of laser radiation with
a surface can lead to different thermal regimes on the sur-
face.?*2% For the formation of fractal clusters, it is necessary
that vaporization of the surface material occurs.

The laser method leads to the formation of a high pres-
sure vapor, which finally creates large particles in the struc-

TABLE I. The fractal dimensions of clusters which are formed after vaporization of material.'®

Material Fe Fe Zn Zn Si0,
D, 1,69+ 0,02 1,68 + 0,01 1,67 = 0,02 1,68 = 0,02 1,55 = 0,02
Dﬂ 1,52 £ 0,04 1,56 + 0,02 1,50 = 0,04 1,60 = 0,04 1,55 £ 0,06
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ture. Their radii are usually more than 10 nm, and the size of
the cluster depends on the specific power. Thus, in the case
of titanium, the average size of a cluster varied from 5 um to
25 um as the specific laser radiation power varied from 10°
W/cm? to 5-10% W/cm?. The average particle radius was 12
nm in this case. The fractal dimension of the clusters ob-
tained by the laser method was 1.82 + 0.05.

One more method for obtaining clusters in a gaseous
phase is associated with the burning of silicon tetrachloride
in an oxygen or hydrogen-oxygen flame.?” A powder consist-
ing of weakly bound clusters is formed as a result of this
process. Such a powder has the name of silicon soot or silicon
smoke. Its specific gravity lies in the range from 0.008 g/cm*
to 0.45 g/cm®. Detailed investigations of such formations
show?’ that their properties depend on the regime of their
formation. It has been found in the indicated paper that the
fractal dimensions of the clusters obtained are from 1.8 to
2.0, and a typical cluster contains 1,000 individual particles
whose radii equal from 8 nm to 10 nm. This radius depends
slightly on the regime of burning. However, the specific sur-
face of a cluster that is determined from the system’s adsorp-
tion properties depends on the regime of burning. Here the
ratio of the maximum specific surface of clusters to the sur-
face for the particles composing them lies in the range from
1.81 to 3.05, and depends on the regime of burning. Based on
this, the authors arrive at the conclusion that the surfaces of
the particles which compose the clusters are not smooth.
Here the surface fractal dimension of the clusters in these
experiments is between 2.0 and 2.5, and depends on the re-
gime of burning. The methods for obtaining fractal clusters
in a liquid phase are based on methods for separating one of
the components of the solution in the form of particles of an
extremely definite size.?® One can regulate this size by
changing the acidity of the solution while separating a defi-
nite component. The particle size is determined by the parti-
cle charge in the system. This charge at a definite particle
size hinders the approach of ions of a given material to a
particle, and thereby restricts the further growth of parti-
cles. Afterwards, as the material of this component is con-

TABLE II. The formation of fractal clusters in solutions.

tained in particles, one can, by means of changing the acidity
of the solution, remove or reduce the charge on the particles.
This will lead to the formation of a fractal cluster.

The formation of fractal clusters in solutions is metho-
dologically simpler than in gases. Nevertheless, most re-
search is associated with the formation of fractal clusters of
gold and silicon dioxide. The fractal dimension of a cluster
depends on the rate of its formation, which determines the
mechanism of the process. For clusters of approximately 10
nm diameter, a formation time shorter than minutes corre-
sponds to the cluster-cluster aggregation mechanism,**!
when small clusters are formed from the particles in the first
stage; these are then joined into clusters of larger dimen-
sions. If this time amounts to hours and longer, then cluster
growth corresponds to a reaction-limited cluster aggrega-
tion mechanism.>>">* In this case, the probability of joining
particles during their contact is low. It is easy to regulate this
probability in a solution by changing the acidity and chemi-
cal composition of the solution. The fractal dimension of
1.77 4+ 0.03 corresponds to the cluster-cluster aggregation
mechanism, and the fractal dimension of 2.02 + 0.06 corre-
sponds to the reaction-limited cluster aggregation mecha-
nism.>?** Some results of investigating the formation of
fractal clusters in solutions are shown in Table II.

The density of a fractal cluster decreases as its size in-
creases. Thus, the silicon dioxide clusters that are included
in Table I, which have a 1 um size and consist of particles of
4 nm radius, contain an average of 7,000 particles and have
mean densities about 0.001 g/cm? (the fractal dimension is
taken as equal to 1.6). Therefore the strength of a cluster
decreases as its size increases. Estimates show®! that a maxi-
mum size cluster contains of the order of 10* single particles,
and its density is approximately four orders of magnitude
less than the density of the material of its particles.

2.2. Aerogel

An aerogel is a macroscopic system consisting of fractal
clusters. The properties of an aerogel and the methods for

Reference

Cluster material Particle radius, nm Fractal dimension
Gold 7.2 1,7x0,1
1,77 £ 0,1
Silicon dioxide 5 —
Gold 1.5 1,8
Silicon dioxide 2,7 2,12+ 0,05
» » _ 2,0x0,1
Gold 7.5 1,77 £ 0,05
2,05 + 0,05
Silicon dioxide 11 1,75 £ 0,05
2,08 = 0,05
Gold 1.5 1,75
2,2
Silicon dioxide 7 2,05 = 0,06
» » 12 2,1 0,1
» » 3.5 2,10 £ 0,03
Gold 7.5 1,8
Silicon dioxide 120 1,75 = 0,03
Gold 8 1,8x0,1
2,5+0.1
Silicon dioxide 13,5 1,84 + 0,08

[35]

(36]
137]
138]
139]
140]
(401
[41]
[41]
142)
{42]
143]
[44]
451
[46]

147, 48]
149]
149]
(50)
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FIG. 1. Model of a small element of aerogel.>

obtaining and using it are described in Refs. 14, 52, 53 and
54. The aerogel structure of a small aerogel element® is
shown in Fig. 1. Aerogel is formed in solutions from fractal
clusters, and one of the main problems here is to get rid of the
solution molecules which get into the small aerogel pores
along with aerogel particles. The American scientist
Kistler’®>® was able to solve this problem by carrying out
the process of its formation at supercritical conditions. Fol-
lowing this idea, all methods for obtaining aerogel use an
autoclave for this purpose and carry out the process at high
temperatures and pressure. For this reason, the technology
of aerogel production turns out to be complicated, and the
product itself is relatively expensive, which limits the use of
this specific material in various applied problems.

A large specific inner surface area is one of the features
of aerogels. For specimens of silicon dioxide aerogel, this
quantity lies in the range S = 500 m*/g to 1,500 m?/g. If one
assumes that an aerogel consists of small spherical particles
that are tangent to each other, then the radii r, of these small
particles are related to the specific inner surface area of the
material by the relation

ro = 3/p,S, (2.3)

where p, is the density of the material. The parameters of
some silicon dioxide aerogel specimens that have been inves-
tigated in Ref. 59 are presented in Table III. As is evident,
the structure particle radius calculated from Eq. (2.3) turns
out to be smaller than that found from an analysis of photo-
graphs. Evidently, just as in the case of fractal clusters,?® the
particles have an inner structure which increases their inner
surface. Notwithstanding this, from now on we shall for sim-
plicity adhere to an aerogel model, according to which its
structure consists of small spheres with the same radius.

A small piece of aerogel is a fractal cluster. This is deter-
mined by the mechanism of forming an aerogel, whose

TABLE III. Parameters of specimens of silicon dioxide aerogel.>

growth is controlled by the adhesion of individual particles
moving in the solution. Particles of aerogel material are
formed in the solution in the first stage of the process, which
then are joined into clusters whose sizes increase until they
occupy the entire volume. In connection with this, the aero-
gel possesses fractal properties in a region with the dimen-
sions

ro <<r «<§, (2.4)

where r, is the size of the particles which compose it, and £ is
the correlation radius or the maximum pore size (or just the
characteristic size of clusters in the process of their growth in
avolume when they occupy the entire volume). For r €£, the
aerogel is homogeneous as a whole.

In accordance with one of the properties of a fractal
cluster, the mean mass density of the material p(r) in a
sphere of radius r equals

P() = pylry/r)3~2, (2.5)

where p, is the density of the cluster material, 7, is the aver-
age particle radius, and D is the cluster fractal dimension. It
follows from this that the correlation radius £ may be esti-
mated from the equation

&= ry(py/p) /3D, (2.6)

where p is the mean density of the aerogel.

The cluster fractal dimension D also characterizes the
pore size distribution function. Actually, let the aerogel oc-
cupy some volume V,, i.e., it has the mass p¥,,. Let us pick
out a volume which is located at a distance r<£ from the
cluster points. The mean density of the aerogel material in
this volume is given by Eq. (2.5), and since the entire mass of
aerogel is concentrated in this volume, the value of this vol-
ume is

V(r) ~ pYolp(r) ~ V(r/§)*~2.

Obviously all pores whose sizes are smaller than or equal to »
will be included in this volume. From this, we have for the
pore size distribution function

df ~r~Pdr, ry«r<é. (2.7)

Correspondingly, the pore volume distribution has the
form*?

df ~ dv/vP/3, (2.8)

where df is the relative number of pores possessing volumes
in the interval from V to V' 4+ dV. This relation is valid for
pores whose sizes are smaller than the correlation radius £.

Specific inner surface Radii of structure particles, nm
Density, g/cm? depnsity m/g From TEM™ Calculation according
’ photographs to Eq. (2.3)
1) 0,03 1590 4 0,9
2) 0,05 1080 5 1,3
3} 0,15 520 10 2,7
4) 0,16 740 4 1,8

“>TEM is transmission electron microscopy.
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Thus, the distribution of pore sizes gives information
about the fractal dimension of aerogel elements. One can
obtain this distribution by studying the absorption by an aer-
ogel of different sorbents while changing the pressure of the
adsorbed components. Thus, the pore size distribution for a
silicon dioxide aerogel was obtained by such a method in
Ref. 60 for five aerogel specimens. Processing of the infor-
mation obtained using Eq. (2.8) gives D = 2.3 4- 0.1 for the
fractal dimension.

The fractal dimension of an aerogel can be found, just as
in the case of fractal clusters, from the scattering of fast neu-
trons or electrons, and also of x-radiation at small angles. If
the wave vector of a particle or photon equals g, then pores of
size (gf) ~! are responsible for scattering at the small angle
0. The dependence on the scattering angle of the differential
cross section for scattering at small angles is expressed by the
fractal dimension for a cluster of size (¢8) ~! if the aerogel is
transparent, or by the fractal dimension of the surface. Suit-
able measurements for a silicon dioxide aerogel were con-
ducted in a number of papers.¢** Not all the results are in
agreement, but in most cases the fractal dimension of the
aerogel is from 2.3 to 2.4.

One more approach to investigating an aerogel using
inelastic neutron scattering was formed recently. This meth-
od has been mastered well in solid state physics, enabling one
to study solid state excitations and mainly the phonon spec-
trum. The phonon spectrum of vibrations in an aerogel cor-
responds to wavelengths which are considerably longer than
the pore sizes, i.e., g€ 1/¢ (q is the wave vector of the vibra-
tions, and ¢ is the correlation radius). Vibrations in the
range

1/ «<q <1/, (2.9)

are called fractons and are determined by the aerogel struc-
ture in the range of sizes where its fractal properties develop.
Let us represent a density dependence consisting of a fracton
frequency o in the form g(w) ~»?. The value of the expo-
nent d will carry information about the aerogel structure in
the range of sizes that correspond to the fractal properties of
the aerogel. The measurements that have been conduct-
¢d®7° give values of this exponent in the 1.3 < d < 1.8 range
for silicon dioxide aerogel. Apparently, this contradiction is
resolved in Ref. 65, where two types of fractons are detected:
low-frequency shear vibrations to which the exponent
d = 1.3 corresponds, and high-frequency compressional and
tensile vibrations to which d = 1.8 corresponds.

Let us note that investigating the fracton spectrum en-
ables one simultaneously to find its limit, i.e., to reconstruct

the correlation size &,. of the aerogel. One can also do the
very same thing from a study of the small angle scattering of
neutrons or photons, which gives the correlation size £. Ac-
cording to the investigations that have been conducted, the
correlation size £,. is several times larger than £, For exam-
ple, complicated measurements were conducted in Ref. 64
for a silicon dioxide aerogel with 5 = 0.245 g/cm? density.
They gave the aerogel fractal dimension D =2.33 4+ 0.05
and the correlation size values £ = 14 nm and £,, = 52 nm.
Let us note that Eq. (2.6) gives £ = 40 + 10 nm for the aero-
gel parameters considered.

A physical substance similar in its properties to an aero-
gel is formed in the burning of silicon tetrachloride (SiCl,)
in a flame of oxygen and hydrogen. This process leads to the
formation of silicon dioxide particles which join into fractal
clusters. Compression of the material obtained gives labora-
tory specimens of millimeter and centimeter sizes with den-
sities from 0.006 g/cm? to 0.500 g/cm?. Just as in the case of
aerogel, small elements of these specimens possess fractal
properties. Such specimens were investigated in Ref. 71. The
fractal properties of certain specimens are shown in Table
v

2.3. Fractal fibers

Fractal fibers are a new physical substance which was
obtained recently” during laser irradiation of a metal sur-
face (see Fig. 2). Possibly this substance has been formed
repeatedly in different experiments. For example, upon the
explosion of a metal wire in a vacuum as a result of the pas-
sage of an electric current through it, cobweb-like, long-last-
ing (of the order of a day) structures were obtained in Ref.
73; these were attached to the walls of the vacuum chamber.
The authors called them filamentary aerosols and estimated
their diameters, which turned out to be of the order of 10 nm.
However, this preliminary information does not allow us to
establish an unambiguous connection between the substance
observed in Ref. 73 and fractal fiber.

Reference 72 was a continuation of the work of the au-
thors on obtaining fractal clusters by means of laser irradia-
tion of metal surfaces. Cobweblike structures were observed
at times in these experiments. The authors investigated these
structures and found the conditions when they are reliably
formed; with the use of an external electric field with an
intensity of several hundred volts per centimeter. Then, in a
chamber with a distance between electrodes of the order of
several centimeters and electrode diameters of the order of a
centimeter, several tens of fibers are formed simultaneously
in the space between the electrodes and are attached to them.

TABLEIV. The fractal properties of specimens obtained by compression of products of burning

silicon tetrachloride in an atmosphere of oxygen and hydrogen.™

Density, g/liter Fractal dimension 7o, nM £ nm
1) 130 2,60 + 0,03 1,9+ 0,1 13,2+ 0,6
2) 170 2,65 + 0,03 1,9+0,1 12,1 £0,4
3) 340 2,64 = 0,03 1,9+0,1 104+0,3
4) 450 2,55 = 0,04 1,8 0,1 10,0 £ 0,4
5 8 2,41 £ 0,02 2,30, 312
6) 6 2,27 £ 0,04 2,4x0,1 56 =10
7 10 2,29 + 0,03 2,2%0,1 52+9
8) 8 2,38 + 0,02 2,3+0,1 42+4
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The times for the separate stages of the process of form-
ing fractal fibers during laser irradiation of a surface are
shown in Table V.%*¢" The first states will lead to the forma-
tion of fractal clusters. The last stage, which corresponds to
the joining of clusters into structures, has fundamental sig-
nificance. This stage does not occur in the absence of an
electric field for two reasons. First, as the sizes of clusters
increase, the process of their joining slows down sharply.
Second, upon reaching a definite size, a cluster cannot grow
bigger because of its limited strength. Therefore, mecha-
nisms capable of densifying the structure as it grows must
exist to create a macroscopic structure.

An electric field enables one to overcome these prob-
lems. First, an electric field aligns the dipoles on the clusters
so that the interaction of these dipoles determines the ap-
proach and joining of the clusters. Second, the electric field
leads to densification of the structure, which occurs in accor-
dance with the restructuring model.”®”” According to this
model, the weak bonds which arise during the joining of
clusters will be torn apart in time, and then new bonds are
formed. Such a process goes on as long as the bonds do not
become strong,.

Fractal clusters are the composite elements of both aer-
ogel and also fractal fiber. However, aerogels are formed at

T.ABLE V. The orders of magnitude of the times of the indi-
vidual stages of the process of forming fractal fibers during
laser irradiation of a metal surface.™ "3

Stage Time,
sec

1. Formation of gasdynamic bunching 1078
2. Start of condensation 10-3
3. Formation of solid particles 10—
4. Formation of fractal clusters 0,1
5. Formation of a fractal fiber 103
531 Sov. Phys. Usp. 34 (6), June 1991

FIG. 2. A fractal fiber element.” On the left, a photograph in
the beam of light for an ordinary microscope. On the right, an
electron microscope photograph.

isotropic conditions in solutions, and therefore are isotropic
systems. Fractal fibers are formed in an external field, and
therefore are anisotropic systems; they are elongated along
the field.

3. TRANSFER PROCESSES IN MACROSCOPIC FRACTAL
STRUCTURES

3.1.Kinetic transfer coefficlents inside fractal structures

Pores in which gas is found occupy most of the volume
of the structures under consideration. Processes of transfer-
ring mass, momentum, and energy in such systems can occur
through this gas. Next, to determine the transfer coeffi-
cients, we shall use an approximation, according to which
the mean free path of a molecule is independent of its veloc-
ity. This approximation reproduces well the nature of colli-
sions in gases that satisfy a model of hard spheres, and there-
by it describes well the nature of collisions of molecules with
the particles of the structure. Using the Chapman—Enscog
approximation,’®’ we have the following expressions for
the coefficients of diffusion &, viscosity %, and of thermal
conductivity x in a gas:

_3@n)VA _ 5QrTw)! /2N = 15(nT)! /2N
- 8(2[1)1/2 4 " 16 ’ 64(2[1)1/2 ’
(3.1)

here T is the gas temperature, N is the gas molecule density,
# is the reduced mass for the colliding molecules, and A is the
mean free path of the molecules in the gas.

These expressions refer to a one-component gas, where
the mean free path of the molecules equals

A =1/No, (3.2)
where ¢ is the diffusion collision cross section of the mole-
cules, which is independent of the relative velocities of the
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TABLE VI. Values of the coefficient of thermal conductivity of silicon dioxide aerogel at room

temperature.
%, 1073 W/ecm-K p, g/cm? Reference
4 0,105 [80, 81)
11 0,27 [80, 81]
8 0,105 [82]
13,1 0,109 [83]
19 0,14 134}

molecules. Conversion to the gas which is found in the pores
of the structure is fairly simple, since the mean free path of
the molecules is large in comparison with the sizes of the
particles of the structure. Then one can consider such a sys-
tem as a two-component gas; the gas molecules are one of its
components, and the particles of the structure are the other.
The mean free path of the molecules with respect to the par-
ticles of the structure equals:

A= (N"-ard)~! = 4/5p, (3.3)

where r, is the average radius of a structure particle, N’ is the
density of these particles, p is the mass density of the struc-
ture, and S'is the specific area of the inner surface. The effec-
tive mean free path of a molecule with allowance for its colli-
sion with gas molecules and the structure equals

A =Q/2+1/4)71

Correspondingly, the expressions for the transfer coeffi-
cients are converted to the form:

‘D= @fg = ”fg = xf!
L+ (24/2) T 1+ aveay L+ (V242

(3.4)

where D, , 174, and %y, are the corresponding transfer coef-
ficients that are attributed to a free gas.

Let us make estimates for an aerogel with density
p =0.01 g/cm® and specific inner surface area S = 1,000
m?/g, within which is found air at room temperature and
atmospheric pressure. In this case we have A = 1.2:10~° cm
and A’ = 4-10~% cm, so that the coefficients of diffusion and

20

%,10~% W/emK
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FIG. 3. The coefficient of thermal conductivity for silicon dioxide aerogel.
The solid curve shows a calculation according to Eq. (3.5). Experimental
data are from: 7) Refs. 80 and 81; 2) Ref. 82; 3) Ref. 83; 4) Ref. 84.
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thermal conductivity turn out to be approximately 30% low-
er than in free air, and the coefficient of viscosity is 15%
lower than in air.

As far as thermal conductivity is concerned, there is
another heat transfer channel corresponding to transport in
the lattice of the structure. The contribution of this channel
increases with increasing density of the structure. The exist-
ing information refers to silicon dioxide aerogel in the tem-
perature range close to room temperature.®®®* The results
of the measurements conducted are collected in Table VI.
Let us represent the dependence of the coefficient of thermal
conductivity on aerogel density in the form x ~p#. The val-
ues of the exponent equal 1.6 according to Ref. 83 and 1.8
according to Ref. 85.

As is evident, heat transport through the lattice of the
structure is significant at high densities of the structure,
whereas at low densities heat transport occurs through the
gas which is in the pores of the structure. Since these chan-
nels are independent, one may combine them, so that the
total coefficient of thermal conductivity equals:

I B 2.
"E1v (2 +”°[p] ‘ (3.3)

where x, and p, are parameters. Choosing g = 1.7 and
Po = 0.005 g/cm’, by processing the set of experimental data
(see Table VI), we have x,=(1.8-10"%)(10%%3)
W/cm- K. The dependence of the coefficient of thermal con-
ductivity for a silicon dioxide aerogel on the aerogel density
is shown in Fig. 3. For the chosen parameters, Eq. (3.5)
gives a minimum for the coefficient of aerogel thermal con-
ductivity almost four times smaller than its value in atmo-
spheric air.5¢

A new mechanism of heat transfer in the structures un-
der consideration that is associated with the vaporization
and condensation of the molecules of the structure turns out
to be significant at high temperatures. Let there be a tem-
perature gradient V7 in the system, and let us introduce the
coefficient of thermal conductivity »x according to the rela-
tion

= —xVT,

where g is the heat flux. Assuming that local thermodynamic
equilibrium is maintained in the system, we have that the
density of molecules at each point corresponds to the density
N(T) of the saturated vapor at a given temperature. Here
N(T)~exp( —¢€,/T), where g, is the energy expended in
vaporizing one molecule. The temperature gradient creates a
gradient of the density of molecules, which equals

&,
VN = N—ZVT,
T
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and this causes a flux of molecules j = & VN, where & is the
coefficient of molecular diffusion. Since each molecule
transfers an energy £, which it returns to the particles of the
structure upon condensation, then the thermal flux equals
q = £,j. Comparing the expressions obtained, we have for
the coeflicient of thermal conductivity due to the mecha-
nism under consideration:

2

®= (%") DN(T). (3.6)

We shall assume that the accommodation coefficient
for the surface of the structure equals one, i.e., each collision
of a vaporized molecule with the particles of the structure
leads to condensation. Then the mean free path of a molecule
is determined by Eq. (3.3), and the coefficient of thermal
conductivity equals

2 .
o3 (%) (2T)"*NT
=2°\7) \2m] sp>

where M is the mass of the molecules of which the structure
consists.

The temperatures at which the mechanism of heat con-
duction under consideration becomes significant is of inter-
est. Figure 4 shows the ratio of the coefficients of thermal
conductivity for silicon dioxide aerogel that have been calcu-
lated according to Eqs. (3.7) and (3.4), and which are de-
noted as x, and x,, respectively. Air at atmospheric pressure
is found inside the aerogel. Here the coefficient x, is deter-
mined by the collisions of air molecules with the particles of
the structure (p<0.01 g/ cm?). As is evident, the coeffi-
cients of thermal conductivity under consideration are com-
parable at a temperature near 1,900 K, and at the melting
temperature the heat conduction through the vaporized
molecules of the aerogel material is almost an order of mag-
nitude larger than that by the action of the air molecules that
are in the pores.

(3.7

3.2. Combustion inside an aerogel

Thus, transport in macroscopic fractal systems differs
somewhat from transport in a free gas. There is no convec-
tive transfer in such systems. The transfer which is achieved
by the gas molecules is of the same nature as that in an ordi-
nary gas, but its efficiency is lower, for along with the colli-
sions between the gas molecules, this transport is determined
by collisions of the molecules with the structure particles.
These factors prolong the transport processes and can
change their nature. Below, we shall demonstrate this for
one of the examples, the combustion of charcoal inside an
aerogel.

ol
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FIG. 4. The ratio of the coefficient of thermal conductivity for a silicon
dioxide aerogel which corresponds to heat transfer by means of vaporized
and condensed SiO, molecules to the coefficient of thermal conductivity
determined by the transport of molecules.

Let us place a small piece of charcoal between two aero-
gel plates and heat it with a laser beam, bringing it to its
ignition temperature. After this, let us turn off the laser and
analyze the nature of combustion. The power of this process
is determined by the rate of arrival of oxygen at the speci-
men, and the heat removal is connected with transport due
to thermal conductivity and radiation of the specimen. As a
specimen let us choose activated birch charcoal, for which
the combustion parameters in the temperature range from
800 K to 1,800 K are well known.®"*® Specifically, it burns
through the entire volume of the specimen, and moreover,
the specific power of the release of energy equals

Q= Qoexp("Ea/T)’

where the activation energy E, = 34 + 1kcal/mole, and the
factor in front of the exponential equals Q, = (3 + 1)-10'°
W/g.

Values of the temperature at which the thermal explo-
sion of a specimen which is located inside a silicon dioxide
aerogel occurs, and also the energy that is expended in heat-
ing the specimen to this temperature are shown in Table VII.
The kinetic combustion parameters for activated charcoal
were used to calculate the ignition temperature of the speci-
men.

After ignition, the specimen is heated to the tempera-
ture at which the power of release of energy is limited by the
rate of oxygen arrival (the diffusion regime of combustion).
This power of release of energy equals:

“TABLE VII. Parameters of the combustion of an activated charcoal specimen inside silicon
dioxide aerogel with 0.050 g/cm? density and 1,000 m?/g specific inner surface.

Specimen radius, mm 0,2 0,4 0,8
Ignition temperature, K 990 940 890
Heating energy, J 0,01 0,09 0,6
Combustion temperature, K 1410 1220 1060
Contribution of heat conduction, % 14 i0 7
Combustion time, sec 8 28 105
£ 16 9 4
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Pon= 47D[0,1Re/ (1 = ),

where & is the diffusion coefficient of oxygen molecules,
[O,] is the density of oxygen molecules far away from the
specimen, R is the radius of the specimen, ¢ is the energy that
is released by using one oxygen molecule, and
B=d(InZ[0,])/dIn T is a factor which allows for the
temperature dependence of the flux of oxygen. Next we as-
sume that carbon dioxide is the final product of combustion,
i.e., £ =4.02 eV, and the mean free paths of the molecules
are independent of temperature, i.e., 8= 1/2.

The power of the heat release is made up of two parts,
which are due to radiation and heat conduction. Assuming
the temperature far from the specimen to be low in compari-
son with the combustion temperature, we have for the radi-
ation power

P, = 4nR%a0oT*,
where ¢ is the Stefan—Boltzmann constant, and a is the gray-
ness coefficient of the specimen. For an absolutely black
body a = 1; we then assume a = 0.8 for activated charcoal.
The power of the release of energy due to heat conduction
equals

Ppe = 4J'[R'TH(7')/(1 - a)r

where 2 = d In x/d In T. Assuming that the mean free path
for molecules is independent of temperature, from now on
we take @ = — 1/2. Equating the heat release and heat re-
moval powers, we find the combustion temperature, which is
presented in Table VII together with the time for combus-
tion (the density of activated charcoal is 0.8 g/cm?®) and the
percentage of the energy losses that are expended due to the
heat conduction of the gas. The coefficient £ is the ratio of
the powers of the release of energy at the combustion tem-
perature and at the ignition temperature. This coefficient
characterizes the margin of reliability of the result, since
self-sustaining combustion is possible at £ > 1.

The example considered shows features of the processes
inside an aerogel. First, they are greatly slowed. Thus, a
match burns in air for a time of the order of 10 sec. Since its
supply of energy equals approximately 2 kJ, this corre-
sponds to a 200 W power of release of energy. The last speci-
men in Table VII has a 50 J supply of energy, so that the
power that is released during its combustion is lower by two
and a half orders of magnitude than during the combustion
of a match. Second, the main channel for heat removal inside
an aerogel is due to radiation. A smaller part of the power
that is dissipated is expended in radiation (including in-
frared) in flames created by the combustion of organic mate-
rials in air; this also includes those flames which are used as
light sources.

One more small remark regarding the example consid-
ered. We implicitly assumed that the aerogel material is not
destroyed at the combustion temperature of the specimen.
Mechanisms for destroying an aerogel at high temperature
will be considered later; this is connected with the densifica-
tion of its structure. Going ahead, let us notice that the time
for the densification of a silicon dioxide aerogel structure is
one hour at the combustion temperature of the first speci-
men; in other cases, it is several orders of magnitude shorter.
Thereby the combustion time of a specimen is several orders
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of magnitude shorter than the time for its destruction by
heat.

4.FRACTAL SYSTEMS AS EXPLOSIVE MATERIAL
4.1. The supply of energy for fractal structures

The fractal systems under consideration consist of
small sized particles. This is connected with the nature of the
formation of these systems. The times of joining them into
structures increase sharply with increasing particle size for
all structure formation mechanisms. A small particle size in
astructure corresponds to a large surface energy in the struc-
ture. Actually, a molecule which is located on the surface of
a particle has half the number of bonds as a molecule located
inside the particle. Therefore a reduction of the specific sur-
face of a particle, in which certain specific surfaces of a mole-
cule end up inside the material, is accompanied by the re-
lease of energy. Let us notice that, by its nature, the surface
energy of fractal structures is chemical, for its release is con-
nected with the formation of new chemical bonds.

The specific surface energy of structures equals AH /2,
where 7 is the relative number of molecules which are locat-
ed on the inner surface of a structure, and AH is the enthalpy
of vaporization of the material of which the structure con-
sists. Values of this for oxides of which aerogels may consist
are 133 + 7 kcal/mole for SiO,, 133 4 3 kcal/mole for CaO,
and 136 + 3 kcal/mole for TiO.°! Accordingly, the specific
surface energy divided by the mass of the surface molecules
(i.e., AH /2) is 4.6 kJ /g for 8i0,, 5.1 k}/g for CaO, and 4.4
kJ/g for TiO. This energy is of the same order of magnitude
as that for explosives, and it also has a chemical nature.

Let us find out what number of molecules are located on
the inner surfaces of the structures under consideration. For
simplicity, we shall assume that the structure consists of in-
dividual particles, small spheres of the same size. This will
not lead to significant errors. For example, if one assumes
that each sphere has three neighbors with which it is con-
nected, and moreover, the radius of a “neck” in half the
radius of a particle, then the area here is reduced by 20% in
comparison with the case when the spheres are tangent to
each other. Let us introduce the volume a® = M /p, which
fits one molecule inside the material, so that M is the mass of
a molecule, and p,, is the specific mass of the material. Then
we have for the relative number of molecules on the surface:

"_as
0
=1 - | ,
! [ rO )

where r, is the average radius of the particles in the structure
(actually, if 473 /3 is the total volume of a particle, then
4m(ro,— a)?/3 is the volume that is occupied by the inner
molecules).

Let us make specific estimates from this equation. Let
us take a typical silicon dioxide aerogel with a 1,000 m*/g
specific area. We have 7, = 1.36 nm, a = 0.36, i.e., 7 = 0.60
(the total number of molecules forming a particle in this case
is about 230). From this we find the specific surface energy
for the aerogel, which equals 2.8 kJ/g. This value is compar-
able with the specific energy of gunpowder.

Thus, the fractal structures are similar to explosives
both in the type of internal energy, and also in its magnitude.
Just as in gunpowders, the release of this energy may be
accompanied by a thermal explosion. Next we shall consider

4.1
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the kinetics of the process of releasing the surface energies of
fractal clusters.

4.2, Energy release mechanismsin aerogels

A process of structure change leading to a reduction of
the specific area of the inner surface occurs at high tempera-
tures in aerogels. It is called the aerogel densification pro-
cess. Its mechanisms consists of the following. The radiation
of individual structure particles in a transparent aerogel
leads to some decrease of the aerogel temperature in com-
parison with the temperature of the gas which is located in its
pores. This temperature deviation is less for small particles
of the structure than for large ones. Therefore the flux of
molecules which are vaporized from the surfaces of small
particles is greater than from the surfaces of the large ones.
The condensation of vapor of the material onto particles of
the structure leads to the large particles growing, and the
small ones shrink and finally disappear. Thus, the reduction
of the specific area of the inner surface of an aerogel is the
result of this process.

Let us introduce the time 7 for the process under consi-
deration according to the equation:

ds/dt = -S/r, (4.2)

where S is the specific area of the inner surface. One can
reconstruct this value from the measurements by Mulder
and van Lierop,>® which have been carried out for a silicon
dioxide aerogel in the 1,420 K to 1,500 K temperature range.
In this experiment, the aerogel was placed in a thermostat
with a specified temperature and was kept there for 12 min-
utes. The area of its inner surface was measured after this.
Comparison of the data obtained with Eq. (4.2) enables one
to determine the time for this process. The results are shown
in Fig. 5. Let us notice that, according to the mechanism

,min T T T T
F0F\ .
20+ ~

101 \ ﬂ
Sk \ ~
7+ \ .
6F \ 9
St \ ]
\
4 N\ ]
A\

L A 4

3 N\
\
N

2 - 1 1 ! S\

7420 1460 1500 T,K

FIG. 5. The time for the densification process for a silicon dioxide aerogel.
The symbols are experimental data from Ref. 59, the solid curve has been
drawn from these values, and the dashed curve shows a calculation ac-
cording to Eq. (4.3).
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presented, the time for densifying an aerogel is determined
by the equation

T = 14exp(AH/T), (4.3)

where AH = 133 + 7 kcal/mole®’ is the enthalpy of vapori-
zation of the aerogel material. The calculation from Eq.
(4.3) using 7, = 8-10~'® sec as the factor in front of the
exponential, which has been found on the basis of experi-
mental data, is shown in Fig. 5. It is significant that the val-
ues of the activation energy for the aerogel densification pro-
cess corresponding to experimental data and Eq. (4.3) agree
within their accuracies. This fact confirms the mechanism
presented for the aerogel densification process.

The rate of the aerogel densification process is deter-
mined by the difference of the fluxes of vaporization and
condensation, which are almost equal. On the basis of the
experimental data, let us compare this difference with the
vaporization flux of material from the surface of a particle.
Let us notice that the time for aerogel densification is intro-
duced as

(4.4)

where r, is the average radius of the particlesin the structure.
Let us introduce the flux of vaporized molecules
Jj= N(T)v/4, where N(T) is the density of molecules at the
saturated vapor pressure corresponding to a given tempera-
ture,? and ¥ is the mean thermal velocity of molecules. Let
us assume that the accommodation coefficient equals one for
collisions of molecules with the surface, i.e., a molecule,
upon colliding with the surface of the material, sticks to it.
For the number 7 of molecules in a particle with vaporiza-
tion of molecules, occurring from the surface, we have:

dn _ _ .
ar = 4nr(2)/.
The total number of molecules in a particle equals
n = 4mrypo/3M, where p, is the density of the material, and

M is the mass of an individual molecule. From this, we find

dlﬂI‘o:_ﬂ.‘ (45)
dt roPo
It is natural to assume that the rate of aerogel densifica-

tion is proportional to the particle vaporization rate. This
gives

1= C;%’ (4.6)
and moreover, in accordance with the nature of the process,
C<«1. According to experimental data,*® the value of this
coefficient for silicon dioxide aerogel equals C = 10~ *7£%3,

Based on these data, let us make the following estimate.
The aerogel densification process arises because the tem-
peratures which correspond to the vaporization and conden-
sation processes are somewhat different. The temperature
dependences for the vaporization and condensation fluxes
have the form j~exp( — AH /T, where AH is the enthalpy
of vaporization of the material. From this, we find for the
difference of the effective temperatures of vaporization and
condensation in an aerogel:

AT = CT%/AH.
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In particular, for a silicon dioxide aerogel at T = 1,500 K
temperature, which corresponds to the experiment under
consideration, the effective temperature difference which
applies to vaporization and condensation equals AT = 0.07
K. If, in accordance with the mechanism under considera-
tion, one assumes that the temperature of a particle depends
on its radius, then Az = r(dT /dr) and the temperature gra-
dient in the case under consideration equals dT /dr~0.04
K/nm. Let us note that this value depends on the transpar-
ency of the material, and for other ceramics that are used as
aerogel material, one must expect larger values of the tem-
perature gradient. Here the connection between the time for
structure densification and the system parameters is given
by the equation

1 _jM AH T

= . 4.7)
T Py T dr

Another densification mechanism occurs at tempera-
tures above the melting temperatures of the material. Then
the structure is breaking up into a set of independent liquid
drops, and the process of structure densification is deter-
mined by coagulation, the joining of drops into larger sized
drops upon collision. Assuming that drops are joined upon
each contact and that their contact occurs upon direct colli-
sion, we have the following expression for the constants of
the rate of joining drops of radii r, and r,:

172
£= [M] WEWE (4.8)
Jtmlmz

where m, and m, are the masses of particles of radii 7, and r,.
The joining of these drops leads to the reduction of the area
of their total surfaces by the amount 47(72 + )
— 47(r} + r2)?°. Therefore, the equation for the specific
area of a surface takes the form:

172
ds m + '"z.]

9= —4::N(8Tn)”2((

d mym,

x AU+ 5= o]+

(m + m,) !

where N is the particle density, and the triangular brackets
denote averaging with respect to mass over the particle dis-
tribution.

We shall assume for simplicity that the distribution
function of particles with respect to mass has the form
f(im) ~exp( — m/m), where m = (4/3)7ryp, is the aver-
age mass of a particle and g, is the density of its material.
Then one can represent the equation for the evolution of the
specific area of the surface of a particle in the form

1/2
as _ [(6Tro 49
G = S[PO NJ, (4.9)
where
- o

J = [dxfdy exp(—x — y) [xp(x + y)]"”z[xZ/3
0o 0

+ 23— (x +)¥3)1=0,61.
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Let us solve this equation, considering that the average parti-
cle density is N~r; * and the specific area of a surface is
S~ 1/r,. We shall find

§ = 8o/ [1+ (Svet/ )] ™, (4.10)
where S, is the specific particle surface area at the initial
time, v, = 1.5(Try/p,) >N, and N, is the initial particle
density.

Let us notice that triggering of the structure densifica-
tion mechanism under consideration sharply accelerates this
process. For example, in the case of a silicon dioxide aerogel
with 0.01 g/cm?® density and a specific inner surface area of
1,000 m?/g, according to Eq. (4.3) the time for structure
densification of solid aerogel near the melting point equals
7 = 0.003 sec. The time for changing the surfaces of liquid
particles is 1/v, = 1.8-10 % sec. Another remark pertains
to the protraction of the structure densification process in
the case of liquid particles. For example, according to Eq.
(4.10), 20% of the surface energy is released after a time
0.3/v,, 80% of the internal energy is released after time
22/v,, and 90% of the internal energy is released after time
130/,

5. THERMAL EXPLOSION AND THE PROPAGATION OF A
THERMAL WAVE IN STRUCTURES

5.1. The threshold for thermal explosion

A thermal explosion in a system occurs at condi-
tions®***%5 when the heat release increases sharply (expon-
entially) with temperature, and the heat removal depends
smoothly on it. Then conditions may arise when a small
change of the system temperature is not compensated for by
heat removal, but leads to an acceleration of thermal pro-
cesses in the system and causes its subsequent heating. The
development of these processes leads to a thermal explosion,
as a result of which either the entire energy released remains
inside the system and heats it, or the system goes over into
another regime in which other heat removal mechanisms
operate at higher temperatures.

One of such examples was considered earlier in Subsec-
tion 3.2. A charcoal specimen which is located inside an aer-
ogel is heated by laser action and, at a definite temperature, a
thermal explosion occurs which causes the specimen to start
burning. Then it is heated and burns under the action of
internal processes which are responsible for combustion of
the specimen by use of the oxygen which reaches it.

Next we shall consider an extension of this example. We
shall raise the temperature of the specimen further as long as
the process of aerogel densification does not enter into play.
At a definite temperature the heat conduction flux from the
specimen will be provided due to heat release because of the
aerogel densification process near the specimen. Then the
process can be maintained due to the internal energy of the
aerogel. The region near the specimen being heated is heated
to such a temperature which can supply the internal energy
of the aerogel, and the region being heated will be propagat-
ed through the entire aerogel, i.e., a thermal explosion will
occur. The relation between the radius of the region being
heated and the threshold temperature for a thermal explo-
sion for a silicon dioxide aerogel with p = 0.01 g/cm’® den-
sity and § = 1,000 m?/g specific inner surface area is pre-
sented in Fig. 6. In accordance with the mechanism of the
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FIG. 6. The radius of a sphere which is located inside a silicon dioxide
aerogel. Upon heating the sphere to the indicated temperature, a thermal
explosion of the aerogel occurs.

aerogel densification process, a thermal explosion of the aer-
ogel is observed at high temperatures.

These estimates can have practical importance. Aerogel
is used in large quantities in accelerators as a material for one
of the types of Cherenkov detectors. For example, 1,700 li-
ters of aerogel has been used in one of the first devices of this
type in the DESY accelerator (Hamburg).**'® Silicon
dioxide aerogel is similar to glass in its external form, and it
evidently evokes just such an impression in specialists in
considering safety problems. However, it is evident from the
estimates presented that it will behave like an explosive at
high temperatures. In particular, it follows from this that
hundreds of kilograms of an explosive have been deposited at
the Hamburg accelerator, which could explode during a fire.
It is clear that understanding this fact will enable one to
avoid much unpleasantness.

It is evident that the explosion which occurred at the
Swedish “Aeroglass” firm that produced silicon dioxide aer-
ogel for the Cherenkov detectors of an accelerator at CERN
was related to this.!°1921% More than 1,000 liters of aerogel
were produced in 1979, and moreover, a facility with a 98
liter volume was used, in which 270 °C temperature and 90
bars pressure were released (the critical temperature and
pressure for methyl alcohol are 240 °C and 78.5 bars, respec-
tively). 18 pieces of aerogel of 20 cm X 20 cm X 3 cm size (a
volume larger than 20 liters) were produced at one time.
Then a new facility with a 1,100 liter volume was construct-
ed, in which 100 pieces of aerogel of 60 cm X 50 cm X 2 cm (a
360 liter volume) could be produced at one time. After sev-
eral successful batches of aerogel were produced, a leak of
methyl alcohol occurred on August 27, 1984, which led toan
explosion. As a result, the building in which the facility was
housed was destroyed, and three people who were in it were
injured. A special investigation revealed neither errors by
the staff nor failure of technology. In the scheme of the esti-
mates made above, one may suppose that a leak of methyl
alcohol caused a fire to start and heated the aerogel, which
then led to a powerful explosion.

5.2, A thermal wave in an aerogel

The occurrence of a thermal explosion is accompanied
by the propagation of a thermal wave in the specimen. Esti-
mating the parameters of the thermal wave is our next prob-
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FIG. 7. The maximum temperature that is reached during a thermal ex-
plosion in a silicon dioxide aerogel.

lem. Since this process proceeds relatively fast, at first all the
energy that is released remains inside the specimen and leads
to its heating, melting, and partial vaporization. Thereby,
the temperature behind the thermal wave front is deter-
mined by the internal energy. For the structure densities un-
der consideration (p~0.01 g/ cm?®), the gas which is located
inside it affects the thermal balance of the system only slight-
ly. The part of the material which was vaporized plays a
definite role at high temperatures. The dependence of the
maximum temperature of the system on the specific inner
surface area (or on the average particle radius for the struc-
ture) is given in Fig. 7. The calculation has been made for
silicon dioxide aerogel. It was assumed that the specific heat
of silicon dioxide, which equals 0.75 J/g-K at room tem-
perature,”' is independent of temperature. Let us notice that
the specific inner surface areas of actual silicon dioxide aero-
gel specimens are in the range from 500 m?/g to 1,500 m*/g.
Next, finding the velocity of a thermal wave in aerogel is
our problem. Let us determine this characteristic by an ap-
proximate method based on the Zel’dovich-Frank-Kamen-
etskif theory.”*®® Since the temperature dependences of the
parameters of the problem are different from the traditional
ones in the high-temperature range, certain elements of this
theory will be discussed. The equation for the temperature in
the wave has the form:
oT _ Qb , 9T
pe, 5 =L +x 2T, (5.1)
here x is the direction of wave propagation, c, is the specific
heat of the structure, g is its density, Q is the specific supply
of energy, 7 is the time for the release of energy, and x is the
coefficient of thermal conductivity. Assuming that the wave
propagates to the right, we find that all its characteristics
depend on the argument x-u¢, where u is the thermal wave
velocity. Accordingly, Eq. (5.1) is reduced to the form

(5.2)

where f= Q/(c,7) = T,, /7, and y = x/(c,p) is the ther-
mal conductivity of the system (7T, is the maximum tem-
perature in the wave).

Following the Zel’dovich~Frank-Kamenetskii theory,
let us introduce the new variable Z = — dT /dx, and by
means of it let us obtain the first order non-linear equation:
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—uZ + xZdZ/dT + f(T) = 0. (5.3)

If the maximum temperature T, in the wave is lower than
the melting temperature and is located in a region where y
depends only slightly on temperature, one may use the tradi-
tional solution of the equation. In the range of temperatures
T.. — T>T?/E,, one may neglect the last term in the equa-
tion, and its solution has the form Z = uf7. dT'/y, where T,
is the initial temperature. In the range of temperatures
T, — T<T — T,, we neglect the first term of the equation.
Joining the solutions, we shall obtain the Zel’dovich~Frank-
Kamenetskii equation for the thermal wave velocity:

T Tm
u = (2ffdT' Ix)"2/ (4T /7). (5.4)
TO TO

The lower limit of integration in the first integral is chosen so
that the integral is independent of it. Taking into account
that, in accordance with Egs. (3.1), y~7T~'%, and
7(T) ~exp( — E,/T), we have the following expression for
the thermal wave velocity in this case

_ (E.ﬁ.@]m (5.5)

As the temperature increases, the wave velocity has
break points in two regions. The first of them corresponds to
the temperature where a new heat conduction mechanism
connected with the transport of molecules which are being
vaporized and condensed becomes significant (see Subsec-
tion 3.1). This temperature equals 7; = 1,880 K for a silicon
dioxide aerogel. After passing through this point, the in-
crease of the wave velocity with increasing maximum tem-
perature slows down. This is connected with the triggering
of a new heat conduction mechanism due to the vaporization
and condensation of the molecules of the material, which
causes an exponential increase of the coefficient of thermal
conductivity with temperature.

The other region of the change of the temperature de-
pendence of the thermal wave velocity starts at the melting
point of the structure 7y, (T,,, = 1,993 K for silicon diox-
ide®?), at which the mechanism of the densification process
changes so that the rate of this process increases by several
orders of magnitude. Upon passing through the melting tem-
perature,the velocity of a thermal wave in a silicon dioxide
aerogel increases by almost two orders of magnitude.

The calculation of the thermal wave velocity may be
completely standard with allowance for the indicated fea-
tures. Let us present this solution for temperatures higher
than the melting temperature. One may neglect the last term
of Eq. (5.3) in the T' < T,,, range and, by virtue of the sharp
increase with temperature of the coefficient of thermal con-
ductivity at 7> T, this range does not make a contribution
to the integral of Z. This gives Z = 1.5uT,/yo(T,), where
the coefficient of thermal conductivity y, is determined only
by the transport of gas molecules inside the structure.

In the T> T,,, range we neglect the first term of Eq.
(5.3) and allow for the exponential dependence of the coeffi-
cient of thermal conductivity y on temperature. Then, for
Ty — Tup»>AT=TZ,/E, (AT =60 K for silicon diox-
ide), we have
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1/2

_ 2(Tmg) Ty T2,
EX(T,.) ’

where v(T,,, ) is the frequency of the change of the specific

surface for the structure particles at the melting tempera-

ture. Obviously v(T,,,) = v,, so that, by joining the solu-

tions, we have for the thermal wave velocity

T, \9 E, x(Twp)

a

(5.6)

This is the asymptotic value which the thermal wave velocity
approaches at high temperatures (u~ T}?). For silicon
dioxide aerogel with p = 0.01 g/cm?, this value equals » =~ 80
cm/sec (T, = 2,400 K). The temperature dependence of
the velocity of a thermal wave propagating in a silicon diox-
ide aerogel whose density equals p = 0.01 g/cm? is given in
Fig. 8.

5.3. A thermal wave along a fractal fiber

The propagation of a thermal wave along a fractal fiber
apparently has a direct relation to ball lightning. Actually,
an analysis of the properties of ball lightning that have been
obtained by observing it shows that a fractal structure is the
most acceptable structure for ball lightning.>***”?® Electri-
cal processes in the atmosphere which are accompanied by
the vaporization of materials can lead to the formation of a
large number of fractal fibers. A small ball of these fibers
makes up the framework of ball lightning, and thermal
waves which propagate simultaneously along different frac-
tal fibers create the luminescence of ball lightning. This
model requires detailed analysis and the performance of
modeling experiments for the purpose of understanding de-
tails of the processes; however, the general scheme does not
contradict either the observational data not scientific ideas
and information concerning individual processes.

Let us consider the features of a thermal wave propagat-
ing along a fractal fiber. The regularities which apply to an
aerogel obviously remain valid in this case, but there appear
additional factors which arise because a fractal fiber has a
separation boundary. In the case of an aerogel, an isotropic
system of large dimensions, a thermal wave propagates from

102
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FIG. 8. The velocity of a thermal wave in silicon dioxide aerogel as a
function of the maximum temperature in the wave.
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a certain region in all directions, so that the process itself is a
thermal explosion. In the case of a fractal fiber, the wave
moves in one direction, along the fiber, and processes which
go on in the gas at the boundary of the fiber affect it.

The most important among them is heat removal due to
the heat conduction of the gas surrounding the fractal fiber.
This process cal lead to a reduction of the maximum tem-
perature of the wave, and causes a temperature drop behind
the wavefront (see Fig. 9). Besides, it creates an additional
condition for the existence of a thermal wave which is absent
in the case of an aerogel. Specifically, the characteristic time
for heat removal must be much longer than the characteris-
tic time for the thermal process inside the wave. Otherwise,
the internal energy of the system cannot be used in a thermal
wave.

Let us make suitable estimates for a silicon dioxide frac-
tal fiber. The thermal flux caused by the heat conduction of
gas equals

P 1. ¢ B
=@+ DRIn(I/Ry

where x is the coeflicient of thermal conductivity of the gas,
a =dlnx/d In T, R is the fiber radius, and / is the length of
the heated section (/> R). Assuming that the density of the
fiber equals 0.01 g/cm?, the specific inner surface area
S = 1,000 m?/g, the radius R = 20 gm, and / /R = 10, we
shall find for the characteristic time for cooling
T.or = 0.0001 sec to 0.0002 sec in the temperature range
from 1,600 K to 2,000 K. Since the time for the process of
structure densification is 7 = 0.003 sec for a solid fiber at the
melting point of the material, one can draw the conclusion
from this that a thermal wave does not exist if the fractal
fiber is not melted behind the wavefront. As a result of melt-
ing of the structure and its breakup into individual drops, the
mechanism for increasing the specific inner surface of the
structure changes, and the condition under consideration for
the existence of the wave is fulfilled. Then wave propagation
velocity in a fractal fiber is the same as in an aerogel, and the
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FIG. 9. Temperature distribution in the direction of thermal wave propa-
gation a) in an aerogel and b) along a fractal fiber.
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size of the hot, luminous zone behind the wave is /~u-
Teor ~0.01 cm. The width of the leading front in this case is of
the order 0.1 um to 1 zm.

Under consideration at the same time is the condition
imposed on the specific internal energy of the system: the
processing of this energy must lead to melting of the speci-
men. Thereby, it is necessary for the existence of a wave that
the specific inner surface area exceed a certain amount. In
particular, for silicon dioxide this amount is about 400 m*/g.
Therefore, this condition is certainly fulfilled for aerogel ma-
terial located on an active surface for specimens obtained by
the electrical explosion of a wire, and is evidently not filled
for specimens obtained by laser vaporization of the material.

Let us point out the features of a thermal wave being
propagated along a fractal fiber. Since the fiber density is
approximately two orders of magnitude higher than the den-
sity of air, cooling of the fiber material starts when the size of
the heated region significantly exceeds the fiber size. Actual-
ly, the size of the hot, luminous region near the fiber amounts
to a fraction of a millimeter. Another feature is connected
with the escape of vaporized molecules of fiber material be-
yond it. At high temperatures in a thermal wave, when the
vapor of the molecules makes a contribution to the specific
heat of the system, the departure of vaporized molecules be-
yond the fiber and their condensation far from the fiber show
up in the nature of heat removal and the nature of the lumi-
nescence of the heated region.

Thus, the velocity of a thermal wave propagating in a
fractal fiber is the same as in an aerogel in the case that the
structure behind the thermal wavefront is melted. Other-
wise, a thermal wave does not exist, for the densification of
solid structure takes a relatively long time and does not allow
transport of the energy that is released along the fiber.

Let us pause for one more aspect of the process under
consideration. Because of the high temperature at a thermal
wavefront, liquid particles of the structure radiate efficient-
ly, so that the system under consideration may be an efficient
light source. Values of the light output of such a system as a
function of the maximum temperature in the wave are shown
in Fig. 10 to estimate this property. These calculations are
based on the same parameters for a fractal fiber that were
used earlier; however, a large uncertainty is contained in the
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FIG. 10. The light output of some light sources. The solid curve shows an
absolutely black body; the dashed curve shows a fractal fiber; /) shows
pyrotechnic compounds; 2) shows an electric lamp; and 3) shows a candle
flame.
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optical properties for a particle of the material. This uncer-
tainty increases for transparent materials such as silicon
dioxide, for their transparency is lost at high temperatures.
The optical parameters of soot at room temperature were
used in making the calculation for the particles of the hot
region of the thermal wave. Here tens of percent of the inter-
nal energy are used up for radiation in the temperature range
under consideration. This system has more favorable radi-
ation spectrum than an absolutely black body, and therefore
the light output of a transparent hot region can exceed the
light output of an absolutely black body if a significant part
of the energy that is released is used up for radiation. For the
conditions under consideration, the optical depth of a hot
region for the visible spectral range is of the order of one. The
hot region of the thermal wave is transparent to the infrared
part of the spectrum, which makes the main contribution to
the radiative power.

6. CONCLUSION

The analysis that has been carried out shows that mac-
roscopic fractal structures possess high surface energies and
can release this energy in a thermal explosion, which is ac-
companied by the propagation of a thermal wave. The char-
acteristics of fractal systems for these processes are that
these processes can go on only at relatively high tempera-
tures. This feature of fractal systems can be used in special
equipment and requires more attentive study of the proper-
ties being considered of these materials.
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