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1. INTRODUCTION

The aerogel is a peculiar physical object consisting of a
macroscopic cluster of rigidly connected macroparticles.
This rigid skeleton occupies only a small fraction of the clus-
ter’s volume—the rest is taken up by pores. Hence the prefix
“aero” to characterize the low specific gravity of the object.
The very first aerogel samples of silica, obtained by
Kistler'™ over fifty years ago, exhibited specific gravity as
low as 20 g/liter.

Although the aerogel has been a familiar object for
some time, it has attracted more interest in the last decades
because of its many possible applications. Let us briefly con-
sider some of these.® Since it is a stable porous substance
with large interior surface area, an aerogel of appropriate
composition may serve as a catalyst for certain chemical pro-
cesses that produce organic compounds. Also, the large inte-
rior capacity of an aerogel may be used to store certain mate-
rials, particularly rocket fuel and oxidizer.>” This permits
the replacement of liquid fuel with solid fuel.

The main share of currently produced aerogels (that is,
silica aerogel) is used as material for Cherenkov detectors.
For example, the detector at the DESY accelerator (Ham-
burg) hasan area of 11.8 m? and contains 1700 liters of silica
aerogel.*'° A number of applications of silica aerogel are
due to its low thermal conductivity, which is comparable to
that of gases, and also toits high transparence. These proper-
ties suggest the use of aerogel as a thermal insulator: feasibil-
ity studies of using silica aerogel for thermal insulation of
windows and walls have been carried out—the limiting fac-
tor is the production cost. This is not as much of a considera-
tion in specialized applications involving the use of silica
aerogel as an insulator.

Because of its structure the aerogel has a low Young’s
modulus; sound velocities in aerogels are also very low, even
lower than in gases. This is of interest in various acoustic
applications: sound impedance lines, soundimpermeable
and sound-reflecting baffles, and so forth.

Although real interest in aerogels is determined by the
feasibility of practical applications, the specific physical
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properties of these materials deserve attention. The very pro-
cess of producing aerogels from the liquid phase is interest-
ing. The precipitating solid phase does not form a single solid
mass, but a rather open structure. This situation is apparent-
ly quite common and corresponds to the formation of most
porous bodies. But even in the case when the solid phase ends
up as a single mass aerogel formation may play the role of an
intermediate phase. For this reason aerogel formation may
be of interest in the physics of solids and solutions, and in
biophysics, where analogous processes take place.''

Acerogels are light substances. And yet the lightest prac-
tical aerogels are an order of magnitude heavier than air.
However, there appear no fundamental obstacles to produc-
ing ever lighter aerogels, possibly at some cost to their
strength. If an aerogel that has specific gravity comparable
to air is synthesized, it may serve as a skeleton for the active
material in ball lightning. Since aerogel structure is identical
to that of the active material in ball lightning, such a possibil-
ity deserves attention and will be analyzed in this article.

Although real aerogels have been known for over halfa
century, the studies of aerogels have been limited by their
relative unavailability. Yet as an interesting physical object
with specific physical properties the aerogel deserves more
attention. One of the aims of this article is to draw attention
to this surprising object.

2. PRODUCTION OF AEROGELS

Theaerogel is an object of fragile structure that is usual-
ly grown from the liquid phase; the liquid inside is subse-
quently drained. Therefore an aerogel may be obtained via a
sequence of technological operations by maintaining appro-
priate process parameters. Physically, the formation of an
aerogel proceeds in the following manner. In the first phase
of the process one of the components in a solution precipi-
tates into the solid phase. The precipitation occurs in a pecu-
liar fashion: the precipitating component aggregates at
many condensation centres, forming small macroscopic par-
ticles whose diameter usually exceeds the size of component
molecules by an order of magnitude or more.
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Such a process is possible if the particle growing in the
solution gradually builds up a charge that prevents other
molecules of the same charge from further accretion. Hence
this process is possible in a small acidity interval of a given
solution. Furthermore, the molecules comprising the parti-
cle must be strongly bound to each other, whereas in solution
they exist as individual molecules or ions. It is therefore con-
venient that the molecules appear in solution as a result of
slow chemical processes and that the macroscopic particle
grow by the chemical, rather than physical, addition of indi-
vidual molecules. This would guarantee the stability of the
solid particle. Evidently the chemical character of aerogel
formation plays a principal role.

The subsequent process is the aggregation of separate
particles in the solution, the so-called sol-gel conversion.
This process is slower than particle formation because it is
determined by macroparticle diffusion. It may turn out that
the charge buildup that limited macroparticle growth im-
pedes their aggregation. Then the solution parameters have
to be modified. It is quite important that the resulting cluster
have a strong skeleton, for then the final aerogel product
shall be mechanically stable. For this reason aerogels are
prepared from a limited number of chemical compounds: the
oxides of a number of chemical elements and mixtures of
such oxides. To date aerogels have been prepared from
Li, O,, B,O;, MgO, B,0,, Al,O,, SiO,, TiO,, Fe,0,, Cu0,,
ZrO,, MoO, (see Refs. 5-7, 12-16).

The last process in aerogel formation—the drying or
removal of liquid molecules from the pores—is of fundamen-
tal importance. Since the aerogel has many microscopic
pores liquid molecules inside these pores exert high pres-
sures. For example, it is estimated in Ref. 17 that 2 nm diam-
eter water molecules inside silica aerogel pores exert pres-
sures of the order of 20 kbar. Consequently the drying of
aerogels in air or vacuum creates great internal stresses
which may compress or, possibly, destroy the skeleton. An
aerogel produced in these conditions is known as a xerogel: it
is also porous, but exhibits much higher specific gravity and
much lower internal pore volume than a true aerogel.

The problem of drying aerogels was solved by Kistler'™
in the early 1930s. He was able to obtain silica aerogel sam-
ples and study their properties. The history of aerogels thus
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begins with Kistler’s investigations. Kistler would dry the
aerogel in an autoclave at supercritical temperature and
pressure for the liquid inside the pores. The evaporation of
the liquid at supercritical parameters and its replacement by
gas then preserves the internal structure of the aerogel. This
method became standard in the drying of aerogels.

For an example of real aerogel formation let us cite the
approaches used in the preparation of the silica aerogel. The
initial material in Kistler's classical method was Na, SiO,
salt dissolved in a hydrochloric acid solution, leadiug to the
chemical reaction

Na,Si0y + 2HCl— 810, nH,0 -+ 2NaCl. (2.1}

The salt precipitated out and was removed. The remaining
solution was washed and filtered; then the water in solution
was replaced by either ethanol or methanol, which have low-
er critical temperatures and pressures. Subsequently the aer-
ogel was dried in an autoclave in supercritical conditions.

A more technological method of preparing the silica
aerogel is based on the hydrolysis of tetramethoxysi-
lane”®'*"™ which proceeds as follows:

Si(OCH,), + 4H,0 — Si(OH), + 4CH,0H,

2.2
Si(OH), — Si0,-2H,0. (2:2)

No harmful additives are produced in this process and the
solution need not be washed or filtered. In this sequence the
main process of aerogel preparation may be completed in
several hours. The initial material in reaction (2.2) may be
replaced by other silicon compounds, such as the cheaper
tetraethoxysilane, in which case the reaction would proceed
as follows:
Si(0C,H,), + 4H,0 — Si(OH), + 4C,1;0H, (2.3)
Si(OH), — Si0, -2H,0. ’
This method of preparing the silica aerogel, as well as meth-
ods employing different silicon compounds, has become
quite popular >
Let us consider several features of the process that em-
phasize its chemical nature. Reactions (2.2) and (2.3) pro-
ceed in the presence of small quantities of HCI or HF added
as catalysts. Further, gel formation in solution is to some

FIG. 1. Temperature and pressure as functions of time in an auto-
clave that produces silica aerogel from tetraethoxysilane
Si(OC,Hs),.”* Phases in the process: 1-—applying a prepressure of
nitrogen (80 bar); 2—heating; 3—equilibrium; 4—vapor removal;
5—cooling.
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Si(OCyHs)a, C,HsOH,
0.054 mol 0.216 mol
Mixing, 25°C,
30 min
Water, 0.216 Catalyst, HCI,
mol 0.0037 mol
Mixing,
25°C, 1 hour

Gel forma-
tion, 25°C,
108 hours

Drying, 600 °C,
24 hours

Xerogel, 1.68
g/em’; 160
: m?/g

FIG. 2. Silica gel formation sequence at atmospheric pressure.?*

extent accompanied by the hydrolysis of initial materials,*
1.e., ions participate in the reaction. Finally, raising the tem-
perature in the autoclave speeds up gel formation: at high
temperatures gel formation takes several hours, at room
temperature the process is slower. In order to illustrate the
temporal nature of the process we plot in Figs. 1 and 2 the
temporal characteristics of aerogel or gel formation (2.2) in
an autoclave and at atmospheric pressure respectively.

Usually another production phase—annealing at atmo-
spheric pressure—is inserted in the sequence. For example,
in the production system described below?*?® prepared sili-
ca aerogel was heated in an autoclave at the rate of
35 °C/hour up to a temperature of 500 °C, at which point it
was kept for several hours. Such an operation significantly
enhances the aerogel’s transparence.

It should be emphasized that the production of high-
quality aerogel requires significantly more time. Thus in the
98 liter autoclave® that produced aerogel for CERN (see
below) the full cycle actually took a week and produced 50
liters of aerogel.

Another feature of aerogel production according to
processes (2.2) and (2.3) that should be remarked upon is
that since flammable substances are subjected to high tem-
peratures and pressures such processes may be quite danger-
ous. A case in point is the instructive history of the Swedish
company ‘‘Airglass” which produced silica aerogel for
CERN Cherenkov detectors.?>?” During 1979 the 98 liter
autoclave which reached the temperature of 270 °C and pres-
sure of 90 bar produced over 1000 liters of aerogel (the criti-
cal temperature and pressure of methanol are 240 °C and
78.5 bar respectively). A single cycle yielded 18 aerogel tiles
of 20X 20X 3 cm (total volume over 20 liters). Then a new,
1100 liter unit was constructed, which was supposed to pro-
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duce simultaneously 100 60 < 60X 3 cm aerogel tiles (total
volume 360 iiters). On August 27, 1984, after several suc-
cessful cycles the unit sprung a methanol leak. An explosion
followed: The autoclave building was completely destroyed
and the three people inside at the time were seriously injured.
Although the subsequent investigation uncovered no error
on the part of the personnel, this incident could not but cre-
ate psychological opposition to large-scale aerogel produc-
tion technology.

3. PROPERTIES OF AEROGELS

The aerogel is made up of a system of interconnected
solid particles; the volume occupied by the particles is but a
small fraction of the whole. Almost the entire volume is oc-
cupied by vacant pores. The characteristic size of individual
particles that comprise the aerogel is usually of the order of
several nm. The simplest model of an aerogel, illustrated in
Fig. 3, consists of spherical particles of approximately the
same radius, with bonds at points where the spheres nearly
touch. In this case the specific inside area S of the internal
surface of the aerogel can be express in terms of particle
radius 7, by the formula

S =3 (3.1)

9
PaTo

where p, is the mass density of the aerogel material. In par-
ticular, for silica aerogel (p, = 2.2 g/cm’ ) at r, = 2 nm we
obtain S = 700 m* /g. In most real samples of silica aerogel S
is in the 300—1000 m® /g range.

In this model, a small aerogel sample that still contains
a large number of individual particles forms a fractal cluster
(see Ref. 29). This structure is determined by the formation
mechanism, wherein growth is accomplished by individual
particles moving in the solution and sticking together. Ac-
cording to one of the properties of fractal clusters the mean
mass density g of the substance inside a sphere of radius r is

) (3.2)

o =po (2)°7"

where p,, is density of cluster material, 7, is the mean particle
radius, and D is the fractal dimensionality of the cluster.
This dependence implies that as we take larger aerogel vol-
umes the pores also become larger and the relative volume
occupied by solid material decreases.

Clearly in a real sample the fractal structure will mani-
fest itself on a scale limited by # < R. The limiting length may

FIG. 3. The simplest model of an aerogel: spherical particles of equal
radius. This structural geometry is valid at small length scales.'®
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be recovered from formula (3.2):

— 1/(3-D
B~r0(—p_°—) ( ),
p

(3.3)

where p is the mean density of material in the aerogel. Scal-
ing law (3.3) is determined by the process of particles com-
bining to form a gel. Early on the particles link up into small
clusters, which combine and grow. As long as the clusters
are small their aggregation is determined by motion in solu-
tion—resulting in a fractal structure. Later, when cluster
size reaches R, the clusters occupy all space and further ag-
gregation is determined by their proximity rather than mo-
tion. Consequently at length scales > R the fractal structure
disappears and the cluster becomes uniform on the average.

The fractal dimensionality D of the cluster also charac-
terizes the size distribution function of pores. Indeed, let the
aerogel occupy some volume ¥, and hence have the mass
pV,. Consider the volume contained within a distance r <R
from the cluster. The mean density of aerogel material inside
this volume is given by formula (3.2) and, since the entire
mass of the aerogel is located inside, this volume has the
value

» oV - L. 3-D
o~ gn ()

Obviously all pores smaller than or equal to  will be includ-
ed in this volume. The pore size distribution function is
therefore

df ~ r2=o dr. 3.4)

The most reliable method of determining the fractal di-
mensionality of the cluster involves small-angle x-ray or
fast-electron scattering. In this case the intensity of scatter-
ing through an angle § ~ 1/gr where ¢ is the photon or elec-
tron wavevector yields information on the presence in the
medium of elements—pores, in this case—of size r. Mea-
surements cited in Refs. 32, 33 establish the fractal dimen-
sionality of silica aerogel as D = 2.12 4+ 0.05. An analysis of
data in Ref. 34 yields a somewhat larger fractal dimension
(approximately 2.3).

Additional information on pore size in the aerogel may
be obtained from the adsorption of various substances by the
aerogel (see Refs. 6, 34-36). This information may be de-
rived both from the dependence of the quantity of the ad-
sorbed substance on its pressure and from the capacity of the
aerogel to absorb various substances. Thus, according to
data of Ref. 34, in the silica aerogel with mean density in the
0.1-0.3 g/cm? range, the specific volume of 1-2 nm radius
pores is approximately 0.2 cm?® /g, volume of pores up to 10
nm is in the 0.6-0.8 cm® /g range, and volume of pores up to

30 nm is in the 1.2-1.8 cm?® /g range. In these samples the
total specific volume of pores, mostly determined by pores of
larger radius, is 3-9 cm® /g—inversely proportional to the
aerogel’s mean density. When the aerogel adsorbs water va-
por in humid air the larger pores are the ones occupied.

The adsorption of various sorbents determines the size
of the pores since different components are adsorbed by
pores of different size. Thus, according to Ref. 6, in appro-
priate circumstances nitrogen is adsorbed by pores whose
radius is smaller than 20 nm, whereas mercury is adsorbed
by pores whose radius is larger than 6 nm. This yields infor-
mation on the specific volume of pores of a given size in the
adsorbent under study. For example, in Table | we present
the sorbing characteristics of a number of amorphous Al,O,
aerogel samples.® Evidently an increase in the mass density
of the sample decreases the specific volume of larger pores
that are responsible for mercury adsorption. The specific
volume of smaller pores, responsible for nitrogen adsorp-
tion, remains practically constant.

We can introduce the mean radius of pores responsible
for the adsorption of a given component in a manner similar
to the derivation of formula (3.1). Following standard prac-
tice, take the pores to be cylindrical. Then the mean pore
radius r can be obtained from the relation

2V

= (3.5)

r=

where S is the specific internal surface area; ¥ is the specific
volume of the adsorbed component. In Table I we cite the
mean radius of nitrogen adsorbing pores in aerogel samples.
The result is consistent with earlier observations: these pores
are small and their size is independent of the aerogel density.

A quantitative idea of the acrogel microstructure can be
extracted from the cited data. To this end in Table II we
present the sample parameters measured and analyzed in
Ref. 38 (cylindrical samples of diameter up to 8 cm). The
first three columns of data in Table II are taken directly from
Ref. 38: specific surface area was obtained from nitrogen
adsorption; particle radius was found by TEM (transmis-
sion electron microscopy).

This last method exaggerates particle size because large
particles contribute more to the intensity of the scattered
signal. The photographing of silica aerogel samples by TEM
or scanning electron microscopy (SEM)?* favors particles
of large radius. For SEM photography the aerogel was tinted
with OsO, . The mean radius of particles turned out to be 20—
30 nm. Tewari and co-workers®* note, however, that SEM
photography favors larger particles and that the obtained
value may be taken as the upper bound for the particles radi-
us."” Transmission photography signals the presence of both

TABLE I. Parameters of adsorption of nitrogen and mercury by Al,O, aerogel.®

Mass density, g/cm’ Spemﬁczmter;lal sur_facc Specific volume Mean pore radi-
area, m’ /g ( Tom nitro- Nitrogen | Mercury ad- us, nm [formula
gen adsorption) adsorption | sorption (3.5)1
1. 0.015 470 1,25 17,3 5,3
2. 0,02 616 1,30 13,7 4,2
3. 0,04 506 1,47 10,7 4,6
4. 0,06 530 1,18 9 4,4

423 Sov. Phys. Usp. 30 (5), May 1987

B. M. Smirnov 423



TABLE II. Microstructure parameters of silica aerogel samples.

Specific in- . ) ) -
Mass density, tepmal sur- Particle radius, nm | Maximum pore size,f
g/cm® face  area, TEM photog] Formula | [formula (3.3) and
m’/g raphy a.1) 3.1}
1. 0,03 1580 4 0,9 120
2. 0,05 1080 5 1,3 100
3. 0,15 520 10 2,6 55
4. 0,16 740 4 1,8 35

small particles with radius smaller than 2 nm and large parti-
cles with radius greater than 10 nm. At the same time, it
follows from the value of the specific internal surface area of
the sample (890-960 m*/g) that the mean particle radius
should be 1.4-1.5 nm.

Let us note another feature of aerogel structure. The
density of actual samples of silica aerogels and xerogels may
differ by two orders of magnitude and yet the specific inter-
nal surface area usually spans a narrow range of values. The
specific internal surface area of silica xerogels is about equal
to that of the corresponding aerogel and varies only weakly
with density (see, for instance, Ref. 39). Hence it follows
that all these structures are made up of particles of approxi-
mately the same size. The variation in specific gravity of a
sample is due to the presence of large pores, whereas the
specific internal surface area is due to small pores whose
concentration does not change.

The pore size distribution may be used to determine the
fractal dimensionality of the aerogel in the r,<r <R range.
Pores of this size occupy a small fraction of the total pore
volume and are described by the size distribution formula
(3.4). Applying this formula to data on five silica aerogel
samples in Ref. 35 yields D = 2.3 4 0.1, in rough agreement
with the more accurate result cited above that is valid for
silica gel in solution.

Let us compare the fractal dimensionality of an aerogel
with that of a cluster at the stage of cluster aggregation when
smaller clusters sequentially link up to form a large clus-
ter.’®*” In the latter case, computer modelling of the process
yields 1.77 + 0.03 for the fractal dimensionality of the large
cluster.’® This result was experimentally corroborated by
Weitz and Oliveria,®® who studied the aggregation of 7 nm
gold particles in solution. The resulting clusters exhibited
fractal dimensionality D = 1.77 + 0.10.

This apparent contradiction between the fractal dimen-
sionalities of the aerogel and the cluster formed during clus-
ter-cluster aggregation was explained by a subsequent series
of experimental investigations®”° on cluster formation by
8~11 nm gold and silica particles in appropriate solutions.

TABLE II1. Silica aerogel densification when heated to 1250 °C. duration of

heating—12 min.*®*

These experiments suggested a more complicated physical
picture of cluster formation. More precisely, if the condi-
tions in the solution are conducive to rapid cluster formation
(on a time scale < 1 min) the resulting cluster is character-
ized by fractal dimensionality of 1.75 + 0.05—this regime is
known as DLCA (diffusion limited cluster aggregation) and
was described earlier in section 3 of this article. The other
regime, in which cluster formation is hindered and proceeds
relatively slowly (on a time scale >24 hours), produces
clusters characterized by fractal dimensionality of
2.2 4+ 0.05 This regime is known as RLCA (reaction limited
cluster aggregation); it is the more stable of the two. Dimon
and co-workers®® have shown that clusters with D = 1.75
that are formed in a fresh solution evolve over several days
into clusters with D = 2.2. Evidently the character and time
scale of aerogel formation correspond to the slower regime,
which in turn produces a more stable skeleton that has frac-
tal dimensionality of 2.1-2.2 in solution. Possibly the fractal
dimensionality of the skeleton increases slightly during the
drying of the aerogel.

The strength and thermal stability of aerogels is also of
interest. Already in his earliest studies Kistler noted that
silica aerogel samples do not change up to temperatures of
700 °C, whereas at 900 °C their porosity decreases. A good
understanding of the aerogel’s densification may be gained
from the data of Ref. 38, presented in Table II1. When heat-
ed up to 800 °C silica aerogel does not change. At higher
temperatures particles become larger and porosity de-
creases, with the attendant increase in the aerogel’s density.

Young’s modulus of an aerogel decreases during densi-
fication, since the latter process depletes the number of
“chains”’ that counteract external pressure. The dependence
of Young’s modulus E on the aerogel density may be taken as
follows

E:Eo(%)ﬁ. (3.6)

Experimental data of Ref. 42, which encompass silica aero-
gel, xerogel, and glass, yield 8 = 3.7, in agreement with the

. 1 densi Specific internal sur-particle radius, nm
Temperature, °C  [G€ 3 ensity, face area, m? /g (TEM  photogra-
g/cm hy)
pay
1. 300 0,16 740 4
2. 800 0,16 780 4
3. 1130 0,27 530 5
4. 1200 0,66 160 6
5. 1210 1,00 76 12
6. 1225 1,41 36 20
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FIG. 4. Young's modulus £ for aerogel and silica glass as a function of
density p. The line represents the scaling law (3.6) for percolating sys-
tems. The symbols are: A —DESY tiles, ®—Lund tiles, A—BASF gran-
ules, O—silica glass, O and B are silica gels.

theory of Ref. 41. In Fig. 4 we plot Young’s modulus against
density for the aerogel only.*> An analysis of these data
yields the following values of the parameters in (3.6):

o = 107801 N/m? 3 =2.8 4+ 0.2forp, =0.13g/cm?.
This last value for parameter 3 in (3.6) is probably more
accurate.

The values of Young’s modulus may be used to deter-
mine the speed of sound in the material. The longitudinal ¢,
and transverse ¢, sound velocities are defined by the rela-
tions*®

E(l—o 12 12
Cl“[p 1*(0 1l20) ’

where o is the Poisson coefficient. In Fig. 5 we plot the sound
velocities in an aerogel.*> If, by analogy with scaling law
(3.6), we suppose the speed of sound to obey the expression

c=c (pi)“ (3.8)

_[2p(l+0)] (3.7

then an analysis of experimental data yields the same coeffi-
cient a for the longitudinal and transverse sound waves:
a =0.9 + 0.2. Further, for p, =0.13 g/cm® we obtain
¢y = 170 + 30 m/s for the longitudinal sound wave and
¢, = 110 + 20 m/s for the transverse. In silica aerogel the
Poisson coefficient is

+0,24
0==0.127 0,12+

Observe that formulae (3.7) lead to the following con-
nection between the exponents in (3.6) and (3.8):
= 2a + 1. Obviously, the value # = 3.7 does not agree
with measured sound velocities, whereas 5 = 2.8 not only
satisfies the density scaling of sound velocities but ensures
guantitative agreement between velocities calculated from
(3.7) and those measured experimentally (Fig. 5). Remark-
ably, sound velocities in real aerogel samples of low density
are markedly lower than in solids and lower even than in
gases. This is of interest for the corresponding practical ap-
plications.
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FIG. 5. Sound velocities ¢,,¢, in silica aerogel. 1—measured longitudinal
sound velocities in various samples;*? 2— measured transverse sound ve-
locities;** solid and dashed lines—scaling law (3.8) for longitudinal and
transverse sound waves obtained from data in Ref. 42; 3—longitudinal
and transverse sound velocities calculated from formula (3.7) using data
from Fig. 4.

Formula (3.6) allows us to estimate the range of densi-
ties for which an aerogel can exist in the atmosphere. Sup-
pose that the aerogel is destroyed if its relative change in
length is of order unity and the pressure gradients corre-
spond to a human shout (80 decibels), i.e., the sound pres-
sure amplitude is 0.2 N/m?. When plugged into formula
(3.6) these parameters yield the limiting aerogel density
p~0.4 g/liter. Together with other estimates, this demon-
strates that in principle one may prepare an aerogel with
specific gravity comparable to air.

The thermal conductivity of an aerogel is also relatively
small. Thermal conductivity coefficient of silica aerogels in
the 0-100 °C temperature range is 10-20 mW,/m?* -K** (for
comparison, the thermal conductivity of air at room tem-
perature is 26 mW/ m? -K). In aerogels radiative heat trans-
fer contributes noticeably to the total: according to Ref. 44
the coefficient of radiative thermal conductivity varies from
2 to 8 mW/m? -K in the 10-90 °C temperature range. Silica
aerogel absorbs strongly near the 7.5 pm wavelength, where-
as in the 4-7 um wavelength range it is practically transpar-
ent. Absorption near 7.5 um results in a strongly tempera-
ture dependent (~7°°) radiative thermal conductivity
coefficient.**

Silica aerogels are based on a transparent material.
Thus it may be expected that real samples, with their low
densities, will be even more transparent. But the disordered
particle distribution in the aerogel coupled with the effect of
impurities”’ icad to significant light scattering. For exam-
ple, the specific optical density of silica aerogel at the 0.55
pmwavelengthis 11 4+ 3 cm?/g.>® This implies that half the
incident light in sample 1 of Table II would be lost after
passing through 2 cm of material.

Since the transparence of an aerogel is determined by
the material structure, it may depend on the parameters of
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FIG. 6. Refractive index of silica acrogel.'® Measurements: 1—Ref. 9; 2—
Ref.25. Straight line: n — 1 =0.210 p.

the production process. Refs. 10, 19 state that increasing the
gel formation time significantly enhances the transparence
of the sample.

The specific gravity of an aerogel places it somewhere
between a solid and a gas. This also holds for the refractive
index n (Fig. 6), which is close to unity but still larger than
the index in gases. According to Refs. 9, 10, 25:

n —1 = (0.210 = 0.002) p, (3.7

where p is the aerogel density in g/cm®. Note that in pure
silica glass the quantity (n — 1)/p is 0.207 cm®/g.

4. SOL-GEL CONVERSION

The key process in the preparation of an aerogel is the
formation of the gel—the cluster of linked macroparticles.
This process also plays an important role in the production
of glasses,”®>* since the resulting structure exerts an influ-
ence on the properties of the finished product. The same
process is important in biophysics,''>* where it is responsi-
ble for a class of structures. Generally, gel formation in solu-
tion is inseparable from the accompanying electrochemical
processes which fix the chemical composition and structure
of the new phase, and determine the time required. Nonethe-
less we shall neglect these processes in our discussion of gel
formation. This will permit us to estimate the maximum
speeds of gel formation, and also gain insight into the nature
of the process in real systems and the possibilities of control-
ling it.

Accordingly we suppose that the medium in which gel
formation takes place is neutral, i.e., has no effect on the
properties of the particles it envelops. During the first, con-
densation phase a large number of macroparticles—sols—
forms in the medium, each containing many molecules. We
are interested in the next phase—the sol-gel conversion, i.e.,
the aggregation of macroparticles into a cluster. This pro-
cess is driven by the motion of macroparticles and is conse-
quently slower than the preceeding macroparticle formation
which is driven by the motion of individual molecules.
Therefore we may assume that the sol-gel conversion, i.e.,
the aggregation of macroparticles into a cluster, occurs
when all individual molecules of the gel component are in-
corporated into macroparticles.
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We note that this model can be employed in analyzing
the formation of other porous materials, such as silica gel
zeolites and activated carbons. The separation of phases or
components in those systems occurs via the formation of
clusters of individual particles. The subsequent removal of
the weakly linked component leaves the other component in
the form of a hard skeleton with pores.

The growth of a cluster composed of individual parti-
cles may follow two distinct sequences. One involves a single
cluster growing when individual particles stick toit.>® In the
other, many clusters form first and then link up, so that the
characteristic cluster size increases while the number of
clusters falls with time.***” We shall consider both alterna-
tives, although the latter is more applicable to our case.

Suppose for simplicity that all particles are spheres of
the same size and that any two particles or clusters stick
together upon touching. We take into account the diffusive
motion of particles in the medium and also the diffusive mo-
tion of clusters, as well as their downward motion due to
gravity. For simplicity we also suppose that the medium’s
resistance to a cluster is the same as to a spherical particle of
the cluster’s dimensions. Let us derive the quantitative char-
acteristics of gel formation within this framework of as-
sumptions.

First consider the process wherein a single cluster
grows as individual particles stick to it. The number of parti-
cles in the cluster 7 satisfies the equation

dn
F:vO‘f’Vh

(4.1)

where v, is the rate at which the cluster acquires particles
due to their Brownian motion and v, is the rate at which the
cluster captures particles as it falls due to gravity. For sim-
plicity take the particles comprising the cluster to be identi-
cal. The radius of the cluster R and the number of particles in
it n are connected by formula (3.2) and hence
R \D
n=()"

To

(4.2)

where r, is the radius of a single particle and D is the fractal
dimensionality of the cluster.

The rate of particles sticking to the cluster because of
their diffusive motion is given by Smoluchowski’s formula®®
(see also Refs. 29, 59):

v, = 4nP RN, (4.3)

where & is the diffusion coefficient of particles in the medi-
um; NV is their number per unit volume. If the size of the
particles exceeds their mean free path in the medium, the
diffusion coefficient equals
T

= T (4.4)
where T is the temperature of the medium in energy units
and 7 is the medium viscosity. From (4.4) and (4.3) we then
have

vy = Ik Nn'/D,

(4.5)

where the rate constant k, = 27 /37 is independent of the
nature and size of the particles. In air at 7= 300 K this
constantis 1.5-10~'° cm® /s; in water at that temperature it
is 3.2:107'2 cm?/s.

The capture rate of a falling cluster is
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(4.6)

vy — T(,RZUIV,

where v is the velocity of the cluster’s gravitational fall.
Modelling the cluster as a spherical particle we have®
_ 2

b=
where p is the difference in density between the particle ma-
terial and the medium. In this derivation we implicitly use
the fact that the pores in the cluster are filled by the medium
in which it grows. For the capture rate v, we then obtain

vy = kyNp@HUD, 4.7)
where
4
ki _ 2mpgrd .

9

Substituting (4.5) and (4.7) into equation (4.1) we find the
growth time of the cluster

F 1 S dr
N .’corv,“D—{—,’cln1+ 1/Dy -

(4.8)

Taking k, >k, we find that this integral is convergent if
n~k,/k, so the limits of integration in (4.8) may be taken
as 0 and «. Computing the integral with the assumption
that the number of particles in the growing cluster
n>k, /k,, we obtain the growth time

n
t= . (4.9)
NEYPEP =Y/ Psin (/D)

A more realistic physical picture of the sol-gel conver-
sion involves the aggregation of particles into small clusters
and the subsequent linking of these small clusters.*®*” Asin
the preceeding scenario the clusters grow with time, but now
the process is modified by the absence of individual particles.
Utilizing the same aggregation mechanisms we may recast
expressions (4.4) and (4.6) into appropriate aggregation
rates which take the form

Vo = 4n (&, + D) (R; 4+ Ry) Ny,
vi=a (R} 4+ RY) |vy—v, | Ny

where the indices 1 and 2 refer to the two combining clusters
while the rates themselves characterize the balance for clus-
ters of the first kind.

By using a simple cluster size distribution function we
obtain, instead of (4.1), the following equation for the mean
number of particles n, in a cluster

dn,

D
S0 — Nokoao + Nokyaynh TP,

n (4.10)

where NV, is the initial particle density; rate constants k , and
k, were defined earlier (k, =2T/3n, k, = 2upgri/9m);
and the numerical constants ¢, and @, are fixed by the clus-
ter size distribution function—for the simple distribution
function they area, =7 + 2, ¢, = 2.7. We now find the gel
formation time

dng

t= 5
4 No (koo + kyarni +17D)

B nD
(D) sin [1/(D 4-1)] N (koag)/PHD (kya,)PIO+D”

(4.11)
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The mean density of the cluster material falls as the
cluster grows. When the clusters reach the characteristic
size R at which the mean density of the material inside be-
comes approximately equal to the total mean density in the
volume, the clusters come to occupy the entire volume. The
subsequent linking of clusters into a single gel will be deter-
mined by their proximity; the fractal properties of the gel
will only manifest themselves at distances not exceeding R
and the same quantity will limit the size of the pores in the
resulting gel.

Note that the gel formation times derived above apply
to the scenario wherein small particles aggregate because of
their diffusion in the medium while larger clusters aggregate
due to their motion in the gravitational field. This occurs
when the condition

4«&«@, (4.12)
holds where r, is the initial radius of the particles; p is the
difference in mass densities between the particle material
and the medium; g is acceleration due to gravity; and T'is the
medium temperature in energy units. If the right half of the
inequality is not satisfied the second aggregation mechanism
is negligible and equation (4.10) yields the following result
for the gel formation time

t~

o L ()20
~ - )

Nokoay Nokoas \ p (4.13)

where p, is the mass density of the particle material and p is
the mean mass density of the entire system.

In order to appreciate the actual time scales involved let
us carry out some numerical estimates. We take the lowest
possible concentration of the condensing substance such
that the specific gravity of the aerogel matches the specific
gravity of air. Although the specific gravity of real samples is
markedly greater, our assumption leads to reliable qualita-
tive conclusions. In silica aerogel with particle radius
r, = 10 nm and cluster fractal dimensionality D = 2.12 we
obtain from formula (4.9) the room temperature result
t = 1.2 sif the process takes placein airand r = 76s if it takes
place in water. In the cluster-cluster model, formula (4.11)
yields for these parameters corresponding gel formation
times of 3.5 s and 4 min. The latter mechanism results in
longer times because cluster aggregation reduces their den-
sity. Observe that in this example R ~5 um according to
formula (3.2), whereas (T /pg)'* =0.7 um, and hence
condition (4.12) is satisfied.

Evidently the times required for cluster formation with-
in the framework of the treated models underestimate true
gel formation times by two to three orders of magnitude.
This indicates that the aggregating particles are charged,
which markedly impedes the process. Similarly, we can con-
clude that it is possible to speed up gel formation consider-
ably by changing the state of the solution after the particles
have formed.

5. APPLICATIONS OF AEROGELS

The production and investigation of aerogels took place
in the course of studies devoted to glasses. But aerogels are
expensive, costing about 9 dollars per gram,®’ and for this
reason aerogel applications are limited. In particular, they
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cannot be used as raw materials for glasses with specific
properties, although in principle this possibility exists.”! In
fact only a part of the sequence developed for the technologi-
cal production of aerogels is used for that purpose: the main
physical process—sol-gel conversion—is of practical inter-
est because it permits the production of stable configurations
of oxides of a number of metals and elements, as well as their
mixtures in controlled proportions.**-** In particular this
method is used for producing films and coatings for glasses,
mirrors, and reflectors in special applications.

Currently the main application of aerogel is in Cheren-
kov detectors for the analysis of fast hadrons: protons, 7-
mesons, K-mesons,!#23-28:37.40.47,48,53,6885 A |arge class of
Cherenkov detectors of various sizes uses aerogels, and good
results obtained by such detectors tend to increase their
numbers. The plans for space missions now include aerogel
Cherenkov detectors.®*** These aerogel applications are
perfectly sensible: in high-energy research and astrophysics
the question of cost is less important than in other areas.
Today the detector applications of aerogel are largely due to
one of its less interesting features—the near-unity index of
refraction. Yet most of the currently produced aerogel is
used for such purposes, whereas other applications which
could employ unique aerogel properties are still in the re-
search and development stage.

Aerogel possesses great internal capacity. In an aerogel
the volume occupied by pores may exceed that occupied by
material by a factor of ten or more. Consequently aerogels
may be used to store various substances. In particular, silica
and Al,O, aerogels, as well as an aerogel based on their mix-
ture, have been used to store components of rocket fuel: ni-
tric acid as the oxidizer and unsymmetric dimethylhydra-
zine as fuel.>” These materials occupy the aerogel pores and
the stored weight may significantly exceed the weight of the
aerogel itself. It was experimentally demonstrated that 1 g of
aerogel can store 20 g of nitric acid and 40 g of unsymmetric
dimethylhydrazine.

Also important is that the aerogel is a porous substance
with controllable chemical composition. Thus it may be used
as a catalyst.””'*%7 Aerogel has many merits as a cata-
lyst: various metals can be introduced into its composition
and it is quite stable chemically. For these reasons aerogels
have been successfully used as catalysts in reactions involv-
ing organic compounds.””'3%>%7 The number of reactions
in which aerogels are useful as catalysts will certainly in-
crease with the years to come.

Aerogels are porous substances with controllable
chemical compositions. Various additives are easily intro-
duced and it is easily compressed into a solid. Consequently
aerogels may be employed to produce various types of
glasses (solid and porous, single- and many-component)
and other composite materials with specific properties.’

It turns out that the aerogel’s ability to absorb moisture
quickly can be used to destroy insects, who lose bodily fluids
to the aerogel.>® Accordingly, aerogels may be used as in-
secticides that do not chemically affect the environment.

Since aerogels are transparent and have low thermal
conductivity, they are very good thermal insulators. Many
studies and evaluations have considered the use of aerogels
to insulate various parts of buildings.®-’> These applica-
tions appear impractical because of aerogel’s high cost. But
in special devices, especially those intended for work in
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space, the insulating properties of aerogels may be put to
good use.

The same is true of the acoustic applications of aerogels.
Since sound travels more slowly in aerogel than in air, the
acoustic properties of aerogels could find many applications
in acoustic impedance lines, sound reflectors, soundproof
baffles and so forth. Once again, however, the high cost of
aerogels restricts these applications to special devices and
systems.

This brief discussion of aerogel applications is neces-
sary to appreciate the true significance of the object. On the
one hand, aerogels are unusual objects with specific physical
properties which may be utilized in practical applications.
On the other hand, aerogels are expensive, which restricts
their use in areas adapted for aerogel applications. This, in
turn, dampens the interest in aerogels as physical objects.
Thus we find ourselves in a contradictory situation.

6. AEROGELS AND BALL LIGHTNING

The aerogel structure is similar to the material that
makes up ball lightning. In this respect the aerogel is an
analog of ball lightning, modelling its structure much like
pyrotechnic compounds model its luminescence due to
chemical transformations. There is a natural desire to unify
these two elements to obtain a model of ball lightning. Since
the aerogel forms a light and strong skeleton a model of ball
lightning might propose that the active material in ball light-
ning is adsorbed by an aerogel. This, in fact, is a variant of
the model in which the active material of ball lightning is
adsorbed by a porous substance.’ Before proceeding to ana-
lyze the tenability of this theory let us consider some features
of ball lightning®>”® that stem from an analysis of observa-
tional data and comparison with the appropriate class of
physical processes.

First of all, the material in ball lightning is organized in
a filamentary structure;’®”” a closer examination reveals it
to be a fractal cluster like the aerogel.”® Further, in ball
lightning energy is realeased via chemical reactions, i.e., en-
ergy storage in ball lightning is chemical in origin.”® Finally,
the luminescence of ball lightning is analogous to that of
flare compounds used in pyrotechnics. Chemical reactions
drive the temperature of certain points in the skeleton to
high values T'> 2000 K, resulting in skeleton luminescence
due to resonantly excited atoms of additives in the mixture.
At the same time, since the probability of quenching of excit-
ed atoms is near unity in atmospheric air the luminescent
regions are in equilibrium. This implies that the relative
number of excited atoms is determined by the local air tem-
perature in the region and is independent of the method of
excitation.

Without dwelling on other aspects of ball lightning let
us analyze the model at hand: the strong skeleton of ball
lightning is made up of an aerogel in which the active materi-
al is adsorbed. Let us also note the following consideration:
oxides are the most likely candidates for the material that
makes up the ball lightning’s skeleton. They form strong
chemical bonds and can link up in the structure of ball light-
ning. All this information derives from the study of aerogels.
Also, the first fractal clusters to be studied3® were obtained
by evaporating iron, zinc, and silica in air, with the fumes
relaxing to form oxides. These considerations imply that the
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skeleton of ball lightning is made up of oxides. Hence the
structure is similar to an aerogel, only more porous. This last
fact is not of fundamental significance because the strength
of practical aerogels must satisfy more stringent require-
ments than the active material in ball lightning.

First, let us consider the electrical properties of ball
lightning modelled by an aerogel. The interaction of ball
lightning with metallic objects and electric devices, as well as
the electric effect it has on human beings, indicate that ball
lightning carries electric charge.®* This charge creates sur-
face tension in the ball lightning material, ensuring its stabil-
ity and spherical shape.”” In subsequent evaluations we will
take the surface tension of ball lightning to equal that of
water at room temperature (0.07 J/ m? ). Since the average
ball lightning radius is 14 cm, this corresponds to total
charge of 5-10 7 C, surface electric field of 2.4 kV/cm, and
electric potential of 34 kV. If we divide the total charge by
the ball lightning volume we obtain the volume charge den-
sity of 3-10% cm~2. The electric energy of the sphere
is0.02 J.

Let us analyze the above values from the point of view of
a the formation dynamics of charged cluster. The difference
in the mobilities of positive and negative ions in air bestows
negative charge on individual particles in air plasma. Equi-
librium charge of a particle is proportional to its radius and
independent of the charged particle density in the plasma.
For a particle of 3 nm radius in ordinary air this charge is
— 0.04 + 0.01 e. (This implies that 4% of the particles have
charge — e while the rest are neutral.) The charge to mass-
ratio for such a particle is 0.03 C/g. Worth noting is that if
the aerogel density equals that of air then the above charge
and parameters of ball lightning lead to a ratio of 3-10~8
C/g, i.e., the quantity of charge in ball lightning presents no
problem. In addition, studies have shown that the charge on
the particles does not significantly affect their aggregation.
Two problems arise. First, as the cluster grows its equilibri-
um charge decreases and hence there must be discharges in
the plasma. Second, the density of charged particles in ordi-
nary air is usually 10°-10° cm 2, several orders of magni-
tude lower than our estimate of charge density in ball light-
ning. This implies that before the clusters are formed there is
concentration of charge and spatial separation of negatively
charged particles from positively charged ions.

Estimates show that charge buildup in ball lightning
cannot proceed as in clouds, where negatively charged drop-
lets fall under their own weight. In ball lightning the parti-
cles are much smaller and the necessary field intensities are
much larger, so the cloud mechanism is negligible. As a con-
sequence, charge separation can occur only under the influ-
ence of external electric fields. The mobility of 3 nm radius
particles in air is about three orders of magnitude lower than
the mobility of molecular ions and hence solid charged parti-
cles cannot participate in charge separation. It is possible to
estimate that in the course of building up the charged system
charge separation occurs over milliseconds under the influ-
ence of fields of the order of 10 kV/cm.

The buildup of charge in ball lightning can be visualized
in this manner. In our material electric effects create a plas-
ma of charged particles with density N2 10" ¢m 3. The
plasma contains a large number of solid particles. Then an
equilibrium negative charge of solid particles is established
in the aerial plasma over a period 75210 ~* s, followed by
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charge separation induced by external fields on a time scale
of 1073 s.

Let us examine a model of ball lightning in which the
skeleton is made up of oxides and resembles a dilute aerogel,
whereas the active material is stored in some of the pores.
The evolution of such a system may be described as follows.
At any given time chemical reactions proceed at some points
in the system, heating up the surrounding material and caus-
ing luminescence. Waves of chemical reaction propagate
through the active material: the reaction commences at some
points and ceases at others, but at any given time there is a
large number of luminous regions creating the impression
that the whole volume is luminous.

The plausibility of a model can be ascertained by quan-
titatively computing its parameters. We will cite a number of
computations, based on the observed parameters of ball
lightning, and characterize the processes that occur in our
ball lightning model. The observed parameters are obtained
from an analysis of much experimental observation, which is
amply presented in Barry’s and Stakhanov’s texts.?"-®2 Such
information permits us to gain a clear understanding of ball
lightning as an observational phenomenon. Furthermore, in
analyzing our model we employ the average parameters of
ball lightning.”®”® They are: 14 cm radius, 20 kJ energy, 9 s
lifetime, 1400 Im radiant flux. These yield ball lightning en-
ergy density of 2 J/cm?, power of 2 kW, and light output of
0.7 lm/W (Fig. 7).

Remarkably, the energy of an average ball lightning
equals that of a dozen matches. If the active material of ball
lightning is modelled by yellow flare compound,” the ener-
gy output will be satisfied by about 3 grams. If this material
were uniformly distributed over the volume of an average
ball lightning, the specific gravity of active material would
be about 5 times less than ordinary air. The light output of
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FIG. 7. Light radiated as a function of the object’s temperature. Solid
curve corresponds to ideal black-body radiation; 1—electric lamp; 2—
pyrotechnic flare compounds; 3—ball lightning.
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the yellow flare compound is 8 lm/W, exceeding ball light-
ning by an order of magnitude.

Air flow through the system from the bottom up sets the
gas dynamics.”™** This flow provides the lift for ball light-
ning, as well as the heat sink. Experimental modelling of the
gas dynamics in such a system® reveals that given our cho-
sen parameters of size and power output, the air inside is
heated by 60 K on the average. Consequently, although the
regions of active chemical reaction are quite hot, 7'> 2000
K, the heating of the entire system is moderate on the aver-
age.

Let us follow the propagation of chemical reaction
(combustion) waves and luminescence waves. Phenomeno-
logically these processes may be understood as follows.
Strongly exothermal chemical reactions are preceeded by an
inductive period. After the combustion of material at a given
point, the wave of combustion propagates through active
material along its filaments. The reaction proceeds simulta-
neously at many points in the skeleton. Since the reaction
products are very hot, the chemical process is accompanied
by luminescence; since this occurs simultaneously at many
points, it appears that the whole ball lightning is luminous.
Upon reaching some point in the skeleton the reaction may
cease and start up somewhere else. The luminescence then
does not appear steady. Let us numerically evaluate this pro-
cess, modelling the totality of pores occupied by active mate-
rial as a filamentary structure. Before the reaction filament
thickness is 7, and density of active material is p. After the
reaction the products expand to occupy a cylindrical region
of radius R ;, and density p,. We have

R \2 e
(Fe) == (6.1)
Taking the density of the reaction products to be that of air at
2000-3000 K and the initial density of active material to be
p~1g/cm® we obtain R, /r, ~ 100.

The wave of reaction-induced combustion propagates
mainly because the products expand, but the reaction is still
based on the combustion of solid (adsorbed) material. Let
vo be the velocity of the combusion wave through solid mate-
rial. Then the reaction wave travels through the filament at
velocity

p="0 p ~ 1000, (6.2)

0
For the sake of concreteness we will use a flare compound to
model the active material in ball lightning. Since the com-
bustion wave in flare compounds travels at a speed v, ~1
cm/s”® then, according to equation (6.2), the speed of prop-
agation of chemical reaction and luminescence waves should
in this case be

v ~ 100 cm/s.

The chemical reaction wave propagates along a fila-
ment of active material and creates a hot gas cylinder (which
may contain solid particles as well). This cylinder” lumin-
esces because of its high temperature and cools because of
thermal conduction in the gas. The length of the luminous
cylinder is / ~vT where 7 is the characteristic cooling time.

It is useful to evaluate the size of the luminous region by
considering the magnitude of the ball lightning’s light out-
put—the ratio of the power of the radiant flux to the total
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FIG. 8. The function A (T) in formula (6.3) for the luminescence of a hot
column containing sodium additives.

power consumption. Clearly if the radius of the luminous
region is small then the energy contained in the hot gas will
quickly dissipate because of large temperature gradients.
This implies that light output increases with the radius of the
luminous region. Let us turn to the results of estimates of the
resonance emission of sodium atoms in air heated to 2000~
3000K.”® In this case resonance emission is confined and the
light output depends on the sodium concentration ¢ and ra-
dius of the luminous column r according to the relation

N = 4 (T) r¥zcle, (6.3)
The coefficient 4(7) is plotted for the case when / /7 of the
luminous column is 50 in Fig. 8 for 2000-3000 K tempera-
ture range. It appears that the light output of ball lightning,
0.7 Im/W, corresponds to a luminous region with radius
R, ~0.01 cm, which agrees with the initial volume occupied
by active material 7, ~1 pm.*

Let us evaluate other parameters of the process in given
circumstances. The thermal power emitted by an individual
branch of the propagating wave is p~Qprriv~0.04 W,
where Q =6 kJ/g is the specific energy content, p =2
g/cm’ is the mass density of material (parameters of a flare
compound ). Since the full power of an average ball lightning
is 2 kW, the number of simultaneously luminous regions is
n~5-10*. Further, the characteristic cooling time for re-
gions of this sizeis 7~ 102 sat 7= 2500 K, so the length of
the luminous column is /~vr~0.1 cm and its area is
s =27R,1~6-10"° cm?, i.e., the total luminous surface is
S = sn~300 cm® which is an order of magnitude smaller
than the surface area of a ball lightning. This indicates that
the light emitted by each region freely escapes from the sys-
tem without impinging on other luminous regions.

Let us now investigate another method of filling the
aerogel pores with active material. Here the active material
does not form a single cluster, but fills individual, uncon-
nected pores. It is then convenient to model the active mate-
rial inside the aerogel as a collection of separate spherical
structures. The combustion of an individual element is ac-
companied by luminescence: in Fig. 9(a) we plot the radius
of these structures necessary to produce a ball lightning’s
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light output when the sodium concentration is ¢ = 1%.
(Note that the average concentration of sodium in the
earth’s crust is ¢ = 2.6%.%° ) The time 7 that characterizes
the period of luminescence is plotted in the same figure. Fig-
ure 9(b) illustrates analogous results for the cylindrical sys-
tem. Evidently, to supply the required light output in the
cylindrical system the active material should occupy pores
that are an order of magnitude smaller than in the spherical
system.

The physical difficulty encountered in this second
method involves the propagation of the combustion wave.
One possibility is to suppose that an individual element un-
dergoes combustion when its temperature reaches some
threshold value. Since the temperature front expands in all
directions, the volume of the chemical reaction increases
with time and the whole process becomes explosive. This is
in principle different from the reaction propagation dis-
cussed earlier, where in steady state the chemical reaction
propagated simultaneously along many active material fila-
ments and the luminous volume in principle remained con-
stant.

It should be noted that the luminosity wave propaga-
tion in certain directions may occur also when the active
material is present in unconnected structures. Some compli-
cation should be incorporated in the model: for instance,
water could occupy part of the pores and extinguish the tem-
perature wave, permitting it to propagate only in certain di-
rections. The earlier mechanism for the propagation of the
luminosity wave is then recovered and both methods of fill-
ing the pores with active material result in identical lumines-
cence.

In summation, our model of ball lightning appears thus.
The ball lightning skeleton is made up of a dilute aerogel.
Some micron-sized pores contain active material. The chem-
ical reaction involving this active material heats the sur-
rounding volume and gives rise to luminescence. At any giv-
en time there exist many luminous, microscopic regions,
giving the impression of volume luminosity. This model is
based on a more general phenomenological description of
ball lightning;**" specific aerogel information made it pos-
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sible to examine some of the aspects in more detail. Since the
model is free of fundamental contradictions it deserves
further development.

7. CONCLUSIONS

The aerogel is an interesting physical object with un-
usual properties. Although it was first discovered more than
fifty years ago, the aerogel still attracts less scientific interest
than it deserves. This is largely due to the difficulty of its
production and the resulting relatively high cost. The appli-
cations of aerogels have thus been limited, accordingly
downgrading its interest as a physical object.

But let us examine the aerogel from a different view-
point. The aerogel has a specific, cluster-like structure, con-
sisting of small, interconnected particles; at small length
scales its cluster structure is fractal. The aerogel is charac-
terized by large specific internal surface area and large ca-
pacity—the pores occupy a volume many times greater than
the solid material. At the same time, aerogels are mechani-
cally strong and can survive high temperatures. Hence the
aerogel is a normal, rather than exotic, object and should be
treated as such.

Another aspect of the problem should be remarked
upon. The aerogel is formed by the solid phase precipitating
from solution. Its structure demonstrates that the new phase
does not grow as a solid mass near a condensation center—
which is the usual process—but rather as a gel with corre-
sponding structure. Hence, gel formation is another method
of forming a new phase that is characteristic for a certain
class of phenomena. This process might also serve as an in-
termediate step in the formation of other solid phases where
it is not observed because the gel is insufficiently stable. But
as an intermediate step it may influence the final properties
of the subsequent solid mass and therefore should be studied
and understood. The information pertaining to the forma-
tion and structure of aerogels may be useful in this regard. In
this fashion, aerogel formation may serve as a good model in
investigating various phenomena involved in the formation
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of solid phases that occur in the physics of solutions, sur-
faces, and biophysics.

Consequently the aerogel deserves attention not only as
a real physical object with specific properties, but also as a
structure which is formed in a number of physical, physical-
chemical, and biophysical phenomena. More detailed study
of this object may yield much that is interesting.

! In this method the particles are “tinted” with metal oxides which pref-
erentially stick to larger particles. Therefore scanning electron micros-
copy (SEM) favors larger particles and the mean radius measured by
this method is exaggerated. This was remarked upon also in other stud-
ies (for instance, Ref. 25).

2 It was asserted in Ref. 45 that a large contribution to light scattering by
silica aerogel is made by chlorine atoms incorporated in the aerogel.
These atoms are produced by the dissociation of hydrogen chloride
which is added in small quantities to the solution as a catalyst.

» 1In fact it is shaped like a cone that is disintegrating at the base.

4 Recall that if the characteristic size of the particles which make up the
aerogel skeleton is 7, =3 nm. Then according to formula (3.3) the
characteristic pore size in an aerogel with specific gravity comparable to
airis R ~ 100 um for fractal dimensionality D = 2.1 and R ~ 100 gm for
fractal dimensionality D = 2.3.
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