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dimensions of cluster 

1 

(
Yn\D+1 T"" To v;J ,wi th which rate of association of clusters is minimu;u. 

utilizing an expression for a maximum radfus of the correlation of 

cluster, let us represent this condition in the form 

D+1 

\'0" VI ( ~ )a-D, 
P I 

where p - material density of cluster, P - average density of 

substance in the space, occllPied by cluster. The disturbance of this 

condition with fulfillment v.,"v, means that the association of 

cluster concludes before the second mechanism of association begins to 
• 

work. In this case the characteristic time of assembly of cluster is 

evaluated according to the formula 

In the real case from formulas (4.28), (4.29) should be utilized that, 

which gives the shorter time of the formation of cluster. Table 4.3 

gives the values of the time of the formation of cluster in 

atmospheric of air at room temperature for p=2 g·cm-· with the 

different values of a radius of particles r. and different content of 

particles in air x. 

( 

l 
~ 



\ 

C 
C 
C 
c 
r 
c 
c 
c 
c 
c 
c 
c 
C 
II 
II 
II 
~ '0~ 

C 
C 
C 
( 

C 
~ 

• c 
(' 
~ 

• it 

• 
'-----

DOC = 89119406 

Table 4.3. Time of the formation of cluster (s). 

(a) Bpt'lIn, C 

(I) 
(II 

1 
(j) r. t D· _I r·r-I x-O,I r.r-I 

2 5,2·20-· 0,014 
3 0,014 O.3S0 

10 0,520 24,0 
200 4.;00 47,0 

I 20M 12,0 120,0 

Key: (1). r t , nm. (2). Time, s. (3). x=l g'g-'. 

Page 97. 

These data testify about critical dependence of the time of formation 

on the content of substance in air and on a radius of parti~les. 

Analyzing obtained results, we come to conclusion that both 

channels of formation of fractal cluster examined are completely 

acceptable from point of view of times of association. Nevertheless 

second channel (association of clusters) is more natural, when cluster 

is formed from the gas, gritty. The iirst channel is realized in the 

case, when the structure, which consists of the filaments, grows upon 

the connection to itself of solid particles. 

54.5. Gas dynamics. 

Of a~oresaid it above follows that active material of globular 

lightning has noncompact structure, which can.be simulated by lump of 

filamentary aerosols or by fractal cluster. This structure causes 

•• 

• 

• 



• 
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some phenomena, which we will examine 'elow. One their base is 

• connected with gas dynamics of the movement of air, which takes pl~ce 

th~ough this structure and creating lift. Nature of this phenomenon 

is such. The chemical processes, which occur in the active material 

of 9lob~lar lightning, lead to heating of substar.ce and surrounding 

air. As it follows of the estimates carried out earlier, this heati~ 

causes the movement of air in the zone of heat release convectively. 

Heated air will exceed the limits of the region, occupied by active 

material, rising in this case upward. Instead of it, from below and 

assembly into the region, o~cupied by active material, will approach 

cold air. Being heated in the zone of heat release, this air then 

will be headed upward. Thus, und~r the ~ffect of the source of heat 

release will appear ordered motion of air, which as a result rises 

very·cluster of filaments, which is heat source. 

• 

• 

Our problem consists of analysis ~f gas dynamics of system in 

question. It is necessary to determine the power of heat rel.ease, 

required for maintaining this temperature of air, and also the lift, 

which creates this motion. We will consider du~ing the solution of 

this problem that the system works stationarily, what'is natural 

simplification in this problem. 
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Furthermore, we will investigate the movement of air lar fram the 

active region, where it behaves similarly to the motion of fume from 

the tube. The asymptotic solution for the movement of air in this 
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region will make it possible to restore/reduce only the dependence of 

motion Characteristics on the parameters of the problem. The common 

picture of the motion being investigated is given in Fig. 4.4. It is 

evident that above the active region is formed the cone with the 

convective movement of air, in which occurs ordered motion. 

ProblelRS of value of Grashof number are small for characteristic 

parameters, so that motion is laminar. We analyze the character of 

motion in the region, distant from the zone of heat release. During 

the determination of the parameters of the movement ot air far from 

the active region we will follow the work of Zeldovich [60], presented . 
in book [42], (prc.oblem 4 in S56). From the equation ~t Navier -

Stokes follows 

• 

the relationship/ratio 

u3 ~ 'r vu u· III 
7 '" "go J R~ '" iRe <: 7' (4.30) 

where u - verti~al component of gas velocity, z - vertical distance 

from the lump to observation point, R - a transverse radius of cone in 

the observation point, v - kinematic viscosity of gas, Re-Rou/v-­

Reynolds number, g - free-fall acceleration, ~T - difference in 

temperatures in observation point relative to surrounding air, p -

coefficient of the thermal expansi~n of air. Since 

~ = ~ :~, under the conditions of constant pnssure from Clapeyron's 

in question equation we have P-l/T (here T - temperature of 

StlrrOl 'ling air). 

• 

• 

• 
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Together with &quation (4.30) we will use condition of constancy 

of heat flow P ~!l considerf.d cone at a distance z from act.ive region: 

P = p'':p/lTunR1
• 

(4.311 
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Fig. 4.4. picture of movement of air through cluster of filamentary 

aerosols, which are heated under action of internal heat release. 
• • Key: (1). Boundary of moving air. 
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Here r
p 

- heat capacity per unit of the mass of air at a constant 

pressure, p' - mass density r.f heated air. 

From relationship/ratio (4.30) we obtain 

( ATR: u-l gZYR3' (4.32) 

Formula (4.32) makes it possible to obtain the average/mean air speed 

in the region, where active ma~erial is located. We will assume that 

for this the distance from the cluster is equal to its radius R •• 

This it gives (/;IT 
u = A} gRoy' (4.33) 

.-

• 

.-
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The numerical factor A with this method of or.taining the formula 

remains indefinite, and formula itself gives correct dep~ndence on the 

parameters of the problem at condi t ion flT« T, which WliS us..d for its 

obtaining. 

Lift, which operates on design in question, is equal to 

where C - numerical coefficient, p - mass density of elapsing gas, S -

projected area of design on flow direction. This formula is valid, if 

for Reynolds number Re is fulfilled relationship/ratio Re = R.ulv > 1 

(here v - kinematic viscositl of air). Under the conditions (u-l 

m's·' in question, R,elO err' we have Re-10', so ~hat this formula is 

valid. Utilizing in this formula relationship/ratio (4.33), for the 

lift, which appears due to structure heating, we will obtain the 

formula _ I!!r 
or = apgRoyS, (4.34) 

This formula connec.t3 the lift, which appears under ':he action of 

heating during the chemical processes in globular lightning, with the 

design parameters and the temperature of heating. The numerical 

parameter a is here indefinite. It can be restored/reduced directly 

from the experiment. Such measurements were carried out in work [61], 

where and simulation experiment \~S utilized the tungsten wire with a 

radius 01 4 and 7 ~m • 
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From it was made the lump of a radius of 0.8-2 em and with the mass of 

20-200 mg. Lump was irradiated with the aid of the laser-, an increase 

in its temperature with respect to room temperature or air comprised 

~T = 10 -;- 300 J\. Simultaneously was measured the 1 ift of lump, which 

allowed on the basis of formula (4.34) to restore/reduce the value of 

parameter A. During the statisti~al processing of more than 100 

measurements is obtained value a-ll±5. 

Formula (4.34) gives, that globular lightning can "float" with 

relatively high content of active material. Let us present the 

condition for the "floating up" of globular lightning (lift is equal 

to the structural weight) in the .limiting. cases. For the optically 

opaque fractal cluster (D>2) this condition takes _the form 

m 8 AT 
x=Ai= T' (4.35) o 

where m - mass of active material, M - mass of air within the body of 

ball lightning. In other limiting case of the optically transparent 

body of ball- lightning floating condition takes the form 

'0 = Sr. AT 
R P T t o 0 

where p. - mass air density, p - material density of body, r. - radius 

of filaments. As is evident, the condition for the floating up of the 

body of ball lightning easily is reached. 

It should be noted that maintenance of gas-dynamic mode in 

question requires essential power expenditures. Let us show this. 

• 

• 

• 
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The power, spent on the maintenance of this heat engine, is given by 

~ formula (4.31). Utilizing, furthermore, formula (4.33) for the 

average/mean air speed into the region of lump and the vallle of 

~ 

parameter A=3.3, obtained from the experiment, we find 

Here 

P 6,T311 
P = V = Po Tlf2T • 

o 

(4.36) 

4 R3 V~';rn 0·- the space of active region, T. - the t~mperature of 

in the zone of heat ~urrounding air, T - the temperature of air 

relea~ . AT = T - T~. Po = : ACI'POTO V g/Ro' 
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• 

For a radius of average globular lightning R.c14 cm we have p.=7.2 

Vt.cm-'. Whenc.e it follows even number power expenditures for the 

maintenance of gas-dynamic motion must be considerable. 

We will consider that energy release and heat exchange in 

globular lightning carry stationary character. The specific power of 

heat release according to data of 1able 1. 5 comprises 10-0
.::., •••• 1> 

vt.cm-'. Then on the basis of formula (4.36) it is possible to find 

an increase in the temperature of air within the body of ball 

lightning: _\T = 10" ...... l\. Although the real processes in ball 

lightning carry transient character, this value (about 100 K) gives 
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representation about the average h ,ting of air within the design of 

ball lightning. 

Let us estimate weight of body of ball lightning on basis of 
.. ' 

formula (4.35) and condition that ball lightning sails. Utilizing 

obtained result T = 60 K ' 10=0,. it is obtained: x - 1,10,"0,', Thus, the 

average specific weight of body - th~ ~rder of the specific weight of 

atmospheric air. 

Summing up results to analysis, carried out in this chapter, we 

obtain, that during association of solid aerosols can arise structures 

of fractal cluster, and also stru~tures, which a~e cluster of 

filamentary ae,rosols., The characteristic times of the formation 0: 
such structures are seconds. The designs in question form the bod~ of 

ball lightning. Heating body due to the chemical processes taking 

place in it causes the movement of air thro~gh it and creates lift • 

In this case the maintenance only of motion in air is connected with 

the high power expenditures ' 

FOOTNOTE 1. Let us note that good model of ball lightning in the plan 

of its thermal interaction with the surrounding air is electric iron. 

In order of magnitude it has the same power, the same sizes and the 

same temperature of heating relative to surrounding air, as 

average/mean ball lightning. It is possible, in particular, to 

ascertain that with the aid of electric iron the sensation of heat 

from average/mean ball lightning can be discovered only at close (-10 
em) distances from it. ENDFOOTNOTE. 

• 

• 

• 



• 

• 

DOC = 89119407 

Page 102. 

CHAPTER 5. 

ELECTRICAL PHENOMENA IN BALL LIGHTNING 

55.1. The electrical properties. 

Ball Lightning develops electrical properties. This follows from 

observed interaction of ball lightning with the metallic objects and 

electrical instruments [9], and also from the character of the effect 
• 

of ball lightning on the man, which 'it is similar to the defeat of man 

by electric current. All these examples attest to the fact that ball 

lightning bears electric charge. The presence of electric charge is 

substantial for the fractal structure of ball lightning - it creates 

the surface tension of the bo.dy of ball lightning, without giving to 

• it "to collapse" [46]. At the same time the contribution of 

• 

electrical energy to the total internal energy of ball lightning is 

unessential (see 52.4). 

Question arises, whence electric charge of ball lightning is 

taken and further - to what electrical phenomena it leads presence of 

this charge. Our subsequent presentation will be connected with the 

analysis of these problems. This schematically appears as follows. 

Solid particle, which is located in the weakly ionized atmosphere. is 

charged, since the mobility of positive and negative charge carriers 

• 

I, 

f 
C 
r 
( 

c 
c 
( 

( 

( 

( 

C 
( 

C 
~ 

f.i 

• f'( 

C 
( 

( 
( 

( 

'-• C 
L 

• il 

• C 
l 
( 

( 

l 

l 
(, 

" l 
l 

l 
( 

\ . 



l 

C 
C 
C 
C 
C 
C 
C 
( 

C 
C 
( 

C 
C 

• til 
CD 
~ 

C 
c 
( 
( 

( 

~ 

• C 
L­
It 
Ell 
ell 

DOC· 89119407 

- different or in the plasma is the uncompensated for electric charge. 

The charged solid particles associate, so that cluster formable in 

this case proves to be charged. The electric charge of cluster is­

stored on its surface and is created the surface tension, which 

guarantees the stability of design. 
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High electric fields at the ends of the cl"$ter cause the electric 

currents, wh:;h lead to its discharging. In .nore detail these 

questions will be examined below. 

For quantitative analysis of electrical properties of ball 

lightning let us conduct estimates of its electrical parameters. In 

this case for the certainty we will consider that the surface tension 
" , 

a of ball lightning coin~ides with the surface tension of water at 

room temperature (0.073 J·m'·). This assumption, apparently, will 

give upper estimate for the electrical parameters of ball lightning 

, ) , 

FOOTNOTE', The close values of the electrical parameters of ball 

lightning gives the account of that fact that ball lightning is 

attracted to metallic objects, i.e., the force of interaction of the 

electric charge of ball lightning with its 

representation/transformation - order of the weight of ball lightning, 

ENDFOOTNOTE. • 

• 

• 

• 
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The surface tension of the charged sphere it is possible to record in 

the form 

here q - complete electric charge, R. - a radius of sphere, F -

electric intensity on its surface. Hence for average ball lightning 

(R.=14 cm) we have F=2.4 kV'cm- 1
, q=5.3·10-' CI in this case the 

electric potential of ball lightning is equal to 34 kV. Electrical 

energy of ball lightning q'IR, in this case is 0.02 J, that six orders 

lower than energy of average ball lightning '). 

• 
FOOTNOTE '. Let us no.= that the lethal dose during the defeat of man 

by electric current answers the passage through the man of the 

electrical energy, which exceeds 2 kJ [137]. ENDFOOTNOTE. 

Surface charge creates a pressure on the surface of ball lightning 

aiR" equal to 0.5 Pa. If we consider further that the mass of the 

body of ball lightning coincides with the mass of air, which is 

located within it at room temperature, then we will obtain that the 

specific charge of the body of ball lightning comprises 3.5-10-' 

Kl_g-l. These estimates we utilize below during the analysis of 

electrical phenomena in ball lightning. 

55.2. Charging of aerosol particles and the weakly ionized gas. 

Since ball lightning possesses electrical properties because of 
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the fact that its body is formed from charged aerosol particles, we 

investigate further charging of aerosol particles in ionized gas • 
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Let us examine first unipolar plasma, i.e., gas, which contains the 

admixture/impurity of the ions of one type and charged it is equal. 

We will consider that the aerosol is the solid spherical particle of 

radius r., moreover we will first examine to examine case r.:>}, 

(where A - mean free path of ions in the gas). Falling on the surface 

of aerosol, ion transmits its charge to it, i.e., ion flow to the 

surface of aerosol particle creates the current, which loads it. Let 

us determine the strength of this current. 

In case (r, > i.) in qUEstion ion current to aerosol particle is 

composed of diffusion and hydrodynamic currents, created by action of 

electric field: 

J=.mr(-$~;' + KFN)e. (5.1) 

Here N - density, e - the ion charge, K - mobility, ~ - the 

coefficient of diffusion of ions in gas, r - distance to the center of 

aerosol, F - the electric intensity of aerosol. 

We will use relationship/ratio of Einstein between coefficients 

of diffusion and ion mobility eg)=KT (T· temperature of gas) and 

formula for electric intens i ty of aerosol F = Zeli', where Z - charge 

of aerosol in units of electronic charges. substituting them into 

• 

• 

• 
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equation (5.1), we will obtain • 
~ (dN Zea ) J = 4nr-$ Tr -17' N e. (5.2) 

Since ions are not absorbed in space, value of ion current to 

aerosol does not depend from distance of r to aerosol. Therefore 

relationship/ratio (5.2) can be considered as equation for the ionic 

density N(r). Solving this equation with boundary conditions 

N(oc) ,:. N., l\'(r.) = 0, we obtain the formula of Fux [52]: 

4:r.®.\'nZe' 
J .. , ---'''-'''';'-~-; 

- 1[ ~xp (Ze~ /rl)-1 r 
(5.3' 

• 
Formula (5.3) gives the following asymptotic relations for the ion 

current to tha aerosol particle. 
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If particle charge is relatively small, Le., if Ze'lr.T <: 1, for 

ion current to neutral macroparticle of radius r. we ontain 

smolukhovsky's formula: 

In other limiting case, when the charge of aerosol particle has a 

sign,' to the opposite charges of ion (Z<O), and very particle charge 

is s
1
1fficiently great, IZie2/r.T·~ 1, we will obtain Langevin's formula: 

3 

J = ~,!li.v u I Z I ~ = 4:1 1\ I Z I e\ (5.5) 

where the ion mobil i ty in gas K = e!J)IT. 
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Lei. us further examine for simplicity case, when ion charge is 

relatively small (ZilruT« 1), but we will use more general boundary 

condition, i.ntroducing probability r of fact that ion, which 

encounters area of the particle, transmits its charge by it. Then for 

the current of charges to the area of the particle we have 

2 (ST. . N(rn) 
J = 1'·1ro J -I} ,\ (ro)e = lo-~'-' :t. J 0 

(5,6) 

AI - mass of ion, so that 

-~8T/WM - average/mean thermal velocity of ions 1 H(r.) - ionic densit~ 

on the area of the particle (aarlier we consj"dered that li(r.)= 0). We 
. 

sol ve equation (5.2) on condition that J = CO'llst, and by boundary 

conditions (5.6), and also taking into account that 1\'(00)=11' •• In the . 
limiting ca~e in question we disregard second term in equation (5.2). 

The solution of equation will take the form 

N(r)=A -Blr. 

. In this case A=N •. A-Blr.=N.Jlj •• Le. TJ=N.r.(l-lIj.). lienee 

we find 

( 
I 1 )-1 

J = io + J;, , (5.i) 

where j. is assigned by formula (5.6), and J. - by formula of 

Smolukhovsky (5.4.). 

Let us examine now anothar, conversion opposite case, when mean 

• 

• 

•• 
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free path of ion is great in compariso~ with size of aerosol particle. 

Let energy of ion be equal to E, and upon the entry to t~e area of the 

particle it transmits by it charge with the probability 1· 
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The connection between the impact parameter p, under whicfithe ion 

moves to the center of particle, and the distance of closest approach 

r. is given by the known relationship/ratio: 

Hence we ~ind the capture cross section of ion to the surface of the 

aerosol particle: 

which gives for the rate constant of capture, when ion charge is 

transmitted to aerosol particle, 

k '" y {~ nr~ ( 1 - ~o';) . 

For the current the surface of aerosol particle we obtain the 

expression 

Here brackets indicate averaging over the Maxwellian distribution of 

ions on the rates. carrying O"lt this averaging, we will obtain 
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Z 2/, • 
J - . • II' 

- /0 [elp(Ze2/rl)-I] • (5.8) 4IIt 
where 

f(ST 
10 = 'I':troJ n.I/· (5.9) 

Formulas (5.3) and (5.8) answer two asymptotic relations between 

radius of aerosol particle r. and mean free path \ of ions.in gas. 

Uniting these formulas taking into account (5.7), we will obtain the 

following expression for the ion current t~ the aerosol particle: 

(5.10) 
J = 0 ( 0(. ) ]' 

(I + JoIio) exp Z'"/'l -I 

This formula taking into account the fact that the charge of the 

aeroso}·par"i~le Z can be different signs,' unites all limiting cases 

Let us note interesting fact. 
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I to the problem enter three parameters, that have the dimensionality 

of the length: a radius of the aerosol particle r., the mean free 

path of inn in the gas). and the Coulomb length Z'!'/T, which 

characterizes the s~ze of the regien of the strong interaction of the 

charged particle "with the ion. At the same time general result 

depends only on the relation of parameters )./r. and Ze"/r.T,"and, as 

it follows from formu!a (S.lO), dependence on these dimensionless 

• 
--- ----_ ..... "':; ....... --':·.h. .-_-:. 
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parameters is developed in the separate factors of general expression • 

Obtained expressions are valid for ion currents of one type. Let 

us examine the quasi-neutral plasma, when the charged aerosol is 

locat~d with the plasma in the equilibrium. If the size of aerosol 

( 

( 

( 

( 

particle is sufficiently great, then from the equality of the currents ( 

of positive and negative ions to it we will obtain for the equilibrium ( 

charge of the aerosol: 

...... "1' ro -reo, • (5.11)' 

Last inp~uality arose from the condition that an increase in the 

charge of aerosol particle by one in principle will not cha~",e i:he . . 
character of charging. For room temperature this inequali~y takes 

form r, ~ 0.01.5 !Lm. If particle size is noticeably less, then one 

should consider that the probability of the appearance of aerosol 

pa!'ticles with the charge, greater than one, is propor'~onal to 

exponent ial curve cxp (-e'/r.T) and it is small. Actually, for example. 

the probability of the entry of ion to the aerosol particle, which has 

charg.;o Z and t!le sC'JIIe sign, contains factor exp(-Ze'/r"T) , wh1ch 

expresses the probability of the approach of iOllS to \.he area of the 

particle. Eliminating from the examination of particle with the 

charge, and comparing the currents of the charging of neutral and 

discharging of the once cha~ged aerosol particles, for the relative 

percentage of the charged particles in this case we will obtain the 

relationships/ratios 
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~ = .!.l/;\IJ., 
"0 z .u_ 

(5J2a) 

(5.12b) 

large of one where n., nt, n_ - densities of neutral and also once 

(pOSl tively and negatively) charged aerosol particles; x = e'/roT:> 1. 

Page lOB. 

The average/mean charge of aerosol particles, according to formulas 

(5.12), is equal to 

• 

Since x:;t· l,t,hat we obtain Z ¢: 1. 

Let us examine character of establi$hment of equilibrium charge 

in quasi-neutral pl~sma, counting for simplicity, that param~ters of 

positive and negative ions in plasma are close. A change of the 

charge of aerosol particle in the case l» 1 takes the form of the 

equation 
d'l . J - .. -J+-dt - -, 

where q=Ze; J t and J. - currents of positive and negative ions to the 

particle. Utilizing expression (5.3) for the ion currents in the case 

ro:>~ and formula (5.11) for the average/mean charqe, we will obtain 

the solution of this equation: 

• 

• 

• 



~ 

DOC = 89119407 

q = qo [ 1 - e~p ( - t.:
p 

) ]. 

where, according to (5.11), 

The time of the establishment of the equil'hri '; 

particle comprises 

here ~ - plasma conductivity. 

• 
" rr: < 1, 

o 

charge of aerosol 

t5.14) 

• 

Let us examine now limiting case, when e2/r.T ~ 1. Since we 

~ consider the parameters of positively and negatively charged ions 

close ones, according to formulas (5.12) in this case 

~ 

1I.ln. = 1I_/llc = tlr. 

page 109. 

The equation of balance for the charged aerosol particles takes the 

form 

where Ii", kr." - rc:.te constant of the transmission of charge from the 

ion to a@rosol particle, moreover in the first case particle is . 

neutral, and the second has the charge, to the opposite charges of 
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iot9. With this :V,k,,=J1e. where J - ion current to the neutral 

aerosol particle - it is determined by formula (5.i), kJ'.~::; k.e'/Tr •. It 

will be the solution of the equation of balance 

rnT 1 
11+ = 110 e~ [ -exp (- t/T3al.)J, 

the expression for the time of charging in accordance with formula 

(5.12) taking the form 

t 1+ -. , 4!l> )-1 
, !If 

( yro l iiJT 
(5.15) 

In the extreme case ~. ~ '. this' Jrmula will pass into formula (5.14). 

. 
Process of adhesion of ions to aerosoi particles leads also to 

drop in ionic density in plasma, i.e., to decay of plasma. The 

equation of balance for the density of positive ions Nt in the ca~e in 

question, after was established the equilibrium between the charged 

and neutral aerosol particles in the plasma, has the form 

where the time of decay of the plasma 

t t. + 11" - ?" t. = _ = nono _'ll-Iet>: - '-"'Oh O 

1'l'ill'D 

~ '" • ( g[) )-1 ,,~;vnrt I + . 
= T yr 0 V T,:!:t.11 

(5.16) 

The obtained formulas make it possible to estimate the parameters of 

the process of the charging of aerosol particles in the r~al plasma. 

• 

• 

• 
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Let us examine real atmosphere. The composition of ions, which 

• are found in real atmosphere, depends on humidity and temperature of 

the atmosphere, from the admixtures/impurities being present in it and 

usually it includes several molecules of water. The diffusion 

coefficient comprises: according to .data [6:!]!lb .. = 0.029. !lb- = 0,0'13 

• 

of cm"s-' (moreover the mass of i~ns M_=lOl, M~=140); according to 

data [G3] f/)T = 0,028, 9)- = 0.036 em' ·s-'. 

page 110. 

Taking into account these data formulas (5. '.1) and (5.13) for 

aerosol particles, which are located in the atmosphere at room 

temperature, can be.represented in the form 

Zir. =(-6: 1)%'M-'. (5.17) 

Key: ( 1). mkm - , • 

In this case the characteristic time of charging (5.14) for the 

average ionic density in the atmosphere (,S. = 300 em-') is lower' 

1'-=10 mill, which can serve as upper boundary for the lifetime of ball 

lightning in the atmosphere. Jiischarging the body of ball lightning 

in the atmosphere and its destruction occurs during such times. 

Chargl.lg of aerosol particles in the atmosphere can occur, also, 
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under nonequilibrium conditions. Let us examine the cas~. when in the ( 

• 

zone of the determination of aerosols electrical discharge occurs. 

Electric int~nsity in this region is sufficiently great and negative 

charge is connected with the _lectrons. The mobility of thermal 
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electrons in atmospheric air is appro:imately 1.4·10' cm'.(v.s) .a, 

which conside:-ably exceeds the mobility of molecular positive ions to 

atmosphere 2-2.5 cm"(V'S) -1 In this case formula (5.11) at room . ,. 

temperature for the charge gives 

Z/r. == -160(~I\)c'. (5.18) 

Key: (1). mkm- '. 

The respectively characteristic time of the establishment of this 

charge according to (5.14) comprises T'N."'40 s·cm-' • 

Formula (5.17) makes it possible to estimate maximum size of 

aerosol particles, which form part of'body of,ball lightning.' Given 

in S~.l estimate for the specific charge of ball lightning (4·10' 

Kl.g-l) for the.characteristic particle density pc2 g·cm-· ac~ording 

to formula (5.17) correspond to a radius of particles r.=2 pm. Since 

the subsequent processes of the formation of the body of ball 

lightning can be accompanied only by the loss of charge, it is 
• 

possible to consider that the particles, entering the body of ball 

lightnings, have a radius r.<2 pm. 

55.3. Assembly of tha charged cluster and the separation of the . 

charge of plasma. 

Let.us examine character of assembly of body of ball lightning 

from solid aerosols. Since the particles are charged, as a result of 

the association of solid particles the charged cluster is formed. In 

.' 
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this case necessarily that in th'd process of the assembly of cluster 

would be satisfied the following conditions • 

Page 111. 

First, if charge rapidly overflows to the surface of cluster, then the 

assembly of cluster can occur during aclus+,er-cluster association, 

moreover the charged ends of one cluster are connected with the 

uncharged part of another. Otherwise surface charge will block the 

assembly of large cluster. In the second place, the value of the 

equilibrium charge of the cluster considerably lower than sum of the 

equilibrium charges of the associated particles. Therefo~e the high 

charge of cluster corresponds to nonequilibrium conditions, so that 

ion current to the cluster leads to its discharging. 

" 
We will consider that association of similarly charged particles 

in principle does not differ from association of neutral particles, 

which can be made, if parameter p is subordinated to following 

condition: 
~ = Z'e'/2r.T < 1 (S.t9) 

(here Z - average/mean particle charge). This condition means that 

repUlsive energy of two contacting particles not more than than their 

thermal energy. 

We will use formulp (5.17), then for room temperature formula 
• 

(5.19) will give value r.«2 "m. ThUS, we will obtain the same 

estimate for the maximum radius of particles, as in the preceding 
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paragraph. One should, however, note that these estimates proceed 

from the different physical considerations. 

Let us give values of rates of electrical processes in real 

atmosphere. The highest value corresponds to t~e charging of particle 

by electrons. Taking into account that electron mobility in air 

comprises 1.4'10' cm'·(V·s) .', on the basis of formula (5.18) we will 

obtain for time t. of charging and discharging of particle by 

electrons ( .Y. - electron density) the value 

(5.20a) 

Key: (1). s·cm-'. (2). jIlI\. 
• , 

Let particles be united into cluster. The equilibrium charge of 

cluster is determined by formula (5.17), where instead of a radius of 

particles r. should be utilized a radius of cluster. It is not 

difficult to see that the equilibrium charge of cluster is 

substantially less than the sum of equilibrium particle char ~~. which 

compose cluster. Therefore its discharging under the actio - .·f the 

current of positive ions on the cluster occurs in proportion to an 

increase in the cluster. 

Page 112. 

The characteristic time of this process in the atmosphere, which 

contains.quasi-n~utral plasma, according to formula (5.14) is equal 

•• I. 10' (II _s ,,.pil·, = ,!. c· C~I I (5.20h) 

Key: (1). s·cm-·. (2). jim. 
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Recombination of charged particles in space occurs together with 

processes of charginq and discharging of particles in weakly ionized 

2as. In real atmosphere - this is the recombination of positive and 

negative ions with the parti:ipation of the molecules of air. 

Recombination coefficient weakly depends on the type of these ions and 

at the atmospheric pressure is (61, (5) COt = 2 .10-0 em"s' '. Hence for 

the time of recombination T'.'K we obtain 

Key: (1). s·em-'. 

As it.follows from formulas (S.20b) and (S.20c), the rates of 

discharging cluster and recombination of charges in air are close. 

This means that in the recombining p1asma of air the effective 

discharging of cluster occurs. If we consider that also after 

recombination in the space in the zone of cluster remains the 

uncompensated for positive charge, then let us arrive at the 

conclusion that the recombination of charges in the plasma cannot 

avoid discharging cluster. 

Thus, assembly of body of ball !ightning must occur in unipolar 

plasma, i.e., when in space of ball lightning is uncompensated for 

charge of one sign. Hence it follows that the assembly of cluster 

must pre~ede the separation of the charge of plasma or charge of 

plasma and particle charge. Let us note the fact that the charge 

density in ball lightning is relatively greater. 'ually, if we use 
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estimates 55.1 and to subdivide the vft1ue of the e1ectrit charge of 

ball lightning for the space of average ball lightning, then we will 

obtain thc average density of the charge of ball lightning in the unit 

charges of electrons 3'10' cm-', that a:)roximately six orders higher 

than density of atmospheric plasma in the nea.r-surface layer of the 

Earth. Since there are no mechanisms of the strong concentration of 

the charge of atmospheric plasma, hence it follows that the charging 

of aerosol particles must occur in the plasma, which has the density, 

high in comparison with the density. of atmospheric plasma. At the 

same time to the assembly of the cluster of charge in the plasma it 

must be divided. 
• 

Let us show that separation of charge in ball lightning cannot 

occur as In cloud, under action of gravitational forces. 

Page 113. 

In the cloud the nega~ive1y charged drops of water fall under the 

action of their weight and thus they create atmospheric electricity. 

In our case this mechanism is impossible, since here particle sizes 

are small, and the necessary electric fields are great in comparison 

with the atmospheric. Actually, the solid particles, which further 

form cluster, they have sizes not more than 1 pm. The rate of a drop 

in the particle of a radius of 1 pm w~th a density of 2 g.cm-· ~lder 

the action of gravitational force in atmospheric air is equal to 

v=O,014 cmos-'. S:nce v-r.' the small particles fall more slowly. 

A drop in the particles creates the negative current in the 
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atmosphere, under action of which appears the electric field with 

strength F, which causes the drift of positive ions in the atmosphere. 

At cquilibriURI the current of positive ions is equal to the current of 

negative charge, so that v/Z=KF. 

Mobility of positive ions in real atmosphere K-l cm"V's- 1
, so 

that electric intensity F-O.l V·em-', that several orders lower than 

expected values in ball lightning. The presence of negative ions in 

the atmosphere leads to a certain drop in this value. ~e presence of 
. 

large-size particles could ensure larger effect: however, this would 

lead to the fact that the charge of cluster was small. 

Thus, we come to conclusion that separation of charge before 

assembly of body of ball lightning occurs not under action of 

gravitational fields~ but it is caused by external electric fields; 

In this respect electrical phenomena in ball lightning do not have an 

analog in the electrical machine of the Earth's atmosphere. 

Let us conduct estimat~s for system in question •. Electric 

intensity F-(1-l0) kV·em-' will cause the motion of ions at a rate of 

v-(lO'-lO') of em·s-·, so that the distance of the order of the size 

of system (lQ em) pass during the times of order (10-'-10-') SI for 

this time it occurs the separation of charge. Solid particles possess 

relatively small mobility, so that their movements in this case can be 

disregarded. Thus, for the separation of charge is necessary the 

presence of the high electric fields, which exist during several 
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milliseconds. Further, after the drift of the positively charged 

particles from the spacQ, these fields are fixed on the material of 

ball lightning. 

Page 114. 

It is significant that the characteristic time of the sqparation of 

charge is noticeaDly less than the times of th~ association of solid 

particles into the cluster. 

For analysis of processes of forming charged cluster let us 

examine simple model of creation of initial conditions for this 

cluster. Let from air through the surface of material flow the 

electric curnllt, which further evaporates the surface of material and 

is created the plasma, gritty. From the continuity condition of 

• 

electric current we have F,o, = Flo, (where F" Fa""';: electric • 

intensity in air and material, u
" 

u. - conductivity of air and 

material respectively). It is evi:;et.lt that in view of the different 

conductivity of air plasma and material of surface on the interface is 

created the jur"p of electrio:: intensity t:..F, i.e., surface charge 

appears at the interface. 

Model in question lies in th~ fact that surface'charge is located 

in thin layer and during evaporation is taken away into air plasma. 

Then is formed plasma with the predominance in it of the charges of 

the specific sign. In proportion to the formation of solid p~rticles 

the plasma ions transmit their charge to these particles during 

• 
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relatively short times. By there very during the first stage uf the 

formation of cluster we have air, which contains the charged solid 

particles; moreover total particle charge is different from zero. 

Let us conduct estimates on the basis of represented model. We 

will consider for simplicity that the conductivity of the air plasma 

considerably lower than conductivity of material, so ,hat a drop/jump 

in the electric intensity on the interibce coincides with the field 

strength in air F" Further, we will consider that the interfacial 

area, on which is formed the plasma, considerably exceeds t: . ., section 

of ball lightning, i.e., we will be restricted to the one-dimensional 
• case. Th~n, according to Poisson's equation, we have 

F 1 = 4:te J N dx, 

where N - the bulk density of charge on the interface, x - direction, 

perpendicular to interface. Let R - size of plasma after the 

evaporation of material. Then the density of the uncompensated for 

charge in it 

N = Ft/lmeR. 

Page 115. 

If we isolate from this plasma the space of radius R, then charge 

within it is equal to q = '/,~R"""(' = F,'R"/;>" We will consider that the 

solid particles wel'e combined into the cluster of radius R. Then this 

cluster has a charge q, for which the estimate, is obtained, and 
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electric field is created on its surface with the intensity 

F = q/R2 = Fi/3. 

Thus, electric intensity, created by cluster, is compared several 

times of less than the electric intensity in air, when electric 

current flows over it. In order to obtain electrical parameters of 

ball lightning used earlier, necessary, in order to initial electric 

intensity in air, which creates electric current and causes the 

evaporation of material in air, comprised F,-lO kV·cm- 1 • 

Separation of charge is accompanied by complicated gas dynamics 

of system, in question, which includes gas, dust and plasma. In this 
~ 

case, since the values of 'characteristic electrical energy of the • 

uncompensated for charge in this case are relatively small (order 0.02 

J), separation of charge cannot influence'gas dynamics of process. 

Carried out analysis and estimates make it possible to represent 

physical picture of formation of charged cluster as a result of 

association of solid charged particles. Particle charge does not 

affect the character of their association, however, so that the 

cluster in the process of its increase/growth would not be discharged, 

it is necessary that the ionic density in the zone of its formation 

would be substantially less than with the charging of particles. 

COnsequently, the process of the association of, the solid charged 

particles into the cluster precede t"''!! process of t.1t"l charging of 
• 

particles in the plasma, and also the process of the separation of the 

particle charge and charge of plasma. 'Last process occurs under the 

• 

• 

• 
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action of external elec .. ric fields. 

In order to obtain quantitative picture of electrical processes 

with assembly of body of ball lightning examined, table 5.1 gives 

characteristic values of time of course of corresponding processes. 

The given parameters, as the values of radii of particles used, are 

adequate for the conditions of ball lightning. Let us comment data of 

-fable 5.1. 
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As is evident, most rapid process - adhesion of ions to aerosol 

particles. Ionic density in the plasma considerably lower than that, 

which they can accept to itself aerosol particles. Therefore all ions 

adhere to the particles, which.leads to the disappearance of plasma in 

• the space. The process of the separation of charges in the plasma 

precedes this process. Thus the inclusion of aerosol particles into 

the plasma occurs at that moment, when plasma bears electric potential 

and charges in it they are divided. Aerosol particles, seizing ions, 

fix this potential of plasma. The association of aerosol particles 

into the cluster further occurs. During the times of the order of the 

• 

. time of association or during smalle~ times occurs the neutralization 

of the opposite charges, which can have particles. The formed cluste~ 

bears on itself only the excess charge of plasma. Discharging cluster 

in the atmospheric plasma occurs in the relatively larger period and 

it leads to the decay of cluster itself • 
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Tab2e 5.1. Characteristic times of the course of electrical 

processes. 

6!Jpar' eT no 
r.., 81*'''. Jo). c 

(1Inpou.cc (!!)UPOI I ("in"" II'ol'"y.,. 
r,=3 H)1 fo=O,l NIiM 

~l-CT8HOB:ll'HIIl' paBHosecRoro 
(5.15) 2,5.10-3 5·10-' f1.13apR.18 aa '13CTIIUe 

aena:, n.~aa~lhl aa C'Il'T upn· 
:mnaHIIB 1I0ROB K 'IacTII' 

3.10-10 4.10-1 

~Iua~l 
(5.16) . 

eKo~lilIlBau,nR nO.l0a;nTl'.lb· 
BblX B OTpnu,aTl'.1bRblX 

(5.Z0e) 5·\0-' 6'/ nOROB B o6'be~e 
~aale.1elllle aapRloB n.183· - 10-3+10-2 

" ~lbl • CCOUll8nnR '1acmu, B K.lB· 
(4.29) 0,01+5 '4 CTPP aapR.llia K.laCTl'pa B anlO-
(5.15) 103 coj>l'pouil n:la3~IP I 

• 

Key: (1). Process. (21. calculation according tv formula. (3). 

Time s. (4). with r.=3 nm. (5). with r.eO.l 11m. (6). 

Establishment of equilibrium charge on particle. (7). Decay of 

plasma due to adhesion of non-ion partiCles. (s). Recombination of 

positive and negative ions in space. (9). Separation of charges of 

plasma. (10). Association of particles into cluster. (11). 

Discharging cluster in atmospheric plasma. 

FOOTNOTE ,. It is accepted that initial density ~i of ions in the 

plasma is 10' em", and the average density of substance in the space 

is equal to the del~ity of atmospheric air at room temperature. 

ENDFOO'!'NOTE. 
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• 
4It 55.4. Electrical processes in the charged cluster. 

4It 

• 

Let us examine electrical phenomena, which occur with charged 

cluster, which is located in the atmosphere. As before we will be 

while conducting of estimates oriented toward the cluster with a 

radius of average ball lightning (14 em) and the surface tension, 

equal to the surface tension of water. The electric charge of this 

cluster in the unit charges of electron will comprise order 4.10 " , 

whereas according to formula (5.17) its equilibrium charge in the 

atmosphere is close to 10'. As a result under the action of ion 
• 

current discharging cluster will occur. The characteristic time of 

discharging in real atmosphere with the average density of the charged 

particles (300 em-'), according to formula (5.14), will be 20 min. 

Consequently, electrical processes in the atmosphere must be examined 

in the limits of these times. 

Formation of cluster is accompanied by overflowing of charge to 

its surface, which creates stability of cluster. Let us explain how 

charge is distributed at the ends of the cluster. We utilize a mode]. 

by considering that its ends - this of the filament of the radius, 

which coincides with a radius of the particles, of which is comprised 

the cluster. Let us determine characteristic of which it is comprised 

cluster. Let us determine the reference length of the end of the 

filament I, on which is concentrated the ch~rge. This magnitude 

estimate can be obtained from the condition that electrical energy of 
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interaction of charges, which are located on the end or this 'fl1~~nt:, 

must be of the same order as as interaction energy of these ~~~rge~ 

with the electric field of cluster. Hence for the \.lnkno't'l1 value {we"­

will obtain 

l- RoIfn, (5.21) 

here R. - a radi~s of cluster, n - the numbsr ~f filaments on the 

surface. On the basis of formula (5.21) we obtain 

lIro - fp/pcp, (5.22) 

where r, - radius of the associating particles, p - mass density of 

the material of cluster, Pc~ - the average mass density of cluster, 

i.e., the ratio of the mass of cluster to the space, which it 

occupies. Since p»pcp,that we obtain Z'»r.; in particular, for 

those utilized earlier the parameters of cluster (m=3 g, R.=14 em, p=2 

g·em") we have lfr.-lOO. 
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Since electric charge of cluster in the final analysis is stored 

near ends of cluster, this leads to l'nset of electric fields of' high 

strength. On the surface of the charged section the electric 

intensity comprises 

/ ' , f' :!It 
. ,ua~ ::.= -:t:ta = V 

ro n 

£. {-p 
-l- \' -, - PCP 

(5,23) 

where u - surface charge' at the end of the filament, F --average 

electric intensity on the surface of clustet., In the ex~le ex~in~d:_ 

this ,corresponds to the local increase of tile field strer.gth mor~ tllan 

.' ~.:. .. , ' 

• 

-.-
- ... , 

_-''-oe-- -.~ 
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to two orders in comparison with the average value. In the example 

examined the field strength near the charged filament reaches 5 

MV'cm". Such fields are caused by the aample of atmospheric air, if 

they are concentrated in the not very small spaces. In connection 

with this it is necessary to establish, under what conditions the 

breakdown of air near the charged ends of the clu~ter and the onset in 

this region of the corona discharge are possible. 

Condition of onset and maintaining corona discharge near charged 

filament takes form [66) 
IX> 

r (t ) J adr = In\1 + y I (5.24) 
r. 

where a and 7 - first and second coefficients of Townsend. In 

atmospheric air we will approximate the first cpefficient of Townsend 

with dependence [66, 67] 

a = a. exp (-F.IF) I 

here a.= 1,1-10' m": E.=2.8 MV·m". Since E=E(ro)rolr, the condition 

(5.13) for atmospheric air will take the form 

where z=F(r,)IF •. Fig. 5.1 presents dependence on a radius of filament 

for the electric intensity on the surface of filament, with which it 

is reali~ed by a sample of atmospheric air. results relate to the 

values 7=0.1: however, it follows that they weakly depend on this 

value. 
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Analysis of figure and given estimates show that conditions of 

onset of corona discharge in system in question are difficultly 

attained. In particular, in the example examined the corona discharge 

occurs with r.>8 ~m (see Fig. 5.1), which is deliberately higher than 

the possible particle sizes in the cluster. However, high fields near 

the ends of the cluster affect the character of the currents of 

discharging. In atmospheric air in the electric fields with F>3 

MV·m- 1 negative ions are broken down and negative charge in this case 

is connected with the electrons. Electron collision with the 

molecules of air causes their excitation and glow, but the energy, 

spent on this process, is very small. TQus, in the example in 

• 

question created due to this process glow, in any case, is not more 

intense than the glow of night insects. It is difficult to exPect due • 

to low electrical energy of cluster that the electrical phenomena are 

capable of causing noticeable glow. 

Since cluster in question bears electric charge, it can interact 

:ith conductors. In order to explain, how this a' interaction is 

substantial, let us make estimate for the force of interaction of the 

cluster with the massive metallic object in question, on which it 

induces the charge of opposite sign. Considering that this 

interaction does not cause the redistribution of charge, we find the 

force of interaction 

• 
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• 
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Key: (1) • N. 

q _ the charge of cluster, R. - its radius. As is evident, the force 

of interaction in this example is compared with the weight of cluster. 

This bears out the fact that interaction of the charged cluster with 

the conductors can substantially affect the c~aracter of its motion, 

which follows also from the observations of ball lightning. 
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Flg S.l. Dependence of electric intensity E on surface of charged 

fllama:,t. ~ecessary for maintaining corona discharge in atmospheric 

air, 0(, '-:dius of fLament r •• 
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Similar estimate makes it pos~ible to find maximum charge, which 

can bear body of ball lightning. For this let us examine the process 

of the association of the charged clusters into the large cluster. 

According to the mechanism of association, represented in 54.4, with 

the not very small sizes of clusters their approach occurs due to the 

incidence/drop in the heavier cluster on the ! ~hter under the action 

gravitational force. Hence it is apparent that the Coulomb pushing 

apart of clusters does not interfere with their approach, if ~he fore, 

of Coulomb interaction is less than the difference in the weigh~s of 

-----'- -" .- ' .. -
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clusters. This gives the following estimate: • 

where R., m - significant dimension and the mass of ball lightning,." 

Substituting in (5.26) a radius of av~rage/mean ball lightning, and 

also the charge, which provides the surface tension, equal to the 

surface tension of water, on the basis of formula (5.26) we obtain 

m:> 10 g. As is evident, the characteristic electric charge of ball 

lightnin.9 selected earlier for the estimates answers the average 

specific weight of the body of ball lightning, which the order of the 

specific weight ci alr. 

• • 
Thus, carried out analysis shows that processes, which occur in 

weakly ionized air with solid particles, lead to electrical charging 
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of these particles. For forming the charged cbster during the • ( 

association of the charged particles i~ weakly ionized air, necessary 

that in the process of association in air there would be an excess 

electric charge, i.e., the region, where association occurs, must be 

located in the heterogeneous electric field. In this case it is 

prevented the discharge of cluster in the process of its assembly. 

The high electric fields near the ends of the cluster, which appear as 

a result of the overflowing of the electric charge of cluster to its 

surface, are insufficient for the onset of the corona discharge; 

nowever, ~hey are capable of causing weak glow during discharging of 

cluster. Electrical interactions of the charged cluster wi~h the 

conductors can influence the character of its motion. 
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Page 121. 

CHAPTER 6. 

GLOW OF BALL LIGHTNING. 

56.1. Mechanisms of emission • 

As it follows from analysis of observational data, ball lightning 

is source of light of average intensity. The glow of ball lightning 

can be different colors and, apparently, carries transient character. 

In order to obtain quantitative repretentation about the brightness of 

ball lightning and to analyze the mechanisms of its emission, let us 

compare ball lightning as radiation source with the equilibrium 

emitter. This equilibrium emitter is sphere with ~ r~dius of' ball 

lightning and emits from the surface as blackbody. The av~rage 

luminous flux, emitted by ball lightning, composes • 

1400 +~gg 1m. Let us explain, at what temperature equilibrium 

emitter emits the same luminous flux. We will obtain the temperature 

of the blackbody: T= 1360±30 It 

Another comparison let us conduct for luminous eff1ciency - ~atio 

of luminous flux to power expendable in this case. According to aata 

of Table - 1.5 the luminous efficiency of ball lightning 1) is equal-

to 10-0,::0,", lm·W-l. 
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FOOTNOTE 1). The luminous efficiency of electric lamp is 14 l\l!.W,:-l;. 

solar radiation - 96 lm·W· ' • ENDFOOTNOTE. 

The temperature of blackbody with the radius of ball lightning, whose 

luminous efficiency coincides with the value indicated, composes 

1800±300 K. 
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It should be noted that effective temperature of radiating 

particles of ball lightning must be higher thai given estimates give, 

since in first case emission of ball lightning is created in narrow 

region of the spectrum, and the second - fundamental energy losses of 

bqll lightning are conne~t'ed with gas-dynamic escape of heat.' 

Therefore it is possible to expect that effective temperature of the 

radiating particles in ball lightning Tp2000 K. 

Special features of emission of ball lightning are connected with 

its structure and character of energy release. The glow of ball 

lightning due to heating of its body is possible. In this case it is 

necessary to consider that if the sizes of the particles, of which,is 

comprised the body of ball lightning, 'are small, then this introduces 

corrections into the spe~trum of the emitted emission. Specifically,: 

the flow of the emitted emi$ision at wavelengths, which exceed, part~cle 

sizes, it is consideraqly less than in the case of ~itting the 

extended surface from the same material and at the same temperature. 
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Together with thermal radiation of body of ball lightning 

emission of atoms and .molecules in gas phase is possible. Excited 

atoms or molecules can be formed from the active material of ball 

lightning as a result of chemical reactions, .or be excited under the 

action of the high temperature, created in the zone of reaction. The 

second mechanism of emission is ~~re interesting than the first, since 

depending on the type of the radiating atoms or molecules it can give 

the different of color. 

Should be emphasized special features of this mechanism of , 
emission. First, since it occurs in atmospheric air, essen·tial proves 

to be the quenching of the radiating atoms and molecules during the 

• collis"ion with the molecules cf air. In the second place, energy 

release occurs due to the chemical reactions. Therefore the 

• 

temperature of the formable gas in the zone of reaction is bounded 

above and it hardly exceeds 3000 K. 

Let us further examine each of mechanisms of emission of ball 

lightning indicated in more detail. 

56.2. Emission of aerosol particles. 

Heated macroscopic particle of large (in comparison with 
• 

reference length of emitted light) sizes emits in accordance with 

optical properties of its surface. In particular, if this particle 
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consists of absolutely black material, the emitted by it,radiant h;Ux 

is equal to OT4 (here T - the s.urface temperature, 0 -
" 

Stefan-Boltzmann constant). Isolated atom or molecule - macros9~~F, 

particles - can emit the set of photons with the strictly assigned 

frequencies. 
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These spectral lines appear upon transfers between the specific ,states 

of macroscopic particle. It is obvious that the separate spectral 

lines in the spectrum of its emission will be widened in proportion to 

the association of molecules and formation of them of macroscopic 

particle and as a resul~ they will create the continuous spectrum, 

which with the large particle sizes will depend on the surface 

properties, but not from its sizes. Further we will examine the case 

of the intermediate sizes of such particle, when the wavelength of the 

emitted emission exceeds her sizes. 

Dependence of radiation spectrum on sizes of aerosol particles 

will be revealed in such a case, when their sizes are small ,in 

comparison with characteristic wavelength of emission. Then in the 

radiation spectrum of particle the long-wave part of the spectrum with 

the wavelengths, which considerably exceed particle size, will be 

absent. Let us determine radiation spectrum for the aerosol 

particles. 

equal to 

The total power of the emission of single par;icle is 

(6.1) 
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where a •• r~(w) - absorption cross-section by the particle of light at 

the frequency w. If absolutely black particle has large sizes, then 

the absorption cross-section, averaged in the directions of photons, 

does not depend on frequency and equally 

a.or~ = Sf 4, (6.2) 

here S - total surface area of particle. For the power of particle 

radiation this it gives 

In the general case the absorption cross-section of light with 

particle to equal [56J 

III 
GUOTJI (w) = 4n - 1m a (00), c 

where a - polarizability of particle. 
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(6.3) 

Let us further examine case, when one of particle sizes is small 

in comparison with wavelength of emission and dielectric constant of 

material of particle .(w) -1. Last condit~on gives, that the depth of 

penetrati~n of light considerably exceeds particle sizes, i.~., the 

field of electromagnetic wave within the particle does not depend on 

depth. This condition is used for writing of formula (6.3), in which 

is excluded the dependence of dielectric constant on the wave vector • 

• 
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For the polarizabilify of spherical particle in the case of [5~t ;~, '.' ','-; , ':. . ','; 

question we have 
£ (w) - 1 3 

(1 (Ill) = e (w) + :! roo (6.4) ... -:' 
".. .... 

Representing in (6.4) the dielectric constant in the form 

£(IIl)=£'(IIl)+;e" (Ill). for the absorption cross-section of light with 

the spherical particle of a small size we will obtain 

(6.5) 

where 

• 

If aerosol particle is chain aggregate/unit, i.e., it has 

filamentary structure, then, simulating by its cylinder with length of 

21 and by radius r. (moreover ~<tl), we have [56] for polarizability 

of particle: 

. 2 [t (Ill) - 1] 
a J. = rol £ (Ill) -+ t ' 

(6.6) 

where indices ~, II indicate perpe:".dicular and parallel directions of 

intensity of electromagnetic field with respect to axis of cylinder. 

Averaging over the directions for the absorption cross- section Qf 

absorption we will obtain the formula 

t wro ) 
allOr.1 = T S c / .. ,n.1 (Ill • 

(6.7) . 

where 
/11. ... , (Ill) = ! e" (Ill) {1 + It' (w) + 1)~ -:-1£' (~)!i ). 
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and S . 4nrJ - surface area of aerosol particle. 

AS is evident, formulas (6.5), (6.7) contain as factor low 

parameter wr./c - ratio of sizes of aerosol particle to wavelength of 

emission. 
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Due to this factor occurs cutting the contribution of long-wave 

radiation in the radiation spectrum of aerosol particle. For this 

reason the total flux of emission from the surface of the heated 

aerosol particle is noticeably less than flow from the surface of the 

massive particle of the same material. In this case the radiation 

spectrum of a small aerosol particle is displaced into the short-wave 

region in comparison with the radiation spectrum of massive particle. 

Considering that value f in formulas (6.5), (6.7) weakly depends 

on frequency, let us calculate total power of emission of aerosol. 

Substituting formulas (6.5), (6.7) in (6.1), we will obtairl for the 

power of radiation of the aerosol particle 

... 
A Trot r ~ d ( 1)-1 3,83Trot 
t' = 1C J X .r eX - = lc ' (6;8) ~ 

o 

where g;. = SoT' - radiated power from the surface of macroscoPic 

blackbody. Thus, the total power of emission depends on the 

" 



DOC = 89119408 

temperature of aerosol particle according to the law of 1", and ,in ~h§ 

region of the applicability of the obtained formula value ~ is low 

parameter (~<t:: 1). This formula can be continued, also, 'into the region 

of the sizable values of this parameter. For this purpose let us 

record it in the form 

here a - coefficient of 'the grayness of the material of aerosol 

particle. Expression recorded in this form gives correct passage to 

the limit (6.8) when ~ ¢: t. and when ~ ~ tit gives the radiated power 

from the surface of macroscopicbody,g>=g>.a. 

In order to obtain representation about quantitative effect of 

size of aerosol particles on power of their radiation, let us give 

results of calculating parameter p for carbon particles: Table 6.1 

depicts the optical parameters of carbon black [68] (refractive index 

it is equal to n+ic) and the calculated aecording to formulas (6.5) 
• 

and (6.7) values f(~) for the appropriate forms of aerosol. 

Let us pause at case of filamentary carbon aerosol, f~r it in 

region of wavelengths according to data of1rable 6.1 in question 

1 f _'I. 0'1 va ue .. M.1 - _.:1 ± ._. 
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Utilizing this value, we will obtain 

~~., = 12roli. .... (T), (6.10) 
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where "m .. (T) - wavelength, to which the maximum of blackbody 

radiation with temperature T corresponds, according to Wrens law we 

have i ..... .(T),l'=O,2HO K·cm. The obtained result shows that the high 

value of numerical factor in formula (6.10) decreases the effect of 

the specific character of the emission of aerosol particles. In the 

case in question cutting the long-wave part of the radiation spectrum 

is developed only with the sizes of the aerosol particles, when they 

are more than by an order of value of lower than the characteristic 

wavelength of the emitted photons. In the case of spherical aerosol 

particles we have 

~,,~::::: 3,7r.l"_(T), (6.11) 

i.e. ;.article size is developed more st'rongly. 

Let us calculate mean free path of photons, if once contains 

cylindrical aerosols in quantity x of grams of aerosols to 1 gram of 

air. The mean free path of photons is equal to 

here N - number of aerosols per unit of volume, Oa.r" - the absorption 

cross-section of separate aerosol. Let the filamentary aerosols in 

question have a radius r. and be dist;ributed in the space arbitrar~ly. 

Bearing in mind that the mean free path does not depend on the length 

of aerosols, we will consider that the length of each aerosol L. Then 

the mass 'of separa~e aerosol will be m = pnr:L (where p - mass 

density of the material of aerosol) • 

: 
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Table 6.1. Optical parameters of ,carbon black. 

0,4 1.80 0,74 1.06i 2,46 3,5 2,14 0,72 0,765 2,52 

0,74 1,005 2,47 4,0 2.18 0,74 0,758 2,61 
0,6 1,82 
0,8 1,86 0,70 0,934 2,35 4,5 2,23 0,77 0,751 2,74 

1,0 1,90 0,68 0,885 2,30 5,0 2,26 0,7; 0,734 2,76 

1,2 !,92 0,68 O,8il 2,31 5,5 2,28 0,75 0,708 2,70 

1,4 1,94 0,66 0,838 2,25 6,0 2,31 0,70 0,655 2,54 

1,6 l,ll6 0,67 0,834 2.29 6,5 2,39 0,71 0,622 2,62 

1,8 1,98 O,6S 0,831 2,32 7,0 2,34 0,72 0,654 2,63 

2,0 2,02 0,68 0,805 2,34 8,0 2,36 0,72 0.644 2,64 

2,5 2,08 0,72 0.803 2,49 9,0 2,34 0,82 0,723 2,98 

3,0 2.10 0,72 0.790 2,50 10 2,40 1,0 0.792 3,66 

Key: (1). JLm. 
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• 
Since regarding value x we have prX ='m.II,' (here p. 

of gas), hence we will obtain 
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In limit, when aerosol has large sizes in comparison with ( 

wavelength of photon X, we have ~ 
. . 1 C 

(JllOI'lI = T Sal C 
( 

where S = 2f[.roL - surface area of aerosol, a - its coefficient of ( 

grayness. In this extreme case we will obtain 
I 

2pro 
( 

1= p;za' (6.13) ( 

( 

It is natural that the result does not depend on the selected length ( 
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of cylindrical aerosol. 

In other limiting case, utilizing formulas (6.5), (6.7). ~or 

absorption cross-section, we obtain 

1=..L..L, ro<A t PrZ 11/ 

Uniting formulas so that they would be obtained from the general 

formula in the appropriate limiting cases, it is possible to record 

1= P (A 211/TO) 
nzPri + II • (6.14) 

For carbon black (f=2.5) this formula gives 

l = O,t3p (1.. + ~ ro). zPr II (6.15) 

It is evident that the dependence on a radius of aerosol particle is 

developed in the very small ratio of its radius to the wavelength of 

photon • 

Thus, relative to emissivity of small aerosol pa~ticles, preparea 

from dielectric opaque material, it is possible to make following 

conclusion. A strong difference in the radiant flux from the surface 

of these particles in comparison with the radiant flux from the 

surface of the massive particles of the same type and at the same 

temperature'can be observed only in the case, when particle sizes are 

very small in comparison with the wavelength of the emitted photons •. 
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Let us examine emission of metallic aerosol particles, which have 

other nature of interaction with electromagnetic wave. As a result of 

the fact that th~ conductivity of metal its high, dielectri~ constant 

for the electromagnetic waves is great, so that interaction occurs in 

the thin near-surface layer. We will consider that the depth of 

penetration of electromagnetic wave inside the metal - value, small in 

comparison with long wave. Then the electromagnetic wave incident to 

the surface of metal will be reflected from it with the probability, 

close to one, and the probability of its absorption will be small. 

Accordingly, the heated surface of metal will emit substantially less 

than the blackbody, heated to the same temperature. In this case the 

low parameter, which ensures this physical picture, is equal to 

a = V &. (6.16) 

where w - frequency of electromagnetic wave, u - conductivity of 

metal. In particular, for copper at the wavelength 1 11m a = 0,012, 

i.e. it is actually small. 

• 

For massive sample, whose sizes are great in c~parison with 

wavelength, emitted by surface of metal radiant flux at this frequency 

it is equal to [56] 

• • 
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where J~~i - radiant flux at this frequency, emitted by blackbody with \ 

the same surface temperature. Since the !undamental value has a 

relationship/ratio between the sizes of aerosol particle and the depth 
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of penetration, but not with wavelength, formula (6.17a) ~ubstantiallr 

will not change also in the case, when the sizes of aerosol particle 

are small in comparison with the wavelength of the emission (but they 

are great in comparison with the depth of penetration of 

electromagnetic wave). In particular, in the case of the spherical 

aerosol particle, whose radius is much wavelength (but more than than 

the depth of penetration) the radiant flux emitted by it is equal to 

[56J 

/ /
(0)' 

'" = '" lXX, (6.17b) 

but in the case of cylindrical aerosol particle [56] 
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Here .T~) - radiant flux of blackbody, calculated by the form~las, 

which relate to the massive sample. 

Obtained according to formulas (6.17) values of radiant fluxes 

are close for copper in region of wavelengths on the order of 1 ~. 

This to utilize a single expression for the emissivity of particles 

irrespectively of the shape of particles and the relationship/ratio 

between the size of particles and the wavelength of emission. 

On basis of formula (6.17) we have for emitted radIant flux 
riO) V-/ '" = 0,086 J ill AI/A, (6.18) 
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where A.=l pm. A - length of electromagnetic wave. 

Let us conduct now calculations for emitting losses of copper 

aerosol particles. It is significant that these losses are 

considerably less than in abs~lutely black aerosol particles. 

utilizing formula (6.1S) and performing the integration for the 

frequencies of the emitted photons, for the power of radiation of 

aerosol particle we will obtain 

rP = 0,181111//'0, (6.19j 

where rPo=SoT' (here S - surface area of aerosol particle) - the 

power, emitted by blackbody at the same temperature T and calculated 

by the formulas, when particle size is considerably greater thp 

• 

wavelength of photons, T.=lO· K. As is evident, formula (6.19) gives 

temperature dependence Ttl· for the emitted by particle radiated power. • 

Further, for example, with T,,1200 K we have rP=O,062Ei'o. the power of 

radi,~ion of copper particle is considerably less than particle with 

the .. _me by temperature and sizes, but having non-machined surface. 

USing formulas represented above, we analyze further following 

phenomenon. One of the versions of ball lightning is considered the 

glowing cluster, which is formed during the short circuit of massive 

copper wires (for example, tram) or upon the lightning strike in 

massive metallic conductors. This glowing cluster falls to the earth, 

it wheels along it, continuing for a while to glow. Such phenomena 

make a small contribution to the general statistics of the 

observations of ball lightning and on their manifestation they differ • 
" 
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from usual ball lightninJ, which reeves by air, but not on the ground. 
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Therefore it should be isolated such phenomena. It is most probable 

that after the blast of the copper conductor, that is accompanied bv 

the passage of the current through it and plasma resultant in t~1S 

case, occurs the formation of copper aerosol particles. During + ••• e 

association in the external field they acquire filamentary structure, 

and as a result of the· high density of material the density of 

filamentary aerosol particles also is sufficiently greatr therefore 

they are interwoven with each other, forming :ompact cluster. 
• • 

Separate filaments are not adhered in presence of uncompensated 

for charge in cluster, Le., clust~r supports its form. If the 

thickness of separate filaments in the cluster is more than than 10 

um, then it falls to the earth. Cooling this cluster is caused by 

both the convective heat exchange of air and by emission of filaments. 

Further during the estimate of the cooling time of this system we will 

be restricted to heat losses caused by the emission. 

Taking into account only emitting losses, let us rewrite equation 

of heat balance for twine guide of radius r, in the form 

dT 2 
cpr -= - - /(1)1 dt TO· 

where Cp - heat capacity of conductor, p - its mass density, j(r) -

radiant flux, emitted by surface of conductor. Since j(1)- 1'/2, the 
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solution of this equation can be represented in the form 

( To)?I. 7' 
T = t + T i"1 ". = o 

here T. - temperature at the initial moment of time. The parameter r. 

characterizes the characteristic cooling time of conductor: this time 

is proportional to a radius of separate filaments. T(1)le 6.2 

depicts the values of this parameter for r.-10 ~m. At the same time 

1Fable 6.2 gives the values of probability w of the fact that the 

opti'cal photon with a wavelength of A<O. 75 ~m is emitted at this 

temperature. 

Values represented in-table 6.2 relate to optically rarefie~ 

cluster of aerosols. with the disturbance of this condition the 

radiation losses decrease. Furthermore, chemical processes on the 
l : 

surface of filaments can change the character of heat withdrawal and 

it is essential to Increase tha radiated power in the optical region 

of the spectrum. 
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And finally convective hea withdrawal accelerates cooling conductor. 

The disregarded factors attest to the fact that obtained data can be 

used only as the estimate. As it follows from~able 6.2, the glow of 

the cluster of filamentary ae·~sols in question is possible in the 

period of the order of second. This confirms the possibility of the 

phenomenon in question. • 
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On the basis of filamentary structure of ball lightn~ng (or 

structure of fractal cluster> let us make estimate, which relates to 

parameters of body of ball lightning. For the effective radiation 

yield, created within ball lightning, it is necessary that the optical 

thickness of body would be limited. We will obtain this estimate. 

Presenting body in the fo~ of the set of the single particles of 

radius r o , we have, that the optical thickness of the layer 7' of size 

I is equal to t=lI(l'l·o). Here N - particle density, (I - scattering 

cross section on the single particle, so that (No)-' - mean free path 

of photon. Accc~ding to formula (6.5) (I-r o ', and the particle density 

can be found from the relationship/ratio 

r -- 4 3V h rp-- 3"" ;troll- ., were pop-

density of body. Hence it 

, 

average density of body, p - material 

follows that the optical thickness of body 

does not depend on a radius of the entering it particles-and can be 

recorded in the form of iormuLa 't = t(.p<pl, where 7' 0 is the 

characteristic only of t.;.e material of body. The condition presented 

requires, in order to 7'$1. Since for the body of ball lightning 1-10 

em, Pcp-W-' g·cm-·, the this condition gives for th£ material of 

body vGlue t.«100 cm·'g-'. In parti~u1ar, for the aerogel of 

silicon dioxide we have [121J 7'0-10 cm··g>' • 
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Table 6.? 

radiation of metallic filaments. 

r, K 
r. ' ..• 
a) (IJD.:t~ 
lI:1R /40::111 I ",..,rn 

to 

1200 2,80 1,30 1,6·10-' 
1400 - 0,;4 9,1.10-' 
1600 - 0.46 3,2·10--
1800 - 0,31 ;,9.10-3 

Key: (1). s. (2). for copper. (3). for iron. 
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56.3. Chemiluminescence in excited air. 
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As it follows from carried out analysis, glow of heated surface ~, . ( 

cannot explain entirE diversity of colors, observed in ball ligbtning. 

Separate of color can. be connected with the specific emitting 

transitions/junctions of atoms or molecules, which are excited during 

the chemical processes. Very fact of the excitation of the specific 

electronic states of atoms or molecules is supplementary energy 

process in the system and does not affect its power engineering in. 
However, since this process determines the glow of system, it should 

be analyzed in more detail. 

Let us examine first chemiluminescence, i.e., process, in whiCh. 

chemical energy of gas components is converted into energy of glow of 

excited molecules or atoms. In this paragraph we ana.lyze the 
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effectiveness of the system, thich contains ozone and nitrogen oxid~. 

This system is of interest for a number of reasons. First, ozone and 

nitrogen oxides are present in excited air. In the second place, this 

is example of one of the most effective processes of chemiluminescence 

in air. In the third, which is also important, the parameters of 

elementary processes taking p~ace in this case are relatively well 

known (Table 6.3), which makes it possible to carry out reliable 

analysis. 

In example in question radiating molecules NO, are formed in the 

presence of reaction NO with molecules of ozone. Then molecules NO, 

have the capability agai~ to become molecules NO during the 

appropriate process. Thus, we have the chain/catenary process, in 

which the molecules of ozone are expended and their chemical energy 

partially is converted into the photon energy, which appear with the 

luminescence of the excited molecules NO.. This is in practice only 

chain/catenary process with the participation of ozone, where appears 

emission in the optical region of the spectrum. Further our problem 

consists of the estimate of the conversion factor of chemical energy 

of ozone into the energy of optical photons. Since fundamental into 

the energy of optical photons. Since the basic goal - to obtain 

representation about the character of the phenomenon being 

investigated, analysis will carried out only for room temperature of 

mixtu-re. Table 6.3 gives essential for our analysis parameters of 

fundamental processes, which correspond to room temperature. 
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Taking into account the qualitative character of analysis", we do ~pt . ' 

give all works, in which these parameters were measured, but we' g:!ye., .•.. 

characteristic. The parameters-(able 

basis of the conducted analysis. 

6.3 will be assumed as the> 

Probabil i ty of convert ing chemical energy, i. e., probabil ity that 

resolution of one molecule of ozone will lead to onset 'of optical 

photon, it is composed of three factors: 

lL' = xyz., (6.20)" 

here x - probability that ~olecule of ozone will be destroyed in . 
reaction with molecule NO; y - probability that as a result of this 

reaction it is formed excited molecule NO,; z - probability that decay 

• of excited molecule NO, will be accompanied by emission of photon • 
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Table 6.3. Rate constants of processes with thermal ener?y in the 

mixture, which contains nitrogen oxides and ozone. 
..... 

r r ( .. ) 
~~ (II) KORC?8BTa ClIO- naTPpny-

"I! 
npout'CC PCCTD4). C118.g -I pa 

~= 

t NO + Os - NO, + O2 t,9.tO-1t [69-il) 

2 NO + Os - NO t (2B:1 + O2 to-I! [69. iO. 
n) 

il' li3) 3 N02(2B21- ~Oi'AI) -+ lw TI = 3·tO- ~ 

(i. = 0,52+0,81 )l1i\1) T2 = 28·10-·c; 
If} Ta = i5.10-·c\i) 

4 NO! + Os - XOs + Oz 3,2.10-17 1119. iO. 
i4) 

5 1'\0 -+ X03 ..... 2:-\01 
1,9.10-11 li5) 

6 NOs + NOt - NOz -!- NO -+ 0. 4,0.10-1• (i5) 
(8) 

i 2:'\0 -+ 0: - 2:-\0. 2·10-38C~I··C-l (i6) 

8 2:-\03 - 2:'\02 -i- 0 , 2.3.10-' (i5) 

9 :-\O! -+ XOs ~ ;-';lO~ A p.bH = (is) 
= 4,3·1010 Cl,-3 

10 :\O.(2B2) + x2 ... XOz(:A I) -+ N. kt= [ii, i8) 
= l,2·10-u c)J' 

• 
Key: (a). No of process. (b). Process. (c). Rate constant, 

cm>·s·'. (d). Literature. (e). s. (f). pm. (g). em··s·'. 

FOOTNOTE '). When is given another parameter of the rate of the 

process in question, its dimensionality is indicated. ENDFOOTNOTE. 
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Let us note that with the luminescence of the excited molecule NO. 

appears the emission with the wavelength in the band 0.52-0.81 pm • 
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Although the tail of this band enters the infrared region, we will 

conditionally consider the appearing photon optical. Further we 

analyze each of the factors of formula (5.20). 

As it follows from totality of processes, represented in"lable 

6.3, molecules of ozone perish in reactions with NO and NO,. 

Probability that this molecule is broken down in the reaction with 

molecule NO, is equal to 

where the indices in the reaction rate constants correspond to the 

number of process in 1!"able 6.3. Let us record' the equation of 

balance at the density of molecules NO: 

d ~~O) = _ k1 [NO] [0,]- k. [NO] (l~O,l + 
+ k. [NO,I [~Osl· . 

" 

In this case we disregarded process of 7, which for the phe~omenon in 

question does not play role. It follows from the quasi-stEady-state 

of process that d (NO] = 0, 
dt 

Substituting this' relationship/ratio into the expression for x and 

using the specific values of the rate constants of processes in 

accordance with the data of~able 6.3, we will obtain 
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Probability that reaction of molecule of ozone with molecule NO 

will lead to formation of electronically excited molecule NO.(·B.) 

with thermal energy of collision composes approximately 7%. 

Page 135. 

... 

Let us note that the reaction of oscillatorily excited ozone 0, (001) • • 

with probability 8% leads to the formatibn of electronically excited 

molecule NO. [79], i.e., the quantum yield of the excited molecule NO. 

in the presence of reaction NO and O. in principle does not depend on 

oscillatory molecular excitation of ozone. Thus, accepting y=8%, we 

have "y<lO". 

Question about accuracy of value of probability of quenching of 

excited molecule NO. during collision with molecule of nitrogen, which 

is given in~ble 6.3, remains open. Relating to this numeral as to 

the correct estimate and considering that the quenching of excitation 

NO. in air occurs due to nitrogen, for the probability of emitting 

this molecule, we wi~lobtain the value 

z =4 ·10-', 
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As is evident, quenching leads to most essential losses in 

emission. It is not difficult to understand this result - the til 
emitting lifetime of the excited molecule NO. is relatively great and 

according to 1-'ables 6.3 comprises 3'10'5 and 7.5.10. 1 (decay time of 

quantum caused by the lifetimes of the excited molecule 'T, and'T.)-. 

At the atmospheric pressure the characteristic time of the "damping" 

collisions with the molecules of air is much less. This determines so 

Iowa value of the probability of fluorescence for the excited 

molecule.- Apparently, this is general law - the probability of 

luminescence for any long-lived excited molecule is small at the 

atmospheric pressure. 

Combining obtained numerals, for probability of transformation of 

molecule of ozone into quantum of radiation of excited molecule NO. we 

obtain 
U' < 4 -10-8

• 

The smallness of this value is explained by the smallness of all 

composite/compound factors. Most essential among them - quenching in 

the collisions in atmospheric air. 

Carried out analysis convinces us, that probability of 

transformation of chemical energy into energy of glow in atmospheric 

air in the presence of chemical reaction is very small and this 

smallness first of all relates to long-lived states. Taking into 

account that the example examined is one of tae most effective cases 

of chemionization in excited air, on the basis of the carried out 
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analysis we must forego the chemiluminescence as the proce~~, whi~~ 

leads to the emission in ball lightning, and search for oth~r 
• ''I' 

mechanisms of its creation. 

• 

. -- -~ 
'. ~ 

. . 

" ,. 
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56.4. Emission of the excited atomic particles in hot air. 

Obtained result, connected with high probability of quenching of 

molecule in atmospheric air, makes it possible to glance at this 

problem in another way. If the probability of the quenching of the 

excited molecule or atom is close to one, then in the gas equilibrium 

(Boltzmann) distribution for the excited particles is established. 

This means that the number of such particles does not depend on the 
, 

method of their creation', but it is determined by the local 

temperature of gas. 

• 
It is checked validity of this confirmation for short-lived 

excited states of atomic particles. Let us calculate the probability 

of luminescence of the resonance excited atoms of sodium and 

potassium, which possess short emitting lifetime. Table 6.4 gives the 

rate constants of quenching for the resonance excited atoms of sodium 

and potassium the molecules of nitrogen and oxygen in the region 

400-2200 K [32, 80]. In th~ experimentally investigated temperature 

range these values in limits of accuracy of experiment and coincidence 

of the results of different measurements virtually do not depend on 

temperature. 

For probability of luminescence of excited atom taking into 
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account obtained expressions we have 

(6.21J 

where k(N,) and k(O,) - rate constants of quenching during collision 

with molecule of nitrogen and oxygen respectively, T - emitting . 

lifetime, [N,] and [0,1 - molecule densities of nitrogen and oxygen. 
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Table 6.4. The resonance excitation of the atoms of sodi~ and 

potassium by the molecules of nitrogen and oxygen. 

ell 
(J) -

Boa6T"'JltHRblP (l) ~. 10-10 c .. ~·c-l 
eTOl\! ~. He 

N. I (I, 

Na(32P) 16 7,O±1,5 12±1 

K(42P) 25 5,O±1,4 14±3 

Key; (1). Excited atom. (2), ns. (3), .. , cm"s", 
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.' . 

, 

Utilizing this formula and data of1(able 6.4, for the probability. of 
I ._, 

~ 

the luminescence of the resonance excited atom of sodium and potassium 

in. atmospheric air at a temperature of 2000 K we will obtain 

:(Na) -= 0,02, z(K) c= 0,01, 

Le. in this case the probability of the luminescence of photon z« 1. 

/ As is evident, in examples of resonance excited atoms of sodium 

and potassium examined probability of luminescence of excited atoms in 

atmospheric air is small 0), 

FOOTNOTE '). Let us note that the difference between the quenching in 

the examples with NO. and in the case of the atoms of sodium and 

potassium is caused by the different emitting lifetimes, which differ 

to more than three orders. As far as the very process of quenching is 

concerned, the rate constant of the quenching of the excit~d molecule 
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NO, according to data of1able 6.3 is (2-4) '10- 11 cm'·S·', which by 

an order is lower than the rate constants of the quenching of the 

atoms of sodium and potassium (see Table 6.4). ENDFOOTNOTE. 

Therefore one should refuse from the selective methods of designing of 

excited states. From the obtained result it follows, for example, 

that if in atmospheric air at a temperature of 300 .K, into which is 

introduced the admixture/impurity of sodium, sodium atoms are 

converted into the resonance excited state, then the probability of 

the transformation of this excitation into the emission composes 0.3%. 

Remaining excitation will be extinguished as a' result of collision .. e 

molecules of air and will leave into the heat. 

Conclusion about p~esence of t~ermodynamic equilibrium for , . 
excited atoms or molecules in equilibrium air makes it possible to 

restrict number of atoms and molecules, which can create emissfon of 

ball lightning. Actually, the radiating excited states of atoms and 

molecules must satisfy the following conditions. First, this must be 

the short-lived excited states, since the less the emitting lifetime. 

the higher the intensity of the emission of molecules. In the second 

place, these excited states must be the lower excited states of atoms 

or molecules, since their number is determined by the local 

temperature of Dir, which approximately by an order lower than 

excitation energy of lower states. And, third, the photons, emitteQ 

with the luminescence of the excited states in question, must answer 

the optical part of the spectrum. 

. 

. -.---,;-0 

.. 
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Limited numl:?er of excited atoms and molecules satisfies Bill these 

conditions. They all are given on the diagram, represented inf..ig.,. 

6.1, where all possible versions aloe given as the radiating atollis 'and 

the molecules in ball lightning. 

Examined mechanism of creation of emission in equiHbrium 

atmospheric air with high local temperature is analogous to process of 

glow of flame (into which is introduced additive) or to emission of 

illumination means in pyrotechnics. Therefore from the point of view 

of the glow of ball lightning it is interesting to analyze the 
• 

illuminating compositions, where optimum conditions for the 

transformation of chemical energy into the radiant energy are reached. 

Let us examine composition of yellow light. This composition 

includes following chemical constituents [81]: Mg - 30%: KNO. - 37%: 

Na.C.O. - 30%: resin - 3%. 
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""HKM 

D,7S 

®SrI 
Lt(lp).6)®SrBr 

Srflil SrC1 
®C41 

®®Ca6r 
®CaF CclCL 

lIa(S2p). 

Ba(S'P) 
• ®Ra! 

nl72S) ®:%~ct 
®BaF 

SaO (b) 
Ii) 

CH(B2I)® 

Jo 100 shu too 500 f', "{II 
Fig. 6.1. Diagram: wavelength - emitting lifetime for 

transitions/junctions into gr?und state for short-lived excited states 

of atCm5 and molecules, which radiate in optical region of the 

spectrum. The position of transition between the fundamental 

vibrational states of electron transitions is indicated for the 

molecules. 

Key: (l). jim. (2). Red. (3). Orange. (4). Yellow. (5). 

Green. (6). Azure. (7). Violet. (8). ns. 
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The specific energy reserve of this composition of 6 '3irdg- 1 , maximum 

.' . 
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combustion temperature 2500-3000 K, and'luminous efficiency 8 lm·W·', 

therefore, conversion factor. of chemical energy into the energy of' •... 

glow by yellow are equal to approximately 1. 5%. In this case t.he 9:1.9w 

is created by the excited atoms of sodium and by hot specks. 

56.5. Propagation of the wave of glow. 

Let us connect of processes, which lead to glow of ball 

lightning. As a result of chemical processes the hot zones, which 

create emission, appear. If we consider that the active material of 

ball lightning has fractal structure, then the wave of chemical 

reaction is propagated along the separate branches of cluster. The 

expanding reaction products create the hot glowing zone; in this case 

the color of ball lightning is determined by the emission of 

admixtures/impurities, which are located in the hot zone. 

In order to obtain locked physical picture of process of glow, it 

is necessary to estimate parameters of processes, which determine 

glow, and to compare them with observed parameters. This analysis 

will give to us more detailed information about the system being 

investigated. 

It is obvious that hot region cools due to thermal conductivity -

the less size of ~ot region, the greater gradients of temperatures and 

the rather cooling occurs. Since the emitting losses of hot region 

strongl; do not depend on its sizes, it becomes clear that the less 

-" . •. "_...c!.. 

• 

• 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

Ii 
IE 
~ 
e' 
( 

( 

( 

( 

( 

'­• ( 

L 
Ci 
~ 
tm 
c 

I. 

( 

{ 

l 
( 

( , 
'. 

( 

I. 



\ 

C 
c 
C 
r 
c 
c 
c 
c 
( 
( 

( 

c 
c 
• 
~ .. 
~ 
c 
c 
( 

c 
( 

'­• C 
L 
II 
II 

• 

• • 
I 

• 

• 

DOC = 89119409 PAGEJ,3/ w 

the size of hot region, the lower the luminous efficiency of process -

relation of the power of radiation and total power, isolated in the 

presence of the chemical reaction. The luminous efficiency of process 

is connected thus with the sizes of the glowing region. But since the 

values of the luminous efficiency of ball lightning are known from 

observational data, it is possible to obtain information about the 

sizes of hot regions in ball lightning. 

Let us conduct estimates for model mixture - hot air with 

additive of sodium. This mixture simulates the emission of ball 

lightning of yellow. Sodium as one of the propagated elements in 

nature performs the role of the radiating additive, moreover in ball 

lightning it glows in the mixture with the reaction products of active 

material, but.not air as in case examined here • 
• 
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The absorption coefficient for the resonan(:'e radiation of sodium in 

the center of line is equal. to [82] 

(6.22) 

where g. and g. - statistical weights of the excited and ground 

states, 1 - the wavelength of transition/junction, [X] - the density 

of atoms ~r molecules of the corresponding component, k\m(X) - rate 

constant for the broadening of the resonance line of sodium due to the 

collision with the molecules X. Accordingly k".(N2)==3.6.10-· 

em' -s·'. Considering that the rate constantf. of the line broadening 



-------------- -- _. 

DOC = 89119409 PAGE~3,~' 

of sodium due to the different components are located in the same 

relationship/ratio, that also the rate constant of quenching, we 

obtain k'D1(O.) =6,t X 10-0 em"s<l, Hence we find for the coeffl'cients 
~ " .. 

of absorption of resonance lines (in cm<l) in the center of the line 

k.(32S"1 - 3I P'/2)= 8,5 ·10' e~1 (6.23) 

Key: (1) , s, 

here c - sodium concentration, i.e., the ratio of the number ot sodium 

atoms to the number of molecules of air. 

On ba~is v. obtained values let us make following estimate, which 

will make it possible to obtain representation about parameters of 

glowing region of ball lightning. ~et the glowing r~gion occupy layer 

near the sphere with the radius, equal to a radius of average ball 

lightning (14 em), and give the same luminous density, as average ball 

lightning (1400 1m). Lei: us explain, what concentrations of sodium c 
• 

and thickness of radiation layer I at an assigned temperature T of 

layer are capable of ensuring the glow of average ball lightning of 

the yellow (radiant flux it is 10-' w·em-·), For the radiant fl~ in 

each resonance line of sodium from the side of radiation layer [31] we 

have 

1= (6.24) 

where [Na*] - density of excited atoms, which is connected with 

Boltzmann's formula with atom density in the ground state, hw - energy 
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of the emitted quantum, 1 - emitting lifetime of excited state • 

According to formulas (6.23), (6.24) j-(IC)~. 
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Fig. 6.2 depicts the values of parameter Ic in the dependence on the 

temperature of radiation layer. It follows from the figure that for 

the reasonable concentrations of sodium (c~lO··) the value of the 

thickness of radiation layer relatively little precisely in the 

temperature range (T~2000 K) examined. At lower temperatures this 

value becomes sizable, and this means that in the real case, when 

instead of radiation layer is a set of regions with the locally high 
• . temperature, it is difficult to ensure the observed luminous density 

of system. 

Let us conduct one additional estimate, which will make it 

possible to estimate size of elementary region of ball lightning with 

high temperature. We will consider that in a certain small element of 

volume occurred the chemical reaction, which led to the formation of 

bubble with the high temperature. This bubble cotltains reaction 

products with the admixture/impurity of sodium and cools due to the 

thermal conductivity, transmitting its energy to surrounding air. 

Considering that bubble - sphere with a radius of r, let us find its 

luminous efficiency - the ratio of the radiated power on the atomic 

lines of sodium to the dissipated power of energy due to the thenaal 

conductivity 1) • 
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FOOTNOTE 1). It is assumed that beyond the limits of .buI:!ble ~Odi~tD.n:~~,:, •. ' -; ( 

.' , 

located in the bound state and therefore does not absorb resonat:ic~:, ,. .;.,. " ( 
::~ , 

~ ( 
--.:~ radiation. ENDFOOTNOTE. 

Heat flux from bubble is equal to. 

• dT .",T 
lT~n.l = - x Tr = (et + 1) r' 

(6.25) 

where K - coefficient of thermal conductivity of surrounding air 

((X = ~::;). T - temperature of bubble. 
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Dependence of paramete~ ~(~) in the case, when radius of 

sphere and emitted by it luminous flux coincide with average 

charqcteristics of ~all lightning. 
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' .. 

Let us note that convective heat transfer is absent for r< 1 em. The 

luminous flux for each of the atomic lines of sodium is equal to [31] 

(6.26) 

(here designation those as in formula (6.24». This expression is 

correct for the closed emission in the center of line rk.~1. Hence 

for the luminous efficiency we find 

n = i1l3~ =- yeT) raftellt. 
inul! (6.27) 

Dependence ~(T) is represented in Fig. 6.3 • 
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Radiating hot region of gas is formed as a result of chemical 

reaction, which occurs in zone of contact of reacting particles. With 

is this more probable that the hot region takes the form of the jet, 

which contains the heated reaction products with the 

admixture/impurity of the radiating ato~~. Taking into account this, 

let us conduct calculations for the luminous efficiency of heated tube 

domain. In this case in formula (6.26) for the radiant flux should be 

replaced numerical coefficient of 0.32 by 0.39, and formula (6.25) for 

the heat flux from the cylindrical heated region will take the form 

. _ Tx (1) (6 ?8) • 
lron., - ('% + 1) r In (lir)' '-

• 

Here'designation - the same as in formula (6.26), 1 - length of the 

heated cylinder. In the subsequent calculations for the certainty,we ... 

will set l = 50, i. e., In (lIr) = 4. 

For luminous efficiency we will obtain formula 
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T.lIlK 

Fig. 6.3. Dependence of parameter 'Y in formula (6.27) and parameter A 

in formula (6.29) on temperature T of hot region at its afsigned 

geometry. 
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Comparing formulas (6.27) and (6.29), and also expression for the 

thermal and luminous fluxes in the spherical and cylindrical cases, we 

find that 
A (1.39 1 I 5 -- -~ --(1"? n ,...,. 
,~ t·.].... r 

It is natural that in the cylindrical case the higher luminous· 

efficiency is provided. 

For estimate of size of glowing region it is necessary to know, 

. ~ .. ' 
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for what concentrations of glowing admixture/impurity it .is poss~~le 

actually to design. For this purpose let us give the values .of· the 

abundance of fundamental elements in the surface layer of the e!irth.i·s 

crust. 

o Si Al Fe Na K Ca Mg TI Ba Mn Sr 
480 810 85 85 28 27 25 14 3,6 0,7 0,8 0,35 

Key: (1). Element. (2). Content, mg·g- 1
• 

Being based on these data, it is possible to consider that for 

sodium c-10-', and since for average ball lightning of yellow q-10-', 

we obtain, that in temperature range in question size of hot zone 

comprises fractions of millimeter. Let us note that the size of hot 

region exceeds the characteristic distance between the adjacent 

branches of cluster 1). 

FOOTNOTE '). The distance between the adjacent branches of cluster in 

order of magnitude comprises I"" VP/PT
O

' where p - material density of 

cluster p - its average density in the space. Since 1-100 r., ant 

ro "" (0,1 +;: Jim, we have 1_ (10 + 100) Jtm. ENDFOOTNOTE. 

On basis of totality of carried out estimates let us construct 

model of active material of ball lightning. This is - the cluster, 

which incluoes the solid particles of both the fuel, and the oxidizer. 

If we consider tbat specific energy reserve in it by the s~e as in 

the illuminating composition (6 kl'g- l
), we will obtain that power 

engineering of average ball lightning is provided by 3 9 of active' 
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. .. . ' 

material. The average mass density of active material in ave;,a9~' ball. 

lightning (radius of 14. cm) composes order 3'10-' g·cm-·, 

content of act~ve material in air (0.2-0.3) g.g-1. 

i. e . ., 

Glow of cluster occurs as follows. At a certain moment of time 

the active material enters into the chemical reaction, which affects 

the separate zones of cluster with the sizes of the order of fraction 

of millimeter and occurs sufficiently rapidly. The formable hot jets, 

which include reaction products together with the glowing 

admixtures/impurities, possess the temperature in the interval of 

2000-3000 K. 

• 
Page 144. 

Higher .temperatures cannot arise as a result of chemi.cal l' .... ::esses, 

lower will not ensure the observed glow of system. ·Th~· 'low of the 

heated jets determines the emission of ball lightning • 

Let us examine character of propagation of wave of chemical 

reaction and wave of glow in active material of ball lightning. 

Phenomenologically these processes can be presented as follows. A 

certain induction period precedes chemical reaction with large 

heat-liberation value. After inflammation at the fixed point the wave 

of combustion is propagated along the active material along the 

appropriate filaments. Simultaneously reaction occurs at many poi~ts 

of the body of ball lightning. In view of the high temperature Qf 

reaction products the chemical process is accompanied by glow, and 
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since simultaneously it occurs in 

( 

( 

( 

( 
lightning, this causes the ill',:>ression of the gl~~ ~~~l7S ,~!l~:f!~~~~tf~'.";'~1 ( 
After reaching the fixed point of body, reaction'clin ~.>M:§C9~ri,'iiE,!~·::·c"~~li (" 

::"::.:: ::,~~ u'" .. it. oth., ",in" . .hi. or.Jw~~~,",tf'3~~ ~ 
c, "<'~ (' 

Let us fulfill numerical estimates, simulating active material 

with filamentary structure. Let a radius of filament r., substance 

density in it p. The reaction products are expanded after reaction, 

occupying tube domain of radius R., the density of reaction products 

p.. Since the pressure of reaction products counterbalances air 

pressure, we have 

. ;' 

Considering that a density of reaction products of the order of air 

density at temperature (2000-3000) .K, we have R./r .... 100. 

Wave of combustion, wh,ich appears in the presence of. reacticm ,oF 

active material, is propagated in essence in g~s ,phase' due to 

expansion of reaction products, but wave propagation velc;>cityof 
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propagation velocity of combustion on the. s.oHd. Then the wave 

propagation velocity of reactioncalong. the fi~~ent compris~s. 
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Simulating active material of ball lightning we examine by' 

illuminating composition, we will use fact that wave propagation 

velocity of combustion comprises order 1 cm·s· l [81]. The wave 

propagation velocity of chemical reaction and wave of glow 'in the case 

in question will be v~lOO cm·s· ' • 

As a result of propagation of wave of chemical reaction along 

filament of active material heated gas cylinder (it can contain inside 

and solid particles) appears. This cylinder 1) glows due to the high 
• 

temperature and cools under the action of the thermal conductivity of 

gas. 

FOOTNOTE "), In reality these are not cylinder, but the cone, which 

decomposes at the wide end. ENDFOOTNOTE. 

The reference length of the cylinder 

l- Vt, 

where T - cooling time: 

here j - heat flux, determined by formula (6.28). 

Utilizing parameters of illunlinating composition (specific energy 
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reserve Q=6 kf·g··, density of active material p=2 g··CIII"'>, !it 

and T=3000 K we have T-IO'·.s, in this case T-r.·. 

parameters R.-O.Ol cm, 1-0.1 cm. - '::'" .' 

-,- .. " 

Let us determine under given conditions number of simuluneQusly . 

( 

( 

( 

( 

( 

( 

r 
( 

( 

glowing regions in average ball lightning. The total power of heat ., ( 

release in it on the order of 2 kW, whereas the combustion of separate 
t . 0 I. filament leads to the power of heat release p"" Qrnrov,.., ,0", W. The 

relation of these values gives the average number of glowing regions: 

n-5·10'. In this case each glowing cylinder has a surface area 

s=2~r.l-6.10-·· cm', Le., the total area of glow S-300 em', which 

is approximately b1 an order less than the surface area average ball 

lightning: S = 4.-"lR~ ~ 2500 em'. This means that the emission of each 

region freely departs beyond the limits of sys'tem, without falling 

into other glowing regions, i.e., not the surface, but volumetric 

emission of ball lightning occurs. 

Let us conduct one additional estimate in order to understand,. 

what role in emission of glowing regions they tan play located there 

aerosol particles. 
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We will consider that the size of aerosol particles as small (r. <: f 

~m), and we will use formula (6.8) for the power of rad~ation of 

single aerosol particle. We Will obtain that the total power of the 

emission of aerosol particles, which are located in the hot region, 'is 
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proportional to the total space, occupied by ae~sol particles., and" 

does not depend on their according to the sizes. In particular, ·~fter 

using data of -(able 6.1 for t.he specks of carbon Dlack (fc .... O,9±O,t')- . 

and considering that their content in hot regions on the order citb .• 1 

9 on 1 g of air, we obtain, that during the temperature of the hot 

regj~ns T=2500 K and estimates for their paramet~rs obtained earlier 

the t.otal power of emission due to the aerosol particles will comprise 

order 200 W, which is approximately by an order lower than the total 

scattered power of ball lightning. In this case in the optical part 

of the spectrum is emitted by approximately 8 W, and the luminous flux 

of this source of light - order 2000 1m, i.e., the order of the 

lum~nous flux, emitted by average ball lightning.' 
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--~ Chapter 7. 

PHENOMENA OF NATURE, ALLIED TO BALL LIGHTNING. 

57.1. The electrical machine of the Earth's atmosphere. 

Analysis carried out above convinces us, that ball lightning is 

complicated phenomenon of nature, whose understanding requires 

multiplan investigations_ Comprehensive inve~tigations are necessary . .. 
for the study and other phenomena of nature. Special interest from 

the point of view of ball lightning for us present electrical and 

other phenompna in the atmosphere, including lightning and St. Elmo's ... 

fire, waters-spout, the volcanic eruptions, aurorae polares. 

Interest in these phenomena is caused by fClllowing reasons. 

First, these phenomena on some their !IIanifestat~ons remind of .ball 

lightning. For exaJriple, aurora pol~ris, as ball.li.gl!tnJing, is 

accompanied by glow, and St. Elmo's fire ~r~ent~y are accepted as 
, ' 

ball lightning. I'n the :second place, the part of these "phenomena .is 

frequently accompanie4 by the appear~nce o~ ball lightning_ ThuS';, 
" . 

with the volcanic eruptions and during the p~opaga~jon of ~ater~~pout 

sometimes are Clbserved ball Hghtnings.Ahd;' ~hi:rdly, is'a ,pui~l¥ 
systematic interet'. in thesephenQlllena, whic.; 'are ·~bar.:acter~~ed l!Y.o;!:pe 

spontaneous character ·of the ~Ilset. 'IIi·each case ''tile phen~melionof' 
,.' 
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nature in question is the totality of natural processes, ,also ,in' each 

case the possibility 0; its description and, consequently, aiso 

forecast, dE~nds on the degree of its experimental investigation. 

The comprehension of the results of measurements makes it possible to 

construct the theoretical models, which describe the phenomena in 

question, the elaboration of this description depending on the 

possibilities of experiment itself. 

Page 145. 

Difficulties of experimental investigation of phenomena in 

question are caused by spontaneous character of their onset. 

Therefore problem substantially is simplified, if there is a 
• . 

possibility of the laboratory simulation of phenomenon itself or its 

separate sides. With this possibility laboratory investigati9n3 make 

it possible to obtain responses to the presented quest!ons and thus to 

conduct detailed research of phenomenon in that degree, to which 

laboratory model answers natural. Certainly, the depth of 
• 

unoerstanding phenomenon in this case depends on the perfection of 

utilized experimental techniques, and on the existing representations 

about those taking place in this case processes. The detailed 

investigation of phenomenon substantially hina~rs in the absence of 

the laboratory model of entire phenomenon or its separate sides. 

Among atmospheric phenomena, allied to ball !ightning, should be 

fir~t of all isolated electrical phenomena in the atmosphere. The 

onset of ball lightning is obliged to electrical processes in tbe 
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atmosph~re and their detailed understanding would contribute to the 

explanation cf the character of the birth of ball lightning, 

Electrical phenomena in the atmosphere are diverse, Let us furt;~e.r 

examine only part of them - the overall diagram of the work of the 

electrical machine of the Earth, and also thunderstorm electricity and 

St. Elmo's fire. 

Our Earth is continuously charged negatively, so that its 

potential as electrified body comprises [85, 129] about 300 kV and 

current, which is 1400-1800 A, continuously leaks off to it. This , 

process of the continuo~ recharging of the Earth is determined by 
• thunderstorm processes in the atmosphere. Assuming that the 

average/mean charge, transferred by separate lightning, is equal to 25 

C, [85, 130, 134], we will obtain that for the realization of the 
1 

observed current of recharging it is necessary that into the Earth 

would second-by-second strike approximately 60 lightning bolts, and 

every day - approximately 5 mln. In this case should be noted a small 

energy state of the process of the recharging of the Earth. 

Considering that the average/mean electric potential of cloud is 30. 

MV, we find that the charging of the Earth answers the =lectrical 

power of order 5-10' kW. Since the electric potential of the Earth is 

300 tv, the process of discharging the Earth due to the current, 

transferred by atmospheric ions, is 5'10' kW. 

Page 149. 

For the comparison let us point out tnat the average. power, consumed 
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by man, exceeds 1·10" kW, the power of the solar· radiation, which 

falls in the atmosphere of the Earth, is 1.7·10" kW, and the power of 

infrared radiation, emitted by the Earth's atmosphere into both sides! 

is equal to 2.7'10" to kW. As is evident, the capacity of the 

electrical machine of the Earth substantially less than the power of 

other natural pr~cesses is compared with the power of contemporary 

atomic power plants. 

As is evident, understanding fundamental processes, which lead to 

formation of charged particles in the atmosphere and realization of 

recharging of Earth [131], is the main question in investigation of 

work of electrical machine of Earth. 1t is considered acknowledged . , . 
that the charged particles in the atmosphere, which create current to 

the surface of the Earth, are formed under the action of cosmic rays -
: 

the fast particles, which arrive from the direction of the Sun and 

stars. Maximum ionization, for example, accordl!.g to measurements 

[86], occurs at the heights of 11-15 km and composes 35 cm"m-', total 

ionization in the column of air is equal to 4.5'10' 

we charges formable in this case divide and to release to the earth 

only the charges of one sign, then the current of recharging will 

compose 4'10' A, which to four orders exceeds real current in the 

atmosphere. Thus, ionization by cosmic rays is sufficient for the 

realization of the electrical recharging of the Earth. 

Subsequent process is connected with separation of charges in the 

atmosphere. It is clear that in the separation of charge participate 



DOC = 89119410 

the aerosols - microscopic specks or droplets. If the coefficienta of 

diffusion of positive and negative ions are distinguished, then more 

movable ions with the larger probability adhere to the .aerqsol and 

thus they determine the sign of its charge. For example, according to 

measurements [63] for air with the water vapors the coefficient of 

diffusion of positive ions (led to standard conditions) is equal to 

0.029 cm'·s·l, and for negative ions 0.036 em's·l. This means that 

the aerosols will be charged negatively, moreover according to the 

theory of Fux [52] average/mean charge is proportional to a radius of 

aerosol. For the data of the parameters and room temperature the 

average charge of the aerosol of a radius of 1 ~m comprises 

approximately 6e (see formula (5.17». 

Presence of charged aerosols in the atmosphere makes it possible 

to present circuit of separation of charge in the atmosphere and oriset 

of current of recharging of Earth. The atmosphere contains the 

charged aerosols, and also positively and negatively charged ions. 

Page 150. 

Aerosols under the action of the gravitational field of the Earth have 

the supplementary rate, directed toward the Earth. This creates the 

separation of charges in the atmosphere. 

Circuit of water 'in the atmosphere plays important role in 

process of separation of charges in the atmosphere. On the 

evaporation of water is expended the power 4.10 1 • kW, and it is not 
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difficult to visualize that to this powerful heat engine of the Earth 

is connected the low-power electrical machine, which requires the 

expenditures of power 5'10' kW, which six orders is l~ss. But in this 

case it can seem that they affect the transfer of charge and other 

processes, not noticeable against the background of the powerful 

process of the transfer of water in the atmosphere. 

Process of separation of charges in the atmosphere is realized in 

-clouds. This process is well studied and consists of the following 

(for example, see [87-89, 131, l32]). Water vapors rise in the 

atmosphere, and at the height of several kilometers, where the 
• temperature is lOw, they are condensed, forming the aerosols of small 

sizes. These aerosols - drop in the course of time increase in the 

- sizes and are charged negatively. After achieving sizes of several 

microns, these drops fall down under the action of gravitational 

force. As a result appears the charging of cloud - on top positive, 

from belOW - negative charge and heavier aerosols prove to be from 

below. Thus, are created the clouds, whose typical size composes 

several kilometers, and the divided in them charge composes several 

ten coulomb. The potential of the lower negatively charged zone of 

cloud relative to the Earth composes hundreds of millions of volts. 

Discharging cloud to the earth as a result of lightning stroke is 

accompanied by the transfer of electric charge to the earth. As a 

result of- this process the Earth is charged negatively. 

ThuS, Earth is charged negatively as a result of acting 
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th!nderstorms. Approximately 10-20% of thunderstorms bear to t~e 

earth positive charge, BO-90% - negative [BB, 135l. As is evigent, ~ 

the process of the charging of the Earth is determined by the ~orocess 

of the separation of charges in the cloud, which, in turn, accompanies 

the process of the transfer of water in the atmosphere. It is checked 

the possibility of the transfer of charge with the rotation of water 

in the atmosphere. Yearly due to the evaporation through the 

atmosphere are passed 4.10 " t or by 13 mln. t of water per second. 

For the realization of the observed current of charging it is 

necessary that the transfer of charge would be approximately 1.4'10-" 

C on 1 g of water. 

Page 151. 

The drop located in the cloud with a radius of 2 ~m bears on itself 

the average/mean charge 20e [BB1, which corresponds to the specifrc ... 

charge 10-' Kl·g-' transferred; drop with a radius of 5 ~m bears on 

itself average/mean charge 50 e [BB], which answers the specific 

charge 3-10- 0 Kl'g- l transferred. Hence it is apparent that the 

clouds, formed during the transfer of water in the atmosphere, 

completely can ensure the work of the electrical machine of the Earth, 

which ensures the electrical charging of the Earth. 

Thus, we have following picture of work of electrical machine of 

Earth. The electrical processes, which lead to the charging of the 

Earth, are side reactions with the work of the heat engine of the 

Earth, connected with the evaporation of water and their movement in 
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the atmosphere. At a height of several kilometers water vapors are 

condensed into the droplets of water - aerosols, which form clouds. 

These aerosols are charged predominantly Ilegatively due to the 

different mobility of positive and negative ions in the atmosphere. 

In this case very positive and negative ions of the atmosphere, which 

lead to the charging of aerosol-drops, are formed under the action of 

cosmic rays. The negatively charged drop-aerosols fall down under the 

action of the gravitational field of the Earth. As a result the lower 

part of the cloud proves to be under the high potential. Being 

discharged to the earth under the action of the electrical discharge 

in the form of lightning, the lower part of the cloud transmits the 

part of its negative. charge to the Earth and it charges it thus. The 

reverse process of discharging the Earth is realized due to the 

currents in the atmosphere. In this case average/mean electric 

intensity on the surface of the Earth is [84, 129] 130 V'm", average 

current density above the dry land 2.4'10'" A'm", and above the 

Represented picture of work of electrical machine of Earth gives 

its only schematic description. More detailed description requires 

the explanation of the chemistry of the ions, which participate in 

these processes, and also understanding the microscopic process of the 

charging of drops. Furthermore, our examination is limited to the 

fact that-the height of the atmosphere, on which can be located the 

water vapors, composes several kilometers, whereas electrical 

processes continue also in the more upper levels of atmosphere. In 
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spite of all these deficiencies it is possibl~ to consider !:hatf.jl~, 

c 
( 

( 

( 

fundamental elements are here clear. From ~he point of vlew- -pf ,~~,~.f .~ ( 
lightning the interest in the electrical processes in the at~osp~!~~ 

can consist of the following. 

page 152. 

First, localization of electrical processes can lead to the formation 

of a sufficient density of the active particles, which give the 

beginning of ball lightning. In the second place, the charged 

aerosols play important role in the electrical phenomena. This must 

cause to them attention, also, in the plan of the formation of ball 

lightning. • 

57 .2. Electrica~ phenomena in the atmosphere. 

• • 
Let us pause at electrical phenomena in the atmosphere, which are 

acca-panied by emission. Among them we will isolate lightning and St. 
• 

Elmo's fire. Lightning (for example, see [85, 89]) is powerful 

short-term cloud-to-cloud discharge and Earth, between two clouds or 

within the cloud. The length of the channel of this discharge is 

k ilOlieters. 

Description of separation of charges in cloud represented in 

preceding'paragraph shows that large charge, which corresponds to 

potential into ~undreds of megavolts, is stored on lower part of 

cloud. However, this potential it is insufficient in order to cnry 
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out by direct test in air, since breakdown voltage for dry air 

composes 30 kV·cm-', what to one - two orders exceeds electric 

intensity, created by the charges of cloud. For this reason the 

lightning discharge carries more complicated character. Breakdown is 

realized due to the random heterogeneities, and also the charges and 

the impurities in air, which ~educe breakdown voltage. The role of 

such admixtures/impurities plays usually dust or aerosol. The first 

stage of discharge - lightning creates the channel of discharge, this 

stage is called stepped leader. Stepped leader is the weakly glowing 

breakdown, which occurs along the separate broken lines, the length of 

each line composing tens of meters. The characteristic velocity of 

propagation of stepped leader is 10' m·s-', which in order of 

magnitude coincides with the drift velocity of electrons in air in the 

fields in question • 
" 

Stepped leader transfers only part of charge of cloud. His 

primary task consists of the creation of the conducting channel. 

After the creation of the conducting channel through it the current is 

fixed, the luminous density of channel sharply is raised. This stage 

is called return shock. 

Page 153. 

The velocity of propagation of return shock on the average is [85] 

5·10' m·s-'and is equal to the velocity of propagation of the front 

of electric field in the conductor. Return shock lasts in the 

relatively short period. Its first phase (phase of peak current) 
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lasts microsecond, and entire charge is transferred in return shock 

less than in the millisecond. The channel does not manag~ to De 

expanded for this time, so that output energy proceeds with the 

heating of channel and the ionization of air in it. 

Let us estimate representative temperature of channel. Let the 

passed through it electricity Q-2 C, electric intensity in channel F-l 

kV.crn- 1 • Energy chosen per unit of the length of channel composes QF, 

and a characteristic change in the temperature of air in the channel 

where fp-1 1·(g·c) -1 - heat capacity of the air, p-10-' g·cm-' -

its density, and 8-10' cm' - section the chann.el (radius of channel it 

relies by equal on the order of 10 em). Hence we will obtain: 

AT-2.10· K. This is very rough estimate, but it makes it possible to 

understand that air in the channel of lightning stron~ly is ionized. 

Energy losses in the formable plasma to the high degree are connected 

with the emission, which limits further increase in the ~emperature. 

It is usually considered [85, 136] that the temperature in the channel 

of lightning is 30000 K. 

Initial stage of return shock, connected with creation and 

supersonic expansion of high-temperature channel, is accompanied by 

propagation of acoustic wave - by thunder. Then is established the 

equilibrium of high- temperature channel with the surrounding air and 

during this period of time within the conducting channel is 
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transferred basic part of the charge. The value of the c~rrent 

transferred by channel sharply falls in the course of time, and very 

stage of returr. shock, which corresponds to the transfer of basic part 

of the charge, usually lasts less than 1 ms. The further conducting 

channel decomposes. 

However, if retuning in charge distribution in cloud manages to 

occur for time of decay of conducting channel, flash of lightning can 

be carried out again along the same channel. Usually this occurs, if 

from the time of the previous flash passed not more than 0.1 s. 

Page 154. 

New flash begins by the so-called arrow-shaped leader, who according 

to his manifestation and designation/purpose is passer-by to the 

stepped leader, but in contrast to it path along the made channel is 

passed and therefore moves continuously, without being delayed at each 

stage.. After the passage of an'ow-shaped leader return shock fc Hows. 

The pulse of lightning along the existing channel can be repeated 

after a certain time. Usually one flash of lightning contains several 

discharge pulses along one and the same channel. 

Lightning is interesting for pass as intense radiation source. 

Let us explain the effectiveness of the transformation of electrical 

energy into the radiant energy. For the parameters of lightning in 

question the energy, isolated with return shock per unit of length, is 
• 

QF-2 kj·cm-' (Q-2 C - the passed along the channel charge for the time 
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of return shock, F-l kV·cm- 1 - electric intensity). If w' con~ider 
that-the channel emits as blackbody with temperature T-30000 K, tben 

we wil~ obtain the energy flow of emission with the unit of the ~rea 

of channel q = aT~ = 5 .105 W· em- 2, and energy flow with the unit of the 

length of channel 2wqR-IO' W·cm- 1 (radius of channel R-IO em). Since 

in the conducting channel is maintained the temperature in the period 

r-10-' s indicated, the outgoing through the emission energy under the 

conditions for this estimate composes order 1 k;·em- 1
, i.e., the 

conversion factor of electrical energy into the radiant energy in the 

conducting channel of the lightning of order one. 

This estimate is overstated, since assumption about radiating 

channel as about blackbody is too rough. However, it convinces us in 

the fact that the transformation of electrical energy into the light 

in the conducting channel of lightning occurs sufficiently 

effectively. Another special feature of the glow of the channel of 

lightning is the fact that the large part of the emission corresponds 

to the ultraviolet part oi the spectrum. Actually, for the blackbody 

with the temperature of 30000 K the maximum radiant energy according 

to Wiens law corresponds to wavelength O.l~. Although it is actual 

as a result of the fact that the air plasma is transparent for the 

vacuum ultraviolet, this maximum is displaced into the region of 

longer waves, the fundamental emitting losses rf the hot air plasma in 

question are connected with the ultraviolet radiation. In this case, 

since the ultraviolet radiation effectively is absorbed in the actual 

air, the radiation spectrum of lightning, recorded at a great 

distance, proves to be distorted. 
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Page 155. 

As is evident, physical processes in usual lightning are 

sufficiently studied and understood [85, 89]. Lightning is i~tense 

radiation source, but in comparison with ball lightning the auration 

of its emission is short and is determined by the lifetime of the 

conducting channal. In this plan the so-called beaded lightning [12] 

is more interesting. This lightning is formed from the channel of 

usual lightn',ng, which sf!parates into the series of vividly glowing 

spots - "rosary" (Fig. 7.1). The time of the glow of these spots is 

1-2 s, i.e., approaches a lifetim~ of ball lightning. Unfortunately, 

the existing information on beaded lightning [12] is very limited. 

And the acc:wnulated factual material on th~s question, and its 

analysis is much more limited, than in the case of ball lightning. 

Therefore information on the pearl lightning cannot aid in the plan of 

the study of ball lightning. 

St. Elmo's fire are interesting electrical ~henomenon in th~ 

atmosphere. In fact they ar~ 'i:he corona discharge in the vicinity of 

separate conductors in the thunderstorm weather with the high f~eld 

strength in the atmosphere. In this case near the conductors appear 

the elect:ic fields of the high intensity, capable of leading to the 

iC,'zatlon of the surrounding gas. In the vicinity of these 

l -" , " tors.. the so-called corona layer, are developed the processes of 

th ,''',; .!tions of gas, critical for the reproduction of the 
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electrons r which further perish on the electrode or depart to. the 

region with a small st.·ength of the field,. where ~hey perish, adhering 

to the molec~les of oxyg~n. Together wit~ the processes of ionization 
, 

in the corona layer proceed also the processes of exciting the gas, so 

that this layer glows. If ,,'e look at the corona discharge in the 

darkness or with a small light, then only the glowing corona layer, 

which the conductor, surrounds will be visible. 

Specifically, thus St. Elmo's fire are received. They are glow 

in the thunderstorm weather near the crosses of churches, points of 

buildings, the masts of the ~hips and other objects. .. 

• 

• 

• 

( 

( 

C 
(-

C 
( 

( 

( 
( 

( 

( 

( 

C 

• 4i 
til 
(!Ii' 

C 
C 
( 

( 

( 

L. 

• ( 

C 

• 
€!1l 
fj] 

( 

l 
( 

\ 

\ 

( 

( 

( 

l 
( 

( 

\ 
\ 



( 

( 

( 

c 
c • 
c 
c 
( 

( 

( 

( 

c 
c 
• 411\ 

• €!I. 
C 
( 

( 

( 

c 
c... 
• C 
L 
fIB 

• ~ 
\.---

• 

_7 •. - -,.,. - ~ 

DOC = 89119411 

Fig.' 7.1. Photograph-of pearl lightning. 

Page 156. 

Usually this glow is observed, when such objects with a small radius • 
of curvature fall into the bottom edge of clouds,' i.e., into the 

region with the high field strength. Let U6 give the series of the 

descriptions of St. Elmo's fire, undertaken from the book of Arago 

[1]. The first of the~ is borrowed from the "Notes of Forben". 

, 

"At night (in 1696 en parallel of 3alearic islands) it suddenly 

became very dark, lightning began to sparkle and terrible thunder 

began to thunder. Fearing the storm threatened us, I ordered to 

retract entire of the sail. More than 30 St. Elmo's fire appeared 

aboard the ship. One of them, by the way located on to the top of tbe: 

weathervan~ of large mast, was greater than three feet. I sent sailor 

in order to remove it, but when this person approached the mast, ~hen 

he yelled from there, that the light emits sound, similar to the 

volume, such as it occurs with the ignition of the moistened powder • 
• 

I ordered it to be removed and weathervane to go down, but hardly had 

he touched weathervane from the place, as light passed from it to the 
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mast head and from there it could not be removed. It re~ained there 

sufficiently for a long time when little by little entire burned 

down". 

Several other short descriptions of St. Elmo's fire, undertaken 

from F. Arago's book, make it possible to compose general idea about 

this surprising ph2nomenon: 

"l.fter thunderstorm, which happened on 14 January, 1824, 

Maksadorf glan~ed at cart, loaded with straw and which stood under 

large black cloud, among field (near Kyoten), it noted that all straws 

rose upwards and seemed on fire. Even whip of the coachman of 

heavenly bodies by bright light. This phenomenon, which was. 

continuing about ten minutes, disappeared as soon the wind took away 

black cloud". 

"On sunset on 8 May, 1831, artillel'y and engineering 

officers during thunderstorm were missed with exposed heads on terrace 

of fort Ram-Azun in Algeria. Each of them noted that his comrades on 

the extremities of the hair raised upwards were the small light 

brushes. When officers rose hands, then similar brushes were formed 

also on the extremities of their fingers". 

"During thunderstorm on 8 January, 1839, when lightning 

hammered into tower of Hasseltska church, peasants, who were being 

located on darn between Tsvolle and Hasselt, in vicinities of last 

city, noted strange phenomenon. 

Page 157. 
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Th~i saw for several instants previously the mentioned thunder impact, 

that their clothing on the fire. Vainly trying to extinguish this 

fire, they with the horror noted, that the trees and masts shorlf:! by 

the same flame. As soon as thunder impact was heard, flame 

immediately disappeared". 

As can be seen from these descriptions, St. Elmo's fire -

mysterious phenomenon of nature, appearance is not predicted. On 

their manifestation character and time ot glow - the St. Elmo's fire 

frequently resemble ball lightning. Therefore frequently St. Elmo's 

fire are accepted as ball lightning. However, there is a vital 

difference in the external manifestation of these phenomena. St. 

Elmo's fire are the glow, which appears near the object, whereas ball 

lightning - moving glowing formation in air • 

St. Elmo's fire are corona layer near object, but, as show 

contemporary investigations [90, 91], it is difficult to explain such 

intense glow by classical corona discharge. Fundamental role here 

play the charged water drops, which fall into the corona layer from 

the surface of conductor and they substantially amplify discharge, 

increasing the zone of glow. In this case the drops are dislodged 

from the surface of conductor d~e to th~ discharge itself. Although 

this concept of St. Elmo's fire is ins~fficiently checked, it attests 

to the fact that the real physical picture of this phenomenor is 

complicated and requires attentive investigation • 
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57.3. Torna~s. 

Tornado - complicated phenomenon of nature, whose contemporary 

understanding very superficially. The tornado (in the USA it is 

called tornado .» is the large vortex, which passes in the atmosphere 

with the long lifetime. 

FOOTNOTE '). Sometimes tornado is called the atmospheric vortex, 

~hich appears above the dry land, and water-~)out - similar vortex 

above the water surface. ENDFOOTNO'I'E. 

Outward1y tornado is developed as follows [92-95). ~t appears in the 

thunderstorm weather, when the front of thermal air is passed through 

this locality and the air pressure is reduced at a certain height. 

Usually beginnin~ to it gives the dark cumulus cloud, from which to 

the earth trips the tornado. 

Page 158. 

It can have a form of trunk, funnel, column, etc., and is eddy of air, 

supported due to pressure difference of air on top and from below. 

Let us pause at some statistical data. Most frequently 

waters-spout are observed in the middle strip of the USA, where the 

hot and arid climate favors this phenomenon. Yearly above the 

-territory of the country pass about 700 waters-spout, their victims 

become approximately 200 people (in 1957 as a result of waters-spout 
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perished 864 inhabitants of the USA, in closer 1974 peri~hed 366 

people, and during April 1984 - 106 people). The most terrible 

tornado (tornado of three states) passed on 18 March, 1925, on the 

states of Missouri, Illinois and Indiana. As a result of this natural 

calamity perished 695 people, are heavily injured 2027 people, losses 

were 40 million dollars. The;' ... rly losses of the USA from the 

waters-spout are evaluated at 500 million dollars. Another known 

tornado (mettunskiy) carried past above the states of Illinois and 

Indiana on 26 May, 1917. This tornado existed 7 h 20 min and within 

this time covered a distance of approximately 500 km. The width of 

funnel was 400-1000 m, perished 110 people. 

In our country waters-spout are observed not so frequently, yes 

even their destructive force is not so great as in USA. But also here 

they left the poor memory about themselves. The strongest tornado was 

observed in Moscow on 29 June, 1904. Although to the American scales 

it must be related not ~i ong, but to the average waters-spout, its 

consequences were very perceptible. As a result were destroyed 

several villages (some are completely eliminated), perished several 

ten people. Latter from the most memorable waters-spout, lvanovskiy, 

it carried past above lvanovo region on 9 June, 1984. As a result 

suffered 966 apartment houses, 40 objects of municipal services, 157 

enterprises of storages, cattle-breeding farms, about 600 garden 

houses. Are eliminated about 2 thousand hectares of agricultural 

sowings, more than thousand hectares of forest. Injured and killed 

were not communicated about their' number • 
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Relatively large scales of tornado and its destructive effect 

contribute so that investigation of this phenomenon can be more 

objective than in the case of ball lightning, which frequently remains 

unnoticed, and even it is unknown, what part of existing ball 

lightnings is observed generally. 
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But waters-spout, on the contrary, leave about themselves the memory 

in the form of different destruction on the ground and therefore they 

can be fixed, even if due to the limited scales of actions, place and 

• time appearances cannot be observed directly. 'Separate ball 

lightning, at best, are simultaneously observed by several people, 

whereas tens become the djr 'ct witnesseses of the tornado, sometimes 

even tnousands of p~ople, so that the statistics of observations 

creates the authenticity of the description of each separate tornado, 

what you will not say about ball lightning. 

However, in spite of possibility of more reliable description of 

each case of observing tornado, contemporary physical picture of this 

phenomenon is very schematic. The difficulty of the experimental 

investigation of the separate parts of tornado limits the 

possibilities of its complete description. Let us examine the 

separate sides of this phenomenon and let us present some questions of 

general character, to which is required convincing response. One of 

the surprising properties of tornado - high rarefaction of air within 

• 

• 

• 

• 

( 

( 

( 

( 

( 

( 

( 

I ( 

( 

( 

( 

l. 

• ( 

L. 

~ 

C 
C; 
( 

( 

(. 



( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

(iii 

(l'!:i ,;.0 

(,jJ 

~ 
( 

( 

( 

( 

( 

L 

• 

• 

• 

• 

• 

DOC = 89119411 PAGE~~5' 

the vortex. In combination with the sharp boundary of vortex and the 

high rate of movement this leads to the strong destructive effect. If 

the object, filled with air, proves to be within the vortex, then is 

instantly created pressure difference of air inside, also, out of the 

object. This leads to the onset of enormous internal stresses, which 

in the final analysis can lead to the destruction of object. In order 

to v.isualize the scale of the acting forces, let us make simple 

estimate. Let there be the one-room hv~se with an area of 5x5 m' and 

with a height of 2.5 m, which corresponds to the area of its surface 

of 100 m'. Assume that further this house instantly proved to be in 

such atmosphere that the intornal pressure exceeds external to 1% 

(i.e. on 0.01 atm.). It is not difficult to calculate, that this will 

lead to the fact that on the construction of house the force, equal to 

10' N will operate (10 t). It is clear that this f?rce is capa~le of 

leading to serious destruction. 

Onset of enormous internal stresses due to int~rnal air pressure 

leads to destruction of houses and other construction, which contain 

air. This destruction carries usually explosive character. It is 

interesting, however, that there are cases, when the destruction of 

house, which is accompanied by the dispersion/divergence of its 

construction to the different sides, did not affect those being 

located within the inhabitants of house. Even the more surprising 

cases occurred with hens. 

Page 160 • 
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In the middle strip of the USA, where waters-spout most frequently are 

observed, there are sufficient.y many poultry-breeding economies. As 

a result of waters-spout chicken coop frequently they are broken down, 

in this case cases occur, when the chicken coop is broken down and 

hens remain living and at its places. This as the destruction of 

houses, it is possible to explain by a sharp drop in the air pressure 

outside. Were observed the more curious cases, when hens remained at 

their place, but they were completely plucked. This occurs because 

the founda'ion of the pen of hen is located in air bag/follicle, that 

is found in the skin: it is possible to explain such cases by the 

blast of air in these bags/follicles. 

• 
From aforesaid it is evident that there are diagrams, capable of 

qualitatively describing tornado and processes, its accompanying. But 

correct scientific model is obligated to give the quantitative 

description of phenomenon. In connection with the described cases and 

their explanation arises the question, as appears so high pressure 

gradient of air on the boundary of vortex, that the objects instantly 

prove to be in the zone of reduced pressure: what pressure gradient in 

the vortex in que!tion can arise and as this will be coordinated with 

gas dynamics of vortex. 

Another special feature of tornado from point of view of gas 

dynamics of eddy is connected wi'th acting in it ·forces, caused 

pressure differentials. The most frequent cases of the partial 

destruction of houses - tearing roof from them. Analyzing all this 
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is, it is possible to arrive at the conclusion that the pr'essure 

differentials in the tornado are considerably higher than one percent, 

accepted in the estimate carried out earlier. Actually, let us try to 

utilize the parameters, placed in this estimate (house with an area of 

the foundation of 5x5 m' and a height of 2.5 m) and we will consider 

further that the roof is the w~akest place for design. Then under the 

ac~ion of internal air pressure roof is elevated and further under the 

action of forces within the vortex it is taken away or destroyed. The 

maximum altitude, to which it can be elevated with the assigned 

air-pressure differantial top, composes (top/p)h, since pV= const (p -

internal pressure, h - the height of the house, V - the volume of air 

in it). Using.this estimate, we find that for tearing the roof the 

pressure differential in the vortex must comprise, at least, several 

percentages • 

Fundamental question, which relates to nature of tornado as to 

gas-dynamic machine, this - how it works. 
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It is clear that the basis of the work of tornado composes pressure 

difference of air and above (taking into account a change in the 

pressure with the height). The appearing vortex sucks out air from 

bottom to top. The efflux of water in the tank can be the convenient 

model, which describes this motion. The air pressure in the tube 

rises under the action of the emerging water and vortex emerges upward 

in the form of the rotating funnel. It is evident from this model 
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that eddy of air, which attempts to even pressure in the tube is • 

above, it is in this case stable motion. But this simple model 

describes only the one side of phenomenon. Passing from this model to 

the real situation, we immediately must present the question, which 

serves as the partition between the lower and upper air layers, which 

does not make it possible to flush pressure by the simple vertical 

displacement of layers. It is obvious that these functions fulfills 

the maternal cloud, from which appears the vortex. It is possible to 

visualize that between lower and upper boundaries of cloud is the 

pressur~ differential, which causes the flow of air to its upper end. 

But then the following question arises - why vortex does not· remain at 

the bottom edge of cloud, but germinates down to ground itself. 

It is evident that work of tornado as mechanical machine is 

determined, first of all, by properties of cloud itself and by 

processes taking place in it, which, possibly, create continuous draw 

bar, which supports so prolonged an existence of vortex. In this case 

the properties of vortex itself on the surface of the Earth are 

determined by the boundary conditions of vortex at lower boundary of 

cloud, i.e., are assigned by the processes, which take place in the 

cloud. 

With this formulation of problem and by taking into account some 

phenomenological boundary conditions of cloud, it is possible to 

describe gas dynamics of tornado, if these conditions are fitted then 

so that parameters of tornado, designed on basis of equations of gas 
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oY:lamics of air, would coincide with those observed. This approach is 

completely natural and is utilized in the different modifications. 

However, the quantitative parameters of tornado and, in particular, 

the supersonic speeds for some elements of air, attest to the fact 

that real picture even for this part of the tornado is more 

complicated. These difficulties attest to the fact that the characte~ 

of the work of tornado is determined not only by gas dynamics of the 

motion of air and dust in the vortex, but also by thermal and 

electrical processes in the cloud, including - by processes of 

formation and condensation of water drops. 
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Confirmation to that is the observed fact, according to which the 

tornado germinates only from the black cloud, i.e., from the cloud 

with the completely specific composition of drops. 

Thus, nature of tornado as ball lightr,iilg, is understood still 

insuffiCiently and requires cORtplex study. However, the nearness of 

these phenomena consists not only of the difficulty of their 

investigation, apparently, some processes are passed to them equally. 

Ball lightnings frequently are observed for this reason during the 

motion of tornado. 

57.4. Volcanic eruptions. 

Volcanic eruption is one of clearest phenomena of nature, which 
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are sometimes accompanied by onset of ball lightnings. The volcanic 

activity of the Earth - the ejection of gases, ashes, magma from the 

terrestrial interiors - is supported due to the internal energy of the 

Earth. Heat flow outside comprises in average [96, 97] 0.06 W'cm-', 

which corresponds to the power of heat release thr,:ughout the entire 

Earth, equal to approxi~ately 3.2'10 " to kW 1). 

FOOTNOTE ». The average power, which corresponds to production human 

activity, little exceeds 1'10 " kW: this energy release in essence is 

determined by the co~ustion of combustible useful minerals - coal, 

oil, gas, etc. ENDFooTNOTE. 

Approximately 3% of energy, which goes from the interior of the Earth, 

are isolated with the volcanic eruption. On the Earth there exists 

the order of 800-900 volcanos, which are considered active [98]. 

Yearly ejections occur in not more than 20-30 volcanos. In this case 

on the average yearly the volcanos vent to the atmosphere 3 billion 
• 

tons of ashes. This relatively is little, and if it is even to 

distribute ashes over the surface of the Earth, we will obtain density 

0.6 mg·cm-'. However, if this value is multiplied by the lifetime of 

the Earth, then for the average quantity of ashes, which fell to the 

surface of the Earth as a result of volcanic er~ptions, we will obtain 

about 30 t·cm-' that more than 10 kID corraspond to thickness of the 

layer. From these estimates it follows that the material of volcanic 

origin (ashes, magma) composes the noticeabl~ part of the surface 

layer of the earth's crust. Thus, volcanic activity is reflected in 
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the properties of the material of the earth's crust. 

In accordance with internal structure of Earth under its solid 

surface layer - earth's crust - it is located liquid layer - magma. 
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The earth's crust has a thick. ess of several ten kilometers and 

consists of the separate plates, which "float" on the liquid magma. 

In ti'e places of the section of 'separate pla'Ces the magma approaches 

cloeely to the surface of the Earth. ln such places of terrestial 

globe and volcanos are located. Volcanic eruption occurs under the 
• action of the gase~ disso~ved in the magma. 

Magma is found under ~arge pressu."e, which is held by upper 
I 

layers of earth's crust. ·If magma falls into the area of reduced 

pressu!"es, then gases are expanded. If this is - crack in the earth's. 

crust, th~n gases escape outside, being accelerated and carrying along 

in this case magma, which leads to the large stresses in the solid 

Illater:'al of the earth's crust, which surroul,j crack. The destruction 

of this material is possible. Then the motion of gas carries 

explosive character and is created ejection. Gas carries alooo:g aft&r 

itself magma and solid material of upper layer, rejecting all this in 

the form of ashes, dust and stones. After ejection the magma under 

. the action of internal pressure emerges outslde through the formed 

opening in the earth's crust. The viscosity of magma is raised in 

proportion to congealing, its motion slows down, and then entirely 
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ceases. If until this time in the magma, which is approaching the 

place of fracture in the earth's crust, gases have time to be saved, 

then ejection can be repeated. But if this does not occur, then 

volcano will be inactive to the following time, when as a result of 

moving of the earth's crust and earthqua:.es connected with this again 

appears the possibility of output outside for the gases, which were 

saved in the magma. 

From point of view of ball lightning volcanic eruption is for us 

of interest as phenomenon, which is accompanied by electrical 

processes, and also by emitting processes in the atn,')s1)here. Before 

passing to this phenomenon, let us pause based on so.,':) .xamples of 

volcanic eruption, which give representatio, both about the character 

of the manifestation of ejections and about :he consequences, to which 
~. : 

they can lead. 

Let us recall known picture of K. P. Bryulo\ "Last day of 

Pompei ft
• In it the artist communicated his representations about the 

eruption of Vesuvius, values, which were recently seeming firm, 

perish, everything will collapse, people in horror, attempt to leave 

this hell, but it is unclear, where to find path to rescue. It would 

seem, gods themselves attacked the people with their entire anger and 

from the incandescent sky they ~ontrol the occur~ing tragedy •••• The 

ejection of Vesuvius in 79 B. C : ed to the death of Rome.n cities of 

Pom?ei, Herculaneum, Stabii. 
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Pompei was destroyed and covered with the thick layer of ashes. The 

excavations of this city, initiated in the XVIII century and which are 

continued up to the present time, make it possible to represent, what 

values were lost, to say noth'.ng of human victims. The killed cities 

forever ceased to exist. 

Most powerful ejection occurred 10 and 11 April, 1815, from 

volcano Tambora on island of Surnbava, which is located in probe 

archipplago in Indonesia. D~ring the blast was displaced 

approximat~ly 150 km' of rocks (if this material could be evenly 

distr~P1J~~d on entire terrestial globe, then would be obtained the 

layer Yitfi a thickness of 0.3 mrn). The adjacent areas were covered 

with the thiCk layer of ashes; so, the house of the deputy of colony, 

which is found in III km from the volcano, under the gravity of ashes 

was destroyed. Volcanic eruption was accompanied by earthquakes, 

tidal waves and hurricanes. This led to the large destruction and to. 

the death of approximately 80 thousand people. 

One of that most memorable was volcanic eruption of Krakatoa in 

Sunda Strait between islands Java and Sumatra in Indonesia, which 

occurred on 27 August, 1863. As a result of this ejection into air 

was raised approximately 18 krn' of the looSe rock, which is eight 

times less than .ith the volcanic eruption of Tambora. However, 

material was strongly dispersed due to the incompactness and the layer 

of ashes was propagated to the large distance - to 10()0 krn. Small 
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specks achieved the stratosphere and were l~cated there ~n tte course ... 

of many months that it influenced the optical properties of the 

atm?sphere. Bright rises and sunsets were observed after the ejection 

of Krakatoa for a certain period 01 time as a result of ,he reflection 

of sunlight by stratospheric dust. A change in the optical properties 

of the atmosphere led also to a certaln temperature drop on the planet 

in the months subsequent after eject;o~, ~!,nce due to the reflection 

by particles on the surface of the Eal:'t •. Lie smaller part of the solar 

radiation fell: this effect disappeared in proportion to precipitation 

of specks. 

Extremely high explosive force was another special feature of . 
volcanic eruption of Krakatoa. Blast was audible in Australia and on 

the island Rodriguez, that is found in Indian Ocean at a distance of 

almost 5000 km from the volcano. This blast cansed the enormous 

wave with a height of up to 40 m, which attacked the coasts of 

Indonesia islands. 
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tidal 

Large destruction and death of 36 thousand people were the r~sult of 

its action. Tidal wave from the blast with the volcanic eruption of 

Krakatoa was recorded even in English Channel strait. 

One of most tragic 'natural calamities of our century became 

volcanic e~uption M~nt-Pele on island Martinique (small Antilles 

Islands in Caribbean sea) on 8 May, 1902. This is how is described in 
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the book of time of Rlsta [99) this catastrophe, which eliminated cit)' 

Saint-Pierre and 30 thousand inhabitants. 

"In the morning on 8 May began sharp, almost terrible calm. Them 

it began to represent hell. With terrible crash cracked the mountain 

peak, and outside was pulled out the enormous burning cloud - igneous 

wall, with the inconceivable rate which dashed down along the slope. 

After several seconds it achieved city, and Saint-Pierre disappeared 

in its flame. The masses of people, which hurried to the harbor, by 

the pressure of the burning cloud were thrown in the sea, which began 

to boil. The ships, which ~_ood to harbor, were inverted and burned. 

Only two their them, recently arrived "Roraima" and still stood under 

stepm "Roddam", although it had many victims, who sustained l~rge 

losses in people, with difficulty rescued them, after leaving into the 

hi.gh sea and after avoiding thus the entire force of the burning cloud 

.... 
From inhabitants of Saint-Pierre only two - both negroes -

remained living. One of them for the certain misdeed was placed into 

strong, ~verlapped by stc-; arch cell, whose grill window was shielded 

by wall from the impact front of the burning cloud; the second, 

shoemaker in the profession, survived catastrophe in its house, after 

hiding under the table, while several other persons, who werr :ocated 

in the same location, perished •••• 

Volcano Mont-Pele and after catastrophic ejection on 8 May, 

1902, repeatedly emitted analogous burning beams, sometimes which were 

not inferior to first ejection and vhich completed destruction of 

Saint-Pierre, namely 20 and 26 May, 6 and 9 July, also, in particular 
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on 30 August". 

Complete absence of representation about danger 1Nas fundamental 

reason for described tragedy, as a result of which measures for rescue 

of inhabitants were not in advance accepted. For several days before 

the ejection, when volcano already developed its activity, for 

explaining the degree of risk governor assigned board. 
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In its conclusions the board denied the objective danger of volcano 

for the city. Moreover, the day before the catastrophe the governor 

of Martinique with'his wlfe arrived in.Saint-Pierre in order to quiet 

population. Next day they perished as other inhabitants of city. 

Thus, main reason for described catastrophe was incomprehension 

of degree of risk. The measures for the evacuation of inhabitants 

w~re not accepted for this reason. Entirely another relation occurred 

with the volcanic eruption on Kheyrnaey island near Vestmannaeyyar city 

in Iceland, that occurred on 23 January, 1973. Understanding danger, 

based on the contemp"rary knowledge about the behav ior of volcano, and 

impul~e, well organized actions on the evacuation of population made 
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it possible this time to avoid victims. This is how is described this ( 

in book [99]: 

"Although on Kheyrnaey island volcanic eruptions did not occur 

from immemorial times, I~~land as a whole is among the most active 

volcanic regions of the Earth and its inhabitants it is not possible • 
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to consider them unprepared to the incidents of this type • 

Specifically, therefore the evacuation of population, which was begun 

immediately, mainly with the aid of its own fishing fleet and partly 

with aircraft, occurred without the complications and was completed 

after nine hours. On the island remained only 300 people 0: ~uy.iliary 
personnel 

On 30 January at eastern part of city ashes rested already 

with layer to height of up to 4 m, filling up many houses and after 

making streets unpassabl.,. Even in the center of city the height of 

layer reached 40 ern. The verdure of island was changed into the black 

deposit of ashes. Further overshoots of volcanic products and 

pressure head of lava increased the number of destroyed houses to 300. 

Although precipitation of ashes in subsequent time began to 

weaken, fqrther advance of lava cr~ated constantly increasing threat 

fer city and port. At first they attempted to lead lava'flow to the 

side with the aid of the rampart, installed from tephrite, but effect 

proved to be insignificant. The invited experts proposed to utilize 

sea water in order to cool the moving lava and accelerate its 

congealing. 
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Through the city they lengthened 30 conduits from plastic, and strong 

flows of water with the aid of powerful pumps attacked the advancing 

lava. Improbable happened: the front of lava flow stopped", 

Experiment shows that timely information on volcanic eruption and 

, 
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understanding of degree of risk makes it possible to high degree to 

avoid serious tragedies. On the contrary, the unexpected contingency 

of this event can lead to the large losses. An example to that is 

recent volcanic eruption Ruiz in Columbia, that occurred in the middle 

of November of 1985. Volcano Ruiz with the height of 5398 m is 

situated 150 km northwest of Bogota - capit~l city of Columbia. Last 

strong volcanic eruption occurred in 1595. The signs of processes 

within the volcano began to be noted on 11 September: however, this 

did not cause anxiety - the last 90 years volcano was considered 

extinct. Ejection began on 12 November and was accompanied by the 

overshoot of ashes. In the valley of the river, which leaks off from 
• the volcano, 40 km from it was located Armero town with the population 

of 21 thousand people. In the surrounding settlements lived 
")..\j 

additiona~ thou~and people. When next day strong volcanic eruption .. 
occurred, half of this population perished. Ejection was begun on 13 

November at 21 hours. Several strong blasts first occurred, and then 

the rapid fusion of ice and snow at the apex of volcano led to the 

formation of flood flow, which after two hours achieved city and 

overwhelmed it. In Armero perished 15 thousand people, and the total 

number of those killed was about 23 thousand people. The material 

damage, caused by volcanic eruption, is estimated at 1 billion 

dollars. 

This and oth~r cases examined show that volcanos present 

objective danger to man. The correct understanding of volcanic 

activity and timely actions in the prevention of its consequences make 
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it possible to avoid serious tragedies. volcanic service in Japan is 

one of the positive examples of this relation. In Japan 77 active 

volcanos (only in Indonesia are there more) are located. On the 

slopes of these volcanos are seismographs and temperature sensors, 

which continuous1y transmit information to the special centers, where 

it is analyzed and processed w~th the aid of computer(s). Even with 

small changes in the activity of volcanos about this is communicated 

to the population of the adjacent areas on radio and televisiol. 
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Although this service cannot ensure the absolute safety of population, 

it proved t~ be very effective. From 1900 to 1965 in Japan volcanic . . 
eruptions involved 46~ human victims, i.e., on the average of 7 people 

per annum. After 1965, when the service of early announcement about 

the volcanic eruption entered the system, in 20 years } ~rished only 3 

people. 

From point of view of phenomenon of ball lightni. - 'llcanic 

activity and volcanic eruption in~erest us as physical phenomena, 

which are accompanied by electrical and optical proc~_ ~s. During the 

ejection the ejected (;ust can be charged as a result of natural 

processes - motion, fragmenta+ion, etc. As a result of the 

precipitation of th( charged particles can arise the regions of one 

charge, which will lead to the same ph~omena, as with the usual 

~hunderstorm. This is how Pliniy the Younger [100] describes the 

ejection of Vesuvius 7~ B. C., as a result of which perished Pompei. 

"We saw, as sea retired; earth was being shaken, seemingly 
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repulsed it. Coast clearly advanced1 many marine animals stuck in the 

dry sand. On the other hand'- black terrible cloud, which broke 

through in the different places the crossing of igneous zigzags1 it 

opened wide with the broad blazing bands, similar on the lightning, 

but larger·. 

Electrical phenomena were observed also during subsequent 

ejections of Vesuvius. These facts were assembled in the book of 

Arago (1). 

•••• in description of ejection of Vesuvius in 1182 we find that 

extremely dense fume continued from 12 to 22 August, and thunderstorm 

frequently was among that fume. Brachini, the eyewitness of the 

ejection of Vesuvius in 1631, tells that the column of fume, which was 

raised from the crater, was propagated in the atmosphere at a distance 

to·160 kilometers and that with the passage of this cloud of special 

kind from it frequently were thrown out the thunder, overturnbg 

several people and animals·. 

During the ejecHon of Vesuvius in 1707, Giovanni Valleta wrote froln 

Naples to Richard Weller: 

ftOn the third and fourth day volcano erupted through its mouth of 

the lightning, similar to those, which in known facts illuminate sky. 

They were bent, serpentine, and after their appearance were heard 

reelings of thunder •••• 
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Of lightning and thunder so freq~ent and strong, forced to assume the 

nearness of rain; but finally it was revealed that they were born in 

the dark cloud, which cor.sisted not of the usual vapors, but singular 

from the ashes. 

Peasants, who lived in base of Vesuvius, after ejection of 1767 

told Sir William Hamilton that they were much more strongly frightened 

by continuous lightning and thunderstorm, which raged among them, than 

burning lava and other terrible phenomena, which always accompany 

volcanic eruption. 

During terrible ejection of 1779 from mouth of Vesuvius 

together with burning :~Va emerged frequent smoke streams as black as 

possible to imagine. Th:c fume according to Sir William Hamilton, it" 

seemed, was intersected by serpentine lightning at the very moment of 

its coming out from the mouth. The ejection of Vesuvius in 1194, well 

describ.>d by the same observer, incluC!es indications so positive. 

On 16 June nothing burning emerged from mouth: from it were 

thrown out only black fume and ashes, that formed abovp mvuntain 

gigantic cloud. This cloud was slotted by lightning in the form of 

zigzags or broken lines, so known to meteorologists. 

Volcanic lightning, seen by Hamilton in 1799, were not 

accompanied by any sensitive blast. Opposite that, in 1794 they were 

constantly accompanied by the crack, which were equal to th~ strongest 

thunder impacts. The thundttrstol'l'O, generated by one effect of 

volcano, was in every respect identical to usual thunderstorms. The 

thunder, from it f:ying, produced usual actions. During the 

investigation of the affected by thunder dwelling the Mar~lise of 

• 
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Beriot in San-Gorgio occurred the special case to be convinced of the ~ 

ideal resemblance of the actions of volcanic thunderstorrr~ to the 

usual. The ashes, which composed the greatest part of the mass of 

cloud, was as fine as Spanish tobacco. The wind transferred this 

cloud to Tarenta city, which is located 400 kilometers from V~suvius. 

Thunder of this cloud produced the~e large devastations in one house. 
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1, until now, spoke only about ejections of Vesuvius. Although 

something to fear so that someone would decide to assign exceptional 

special feature to the clouds of ashes and fume, which rise from ~he 

mouth of this vo~cano, to give birth to thunderstorm, I will 

nevertheless give here still several references. 
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I borrow the first of them from Seneca •• In his "Natural ~ ( 

questions· (book 11, 530) I find that t~under thundered during the l-

large ejection of Aetna and thunderstorm burst among the clouds of the II 

incandescent sand, ejected by volcano. 

Second reference we will get from description of ejection of 

Aetna by abbot Francesco Ferrara: "In the beginning of 1755 from 

mouth of Aetna was raised enormous and very black column of fume, cut 

by frequent winding lightning", 

When in 1811 islet Sabrina, that existed so short a time, 

rose from bottom of sea near Azore island Upper Mikhail, then 

according to captain Til'yar, the extremely black CO!umns of dust and 

ashes, which were rising from the medium of the ocean, were 

continously slotted in darkest and most opaq~e their parts by • 
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unusually bright lightning • 

Even small volcano, which arose during July 1831 between 

Sicily and Pantelarie, can find place in this chapter. In fact, John 

Davy says that on 5 August rose up every now and then from the mouth 

to the height from 900 to 1200 m columns of cOIT,pletely black dust, 

from which almost continously escaped in different directions of the 

lightning, accompanied by thunder". 

All these examples, assembled 150 years ago of F. Arago, give 

represen"ation about the fact that electrical processes can accompany 

volcanic eruptions. On the basis of the general considerations it is 

possibl', to a."rive at the conclusion that the electrical processes can 
" be develvped not in any form of ejections, but only in such, where the 

fine dust is rejected. In this case is possible the charging of dust 

cloud similarly how this occurs in the clouds. Then in the dust 

clouds the thunderstorm phenc-,;nLna, similar to usual thunderstorms, 

will appear. The finely dispersed charged dust, especially if in it 

are located the particles of organic erninations, with the electrical 

phenomena in the atl~osphere can be the base of ban lightning. 

page 171. 

Therefore in certain cases volcanic phenomena can be accompanied by 

the onset, of ball ligh;.nings, similarly what is observed in the 

tornados. In this confirmation let us lead quotation from the same 

book of Arago [1]. 

"Light spheres are more frequent among volcanic than among usual 

L __________ _ 
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thunderstorms. Thus, with ejections of Vesuvius in 1779 and 1794 • 

Hamilton and other observers repeatedly saw very large fireballs, 

which, after being fixed from the dense cloud of dust, were disrupted 

in air similarly to bombs or crackers of our fireworks. The flame, 

erupted by these spheres in all directions at the moment of their 

blast, moved with broken lines". 

S7.5. Aurorae polares. 

In contrast to phenomena examined above aurora polaris can be 

called phenomenon, allied to ball lightning, very conditionally, since 
• it is observed at relatively' high altitudes of atmosphere and is 

caused by flow of fast particle$, which fall into upper air. Nature 

of aurora polaris is well studied. ,Common in these phenomena only in 

the glow itself, which by its beauty and mysteriousness can cause in 

man equally strong emotional sensation. 

Aurorae polares are distinguished by form of glow before sky, 

radiation spectrum, duration and charac~er of its change in time 

'[101-103]. But in all cases they have one and the same nature. 

Beginning to aurorae polares give the solar flares, as a result of 

which solar plasma is splashed out beyond the limits of the Sun. 

These bur~ts are created due to the instabilities of solar plasma in 

the convective region of motion and are observed as the evolution of 

sunspots. During the solar flare sharply grows the intensity of the 

solar wind - the flow of plasma, emitted by the Sun. This leads to a 
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change in the character of interaction of the solar wind w~th the 

magnetic field of the Earth and in the final analysis causes the glow 

of the atmosphere. Let us examine the appearing processes more 

attentively [103-105J. 
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Interaction of stationa:-yflow of solar plasma with magnetic 

field of Earth causes determinate structure in distribution of 

. magnetic field and charged particles in space surrounding Earth (for 

example, see [106]). During interaction of the magnetic field of the 

Earth with the solar wind erect shock wave appears, since the directed. 

rate of plasma exceeds thermal particle speed - speed of sound. 'in 

the intersection of shock wave front, i.e., disruptions, the charged 

particles of plasma are heated and lose their ordered motion. 
l f 

Essential element of magnetos~~ere of Earth is magnetopause -

surface, on which pressure of solar wind is compared with magnetic 

pressure of Earth. Magnetopause separates the region, where the 

magnetic field of the Earth, from the region, where is located plasma 

with the frozen-in into it magnetic field beyond the limits of 

magnetopause the magnetic field of the Earth does not operate, 

operates. On the other hand, the intersection of magnetopause with 

the charged particles of plasma with the frozen-in into them magnetic 
. 

field hindered and therefore solar wind flol.'; about the Ear1:)1 at a 

certain distance from it. Characteristic distance from the center of 

the Earth to the magnetopause from the subsolar side ~der the normal 
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conditions composes approxima~ely 10 radii of the Earth. 

Absence of magnetic field at its poles is important special 

feature of magnetosphere of Earth. The corresponding lines with the 

zero magnetic field are directed from the poles of the Earth in the 

direction, opposite to the Sun. Plasma, which is found in the 

vicinity of this line, can without difficulty reach the Earth's 

atmosphere. This "rash" of the charged particles in the atmosphere of 

the Earth causes airglow. Since it occurs near the poles, is observed 

in essence in the polar regions how is determined the name of this 

phenomenon. 
, 

Intense aurorae polares appear as consequence of solar flare. 

The plasma, emitted by solar flare, reaches the surface of the Earth 

in 1.5-2 days. The same sequence between solar flare and aurora 

polaris is observed. As a result of solar flare the intensity of the 

flow of the plasma of the solar wind considerably grows, and distance 

from the center of the Earth to ~'he magnetopause decreases two - three 

times. Appear the new channels of the instabilities, as a result of 

which the plasma can penetrate in the regio~ of weak magnetic field 

and thus achieve the Earth's atmosphere. The mechanisms of these 

instabilities are diverse and lead to the different forms of aurorae 

polares. 
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Aurora polaris itself is secondary process of -rash" of fast 
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charged particles, protons and electrons, in the atmosphere ot Earth. 

These particles, which possess kiloelectronvolt energies, are braked 

at the heights of 100-400 km depending on their wave energy and part 

of their energy they lose to atom excitation and molecules of the 

atmosphere. The emitting transitions/junctions of excited atoms, 

molecules and ions of the atmosphere create the glow of the 

atmosphere, which is received as aurora polaris. In the visible 

region of the spectrum most intense are the transitions/junctions of 

atomic oxygen 'D-'S (wavelength 0.5577 urn, green line) and 'P_ ' D 

(wavelength 0.6300 ~m, 0.6364 ~m - yellow lines), and also the first 

positive band of the molecule of nitrogen (B8U8--A8~:) of red color, 

the second positive band system of the molecule of nitrogen 

(C'll. -- B'IT,) of blue color and the band of Meinel of the rnv.l.ecular 

ion of nitrogen (A2JI" -- X2l:;) of red color. In accordance with the 

intensity of separate emitting transitions/junctions, which depends on 

the condition of the penetration of particles in the atmosphere, can 

be observed the different coloration of aurorae polares, and the space 

and color distribution of luminous intensity before the sky is 

deterrninec by the character of the instability, which causes the 

penetration of the fast charged particles in the atmosphere. 

Comparing state of problem of ball lightning and level of 

investigation of other pher~ena in the atmosphere of Earth, we find 

that for some of these phenomena (onset of atmospheric electricity, 

St. Elmo's fire, torn:-'I.os), as in the case of ball lightning, we 

cannot give detailed description of their nature. Suc.h description, 
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which reliably isolated the tofality of the processes, which compose 

the base of phenomenon, is intended. The representations about other 

phenomena eKamined appeared in the recent decades. All this gives to 

us the possibility to make the conclusion that the atmospheric 

phenomena, at base of which lies the totality of the processes of 

different nature, can be understood only with the use of a 

contemporary arsenal of science, and it makes it possible to hope that 

the junction/unit elements of the problem of ball lightning, as in the 

case of other phenomena of the atmosphere, will be permitted in the 

nearest time. 
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Page 174. 

CHAPTER a. 

SIMULATION OF BALL LIGHTNING. 

sa.l. Experimental simulation. 

Its reproduction under laboratory conditions is demonstration of 

understanding nature of ball lightning. Sizes and power engineering 

of ball lightning make this, reproduction completely available. . 
Therefore for the last hundred years were undertaken numerous attempts 

experimentally create ball lightning. The large part of these 
• 

experiments is in detail presented in the bouk of Barry [12], here we 

briefly will pause at the fundamental approaches • 

Different representations about nature of ball lightning were 

assumed as basis of laboratory experiments. BJt irrespectively of t~ 

basic ideas in all experiments the excitation of gas was realized with 

the _id of the gas discharge. Gas discharge proved to be the simplest 

and available method of the insertion of energy into the gas. Let us 

examine first that part of the investigations, where it was assumed 

that ball lightning - plasma. Since the formable plasma .(hypothetica1 

ball lightning) must not be connected with the walls, electrodeless 

high-frequency discharge is most adequate for this purpose. The first 

experiments on the creation of the glowing spheres it was carried out 

----- ------
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at the end of the past century by N. Tesla (see [12]). After creating. 

powerful discharge device with a frequency of the discharge of 4.2 ' .• 

kHz, under some conditions Tesla observed the glowiog spheres with the 

diameter of 2-6 cm. Since the results of these investigations were 

not published, it is now difficult to give to them estimate. 
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Detailed investigations on obtaining of glowing fo~ations of 

spherical form in sealed tank were carried out by G. I. Babat in 1942 

(see [12]). Shf discharge with a frequency of 1-100 MHz was utilized 

for this purpose and the power introduced into the discharge was 

varied up to 100 kW. In the region of the pressures of gas of order 

1000 Pa in the tank the fireball, which does not concern walls, 

appeared. The experiments of Babat many years were later continued 

and expanded by many authors. 

Difficulties of designing of high-frequency discharge,at 
• 

atmospheric pressure were overcome by P. L. Kapitsa, as a result 

succeeded in creating several atmospheres [107] of shf discharge in 

helium at pressure of helium. The glowing discharge region was not 

connected with the walls and had a form of sphere. The addition of 

organic additives sharply amplified luminous intensity. 

Work of Kapitsa are most consecutive in plan of simulation of 

ball lightning during plasma representation about its nature. 

Asserting that the plasma, which simulates ball lightning, must 
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rapidly be decomposed, Kapitsa arrived at conclusion [108] that energy 

into the plasma must be conducted from without. Its experiments 

demonstrate possibility - the existence of the glowing plasma sphere 

with the external power supply. Thus, the idea of Kapits~ and his 

experiments are logically locked. It is another matter that the 

reality of this ball lightning, as the subsequent investigations 

showed, was scarcely probable. 

Somewhat another method of designing of glowing sphere in shf 

discharge at atmospheric pressure is realized in work of Powell and 

Finkelstein [109). Triggering at the atmospheric air pressure was .. 
conducted with the aid of the arc, and the shf discharge, whose 

frequency was 75 MHZ, further was utilized, the power of generator -

30 kW. Discharge ignited in the glass open tube, moreover it would 
~ .: 

have been possible to change the sizes of region, occupied with 

discharge. After the disconnection of discharge the glowing region 

took the form of sphere and it decomposed for the fractions of a 

ser .,ld. morPQver in open air its decay occurred doubly faster than in 

the glass tube. In the work the detailed examination of the radiation 

spectrum of plasma is carried out. Although the lifetime of the 

observed glowing formations is substantially less than the lifetime of 

ball lightning, it cOllsiderably exceeds the typical time of decay of 

plasma at the atmospheric pressures. This anomaly the authors explain 

by the presence of a large quantity of metastable molecules. 

Page 176. 
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Represented experiments demonstrate possibility of deS~9nin9 of 

gas-discharge plasma in the 'form of glowing formation of spb:erica~ 

form, a1 though in their properties such objecto differ fr~.':!1 act\la~l¥ 

observed ball lightning. 

During setting of its experiments of Andrianov and Sinitzin [110] 

proceeded from the assumption that ball lightning appears as secondary 

effect of forked lightning from vaporized after its action material. 

For the simulation of this phenomenon the authors utilized the 

so-called erosion discharge - pulsed discharge, which creates plasma 

from the evaporating material. The stored energy under the conditions 

for experiment composed 5 kJ, potential differences 12 kV, • 
capacitances of the discharged capacitor 80 IIF. Discharge was 

directed to dielectric material, maximum discharge current was 12 kA • 

Discharge region was at first separated from the standard atmosphere 

by the thin membrane, which was disrupted upon the switching 'on of 

discharge, so that the erosional plasma vented to the atmosphere 

itself. The region moving glowingly took the spherical or toroidal 

form. ~or£over the visible radiation of plasma was observed in period 

on the order of 0.01 s, but generally plasma radiation was recorded 

not more than 0.4 s. These experiments once more show that the 

lifetime of plasma formations in atmospheric air is substantial~y less 

than the observed lifetime of ball lightning. 

Among experiments, which simulate chemical nature of ball 

lightning, most interesting and consecutive is experiment bariums [12, 
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17, Ill]. In tre Plexiglas cabinet with the sizes 50x50xlOO em' is 

placed air at the atmospheric pressure with the admixture/impurity of 

propane, which is ignited by spark. Distance between the electrodes 

0.5 cm, voltag~ 10 kV, the duration of discharge 10-' s, output energy 

250 J. The concentration of propane is 5% of inflammability lUait, 

with this and !tighe;> cOi • .:entrations the blast of mixture with the 

oxidation of prop" ,', ocC'urs. Combustion ceases, when propane 

concentration falls to 4.8%. However, with the concentration of 

propane 1. 4-1. 8% fo12 ')wing the spark discharge in the chal'1ber is 

fon:~d yellowish-green spher~ with diametp.r of several centimeters. 

It r--, ,>ple~es -apid ra:ldom movements along the chamber and in one-two 

sec,>; .. ' > go~s o· t> 

Page 1:7. 

This ph~p.omenon according to its p~operties resembles ball lightning 

and, in any case, can be treated as its analog • 

Supplementary investigations [112] showed that in conditions for 

experiment more complicated compounds are formed. Barry [12] gives 

other information, which confirms this possibility. Apparently, this 

process is critical for the observed glow. More complicated 

connections, including hydrocarbons, are condensed at ~ low 

temperature. In the conditions for experiment they form aerosols and 

in the final analysis are concentrated in the small region of space. 

Initial spark creates the necessary number of complicated connections, 

and the small region of concentrations of propane, in which it is 
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possible to obtain the glowing spheres, testify about the competition 

of different chemical processes in the system in question. Describe~ 

of processes in the system ill question. The described experiments of 

Barry are the best laboratory simulation of ball lightning. 

There are many reports about ~bservation of glowing spheres from 

vapo "'. of metals, which appear during short circuits, upon lightning 

strike to metallic objects, during some pulsed discharges, which are 

accompanied by evaporation of electrodes. Some of these reports are 

published (see [121). ~~ ~ result of evaporating metal is formed the 

glowing sphere, which morp. frequently falls to the earth or on the 

floor and there disorderly it moves, fadlng for the time of the order 

of second. This system can be represented as the ball of metallic 

filamentary aerosols, which cools in air. Unfortunately, the 

described observations carry random character, but experiments, as a 

rule, are not reproduced, which impedes analysis. 

58.2. Analogs of ball lightning. 

Ball lightning - real phenomenon. Therefore the separate 

mechanisms of this phenomenon, even if th~~ seem exctic, must be 

developed, also, in other physical syst~~ or phenomena. In 

connectiJn with this important to isolate and to analyze the physical 

sys~ems, similar to ball lightning according to the fundamental 

properties. Such systems, which will serve as the analogs of ball 

lightning, simulate the separate sides of this phenomenon and can be 
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used further for the reproduction of ball lightning under laboratory 

conditions. 
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Fundamental value has two analogs of ball lightning. One of 

them, pyrotechnic illuminating composition, simulates the process of 

converting the chemical energy into the energy of glow in atmospheric 

air. Another - aerogel - is physical object with the same structure • 

as ball lightning. It has durable and light body and is characterized 

by very low specific gravity. 

. 
Pyrotechnic illumina~ing compositions are solid mixture of series 

of chemical compounds, into number of which enters fuel, oxidizer and 

glowing components. The arson of this mixture leads to the. rapid 

burn-out of fuel with the participation of its o~n oxidizer, which 

creates in the combustion zone the high temperature, up to 3500 s • 

The located in the combustion zone macroscopic particles, and also the 

excited atoms and molecule create bright glow. 

Illumination means can be divided into two groups. The first 

create light in the wide region of the spectrum, the second are 

intended to give the light of·the specific coloration. Illumination 

means of the first group, which create white light, provide higher 

specific light output, since their emission answers the wide region of 

the spectrum. The emission of illumination means of the second group 

is caused by the transitions/junctions of the specific atoms or 
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molecules, so that the radiation spectrum of such mixtures is 

concentrated in the not wide wavelength range. From the poin~ of view 

of ball lightning to uS are interesting the illumination means of the 

second group. Let us give as an example the parameters of the 

composition of toe light of yellow. 

Yellow of this illumination means is determined by emission of 

excited atoms of sodium. The composition of the chemical constituents 

of yellow light is the following [Sl): KN0 3 - 37%, Na.C.O. - 30%, Mg 

_ 30%, resin - 3%. Magnesium is fuel, saltpeter and dioxalate of 

sodium are oxidizer, and resin - binder. Sodium resultant during the 

heating provides the glow of hot. mixture. The specific energy reserve 

of this composition of 6 k;r.g-l several times lower than in carbon, 

combustion temperature is 2500-3200 K. The luminous efflciency of 

substances wi th this composition is equal to 8 lm-W- 1 
, Le., DY an 

order exceeds the value, observed in ball lightning. 

page 179. 

The luminous flux for average/mean ball lightning of lightning can be 

provided with 0.3 g of this composition, and the energy reserve of 

average ball lightning - approximately with 3 g. Let us note that the 

mass of air, the blockaded volume of average ball lightning, is 15 g. 

Essential feature of chemical process in illuminating composition 

is caused by fact that oxidizer is taken from composition itself, but 

it is not atmospheric oxygen. This is determined to temperatures and 
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to the high luminous efficiency of the light source in question. 

However, a similar conclusion about the coincidence of the reacting 

components was made with respect to chemical process in ball 

lightning. In this case, besides ozone, the oxygen-containing 

components in atmospheric air can be the oxides of nitrogen and 

sulfur, and also salt of nitric and sulfuric acids. 

Let us examine another analog of baJ.l lightning - aerogel -

macroscopic cluster, comprised of solid, rigidly connected single 

particles. The rigid body of aerogel occupies a small part of its 

space, almost entire space falls to the pores. The first part of the 
• name "aero-" reflects the fact that the speci'!icweight of aerogel is 

small. Even the first samples of aerogel, obtained are more than 

. fifty years ago [114, 115], they had specific. weight/gravity up to 

0.02 g·cm-'. In a certain region of sizes (exceeding size of single 

particles) the aerogel, as ball lightning, has a structure of fractal 

cluster. 

In aerogel durable bond between particles is realized and 

therefore a few connections can form this structure. Are at present 

obtained aerogels for ten oxides (and also for their mixture), in 

umb f ' , Q.II,} h 'd n er 0 WhlCh are located by SlO.~Al.03. However, t e Wl est use 

received aerogels from silicon dioxide. The discussion predominantly 

further and will deal with them. 

A~rogels are formed in solution with isolation of this component 
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in solid phase [116J. In the solution are created such conditions 

that the macroparticle in proportion to its increase is charged, so 

that the connection to it of the new ions of connection, of which it 

consists, hinders. Thus it is possible to isolate this component in 

the solution in the form of macroscopic particles with the close 

sizes. At the following stage these particles are connected with each 

other, forming gel - macroscopic cluster with the rigid body. 

Page 180 •. 

If this gel is dried, then aerogel will be obtained1 however, to make 

this is complex - are too great the forces, which hold the molecules 

of the solution in the pores of the gel of small sizes. It found 

successful resolution of this problem in 1931. Kistler [114]. He 

placed gel into the autoclave and created supercritical conditions on 
;' r: 

the temperature and the pressure for the molecules, which are located 

in the pores. Thus it was possible to 'isolate aerogel, and its 

history is counted off from this time. 

Technology of production of aerogel sufficiently pulky, complete 

cycle of its obtaining occupies several days. Furthermore, since the 

aerogel is formed in the solutions of spiritists, this technology is 

sufficiently dangerous. For this reason it was necessary to forego 

the large installation for its production - exploded. All this limits 

the accessibil i ty 'of a'erogel and raises its value. At present the 

base mass of the aerogel produced is utilize~ during the experiments 

in high-energy physics, where its cost is not main problem. 
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Aerogel is characterized by properties of fractal cluster in 

r:::gion of sizes 
r. < r < R, (8.1) 

where r. - characteristic radius of particles, of which it is 

comprised, R - maximum size of pores. Taking this into account the 

average density of the piece of aerogel, limited by the sphere of 

radius r, according to formula S4.3 is equal to 

p(r)= Apo (rJr) I-D, (8.2) 

-":. 

where A - coefficient of the order of one, P. - substance density of 

the aerogel, when it is continuous mass, D - fractal dimensionality of 

cluster. Hence, in particular, it follows that the maximum size of 

. pores in order of magnitude is equal to 

1 
. - 8-ii 

R = ro(po/P) I (8.3) 

where p - average density of substance in the aerogel. 

Fractal dimensionality of gel of silicon dioxide was found in 

works [117, 118] at study of intensity of scattering X-radiation on 

gel at different wavelengths. Processing the results of measurements 

gives D = 2,12 ± 0,05. 
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Use of rougher results on scattering of X-rays on the aerogel of the 

dioxide of silicon [119], and also function of the distribution of 
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pores according to sizes of [120] gives D=2.3. It is difficult to 

understand, with how is connected the disagreement between these data 

- with the different samples, or with errors of measurement. 

Aerogel - porous substance with large internal surface. If we 

consider that its body is comprised of the identical spherical 

particles of radius r., which concern each other, then we have for the 

specific area of internal surface: 

here P. - material density of aerogel, equal to 2.2 g·cm-' for silicon 

dioxide. The majority of aerogels possesses to specific square of 

internal surface, which is located in interval of 500-800 m"g-1 

, 

• 

[116]. This corresponds to a radius of the components of its ~ 

particles (2-3 nm). If these values are utilized in formula (8.3) for 

the aerogel with a density of 20 g'1-1, then in the case of the 

fractal dimensionality D=2.l we will obtain the maximum size of pores 

R-0.5 ~m, and in the case of Dc 2.3 the maximum size of pores will be 

R-2 ~m. 

Its strength and thermal resistance are important properties of 

aerogel. In particular, the aerogel of silicon dioxide retains its 

structure during the heating to 800 s, and heating above 1100 s leads 

to coarsening/consolidation of the particles of its body and sintering 

of aerogel. Fig. 8.1 depicts the dependence of Young's modulus of 

aerogel on his density. 
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Fig. 8.1. Young's modulus E of aerogpl of silicon dioxide: 1 -

measurement [121] ~ unbroken curve - dependence E = Eo(p/Po)J with 

parameters £,=4.10· N'm", p.=130 g'l", /3=2.8, p - density of 

aerogel. 

Key: (1). N·m". (2). g·l". 
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Let us continue these data into the region of lower densities and we 

will consider that the aerogel is proken down, if the pressure . 

differentials on it are compared with Young's modulus. We will obtain 

that the density of aerogel 0.02 g'cm" corresponds to Young's modulus 
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( 

( 
0.2 atm., Le., it is required for the production of this aerogel that. ( 

the pressure differentials on it would not exceed this value. Aer~gel ( 

with the specific weight/gravity, equal to the specific gravity of 

standard air, is characterized by Young's modulus of approximately 10 

Pa, which corresponds to sound pressure 120 dB (hum of aircraft near 

it). Hence it follows that the aerogel with the specific 

weight/gravity of the order the specific gravity of air can exist. 

However, such aerogels will possess lower strength than created for 

commercial purposes, and they cannot be created on the basis of 

traditional technology. 

58.3. Special features of nature of 'ball lightning. 

Carried out in book analysis, based on comparison of parameters 

of ~all lightning, obtained from observational data, with contemporary 

information about processes and structures in nonequilibrium systems 

showed constructiveness of this approach. It was convenient 

methodological instrument for explaining the set of the elements, 

which compose the physical picture of ball lightning. In 1rable 8.1 

the results of this analysis, which relate to the character of the 

processes, taking place in ball lightning are assembled. Let us 

comment table. 

From analysis of observed properties of ball lightning it is 

possible to make series of conclusions relative to character of 

process of consumption of internal energy, which leads to glow of ball 
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lightning. The main thing of them - the source of internal energy -

chemical, moreover the reacting components must be combined from the 

very beginning. As far as the glow of ball lightning is concerned. is 

evident that effective temperature of the glowing zone is great 

(T>2000 K). When the radiating region is gas, we obtain that the 

radiating atoms or molecules a,re located in t:le thermodynamic 

equilibrium with atmospheric air. This makes it possible to isolate 

the type of atoms or molecules - candidates for the role of the 

radiating particles. Furthermore, for the effective transfor.dation of 

chemical energy into the radiant energy it is necessary that the sizes 

of the radiating region would be not very small. 

Page 183. 

Let us note that all these conclusions follow from tQe analysis of 

observational data: therefore they carry general character and must be 

assumed as the basis of any model of ball lightning. 

• 
At the same time interesting conclusions fOllow from assumption 

about filamentary or fractal structure of ball lightning. The 

analysis of the properties of ball lightning in this case gives the 

possibility to draw ~he conclusions, represented in1Fable 8.2. 

Results in fact given in this table are the development of idea about 

the fil~entary structure of ball lightning, which was proposed by 

Aleksandrov, Golubyov and Podmoshenskiy [46]. 
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Table 8.1. Special features of processes in ball lightnir.g. '-

.---------
"}CIIOCOfi )'CTasoueHHR aaMOHOlSepHOCTB 

1) 
ConOCTau.1enUe OJlOTBOCTU 9Hcprno 0 Bpe-

MeBO lKII31111 Jl.!l1I rllnOTCTIl'lCCltOii 0 sa· 
6.1101\aeMOii wapOBbU MMBllii (CII. rll. 2) 

~} 
Co'lCTaBUe 6o.1(,lUoro YJl.eJlbnOrO 311cpro-

shl:\e:1eHUII (IIBTCHCIIBHblii npouecc) C 
60!lbWilM npc~lcHC~1 npOTCI,aJU11I (McA­

~ lleBBhlii npou.ccc) (CM. § 3.3) 
~ICClleJl.osaHlle KOBnelU~nn B aoHe XIIMllqe­

CKoii peaKu.I!OO Ten.10Bbll\e.1CBOII (§ 3.1) 

" MaJloe sarpcBaHlle npn An~Y3ml1'aaoBO-\ 
ro OKIICJlIITCJlII K reTeporeBHoMY roplO­
'1e~ly (§ 3.2) 

(u) 
BhlCOIUlIi teMnepaTypa B 06J18CTU peaK-

U.OII- 113:IY'Ia!O~cii 30HC (§ 6.1.6.4) 
,a) 
CpaBBeBoe Ba6.11O:\aellh!X oa palieTp08 ma­

poBoii MO.1HOO C na palleTpa!110 paSHo­
BecBoro n3!1Y'l8TeJIlI (§ 6.1) 

IV) 
BblcoKall lIq,!lJCIITJlUBOCTb TyweHlIII !!OS-

6YlK:\eusl,\x aro~loB n 110.lCKYll B anlo­
c~epuo!1 B03.WXC (§ 6.3. 6.4) 

u) 
CpaBBeBoe CBCTosoii OT;J,nn Ua6aiO)laeMOD 

waposoii MOllHlln n· rOpll'l~D D3Jlj''18JO­
~eii aoBh! (§ 6.4) 

WB"'BOJl'" 

(If) 
BOS)IOlKCB TOJlbKO XIDIB­

qecllllii cnoc06 xpane­

~I BIIlI lIoeproo 

X OIUl'leCKllii npoo.ecc 
CJIOlKBh!il n MO)KeT co­
CTOIITb 113 BCCKOllbKIU 
CTa)lnii 

~KTODBOe Be~CCT!!o ma­
poBoii MOll BOD Be Mo­
)I,eT 6b1Tb B BO;J,e rasa 
I!.~U OTI\e!lbBhlX '1acmo. 
(m.JilO n.10 aap030llU) 

fJ~J 
OKIICJIllTe!lb If roptoqee 

c tUIOro aa'l8Jla npo­
I\ecca COB)le~eBbI 

(II) 
a~KTDBBall te~lUepa­

TYpa B3JIY'I8IO~1U '18-
~S} CTOU. T ~ !!OOO K 

PaBBOBCCnh!e YCJIOBOR 
B aoKe Jl3,lyqCHBII. or­
paBOQCBBh!ii sa60p 
copTOn B311yqalO~1U 
aTOIIOB ILllB MOlleKYII 

~~a3)leph! 3!1e)leBTSpHOii 
03;lY'I8iOm.eii roplIqeii 
mi~acTD Be KeHee 
0.1 11M 

Key: (1). Method of the establishment of law. (2). Conclusions. 

(3). Comparison of energy density and lifetime for hypothetical and 

that observed ball lightnings (see Chapter 2). (4). Only chemical 

method of·storing.energy is feasible. (5). Combination of large 

specific energy release (intense process) with long time of course 

(slow process) (see 53.3). 

consist of several stages. 

(6) • 

(7) • 

Chemical process complicated and can 

Study of convection in zone of 

e·' 

•• 

c 
r 
c 
c 

I... 

• 
c 
c 
c 



( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

0:~ 
@ 

{ij 

( 

( 

( 

( 

(.... 

• ( 

• 

• 

• 

DOC = 89119412 

chemical reaction t of heat release (53.1). (8). Active material of 

ball lightning cannot be in the form of gas or single particles (dust 

or aerosol!. (9). Small heating during diffusion of gas oxidizer to 

heterogeneous fuel (53.2). (10). Oxidizer and combustible from the 

very beginning of process are combined. (11). High temperature in 

scope of reaction - to radiating zone (S6.1, 6.4). (12). Comparison 

of observed parameters of ball lightning with parameters of 

equilibrium emitter (56.1). (13). Effective temperature of radiating 

particles T~2000 K. (14). High effectiveness of quenching of excited 

atoms and molecules in atmospheric air (56.3, 6.4). (15). 

Equilibrium conditions in zone of emission, limited set of types of 

radiating atoms or molecules. ~ (16). Comparison of luminous , 
efficiency of observed ball lightning and hot radiating zone (S6.4). 

(17). Sizes of elementary radiating hot region are not less than 0.1 

rnm • 



---------. -_ .. 

DOC = 89119413 

• ;' 

page 184. 

Conclusions, given in 1fables 8.1 and 8.2, make it possible to 

draw specific conclusions about separate characteristics of phenomenon 

(Table 8.3) in question. There ~re reliable conclusions, which can 

be made on the basis of the analysis of the observed data on ball 

lightning and their cOII,parison with the existing information on the 

processes and the phenomena in excited air. The conclusions, given in 

1rable 8.3 can be considered as the system of the properties, by which 

ball lightning is characterized. 

Data of~able 8.3 composes base of phenomenological model of ball 

lightning. This mOd~l gives schematic representation about nature of ... 

ball iightning and separate sides of this phenomenon, without defining 

concre~ely the chemical composition of active material, the condition 

of onset and course of phenomenon. Thus, the results of the carried 

out analysis embed bed for the subsequent step in the study of ball 

lightning - the investigati~n of its properties under laboratory 

conditions. 
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Table 8.2. Properties, which foliow from the structure of ball 

lightning. 

(l/CBonrTB3 map080n MQ.'IHIIR 

(JI .l.n • 
cq.rpll'lrCK3R ~",p~13 maponoll MO.1nJlR 

{sf 

H coxpallPllne pa3MepOD B npol\ecce 
3BOmOl\JIJI (§ 3.1) 

Ha.1J1'1J1e a.1eh'TpmecKoro aapll,!\a ma­
POBOD llO:IHJIJI (§ 5.1) 

(1} 
BaaIDIO;:IeiicTall8 Rarperoro JlapK8Ca 

mapoBoii MMRJIII C oRpYlKaJOII{UM 
B03i\YXOM (§ 3.4) 

(f) 
Orpalrn'leRIIOe BpeYll oopaaOBaRJJll 

R.laCTcpa 113 TBer:1blX 'IaCTnl\ (§ 4.3) 
~ - . BbICOKnn 3:JeIiTpnQeCRJlII aapna n 

a.leRTpJl'leCRI! 1i nOTClII\1I8n ma pOBon 
MO.1UIlU (§ 5.3) 

WBWBOIUI 

('II 
lliapOBa!! Monnn!! beeT 

CTpYKTYPY 4lpaKTaRbBOro 
KnaCTepa IVlB crYCTKa BJI­

~f TeBD,!\III>IX aapoaoneit 
CoaA8nne nOBepXROCTHOIll 

HaT!!lKeHlfll, oI'iecD8'IB-
BaJOII{ero ),CroH'IDBOCTb 

tJ JlnaeTepa 

B03DDJ1HOBeDne DOA"IoelIBol! 
CIIJlW mapoBoli )lOJlllIllI. 
HarpCBRHn8 npomeAmero 
'ICpe3 KapKaC B03AYxa aa 
20+200 K 

~a3~,ep", 'IaCTIID; IlaJIloI (Be 
Bhlme 1 )lKM) 

~a3~eneDDe DIIBSMhI Jr saPR-
",eBHblx TBep1l1>IX '18-

CTnD Ra DepBoli CT8ABU 
IlX aCCOl\1I81\1l11 B Ma­
cTep. orpann'teDDDle pas­
)lepL! TBrp:IhlX 'l8CTDI\ (Be 
6qnee t I'K)I) 

Key: (1). Properties of ball lightning. (2). Conclusions. (3). 

Spherical form of ball lightning and maintaining sizes in process of 

evolution (S3.1). (4). Ball lightning has structure of fractal 

cluster or cluster of filamentary aerosols. (5). Presence of 

electric charge of ball lightning (S5.1). (6). Creation of surface 

tension, which ensures stability of cluster. (7). Interaction of 

heated body of ball lightning with surrounding air (S3.4). (8). 

Onset of ·lift of ball lightning. Heating passed through the body air 

on 20-200 K. (9). Limited time of formation of cluster from solid 

particles (S4.3). (10). Particle sizes are small (not above 1 $IIII) • 



" 

DOC = 89119413 

(11). High electric charge and electdc potential of ball +ightnfilg 

(S5.3). (12). Separation of plasma and charged solid particles ----_ 

during the first stage of their assodation into cluster, limitE!¥ 

sizes of solid particles (not more than 1 pm). 
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Table 8.3. Special features of physical nature of ball lightnOing. 

I (Il. I XapaHTr l'IlCTIIKa 

~;~~----------~~o~------------------------I GuocoG ~pallemlll 'i'0.1hlro XIIMII'Icclrnii CUoco(j xpaBelIlUI IIBep-
IIB),Tpewen suep- nl~ )\OaleT oUecne'lllTb IIWrellAlD~e Da 
run 11801l1OA8TC.1bHblX AaHBblX IIblCOtaIe )'/181110-

Sj 
Oc06eRl!ocTB npo~ec­

ca TtlWlOBloIilCileHIlII 

tI) 
CTpYKTypa 8KTIIBBoro 

Bew.eCTBa B mapo· 
BOll Mo.1BIID 

f) 
311eKTpn'leCKne 1I&1e-

HUll B mapoBoii 
110.1BIIII 

(II; 
CBe'leRlle mapOBOD 

KO:lBIlD 

Hble DJ\OTBOCTU ilBoprDD II 60libIDBe Bpe-
f~) )lOBa ee paCxOAOIl8Bnll 

Pelrnp}'IO~ne IIOMDOBeBTIo1 - Bl\TDBBoe ae­
~eCTBO IllspoBOii MOIII!IlB, BUOAllTCll BUe­
CTe AO B8'18J18 npouecca; caM XJUUl.'IecKBii 
npouecc CJIoalBblli, T.e. JDleer 06paTlllole 
CIIIISD, )Jollier BWIIO'I8Tb B ee611 }l1IJI no­
CJIeAOll8reJIbBbIX eT8Auli. fioarou)' OB OA-
BOBpe~leHBO - BBTeBCDBBbID II )Je}:\lleBBblD 

~.(KTBBBoe Be~ecTBO maposoil )JOIIBBB oopa­
ayeT DPOqJIbiD lIapKac II IIH;1;e cJJpaIIT8JlbBo­
FO K.1aCTepa DJln SIITeBBASWX BaposOlIeii 
(K()~IIi8). O;1;RO 113 CJIeACTBDii TaKoii CTp}'II-
TYPItl - BOSRDKBOBeSDe DQA1oeAIBoii CDJIW 

~" npD B8rpeBaBBB KapRaC8 

I_apRac aapIIlIIeB. 'ITO C08/l8eT noaepmocTROe 
HaTIIlIIeBDe II ero ),CTOH'IlUIOCTb. 3aPIIA 
K8 pKaC8 C03;1;aeTCII DpD lUIacTBp-lUIacrep­
Ron aCCOUR8~D OTP~TeJIbBO aapllaleB-
BbiX TliepAItIX '1a~ - TaKoi aaplIJI 0I!Il 
D)lelOT II CJIa60DoRB3oaaBBoi DJl8aue 
B03;1;yxB. 'IT06w 8CCOD,l11111.Bll DPOBCXOABlI8 
61t1CTPO B KapRaC Be paaplllK8JlCII B upo­
~ecce poCTa, BeOOXO,fIBUII JWIi,rlI paaMep 
'1aCTD~ (Be 6011ee AOlieH MDpoBa), BWCO­
Ilall 1L10TIIOCTb BKTDBBOro Be~ecraa (Be 
MeHee AOlleD rpaMMa Ba t r B08/U'Xa) D 
pa3~e;JeHDe aapll;1;a 'l8CTD~ II 1IOJ10lKDTeJIb­
Horo aapll,:ta DIIaaMW aa DepUOD CT8ADIl 

/.. Dpo~ecca ° ° 

~e'leBDe mapoBoii )IO:umn )IOlKer C08)\8BaTb­
CII KaK na.')"IeBDeK B8rperoro KapR8Ca 
1L:1B OTile:lbHItIX '18~, T8R B lI3JIY'leWeM 
B036)'lKileRRWX aT0110B B 1loJl8Kyn. Bo STO-
pOll CJIy'l8e II,BeT B3JIyoIeBDll 60liee ollpe­
;J.e.1eSRO BItIpaaleB. 3cJJcJJeKTBBB811 reune­
P8TYpa B3lIy'l8lO~eD 00n8CTB B8 MeBee 
ZOOO K. EcIlB aa."IY'IeBDe COSAaeTCR 06· 
naCTblO rasa, TO Deer )JecTO repUOAJlll8-
MUqeCKOO paBBOBecD8 B aroB o6lI8CTB llj!lll­
lIY BOa6ymAeBBLlMD 'l8CTDUaMD 1I ra80M. 
310 03R8'1aer, 'lTO 1I3l1y'l8lODl,BII cnoco6· 
HOCTb 06nacTB Be 8aBDCDT OT cnocOOa 
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COO)l8nnll 8036Y*AellBYx 'l8CTBD. • IDI86'IeA .. 
OrpaHH'ICBUoe 'I\lClI0 eoproB 1IOa6Y*A81111i1I 
aTO~IOB B )IOJlCK)'JI, OTBeTCTJI811J1101X 1& 118-
lI\"1emte mapo80it 1I0l11lB11. KpoMe '1'01'0, 
pa3yep lIJ1eMeR1'apuoii ~iI raao-
80B aORIoI COCTallJllleT AOlIB 11l1l1J11tMetpa, 
'ITO all8'IBTelIbBO npeBLImaeT p'uBlep" U­

CTlIll 

Key: (1), Characteristic, \2). Conclusion. (3). Method of 

-... -. , 
;;:-~. --\ 

storing internal energy. (4). Only chemical method of storing energy 

can ensure escaping/ensuing from observational data high specific 

energy densities and long times of its consumption. (5). Special 

features of process of heat release. (6). Reacting components -

active material of ball lightning, are located' together prior to 

beginning of process1 chemical process itself complicated, i.e., it 

has feedback, it can include series of consecutive stages. Therefore 

it simultaneously - intense and slow. (7). Structure of active 

material in ball lightning. (8). Active material of ball lightning' 

forms durable body in the form of fractal cluster or filamentary 

• aerosols (lump). One of the consequences of this st~ucture - onset of 

lift during heating of body. (9). Electrical pheno~ena in ball 

lightning. (10). Body is charged, which creates surface tension and 

its stability. The charge of body is created during a cluster-cluster 

association of the negatively charged solid particles - they have this 

• 

charge in the weakly ionized plasma of air. So that the association. , 

would occur rapidly and body was not discharged in the process of 

growth, were necessary a small size of the particles (not more than 

fractions of micron),. the high density of the active material (not 
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less than fractions of gram by 1 g of air) and separation of the 

particle charge and positive charge plasma during the first stage of 

process. (11). Glow of ball lightning. (12). Glow of ball 

lightning can be created by both the emission of heated body or singl~ 

particles and by emission of excited atoms and molecules. In the 

second case the color of emission is more definitely expressed. 

Effective temperature of the r&diating region is not less than 2000 K. 

If emission is created by the region of gas, then thermodynamic 

·equilibri~~ in this region between the excited particles and the gas 

occurs. This means that the radiating capacity of region does not 

depend on the method of designing of the excited particles and there 

is a limited number of types of excited atoms a.ld molecules, critical 

for the emission of ball lightning. Furthermore, the size of the 

elementary radiating gas zone comprises fractions of millimeter, which 
l : 

considerably exceeds particle sizes. 

Page 186. 

On the basis of available representations about pnysical nature 

of ball lightning let us attempt to answer question, why this 

phenomenon is observed relatively seldom. For this let us trace the 

character of the onset of ball lighLning. The appaarance of plasma, 

which is located under the high potential, is the first stage of the 

formation of ball lightning. The density of plasma can be small in 

conparison with its density in the glow and arc discharges, so that 

such conditions are sufficiently propagated in the prebreakdown and 

breakdown electrical phenomena, which take place in atmospheric air. 
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Following stage - inclusion of substance in the form of aerosol 

particles into the plasma. It is possible to visualize that as a, 

result of electrical breakdown on the solid surface the evaporation of 

material occurred. Returning to the solid phas , this vaporized 

material in the air plasma became the solid aerosol particles, which 

took upon themselves the charge of plasma. When high electric fields 

appear on the evaporating solid surface, the vaporized material has 

electric charge, also, with the ejection into non ionized air. 

Following relatively prolonged and calm phase is connected with 

formation of body of ball lightning during association of solid 

aerosols. It is necessary that gas dynamics of surrounding air wo~ld • 
not lead to the structural failure. The body of ball lightning is 

formed after, it absorbs the active material, which can be ozone, in 

also some nitrogen and organic compounds in the atmosphere. Although 

a quantity of active material is relatively small and occupies a small 

part of the capacity of the body of ball lightning, we virtually do 

not have available specific information along this question. 
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Table 8.4. Parameters of ave.'age ball lightning. 

Bee aKTIlBHoro BCm.C­
eTBa mapoBoii MO.1-
HIlIl 

HarpeoaHIiC B03.1yxa 
BH}'Tpll Ka pRaea 
mapoBoii MOJIIIIIII 

OTIIOmeHIlC Beea Kap­
KIlen mapoBoii MOJI­
Hilil K Becy B03iIS­
xa BHyrpn !leTO 

3apn~ KIIpKaca cpe~­
Heil mapoBoii MOJI­
BUll 

Pa3.\I~p 'laCTIlIi. co­
~TaIl.;'lIlIOJII.IIX Kap­
KIIC mapoBoii MOJI­
HIlIl 

TeltnepaTypa U311Y-
'!alOm.llx '!acTIII\ 
HlIll 11a..1Y'lalOm.eii 
aosbI 

Pa3Mep RallY'l8IOm.eii 
OOllaCTB 

Pa3!dep 311eMeHTapHOii 
06l1aCTII. aanuMae­
loIoii aKTIIBBblM Be­
Il\CCTBOl! 

K03q,q,Ul\ueHT norJlo­
II\CHIIII )lareplI8Jla 
liapKaea 

1.10±0.8 

(5+10)· 

-2000K 

KAlil. IIB8pro­
aKTBBHOro I&­

.m.~~TBa 1-10 K.I\lK.r-1 

renJlonepeuOC& 
/l,Jl1I cpCAHeii mapoBOi 
M01/BHII (§ 4.5) 

CBCIJlILIBa­
HIIII» cpeAHeii mapa­
Boii MOlll111B B B03/U'Xe 

4.5) 
mapoBoii MOJlUIIB no­

pR~Ka CIIJILl npHTlllKe-
K MeTall1lB'lBCKIDI 

pO'beh'TaM (§ 5.1) 
BPI~MII oopaaoBaHIlR uap-

113 OTAeJlbllWX 
'la(:,!,1I1~, )leHee 1 c 

rC~a~~_e~'D~ CBeTOBhlX no-
D CBeTOBRX 01-

Aa'! A1/H cpeAHeii ma­
poaoii MOJIIlIID B afico.. 
JlIOTHO '1epl!oro TeJla 

6.1) 

I'Cj>aBllemfe cBeTOaoii 01-
Aa'ID cpeABeii mapoaoii 
MOlllllO D ropR'Ieii B0-
B"'. 06paa~'eMoli B pc­
aYJlLTaTe xm.1H'!BCROii 
PeauulDD (§ 6.5) 

'IT06", 0-
ny'!eBue mapoBoii )IOJI­
Mil Be DornOIl\8llOCb 
ee KapKaCO)1 (§ 6.2) 

PAGE3/3r 

Key: (a). Parameter. (b). Value. (cl. Method of conducting the 

estimate. (la). Weight of the active material of ball lightning • 
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(lb). g. (Ie). Is utilized energy of average !all lightning 20 kJ 

and energy reserve of active material 1-10 ~.g". (2a). Heating air 

within the body of ball lightning. (2b). Calculation of heat 

transfer for average/mean ball lightning (54.5). (3a). Ratio of the 

weight of the body of ball lightning to the weight of air within it. 

(3b). Requirement of the "floatirg up· of average ball lightning in 

air (54.5). (4a). Charge of the body of average ball lightning. 

(4b). C. (4c). Weight of ball lightning of the order of attracting 

force to the metallic objects (55.1). (Sa). Size of the particles, 

which compose the body of ball lightning. (Sb). rum. (Sc). The time 

of the formation ot'body of the single particles is .less than 1 s 

• (Table 4.3).. (6a). Temperature of the radiating particles or 

radiating zone. (6b). Comparison of the luminous fluxes and the 

• 

luminous efficiencies for average/mean ball lightning and blackbody ~ 

(56.1). (7a). Size of the radiating region. (7b). pm. (7c). 

Comparison of the luminous efficiency of average/mean ball lightning 

and hot zone, formed as a result of chemical reaction (56.5). (Ba). 

Size of the elementary region, occupied by active material. (9a). 

Coefficient of absorption of the material of body. (9b). cm>·g". 

(9c). Requirement so that the emission of ball lightning would not be 

absorbed by its body (56.2). 
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Therefore it is sufficiently difficult to estimate the probability of 

this event, when it is characterized by the parameters, necessary for 

the existence of ball lightning. 
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It follows from given diagram of formation of ball lightning that 

for its appearance is necessary existence of certain sequence of 

events, each of which is random. Hence it is possible to draw the 

conclusion that ball lightning - phenomenon rare. 

Analysis of processes, which take place in average/mean ball 

lightning, taking into account observed characteristics of ball 

lightning made it possible to estimate some numerical parameters of 

ball lightning. The values of these parameters, assembled in1rable 

8.4, supplement information about ball lightning according to 

observational data (see Table 1.5) and they expand our representa~ion 

about ball lightning. 

58.4. Phenomenological model of ball lightning • 

Carried out analysis and obtained conclusions (see Table 8.3) 

maks it possible to construct schematic model of ball lightning. 

Aerogel is its analog according to the structure, and using the method 

of the processing chemical energy into the radiant energy -

pyrotechnic illuminating composition. Such fundamental four models 

are the following. Ball lightning has a body, similar to the rarefied 

aerogel with the specific weight/gravity of the order the specific 

weight/gravity of atmospheric air. This body is electrically charged, 

which creates its stability and rigidity. In the pores of body the 

small quantity of ac~ive material, which is the mixture of fuel and 
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oxidizer is located. The weight of active material several time~ 9f 

les!! than the weight of body. Active material within the ):)Qdy haSi·-'· 

fractal structure and can be represented as the system of the large' 

number of thin filaments. 

Phenomenon in question consists of propagation of wave of 

chemical reaction and, consequently, also wave of glow along separate 

filaments of active material. The simultaneo~s glow of many filaments 

creates the impression of volumetric glow. The special features of 

the propagation of the wave of chemical reaction along the system of 

the intersecting filaments determine the transiency of the processes 

of heat release and glow. As a result the evolution of this system 

can lead to its blast, to the decay on the part or the slow 

extinction. 

Page 189. 

Quantitative characteristics of process of propagation of wave of 
• 

chemical reaction along separate filament were examined earlier. In 

the appropriate pa.ameters of the filament of active material they can 

be coordinatf'd with the observed parameters of ball lightning. One 

should emphasize in this case that the special features of chemical 

process were not utilized in these estimates. Chemical process can 

have complicated nature and include the stages of delay, feedback, 

multistage reactions. This depends both on the specific composition 

of active material and conditions of the course of process, and it, is 

reflected in the character of its' course. For this reason without the 
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use of a specific composition of active material the model of ball 

lightning is schematic. 

Together with common model of ball lightning can be used whole 

series of models, which make it possible to investigate only separate 

sides of this phenomenon. In particular, heating by the laser of the 

lump of thin metallic wire made possible to investigate the lift of 

ball lightning and gas dynamics of its surrounding air. Electric iron 

is the convenient model of ball lightning during the investigation of 

~he sensation of heat near it. The isolated charged sphere simulates 

some of its electrical properties and it makes it possible to 
• understand, for what time it is discharged in the actual air. 

All.these and similar models are conve~ient by their simplicity • 

They make it possible to in detail analyze the separate sides of 

phenomenon and thlls to give clear information about the separate 

elements of the common physical picture of ball lightning. 

Page 190. 

CONCLOS!ON. 

Material represented in book makes it possible to total next 

stage of investigation of ball lightning. Specifically, after was 

carrieC out the detailed analysis of the observations of ball 

lightning with obtaining of quantitative characteristics the stage in 

question it made it possible to reveal physical nature of ball 
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( 

( 

( 

( 
lightning with the explanation of the separate sides of the phenomenon. ( 

being investigated. It is significant that in this case the 

contemporary physical representations about the phenomena close in 

nature were used, and also the existing quantitative information on 

the specific physical and physicochemical processes. As a result we 

have the physical picture of natu~e of ball lightning. 

( 

( 

( 

( 

( 

( 

Understanding fundamental laws governing physical nature of ball ~ 

lightning discloses path to following stage - laboratory investigation ~ 

of ball lightning. This problem was carried out in the experiments of 

Kapitsa, Barry, Powell and Finkelstein and some other scientists, 

where was demonstrated the existence ot the long-lived glowing 
.' , 

formation of spherical form under the atmospheric conditions, which is 

pot attached to the walls. Each of these experiments can be 

considered the reproduction of phenomenon, which reflects the 

fundamental observed properties of ball lightning. By laboratory 

investigation of ball lightning is understood the detailed laboratory 

study of the specific groups of processes and structures, which relate 

to ball lightning. Such investigations will help to more deeply 

understand nature of atmospheric phenomena and ~o be selected at 

qualitative laws governing the specific physical phenomena, objects. 

The study of the processes of the propagation of the waves of chemical 

reactions., combustion and glow in the substance, absorbed by the 

rarefied porous material, is one of such problems. The discharged 

aeroge~ as the porous medium and pyrotechnic connections as the 

chemically active substance is the adequate model for these 
investigations. 
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APPENDIX. 

FRACTAL STRUCTURES. 

Target of this appendix consists in explaining of sense of 

fractal systems, giving general physical idea about them, and also 

descriping character of investigations in this direction. Fractal 

structure refers to the structure of globular lightning and therefore 

it is of interest in.the layout of this book. Fractal systems are 

interesting from the point of view of the achievements of the sciences 

of last time, which changed our representations about many objects and 

concepts. In some of these representations (for example, chaos, 

nonlinear waves, structure in the gas and the plasma) we now pack 

entirely another sense, than twenty - thirty years ago. In this 

respect many contemporary views on the objects and the phenomena 

previously had to seem exotic. 

The same it is possible to speak also about ball lightning. The 

unusualness of this phenomenon made it necessary to think that the 

surp.-lsir,.g efiects compose its base. In spite of the incompleteness 

of contemporary concepts about ball lightning, from these positions we 
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physical nature must seem exotic. Actually, we became accustom~d, 

that the solid state of substance can be amorphous or crystal. In the 

first case it can have pores, but usually the space, which falls to 

the pores, the same scale or less than the space, occupied by the 

material of substance. Despite the farot that in the technology there 

were very ·perforated· porous substnnces - aerogels (see 58.3), whose 

space of pores considerably exceeded the space of material, such 

objects could be examined only as exception. 
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Now our relation to such objects (we call them objects with 

fractal structure) significantly changed. They are observed in' the 

different physical situations, which makes it possible to c~nsider 

them as a certain. class of physical objects. The conducted 

investigations made it possible to unde~stand the laws of the 

formation of such ul\its and to stuay their properties. In the process 

of these experiments the circle of objects relating here was widened. 

All this as a whole created new relation to the fractal systems as to 

the real objects, with the clear properties. 

Fractal structure, according to one of properties, assumed as 

basis of its definition - this system with fractional dimensionality 

(fractional is converted from English as fractional). Such systems 

are familiar in mathematics~' however, they drew the attention of 

physicists only in the last decade, after appeared the remarkable 

monograph of Mandelbrot [1). The use of fractal representations in 
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physics proved to be fruitful (for example, see surveys [2-8]). Let 

us begin the explanation of these concepts. 

Properties of fractal system are simplest to understand based on 

example to continuous fractal line (Fig. P.l). Let us visualize that 

we want to measure the length of river. Let R - straight-line 

distance from the source of river to mouth. It is clear that the 

length of river in reality is more due to the brokenness of coast. 

However, \Ole not can to unambiguously determine its value. Let us 

assume that we arranged marking poles on the bank of river at a 

distance of 1 kID from each other. 
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Fig. P.l. Curve with the fractal structure. The shore line of river. 

lake. sea takes this form. The method of measurement of the length of 

curve, which is based on the approximation with curved broken line 

with the identical length of segments. is shown. The fract~ • 
dimensionality of this curve is equal to l.3±0.l. 
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We will obtain a certain value of the length of river, which exceeds 

R. Let us further supply marking poles at a distance of 100 m from 

each other. The measured length will increa~e. ~inally, if we 

measure the shore line of river by steps, an even larger value will be 

obtained. As is evident, the less lower range for the measurement we 

select, the greater ~he degree in which the brokenness of coast is 

reflected in the result. Thus, the length of river depends on the 

scale, with which we measure it (see Fig. P.l). This dependence is 

conveniently represented in the form 

L = a( ~t. (II. f) 
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where a - scale, R - distance from the mouth to the source on the 

straight line. Value D is called fractal dimensionality. 

Fractal system convenient for analysis is so-called figure of 

Koch. For its obtaining the section of intended size is taken and 

converted according to the specific law. _ Further each of the section~ 

of the obtained figure is converted according to the same law. 

operation is conducted repeatedly. 

This 
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'. 
--%-

a 

• 
Fig. P.2. Koch's fig,ure with the fractal dimensionality D=1.66. a) 

the translation algorithm of severing; b) cluster after triple 

~ transformation on this algorithm. By arrows is indicated the scale of 

the rectangles, which cut out the pieces of cluster for determining 

the fractal dimensionality D~ 

• 
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'Fig. P.2 presents one of the figures of such type, obtained by the 

transformation of section on the algorithm, which is given in the 

upper right-hand corner of figure. This transformation for the 

figure, depicted in Fig. P.2b, is carried out three times. During 

each transformation the $cale decreases four times, and the overall 

length of element increases 2.5 times. Hence according to formula 

(P.l) the fractal dim~nsionality of figure is equal to 
D = In 1O/ln 4 = 1,661. 
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Example to lines of type in question is trajectory of Brownian 

motion of particle. Let after each magician Brownian particle be 

displaced by distance of a, but direction of motion is random for each 

step. Then the square of particle displacement for the large number n 
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R2 = ( ~ ri)' = t rf + ~ rirk = 1UZ
2 +' ~ fiTh' ( 

i=l 1=1 v,ok li~Al (j 

m.2) ~ 

~ 
where ~- radius-vector of the i displacement, and was used condition ~ 

. 
rf=a. Since the direction of each displacement is by chance, the 

second term on the average is equal to zero. Hence we obtain the 

known formula of the Brownian motion: R'=na'. Introducing the total 

particle path length t=na, we will obtain from the formula (P.2) that • 

L = a ( ! rs (ll.3) 

i.e. that the fractal dimensionality of the trajectory of Brownian 

motion is equal to two. Let us note that this result does not depend 

on the dimensionality of space. 

In case in question, when continuous line contains large number 

of separate components/links, value of fractal dimensionality of line 
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fractal dimensionality has the intermediate value (for example, see 

Fig. P.l). 

Line, which has fractal structure and which does not have 

branchings - simplest example of fractal systems. 
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It is possible to propose the set of two-dimensional and 

three-dimensional fractal structures (see [1]). As one of such 

examples let us examine porous body. Investigations show that 

according to the sizes of pores corresponds to fractal structure. In 

this case the fractal dimensionality, for example, of brown coal [10] . 
comprises 2.S6±0.03, fractal dimensionality it is sandstone [11] it is 

located in interval of 2.57-2.87 with relative volume of pores 5-30%. • 

In the latter case the fractal properties C"f samples are observed in 

the wide region of sizes - from 0.1 to 100 pm. 

• 
Adsorptivity of substance is characterized by its specific 

surface area. At low ter":.:>eratures entire internal surface of porous 

body is covered with molecules adsorbed by it. However, if in the 

porous substance are small pores with the sizes of the order of 

molecular dimensions, then determined thus the complete specific 

surface area of substance depends on the size of the adsorbed 

molecules. [12] Show investigations that in many instances the 

specific surface area of substance depending on the sizes of the 

adsorbed molecules can be represented as fractal system. 

'--------------- .-.~.--
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Another object with fractal structure, which has direct relation tit 
to thematics of this book - this is fractal cluster (see 54.3). It is 

the structure, comprised of the large number of macroparticles ('see 

Fig. 4.3). Under some laws of the association of particles cluster 

obtained in this case possesses fractal properties and therefore it is 

called fractal. 

Let us pause at fundamental properties of fractal structures. 

One of them - the property of self-similarity. If we around a certain 

point of fractal structure conduct the specific figure (for example, 
• circle or sphere) end to repeat this operation, after selecting as the 

base the different points'of fractal structure, then elements, which 

are found in each ~ase within this figure, on the average will prove , 
to be similar in the sense that on the average they contain the 

identical number of elements. For the symmetrical fractal structure 

(Koch's figure) this operation can isolate the identical combination 

of the structural elements. 

Another property of fractal structures includes previous and 

considers correlation properties of structure. . 
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Let us break frac·tal system into N identical elements und will 

introduce the correlation function 

C (r) = ~. I r (ri) r (r; + r) = (I' (rj) I' (ri + r» (n.4) 
i (I' (r i» J 
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where rl' - coordinate of the i element; p=l if at the particular 

point of space the element of this system is found, and peO, if it at 

the particular point is absent. During this representation the space 

is divided with the aid of the grid into the cells and it is further 

customary to assume that the piece of fractal system either is located 

or it is not located in this cell. This diagram is convenient for the 

mathematical analysis of fractal structure. In the extreme case, when 

the size of cell vanishes, value p(rl) is the space density of system. 

Fundamental property of fractal systems is given by dependence 

C() 
_ con~t 

r - D' rd -
a~r~L. (IT.S) 

We analyze this property. Value C(r) in fact is the average density 
: 

of system at a distance of r from the points of this system. This 

distance is small in comparison with the size of system L and it is 

great in comparison with the scale of the element of this system a. 

In the formula (P.S) value d is the dimensionality of space, v -

fractal dimensionality of the system in question. For the continuous 

system d=D and the average density of the elements of system does not 

depend on r. 

One of consequences of correlation property (P.5) is formula 

(4.17), according to .which material density of fractal cluster, which 

is located in sphere of radius r with center in one of points of 

cluster, changes according to the law 
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(a)d-D 
p(r) = Po r ,(n.6) 

where a and p. - some constants. It follows from this formula thal 

the average density of the material of cluster falls from an increase 

in the size of the chosen element of fractal system. This apparent 

contradiction is removed, if we consider the fact that in proportion 

to an increase in the space within it being isolated appear the pores 

ever of larger and large sizes. 
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Therefore relative volume of pores within the chosen element increases 

with an increase in the space of this element. 

In plan of study of ball lightning among fractal structures to 

us, in the first place,' interests fractal cluster - system of 

connected macroparticles, which has fractal structure. Fractal 

clusters are formed under specific conditions for the association of 

macroparticles. Such conditions can be realized with the formation of 

gel in the soluti~~. during the relaxation of vapors Df metals, with 

the aggregation of particles in the time. rractal clusters and 

conditions for their formation are examined in surveys [4-6] and are 

represented in collections [13-15]. As an example let us give the 

results of work [16J.. where the clusters were formed from the steam 

flame, obtained during the laser evaporation of metals (iron also 

titanium). During the first stage of the relaxation of the vaporized 

metal from the vapor are formed the particles with a mean radius of 20 
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nm. Further these particles are united into the cluster with size on 

the order of 1 jLm. The fractal dimensionality of this cluster is 

close to 1.8. 

It should be noted that investigation of relaxation of vapors of 

metals played special role both from point of view of understanding 

process of forming fractal clusters and in plan of understanding 

structure of ball lightning. Namely, contemporary concept about the 

·structure of ball lightning arose from the analysis of the structures. 

which are formed during the relaxation of the vaporized metal (see 

S4.3). Further, the detailed analysis of the structure carried out in 

work [17], which appears during the Y~laxation of vapors of metal, • 

demonstrated the fractal character of such systems. Understandins 

this fact led then to the creation of the models of the formatiol, c! 

fractal clusters and on their basis - to obtaining of contemporary 

representations and contemporary information about such systems • 

, During analysis of cluster, formed during relaxation of vapors of 

metals, authors of work [17] placed photograph of this cluster, 

obtained with the aid of electron microscope (see Fig. 4.3), to square 

grid. Then the projection of cluster was written on.this grid in such 

a way that each cage of grid coul~ be either empty or filled. The 

obtained picture was processed by the determination of correlation 

function (P.4) and on its base was defined the fractal dimensionality 

of cluster, designated as DQ • 
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• 
Another method of determining the fractal dimensionality of cluster 

consisted of the determination of the numbel' of filled cages squared 

of the given size. In this case fractal dimensionality is determined 

on the basis of formula (P.6) and is designated D~. An error in the 

obtained values of fractal dimensionality depends both on the 

collected stat ;.stics and on the degree of ftfractalness· of object (for 

example, the degree of satisfaction of conditions (P.S». Natural to 

expect the coincidence of values Du "and Do. The described methods of 

the determination of the f~actal dimensionality of cluster became 

subsequently universal (Fig. P.3). 

Fundamental basis of pbysics of fractal clusters consists of set 

of models, which describe process of formation of fractal clusters 

with aggregation of macroscopic particles, and also of aggregate of 

the results, which ensue from analysis of these models. Experiment is 

developed considerably slower than the theory, which presents in 

essence computational experiment and simulation. Therefore 

experimental investigations determine, mainly, reliability and reality 

of the obtained representations, and they do not affect their 

character. 

Some, results, which relate to structure of fractal cluster, are 

represented in 54.3. Table 4.2 contains the values of the fractal 

dimensionality of the clusters, formed in the different modes of 

aggregation. 
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Fig. P.3. Dependence of the densitv of the piece of cluster (see Fig. 

P.2), which is cut out by rectangle, from the width of rectangle. The 

density of the piece of cluster p - the ratio of the overall length of 

cluster in the rectangle to the area of rectangle - is given in the 

arbitrary units, the width of rectangle y - in the units of minimum 

scale. Broken line corresponds to the fractal dimensionality of 

cluster 1.641 point - processing data of Fig. P.2. 
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From the point of view of the fractal clusters, which are formed in. 

the gas, the vapor and the solution, of greatest interest is a 

cluster-cluster association. In this case during the first stage of 

the process of relaxation the material, which is located in the g~ or 

the solution in the form of separate atoms or molecules, is assembl~ 

during the solid phase in the form of the large number of 

' .. 

- '.. . . :. .'. 



macroparticles, which have .small sizes. At the following stage of 

process these macroparticles are united into the clusters of sma~l 

sizes, and those, in turn, are collected into large-size clusters. 

It follows from~ble 4.2 that structure of formable cluster 

depends on character of motion of associated particles. These results 

relate to the cases, when the probability of the adhesion of particles 

·with their mutual contact - order of one. These data should be 

supplemented with one additional mode of the aggregation of the 

clusters, when the probability of the association of particles with 

their contact is small. This case is called the mode of the cluster 

• aggregation, limited by reaction (reaction - limited cluster 

aggregation). In the mode of cluster aggregation the structure of the 

formable cluster does not ,depend on the character of particle motion.· 

The fractal dimensionality of the cluster, which is assembled of the 

clusters of smaller sizes, in this case compr:ses l.S8tO.02 [18, 19], 

if its base compose monodisperse particles and 2.l1tO.03 [19], if it 
• 

is constructed from the polydisperse particles. These values are in 

accordance with the experimental data, given in 54.3. 

Let us note that for extended system fractal properties can be 

observed in limited region of distances, determined by formulas (4.18) 

and (S.l). At the distances, which exceed a radius of correlation R, 
this syst~m is uniform, while at the distances smaller than the radius 

of correlation, it possesses fractal properties. 
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Let us pause at one more special feature of fractal cluster, 

which is interesting from point of view of ball lightning. As it 

follows from the analysis carried 0Ut. in the book, ball .ightning has 

a body, which possesses fractal properties. This body as porous body 

adsorbs the active material, which occupip.s a small part of the space, 

occupied wit:l pores. Ques:tion arises, in what form the 1Actlve 

material is located - does it occupy separate connected regions or is 

it found within the body in the form of separate grains. If we rest 

on the results of experiment [20J, then the second possibility is more 

preferable. 
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In experiment [20] structure of dye/pigment (rhodamine B or 

malachite of green), absorbed by porous glass, was investigated. To 
/ t 

the pores of glass fell 0.28 part of its total space, the mean 

ciameter of pores was 4 nm, the specific internal surface of glass 

composed 200 m··g- l • It turned out that the adsorbate formed fractal 

cluster with the fractal dimensionality 1.74±0.12. 

Results, obtained for fractal clusters, ~re of interest, also, 

for other geometric figures with fractal properties. The 

investigations of other fractal syst~rns in exactly the same manner 

expand our representations Gbout the fractal clusters. Therefore 

further we will rapidly examine some g~ometric fractal systems. To 

them can be attributed dielectric breakdown [21-231, isolation of 

metal on the electrode during electrolysis [24, 251, an increase in 

• 
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the films from gas and vapor phase [261, an increase in the crystal 

films on amorphous base [271 and so forth. Let us pause briefly at 

the hydrodynamic fractal systems, whose convenience consists of the 

simple e~perimsntal simulation. 

The first of hydrodynamic fractal systems in question answers 

so-called viscous dactylate [28-311. If we attempt to push liquid 

with a small viscosity (for example, water) through the viscous fluid 

(for example, oil), then under specific conditions appears the 

"instability of viscous dactylate". As a result the nonviscous liquid 

takes the form of the branched finger, moreover with an increase in 

th~pressure on the nonviscous liquid increasingly lower ranges on the 
- I 

branchings off of finger/pin appear. The obtained structure possesses 

fr~:tal properties. 

Similar method of designing of hydrodynamic fractal structure is 

realized in instrument of Healy Shaw [29, 31, 321: although figure at 

first glance obtained in this case proves to be more symmetrical. 

Healy Shaw instrument consists of two parallel plates, between which 

is placed the viscous fluid. In the middle of upper plate is an 

opening, through which under the pressure injects itself the 

nonviscous liquid (water) or gas (a~r). The injected substance takes 

the form of the bubble, fro~ which they will move away in the radial 

directions severai elongated flange-fingers. 
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These fingers/pin~ carl have branched structure and each of them on the 

form .it resembles the str1lcture ,forhleo during the extrusion of the 

nonviscous liquld thr~ugh the vIscous. As is evident, nature of 

formation of both hydrodynamic structures is identical. 

Strongest multiplexing du~ing creation of hydrodynamic structures 

occurs during use as viscous fluid of liquid crystal [33]. Some 

results of the simulation of this process of [34] are represented in. 

Fig. P.4. It follows from the figure that in proportion to the 

decrease of surface tension (in the dimensionless units) and increase 

in the value of a radius of the ends of the cluster occurs the sharper 

division of scale during the development of system, which makes the 

fractal properties of system more clearly expressed. 

Enumerated g~ometric fractal structures, in spite of different 

nature of origin, they have much in common. The resemblance of such 

systems is developed in their fractal nature, and sometimes and 

corr~sponding to these structures fractal dimensionalities prove to be 

c.:,ose. Therefore impression is created, that the formation of such 

systems is described by close laws • 
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• 

Fig. P.4. Hydrodynamic geometric figures, been simulated in theory 

[34} for the conditions of Healy Shaw instrument in the different 

parameters of system (rate of the injection of additive, the site of 

system, the viscosity of liquid, etc.). 

Page 207. 

Actually, theoretical analysis is shown (for example, see [34-37]), 

that the evolution of such systems for many conditions for their 

development can be described by Laplace'S equation for the function, 

which relates to the different values I), 
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an increase in the fractal cluster in the ccse of the diffusion motion • ( 
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of the associated particles, electric potential with the dielectric 

breakdown, pressure with the formation of viscous finger/pin, 

temperature in the case of crystallizing the film on the amorphous 

surface, etc. ENDFOOTNOTE. 

This creates analogy fop the distribution functions in the systems, 

which have different nature, if the boundary conditions, which 

describe the formation of data of systems, are close. In this case 

important value for the formation of fractal systems has a presence in 

system of large fluctuations. 

It ,is significant xhat systems in question, which look like' 

consisting of random set of elements, are determined systems. They 

are created in the parametric domain, the.corresponding to stable 

development system. The factols, which lead to the large fluctuations 

in the system, play fundamental role in formation and e~olution of 

such systems. Anisotropy is one of such factors [32, 38]. The 

presence of large fluctuations causes the fragmentation of scale with 

the formation of system, i.e., creates fractal system in the stable 

process. The relationship of different fractal systems helps their 

study. In particular, since the hydrodynamic fractal systems are 

simulated on the simple installations, this makes it possible to 

experimentally analyze the role of different factors in the formation 

of fractal systems. 

From that outlined above it follows that fractal cluster is one 
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of studied geometric fractal structures. There is a whole series of 

other fractal systems, each of which has their specific character, but 

all them unites single nature of the formation of systems. combined 

analysis of such systems makes it possible to glance at them from 

unity of opinion and supplements our representations about the fractal 

clusters. 
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