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lightning, on basis of which is tomprised its physical shape. 1s

1

i

is carried out analysis of results of observations of ball

represented the information, which relates to the processes, vhich

occur in excited air, and connected with different aspects of nature

of this phenomenon: the methods of storing intermal energy} character

i

U i
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of the processes of the heat release, structure and form of ball

phenomena in ball lightning and its glov. In

lightning, electrical
allied to ball lightning

the popular form other phenomena of nature,

or capable of causing its onset, are analyzed. Thé analogs of ball

lightning are examined. The comparison of the obtained information
[

with the results of observations makes it possible to understand

nature of ball lightning and to construct its phenomenological model.

Quosicn ~row slod s, ((jix& J o o °

engineers'and studying

1

For great circle of scientific workers,
vz [ BY3 - Institute of Higher Educationl, which are interested in

contemporary state of problem of ball lightning and other atmospheric

phenomena.
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- Page 5.

PREFACE.

Ball Lightning - surprising phenomenon, which attracts attention
of many people as interesting riddle of nature., The scientists of all
times develop special interest to this phencmenon. In the study of
ball lightning large scientific potential is inserted. The
achievements of last time in the invesfigation of this phenomenon are
reflected, in particular, in J. Barry's books "Ball and beaded
iightning“ (1980) and 1. P. Stakhanova "About physical nature of ball
lightning" (1985). 1In these books at the high scientific level of
working of tﬂe observed parameters of ball lightning is carried out,
as a result of which ve have the reliable information, which relates

to properties and manifestations of ball lightning.

Together with set of factographic material is also series of
erseriments, whose results can be examihed as simulation of éeparate
proce sses, which are component parts of phenomenon in question.
Furthe ~sore, there is an abundance of theoretical models of this

physical phenomenon and a large flow of propositions with the new

| explanation of nature of ball lightning, although in the majority of

the cases the new hypotheses are versions or combination examined

earlier. It should be noted that a vhole series of interesting

investigations by nature of ball lightning appeared in the last

decade. To their number should be related, for ezample, the aerosol




DOC = 89119401 . PAGE . 4 ;

model of ball lightning witl® the filamentary structure of.aerosdrégiri

During the construction of this model its authors (I. V.

PLIRTIE ) LL R L S A ]

Podmoshenskiy with associates) took as the base the analysis of ‘the .

’ .' * !
. " Ty
. s .
T, e e

experiments carried out by them.

However, in spite of serious efforts on way of experiment of ball.
lightning are required essential advance in this region. Now, when we
" have a representation about nature of this phenomenon, it is possible

to understand, why the resolution of the problem of ball lightning so

' tightened itself. Such position is connected with the complexity of

phenomenon itself, which includes the set of the separate elements,

which relate to the different-directions of physics and chemistry,

moreover without the resolution of each ¢f the separate problems it is

not possible to construct the model of ball lightning. .
Page 6.

To these problems - the fundamental sides of phenomenon - should be
related the following:

1) the method of storing the internal energy;

2) the character of heat release;

3) the structure of active material and the form of ball
lightning; |

4) glectrical éhenomena in ball lightning; -

5) the emission of ball lightning.

At present from positions of contemporary science we ‘¢an ansver -
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each of these questions individually. This makes it possible to
obtain the physical picture of nature of ball lightning and to outline
the direction of further investigation of this phenomenon, connected
with the laboratory experiments with the specific systems. Such
investigations will make it possible to understand some laws, which
relate to the structures and the processes in the real world,

surrounding us, &..1 therefore they are of independent scientific

interest.

This book reflects coniazmporary state of problem of ball
ligh.ning. -Iﬂ connection with this in @hapter 2-6 are analyzed the
separ.ote tidet ©f this phenomenon taking into account of contemporary
scie tific inf>riation and -bservational data. The last chapter of
the book (Chaprer 8) sums up the.result to the carried out analysis,
in it fundamental conclusions are represented, the analogs of ball
lightning are examined, is given phenomenclogical model of the
phenomenon in question, which includes the results of the carried out

analysis.

Together with material indicated, intended fbr specialisté, in
book are Ghapters, designed for wider circle of readers. It is here
involved in chapter 1, where the analysis of observat. :nal data on
ball iightning is_given and the shape of ball lightning with'the
average parameters is created on its base. At the popular level is.

presented @hapter 7, vhere the analogous phenomena of nature are

examined. View on these phenomena from the wide positions is
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interesting in the plan of understanding the complexity of ball .
lightning as the phenomena of nature, and also from the point of view |

of general difficulties and approach during the study of the physical
phenomena of nature. Furthermore, part from these phenomena of nature

can cause the appearance of ball lightning, which also justifies their
examination in this book. Some materiais of popular character are.

ce: .:ained also in special chapters. The author ﬁopes that the

combination of  special and popuiar materials in the book will make it
possible to transmit theﬁcontemporary state of the problem of wider
audience, after preserving in this case strictness and validity of

presentation.

i .
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Page 7.
INTRODUCTION.

Ball lightning - surprising phenomenon of nature. During several
centuries men have attempted to understand however this. Riddle is
explained by the fact that ball iightning appears rarely and
unexpectedly, and also fact that in the majority of the cases it does
not leave after itself traces. Ball lightning still for long will be
riddle, also, after we will learn to simﬁlate it under laboratory
conditions - too strong much mysterious was accumulated in the

L
centuries of her observations.

Before determininq, what observed phenomenon we will call bal%
lightning, let us turn.to one of examples of description of ball
lightning, F. Arago [1] undertaken from book. To this book we will
repeatediy revert, since, although it was published in the middle of
the'past century, assembled in it the description of ball lightning,
until now, did not lose her value and supplements well contemporary

observations.

Occurred case is described by Mrs. Esper in letter to F. Arago,
vhere following speaks: ‘

1 rive on second landing, whence is opened view of place of

‘Bozhon. It was June, 1849, on the 16th on Friday, 6 hours 30 minutes

in the evening evening, at the same time when cholera most raged in’
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Paris. _ . . :

Weather was suffocating and sky seemed at that minute calm,
but from all sides there wvas evidently sparkling sheet lightning.

Passing before my window, which is very low, I was
astonished bf form of large red sphere, completely similar to moen,
painted and increased by action of vapors. This sphere tripped slowly
and perpendicularly from the sky to one of the trees of the place of

Bozhon.
Page B.

The first thought was, that this is the balloon of Grimm, but the
color of sphere and the time of day soon convinced me of the error,

and thus far my mind searched for solutions of this phenomenon, I saw,

that light twas revealed from below the sphere, which hung at the .

height from 5 to 7 meters above the tree, it seemed, it would burn
easily paper, with small sparks and flashes, then, when opening was
doubled or tripled more than of hand, sudden terrible blast broke
entire shell, and from the middle of this infernal -machine flew out
dozens of rays of serpentine lightning, which dispersed along
different sides and one of which hammered into house No 4, and opened
in the wall hole, as if from cannon fire. This bole exists even now.
Finally, the remaindef_of electrical maferial began to burn white,
bright ahﬂ bright flame and to bé reversed as_fireworks vheel.

This phenomenon continued about one minute. Spectacle vas
so wonderful that to me and did not come to mind the thought against

the danger or the fear. 1 could only exclaim: "Ah, how wonderful".

=
(.
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However, blast was so strong, that it overturned thfee,
people on street and produced, as you easily will verify, impression
on entire block, My coock was almost suffocated by the ray of
lightning, which flew before his windbw. Doorkeeper did drop from the
hands dish, himself without knowing, from fear, or from the shock of
the ray of lightning, which descended on the main stairway on the
lﬁwer area, on which it then stobd. One more ray of lightning fell
intb the boardihg house of Mrs. Luaio oﬁ the street of Nevi de Bern,
vhere it wounded one of the teachers. The inhabitants of house No &
from fea: were thrown into the court, but not one of them was injured.

Paris was shaken by terrible noise of this terrible thunder
impact, but perhaps I was the only one who saw randomly entire
resulting phenomenon. I for a high price would not sell the event:

which has befallen me, to be witnessing so exquisite and wonderful 2

spectaclé“.

Being distracted from emotional aspect of observation of ball
lightning and on the basis of described case and many other
observations, assembled in different surﬁeys and books, dedicated td
ball lightning, let us define ball lightning as glowing formation in

air, observed for several seconds and longer.
Page 9.

This formation most frequently has spherical form, not attached to

- walls and does not change noticeably its sizes for the time of its

existence.
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This determination of ball lightning makes it poss1b1e to

separate ball lightning from other atmospheric phenomena. This proved‘

to be very essential, since it made possible during several centurles
to accumulate information from the observational parametérs of ball

1ightning, so that at present we have clear representation about the
guantitative parameters of ball lightning. But this creates reliable

bed for the analysis of nature of this phenomenon.
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Chapter 1.

OBSERVATIONS OF BALL LIGHTNING. -

§1.1. Reality of phenomenon and the authenticity of its descriptions.

In present chapter we will try on basis of observational data to

compose shape of typical ball lightning, which subsequently can be

‘utilized for analysis of its nature. Our problem is simplified

because at the present time is already carried out the extensive work
according to the analysis of data of the observed phenomenon. Even in
the middle of the past century Arago [1] described about thirty cases
of observing ball lightning (some of them we give below),

Subsequently repeatedly occurred the examination of the cases of
observing ball lightning, whose number increased. For example; in the
book of Brand [2] are taken into consideration 215 observations of |
ball lightning, and in the works of Humphrey's [3, 4] ~ aboit 280

observations.,

Further we will utilize contemporary data on ball lightning, to
number of which let us relate data of Mac Nellie [5] (USA) - 513
events; of Reilly [6) (USA) - 112 events; Cherman [7] (England) - 76
events; Stakhanov. [3, 9] (USSR) - are more than 1000 events,

Grigoryev, Dmitriev [10] (USSR) - 327 events *).
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FOOTNOTE *). Should be especially noted 1. P. Stakhanov's _ | C
contribution, who is not limited to the description of the large . : ((
number of assembled and processed cases. The analysis of the reports -
of the eyewitnesses of ball lightning, which guided its observations (:
into the journal "Nauka i zhin'" [Science and life], became the 5_
subject of the publication of this journal in 1976 and comprised the "
material of the first edition of the book of Stakhanov [8]. After the -
analysis of the obtained reports of eyewitnesses of ball lightning was C:
sent nev questionnaire, responses to which made it possible to obtain ég
more detailed information about this‘phenomenon of [9}], that is absent &

&

in the systems of other data (for example, information about the

.luminous density of ball lightning }. ENDFOOTNOTE.

*
o

Page 11.

These data differ somevhat in térms of the methods of pro?essing _°f .
observations and are utilized the reports of eyewitnessgs from
different regions, i.e., all these data mutually supplement each
~other. Should be considered also the information, vhich is contained
in other contemporary publications, dedicated to ball lightning. In
the book of Singer [11] is represented the variety of the theoretical
models of this phenomenon. Into the book of Barry [12] entered the
descriptions of the laboratory investigations‘of phenomena, which
simulate the separate properties of ball lightning, the photographs of
ball lightnings were assembled and studied, and the large
bibliography, which includes about tﬁo thousand works, is also given.

Many curious facts are contained also in popular books on ball

-
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lightning [13, 14]. Allltogether'this is large scientific value and
gives the possibility us to create the relisble shape of ball.
1ightning, and to also understand the contradictions, which appear .

during the attempt to describe physical nature of this_phenomeﬁqh,r

Conducted investigations make it possible unambiguously to answer
guestion, is there generally ball 1i§htning as physical phenomencn.
In its time was advanced the hypothesis about the fact that ball
lightning is optical i;lusion. This hypothesis exists at preéent {see
for example, [15]). The essence of this hypothesis lies in the fact
that the strong flash of forked lightning as a result of photochemical
processes can leave trace on the retina of the eye of the obsé}ver.
who is retained on it in ihe form of spot for 2-10 s; this spot is
received as ball lightning. This confirmation is rejected by ali
authors of surveyé and monographs, dedicated to ball lightning, which
preliminariiy processed the large number of observations.- This for
two reasons iz done. Pirst, each o. the numerous observations,
utilized as reason in favor of the existence of ball lightning, ir the
process of its observation includes many phrts, which could not arise
in the brain of observer as the aftereffect of the flash of ball
lightring. In the second place, is a series of reliable. photographs
of ball lightning, and this objectively proves its existeﬁpe. Thus,
on the basis of the totality of data according to the observation of
ball lightning and their analysis it is possible with the complete.

confidence to assert that ball iightning - this real pheﬁomenohr

Page 12.
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-
-

Following 'question, vhich should be examined, relates to degree . E*

of authenticity of communicated facts about observations of ball_ _"_I .
lightning. There is a whole series of the examples, when it.is - f”
possible to cbmpare the description of the observed fact by eyewitness E:

with the publication of this cese in the press. The very significant
case of this type is given in book [14]. 1In the newspaper

"Romsomol 'skaya pravda"™ for 5 July 1965 was published the note -

“Igneous guest”, in which is described the behavior of ball lightning
with the diameter of approximately 30 cm, which was being observed not

a long time before this in Armenia. In the article,‘in particular, it

is said: ,

"After circling the room, the fireball penetrated through the

open door to the kitchen, and theg flew out the window. Ball

1ightnilﬁg vas hammered in the court against the ground and exploded. .
Explosive force was so great, that fifty meters away a clay house '

collapsed. TFortunately, no one suffered”.

Demand in administration of Main Administration of the

Hydrometeorological Service of Armenian SSR was sent apropos of

behavior of this ball lightning. In the response it was said that

ball lightning actually was observed. 1s described the character of - _E“
the motion of ball lightning in the apartment, which had no relation Q
to the text of "Komsomol'skaya pravda®. At the end of the response is E!
said: however, . Eu
"As far as the clay house described in the newspaper is é 

| {

°

S

.
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concerned, this wreck is no relation to ball lightning".

-UnfOrtunately, this matter did not end. The report of the
correspondent of "Komsomol'skaya pravda" became the basis of the
estimate of energy of ball lightning [16], which cambrised order 10° -
kcal (energy of ton of explosive). This estimate was calculated in
many publications on the basis of power engineering of ball lightning,
including in books [11, 12]. Since observations, on which it is
possible to estimate energy of ball lightning (see [9, 12}), not very

much, this publication is unpleasant disinformation.

Another, less critical case of such type is given in introduction
to books of Stakhanov [8, 9]}. The discussion deals with ball
lightning, which flew in on 5 August, 1977, into the Arkhangel‘'sk

-

cathedral of the Moscow Kremlin.

Page 13.

Let us give newspaper report by the name "Lightning ... guest of
museum” : |

"To the morning opening of museum in Arkhangelsk the cathedral of
the Moscow Kremlin remained one-and-a-half hours, when the strongest

thunderstorm broke out. Unexpectedly above the belfry of Ivan the

Great appeared bright yellow incandescent sphere and it began to move -

to the Arkhangel'sk cathedral. Door was opened, the supervisor of
museum Nadezhda Stepanovna Antonova was prepared for the wvorkday. Her

attention was drawn by unusual hissing. After being enveloped, she




4
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saw, as half-meter sphere slowly swam into the opening of door, i{ﬁﬁéé .

directed through entire cathedral to the abundantly decorated with-tff' B

gilded thread iconostasis and stopped at the tsarist gates. Fiﬁ$h§{¥f?7x?,%
e

T F

impact, and in air smelled ozone, Fortunately, air guest did not f‘ '1

bring damage".

1. P. Stakhanov gives more detailed description of behavior of
ball lightning,rwhich is comprised on basis of observations of three
eyewitnesses, but not one as in newspaper. In this case, according to
their evidence, the diaméger of sphere composed 5, but not 50 cm, and

noone discussed the odor.

These examples are evidence the fact that to newspaper reports
one should relate with large precaution. Can be attributed reports
about ball lightning to the output of sensation which can cause the

haste of publication and the distortion of the transmitted

information.

To much with more difficulty explain authenticity of descriptions
of individual observers of ball lightning, since irequéntly these
'descriptions do not compare. The authenticity of data of the.
eyevitnesses of ball lightning is analyzed almost in all books on ball
lightning. From the test of this analysis it is possible to indicate.
for tvo reasons, yhich decrease the authenticity of the giveg facts. —
First, the onset of bail lighining occurs in ﬁn.unexpected,maﬂner,

when man for this is not ready. Being located in the excited state,
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it can subsequently be mistaken in tRe description of the observed
phenomenon itself to verify into this. 1In the second place, '
attempting to comprehénd that seen and to put this into the speécific
diégram, observer somewhat distorts colors in the reproducible
picture, and this can be reflected in the authenticity of its separate

parts.

We analyze from these points of view episode, described in
introduction to this book. From the déscription it is evident that
the observed ball lightning by woman was situated in the excited
state, as a result of which her description accepted bright emotional

coloration. y
Page 14.

Further, that fact in the episode in question, that the sphere was
colored and increased by the action of vapors, and also all results of
acting the blast of ball lightning, which were discovered by
eyewitness undoubtedly after the observation of ball lightning, can be

subjected to doubt. This is the confirmation of the second thesis.

Thus, separate description of ball lightning has limited
authenticity, which is caused by fact that eyewitness was hot ready to
its correct perception. Therefore to each single report about the

observation of ball lightning one should relate with precaution:

At the same time there are objective errors during reproduction
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of observed facts, which are caused by inadequacy‘of human '
possibilities during estimate of parameters of seen picture. Thé
possibilities of man in this respect'can be established from the
statistical processing of the mass observations of other phenbmenaf A
successful example of this type is given in the survey of Cherman [7]:
Drake gave the interesting invesiigations of the reliability of
description by the witnesses of unusual events. These events - two
bright meteors, which appeared at the night sky of Wesiern virginia in
the interval of approximately one month. Sincé the time of appearance
in both cases was about 10 in the evening, objects were observed by
many people. In each case the common physical characteristics of
events were well knovn: strong flash illuminated entire sky as in the
daytime, loud sonic noise during seversl minutes followed it. -
Astronomers, from the national radio-astronomical laboratory took
interviev from so many witnesses, was how much possibly (78 and 35 for
both wvents). It should be noted that the accuracy of repurts rapidly
decreased in the course of time during several days. Time was
evaluated amazingly good: the glowing sphére in 4 seconds crossed
sky, and the majority of estimates were located between 3 and 6§
seconds. The communicated time interval when sonic noise (from 1 to 5
minutes) came two'were correct with an accuracy to factor. On the
other hand, the represented color of objects covered entire spectrum.
- The estimates of the trajectory of the glowing sphere were also

imprecise.

Page 15.
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Curious fact for observations of both events was the fact that the
noticeable part of witnesses (12%) of both meteorites comﬁunicaiéd
that the sound vas audible at the same time, when vas observed cbject
- hissing sound; similar to sound of roasting of brisket.. In this
case this sound would be physically impossible and could have only
physiological nature. This bears out the fact that the sonic

perceptions of ball lightning "must undergo doubts”.

From this example it is possible to draw conclusion that
authenticity of separate repor£ falls with an increase in time
interval from observation of phenomenon to its description.
Furthermqre, the authenticity of the geometric and time parameters of °*
phenomenon 35 much higher than optical and sonic. Summing up the
result to the carried out analysis, let us note that the authenticity
of each separate description of the observed properties of ball
lightning is limited. Therefore conclusions about the parameters of
this phenomenon can be drawn on the basis of s*atistical processing of

. ]
the tctality of the large number of observations.

§1.2. Geometry, lifetime and the character of motion.

Let us now move on to description of shape of ball lightning. In
this case we will be based with pillar on the previcusly assembled
material Bf observations [1, 2, 5-14, 17, 18). Let us first note
that, in spite of name, ball lightning on always has spherical form

1).
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FOOTNOTE *)}. Frequently ball lightning has cylindrical fprm.’ Thus, . -

of 327 descriptions of the cases of observing ball lightﬁin@, ‘ 7 {'

assembled by Grigoryev and Dmitriev [10], this form was observed in (

nine cases, when the form of snake, cord; sausage, harn.ess/bunch, - E

tape, stick was noted. - The thickness of this formation is 1-4 cm, and (

the length of 30-60 cm. Usually ‘is discussed the fibroué structure of (

glowv. 1In two of these nine cases the glowing mass in the final C(

analysis was rolled up into a ball. ENDFOOTNOTE. &
&

The spherical form of ball 1i§htning is observed in 83% of cases g

according to the .statistics of Brand {2] and in 87% of cases (98 cases (

of 112 observations) according to the statistics of Reilly [61. .

. :
‘Significant dimension of ball lightning comprises order 10 cm, . H

Fig. 1.1 gives the distribution of observed ball lightnings on

diameter &) in accordance with the data Vof the different authors.

In this case the mean diameter of ball lightning is equal to 30 cm

according to data of Mac Nellie [5], 32 cm according to data of Reilly

[6], 26 cm according to Cherman [7] and 22 cm according to Stakhanov

[8). .

Page 16. | (
Statistical processing of the given mean diameters gives value E
d = (28 % 4) cm, so that subsequentiy we will consider that the mean (
diameter of ball lightning is equal to 28 cm. ¢
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'Taking into account too rowgh a method of determining lifetime of

ball lightning in each déscription (it is determined by sensatioa, but

not hours, and is communicated after certain time), we will not
analyze distribution of ball lightnings on lifetime in each of data
sets. Let us compare to each of time allocations 7, for which
separates half of ball lightnings. Value 7 is equal to 4 s according
to Mac Nellie [5], 5 s according to data of Reilly [6] and Cherman {7}
and 14 s according to the data of Stakhanov [8]. The geometric mean
on these values wvith an accuracy to factor 1.75 is 6 s. 1If we
consider that the distribution function by the 1ifetime'df ball
lightning is determined by simple exponential law, then we will obtain
that the mean life of ball lightning comprises

.gii&

Character of motion of ball lightning is of interest.
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In the majority of the cases ball lightning is moved smoothly and

horizontally. Ball lightning moved hor1zontally in accordance w;th |

the data of Reilly [6] in 58 case  of 110 of those observed (or 92*)r-

in 20 cases (19%) vert:cally and in 20 (19%) it had complxcated E
trajectory. cordmg ‘+o Stakhanov when was observed mota.on {91% of . "__;
all events), in 684 descriptions (6o~ ), it moved horizéontally, in 183. g

(18%) - down and in 47 cases (5%) - upward. The speed of its movement
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distance into the period of observation, and each of these values
already itself contains error, the accuracy of the deterpipation of
the speed of movement, apparently, is estimated by factor of 2.
Therefore let us give only the avarage speed of movement. This value
is 5.1 m+s-* according to data of Reiliy [6] and 2.8 mes-* according
to data of Stakhanov [8]. It is possible to conéider on the basis of
these values in the rough approximation that the average speed of the

movemant of ball lightning is 4 mes-?*.

Ball lightning is observed both in open air and indoors. Thus,

after processing 71 cases of observing ball lightning, Cherman [7]

notes that of them 15 cases relate to the determination .of ball

iightning inddors, 45 - outdoors and in 11 cases ball lightnipg
penetrated or entered into the location. 3a11 lightning can be
discovered at the different heights. Are several cases [8, 9, 12],
when were observed within aifcraft, are not so rare the collisions of
ball lightning with aircraft [19]. As an example let us give excerpts.
from the note, published in the newspaper “Pravda“_for 8 November 1981
and dedicated fo the collision of militar§ aircraft with ball
lightning, who occurred at the height of 1300 m. This is how
describes the correspondent of impression pilot Korotkov during the
collision of aircraft with ball lightning:

| - "I with peripheral vision sav some object. I raised my eyes: _
directly thé fireball hung before me through the glass of the cockpit
canopy.  Aircraft as if it hit it, and at some instant flew in

series/row. And it seemed that the enormous, to five meters in
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diameter, circle continued to increase. 1In the memory rémained this: f“
part: sphere vas bright red, and center - with size of a sqgcer-b§11 _ _ - (:
- is darker. Then sphere disappeared. And blast here in the tail: —‘" | :. ; 5
Qection was heard, smelled fumea". g : -
. ¢

Page 18. -
_ | | e

As a result of collision aircraft strongly suffered ("was upset ("
upper part of keel, crack in skin®). Further correspondent writes: C.
"1 saw on thé airfield the aircraft of Rorotkov. It stood still _C:
separateiy from other machines, in the hangar. 1In the nose section on gg

the metal ~ traces, as if from the spot welding. In these places the
fireball touched..
"Such markers are characteristic for ball lightning" -
depqty commander of regiment for engineer service explained and he
shoved notebook, where were collected materials about Similar .

phenomena®.

Its ability to penetrate location through narrov openings and
slots is surprising special feature of ball lightning. A vhole series

of such examples is assembled in the book of Stakhanov [9}. Baill

lightning well “feels" open doors, windows, it can penetrate through
them, if it is required, along the broken trajectories, can itself
"find" such openings. Let us demonstrate this based on the example of
report from the book of Arago [1], which is interesting also in other
respects. The discussion deals with the case, vhich occurred in

France on 2 June, 1B43,:
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"After the sufficiéhtly strong blow of thunder, but ng£ directly
after it, tailor, sitting in her table and finishing dinnér‘saw that
the pasted over by paper frame, which closed fireplace, fell, as
overturned by moderate wind gust, and the fireball, with size of the
head of child, easily left the fireplace and began slowly to move
along the room at the small height from the brick floor. The form of
this fireball was according to tailor, similar on the average value of
the kitten, that was rolled up by ball and that moves without the aid

of blades. The fireball seemed faster bright and light, than burning

"and incandescent, and worker felt from it no heat. Sphere abproached

his legs as the young kitten, that desires to play and to be ground
against the legs as usual of these animals, but tailor moved aside
legs and by several evasive motions of precaution, ideal, according to

him, is very easy, avoiding the touch of meteor.
Page 19.

It seems, the latter remained several seconds at the legs of the
sitting worker, who attentively examined it, being sloped forward and
down. After wandering to the different sides, without leaving the
middle of room, the fireball raised vertically to the height of the
head of the worker, who for the avoidance of the touch of meteor to
face and, in also the time, for.the sequence after it eyes, raised
itself, spreading to the béck of the chair, on which it sat. After
reaching the altitude of approximately one meter from the floor, the
fireball wa: extended and indirectly directed to the opening, pierced

in the fireplace at the height of approximately one meter above the
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upper shelf.

This opening was made for passage of tube of oven, which in

winter served for heating room. But, according to the expressiqn.ofJ' '

craftsman, lightning could not it see, because it was glued‘ﬁyigaﬁgh,
The fireball was directed directly toward this opening, unglued paéer
from it, without injuring it, and was raised into the tube. 'Then, on
the story of tailor, after being raised along the tube, sphere
achieved the top of tube, which is located, at least, 20 meters above
the surface of the court, where it brought with the terrible crack,
after destroying the part of the top of tube and after tossing up
fragments to the court; the ronfs of several small construction vere
probits, but god had pity from any.accident.' '

Room of tailor was located in third landing and did not
reach to half of height of house. 1n the upper levels thunder didn't
penetrate, but the motions of light sphere were constantly slow, alsb,
without sudden gusts. Its flash was not glaring and generally Sphere

did not propagate sensitive heat. Apparently, it did not attempt to

follow throughout the bodies those conducting or to be inferior to air

currents".

Usually ball lightning moves in air, but are frequent cases, when
it rolls along ground or floor. Here is the example, undertaken also
from the book of Arago [1]:

*Doctor Steinman in the letter to me communicates the observation
of the cloud of lightning, made in Al'ton in 1826.

Here are his words:
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: "It seems, in 1826 thunder clap broke out-above house of Sne

. of my friends and comrades in Al'ton, where I had medical pra,cti-g:_é‘.' y

N
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This house was found at height from 30 to 40 meters above level
of Elba. My friend, a doctor von der Smissen, walked in his drawing
room, when thunder clap was heard; at the same instant igneoﬁs mass
appeared on the floor of room and took the form of oval sphere with
size of egg near the wall along the panel, covered on the assigned
custom with varnish. Ball rolled to the door with the speed of the
run of mouse; there, after producing nev blast, it jumped over the
rails of the staircase, which leads into the ground floor, and

d§§appeared - exactly as it was, having caused no harm".".

§1.3, Onset and decay.

Appearance of globular lightning is usually connected with
thunderstorm activity. Statistics shows that 73% of 513 cases
according to data of Mac Nellie [5], 62% of 112 cases according t-
Reilly [6] and 70% of 1006 according to Stakhanov [8] relate to the
thunderstorm weacher. According to the data of Bérry {17] in 90% of
assembled Ly it cases globular iightning was observed during
thunderstorm. 1In this case in many works it vas communicated that

ball lightning appeared'immediately after the impact of forked

lightning.

1. P. Stakhanov specially carried out analysis of description of
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observations of ball lightning from point of view of their onset,
They selected 67 cases, when the onset of ball lightning was fixed.
From them in 31 cases of ball lightning arose in immediate proximity
of the channel of forked lightning, in 29 cases it appeared from the

metallic objects and the devices - sockets, radio feceivers, antennas,

telephone sets, etc., in 7 cases it vas fired in air "from nothing".

Is interesting question ;bout probability of observing ball
lightning:.as statistics shows, this probability is not so small.
Thus, the request of Reilly [6], carried out by 4400 colleagues of the
organization of NASA [ HACA - National Aeronautics and Space
Administration], showed that of them 180 people observed ball
lightning. Stakhanov {8}, beiné based on obtained by it data,
considers that the avérage probability to see ball lightning fof.the

man in the course of its life comprises order 10-°.
Page 21.

Barry [12, 20) estimates the probability of the appearaﬁce of ball
lightning by the value, which lies within limits (10-*-10-*)

km-2.min !, i.e., on the average on terrestial globe each hour must
éxist 100-1000 ball lightnings. This numeral is time average and
space. It is clear that the probability of the occurence of ball
lightning depends both on the conditions of specific locality and on
the season. Since the thunderstorm weather strongly raises the
probability of the appearance of ball lightning, ball lightnings are

more treguently summer. This is demonstrated by Fig. 1.2, where are
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cited the data of Stakhanov [8] for distributiflg the cbservations. ot

L
e
C
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ball lightning on the months. A similar result follovs from the data
of Reilly [6], according to which for the summer months (June, -Jui}y ' .

and August) are 81% of observations (on Stakhanov - 83%).

Let us note that frequency of occurence of flash of usual

lightning for entire Earth comprises order 100 s~! [128].
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i appropriate month. |
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Thus, to one ball lightning is 1000-10000 usual lightning.

Let us examine character of decay of ball lightning.

- Observations show that its existence can end by blast or it can
quietly go out. 1In this case according to data of Mac Nellie {5] ﬁeré
ohéerved 309 cases of the sudden decay and 112 cases of the slow decay
of ball lightning in those observations, when its end was recorded.
According to the data of Reilly [6] in 54 cases was observed calm
extinction, in 24 cases the blast of ball lightning, and according to
data of Cherman [7] in 25 cases occurred calm extinction, in 26 cases
the blast of ball lightning. According to the analysis of Stakhanov
[8] in 610 cases ?f the observations of ball lightning, when the end
of the life of ball.lightning begaﬂ on the eyes of eyewitnesses, in
335 cases occurred the blast, in 78 cases decay on the part and in 197

cases was observed calm extinction.

I SR B S R

As is evident, somewhat different terminology and data processing
interfere with comparing given results. Being Lased on them, it is
possible to only drav the conélusion that most frequentiy the
existence of ball lightning concludes with blast, somevhat less -
probability that ball lightning slowly will go out. However, are
frequent the cases, when ball lightning sepafatés on the part. Let us
give two examples, undertaken from the book of Arago [1]:
| "Brief time after the advent of Philipp the V in Madrid, thunder
fell on the palaée. The persons, assembled at that time in the royal

choir, saw, as two firebails invaded. One of these spheres was
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subdivided into several smaller, which before they disappeared, made

- several 5pr1ngs, similar to elastic balls from rubber"”.

"In 1809 thunder passed through tube in David Sutton's he =a
at Newcastle-on-Tyne. After blast many persons sav on the floor of
the room, in which they were located, motionless fireball. This
sphere joggled then to the middle of room and was divided into several
individual parts, which everyone thought were similar to the stars of

the rocket".

Usually blast of ball lightrning occurs without large destruction.
Page 23. .

Of 335 reports about the blast of ball lightning among the data of

Stakhanov [8] only in 34 cases was communicated about the damages.

Most frequently this of splitting of trees or wooden columns (in 19
cases). Sometimes ball lightning breaks down lightning is relatively

small; thefefore for the people, which fall into the zone of the blast

‘of ball lightning, this, as a rule, it is not terminated tragically.

Let us give one additional egample of the bock of Arago [1], who
contains the description of head of the French Ministry of Internal
Affairs at Zhamenyu:

*Buring June 1852 in first half of the twelfth hour of evening 1I
went aloﬁg the street of Montoloni, when suddenly thunder with the
force, rarely noted in Paris, bu:st 6ut. First I little gave .u this
attention and continued my path, but suddenly among the street flashec

the enormous iightning, which almost instantly followed the impact,
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similar to artillery volley. It seemed me that an enormousiy strong
deserted bomb with the crack was broken on the street. This moving
sphere seemed to me the moon, which fell from the sky, and this
similarity stretched not only to the sizes, but also the color of
meteor. This impact did not retard my gait, because I recalled that
as soon as you see it moved lightning, then already something more to
fear. 1 only moved my hat, which the wind or the jolt, produced by
electrical blast, it fell back, and it went further without any
connections to the area of barrels. When after passing area I wanted
to step to the pavement, then saw moving somewhat an inclined new
fireball, similar to the first, but had on the upper part kind of the
red flame, which can be compared vith the fuse and detonator of bomb,
only into somewhat larger sizes. This sphere, which did not precede
the lightning {at least, to me thus it seemed), fell with terrible
speed and brought with it such & crack, that I never heard similar. 1
received on the right side such a jerk, that I was thrown to the wall.
Undoubtedly crack seemed me so strong because I was situated in the
position to hear it completely, on the whole more remarkable seemed to
me the spherical form of lightning. My recollections in this respect

are extremely precise.

Page 24.

However, the case itself did not have very serious consequences and
everything was restricted to the fact that my stomach could not digest

food for two weeks".
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Blast of ball lightning is not always inoffensive and sameiiﬁésf
leads to human victims. Among more than thousand descriptions of the
observations of ball lightning, assembled by I. P, Stakhanov, it.is
communicated about five cases of death, although not always the_resdit
of the direct action of ball lightning. In the book of Afago [1] is a
following example of this kind:

"Subsequently, when we will search for the explanations of the

‘globular form, taken in certain cases by lightning, for us probably it

is necessary to request, is sometimes this form at sea? In order

previously to answer this questibn, 1 will say that on 13 July, 1798,
the ship of East-Indian Co. ”Good Hope", being located at 35°40' south
latitude and 42° eastefn longitude was a?fected by ball lightning, .
which produced extremely strong blast, that killed outright one sailor

and which heavily wounded another.”

The mos£ tragic consequences during the blast of ball lightning
occurred in the case, described in 'Literéfurnaya gazeta" on 21
December, 1983,: _

"Twenty three women and one man worked in sunny valley.

Mountains surrounded valley. Suddenly in the sky cloud appeared.
Cloud was bulky,'as if illuminated from within. Blinding rain gushed
out. People were sent to the mulberry tree ~ shelter., Ball Lightning

was already here".

Note is dedicated to courage and dignity of people, which arrived

to aid victims. However, in this note it is not said, that was ball
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lightning, which exploded and scattered people, which hid under the ;‘

'l'

tree. Majority of them lost consciousness. A1d vas operational but _131*4“

three people died, without coming into consciousness. ' _$F5¥,-q

S1-4. ElniSSion. . . ' i o . ;a_---’

Its glov is most important property of ball lightning.
Qua11ta+1ve representation about its br1ghtness can be obtained from
“fable 1.1, where ansvers to questionnaire [6] are represented. It

follows from the table that ball lightning is the source of light of

average intensity.

Page 25.

Speqifically} the limited brightness of ball lightning is the reason
for the fact that it relatively rarely is observed at large distances. . d
For example, according to data of Stakhanov [8] half of the observed

ball lightnings were located at a distance from the observer of 1es§ .

than 5 m.

It should be noted that glow of ball lightning is not always.

iy .
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uniform. The nucleus of ball lightning, which is characterized by

luminous intensity, while sometimes - by color, sometimes is isolated.

>

In certain cases ball lightning is surrounded by halo. Frequently the

g.ov is accompanied by discharge of sparks.

Valuzble information in luminous intensity of ball lightning is
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e8sembled by Stakhanov [9]. Table 1.2 gives undertaken from its book
data of 697 eyevitnesses, who compare the luminous intensity of ball

. lightning with the brightness of electric lamp.
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Table 1.1. Luminous intensity of ball lightning according to da'ta‘:of.

Reilly [6]. ,
I£2)

F‘Jxapampnmnn BHTEHCHBROCTS CBeYeHHA Inco P AMTENLENX
Apnax, Rak paspaj Anseifnodl Monann 12
0CTaTOSHO BpHag, STOOH oCBeTHTH OKPY-
JKaW0Tne IpeaMerT 23
ocratouso fpken, arobw Oure scmo- Bmu-
Mofl IpR  JIHEeRHOM CBeTe 68
fie BI/IHA NN ARCBROM CBeTe 0

Key: (1). Characteristics of luminous intensity. {(2). Number of

positive responses. (3). Bright as discharge of forked lightning.
(4). Sufficiently bright so as to iliuminate surrounding objects.
(5). Sufficiently bright so as to be clear to that seen with

daylight. (6). It is hardly visible with daylight.

Table 1.2, Comparison of the intensity of the emission of ball

lightning with the intensity of the emission of electric lamp.

) @ U‘gma 0T NORNOTO ImCNA eayqaes, % |
OMBOCTL SKBHBANIERAT- . -
ngﬂ SIEKTPRICCKON Aay- Tlm::e: el :}ncno coolmennf [‘éomm 1.1
ow, BT OuCPBEIINED nprPo=100 Br
0-+10 55 9.2 95
10--20 . 83 13,9 85
2050 109 18,3 211
50-=-100 140 25,5 23,9
100200 150 25.1 233
200500 39 6,5 13,0
(¢Jcaume 500 2 35 0,7

Key: (1). Pover of equivalent electric lamp, W. (2). Number of
cases. (3). Portion of total number of cases, %. (4). Number of

reports of eyewitnesses. (5). Pormuia (1.1) with ... W. (6)., More
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Let us process these data, considering that probability that the
intensity of the glow of ball lightning, which coincides with the

brightness of the electric lamp with a power of £, is equal to

vor-onl-5) oy

vhere &, - average power of equivalent electric 1amp...It follows, in
particular from formula (1.1), that the relative number of ball
lightnings with the intensity of the glow, which is found in the
brightness range of the emission of 'electrig lamp with power %, and
2, (_q)i::-?g), is equal ” ?
| W (2, P = exp(— 5F) —esp (= 5)

@ 0.

Processing data of -fable 1.2 on basis of formula (1.1), for
L)

power of electric lamp, whose brightness coincides with average/mean

intensity of the glow of ball lightning, we will obtain
P, = 102,0*0,2 B(.;{'
Rey: (1). W.
Let us note that the error indicated considers only the statistical
straggling of data and is not included their authenticity; a real

error in the given value is more. 1In spite of this, this information

is very valuable.
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Passing to illumination engineering units, for luminous flux,

emitted by ball lightning of average intensity, we will obtain .

[ -4

+ 800¢y o ‘:}'_‘“_E' ey

Key: (1), 1m.

moreover is here considered only an error in the statistical
averaging. Hence we find that ball lightning emits emission with the
pover of 2 W, if it occurs in the region of the spectrum (wavelength

in the area 0.55 um - green color) most advantageous for the eye.

aAamA" """ T
i 2 T ) i . . ! R .
E {ef it R i : B . ' ) .

After multiplying this value for the lifetime of average ball

lightning , we find that the emitted by average ball lightning energy
is approximately 20 J, if emission is created in the region of the

spectrum optimum for the eye. 1In other ‘cases it is ‘above.
Page 27. ' .

Color of its qlow is another important radiation characteristic
of ball lightning. Table 1.3 gives the color characteristics of

observed ball lightnings.

A i S : : B O 25

1t should be noted that during working of observations certain
unce-tainty sometimes appears, where should be related one or the

other specific observation, if color or hue of ball lightning -

¢
¢
L
t

intermediate. 1In this case in the coverage indicated there is no
single diagram of the representation of these cases. Adhe:ring to the

simplified circuit of Stakhancv, we shared the cases of the
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intermediate colors, represented in other diagrams, into the case of
simple colors. 1In the last column-fable 1.3 the relative probability
of observing this color of ball lightning with the use of all data is

given, and are here in the brackets indicated the values of this

probability, obtained on the basis of data of Stakhanov [8]. It is.

evident that, with exception of the case of multicolored ball
lightning, is a good agreement between different data. The
disagreement of probabilities for the mixed color of ball lightning is
caused by the fact that the methods of proéessing ﬁhe observed data in

these cases were different.
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Table 1.3. Color characteristics of ball lightning.

-(;}-_ . Iz f‘f‘;ucno ;;Emnoau;} lf))c _— (ge sorn
HabmogaeMu mabmone- .
uBeT H’:i,:;:‘u pf‘?l:m Qaﬁ»;aa C-ra[ﬁnoa n-“"‘g €- | Hoern, %
Bemuit(?/ 44 21 15 244 330 23(26)
Kpacauit?? | 48 7 5 | 180 240 | 16(19)
Opaml-:eauiiﬁll 50 46 12 113 221 15(12)
hearniia) 40 37 20 246 343 23(26)
3eaeruifs) 3 10 2 12 27 2(1)
Foay0oit, i/ ' ‘ ,
eTO-
23% “ - 42 25 5 11 183 13(12)
Ciech npe-
l'f.i'ema (I;‘,} 84 —_ 9 30 123 8(3)
e
-} Oluree gnc-
1o cay- ,
qaeB y 311 | 152 68 936 1467

»

Key: (1). Observed color. (2). Number of observations. (3). BSun
of observations. (4). Probability, %. {s}. Mac Nellie [5]. (6).
Reilly [6]. (7). Cherman [7]. (8). Stakhanov [8]. (9). White,
(10). Red. (11). Oraﬁge. (12). Yellow. (13). Green. {14).
Azure, violet. (15). Mixture of colors. (16). Total number of

cases.
Page 28.

Analysis of data, given in‘:ﬁble 1.3, testifies about presence
of vide radiation spectrum of ball lightning. If this gloﬁ is created
by the electronically excited molecules, which are formed in the
presence of the ;hemical reactions, radiaﬁion spectrum testifies about
the large set of such possible molecules. If'the glow of ball

lightning is connected with the emission of the surface of dust or’
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aerosol particles, then the wide range of temperatures &f these
particles follows from the radiation spectrum. The higher probability
of the colors, which correspond to the long-wave part of optical '
spectrum (red, orange, yellow), in comparison with the color of the
short-wave part of the spectrum (blue, violet) is completely
understood - the excitations, vhich lead to the birth of long-wave
photons, more simply are creaﬁed with the different methods of
excitation. Thus, the fundamental conclusion, which can be made from
the analysis of data of table - the glow of ball lightning it is not
possible to explain by the only specific diagram, which uses the

specific set of chemical compounds.

». .

Let us pause now at some other special features of observed glow
of ball lightning; one of them - irregularity of glow. Luminous
intensity can change in the process of observation. Ball Lightning

can flare up to the short period.




DOC = 89119402 pp.es«{iym -

]

T S W
: JU I

8
AN
—
LR T ] r
. ,'. T a
—
|

¥

50

e

0 0 20 30 Wi

e aR Rk ot alalal ¥-¥ - Fakal Ialatatatalar:¥ ¥ ¥
i ' ' = ) i

Fig. 1.3. Longitudinal photometric measurement of trace of ball
lightning [21]. The dependence of relative luminous intensity 1 on
the distance /, passed by ball lightning along the trace (! is
expressed in the relative units, by arrows are indicated the points,
at which the transverse photometric measurement of trace was

conducted, see Fig., 1.4.

Page 29.

Most significant in this respect it is Fig. 1.3, where dépendence oﬁ
the time (distance along the trace) for the intensity of the emission
of ball lightning [21] is represented with the éid'of ti > photometry
of the trace of ball lightning. Photograph is conducted by V. M.
Deryugin during the thunderstorm on the weather statioﬁ of KRarabad in
the Guryev region on 9 June, 1958, at 2130. As is evident, the
dependence of the intensity of emission on the time carries the
oscillating character, moreover basic part of the emission is emitted

in the short period in comparison with the 1ifetime of ball lightning.
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As far as character of glow of ball lightning is concerned, in
majority of cases it is not communicated about change in .color of bail
lightning for time of its observation. At the same time there are
cases, when the color of ball lightning in the course of time changeaf
Therefore in this respect there is no complete stability. In a number
of cases (with a suffitient statistics) was observed the nucleus -~
brighter interior of ball lightning, which was sometimes characterized
by not only brightness, but also color hue. The presence of this
nucleus in ball lightning testifies about the possibility of the

heterogeneous structure of ball 1ightniﬁg.

It is usually customa{y to assume that emission of ball lightning
occurs of all its parts, i.e.: optical density of active material of
ball lightning is small., The most convincing proof of this
confirmation can be'obtained vith the aid of the photometric
measurement of the photograph of the trace of ball lightning.' We
analyze data of this photometric ﬁeasurement. A qﬁantity of light,
vhich falls on this section of photograph, is proportionél to the
power of 1ight (incident at the given instant in the selected section
of photograph), summed in the time. Let ball lightning - spherically
symmetric system, which has radius R, and which moves evenly. Let.us
calculate a relative quantity of tight, which falls into this point of
photograph ih the direction perpendicular to the motion. Let us make
this in two limiting cases. 1In the first ball lightning emits about

the surface (opt{cally thick system), the second - from entire space

(optically thin system). In the second limiting case ve will count
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the density of the radiating particles in ball lightning of constant

on a radius. ,

1f- ball lightning emits only with surface, intensity of emission,
planned into this point of photograph, constant value until some point

of ball lightning is projected to this point of photograph.

Page 30.

Then the totai guantity of light, which fell into this point of
photographic film, is proportional to the time, during which into this
peint of film is projected the emission from ball lightning. Let into
this point the‘emission, which corr;sponds to impact_parameter p be
projected (i.e. to minimum distance from the center for the totality

of the points of ball lightning, projected into this point of
photograph). Then the relative blackening atlthié point of £film,
proportional to the time of exposure 2]/}?{:;? lv (vhere v - speed of .

motion), is equal (1 _pﬁ/Rg)llﬁ.

Here the blackening, vwhich corresponds to the center of trace, is

undertaken one.

1f emission occurs from space, then at each moment of time
‘ntensity of light is proportional to chord length, projected to this

point of film., In this case a total quantity of light J is

proportional
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Hence it is apparent that if we for one accept the blackening, which

corresponds to the center of trace, then relative blackening at the
point, which corresponds to impact paraméter p, will be 1 - p*/R,*.
The comparison of the transverse photometric measurement of trace with
these dependences makes it possible to reveal the character of the

emission of ball lightning .

Fig. 1.4 different data of photometric measurement of trace of
ball lightning, gives to one of models examingd. Let us explain, for
example, the first model, which assumes that thé radiating region’
optically thick, i.e., emission goes from the surface of ball
lightning (Fig., a). 1In work [21] in three sections of the photégr*ph
of the trace of ball lightning {see Fig. 1.3) are restored t«~
relative values of radian£ energy.I(p), vhich correspond to impact

parameter p.-

Page 3l.
-,
According to the analysis carried out above value 1l(p)/I1(0) in this

model must be equal to ]/1__92/35. the value

a2 \-12
I (P r - : N
7{%}(1'—'R§) - must be equal to one. These values are given in Fig.

1.4a, and 1.4b are given the values of the relation
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0 (i _ﬁ?) » vhich must be equal to one in the case, when emission "
o -

is created by entire space of ball }ightning. . (
" - ;t (’v,‘-.

Conclusion about which of two models better describes real ¢
sitvation, can be made, after explaining, for which of two models B
corresponding relation nearer to onhe. g
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Fig. 1.4. Transverse photometric measurement of trace of ball
lightning [21}. Relative luminous intensity I in the direction p,

perpendicular to motion, is given to the appropriate model: glow goes

from surface of (a); glow goes from the space of ball lightning (b).
In the ideal case, if this model works, the value of the given

relation must coincide precisely with one.

. Page 32.
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Let us not®e that the disagreement between these models is not so great
so that it would be select "to the eye", as the authors of work [21]
entered. Actually, statistical processing of data of Fig. l.4a gives
the average result: 0.81£0.16; the averaging of data of Fig. 1.4b
leads to the result: 0.%6%0;.17. As is evident (although we must
givé the preference of the second model in accordance with the
conclusions [8, 21]), the large scatter of results does not make it
possible to arrive at the conclusion that the first model is invalid.
Moreover, if we exclude data, which correspond to value

and contributing the greatest error, then the statistical averaging of
data éf Fig., 1.14a will give result 0.870.13, énd the averaging of
data‘of Fig: 1.4b - the result: 6.93:0.13. As is evident, these.
average/mean values and their statistical errors do not make it

possible to make a selection between the models ?) in gquestion.

FOOTNOTE *. It would be possible to draw this conclusion, if the
difference between one and average value exceeded the doubled

statistical error. ENDFOOTNOTE.

One should add to this that supplementary errors in data processing
are caused by both the determination of the boundary of trace and by

change in the intensity of its glow in the course of time.

Thus, from analysis of data on transverse photometric measurement
of photograph of trace of ball lightning [21] it is possible to drav

conclusion that volumetric emission of ball lightning is more probable
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' than emission from its surface. However, the Scatter of data does not
E: . make it possible to unambiguously make a selectionlbetween these cases
C even for the experiment examined.

C

(% ' §1.5. oOtrer * 'aperties.

C

C | |

( Let us pause at other properties of ball lightning, which are

c

developed in process of its existence. During the analysis of the

0

thermal effect of ball lightning on the observer let us return to the

case, described ip §1.2. Let us note that although ball lightning

@ sufficiently closely approached the tailor, it did not feel heat.

f% This result is noted in ﬁany instances of observing ball'lightning.

E; Page 33.

g . According to data of Reilly [6] sensation of heat during the

€ observation of ball lightning they assert only four eyewitnesses,

® whereas 100 people gave negative response. According to the data of
gi Stakhanov [8, 9] 25 people of 294, who observed ball lightning from

O

the distance less than 1 m, write about the senéation of heat; about

this communicate 8§ people of 131, who chserved ball lighthing from the

distance from 1 to 2 m; 20 of 379 people, near distance from whom to
ball lightning was in the limits of 245 m; even 9 of 676 people, who

observed it from the distance wmore than 5 m.

In smalli number of cases it is noted,'that action of bhall

lightning in calm state, to people located by series can lead to burns
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and injuries. One of such cases, occured 8 August of 1975 in England,
is described in article [22]. A participant in this incident was
located in the kitchen during the thunderstorm, ﬁhen she éetected near
herself ball lightning with diameter equal to approximately 10 ‘em,
which was surrounded by halo and had a color from the vividly azure to
the violet, When ball lightning approached, woman felt from it heat
and odor of burning. Furthermore, ball lightning Sent & crack, Woman
herself communicates:

"It seemed the sphere hung near me lower than belt; then 1
automatically brushed it off, and it immediately disappeared. The
left hand, by which 1 brushed off, reddened and swelled"., Appeared
hole in the dress and the underwear, where the contac; of ball-

lightning occurred. Legs reddened and numbed.

Ball lightning can leéve odor, which testifies about chemical
composition of substahce, beiny present in it after itself. This can
be thg odor of sulfur, oxides of nitrogen, ozone. Let us give two
examples of lhis type from thé'book of Arago [1]:

"Sn' 7 October, 1711, large fireball fell after the thunderstorm .
among the inhabitants of Sempford-Courtney {in Devonshire), who stood
on the the church parapets. However, in the same instant four similar
spheres, but only with size of a dog, brought in church %tself and
filled it with light and sulfuric fume. One of the apexes/vertexes of
tower was stripped by *the same impact“._ .

-"During‘the same day (1772), when during thunderstorm they

sav above Steeple-Estom oscillating fireball, about which we above

T
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mentioned, priests Winehouse and Pitcairn, that were being found at
that time in church house, suddenly saw at height of their size and
within one foot of distance from their faces fireball with size with

dog.
Page 34.

This sphere was surrcunded by black fume. With the disruption it
produced the sound, similar to volley from the artillery instruments.
Strongly smelled of sulfur vépors was propagated fﬁllowing the fact
throughout entire house. Pitcairn was dangerously injured. His bedy,
clothing, shoes, watch, presented all signs of usual lightning stroke.
The light flame of differen@ colors filled room #nd was found in the

very strong oscillatory motion".

-
£

.There is only case, when it was possible to determine chemical
composition of trace of ball lightring [23, 24]). The author of this
experiment M. T. Dmitriev - specialist in the field of the chemistry
of the stmosphere, found in the summer of 1965 on river Onega in the

expedition. They prepared test tubes for the sampling of air. By

. itse will at this time appeared ball lightning. 1t moved past the

scientist, leaving after itself trace in the form of bluish mist. M.
T. Dmitriev utilized his equipment for the analysis of the trace of
ball lightning. The chemical analysis of aif shoﬁed increased content
in it of only tvo components - ozone and nitrogen dioxides. Their
maximuim content was 1.3 g'm~? for ozone and 1.6 g'm~* for dihydroxy -

nitiogen. This is 50-100 times more than in the normal air.
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Calm phase of existence of ball lightning is sometimes
accompanied by weak sound - hissing, whistle. In a number of cases it
is noticed that it affects radio communication. In the example given
above M. T. Dmitriev detected the approach of ball lightning from the
sharp amplification of'crackling oh the radio receiver, that also
forced him to leave tent; From the assembled by him 45 cases of the
observations of ball lightning [18] in six cases Qas noted the effect

of ball lightning on the radio communication.

Ball lightning, apparently, bears electric chargé. This is
Beveloped by the fact that it fiequently is attracted to metallic -
objects, sometimes concluding thus its existence. Frequently it moves
in the direction of wires or métaliic objects. According to Mac
Nellie [5] this phenomenon is ébserved in 20% of cases, based on

materials of Reilly [6] - 16%.
Page 35.

Evidence in favor of the presenée of electric charge in ball lightning
is the fact that the injuries, obtained with the contact with ball
lightning, are similar to those, vhich are cbtained by men, hii by
voltage. A series of the cases, when the electrical properties of

ball lightning were developed, was assembled in the books of Stakhanov

[8, 91.

§1.6. Power engineering.
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Question is essential, what energy ball lightning contains.
Unfortunately, ball lightning rarely leaves after itself traces, on

which it is possible tc estimate the energy stored in it.

. Nevertheless are several cases, which make it possible to make (Table

1.4) this. Let us comment the facts, reflected in this table.
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cable 1.4. Energy parameters of ball lighthing in different casks 1).

=) (b) (c) _
N Xapaxrep BHIORA IHEPrHR E, ®lIm e, Mocecu™
(1.) | Harpesanne soau & Gosxe (1~3)-10° 2000--6000
(2.) | Pacieninenne GpesBa 450 85
(3.) | Owor IHeHIUAL! 0.4 i
{4.) ] O5pasoBaune 030EA g JBY-
OKECH 630TA B Clefie ma-
poeoii MOTEER 0,5 0,4
(5.) | Pacmennenne achansra —_ 100
(6.) | Hoananennas Tpasa 1700 900
(7.) { Harpesanme §pOBOAa 150 i8
(8.} | CemO sxeneanols TpyCsl 8 DET-
10 80-+100 1012
(9) | Mpomnranne AHpE B Mezan-
angecxkoii Tpyoe 150+200 -
(10) | Hcnapenue MeTanta Ka moM-
noie py#ibs 2 -
41) | Pacmeniierne Gpessa 90120 10-+-15
(12.) | Mponaaenenme AWpH B CTEK- : '
ne 1020 —_
{43.) | OnaaBaeswe cajloBOTO Kpana 5 - - *
(14) | Mcnapenne MeTania Ha aH-
TCHHe CaMofieTa 20120 960
(15) | OnnapieHne MeTamTmiecKo-
(6 | P ro Garpa , . 0,7 —
.} | Paspymesne  KEpOEIBON .
q?yeu 1020 5+10
Key: {(a). Character of energy production. (b). kJ. (c). e,
Jecm-*.. {(1). Heating water in barrel. (2). Splitting of log. (3).

Burn of woman. (4). Formation of ozone and nitrogen dioxide in trace
of ball lightning. (5)‘. Splitting of asphalt. (6). Singed grass.
(7). (8). (9).

through of hole in metal tube. Evaporation of. metal on ramrod

Bend of iron tube into loop. Burning

(10).
(12).

Evaporation of metal on antenna

Heating wire.

Smelting hole in glass.

(11). Splitting of log.

(14) L]

of gqun.

(13).
of aircraft. (15). Fusing of metallic hook. (16).

Fusing of garden tap.
Destruction of

brick tube.
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. FOOTNOTE . Cases of 1-6 are undertaken from the book of Barry [12],
case of 7-16 - from the book of Stakhanov [9]. ENDFOOTNOTE.

Page 36.

Case 1 -~ sufficiently known case [25], when ball lightning fell
intoc barrel with water, and 20 min after this water in barrel proved
to be hot. Very description of this episode can cause doubt.
Stakhanov [8, 9] disputes the given estimate because it exceeds
reasonablie value, and therefore also, what at its disposal is similar

case with another result - ball lightning fell into the bucket with

B2 2 X 1 EaRaRoiniataionateteotele el

the water, water partially was splashed out, but ﬁas not heated.

~ o0

Case of 2 contains estimate of energy, which is nécessary in -

C

. order to split log, wooden‘ column, wooden pile. Cases 2 and 11 are
completeiy equivalent, but estimates themsglves are obtained
differently {the first is borrowed from the book of ﬁarry [12], the
second belongs to Stakhanov [9]). The disagreement between the
represented numerals testifies about the arbitrariness, which this

estimate allows.

Case 3 is working of episode described above, when ball lightning
- burned-wom&n and scorched her clothing. In the case 4 the energy,
necessary for the formation of ozone and nitrogen dioxide in the
quantity, measured by M. T. Dmitriev, is designed. This case was also

- previously described. Let us note that cases 3, 4, 10, 13 and 15 give
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the decreased value of energy, since on the processes in question,

apparently, is spent a small portion of energy of ball lightning.

In remaining cases energy vas designed by expenditures, necessary
for realization of observed efiect. In greater detail let us pause at
case of 6, where the estimate is carrieé out erroneously. In this
case during the thunderstorm ball lightning was not observed, but
after one of lightning strokes neér the house arose the glow, which
was continuing 2-3 s. The bent singed trace was discovered after
this, on the grass near the house. Utilizing a heater aéjusted by
power, the authors works {26] explained, in what parameters it will
Create on the grass the same trace as discovered earlier., It turned
out that the approaching conditions co;respond to height above the
ground of 10 cm, power of heater 30 W and.time of heating 300 s. In
order to obtain trace on entire long, equal to 10 m,'it is possible to
move this source for 100.300 s=8 h. After multiplying this time to
the power, we will obtain the numeral given in the table: 900 kdJ.

’

It is not difficult to see series of contradictions in this

approach.
Page 37.

The obtained time of the creation of trace in no way will be
coordinated with the time of the observation of glow or the lifetime
of ball lightning. Already this one it is sufficient in order to

recognize the inaccuracy of approach. Furthermore, it does not from
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anywhere follow that grass is burn due to the thermal effvct of ball
lightning (but not chemical or electrical). Further, the assumption
about the stability of source in the case, when effect sfrongly
depends on its power, also can lead to appreciable error. The errors
of this approach indicated convince us in the inaccuracy of obtaining

estimate. Therefore subsequently this estimate we into the account

accept will not.

Rejecting in the case 6, 1ét us conduct statistical averaging for
geometric mean value bf values, represented in fable 1.4. For the
average value of energy of ball lightning we will obtain value
‘40432t kJ, while* for the average value of eﬁgrgy density 4t
Jecm-?®. Error in this distribution exceeds an order of magnitude
itself.

Let us process data of “fable 1.4, discussing as follows.  Let us
assume that the diségreement of the energy parameters, which relate to
the different occurred cases, they are determined not by errors in
each estimate, but fact that possible energies can be located in the
widé intérval of values. Let us process from this point of view Qf
data table. We will consider that enerqgy of ball.lightning E is
located in interval F_,.> E>E,,, mNoreover probability that value E
falls into energy range GE, is propostional 4E/E. Hencé follows -

probability that energy of observed ball lightning exceeds valuve E, it

is equal to P = A - Blg Eg (1.2)
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moreover parameters A and B are connected with parameters F_. . Epu

with the relationships/ratios

-1
B= (lgE x) 2 A=Blg Egax.

min

For processing of data of ~able 1.4 on basis of formula (1.2) it

ge 14 cases in descending order of energy examined above.

will arran
, then probability P(E) of

Then, if to the k case corresponds energy B’
the fact that energy of ball lightning exceeds E', is equal to '
(2k+ 1)/30. ,

Page 38. S .

The corresponding results are represented in Fig. 1.5, whose working

gives Eon =02 k3, Epe=1,5-10° kJ. The probable value of energy

(probability greater and the smaller values of energy is equal to 0.5) .

is 20 kJ. 1In this case 1gE is restored with an accuracy to 0.24

(factor 1.8).

gimilar working for energy dénsity ¢ gives value emin = 0,24

Jeem-?, eps=1 kjecm ®, probable value of energy density 15 J-cm™’
(accuracy - factor 3). As is evident, the intervals of the possible

values of energy and energy density of ball lightning compose almost
four orders of magnitudes. If we forego the cases, where the
estimated energy characteristics are understated, then this interval

will prove to be already. The nearness of the average and most

probable energy parameters is natural.
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(" After subdividing value of energy of average/mean ball lightning
((; . for its space, we will obtain energy density, equal to 4100320.4

(f : Jecm-*, This value by an order is lower than found of the analysis of
C. the estimated energy densities carried out earlier. This

C(: disagreement, apparently} testifies also about the accuracy, with

f which it is possible to determine the value of the energy density of
(- ball lightning, since it is deliberately less than the accuracy of the
Lo determination of energy itself.
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Fig.- 1.5, Distribution of ball lightnings on energy reserve.

Key: (1). KkdJd.

Page 39. _
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Taking into account this, let us represent further energy density as

average between the values indicated, and error will characterize the ,

degree of their disagreement. Then we obtain value 4001204 Jeem™ 7,

on basis of obtained data let us estimate average power of ball
lightnings. According to the previously given estimate of Barry (see
§1.3) the frequency of the appearance of ball lightning on the entire
Barth is (0.01-0.1) s-%. It follows from formula (1.2) that on the

average ball lightning bears the energy

SEdP = 200 kJ. For the power of energy release, included in ball
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- lightnings, this gi®es (2-20) kW. Statiemggg this value with the

¢ . pover of usual lightning, taking into account that average/mean

g potential cloud - the Earth is 30 MV [129, 130], and average current

Cf to the earth under the action of lightning is equal to 1600 A [131,

f: 132]. Hence we find the average power of energy re_lease in lightning

g« - order 5¢10** W. If we consider that ball lightning is the secondary

. phenomenon of usual lightning, hence it follows that on ball

¢ lightninas it is expended the order of 10-' parts of the energy of

; usual l.ightning.l

@ §1.7. Parameters of average ball lightning.

@ .

(" )

- Totality of observational data and their processing make it

(. possible to create shape of ball lightning with averaged parameters.

E . The parameters of average/t;lean ball lightning are given in Table 1.5.

- To these data it is possible to add the following. Ball lightning

[ (gloving formation in air) usually has spherical form. It is observed

S also in locations, and in open air, and can move both in the

% horizontal and in the ?ertical ‘directions, Ball lightning can have

internal strﬁcture, can be surrounded halo. The sparks frequently
escape from it. The motion of ball lightning is usually accompanied

b by sonic effects - hissing, whistle and crack. |

| Ball lightning develops electrical properties and is radiation

B source in radio-—frequency wave band. The effect of ball lightning on

B man is analogous with the defeat of man by electric current. Usually

*** o
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ball lightning does not possess the properties of intense radiation

source.

Page 40.

tn the majority of the observed cases its thermal effect on the
surrounding bodies is not developed. To this it is necessary to add

transiency and the irregularity of this phenomenon.

We will subsequently utilize represented shape of average ball
lightning, based on observational data, during analysis of .

hypothetical models of ball lightning for purpose to understand its

nature. | .
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C Table 1.5. Mean statistical parameters of ball lightning.
(“" : . . ‘
N . {/rapanerp | (&) £ro ssaqenne
-
- éeponﬁu:ggn cdepuse- - Baxt%
- MB :
(O et 2844 o
- 26 olé
o 4 pern HuIHE 100'”1‘2) :‘ /
C KODOCTb TepeMeIenns 4+1M.ct
oo ) 1019202y T/
C Dreprns waposot MOI-
. BHA ()
. # orrocTs smeprEn wa- 407 7208z cu~d
- pofi MOJBUN v/ . _
C. u::;cs) 0ﬂcmni'1 (24£2%), menmaii (24:2%),
& rpacauii (18+2%), opamxeniin (14
@ i%;/z;, x;;:g&;‘i )n ¢noneroshit {12+
& (A p— ﬁooiggg',mﬁ‘) ‘
)y r - (), . R |
- {aeronan ornaua gy 10 0,230.857° Br-1 ‘ .
. oppeaan ¢ onekrps- | 70::10% maposkix Monmu Babonsercs ,
- GECKIMN ARICHRANS B rpoasot?e:lo nl;:;ggg“ oz eul mafimone
- nisme 80% X MoT -
- CeaouBoCTs (A ¢ e'rcﬂ) B JeTAWe MecROM (MIOHb — 8B-
TyCT
(. Fgﬁcna; : pqﬁda gbj:20$ﬁ CAY4208 KOHEE CYHIECTBOPA- .
e . BW#l MapoBoii MOAENY CBA3AW €) BBLY-
' BOM, B OCTAILEHX C¥2anX — ¢ Mefl-
_ ACHHLM DOTACABEEM RAE DACHSJIOM ee
-
2 4acTR (26
® ('gépoamnctb noABAcHAS $0~8:520850"2. mm 3
-
.
kﬂi‘-ﬂ'
Key: (1). Parameter. (2). 1Its value. (3). Probability of
: spherical form. ({4). Diameter. (5). Lifetime. (6). s. (7).
o Speed of movement. (8). mes~*. (9). Energy of ball lightning.

{(10}. XxJ. (11). Energy density of bali lightning. (12). Jecm->.
(13j. Color. ({14). White ... yellow ... red ... orange ... azure
and violét ... and others). (15). Luminous flux. (16). 1m. {17).
Luminors -“ficiency. (18). 1im-W-*, (19). Correlation with

electr:~.. .".vomena. (20). ... ball 1ightnin§s it is observed in
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thunderstorm weather. (21). Seasonality. (22). More than 80% ball
lightnings are observed in summer months (June - August). (23);'T;,
pecay. (24). 1In ... cases erd of existence of ball iigitning is
connected with blast. in remaining cases - with slow extinctien or its

decay on part. (25). Probability of appearance, (26). km~?emin-?,

FOOTNOTE ‘. 1in the brackets are given the values of the relative

probability of observing ball lightning of the color indicated.

ENDFOOTNCTE.
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Page 41.

Chapter 2.

METHOD OF STORING THE ENERGY IN BALL LIGHTNING.

$§2.1. Hypotheses about the sources of energy of ball lightning.

From facts of observation of ball lightning it is possible to
create general idea about this phenomenon. The desire to explain its
nature is%natural. Sinée the observation of ball lightning has rich
history, there is anlarge number of hypotheses about nature 6f this
phenomenon. On the basis of hypotheses are constructed the
theoretical models, target of which is the description of ball
lightning as physical phenomenon. At their base is included the

information about the processcs, which occur in excited air.

With respect to hypothetical modéls it is neceasary to note
following. First, the number of hypotheses themselves is sufficiently
great. Some of them are forgoﬁten in the course of time, and then
appear again, in new works with new hues. Therefore for explainihg
nature of ball lightning there is no sense to search for the physical
principles, placed in its nature. The possibilities of this
explanatinn with one or the other degree of elaboration are taken into
consideration in the existing'hypotheses. In the second place, ?t is

necessary to consider that ball lightning - complicated phenomenon,
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vhich combines contradictory, is at first glance, property.

Attempts to describe only separate sides of phenomenbn frequently .
are made in the same time with the aid of existing models. It is
possible to arise to the point of view, which constitutes the base of
the corresponding model, and to critically estimate other sides of
phenomenon, utilizing for this purpose contemporary scientific

information about the processes and the phenomena in excited air.
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Page 42.

If this leads us to the fundamental contradictions between the

utilized theo;etical model and the observed facts, then hence it will
be possible to make & conclusion about the groundlessness ;f the
analyzed model of ball lightning. Thus, the complexity of the
bhenomenon of ball lightning proves to be in this case useful, since
it makes it possible to taper the set of hypotheses, which explain

same this phenomenon.

Below we will carry out critical analysis of existing hypotheses,

connected with power engineering of ball lightning. Each of these

r,ﬁ\.?

hypotheses must, in the first place, explain, whence energy in ball
lightning is_taken. We will adhere to ﬁhat point of view, that ball
lightning 'is supported due to the internal energy. In accordance with
this let us divide the existing hypotheses according'to the proposed
energy séurces. Then possible hypotheses we can relate to one of the

folloving five categories:
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1) plasma,

2) gas with the excited particles,
3) electrical, |

4) chemical,

5) exotic.

1t is explained each of represented categories. It is simplest
to begin with the latter, which we conditionally called "exotic". 1In .
it we included such assumptions, under which.the energy of ball
lightning is connected with antimatter, X-radiation, thermonuclear
energy, etc., i.e. all assumptions, to which it cannot be related
Qeriously not only due to idea itself, but also due to the character®
of its representation. Nevertheless such hypotheses are taken into
consideration and undergo the criticism (for example, see [7; 11,

27)), which frees us from the need for spending time on them.

Plasma hypothesis is completely natural, since ball lightning,
appafently, is connected with electrical phenomena, and in channel of
usual lightning plasma is formed. Internal energy of this formation
reserves itself in the charged particles - electrons cnd the ions. 1t
is isolated during fhe recombination of the charged particles.
Depending on the type of the charged particles in the plasma -
electrons, the ions, cluster ioﬁs or aerosol pgrticles ~ there can be

the different versions of the plasma model of ball lightning.

Second method of storing energy in excited gas can be connected
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with creation of large number of excited atoms or molecules.

Page 43.

For this purpose is possible the use of two types of the excited
particles - metastable atoms or the molecules and oscillation-excited
molecules., Both types of particles possess Jong lifetime relative to
the time of the emission of phbton, so that this channel of their
decay under the atmospheric conditions is unessential. In both cases
the probability of the guenching of the excited particlé during the
thermal collision with the gas atoms or the molecule is very small.
Therefore this hypothesis deserves attention, its authenticity can be
explainr * during the use of specific scientific information on the
processes of collision with the participation of excited atoms and

molecules. ' .

To electrical hypotheses let us relate such, in which it is

- customary to assume that internal energy of ball lightning is
connected with electric fields, created by system of charged
particles. 1In this case we initially have a system of the charged
particles (ions or aerosol particles), assembléd into the
predetermined element of space. The energy, spent on that in order to
place the there charged particles, after overcoming the forces of
Coulomb interaction between them; is utilized further as internal

energy of system.

and finally apparently, most ancient hypothesis of ball lightning

’ . . '
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is connected with chemically of st- ing energy. F. Arago almost 150
years ago in book [1] wrote: |

"These fireballs seem the accumulation of the material, strongly
saturated with thunderstorm substance .... Lightning, passing through
the atmosphere, connects places two compound gases and is formed
nitric acid. Therefore it is not possible to consider it impossible
that the same action produce the somecires instantaneous semi-joining
of all possible substances, which can exist in the knowh volume of

air",
§2.2. Analysis of the plasma models of ball lightning.

Analyzing existing models of ball lightning, we will proceed from

contemporary information about processes, which take place in

‘hypothetical systems, and compare parameters of systems with observed

parameters of ball lightning in question designed on basis of this.
From the observed properties of ball lightning we will use the

following.
Page 44.

First, we will consider that energy into ball lightning is not

supplied from without, but occurs the internal energy source. In the
second place, we will considef that the.temperature of ball lightning
is small (for the certainty we will consider that it is limited by the

value of 2000-3000 X, so that atmospheric air is weakly dissociated).
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Carrying out analysis of processes, vhich take place in
hypothetical ball lightning, ve will consider that, according to
observed data (see § 1.6), average density of_internal energy of ball
lightning is 5 J+cm"~*® and, in any case, it exceeds 0.2 Jecm~2.
Accordingly, the average value of the product of the density of
‘internal energy of ball lightning e and time of its life r is
approximately 40 3zs-cm" and in any event must not comprise less than

l'aos-cm‘?. We subsequently utilize this fact.

Energy stored in plasma is connected with ionization of atoms and

molecules. In the rough approximation it is possible to consider that
' -

specific 'energy of plasma is equal to

vhere J -, ionization potential of atoms or molecules, N, - density of

the charged particles.

For conducting analysis of models it is necessary to define
concretely plasma models, after connecting charges with specific type
of charged particles. During the elaboration of the composition of
plasma according to this principle let us examine, further, the
separately following models of ball lightning, where active material
is:

1) the plasma, which consists of the elgctrons and the positive'
ions;

2) plasma from the positive and negative ions;

3) the plasma, which contains cluster ions;

S e R el ala - ¥ ¥ Tolal ¥ skakakatate
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4) the aerosol plasma, where the positive and negative charges

are connected with the aerosol particles, -

We will enter as follows during analysis of parameters of
hypothetical ball lightning. The recombination velocity of the
charged particles is characterized by recombination coefficient a;

taking into account only the recombination of the charged particles

~the equation of balance for the density of charged particles N, takes

the form

dNydt = — aNi.

Pagé 45.

In this case we count the plasma of quasi-neutral, i.e., the densities
of positively and negatively charged particles coincide. Hence it
follows that the characteristic time of reéombination, i.e., the
characteristic time 7, during vhich in the plasma can be retained the |
energy, in order of —agnitude composés

1~ 1/(aN,).

Taking into account expression (2.1) for the energy density, stored up
per unit of volume o/ ball lightning, we will obtain the following
relationship/ratio:

er~Ja~2:-10%/g (2.2)

(here dimensionality er is expressed in J-secm-?, recombination

coefficient a - in em’+s-*), While conducting of estimate we took -
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jonization potential for the molecule of nitrogen (1, eV).

Table. 2.1 gives some characteristic valuves of parameters of . .

recombination for typical processes, vhich take place in systems in
question. We analyze'each of the types of plasma separately taking
into account the parameters of processes. In the plasma, which
contains electrons at a not very high temperature, when molecular
ions, are the fundameﬁtal type of ions, by the preferred channel of
decay the dissociative recombination of electrons and molecular ions
(inYable 2.1 are aiven recombination coefficients for the ions, which
are formed in the air plasma) ser#es. From an increase in the
temperature the recombination coefficient somevhat falls, but this {s

not reflected in an order of magnitude of the parameter eT.

‘In plasma, which consists of negat{veA‘) and positive ions, at
atmospheric pressure of gas recombination of ions occurs during triple .

collisions with molecules of gas.

FOOTNOTE *. It should be noted that in air at the atmospheric
pressure and room temperature process ¢+20,0,+ 0, for the thermal
electrons is passed for time on the order of 0.2 us. Therefore under
standard conditions in weakly ionized air negative chérge i§ connected

vith the negative ions. ENDFOOTNOTE.

The effective coefficient of ion recombination is exprersed as the

rate constants ¥ of triple collisions according to the formula

Sl S R aRaRalalal ¥ - X Ralal YakakaaRatal..
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o= -Y (Nz) [Nz] + Jf (Oz) [Oz],

. where JZ(N,), the rate constant of the triple collision of ions with

the molecules of nitrogen, expressed in units cmé.s-?!,
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Table 2.1. Parameters of characteristic processes in the air plasma. . o
W ¥ . O
Tsnorernvecuan monens Nponece pexouBsNania § 0MYNMELINOE BOIXYTS Hontramrs mpocn‘) o, Jint.c.on * |, B
is/ (
Tinaama w3 anexrporios 8 | e+ N — 2N 2-10-? 1.40™0 ¢
%0808 + - )
e+ 07 =20 2.10~7 1281 t.40-8 (
e+ NOt = N4 0 4107 610~ (
e NF 2N, 1,6-10" 2.10-1
—q7 {
[Iagaua m3 orpROATENS- o7 + 0;‘ + 0, — 30, 1,6.10-% 7.10-12 ;
AKX R ROAGHATERLEMX . (
nouos NO* + NO; + O, — NO - NO, + 0, 3,4-10°% { 19q) 1.40-21 -
NO* + NOJ + N, — NO 4+ NO, + N, 1,0.10-5 1.10-18 .
Mosova % sscrepauex | e+ H00-HD LHeroutmmanma | 2410 | 00 11071 &
PoHOB ¢ 4+ Hy0*-(H0), -~ » 5=10)-10-% | "7 {25401 c
Cl=4-Ha 07 (HsOl - » 4,8-19-¢ \ 5401t "
NOJ + H0%(HO), =~ 5,5-10- i (30] 4108 &9
NO;'-HNO,-}- H 0+ (H,0)y ~ » 5,1-10-° O 4101

Key: (1). Hypothetical model. (2). Process of recombination in
excited air., (3). Rate constant. (4). 97, jes-.cm-*. (5), Plasma

from electrons and ions. (6). Plasma from negative and positive

¢
(

{
¢
(
-
a
)
C

ions. (7). Plasma from cluster ions. (8). recombination.

FOOTNOTE *. Rate constant for the paired processes is measured in
cm*+s-*, and for the triple processes - in cm*+s°?; are to the right
of values the surveys/coverage and the monographs, where information

in this circle of processes, is assembled indicated. ENDFOOTNOTE.

Page 47.
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Table. 2.1 gives rate constants for some specific triple processes.
For the ;.asma of air af the atmospheric pressure the effective
recombination coefficieﬁt of positive and negative ions is 2.10-¢
cmies~?, i.e., for this plasma parameter er on the order of 10-*?

33s-cm;’.

In the case of plasma, which consists of positive and negative
ions, fable 2.1 gives only rate constants for paired collisions. At
the atmospheric pressure the recombination will occur in essence
during the triple collisions with the effective recombination
coefficient, in order of magnitude equal to 10"* cm?+s-!, The more
rapid recombination of cluster ions will léad.to the decrease of the
parameter n7 in comparison with its value, given in ¥able 2.1,
although this will not affect the general,concluéion - plasma models

cannot explain the observed parameters of ball lightning.

Let us pause separately at recombination of aercsol plasma (not
included in-fable 2.3). The recombination of the oppositely charged
aerosols in air corresponds to lLangevin's model. Particles converge

due to the forces of Coulomb attraction, but this motion is braked by

frictional forces in the gas. 1If we use Stokes's formule for the

frictional force, then according to Langevin's formula effective

recombination coefficient will be equal (see [31]).
o= 1,5{g"/ (nro),

vhere q - charge of aerosol, r, - its mean radius, n - coefficient of

the viscosity of air. Substituting this expression inte formula (2.2}
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and utilizing numerical values of the entering parameters; we will

obtain for the aerosol plasma

et~ 107r/{g". (2.3)

Here value g1 is expressed in Ezs-cm"; r, - in um;'and the charge of

aerosol g - in the unit charges of electron e.

‘Value of parameter g1, which follows from observational data - on
the order of 5 ﬁus-cm". Fach of the plasma models of ball lightning
‘examined gives value less to there are many orders. Hence follows the
groundlessness of the plasma models of ball lightning. Actually, the
process of converting the energy of the charged particles into.the
‘heat during the recombination of charges in the plasma occurs too
rapidly, so that noticeable energy cannot be preserved in the plasma

- sufficiently for long. ' ) .

Page 48.

L]
§2.3. Long-lived excited atoms and molecule in air.

We analyze possibility of storing energy in excited particles,
which are foun. in air at atmospheric pressure. There have sgeveral
metastable states the atoms and molecules of nitrogen and oxygen,
whose parameters are given in Y&ble 2.2 [32]. It should be noted
that problem itself about the use of metastable atoms and molecules of
oxyaen and nitroden repeatedly was posed in different applications.

In particular, the major cycle of invectigations [33] was carried out
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for the creation of the high ~-~acentration of the metastable atoms of

orygen O(*S). Further it as planned to utilize this system as the

active medium of pulsed laser with the record value of the ratio of

'energy of laser emission to the space of active medium, Only the

detai’ed study of this question showed the noncompetitiveness of this

- approach.

Another specific method of realizaticn of this approach - iodine
laser, vhose pumping is conducted from metastable moleculss of oxygen
0,('A,) [34). The metastable molecules of oxygen are formed in the
presence of the chemical reaction of chlorine witk hydrogen‘peroxide
and are utilized as tie carrier: of energy. 1ﬁ\the final analysis the
energy of metastable molegules is converted into the energy of laser
emission. The power of_such lasers in the continuous mode reaches .

several kw [35].
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Table 2.2. Parameters for the metastable atoms and the molecules of

nitrogen and oxygen.

@l {
(‘)Mﬂa&:i\‘ﬁ:ﬂl;;:;!n:rou : ::mep:‘l::' :%wymne- uaayq:‘-x'-‘es::;;'mce speMn

o (D) 1,97 140

0(S) 4,19 0,8

N ¢D) 2,38 6.10% 1,4-10%

N (*P) 3,58 12

0, (a*A)) 0,98 3.10°

0, (12 ) . 184 12

N (AT 6,22 2

Key: (1). Metastable atom or molecule. (2). Excitation energy, eV.

(3). Emitting l.ifé‘time, S.
Page 49.

Table 2.3 presents processes of quenchhing 0. long-lived excited
atoms and molecules in air. The rate constants of quernching for the .
metastable atoms and the molecules are undertaken from work [32], for
those oscillation-excited - from work [36]. It is evide.t in all
cases that the values of the lifetime of excited atoms and molecules

are noticeably lower than the observed lifetimes of ball lightning .

Therefore metastable atoms and molecules, and also oscillation-excited
molecules cannot be used as the keeper of energy in ball lightning.

Metastable molecule (),('A,), possesses the greatest lifetime but also

its lifetime is small in comparison with the lifetime of ball
lightning. Let us note, however, tha: tae probability of quenching

during collision two metastable of molerules 0.('A,) is relatively
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small, so that sufficiently high energy'can,be concentrated in period
on the order of 0.1 s in these molecules. In particular, in the
sphere in question by & radius of 20 cm this energy can reach order 10

kJ.

Thus, carried out analysis show:. that processes with

participation of excited atoms and molecules for atmoshperic air

pressure proceed sufficiently rapidly.
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Pable 2.3. Processes of the quenchin'g of excited atoms and molecules

of oxygen and nitrogen in air. ,
w T el “Bpeun ' .
Bo3fympenuan wﬂpoueccu paspymedun c:::;:“.' WUIHE B
qacTHHA B BO3RYXe m,_.c_l HO DMBTIL-
: AOM BOBAY-
¥,
0,18, 20,(18,) + 03 + 04’2 hH |20 -
0,14,) + 0y~ 20, 2.40-18 l 01
0,02} 0,12})+ N> 0, + Ny 2.10-% ;0,04
N3(4°Z 1) No{A T H) 4 0y >+ N+ O 4.1073% | 547°F
oDy 0(D) + 03+ 0+ Oy 5.40-1 | 4.
o(5) 0(S)+ 0y >0+ 0y 3.407% | 5.107%
K?io.ut;ﬁﬁz’rrenMw- N+ NN+ N, _ 10‘“} 0.02
poalyAeHEEE . .40~18 ’
MOAGKYAR 880 N} + €O, N, + CO, 6:10 g
a (N3) @ xme- |03 + 0,20, 0¥ '
aopoa (0%)

Key: (1). Excited particle. (2). Processes of destruction in air.
(3). Rate constant cm® rds”*. (4). Lifetime in normal air, s. (5). .

Oscillation- excited molecules of nitrogen ... and oxygen ....

Page 50.

Therefore those models of ball lightning, in which as the energy

source are utilized the excited particles, prove to be also invalid.

§2.4. Electrical method of storing the energy.

1t follows from observational data that ball lightning possesses
relatively high electric vharge. The created by charge electric field

contains energy and can ctuse the discharge in air, which is
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accompanied by glow. Let us estimate the energy possibilities of this

. system,

We will consider that net charge of active material is equal to g
and concentrated in sphere with radius R,. Then if charge evenly
distributed by the space of sphere, electrical energy of sphere is

equal to

E S’p(r)p(r)drdr _2_%_ (2.4a)

where p - the bulk density of charge. But if charge evenly
distributed over the surface of sphere, then its electrical energy is

equali to

E=g/R, (2.4b)
. In this case the value of electric intensity F'maximally on the
surface of sphére comprises F = g/Rj). When F,,=30 kvV.cm-! occurs

the breakdown of air at the atmosg;heric pressure. If in air aerosols

are found or if breakdown occurs near the surface, then breakdown

electric intensity is below.

_ Energy density of charged sphere, whose charge is concentrated on

surface, in accordance with given formulas comprises

) . -
AT A T
Replacing electric intensity on the surface of breakdown, we obtain

€<2+10°* J.cm-?, and since, according to observational data, ¢>0.2
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Jecm-?, we come to the conclusion that it is not possible to explain

the observed values of energy of ball lightning by electrical .

interactions.

Page 51.
§2.5. Chemical method of storing the energy.

With chemiczl method of‘storing energy in ball lightning its
energy is isolated in the presence of chemical reactions. The
elementary event of chemical process is connected with sub~-Barryer
transition ﬁf atoms and readjustment of atomic system at the moment of
the approach of particles. With thermal energy the probability of-
this transition can be very small, so that it is possible to find

numerous examples with the long storage time of chemical energy.

Among chemical compounds, which are formed in air, ozone occupies
special position. Effectively and in large quantities ozone can be
formed with the atmospheric électrical phenomena much more easily than
any other compound of oxygen and nitrogen. Therefore further the
possibility of long storage of.chemical energy we investigate based on
the example of ozone. Let us examine the processes, connected with |
the resolution of the molecule of ozone in the standard air. They

occur according to the diagram

0, +N;=0+0,+N;, | | (2.5)
0,+0, = 0+ 20, (2.8)
0-0, —+20, 2.7
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The special feature of the process of decomposition of ozone lies in
the fact that two molecules of ozone do not enter inta the chemical
reaction. Thereiore the conversion of ozone into oxygen occurs

through its dissociation, which leads to deceleration of process.

Let us write equation of balance for density of oxygen and ozone.
For simplicity processes (2.5) and {(2.6) let us reduce to one, after
aesignating [M] - molecule density of air, k, - rate constant of the
process of dissociating the molecule of ozone, ¥ - the rate comnstant
of reverse process: the rate constant of ?rocess (2.7) let us .

designate k,.

Then we have

d[0,] , ] : 17— ,
~5i = 5[031 (A} + X {0} [0, [A]] k, [0l [0] 29

2100 _ 1 (0,1 [37] — 2 [0] 0,1 4] — (0,1 0L

We analyze obtained equations. Let us note that the equilibrium

on the density of atomic oxygen is established for the time of order

A CAIL )i
Page 52.

At the atmospheric pfeésure and in the temperature range in question

this composes order 10-* s, i.e., the time, small in comparison with
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the observed lifetimes of ball lightning. Therefore it is possible to

consider for the scale of time (order of second) in question that is

ed the quasl-equilib}ium of atomic oxygen, and to disregard

establish
Then, after

the value of derivative of the density of atomic oxygen.

obtaining expression for the density of atomic oxygen with the aid of

the second of relationsaips/ratios (2.8) and after substituting this

value into the first, we lead the equation of balance for ozone
density to the form

a0 [0 1M)k, (0] 2.9)
3 X[0,) M1k, [Og)

Let us introduce value [Q:

_ X [0,] (M)
| 103]0 = k7 ’ (2‘10)

and let us examine two limiting cases.

Pirst case - ozone density is small ([0J]«[O:k), in this case is

established thermodynamic equilibrium between atomic oxygen and ozone:
0+02#0|0 V

Therefore the relationship/ratio between the density of atomic oxygen

and the density of ozone is expressed as the equilibrium constant

Kpsan(T): which corresponds to this temperature:

1(7) E'[!g's’l} = Kpasa (T) 0] = :7?-,;-55-;}. (2.11)

e density, vhich considers this

Then the equation of balance for ozon

1
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- totality of processes, takes the form

: 210, ,
— ""%'E']' =—kf 0. (242

€
=
¢

(
.-

,.7
®

thus value k,f is the effective rate constant of the total process,

}

which has the second order on ozone density.

Second case - ozone density is great ([0;]®[0,}) in this case
1limiting stage of process of converting ozone into oxygen is process

of its dissociation.

| Page 53.

Then the equation of balance for ozone density takes the form

W%l _ 10

i d‘ T 3

. vhere '

.f? = 2%, [M] = 2f (THH (0) 10,1 + K (N} [No]} =
=2, (1) O]y (2.13)

il NFRRaEaEaiatel F ¥

Bere X' (0.), X (\:) - rate constant of the triple process of the
association of atom and molecule of oxygen, where the third -3y is
respectively the molecule ei‘her of oxygen or nitrogen. As is

evident, in this limiting case we have process first-order on ozone

density.

Table 2.4 depicts parameters of process of decomposition of ozone
in air, which characterize be® avior and rate of course of this process

- taking into account reactions (2.5)~(2.7). The parameters are related




ozone. Nitrogen oxides, which are formed together with ozone with the

DOC = 89119403 | : . pace §§ » E
e

to real air composition and atmospheric pressure. The values of ("
equilibrium constant are undertaken from work [37], rate constant of (i
triple processes (2.F" and (2.6), and also constant k, - from works . E
138, 39]. -
¢

Analysis of data of Aable 2.4 shovs that at lovw temperatures time ?

of resolution‘of ozone, added to air, noticeably gxceeds observed ("
lifetime of ball 1ightnin§. It is possible to expect that the ¢
chemical reactions of ozone with thg'admixtures/impurities, which are é;
found in air, substantially reduce the time_bf the resolution of e
&

electrical phenomena in air, here play special role, and as a result

of chain reactions they lead to the resolution of ozone.
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Table 2.4. Parameters of the process®of decomposition of ozone in

air.
- S
1 : T hof, 0

T .E,_, E.; - . ’5 ¥ p) 'cu;c‘*i T, ¢ .

21| T Lo . :
i 5'“9 \z— 39 m : 'g
ﬁhﬁ kk@ ééﬁ c

250{ 8,6 | 9,7 0,23 |6,3-10t°| 2,5.10-18| 5,7-40-% {,4.40°

3001 5,7 54 1,0 5,3.-10:6] 1,2.40-11} 1,2.40~2¢] 7.9.40¢

350 4.1 3.1 2.9 8,8-1017| 5,0.10-% | 1,4.10-2 41108 ;

400] 3,3 2,2 6.4 2,2.4017{ 4,6.407 { 3,0.10-%® 7

450 2.8 1.7 12 7.3.401¢| 1.6-10°% | 1.9-10-1 36

Rey: (1). cmtes-*., (2). cm®*es-:. (3). s.

Page 54.

The detailed analysis, carriad out in work [40] for resolving ozone
taking into account hit}ogen oxides, shows that under the actual
conditions the decay of ozone is actually determined by the chain
reactions of ozone with nitrogen osides. However, in this case there

is a parametric domain, where the resolution of ozone occurs slowly.

Fig. 2.1 gives temperature dependence of period of haif-life of
ozone with its different concentrations ¢gy in air. The concentration
of nitrogen oxides by an order lower than concentration of ozone,
which answers the actual conditions for the formation of these
compounds during the electrical discharge in atmospheric air. Le* us

‘note that the conversion of ozone into oxygen with concentration 1%

leads to heating of air on 50 K.
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Thus, this example convinces us, tha. chemical energy can be
stored sufficiently for long. This is connected with the slowness of
chemical processes. As a result of the carried out analysis we come
to the conclusion that the only method of storing the energy in ball
lightning - is chemical. The chemical method of storing the energy
has one additional advantage over others, providing high specific
energy densities. For example, contemporary capacitors make it
possible to siore the specific electrical energy, equal to
approximately 60 J-1-*. Average/mean electric intensity in them is 1
MV.cm-?, which 30 times approximately exceeds breakdown electrié

intensity in air.
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(- Fig. 2.1. Temperature dependence of time r of semi-dicomposition of '

ci ozone in atmos:heric air, which contains oxides of nitrogen [40].
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’ - In order to accumulate energy of average ball lightning, it is :

® .

necessary to engage by capacitors Lue space of 300 1, which 30 times

almost exceeds the space of average ball lightning.

I A
1

f01

Let us make another estimate of electrical energy. Let us ioad

;é the isolated electrical sphere so that its energy would coincide with
the energy of average ball lightning, and electric intensity on its

}‘ surface coincided with breakdown strength of field for atmospheric &air
{30 kVecm-!). Let us find this necessary for radius of sphere R=2.7
m, which 20 times exceeds a radius of average/mean ball lightring.

- The potential of this sphere would be 8 MV. Electrical energy of the
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{
charged sphere, whose radius coincides with a radius of average ball ("
lightning, and electric intensity coincides with the breakdown of . -
. (“
intensity for atmospheric air (30 KV-cm™*) and is 3 J, which is o
considerably less than the energy of average ball lightning {20 kJ). -
At the same time energy of average ball lightning is provided in all .
-
ten times by matches (weight less than 1 g). These estimates ‘-
convince, that the electrical processes-are,unesséntial for pover ("
engineering of ball lightning. -
-
. &
High specific energy reserve of chemical energy in comparison @

with plasma is demonstrated by data of 4able 2.5, where specific

- . .
energy reserves for plasma and chemical systems are compared. As the
plasma system is selected air at the atmospheric pressure, completely

dissociated and half ionized, which corresponds to the temperature of
s

26000 K.
| | ®
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Table 2.5. Specific specific energy of air at the atmospheric -

pressure.
ﬂz
Loy
(Yosrens 2/ Txn omeprsa o=
qq _ I
OAEOCIBIO AWCCONMNpOBaHRLl | JHepriia  AMCCONHA-
B HANONMOBNHY ROHISNPOBAH- A8 E WOHW3aUmE 0,68
s auii Bo3ayx (T = 26 000 K) ” MONERYA BO3JYXa
Bozayx ¢ opnMecsio 0308a (Kog- | XMMN9ecKan sHeprags
uesTpanus o3ona 2%) N 030H2 0,13
03IVX € ¥roibBofi HHILIO C kmxmac;:an sRep-
Koanenrpanmeii G6onee 0,08 r | rEHA DPE CTOPAHER
guNn B2 § T 8O37YXA { yra 3,6

Key: (1). Object. (2). Type of energy. (3). Specific energy,
Jeem-2, 14)., Completely dissociated and half ionized air:. (5).
Dissociation energy and ionization of molecules of air. (6). air

with admixture/impurity of ozone {(concentration of ozone 2%). (7).

Chemical energy of ozone. (8). Air with coal dust with concentration

| is more than 0.08 g of dust by 1 g of air. (9). Chemical energy with

combustion of carbon.
Page 56.

Due to the high temperature per unit of volume of this system it is
located two orders less particles than in the standard air., Therefore
despite the fact that the value of the energy, which falls to one

particle in the plasmes system sufficiently high, chemical energy per

unit volume can prove to be above.

Let us make one additional observation, which is conclusion from




-
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fable 2.5. The greatest spécific energy reserve answers the last

case, which corresponds to the combustion of carbon to the carbon .
dioxide with the complete utilization of atmospheric oxygen.

Obviously, due to the use of atmospheric oxygen it is not possiblé to
obtain larger specific energy release., However, the account of data
of'thles 1.4 and 1.5 gives the possibility to show that this specific

energy release several times lower than observed for average ball

e‘“"ﬁ""\ T S T T T NS —,

lightning. Hence it is possible to draw the conclusion that the

active material of ball lightning includes both the fuel and oxidizer.

As has already been emphasized above, among chemical compounds,

. which can become part of active gaterial.of ball lightning, ozone is
preferred connection. It other more easily chemically active
substances and in a larger quantity is formed with the electrical
phenomena in the atmosphere and it simultaneously possesses the .
prdperties of both the fuel and the oxidizer, since in the gas phase
it is decomposed/expanded according to the diagram
0,=0,+0, 040,20, (2.44)

Specific energy release during the resolution of ozone composes 3
kj+g-*, which by an order is less than vith the complete combustion of
carbon, but it is compared with the specific energy reserve of

explosives.

Limiting stage in resolution of ozone (2.14) is first process -
dissociation of its molecules. With an increase in the temperature

the rate of this process and, consequently, also the rate of the

AT e / o f"‘ T e jm ('"»5:.\ m g % (‘\: e . P - — — - — y
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resolution of ozone sharply grows.
Page 57.

For example, the velocity of propagation of the thermal wave of the

resolution of ozone, which is found in the buffer gas, is determined

by the formule

1,375 5800
o= (-F0) s

where'the rate of thermal wave is expressed in cmes-!, and initial T,
and maximum 7, of the value of the temperature of gas in the wave are
expressed in Kelvins. According to this formula, for example, an
increase in the maximum temperature in the thermal wave from 490 to
1070 K increases wave velocity by three orders: from 1 m. s™! tol

mes~*.

In accordance with observational data ball lightning - calm
phenomenon, which jﬁét as sharply does not depend on parameters of
process. Therefore it is possible to draw the conclusion that ozone
is not the fundamental ehergy—containing‘substancp of ball lightning.
The more adequate for it role - this is the role of detonator, i.e.,
it is possible to expect that the participation of ozone creates
conditions for the course of fun&amental energy processes in ball

lightning.
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CHAPTER 3.

THERMAL PROCESSES IN BALL LIGHINING.

§3.1. State of substance.

Analysis carried out in previous chapter convinces us, that
method of storing energy in ball lightning - chemical. We come to
this, comparing the observed lifetime of ball lightning with the
characteristic conversion time of the corresponéing form of energy
into thermal, which is caused by the rates of processes taking place
in this case. Since the lifetime of ball lightning exceeds the )
characteristic times of the collision of molecules in atmospheric air
to many orders, not any process can be such slovw that the internal
energy of system would be retained as such for long. This fact makeés

‘it possible to significantly taper the circle of the phenomena, which

_ can compose the base of ball lightning.

Relatively long lifetime, however, not only surprising property
of ball lightning, another such property is its form. Ball lightning
in the larger part of the observed cases has spherical or close to it
form. 1In this case it is significant that the form and sizes of ball
lightning are retained in entire period of observatijon or, at least,

during its significsnt part. It is obvious that the comparison of

o T e T S e S W S i S B W
o S A
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this observed fact with the physicel representation, which ensues from

the specific assumptions about nature of ball lightning, ‘also can bé .

informative.

We analyze from this point of view hypothetical ball lightning,
vhose active material is mixture of gases or separate acrosols (solid
or liquid particles of small sizes), which are found in atmospheric

air,

- Page 59,

The physical picture of the phenomenon in question can be visualized
as follows. In a certain region of space chemical reaction with the

participation of active material occurs. Heat release due to the

chemical reaction raises the temperature of air and active material in

this region, which leads to the acceleration of chemical reaction. 1In .
the zone the gradient of the density of active material and the flow

of active material into the zone of reaction are created.

This physical picture is described by steady-state solution of
Franck-Kamenetskiy [41], which cbrresponds to conditions, under which
zvae of chemical reaction is considerably less than region, occupiéd
by active material. Further we wiil give this solution for the case
of active material, which is found in atmospheric air. In this case
it is possible to consider that the region of glow coincides with the
combustion zone, and since field distribution of temperatures is

spherically symmetrical, under the conditions in question will be
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observed the region of the glow of spherical form.

Equations of balance for temperature 7T of air and density N of

active particles take form

eoh o = AT + 222 3.4)
oN N
w DAN -3 _ (3.2)

Here ¢, - heat capacity, p - mass density, ¢ - coefficient of the
thermal conductivity of air. We consider for simplicity that a
guantity of active material is relatively small, i.e., it does not
noticeably affect the'param?ters of air. Fu{ther, Ae - energy,

isolated by one particle of active material, @ - the coefficient of

diffusion of active particles in air, 7{(T) - the time of the current

of chemical reaction. 1It'is significant in this case which r sharply

depends on the temperature:

1=T1exp(E/T), (3.3)

vhere E, - energy of the activation of process.

Us interests steady-state solution of equations.(3.1). (3.2),
i.e., case, when left sides of these equations are equal to zero.

Utilizing boundary conditions T ()= 7., N(oo)-—--N.., storing egquations

(3.1) and (3.2), having preliminarily multiplied the second of them on

Ae, in this case it is not difficult to obtain

(T — To)=D(No—N)Ae. (34)
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Page 60.

We analyie solution of equations (3.1}, (3.2). We consider that -
the reaction proceeds to the region with size of r~r,, while the
active material occupies much larger region - with sizepg »r, The
heat release can be disregarded out of the scope of reaction, since

equation (3.1) will take form AT=0, and its solution will be

L
T=T,+ o T (3.5)

Here @ -~ power of heat release, moreover was used the fact that heat |
flux ¢=-—xVT out of the scope of reaction was connected with the
pover with relationship/ratio lmr’g==.?, Analogously the density of
active particles in this region is given by the expression
P _
N=N~ 55 35) .
This formula can be obtained both from the solution of eguation (3.2)'_

and from relationships/ratios (3.4), (3.85).

Let us designate through T, temperature in centér, T -
temper..cure at a distance of r, from center, similarly through N, and
N - density of active particles in center and at a distance of r, from

center. Since r, is the size of the region, in which the reaction

occurs,
E, E
-_-_._ﬂ'vi *
T T1 3

{.e. o rz

1€  I=T~3 (T <Ed).
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Further from equations (3.1) and (3.2) it follows
N

? y
K(TI—T)NE' Q(A_NI)N"‘:E—'O

Hence taking into accbunt formulas (3.5) and (3.6} we obtain

T r
TI—T°~;‘-;;>E—’;, E,—‘;gi 3.7

Stable steady-state solution of these equations gives estimate

rg ~ Dr. .
%

Page 61.

The account of numerical coefficient in this relationship/ratio in the
case, when active material is gas, for t~1 s gives value of g, of the

order of centimeters, that does not contradict observational data.

One additional estimate, which'also follows from formulas (3.7),
relates to temperature differential in zone of reaction. For the
power of heat release P ~ 10 W ve obtain 7,— Ty~ 100 K. an increase
in the power of heat release leads to a change in the character of
heat withdrawal, so that formula (3.7) ceases to work. The new
mechanism of heat withdrawal leads to the decrease of temperaturé
differentials in comparisoﬁ vith the value, determined by formula
(3.7). Therefore for the estimate it is possible téréonsidég th@t;_a

also ai the higher power of heat release temperature differential in
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the zone of reaction composes several hundred degrees.

With drop,/jump in temperatures (~100 K} in qguestion and sizes of
active region (~10 cm) movement of aif with admixture/impurity of
active particles becomes convective. Le. us estimate the parameters
of convective motion in the zone of reaction. Let us assign the size
of elementary vortex/eddy | (I€ R,) and the temperature differential
in the active region AT. The size of unit cell can be found from the
condition that the number of Rayleigh ) for the unit cell of the

order of critical vaiuve R,,.

T L'} Jnisiaiaieintalatalis lnleiaks

- FOUTHLOTE ). The pure numb:ar of Rayleigh for the gas. which is

(3‘ loce . ~d in the 9 -.vitaticnal field, is given by relationship/ratio

(" [42] _AZEE’

C. R=-7TW&"

C

@ : _ |

(" i Here AT -~ teaperature differential on the vertical size L; T - mean
6 temperature of gas; g - free-fall acceleration; » - kinematic

g; viscosity; y - coefficient of thermal diffusivity. Rayleigh number is
&) convenient to represent in the form R— AATI}, moreover the numerical

o coefficient A for air at the atmospheric pressure is egqual to 91
- cm- <K with T=300 K, A=8.9 cm-*-K-! with T=500 K and 2.1 cm-?+K-?
with T=700 K. ENDFOOTNOIE.

— The critical valve of Rayleigh number, which-cofresponds to the

threshold of the onset of convection in the cell in question, depends
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on boundary conditions [42-44] and with an accfracy to factor 2 is

equal to 600. Utilizing'this fact, for air at the atmospheric

pressure and =500 K we have

p“-} ~ 0,1cx%,

where 8T - temperature differential within this cell.

Pagl'.: 62.

Introducing AT - the temperature differential in the active regidn, 50

that

R

8T ~ ! AT, let us represent this relationship/ratic in the form

1 AT :
ﬁ-;-?- ~ 0,4¢em. (3.8)

~ Analogous relationship can be obtained also from folloving
considerations. Let us record Rayleigh number for the entire active

region. In accordance with the conditions of Rayleigh's problem it is

equal [to 42-44]

P (#R2+ 2*n*)?
- ¥R

Intisducing in accordance with the solution of the problem of Razle;gh

kR,=:n/¥2, n=R/l, ve find
2n'RY
"

R=
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estimate, according to the note made recently we have T .
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On the other hand, at a temperature T=500 of 'K, for which we givg

Rz 41004 B3,

where value R, is given in the centimeters. Equalizing these values,

we obtain . AT |
T =005 39

R,

As is evident, formulas (3.8) and (3.9) take identical form, but
they are characterized by factor in right side. This disagreement is

coﬁpletely natural, since used for obtaining of these formulas

relationships/ratios are valid only as estimates.

after accepting temperature differential in active region equal
to AT~10 X, from (3.8) and (3.9) we find /~1 cm, i.e., <R, ‘I‘ixus,
with the sizes in question and at the poweres of the heat release the
motion of gas in the active region carries turbulent character. Thus
our initial concept about the fact that ball lightning is the region,
vhere chemical reaction occurs, moreover active material is assembled
into this zoné from the iarge space, proves to be invalid. This
representation is disrupted, since air ceases to be motionless.
However, it is possible to attempt "to save" the fundamental side of

this model.

Page 63.
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Let air with the active material in the zone of reaction be fodnd in
the turbulent motion, and it is motionlass out of this zone. This
"tyrbulent machine" works due to ihe energy, isolated in the presence
of the chemical reaction. 1In the final analysis this motion will
connect entire surrounding air, until to this it is be sufficient
energy. But since mixing turbulent and motionless regions occurs
relatively slowly, it is possible to hope that the lifetime of this
system will be sufficient to large in comparison with the duration of

the observed phenomenon.

We ‘analyze model of "turbuient sphére in question® [45). The
rate of the flow of gas p; in the unit cell let us find from the
condition that Reynoids number for this motion of the order of
critical, which let us place [42] Re,~ 10°. This gives with T=500 K for
atmospheric air pl~ 400 cm®es-*, whence v~ 400 cm/s. From the law
of Kolmogorov-Obukhov [42] p}/A = copst we will obtain for the rate of

motion in large cell vy~ v (R/1)Y*~ 10 cmes-2,

Let us note that heat withdrawal ofxt of "turbulent sphere™ can be
caused by emission. For example, in the model examined in work {45]
active material in this system is dust, and heat withdrawal is created
by the emission of dust. In this case the heat flowv of from within
sphere to its surface g~ c,pvaAT (e, - the heat capacity of mixture, »
- its ma-ss density). For the parameters g~CAT 'in guestion, where
C~0.1 Vtecm~2+K-?, moreover a drop/jump in temperatures AT in the

turbulent region is restored from the equality of this flow to

RAGer"ArT " T T TAaAAea "
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~and the region occupied by it increases together with this, In order
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emitting flow from the surface of sphere., For example, for T=600 K

emitting flow oT* =0',7 Wecm-?, which gives AT~10 K. : .

Lifetime of turbulent sphere in question is determined by time of
mizing. Air from the motionless region flows in into the space
between the vortices/eddies and further it is seized into the

turbulent region. As 2 result the mass of turbulent sphere increases,

of flow value of stagnant air into turbulent region j~ pV:, where p -

mass air density, v,-~ the rate in the small-scale vortices/eddies.
Taking into account numerical coefficient in this formula

. L]
*(j =0, pv, [45]), let us record changes in the radius of the turbult_ent

sphere:
g-‘ﬁg- — -’- - OI!L"'
dt P

Page 64.

Hence we find that the characteristic time of a change in the radius

of sphere 7~0.1 s.

This result forces us to forego model of turbulent sphere as
model for ball lightning for two réasons. First, the lifetime of this
system is much less than the observed lifetimes of ball lightning. In
the second place, very dynamics of this phenomenon will not be

coordinated with the observed facts. A radius of turbulent sphere in
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the course of time increases until this sphere decomposes. Ball
lightning, as a rule, does not change its sizes in the period of
observation. These contradiétions lead us to the conclusion that gas,
aerosols or dust, i.e., the system of the noninteracting particles,

cannot compose the active material of ball lightning.

Thus, carried out analysis attests to the fact that active
material of ball lightning must be connected. 1In this plan it is
possible to propose two alternatives for the model of ball lightning.
in one of them the active material is found in the form of film,
similar to the soap bubble, in another the active material is web from
the entangled filaments, so that enti%ebsystemris similar‘to Eryngium.
The explanation to the first model includes the large set of problenms.
First, liquid will leak off on the film from top to bottom, which n
the final analysis can lead to the destruction of film, if it will not
rapidly rotate. 1In the second place, chemical processes on the film‘
lead to its essential heating. This places film in the rigorous
conditions: it must retain its form with elevated temperatures and
convective movement of air on its surface, on which, at the same time,
occur chemical transformations. Although we do nbt prove the
groundlessness of this model it is apparent that it is very difficult
to demonstrate its reality. Therefore we give the preference of the
second model, proposed in wvork [46]. This model at first glance seems
exotic, but more careful analysis confirms ‘the reality of this system,
especially because it is capable of explaining the observed properties

of ball lightning [46). Therefore further we will proceed from this

‘
-
.
¢
(¢
(
(
(
(
¢




alalaRala ke Rate Rala ol

"

FHGE

eCMMNTN @G

Cﬁ.

LR A oL SR R LN - -
- -

Doc'= 89119404 | | : o raégﬁ@{l;z

model and our problem will consist of her cdmprehensive-énalyﬁig.;f

Page 65,
§3.2. Character of chemical interaction.

Analysis carried out earlier led us to conclusion that power
engineering of ball lightning was connected with chemical processes,

and very active material of ball lightning has filamentary structure

).

FOOQFOTE *}. The analysis of the process of the formation of the body

of ball lightning represented further shows that it hés a structure of
fractal cluster. Howgvef, for the fundamental properties of ball
lightning is;unbssential the difference between the Structure of

fractal cluster and the filamentary structure. Let us note also that '
althouyh during the analysis of chemical processes on the surface the
shape of surface of active materiai is approximatéd bf filament, final

formulas are valid for the arbitrary type of surface. ENDFOOTNOTE.

In order to‘obtain the more detailed picture of energy processes, let
us continue this analysis. First of ali, let us explain how the )
chemical reaction, which leads to the heat release, océurs. Tvo
versions are here possible. In one of them _he reaction occurs with
the participatioﬁ of molecules, vhich are found in_the gas phase. In

other - the reacting components are located within the filaments..

" .
.
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Let us examine first version. The activated molecules of gas.
pbase approach the surface of filament and on it enter into ihe
chemical reaction. Let in this case to each reacting molecule be
isolated energy 8e¢. Let C - concentratibn o aciivated molecules.

Let us calculate, to what extent the temperature of filament in

comparison with the temperature of surrounding air rises. We have for

the flow of the activated molecules

j=—~DNVe,

where ¢ - coefficient of diffusion of activated molecules in air, N

- molecular air density. The heat flux
q=—DNAeVe

is formed due to this flow of molecules on the surface of filament,
Since filament in this case is heated, 1nverse heat flux into
surrounding air, which determines temperature dxfferentxal Letween
surface of filament and surrounding air, is created. Let us examine
the case, when this return flow is determined only by the thermal
conductivity of gas; obtained in this calculation temperature

differential can serve as upper boundary for this value.

Page 66.

From the condition of the equality of heat fluxes we have
q=—DNAe¥c=x"T.

This gives equation [40]

dr DN Ae
[

—

de %

hed

A.\‘ — o~
! s :




PR |

alslalaiatalato

i

SRR

—
L1

FTYY s

Pl

-

DOC = 89119404 | B YY) &~ 3
Cdhsidering that the righf_ side of the eguation doé_s ngt_'-de'_pe'nd of - )

temperature, from its solution we will obtain for a drop/jump ir},,-i_ g .

temperatures AT between surface of filament and air far from it- _ = 7 °

DNAe
AT = x (co — cl)g (3.93) .

vhere c, and ¢, - concentration of activated molecules in air far from

the filament and on its surface respectively.

Table 3.1 gives values of drop/jump in temperatures, which
relate to processes on surface of filament with participation of
molecules of ozone. In this case it is assumed that each molecule of
ozone, which falls on suriace, enters in the chemical reaction, so
that in formula (3.9a) is accepted that ¢,=0, and c.'=1%. Utilizing
for the diffusion of ozone in air at the atmospheric pressure of value
DN =43-10" em-2es-* (where @ w0,16 cm?+-* when ¢ .
T= 273 K). x=24-10"* Vtecm-*+K-* and considering that ‘relati'on - _
¢PN/» does not depend on temperature, we have for the process of the

transfer of ozone in atmospheric air
DN/x=0,25. (310)

On the basis of this vere obtained the values AT in-fable. 3.1.

Processes with participation of ozone, included in table, can be

multistage.
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Table 3.1. Reactions on the surface of filament with the

. participation of ozone.

(’}nponecc ) Se.aa)B AT, R
20, -+ 30, 11 | %

3Cr, + 0y + 3CO 45 | 130
3Cz, -+ 205 -+ 3CO, 74 | 210

Key: (1). Process. (2). Ae, eV,
Page 67.

This disrupté the assumption about_the complete utilization of
chemical energy of Each melecule of ozone upon its incidence to the
surface and leads to the decrease of upper boundary for value AT.
Howe&er, an incréase in the surface temperature, at least, during the
first stage of process, is necessary for organizing the chemical
process, which effectively occurs at elevated temperatures. Acfually
this increase in the temperature must comprise, at least, several
hundred degrees. Analyzing data of fJable 3.1, it is possible to
arrive at the conclusion that such conditions in the example examined
can be carried out with the high concentration of ozone in air, and
also if chemical processes on the surface continue effectively.
Howvever, we 8o not have the reasonable reserve, which guarantees the
effectiveness of the use of activated molecules. Therefore there are
no.guaraﬁtees, that the method of coﬁducting the chemical process in

question can actually be carried out.
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Emergent difficulties are caused by fact that activa:ted molecule

must be supplied into zone of reaction. 1In this case constrainc for

sialaliakats

temperature differential is associated with the fact that for the

-
€ time, during vhich activated molecule is supplied into the zone of

?;_ reaction, in air, through which it is transported, heat flux is

c propagated. As is evident, this problem will be removed, if we from

- the very beginning place molecule into the zone of reaction, i.e., to

gj combine combustible with the oxidizer ),

@ , | .

FOOTNOTE *). This conclusion about the coincidence cf fuel with the

@ oxidizer ensues also from requirement so that the specific energy

® |

- release in the chemical process would correspond to that observed in

' ball lightning (see $2.5). ENDFOOTNOTE.

(- - . -

(:: This will take the losses, connected with the delivery/procurement of

C. activated molecules into the zone of reaction. The reacting .
s; components are combined, for example, in the explosives, where is

" required the rapid course of chemical reaction, which creates

detonation wave in the substance. The chemical processes of the
circle of phenomena in guestion proceed much more slowly than in the

explosives, although the specific energy of heat release can be above.

Therefore, although these processes can sometimes end by blast, this
blast is not detonation wave, but thermal wave, which is propagated

with subsonic speed.

ngngng

Coincidence of reacting components in active material can be

reached by two methods.
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Page 68.

With the first the reacting components can be included in substance in
the form of the small grains, agitated with each other. This occurs
in the explosives and the pyrotechnic materials, moreover both
components in this case are found in the form of solid phase. With
the second one of the reacting components is porous substance, and

another - gas.

Charcoal and ozone is good example of this system. Since
charcoal has large internal surface, it can sorb the large number of
gas molecules to it. At room temperature the charcoal sorbs
approximately 0.3 g of ozone on 1 g of carbon [48, 49]. Although in
the first version of the coincidence of the reacting ‘components their
relationship/ratio can be regulated, the second method also deserves
attention, since it makes it possible to sorb the reactihg component
from the gas phase and in the case of its small—concentration in the

gas.
§3.3. sSpecial features of the process of heat release,

Process of heat release in the presence of chemical reaction in
ball lightning has series of special features, which superimpose on it
specified conditions. On one hand, this is intense process. For .

guaranteeing the observed parameters of ball lightning the relatively

high values of specific energy release are necessary.  If the energy
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reserve of ball 1ightning is utilized for heating the active material

of ball lightning and air, in which this substance is located, then in

-
C

-

(H

- this case their general temperature will rise, in any case, by several
(_. “ . . i .

C thousand degrees. It is possible to arrive at this conclusion, being
C based at the analysis of the observed facts, and also the numerical

- estimates, which will be made in the following chapter. On the other
; hand, this high intensity of process must be combined with the
slowness of its course - it must occur for the time of the order of

the observed lifetime of ball lightning.

Combination of such properties for process of heat release

-

Cf (intensity and slowness) can be made not for any process. ‘Further we
(;j will present the simplest process of heat release, which
E phenomenoclogically can be examined as single-step process, and let us .
- show that this is not made for it.
o
o Page 69.
o
B Time of heat release in single-step process can be represented in
the form of Arrhenius's formula:

T

f = .-i-etp —-..‘-E—a-)v
T T, T/ (3.141)

. where T - temperature, [, - as before energy of activation of

o process. In the case in question, when the reacting molecules are
~ located by series with each other, pre~exp6nentia1 factor is the
T characteristic time of their approach and in order of magnitude is

o . {/to ~ 10+ 107 s-*. 1In this case the long time of the course of
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process, which corresponds to the lifetime of ball lightning can be
explained by the high value of the energy of the activation of p:océss
E, Let us require, for example, so that with =300 K the time of heat
release 7 would be equally to 10 s. Then for the activation energy we
obtain value E;===18 kcal-mole~*. This completely reascnable
value, since for the processes of combustion the activaﬁion energy is

{411 E,=30+40 kcal-mole-*, the activation energy is below for other

processes.

Let us continue our reasonings. Since the process of heat
release ~ intense, we will consider that it leads to heating of active

material on 100 K. Then reaction rate increases in accordance with

formula {3.11), moreover

1(300)/1(400) = 4 - 10,

In this case basic pért of the heat release will occur at a
temperature, close to the maximum, and the time of heat release will
corréspond to this temperature, i.e., there will be less than the
hundredﬁh fraction of a second. Hence it follows that the character
of the heat release in thr case in question carries explosive
character, and fundamental heat release occurs during short times,

determined by the final temperature of system.

Thus, simple single-step process cannot be simultaneously and
intense and slow. This example can be questioned the existence of the
process of the heat release, which possesses the combination of these

properties. Investigations [50, 51) made it possible to find an

T X L I b
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example of this process, the proéess of the comburtion [} charéog%-gp

o

ozone is it. Ozone is partially adsorbed by carbon, and-pgttié;%f{;g o

supplied into the combustion zone in the gas phase. T e

Page 70.

slalatalatalotatolate

The process in question is described by the following phenomenological

E

diagram:

¢

Iy v 1 [t .
C... Oy X = ) = Z = (0, GO, - (3.12)

The parameters, which characterize the rates of the corresponding

stages of process, are given above the arrows. The values of the time

Key: (1). s.

- of the slovw stages of process corrected below attest to the fact that

Ei in the investigated temperature range the characteristic values of tne

= time of the course of process correspond to several minutes.

L r,K 300 400 503 600 700 C )
- v, d 330 190 140 140 90

o /0,c@ 740 170 70 40 26

- |

Carbon dioxide is the basic product of process (3.12), relative yield
of CO much lower depends on a temperzture, at which occurs the
saturation of charcoal by ozone. For the temperature of saturation.
225-230 K relative yield of CO composes approximate}y 15% [50, 5155 .
and specific energy release - approximately 30 kJ on 1 g of carbén,
which coincides yith the specific energy release with the cdmpléfg—ff

combustion of carbon in oxygéh (Fig. 3.1-3.3).
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Fig. 3.1. Quaqtity of ozone x; absorbed bf specks of charcoal with
. average particle sizes of 3 um (in grams of ozone to gram‘of dust)
depending on temperature T of saturation: 1 - direct measurements; 2
- restorat’ /reduction in quantity of formed after resolution ozone

Co and CO,. Continuous and dash straight lines - statistical

processing of these data.

Key: (1). g-g~*.




«

REARS AR A NS

N

¢

C
o

DOC = 85119404

Page 71.

e
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Fig. 3.2. Temperature dependence of rate of bonding of absorbed ozone

by specks of charcoal with average sizes of 3 mm.

Key: (1). s~ *.

(2).
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Fig. 3.3+ Relative percentage CO among products of combustion of dust
of charcoal in absorbed by it ozone (basic product of combustion -

€O, ) -depending on temperature of saturation of sample by ozone.

Average size of specks - 3 um.
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Let us note special features of process in question. First of

all, process this - multistage, that is characterized by induction

period. Therefore the noticeable heat release in this pProcess occurs
with the delay into several minutes after ﬁhe saturation of sample by
- ozone. In this induction period the sample does not undergo external
effects. In the second place, this n~rocess begins with the low,

including the room, temperatures, at which usual combustion does not

occur. This process causes the heating of substance, which offéés-the

possibility of the course of high-temperature chemical proceéSes.
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Thirdly, the process in question is characterized by high

heat-liberation value.

According to analysis, which will be carried out below {in
€hapter 6); temperature of zone of glow exceeds 2000 K. Despite the
fact that process (3.12) proceeds at lower temperatures, it has
fundamental value. Actually, to these high temperatureé ve start from
the room, so that it is necessary to have also another process, which
would make it possible to heat substance to such temperatures.
-Further; glow in ball iightning appears a certain time after the
necessary conditions for the existence of this phenomenon are created.
Diagram (3.1?) shows that it is possible to £t real chemical process
with the sufficiently large incuction period. Furthermore, this is

slow process with the high specific energy release. The latter fact

testifies about the possibility to heat active material due to this .

process to sufficiently high temperatures.

Thus, process (3.12} can be considered as model process, critical
for inflammation of active material of ball lightning. Actually;
chemical process in ball lightning can be composed of two elements:
the first answers the inflammation of active material with a certain
delay, the second - to combustion at a high temperature and to glow.
In a fundamental sense the first is most complicated. Model process
(3.13) convinces us, that the inflammation with the characteristic
time of the order of the lifetime of ball lightning is completely

actual.,
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Chapter 4. ' - . iﬁ;‘

TN e e e e e

s

FORMATION AND GAS DYNAMICS OF BALL LIGHTNING.

§4.1. Association of spherical aerosols in the gas and the plasma.

Analysis of form of ball lightning carried out above attests to
the fact that filamentary structure [46] is most probable structure of
substance in ball lightning. In this case heating air due to the heat

. release during Chemical processes, which occur in ball lightning, does
not disrupt-its structure. We further analyze the possibility of the
formation of this structure during the relaxation of aerosol plasma,

. i.e., the weakly ionized gas, which contains aerosols.

Special feature of association of solid aerosols, which leads to
consolidation of aerosols, is connected with the fact that under some
conditions formable larger aerosols have cylindrical form. These

aerosols are called chain units and are the sufficiently propagated

object in physics of aerosols [52, 53). Experiment shows that the {'
chain aggregates/units effectively are formed in the presence of S

external fields or with the participation of_the charged aerosols. As
an e#ponential example of this effect let us give results [54, 55], (
according to which the fume, formed during the combustion of magnetic ot

tape, contains the aerosols of magnesium oxides of spherical form,
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whereas in®the fume of the same composition, obtained from the arc
discharge, filamentary aerosols are present. Are empirically clear .
conditions, with which it is possible to expect the formation of 7 h
filamentary aerosols. So that it would be possible to carry out this
analysis with the aid of the formulas, let us derive

relationships/ratios for the rate constants of the association of

aerosols, which occurs due to the different mechanisms.
Page 74.

Association of aerosols in air can go along three channels: 1)
association due to diffusion of aerosol particles in gas; 2) approach

and association of oppositely charged aerosols as a result of Coulomb

interaction between them; 3) approach and association of neutral

-aerosols in internal field due to interaction of induced by field

charges. In order to compose the common physical picture of the .
association of aerosol particles in the plasma, let us examine
serially each of these mechanisms and will find the value of rate

corresponding to it.

Let us examine association of spherical aerosols, caused by their
diffusion in air. During the diffusion of aerosols in air comes such
moment, when their surfaces are contacted.l Then due to interaction,
and also chemical processes on the surface, aerosols are adhered,
i.e., their association occurs. Let a radius of one type of aerosols
be equal to r,, a radivs of another - r,. Let us examine at first the

case, when one aerosol of the first type rests, so that diffusion flow
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of the aerosols of the second type comes to its surface. The full

current of aerosols at a distance of r from the center of - test aerosol

is egual to :
J= 43!1"]' = — 4nrt®d 5

vhere @ - coefficient of diffusion of second type aerosols, N.

Since the aerosols are not absorbed in the space,
const. This gives

‘their density.

current does not depend on distance of r, i.e.; =
(0) J
Ny () =Ny — g5

Here N‘,"} - density of second type aerosols far from the absorbing

center. Further, with distance p=r,+r; OcCurs the association of

aercsols, i.e., N,(r,+r,)==0. Hence we obtain Smolukhovsky's formula

for the current:

] = n@DND (ry + 1o

‘Page 75.

Equation of balance for density of associated aerosols takes form

H0)
Ny

1
a1 -k nN(me?) = — JN's

vhere A" - density of first type aerosols, k,, - rate constant of

association, which in accordance with obtained relationships/ratios is

equal to
qu | k= 42D (r+ ). (44)

—, .
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In formula (4.1) parameter g is the coefficient of diffusion of

second type aeroscls when the diffusion of first type aerosols can be

disregarded. However, in the general case shouid be considered the
fact that the association is determined by the character of a change
in the relative distance between the aerosols. With the diffusion

character of the motion of each of the aerosols for the average from

“the square of the relative distance between the aerosols we have

(ry—r)? =;'f+r—§—2;;;;= 6(D, + Dy,

where @), @D, - diffusion coefficients for the appropriate aerosols in
air, t - time, furthermore, it was asSumed that each aerosol diffuses
in air independent of other. From the obtained relationship/ratio it :

follows that relative motion of two aerosols is determined by the

effective diffusion .coefficient, which is equal to the sum of the

diffusion coefficients for each of the aerosols in air. Taking into .
account this in formula {(4.1), we will obtain expression for the rate

constant of the association of the spherical aerosols:
’

ko=4a(D,+D,)(ry+r). (4.2)

Let us represent expression for coefficient of diffusion of
spherical aeroso! in air for case, when radius of aerosol considerably
exceeds mean free path of molecules of air. Then the resisting fdrce
of aerosol will be determined by Stokes's formula and during the

motion of the aerpsol of radius r, with rate v it will be equal to

F = 6ar,n,
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where n - viscosity of air. Let us give the test charge e to- é‘qfos?i.

Then, according to Einstein's formula, the connection of -the ~ e

coefficient of diffusion and mobility K of particle after -‘iléterm)init;_g__A -

the relationship/ratio

K =eD/T,

here T - temperature of air.

Page 76.

In accor&ance with the detérmina_'tion of mobility in this case we have
R-v/F (vhere g =¢F, and F - electric intensity). From these
relationships/ratios for the cdefficient of diffusion of aerosol
finally we will obtain

T
D = gurg (4.3)

¢

Let us note that the last formula is valid when A<r, {(» - mean free

path of the molecule of air). 1In the general case, introducing the
number of Knudsen Kn=»2/2r, and taking into account opposite limiting
case, we can represent approximating formula for the coeff icient of

diffusion of aerosol in the gas in the form

T ., .
D w—-‘m(i +3,12l\n).

in particular, for air at the atmospheric pressure and T=300 K this

formula takes the form.

- | @'-—7?’(1-}-&&)

o

=) (4.9)
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where @, =12 -40-" c¢m*+s~*, and r, is expressed in umi. -

Substituting (4.3) in (4.2), we will obtain for i:éte'ébﬁs.-‘.té_ﬁt.'fég}
association of two aerosols: T -

g8 T
kﬂ“‘#,: 'g"']' ¢ (!!.5)

where q:='/'3+i/2(r)<1/r>z {, and triangular brackets indicate averaging
of distribution of aerosols over sizes. Value ¢ is close to unity.

1f all aerosols of strictly intended sizes, then ()(i/r>=1 and ¢=1.-
But if we have the self-similar function of the distribution of
aerosols according to the sizes, which corresponds to the asymptotic

ton the time) distribution of liquid aerosols, then (r)¢{/r> =121 and

-formula (4.5) takes the form

- T
kungy = 299 <. (4.6)

Further, we will utilize this formula. For air with T=300 K gives
kang= 6,6-10-" cmiss-1, It is significant that the value of the rate
constant of the association of aerosols with this mechanism of
association does not depend on the type “of aerosols. For the
demonstration of this fact '(able 4.1 gives the values of the rate
constant of the association of the aerosols of different types

undertaken from book [53].
Page 77. .

The average statistical of these data is equal  (,1=1,3) 107" -

em?*es-*, which in the limits of error coincides with the value
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corrected above.

Let us examine now association of charged aerosols. Let one of
the aerosols have charge q,, another - a charge q,. Then with
distance of r between them the force of the mutual attraction is equal
to q,q,/r?. This force is counterbalanced by Stokes's force, so that
the positively charged aerosol moves towards negatively charged with a

speed of
N
6nr4 qre'

vhere r; - radius of the positively charged aerosol. Similarly moves

the negatively. charged aerosol, so that the rate of their approach

'q'lqz t 1)
) L Y LI
vy TV Banyr (r.;- .

will be equal to

For determining rate constant of association of oppositely
charged aerosols as test let us select, for example, positively

charged aerosol. Let us pass into the coordinate system, connected

with this aerosol, and let us conduct around it the sphere of the

arbitrary radius r. The frequency of association for the positively €E
- . _ (
charged aerosol in question is a product of the area of the selected (

sphere to the flow of the negatively charged particles, which ' (

intersect it.
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Table 4.1, Values of the rate constant of the association of. thed .
serosols of different types in the standard air. - ~ ¥

+

Tlmwe To0 T

(’) hﬂild!' : ’ ’ oo ST .- T
Copr asposoin lO“'ﬁ,cns-c"‘ . R _;
Xaopia avsonna(3/ - 60 - ;
Onucs weeaw/ 6,6 3
Oxned Maruua @/ 83
Oxncs KaMuafée) 8,0
Creapiuosas Kuctoral?/ 5.1
Oaenuosan Kncaora &/ 5.1
Caosa @) 4.9
Napadirosoe vacao o/ 5.0
n-Kenn01a30-B-nagroal/ 6,3

Key: (1). Type of aerosol. (2). ... cm®ss-*. (3), Chloride of
ammonium, (4). Iron oxide. (5). Magnesium oxide. (6). Cadmium
oxide. (7). Stearic acid. (B). Oleic acid. (9). Resin. (10).

Paraffin oil. (11). n-xyleneazo-g-naphthol.
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The frequency of the association of the aerosols

20,9,(4 o 1\
V= 41'"‘24\7..0 ﬂ?‘%—g(r‘* + ’-_ A—!

where N. - density of the negatively charfged aerosols. Let us
introduce the rate constant of the association of the charged aerosols

in accordance with the equation of the balance:

N =
%‘.‘:.=_vN+-.=—kN+N_. _ .

For the rate constant of association this it gives

k= B ("+ + "-)' (47
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Comparing formulas (4.7) and (4.6), it is possible to arrive at
conclusion that diffusion mechanism is essential for large-size

aerosols:
ro> q’/To

In this case the Coulomb energy of two aerosols with the contact is

considerably less than their thermal energy.

Let us examine nov association of two aerosols in external
electric field. Electric field induces on the aerosols dipole
moments, and answers interaction of these dipole moments with some of
their three-dimensional/space layouts the attraction of particles. 1In

this case interaction leads to approach and association of aerosols.

Potential of interaction of two particles with dipole moments D,

and D, is equal to
- 1 :
2 =3 [D,D, — 3(D,n)(D;n)},

where n - unit vector along direction, which connects particles, r -
distance between particles. This formula is recorded for the case,
when the distance between the particles considerably exceeds their
sizes. Since in.the case in question the dipole moments of aerosols
are induced by external field,.D=aF (e - component of the tensor of

the polarizability of aerosol in the direction of electric field F).

.
(
(
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Page 79.

They coincide in accordance with the condition for problém, direériof’ .

of electric field and induced dipole moments. Taking into agcotnt” o

this, we have 2
alagF

(3 cos? 0 — 1),

U= —

vhere a,, ¢, - component of the tensor of the polarizability of the

(

-
-
C
-
-
¢
=
C
C
C
r
C

corresponding aerosol in the direction of field, one of the principal
values of the tensor of the polarizability of aerosol, # - angle
between the directions, which connect aerosols. As is evident, the
attraction of aerosols takes place in the small region of angles

(0 <8 < arccos 1/¥3). Such layouts in the mutual arrangement of aerosols
create the fundamental contribution to the association of aerosols

under the action of electric field.

For force, which operates on interacting aerosols at large

distances between them, let us record ’

3F?
F, = 12 (1 — 3cost0),

it

3r?
a:'a‘ sfn 26,

r

g-t=""

As is evident, together with force gr, directed along the line
connecting nuclei, appears transverse force g, in the direction
perpendicular to .it. This force n the final analysis .changes angle ¢
- \ and in the region of attraction attempts to decrease it. Tangential

- force accelerates the association of aerosols thus. With 6=0, when




7
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the attraction of aerosols is maximal, & =0, at the angles, at which
the association occurs most effectively, the tangential component of

fsrce is unessential. Taking into account this fact, for

simplification in the calculations sﬁbsequently ve will disregard it.,

This will lead to the error in the numerical coefficient for the rate
of association - final result with the made simplification will be

somewhat understated.

Disregarding tangential force, we find that value é does not
change in process of approach of aerosols and entérs into expression
for time of association as parameter. Taking into account this and
represenping the resisting force of gas durinélthe_approach of
aerosols in the form
F = BnnR% = %52':—‘33(1_— 3 cos? 8),

let us determine the time of the association:

) = 2anRr®
5F%a, o, .(3 cos’0—1) (4.8

Page 80.

Here n - coefficient of the viscosity of gas, R=(1/r,+ 1/rs)~!, vhere
r,, r, - effective radius of the resistance of the corresponding
aerosol. - In particular, for the sphericeal aeroscl of radius r, we

have r;=r,.

5
-
(

-
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For computing rate of association of aerosols it is convenierit to
isolate volume element near test aerosol in such a way that surface of '
this space would provide identical values of time of association of .
aerosols. The equation of this surface in the case in question

depends on angle 6 and takes the form

2q ¢\ /0
r=r.*(3cosﬁ s) , me>]_i/?

2

vhere r.-- distance to the surface with 8=0. The value of the volume

element, limited by this surface, is equal to

V= fdcosﬂ-2ur’dr =
1 .
i  acost (§_9.°_s;;9_:1)"”’ = 0,5187%,
VY3

¢ a -

Let us introduce probabiiity W of fact that in element of

surface, which limits given space V, aerosol is located, whereas in
space itself it is absent. We have

iV = exp(—NV)d(NV),
here N - density of aerosols. This the value

- R
P — j: exp(— NV)dNV = 2,82 ;;:?\—7;

gives for the mean time of the association of aerosols In this case ve
used expression (4.8) for the case of the association of aerosols,
vhich are located at a distance of r, with 6=0:

, = anRrd

= o
5::1&‘1'.
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Hence for the rate constant of the association of aerosols under the
action of electric field it is possible to obtain the

relationship/ratio

”
by, = A = 0,354 Faa N
i N

1]3 . (4'9)

In particular, for the spherical aerosols of radius 'h(a‘=’ﬁ) this

formula gives

o = 074 EXDCR T .10

Here triangular brackets indicate averaging over radius r, of
aerosols. As is evident, the value of the rate constant of

association depends on the density of aerosols.

Let us compare values of rate constant of association of neutral
aerosols, which occurs as a result of diffusion in air (4.6), also,
under action of external electric field (4.10). Considering that all

aerosols in air have a radius r, we have

kgn FN
F— = 0124 T [}
pud

Let us give exprecsion for electric intensity F, with vhich rate

e T T e

(
(
(
y
(
(
(
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constants for mechanisms in guestion are egual to:

ene ) “ g

vhere x - quantity of aerosol in.air in grams of aerosol on lrg-of .

air, p - substance density in aeroscl, r, - radius of aeroscl on the
assumption that all aerosols - one size. After selecting the values
of the numerical dimensional parameters equal to a=1 gm, p,=1 g-cm™?,

we will obtain with T=300 K value F,=1.9 kV.cm~?,

$4.2. Formation of filamentary aerosols.

Obtained above expressions of rate constants of association of *
spherical serosols make it possible to explain conditions, with which
is possible formation of filamentary aerosols. Filamentcry aerosols

more effectively are formed during the association in the external

electric field. since in this case the direction of mutual approach .
during the association of aerosols’isolated is determined by the

=t
direction of external field.

Page 82,

In accordance with this let us conduct Zurther following
comparison;' Let there be in air the set of the spherical aerosols of
radius r, and let among them be located the simplest filamentary
aerosol - cylindrical. Let us compare the rates of the associatioa of
this aerésol vith the spherical. .If association due to the diffusiorn

motion of aerosols rather occurs, then the adhesion of spherical
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aerosols to the cylifldrical will occur along entire surface, and as a
result cylindrical aerosol will lose its form, But if association is

determined by external electric field, then spherical aerosols will

adhere to the ends of the cylindrical and association product will not

have compact structure.

Rate constant of aésociation of aerosols due to their diffusion
can be determined.according to formula of Smolukhovsky (4.1). In this
case the diffusion of cylindrical aerosol is considered small in
comparison with the diffusion of spherical aerosol and we disregard
it. Furthermore, in this case instead of the sum of radii of
spherical aerosols in formula (4.1) Should be utilized body
capacitance, formed by the center of the second aerosol, vhen the
first aerosol is motionless, and their surfaces are contacted. It is
not difficult to see that for two spherical aerosols with radii of r,
and r, this value is equal to r,+r,, which is in complete agreement
with formula (4.1). In the case of cylindrical aerosol wvith the
length 2! and by radius r, and spherical aerosol with radius r, the

capacity/capacitance is equal to [56]

!
c=in—(‘7;:)f

vhere [, Accordingly Smolukhovsky's formula for the rate constar:
of the association of aerosols taking into account expression (4.3)

for the coefficient of diffusion of spherical serosol is reduced to

the form

_ 2Tl |
ko =g w iy 412)

{
=
¢
c
=
=
(
-
(
(-
.
.
¢
(.
&
«
&
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Value of rate constant of association of aerosols as a result of . _
interaction of dipole moments, induced by external electric field, is
given by formula (4.9). Let us accept in it as a radius of resistance
radius of the spherical aerosol R=r,, and let us also consider
relationships/ratios for the polarizabilities of spherical and

cylindrical aerosols a, =rp &, =P[3In(Ur)]"™.
Page B3.

For the rate constant of association this gives

042831 (Ne3)?

a1 = o In ( ”fo) . (4.13)

Utilizing formulas (4.12) and (4.13), we find that rate constant .
associations, which occurs due to two processes in question, become '

equal at field strength, determined by relationship/ratio
i {fa\1/3

om0 0= 144

Fl= M3 \ro) ! (i19)
where x ~ quantity of spherical aerosol in air in grams of aerosol on
1 g of air, p - substance density of aerosol. Selecting the values of
the numerical parameters in this formula equal to p,=1 gecm~2, a=1 um,
we will obtain [,=022 V. Let us focus attention on the fact that
formula (4.13) is valid under condition NP« | (where N - densify of

spherical aerosols). Specifically, this condition made it possible to

utilize the relationship/ratio for the dipole-dipole interaction of
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_3erosols, which became the basis of the derivation of formula (4.9) {
. for +he rate constant of the association of aerosols under the action - -

: (

of electric fieid. With the disturbance of this condition of formula 2
(4.13) and (4.14) overstate result. (

{

. . . (

tet us conduct evaluation/estimate according to formula (4.14). (

Let us select the parameters equal to: p=p,=1 g-cm™?, x=0.1 1-g"?*, (

a=1 um; /=100 pm. For the electric field we will obtain the boundary (
{

value of F=50 of Vecm-*. This value easily is attained at the

M ;‘-?-‘-;l. ‘

thunderstorm phenomena in the atmosphere. As is evident, during the

association with the participation of cylindrical aerosol the role of

electric field proves to be more essential than during-tke assgciation . 4

of two spherical aerosols. Of this it is poséible to be convinced, E
comparing electric intensity p}o; assigned by expression (4.11), with (

.' the strength of field F,, which is determined by formula (4.14). z
According to these formulas we have ‘ Cﬂ
: -:*T,',fo'g_?{;' (4.15 (.
(.

and since [»r, then in the case of the association of cylindrical
and spherical aerosols external field influence is developed earlier

than in the case of the association of two spherical aerosols.

Page 84,

Taking into account anisotropism of interaction of induced dipole

moments, we considered that as a result of association of cylindrical

and spherical aerosols of close radii spherical aerosol is attached (
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¢ towvard the end of cylindrical, i.e., that this process leads to
((_. increase in dylindrical aerosol. Let us show this. Let us trace for .
(4‘ this the character of interaction of aerosols in the case, when the
C distances between them are compared with the sizes of cylindrical
g" aerosol, but they considerably exceed a radius of the spherical

aerosol r,. In this representation spherical aerosol possesses point
induced dipole moment I)1==r3F, and .its interaction with the
cylindrical aerosol is determined by interaction of this dipole with
the distributed charge on the surface of the cylindrical aerosol,

" induced by external field. In this case the interaction energy of

serosols is equal to

. - E=-DF,

vhere F' ~ electric intensity, created by the induced charge of

cylindrical aerosol. o

Further we will consider [56] that electric charge, induced on

cylindrical aerosol under action of external field, varies in

proportion to to distance from center of aerosol. For the electric
intensity, created by chain unit in its surrounding space (coordinate

of the ends of the aggregate/unit p=0, z=%/) this it gives

-1
- F 3D, 3 {z—2)dz ,
- | | IEGRACERD RIS

vhere D,=aF - dipole moment, induced on the cylindrical aerosol by
external electric field for the interaction energy of aerosols. As &

result we will obtain
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3aar’5 ¢ (2 = 3) de’
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In particular, at large distances between aerosols (p, z»1) hence ve

have

, (2

E= Gldg (’2 n 2)5,3,

which corresponds to the potential of interaction of the induced

dipole moments, which are located at large distances from each other.

Calculating unknown integral, for potential of interaction of

aerosols we have

_ 3&{12F’ 1 + 1 _
28 | Vuror+et Vu—o+¢

—In

(Viz oo ti+a)
V=t +:-1) @19

This expression describes interaction of spherical aerosol with the
cylindrical aerosol in the case, when the distances between their
surfaces considerably exceed r,. Since these distances are compared
with the sizes of cylindrical aerosol, the obtained formula makes it

possible to present the character of the association of aerosols.

Fig. 4.1 shows position of boundary of the region of space around
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cylindrical aerosol, where interaction energy reverses sign. AS. i+

evident, the regions of attraction converge to the ends of the- he

cylindrical aerosol.




DOC = 89119405 PAGE/YO .

£}
21
Uprs acms
gmmanxubaHur
114 .
)
®pgracms %ﬁ%ﬁ'gﬁu
npUMAHERUR (3) ‘
: , Aspoaons 4—%r-m———4;
=7 0

Fig. 4.1. Character of interaction of cylindrical and spherical
aeroSols, vhich are located in external electric field. Dipole moment
is induced on the spherical aerosol, the distributed charge ﬁppears on
the cylindrical. Figure reflects the character of interaction of this
distributed charge with the field of dipole. |

Key:' (1). Region of repulsion. (2). Region of attraction. (3}.

Aerosol.

Page 86.

-

‘Hence it follows that during the motion in the external electric field
the spherical aerosols n the final analysis will fall on the end of
the chain aggregate/unit. This means that the association of

cylindrical aerosol with the sphericai aerosols under the action of

electric field leads to an increase in the cylindrical aerosol.
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C ‘Let us pause at one more part of picture in gquestion. We

- implicitly assumed that during the investigation of the association of
- cylindrical and spheriéal aerosols in the electric field the axis of
g; cylindrical aerosol was directed along the eléctric field. It is

Cﬁ' interesting to explain, with what electric intensities this occurs.

¢ The function of the distribution of cylindrical aerosols on the angles
g; 9 between the axis of aerosol and the direction of electric field is

determined by Langevin formula and is proportional to the factor

exp (— 52%.‘2 cos® 0)1

vhere a ~ polarizability of aerosol.

"Thlslaialal

o
i




DOC = 89119405 PAGE/A #
£8p-on”!
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Fig. 4.2. Electric intensity, for which potential of interaction with
cylindrical aerosol is compared with thermal energy (z, }zry Arrovs
noted the lehgths of aerosol, egual to 100 to its diameters.

Key: (1}, Veecm™?,
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in Fig. 4.2. are given the values of the strength of field F. in the
case qF:f2T =1 for T=300 K. In this case it is assumed that the
length of aerosol is considerably more than than the radius, so that
polarizability in the transverse direction can be disregarded. The

analysis of data of Fig. 4.2 shows that the orientation of ecylindrical
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aerosols occurs actually in the static atmospheric conditions, where

there are fields with strength 1 Vscm-?, i .

Thus, carried out analysis shows that association of solid
aerosols in electric fields of moderate strength can lead to formétion
of filamentary aerosols. 1In this case the effectiveness of the effect
of electric field for the creation of filamentary aerosols
substantially grows with an increase inrradius and size of the
associated aerosols, and also their density. In particular, the onset
of the aerosols in question can effectively occur with the electrical
breakdown near the surface. Breakdown is accompanied by the
evaporation of the material of surfacé and by the subs;quent formation

from it of aerosols.

$4.3. Structure of ball lightning and fractal cluster. .

we for that reason have accepted concept abovt filamentary
structure of ball lightning, that ﬁhis is virtually only structure of
ball lightning, which does not contradict observed facts. The
subsequent analysis showed that during the association of'solid
aerosols in_the electric field is a tendency to form filamentary
aerosols. These aerosols further are interwoven and is formed the
lump of filaments. In this c.se it is necessary to understand, that
this representation about the structure of ball lightning is model,
since this systeﬁ is formed from the particles of the different sizes,

vhich are retained within the system. Therefore the structure of the
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obtained formation must be more complicated.

1t is significant that authors of filamentary structure of ball
lightning arrived at their model, being based on its experiments on
relaxation of vapors of metals, which indicates reality of such

‘structures.
Page BB.

It is clear that the analysis of the structures, formed during the
relaxation of vapors of metals and during the association of solid
particles, is useful for understanding of the structure of ball

lightning. The}efore further let us pause at the analysis of suth

structures.

. : Fig. 4.3 presents photograph, carried out on electron microscope
for structure, which is formed during relaxation of Vaporé of iron
(57]. During cooling of vapors the solid particles first are formed,
and further are united into clusters. Average particle diameter under

the conditions for the described experiment is 7-8 nm. The

represented structure pcssesses correlation properties [58], which
make it possible to relate it to the class of the so-called fractal

clvsters (see [59]).
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Fig. 4.3. Projection of fractal cluster of iron, obtained with the
aid of electron microscope [57]). A radius of single particles is
equal to 3.5 nm with the standard deviation of 1.5 nm. The framework
limits the part of the cluster -~ by the calculation of the number of
particles within the framework of different size was determined the
fractal dimensionality of cluster; furthermore, it was restored from
the correlation function for the density of cluster. The average
value of fractal dimensionality for the cluster of iron is equal to

D =161 = 008

Key: (1), am.
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The system with the filamentary structure examined is a special case

of fractal cluster.

Fractal cluster - system of connected solid particles, which
possesses internal symmetry. Let us conduct around the isolated
points of the cluster of the circumference of rad1us r, which
considerably exceeds the sizes of single part1c1es. Then the masses
of the pieces of cluster within these spheres on the average are
jdentical. To this property of “sélf—similarity" of the elements of
cluster should pe added one additional important property. I1f we
increase a radius of the limiting sphere, then the average density of

substance within it will fall according to the law
— -2
p(r) =g, (-,-) y (447

where r, - significant dimension of the particles, which form part of
cluster, p, - value of the order of material density of cluster, D -

fractal dimensionality of cluster, which is its characteristic.

Formula (4.17) reflects the fact that in proportion to an increase in -

+he radius of the limiting sphere within it prove to be the voids
la: e-size all that it leads to a drop in the average density of

material within it.

Conhecting fractal clusters, which have sizes of order R, with

each other, it is possible to obtain object of more general structure.

In particular, object with this structure is the aerogel (S§8.2), and
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also the gel, obtained durind the associatior of particles, that are

located in the closed volume. This object possesses the properties of

fractal cluster (4.17) in the region of the sizes

BR&r<R, (418)

where R - maximum size of voids -~ pores.

In recent years fractals were subject of intense experiments (see
survéy {59]). As a result of these investigations general laws
‘governing such-structures and character of their formation are
understood. It was shown that the fractal dimensionality of the
formable cluster de;end§ on the character of particle motion during
the association and the character of an increase in the formable
cluster. In this case the cluster can increase both as a result of
the consecutive connection to it of single particles and as a result

of the association of clusters. : .
Page 90.

Table 4.2 gives the values of the fractal dimensionality of the
cluster, formed under the appropriate model asszumptions about the
process of association. Data of table relate to thé mode of the
association, when with the contact of particles or clusters their |
association occurs with the noticeable probability. This mode will be
examined further during *he estimate of the rate of formation of
cluster {$4.4). At the same time, ¢ n be realized the maximally

conflicting mode, when the probability of the association of particles

and clusters is small. It cccurs if particles and clusters are
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5 charged, so that Coulomb repulsion limits their approach. Then the
process of forming the cluster occurs considerably slower, and cluster
has more compact structure with the fractal dimensionality, equal to

aﬁproximately 2.1. (Theory [133] gives in this case D = 2,00+ 0,08.)

Depending on conditions of cluster formation is feasible
transition from one mode to another. Thus, experimental

investigations [124-127] of formation in the appropriate solutions of

N N e

clusters from the particles of gold and dioxide of silicon with the

radius, equal to 4-11 nm, showed that if the time of the formation of

cluster is seconds, then its fractal dimensionality is equal to
1.75-1.8. This correspondé to a cluster-cluster association, when
their approach is limited by diffusion (last case<fable 4.2). But if
the, rate of formation of the cluster of the order of days, then the

. fractal dimensionality of the formable cluster is close to 2.1.

Rate of formation of cluster is controlled by acidity of
solution. A change in the acidity of solution leads to a change in
the particle charge, which affects the probability of their approach

and adhesion. The structure, formed in the slov mode, apparently, is

more stable.

—— —
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Pable &.2. Fractal dimensionality of cluster D, formed during the

association of solid particles in the three-dimensional space.

(/R O— D

]
Jnneiisan TpaestopRA, RIACTEP — JACTHNA

J5poyEOBCKOE ABIUKeHHe, KAACTEP — JACTEOA 2,46+0,05
Tpmefiras TpaexTopns, KiacTep — K1acTep 1,94::0,08
/Bpoyaoscnoe ABMKEHDE, KaacTep —— KAacTep 1,77:£0,03

Rey: (1). Model of association. (2). Linear trajectory, cluster -
particle. (3). Brownian motion, cluster - particle. (4). [Linear
trajectory, cluster - cluster. (5}, Brownian motion, cluster -

cluster.

*
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. Investigations [126] with ihe gold particles (radius 4 nm) showeg that

in the fresh solution is formed the cluster with the fréétal .
dimensionality, equal to approximately 1.75. Hovever, through'seyeral
days its fractal dimensionality increased, reaching value of 2.20;

Let .us note that the fractal dimensionality of the cluster, formed in

the siow mode, is close to the fractal dimensionality of the aerogeil

(see §8.2}.

$4.4. Formation of fractal cluster during the assusciation of solid

aerosols.

in order to explain channzls, on which it occurs formation of

structure of ball lightring, and also characteristic parameters of
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this system, it is necessary to obtain numerical values for rates of
association of solid particles into cluster in actual air. Further we

will conduct such calculations for two possible channels of

'association. In the first of them fractal cluster increases as a

result of the consecutive connection of single particies. The
secondly - the particles are united into the clusters and the
subsequent association of clusters leads to an increase in their sizes
and the decrease of their number in the chosen space. In this case
for convenience in the examination we will consider that the solid
particles have a spherical form and one and the same radius r, for all
particles.

.

Let us examine first case, when cluster increases upon
consecutive connection to it of single particles. This process occurs
both due to tﬁe diffusion particle motion and due to the motion of
cluster under the action of gravitational force. 1In the second case
the rate of cluster is small ih comparison with the thermal particle
speed, so that aé_a result the connection/atta;hment of particles
occurs due to their diffﬁsion *) and the fractal dimensionality of

cluster in both cases is identical.

FOOTNOTE *). In atmospheric air at room temperature for the fracta:
cluster with a radius of R in question, which consists of particles
vith a radius of r_, this condition takes form riR"&i0™!* cm3*.

ENDFOOTNOTE.

L R Y T

e
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1In the calculations we utilize the rounded value of fractal

dimensionality for these cases: D=2.5.
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Taking into account both processes equation of balance for number
of particles in cluster n takes form

dn
—_— =% Yy
at 1§ + s

vhere ¢, =- frequency of adhesionrof particles to cluster with
diffusion particle motion, value v, calculates mption of clusier on
the basis of linear trajectory. 1In the“first.case, considering that a
radius of cluster ik sufficiently great (R>»r,), according to formula

(4.2) we have
\-a=4ﬂ@RN1 (419)

here g -.a coefficient of diffusion of particles in air, N - their
density. In the second case the frequency of the adhesion of

particles to the cluster is equal to
va=nRvN (4.1%)

(v - rate of the motion of cluster under the action of gravitational
force). It follows from this formula that each particle, which falls
into the region of the determination of cluster, adheres to it,
although compietes the diffusion motion. We utilize alrelationship
for the rate of the incidence/drop in the cluster in the gravitational
field. In this ﬁase we will consider that the resisting force during

the motion of cluster is the same as during'the motion of the sphere
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Let us examine case, when v,?®v,, For atmospheric air and room
temperature this inéquality is fulfilled in the case r,€1 um.
Under this condition the fundamental time of an increase in the
cluster occurs vhen contributions of both mechanisms are compared.
With the subsequent increase in the size of clﬁ_ste.. the number of
particles in it increases with the acceleration. Taking into account
this, let us calculate the total time of an increase in the cluster to
. such Sizes, until particle density is changed. We have from eguation

(4.23) for D=2.5:

- 1+= —

n
oD Ly D in-vPly D
S R sin 5 ¥y ¥

te (gt = — (4.24)
0

lLet us con&uct numerical calculations according to this formula for
atmospheric air D=2.5 at room temperature for material density of dust
p=2 gecm-* and for the dust content in air (ratio of the mass of dust,
vhich is contained in the element of volume, to the mass of air in
this space) m=1 g*g-*. With r,=0.1 um we have t=11 s, and with r.,=1¢
nm we obtain t=2.8 s, The dependence of the time of an increase in
the cluster on the particle size in this case takes form t~ry? while
dependence on the dust content in air - inversely proportional:

t~1/m.

Let us examine another case, when formation of cluster occurs of
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clusters of smaller sizes, as a result of their consecutive
association. In this case the clusters can be adhered both due to the
diffusion motion and due to ordered motion along the linear
trajectories. 1In the first mechanism the fractal dimensionality of
the formable cluster is approximately 1.8, the second - about 1.9 (see
Table 4.2). We will further consider for simplicity that both
mechanisms lead to the identical fractal.dimensionality of the
formable cluster: D=1.85. We willlassume air resistance to cluster
of radius R equal to the sphere drag of the same radius. ‘Then for the
rate constant of the association of the clusters of radius R, and R,
in accordance with formula (4.5) it is possible to record the
expression : .
I 21‘(9 .-R+R

wo =32+ g, 7?‘2) (4.25)

Page 54.

We will further consider that at each moment of time function of
distribution of clusters according to number of particles in them

takes form

df = --etp (-'- '") {4.26)

vhere n, - average number of particles in cluster, and connection of

number of particles in cluster with its radius is given by formula
(4.20). Then for atmospheric air at room temperature we obtain L

Fue=109-10"" cm*<s-*. Taking into account that their density falls -

—
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c N

C in proportion to association and consolidation of clusters and its

(( value comprises N,/n, (where N, - initial particle density), for the _ .
64 first ve will cbtain.addend in the equation balance (4.19a)

( v | '

(" "nudi:;;:v Vo = KungNoe

C

C

- Second term in equation of balance is determined in complete

. agreement with formula (4.19b) by expression

@ .

"n‘-’ﬂ(R%'I”‘R:)lvl-vle’ (4.27)

where rate of each cluster is given by formula (4.21). Formula (4.27)

should be averaged over the sizes of cluster, for which the kinetic

.

(‘;?- e;;ua-tion of Smolukhovsky let us record for the function'of the

E distribution of clusters according to the sizes:

. oint) fv(n—n w)fin— ', )1 (s tydn’ — P
- t

® — 1t v, n)j(n,t)dn'.

€

e Let us multiply this equation by n and vill integrate on DN. We will

. . : \
obtain (taking into account 2, = Sj(n, t)ndn}:

d .
20 — [+ (ny, mmaf s, )1 (ra, O gy =

= <‘V (72, ny)

&
o

(ry T g\
2/

. Page 95.




t
N DOC = 89119406 PAGE /56( -
-
(
. Utilizing a function of distribution (4.26) and relationship (4.20) (-
petween the size of cluster and the number of particles in it, it is (
possible to record " ' o
(
ny _
\va(nl, nz)( ’)\—vln,, . ("
=
vhere (
(-
21pgr,, N,J, _
T

S P |
J= <’“14-‘Cs} ID 39\(3_!:;3_')>'

- n/ng, T= na/Ro.

B

. L)

averaging. with the function of distribution (4.26), we £ind

Making
J=2.7.

: , thus, for average number of particles in cluster we obtain
equation " in H% _

0
= =Y+ Vilte "

We will consider that vo® v, As in the preceding case, beginning from

the moment, when the number of particles in the cluster is equal

1-1-- L \
vt 2'\"0‘ cluster increases with the acceleration. Hence we obtain, (

that the total time of an increase in the large cluster (with D=1.85) (

& 1 [ -]
. —; = - (
O v+ vy P D+ Y)sinmTT D+i '*'11;10"'1 ’ o (
| 2.3 ¢
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For atmospheric air at room temperature, density of the material of
particles p=2 g-cm~® and dust content in air x=1 geg-* on the basis of
formula (4.29) ve have for r,=0.1 um t=4.7 with and for r,=10 nm t=1.%

s, moreover {~ry? and t~1/x.

‘Let us note that in obtaining of formula (4.28) we approximated
clusters during their motion in air by spherical particles of .

corresponding radius. This approximation is reasonable for the

-

optically dense cluster, which possesses the fractal dimensionality

D>2, In the case in question this leads to the decreased values of

the coefficient of diffusion and mobility of cluster, so that the

obtained values of the time of an increase in cluster {4.28) shculd be .

considered as upper estimate for the real time,
Page 9¢6.

Further, if process proceeds in the electric field and with the

participation of the charged particles, then during the first stage
this leads to the formation of cylindrical aerosols, whicg': will be
reflected both in the structure of the formable clur’ = ..d in the

rate of process.

Formula (4.28) is valid if maximum radius of correlation of

cluster R (see formula (4.18)) it considerably exceeds significant
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dimensions of cluster

1
AV

Utilizing an expression for a maximum radius of t

, with which rate of association of clusters is minimun.

he correlation of

cluster, let us represent this condition in the form
o \BH
\'o) \’1 (?’)S-D,

/

where p - material density of cluster, 7 - average density of

substance in the space, occupied 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
4 .

work. 1In this case the characteristic time of assembly of cluster is

‘evaluated according to the formula

\ D - |
to (_’?.)” ~ (g.)s-n, (4.29)
Yo \ 7o/ Yolp

in the real case from formulas (4.28), (4.29) shoﬁld be utilized that,
vhich gives the shorter time of the formation of cluster. Tablé 4.3
gives the values of the time of the formation of cluster in |
atmospheric of air at room ﬁemperature for p=2 g+cm~? with the

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

particles in air x.

i H '

1 !

E
B

&
&
@




ainiafatala e RaliaEalatieke ke

DOC = 89119406 paésjlfﬁ"v

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

@)Bpenn, ¢ -
) { : i
To, BY. s=1 rr=1 z=0,1 For—3 . ‘ ;;.};“ o
1 5,2.10- 0,014
3 0,044 0,380
10 0,520 14,0
100 4,700 47,0
1000 2.0 {20 0

Key: {(1). r., nm. (2), Time, s. {(3). z=1 geg~*.
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These data testify about critical depandence 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 (a;:sociation of clusters) is more natural, when cluster
is formed from the gas, gritty. 'i'_he first channel is realized in the
case, when the structure, whith consists of the filaments, grows upen

the conneétion to itself of solid particles.
§4.5. Gas dynamics.,
Of aforesaid 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 Below, One their base is
connected with gas dynamics of the movement of air, which takes place
through this structure and creating 1iit. Nature of this phenomenon
is such. The chemical processes, vhich occur in the active material ]
of globular lightning, lead to heating of substarce and surrounding
air. As it follows of the estimates carried out earlier, this heatinmg
causes the movement of air in the zone of hea! 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

{
¢
¢
-
=
=
¢
({
(
.
({
.
(
¢
«
c

assembly into the region, occupied by active material, will approach

cold air. Being heated in the zone of heat release, this air then
will be headed upward. Thus, under the 'effect 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 of gas dynamics of system in
question. It is necessary to determine the power of heat release,
required for maintaining this temperature of air, and also the lift,
which creates this motion. We will consider during the sclution of

this problem that the system works stationarily, what is natural

simplification in this problem.

Page 98.
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Furthermere, we will investigate the movement of air zar from 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.

Problems of value of Grashof number are small for characteristic
parameters, so that motion is 1éminar. We analyze the character of
motion in the region, distant from the zone of heat release, During
ﬂthe determination of the parameters of the movement ot air far from
the active region ve will follow the work of Zeldovich [60], presented
in book [42], (proﬂlem 4 in §56). From the equation of Navier -

Stokes follows the relétionship/ratic

3 : . |
‘ © X pgar, %‘;Nl;;.‘ﬁq-‘f‘-, | | - (4.30)

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

where u - vertical component of gas velocity, z - vertical distance

the observation point, v - kinematic viscosity of gas, Rew Ru/v- ~
Reynolds rumber, g - free-fall scceleration, AT - difference in
temperatures in cbservation point relative to surrounding sir, g -
coefficient of the thermal expansion of air. Since

f= -:—;-g—?., under the conditions of constant pressure from Clapeyron's
in question equation we have B=1/T (here T - temperature of

surrot 1ling air).
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Together with equation (4.30) we will use condition of constancy

. of heat flow P in considered cone at a distance z from active region:

P=p',,ATunkl, (4.31)

. - : i B i i : - o vl e

1
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Fig. 4.4. Picture of ﬁovément of air through cluster of filamentary
aerosols, which are heated under action of internal heat release.

-
Key: (1). Boundary of moving air.

Page 99.
)

Here ¢, - heat capacity per unit of the mass of air at a constant .

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

From relationship/ratio (4.30) we obtain

Ra' (4.32)

Formula (4.32) makes it possible to obtain the average/mean air speec
in the region, where active material is located. We will assume that
for this the distance from the cluster is equal to its radius R,.

This it gives

U= 4 ",/-gRo%—?:. (4.33)
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The numerical factor A with this method of obtaining the formula
remains indefinite, and formula itself gives correct dependence on the
parameters of the problem at condition Aj‘@:fz which was used for its

obtaining.

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

F = Cpu’S,

where C - numerical coefficient, p - mass density of elapsing gas, 5 -
projected area of design én flow direction. This formula is valid, if
for Reynolds number Re is fulfilled relationship/ratio Re = Ru/v>1
(here v - kinematic viscosity of air). Under the conditions {(u~1
mes-? in question, R,=10 cr' we have Re~10°, so that this formula is
valid., Utilizing in this formula relationship/ratio (4.33), for the

1ift, which appears due to structure heating, we will obtain the

formula
F = apgR, LS. (434)

This formula connects 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 & is here indefinite. It can be restored/reduced directly
from the experiment. Such measurements were carried oﬁf in work [61],
where and simulation experiment vas utilized the tungsten wire with a

radius of 4 and 7 um.

Page 100.
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From it vas made the lump of a radius of 0.8-2 cm 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 of air comprised
AT =10+ 300 k. Sxmultaneously vas measured the lift of iump, which
allowed on the basis of formula (4. 34) to restore/reduce the value of
parameter A; puring the statistical processing of more than 100

measurements is obtained value a=11%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 (l1ift is equal
to the structural weight} in the.limiting.cases. For the optically
opaque fractal cluster (D>2) this condition takes the form

m AT.
r=f=8T (43

-

where m - mass of active material, M - mass of air within the body of
ball iightning. In other limiting case of the optically transparent

body of ball lightning floating condition takes the form

vhere 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 powver 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 value of

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

P AT3? .
p —— — p - it 4.36
v o rerer (4.36)

Here

V= %-an; - the space of active region, Te - the t.mperature of

surrounding air, T - the temperature of air in the zone of heat

] 3 -—
releas AT =T—Ty Po= TACpPoTo VE:’Ro' N

. Page 101.

For a radius of average globular lightning R,=14 cm we have p,=7.2
Vtsem-?. Whence it follows even number power expenditﬁres 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 powver of
heat release according to data of “4able 1.5 comprises {(-°+"7
Vtecm-*. Then on the basis of formula (4.36) it is possible to find

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

.
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lightning: AT = 10'**** K. Althoiagh the real proceéses 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

P

obtained result 7T =00 K- 10*** it is obtained: z ~ {. -10*%%, Thus, the

average specific weight of body - tke. order of the specific weight of

Y YA

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 éluster, and also structures, which are cluster of

: filamentary aerosols. The characteristic times of the formation of
such structures are seconds. The designs in questiop form the body. of
ball lightning. Heating body due to the chemical procesées taking
place in it causes the movement of air through it and creates lift. .
In this case the maintenance only of motion in air is connected with

the high pover expenditures '

FOOTNOTE *. Let us note that good model of ball lightning in the pian

of its thermal interaction with the surrounding air is electric iron.
In order of magnitude it has the same powér,‘the same sizes and the
same temperature of heating relative to surrounding air, as
aQerage/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
cm) distances from it. ENDFOOTNOTE.
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CHAPTER 5.

ELECTRICAL PHENOMENA IN BALL L1GHTNING

§5.1. The electrical properties.

Ball Lightning develops electrical properties. This folloﬁs from
observed interaction of ball lightning with the metallic objects and.
electrical instruments [9],.and also from thglcharacter of the effect
of ball lightning on the man, which it is similar to‘the defeat of man
by electric current. 2ll these examples attest to the fact that bali
lightning bears electric charge. The preéence'of e}éctric charge is
substantial for the fractal structure of ball lightning - it creates
the surface tension of the body of ball lightnring, 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 §2.4).

Question arises, whence electric charge of ball lightning is
.taken and further - to what electrical phenomena it leads presence of
 this charge. Our subsegquent presentation will be connected with the

analysis'of thes¢ 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

BAAC " "N N A

aEaY ¥ Miakalatabay.
: ‘ ‘ Dok
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- different or in the plasma is the uncompensated for electric chafgé.

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.
Page 103.

High electric fields at the ends of the clster cause the electric
currents, whi:h lead to its discharging. 1In .nore detail these

questions will be examined below.

For quqhtitative analysis of electrical properties of ball
lightning let us conduct estimates of its electrical parameters. 1In
this case for the certainty we wéll consider‘that the surface tension
¢ of ball lightning coincides with the surface tension of water at
room temperature (0.073 J'm-2). This assumption, apparently, will | .
give upper estimate for the electrical parameters of ball lightning

1).

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.

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

the form
¢ F

= e =

4R

oW

o
!

-~

here @ - 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 kVeem-?, ¢g=253-10"" C; in this case the
‘electric potential of ball lightning is equal td 34 kV. Electrical
enérjy of ball lightning g*/R, in this case is 0.02 J, that six orders

lower than energy of average ball lightning ?*).

3

FOOTNOTE *. Let us no.2 that the lethal doée 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
a/R,, equal to 0.5 Pa. 1If 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 ballwlightning comprises 3.5-10"*
Kleg-*. These estimates we utilize below during the analysis of

electrical phenomena in ball lightning.

§5.2. 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 aeroscl particles, we

investigate further charging of aerosol particles in ionized gas. .
Page 104.

Let us examine first unipolar plaéma, i.e., gas, which contains the
admikture/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‘ exaniine to examine case I, A
(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,>3) in question ion current to aerosol particle is
1]

composed of diffusion and hydrodynamic currents, created'by action of .

electric field:

J = bt~ %}’T KFN)e. G.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 ¢ =KT (T - temperature of gas) and

formula for elecﬁ:ic intensity of aerosol F = Z¢/r*, vhere Z - charge

of aerosol in units of electronic charges. substituting them into
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equation (5.1), we will obtain .
o | (AN gz | 3 ‘
J=4nr~.®(dr —-f’-:!N) e. | (5'2

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

Therefore

T N e e e o — -

aerosol does not depend from distance of r to aerosol.

5

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

s
{

density N(r). Solving this equation with boundary conditions
N(e<):=No, N(r;)=0, we obtain the formula of Fux [52]:
. 3 )
J e 4:!@;\“2.9 . 5.3
T[exp (Ze‘/ro'i')- 1]

-
L] ¥

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

current to tha aerosol particle.

. Fage 105.

1f particle charge is relatively small, i.e., if Ze¥/r, T <14, for
jon current to neutral macroparticle of radius r, we obtain

smolukhovsky's formula:

Jo = Aa@r N e (5.9)

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

sign, to the opposite charges of ion (2<0), and very particle charge

is sufficiently great, |Zie¥/r, T > 1, we will obtain Langevin's formula:

3
J = 1@DN,|Z|F = 4aK| 2], (5-9)

vhere the ion mobility in gas K = e@/T.
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Let. us further examine for simplicity case, when ion charge is
relatively small(Ze*/r,T < 1). but ve will use more -general boundary .
condition, introducing probability vy 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

37 . ) N r,) -
J = yarg l/ g rde=1J ;fvo“. ' (5.6)

: ; i i i b [ ; i i |

Here j,=qyus VT Al Ne, Ny=N(); N - mass of ion, so that
m - average/mean thermal velocity of ions; N(r,) - ionic density
on the area of the particle (garlier we considered that N(r,)=0). We
_ soh;e equation (5.2) on condition that Jsz_co'nst. and by boundary )
conditions (5.6}, and also taking into account that ]\'(50)=N0' In the

. limiting cage in gquestion we disregard second term in equation (5.2).

The solution of equation will take the form

Nir)=4- B/r.

' In this case A =N, A-B/r,=NJ/j, i.e. p=Nr(1-1/j.}). Hence

we find

{1\ L.
J_(jo+ Jo) 1 (5.7)

where 3, is assigned by formuia (5.6), and J, - by formula of

Smolukhovsky (5.4.).

Let us examine now another, conversion opposite case, when mean
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free path of ion is great in comparison with size of aerosol particle.
Let energy of ion be equal to E, and upon the entry to the area of the

particle it transmits by it charge with the probability 7.

Page 106.

The connection between the impact parameter p, under whicn the ion
moves to the center of particle, and the distance of closest approach

r, is given by the known relationship/ratio:
Pz
r oE
Hence we find the capture cross section of ion to the surface of the

aerosol particle: - .
Zé
o = ap (r)) =7y (i —;—-;-;)-
o)
vhich gives for the rate constant of capture, when ion charge is

transmitted to aerosol particle, }

2E o Ze

For the current the surface of aerosol particle we obtain the

expression
2\

’ 71/ 2E z ]
=i =y (Y Eart(t -2 Nee

8

Here brackets indicate averaging over the Maxwellian distribution of

ions on the rates. Carrying out this averaging, we will obtain

. B o O s :

™

5
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R 7% -
= I Tee (28 : (5.8)
vhere [exp(2¢r,T) 1] )
YA . ‘
Jo=Yare} 7 B9

Formulas (5.3) and (5.8) answer two asymptotic rglations between
fadius of aerosol particle r, and mean free path % of ioms in gas.
Uniting these formulas taking into account {5.7), we wiil obtain the
folloving expression for the iom current to the aerosol particle:

e Jo.Zef‘-/roT _ . | (5.10)
. . (4 + /10 [exp (2¢r,T) =1,

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

aeroso}'parhicle 2 can be different signs,*unites all limiting casas

exaninad. .

Let us note interesting fact.

Page 107.

I to the problem enter three parameters, that have the dimensionality
of the lenoth: a radius of the aerosol particle r,, the mean free
peth of ion in the gas X and the cOulomb length 2e3/T, which
characterizes the size of the regicn of the strorg interaction of the
charged barticle'with the ion. At the same time general result

depends only on the relation of parameters \r, and zé/r,T, and, as

it follows from formuia (5.10), dependence on these dimensionless
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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 guasi-neutral plasma, when the charged aerosol is
iocated 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 equilibrius

charge of the aerosol:
r T 2 o ‘
220 (gt >k n» T, (5.11)

;7

Last inequality arose from the condition that an increase in the
charge of aerosol particle by one in ﬁrinciple will not chance the
character of charging. For room temperature this inegquality takes
_form re®»0.06 um. If particle size is noticeably less, then one
should consider that the probability of the appearance of aerosol
particles with the charge, greater than one, is propor* ional to
exponential curve exp(—€/r]) and it is small. Actually, for example,
the propability of the entry of ion to tﬁe aerosol particle, which has
charge 2 and the seme sign, contains factor exp{—Ze*/r,T), which
expresses the probability of the_approach of ions to ihe area of the
particle. Eliminating from the examination of particle with the
charge, and comparing the cufrents of the charging of neutral and
discharging of the once charged aerosol particles, for the relative

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

relationships/ratios

N

{
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14/ =) re€h  (5.129)
D, n L .

= == .“ N r0> ’., (5.1261

o
!

(=]

4

large of one vhere n,, n;, n. - densities of neutral and also onhce

(positively and negatively) charged aerosol particles; z=¢€/r,I > |.
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The'average/méan charge of aerosol particles, accorﬁing to formulas

(5.12), is equal to

(A) ~ A,
— '__‘7__5_:’_, rlJ«)"’
g {
7. me vyt (5.13)
t " D — a3
¢ Q z’ ";-1 ro>> }'o
+ -

Since r> |, ‘that we obtain Z< 1.

Let us examine character of establishment of equilibrium charge
in quasi-neutral plesma, counting for simplicity, ﬁhat parameters of
positive and negative ions in plasma are close. A change of the

charge of aerosol pafticle in the case 73> | takes the form of the

equation
diq .
7= eI
vhere g=2e; J, and J. - currents of positive and negative ions to the

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

r,>; and formula (5.11) for the average/mean charge, we will obtain

the solution of this equation:
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° o-afi-eo(-))

where, according to (5.11),

rT .o
D

.
="

( =1 @, +9.), AD=T - D~ A@«Q).

(
X
(
(.

The time of the establishment of the equil’hri t charge of aerosol

particle comprises

i’ 4 - o
4 __43@.\08 0. % o ‘ -
;;:p = "'""T'- = Ll T‘a < iv \.'-"14)
here £ - plasma conductivity. o ( :

Let us examine now limiting case, when e?/r,T = 1. Since we
. consider the parameters of positively and negatively charged ions ¥

close ones, according to formulas (5.12) in this case i
n,/n,=n-tn.= 1/z. e
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The equation of balance for the charged aerosol particles takes the

forn | dn | ‘ .
=t = ko i = nikpenVis

where &, k... - rcte constant of the transmission of charge from the

jon to aerosol particle, moreover in the first case particle is ' :

neutral, and the second has the charge, to the opposite charges of
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_iof. With this Nk,=J/e. where J - ion current to the neutral

Ny Ty

aerosol particle - it is determined by tormuia (3.7), Kpe=Fket*/Trs 1t

-
C will be the solution of the equétion of balance
e |
(7 Ny = "o “ —exp(— t/Tap)hs

- the expression for the time of charging in accordance with formula
g (5.12) taking the form

(=

L
:

41@\8 =1 -
= (1+ ,M. ) (a-i_b)

°‘/ Al

In the extreme case ) <r, this -ormula will pass into formula (5.14).

ap

¥

(f_'_: Process of adhesion of ions to aerosol particles leads also to
- drop in ionic density in plasma, i.e., to decay of plasma. The
(-_-;_7 : equation of balance for the density of positive ions N; in thé casg in
23' question, after was established the equilibrium between the charged .
® and neutral aerosol particles in the plasma, has tne form
C. :
f’-%T"' = — kg Ny — n kperNy = — -{;‘lail.

vhere the time of decay of the plasma

\ é&:’;g @ @

...-l——» = n"ko + n_kpﬂ: = 2"9}‘.0 =
Tyacn
gaDn ¢ __i’_.__.)", (5.16)
=5 (1+?rn]/r,2n.u -1

o

The obtained formulas make it possible to estimate the parameters of

the process of the charging of aerosol particles in the real 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 severazl molecules of wvater. The diffusion
coefficient comprises: according to data [62] D, =0029. D.=0,043

of cm?+s-* {moreover the mass of ions M.=101, M,;=140); according to

data (03] @, =0028, D-= (036 cm’+s-’.
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Taking into account these data formulas (5.'1) and (5.13) for

aerosel particles, which are located in the atmosphere at room

'temperature, can be.represented in the form

Z/ry=(=6%1) Y-, (5.17)
Key: (1), mkm-’.

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

average ionic density in the atmosphere ( V=300 cm-2) is lower
r=10 min, which can serve as upper boundary for the lifetime of ball
lightning in the atmosphere. fBischarging the body of ball lightning

in the atmosphere and its destruction occurs during such times.

Chargiag of serosol particles in the atmosphere can .occur, also,
under nonequilibrium conditions. Let us examine the case, when in the
zone of the determination of aerosols electrical discharge occurs.
Electric intensity in this region is sufficiently great and negative

charge is connected with the .lectrons. The mobility of thermal

P | 7’- —~ ,— e T e R ety "
! ; ; . R 0%
| : . ;
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electrons in atmospheric air is approximately 1.4:-10¢ cm?.(Ves) -1,

which considerably exceeds the mobility of molecular positive ions to

atmosphere 2-2.5 cm*<(Ves) -, In this case formula (5.11) at room -
temperature for the charge gives

Z/r, = —160 %rart, (5.18)
Key: {(1). mkm-!,

The respectively characteristic time of the establishment of this

charge according to (5.14) comprises 7N,=40 s+cm-*.

Formula (5.17) makes it pdssible to estimate maximum size of
aerosol particles, which form part of'body of ball lightning.: Given
in §5.1 estimate for the specific charge of ball lightning (4-10°

Kl.g-*) for the characteristic particle density p=2 gecm~?® according

to formula (5.17) correspond to a radivs of particles r,=2 um. sincg .
the subseguent processes of the formation of the body of ball

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

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

lightnings, have a8 radius r,<2 gm.

§5.3. 2Assembly of the charged cluster and the separation of the

charge of plasma.

Let .us examine character of assembly of body of ball lightning
from solid aeroscls. Since the particles are charged, as a result of

the association of solid particles the charged cluster is formed. 1In




DOC = 89119407 . | PAGE /§ 28

this case necessarily that in th2 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 a cluster-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. 1In the second place, the value of the
equilibrium charge of the cluster considerably lower than sum of the
equilibrium charges of the associated particles. Therefore the high
charge of cluster corresponds to nonequilibrium conditions, so that

ion current to the cluster leads to its discharging.

F
1

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 B is subordinated to following
condition: -

p=2%/2r,T <1 (549)

(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 formule (5.17), then for room temperature formula
(5.19) will give value ro€2 um. Thus, we will obtain the same

estimate for the maximum radius of particles, as in the preceding

B
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| paragraph. One should, hovever, note that these estimates proceed

1

(

(

¢

(

(" from the different physical considerations.
( ,

E Let us give values of rates of electrical processes in real

(~ atmosphere, The highest value corresponds to the 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 1, of charging and discharging of particle by

electrons ( ¥, - electron density} the value

Ny =40C- ex=s, 10,06 Yron. (5.20a)

. Key: (1}. s+cm~*. (2). aum.

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 e., which

compose cluster. Therefore its discharging under the acti.- .f the

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

increase in the cluster.

Page 112,

C
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C.
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&

The characteristic time of this process in the atmosphere, which

DN

contains.quasi-neutral plasma, according to formula (5.14) is equal

TaoplVi =4+ 10° «. en~?, 1o 0,06 Fcn. (5.204)

Rey: (1). s-ém“. (2), um,
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. Recombination of charged particles in space occurs together with

processes of charging and discharging of particles in weakly ionized

gas. 1In real atmosphere - this is the recombination of positive and

negative ions with the participation of the molecules of air.

Recombination coefficient weakly depends on the type of these ions and
at the atmospheric pressure is [G4, 5] =2 -10"° cm?+s-'. Hence for

the time of recombination 1, we obtain |
TN =5 - 10° {‘g oM, (5.20c)

Rey: (1), s+cm™2,

As it.follows from formulas (5.20b) and (5.20c), the rates ;f
discharging cluster and recombination of charges in air are close.
This means that in the recombining plasma 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 chafges in the plasma cannot

avoid discharg ing cluster.

Thus, assembly of body of ball lightning 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 precede the separation of the charge of plasma or charge of
plasma and ﬁarticie 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 §5.1 and to subdivide the value of the electri® charge of

ball lightning for the space of average ball lightning, t.:hen we v_rill .
obtain the average density of the charge of ball lightning in the unit
charges of electrons 3:10* cm-?, that a proximately six orders higher

than density of atmospheric plasma in the near-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 negatively charged drops of water fall under the
action of theif 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 gm. The rate of a drop
in the particle of a radius of i um with a density of 2 ge.cm~? under
the action of gravitational force in atmospheric air is equal to
v=10014 cmes-*., 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'cquilibrium the current of positive ions is equal t¢ the current of

negative charge, so that v/2Z=KF,

Mobility of positive ions in real atmosphere K~1 cm?-V.g-?, so
that electric intensity F~0.1 V.cm-?, that several orders lower than
expected values in ball 1ightnihg. The presence of negative ions in
the atmosphere leads to a certain drop in this value. =fhe presence of
large-size particles could ensure larger effect; howevér, this would

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

Thus, we come to conclusion that separation-of charge before
assehbly 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 estimateé for system in question. Electric
intensity F~(1-10) kV-cm-® will cause the motion of ions at a rate of
v~(10°-10*) of cm's~!, so that the distance of the order of the size
of system (10 cm) pass during the times of order (10-°-10-2) s; for
this time it occurs the separation of charge. Solid particlies possess
relativel& 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

M
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milliseconds. Further, after the drift of the positively charged
particles from the space, these fields are fixed on the material of

ball lightning.
Page 114,

It is significant that the characteristic time of the separation of
charge is noticeably less than the times of the association of solid

particles into the cluster.

For analysis of processes of forming charged cluster let us
examine simpie model of creation of initial conditions for this
cluster., Let from air through the surface of material flow the

electric curreat, which further evaporates the surface of material and

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

electric current we have F.g, = F:0, (vhere F,, F, = eiectric
intensity in air and material, o,, 0. - conductivity of air and
material respectively). It is eviicat that in view of the different
conductivity of air plasma and material of surface on the ;nterface-is
created the junp of electric intensity AF, 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. 1In proportion to the formation of solid particles

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
willlconsider for simplicity that the conductivity of the air plasma
considerably lower than conductivity of material, so chat a drop/jump
in the electric intensity on the interface coincides with the field
strength in air P,. Further, we will consider that the interfacial
area, on which is formed the plasma, considerably exceeds tue section
of ball lightning, i.e., we will be restricted to the one-dimensional

»
case. Then, according to Poisson's equation, we have

F, = 4ne { N dz,
vhere 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 = F /4ineR.

Page 115.

I1f we isclate from this plasma the space of radius R, then charge
vithin it is equal to ¢="/y1H'"e=F R'/3. we will consider that the
solid particles were combined into the cluster of radius R. Then this

cluster has a charge g, for which the estimate, is obtained, and

BEEaRaEat ¥ ¥ Jolal ¥ alakalabalal-¥ ¥ P
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electric field is created on its surface with the intensity

I‘-= q,R2=Fg/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,~10 kvecm-?.

Separation of tharge 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 fbr-charge in this case are relatively small (order 0.02
J), sepdration 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, s0 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 EPE cluster precede t“2 process of th> 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 electric 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

Aable 5.1,

Page 116.

BAB -~~~
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As is evident, most rapid process - adhesion of ions to aerosol

particles. Ionic density in the plasma considerablg lower than that,
which they cah 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 separaﬁion of charges in the plasma‘
precedes this process. Thus the inclusion of aerosol particles inio
the plasma occurs at that moment, when plasmé 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. Dufing the times of the order of the
- time of association or during smaller times occurs the neutralization
of the opposite charges, which can have particles. The formed dluster_
bears on itself only the excess charge of plasma. Discharging cluster

in the atmospheric plasma occurs in the relatively larger period and
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it leads to the decay of cluster itself.

o




v s TTTTTTTTTE A i ST L rwene
( DOC = 89119407 | pxss/yy #
¢
C Table 5.1. Characteristic times of the course of electrical
- processes.
C
( @) v Bpena 4. c
C Chiponece doeael e’ | (wapa ®/npn
re=3 HM ro=0,1 NEM
C ag .
- 'CTAHOBIHNE PABHOBECHOIO
€ 3apAjia Ha dacTnue (3.15) 2,5-10°3 5.10-¢
- arna;, NJA3MH 3a CYeT npan-
’ JANAAHS NOHOB K Yacii-
( . uay : {5.16) 3-10-10 4-10-¢
C %eﬁo.\aﬁnsaunﬂ OJORNTE -
g EWX B OTpHuate’iLHHX ] X
- noxos B ofibene {5.20) 5104
a:ifxenne 3apAlos NJas- _ 10-3-10-2

'.!\c.counalma gacTnil B Kla-

bl CTep (4.29) 0,01+5

'{Daapa:ma Klacrepa B arTMo- )

cdeproi naave {5.15) im _ _ .

Key: (1). Process. (2). Calculation according tv formula. (3).

Time s. {4). with r,=3 nm. (5). with r,=0.1 um. (6).

Establishment of equilibrium charge on particle. (7). Decay of
plasma due to adhesion of non-ion particles. (8). ' Recombination of

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

SEAY IREGEOEaIaiay- §

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

Discharging cluster in atwmospheric plasma.

- FOOTNOTE *. It is accepted that initial density x; of ions in the
plasma is 10° cm-?, and the average density of substance in the space
is equal to the deisity of atmospheric air at room temperature.

ENDFOOTNOTE.
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§5.4. Electrical processes in the charged cluster.

Let us examine electrical phenomena, which occur with charged
cluster, which is located in the atmosphere. As before we will be

vhile conducting of estimates oriented toward the cluster with a

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

equal to the surface tension of water. The electric charge of tﬁis
cluster in the unit charges of electron will comprise order 4.10%?2,
vwhereas according to formula (5.17) its equilibrium charge in the .
atmosppere 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 cm-*), 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, vwhich creates stability of cluster. Let us'explain hov
charge is distributed at the ends of the cluster. We utilize a modei,
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 {, on which is concentrated the charge. 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 of"this-iiléﬁgnt,-

must be of the same order as as interaction energy of these chardes A ‘I'

with the electric field of cluster., Hence for the unknown value [ we' %

will obtain

I~RsVn, (5.21)

here R, - a radius of cluster, n - the number uf Iilaments on the
surface. On the basis of formula (5.21) we obtain

Uro~Yplpe,,  (5.22)

vhere r, - radius of the associating particles, o - mass density of
the material of cluster, p, - the average mass density of cluster,
i,e., the ratio of the mass of cluster to the spacé, which it
occupies. Since p>p,,, that we obtain Iy, in particular, for
those utilized earlier the parameters of clustef {m=3 g, R,=14 cm, p=2

g-cm“) we have [/r.=100. , .
Page 118.

Since electric charge of cluster in the final analysis is stored '
near ends of cluster, this leads to vnset of electric fields of high
strength., On the surface of the charged section the electric .

intensity comprises

R N YA 5 93
Iu,ax — ‘:‘:IG _— !' ru _V;l_ A pcp’ ’ ( )

vhere ¢ - surface charge at the end of the filament, F - average .
electric intensity on the-surface of cluster. In the example examingﬁf'
this corresponds to the local increase of the field strength more than
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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
MVecm©t. Such fields are caused 'by the sample 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 cluster and the onset in

this region of the corona discharge are possible.

Condition of onset and maintain-ing' corona discharge near charged

filament takes form [66]

j‘adr = ln(i + %), (5.2

To

4) .

where o« and vy - first and second coefficients of Townsend. In
atmospheric air we will approximate the first ‘cpefficient of Townsend

with dependence (66, 67]
o = a,exp(—F/F),

here g,=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 '

aoroZe-*=1n({+ i/x); (5.25)

where z=F(r.)/F, Fig. 5.1 presents dependence on a radius of filament
for the electric intensity on the surface of filament, with which it
is realized by a sample of atmospheric air. results relate to the

values v=0.1; however, it follows that they weakly depend on this

value.
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Page 119,

Analysis of figure and given estimates show that conditiohs of
onset of corona discharge in system in question are difficultly 7
attained. In particular, in the example examined the corona discharge
occurs with r,>8 wum (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. 1In atmospheric air in the electric fields with F>3
MV-m-® negative ions are broken down andznegative charge in this case
is connected with the electrons. Electron collision with the
molecules of air causesltheir excitation and glow, but the energy,
spent on this process, is very small. Thus, in the example in
guestion created due to this process glow, in any case, is not more
intenseé than the glo{v of night insects. It is @ifficult to expect due .
to low electrical energy of cluster that the electrical phenoména are

capable of causing noticeable glow.

Since cluster in guestion bears electric charge, it can interact
*ith conductors., 1In order to explain, how this & 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
3 d
gr,..z%;a-soﬁ,‘

0
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@ rer: (1. N

g - 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 character of its motion, !

vhich follows also from the observations of ball lightning.
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Fic 5.1. Dependence of electric intensity E on surface of charged

filama:t. aecessary for maintaining corona
air, ur. -=dive of fi:ament r,.

Key: (1). Mvem-?, (2). pm,
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Similar estimate makes it possible to
can bear body of ball lightning. For this
of the association of the charged clusters
According to the mechanism of association,

the not very small sizes of clusters their

discharge in atmospheric

find maximum charge, which
let us examine the process
into the large cluster.

represented in $4.4, with

approach occurs due to the

incidence/drop in the heavier cluster on the ! jhter under the action

gravitational force. Hence it is apparent

that the Coulomb pushing

apart of clusters does not interfere with their approach, if the force

of Coulomb interaction is less than the difference in the weights of
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clusters. This gives the following estimate: L]
g¢/Rs &mg  (5.26)

vhere R,, m -~ significant dimension and the mass of ball lightning..
Substituting in (5.26) a radius of average/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
lightning selected earlier for the estimates answers the average
specific wveight of the body of ball lightning, which the order of the

specific weight oi air.

. L]

Thus, carried out analysié shows that processes, which occur in
weakly ionized air with solid particles, lead to electrical charging
of these particles. For forming the charged cluSter‘during the
association of the charged particles ip 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. 1In 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 chérge of cluéter to its
surface, are insufficient for the onset of the corona discharge;
nowvever, they are.capable of causing weak glov during discharging of
cluster. Electrical'interactions of the charged cluster wiith the

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

CHAPTER 6.

GLOW OF BALL LIGHTNING.

§6.1. 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 representation 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 a radius of ball

lightning and emits from the surface as blackbody. Tﬁe average

" luminous flux, emitted by ball lightning, composes ’
1400 iggg im. Let us explain, at what temperature equilibrium

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

of the blackbody: 7 = 136030 K.

Another comparison let us conduct for luminous efficiency - ratio
of luminous flux to power expendable in this case. According to data
of Table - 1.5 the luminous efficiency of ball lightning *) is equal

L

to  {0-0=%% Imew-?,
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FOOTNOTE ). The luminous efficiency of electric lamp is 14 lmgW:?}'
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'

1800300 K.
Page 122.

1t should be noted that effective temperature of radiating
particles of ball lightning must be higher thag given estimates give,
since in first case emission of ball lightning is created in narréw
fegion of the spectrum, and the sebond - fundamental energy losses of
ball 1ightning.are connected with gas-dynamic escape of heat.
Therefore it is possible to expect that effective temperature of the |

radiating particles in ball lightning T32000 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 conéider that if the sizes of the particles, of wvhich is
comprised the body of ball lightning, 'are small, theﬁ this introduces
corrections into the spectrum of the emitted emission. Specifically,:
the flow of the emitted emission at wavelengths, which exceed particle
sizes, it is considerably less than in the case of emitting 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 more 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. PFirst, since it occurs in atmospheric air, essential proves

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

- ¢ollision withfthé molecules ¢f air. 1In the second place, energy

release occurs due to the chemical reactions. Therefore the
temperature of the formable gas in the 2one 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.

§6.2. 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. 1In particular, if this particle




)
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consists of absolutely black material, the emitted by it radiant 'f;l_ﬁ_.m .
is equal to oT* (here T - the surface temperature, ¢ - | o
Stefan-Boltzmann constant). Isolated atom or molecule - macrosgg?ib_:
particles - can emit the set of photons with the strictly assigned

frequencies.

1

- . o

Page 123.

g

These spectral lines appear upon transfers between the specific states

of hacroscopic 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 result they will create the continuous spectrum, .
vhich 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 particlg, 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
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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. The t6t31 pover of the emission of single particle is

equal to
3
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where Oura(®) - 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
Oaora =5/4, (6.2)

here § - total surface area of particle. For the power of particle
radiation this it gives

P, = ST,

o = (4aeh®y? | (@ — 1) =

v ' 0

ﬂ.’
60353

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

particle to equal [56]

 Onora (0) = 4n %) Im a (), (6.3)

vhere o - polarizability of particle.
Page 124.

Let us further examine case, when one of particle sizes is small
in comparisoﬁ with wavelength of emission and dielectric constant of
material of particle :(w) ~1. Last condition gives, that the depth of
penetration of light considerably exceeds particle sizes, i.e., 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 pa_rticle in the case of [561 11’1

Representing in (6.4) the dielectric constant in the form
e(m)=e'(m)+56" (). for the absorption cross-section of light with

the spherical particle of a small size we will obtain

wr -
Gnora (@) = 5 § =2 feo () (6.5)
where )
12" {0)

{le" ) + 2P+ le" (@)}

S = 4nr, 'jq, (w) =

L]

1f aerosol particle is chain aggregate/unit, i.e., it has
filamentary structure, then, simulating by its cylinder with length of
2! and by radius r, (moreover r.<1), we have [56] for polarizab.ility

of particle:

' W, fE (@) — 1 ril
oy = rﬁl[‘e—(a,‘,—_;_—i], ay =5 [e(@) — 1], (6.6)

vhere indices :, || indicate perpendicular and parallel directions of
intensity of electromagnetic field with respect to axis of cylinder.
Averaging over the directions for the absorption cross- section of

absorption we will obtain the formula

(6.7) .

g o
Guora = " S _c_o fraa (),

where 8 1

. 4 " _ " . 1
funa () = 5% (@) {1 T @) 1 @) )

question we have \ | .
e {w) — 3 . C NS :
alo) = ;T2 (6.4) R

tae ,-n..\._

yae """ T,

i

&
-
¢
(

¢
€

-
a
€
-
&
&

C
(.
(.
(.
«
(
C
{

(
-
-
(.
(
(__




P

= §9119408 - PAGE 0591

and S§=4narl - 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.

Page 125.

Due to this factor occurs cutting the contribution of long-vave
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 ﬁaterial. 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), (€.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 obtain for the

pover of radiation of the aerosol particle
7=248
' Tr =
-p:-nﬁ—:_‘l-jx‘d.r(e" 1)'

3, 83Tr f (68) .

vhere P,=ScT* - radiated power from the surface of macroscopic

blackbody. Thus, the total power of emission depends on the
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temperature of aerosol particle according to the law of T*, and ﬁn thé 2 :é
region of the applicability of the obtained formula value g is low . :
parameter (f € 1). This formula can be continued, also, into the négi-on
of the sizable values of this parameter. For this purpose let us

record it in the form

P = Pogrory (69

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 3«1, and when p>1 it gives the radiated power

from the surface of macroscopic:body_ P=%Pa.

In order to obtain representation aboﬁt guantitative effect of
size of aerosol particles on power of their radiation, let us give _
results of calculating parameter B for carbon particles: Table 6.1
depicts the optical parameters of carbon black [68] (refractive index
it is equal to n+ix) and the calculated according to formulas (6.5)

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

Let us pause at case of filamentary carbon aerosol, for it in
region of wavelengths according to data of “fable 6.1 in question

value [,u.=253+02,

Page 126/

Utilizing this value, we will obtain e

ﬂnu = 12"0113!“(7‘) ' (610)

i
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where Awa(T) - wavelength, to which the maximum of blackbody

radiation with temperature T corresponds, according to Wiens lawv we

have . (1) T'=0.290 Kecm. The obtained result shows that the high

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

the speéific character of the emission of aerosol particles. 1In 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. 1In the case of spherical aerosol

particles we have

, Beo ® 3,Tro/Anus(T), (6.41)

i.e. particle size is developed more strongly.

Let us caléulate 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

l= (Nonorn)-i' (612}

here N - number of aerosols per unit of volume, g,,, - the absorption

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

guestion have a radius r, and be distributed in the space arbitrarily.

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.
the mass 'of separate aerosol will be m = paril, (vhere p - mass

density of the material of aerosol).

Then
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Table 6.1. Optical parameters of .carbon black.
?..(‘r}mm n x fed | famsn i, an n x fee | fums .
0,4 | 1.80 0,74 | 1,067 246 3,5 | 2,14 0,72 {0,765 2,52 :
06 | 1821074 1,005 2,47 | 4.0 948 | 0,74 | 0,758 2,61
0,8 | 1,86 | 0,70 0,935] 235 | 4.9 223 | 0,77 0,754 § 2,74
1,0 | 4,90 0,68 0,885 2,30 1 5,0 296 | 0,77 {0,734 2,76
12 | 1,92]068 08711 2,31 | 535 2,28 | 0,75 0,708} 2,70
14 | 1,94 1 0,60 083812251 6,0 231 | 0,70 {0,655 2,54
16 | 1.9 ; 0,67 08341229 65 2,39 | 0,1 0,622 2,62
18 | 1,981 0,68 08311 232]) 7.0 234 | 0,72 0,654 | 2,63
20 120210068 0,8051 2,34 8.0 | 2.36 | 0,72 | 0,644 2,64
25 | 2,081 0,72 10.803 249§ 9.0 { 2,34 0,82 0,723} 2,98
30 | 2401 0,72 10.790 2500 10 1240 10 10,7921 3,66

Key: (1). aum.

Page 127.

1

Since regarding value x we have p% ='mN (here p:- - the mass density
of gas), hence we will obtain

Pt
N= paril’

in 1imit, when aerosol has large sizes in comparison with
wavelength of photon A, we have |

. ‘ i

where §e=2xr,[ - surface area of aerosol, a - its coefficient of

grayness. In this extreme case ve vill obtain
2pr,
l= —_Pr“" (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)'tor

absorption cross-section, we obtain

! 3§;7%” rp €

Uniting formulas so that they would be obtained from the general

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

=2 (A+.2""°). | (6.15)

nrppf a

For carbon black (f=2.5) this formula gives
. 0.13p % - j_ﬁ_r)
: b= ( T (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 particles, prepared
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, vhen particle sizes are

very small in comparison with the wavelength of the emitted photons..

Page 128.
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Let us examine emzss1on of metallic aerosol part1cles, vhich have
other nature of interaction with electromagnetic wave. As a result of .
the fact that the conductivity of metal its high, dielectric constant
for the electromagnetic waves is great, so that interaction occurs in 1o

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

penetration of electromagnetic wave inside the metal - value, small in z
comparison with long wave. Then the electromagnetic wave incident to i f
the surface of metal will be réflected 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
w0
a E— V—.
8%’ (5.16)

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

metal. In particular, for copper at the wavelength 1 um g=0,012,

i.e. it is actually small.

For massive sample, whose sizes are great in comparison with
wavelength, emitted by surface of metal radiant flux at this freguency

it is equal to [56]

€
¢
(
:
(
-
a
(
-
¢
(

1
Jo=Jo (1?1"‘-.»‘1‘1"'7)’ (6.17a)

vhere Jff"1 - radiant flux at this frequency, emitted by blackbody with

the same surface temperature. Since the fundamental 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) substantially
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). 1In 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
[56)

R

Jo=JJ 6, (6.47h)

but in the case of cylindrical aerosol particle [56]

Jo=J"8a, (6,47¢)

. Page 129. : } )

Here JU' - radiant flux of blackbody, calculated by the formulas,

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 um.
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 waveléngth of emission.

On basis of formula (6.17) we have for emitted rgdiant flux
Jo =0,086 7 VEA, (6.18)
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vhere A,=1 um. 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 absclutely black aerosol particles.
Utilizing formula (6.18) and performing the integration for the
frequencies of the emitted photons, for the power of radiation of

aerosol particle we will obtain

P =018/T/T.2, (5.9}

vhere #,=S¢7* (here § - surface area of aerosol particle) - the
pover, emitted by blackbody at the same temperature T and calculated
by the formulas, when particle size is considerably greater the
wavelength of photons, T,=10* K. As is evident, formula (6.19) gives
temperature dependence TY¥* for the emitted by particle radiated power.
Further, for example, with T=1200 K we have # =(,062#,, the power of
fadirtion bf 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 vwires (for example, tram) or upon the lightning strike in
massive metallic conductors. This glowing cluster falls to the earth,
it wheels along it, contiﬁuing for a while to glow. Such phenomena
make a small contribution to the general statistics of the

observations of ball lightning and on théir manifestation they differ
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from usual ball lightniny, which moves by'air, but not on the ground.

Therefore it should be isolated such phenomené. 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 tbkis
case, occurs the formation of copper aeroscl particles. During ‘.e
association in the external field they acquire filamentary structure,
and as a result of the high densify of material ;he density of
filamentary aerésol particles also is sufficiently great; therefore

they are interwoven with each other, forming zompact cluster.

L
* - H

Separate filaments are not adhered in presence of uncompensated"
for charge in cluster, i.e., cluster supports its form. If the
thickness of separate filaments in the cluster is more than than 10
um, then it fall$ to the eérth. 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

dar 2
‘ cha't':_.';;j(T)l

vhere ¢p - heat capaciiy of conductor, p - its mass density, j(7) -

radiant flux, emitted by surface of conductor. Since j{T)~ I*? tihe
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solution of this equation can be represented in the form
T \ia 7 ¢

—2 -3 -——-:— —

(r) tg W=y

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. Teble 6.2
depicts the values of this parameter for r,-10 um. At the same time
'fhble 6.2 gives the values of probability w of the fact that the
optical photon vith a wavelength of A<0.75 um is emitted at this '

temperature.

Values represented in-fable 6.2 relate to optically rarefied
cluster of aerosols. With the disturbance of this condition the
radiation lossgs decrease. Furthermore, chemical processes on the
surface of filaments can change the character of heat wiihdrawal and
it is essential to increase thz radiated power in the optical region

of the spectrum.
Page 131.

And finally convective hea withdrawal accelerates coocling conductor.
The disregarded factors attest to the fact that obtained data can be
used only as the estimate. As it follows from ‘fable 6.2, the glov of
the cluster of filamentary ae.osols 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 lightning {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 form of the set of theISingle particles of
radius r,, we have, that the optical thickness of the layer r of size
! is equal to 1=1/(N0). Here N - particle density, ¢ - scattering
cross section on the single particle, so that (Ng¢)-* - mean free path
of photon. Accerding to formuia (6.5) o~r,?, and the particle density
can be found from the relationship/ratio |
Pw“-%—-:[rgp.'\", where pcp - average density pf body, p - material
density of body. Hence it 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 iormuia ge=1p,l, where 7, is the
characteristic only of the material of body. The condition presented
requires, in order to r<l. Since for the body of ball lightning /~1i0
cm, p, ~ 107 gecm~?, the this condition'gives for the maferial of

body value t,< {00 cm*<g-*. 1In parti-ular, for the aerogel of

silicon dioxide we have [121] 7,~10 cm?.g-?*.




be analyzed in more detail.
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Table 6.2. Characteristic cooling time and the portion of the optigal . i (
radiation of metallic filaments. TR A ‘*. =
T, K (a) (’jnaﬂ w ' - ? (
RJA MeIl #ie03a (,
¢
1200 2,80 1,30 1,6-10-¢ ,
1400 - 0,74 9,1.10-4 (
1600 - 0,46 3.2-107? .
{800 — | o3t | 790 ¢
.
. . @
Key: (1). s. (2). for copper. (3). for iron. -
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§6.3. Chemiluminescence in excited air.
aAs it follows from carried out analysis, glow of heated surface .
cannot explain entire diversity of colors, observed in ball lightning.
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 thé specific
electronic states of atoms or molecules is supplementary energy
process in the system and does not affect its power engineering in. (
Hovever, since this process determines the glow of system, it should {
{
{

Let us examine first chemiluminescence, i.e., pcheéé, in wvhich L
chemical energy of gas components is converted into energy of glow of

excited molecules or atoms. 1In this paragraph we aﬁa}yze the
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effectiveness of the system, %hich contains ozone and nitrogen oxides.
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 place in this case are relatively vell
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 again to become molecules NO during the
appropriate process. ~Thus, we have the'chain/catenary process, in
which the mdlecules of ozone are expended and their chemical energy
partially is converted into the photon energy, which appear wvith 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 bésic goal - to obtain
representation about the character of the phenomenon being
investigated, analysis will carried out only for room temperature of
mixture.- Table 6.3 gives essentiél for our analysis parameters of

fundamental processes, which correspond to room temperature.

Page 133.
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Taking into account the qualitative character of analysis', we do nb"c'" .

give all works, in which these parameters vere measured, but we glve

P PR

characteristic. The parameters{able 6.3 will be assumed as the

basis of the conducted analysis.

Probability of converting chemical energy, i.e., probability that
resolution of one molecule of ozone vill lead to onset of optical

photon, it is composed of three factors:

w=2IY2 (6.20)

here x - probability that molecule of ozone will be destroyed in
reaction with molecule NO; y - probability tha‘t‘ as a result of this
reaction it is formed excited molecule NO,; 2z - probability that decay

of excited molecule NO, will be accompanied by emission of photon. .

T e T s T

—
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Table 6.3. Rate constants of processes with thermal energy in the

mixture, which contains nitrogen oxides and ozone.

i h <) )
i) Kotictan 12 cko- [narepaty-
& é Tipouece pocrnd), cw 3. =1 pé
2z
{ INO+ 05— NO,+ 0, 19.40-14 | [69—T1]
2 | NO 4 O~ NO,(*By) + Op 10-1% {6@_1.2 ]7
e)
3 | NOLB,) — NO.4,) + fw 1, = 3.10--£éa (73]
{7 = 0,52=0,81 yrwv) 1, = 28.107%¢;
t# tg = 75-10-%®
4 |NO,+ 05— NOs+ 0, 32.40-7 | {69 .“,o
l
5 |NO <+ NOs—+ 2NO, 1,9.40-12 175]
6 |NOg-+ NO,—~ NO,; + NO+ O, &mg« {75 .
7 |9NO + 0, — 2NO, 2.40-%cvs.c7! |  [76]
8 |2N0y— 2NO; + O; 2,3.10-¢ 75]
g NOQ "i" Nos :: N;O.-, A l’l“ [75]
- =43N%w’
OB L X o NOCAY N, | kT = 77, 8
7710 NOLBy) 4 Ny = NO,24) + N, =hi > 105 cxp {77, 78]

Rey: (a). No of process. (b). Process. {c). Rate constant,

em®.s-*, (d). Literature. (e). s. (f). aum. (g). cmé+s-2,
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 um.
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Although the tail of this band enters the infrared region, we will
conditionally consider the appearing photon optical. Further ve

analyze each of the factors of formula (5.20).

As it follows from totality of processes, represented in-§able
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
k, {NO]
T = - g 1
k, INOJ + &, [NO,]

vhere the indices in the reaction rate constants correspond to the
number of process in fable 6.3. Let us record the equation of
balance at the density of molecules NO:
d [NO . . .
2IN0) . . k, [NO} [05] — Ky [NOJ [NOsl +
+ kg [NO,] [NOg}.

in this case we disregarded process of 7, vhich for the pheromenon in
guestion does not play role. It follows from the guasi-steady-state

of process that “.'_[..}?} = 0,

[NO,]  k,{05]

—— T
—

+ =,
[NO ky [NO,) R

Substitut.ing 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 “fable 6.3, wve will obtain

e o oy
%ﬁ@ a% @% : ; i : j ' : . . j
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k, [NO,} \—1 £, [0,] k bk \-1
o= (ol )= (1 e + ) -

0 , n\!_ 4

Probability that reaction of molecule of ozone with molecule NO
will lead to formation of electronically excited molecule NO,(3%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 éxcited
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 xy<10-2.

Question about accuracy of value of probability of quenching of
excited molecule NO, during collision with molecule of nitrogen, which
is given intable 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 eﬁitting

this molecule, we will obtain the value

2=4-40",
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As is evident, quenching leads to most essential losses in
emission. It is not difficult to understand this result - the L .
emitting lifetime of the excited molecule NG; is relatively great énd
according to-Yables 6.3 compriseé 3+10-* and 7.5-10"° {(decay time of

gquantum caused by the lifetimes of the excited molecule 7, and 7,).

L e e T T T N
. . X H : t X :

At the atmospheric pressure the characteristic time of the "damping"
collisions with the molecules of air is much less. This determines so

lov a value of the probability of fluorescence for the excited

Ty TN Y T
2 | :

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 : .

w<b-10-%,

The smallness of this value is eiblained'by the smaliness 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 thg 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 tne most effective cases

of chemionization in excited air, on the basis of the carried out

L
.

”
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analysis we must forego the chemiluminescence as the process, whiéﬁifu
. leads to the emission in ball lightning, and search for other -_ - S

mechanisms of its creation.

O
-
C
(€
.
-
®

TETTTR T aglT e 2D



DOC = 89119409 . PAGEZRY 2

Page 136.

$6.4. 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; 1f 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. |

.

1t 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, wvhich 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]. 1In the experimentally invgstigated temperature
range these values in limits of accuracy of experiment and,coincidénce
of the results of different measurements virtually do not depend on

temperature.

For probability of luminescence of excited atom taking into

S . o 73] ) i I i’ : - . H i .
: 3 : i I : ; B ; H .
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account obtained expressions we have

2= [k (N)[Na] + K (0)[0] 1 + 13-, (6.21)

where k(N,) and k(0,) - rate constants of quehching during collision
with molecule of nitrogen and oxygen respectively, 7 -~ emitting

lifetime, [N,} and [0,] - molecule densities of nitrogen and oxygen.
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Table 6.4. The resonance excitation of the atoms of sodium and A .

potassium by the molecules of nitrogen and 6xygén.

: : .o i ! : 4
. ; ! H K H

o) "
(goasymnennun @) k, 10=10 cadip—l .
aToM T, Be _ \
N, U, :
; Na(3°P) 16 7,0:£4,5 12414
1 K(4*P) 2 5,014 143
-
Key: (1). Excited atom. (2). ns. (3). ... cm.s-?, &
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Utilizing this formula and data ofaf&ble 6.4, for the probability, of
the luminescence of the resonance excited atom of sodium and potassium

in.atmospheric air at a temperature of 2000 K we will obtain

o g(Na)=0,02 2(K)=001, e
i.e. in this case the probability of the lumipescence of photon z<{.
/ 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 32).

FOOTNOTE ). Let us note that the difference between the quenching in
the_exaﬁples 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 excited molecule

Shaiak ol et ol sl 1.V - Takal Yaiakakaatat 1"
Lo ¢ [ K- : iR e
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NO, according to data of-f%ble 6.3 is (2-4) +10-** 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 atmosphefic 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 & result of collision ..e -

molecules of air and will leave into the heat.

Conclusion about presence of thermodynamic equilibrium for
excited atoms or molecules in equilibrium air makes it possible to
restrict number of atoms and molecules, which can create emission 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 éecond
place, these excited states must be the lower excited states of atoms
or molecules, since their number is determined by the local
temperatu?e of air, which approximately by an order lower than
excitation energy'of lover states. Ang, third, the photons, emittea
with the luminescence of the excited states <in question, must answer

the optical part of the spectrum.
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Limited number of excited atoms and molecules satisfies all these

P

conditions. They all are given on the diagram, represented in E}é},

et
! .
v 3o -l

6.1, where all possible versions aie given as the radiating atoms and

the molecules in ball lightning.

Examined mechanism of creation of emission in eguilibrium
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
4 .
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,0, - 30%; resin - 3%, .

: R ) ! . -
N a o N R
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Fig. 6.1. Diagram: wavelength ~ emitting lifetime for
transitions/junctions into ground state for short-lived excited states
of atcms and molecules, which radiate in optical region of the
spéctrum. The position of transition between the fundamentél
vibrational states of electron transitions is indicated for the
molecules. |

Key: (1). um. (2). Red. (3). Orange. (4). Yellow. (5).

Green. ({6). Azure. (7). Violet. (8). ns.
Page 1i39.

The specific energy reserve of this composition of 6 ﬁa‘rdg", maximum
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combustion temperature 2500-3000 X, and®luminous efficiency 8 1m°W°1,s
therefore, conversion factor of chemical energy into the energy of- .
glow by yellow are equal to approximately 1.5%. In this case the glow

is created by the excited atoms of sodium and by hot specks.
$6.5. Propagation of the wave of glow.

Let us connect of processes, which lead to glow of ball

lightning. As & result of chemical processes the hot zones, which

-
.
.
.
.
.
-
(

(
(
.
.
¢
&
i
&

create emission, appear. If we consider that the active material of

ball lightning has fractal structure, then the wave of chemical
reaction is ﬁropagated 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 1o estimate parameters of processes, which determine

glow, and to compare them vith observed parameters. This analysis

S8 TRC T T T T TAE

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 hot region, the greater gradients of temperatures and ¢
the rather cooling occurs. Since the emitting losses of hot region

strongly do not depend on its sizes, it becomes clear that the less

o
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the size of hot region, the lower the luminous efficiency of process -
relation of the power of radiatioh and total power, isolated in ;he
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 radihting 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.

Page 140.

The absorption coefficient for the resonance radiation of sodium in

the center of line is equal to [82]

kq g 4 {[Ng] bym (Ng) + [0) kym (Oy)) (6.22)

vhere g, and g, - statistical weights df the excited and ground
states, A - the wavelength of transition/junction, [X] - the density
of atoms or molecules of the corresponding component, k,(X) - rate
constant for the broadening of the resonance line of sodium due to the
collision with the molecules x.' Accordingly km(Nz)=3,6-10"

cm’+s-?, Considering that the rate constant: of the line broadening
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of sodium due to the different components are located in the same y
relationship/ratio, that also the rate constant of quenching, we .
obtain k. ,(0,) =0,1 X 10~® em?+s-*. Hence we £ind for the coefflcxents .

of absorption of resonance lines {in cm-*) in the center of the 11ne
ko (3282 —+ 3'Pap) = 8,5 - 10° ¥/

(6.23)
ko (35, 3Py )= 4.2 - 10° P

Key: {1). s.

here ¢ - sodium concentration, i.e., the ratio of the number oI sodium

atoms to the number of molecules of air.

On ba§is ¢. obtained values iet us make following estimate, which
will make it .possible to ﬁbtain representation about parameters of
glowing region of ball lightrning. Let the glowing region oécupy layer :
near the sphere with the radius, equal to a radius of average ball .
lightning (14 cm), and give the same luminous density, as average ball
lightning (1400 1m). Let us explain, what concentrations of sodium ¢
and thickness of radiation layer ! at an. assigned temperature T of
layer are capable of ensuring the gldw of average ball lightning of
the yellow (radiant flux it is 10°* Wecm"?). For the radiant flux in
each resonance line of sodium from the side of radiation layer [31] we
have |

0,38 [Na*] t i3/
j=2= ;,,’, o (6.24)

vhere [Na*) - density of excited atoms, which is connected with

Boltzmann's formula with atom density in the ground state, hw -~ energy

Cm s o s S S s S AARC TACT T T T T AAARM
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of the emitted quantum, 7 - emitting lifetime of excited state.

According to formulas (6.23), (6.24) j~(lc)ﬁﬁ.
Page 141.

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 (¢210-*) the value of the
thiﬁkpéss of radiation layer relatively little precisely in the
temperature range {(T32000 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 5ifficu1t to en#ure the observed luminqus density

of system.

Let us conduct one additional estimate, which will make it
possible to estimate size of elemeﬂtary 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 contains reaction
products with the admixture/impurity of sodium and cools due to the
thermal ccnductivity, transmitting its energy to surrounding air.
Considering that bubble - sphere with a radius of r, let us find its
luminous gfficiency - the ratio of the radiated power on the atomic
lines of sodium td'the dissipated power of energy due to the thermal

conductivity ?*).
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FOOTNOTE ). It is assumed that beyond the limits of bubble §od‘i’&n is -
located in the bound state and therefore does not absorb resgnancef‘JF "‘§f1}
: R
radiation. ENDFOOTNOTE. *
*

Heat flux from bubble is equal to.

. ar T
e =— %G =ETh (6.25)

where x - coefficient of thermal conductivity of surrounding air

dinx .
(a = m), T - temperature of bubble.
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Fig. 6.2. Dependence of parameter ;(7) in the case, when radius of
sphere and emitted by it luminous flux coincide with average

_characteristics of ball lightning.

Page 142,

Let us note that convective heat transfer'is absent for r<«1 cm. The

luminous flux for each of the atomic lines of sodium is equal to [31]

o = ORATELRR ) /o (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

_Jmn o
n= ;—— = ‘.’(T} r3i2ei/2, (6.27)

Ten

Dependence 7y(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 ra&iating atoms. 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

=
=
-
.
¢
(
¢
(
{
(
C
&
&

the heat flux from the cylindrical heated region will take the form

| Te ) (6o8) -

Jrena = G rIn (0

Here designation - the same as in formula (6.26), ! - length of the
heated cylinder. 1In the subsequent calculations for the certainty we .

will set ]=230, i.e., ln(lfr')-"‘-4.

For luminous efficiency we will obtain formula

n=A(T)rc®, (6.29)
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Fig. 6.3. Dependence of parameter 7 in formula (5.27) and parameter A

in formula (6.29) on temperature T of hot fegion at its agsigned

geometry.
Page 143.

Comparing formulas {(6.27) and (6.29), and also expression for the
thermal and luminous fluxes in the spherical and cylindrical cases, ve

find that

=
D

3

In—- a5,

=

3

-_—

—|a
4
e

It is nagural that in the cylindrical case the higher luminous.

efficiency is pro%ided.

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 possiﬁie

actually to design. For this purpose let us give the values pffthé

abundance of fundamental elements in the surface layer of the earth's

crust.
S losent O Si Al Fe Na K Ca Mg Ti Ba Mp Sr
Woxepianne, 48031085 35 28 27 25 14 36 07 08 0,3
MI-T

Key: (1). Element, (2). Content, mgeg-?.

. Being based on these data, it is possible to consider that for
sodium c~10-2, and since for average ball lightning of yeilow 2~10-3,
we obtain, that in temperature range in question size of hot zone
comprises fractions of millimeter. Let us note that the Size of pot
region exceeds the characteristic distance betveen the adjacent

branches of cluster %),

FOOTNOTE *). The distance between the adjacent branches of cluster in
order of magnitude comprises ] ]/E/;re, vhere p - material density of
cluster 7 - its average density in the space. Since 7~100 r,, and

ro~ (0i+. um, we have [. (10+100) um. ENDFOOTNOTE.

On basis of totality of carried out estimates let ué construct
model of active material of ball lightning. This is - the clustér,
which includes the solid particles of both the fuel, and the oxidizer.
I1f we consider thét specific energy reserve in it by the same as in
the illuminating composition (6 Eﬁ'g"), we will obtain that power

engineering of average ball lightning is provided by 3 g of active
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material. The average mass density of active material in avé;§§§~£§li
lightning (radius of 14.cm) composes order 3+10°* gfcﬁ"; i.e., ﬁﬁéi,

content of active material in air (0.2-0.3) geg-?.

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 glowihg

admixtures/impurities, possess the temperature in the interval of

~ 2000-3000 K.
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Higher temperatures cannot arise as a result of chemical pr--esses,
lover will not ensure the observed glow of system, The 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
appropridte filaments. Simultaneously reaction occurs at many points
of the body of ball lightning. In view of the high temperature of

reaction products the chemical process is accompanied by glow, and
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since simultaneously it occurs in the dxfferent parts of ball
lightning, this causes the impression of the gldw_of zts en é re
After rearhing the fixed point of body, react;on can be dijigg;
and at the same time arise at its other points. Th:s createS‘th

transiency of glow,

Let us fulfill numerical estimates, simulating active matérial'
vwith {ilamentary 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
ps. Since the pressure of reaction products counterbalances air

pressure, we have

Considering that a density of reaction products of the order of air _ .

d

density at temperature (2000-3000) K, we have R,/r,~100.

Wave of combustxon, vhich appears in the presence of reactzon of
active material, is propagated in.essence in gas phase- due to
expansion of reaction products, but wave propagat;qn ve;qczty;of _ - r-; @é
combustion is limited with rate of éombustion,of s0lid. Let v; -~ wave. 7

propagation velocity'of combustion on the solid. Then thq_wa%e_

propagation velocity of reaction-along the filament comprises. - ey
R - . i . -:-?‘,,(':
9-—-“"‘2 iwl?,,. - ’ . 77__2';
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.‘ Page 145. : -
Simulating active material of ball lightaing we examine by’ \
illuminating composition, we will use fact that wave propagation

velocity of combustion comprises order 1 cm+s-*® [81]). The wave

propagation velocity of chemical reaction and wave of glow in the case

in question will be v~100 cmes-?.

C

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 ®) glows due to the high
4

(. .
¢ temperature and cools under the action of the thermal conductivity of
- gas.
C -
@ | o . .
- FOOTNOTE !). 1In reality these are not cylinder, but the cone, which
) decomposes at the wide end. ENDFOOTNOTE.
a
C The reference length of the cylinder

l~uvr,

vhere 7 - cooling time:
ra Pyl emme
i 2n35’

" here j - heat flux, determined by formula (6.28).

Utilizing parameters of illuminating composition (specific energy
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. Page 146.

reserve Q=6 k]'-g", density of active material p=2 g-cm=’)}, at r.-flum
and T=3000 K we have 7~10-? s, in this case r~r,?. Tor these R

;"Jarameters R,~0.01 em, (~0.1 cm. ] . ;f.__r-i'__ -

Let us determine under given conditions number of simultanéously

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
filament leads to the power of heat release p~()pnr§va-'-«0,0-’1 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
¢=2ar]~6-10"°" cm?, i,e., the total area of glow 5~300 cm’,' vhich
is approximately by an order less than the surface area average ball
lightning: S=4.-;R;,"z2500 ém’. . This means that the emission of each
region freely departs beyond the limits of system, without falling
into other giowing regions, i.e., not the surface, but volumetric ‘.’

emission of ball lightning occurs. ‘ _ .

Let us conduct one additional estimate in order to understand,
vhat role in emission of glowing regions they can play located there

aerosol particles.

We will consider that theé size of aerosol particles as small (r,<{ S

am}, and we will use formula (6.8) for the power of radiation of
single aerosol particle. We will obtain that the totai pover 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 aerbsol particles, and™
does not depend on their according to the sizes. 1In paf£i¢ulat}:§fter
using data of fable 6.1 for the specks of carbon black (Jeo =_O,9 :[;O,i’i"-
and considering that their content in hot regions on the order of .l
g on 1 g of air, we obtain, that during the temperature of the hot
reginns T=2500 X and estimates for their parameters obtained earlier
the total 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. 1iIn this case in the optical part
of the spectrum is emitted by approximately 8 W, and the luminous fiux
of this source of light - order 2000 1m, i.e., the order of the

luminous flux, emitted by average ball lightning.-
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Chapter 7.

PHENOMENA OF NATURE, ALLIED TO BALL LIGHTNING.

§7.1. The electrical machine of the Earth's atmosphere.

Analysis carried out above convinces us, that ball lightning is
complicated phenomenon of nature, whose undefstanding requires
multiplan investigatiohs. Conprehensive investigations are necessary
for ihe study and other phénomena of nature. Special interest from
the point of view of ball lightning for us present electrical and
other phenomena in the.atmosphere,_including lightning and St., Elmo’'s

fire, waters-spout, the volcanic eruptions, aurorae polares.

Interest in these phenomena is caused by fellowing reasons.
First, these phenomena on some their manifestations remind of ball
lightning. For example, aurora polaris, as ball lightning, is
accompanied by glow, and St. Elmo's fire Sréqpently aré accepted as’
ball lightring. In the second plece, ihe:part'of theséﬁphgnomena,is
frequently accompanizsd by the appearéﬂce df bal} léghtniﬁg. ?hus;
with the voicanic_eruptiéns aﬁd'during the pgopagéiﬁéﬁ of gate;g;gpdut
sometimes are observed bqli 1ightnings. And;x;hixdly; fs‘a_pﬁfg;g_,
systematic interes. in these phenomena, vhiei; a;efghééﬁcteri;ed_§§4;hé

spontaneous character of the onsef. :In -each case the phenomerion of °
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nature in question is the totality of natuéal processes, also, iﬁ eaéh
case the possibility of iis descfiption and, consequently, also
forecast, depends on the degree of its asxperimental investigation.

The comprchension 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 148.

Difficulties of experimental investigation of phenomena in
question are caused by spontaneous character of their onset.
Therefore §roblem supstantially is simplified, if there is a
possibility of the labératory simulation of phenomenon itself or its
separate sides. With this possibility laboratory investigatigns make
it possible to obtain responses to the presented questions and thus to
conduct detailed research of phenomenon in that degree, to which
laboratory model answers.natural. Certainly, the depth of
understanding phenomenon in this case depends on ghe perfection of
utilized experimental techniques, and on the existing representations
about those taking place in this case processes. The detailed
investigation of phenomenon substantially hindars.in the absence of

the laboratory model of entire phenomenon or its separate sides.

Among atmospheric phenomena, allied to ball Lightning, should be
first of all isolated electrical phenomena in the atmosphere. The

onset of ball lightning is obliged to electrical processes in the
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atmosphere and their detailed understanding vould contribute to the
explanation c¢f the character of the birth of ball lightning.
Electrical phenomena'in the atmosphere are diverse. Let us further
examine only part of them - the overall diagram of the work of thé '
electrical machine of the Earth, and also thunderstorm electricity and

St. Elmo's fire.

Our Barth is continuously charged negatively, so that its
potential as electrified body comprises [85, 129] about 300 kV and
current, vhich is 1400-1800 A, continuously leaks off to it. This
process of the continuous recharging of the Earth is determined by
thunderstorm processes in th; atmosphere. Assuming that the
average/mean charge, transferred by separate lightning, is equal to 25
Cc, [85, 130, 134], we will obtain that for the realization of the
observed current of recharging it is necesgary that into the Earth
would second-by-second strike approximately 60 lightning bolts, and
every day - approximately 5 mln, 1In 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, ve find that the charging of the Earth answers the electrical
pover of order 5+10' kW. Since the electric potential of the Barth is
300 kv, the process of discharging the Earth due to the current,

transferred by atmospheric ions, is 5+10° kW.
Page 149.

Por the comparison let us point out that the average pover, consumed
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by man, exceeds 1-10!° kW, the power of the solar radiation, which
falls in the atmosphere of the Barth, is 1.7-10** kW, and the pover of
infrared radiation, emitted by the Barth'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 prncesses 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
fecharging of Barth {131}, is the main question in investigation of.
work of electrical machine of Barth. It is considered acknowledged
that the charged particles in the atmosphere, which create current to
_the surface of the Farth, 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, accordiig to measurements
[B6], occurs at the heights of 11-15 km and composes 35 cm’-m-?!, total
ionization in the coiumn of air is equal to 4.5-107 cm-%+g-, If
wve charges formable ih 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
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the aerosols - microscopic specks or droplets. If the coefficients of
diffusion of positive and negative ions are distinguished; then more
movable ions with the larger probability adhere to the aergsoi and
thus they determine the sign of its charge. For example, accordiﬁg 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-*, and for negative ions 0.036Acm’s‘*. 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 um 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 onset
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%° 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 reqﬁireé the
expenditures of power 5:10' kW, which six orders is less. 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 reaiizeﬂ in
clouds. This process is well studied and consists of the foilowing
(for example, see [87-89, 131, 132]). 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,
ffom below ~ negative charge and heavier aerosols prove to be from
below. Thus, are created the clouds, whose typical size coﬁposes
several kilometers, and the divided in them charge composes several
ten coulomb. The potential of the lower negatiﬁely charged zone of
cloud relative to the Earth composes hundreds of mil;ions 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 thg
earth positive'charge, 80-90% - negative [B8, 135]}. As is evident,
the process of the charging of the Earth is determined by the process
of the separation of charges in the cloud, which, in turn, accompanies
the process of the transfer of water in the atmosphere. 1t 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°'°

Con l g of water.
Page 151.

 The drop'located in the cloud with a radius of 2 um bears on itself

- the average/mean charge 20e [881, which corresponds to the speciffc
charge 10°* Kil-g-* transferred; drop with a radius of 5 pm bears on
itself average/mean charge 50 e [8B], vhich answvers the specific
charge 3-10-* Kl«g-?! transferred. Hence it is apparent that the
clouds, formed during the transfer of water in the atmosphere,
completely can ensuré the work of the electrical machine of the Earth,

vhich ensures the electrical charging of the Earth.

Thus, we have following picture of work of electrical machine of
Earth. The electrical processes, vhich lead to the charging of the
Barth, are side reactions with the work of the heat engine of the

Barth, 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 negatively 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 & 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
‘bart of its negative. charge to the Earth and it charges it thus. The
reverse process of discharging the Barth is realized due to the
currents in the atmosphere. 1In this case average/mean electric
intensity on the surface of the Barth is [84, 129] 130 ve.m-?, average
current dedsitj above the dry land 2.4:10°'2 A'm"%, and above the

ocean 3.7+10°'2 Aem~2,

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. 1In
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spite of all these deficiencies it is possible to cons{der tbatjﬁﬁé:_

fundamental elements are here clear. From the point of Qiewugi?bgii"

lightning the interest in the electrical processes in the atmpsphgfé 

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. 1In 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

Ll . ) L] ¥

lightning.

§7.2. Electrica; phenomena in the atmosphere.

s -

Let us pause at electrical phenomena in the atmosphere, which are

accompanied by emission. Among them ve 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
vithin the cloud. The length of the channel of this discharge is

kilometers.

Description of separation of charges in cloud represented in
preceding'pafagraph shovs that large charge, which cofrespoﬁds to
potential into hundreds of megavolts, is stored on lower part of

cloud. However, this potential it is insufficient in order to carry
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out by direct test in air, since breakdown voltage for d;y air
composes 30 kVecm~!, vhat to one - two orders exceeds electric
intensity, created by the charges of cloud. For this reason the
lightﬁing discharge carries more complicated character. Breakdown is
realized due to the random heterogeneities, and also the charges and
the impurities in air, which reduce 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
éach line Composing tens of meters. The characteristic velocity of
propagation of stepped leéder is 10® me«s"?, which in order of
magnitude coincides Qith the drift velocity of electrons in air in the

fields in question.

Stepped leader fransfers 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. 1Its first phase (phase of peak current)
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1asts microsecond, and entire charge is transferred in return shock
less than in the millisecond. The channel does not manage to be
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~1
kvVecm-*, Energy chosen per unit of the length of channel compoées QF,

and a characteristic change in the temperature of air in the channel
QF

where ¢, ~1 ;r-(g-c) -1 - heat capacity of the air, p~10°* gecm™® -
its density, and $~10% cm® - section the channel (radius of channel it
relies by equal ﬁn the order of 10 cm). Hence we will obtain:
AT~2:10¢ K. This is very rough estimate, but it makes it possible to
undarstand that air in the channel of lightning strongly is ionize&.
Energy losses in the formabie plasma to the high degree are connected
with the emission, which limits further increase in the lemperature.
It is usually considered {85, 136] that the temperature in the channel

of lightning is 30000 K.

Initial stage of return shock, connected vith creation and
supersonic expansion of high—temperature éhannel, is accompanied by
propagation of acﬁustic wave -~ by thunder. Then is esﬁablished the
equilibrium of high- temperature channel with the surrounding air and

during this period of time within the conducting channel is

3

(-
.
-
]
-
.
-
.
.
(_

(
{
.




o

B T T e T e N R e W

i

: H i

-
-
C
-
C

NI XD

DOC = 89119410 PAGEJGS 1@

transferred basic part of the charge. The value of the current
transferred by channel sharply falls in the course of time, and very
stage of return 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 6ccurs, if

from the time of the previous flash passed not more than 0.1 s.
Page 154.

New flash begins by the so-celled 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 the:efore moves continuously, without'being delayed at each
stage.. After the passage of arrow-shaped leader return shock fcllows.
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 transformaiion of electrical
energy into the rédiant energf. For the parameters of lightning in
question the energy, isolated with return shock per unét of length, is

QF~2 kJecm-* (Q~2 C - the passed along the channel charge for the time
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of return shock, P~1 kV-cm-? - electric intensity). 1If q! consideri
that the channel emits as blackbody with temperature T=30000 K, then
we will obtain the energy flow of emission with the unit of the gr;a
of channel g=0T"=5'40° w.cm-3, and energy flow with the unit of the
length of channel 2ngR~10? Wecm-? {radius of channel R~10 cm). Since
in the conducting channel is maintgined the temperature in the period
7~10-* s indicated, the outgoing through the emission energy under the
conditions for this estimate composes order 1 rﬁ-cm'*f i.e., the
conversion factor of electrical energy into the radiant ehergy in the

conducting channel of the lightning of order one.

This estimate is overstated, since assumption about radiating
channel as about blackbodf-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 tlhe emission corresponds
to the ultraviolet part of the spectrum. Actually, for the blackbody
with the temperature of 30000 K the maximum radiant energy according
to Wiens law corresponds to wavelength 0.1 um. Although it is actual
as a result of the fact that the air plasma is ffansparent for the
vacuum ultraviolet, this maximum is displaced.into the region of
longer waves, the fundamental emitting losses cf the hot air plasma in
queétion ére connected with the ultraviolet radiation. In this caée, ‘
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 [B5, 89]. Lightning is intense
radiation source, but in comparison with pall lightning the duration

of its emission is short and is determined by the lifetime of the
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conducting channzl. In this plan the so-called beaded lightning [12]
is more interesting. This lightning is formed from the channel of

usual lightning, which separates into the series of vividly glowing

I %f spots - "rosary" (Fig. 7.1). The time of the glow of these spots is
| ({ 1-2 s, i.e., approaches a lifgtime of ball lightning. Unfortunately,
5 (? the existing information on beaéed lightning [12] is very limited.

E . And the accumulated factual material on this question, and itss_

- analysis is much more limited, than in the case of ball lightning.

o Therefore information on the pearlylightning cannot aid in-the plan of
554 the study of ball lightning.

- .

St. Elmo's fire are interesting electrical phenomenon in the

. atmosphere. In fact thef are the coroﬁa discharge in the vicinity of
. separate conductors in the thunderstorm weather with the high f:eld
streagth in the atmosphere. 1In this case near the conductors appear
the elgct;ic fields of the high intensity, capable of leading to the
ic .*zat:ion of the'surrounding gas. In the vicinity of these

L. . » tors. the so-called corona layer, are developed the processes of

th . ;2tions of gas, critical for the reproduction of the
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electrons, which further perish on the electrode or depart to,the
region vith a small stiength of the field, where :hey perish, adhering
to the molecules of oxygen. Together with the processes of ionization
in the corona layer proceed also the processes qf exciting the gas, 50
.that this layer glows. If we.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 ships and other objects.
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‘Fig.- 7.1. Photograph -of pearl lightning.

Page 156.

Usually this glow is observeﬁ, vhen 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 us give the series of the
descriptfons of St. Elmo's fire, undertaken from the book of Arage
[1]. The first of them is borrowed from the "Notes of Forben".

"2t night (in 1696 on pérallel of Balearic islands) it suddenly
became very &ark, lightning began to sparkle and terrible thunder
began to thunder. Fearing the storm th;eatened us, 1 ordered to
retract entire of the sail. More than 30 St. Elmo's fire sppeared
aboard the ship. One of them, by the way located on.to the top of the
veathervanz: of large mast, was greater than three feet. 1I 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, Quch as it occurs with the ignition of the moistened powder.

1 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 remained 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 phenomenon:

"2fter thunderstorm, which happened on 14 January, 1824,
Maksadorf glanced 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, ypich was.

-continuing about ten minutes, disappeared as soon the wind took aﬁay

black cloud". ' | ' .
"On sunset on 8 May, 1831, artillery and engineering ‘

officers during thunderstorm were misséd wvith exposed heads on terrace

of fort Ram-Azun in Algeria, Each of tpem noted that his comrades on

the extremities of the hair raised upwards were the small light

e T C T T T NE

brushes. When officers rose hands, then similar brushes were formed

also on the extremities of their fingers".

.

"puring thunderstorm on B8 January, 1839, when lightning
hammered into tower of Hasseltska church, peasants, who wvere being
located on dam between Tsvolle and Hasselt, in vicinities of last

city, noted strange phenomenon.

Page 157,
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They 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 shone 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 of glow - the St. Elmo's fire

frequeﬁtly resemble ball lightning. Therefore frequently St. Elmo's
fire are accepted as ball iightning. 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 dve to the discharge itself. Although

this concept of St. Elmo's fire is insufficiently checked, it attests

to the fact that the real physical picture of this phenomenor is

complicated and requires attentive investigation.
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§7.3. Tornados. .
Tornadc - 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,
w#hich appears above the dry land, and water-spout - similar vortex

above the water surface. ENDFOOTNOTE.

Outwardly tornado is developed as follows .[92-95). It 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 beginning to it gives the dark cumulus cloud, from which to . )

the earth trips the tornado.

Page 15B.

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
vaters-spout are observed in the middle strip of the USA, where the
hot and arid climate favors this phenomenon. Yeariy 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

@@%Mﬁﬂ’“""“ﬁ—xﬁ-ﬁﬁﬁ“\’
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perished 864 inhabitants of the USA, in closer 1974 perished 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
vere 40 million dollars. The - urly losses of the USA from the

waters-spout are evaluated at 500 million dollars. Another known
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tornado mettunskiy) carried past above the states of 1llincis and
Indiana on 26 May, 1917. This tornadoc 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 relaied not 9*,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, Ivanovskiy,

7&5 %ﬁ %ﬁf b : oo L g

it carried past above Ivanovo region on 9 June, 1984. As a result
suffered 966 apartment houses, 40 objects of municipal services, 157
enterprises of storages, cattle-bréeding farms, about 600 garden
houses. Are eliminated about 2 thousand heﬁtares of agricultural
sowings, more than thousand hectares of forest. Injured and killed

were not communicated about their number.
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Relativelf large scales of tornado and its destructive effect
contribute so that investigation of this plenomenon 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.

Page 159.

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,
whéreas tens become the dir ct witnesseses of the tornado, sometimes .
even tnousands of people, 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 obéerving tornado, éontemporary physical picture of this
phenomenon-is very schematic. The difficulty of the experimental
investigation of the separate parts of tornﬁdo limits the
ﬁossibil{ties of its complete description. Let us examine the
separate sides of this phenomenon and let us present some questions of
general character, to vhich is required convincing response. One of

the surprising properties of tornado - high rarefaction of air within

— e, .
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the vortex. In combination with the sharp boundary of vortex and the
high rate of movement this leads to the strong destructive effect. 1If
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 visualize the scale of the acting forces, let us make simple |
estimate. Let there be the one-room huuse 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 broved to be in
sﬁch atmosphere that the internal 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 qf house the force, egual to
10* N will operate (10 t). It is clear that this force is capable of

leading to serious destruction.

Ohset of enormous intgrnal stresses due to intcrnal air pressure
leads to destruction of houses and other construction, which contain
air, This destruction carries usually explosive chéracter. 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 po'ultry-.breeding economies. As .
a result of waters-spout chicken cdop-frequenfly 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 (
gualitatively describing tornad;: and processes, its accompanying. But . (
correct scientific model is obligated to give the quanﬁitative i—
description of phenomenon. 1In connection with the described cases and a
their explanation arises the'quesiion, as appears so high pressure (
gradient of air on the boundary of vortex, that the objects instantly ;é
prove to be in the 2one of reduced pressure; what pressure gradient in g%

the vortex in question can arise and as this will be coordinated with

gas dynamics of vortex.

Another special feature of tornado from peint of view of gas {
dynamics of eddy is connected with 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 pressure

. differentials in the tornado are conlsiderably 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 vill consider

further that the roof is the weakest place for design. Then under the

_action of forces within the vortex it is taken away or destroyed. The

s
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C _ action of internal air pressure roof is elevated and further under the
(
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maximum altitude, to which it can be elevated with the assigned

air-pressure differantial Ap, composes (Ap/p)h, since pV = const (p -

internal préssure, h - the height of the house, V - ihe 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.,

c | @

— .

® Fundamental question, which relates to nature of tornado as to
cv gas-dynamic machine, this - how it works.

-

& Page 161.

S

gﬁ 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 appéaring vortex sucks out air fromr
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

r
L 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 simplé model
deséribes 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
pressure differential, which cauvses the fliow 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 torﬁadb as mechanical machine is
determined, first of all, by properties of cloud itseif and by
processes taking place in it, which, possibly, create continuous draw
bar, which supports so prolonged an existence of vortex. 1In this case
the properties of vortex itself on the surface of the Barth 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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. dvaamics 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 character
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.

Page 162.

-

Confirmation to that is the observed fact, according to which the
. tornado germinates only from the black clpud, i.e., from the cloud

with the completely specific cémposition of drops.

Thus, nature of tornadc as ball lightring, is understood still
insufficiently and requires complex study. However, the naarness 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.
§7.4. 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 Barth - the ejection of gases, ashes, maéma from the .
terrestrial interiors - is supported due to the internal energy of the
Earth, Heat flow outside coﬁprises in average [96, 97] 0.06 Wecm-2,

which corresponds to the power of heat release thr-ughout the entire

Earth, equal to approximately 3.2-10!° to kW %),

FOOTNOTE *). The average power, which corresponds to production human
activity, little exceeds 1:20%° kW; this energy release in essence is
determined by the combustion of combustible useful minerals - coal,

0il, gas, etc. ENDFOOTNOTE.

Approximately 3% of energy, which goes f}om the interior of the Earth,

are isolated with the volcanic eruption. On the Barth there exists

the order of 800-900 volcanos, which are considered active [98]. .
Yearly ejections occur in not more than 20-30 #olcanos. 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 eﬁen to .
distribute ashes over the surface of the Earth, we will obtain density
0.6 mgecm-?, 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 eruptions, ve will obtain
about 30 t-cm~* that more thén 10 km correspond to thickness of the
layer. From these estimates it follows that the material of volcanic

origin (ashes, magma) composes the noticeable 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 Ea:th under its solid
surface layer - earth's crust - it is located liquid layer - magma.
Page 163.

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 the places of the section of separate plaves the magma approaches

closely to the surface of the Earth. ¥n such places of terrestial
globe and volcanos are located. Volcanic eruption occurs under the

-«
action of the gases dissoived in the magma.

Magma is found under large pressuse, which is held by up?er
la}ers of earth's crust. If magma falls into the area of reduced
pressures, then gases are expanded. If this is - crack in the earth's.
crust, then gases escape outside, being accelerated and carrying along
in this cese magma, which leads to the large stresses in the solid
material of the earth's crust, which surround crack. The destruction
of this material is possible. Then the motion of gas carries
explosive character and is created ejection. Gas carries along after
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 actién of internal pressure emerges outside 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 unti) this time in the magma, which is approaching the

.

; i

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 inactivé 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 maagma.

From'point of view of ball lightning volcanic eruption is for us

of interest as phenomenon, which is accomparied by electrical

processes, and also by emitting processes in the atnwsvhere. Before
passing to this phenomenon, let us pause based on so~: .xamples of
volcanic eruption, which give representation both about the character

of tﬁe'_ manifestation of ejections and about :he consequences, to which .

they can lead.

Let us recall known picture of X. P. Bryulo\ "Last day of

Pompei"™. In it the artist communicated his representations about the

- Takal Takakatatabal: ¥

eruption of Vesuvius, values, which were recently seeming firm, e

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 control the occurring tragedy .... The

ejection of Vesuvius in 79 B. C ‘ed to the death of Roman cities of

s e ~ %

Pompei, Herculaneum, Stabii. . (

Page 164. , . (
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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 Sumbava, which is located in probe
archipelago in Indonesia. Doring the blast was displaced
approximately 150 km® of rocks (if this material could be evenly
distribuied on entire terrestial ylobe, then would be obtaine? the .

layer wita a thickness of 0.3 mm). The adjacent areas were covered

with the thick layer of ashes; so, the house of the deputy of colony,

which is found in 111 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 aeath of approximately 80 thousand people.

One of that most memorabie was volcanic eruption of Krakatoa in
Sunda Strait between islands Java and Sumatra in Indonesia, which
occurred on 27 August, 1883. 2s a result of this ejection into air
vas raiseq approximatelv 18 km?® of the loose rock, which is eight
times less than wfth the volcanic eruption of Tambora. However,
material was strcengly dispersed due to the incompactness and the layer

of ashes was propagated to the large distaince - to 1000 km. Small
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specks achieved the stratosphere and were located there in the course . T

of many months that it influenced the optical properties of the

atmosphere. Bright rises and sunsets were observed after the ejection
'of Krakatoa for a certain pericd o1 time as a result of che reflection
of sunlight by stratospheric dust. A change in the optical properties
of the atmosphere led also to a cer:tain temperature drop on the planet
in the months subsequeht after eject:on, since due to the reflection

by particles on the surface of the Bart:.. ..e smaller part of the solar
radiation fell; this effect disappeéred ip 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 caused the enormous tidal
wvave with a height of up to 40 m, which attacked the coasts of

Indonesia islands,
Page 165.

Lafge destruction and death of 36 thousand people were the rosult of
its action. Tidal wave from the blast with the volcanic eruption of

Krakatoa was recorded even in English Channel strait.

One of most iragic'natural calamities of our century became
volcanic eruption Mont-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 R&sta [99] this catastrophe, which eliminated city
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 s.00d to harbor, were inverted and burned.
Only two their them, recently arrived "Roraima" and still stood under
steam "Roddam", although'it had many victims, who sustained large
losses in people, with difficuity rescued them, after leaving into the
high 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, overlapped by stc-: arch cell, whose grill window was shielded
by wall from the impact front of the burning cloud; the secongd,
shoemaker in the profession, survived catastrophe in its house, after
hiding under the table, while several other persons, who were located
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 was 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.

Page 166.

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 wife arrived in.Saint-Pierre in order to quiet

population. Next day they pérished as other inhabitants of city.

Thus, main reason for described catastrophe was incomprehension
of degree of risk. The measures for the evacuation of inhabitants
were not accepted for this reason. Entirely another relation occurred
with thé volcanic eruption on Kheymaey island near Vestmannaeyyar city
in Iceland, that occurred on 23 January, 1973. Understanding danger,
based on the contemp~rary knowledge about the behavior of volcano, and
impul-e, well organized actions on the evacuation of population made
it possible this time to avoid victims. This is how is described this
in book [99]):

‘Although on'Kheymaey island volcanic eruptions did not occur
from immemorial times, Ir:iand 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 [leet and partly
with éircraft, occurred without the complications and was completed
after_nine hours. On the island remained only 300 people of auxiliary
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 unpassable., Even in the center of city the height of
layer reached 40 cm. The verdure of island waé changed into the black
deposit of ashes. Further overshoots of volcanic products énd _
pressure head of lava increased the number of destroyed houses to 300.

Aithough precipitation of ashes in subsequent time began to
weaken, further advance of lava created constantly increasing threat -
for 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 égol the moving lava and accelerate its

congealing.
Page 167.

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 53%8 m is

_ situated 150 km northwest of Bogota - capital 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. 1In the surrounding settlements lived

additiqna%:thoufand people. When next day strong volcanic 3ruption
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

overvhelmed 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

dellars.

This and other cases examined show that vdlcanqs present
objective danger to man. The correct understanding of volcanic (

activity and timely actions in the prevention of its consequences make (

o
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it possible to avoid serious tragedies. Volcanic service in Japan is
one of the positive examples of this relation. 1In Japan 77 active
volcanos {only in Indonesia are there more) are located. bn the
slopes of these volcanos are seismographs and temperature sensors,
which continuously transmit information to the special centers, where
it is analyzed and processed with 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 television

Page 168.

Although this service cannot ensure the absolute safety of population,
it proved té be very effective, From 1900 to 1965 in Japan volcanic
eruptions involved 460 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.- -lcanic
activity and volcan?c eruption interest us as phyéical phenomena,
which are accompanied by electrical and optical proce. es. During the
ejection the ejected c¢ust can be charged as a result of natural
processes - motion, fragmenta+tion, etc. As 5 result of the
precipitation of the charged particles can arise the regions of one
charge, which will lead to the same phei omena, as with the usual
thunderstérm. This is how Pliﬁiy 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 advanced; 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 zigzags; 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 freguently were thrown out the thunder, overturniag

several people and animals"”,

During the ejection of Vesuvius in 1707, Giovanni Valleta wrote from
Naples to Richard Weller: _

"on the third and fourth day volcano erupted through its mouth of
the lightning, similar to those, which in known facts iilnminate sky.
They were bent, serpentine, and after their appearance were heard

reelings of thunder ....

Page 169.
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0f lightning and thunder so fregruent and strong, forced to assume the
nearness of rain; but finally it was revealed that they were born in
the dark cloud, which conzisted 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, vhich raged among them, than
burning lava and other terrible phenomenz, which always accompany
volcanic eruption.

During terrible ejection of 1779 from mouth of Vesuvius
together with burning l.va emerged‘frequent smoke streams as black as
possible to imagine. Th.: fumé according to Sir William Hamiiton, 3it*
seemed, was intersected by serpentine lightning at the verf moment of
its coming out from the mouth. The ejection of Vesuvius in 1794, well
described by the same observer, includes indications so positivé.

On 16 June nothing burning emerged from mouth: from it were
thrown out only black fume and asheé, that formed above mountain
gigéntic 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 thg strongest
thunder impacts. The thunderstorrm, generated by one effect of
voicano, ﬁas in every respect identical to usual thunderstorms. The
thunder, from it flying, produced usual actions. During the

investigation of the affected by thunder dwelling the Marguise 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 thunderstorms to the

usual. The aéhes, 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 Vosuvius,

Thunder of this cloud produced there large devastations in one house,

Page 176.

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 the
mouth of this volcano, to give birth to thunderstorm, 1 will
nevertheless give here still several references.

_ 1 borrow the first of them from Seneca., . In his "Natural .
questions® (book 11, $30) I find that thunder thundered during the '
large ejection of Aetna and'thundersiorm burst among the clouds of the
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 blac3.column of fume, cu£
by freqﬁent 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 coiumns of dust and
ashes, vwhich were rising from the medium of the ocean, were

continously slotted in darkest and most opaque their parts by
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unusually bright 1ightning.

Even small volcano, which arose during July 1831 between
Sicily and Pantelarie, can find place in this chapter. 1In 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 completely 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
representation about the fact that electrical processes can accompany
volcanic eruptions. On the basis of the general considerations it is
possibls to arrive at the concluéion that the e%ectrical processes can
be develuped not in any form of ejections, but onl& 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 phencicna, similar to usuval thunderstornms,
will appear. The finely dispersed charged dust, especially if in it
are located the particles of oréanic eminations, with the electrical

phenomena in the atwmosphere can be the base of ball lightning.
Page 171,

Therefore in certain cases volcanic phenomena can be accompanied by
the onset of ball lightnings, similarly what is observed in the
tornados. In this confirmation let us lead guotation from the same
book of Arago [1].

"Light spheres are more frequent among volcanic than among usual
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thunderstorms. Thus, with ejections of Vesuvius in 1779 and 1794,
Hamilton and other observers repeatedly saw very large fireballs,
vhich, after being fixed from the dehse 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",.

§7.5. Aurorae polares.

In contrast to phenomena examined above aurora polaris can be

. called phenomenon, allied to ball lightning, very conditionally, since
) L ]

it is observed at relatively'high altitudes of atmosphere and is

caused by flow of fast particles, which fall into upper air. Nature

of aurora polaris 1s well studied. Common in these phenomena only in

the glow itéelf, which by its beauty and mysteriousness can cause in

man equally strong emotional sensation.

Aurorae polares are distinguishéd by form of glow before sky,
radiation spectrum, duration and character 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 flareé, as a result of
which solar plasma is splashed out beyond the limits of the Sun.
These bursts are created duz to the instabilities of solar plasma‘in
the convective reéion of motion and are observed as the evolution of
sunspots. During the solar flare sharply grows the intensity of the

sclar 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 with 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 [103-105].
Page 172.

Interaction of stationary flow 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.

Essential element of magnetosi.aere 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 Barth, 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 hiﬁdered and therefore solar wind flow.s about the Eazth at a
certain distance from it. Characteristic distance from the center of

the Earth to the magnetopause from the subsolar side under the normal
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conditions composes approximately 10 radii of the Earth.

Absence of magnetic field at its poles is important special
feature of magnetosphere of Earth. The cofresponding lines with the
zero magnetic field are directed from the poles of the Earth in the
direction, oppoéite to the Sun. Plasma, vhich is foqnd in the
vicinity of this line, can without difficulty reach the Earth's ¢
atmqsphere. This "rash" of the charged particles in the atmosphere of
the Barth causes airglow. Since it occurs near the poles, is observed

in essence in the polar regions how is determined the name of this

phenomenon.

4

Intense aurorae polares appear as consequence of solar flare.

L]

The plasma, emitted by solar flare, reaches the surface of the Barth .

in 1.5-2 days. The same sequence between solar flare and aurora
polaris is observed. 2s a result of solar flare the intensity of the
flow of the plasma_of the solar wind-considerablf grows, and distance
from the center of the Earth to ‘*he magnetopause decreases two - three
Vtimes. Appear the new channels of the_instabilities, as a result of
which the plasma can penétrate in the region of weak magnetic field
and thus achieve thg Earth's atmosphere. The mechanisms of these
instabilities are diverse aﬁd lead to the different forms of aurorae

polares.
Page 173.

Aurora polaris itself is secondary process of "rash" of fast
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charged particles, protons anﬁ electrons, in the atmosphere of Earth.
. These particles, which possess kiloelectronvolt energies, aré 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 1p-1§ (wavelength 0.5577 um, green line) and *P-!D
(wavelength 0.6300 um, 0.6364 um - yellow lines), and also the first
ﬁositive band of the molecule of nitrogen (B0, —Asf‘..;") of red color,
the second positive band system of the molecule of nitrogen
(¢, — B°'1,) o% blue color and the band of Meinel of the mu.ecular
ion of nitrogen (4%, — X*Zf) of red color. 1In accordance with the
. intensity of separate gmitting transitions/junctions, vhich 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

determined 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 pheromena in the atmosphere of Earth, we find
that for some of these phenomena (onset of atmospheric electricity,
St. Elmo's fire, torn-30s), as in the case of ball lightning, we

cannot give detailed description of their nature. Such description,
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vhich reliably isolated the tofelity of the processes, which compose

the base of phenomenon, is intended. The representations about other .
phenomena examined 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

casé of other phenomena of the atmosphere, will be permitted in the

nearest time.
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CHAPTER 8.

SIMULATION OF BALL LIGHTNING.

§6.1. 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 under%aken numerous attempts
exﬁerimentaily create ball lightning., The large part of these
expe%iments is in detail presented in the book 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. Bat irrespectively of the
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 formabie plasmé.(hypothetical
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 & frequency of the discharge of 4.2
kHz, under some conditions Tesla observed the glowing spheres with the
diameter of 2-6 cm. Since the results of these investigations wvere

not published, it is now difficult to give to them estimate.

Page 175,

Detailed investigations on obtaining of glowing formations of
spherical form in sealed tank were carried out by G. I. Babat in 1942
(see [12]). 8Shf discharge with a freguency of 1-100 MHz vas utilized
for this purpose and the power intfoduced into the discharge was
vafied up to 100 kW. 1In the region of the pressures of gas of order
1000 %a in the tank the fireball, which does not concern walls,
appeared. The experiments of Bébat many years were later continued

-

and expanded by many authors.

Difficulties of designing of high-frequency discharge at
atmospheric pressure were overco;e by P. L. Kapitsa, as & resuit
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 Kapifsé 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. 1Its experiments '
demonstrate possibility - the existence of the glowing plasma sphere
with the external power suﬁply. Thus, the idea of Kapitsa and his
experiments are logically locked. It is another matter that the
reality of this ball 1ightniqg, 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 [108). Triggering at the atmospheric air pressure was
conducted w&th the aid of.the arc, and the shf digcharge, 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 giowing region

S~ . r‘ B N T %) P T i T s T e e T T
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‘took the form of sphere and it decomposed for the fractions of a

o
3 ¢
" {a‘"

ser .ad, moreover in open air its decay occurred doubly faster than in
the glass tube. 1In the work the detailed examination of the radiation

spectrum of plasma is carried out. Although the lifetime of the

observed glowing formations is substantiallf less than the lifetime of
ball lightning, it considerably 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;i.gning of .
gas-discharge plasma in the form of glowing formation of spherical o
form, although in their properties such objects differ frum actually

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 - pglsed discharge, which creates plasma
from the evaporating material. The stored energy under the conditions
for experiment composed 5 kJ, poiential Qifferences 12 kv,
capacitances of the discharged capacitor 80 WF, Discharge was
directed to dielettric 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 thé erosional plasma vented to the atmosphere
itself. The region moving glowingly took the spherical or torcidal
form, morcover the visible radiation of plasma was cbserved 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 ;hat the
lifetime of plasma formations in atmospheric air is substantially 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,

i~
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: 17, 111]. In the Plexiglas cabinet with the sizes 50x50x100 on? is
placed air at cthe atmospheric pressure with the admixture/impurity of
propane, which is ignited by spark. Distance between the electrodes

0.5 cm, wvoltage 10 kV, the duration of discharge 10-* s, output energy

250 J. The concentration of propane is 5% of inflammability limit,

oxidation of props .: occurs. Combustion ceases, when propane

]

(

{

{

(

(

(

{

{

{

( _

( with this and higher coaventrations the blast of mixture with the
’

é% concentration falls to 4.8%. However, with the concentration of

propane 1.4-1.8% following the spark discharge in the chamber is

forr:ad yellowish-green sphere with diameter of several centimeters.

It ~:.pleres -apid random movements along the chamber and in one-two

secn... . goes C. t. .

Page 1.7.
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This ph2nromenon according to its properties resembles ball lightning

o
®

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 pnssibility. Apparently, this
process is critical for the observed glow. More complicaﬁed
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. Described

of processes in the system in gquestion. The described experiments of

Barry are the best laboratory simulation of bill lightning.

There are many reporits about gbservation of glowing spheres from
vapo -« of metals, which appear during short circuits, upon lightning
st;ike to metallic objects, during some pulsed discharges, which are
accompanied by evaporation of electrodes. Some of these reports are
published (see [12]). ks 3 resﬁlt of evaporating metal is formed the
glowing Sphere,'which more 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.cén 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.
§8.2. Analogs of ball lightning.

Ball lightning - real phenomenon. Therefore the separate
mechanisms of this phenomenon, even if they seem'exctic, must be
developed, also, in other physical systems or phenomena. In
connection with this important to isolate and to analyze the physical
systems, 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,
Page 178.

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 illuminating compositions are solid mixture of series
of chemical compounds, into number of which enters fuel, oxidizer and
élowing components. The arson of this mixture leads to the, rapid
burn-out of fuel with the participation of its own 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 grouﬁs. The first
create light in the wide region of the spectrum, the second are
intended to give the light of the specific cbloration. Illumination
means of the first groﬁp, vhich create white light, provide higher
specific light oufput, 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




DOC = 89119412 | Al e

molecules, so that the radiation spectrum of such mixtures is _ %:
concentrated in the not wide wavelength range. From the point of view . ;
of ball lightning to us are interesting the illumination means of the
second group. Let us give as an example the pafameters of the

composition of the light of yellow.

Yellow of this illumination means is determined by emission of

P e T N T Tane S N

excited atoms of sodium. The composition of the chemical constituents -

of yellow light is the following [B1]: KNO, —'37%, Na,C,0, - 30%, Mg

- 30%, resin - 3%. Magnesium is fuel, saitpeter 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 H}zg" several times lower than in carbon,

e e Y
PAEY

combustion temperature is 2500-3200 K. The luminous efficiency of .
substances with this composition is equal to 8 1lm+W"®, i.e., by an

order exceeds the value, observed in ball lightning.

Page 179.

The luminous flux for average/mean ball lightning of lightnihg 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.

e

Essential feature of chemical process in illuminating composition

is caused by fact that oxidizer is taken from composition itself, but

L e e

it is not atmospheric oxygen. This is determined to temperaturas and o
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to the high luminous efficiency of the light source in gquestion.

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-contéining
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 bail lightning - aerogel -

I : ‘ ‘ Y ' Y : ;
o [ ; . : ) i : |

macroscopic cluster, comprised of solid, rigidly'connected single

particles. The rigid body of aerogel occupies a small part of its

f% space, almost entire space falls to the pores. The first part of the |
?. name "aero-" reflects the fagt that the specific weight of ae;ogef_is é
- 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 gecm~3, 1In 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

&5 therefore a few connections can form this structure. Are at present
&f :5:“ i - - . » » -

< obtained aerogels for ten oxides {(and also for their mixture), in

"

* » 0 (] . .
number of which are located by §i0,,21,0,. However, the widest use

A

received aerogels from silicon dioxide. The discussion predominantly

further and will deal with them.

Aerogels are formed in solution with isolation of this component
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in solid phase [116]. 1In 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 componentxin
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..

I1f this gel is dried, then aerogel will be obtained; 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
placéd gel into the autoclave and created supercritical conditions on
the temperature and the pressure for the molecules, ﬁhich are loéaﬁed
in the pores. Thus it was possible toc isolate aerogel, and its

history is counted off from this time,

Technology of production of aerogel sufficiently bulky, 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 acceséibility of aerogel and raises its value. At present the
base mass of the aerogel produced is utilized during the experiments

in high-energy physics, where its cost is not main problem.

e e
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Aerogel is characterized by properties of fractal cluster in

region of sizes

rn<r<R, {(81)

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 §4.3 is equal to

p(r)=Aps(r/r)*>, (82)

where A - coefficient of the order of one, p, - substance density of
the aerogel, vhen 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

Ar—

R=r,(e0) " "« 83

vhere 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.

Page 18l..

Use of rougher results on scattering of X-rays on the aero§e1 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

It T N s T T T S

- with the different samples, or with errors of measurement.

Aerogel - porous substance with large internal surface. 1f we

consider that its body is comprised of the identical spherical

N —— —

particles of radius r,, which concern each other, then we have for the {
specific area of internal surface:
=3 (8.4)

ToPo

here p, - material density of aérogel, equal to 2.2 grcm~* for silicon
dioxide. The majority of aerogels possesses to specific square of
internal surface, which Es located in interval of 500-800 m2.g-?

{116]. This corresponds to a radius of the components of its .
particles (2-3 nm). 1If these values are utilized in formula (8.3) for
the aerogel with a density of 20 g+1-*, then in the case of the

fractal dimensiohality D=2.1 we vill obtain the maximum size of pores
R~0.5 um, and in the case of D=2.3 the maximum size of pores will be

R~2 pm.

Its strength and thermal resistance are important properties of

aerogel. In particular, the aerogel of silicon dioxide retains its

structure during the heating to B00 s, and heating above 1100 s leads
to coarsening/conéolidation of the particles of its body and sintering
of aerogel. FPig. B.1 depicts the dependence of Young's modulus of t

aerogel on his density. . ¢
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Fig. 8.1, Young's modulus E of aerogel\ of silicon dioxide: 1 -
measurement [121}; unbroken curve'— dependence E = Eo(p/po)® vwith
parameters f = 4£.105 Nem-2, p,=130 g+1-?, ﬁ=2.8,' p - density of
aerogel. ‘

Rey: (1). RNem-®, (2). g-+1-2,
Page 182.

Let us continue these data into the region of lowver densities and we
will consider that the aerogel is broken down, if the pressure
differentials on it are compared with Young's modulus. We will obtain

that the density of aerogel 0.02 gecm-® corresponds to Young's modulus
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0.2 atm., i.e., it is required for the production of this aerogel that .

the pressure differentials on it would not exceed this value. Aerogel

vith 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 théy-cannot be‘creaied on the basis of

traditional technology.
§8.3. Special features of nature of ball lightning. .

Carried ount in book analysis, based on comparison of parameters .
of Ball 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 fable 8.1
the results of this analysis, which relate to the character of the
processes, taking place in ball lighining are assembled. Let us

comment table.

From analysis of observed ﬁroperties of ball lightning it is (7

possible to make series of conclusions relative to character of L

°

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,rmoreover 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 obiain that the
radiating atoms or molecules are located in the 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.ation of
chemical energy into the radian; energy it is necessary that the sizes

of the radiating region would be not very small.
Page 1B3.

Let us note that all these conclusions follow from the 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 follov 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 the conclusions, represénted in-fable 8.2.
Results in fact given in this table are.the development of idea about
the filamentary structure of ball lightning, which was proposed by |

Aleksandrov, Golubyov and Podmoshenskiy f46].
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Table 8.1. Special features of processes in ball lightning. {

!'}cuocoﬁ yCTAHOBNEHUA BAKOBOMEPHOCTH (2 Basonn ' - Iy
s) Hg {
ConocTanideRTe KAOTHOCTH SHEPrin u spe- 03MO7KCH TONBKO XEMH-
MEHE FKU3HIE A3 THIOTCTHYCCKON H Ha- yecKiuii cyocod xpame-
Gionaemoii imaposux Moariuii (cx. ra. 2) ) EIiIA aneprun
f(:oqemane fonLmIoro yAenbHOro sHEpro- Xmwurgeckudi  mpomecc
prlencHn  (UHTeHcHBHwil mpouece) ¢ cAOKBRIT 11 MOKeT CO~
GonbiM BpeMeHeM HpoTcRanma (med:- CTOATH B3 HECKOABKAX {
sesusil npouecc) (CM. § 3.3) & crajuit [
Ticcnenosadiie KOHBEKIUA B 30HE XuMuye- | AKTNBHO@ BEIIECTBO M- _
CKOIl peakiyty It TeNI0BLAC1CNIA {§ 3.1) posoii MoAHNI EEe MO- §
aier GuTh B BIE Tasa ¢
AN OTACALERX YaCTER -
BHJIH B0 adpo30aa :
Loy { pozons) -
Manoe Barpesague npu anddyann rascso- (-ﬂ
TO OKHC/HTENAl K eTeporesHoMy ropio-| |G/ .
gemy (§ 3.2) Oxucanrels B ropiogee {
(7
ticoRad Temnepatypa B ofaacTm peak- ;ﬁ;’%{,‘;’;ﬂ:ﬁ upo- L
nua — naiysatoutesi sone (§ 6.1, 6.4) @ o
{
Cpasrenne rab1i0712eMHX DapaMeTpos ma- 3ddexTnBEaN TEMOEDA- _‘
poBofi MOIHHA € NApaMeTpaMi puBHO- Typa panyyanmux da- {
w pecEoro nanyaatean (§ 6.1) 5 CTRL 722000K r
. B’ucosaﬂ appermsrocTs Tymwenns Bos- | Papmopechbe YCIOBEA . )
fy#iJeBEWX ATOMOB H MOICKYJ B aTMO- B 30RHe WalyueHns, or- ) *
chepaoy so3yxe (§ 6.3, 6.4) panmuenEni  Babop o
COpTOB  B3NYHALOMIAX
) 4 ATOMOB ILIH MOTeKY# , ' a
Cpasaegne cBetoBoil o120 gabaronaeMoit Plgaassepu aneaiempuoﬁ (
Waposoil MOAHAN 1 ropAdel Hanyyaio- paayuawmeil ropagen _ ,
meii sous (§ 6.4) ofzacTm He MeHee | . (
_ 0,1 mm :
_ .
.
€

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 pfocess) with long time of course
(slow process) (see §3.3). (6). Chemical process complicated and can

consist of several stages. (7). Study of convection in zone of
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chemical reaction t of heat release ($3.1). (8). Active material of
ball lightning cannot be in the form of gas or single particles (dust
or aerosol). (8). Small heating during diffusion of gas oxidizer ¢
heterogeneous fuel (§3.2). (10). Oxidizer and combustible from the
very beginning of process are combined. (11). High temperature in
scope of reaction - to radiating zone (§6.1, 6.4). (12)}. Comparison
of observed parameters of ball lightning with parameters of
eéuilibrium emitter (§6.1). (13). Effective temperature of radiating
particles T32000 K. (14). High effectiveness of quenching of excited
atoms and molecules in atmospheric air (§6.3, 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 (86.4).
(17). Sizes of elementary radiating hot region are not less than 0.1

mm.
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Page 184.

Conclusions, given in fables 8.1 and 8.2, make it possible to
draw specific conclusions'about separate characteristics of phenomenon
{Table 8.3) in question. There are reliable conclusions, vhich can
be made on the basis of the analysis of the observed data on ball
lightning and their comparison with the existing information on the
processes and the phenomena in excited air. The conclusions, given in
1%b1e 8.3 can be considered as the system of the properties, by which
ball lightning is characterized.

Data of ~fable 8.3 composes base of phenomenological model of ball
lightning. This model gives schematic representation about nature of
ball iightning and séparate sides of this phenomenon, withcut defining
concrerely the chemical composition of active material, the condition
of onset and course of phenomenon. Thus, the results of the carried
out analysis embed bed forlthe subseguent step in the study of ball
lightning - the investigati~n of its properties under laboratory -

conditicns.
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Table 8.2. Properties, which

lightning.

PAGEZ07) ¥ |

foliow from the structure of ball

W

CaoficTBa mia podofi mosunn

| *J Busonu

G/ .
Cdepmaeckan dopva maposoil Monann

BaavozgeiicTene Harperoro xapraca
maposoit MCGJAHIHM € ORpPYXAWONIUM
Bo3ayxoM (§ 3.4)

&
[Daposas moammR mEMeer

(

{ H coxpaHeHRe PasMepoB B nponecce CTPYRTYPY ¢pakrassaoro
. asomona {§ 3.1) KBacTepa WIH¥ CTYCTKA HE-
( s/ , ” TeBHJHEIX 23p03odeit

( Haaname anextpmueckoro sapaja ma- | Cosfanme  mosepxmocTaoro
( poeoit Mo;1a0m (§ 5.1) : BaTsReHNs,  ofecmeum-
- BAIOTEre  yCroifiImBOCTD
a) ¢ FicTepa

Bozemxgoseane noameMmol
CRAH mMApOBOIT MORHWE.
Harpesanne ppomenmerc

qepes xaRxac BO3AyXa Ea
200

w oy 20+

. Orpanngennoe BpeMa  o0pazoBaEnsa | Paaseps wacTEm Manm (Be

( W KaacTepa 113 TBepInlx gacTay (§ 4.3) stume 1 Mrm)
o Bucornii  aaextpnuecknil 3apai n { Pasledemne mAasMm ¥ saps-

( BTeRTPNYECKN DOTCHUNAN MAPOBOIl SHEERHX THEPRAMX da-

(" Moauns (§ 5.3) _ cTud Ra meppoil Cranum

‘ A% accouNalmm B Kaa-

( . ctep, OrpaRmuenTsie pas-

o Mepl TBCPARX 9acTRR (me

— tomee 1 i)

@

(,

o Key: (1). Properties of ball lightning. (2). Conclusions. (3).
& Spherical form of ball lightning and maintaining sizes in process of

evolution (§3.1).

(4). Ball lightning has structure of fractal
cluster or cluster of filamentary aerosols. (5). Presence of
electric charge of ball lightning (§5.1). (6). Creation of surface

tension, which ensures stability of cluster. (7). Interaction of

heated body of ball lightning with surrounding air (83.4). (8).
Onset of -1ift of ball lightning. Heating passed through the body air

on 20-200 K. (9). Limited time of formation of cluster from solid

. particles (§4.3).  (10). Particle sizes are small (not above 1 um).
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(11). High electric charge and electric potential of ball lightning . oy
(§5.3). (12). Separation of plasma and charged solid particles o ;i [
during the first stage of their association into cluster, limiteéff: i% £
o |

sizes of solid particles (not more than 1 um).
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Tab_le 8'3j Spe:ial_t features of physical nature of ball lightning,

.

( ; ( )Xapanropummn (‘)Bunon
( :
oo ) 4 .
3 Cuoco6  xpamenua | Toantio xmmueckmii cnocob xpagemmn ®Hep-
( pEYTpeHEell puep- T MoikeT ofeciiesnTs Marexaomme ma
THH HaBAIOPATCILHEX AAHHEX BMCOKEE YAens-
( HE® DIOTHOCTH 8Beprou R Goxpmwe spe-
( ) ¢ Yi¢BA e¢ paCXOf0BaKa
- OcoGeRRoCTE mponec- | PeirHPYOMAe KOMIOBEHTH -- AKTHBHO® gg-
| ca TenAoBHAeNeHEA IRECTB0 KAPOBOH MOJIEEN, BAXORATCA BMe-

CTé 10 Badaia mpoliecca; CoM XHMBYECKHEH
npofiece choaEwi, T. 6. EMeeT ofparmue
CBA3H, MOMET BKAWOYATH B cebd pAd Do-
- caeposatenbAWX craxmi. Ioaromy om of-
(™ HOBPEMEHHO — WHTEHCHBHWI B MeJ/IeBEHN

o |
CTpyYKTYpa aKkTIBHOTO KTHBAOS BeMiecTEO mapopoil Moxmmn ofpa-

BellecTBa B Iapo- ayeT NpoYHHi Kapkac B Buje ¢parransHO-
B0l MOTHER FO KIlacTepa DU HATeshaHHX a3posoiei .
(xomra). Oano na3 caeAcTsnil Takoil CIPYE- : .
TYPH — BO3IRIIKHOBRHIe NORBEMHOE CEAR *
@) % ; DT HATDCBAERN KAPKACA

(

{

{

{

( . dnenTpuzeckne Aple- | Kaprac sapawkem, ¥TO O3/aeT NOBSPXHOCTHOE
: HEA B waposoi HATAKEHNO M ero yCToiumBocTe. 3apan

- MOTHER KapKaca CO3JACTCA NpPE KAACTEp-KAACTEp-

HOLl acCcOREAUNA OTPENATENBHO BapsieH-
HHX TBepPAHX gacTin — Takod SapAR OHE
4 : DMeT B ClaboHOBM20BAHHOE  mnaame
) _ po3fyxa. Yrobu acconuanus MpOBCXOABAS

GueTp0 H KapKac Be paspiKalcA B Ipo-
necce pocTa, HeoOxommMu Maam#t pasmep
qacTn, (e Oozlee fonedl MHKPOBA), BHCO-
| KAfl ILIOTHOCTD AKTABHOIO BEMECTBA (He
Menee fioneif rpayma sa 1 r Bosjyxa) m

-
iy ) pa3jeaenne 3apala 2acTnIl K nong}ﬁmm-
HOTC 3apAja IOaa3MHl Ha BEepBOd CTARRE
mponecca . .
(w/ ) 1@ d . -
Caegenke maporou BeUcHES HIAPOROM MOJTHHEE MOKET CO3aBaTh-

MOIHER ¢ RAaK HaNydeHHeM HATpPeTOr0 KepKaca
LD OTAEIBHHEX GACTHL, TAK B HIyYeHHeM
p030yACHRHX ATOMOPB B MOJeRyA. Bo »To-
poM caydae HBeT maaysemnf Oonee olpe-
JeleRBo BHpakeR. JdexTEBEAA TeMDe-
paTypa madygaiomedl oGnacrE Be MeBee
2000 K. Ecam msaydemne cospaerca ob-
NACTHIO TA3a, TO HMEET MECTO TepMOARHS-
MI9eCKO2 paBEOBecHe B 970if ofmacTa Mem-
RY B0s0y:KHeBHWME SaCcTIIAME B TasoM.
. 10 o3Havaer, YTO MANYIANWAR CHOCOD-

nocTh ofnacT® me 8apmcET OT cmocoba
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cosnania oa0y:RACHHUX SACTHI W EMEOTCH | -
OTPAHWYCHLOE L0 COPTOB BO0YRACHAKY
ATOMOB ¥ MOMOKYJ, OTBETCTBOHEMX 8& NM3- | S
Jiyserte maposolt moagma. Kpome Toro, | T
pasvep SAeMERTAPHOH BATyqaloNTedt raso- -

BOff S0AM COCTABAAET JONE MEILIAMETDA,
970 3HAYHTENLRO TpEeBENaeT PAIMEpH Ha-
et

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 process; chemical process itself complicated, i.e., it
has féeQback, it can include series of consecutive stages. Therefore
it simultaneously - intense and slov. (7). Structufe of active
material in ball lightning. (B). Active material of ball lightning

forms durable body in the form of fractal cluster or filamentary

aerosols (lump). oOne of the consequences of this structure - onset of

lift during heating of body. (9). Electrical phenomena in ball
lightning. (10). Body is charged, which creates surface tension and
its stability. The charge of bodf is created during a cluster-cluster
association of the negatively charged solid particles - thef ﬁave‘;his
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

teethn

L
L
L
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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 singie
particles and by emission of excited atoms and molecules. 1In the
second case the color of emission is more definitely expressed.
Effective temperature of the radiating region is not less than 2000 K.
1f emission is created by the region of gas, then thermodynamic
-equilibrium in this region between the excited particles and'the gas
occurs. This means that the radiating capacity of region does not
&epend on the method of designing of the excited particles and there
is a limited_number of types of excited atoms and molecules, criticail
for the emission of ball lightning. Furthermore, the size of the

" elementary radiating gas zone comprises fractions of millimeter, vhich

considerably exceeds particle sizes.
Page 186.

- On the basis of available :epresentations about pnysical hature
of ball lightning let us attempt to answer guestion, why this
phenomenon is observed relatively seldom. For this let us trace the
character of the onset of ball lighining. The appearance 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 ih
comparisén 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 alectrical breakdown on the solid surface the evaporatién 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 nonionized air.

Following relatively prolonged and calm phasé is connected with
formation of body of ball lightning during'association of solid
aerospls. It is necessary that gas dynamics of surfounding air would
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 oécupies a small
part of the capacity of the body of ball lightniﬁg, we virtually do

not have available specific information along this question.

{
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( Table 8.4. Parameters of ave.age ball lightning.
{ A I e
{ N (“ﬁapamerp (Uaaaqelule c(f{;w“ .
(
( (14} Bec aKTHBHOTO Beine- 2+10(i"u -glff::nonbsymg o
; cTBA MIAPOBOIl MC1- _Cpenmeis maposol Max.
( HOR HuE 20 x/ix n snepro-
. sanac ?ﬂggxoio;“ »e-
. Hiectna 110 1 ok
(. itoe)} Harpesanue Bo3Tyxa 60-10:%8 K [Pacuer TenNonepeHoCa
& BHYTPM  Kapraca Aas cperHell maposoi
: INapoBoil MONHNH : Moarun (§ 4.5)
& 2] Orromenne seca xap- §.40£0.8 pefoBaEUe  «BCOHBa-
2 Kaca IapoBoit MO~ HUA» cpefnell mapo-
& b
HOEH K Becy BO3aY- Emz g;mm B BO3AYXeE
Xa BHYTpPH Yero .
wb/ivc)
( {4%] 3apna Kapkaca cpel- (5+10)-10'7(R.£%ec 11apoBOil MONREE Bo-
Heil maposoil Mon- PARKA CHJIK BPHTSKE- |
{ BBH _ s X nera:g:imecm ‘
pektaM (§ 5.
( . A Gsb) el (654) i
( (52} Paavep . ;acruu. co- 1+10um B;;:mn oﬁg:amg;r;:bm ‘
CTABAMOIONX  Kap- aca
Kac IDapoBoif MO~ : qacTEL  MeHee c |
( : g
. HER o1y (7262 4.3) _ |
4 Tewneparypa wany- ~2000 K PaBHeHNe CBETOBWX IO~
o TAOIMEX  QacTHO TOKOB H CBETOBHX O7-
, 1B W3Aysalomed: Aag Ana cpefmedl ma-
: : 308K posoii Monmuz B abco-
‘ mo-mio 9epEOIO Tena
o (8 6.1)
. %¢
& (72 Pasa:ep Ranysanmed 100%!&; } C{Jaaﬂenae cBeToBoft o7-
= ofaacta Raqk cpefigeil maposoi
;"; « | 1—140 MrM MOTHHEZ ¥ ropageft so-
m {844 Pzg.\:ep ;ne.ueu'rapnou HH, oGpaayeMoii B pe-
JaCTH,  samiae- ayABTaTe XMMHIECKOH
MOfi AKTRBHLIM Be-
mMeCTBOM ) ( )peammn {§ 6.5)
(; 9,
] Koopdmunenr normo- | <100 cu2.r= Tpebosanme, wrobut ma-
MEENA MarepHana NyveRne MiapoBoil MoA-
KapKaca HAE Be BOIJOMANGCH
. ee xapxacou (§ 6.2)
Key: (a). Parameter. (b). Vvalue. (¢). Method of conducting the
. estimate. (la). Weight of the active material of ball lightning.
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(1b). g. (1c). 1s utilized energy of average $all lightning 20 kJ .
and energy reserve of active material 1-10 ﬁ}zg". (2a)., Heating air -
within the body of ball lightning. (2b). Calculation of heat o
transfer for average/mean ball lightning (§4.5). (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 (84.5). (4a). Charge of the bbdy of average ball lightning.

(ab). €. ({4c). Weight of ball lightning of the order of attracting

force to the metallic objects (85.1). ({(5a). Size of the particiles,

which compose the body of ball lightning. (5b). mnm. (5c). The time

of the formation of body of the single particles is less than 1 s

(Table 4.3). (6a). Temperature of the radiating parﬁicles or

radiating zone. (6b). Comparison of the luminous fluxes and the

luhinous efficiencies fo: average/mean ball lightning and blackbody .
{$6.1)}. (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 (§6.5). (8a).

Size of‘the elementary region, occupied by active material. {9a).
Coefficient of absorption of the material of body. (Sb). cm?-g-?.

(9c). Reguirement so that the eﬁission of ball lightning would not be

absorbed by its body (§6.2).
Page 188,

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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1t 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 in-fable
8.4, supplement information about ball lightning according to
observational data (sée Table 1.5) and they expand our représentation
about ball lightning. |

*

$8.4. Phenomenological model of ball lightning.

Carried out analysis and obtained conclusions (see Table 8.3)
make it possible to construct schematic model of ball lightning.
Aerogel is its analog according to the structure, and usihg the method
of the_proceséing chemical energy into the radiant énergy -
pyrotechnic illuminating composition. Such fundamental four models
are the following. Ball lightning has a body, similar to the rarefied
aerogel with the specific veight/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 times Qi .

less than the weight of body. Active material within the body has "~

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 giow along separate
filaments of active material. The simultaneous glow of many filaments
creates the impression of volumetric giow. The special features of
the propagation of the wave of chemical reaction along the system of
the interseciing filaments determine the transiency of the processes
of heat release and qlow. As a result the evolution of this system
can lead to its blast, io the decay on the part or the slow

'extinction.
Page 18%9.

Quantitative characteristics of process of propagation of wave of
chemical reaction along separate filament were éxa&ined earlier. 1In
the appropriate parameters of the filament of active material they can
“be coordinated 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 comp}icated 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.

i e

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. 1In particular, heating by the laser of the

e,

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

the 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 convenient by their simplicity.
They make it possible to in detail analyze the separate sides of
[ ] phenomenon and thus to give clear information about the separate

elements of the common physical picture of ball lightning.

Page 190.

CONCLUSICN.

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 ciose 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 nature 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 of the long-lived glowing

formation of spherical form under the atmospheric conditions, which is

gnot 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

(.
(
‘\,

X
(
-
d
{
(.

study of the specific groups of processes and structures, which relate

to ball lightning. Such investigations will help to more deeply <

e I S

understand nature of atmospheric phenomena and to be selected at

chemically active substance is the adequate model for these
investigations. : .

C
gualitative 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 ore of such problems. The discharged (-
aerogel- as the porous medium and pyrotechnic connections as the {

(

L
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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
describing 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 viéw 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 yeérs égo. In this

respect many contemporary views on the objects and the phenomena

previously had to seem exotic.

The same it is poséible to speak also about ball lightning. The
unusualness of this phenomenon made it necessary to think that the
surprising efiects compose its base. In spite of the incompleteness
of contemporary c&ncepts'ahout ball lightning, from these positions we
can confirm such guesses. Specifically, the fractal structure of ball
lightning from the point ﬁf view of old representations abcut her 1-2
(]

4|
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'physical nature must seem exotic. Actually, we became accustomed,

that the solid state of substance can be amorphous or crystal. 1In the
first case it can have pores, bui usually the space, which falls to
the pores, the same scale or less than the space, occupied by the
material of substance. Despite the fact that in the technology there
wvere very "perforated" porous substances - aerogels (see $8.3), whose
space of pores considerably gxceeded the space of material, such

objects could be examined only as exception.,
Page 197.

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 ccnsider

" them &s a certain class of physical objects. The conducted

investigations made it possible to understané the laws of the ~

formation of such units and to study their properties. In the process

of these experiments the circle of objeéts 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, as;umed as
basis of its definition -~ this system with fractional dimensionality
(fractional is converted from English as fractional). Such systems
are familgar 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.1). Let us visualize that
we want to measure the length of river. Let R - straight-line
distance from the sburce of river to mouth. It is clear that the
length of river in reality is more due to the brokenness of coast.

Hovever, ve not can to unambiguously determine its valve. Let us

{
(
{
(
(
{
{
(
¢
ff
({
{.

assume that we arranged marking poles on the bank of river at a

distance of 1 km from each other.

e
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Fig. P.1l. Curve with the fractal structure. The shoré-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 fractal

dimensionality of this curve is equal to 1.3%0.1.
Page 198.

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 increase. Finaliy, 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 che degree in which the brokenness of coast is
reflected in the result. Thus, the length of rivef depends on the
scale, with which we measure it (see Fig. P.1). This dependence is

conveniently représented in the form .
R D
L=a(2) @y
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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 sections

of the obtained figure is converted according to the same lavw. This

operation is conducted repeatedly.

PN,

—
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Fig. P.2. Koch's figure 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

." R R

the fractal diménsionality Ds

(
¢

Page 199.

"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 transformatiqn the scale decreases four times, and the overall

length of element increases 2.5 times. Hence according to formula

(P.1) the fractal dimensionality of figure is equal to
D=In1)/In4=1,661.
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Example to lines of type in guestion 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 .
of steps is equal. (
n 2 n ' . n _ (

Rt= (_Eri) =2+ Zl‘i!‘a“—"?wg-i-“zlrirm (.

{11.2) &

e

where Ii— radius-vector of the i displacement, and was used condition

r;=4a. Since the direction of each disﬁiacement is by éhance,'the
second term on the average is equal to zero. Hence we obtain the
known formula of the Brownian mofion: R®=na’. Introducing the total

particle path'length f=na, we will obtain from the formula (P.2) that .

L=“(‘?)a' ey

(
{
{
(
{
-
a
{
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 tbe dimensionality of space.

In case in question, when continuous line contains large number
of separate components/links, value of fractal dimensionality of line ¢
lie at interval 1<p<2. 1In this case value D=1 corresponds to straight ¢
line, and D=2 answers the identical scale of the separate

components/links of line and their random arrangement, In other cases ,

o
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fractal dimensionality has the intermediate value (for example, see

Fig. PB.1l).

Line, which has fractal structure and which does not have

branchings - simplest example of fractal systems..
Page 200.

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 dimensi?nality, for example, of brown coal {10}
comprises 2.56x0.03, fractal diﬁensionality 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 of samples are observed in
the wide region of sizes - from 0.1 to 100 um.
N

Adsorptivity of substance is characterized by its specific
surface area. At low teiperatures entire internai 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 . ;

to thematics of this book - this is fractal cluster (see $4.3). 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) and to repeat this oﬁeration, after selecting as the
base the different points of fractal structure, then elements, which
are found in each case within this figure, on the average will prove

‘to be similar in the sense that on the average they contain the

identical numbgf of elements. For the symmetrical fractal structure

{Roch'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.

Page 201.

Let us break fractal system into N identical elements und will
introduce the correlation function

C(r)={-;,?‘_,p(rop(n+r)=

()0 @+ 1)
oy (@A)
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. vhere p,. - coordinate of the i element; p=1 if at the particular

Y
1

point of space the element of this system is found, and p=0, 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(r) is the space density of systenm.

: = SR : ! ; i

Pundamental property of fractal systems is given by dependence
st
C(r)=§3~'—]_%, eLrg L, (IL5) : '

We analyzi 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.
%4 In the formula (P.5) value @ is the dimensionality of space, D -

fractal dimensionality of the system in question. For the continuous

57 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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| d~p - (
p(r)=po(-$-)“ s (116) | @ "
where a and p, - some constants. It follows from this formula that f'
the average density of the material of cluster falls from an increase | ¢
in the size of the chosen element df fractal system. This apparent 5 ;
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.. {é
Page 202. §§
Therefore relative volume of pores within the chosen element increases 63
with an increase in the space of ihis element. ) E
(
| in plan of study of ball lightning among fractal structures io . (
us, in the first plaCe,'interests fractal cluster - system of ' é_
connected macroparticles, which has fractal structure. Fractal a
clusters are formed under specific conditions for the association of €
macroparticles. Such conditions can be realized with the formation of éé

gel in the soluticn, during the relaxation of vapors of metals, with

the aggregation of particles in the time, Fractal clusters and
conditions for their formation are examined in surveys [4-€] and are
represented in collections [13-15]. As an example let us give the
resuits of work [16], 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

i
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nm. Further these particles are united into the cluster with size on
the order of 1 um. The fractal dimensionality of this cluster is

close to 1.8B.

it should be noted that investigation of relaxation of vapors of
metals plafed special role both from pbint of view of understanding
érocess of forming fractal clusters and in plan of understanding
structure of ball lightning. Namely, contemporary concept apout the
‘'structure of ball lightning arose from the analysis of the structures,
which are fdrmed during the relaxation of the vaporized metal (see
§4.3). Further, the detailed analysis of the structure carried out in
work [17], which appears during the relaxation of vapors of metal,
demonstrated the fractal character of such systems. Understanding
this fact led then to the creation of the models of the formatio:n of
fractal clusters and on their basis - to obtaining of contemporary

representations and contemporary information about such systems.

' During analysis of clusfer, 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 .

Page 203,
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Another method of determining the fractal dimensionality of clustér
consisted of the determination of the number of filled cages squared
of the given size, Iﬁ 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 statistics and on the degree of "fractalness" of object (for
example, the degree of satisfaction of conditions (F.5)). Natural to

expect the coincidence of values D, -and Ds;. The described methods of
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the determination of the fractal dimensionality of cluster became

subsequently universal {(Fig. P.3). éﬂ

. . _ ' ’ . . (
Fundamental basis of physics 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

developed considerably slower than the theory, which presents in

{
(
-
the results, which ensue from analysis of these models. Experiment is a
. (
L
essence computational experiment and simulation. Therefore G

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 $4.3. 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 ~-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 1.64; point - processing data of Fig. P.2.
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From the point of éiew 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 gas or
the solution in the form of separate atoms or molecules, is assembled

during the solid phase in the form of the large number of
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macroparticles, which have small sizes. At the following stage of ‘l’
process these macroparticles are united into the clusters of small |

sizes, and those, in turn, are collected into large-size clusters, - i

It follows from-fable 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

s S : X ' . ’
£ B :

‘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 sﬁall. Thié case is called the mode of the cluster
aggregation, limited by reaction (reaction - limited clpstef .
aggregation}). 1In the mode of cluster aggregation the structure of the
fofmable cluster does not depend on the character of particle motion.’
The fractal dimensionality of the cluster, vhich is assembled of the
clusters of smaller sizes, in this case comprises 1.$8+0.02 [18, 19],
if its base compose monodisperse particles and 2.1140.03 [19], if it

is constructed from the polydisperse particles. These values are in

;-
;
;
(
|
-
L
(
-
€3

accordance with the experimental data, given in §4.3.

Let us note that for extended system fractal properties can be
observed in limited region of distances, determined by formulas (4.18)

and (8.1). At the distances, which exceed a radius of correlation R,

¢
(
{
{
;

this system is unﬁform, wvhile at the distances smaller than the radius

of correlation, it possesses tractal properties.
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Let us pause at one more special feature of fractal cluster,
vhich is interesting from point of view of ball lightning. As it
follows from the analysis carried cut in the book, ball .ightning has
a8 body, which possesses fractal properties. This body as porous body
adsorbs the active material, which océupies a small part of the space,
occupied with pores. Question arises, in what form the active
material is located - does it occupy separate connected regions or is
it found within the body'in the form of separate gfains. I1f we rest
on the results of experiment [20], then the-secbnd possibility is more

preferable,
Page 205.

In experiment [20]) structure of dye/pigment (rhodamine B or
malachige of green), absorbed by porous gléss, was ;pvestigated} To
the pores of glass fell .28 part of its total space, the mean
Ciameter of pores was 4 nm, the specific internal surface of glass
composed 200 m*eg~?, It turned out that the adsorbate formed fractal

cluster with the fractal dimensionality 1.7420.12.

Results, obtained for fractal clusters, are of interest, also,
for other geometric figures with fractal properties. The
investigations of other fractal systems in exactly'the same manner
expand our representations about the fractal clusters. Therefore
further wé will rapidly examine some geometric fractal systems., To
them can be attributed dielectric breakdown [21-23], isolation of

metal on the electrode during electrolysis [24, 25], an increase in
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the films from gas and vapor phase [26], an increase in the ¢rystal
films on amorphous base [27] and so forth. Let us pause briefly at

the hydrodynamic fractal sysiems, whose. convenience consists of the

" simple experimental simulation.

The first of hydrodynamic fractal systéms in question answvers
so-called viscous dactylate [28-31]. If we attempt to push liquid
with a small viscosity {(for example, water) through the viscous fluid
(for example, o0il}, then under specific conditions appears the
"instability of viscous dactylate". As 2 result the honviscous liguid
takes the form of the branched finger, moreover with an increase in
thé‘p;essure on the nongisCous liquid increasingly lower ranges on the
branchings off of finger/pin appear. The obtained structﬁre possesses

fractal properties.

Similar method of designing of hydrodynamic fractal structure is
realized in instrument of Healy Shaw [29, 31, 32]; although figure at
first glance obtained in this case proves to be more symmetrical.

Healy Shav 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, from which they will move away in the radial

d;rectzons several elongated flange-fingers.

Page 206.
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These fingers/pins cen have branched structure and each of them on the
form it resembles the structure, formed during the extrusion of the
nonviscous liquid thrcugh the viscous. As is evident, nature of

formation of both hydrodynamic structures is identical.

Strongest multiplexing during creation of hydrodynamic structures

occurs during use as viscous fiuid 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
divisioy of scale duripg the development of system, which makes the

fractal properties of system more clearly expressed.

Enumerated geometric fractal structures, in spite of different
nature of origin, they have much in common. The resemblance of such
systems is developed in their fractai natﬁre, and sdmetimes and
corresponding to these structures.fractal dimensionalities prove to be
ciose. 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 size of

system, the viscosity of liquid, etc.).
Page 207.

Actually, theoretical analysis is shown (for example, see [34-37]),
+hat 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 ).

FOOTNOTE *). These values are particle density in the description of
an increase in the fractal cluster in the cise of the diffusion motion

r
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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 for the distribution functions in the systems,
which have different nature, if the boundary conditions, which

describe the formation of data of systems, are close. 1In this case

important value for the formation of fractal systems has a presence'in

system of large fluctuations.

It is significant that systems in question,iwhich 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 factors, which lead to the large fluctuations
in the system, play fundamental role in formation and evolution 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 tﬁe 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 éf
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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