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Ô³çè÷í³ åôåêòè ìåòåîðî¿äà Þéøó. 2

Âèêîíàíî êîìïëåêñíå ìîäåëþâàííÿ ïðîöåñ³â ó âñ³õ ãåîñôåðàõ, çóìîâ -
ëåíèõ ïàä³ííÿì òà âèáóõîì ìåòåîðî¿äà Þéøó ó ïðîâ³íö³¿ Öèíõàé (Êè -
òàéñüêà Íàðîäíà Ðåñïóáë³êà) 22 ãðóäíÿ 2020 ð. Îö³íåíî òåðìîäè -
íàì³÷í³ òà ïëàçìîâ³ åôåêòè, à òàêîæ åôåêòè òóðáóëåíòíîñò³, ùî
ñóïðîâîäæóâàëè ïàä³ííÿ ìåòåîðî¿äà Þéøó. Ïîêàçàíî, ùî ïðîë³ò
êîñ ì³÷íîãî ò³ëà ïðèçâ³â äî óòâîðåííÿ ãàçîïèëîâîãî ïëþìó. Íàãð³òèé
ñë³ä â³ä ìåòåîðî¿äà îõîëîäæóâàâñÿ ïðîòÿãîì äåê³ëüêîõ ãîäèí. Ðîçãëÿ -
íó òî ÷îòèðè ñòàä³¿ îõîëîäæåííÿ ñë³äó ìåòåîðî¿äà. Ïåðøà ç íèõ òðè -
âàëà ïðèáëèçíî 0.2 ñ, çà ðàõóíîê âèïðîì³íþâàííÿ òåìïåðàòóðà ñë³äó
çìåíøèëàñÿ âäâ³÷³. Ï³ä ÷àñ äðóãî¿ ñòàä³¿ (~3 ñ) ìàëî ì³ñöå îõîëîä -
æåííÿ çà ðàõóíîê âèïðîì³íþâàííÿ òà ðîçøèðåííÿ ñë³äó, òåìïåðàòó -
ðà çìåíøèëàñÿ íà 20 %. Ïðîòÿãîì òðåòüî¿ ñòàä³¿ òðèâàë³ñòþ 6 ñ
ïðîäóêòè âèáóõó òà íàãð³òèé ãàç (òåðì³ê), ìàþ÷è ïðèñêîðåííÿ áëèçü -
êî 30 ì/ñ2, íàáðàëè øâèäê³ñòü ï³äéîìó äî çíà÷åíü 140 ì/ñ, òåìïåðàòó -
ðà çìåíøèëàñÿ íà 10 %. ×åòâåðòà ñòàä³ÿ òðèâàëà ïðèáëèçíî 50 ñ,
òåð ì³ê ³íòåíñèâíî ïðèºäíóâàâ õîëîäíå ïîâ³òðÿ, ïîñòóïîâî îõîëîä -
æó âàâñÿ òà ãàëüìóâàâñÿ. Ìàêñèìàëüíà âèñîòà ï³äéîìó òåðì³êà äî -
ñÿãàëà 7...8 êì. Ïðîäóêòè âèáóõó (ïèëèíêè, àåðîçîë³), ùî âõîäèëè äî
ñêëàäó òåðì³êà, íàäàë³ áðàëè ó÷àñòü ó òðüîõ ïðîöåñàõ: ïîâ³ëüíîìó
îñ³äàíí³ íà ïîâåðõíþ Çåìë³, òóðáóëåíòíîìó ïåðåì³øóâàíí³ ç íàâêî -
ëèø í³ì ïîâ³òðÿì, ó ïåðåíåñåíí³ ïåðåâàæíèìè â³òðàìè íàâêîëî ïëàíå -
òè. Ïîêàçàíî, ùî åôåêò òóðáóëåíòíîñò³ ó ñë³ä³ ìåòåîðî¿äà áóâ äîá -
ðå âèðàæåíèé, à åôåêò ìàãí³òíî¿ òóðáóëåíòíîñò³ ïðàêòè÷íî íå ïðî -
ÿâèâñÿ. Îö³íåíî îñíîâí³ ïàðàìåòðè ïëàçìè ó ñë³ä³: âèñîòí³ çàëåæíîñ -
ò³ ë³í³éíî¿ òà îá’ºìíî¿ êîíöåíòðàö³é åëåêòðîí³â, çíà÷åíü ÷àñó ¿õíüî¿
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ðåëàêñàö³¿, ÷àñòîò ç³òêíåíü ÷àñòèíîê, ïèòîìî¿ ïðîâ³äíîñò³ ïëàçìè,
÷àñ³â ðåëàêñàö³¿ òåìïåðàòóðè åëåêòðîí³â. Ïîêàçàíî, ùî ë³í³éíà ³
îá’ºì íà êîíöåíòðàö³¿ åëåêòðîí³â ó ñë³ä³ ó ïî÷àòêîâèé ìîìåíò ñòàíî -
âèëè 1019...4×1022 ì–1 òà 1017...1021 ì–3, à ïèòîìà ïðîâ³äí³ñòü ïëàçìè —
ïîðÿäêó 103 Îì–1ì–1. Îáãîâîðþºòüñÿ ðîëü ïèëîâîãî êîìïîíåíòà ïëàç -
ìè.
Êëþ÷îâ³ ñëîâà: ìåòåîðî¿ä Þéøó, êîìïëåêñíå ìîäåëþâàííÿ, òåðìî -
äè íàì³÷í³ åôåêòè, ïëàçìîâ³ åôåêòè, åôåêòè ïëþìó, åôåêòè òóðáó -
ëåíò íîñò³.

ÂÑÒÓÏ

Ìåõàí³÷íèì, îïòè÷íèì ³ ãàçîäèíàì³÷íèì åôåêòàì ìåòåîðî¿äà Þéøó
ïðè ñâÿ÷åíî ïåðøó ÷àñòèíó ðîáîòè àâòîðà [30].

Ìåòà äðóãî¿ ÷àñòèíè ðîáîòè — âèêëàäåííÿ ðåçóëüòàò³â ðîçðàõóí -
ê³â ³ îö³íîê òåðìîäèíàì³÷íèõ ³ ïëàçìîâèõ åôåêò³â, à òàêîæ åôåêò³â
ïëþ ìó òà òóðáóëåíòíîñò³, ÿê³ ñóïðîâîäæóâàëè ïàä³ííÿ êîñì³÷íîãî
ò³ëà ó ïðîâ³íö³¿ Öèíõàé 22 ãðóäíÿ 2020 ð.

Ïîçíà÷åííÿ â ö³é ÷àñòèí³ ðîáîòè òàê³ æ, ÿê ³ ó ïåðø³é ÷àñòèí³ [30].
Ï³äêðåñëèìî, ùî ïåðåðàõîâàí³ åôåêòè äëÿ êðóïíèõ ìåòåîðî¿ä³â ÿê

â òåîðåòè÷íîìó, òàê ³ â åêñïåðèìåíòàëüíîìó ïëàíàõ âèâ÷åíî íåäîñòàò -
íüî. Ó íàÿâíîñò³ º ëèøå îö³íêè îêðåìèõ åôåêò³â [3—7, 13, 18, 19, 28,
33, 34]. Àâòîðîì çðîáëåíî ñïðîáó îö³íêè âñüîãî êîìïëåêñó åôåêò³â
äëÿ ×åëÿá³íñüêîãî, Ðóìóíñüêîãî òà Ëèïåöüêîãî ìåòåîðî¿ä³â [21—23,
26, 27, 31]. Â óçàãàëüíþþ÷èõ ðîáîòàõ ç âèâ÷åííÿ ×åëÿá³íñüêîãî ìåòåî -
ðî¿äà [10—12, 14, 15, 17, 36, 37] ïåðåðàõîâàí³ âèùå åôåêòè âçàãàë³ íå
ðîçãëÿäàëèñÿ.

ÒÅÏËÎÂÈÉ ÅÔÅÊÒ

Äèíàì³êà óäàðíî¿ õâèë³. Ìåòåîðî¿ä, ðóõàþ÷èñü â àòìîñôåð³, ñòâîðèâ çà 
ñîáîþ íàãð³òèé ñë³ä, ÿêèé ïîò³ì ãåíåðóâàâ óäàðí³ õâèë³, âèïðîì³íþ -
âàâ åëåêòðîìàãí³òíó åíåðã³þ òà ðîçøèðþâàâñÿ äî òèõ ï³ð, ïîêè òèñê
ãàçó â íüîìó íå çð³âíÿâñÿ ç àòìîñôåðíèì. Ïðè öüîìó ù³ëüí³ñòü ïîâ³òðÿ 
³ñòîòíî (ó 10...100 ðàç³â) [16] çìåíøóâàëàñü. Äëÿ îö³íêè ïàðàìåòð³â
ñë³äó â³ä ìåòåîðî¿äà âðàõóºìî, ùî ïîïåðå÷íà øâèäê³ñòü óäàðíî¿ õâèë³
äàºòüñÿ ñï³ââ³äíîøåííÿì [16]:
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Îñê³ëüêè õàðàêòåðíèé ÷àñ ðóõó ìåòåîðî¿äà äîð³âíþº te = H/u asin ,

R
rH Hd

Ldsw e( )
sin sin

t
a a

» = =
2

. (2)

Ïðè z ze=  òà çíà÷åííÿõ d »18.6 ì, H = 7.5 êì ³ a » 5°, L » 86 êì ³ç (2)

ìàºìî Rsw e( )t » 1.26 êì. Õàðàêòåðíèé ÷àñ ðîçøèðåííÿ ñë³äó äî Rs  = kr,
ÿê öå âèïëèâàº ç (1), äîð³âíþº

t rd =
-k

u

2 1

2
.

Ïðè u = 12 êì/ñ íà âèñîò³ z z re e» ,  = d/2 = 9.3 ì ³ k = »R rsw /  134 ìàºìî

çíà÷åííÿ td » 6.5 ñ, ÿêå º ç³ñòàâíèì ç³ çíà÷åííÿì tL » 6.3 ñ, àëå á³ëü øèì,
í³æ tr » 1.3 ñ [30].

Ó ïðîöåñ³ âèïðîì³íþâàííÿ òà ðîçøèðåííÿ ñë³äó ãàç â íüîìó îõî -
ëîä æóºòüñÿ, ïàðè âèáóõó êîí äåí ñóþòü ñÿ, ³ óòâîðþºòüñÿ âèäèìèé ñë³ä. 
Â³çó à ë³çàö³¿ ñë³äó ñïðèÿº òàêîæ êîíäåíñàö³ÿ ïàð³â, ÿê³ âèíèêëè â ðå -
çóëü òàò³ àáëÿö³¿ ðå÷îâèíè êîñì³÷íîãî ò³ëà. Ïðè ä³àìåòð³ ñë³äó 
2Rsw e( )t » 2.5 êì êóòîâèé ðîçì³ð ñë³äó íà â³äñòàí³ R » 100 êì äîð³âíþº

Da
t

= » × -2
2 5 10 2R

R
sw e( )

.  ðàä » 1.4°.

Êóòîâèé ðîçì³ð ñë³äó ìåòåîðî¿äà áóâ ïîì³òíî á³ëüøèì çà êóòîâèé
ðîçì³ð Ñîíöÿ (áëèçüêî 0.5°).

Â³äçíà÷èìî, ùî ïðè ðàä³óñ³ ñôåðè÷íî¿ âèáóõîâî¿ õâèë³ Rs » 0.6 êì

Da e
sR

R
= »

2
 0.04 » 2.3°.

Îõîëîäæåííÿ ñë³äó. Íàãð³òèé ñë³ä â³ä ìåòåîðî¿äà, ÿêèé íàçèâàºòü -
ñÿ òåðì³êîì, îõîëîäæóºòüñÿ çà ðàõóíîê òåïëîâîãî âèïðîì³íþâàííÿ,
òå ï ëîâîãî ðîçøèðåííÿ, ï³äéîìó ç ïðèºäíàííÿì õîëîäíîãî ïîâ³òðÿ,
ã³ä ðî ñòàòè÷íîãî ðîçøèðåííÿ â ðåçóëüòàò³ çìåíøåííÿ òèñêó íàâêî -
ëèø íüîãî ïîâ³òðÿ ïðè ï³äéîì³ òåðì³êà, çá³ëüøåííÿ îá’ºìó â ðåçóëü -
òàò³ òóðáóëåíòíî¿ äèôóç³¿.

Áóäåìî ðîçð³çíÿòè ÷îòèðè ñòàä³¿ îõîëîäæåííÿ.
1. Ïðè t < t1 ù³ëüí³ñòü r p  ðå÷îâèíè ó ñë³ä³ º á³ëüøîþ çà ù³ëüí³ñòü

íåçáóðåíîãî ãàçó. Çíà÷åííÿ t1 âèçíà÷àºòüñÿ ç óìîâè r rp et z( ) ( )1 0= . Ïðè 
öüîìó r p  âèçíà÷àºòüñÿ â îñíîâíîìó ñóìàðíîþ ìàñîþ m ôðàã ìåíò³â
ìåòåîðî¿äà. Ðàä³óñ öèë³íäðè÷íîãî óòâîðåííÿ çì³íþºòüñÿ çà çàêîíîì 
r t t( ) /µ 1 2  [28, 30].

2. Ïðè t t2 >  > t1, äå t2  — ÷àñ ðîçøèðåííÿ ñë³äó â³ä re äî rm  » Rc »

» 800 ì [30], ù³ëüí³ñòü ðå÷îâèíè â òåðì³êó âèçíà÷àºòüñÿ â îñíîâíîìó
ù³ëüí³ñòþ íàãð³òîãî ïîâ³òðÿ:

r r
r

q
= =e

cT

T
0  , (3)
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äå q = T T/ 0 , T ³ T0  — òåìïåðàòóðà ïîâ³òðÿ ó ñë³ä³ òà â íåçáóðåí³é

àòìîñôåð³, r re ez= » × -
0

2122 10( ) .  êã/ì3 — ù³ëüí³ñòü ïîâ³òðÿ íà âèñîò³
âèáóõó ze » 35.5 êì. Ïðè öüîìó ïëîùà S ïîâåðõí³ òåðì³êà òà éîãî îá’ºì 

V äàþòüñÿ ñï³ââ³äíîøåííÿìè

S t r t Le( ) ( )»2p ,  (4)

V t r t Le( ) ( )»
2

3
2p . (5)

Òóò Le » 17.2 êì [30]. Îá’ºì ìîäåëþºòüñÿ åë³ïñî¿äîì îáåðòàííÿ ç

ï³âîñÿìè r, r ³ Le/2. Â³äíîøåííÿ S t V t r t t( )/ ( ) ( )– – /µ µ1 1 2 .
3. Ïðè t3  > t > t2 , äå t3  — ÷àñ íàáîðó øâèäêîñò³ ï³äéîìó òåðì³êà, â³í 

íàáóâ çíà÷íî¿ (áëèçüêî 140 ì/ñ) øâèäêîñò³.
4. Ïðè t > t3  òåðì³ê åíåðã³éíî ï³äí³ìàºòüñÿ, ïðèºäíóº âåëèê³ ìàñè

õîëîäíîãî ïîâ³òðÿ, çá³ëüøóºòüñÿ â ä³àìåòð³ çà ðàõóíîê çìåíøåííÿ òèñ -
êó íàâêîëèøíüîãî ïîâ³òðÿ, éîãî îá’ºì çá³ëüøóºòüñÿ òàêîæ çà ðàõóíîê
òóðáóëåíòíî¿ äèôóç³¿. Âñ³ ö³ ôàêòîðè ïðèçâîäÿòü äî ïðèñêîðåíîãî
îõî ëîä æåí íÿ òåðì³êà, éîãî ãàëüìóâàííÿ òà çóïèíêè.

Ð³âíÿííÿ äëÿ òåìïåðàòóðè ïðîäóêò³â âèáóõó ìàº âèãëÿä

Cm
dT

dt
T T S t= - -s( ) ( )4

0
4 ,       T Tm( )0 = , (6)

äå C òà m — ïèòîìà òåïëîºìí³ñòü ³ ìàñà óòâîðåíèõ ïðîäóêò³â âèáóõó, 
S t r L re( ) ( )» + »2p  2pr t Le( )  — ïëîùà ïîâåðõí³ âîãíÿíîãî óòâîðåííÿ ïðè 
éîãî ìîäåëþâàíí³ öèë³íäðîì.

Ðîçãëÿíåìî ïåðøó ñòàä³þ îõîëîäæåííÿ òåðì³êà.
Äëÿ öèë³íäðè÷íîãî âèáóõó ðàä³óñ óòâîðåííÿ

r t
E t

r
t

t
L

e

e( )

/ /

=
æ

è
ç
ç

ö

ø
÷
÷ =

æ

è
çç

ö

ø
÷÷

2 1 4

0

1 2

r
. (7)

Òóò r d de e e= »/ ,2  18.6 ì, t r Ee e L0
2= r / . Ïðè re » ×122 10 2. –  êã/ì3, 

EL » ×4 65 108.  Äæ/ì, re » 9.3 ì ìàºìî çíà÷åííÿ t0  » 440 ìêñ, ùî íà áà ãà òî

ìåíøå çà tL , tr  ³ td .
Ìàñà ïðîäóêò³â âèáóõó me ³ ìàñà íàãð³òîãî ïîâ³òðÿ ma  âèçíà÷àþòü

çàãàëüíó ìàñó ðå÷îâèíè â òåðì³êó. Ç óìîâè r rp et z( ) ( )0 0=  ç óðàõóâàí -
íÿì (3) ³ (5) ìàºìî

m

V t
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ze a
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( ) ( )
( , )
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= = =r
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1 2 . Òîä³
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( )
 .

6 ISSN 0233-7665. Ê³íåìàòèêà ³ ô³çèêà íåáåñ. ò³ë. 2023. Ò. 39, ¹ 3

Ë. Ô. ×ÎÐÍÎÃÎÐ



Òóò Le1 » 3.4 êì [30]. Çâ³äñè

t t
m

z r L
e

e e e

1 0

0
2

1

3

2
=

q

pr ( )
 . (8)

Ïðè r0
2122 10( ) .ze » × -  êã/ì3, t0

44 4 10» × -.  ñ, re » 9.3 ì, me » 0 87 0. m » 
» ×38 105.  êã, Le1 » 3.4 êì ç âèðàçó (8) îòðèìàºìî t1 0 022» . q. Ïðè ñåðåä -
íüîìó çà ÷àñîì çíà÷åíí³ q » 10 (äèâ. íèæ÷å) ìàºìî t1 » 0.22 ñ.

Ïðè m m m ze e= = =( )  const ç óðàõóâàííÿì (4) ³ (7) ìàºìî

S t S
t

t
( )

/

=
æ

è
çç

ö

ø
÷÷0

0

1 2

, (9)

äå S r Le e0 1
52 2 10= » ×p  ì2, ðîçâ’ÿçîê ð³âíÿííÿ (6) ìàº âèãëÿä

f
t

t
f m( ) ( )

/

q q
s

=
æ

è
çç

ö

ø
÷÷ +

4

3 1

3 2

1 . (10)

Òóò q = T T/ 0 , T0  » 240 Ê, q m mT T1 0= »/  17.9 [28],

f ( )q q
q

q
= +

+

-
arctg ln

1

2

1

1
, (11)

t t ts s1 0
1 2 2 3=( )/ / , (12)

t
Cm

T S
e

s
s

=
0
3

0

 . (13)

Ïðè C » 103 Äæ/(êã×Ê), me » ×0 9 105.  êã, T0  = 240 Ê ³ S0  » ×2 105  ì2 ç (13) ³

(12) îòðèìàºìî, ùî ts » 1650 ñ, ts1 » 10.6 ñ.
²ç ð³âíÿííÿ (10) âèïëèâàº, ùî

t t f f m= -
é

ëê
ù

ûú
s q q1 1

2 3
3

4
( ( ) ( ))

/

.

ßêáè îõîëîäæåííÿ ñë³äó ïðîõîäèëî ëèøå çà ðàõóíîê âèïðîì³íþ -
âàííÿ, òîä³ õàðàêòåðíèé ÷àñ öüîãî ïðîöåñó ñòàíîâèâ áè ts . ×àñ ts1 º
õàðàêòåðíèì ÷àñîì îõîëîäæåííÿ ñë³äó ïðè ñï³ëüíîìó âïëèâ³ ïðîöåñ³â 
òåðìîäèíàì³÷íîãî ðîçøèðåííÿ ç õàðàêòåðíèì ÷àñîì t0  » 440 ìêñ òà

âèïðîì³íþâàííÿ ç õàðàêòåðíèì ÷àñîì ts  » 1650 ñ.

Ðåçóëüòàòè ðîçðàõóíêó ÷àñîâèõ çàëåæíîñòåé q, T ³ DT çà ñï³â â³ä -
íîøåííÿì (10) íàâåäåíî ó òàáë. 1. Âèäíî, ùî ÷àñ çìåíøåííÿ óäâ³÷³
òåì ïåðàòóðè ó ñë³ä³ ìåòåîðî¿äà ñòàíîâèòü áëèçüêî 100 ìñ.

Ïðîòÿãîì äðóãî¿ ñòàä³¿ r r q( ) / ( ), ( ) / ( ) /t t S t V t t= µ -
0

1 2 , ³ ð³âíÿííÿ (6) 
ó áåçðîçì³ðíèõ çì³ííèõ íàáóäå âèãëÿäó

d

dt t

t

t

q q q

s

= -
- æ

è
ç

ö

ø
÷

( )
/4

1

0

1 2
1

,        q q( )0 72= »m , (14)

äå ts1 äàºòüñÿ âèðàçîì (12). Ðîçâ’ÿçîê (14) îïèñóºòüñÿ âèðàçîì
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q
q

q q s

( )
( )

( / ) /
t

e

m

m m

t t
=

- -
-

2

2
4

2
44 1 2

1 2
 , (15)

t
t

t
s

s
2

1
2

0

52 5 10= » ×.  ñ. (16)

Ç âèðàçó (16) âèäíî, ùî ÷àñ îõîëîäæåííÿ íà ö³é ñòàä³¿ äóæå
çíà÷íèé. Ðåçóëüòàòè ðîçðàõóíêó q, T òà DT òàêîæ íàâåäåíî â òàáë. 1.

Ðîçãëÿíåìî òðåòþ ñòàä³þ îõîëîäæåííÿ ñë³äó â³ä ìåòåîðî¿äà. Ïðè
öüîìó S t( ) » const, m t( ) » const. Ð³âíÿííÿ äëÿ q ìàº âèãëÿä

d

dt t
m

q q
q q

s

= -
-

» »
4

3

3

1
0 4, ( ) , (17)

t
C z r

T
t

r

r
e m m

s s

r

s
3

0

0
3

03
2735

1
= = »

( )
 ñ. (18)

Òóò ìàêñèìàëüíèé ðàä³óñ íàãð³òîãî óòâîðåííÿ r Rm e» » 800 ì [30].
Ðîçâ’ÿçîê (17) ìîæå áóòè ïðåäñòàâëåíî ó âèãëÿä³

t t f f m= -s q q3 3( ( ) ( )), (19)

äå f ( )q  äàºòüñÿ ñï³ââ³äíîøåííÿì (11).
Ðåçóëüòàòè ðîçðàõóíêó q, T òà DT ³ç âèêîðèñòàííÿì ðîçâ’ÿçêó (19)

ïðåäñòàâëåíî â òàáë. 1.
Ïîð³âíÿºìî ÷à ñè ðå ëàê ñàö³¿ íà ïåð øèõ òðüîõ ñòàä³ÿõ ts1 » 10.6 ñ, 

ts2 » 2.5×105  ñ ³ ts3 » 2700 ñ. Âèä íî, ùî íà äðóã³é òà òðåò³é ñòàä³ÿõ îõî -
ëîä æåí íÿ òåðì³êà éäå äó æå ïîâ³ëüíî. ßêùî ïåð øà ñòàä³ÿ áó ëà äó æå
íå òðè âà ëîþ (~0.2 ñ), äðó ãà òðè âà ëà áëèçü êî 3 ñ, òî òðå òÿ ñòàä³ÿ òðè âà ëà
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t, c q T, Ê DT, Ê

0.0087 17 4080 3840
0.012 16 3840 3600
0.024 15 3600 3360
0.034 12 2880 2640
0.059 10 2400 2160
0.10 8 1920 1680
0.30 6 1440 1200
3.1 4 960 720
58 3 720 480
223 2 480 240
550 1.5 360 120
960 1.3 312 72

2100 1.1 264 24

Òàáëèöÿ 1. Çì³íè ç ÷àñîì â³äíîñíî¿ òåìïåðàòóðè q, àáñîëþòíî¿ òåìïåðàòóðè T òà ¿¿
ïåðåâèùåííÿ DT ó ñë³ä³ ìåòåîðî¿äà



áëèçü êî 6 ñ. Çà öåé ÷àñ òåðì³ê, ìà þ ÷è âå ëè êå ïðè ñêî ðåí íÿ a, íà áóâ âå -
ëè êî¿ øâèä êîñò³ (~140 ì/ñ) ³ çì³ñòèâ ñÿ âãî ðó ìàé æå íà 1 êì (òàáë. 2).
Ðóõ ç òà êîþ øâèäê³ñòþ ïðè çâî äèâ äî ³íòåí ñèâ íî ãî ïðèºä íàí íÿ ìàñ
õî ëîä íî ãî ïîâ³òðÿ òà ï³äñè ëåí íÿ òóð áóë³çàö³¿ ó òåðì³êó. ßê ïî êà çà íî â
ðî áîò³ [29], øâèäê³ñòü çá³ëüøåí íÿ ìà ñè ïðèºäíà íî ãî ïî â³òðÿ ïðî -
ïîðö³éíà øâèä êîñò³ òà ïî âí³é ïëîù³ S ïîâåðõí³ òåðì³êà:

dm

dt
Sa

T T=a ur0 ,

äå aT » 0.1 — êîåô³ö³ºíò çàõîïëåííÿ õîëîäíîãî ïîâ³òðÿ, äëÿ t ³ t2 » 3 ñ

ïëîùà S R LT e e» » ×2 8 6 107p .  ì2. Ïî÷àòêîâà ìàñà ïîâ³òðÿ â îá’ºì³ 
V R Lm e e» » ×2 3 2 3 102 10p / .  ì3 ñòàíîâèòü m R L ta e e e0

22= p r( )/3. Òîä³ çà ÷àñ Dt
ìàºìî

D D Dm

m

t

R

t

R
a

a e e0

03 3
= =

au r

r

au
q.

Ïðè u = 140 ì/ñ, Dt » 3 ñ, q = 4 ìàºìî Dm ma a/ .0 0 6» . Ïðè Dt » 5 ñ, òîáòî t

» 8 ñ, Dm ma a/ 0 1» . 

Ïðè äîñÿãíåíí³ ïîì³òíî¿ øâèäêîñò³ òà ïîì³òíîìó çì³ùåíí³ òåð ì³-
êà, òîáòî ïðè t ³ 10...15 ñ, ð³âíÿííÿ äëÿ ìàñè, øâèäêîñò³ òà òåìïåðàòó -
ðè ðå÷îâèíè â òåðì³êó íåîáõ³äíî ðîçâ’ÿçóâàòè ñï³ëüíî, ÿê öå çðîáëåíî
â ðîáîò³ [29]. Äîäàìî, ùî ïðè u = 100...200 ì/ñ òà L rt m» »2  1.6 êì êîå -

ô³ö³ºíò òóðáóëåíòíî¿ äèôóç³¿ D Lt t t=u  ñòàíîâèòü (1.6...3.2)×104  ì2/ñ,
ùî çíà÷íî á³ëüøå â³ä íåçáóðåíîãî çíà÷åííÿ Dt0  = 100 ...1000 ì2/ñ. Öå
òàêîæ ñïðèÿëî çá³ëüøåííþ ìàñè òåðì³êà òà éîãî îõîëîäæåííþ.

Ï²ÄÉÎÌ ÌÅÒÅÎÐÎ¯ÄÍÎÃÎ ÏËÞÌÓ

Ó ðåçóëüòàò³ ïðîëüîòó ìåòåîðî¿äà ï³ä ä³ºþ óäàðíî¿ õâèë³ â àòìîñôåð³
óòâîðèâñÿ íàãð³òèé ïðèáëèçíî äî 4300 Ê ñë³ä, çà ôîðìîþ áëèçüêèé äî
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t, ñ tv, ñ r, ì q a/g a, ì/ñ2
u¥, ì/ñ u, ì/ñ Dz, ì Dz0, ì

0.01 0.26 44.3 16 15 147 160 1.5 0.007 174
0.03 0.46 76.6 12 11 108 158 3.2 0.05 231
0.1 0.95 140 8 7 68.6 154 6.9 0.34 346
0.3 1.7 243 6 5 49 151 14.7 2.2 465
1 2.6 443 5.3 4.3 42 149 41 21 529
2 3.7 626 4.6 3.6 35 146 65 67 609
3 4.8 767 4 3 29.4 143 78 125 696
10 5.4 800 3.7 2.7 26.5 141 135 907 750
30 5.9 800 3.4 2.4 23.5 139 139 3600 822
50 6.6 800 3.1 2.1 20.6 136 136 6600 898

Òàáëèöÿ 2. ×àñîâ³ çàëåæíîñò³ â³äíîñíî¿ òåìïåðàòóðè q, â³äíîñíîãî ïðèñêîðåííÿ a/g,
õàðàêòåðíî¿ øâèäêîñò³ v¥m, øâèäêîñò³ v òà âèñîòè Dz ï³äéîìó ìåòåîðî¿äíîãî ïëþìó



öèë³íäðà. Éîãî ðàä³óñ ó â³äïîâ³äíîñò³ ç âèðàçîì (2) äàºòüñÿ ñï³ââ³ä -
íîøåííÿì

R Ld Hdsw e( ) /sint a» =  .

Íàãð³òå äî âèñîêèõ òåìïåðàòóð ïîâ³òðÿ ðàçîì ³ç ðå÷îâèíîþ ìåòåî -
ðî¿äà, ÿêà âèïàðóâàëàñü, ðîçøèðÿþ÷èñü, ñïðÿìîâóºòüñÿ âçäîâæ ñë³äó
òà âãîðó. Òàê âèíèêàº åôåêò ñïëèâàííÿ ðå÷îâèíè, ÿêèé îòðèìàâ íàçâó
åôåê òó ïëþìó. Ó âèïàäêó ìåòåîðî¿äà Þéøó ÷åðåç ìàë³ñòü êóòà a ðóõ
áóâ ó îñíîâíîìó âãîðó.

ßê â³äîìî, çàäà÷à ïðî ðóõ ïëþìó ñòðîãî ìîæå áóòè ðîçâ’ÿçàíà
÷èñëîâèìè ìåòîäàìè òðèâèì³ðíî¿ ã³äðîäèíàì³êè. Îäíàê ÷åðåç ³ñòîòíó 
â³äì³íí³ñòü ïîâçäîâæí³õ (äåñÿòêè ê³ëîìåòð³â) ³ ïîïåðå÷íèõ (ñîòí³
ìåòð³â) ðîçì³ð³â ñë³äó ÷èñëîâå ðîçâ’ÿçàííÿ ö³º¿ çàäà÷³ çà äîïîìîãîþ
ñó÷àñíèõ êîìï’þòåð³â ñèëüíî óñêëàäíåíå ÷åðåç íåîáõ³äí³ñòü çàñòîñî -
âó âàòè äîñòàòíüî ìàë³ ðîçì³ðè ðîçðàõóíêîâî¿ êîì³ðêè. Ïðèêëàäè ã³ä -
ðîäèíàì³÷íèõ ðîçðàõóíê³â äëÿ âåëüìè êðóïíèõ êîì³ðîê íàâåäåíî â
ðîáîò³ [16].

Äàë³ îïèñóþòüñÿ ïðîñò³ àíàë³òè÷í³ ìîäåë³, ÿê³ äîçâîëÿþòü îö³íèòè 
îñíîâí³ ïàðàìåòðè ïëþìó. Äëÿ öüîãî çàì³ñòü òðèâèì³ðíîãî ðóõó ïëþ -
ìó ðîçãëÿäàºòüñÿ îäíîâèì³ðíèé ðóõ âãîðó. Ïîä³áí³ ìîäåë³ íàâåäåí³
àâòîðîì ó ðîáîò³ [25].

Ðîçãëÿíåìî ðóõ ïëþìó ïî âåðòèêàë³. Ñïî÷àòêó îö³íèìî ê³íåìà -
òè÷ í³ ïàðàìåòðè ïëþìó.

Â³äîìî, ùî ìåòåîðíèé ïèë (àåðîçîë³) çàâæäè íàÿâíèé íà âèñîòàõ
20...30 êì. Øâèäê³ñòü éîãî óòâîðåííÿ ñòàíîâèòü ïðèáëèçíî 10 êò/ð³ê
[35]. Íàïðèêëàä, ïðè âèáóõó ÷åëÿá³íñüêîãî êîñì³÷íîãî ò³ëà ó ñòðàòî -
ñôåðó áóëî âèêèíóòî äåê³ëüêà ê³ëîòîíí àåðîçîë³â. Ïðè âèáóõó Ëè -
ïåöü êîãî ìåòåîðî¿äà ìàñà ïèëó íå ïåðåâèùóâàëà äåê³ëüêà äåñÿòê³â
òîíí [28]. Äëÿ ìåòåîðî¿äà Þéøó öÿ ìàñà äîñÿãàëà 50...100 ò. Ïèë ðà -
çîì ³ç íàãð³òèì äî òåìïåðàòóðè â 4000 Ê ãàçîì øâèäêî ðîçøèðèëèñü ó
íàïðÿìêó, ïåðïåíäèêóëÿðíîìó äî íàïðÿìêó ðóõó. Â ðåçóëüòàò³ öüîãî
âèíèêëî ãàðÿ÷å óòâîðåííÿ äîâæèíîþ Le òà ðàä³óñîì Re, ÿêå çà ðàõóíîê
ñèëè Àðõ³ìåäà FÀ  ç³ çíà÷íèì ïî÷àòêîâèì ïðèñêîðåííÿì àp  â ðåçóëü -
òàò³ êîíâåêö³¿ ñòàëî øâèäêî ï³äí³ìàòèñÿ âãîðó. Ï³ä ÷àñ ï³äéîìó óòâî -
ðåííÿ çá³ëüøóâàëîñü â îá’ºì³, îõîëîäæóâàëîñü çà ðàõóíîê âèïðîì³íþ -
âàííÿ, ðîçøèðåííÿ òà òóðáóëåíòíîãî ïåðåì³øóâàííÿ. Ïîñòóïîâî
ù³ëü í³ñòü îõîëîäæóâàíî¿ ðå÷îâèíè íàáëèæàëàñü äî ù³ëüíîñò³ õîëîä -
íî ãî ïîâ³òðÿ, ñèëà Àðõ³ìåäà çíà÷íî çìåíøóâàëàñü, ³ ï³äéîì óòâîðåííÿ 
ïðàêòè÷íî ïðèïèíèâñÿ.

Íàãð³òå óòâîðåííÿ ó ïåðøîìó íàáëèæåíí³ ìîæíà àïðîêñèìóâàòè
öèë³íäðîì ³ç äîâæèíîþ Le » 17.2 êì ³ ðàä³óñîì, ÿêèé ó ÷àñ³ çì³íþâàâñÿ

çã³äíî ³ç âèðàçîì (7) â³ä re » 9.3 ì äî Re » 800 ì.

×åðåç ïîëîãó òðàºêòîð³þ ïëîùà ïîïåðå÷íîãî ïåðåð³çó S rLe1 2= , äå
r(t) — ðàä³óñ öèë³íäðè÷íîãî îá’ºìó. Íà ïåðø³é ñòàä³¿ (t < t1) òåðì³ê
çàëèøàâñÿ ïðàêòè÷íî íåðóõîìèì. Äëÿ äðóãî¿ òà òðåòüî¿ ñòàä³¿ ìàºìî
òàêå ð³âíÿííÿ ðóõó ãàçó òà ïèëó ìàñîþ m ó âåðòèêàëüíîìó íàïðÿìêó:
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m
d

dt
F mg

C
SA

du
r u= - -

2
0

2
1, (20)

äå m V=r , r — ù³ëüí³ñòü ðå÷îâèíè ó ïëþì³ îá’ºìîì V, F VgA =r0  —

ñèëà Àðõ³ìåäà, g — ïðèñêîðåííÿ â³ëüíîãî ïàä³ííÿ, Cd » 0.6 — êîå -
ô³ö³ºíò àåðîäèíàì³÷íîãî îïîðó, r0  — íåçáóðåíà ù³ëüí³ñòü ïîâ³òðÿ,
S1 — ïëîùà ïîïåðå÷íîãî ïåðåð³çó öèë³íäðà ðàä³óñîì r ³ äîâæèíîþ Le.
Ïðèïóñêàþ÷è, ùî ìàñà ïèëó òà ãàçó ó ïðîöåñ³ ñïëè âàííÿ òà ðîçøè -
ðåííÿ çàëèøàºòüñÿ íåçì³ííîþ, îòðèìàºìî, ùî V t V( ) = 0t, S t1( ) =

= S10
1 2t / , äå çã³äíî ³ç (7) r t r V r Le e e( ) ,/= =t p1 2

0
22

3
, S r Le10 02=  òà t= t t/ 0 . ²ç

ñï³ââ³äíîøåííÿ (20) ïðè r = r(t) òà r( )t  ìàºìî

d

dt
g

C

r t
du r

r p

r

r

u
= -

æ

è
ç

ö

ø
÷ -0 0

2

1
3

2 ( )
 . (21)

Íà òðåò³é ñòàä³¿ òèñê âñåðåäèí³ òåðì³êà çð³âíÿâñÿ ³ç çîâí³øí³ì òèñ -
êîì. Ïðè öüîìó r r q0 0/ /= =T T , r t Re( ) » . Òîä³ ç (21) îòðèìàºìî ð³â íÿí -
íÿ

d

dt
g

C

R
d

e

u
q

p
q

u
= - -( )1

3

2

2

 , (22)

äå a g=( – )q 1  — ïðèñêîðåííÿ òåðì³êà, a C Rr d e=3 22u p/  — éîãî ãàëü -
ìóâàííÿ.

Íà äðóã³é ñòàä³¿ ïðè t < 2...3 ñ a >> ar ,

u( )t at» , (23)

 Dz t dt
at

t

= =òu
0

2

2
( ) . (24)

Ïðè a ar=  ìàºìî

u
p q

q
¥ =

-2 1

3

gR

C
e

d

( )
.

Ïðè q >> 1 îòðèìàºìî, ùî

u
p

¥ »m
e

d

gR

C

2

3
.

Ïðè g » 9.8 ì/ñ2, Re » 0.8 êì, Cd » 0.6 ìàºìî u¥ »m  165 ì/ñ. ßê âèäíî

ç (22), õàðàêòåðíèé ÷àñ ñòàíîâëåííÿ øâèäêîñò³ ï³äéîìó äîð³âíþº

t
g

u

u

q
=

-
¥

( )1
.

Íà òðåò³é ñòàä³¿ q » 4 òà tu  » 4.8 ñ. Õàðàêòåðíèé ÷àñ çìåíøåííÿ q

íàáàãàòî á³ëüøèé, í³æ tu . Öÿ îáñòàâèíà äîçâîëÿº ðîçâ’ÿçàòè ð³âíÿííÿ
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(22), ââàæàþ÷è, ùî q( )t  — ôóíêö³ÿ, ùî çì³íþºòüñÿ ïîâ³ëüíî. Ñï³â -
â³äíîøåííÿ (22) çðó÷íî ïåðåïèñàòè ó âèãëÿä³

d

dt
a

u u

u
u= -

æ

è
çç

ö

ø
÷÷ =

¥

1 0 0
2

2
, ( ) . (25)

Ðîçâ’ÿçîê ð³âíÿííÿ (25) äàºòüñÿ âèðàçîì

u u
u

( )t
at

= ¥

¥

th . (26)

Ïðè at<< ¥u  ìàºìî ñï³ââ³äíîøåííÿ (23) òà (24). Äëÿ âèñîòè
ï³äéîìó Dz ³ç âðàõóâàííÿì (26) ìàºìî ð³âíÿííÿ

u u
u

= = ¥

¥

d

dt
z

at
D th ,       Dz( )0 0= . (27)

Ðîçâ’ÿçîê (27) ìàº âèãëÿä

D D Dz t z
at

z
a

( ) ,= =
¥

¥
0 0

2

lnch
u

u
 . (28)

ßêùî at<< ¥u , òî Dz t at( ) /» 2 2 . Ïðè at /u¥  >> 1 ç (28) îòðèìàºìî, ùî

Dz t t( ) » ¥u . (29)

Ç âè ðà çó (29) âèï ëè âàº, ùî ïðè äîñ òàò íüî âå ëè êèõ t, òîá òî ïðè t >> 
>> ¥u / a = ( / ( – )) /2 3 1 1 2p q qR C ge d  ìàºìî Dz ~ t. Ïðè q » 17.9...1.1 ïî âèí íî 

áóòè t >> 1...12.5 ñ.
ßê âèäíî ³ç ñï³ââ³äíîøåíü (28) ³ (29), ìàêñèìàëüíà âèñîòà ï³äéîìó 

çàëåæèòü â³ä u¥ , à çíà÷èòü ³ â³ä q.

Ïðèïóñòèìî, ùî t = 50 ñ. Òîä³ ç (28) ïðè u¥ » 136 ì/ñ îòðèìàºìî,
ùî Dz » 6.6 êì. Ðåàëüíî çíà÷åííÿ Dz áóäå äåùî ìåíøèì, îñê³ëüêè íå
âðàõîâóâàëàñÿ íèçêà ôàêòîð³â: ïðèºäíàííÿ õîëîäíîãî ïîâ³òðÿ,
çá³ëüøåííÿ ðàä³óñà òåðì³êà ïðè çá³ëüøåíí³ âèñîòè ÷åðåç çìåíøåííÿ
òèñêó íàâêîëèøíüîãî ïîâ³òðÿ, òóðáóë³çàö³ÿ ïîâ³òðÿ ï³ä òåðì³êîì. Âñå
öå ïðèçâîäèëî äî çìåíøåííÿ q, à çíà÷èòü ³ u¥ , à òàêîæ Dz. Ó

áóäü-ÿêîìó âèïàäêó çíà÷åííÿ Dz íå ìîãëè ïåðåâèùóâàòè 7...8 êì. Öå
ïîì³òíî ìåíøå, í³æ âèñîòà ï³äéîìó òåðì³êà â³ä ×åëÿá³íñüêîãî
ìåòåîðî¿äà, äëÿ ÿêîãî Dz » 10 êì. Ïðè÷èíà ðîçá³æíîñòåé ïîëÿãàº â
ð³çíèö³ ïî÷àòêîâèõ åíåðã³é ³ çíà÷åíü êóòà a.

ÎÑ²ÄÀÍÍß ÀÅÐÎÇÎË²Â

Ó ïðîöåñ³ àáëÿö³¿, à ïîò³ì ³ âèáóõó êîñì³÷íîãî ò³ëà âèíèêëè éîãî ôðàã -
ìåíòè ç ðàä³óñîì rp  â³ä 1 ìêì äî 1 ñì ³ ìàñîþ mp  â³ä 10–15 äî 10–3 êã.
Â³äíîñíî âàæê³ ôðàãìåíòè êîñì³÷íîãî ò³ëà (ç ìàñîþ ïîíàä 1 ã) âèïàëè
íà ïîâåðõíþ Çåìë³ ó âèãëÿä³ ìåòåîðèò³â. Íàéëåãø³ ïèëèíêè (àåðîçî -
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ë³), íàâïàêè, ï³äíÿëèñÿ âãîðó íà 7...8 êì, òîáòî äî âèñîòè z p » 42...43 êì 
ðàçîì ³ç ãàðÿ÷èìè ïðîäóêòàìè âèáóõó. Ó ïîäàëüøîìó àåðîçîë³ áðàëè
ó÷àñòü ó òðüîõ ïðîöåñàõ. Ïî-ïåðøå, ó ïîâ³ëüíîìó îñ³äàíí³ íà ïîâåðõ -
íþ Çåìë³. Ïî-äðóãå, â òóðáóëåíòíîìó ïåðåì³øóâàíí³ ç íàâêîëèøí³ì
ïîâ³òðÿì. Ïî-òðåòº, ó ïåðåíîñ³ äîì³íàíòíèìè â³òðàìè íàâêîëî Çåìë³,
çä³éñíþþ÷è ïîâíèé îáåðò ïðèáëèçíî çà äâ³ äîáè [1, 10—12, 32].

Øâèäê³ñòü îñ³äàííÿ àåðîçîë³â äàºòüñÿ â³äîìèì ñï³ââ³äíîøåííÿì
[20, 24]:

u
r

h
p

a
p

g
r=

2

9
2 ,

äå ra » ×33 103.  êã/ì3 — îá’ºìíà ù³ëüí³ñòü àåðîçîëþ, g » 9.8 ì/ñ2, h =

= 1.7×10–5 Ïà×ñ — êîåô³ö³ºíò äèíàì³÷íî¿ â’ÿçêîñò³ àòìîñôåðíîãî ãàçó.
×àñ îñ³äàííÿ àåðîçîë³â t up p pz= / . Îòðèìàí³ îö³íêè u p  ³ tp  äëÿ z p  =
= 42 êì íàâåäåíî â òàáë. 3. Âèäíî, ùî àåðîçîë³ ðàä³óñîì 1 ìêì ìîæóòü
ïå ðåáóâàòè â àòìîñôåð³ á³ëüøå äâîõ ðîê³â. Öüîãî, îäíàê, íå â³äáóâà -
ºòüñÿ. Çà ðàõóíîê òóðáóëåíòíîãî ïåðåì³øóâàííÿ ç íàâêîëèøí³ì ãàçîì
ö³ àåðîçîë³ çíèêàþòü çà ÷àñ

tpt

p

t

z

D
=

2

0

 ,

äå Dt0  — êîåô³ö³ºíò òóðáóëåíòíî¿ äèôóç³¿. Ïðèïóñêàþ÷è, ùî z p  =
= 40 êì, Dt0  = 1000...3000 ì2/ñ, îòðèìàºìî, ùî tpt » 18.5...6.2 äîáè.
ßêùî æ z p » 45 êì, òî tpt » 23.4...7.8 äîáè.

Âèêîðèñòàíó ìîäåëü ï³äéîìó, ñòàá³ë³çàö³¿ òà ðóéíóâàííÿ ãàçîïè -
ëîâîãî ïëþìó, âèêëèêàíîãî âèáóõîì ìåòåîðî¿äà Þéøó, àïðîáîâàíî
íà ïðèêëàä³ ×åëÿá³íñüêîãî êîñì³÷íîãî ò³ëà. Ìîäåëü äîçâîëèëà ÿê³ñíî
òà ê³ëüê³ñíî ïîÿñíèòè îñíîâí³ ñïîñòåðåæí³ ôàêòè: çá³ëüøåííÿ øâèä -
êîñ ò³ ñïëèâàííÿ ïðè çá³ëüøåíí³ âèñîòè ïëþìó, òðèâàë³ñòü ñïëèâàííÿ,
ìàêñèìàëüíó âèñîòó ï³äéîìó ãàçîïèëîâîãî óòâîðåííÿ, îñ³äàííÿ àåðî -
çîë³â ³ ¿õí³é ðóõ íàâêîëî Çåìíî¿ êóë³.

Âñòàíîâëåíî çàëåæíîñò³ ïðèñêîðåííÿ òà øâèäêîñò³ ðóõó ïëþìó
â³ä âèñîòè. Ñïî÷àòêó ìàëî ì³ñöå øâèäêå çá³ëüøåííÿ øâèäêîñò³ ñïëè -
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rp, ìêì vp, ì/ñ tp, 105 ñ tp, ä³á

1 4.6×10–4 910 1057

2 1.8×10–3 230 271

3 4.1×10–3 100 116

5 0.012 35 41
10 0.046 9.1 10.6
20 0.18 2.3 2.7
30 0.41 1.0 1.16
50 1.2 0.35 0.41
100 4.6 0.091 0.11

Òàáëèöÿ 3. Çàëåæí³ñòü øâèäêîñò³ òà ÷àñó îñ³äàííÿ àåðîçîë³â â³ä ¿õíüîãî ðàä³óñà



âàí íÿ â³ä 0 äî 100 ì/ñ çà ðàõóíîê çíà÷íîãî (äî 160 ì/ñ2) ïî÷àòêîâîãî
ïðèñêîðåííÿ. Öå ïðèçâåëî äî øâèäêîãî çá³ëüøåííÿ ñèëè îïîðó íàâêî -
ëèøíüîãî ïîâ³òðÿ òà çìåíøåííÿ ïðèñêîðåííÿ ïðàêòè÷íî äî íóëÿ.

Ï³ñëÿ ï³äéî ìó ïëþ ìó ïðè áëèç íî íà 7...8 êì â³ä ì³ñöÿ âè áó õó íà -
ñòà ëà ñòàá³ë³çàö³ÿ éî ãî ï³äéî ìó. Ïðè ÷è íîþ öüî ãî áó ëî îõî ëîä æåí íÿ
õìà ðè ÷å ðåç òóð áó ëåí òíå ïå ðåì³øó âàí íÿ ç õî ëîä íèì ïîâ³òðÿì. Öåé
ôàê òîð ñïðè ÿâ òî ìó, ùî çíà ÷åí íÿ ï³äéîì íî¿ ñè ëè íà âè ñîò³ áëèçü êî
42...43 êì çâå ëî ñÿ ïðàê òè÷ íî äî íó ëÿ.

Ï³ñëÿ çàâåðøåííÿ ñïëèâàííÿ ïëþì óçÿâ ó÷àñòü ó òðüîõ ïðîöåñàõ: â 
îñ³äàíí³ ïèëèíîê íà ïîâåðõíþ Çåìë³, ó ïîäàëüøîìó òóðáóëåíòíîìó
ïåðåì³øóâàíí³ ç íàâêîëèøí³ì ïîâ³òðÿì ³ â ðóñ³ ïèëèíîê ï³ä ä³ºþ â³òðó 
ìàéæå â ãîðèçîíòàëüíîìó íàïðÿìêó. ×åðåç òóðáóëåíòíå ïåðåì³øóâàí -
íÿ íàâ³òü íàéìåíø³ (1...10 ìêì) àåðîçîë³ ïåðåáóâàëè â àòìîñôåð³
áëèçü êî 10...20 ä³á. Çà öåé ÷àñ çàëèøêè ãàçîïèëîâî¿ õìàðè äåê³ëüêà
ðàç³â îá³ãíóëè Çåìíó êóëþ. Ïèëèíêè ç ðîçì³ðîì 10...100 ìêì îïóñêà -
ëèñü ç³ øâèäê³ñòþ 4.6 ñì/ñ ... 4.6 ì/ñ.

ÅÔÅÊÒ ÒÓÐÁÓËÅÍÒÍÎÑÒ²

Òóðáóëåíòí³ñòü ó ñóö³ëüíîìó ñåðåäîâèù³ ñòàº âèçíà÷àëüíîþ, ÿêùî
÷èñ ëî Ðåéíîëüäñà [2] íàáóâàº çíà÷åíü

Re Re= = ³ »
u

n
r

u

h

d d
cr 103 . (30)

Òóò u ³ d — øâèäê³ñòü ³ ä³àìåòð êîñì³÷íîãî ò³ëà, n ³ h — ê³íåìàòè÷íà òà 
äèíàì³÷íà â’ÿç êîñò³, r — ù³ëüí³ñòü àòìîñôåðè íà çàäàí³é âèñîò³.
Óìîâà (30) ïðè ä³àìåòð³ d » 6.2 ì, h = 1.7×10 5–  Ïà×ñ òà u » 13 êì/ñ
ðåàë³çóºòüñÿ ïðè r> ×2 10 5–  êã/ì3, òîáòî íà âèñîòàõ z < 75 êì.

Òàêèì ÷èíîì, ñë³ä ìåòåîðî¿äà áóâ ñèëüíî òóðáóë³çîâàíèì íà
âèñîòàõ z = 35...75 êì. Çîâí³øí³é ìàñøòàá òóðáóëåíòíîñò³ äîð³âíþº 
L d zt » »( )  6.2...18.6 ì íà âèñîòàõ 75...35 êì â³äïîâ³äíî. ×àñ ñòàíîâëåí -
íÿ òóðáóëåíòíîñò³

t
u a u

t
t

t

t

t

L L
= = » × -( . ... . )4 8 14 3 10 3  ñ

äëÿ òîãî æ ä³àïàçîíó âèñîò. Òóò a u u ut t t= / ,  — õàðàêòåðíà øâèäê³ñòü
òóðáóëåíòíîãî ðóõó. Çàçâè÷àé ïðèïóñêàþòü a t » 0.1 [2, 4]. Âèäíî, ùî
ïðè z > 35 êì t tt L<<  ~ 6.3 ñ, òîáòî ïðîöåñ òóðáóë³çàö³¿ áóâ ïîð³âíÿíî
ìàëî³íåðö³éíèì.

Êîåô³ö³ºíò òóðáóëåíòíî¿ äèôóç³¿ îö³íèìî òàêèì ÷èíîì:

D Lt t t t t= =u u t2 .

Ïðè u t » ×13 103.  ì/ñ ³ Lt » 6.2...18.6 ì ìàºìî Dt » ×( . ... . )0 8 2 4 104  ì2ñ–1. Ó
íåçáóðåí³é àòìîñôåð³ íà âèñîòàõ 35...100 êì Dt0 » 100...1000 ì2ñ–1.
Âèäíî, ùî íà âñ³õ âèñîòàõ D Dt t>> 0 .
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Ñë³ä ìåòåîðî¿äà çàïîâíåíî ïëàçìîþ ç ïèòîìîþ ïðîâ³äí³ñòþ s.
Òóð áóëåíòí³ñòü ïëàçìè õàðàêòåðèçóºòüñÿ ìàãí³òíèì ÷èñëîì Ðåé -
íîëüä ñà

Rem t tL= m u s0 ,  (31)
äå m 0  — ìàãí³òíà ñòàëà. Ïðè âêàçàíèõ âèùå çíà÷åííÿõ u t , Lt , à òàêîæ
çíà÷åíí³ s »103  Îì–1ì–1 (äèâ. äàë³) ç âèðàçó (31) îòðèìàºìî Rem »
»10...30 äëÿ z » 75...35 êì â³äïîâ³äíî. Êðèòè÷íå çíà÷åííÿ Remcr » 40.

Òàêèì ÷èíîì, Re Rem mcr< . Ëèøå ïîáëèçó âèñîòè âèáóõîïîä³áíîãî
âèä³ëåííÿ åíåðã³¿ (z » 35 êì) ìîãëî áóòè Re Rem mcr» .

ÏËÀÇÌÎÂ² ÅÔÅÊÒÈ

Êîíöåíòðàö³ÿ åëåêòðîí³â. Ë³í³éíà êîíöåíòðàö³ÿ åëåêòðîí³â îá÷èñëþ -
ºòüñÿ ç ð³âíÿííÿ

a
b

u
i

i

mM

dm

dt
= -  .

Ïðèïóñòèìî M m = × -5 10 26  êã, b i » × -154 10 2.  [2]. Ðîçðàõîâàí³ çíà÷åí -
íÿ a i  òà îá’ºìíî¿ êîíöåíòðàö³¿ åëåêòðîí³â N Si=a /  íàâåäåíî â òàáë. 4.
Âèäíî, ùî ïîáëèçó âèñîòè ìàêñèìàëüíîãî åíåðãîâèä³ëåííÿ a imax ( )0 »
» ×4 4 1022.  ì–1, à N max ( ) .0 15 1021» ×  ì–3; íà âñ³õ âèñîòàõ ñòóï³íü ³îí³çàö³¿
ïëàçìè s N Ni n( ) ( )/0 0=  << 1, äå N n  — êîíöåíòðàö³ÿ íåéòðàë³â ó ñë³ä³.

Ï³ñëÿ çàê³í÷åííÿ ïðîöåñó ³îí³çàö³¿ åëåêòðîíè çíèêàþòü â ðåçóëü -
òàò³ ïðèëèïàííÿ äî ìîëåêóë êèñíþ ïðè ïîòð³éíèõ ç³òêíåííÿõ ó ðåàêö³¿ 
[8, 38]:

e+ + ® +-O O O O2 2 2 2
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z, êì Nn, ì
–3 N[O2], ì

–3
ai(0), ì–1 N(0), ì–3 si(0) Nc, ì

–3

100 9.6×1018 1.1×1018 7.8×1018 2.3×1017 2.4×10–2 2.4×1014

95 1.9×1019 4×1018 1.5×1019 5.1×1017 2.7×10–2 1015

90 3.9×1019 8.2×1018 3×1019 1018
2.5×10–2 4.4×1015

85 1.1×1020 2.2×1019 5.6×1019 1.9×1018 1.7×10–2 3.2×1016

80 2.9×1020 6.2×1019 1.1×1020 3.7×1018 1.3×10–2 2.5×1017

75 7.6×1020 1.6×1020 2.1×1020 7×1018 9.2×10–3 1.7×1018

70 2×1021 4.2×1020 4.1×1020 1.4×1019 7×10–3 1.1×1019

65 3.7×1021 7.9×1020 8.1×1020 2.7×1019 7.3×10–3 4.1×1019

60 7×1021 1.5×1021 1.6×1021 5.4×1019 7.7×10–3 1.5×1020

55 1.6×1022 3.2×1021 3.2×1021 1.1×1020 6.9×10–3 6.5×1020

50 3.4×1022 7.2×1021 6.3×1021 2.1×1020 6.2×10–3 3.4×1021

45 7.3×1022 1.5×1022 1.2×1022 4.1×1020 5.6×10–3 1.5×1022

40 1.6×1023 3.3×1022 2.3×1022 7.8×1020 4.9×10–3 6.6×1022

35 3.3×1023 7×1022 4.4×1022 1.5×1021 4.5×10–3 3.2×1023

Òàáëèöÿ 4. Âèñîòí³ ïðîô³ë³ îñíîâíèõ ïàðàìåòð³â àòìîñôåðè òà ïëàçìîâîãî ñë³äó
ìåòåîðî¿äà



òà ðåêîìá³íàö³¿ ç ìåòåîðíèìè ³îíàìè. Ð³âíÿííÿ áàëàíñó ÷èñëà ÷àñ òè -
íîê ìàº âèãëÿä

dN

dt
N N N Na r t= - - ==b a 2

0 0, | ( ), (32)

äå ba ak N= 2[O2] — êîåô³ö³ºíò ïðèëèïàííÿ, ka  — øâèäê³ñòü ðåàêö³¿, 
a r  — êîåô³ö³ºíò ðàä³àòèâíî¿ ðåêîìá³íàö³¿ ìåòåîðíèõ ÷àñòèíîê. Âðà -
õóºìî, ùî [8, 38]

k k
T

ea a
T= -

0
600300 / ,    ka0

411 4 10» × -.  ì6ñ–1,

a ar r

T

T
»

æ

è
ç

ö

ø
÷0

0

3 2/

, a r0
1810» -  ì3ñ–1,

²íäåêñ «0» îçíà÷àº íåçáóðåí³ óìîâè. Ðîçâ’ÿçîê (32) ìàº âèãëÿä

N
N N

N N e N
c

c
t tN

=
+ -

( )

( ( ) ) ( )/

0

0 01
 ,

äå N tc a r N a= =b a b/ , /1 1  (äèâ. òàáë. 5).
ßê âèïëèâàº ç ð³âíÿííÿ (32), ðåëàêñàö³ÿ ³îí³çîâàíîãî ñë³äó, âçàãàë³

êàæó÷è, âèçíà÷àºòüñÿ ÿê ïðèëèïàííÿì åëåêòðîí³â, òàê ³ ¿õíüîþ ðåêîì -
á³íà ö³ºþ ç ìåòåîðíèìè ³îíàìè. ×àñè ðåëàêñàö³¿ çà ðàõóíîê öèõ ïðîöå -
ñ³â çã³äíî ç âèðàçîì (32) äîð³âíþþòü

tN a1
1= -b ,

t NN r2
10= -[ ( )]a .

Ðåçóëüòàòè ðîçðàõóíêó öèõ ïàðàìåòð³â àòìîñôåðè íàâåäåíî â
òàáë. 5. Ââàæàëîñü, ùî ïðè t £ tN 1, tN 2  òåìïåðàòóðà ãàçó â ñë³ä³ 

T t Tm( ) » » 4300 Ê. Òîä³ k Ta m( ) .» × -8 5 10 43  ì6ñ–1, a r mT( ) .» × -13 10 20  ì3ñ–1. ²ç
òàáë. 5 âèäíî, ùî ÷àñè ðåëàêñàö³¿ tN 1 òà tN 2  ð³çí³, ïðè÷îìó tN 1 << tN 2

ïðè z £ 55 êì.
ßêùî æ T T» »0  240 Ê, òî ka » ×1 4 10 42. –  ì6ñ–1, à a r  » 10–18 ì3ñ–1. Ïðè

öüîìó ïîðÿäîê ka íå çì³íèâñÿ, à êîåô³ö³ºíò a r  çá³ëüøèâñÿ íà äâà
ïîðÿäêè.
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z, êì tN1, ñ tN2, ñ

100 3.9×105 335

95 7.4×104 151

90 1.8×104 77

85 2500 41
80 310 21
75 46 11
70 6.7 5.5

z, êì tN1, ñ tN2, ñ

65 1.9 2.9
60 0.5 1.4
55 0.1 0.7
50 0.02 0.37
45 5.2×10–3 0.19

40 1.2×10–3 0.10

35 2.4×10–4 0.05

Òàá ëè öÿ 5. Âè ñîòí³ çà ëåæ íîñò³ ÷àñ³â ðå ëàê ñàö³¿ êîí öåí òðàö³¿ åëåê òðîí³â ó ñë³ä³ ìå òå î ðî¿ -
äà



×àñòîòà ç³òêíåíü åëåêòðîí³â. Ïëàçìîâ³ åëåêòðîíè ñòèêàþòüñÿ ç
³îíàìè òà íåéòðàëàìè. Ïðè öüîìó â ñèñòåì³ Ñ² [9]

n n ne ei in= + ,

n ei e eNT T N= × ×- - -55 10 2 2 106 3 2 4 1 3. ( . )/ /ln ,

n uen n TeN= × -57 10 20. ,        uTe ekT m=( / ) /1 2 ,

äå N, Te, m, uTe — êîíöåíòðàö³ÿ, òåìïåðàòóðà, ìàñà òà òåïëîâà
øâèäê³ñòü åëåêòðîí³â, k — ñòàëà Áîëüöìàíà, N n  — êîíöåíòðàö³ÿ íåéò -
ðàë³â ó ðîçð³äæåíîìó ñë³ä³ (äèâ. òàáë. 4). Âðàõîâóþ÷è, ùî ÷àñ ðåëàê -
ñàö³¿ òåìïåðàòóðè åëåêòðîí³â tTe íàáàãàòî ìåíøèé çà ÷àñ ðåëàêñàö³¿
òåìïåðàòóðè íåéòðàë³â tT , áóäåìî ââàæàòè, ùî ó âñüîìó îá’ºì³ ãàçó 
T te( ) » T(t) » Tm  » 4300 Ê. Êð³ì òîãî, ïðèéìàºìî, ùî N » N(0). Ïîáëèçó

âèñîòè ze » 35 êì n ei  » 6.1×1010  ñ–1, n en  » 4.8×109  ñ–1, n e » 6.6×1010  ñ–1.

Âèäíî, ùî n e > n en  òà n e » n ei .

×àñòîòè ç³òêíåíü n ei  ³ n en  âèçíà÷àþòü ÷àñ ñòàíîâëåííÿ Te:

tTe ei ei en en= + -( )d n d n 1,

äå d ei  ³ d en  — â³äíîñ íà äîëÿ åíåðã³¿, ÿêà âòðà ÷àºòüñÿ ïðè îä íî ìó àêò³
ç³òêíåíü ³ç ³îíîì ³ íå é òðà ëîì â³äïîâ³äíî. Ïðè ïóñ êàºìî, ùî d ei » -10 4  ³ 
d en mT( ) » 0.003. ×àñ tTe » × -5 10 8  ñ << tT .

Ïèòîìà ïðîâ³äí³ñòü ïëàçìè. Ó ñë³ä³ ïèòîìà åëåê òðîí íà ïðîâ³ä -
í³ñòü äî ð³âíþº

s
n

=
e N

m e

2

.

Íà âèñîò³ z » 35 êì n nei en>> , ³

s
n

= »
e N

m ei

2

 640 Îì–1ì–1.

Îñê³ëüêè n ei Nµ , ïè òî ìà ïðîâ³äí³ñòü åëåêòðîí³â ïðè t t tN N£ 1 2,
ïðàêòè÷íî íå çàëåæèòü â³ä N ³ ïðèáëèçíî äîð³âíþº 1000 Îì–1ì–1. Ïðè 
t t tN N> 1 2,  çíà÷åííÿ s øâèäêî çìåíøóþòüñÿ ÷åðåç çìåíøåííÿ N(t) òà

âïëèâó n en .
Ïèëîâèé êîìïîíåíò ïëàçìè. Êð³ì åëåêòðîííî-³îííî¿ ïëàçìè, ñë³ä

â³ä ìåòåîðî¿äà çàïîâíåíî àòîìàìè ìåòåîðíî¿ ðå÷îâèíè òà ïèëîâèìè
÷àñòèíêàìè, ÿê³ íåñóòü íà ñîá³ çàðÿä. Ïèë ó ñë³ä³ ç’ÿâëÿºòüñÿ â ðå -
çóëüòàò³ êîíäåíñàö³¿ ðå÷îâèíè, ÿêà âèïàðóâàëàñÿ, òà âèáóõîïîä³áíîãî
âèä³ëåííÿ åíåðã³¿ ïðè ð³çêîìó ãàëüìóâàíí³ êîñì³÷íîãî ò³ëà. Òàêà ïëàç -
ìà íàëåæèòü äî ãàçîïèëîâî¿. ̄ ¿ âëàñòèâîñò³, ÿê â³äîìî, ìîæóòü ïîì³òíî
â³äð³çíÿòèñÿ â³ä âëàñòèâîñòåé êëàñè÷íî¿ ïëàçìè. Çîêðåìà, ó äèñïåð -
ñ³éí³é çàëåæíîñò³ ç’ÿâëÿþòüñÿ íîâ³ ã³ëêè, ùî îïèñóþòü ³íø³ âèäè
õâèëü ³ êîëèâàíü. Ïèë ³ñòîòíî âïëèâàº íà äèôóç³éí³ ïðîöåñè. Á³ëüø
äåòàëüíå äîñë³äæåííÿ ðîë³ ìåòåîðíîãî ïèëó, îäíàê, âèõîäèòü çà ðàìêè 
äàíî¿ ðîáîòè.
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ÂÈÑÍÎÂÊÈ

Âèêîíàíî êîìïëåêñíèé àíàë³ç îñíîâíèõ ïðîöåñ³â ó ñèñòåì³ Çåìëÿ —
àòìîñôåðà — ³îíîñôåðà — ìàãí³òîñôåðà, ÿê³ ñóïðîâîäæóâàëè ïàä³ííÿ 
ìåòåîðî¿äà Þéøó, òà âñòàíîâëåíî òàêå.

1. Íàãð³òèé ïðèáëèçíî äî 4300 Ê ñë³ä â³ä ìåòåîðî¿äà îõîëîä -
æóâàâñÿ ãîëîâíèì ÷èíîì çà ðàõóíîê âèïðîì³íþâàííÿ, à òàêîæ âíà -
ñë³äîê òåðìîäèíàì³÷íîãî ðîçøèðåííÿ, ïðèºäíàííÿ õîëîäíîãî ïîâ³òðÿ
ï³ä ÷àñ ï³äéîìó òåðì³êà òà òóðáóëåíòíîãî ïåðåì³øóâàííÿ ç õîëîäíèì
ïîâ³òðÿì. Âèÿâëåíî òà ðîçãëÿíóòî ÷îòèðè ñòàä³¿ îõîëîäæåííÿ ñë³äó
â³ä ìåòåîðî¿äà. Íàãð³òèé òåðì³ê ³ñíóâàâ ïðîòÿãîì ê³ëüêîõ ãîäèí.

2. Âñòàíîâëåíî, ùî ï³ä ÷àñ ïåðøî¿ ñòàä³¿ (~0.2 ñ) òåìïåðàòóðà
ñë³äó çìåíøèëàñÿ óäâ³÷³ çà ðàõóíîê âèïðîì³íþâàííÿ. Ïðîòÿãîì äðó -
ãî¿ ñòàä³¿ (~3 ñ) ìàëî ì³ñöå îõîëîäæåííÿ çà ðàõóíîê âèïðîì³íþâàííÿ
òà ðîçøèðåííÿ ñë³äó, òåìïåðàòóðà çìåíøèëàñÿ íà 20 %. Ïðîòÿãîì òðå -
òüî¿ ñòàä³¿ òðèâàë³ñòþ ïðèáëèçíî 6 ñ ïðîäóêòè âèáóõó òà íàãð³òèé ãàç
(òåðì³ê), ìàþ÷è ïðèñêîðåííÿ 30 ì/ñ2, íàáðàëè øâèäê³ñòü ï³äéîìó äî
çíà÷åíü 140 ì/ñ, òåìïåðàòóðà çìåíøèëàñÿ íà 10 %. ×åòâåðòà ñòàä³ÿ
òðè âàëà 50 ñ, òåðì³ê ³íòåíñèâíî ïðèºäíóâàâ õîëîäíå ïîâ³òðÿ, ïîñòóïî -
âî îõîëîäæóâàâñÿ òà ãàëüìóâàâñÿ.

3. Ðîçãëÿíóòî ñïðîùåíó îäíîâèì³ðíó ìîäåëü ðóõó ïëþìó ó âåð -
òèêàëüíîìó íàïðÿìêó. Çíàéäåíî ÷àñîâ³ òà âèñîòí³ çàëåæíîñò³ øâèä -
êîñ ò³, ïðèñêîðåííÿ òà âèñîòè ï³äéîìó ãàçîïèëîâî¿ õìàðè, ñïðè÷èíåíî¿ 
êîíâåêö³ºþ íàãð³òèõ ïðîäóêò³â âèáóõó. Îö³íåíî øâèäê³ñòü, ïðèñêî -
ðåííÿ òà âèñîòó âåðòèêàëüíîãî ï³äéîìó ïëþìó. Ïîêàçàíî, ùî ïðèñêî -
ðåí íÿ ïëþìó ñïî÷àòêó äîñÿãàëî ìàêñèìàëüíîãî çíà÷åííÿ 165 ì/ñ2.
Éîãî øâèäê³ñòü çá³ëüøóâàëàñÿ â³ä 0 äî 140 ì/ñ, ïîò³ì ïîñòóïîâî çìåí -
øóâàëàñü äî 0 ì/ñ. ×àñ ï³äéîìó äîð³âíþâàâ 60...70 ñ. Âèñîòà ï³äéîìó
ïëþìó ó ö³é ìîäåë³ áóëà áëèçüêîþ äî 7...8 êì.

4. Ïðîäóêòè âèáóõó (ïèëèíêè, àåðîçîë³), ÿê³ âõîäèëè äî ñêëàäó
òåðì³êà, íàäàë³ áðàëè ó÷àñòü ó òðüîõ ïðîöåñàõ: ïîâ³ëüíîìó îñ³äàíí³ íà
ïîâåðõíþ Çåìë³, òóðáóëåíòíîìó ïåðåì³øóâàíí³ ç íàâêîëèøí³ì ïîâ³ò -
ðÿì, ó ïåðåíîñ³ ïåðåâàæíèìè â³òðàìè íàâêîëî ïëàíåòè.

Ïîêàçàíî, ùî ïðè â³äñóòíîñò³ òóðáóëåíòíîãî ïåðåì³øóâàííÿ ÷àñ
æèòòÿ ì³êðîìåòðîâèõ ïèëèíîê ñòàíîâèâ áè áëèçüêî òðüîõ ðîê³â. Ðå -
àëü íî ÷àñ ¿õíüîãî îñ³äàííÿ îáìåæóâàâñÿ òóðáóëåíòíèì ïåðåì³øó âàí -
íÿì ³ çàëåæíî â³ä ðîçì³ðó íå ïåðåâèùóâàâ 10...30 ä³á.

5. Ïîêàçàíî, ùî åôåêò òóðáóëåíòíîñò³ â ñë³ä³ ìåòåîðî¿äà áóâ äîáðå 
âèðàæåíèé, à åôåêò ìàãí³òíî¿ òóðáóëåíòíîñò³ — ïðàêòè÷íî â³äñóòí³é.

6. Îö³íåíî îñíîâí³ ïàðàìåòðè ïëàçìè ó ñë³ä³: âèñîòí³ çàëåæíîñò³
ë³í³éíî¿ òà îá’ºìíî¿ êîíöåíòðàö³é åëåêòðîí³â, ÷àñ³â ¿õíüî¿ ðåëàêñàö³¿,
÷àñòîò ç³òêíåíü ÷àñ òè íîê, ïèòîìî¿ ïðîâ³äíîñò³ ïëàçìè, ÷àñ³â ðå ëàê ñà -
ö³¿ òåì ïåðàòóðè åëåêòðîí³â. Ïîêàçàíî, ùî ë³í³éíà òà îá’ºìíà êîí öåí -
òðà ö³¿ åëåêòðîí³â ó ñë³ä³ ó ïî÷àòêîâèé ìîìåíò ñòà íî âèëè 1019...
4×1022 ì–1 ³ 1017...1021 ì–3, ïèòîìà ïðîâ³äí³ñòü ïëàçìè ñòà íî âè ëà
103 Îì–1ì–1. Ðîëü ïèëîâîãî êîìïîíåíòà ïëàçìè ìîãëà áóòè ³ñòîòíîþ.
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äîñë³äæåíü Óêðà¿ íè (íî ìåð 2020.02/0015 «Òå î ðå òè÷í³ òà åê ñïå ðè ìåí -
òàëüí³ äîñë³äæåí íÿ ãëî áàëü íèõ çáó ðåíü ïðè ðîä íî ãî ³ òåõ íî ãåí íî ãî
ïî õîä æåí íÿ â ñèñ òåì³ Çåì ëÿ — àò ìîñ ôå ðà — ³îíîñ ôå ðà»). Ðî áî òó òà -
êîæ ï³äòðè ìà íî â ðàì êàõ äåð æáþä æåò íèõ ÍÄÐ, çà äà íèõ ÌÎÍ Óêðà¿ -
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PHYSICAL EFFECTS FROM THE YUSHU METEOROID. 2

Com pre hen sive mod el ing stud ies of the pro cesses in duced in all geospheres by the pas sage 
and ex plo sion of the Yushu me te or oid at the Prov ince of Quinghai (the Peo ple’s Re pub lic
of China) on De cem ber 22, 2020 are per formed. Ther mo dy namic and plasma ef fects, as
well as the ef fects of the plume and tur bu lence, ac com pa ny ing the pas sage of the Yushu
me te or oid were es ti mated. It has been shown that the pas sage of the ce les tial body led to
the for ma tion of a gas-dust plume. The heated trail of the me te or oid cooled for sev eral
hours. Four stages of me te or oid trail cool ing are con sid ered. The first of these per sisted for
~0.2 s, and the tem per a ture of the trail de creased by a fac tor of two due to emis sions. Dur -
ing the sec ond stage of or der of 3 s in du ra tion, cool ing due to the trail emis sions and ex -
pan sion took place, and the tem per a ture of the trail de creased by 20 %. In the course of the
third stage of or der of 6 s in du ra tion, the prod ucts of the ex plo sion and the heated gas,
thermic, ex pe ri enced an ~30 m/s2 ac cel er a tion and at tained 140 m/s speed of up lift ing, and
the tem per a ture de creased by ~10 percents. The fourth stage per sisted for ~50 s, dur ing
which the thermic ab sorbed the cool air at an in ten sive rate and grad u ally cooled off and
de cel er ated. The max i mum al ti tude of the up lift ing of the thermic reached ~7...8 km. The
prod ucts of the ex plo sion, con tained in the thermic, specks of dust and aero sols, fur ther
took part in the fol low ing three pro cesses: a slow pre cip i ta tion to the sur face of the Earth,
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tur bu lent mix ing with the am bi ent air, and the trans port by the pre dom i nant winds around
the globe. The ef fect of tur bu lence in the trail has been shown to be well-pro nounced, while 
the ef fect of mag netic tur bu lence has been shown to be al most ab sent. The fol low ing ba sic
pa ram e ters of the plasma in the trail have been es ti mated: the height dependences of the
elec tron den si ties per unit length and per unit vol ume, their re lax ation times, the par ti cle
col li sion fre quen cies, the plasma spe cific con duc tiv i ties, and the elec tron tem per a ture re -
lax ation time. At the ini tial mo ment, the lin ear and vol ume elec tron den si ties in the trail
have been shown to be equal to about 1019...4 ´ 1022 m–1 and 1017... 1021 m–3, re spec tively,
and the plasma spe cific con duc tiv ity to be equal to ~103 Ohm–1m–1. The role of the dusty
plasma com po nent is dis cussed.
Keywords: me te or oid Yushu, com pre hen sive sim u la tion, ther mo dy namic ef fects, plasma
ef fects, plume ef fects, tur bu lence ef fects.
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