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Ìåòà ðîáîòè — îö³íêà ìåõàí³÷íèõ, îïòè÷íèõ ³ ãàçîäèíàì³÷íèõ åôåê -
ò³â, ÿê³ ñóïðîâîäæóâàëè ïîë³ò ³ âèáóõ ìåòåîðî¿äà Þéøó. Âèáóõ ñòàâ -
ñÿ íàä ìàëîíàñåëåíîþ ì³ñöåâ³ñòþ — ïðîâ³íö³ºþ Öèíõàé (Òèáåòñüêå
óçã³ð’ÿ, Êèòàéñüêà íàðîäíà ðåñïóáë³êà). Çà äàíèìè NASA ïî÷àòêîâà
ê³íåòè÷íà åíåðã³ÿ êîñì³÷íîãî ò³ëà ñòàíîâèëà ïðèáëèçíî 9.5 êò ÒÍÒ,
àáî 40 ÒÄæ. Â åíåðã³þ ñâ³òëîâîãî ñïàëàõó ïåðåòâîðèëîñü ïðèáëèçíî
4.9 ÒÄæ, òîáòî 12.25 % â³ä ïî÷àòêîâî¿ ê³íåòè÷íî¿ åíåðã³¿ ò³ëà. Ïðî -
ºê ö³¿ øâèäêîñò³ ìåòåîðî¿äà äîð³âíþâàëè: ux  = –2.6 êì/ñ, u y  = 5.9 êì/ñ, 
u z  = –12.1 êì/ñ, ùî â³äïîâ³äàº êóòó íàõèëó òðàºêòîð³¿ äî ãîðèçîíòó
ïðèáëèçíî 5°. Çà âèñîòîþ âèáóõó, ÿêà äîð³âíþâàëà 35.5 êì, ³ êóòîì íà -
õèëó îö³íåíî ù³ëüí³ñòü ðå÷îâèíè, ÿêà º áëèçüêîþ äî ù³ëüíîñò³ çâè ÷àé -
íî ãî õîíäðèòó (ïðèáëèçíî 3.5 ò/ì3). Çíàííÿ ê³íåòè÷íî¿ åíåðã³¿ òà
øâèä êîñò³ äîçâîëèëî îá÷èñëèòè ìàñó ìåòåîðî¿äà (432 ò) òà éîãî õà -
ðàê òåðíèé ðîçì³ð (6.2 ì). Ïðîàíàë³çîâàíî åíåðãåòèêó ïðîöåñ³â, ìåõà -
í³÷í³, îïòè÷í³ òà ãàçîäèíàì³÷í³ åôåêòè êîñì³÷íîãî ÿâèùà. Îñíîâíå
åíåð ãî âèä³ëåííÿ, ÿêå ñóïðîâîäæóâàëî ãàëüìóâàííÿ ôðàãìåíò³â ò³ëà,
ùî ðóéíóâàëîñÿ ïðè äèíàì³÷íîìó òèñêó ïîðÿäêó 1 ÌÏà, ìàëî ì³ñöå â
îáëàñò³ äîâæèíîþ 17.2 êì íà âèñîò³ ïðèáëèçíî 35 êì. Ïðèïóñêàëèñü
êâàç³áåçïåðåðâíå äðîáëåííÿ òà ñòåïåíåâèé çàêîí ðîçïîä³ëó çà ìàñîþ
ôðàãìåíò³â. Îö³íåíî îñíîâí³ ïàðàìåòðè áàë³ñòè÷íî¿ òà âèáóõîâî¿
óäàð íèõ õâèëü. Ïðè ÷èñë³ Ìàõà, ÿêå äîð³âíþº 45, ðàä³óñ áàë³ñòè÷íî¿
óäàð íî¿ õâèë³ áóâ áëèçüêèì äî 280 ì, à ôóíäàìåíòàëüíèé ïåð³îä —
2.6 ñ. Çà ðàõóíîê äèñïåðñ³¿ ïåð³îä çá³ëüøóâàâñÿ â³ä 9.5 äî 30.1 ñ ïðè
çá³ëüøåíí³ õâèëåþ ïðîéäåíî¿ â³äñòàí³ â³ä 50 äî 5000 êì. Ðàä³óñ öèë³íä -
ðè÷íî¿ òà ñôåðè÷íî¿ âèáóõîâèõ óäàðíèõ õâèëü áóâ áëèçüêèì äî 0.8 òà
2 êì â³äïîâ³äíî, à ôóíäàìåíòàëüíèé ïåð³îä — 7.5 òà 18.8 ñ â³äïîâ³äíî.
Öåé ïåð³îä çá³ëüøóâàâñÿ â³ä 21.1 äî 66.7 ñ òà â³ä 42 äî 132.9 ñ ïðè
çá³ëü øåíí³ â³äñòàí³ â³ä 50 äî 5000 êì. Ïîáëèçó âèáóõó ìåòåîðî¿äà â³ä -
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íîñíèé íàäëèøêîâèé òèñê áóâ ìàêñèìàëüíèì. Ïðè çìåíøåíí³ âèñîòè
â³í çìåíøóâàâñÿ, à ïðè çá³ëüøåíí³ âèñîòè çá³ëüøóâàâñÿ ïðèáëèçíî äî
âè ñîòè 120...150 êì, äå â³í äîñÿãàâ 10...20 %, à ïîò³ì çìåíøóâàâñÿ äî
äå ê³ëüêîõ ïðîöåíò³â. Àáñîëþòíå çíà÷åííÿ íàäëèøêîâîãî òèñêó äëÿ
ñôåðè÷íî¿ õâèë³ áóëî ìàê ñè ìàëüíèì ïîáëèçó âèñîòè âèáóõó, ïîò³ì
çìåíøóâàëîñü ïðè çìåí øåíí³ âèñîòè äî 15 êì, äàë³ çíîâó
çá³ëüøóâàëîñü. Â åï³öåíòð³ âèáóõó âîíî áóëî áëèçüêèì äî 310 Ïà äëÿ
õâèë³ öèë³íäðè÷íîãî òèïó àáî 48.5 Ïà äëÿ õâèë³ ñôåðè÷íîãî òèïó, ÷îãî
íåäîñòàòíüî äëÿ ïîøêîäæåíü íàçåì íèõ îá’ºêò³â. Ïðè çá³ëüøåíí³
âèñîòè íàäëèøêîâèé òèñê çìåíøóâàâñÿ â³ä áàãàòüîõ äåñÿòê³â
ïàñêàë³â äî ì³êðîïàñêàë³â. Ñåðåäíÿ ïîòóæ í³ñòü ñâ³òëîâîãî ñïàëàõó
ïðè ¿¿ òðèâàëîñò³ 1.26 ñ ñòàíîâèëà 3.9 ÒÂò, ù³ëüí³ñòü ïîòîêó
ïîòóæíîñò³ ïîáëèçó âîãíÿíî¿ êóë³, òî÷í³øå êîíóñà äîâæèíîþ 3.4 êì ³
ä³àìåòðîì 18.6 ì, — 19.5 ÌÂò/ì2. Ïðè öüîìó òåì ïå ðàòóðà ïîâåðõí³
áóëà áëèçüêîþ äî 4300 Ê, à äîâæèíà õâèë³ Â³íà — 0.67 ìêì.
Êëþ÷îâ³ ñëîâà: ìåòåîðî¿ä, ìåõàí³÷íèé åôåêò, îïòè÷íèé åôåêò, ãàçî -
äèíàì³÷íèé åôåêò, áàë³ñòè÷íà óäàðíà õâèëÿ, ñôåðè÷íà óäàðíà õâèëÿ,
ôóíäàìåíòàëüíèé ïåð³îä, íàäëèøêîâèé òèñê.

ÂÑÒÓÏ

Ïàä³ííÿ êîæíîãî íîâîãî êîñì³÷íîãî ò³ëà äîñòàòíüî âåëèêèõ ðîçì³ð³â
(á³ëüø í³æ 1 ì) ñòàíîâèòü áåçñóìí³âíèé ³íòåðåñ ì³æäèñöèïë³íàðíîãî
õàðàêòåðó. Ñïðàâà â òîìó, ùî ïîë³ò ³ âèáóõ ìåòåîðî¿äà âèêëèêàº ö³ëèé
êîìïëåêñ ô³çèêî-õ³ì³÷íèõ ïðîöåñ³â ó âñ³õ ãåîñôåðàõ — ó ë³òîñôåð³,
àòìîñôåð³, ³îíîñôåð³ òà ìàãí³òîñôåð³, à òàêîæ ó ãåîô³çè÷íèõ ïîëÿõ.
Âèâ÷åííÿ òàêèõ ïðîöåñ³â âåäóòü ñåéñìîëîãè, ñïåö³àë³ñòè ç ô³çèêè àò -
ìîñôåðè, ³îíîñôåðè òà ìàãí³òîñôåðè. Àñòðîíîìè âèçíà÷àþòü îðá³òó
òà ïîõîäæåííÿ êîñì³÷íîãî ò³ëà. Ñïåö³àë³ñòè ç ìåòåîðèò³â çáèðàþòü
ôðàãìåíòè, ÿê³ âïàëè. Ô³çèêè òà õ³ì³êè ñó÷àñíèìè ìåòîäàìè äîñë³ä -
æóþòü ñêëàä ³ âëàñòèâîñò³ ìåòåîðèòíî¿ ðå÷îâèíè. Ðàä³îô³çèêè âèâ÷à -
þòü âïëèâ âèíèêëèõ çáóðåíü íà ïàðàìåòðè ðàä³îêàíàë³â, ïîøèðåííÿ
ðà ä³îõâèëü ³ ôóíêö³îíóâàííÿ ðàä³îñèñòåì ð³çíîãî ïðèçíà÷åííÿ (òåëå -
êî ìóí³êàö³þ, ðàä³îíàâ³ãàö³þ, ðàä³îëîêàö³þ, äèñòàíö³éíå ðàä³îçîíäó -
âàííÿ òîùî).

Äîñë³äæåííÿ åôåêò³â, ÿê³ ñóïðîâîäæóâàëè ïàä³ííÿ âåëèêèõ êîñ -
ì³÷ íèõ ò³ë, ðîçïî÷àòî á³ëüø í³æ 100 ðîê³â òîìó, ³ ïîâ’ÿçàíå âîíî ç óí³-
êàëü íèì òóíãóñüêèì ôåíîìåíîì. Àíàë³ç éîãî íàñë³äê³â òðèâàº é ó íàø 
÷àñ [3, 4, 34]. Íà æàëü, ó 1908 ð. íå áóëî ÷óòëèâèõ ïðèëàä³â, ÿê³ çìîãëè
á çàäîêóìåíòóâàòè ïðîöåñè ó âñ³õ ãåîñôåðàõ. ×åðåç ì³çåðíó ³íôîð ìà -
ö³þ äîñ³ íå âñòàíîâëåíî ïðèðîäó òóíãóñüêîãî ôåíîìåíó.

Óí³êàëüíîþ ïîä³ºþ ñòàëî ïàä³ííÿ ×åëÿá³íñüêîãî ìåòåîðî¿äà â
2013 ð. (òàáë. 1). ² õî÷à åíåðã³ÿ âèáóõó áóëà íà 1.5...2 ïîðÿäêè ìåíøîþ
â³ä åíåðã³¿ âèáóõó Òóíãóñüêîãî ò³ëà (20...50 Ìò ÒÍÒ), íàÿâí³ çàñîáè
äîçâîëèëè äîáðå çàô³êñóâàòè êîìïëåêñ ïðîöåñ³â ó âñ³õ ãåîñôåðàõ [2,
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7—22, 31, 32, 35, 51, 52, 62, 63]. Çà äàíèìè ñïîñòåðåæåíü îïóáë³êîâàíî
êíèãó [11] ³ ñîòí³ ñòàòåé. Çîêðåìà, áàãàòî ðåçóëüòàò³â äîñë³äæåíü
àâòîðà ç³ ñï³âðîá³òíèêàìè ìîæíà çíàéòè ó íîìåðàõ öüîãî æóðíàëó çà
2013, 2017 ³ 2021 ðð.

Ïðèêëàäîì äåòàëüíîãî âèâ÷åííÿ êîñì³÷íîãî ò³ëà ìåòðîâîãî ðîç -
ì³ðó ñëóæèòü ìåòåîðî¿ä Ìîðàâêà [37—39, 43]. Äåòàëüíî îïèñàíî òðà -
ºêòîð³þ ³ îðá³òó öüîãî êîñì³÷íîãî ò³ëà [38], ñåéñì³÷í³ òà ³íôðàçâóêîâ³
åôåêòè [43], ñòðóêòóðó òà ñêëàä [39], à òàêîæ çìîäåëüîâàíî äèíàì³êó
òà äðîáëåííÿ ìåòåîðî¿äà [37].

²ñòîòíî ìåíøå äîñë³äæåíî åôåêòè ³íøèõ ìåòåîðî¿ä³â ìåòðîâîãî
ðîç ì³ðó [36, 40—42, 45, 48, 49, 53, 56, 59, 61].

Ïîð³âíÿíî äåòàëüíî äîñë³äæåíî åôåêòè Ðóìóíñüêîãî [24—26, 64], 
Ëèïåöüêîãî [27—29] òà Êàì÷àòñüêîãî (Áåðèíãîâîìîðñüêîãî) [30, 54]
ìåòåîðî¿ä³â. Äëÿ öèõ ìåòåîðî¿ä³â âèêîíàíî êîìïëåêñíå ìîäåëþâàííÿ
îñíîâíèõ ô³çè÷íèõ åôåêò³â ó âñ³õ ãåîñôåðàõ, äåòàëüíî âèâ÷åíî ³íôðà -
çâóêîâ³, ³îíîñôåðí³, ìàãí³òîñôåðí³ òà ãåîìàãí³òí³ åôåê òè (äèâ. òàáë.
1). Ñèñòåìàòè÷í³ áàãàòîð³÷í³ äîñë³äæåííÿ ïðîöåñ³â, ùî ñóïðîâîäæó -
âàëè ïðîëüîòè òà âèáóõè ìåòåîðî¿ä³â, ïðîâàäÿòüñÿ àâòîðîì ç êîëå ãà -
ìè. Çîêðåìà, ó öüîìó æóðíàë³ ó ð³çí³ ðîêè îïóáë³êîâàíî äàí³ äîñë³ä -
æåíü Ëèïåöüêîãî (2019—2020 ðð.), ×åëÿá³íñüêîãî (2014, 2017,
2021 ðð.), ²íäîíåç³éñüêîãî (2018 ð.), Êàì÷àòñüêîãî ìåòåîðî¿ä³â
(2020 ð.), à òàêîæ ñòàòèñòè÷í³ õàðàêòåðèñòèêè ò³ë (2018, 2020 ðð.).

Ñòàíîâèòü çíà÷íèé ³íòåðåñ âñåá³÷íå äîñë³äæåííÿ êîìïëåêñó ô³-
çè÷ íèõ åôåêò³â ìåòåîðî¿äà Þéøó [45, 47, 50]. Â ðîáîò³ [45] âèçíà÷åíî
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Äàòà òà ÷àñ
ñïîñòåðåæåííÿ/íàçâà

j

(ïí. ø.)

l

(ñõ. ä.)

ze,
êì

Er,
ÒÄæ

u,
êì/ñ

Ek0,

êò ÒÍÒ
m, ò

08.10.2009
02:57:00 UT/
²íäîíåç³éñüêèé

4.25° 120.6° 19.1 20.0 19.2 33 750

15.02.2013
03:20:26 UT/
×åëÿá³íñüêèé

54.956° 60.28° 23.3 375 18.5 440 1.1×104

07.01.2015
01:05:56 UT/
Ðóìóíñüêèé

45.7° 26.9° 45.5 0.136 35.7 0.4 2.6

21.06.2018
01:16:20 UT/
Ëèïåöüêèé (Îçåðêè)

52.8° 38.1° 27 1.22 14.4 2.8 113

18.12.2018
23:48:20 UT/
Êàì÷àòñüêèé
(Áåðèíãîâîìîðñüêèé)

56.9° 172.4° 25.6 130 32 173 1.41×103

22.12.2020
23:23:33 UT/
Þéøó

31.9° 96.2° 35.5 4.9 13.6 9.5 432

Òàáëèöÿ 1. Â³äîìîñò³ ïðî ñóïåðáîë³äè îñòàííüîãî ÷àñó [https://cneos.jpl.nasa.gov/
fire balls/]



òðàºêòîð³þ òà îðá³òó êîñì³÷íîãî ò³ëà, à â ðîáîò³ [50] âèâ÷åíî éîãî
ñåéñ ì³÷íèé òà ³íôðàçâóêîâèé åôåêòè.

Ìåòåîðî¿ä Þéøó ìàº íèçêó îñîáëèâîñòåé. Â³í íàëåæèòü äî íàé -
êðóïí³øèõ. Çà ñâîºþ ìàñîþ òà ðîçì³ðàìè â³í ïîñòóïàºòüñÿ ëèøå ×å ëÿ -
á³íñüêîìó, Êàì÷àòñüêîìó é ²íäîíåç³éñüêîìó ìåòåîðî¿äàì [1, 30, 62,
63]. Ìåòåîðî¿ä Þéøó ìàâ íàéìåíøó øâèäê³ñòü (13.6 êì/ñ), ÿêà ïðè -
áëèçíî â 2.5 ðàçà ìåíøà â³ä øâèäêîñò³ Ðóìóíñüêîãî ìåòåîðî¿äà. Êð³ì
òîãî, êîñì³÷íå ò³ëî Þéøó âòîðãëîñü â àòìîñôåðó Çåìë³ ï³ä àíîìàëüíî
ìàëèì êóòîì (» 5°) äî ãîðèçîíòó. Óñå öå âèçíà÷èëî ñïåöèô³êó ô³çè÷ -
íèõ ïðîöåñ³â ó âñ³õ ãåîñôåðàõ.

Ìåòîþ äàíî¿ ðîáîòè º îö³íêà ìåõàí³÷íèõ, îïòè÷íèõ ³ ãàçîäèíà -
ì³÷íèõ åôåêò³â, ÿê³ ñóïðîâîäæóâàëè ïîë³ò ³ âèáóõ ìåòåîðî¿äà Þéøó
22 ãðóäíÿ 2020 ð. íàä Êèòàºì.

ÎÑÍÎÂÍ² Â²ÄÎÌÎÑÒ² ÏÐÎ ÌÅÒÅÎÐÎ¯Ä

Êîñì³÷íå ò³ëî, ÿêå îòðèìàëî íàçâó ìåòåîðî¿äà Þéøó, âòîðãëîñÿ äî
àòìîñôåðè Çåìë³ íàä ï³âäåííîþ ÷àñòèíîþ Êèòàþ, 22 ãðóäíÿ 2020 ð. î
23:23:33 UT (òóò ³ äàë³ UT — âñåñâ³òí³é ÷àñ, ì³ñöåâèé ÷àñ âèïåðåäæàº
âñåñâ³òí³é íà 7 ãîä). Âèáóõ, ÿêèé ìàâ ì³ñöå íà âèñîò³ 35.5 êì, ñòàâñÿ
íàä ìàëîíàñåëåíîþ ì³ñöåâ³ñòþ — ïðîâ³íö³ºþ Öèíõàé, á³ëüøà ÷àñòèíà 
ÿêî¿ íàëåæèòü Òèáåòñüêîìó óçã³ð’þ, ïîáëèçó ì. Þéøó. Êîîðäèíàòè
âèáóõó: 31.9° ïí. ø., 96.2° ñõ. ä. [https://cneos.jpl.nasa.gov/fire balls/]. Çà
äàíèìè ÍÀÑÀ [47] ïðîºêö³¿ øâèäêîñò³ ìåòåîðî¿äà ñòàíîâèëè: ux  =
= –2.6 êì/ñ, u y  = 5.9 êì/ñ, u z  = –12.1 êì/ñ, à ¿¿ ìîäóëü — u0  = 13.6 êì/ñ.
Åíåðã³ÿ ñâ³÷åííÿ áîë³äà áóëà áëèçüêîþ äî 4.9 ÒÄæ, à îá÷èñëåíà
ïî÷àòêîâà ê³íåòè÷íà åíåðã³ÿ Ek 0  ìåòåîðî¿äà — 9.5 êò ÒÍÒ » 40 ÒÄæ.

Çíàþ÷è u0  òà Ek 0 , ìîæíà îö³íèòè ïî÷àòêîâó ìàñó m0  » 432 ò, îá’ºì V0  »

» 123.6 ì3 (òèïîâà ù³ëüí³ñòü õîíäðèòó rb  » 3.5 ò/ì3) ³ ðîçì³ð ìåòåî -

ðî¿äà d0  » 6.2 ì. Çà ïðîºêö³ÿìè øâèäêîñò³ îö³íåíî ïî÷àòêîâèé êóò íà -

õèëó òðàºêòîð³¿ êîñì³÷íîãî ò³ëà äî ãîðèçîíòó: a 0  » 5°.

Ô²ÇÈ×Í² ÅÔÅÊÒÈ, ÙÎ ÑÓÏÐÎÂÎÄÆÓÂÀËÈ 

ÏÀÄ²ÍÍß ÌÅÒÅÎÐÎ¯ÄÀ

Ïðè âòîðãíåíí³ äîñòàòíüî êðóïíîãî êîñì³÷íîãî ò³ëà ç íàäçâóêîâîþ
øâèäê³ñòþ äî àòìîñôåðè Çåìë³ íà âèñîò³ á³ëÿ 100 êì ïî÷èíàº ãåíå ðó -
âàòèñÿ óäàðíà õâèëÿ, âèíèêàº àáëÿö³ÿ, à ïîò³ì ³ ðóéíóâàííÿ ò³ëà. Çá³ëü -
øåííÿ òèñêó àòìîñôåðè òà ïåðåð³çó õìàðè ôðàãìåíò³â, ÿêà óòâîðèëàñÿ, 
ïðèçâîäèòü äî éîãî ð³çêîãî ãàëüìóâàííÿ. Åíåðãîâèä³ëåííÿ ïðè öüîìó
ïîä³áíå äî òåïëîâîãî âèáóõó. Ãåíåðàö³ÿ óäàðíî¿ õâèë³ òà âèáóõ ñó -
ïðîâîäæóþòüñÿ ñâ³òëîâèì ñïàëàõîì (ÿâèùåì áîë³äà), óòâîðåííÿì
òóð áó ëåíòíîãî ³îí³çîâàíîãî íàãð³òîãî ñë³äó, ñïëèâàííÿì ïðîäóêò³â
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âè áóõó (òåðì³êà, ïëþìà). Íàãð³òèé ñë³ä ìîæå ðåëàêñóâàòè ïðîòÿãîì
äåê³ëüêîõ ãîäèí. Óäàðíà õâèëÿ, äîñÿãàþ÷è ïîâåðõí³ Çåìë³, âèêëèêàº
çåìëåòðóñ. Ï³ñëÿ âèáóõó ôðàãìåíòè êîñì³÷íîãî ò³ëà, ãàëüìóþ÷èñü ³
ðóõàþ÷èñü ³ç äîçâóêîâîþ øâèäê³ñòþ, âèïàäàþòü íà ïîâåðõíþ Çåìë³ ó
âèãëÿä³ ìåòåîðèò³â.

Êð³ì ìåõàí³÷íèõ, ã³äðîäèíàì³÷íèõ, óäàðíî-õâèëüîâèõ ³ ñâ³òëîâèõ
åôåêò³â ìàþòü ì³ñöå ïëàçìîâ³, ìàãí³òí³, åëåêòðè÷í³, åëåêòðîìàãí³òí³,
àêóñòè÷í³, ñåéñì³÷í³ òà ³íø³ ïðîöåñè, ÿê³ á³ëüø äåòàëüíî âèâ÷àþòüñÿ â 
ö³é ³ íàñòóïíèõ ÷àñòèíàõ ðîáîòè.

Ìåòîäèêà äîñë³äæåíü ïîä³áíà ðîçðîáëåí³é àâòîðîì [24, 25, 27].
Ðóõ ìåòåîðî¿äà, ÿê ³ ðàí³øå, îïèñóâàâñÿ çà äîïîìîãîþ ð³âíÿíü

ìåòåîðíî¿ ô³çèêè: ð³âíÿííÿ ãàëüìóâàííÿ, ð³âíÿííÿ àáëÿö³¿ (âòðàòè
ìàñè), ð³âíÿíü äëÿ êóòà íàõèëó òðàºêòîð³¿ òà âèñîòè êîñì³÷íîãî ò³ëà, à
òàêîæ ð³âíÿíü äëÿ ïîòóæíîñò³ ñâ³÷åííÿ òà ë³í³éíî¿ êîíöåíòðàö³¿
åëåêòðîí³â [2, 24, 27]. Ïîçíà÷åííÿ â ö³é ðîáîò³ òàê³ æ ñàì³, ÿê ³ â
ðîáîòàõ [24, 25, 27].

Ê²ÍÅÌÀÒÈ×Í² ÊÐÈÒÅÐ²¯

Äëÿ ïîïåðåäíüî¿ îö³íêè äèíàì³êè ïàä³ííÿ ìåòåîðî¿äà äîö³ëüíî îö³íè -
òè áàë³ñòè÷íèé êîåô³ö³ºíò a b  ³ ïàðàìåòð b b  â³äíåñåííÿ ìàñè (àáëÿö³¿)
[24, 27]:

a
r

a
b

dC S H

m
=

2
0

0 0sin
,

b
u

b
h

d

C

C Q
=

2
0
2

,

äå S d0 0
2 4= »p /  30.2 ì2 — ïî÷àòêîâå çíà÷åííÿ ïîïåðå÷íîãî ïåðåð³çó

ò³ëà (ì³äåëü), Cd  — êîåô³ö³ºíò äèíàì³÷íîãî îïîðó (äëÿ êóë³ Cd  » 0.6),

r — ù³ëüí³ñòü ïîâ³òðÿ, H » 7.5 êì — âèñîòà îäíîð³äíî¿ àòìîñôåðè,
Ch  » 0.03 — êîåô³ö³ºíò òåïëîîáì³íó, Q » 6.5 ÌÄæ/êã — ïèòîìà òåï -

ëîòà ñóáë³ìàö³¿ [14, 27].
Íà âèñîò³ âèáóõó ze  » 35 êì ìàºìî a b ez( ) » 0.02, òà íà áóäü-ÿê³é

âèñîò³ b b  » 0.71. Ìàë³ñòü  a b ez( ) ñâ³ä÷èòü ïðî òå, ùî ãàëüìóâàííÿ ò³ëà

áóëî íåçíà÷íèì, ³ ïðè z £ ze  ìîæíà ââàæàòè, ùî u u( )z » 0 . Íèæ÷å âè -

ñîòè ze  ì³äåëü S çà ðàõóíîê äðîáëåííÿ ìåòåîðî¿äà çá³ëüøóºòüñÿ íà ïî -
ðÿäîê ³ á³ëüøå. Êð³ì òîãî, ìàñà îêðåìèõ ôðàãìåíò³â º çíà÷íî ìåíøîþ
â³ä m0 . Ïðè öüîìó a b  çá³ëüøóºòüñÿ íà äâà ïîðÿäêè ÷è á³ëüøå. Íàñòàº
ð³çêå ãàëüìóâàííÿ ôðàãìåíò³â, ÿêå çá³ëüøóºòüñÿ ïðè çìåíøåíí³ âèñî -
òè. Ïî÷èíàþ÷è ç äåÿêî¿ âèñîòè, ñèëà îïîðó ïðèáëèçíî âð³âíî âàæó -
ºòüñÿ ñèëîþ òÿæ³ííÿ, ³ ôðàãìåíòè ïàäàþòü ç³ øâèäê³ñòþ, ÿêà ïîñòó ïî -
âî çìåíøóºòüñÿ ç³ çìåíøåííÿì âèñîòè òà º ³ñòîòíî ìåíøîþ çà øâèä -
ê³ñòü çâóêó äëÿ á³ëüøîñò³ ôðàãìåíò³â (äèâ. äàë³).
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Ìàë³ñòü êîåô³ö³ºíòà b b  ñâ³ä÷èòü ïðî ñëàáê³ñòü ïðîöåñó àáëÿö³¿ äî
âèñîòè âèáóõó ze  » 35 êì. Á³ëüø âàæëèâèì ïðîöåñîì º ðóéíóâàííÿ

êîñì³÷íîãî ò³ëà íà âèñîò³ ze  » 35 êì.

Ê²ÍÅÌÀÒÈÊÀ ÌÅÒÅÎÐÎ¯ÄÀ

Ðîçãëÿíåìî îñíîâí³ ô³çè÷í³ ïðîöåñè, ÿê³ áóëè ñóïóòí³ìè ï³ä ÷àñ ïàä³í -
íÿ ìåòåîðî¿äà Þéøó.

Ãàëüìóâàííÿ ìåòåîðî¿äà. Íà âèñîòàõ, á³ëüøèõ çà âèñîòó âèáóõó
ìåòåîðî¿äà, ñèëà îïîðó ïîâ³òðÿ Fr  íàáàãàòî ïåðåâèùóº ñêëàäîâó ñèëè
òÿæ³ííÿ mg sina. Ïðè öüîìó ð³âíÿííÿ ðóõó íàáóâàº âèãëÿäó

m
d

dt

C
S z ed z Hu

ru r r» - = -

2
02 , ( ) ( ) / , (1)

äå ïðè z £ ze  ïðèéìàºìî m » m0 , S » S 0  ³  a » a 0 . Âðàõóºìî, ùî

d

dt

d

dz

dz

dt

d

dz

u u u
u a=

æ

è
ç

ö

ø
÷
æ

è
ç

ö

ø
÷ = -

æ

è
ç

ö

ø
÷ sin 0 . (2)

Òîä³ ç (1) ³ (2) îòðèìàºìî

d

dz

C S

m e
d

z H

u r

a

u
u u» ¥ =

-

( )

sin
, ( )

/

0

2
0

0 0

0 . (3)

²íòåãðóþ÷è (3), ïðèõîäèìî äî ñï³ââ³äíîøåííÿ

u u a( ) exp( )/z eb
z H= - -

0 0 , (4)

äå

a ab b z0 0= =| .

Ïðè z ze=  ç (4) ìàºìî u u( ) .ze » 098 0 .
Àáëÿö³ÿ ìåòåîðî¿äà. Ð³âíÿííÿ, ÿêå îïèñóº â³äíåñåííÿ ìàñè êîñ -

ì³÷ íîãî ò³ëà, ìàº âèãëÿä

dm

dt

C

Q
Sh= -

2
3ru . (5)

Ïðèéìåìî, ùî ïðè z £ ze  ïëîùà S S» 0 . Òîä³ ç (5) ç óðàõóâàííÿì (2)

ìàºìî
dm

dz H
m e m mb b z H» ¥ =-2 0 0

0 0

a b / , ( ) , (6)

äå

a
r

a
b

u
b

d
b

h

d

C S H

m

C

C Q
0

0

0

0
0
2

2

0

2
= =

( )

sin
, .

²íòåãðóþ÷è (6), îòðèìàºìî
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m z m
z

H
b b( ) exp= - -

æ

è
ç

ö

ø
÷

é

ë
ê

ù

û
ú0 0 01 2a b .  (7)

Äëÿ z » ze  ç (7) ïðè r(0) » 1.3 êã/ì3, a b0  » 2.36, b b0  » 0.71 ìàºìî 

m z me( ) .» 097 0 .
Ïðè äîñÿãíåíí³ âèñîòè ze  øâèäê³ñòü ìåòåîðî¿äà çìåíøóâàëàñü íà

2 %, ìàñà — íà 3 %, à ê³íåòè÷íà åíåðã³ÿ Ek  — íà 7 %.
Äðîáëåííÿ ìåòåîðî¿äà. Êîñì³÷íå ò³ëî ïðè òåðò³ îá ïîâ³òðÿ ðóé íó -

ºòüñÿ ïðè óìîâ³, ùî ì³öí³ñòü ò³ëà s d  çð³âíþºòüñÿ ç âåëè÷èíîþ äèíà -
ì³÷ íîãî òèñêó, òîáòî ïðè [46]

s rud = 0365 2. .  (8)

Ð³çí³ ÷àñòèíè ìåòåîðî¿äà ìàþòü ð³çíó ì³öí³ñòü, ÿêà àïð³îð³ íå â³äî -
ìà. Ì³öí³ñòü õîíäðèòó çì³íþºòüñÿ ó ìåæàõ 0.5...3 ÌÍ/ì2 [46]. Óìîâà
(8) âèêîíóºòüñÿ íà âèñîò³

z Hd

d

» ln
. ( )0365 0 0

2r u

s
 . (9)

Òóò âðàõîâàíî, ùî ïðè z £ ze  øâèäê³ñòü u u» 0 . Äëÿ s d  » 0.8 ÌÍ/ì2 ç (9) 

îòðèìóºìî zd  » 35 êì. Ïðè á³ëüøèõ çíà÷åííÿõ s d  ìàºìî zd  < ze , ùî

íåìîæëèâî. Òàêèì ÷èíîì, zd  » ze  » 35 êì.

Ï³ñëÿ äðîáëåííÿ ôðàãìåíòè ðóõàþòüñÿ ÿê êâàç³ð³äèíà, íàáóâàþ÷è
ïîïåðå÷íî¿ øâèäêîñò³, â ðåçóëüòàò³ ÷îãî ä³àìåòð õìàðè ôðàãìåíò³â
çá³ëüøóºòüñÿ çà çàêîíîì [24, 27]:

d x d k ed
x( ) ( ( ))/= + --

0
21 1 , (10)

k
H

d

z
d

d

b

=
4

0 0sin

( )

a

r

r
,

x
z z

H
d=

-
.

Ïðè r r( ) ( )z zd e=  » 1.22×10–2 êã/ì3, rb  » 3.5 ò/ì3, H » 7.5 êì ìàºìî k d  »

» 104. Òàêå âåëèêå çíà÷åííÿ k d  ñâ³ä÷èòü ïðî òå, ùî ðóéíóâàííÿ ìåòåî -

ðî¿äà òà ãàëüìóâàííÿ õìàðè ôðàãìåíò³â â³äáóëîñÿ â äóæå âóçüêîìó
ä³àïàçîí³ âèñîò, êîëè x/2 << 1. Ïðè çá³ëüøåíí³ ä³àìåòðà d(x) â A ðàç³â
ìàºìî äëÿ ä³àïàçîíó âèñîò òàêå ñï³ââ³äíîøåííÿ:

Dz z z
H

k
Ad

d

» - = -
2

1( ). (11)

Íàïðèêëàä, ïðè A = 3 ìàºìî çíà÷åííÿ Dz » 0.3 êì, à ïðè A = 11 ìàºìî
Dz » 1.5 êì.

Ñòåïåíåâèé çàêîí äðîáëåííÿ. Ïðèéìåìî, ùî äèôåðåíö³àëüíèé
çà êîí ðîçïîä³ëó ôðàãìåíò³â ïî ìàñàõ ìàº âèãëÿä
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dn A
dm

m
m

f

f

=
a

, (12)

äå ÷àñòî a » 2. Êîíñòàíòà Am  çíàõîäèòüñÿ ç óìîâè íîðìóâàííÿ

m m dn A
m

m
A Bf

m

m

m

f

f

m m

f

f

0 = = ºò
min

max

ln
max

min

.

Çâ³äñè

A
m

B
B

m

m

S

S
m

m

m

f

f

f

f

= = =0 3

2
, ln ln

max

min

max

min

 . (13)

Ïðè m mf max .= 01 0  = 43 ò ³ m f min  = 4.3×10–15 êã ìàºìî Am  » 104 êã.

Îá÷èñëèìî ñóìàðíèé ì³äåëü õìàðè ôðàãìåíò³â, ó ÿêîìó ìàñàì 
m f min  ³ m f max  â³äïîâ³äàþòü ïëîù³ S f min  ³ S f max . Âðàõóºìî, ùî

m S dm S dSf b f f b f f= =
4

3

23 2 1 2

p
r

p
r/ /, .

Òîä³ çàì³ñòü (12) îòðèìàºìî

dn
A dS

S
m f

f

=
9

8 5 2

p

r /
 . (14)

Ñóìàðíèé ì³äåëü ³ç óðàõóâàííÿì (14) äàºòüñÿ ñï³ââ³äíîøåííÿì

 S S dn
A

S Sf f

S

S

m

b

f f

f

f

S = = -ò
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min

max

( )min
/

max
/9

4
1 2 1 2p
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. (15)

Îñê³ëüêè S Sf fmax
/
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/- -<<1 2 1 2 , ç (15) ìàºìî
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1 2
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0 0p
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rmin
/

min
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÷
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1 2/

.

Ç öüîãî âèðàçó îòðèìàºìî

S
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S

S

f

m f

S

0

0

1 2

3
=

æ

è

ç
ç

ö

ø

÷
÷

min

/

. (16)

Ïðèéìåìî, ùî m f max  = 43 ò, m f min  = 4.3×10–15 êã. Ïðè öüîìó S f min  »

» 1.4×10–12 ì2, à Bm  = 19ln10 = 43.7, S SfS / 0  » 3.2×105. Ì³äåëü õìàðè

ôðàãìåíò³â íà áàãàòî ïîðÿäê³â ïåðåâèùóº ïëîùó S 0 , ùî é çàáåçïå÷óº
âèáóõîïîä³áíå åíåðãîâèä³ëåííÿ.

Ãàëüìóâàííÿ ôðàãìåíò³â. Ìàþ÷è ìåíøèé ðîçì³ð d f , ôðàãìåíòè

ãàëüìóþòüñÿ á³ëüø åôåêòèâíî, í³æ âèõ³äíå êîñì³÷íå ò³ëî. Ïðè öüîìó
ãàëüìóâàííÿ ôðàãìåíòó a rf fµ -1 . Íà âèñîòàõ, äå ìîæíà çíåõòóâàòè
ñèëîþ òÿæ³ííÿ, ð³âíÿííÿ ðóõó ôðàãìåíòà ïîä³áíå äî ð³âíÿíü (1) àáî
(3). Â³äì³íí³ñòü ïîëÿãàº â çíà÷åíí³ áàë³ñòè÷íîãî êîåô³ö³ºíòà
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Ðîçâ’ÿçîê ð³âíÿííÿ ðóõó ïðè a » a 0  ìàº âèãëÿä

u u af f f
z H z Hz e ee( ) exp[ ( )]/ /= -- -

0 ,     u uf f ez0 = ( ). (18)

Íà âèñîò³ zcr  ñèëà îïîðó ïîâ³òðÿ Fr  ñòàº ð³âíîþ ñèë³ òÿæ³ííÿ:

C
S m gd

f f f
2

2ru a= sin . (19)

Ï³äñòàâëÿþ÷è (18) â (19) ³ ââàæàþ÷è, ùî  a » a 0 , îòðèìàºìî

ñï³ââ³äíîøåííÿ äëÿ îá÷èñëåííÿ âèñîòè zcr  ³ u f crz( ). Ç ðåçóëüòàò³â
ðîçðàõóíê³â (òàáë. 2) âèïëèâàº, ùî øâèäê³ñòü ïàä³ííÿ º áëèçüêîþ äî
100 ì/ñ.

Ç³ ñï³ââ³äíîøåííÿ (19) îòðèìàºìî âèðàç äëÿ øâèäêîñò³ ïàä³ííÿ
ôðàãìåíò³â:

u
r

r
a

r

r pr
af

d

b
f

d

b f

bC
gd

C

m
g= =

æ

è
çç

ö

ø
÷÷

4

3

8

3

3

4

1 3

sin sin

/

.

Ó ì³ðó ðóõó ôðàãìåíòà äî ïîâåðõí³ Çåìë³ êóò a äåùî çá³ëüøó ºòü -
ñÿ, çðîñòàº é ù³ëüí³ñòü ïîâ³òðÿ. Öå ïðèçâîäèòü äî ïîäàëüøîãî ãàëüìó -
âàííÿ òà çìåíøåííÿ øâèäêîñò³ ïàä³ííÿ. Âàæëèâî, ùî u f  µ d f

1 2/  µ m f
1 6/ .

Àáëÿö³ÿ ôðàãìåíò³â. Ð³âíÿííÿ àáëÿö³¿ äëÿ ôðàãìåíòó ìàñîþ mf òà
ì³äåëåì S f , ÿêèé ðóõàºòüñÿ ç³ øâèäê³ñòþ u f , ïðè  a » a 0  ìàº âèãëÿä

(5). Ðîçâ’ÿçîê â³äïîâ³äíîãî ð³âíÿííÿ òàêèé:

m z m B ef f

y yf e( ) [ ( )]
( )

= - -
-

0

2
1 1

a
, (20)

äå m m zf f e0 = ( ), a f  äàºòüñÿ ñï³ââ³äíîøåííÿì (17),

B
C

C Q
h

d

f
= »

6
0227

0
2u

. ,    y e z H= - / ,    y ee
z He= - / . (21)

Ç (21) âèïëèâàº, ùî y max  = 1. Ïðè öüîìó y y emin >> ,

m m B ef f
f

min [ ( )]» - -
-

0

2
1 1

a
.
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df, ì zcr, êì u f , ì/ñ df, ì zcr, êì u f , ì/ñ

0.01 32.5 75 0.3 16.7 106
0.03 29.4 82 1 8.5 148
0.1 29.6 105 3 0.2 130

Òàáëèöÿ 2. Çàëåæí³ñòü âèñîòè zcr òà øâèäêîñò³ ôðàãìåíò³â u f  íà ö³é âèñîò³ â³ä ðîçì³ðó
ôðàãìåíòà. Ââàæàëîñü, ùî u f 0  = 13.3 êì/ñ



Îñê³ëüêè äëÿ âñ³õ ðîçì³ð³â ôðàãìåíò³â 2a f  >> 1, òî

m m B mf f fmin ( ) .» - »0 01 0 773 ,

òîáòî çìåíøåííÿ ìàñè ôðàãìåíò³â çà ðàõóíîê àáëÿö³¿ íå ïåðåâèùóº
23 %. Öå ñïðàâåäëèâî ïðè a » a 0 . Íàñïðàâä³ æ çà ðàõóíîê ãàëüìóâàííÿ

a çá³ëüøèòüñÿ, à a f  çìåíøèòüñÿ ìàéæå íà ïîðÿäîê. Ïðè öüîìó ëèøå

äëÿ íàéêðóïí³øîãî ôðàãìåíòà ç d f  » 3 ì ìàñà çìåíøèòüñÿ íà 14 %, à

äëÿ ³íøèõ ôðàãìåíò³â, ÿê ³ ðàí³øå, çìåíøåííÿ äîð³âíþº 20... 23 %.

ÅÍÅÐÃÅÒÈ×Í² ÎÖ²ÍÊÈ

Ïî÷àòêîâà ê³íåòè÷íà åíåðã³ÿ Ek 0  » 40 ÒÄæ, àáî 9.5 êò ÒÍÒ. Öÿ åíåðã³ÿ

º áëèçüêîþ äî åíåðãîâèä³ëåííÿ ïðè âèáóõó ÿäåðíî¿ áîìáè íàä ì. Õ³ðî -
ñ³ìà ó 1945 ð. (» 12 êò ÒÍÒ).

Çà ðàõóíîê àáëÿö³¿ ìàñà âñ³õ ôðàãìåíò³â çìåíøèëàñü ïðèáëèçíî íà 
20 %. Çà ðàõóíîê ãàëüìóâàííÿ íàéìåíøèõ ôðàãìåíò³â ìàñà çìåíøè -
ëàñü ùå ïðèáëèçíî íà 30 %. Ïîâåðõí³ Çåìë³ äîñÿãëè ôðàãìåíòè çàãàëü -
íîþ ìàñîþ ïðèáëèçíî 215 ò. Ïðè ñåðåäí³é øâèäêîñò³ ïàä³ííÿ ïðè -
áëèçíî 100 ì/ñ ê³íöåâà ê³íåòè÷íà åíåðã³ÿ íå ïåðåâèùóâàëà 1 ÃÄæ, òîá -
òî ñòàíîâèëà 2.5×10–3 % â³ä Ek 0 .

Îñíîâíå åíåðãîâèä³ëåííÿ ìåòåîðî¿äà â³äáóâàëîñÿ â øàð³ àòìî -
ñôåðè äîâæèíîþ

L
H

= »
sina 0

 86 êì.

Ïðè öüîìó ñåðåäíÿ ïîãîííà ù³ëüí³ñòü åíåðã³¿ ñòàíîâèëà

E
E

L
L

k= » ×0 8465 10.  Äæ/ì.

Õàðàêòåðíèé ÷àñ åíåðãîâèä³ëåííÿ

t
u

L

L
= »

0

 6.3 ñ.

Òîä³ ñåðåäíÿ ïîòóæí³ñòü

P
E

L
k

L

= »0

t
 6.35 ÒÂò.

Àáëÿö³ÿ. Äî âèáóõó ìàñà ìåòåîðî¿äà çìåíøèëàñü âñüîãî íà 3 %, à
ï³ñëÿ âèáóõó — ùå ïðèáëèçíî íà 20 %, â ñóì³ — íà 23 %. Åíåðã³ÿ, ÿêó
çàòðà÷åíî íà àáëÿö³þ, ñòàíîâèòü

E Q m m Qab ab= = × » ×D 023 65 100
11. .  Äæ.

Ïðè öüîìó hab ab kE E= / 0  = 1.6 %.
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Äðîáëåííÿ. Ïðè ïèòîì³é åíåðã³¿ äðîáëåííÿ e d  » 105 Äæ/êã ìàºìî

åíåðã³þ

E md d» » ×e 0
1043 10.  Äæ.

Åôåêòèâí³ñòü öüîãî ïðîöåñó ñòàíîâèòü

hd
d

k

E

E
=

0

 = 0.11 % .

²îí³çàö³ÿ. Ïîâíà ê³ëüê³ñòü ìîëåêóë ó ìåòåîðî¿ä³ äîð³âíþº

N
m

M m

S = 0 ,

äå M m  » 5×10–26 êã — ìàñà ìîëåêóëè. Òîä³ N S  » 8.6×1030. Ïîâíå ÷èñëî

³îí³çîâàíèõ ìîëåêóë

N Ni iS S= b .

Òóò b i  = 1.54 ×10–2 — êîåô³ö³ºíò ³îí³çàö³¿ [2, 24, 27]. Ïðè öüîìó N iS  »

» 1.3×1029. Ñåðåäíÿ åíåðã³ÿ ³îí³çàö³¿ e i  äîð³âíþº ïðèáëèçíî 50 åÂ »

» 8×10–18 Äæ. Òîä³ åíåðã³ÿ, ÿêà âèòðà÷àºòüñÿ íà ³îí³çàö³þ, äîð³âíþº

E Ni i i= = ×e S 11 1012.  Äæ.

Ïðè öüîìó

hi
i

k

E

E
=

0

 = 2.75 % . 

Åíåðã³ÿ ãàëüìóâàííÿ. ßê âèäíî ç îö³íîê, íà àáëÿö³þ, äðîáëåííÿ òà 
³îí³çàö³þ âèòðà÷àëàñü ëèøå íåçíà÷íà ÷àñòèíà ê³íåòè÷íî¿ åíåðã³¿ êîñ -
ì³÷íîãî ò³ëà. Á³ëüøà ÷àñòèíà åíåðã³¿ ï³øëà íà ïîäîëàííÿ îïîðó ïîâ³ò -
ðÿ òà âòîðèíí³ ïðîöåñè (ãåíåðàö³þ óäàðíî¿ õâèë³, íàãð³âàííÿ ìåòåî -
ðî¿äà òà ïîâ³òðÿ, âèïðîì³íþâàííÿ åëåêòðîìàãí³òíèõ ³ àêóñòè÷íèõ
õâèëü).

Çàòðà÷åíà åíåðã³ÿ äîð³âíþº ðîáîò³ ç ïîäîëàííÿ ñèëè îïîðó âçäîâæ
òðà ºê òîð³¿ s ò³ëà: F C Sr d= ru2

S /2,

E F s ds F z
dz C

z S Ldec r r

z

d
e e

e

= = »ò ò
¥

( ) ( )
sin

( )
a

r u
2

0
2

S .

Òóò S S  — ì³äåëü õìàðè ôðàãìåíò³â.
Ïðè z £ ze  ìàºìî S » S 0 , u » u0  ³ Edec  » 1.6 ÒÄæ. Ïîáëèçó ze  â³ä -

áóëîñÿ ðóéíóâàííÿ êîñì³÷íîãî ò³ëà, â ðåçóëüòàò³ ÷îãî ì³äåëü çá³ëü -
øèâ ñÿ íà äåê³ëüêà ïîðÿäê³â (äèâ. ñï³ââ³äíîøåííÿ (16)), àëå é ïðîòÿæ -
í³ñòü îáëàñò³ âèáóõó Dze  ñòàíîâèëà 1.5 êì. Ïðè Dze  » 1.5 êì, Le  »

» Dze /sina » 17.2 êì, S e  » 3.2×103 ì2 ³ u » 13.3 êì/ñ ìàºìî çíà÷åííÿ Edec  »
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» 3.2×1013 Äæ. Åíåðã³ÿ âèáóõó äîð³âíþº Ee  » Edec  » 3.2×1013 Äæ, òîáòî

80 % â³ä ïî÷àòêîâî¿ ê³íåòè÷íî¿ åíåðã³¿ ìåòåîðî¿äà.

ÑÂ²×ÅÍÍß

Ó ì³ðó ãàëüìóâàííÿ õìàðè ôðàãìåíò³â ¿¿ ä³àìåòð ðîçøèðÿâñÿ äî
çíà÷åííÿ d » 3d0 » 18.6 ì. Òîä³ Dz » 0.3 êì, à L ze1 = »D / sina  3.4 êì.

Ôîðìà óòâîðåííÿ áëèçüêà äî êîìá³íàö³¿ êîíóñà âèñîòîþ Le1  » 3.4 êì ³

ï³âñôåðè ä³àìåòðîì d » 18.6 ì. Á³÷íà ïîâåðõíÿ öüîãî óòâîðåííÿ

S dL
d

r e» +p p
2

2
 .

Îñê³ëüêè L d S dLe r e> »/ ,2 p  » 2×105 ì2.

Ïðè âèì³ðÿí³é åíåðã³¿ âèïðîì³íþâàííÿ E r  » 4.9×1012 Äæ ³ òðèâà -

ëîñò³ ³ìïóëüñó t ur eL= »/ 0  1.26 ñ ìàºìî ñåðåäíþ ïîòóæí³ñòü âèïðî -
ì³íþâàííÿ

P
E

r
r

r

= » ×
t

39 1012.  Âò.

Ù³ëüí³ñòü ïîòîêó âèïðîì³íþâàííÿ ç ïîâåðõí³ êîíóñà äîð³âíþº

 P r
r

r

P

S
= » ×195 107.  Âò/ì2.

Ïðè öüîìó òåìïåðàòóðà óòâîðåííÿ

T r=
P

s
4 ,

äå s = 5.67×10–8 Âò×ì–2Ê–4 — ñòàëà Ñòåôàíà — Áîëüöìàíà. Îá÷èñëåííÿ
äàþòü çíà÷åííÿ T » 4300 Ê. Çã³äíî ³ç çàêîíîì Â³íà ìàêñèìóì âèïðî -
ì³íþâàííÿ ïðèïàäàº íà äîâæèíó õâèë³

l =
b

T
 =  0.67 ìêì.

Òóò b = 2.9×10–3 ì×Ê — ñòàëà Â³íà. Íà â³äñòàí³ R â³ä äæåðåëà

P G= -E

R
er r

4 2p
,

äå Gr  » 0.05 — ³íòåãðàëüíèé êîåô³ö³ºíò îñëàáëåííÿ ñâ³òëà â àòìîñôåð³

íà â³äñòàí³ R » ze  » 35 êì. Òîä³ ï³ä åï³öåíòðîì P » 303 Äæ×ì–2, ùî

íàáàãàòî ìåíøå â³ä ïîðîãó ñïàëàõóâàííÿ (0.2...1 ÌÄæ×ì–2) [55].
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ÏÀÐÀÌÅÒÐÈ ÓÄÀÐÍÎ¯ ÕÂÈË²

Ïîë³ò êîñì³÷íîãî ò³ëà ç ã³ïåðçâóêîâîþ øâèäê³ñòþ ïðèçâîäèòü äî ãåíå -
ðàö³¿ áàë³ñòè÷íî¿ óäàðíî¿ õâèë³. Õâèëÿ ïî÷èíàº ãåíåðóâàòèñÿ íà âèñî -
ò³, äå ïîâ³òðÿ äëÿ ò³ëà, ÿêå âòîðãàºòüñÿ, ìîæíà ââàæàòè ñóö³ëüíèì ñåðå -
äîâèùåì. Â³äïîâ³äíèì êðèòåð³ºì ìîæå áóòè ÷èñëî Êíóäñåíà Kn =
= l/d << 1, äå l — äîâæèíà â³ëüíîãî ïðîá³ãó. Áàë³ñòè÷íà õâèëÿ â³ä÷óò -
íî¿ ³íòåíñèâíîñò³ âèíèêàº çà óìîâè, ùî Kn » (0.7...1.2)×10–2. Ïðè
d » 6.2 ì çíà÷åííÿ âèñîòè z » 95...98 êì. Áàë³ñòè÷íà õâèëÿ ñïîñòå ð³ãà -
ºòüñÿ âïðèòóë äî âèñîòè âèáóõó ze  » 35 êì. Ïðè z » ze  º ñåíñ ãîâîðèòè

ïðî âèáóõîâó óäàðíó õâèëþ. Ïðèðîäíî, ùî ïîä³ë óäàðíî¿ õâèë³ íà
áàë³ñòè÷íó òà âèáóõîâó º óìîâíèì ³ çðó÷íèì ç ìåòîäè÷íî¿ òî÷êè çîðó.

Áàë³ñòè÷íà óäàðíà õâèëÿ. Ðàä³óñ áàë³ñòè÷íî¿ óäàðíî¿ õâèë³
âèçíà÷àºòüñÿ ³ç ñï³ââ³äíîøåííÿ [57]

R Mdb = , 

äå M = u/us  — ÷èñëî Ìàõà, u ³ us  — øâèäêîñò³ ìåòåîðî¿äà òà çâóêó.
Ïðè u » u0  » 13.6 êì/ñ ³ us  » 0.3 êì/ñ îòðèìàºìî, ùî M » 45.3. Òîä³ Rb  »

» 280 ì.
Ðàä³óñ Rb  âèçíà÷àº ôóíäàìåíòàëüíèé ïåð³îä ³íôðàçâóêîâèõ êîëè -

âàíü [57]:

T
R

b
b

s

= 281.
u

.  (22)

Çà ðàõóíîê äèñïåðñ³¿ ïåð³îä Tb  çá³ëüøóºòüñÿ ïðè çá³ëüøåíí³
â³äñòàí³ â³ä äæåðåëà êîëèâàíü [57]:

T R T R
R

R
b b b

b

( ) ( )

/

=
æ

è
çç

ö

ø
÷÷

1 4

. (23)

Çã³äíî ³ç ñï³ââ³äíîøåííÿì (22) T Rb b( ) » 2.6 ñ. Ðåçóëüòàòè ðîçðà -
õóíêó T Rb ( ) íàâåäåíî â òàáë. 3.

Çàëåæí³ñòü â³äíîñíîãî íàäëèøêó òèñêó ó ôðîíò³ áàë³ñòè÷íî¿ óäàð -
íî¿ õâèë³ îïèñóºòüñÿ òàêèì ñï³ââ³äíîøåííÿì [57]:
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R, êì Tb, ñ Tc, ñ Ts, ñ

50 9.5 21.1 42
100 11.3 25.1 50
200 13.4 29.2 59.5
300 14.9 33 65.8
500 16.9 37.5 74.8

1000 20.1 44.6 88.9
2000 23.9 53 105.7
3000 26.5 58.7 117
5000 30.1 66.7 132.9

Òàáëèöÿ 3. Çàëåæí³ñòü ïåð³îä³â êîëèâàíü â³ä â³äñòàí³



Dp

p R Rb

=
+ + -

2

1

0 4503

1 4803 12 2 3 8

g

g

.

( . / ) /
 , (24)

äå g » 1.4 — ïîêàçíèê àä³àáàòè. Ïðè R Rb
2 2/  >> 1 ç (24) îòðèìóºìî

Dp

p

R

R
b»

æ

è
ç

ö

ø
÷03

3 4

.
/

. (25)

Âèðàçè (24) ³ (25) ñïðàâåäëèâ³ ïðè â³ääàëåíí³ â³ä äæåðåëà â ãîðè -
çîíòàëüíîìó íàïðÿìêó. Âîíè íå âðàõîâóþòü åêñïîíåíö³éíîãî çìåí -
øåííÿ òèñêó àòìîñôåðè ïðè çá³ëüøåíí³ âèñîòè. Ó çàãàëüíîìó âèïàäêó 
H = H(z), ³ âèðàç äëÿ òèñêó ìàº âèãëÿä

p z p z
dz

H z
p z ee

z

z

e
I

e

( ) ( )exp
( )

( )= -
æ

è

ç
ç

ö

ø

÷
÷

ºò
- ,

äå

I
dz

H z
z

z

e

= ò ( )
.

Îñê³ëüêè

Dp e Iµ - / 2 ,   p e Iµ - , 
çàì³ñòü (25) ìàºìî

Dp

p

R

R
eb I»

æ

è
ç

ö

ø
÷03

3 4

2.
/

/ . (26)

Íà ïîâåðõí³ Çåìë³ ïðè ze  » 35 êì, Rb  » 280 ì ³ I » 2.3 ç (26) ìàºìî 

Dp p( ) /0  » 8×10–4, à Dp( )0  » 80 Ïà.

Âèáóõîâà óäàðíà õâèëÿ. Ñïî÷àòêó ïðèïóñòèìî, ùî äîâæèíà ãàëü -
ìó âàííÿ Le  » 17.2 êì. Òîìó ñë³ä î÷³êóâàòè óäàðíó õâèëþ öèë³íäðè÷ -

íîãî òèïó. Òîä³ ðàä³óñ óäàðíî¿ õâèë³ (õàðàêòåðíèé ïîïåðå÷íèé ðîçì³ð
îáëàñò³ âèáóõó) äàºòüñÿ òàêèì ñï³ââ³äíîøåííÿì [24, 27]:

R
E

p z
c

Le

e

=
p ( )

,

äå E E z LLe k e e= ( ) / , p ze( ) » 940 Ïà — òèñê íà âèñîò³ âèáóõó. Ïðè 

E zk e( ) » 3.2×1013 Äæ ³ Le  = 17.2 êì ìàºìî ELe  » 1.86×109 Äæ/ì. Òîä³ Rc  »

» 0.8 êì. Îñê³ëüêè 2Rc  << Le , õâèëþ ä³éñíî ñë³ä ââàæàòè öèë³íäðè÷ -

íîþ. Ðîçì³ð åë³ïñî¿äàëüíî¿ îáëàñò³ âèáóõó ñòàíîâèâ 17.2 ́  1.6 ́  1.6 êì.
Äëÿ âèáóõîâî¿ óäàðíî¿ õâèë³ ôóíäàìåíòàëüíèé ïåð³îä äàºòüñÿ

ñï³ââ³äíîøåííÿì

T
R

c
c

s

= »281.
u

 7.5 ñ.

ISSN 0233-7665. Ê³íåìàòèêà ³ ô³çèêà íåáåñ. ò³ë. 2022. Ò. 38, ¹ 3 33

Ô²ÇÈ×Í² ÅÔÅÊÒÈ ÌÅÒÅÎÐÎ¯ÄÀ ÞÉØÓ. 1



Çàêîí äèñïåðñ³¿ äëÿ ïåð³îäó Tc  òàêîæ äàºòüñÿ ñï³ââ³äíîøåííÿì
(23). Ðåçóëüòàòè ðîçðàõóíêó çàëåæíîñò³ Tc  â³ä R íàâåäåíî â òàáë. 3.

ßê â³äîìî, ïîáëèçó îáëàñò³ âèáóõó öèë³íäðè÷íà õâèëÿ º ³ñòîòíî
íåë³í³éíîþ. Çàëåæí³ñòü Dp â³ä R — ñêëàäíà. Íà â³äñòàí³ RL  = 3.16Rc  â³ä 
âèñîòè ze  íàäëèøîê òèñêó ñòàíîâèòü Dp z R p ze L e( ) . ( )± » 01  [57]. Ïðè
R > RL  » 2.5 êì õâèëÿ ñïî÷àòêó çàëèøàºòüñÿ öèë³íäðè÷íîþ, ³ Dp µ R–1/2, 

à ïîò³ì ïîñòóïîâî ïðè R >> RL  ïåðåõîäèòü ó ñôåðè÷íó, ïðè ÿê³é
Dp µ R–1. Ó ïðîì³æí³é îáëàñò³ Dp R pµ

- a
, äå 0.5 £ a p  £ 1. Ðåçóëüòàòè

ìîäåëþâàííÿ çàëåæíîñòåé Dp p/ 0  çà ñï³ââ³äíîøåííÿì
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R

z z R
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L e L
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æ

è
ç
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÷
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è
ç
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ø
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a

, (27)

ñïðàâåäëèâ³ ïðè R z ze= -| | ³ RL , íàâåäåíî ó òàáë. 4 ³ 5. Ïðè

ðîçðàõóíêàõ äëÿ ä³àïàçîíó âèñîò z < ze  ââàæàëîñü, ùî a p  = 0.5.
Ç òàáë. 4 âèäíî, ùî ïðè çìåíøåíí³ âèñîòè çíà÷åííÿ â³äíîñíîãî

íàäëèøêó òèñêó â õâèë³ çìåíøóþòüñÿ, à àáñîëþòíîãî — íàâïàêè,
çá³ëü øóþòüñÿ. Çîêðåìà, íà ïîâåðõí³ Çåìë³ Dp » 310 Ïà, ùî â äåê³ëüêà

ðàç³â á³ëüøå â³ä Dp, âèêëèêàíîãî áàë³ñòè÷íîþ óäàðíîþ õâèëåþ
(80 Ïà).
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Ë. Ô. ×ÎÐÍÎÃÎÐ

z, êì p0 , êÏà  Dp/p0 , 10–3  Dp, Ïà

30 1.8 60 108
25 3.6 30 108
20 6.9 18 124
15 14 11 154
10 26 6.9 179
5 51 4.6 235
0 100 3.1 310

Òàáëèöÿ 4. Âèñîòíà çàëåæí³ñòü íàäëèøêîâîãî òèñêó ó âèáóõîâ³é óäàðí³é õâèë³ öèë³í ä -
ðè÷íîãî òèïó ï³ä îáëàñòþ âèáóõó

z, êì  2H, êì   ap p0 , Ïà Dp/p0 Dp, Ïà

300  87  1  10–5  0.02  2×10–7

200  44  1  10–4  0.06  6×10–6

150  26  1  10–3  0.16  1.6×10–4

120  21  0.85  10–2  0.25  2.5×10–3

100  19  0.75  0.1  0.23  2.3×10–2

90  18  0.7  0.3  0.21  6.3×10–2

80  17  0.65  1  0.19  0.19
70  16  0.57  3  0.17  0.51
60  15  0.52  10  0.14  1.4
50 15 0.50 70 0.09 6.3
40 15 0.50 370 0.08 29.6

Òàáëèöÿ 5. Âèñîòíà çàëåæí³ñòü íàäëèøêîâîãî òèñêó ó âèáóõîâ³é óäàðí³é õâèë³
öèë³íäðè÷íîãî òèïó íàä îáëàñòþ âèáóõó



Ç òàáë. 5 âèïëèâàº, ùî ïðè çá³ëüøåíí³ âèñîòè ïðè z > ze  â³äíîñíèé
íàäëèøîê òèñêó ñïî÷àòêó çá³ëüøóâàâñÿ òà äîñÿãàâ ïðèáëèçíî 25 %, à
ïîò³ì çìåíøóâàâñÿ äî îäèíèöü ïðîöåíò³â. Çìåíøåííÿ öüîãî â³äíî -
øåí íÿ ïîâ’ÿçàíå ç³ ñôåðè÷íîþ ðîçá³æí³ñòþ õâèë³, ÿêà ïî÷èíàº ïåðåâà -
æàòè íà âèñîòàõ z > 120 êì, íàä éîãî åêñïîíåíö³éíèì çðîñòàííÿì (äèâ.
ñï³ââ³äíîøåííÿ (27)). Àáñîëþòíå çíà÷åííÿ Dp ìîíîòîííî çìåíøó ºòü -
ñÿ ïðè çá³ëüøåíí³ âèñîòè â³ä ze . Âàæëèâî, ùî ³íòåíñèâí³ñòü âèáóõîâî¿
óäàðíî¿ õâèë³ º ³ñòîòíîþ íà ³îíîñôåðíèõ âèñîòàõ.

Òåïåð ðîçãëÿíåìî îáëàñòü íàéá³ëüø åôåêòèâíîãî ãàëüìóâàííÿ.
Ä³à ìåòð îáëàñò³ ôðàãìåíò³â çá³ëüøóºòüñÿ âòðè÷³, à ïëîùà — íà ïîðÿ -
äîê ó ä³àïàçîí³ âèñîò Dz » 0.3 êì. Ïðè öüîìó Le1  » 3.4 êì. Ïðè òàêîìó

çíà÷åíí³ Le1  ñë³ä î÷³êóâàòè, ùî óäàðíà õâèëÿ áóäå ñôåðè÷íîþ. Äëÿ
ðàä³óñà îáëàñò³ âèáóõó ìàºìî òàêå ñï³ââ³äíîøåííÿ:

R
E

p z
s

e

e

=
3

4
3

p ( )
 .

Ïðè Ee  » 3.2×1013 Äæ ³ p ze( ) » 940 Ïà ìàºìî Rs  » 2 êì. Òîä³ ðîçì³ðè îñ -

íîâ íî¿ îáëàñò³ âèáóõó 3.4 ́  4 ́  4 êì, òîáòî îáëàñòü çà ôîðìîþ º áëèçü -
êîþ äî êóë³. Ïðè Rs  » 2 êì ìàºìî T s  » 18.8 ñ. Ðåçóëüòàòè ðîçðà õóíêó 

T Rs ( ) òàêîæ íàâåäåí³ â òàáë. 3.
Ó òàáë. 6 òà 7 íàâåäåíî ðåçóëüòàòè ðîçðàõóíêó íàäëèøêîâîãî òèñ -

êó â âèáóõîâ³é óäàðí³é õâèë³ ñôåðè÷íîãî òèïó ï³ä îáëàñòþ âèáóõó ³
íàä íåþ. Ïîð³âíþþ÷è ðåçóëüòàòè òàáë. 4 ³ 6, à òàêîæ òàáë. 5 ³ 7, ìîæíà
áà÷èòè, ùî äëÿ ñôåðè÷íî¿ õâèë³ åôåêò âèÿâëÿºòüñÿ ïîì³òíî ìåíøèì.

Åíåðã³ÿ óäàðíî¿ õâèë³ ó ãëèáèí³ àòìîñôåðè ïîøèðþºòüñÿ òàêîæ ³ â
ãîðèçîíòàëüíîìó íàïðÿìêó. Öüîìó ñïðèÿþòü ñòðàòîñôåðíèé ³ òåðìî -
ñôåðíèé õâèëåâ³ä. Îñòàíí³é ðîçì³ùóºòüñÿ íà âèñîòàõ 120...200 êì, äå 
Dp » 20...10 %. Äëÿ õâèëåâîäíèõ ìîä ñïðàâåäëèâèé öèë³íäðè÷íèé çà -

êîí ðîçá³æíîñò³. Ïðè öüîìó íà â³äñòàí³ ïîðÿäêó 1000 êì àìïë³òóäà
õâè ë³ çìåíøóºòüñÿ ïðèáëèçíî ó 3 ðàçè, òîáòî ñòàíîâèòü 7...3 %.

Îö³íèìî åíåðãåòèêó âèáóõîâî¿ óäàðíî¿ õâèë³. Ïðèïóñòèìî, ùî â ¿¿
åíåðã³þ ïåðåòâîðþºòüñÿ 80 % ïî÷àòêîâî¿ ê³íåòè÷íî¿ åíåðã³¿ êîñì³÷íî -
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z, êì p0 , êÏà Dp/p0 , 10–3 Dp, Ïà

30  1.8  33  59
25  3.6  12  42.2
20  6.9  5.6  38.7
15  14  2.3  32.3
10  26  1.3  34
5  51  0.79  40
0  100  0.48  48.5

Òàáëèöÿ 6. Âèñîòíà çàëåæí³ñòü íàäëèøêîâîãî òèñêó â âèáóõîâ³é óäàðí³é õâèë³ ñôåðè÷ -
íîãî òèïó ï³ä îáëàñòþ âèáóõó



ãî ò³ëà, òîáòî 32 ÒÄæ. Òðèâàë³ñòü ñòðèáêà òèñêó T Lsw e s» / u  » 57 ñ. Òî -

ä³ ñåðåäíÿ ïîòóæí³ñòü âèáóõîâî¿ óäàðíî¿ õâèë³ ñòàíîâèòèìå ïðèáëèç -
íî 560 ÃÂò.

ÃÎËÎÂÍ² ÐÅÇÓËÜÒÀÒÈ

1. Ìåòåîðî¿ä Þéøó ìàâ íèçêó îñîáëèâîñòåé: äîñòàòíüî âåëèêó ê³íå -
òè÷ íó åíåðã³þ (ïðèáëèçíî 9.5 êò ÒÍÒ), âåëèêèé ðîçì³ð (ïðèáëèçíî 6.2
ì), â³äíîñíî ìàëó øâèäê³ñòü (13.6 êì/ñ) ³ äóæå ïîëîãó òðàºêòîð³þ (êóò
a » 5°). ×åðåç òàêó òðàºêòîð³þ ãàëüìóâàííÿ, äðîáëåííÿ, åíåðãîâè ä³-
ëåí íÿ òà âèáóõ ò³ëà â³äáóëèñÿ â äóæå âóçüêîìó ä³àïàçîí³ âèñîò
(~1.5 êì). Âèñîòà âèáóõó ñòàíîâèëà ïðèáëèçíî 35 êì.

2. Äî âèñîòè âèáóõó ìåòåîðî¿äà ÷åðåç â³äíîñíî íèçüêó ïî÷àòêîâó
øâèäê³ñòü éîãî øâèäê³ñòü çìåíøèëàñü âñüîãî íà 2 %, à ìàñà — íà 3 %.
Ï³ñëÿ âèáóõó êîñì³÷íîãî ò³ëà ÷åðåç àáëÿö³þ ìàñà á³ëüøîñò³ ôðàãìåí -
ò³â çìåíøèëàñü ïðèáëèçíî íà 20...23 %, à íàéá³ëüø êðóïíèõ (~3 ì) —
íà 14 %.

3. Åíåðã³ÿ ñâ³òëîâîãî ñïàëàõó ñòàíîâèëà 4.9 ÒÄæ, à ñåðåäíÿ ïîòóæ -
í³ñòü — ïðèáëèçíî 3.9 ÒÂò ïðè òðèâàëîñò³ âèïðîì³íþâàííÿ ïîðÿäêó
1 ñ. Òåìïåðàòóðà âîãíÿíîãî óòâîðåííÿ áóëà ïðèáëèçíî 4300 Ê. Ìàê -
ñèìóì âèïðîì³íþâàííÿ ïðèïàäàâ íà äîâæèíó õâèë³ 0.67 ìêì.

4. Ôóíäàìåíòàëüí³ ïåð³îäè êîëèâàíü äëÿ áàë³ñòè÷íî¿ òà âèáóõîâî¿
óäàðíèõ õâèëü áóëè áëèçüê³ äî 2.6 ³ 7.5 ñ äëÿ õâèë³ öèë³íäðè÷íîãî òèïó 
àáî 18.8 ñ äëÿ âèáóõîâî¿ õâèë³ ñôåðè÷íîãî òèïó. Çà ðàõóíîê äèñïåðñ³¿
íà âåëèêèõ â³äñòàíÿõ ö³ ïåð³îäè çá³ëüøóâàëèñü ó áàãàòî ðàç³â. 

5. Õàðàêòåðí³ ðàä³óñè áàë³ñòè÷íî¿ òà âèáóõîâî¿ óäàðíèõ õâèëü
äîð³âíþâàëè 280 òà 800 ì äëÿ õâèë³ öèë³íäðè÷íîãî òèïó â³äïîâ³äíî.
Äëÿ âèáóõîâî¿ õâèë³ ñôåðè÷íîãî òèïó ðàä³óñ äîð³âíþâàâ 2 êì.
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Ë. Ô. ×ÎÐÍÎÃÎÐ

z, êì  2H, êì   p0 , Ïà Dp/p0 , 10–3 Dp, Ïà

300 87 10–5 12 1.2×10–7

200 44 10–4 49 4.9×10–5

150 26 10–3 134 1.34×10–4

120 21 10–2 122 1.22×10–3

100 19 0.1 85 8.5×10–3

90 18 0.3 69 2.2×10–2

80 17 1 56 5.6×10–2

70 16 3 45 0.13
60 15 10 37 0.37
50 15 70 32 2.2
40 15 370 49 18

Òàáëèöÿ 7. Âèñîòíà çàëåæí³ñòü íàäëèøêîâîãî òèñêó ó âèáóõîâ³é óäàðí³é õâèë³ ñôåðè÷ -
íîãî òèïó íàä îáëàñòþ âèáóõó



6. Ñóìàðíèé íàäëèøêîâèé òèñê áàë³ñòè÷íî¿ òà âèáóõîâî¿ õâèëü íà
ïîâåðõí³ Çåìë³ äîñÿãàâ 390 Ïà äëÿ õâèë³ öèë³íäðè÷íîãî òèïó àáî
130 Ïà äëÿ õâèë³ ñôåðè÷íîãî òèïó.

7. Â³äíîñíèé íàäëèøêîâèé òèñê â óäàðí³é õâèë³ íà âèñîòàõ ³îíî -
ñôåðè äîñÿãàâ 10...20 %. Â³í áóâ â³ä÷óòíèì (1...10 %) íà ãîðèçîí òàëü -
íèõ â³äñòàíÿõ ïîðÿäêó 1000 êì.

8. Çíà÷åííÿ åíåðã³¿ òà ïîòóæíîñò³ âèáóõîâî¿ óäàðíî¿ õâèë³ áóëè
áëèçüêèìè äî 32 ÒÄæ ³ 560 ÃÂò â³äïîâ³äíî.

Ðîáîòó âèêîíàíî çà ô³íàíñîâî¿ ï³äòðèìêè Íàö³îíàëüíîãî ôîíäó
äîñë³äæåíü Óêðà¿íè, ïðîºêò 2020.02/0015 «Òåîðåòè÷í³ òà åêñïåðèìåí -
òàëüí³ äîñë³äæåííÿ ãëîáàëüíèõ çáóðåíü ïðèðîäíîãî ³ òåõíîãåííîãî
ïî õîä æåííÿ â ñèñòåì³ Çåìëÿ — àòìîñôåðà — ³îíîñôåðà». Ðîáîòà òà -
êîæ ÷àñòêîâî ï³äòðèìóâàëàñü â ðàìêàõ äåðæáþäæåòíèõ ÍÄÐ, çàäàíèõ
ÌÎÍ Óêðà¿íè (íîìåðè äåðæðåºñòðàö³¿ 0119U002538, 0121U109881 ³
0121U109882).
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PHYSICAL EFFECTS FROM THE YUSHU METEOROID. 1.

The pur pose of this work is to es ti mate ef fects in gas dy nam ics as well as me chan i cal and
op ti cal ef fects from the Yushu me te or oid that en tered the ter res trial at mo sphere and ex -
ploded over a sparsely pop u lated area near the City of Yushu, the Prov ince of Quinghai
(the Ti betan Pla teau, the Peo ple’s Re pub lic of China). Ac cord ing to the NASA, the ini tial
ki netic en ergy of the ce les tial body was es ti mated to be about 9.5 kt of TNT or 40 TJ, of
which 4.9 TJ, i.e., 12.25 %, were trans formed into the en ergy of light flash. The ve loc ity
com po nents have been es ti mated to be  u x  = –2.6 km/s, u y  = 5.9 km/s, u z  = –12.1 km/s,
which yield an es ti mate of about 5°  for the in cli na tion an gle, the an gle that the tra jec tory
makes with the hor i zon tal plane. The al ti tude of the ex plo sion, 35.5 km and the an gle, 5°,
give an es ti mate of the ma te rial den sity of ap prox i mately 3.5 t/m3, close to the chondrite
den sity. The ki netic en ergy and the ve loc ity yield an es ti mate of the me te or oid mass to be
432 t and its char ac ter is tic size scale of 6.2 m. The en ergy of the pro cesses and ef fects in
gas dy nam ics as well as me chan i cal and op ti cal ef fects from the ce les tial body have been
an a lyzed. The main re lease of en ergy as so ci ated with the de cel er a tion of the frag ments of
the ce les tial body, which was defragmented un der a dy nam i cal pres sure of ~1 MPa, took
place in the re gion of 3.6 km in length at an al ti tude of about 35 km. A quasi-con tin u ous
defragmentation was sug gested to pro duce a mass dis tri bu tion that fol lows a power law.
The main pa ram e ters of the bal lis tic and ex plo sive shock waves have been es ti mated. For
the Mach num ber of 45, the ra dius of the bal lis tic shock wave was es ti mated to be about
280 m and the fun da men tal pe riod to be 2.6 s, which showed a dispersive in crease from 9.5
s to 30.1 s with the prop a ga tion path length in creas ing from 50 km to 5,000 km. The ra dii of 
cy lin dric and spher i cal wave front shock wave were ap prox i mately to 0.8 km and 2 km re -
spec tively, and fun da men tal pe riod was about 7.5 s and 18.8 s re spec tively. This pe riod had 
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been in creased from 21.1 s to 66.7 s and from 42 s to 132.9 s with the prop a ga tion path
length in creas ing from 50 km to 5,000 km. In the vi cin ity of the me te or oid ter mi nal point,
the ex cess pres sure was a max i mum on a rel a tive scale. It de creased with de creas ing al ti -
tude, and in creased with in creas ing al ti tude up to an al ti tude of ap prox i mately 120...150
km where it at tained val ues of ~10...20 of per cent, and fur ther it de creased down to a few
per cent. The ab so lute value of the ex cess pres sure for spher i cal wave front was es ti mated to 
be near the al ti tude of the ex plo sion, sub se quently it de creased with de creas ing al ti tude
down to 15 km, and fur ther it again increased. At the epi cen ter of the ex plo sion, it was es ti -
mated to be about 310 Pa for cy lin dri cal wave front and ~ 48.5 Pa for spher i cal wave front,
which is not enough to dam age ob jects on the ground. The ex cess pres sure de creased with
in creas ing al ti tude from many tens of pas cals to micropascals. Given the av er age du ra tion
of the light flash of 1.26 s, the av er age power of the fire ball was es ti mated to be 3.9 TW, the 
flux of power near the fire ball (or more pre cisely, the cone of 3.4 km in length and of 18.6
m in di am e ter) to be 19.5 MW/m2. At the same time, the tem per a ture was es ti mated to be
about 4,300 K, and Wien wave length to be 6.7´10–7 m. 
Key words: me te or oid, me chan i cal ef fect, op ti cal ef fect, gas dy nam ics ef fect, bal lis tic
shock wave, spher i cal shock wave, fun da men tal pe riod, ex cess pres sure
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