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Èññëåäóåòñÿ ïðîñòðàíñòâåííàÿ çàäà÷à âíóòðåííåãî âçðûâíîãî íàãðóæå-
íèÿ øàðîâûì çàðÿäîì óïðóãîïëàñòè÷åñêîãî öèëèíäðè÷åñêîãî êîíòåéíåðà, çà-
ïîëíåííîãî âîäîé, â ýéëåðîâî-ëàãðàíæåâûõ ïåðåìåííûõ ñ èñïîëüçîâàíèåì
ìíîãîñåòî÷íûõ àëãîðèòìîâ. Ïðèâåäåíà îïðåäåëÿþùàÿ ñèñòåìà òðåõìåðíûõ
óðàâíåíèé äèíàìèêè ãàçà, æèäêîñòè è óïðóãîïëàñòè÷åñêîé ñðåäû. Ïðè ÷èñ-
ëåííîì ìîäåëèðîâàíèè ïðèìåíÿåòñÿ ìîäèôèêàöèÿ ñõåìû Ñ.Ê. Ãîäóíîâà
ïîâûøåííîé òî÷íîñòè êàê äëÿ ïðîäóêòîâ äåòîíàöèè è æèäêîñòè, òàê è äëÿ
óïðóãîïëàñòè÷åñêîãî êîíòåéíåðà. Íà ïîäâèæíûõ êîíòàêòíûõ ãðàíèöàõ ïðî-
äóêòû äåòîíàöèè−æèäêîñòü, æèäêîñòü−äåôîðìèðóåìîå òåëî èñïîëüçóåòñÿ òî÷-
íîå ðåøåíèå îäíîìåðíîé çàäà÷è ðàñïàäà ðàçðûâà. Îïèñàíèå ïðîöåññà ðàñ-
ïðîñòðàíåíèÿ óñòàíîâèâøåéñÿ äåòîíàöèè ïî âçðûâ÷àòîìó âåùåñòâó îò îáëàñ-
òè èíèöèèðîâàíèÿ ïðîâîäèòñÿ ñ èñïîëüçîâàíèåì ëó÷åâîé ìîäåëè. Ðåøåíû äâå
çàäà÷è: ïåðâàÿ çàäà÷à äëÿ îñåñèììåòðè÷íîãî ïîëîæåíèÿ çàðÿäà, âòîðàÿ − äëÿ
çàðÿäà, ñäâèíóòîãî îòíîñèòåëüíî îñè ñèììåòðèè. Â îáîèõ ñëó÷àÿõ èíèöèàöèÿ
äåòîíàöèè ïðîèñõîäèò â öåíòðå çàðÿäà. Â ïåðâîé çàäà÷å èññëåäóþòñÿ äâóìåð-
íûå îñåñèììåòðè÷íûå ïðîöåññû, âî âòîðîé çàäà÷å ïðîöåññû ñóùåñòâåííî òðåõ-
ìåðíû. Ïðèâîäèòñÿ ñðàâíåíèå ðåçóëüòàòîâ ðàñ÷åòîâ ïåðâîé çàäà÷è ïî òðåõ-
ìåðíîé ìåòîäèêå ñ ðåøåíèåì ïî ðàíåå ðàçðàáîòàííîé äâóìåðíîé îñåñèììåò-
ðè÷íîé ìåòîäèêå è èçâåñòíûìè ýêñïåðèìåíòàëüíûìè äàííûìè. Íàáëþäàåòñÿ
õîðîøåå ñîîòâåòñòâèå ÷èñëåííûõ ðåçóëüòàòîâ ïî ìàêñèìàëüíûì ñêîðîñòÿì è
îêðóæíûì äåôîðìàöèÿì, ïîëó÷åííûì ïî ðàçëè÷íûì ìåòîäèêàì, ýêñïåðèìåí-
òàëüíûì äàííûì. Àíàëèçèðóåòñÿ äèíàìè÷åñêîå ïîâåäåíèå ãàçîâîãî ïóçûðÿ ñ
ïðîäóêòàìè äåòîíàöèè. Ïîêàçàíî ñóùåñòâåííîå îòêëîíåíèå ôîðìû ïóçûðÿ îò

ÏÐÎÁËÅÌÛ ÏÐÎ×ÍÎÑÒÈ È ÏËÀÑÒÈ×ÍÎÑÒÈ, ò. 81, ¹ 4, 2019 ã.

* Âûïîëíåíî ïðè ôèíàíñèðîâàíèè ãîñçàäàíèåì Ìèíîáðíàóêè 9.7057.2017/Á× â ÷àñòè
ðàçâèòèÿ ÷èñëåííîé ìåòîäèêè, ÐÔÔÈ è ÃÔÅÍ (ãðàíò ¹19-58-53005) â ÷àñòè ïîñòàíîâêè
çàäà÷è è ðåçóëüòàòîâ ÷èñëåííîãî  èññëåäîâàíèÿ.



490

ñôåðè÷åñêîé, âûçâàííîå äåéñòâèåì óäàðíûõ âîëí, îòðàæåííûõ îò êîíñòðóê-
öèè. Ñðàâíåíèå ðåçóëüòàòîâ ðåøåíèÿ ïåðâîé è âòîðîé çàäà÷ ïîêàçàëî ñóùå-
ñòâåííîå âëèÿíèå ïîëîæåíèÿ çàðÿäà íà âîëíîâûå ïðîöåññû â æèäêîñòè, ïðî-
öåññû íàãðóæåíèÿ êîíòåéíåðà è åãî óïðóãîïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ.
Â ÷àñòíîñòè, âî âòîðîé çàäà÷å â æèäêîñòè íàáëþäàþòñÿ óäàðíûå âîëíû áîëåå
âûñîêîé àìïëèòóäû ïðè îòðàæåíèè îò ñòåíîê êîíòåéíåðà.

Êëþ÷åâûå ñëîâà: äåòîíàöèÿ, óïðóãîïëàñòè÷åñêàÿ ñðåäà, ìîäåëèðîâàíèå,
ýéëåðîâî-ëàãðàíæåâ ïîäõîä, ñõåìà Ãîäóíîâà, ðàñïàä ðàçðûâà, ìíîãîñåòî÷íûé
àëãîðèòì.

Ââåäåíèå

Ìîäåëèðîâàíèå ïðîñòðàíñòâåííûõ ïðîöåññîâ äåôîðìèðîâàíèÿ óïðóãîïëàñòè-
÷åñêèõ êîíñòðóêöèé ïîä äåéñòâèåì èìïóëüñíûõ íàãðóçîê ÿâëÿåòñÿ àêòóàëüíîé ïðî-
áëåìîé. Â ñòàòüå ðàññìàòðèâàåòñÿ âíóòðåííåå âçðûâíîå íàãðóæåíèå ñòàëüíîãî öè-
ëèíäðè÷åñêîãî êîíòåéíåðà, çàïîëíåííîãî âîäîé, ïðè âçðûâå øàðîâîãî çàðÿäà êîí-
äåíñèðîâàííîãî âçðûâ÷àòîãî âåùåñòâà (ÂÂ). Ìîäåëèðóåòñÿ èíèöèàöèÿ è ðàñïðîñò-
ðàíåíèå äåòîíàöèè ïî ÂÂ ñ ðàñøèðåíèåì ïðîäóêòîâ äåòîíàöèè (ÏÄ) â îêðóæàþ-
ùóþ æèäêîñòü ñ ãåíåðàöèåé óäàðíûõ âîëí è äàëüíåéøèì èõ âçàèìîäåéñòâèåì ñ
êîíñòðóêöèåé. Ïîäîáíûå ïðîöåññû ñîïðîâîæäàþòñÿ çíà÷èòåëüíûìè ïåðåìåùåíèÿ-
ìè è ôîðìîèçìåíåíèÿìè êîíòàêòèðóþùèõ ñðåä, ñóùåñòâåííî âëèÿþùèìè íà âîë-
íîâûå ïðîöåññû â æèäêîñòè è â äåôîðìèðóåìîé êîíñòðóêöèè [1, 2]. Äëÿ îïèñàíèÿ
ýòèõ ïðîöåññîâ íåîáõîäèìî èñïîëüçîâàòü òåõíîëîãèè íà îñíîâå ýéëåðîâî-ëàãðàí-
æåâûõ ìåòîäîâ (ALE). Ñòàíäàðòíûé ALE-ïîäõîä ñ ïðèâÿçêîé ãðàíèö ñðåä ê ãðàíèöàì
ðàñ÷åòíûõ ñåòîê è ãåíåðàöèåé âíóòðè êàæäîé ñðåäû ïîäâèæíîé ýéëåðîâîé ñåòêè,
õîðîøî çàðåêîìåíäîâàâøèé ñåáÿ ïðè ðåøåíèè äâóìåðíûõ çàäà÷ äàííîãî êëàññà [3],
â òðåõìåðíîì ñëó÷àå ïðè çíà÷èòåëüíûõ ôîðìîèçìåíåíèÿõ ñðåä çàòðóäíèòåëåí. Â
øèðîêî èñïîëüçóåìîì äëÿ òðåõìåðíûõ äèíàìè÷åñêèõ çàäà÷ êîìïëåêñå LS DYNA
[4−7] âîçìîæíû òðè ïîäõîäà ê ðåøåíèþ ýòîé çàäà÷è. Ïåðâûé ïîäõîä ñîñòîèò â çà-
äàíèè âçðûâíîãî âîçäåéñòâèÿ â âèäå ôóíêöèè äàâëåíèÿ îò âðåìåíè íà æåñòêóþ íå-
ïîäâèæíóþ êîíñòðóêöèþ è â îñíîâíîì èñïîëüçóåòñÿ ïðè ðàñ÷åòàõ âçðûâíûõ íà-
ãðóçîê â ãàçàõ, ãäå ìîæíî ïðåíåáðå÷ü âëèÿíèåì äåôîðìèðîâàíèÿ êîíñòðóêöèè íà
ïðîöåññû â ïðèìûêàþùèõ ñðåäàõ. Âòîðîé ïîäõîä [8] ñâÿçàí ñ èñïîëüçîâàíèåì ëàã-
ðàíæåâûõ ìåòîäèê äëÿ îïèñàíèÿ äåòîíàöèè ÂÂ è ñîâìåñòíîãî äâèæåíèÿ ÏÄ, âîäû
è êîíñòðóêöèè è òðåòèé ïîäõîä − ñ ïðèâëå÷åíèåì ìíîãîêîìïîíåíòíîé ãèäðîäèíà-
ìèêè, äîïóñêàþùèé îäíîâðåìåííî ïðèñóòñòâèå â ðàñ÷åòíûõ ÿ÷åéêàõ ðàçíîðîäíûõ
ñðåä áåç ñîâìåùåíèÿ ãðàíèö ñðåä ñ óçëàìè ðàçíîñòíîé ñåòêè.

Â íàñòîÿùåé ñòàòüå äëÿ ìîäåëèðîâàíèÿ ýòîãî êëàññà çàäà÷ ïðèìåíÿåòñÿ äðóãîé
îðèãèíàëüíûé ALE-ïîäõîä ñ èñïîëüçîâàíèåì íåñêîëüêèõ âèäîâ ýéëåðîâûõ è ëàã-
ðàíæåâûõ ñåòîê [9]. Ïåðâûé âèä ñåòîê ñîñòîèò èç íàáîðîâ íåïðåðûâíûõ òðåóãîëü-
íèêîâ äëÿ ëàãðàíæåâûõ ïîäâèæíûõ ãðàíèö êàæäîé ñðåäû (â ôîðìàòå STL), çàäàþ-
ùèõ ïîâåðõíîñòè âçàèìîäåéñòâóþùèõ ñðåä; âòîðîé âèä ñåòîê − îñíîâíàÿ äåêàðòîâà
íåïîäâèæíàÿ ñåòêà èç ïðÿìîóãîëüíûõ ïàðàëëåëåïèïåäîâ ïî îáúåìàì ñðåä; òðåòèé
âèä ñåòîê − ýéëåðîâî-ëàãðàíæåâû ëîêàëüíûå ïîäâèæíûå ðåãóëÿðíûå äåêàðòîâû ñåò-
êè, ïðèâÿçàííûå ê êàæäîìó òðåóãîëüíèêó ëàãðàíæåâîé ïîâåðõíîñòè ñðåäû (ê ïåð-
âîìó âèäó ñåòîê). Ýòè ëîêàëüíûå ñåòêè ñòðîÿòñÿ íà ïîâåðõíîñòè êîíòàêòà äëÿ êàæ-
äîãî òðåóãîëüíèêà íîðìàëüíî ê åãî ïîâåðõíîñòè ñ êàæäîé ñòîðîíû ñ øàáëîíîì,
äîñòàòî÷íûì äëÿ èíòåãðèðîâàíèÿ óðàâíåíèé ñî âòîðûì ïîðÿäêîì òî÷íîñòè. Ðàçìå-
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ðû ÿ÷ååê ëîêàëüíîé ñåòêè îïðåäåëÿþòñÿ ðàçìåðàìè ÿ÷ååê îñíîâíîé ñåòêè. Íà ýòîò
øàáëîí èíòåðïîëèðóþòñÿ ïàðàìåòðû èç îñíîâíîé íåïîäâèæíîé äåêàðòîâîé ñåòêè
è ëîêàëüíûõ ïîäâèæíûõ ñåòîê [9]. Äëÿ êàæäîé ëîêàëüíîé ñåòêè ðàññ÷èòûâàåòñÿ
çàäà÷à ðàñïàäà ðàçðûâà íà ãðàíèöå, ïðîèçâîäèòñÿ ïîäâèæêà êîíòàêòíîé ãðàíèöû â
íîðìàëüíîì íàïðàâëåíèè ê ïîâåðõíîñòè êîíòàêòà è èíòåãðèðóþòñÿ ïàðàìåòðû íà
íîâîì âðåìåííîì ñëîå. Â ýòîì ñëó÷àå ïëîùàäè è îáúåìû äëÿ ëîêàëüíûõ ïîäâèæ-
íûõ ñåòîê îïðåäåëÿþòñÿ òî÷íî. Ïî äâèæåíèþ ëîêàëüíûõ ñåòîê îïðåäåëÿåòñÿ íîâîå
ïîëîæåíèå ïîâåðõíîñòè òåëà. Ïàðàìåòðû â ÿ÷åéêàõ, óäàëåííûõ îò ãðàíèö, ðàññ÷è-
òûâàþòñÿ íà îñíîâíîé íåïîäâèæíîé ñåòêå. Äàëåå ïàðàìåòðû â ÿ÷åéêàõ îñíîâíîé
äåêàðòîâîé ñåòêè, áëèçêèõ ê êîíòàêòíîé ïîâåðõíîñòè, äëÿ èíòåãðèðîâàíèÿ êîòîðûõ
íå õâàòèëî ðàçíîñòíîãî øàáëîíà, èëè ïîïàâøèõ â îáëàñòü, çàíÿòóþ òåëîì, ïðè åãî
ïåðåìåùåíèè, îïðåäåëÿþòñÿ èíòåðïîëÿöèåé ïàðàìåòðîâ èç îñíîâíîé è ëîêàëüíûõ
ñåòîê. Èíòåãðèðîâàíèå óðàâíåíèé â îñíîâíîé íåïîäâèæíîé ñåòêå ïðîèñõîäèò ïî
ìîäèôèöèðîâàííîé ñõåìå Ñ.Ê. Ãîäóíîâà [10], îáîáùåííîé íà òðåõìåðíûé ñëó÷àé,
åäèíîé êàê äëÿ óðàâíåíèé Ýéëåðà äëÿ ãàçà è æèäêîñòè, òàê è äëÿ óðàâíåíèé Ýéëåðà −
Êîøè äëÿ óïðóãîïëàñòè÷åñêèõ òå÷åíèé. Íà ëîêàëüíûõ ïîäâèæíûõ ñåòêàõ ïðèìåíÿ-
åòñÿ ýòà æå ìîäèôèêàöèÿ ñ èñïîëüçîâàíèåì òî÷íîãî ðåøåíèÿ çàäà÷è ðàñïàäà ðàçðû-
âà íà ãðàíèöàõ ÏÄ−æèäêîñòü, æèäêîñòü−äåôîðìèðóåìîå òåëî. Ïðè ìîäåëèðîâàíèè
óïðóãîïëàñòè÷åñêèõ òå÷åíèé íà øàãå ïðåäèêòîð èñïîëüçóåòñÿ óïðóãîå ðåøåíèå çàäà-
÷è ðàñïàäà ðàçðûâà, ó÷åò ïëàñòè÷åñêèõ ñâîéñòâ ìàòåðèàëà ïðîèñõîäèò íà øàãå êîð-
ðåêòîð. Òàêîå ïîñòðîåíèå âû÷èñëèòåëüíîãî àëãîðèòìà äëÿ ðåøåíèÿ óïðóãîïëàñòè-
÷åñêèõ çàäà÷ îáåñïå÷èâàåò âòîðîé ïîðÿäîê àïïðîêñèìàöèè â öåëîì [11].

Äëÿ ìîäåëèðîâàíèÿ ïðîöåññà ðàñïðîñòðàíåíèÿ äåòîíàöèè ïî ÂÂ èñïîëüçóåòñÿ
ãèäðîäèíàìè÷åñêàÿ òåîðèÿ äåòîíàöèè êàê ñàìîïîääåðæèâàþùåãîñÿ ÿâëåíèÿ, ïðåä-
ëîæåííàÿ ß.Á. Çåëüäîâè÷åì [12]. Â [13] ïðèâåäåíà ÷èñëåííàÿ ðåàëèçàöèÿ ýòîé ìî-
äåëè â ñõåìå Ñ.Ê. Ãîäóíîâà äëÿ äâóìåðíîãî ñëó÷àÿ − òàê íàçûâàåìàÿ ëó÷åâàÿ äåòî-
íàöèÿ (time dependent). Ñîãëàñíî ýòîé ìîäåëè, äåòîíàöèîííàÿ âîëíà ÿâëÿåòñÿ óäàð-
íîé âîëíîé, íà ôðîíòå êîòîðîé çà ñ÷åò õèìè÷åñêèõ ðåàêöèé ïðîèñõîäèò ìãíîâåí-
íîå ýíåðãîâûäåëåíèå, ïîääåðæèâàþùåå ïðîöåññ åå ðàñïðîñòðàíåíèÿ â äðóãèå òî÷-
êè çàðÿäà â ñîîòâåòñòâèè ñ ïðèíöèïîì Ãþéãåíñà (êàæäàÿ òî÷êà çàðÿäà, äî êîòîðîé
äîøëà âîëíà, ñòàíîâèòñÿ èñòî÷íèêîì äåòîíàöèè è íåçàâèñèìî èçëó÷àåò äåòîíàöèîí-
íûå âîëíû â îáëàñòü íåïðîäåòîíèðîâàâøåé ÷àñòè çàðÿäà). Ñêîðîñòü äåòîíàöèîí-
íîé âîëíû ïîëàãàåòñÿ ïîñòîÿííîé, è äåòîíàöèÿ îò ìåñòà èíèöèàöèè ðàñïðîñòðàíÿ-
åòñÿ ïî ëó÷àì. Ýíåðãîâûäåëåíèå, âûçâàííîå õèìè÷åñêèìè ðåàêöèÿìè, ó÷èòûâàåò-
ñÿ ââåäåíèåì â óðàâíåíèå ýíåðãèè äîïîëíèòåëüíîãî èñòî÷íèêîâîãî ÷ëåíà. Ðàçâè-
òèå ýòîé ÷èñëåííîé ìåòîäèêè äëÿ òðåõìåðíîãî ñëó÷àÿ íà îñíîâå ìåòîäà Ñ.Ê. Ãîäó-
íîâà ïðèâåäåíî â ñòàòüå [14], ãäå ÷èñëåííî ìîäåëèðîâàëèñü òðåõìåðíûå ïðîöåññû
âçðûâà ñôåðè÷åñêèõ çàðÿäîâ â öèëèíäðè÷åñêîé êàìåðå ïðè èíèöèèðîâàíèè äåòî-
íàöèè â ðàçëè÷íûõ òî÷êàõ çàðÿäà. Äëÿ îïèñàíèÿ ïðîöåññîâ â ïðîäóêòàõ äåòîíàöèè
èñïîëüçóåòñÿ óðàâíåíèå ñîñòîÿíèÿ èäåàëüíîãî ãàçà ñ ïåðåìåííûì ïîêàçàòåëåì àäè-
àáàòû, âû÷èñëÿåìûì èç óðàâíåíèÿ ñîñòîÿíèÿ ÂÂ òèïà JWL [15].

1. Îïðåäåëÿþùàÿ ñèñòåìà óðàâíåíèé è ìåòîä ðåøåíèÿ

Çàìêíóòàÿ ñèñòåìà óðàâíåíèé, îïèñûâàþùàÿ äåôîðìèðîâàíèå ñïëîøíîé ñðå-
äû â ïðèáëèæåíèè ìîäåëè ñæèìàåìîãî óïðóãîïëàñòè÷åñêîãî òåëà, â äåêàðòîâîé
ñèñòåìå êîîðäèíàò èìååò âèä [9, 11]:
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Ïëàñòè÷åñêîå òå÷åíèå îïèñûâàåòñÿ ïóòåì ñîõðàíåíèÿ äåâèàòîðà íà ïîâåðõíîñ-
òè òåêó÷åñòè [11]. Ñèñòåìà óðàâíåíèé (1)−(5) çàìûêàåòñÿ óðàâíåíèÿìè ñîñòîÿíèÿ.
Â ñëó÷àå îòñóòñòâèÿ ñäâèãîâûõ íàïðÿæåíèé ñèñòåìà (1)−(5) ïåðåõîäèò â óðàâíåíèÿ
Ýéëåðà äëÿ äâèæåíèÿ ñæèìàåìîãî ãàçà èëè æèäêîñòè. Óðàâíåíèå ñîñòîÿíèÿ â ýòîì
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Â êà÷åñòâå ÷èñëåííîãî ìåòîäà ðåøåíèÿ óðàâíåíèé (1)−(5) ïðèìåíÿåòñÿ ìîäè-
ôèêàöèÿ ñõåìû Ñ.Ê. Ãîäóíîâà [9], îáåñïå÷èâàþùàÿ âòîðîé ïîðÿäîê àïïðîêñèìàöèè
íà êîìïàêòíîì 3×3×3 øàáëîíå. Äëÿ ãàçîäèíàìè÷åñêîé ÷àñòè ïî ñðàâíåíèþ ñ áàçî-
âîé ñõåìîé Ñ.Ê. Ãîäóíîâà [16] èçìåíåíèÿ íåîáõîäèìû òîëüêî íà øàãå ïðåäèêòîð
ïðè ïîäãîòîâêå ïàðàìåòðîâ ê ñòàíäàðòíîìó ðåøåíèþ èç [10]. Äëÿ ìîäåëèðîâàíèÿ
óïðóãîïëàñòè÷åñêèõ òå÷åíèé íà ýòàïå ïðåäèêòîð äîñòàòî÷íî óïðóãîãî ðåøåíèÿ çà-
äà÷è ðàñïàäà ðàçðûâà äëÿ ëèíåàðèçîâàííûõ óðàâíåíèé. Ðåøåíèå çàäà÷è ðàñïàäà
ðàçðûâà ñèñòåìû (1)−(5) ñòðîèòñÿ ïî àëãîðèòìó, àíàëîãè÷íîìó [10]. Ýòî æå ðåøå-
íèå èñïîëüçóåòñÿ äëÿ ðåàëèçàöèè îñíîâíûõ ãðàíè÷íûõ óñëîâèé ïî ñêîðîñòè è äàâ-
ëåíèþ.

Ðåøåíèå òðåõìåðíîé çàäà÷è ðàñïàäà ìåæäó óïðóãîé ñðåäîé è æèäêîñòüþ ñòðîèò-
ñÿ àíàëîãè÷íî [10] èòåðàöèîííîé êîìáèíàöèåé íåëèíåéíîãî ðåøåíèÿ çàäà÷è ðàñ-
ïàäà ðàçðûâà äëÿ ãðàíè÷íîãî óñëîâèÿ ïîäâèæíîé «æåñòêîé ñòåíêè» è ãðàíè÷íîãî
óñëîâèÿ ñ çàäàíèåì íàïðÿæåíèÿ äëÿ óïðóãîãî òåëà.

2. Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ

Ïðåäëîæåííûé ïîäõîä áûë èñïîëüçîâàí äëÿ èñ-
ñëåäîâàíèÿ ïðîöåññà äåôîðìàöèè ñòàëüíîãî öèëèíä-
ðè÷åñêîãî êîíòåéíåðà ñ âîäîé ïðè âíóòðåííåì âçðû-
âå ñôåðè÷åñêîãî çàðÿäà ÂÂ (ðèñ. 1).

Áûë âûïîëíåí ðàñ÷åò îäíîãî èç ýêñïåðèìåíòîâ,
ïðèâåäåííûõ â [17], äîïóñêàþùèé ìîäåëèðîâàíèå â
îñåñèììåòðè÷íîé ïîñòàíîâêå. Öåëÿìè ÷èñëåííûõ èñ-
ñëåäîâàíèé áûëî ñðàâíåíèå ðåøåíèé ïî òðåõìåðíîé
ìåòîäèêå ñ ðåçóëüòàòàìè ðàñ÷åòîâ ïî ðàíåå ðàçðàáî-
òàííîé äâóìåðíîé ìåòîäèêå [3, 18] è ñðàâíåíèå ðå-
çóëüòàòîâ ðàñ÷åòîâ ñ ýêñïåðèìåíòîì. Â äâóìåðíîé ìå-
òîäèêå áûë ðåàëèçîâàí ýéëåðîâî-ëàãðàíæåâ ïîäõîä ñ
ñîâìåùåíèåì ëàãðàíæåâûõ êîíòàêòíûõ ãðàíèö ñ óç-
ëàìè ïîäâèæíûõ ýéëåðîâûõ ñåòîê. Öåíòð øàðîâîãî
çàðÿäà ÂÂ èç ñïëàâà òðîòèëà ñ ãåêñîãåíîì ÒÃ50/50 ìàñ-
ñîé 0,29 êã, ðàäèóñîì R = 0,0346 ì, ïëîòíîñòüþ
1,67⋅103 êã/ì3 ðàñïîëàãàëñÿ â òî÷êå ïåðåñå÷åíèÿ îñè
è ïëîñêîñòè ñèììåòðèè. Êîíòåéíåð âûïîëíåí èç ñòàëè 35 ñ âíåøíèì ðàäèóñîì öè-
ëèíäðè÷åñêîé ÷àñòè R = 0,213 ì, äëèíîé öèëèíäðè÷åñêîé ÷àñòè H = 4R0, âíåøíè-
ìè ðàäèóñàìè ñôåðè÷åñêèõ êîëïàêîâ R0 è òîëùèíîé ñòåíêè 1 ñì. Äëÿ ñòàëè 35 ïðè-
íÿòî: ïëîòíîñòü 7,8⋅103 êã/ì3, ìîäóëü îáúåìíîãî ñæàòèÿ 1,75⋅105 MÏa, ìîäóëü ñäâè-
ãà 8,077⋅104 MÏa, ïðåäåë òåêó÷åñòè 3,40⋅103 MÏa, ìîäóëü óïðî÷íåíèÿ 2,40⋅102 ÌÏa.
Çàðÿä èíèöèèðîâàëñÿ â öåíòðå ñèììåòðèè. Â ýòîì ñëó÷àå âñå ïðîöåññû áûëè îñå-
ñèììåòðè÷íûìè. Äëÿ ÂÂ ÒÃ 50/50 ïàðàìåòðû óðàâíåíèÿ ñîñòîÿíèÿ ÏÄ òèïà JWL
ïðèíèìàëèñü ñëåäóþùèìè: ρ0 = 1,67⋅103 êã/ì3, R1 = 4,94, R2 = 1,35, ω = 0,28, A =
= 708 ÃÏà, B = 13,165 ÃÏà, C = 1,058 ÃÏà [7, 19, 20]. Äëÿ æèäêîñòè (âîäà) γ = 7,15,
B0 = 0,3045 ÃÏà, c0 = 1450 ì/ñ. Âðåìÿ îòñ÷èòûâàëîñü ñ ìîìåíòà èíèöèàöèè.

Â íà÷àëüíûé ìîìåíò âðåìåíè ïîâåðõíîñòè îáúåêòîâ áûëè ïîêðûòû ñåòêîé èç
800 òûñÿ÷ òðåóãîëüíèêîâ, ðàçìåðû ñòîðîí òðåóãîëüíèêîâ îò 0,2 äî 0,6 cì. Ðàçìåð
îñíîâíîé êóáè÷åñêîé ñåòêè ïî ïðîäóêòàì äåòîíàöèè è âîäå ñîñòàâëÿë 0,3 cì, ïî
îáîëî÷êå − 0,2 cì, â íà÷àëüíûé ìîìåíò êîëè÷åñòâî ÿ÷ååê ñîñòàâëÿëî 14 ìèëëèîíîâ.

Ðèñ. 1. Ïîñòàíîâêà çàäà÷è
(êðàñíûé öâåò − çàðÿä,
ñèíèé öâåò − æèäêîñòü)
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Îñíîâíûå âû÷èñëèòåëüíûå îïåðàöèè áûëè ðàñïàðàëëåëåíû ïî ïðèíöèïó openMP.
Ðåøåíèå ïîëó÷åíî íà ñóïåðÝÂÌ «Ëîáà÷åâñêèé» Íèæåãîðîäñêîãî ãîñóíèâåðñèòåòà.
Ðàñ÷åò îäíîé ìèëëèñåêóíäû ïðîöåññà çàíèìàë ïîðÿäêà 40 ÷àñîâ, òàêèå çíà÷èòåëü-
íûå âû÷èñëèòåëüíûå çàòðàòû ñâÿçàíû ñ èñïîëüçóåìûìè ÿâíûìè ñõåìàìè è ñ âûáî-
ðîì ìèíèìàëüíîãî ðàñ÷åòíîãî øàãà, îáóñëîâëåííîãî ðàçìåðîì ÿ÷ååê â óïðóãîé ñðåäå.

Íà ðèñ. 2−4 ïðèâåäåíû çàâèñèìîñòè îò âðåìåíè äàâëåíèÿ íà âíóòðåííþþ ïî-
âåðõíîñòü îáîëî÷êè êîíòåéíåðà, ñêîðîñòè è îêðóæíûõ äåôîðìàöèé íà âíåøíåé
ïîâåðõíîñòè êîíòåéíåðà â ïëîñêîñòè ñèììåòðèè.

Èíäåêñîì 2D îòìå÷åíû ðàñ÷åòû ïî äâóìåðíîé ïðîãðàììå [3] ñ ïðèâÿçêîé ðàñ-
÷åòíîé ñåòêè ê ãðàíèöàì ðàçäåëà ñðåä, 3D − ñîîòâåòñòâåííî òðåõìåðíûå ðàñ÷åòû ïî
óêàçàííîé ìíîãîñåòî÷íîé ìåòîäèêå ñ âûäåëåíèåì ãðàíèö STL ôàéëàìè. ×èñëåí-
íûå ðåçóëüòàòû, ïîëó÷åííûå ïî ðàçëè÷íûì ìåòîäèêàì, äîñòàòî÷íî õîðîøî ñîîòâåò-
ñòâóþò äðóã äðóãó êàê ïî àìïëèòóäàì, òàê è ïî ôàçàì. Ðàçëè÷èå â êðèâûõ ïîñëå
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ïðîöåññà îòðàæåíèÿ ãîëîâíîé âîëíû ìîæíî îáúÿñíèòü ðàçíûìè ìåòîäàìè ðàñ÷åòà
êîíòàêòíûõ ñèë è ïàðàìåòðîâ äâèæåíèÿ îáîëî÷êè. Ìîìåíò íàáîðà ìàêñèìàëüíîé
ñêîðîñòè, âåëè÷èíà ìàêñèìàëüíîé ñêîðîñòè è îêðóæíàÿ äåôîðìàöèÿ â ýòîò ìîìåíò
è ìàêñèìàëüíûå îêðóæíûå äåôîðìàöèè îòëè÷àþòñÿ îò ýêñïåðèìåíòàëüíûõ [17] íå
áîëåå ÷åì íà 10%, ÷òî ñîîòâåòñòâóåò ïîãðåøíîñòÿì ýêñïåðèìåíòîâ.

Íà ðèñ. 5 ïðèâåäåíû çàâèñèìîñòè ðàäèàëüíîé è âåðòèêàëüíîé ñêîðîñòåé îò âðå-
ìåíè íà êîíòàêòå ÏÄ−æèäêîñòü äëÿ îñåñèììåòðè÷íîãî ñëó÷àÿ. Ðàñ÷åòû ïî äâóìåð-
íîé è òðåõìåðíîé ìåòîäèêàì ïðàêòè÷åñêè ñîâïàëè, òàê êàê â ýòîì ñëó÷àå èñïîëüçî-
âàëàñü îäíà è òà æå ìåòîäèêà ðàñ÷åòà äâèæåíèÿ ÏÄ, æèäêîñòè è êîíòàêòíîé ïî-
âåðõíîñòè. Ðàçëè÷èå ìåæäó ðàäèàëüíûìè è âåðòèêàëüíûìè ñêîðîñòÿìè íàñòóïàåò
â ìîìåíò ïðèõîäà îòðàæåííûõ îò ñòåíîê êîíòåéíåðà âîçìóùåíèé. Íàáëþäàþòñÿ
îêðóæíûå ïëàñòè÷åñêèå äåôîðìàöèè êîíòåéíåðà ~12%, ÷òî òàêæå ñîîòâåòñòâóåò
ýêñïåðèìåíòàëüíî íàáëþäàåìûì îñòàòî÷íûì äåôîðìàöèÿì.

Ðàñ÷åòû òðåõìåðíîé çàäà÷è áûëè ïðîèçâåäåíû ïðè ñìåùåíèè öåíòðà çàðÿäà â
ïëîñêîñòè ñèììåòðèè íà ðàññòîÿíèå 2R îò îñè ñèììåòðèè (ñì. ðèñ. 1). Íà ðèñ. 6 è 7
ïðèâåäåíû ðàñïðåäåëåíèÿ äàâëåíèÿ äëÿ íåîñåñèììåòðè÷íîãî ðàñïîëîæåíèÿ çàðÿäà
ñîîòâåòñòâåííî â ìîìåíò ïîñëå îòðàæåíèÿ ãîëîâíîé óäàðíîé âîëíû îò äàëüíåé ñòåí-
êè îáîëî÷êè è â ìîìåíò ïîñëå îòðàæåíèÿ ãîëîâíîé âîëíû îò åå êîëïàêîâ. Íà ðèñ. 6
ýòî äàâëåíèå â ÏÄ è âîäå, íà ðèñ. 7 − â ÏÄ, âîäå è îáîëî÷êå.

Ñâåòëûå îáëàñòè íà ðèñóíêàõ ñîîòâåòñòâóþò ïîëîæåíèþ êîíòàêòíûõ ïîâåðõ-
íîñòåé ðàçäåëà ÏÄ−æèäêîñòü, æèäêîñòü−îáîëî÷êà. Çàìåòíî íåñèììåòðè÷íîå ïîâå-
äåíèå ïóçûðÿ ñ ÏÄ ïîä âëèÿíèåì îòðàæåííûõ îò ñòåíîê êîíòåéíåðà óäàðíûõ âîëí.

Íà ðèñ. 8 ïðèâåäåíû çàâèñèìîñòè ñêîðîñòè îáîëî÷êè îò âðåìåíè â ïëîñêîñòè
ñèììåòðèè, ðàññ÷èòàííûå ïî òðåõìåðíîé ìåòîäèêå. Íà ðèñóíêå îáîçíà÷åíî: êðàñ-
íàÿ êðèâàÿ − îñåñèììåòðè÷íûé ñëó÷àé, çåëåíàÿ è ñèíÿÿ êðèâûå − íåîñåñèììåòðè÷-
íûé ñëó÷àé ñîîòâåòñòâåííî â áëèæàéøåé ê çàðÿäó è â íàèáîëåå óäàëåííîé òî÷êàõ.

Ïðèâåäåííûå ÷èñëåííûå ðåçóëüòàòû ïîêàçûâàþò ñëîæíûé íåëèíåéíûé õàðàê-
òåð ïðîöåññîâ âíóòðåííåãî âçðûâíîãî íàãðóæåíèÿ êîíòåéíåðà ñ æèäêîñòüþ. Íà-
áëþäàþòñÿ çíà÷èòåëüíûå äåôîðìàöèè è ïåðåìåùåíèÿ. Â ñëó÷àå èíèöèàöèè çàðÿäà
â öåíòðå ñèñòåìû ïðîèñõîäèò îñåñèììåòðè÷íîå îòðàæåíèå óäàðíûõ âîëí îò ñòåíîê
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è êðûøåê êîíòåéíåðà. Ïðè ñìåùåíèè çàðÿäà îò îñè ñèììåòðèè ïðîöåññ ñòàíîâèòñÿ
ñóùåñòâåííî òðåõìåðíûì, ÷òî ïðèâîäèò ê èçìåíåíèþ êàðòèíû óäàðíî-âîëíîâîãî
íàãðóæåíèÿ êîíòåéíåðà è åãî äåôîðìèðîâàíèÿ.
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Çàêëþ÷åíèå

Ðåçóëüòàòû ðàñ÷åòîâ îñåñèììåòðè÷íîé çàäà÷è ïðàêòè÷åñêè ñîâïàëè ñ ðåçóëüòà-
òàìè ðàñ÷åòîâ ïî ðàíåå ðàçðàáîòàííîé îñåñèììåòðè÷íîé ìåòîäèêå, ÷òî ïîäòâåðæ-
äàåò äîñòàòî÷íóþ òî÷íîñòü òðåõìåðíîé ìåòîäèêè. Ñîîòâåòñòâèå ÷èñëåííûõ è ýêñ-
ïåðèìåíòàëüíûõ ðåçóëüòàòîâ ñâèäåòåëüñòâóåò î äîñòîâåðíîñòè èñïîëüçóåìîé ÷èñ-
ëåííîé ìîäåëè ðàñ÷åòà ïðîöåññîâ ðàñøèðåíèÿ ïðîäóêòîâ äåòîíàöèè â æèäêîñòü,
îáðàçîâàíèÿ óäàðíûõ âîëí â æèäêîñòè, âçàèìîäåéñòâèÿ âîëí ñ êîíòàêòíûìè ïîâåðõ-
íîñòÿìè è äåôîðìèðîâàíèÿ êîíñòðóêöèè. Ðàñ÷åòû âçðûâíîãî âîçäåéñòâèÿ çàðÿäîâ
ïîêàçàëè çíà÷èòåëüíîå âëèÿíèå èõ ïîëîæåíèÿ íà õàðàêòåð ãèäðîäèíàìè÷åñêèõ è
äåôîðìàöèîííûõ ïðîöåññîâ.

Àâòîðû áëàãîäàðÿò Ñ.Â. Êðûëîâà çà ïðåäîñòàâëåííûå ðåçóëüòàòû ðàñ÷åòîâ äâó-
ìåðíîé çàäà÷è.
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MODELING OF ELASTIC-PLASTIC DEFORMATION OF ELEMENTS
OF SPATIAL STRUCTURES DURING PULSE INTERACTION WITH FLUID BASED

ON THE GODUNOV'S METHOD OF INCREASED ACCURACY

Cheng Wang1, Tonghui Yang1, Wan Li1, Li Tao1,
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1School of Mechatronical Engineering, Beijing Institute of Technology, Beijing, China
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The spatial problem of internal explosive loading of an elastoplastic cylindrical container filled
with water in Eulerian − Lagrangian variables using multigrid algorithms is considered. A defining
system of three-dimensional equations of the dynamics of gas, fluid, and elastoplastic medium is
presented. For numerical modeling, a modification of S.K. Godunov scheme of the increased
accuracy for both detonation products and liquids, and elastoplastic container is used. At the moving
contact boundaries “detonation products − liquid”, “liquid − deformable body”, the exact solution
of the Riemann's problem is used. A time dependent model is used to describe the propagation of
steady-state detonation wave through an explosive from an initiation region. In both cases, the
initiation of detonation occurs at the center of the charge. Two problems have been solved: the first
task for the aisym-metric position of the charge, the second for the charge shifted relative to the
axis of symmetry. In the first task, the processes are two-dimensional axisymmetric in nature, in
the second task, the processes are essentially three-dimensional. A comparison is made of the
results of calculations of the first problem using a three-dimensional method with a solution using
a previously developed two-dimensional axisymmetric method and experimental data. Good
agreement is observed between the numerical results for the maximum velocities and circumferential
strains obtained by various methods and experimental data. There is good agreement between the
numerical results obtained by various methods and the known experimental data. Comparison of
the results of solving the first and second problems shows a significant effect of the position of the
charge on the wave processes in the liquid, the processes of loading the container and its elastoplastic
deformation. The dynamic behavior of a gas bubble with detonation products is analyzed. A
significant deviation of the bubble shape from the spherical one, caused by the action of shock
waves reflected from the structure, is shown. Comparison of the results of solving the first and
second problems showed a significant effect of the charge position on wave processes in a liquid,
the processes of loading a container and its elastoplastic deformation. In particular, in the second
problem, shock waves of higher amplitude are observed in the liquid when reflected from the walls
of the container.

Keywords: detonation, elastoplastic medium, modeling, Euler − Lagrangian approach, Godunov
scheme, Riemann's problem, multigrid algorithm.


