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Ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòíîãî èññëåäîâàíèÿ ñâåðõçâóêîâîãî îáòå-
êàíèÿ ïîòîêîì âîçäóõà ôðàãìåíòîâ êóáè÷åñêîé ôîðìû. Ôðàãìåíòû áûëè ðàç-
ëè÷íûì îáðàçîì îðèåíòèðîâàíû îòíîñèòåëüíî íàïðàâëåíèÿ íàáåãàþùåãî ïî-
òîêà. Ðàññìàòðèâàëèñü êóáèêè ñ äëèíîé ðåáðà 8 ìì. Ñêîðîñòü íàáåãàþùåãî
ïîòîêà âîçäóõà èçìåíÿëàñü â ïðåäåëàõ çíà÷åíèé ÷èñëà Ìàõà îò 2 äî 10. Ðàñ÷åò
ïðîöåññà îáòåêàíèÿ ïðîâîäèëñÿ ñ èñïîëüçîâàíèåì èíæåíåðíîé ïðîãðàììû
SolidWorks ïóòåì ÷èñëåííîãî ðåøåíèÿ ïîëíûõ îñðåäíåííûõ ïî Ðåéíîëüäñó
óðàâíåíèé Íàâüå − Ñòîêñà. Äëÿ ó÷åòà òóðáóëåíòíîñòè èñïîëüçîâàëàñü k−ε-ìî-
äåëü. Äëÿ âîçäóõà ïðèìåíÿëîñü óðàâíåíèå ñîñòîÿíèÿ ñîâåðøåííîãî ãàçà. Íà-
÷àëüíûå çíà÷åíèÿ ïëîòíîñòè, òåìïåðàòóðû è äàâëåíèÿ ñîîòâåòñòâîâàëè íîð-
ìàëüíûì óñëîâèÿì. Ðàñ÷åò ðàçáèâàëñÿ íà íåñêîëüêî ýòàïîâ, â êîíöå êàæäîãî
èç êîòîðûõ ïðîâîäèëñÿ àíàëèç ïîëó÷åííîãî ðåøåíèÿ è îñíîâàííîå íà ýòîì
àíàëèçå èçìåëü÷åíèå ñ÷åòíîé ñåòêè â çîíàõ âûñîêîãðàäèåíòíîãî ðàñïðåäå-
ëåíèÿ ïàðàìåòðîâ ïîòîêà. Ïîëíîå ÷èñëî ñ÷åòíûõ ÿ÷ååê â êîíêðåòíîì ðàñ÷åòå,
êàê ïðàâèëî, íå ïðåâûøàëî 2,5⋅106. Òî÷íîñòü ïîëó÷åííûõ ðåçóëüòàòîâ îöåíè-
âàëàñü ïî õàðàêòåðó ñõîäèìîñòè ðåøåíèÿ íà êàæäîì èç ðàññìàòðèâàåìûõ ýòà-
ïîâ ðàñ÷åòà. Äëÿ óìåíüøåíèÿ ðàñ÷åòíûõ îáëàñòåé èñïîëüçîâàëèñü óñëîâèÿ
ñèììåòðèè. Â ïðîöåññå ðàñ÷åòà îïðåäåëÿëèñü òàêèå àýðîäèíàìè÷åñêèå õàðàê-
òåðèñòèêè ìîäåëåé, êàê êîýôôèöèåíòû ñîïðîòèâëåíèÿ, ñòðîèëèñü êàðòèíû
ïîëåé îáòåêàíèÿ. Çíà÷åíèå êîýôôèöèåíòà ñîïðîòèâëåíèÿ â çàâèñèìîñòè îò
ñêîðîñòè èãðàåò âàæíóþ ðîëü â áàëëèñòèêå îñêîëêîâ. Äëÿ ñðàâíåíèÿ ïðåäñòàâ-
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ëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ñâåðõçâóêîâîãî îáòåêàíèÿ
ïîòîêîì âîçäóõà îñêîëêîâ êóáè÷åñêîé ôîðìû, ðàçëè÷íûì îáðàçîì îðèåíòè-
ðîâàííûõ îòíîñèòåëüíî íàïðàâëåíèÿ íàáåãàþùåãî ïîòîêà, ïðåäñòàâëåíû ðå-
çóëüòàòû âèçóàëèçàöèè ïðîöåññà ñâåðõçâóêîâîãî îáòåêàíèÿ ôðàãìåíòîâ êóáè-
÷åñêîé ôîðìû ñ èñïîëüçîâàíèåì ìåòîäà òåíåâîãî ôîòîãðàôèðîâàíèÿ. Ïîêà-
çàí õàðàêòåð óíîñà çà ñ÷åò àýðîòåðìîìåõàíè÷åñêîãî ðàçðóøåíèÿ îñêîëêà ïðè
ãèïåðçâóêîâûõ ñêîðîñòÿõ ñ ïîìîùüþ èìïóëüñíîé ðåíòãåíîãðàôèè. Ýêñïåðè-
ìåíòû ïðîâîäèëèñü â àýðîáàëëèñòè÷åñêîì òèðå ñ èñïîëüçîâàíèåì ñòâîëüíûõ
ìåòàòåëüíûõ óñòàíîâîê. Ïîìèìî ïîñòîâ òåíåâîãî ôîòîãðàôèðîâàíèÿ ïðèìå-
íÿëèñü ïîñòû èìïóëüñíîãî ðåíòãåíîãðàôèðîâàíèÿ. Íà ïðåäñòàâëåííîé ðåíò-
ãåíîãðàììå ïîêàçàí õàðàêòåðíûé óíîñ ìàòåðèàëà ïðè ñâåðõçâóêîâîì îáòåêà-
íèè èñïûòûâàåìîãî îáðàçöà èç ñòàëè.

Êëþ÷åâûå ñëîâà: ñâåðõçâóêîâîå îáòåêàíèå, ôðàãìåíò êóáè÷åñêîé ôîðìû,
ìåòîä ÷èñëåííîãî ðåøåíèÿ, òåíåâàÿ ôîòîãðàôèÿ.

Ïðè èñïûòàíèÿõ òåë ìàëûõ ðàçìåðîâ, íàïðèìåð îñêîëêîâ, âîçíèêàåò ðÿä îñîáåí-
íîñòåé ïî ñðàâíåíèþ ñî øòàòíûìè èñïûòàíèÿìè ìîäåëåé. Íåäîñòîâåðíîñòü àïðè-
îðíîãî çíàíèÿ õàðàêòåðà äâèæåíèÿ òàêèõ ýëåìåíòîâ, èõ âûõîä èç çîíû ðåãèñòðà-
öèè, îáóñëîâëåííûé äåéñòâèåì àýðîäèíàìè÷åñêèõ ñèë íà ãðàíÿõ, îðèåíòèðîâàí-
íûõ ïîä óãëîì ê íàïðàâëåíèþ ïîëåòà, ñíèæàþò êîëè÷åñòâî ðåãèñòðèðóåìûõ ïîëî-
æåíèé è âûíóæäàþò îãðàíè÷èâàòüñÿ îïðåäåëåíèåì òîëüêî ëèíåéíûõ êîîðäèíàò. Äëÿ
ïîëó÷åíèÿ ðàáî÷åé èíôîðìàöèè ïðè òàêèõ èññëåäîâàíèÿõ öåëåñîîáðàçíî èìåòü
òåñòîâûå ðàñ÷åòíî-ýêñïåðèìåíòàëüíûå äàííûå ïî àýðîäèíàìè÷åñêèì õàðàêòåðèñ-
òèêàì äâèæåíèÿ ýòàëîííûõ òåë èç òîãî æå ìàòåðèàëà è òåõ æå ðàçìåðîâ.

Ïîäðûâ îñêîëî÷íîãî áîåïðèïàñà îñóùåñòâëÿåòñÿ, êàê ïðàâèëî, íà íåêîòîðîì
ðàññòîÿíèè îò ïîðàæàåìûõ îáúåêòîâ [1]. Äèñòàíöèÿ, íà êîòîðîé îñêîëêè ñîõðàíÿþò
ñïîñîáíîñòü ïîðàæàòü öåëè, ìîæåò äîñòèãàòü ñòà è áîëåå ìåòðîâ. Ïîëåò îñêîëêîâ
ïðîõîäèò â âîçäóøíîé ñðåäå, ñîçäàþùåé ñîïðîòèâëåíèå äâèæåíèþ, ÷òî ïðèâîäèò ê
ïàäåíèþ èõ ñêîðîñòè íà òðàåêòîðèè. Äëÿ îöåíêè ýôôåêòèâíîñòè äåéñòâèÿ îñêîëî÷-
íîãî áîåïðèïàñà âàæíûì ÿâëÿåòñÿ îïðåäåëåíèå çàêîíà ñíèæåíèÿ ñêîðîñòè â ïîëå-
òå v(x).

Çàäà÷à î äâèæåíèè îñêîëêà â âîçäóøíîé ñðåäå ðåøàåòñÿ ïðè ñëåäóþùèõ äîïó-
ùåíèÿõ: ïëîòíîñòü âîçäóõà âäîëü òðàåêòîðèè ïîñòîÿííà, âëèÿíèå ñèëû òÿæåñòè
ïðåíåáðåæèìî ìàëî. Ñ ó÷åòîì ýòèõ äîïóùåíèé óðàâíåíèå äâèæåíèÿ îñêîëêà çàïè-
øåòñÿ â âèäå

,
2

2vcS
dt
dvm xpaρ−=

ãäå m − ìàññà îñêîëêà; v − òåêóùàÿ ñêîðîñòü îñêîëêà; ρa − ïëîòíîñòü âîçäóõà; Sp −
òåêóùàÿ ïëîùàäü ìèäåëÿ îñêîëêà; ñõ − êîýôôèöèåíò ëîáîâîãî ñîïðîòèâëåíèÿ.

Åñëè äëÿ îñêîëêîâ ñôåðè÷åñêîé ôîðìû èìååòñÿ áîëüøîé ðÿä ýêñïåðèìåíòàëü-
íûõ äàííûõ, òî äëÿ äðóãèõ ïðàêòè÷åñêè âàæíûõ ôîðì òðåáóåòñÿ ïðîâåäåíèå îò-
äåëüíîãî èññëåäîâàíèÿ.

Äëÿ íàçåìíîé àýðîäèíàìè÷åñêîé îòðàáîòêè øèðîêî ïðèìåíÿåòñÿ ìåòîä èññëå-
äîâàíèé â àýðîáàëëèñòè÷åñêîì òèðå [2]: îáúåêò èñïûòàíèÿ âûñòðåëèâàåòñÿ èç ïî-
ðîõîâîé èëè ëåãêîãàçîâîé óñòàíîâêè â ñâîáîäíûé ïîëåò ñ çàäàííûìè íà÷àëüíûìè
óñëîâèÿìè ïî ñêîðîñòè è óãëó àòàêè.

Â íàñòîÿùåé ñòàòüå, ÿâëÿþùåéñÿ ïðîäîëæåíèåì öèêëà ñòàòåé [3−10], ïðåäñòàâ-
ëåíû ðåçóëüòàòû ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ñâåðõçâóêîâîãî
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îáòåêàíèÿ ïîòîêîì âîçäóõà ôðàãìåíòîâ êóáè÷åñêîé ôîðìû, ðàçëè÷íûì îáðàçîì
îðèåíòèðîâàííûõ îòíîñèòåëüíî íàïðàâëåíèÿ íàáåãàþùåãî ïîòîêà, ïðåäñòàâëåíû
ðåçóëüòàòû âèçóàëèçàöèè ïðîöåññà ñâåðõçâóêîâîãî îáòåêàíèÿ òåë êóáè÷åñêîé ôîð-
ìû äâóìÿ ìåòîäàìè: òåîðåòè÷åñêèì − íà îñíîâå ìàòåìàòè÷åñêîé ìîäåëè ïóòåì ÷èñ-
ëåííîãî ðåøåíèÿ ïîëíûõ îñðåäíåííûõ ïî Ðåéíîëüäñó óðàâíåíèé Íàâüå − Ñòîêñà ñ
èñïîëüçîâàíèåì èíæåíåðíîé ïðîãðàììû SolidWorks [11] (cåðèéíûé íîìåð
SolidWorks 2006 äëÿ ó÷åáíûõ çàâåäåíèé − 9710 0044 1213 5426) è ýêñïåðèìåíòàëü-
íûì − ñ èñïîëüçîâàíèåì ìåòîäà òåíåâîé ôîòîðåãèñòðàöèè [12−14].

Ìîäåëèðóåìûì îáúåêòîì ÿâëÿëñÿ êóáèê ñ õàðàêòåðíûì ðàçìåðîì ðåáðà 8 ìì.
Äëÿ îïðåäåëåíèÿ âëèÿíèÿ ðàçìåðîâ ðàñ÷åòíîãî äîìåíà íà õàðàêòåð îáòåêàíèÿ êóáà
è êîýôôèöèåíò ëîáîâîãî ñîïðîòèâëåíèÿ ðàññìàòðèâàëèñü íåñêîëüêî äîìåíîâ ðàç-
ëè÷íûõ ðàçìåðîâ ïðè îäèíàêîâîé íà÷àëüíîé ñêîðîñòè îáòåêàíèÿ ñ ÷èñëîì Ìàõà
M = 7. Èñõîäÿ èç óñëîâèé ñèììåòðèè, áûëà âçÿòà ëèøü ÷åòâåðòàÿ ÷àñòü ïîëíîãî,
îêðóæàþùåãî âåñü êóá äîìåíà. Ðàñ÷åòíûé äîìåí, èñïîëüçóåìûé â äàëüíåéøèõ èñ-
ñëåäîâàíèÿõ âëèÿíèÿ íà÷àëüíîé ñêîðîñòè ïîòîêà íà êîýôôèöèåíò ëîáîâîãî ñîïðî-
òèâëåíèÿ è íà õàðàêòåð îáòåêàíèÿ êóáà, èìååò ðàçìåðû 90×50×50 ìì.

Â êà÷åñòâå ìåòîäà ìîäåëèðîâàíèÿ âûáðàí ìåòîä ÷èñëåííîãî ðåøåíèÿ îñðåä-
íåííûõ ïî Ðåéíîëüäñó óðàâíåíèé Íàâüå − Ñòîêñà, äîïîëíåííûõ k−ε-ìîäåëüþ òóð-
áóëåíòíîñòè.

Ýòîò ìåòîä ðåàëèçîâàí â èíæåíåðíîì ïàêåòå ïðîãðàìì SolidWorks. Ïàêåò ïðåä-
ñòàâëÿåò ñîáîé êîìáèíàöèþ ïîëíîé âåðñèè ñèñòåìû êàê ãðàôè÷åñêîé ñðåäû è ãèäðî-
ãàçîäèíàìè÷åñêîãî ðåøàòåëÿ, ïðåïðîöåññîð êîòîðîãî ïîçâîëÿåò ðåàëèçîâûâàòü àâòî-
ìàòèçèðîâàííûé èëè ðó÷íîé ìåòîä áëî÷íîãî ïîñòðîåíèÿ ðàñ÷åòíîé ñåòêè è åå ïîñ-
ëåäóþùåé àäàïòàöèè â çîíàõ áîëüøèõ ãðàäèåíòîâ ïàðàìåòðîâ ïîòîêà. Óêàçàííûé
ïàêåò ïîçâîëÿåò ðàññ÷èòûâàòü øèðîêèé êðóã ðàçëè÷íûõ òå÷åíèé: äâóìåðíûå è òðåõ-
ìåðíûå, ëàìèíàðíûå, òóðáóëåíòíûå è ïåðåõîäíûå, íåñæèìàåìûå, ñæèìàåìûå, ñ äî-,
òðàíñ- è ñâåðõçâóêîâûìè îáëàñòÿìè, ñòàöèîíàðíûå è íåñòàöèîíàðíûå òå÷åíèÿ ìíîãî-
êîìïîíåíòíûõ òåêó÷èõ ñðåä â êàíàëàõ è/èëè âîêðóã òåë, ñ ó÷åòîì ãðàâèòàöèè, ïî-
ãðàíè÷íîãî ñëîÿ, â òîì ÷èñëå ñ ó÷åòîì øåðîõîâàòîñòè ñòåíîê, ñ êîíâåêòèâíûì òåï-
ëîîáìåíîì ìåæäó òåêó÷åé ñðåäîé è òâåðäûì òåëîì, êîòîðîå, â ñâîþ î÷åðåäü,
ìîæåò ñîñòîÿòü èç íåñêîëüêèõ ìàòåðèàëîâ; ñ îäíîâðåìåííûì ðàñ÷åòîì òåïëîïåðå-
äà÷è â òâåðäûõ òåëàõ, òî åñòü ñ ðåøåíèåì çàäà÷è ñîïðÿæåííîãî òåïëîîáìåíà, â òîì
÷èñëå ñ ó÷åòîì ðàäèàöèîííîãî òåïëîîáìåíà ìåæäó ïîâåðõíîñòÿìè; òå÷åíèÿ ãàçî-
âûõ ñìåñåé ñ ðàâíîâåñíîé êîíäåíñàöèåé ñîäåðæàùåãîñÿ â íèõ âîäÿíîãî ïàðà; òå÷å-
íèÿ âîäû ñ ðàâíîâåñíîé êàâèòàöèåé èëè ðàâíîâåñíûì êèïåíèåì; òå÷åíèÿ ÷åðåç
ïîðèñòûå ñðåäû êàê ÷åðåç ðàññðåäîòî÷åííûå ñîïðîòèâëåíèÿ; ëàìèíàðíûå òå÷åíèÿ
íåíüþòîíîâñêèõ æèäêîñòåé; òå÷åíèÿ ñæèìàåìûõ æèäêîñòåé; äâóõôàçíûå òå÷åíèÿ
êàê äâèæåíèå æèäêèõ èëè òâåðäûõ ÷àñòèö â ïîòîêå òåêó÷åé ñðåäû. Â ðàññìàòðèâàå-
ìîé çàäà÷å äâèæåíèå òåêó÷åé ñðåäû ìîäåëèðóåòñÿ ñ ïîìîùüþ îñðåäíåííûõ ïî Ðåé-
íîëüäñó óðàâíåíèé Íàâüå − Ñòîêñà, äîïîëíåííûõ k−ε-ìîäåëüþ òóðáóëåíòíîñòè,
èñïîëüçóþòñÿ óðàâíåíèÿ ñîñòîÿíèÿ êîìïîíåíòîâ òåêó÷åé ñðåäû, à òàêæå ýìïèðè-
÷åñêèå çàâèñèìîñòè âÿçêîñòè è òåïëîïðîâîäíîñòè ñðåäû îò òåìïåðàòóðû.

Â êà÷åñòâå ãðàíè÷íûõ çàäàþòñÿ óñëîâèÿ íåïðîòåêàíèÿ è ïðèëèïàíèÿ íà ñòåíêå.
Åñëè íå ðàññ÷èòûâàåòñÿ òåïëîïåðåäà÷à âíóòðè ñòåíêè, òî íà ñòåíêå, êîíòàêòèðóþ-
ùåé ñ òåêó÷åé ñðåäîé, çàäàåòñÿ òåìïåðàòóðà ïîâåðõíîñòè èëè òåïëîâîé ïîòîê ìåæ-
äó ñòåíêîé è òåêó÷åé ñðåäîé. Åñëè òåïëîïåðåäà÷à âíóòðè ñòåíêè ðàññ÷èòûâàåòñÿ,
òî çàäàþòñÿ òåïëîâûå óñëîâèÿ íà âíåøíåé ïîâåðõíîñòè òåëà íà ãðàíèöå ðàñ÷åòíîé
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îáëàñòè. Çàäàþòñÿ òàêæå ïàðàìåòðû òåêó÷åé ñðåäû íà âõîäíûõ è âûõîäíûõ îòâåðñ-
òèÿõ ìîäåëè (â òîì ÷èñëå ñ âîçìîæíûì ìîäåëèðîâàíèåì ïðèòî÷íûõ èëè âûòÿæíûõ
âåíòèëÿòîðîâ) âî âíóòðåííèõ è âíåøíèõ çàäà÷àõ èëè íà ãðàíèöàõ ðàñ÷åòíîé îáëàñ-
òè âî âíåøíèõ çàäà÷àõ. Ìîãóò áûòü çàäàíû òàêæå âðàùàòåëüíûå è/èëè ïîñòóïà-
òåëüíûå äâèæåíèÿ ïîâåðõíîñòè ñòåíêè, íå ìåíÿþùèå ãåîìåòðèþ ñòåíêè, èëè âðà-
ùåíèå òåëà â âûäåëåííîé îñåñèììåòðè÷íîé ïîäîáëàñòè ðàñ÷åòíîé îáëàñòè. Âîç-
ìîæíî çàäàíèå îáúåìíûõ èñòî÷íèêîâ òåïëà â òåêó÷åé ñðåäå è/èëè â òåëå (åñëè ðàñ-
ñ÷èòûâàåòñÿ òåïëîïåðåäà÷à â òâåðäûõ òåëàõ), ïîâåðõíîñòíûõ èñòî÷íèêîâ òåïëà íà
ïîâåðõíîñòè òâåðäîãî òåëà.

Òðåõìåðíûé ðàñ÷åò ïðîöåññà âíåøíåãî îáòåêàíèÿ êóáà ñâåðõçâóêîâûì ïîòîêîì
ñæèìàåìîãî ãàçà ïðîâîäèëñÿ ñ ó÷åòîì ñîîòâåòñòâóþùèõ ãðàíè÷íûõ óñëîâèé íà ïî-
âåðõíîñòè êóáà è íà ñòåíêàõ ðàñ÷åòíîãî äîìåíà. Ðåøàëèñü ïîëíûå, îñðåäíåííûå ïî
Ðåéíîëüäñó óðàâíåíèÿ Íàâüå − Ñòîêñà, äîïîëíåííûå äâóõïàðàìåòðè÷åñêîé ìî-
äåëüþ òóðáóëåíòíîñòè. Äèàïàçîí ðàññìîòðåííûõ íà÷àëüíûõ ñêîðîñòåé îáòåêàíèÿ
ñîñòàâëÿë 2−10 M. Äëÿ âîçäóõà èñïîëüçîâàëîñü óðàâíåíèå ñîñòîÿíèÿ ñîâåðøåííî-
ãî ãàçà.

Â ðåçóëüòàòå ÷èñëåííîãî ðåøåíèÿ îïðåäåëåíû àýðîäèíàìè÷åñêèå ñèëû, äåé-
ñòâóþùèå íà îáòåêàåìóþ ïîâåðõíîñòü îáúåêòà, ðàññ÷èòàíû ïàðàìåòðû îáòåêàþ-
ùåãî ãàçà â ðàñ÷åòíîì îáúåìå. Íà ðèñ. 1−4 ïðåäñòàâëåíû âèçóàëüíûå êàðòèíû ðàñ-
ïðåäåëåíèÿ äàâëåíèé, ïëîòíîñòåé, òåìïåðàòóð, ñêîðîñòåé âîêðóã îáòåêàåìîãî êó-
áèêà (Ì = 9).

Íà ðèñ. 5 ïðèâåäåíû ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ â âèäå çàâèñèìîñ-
òè êîýôôèöèåíòà ëîáîâîãî ñîïðîòèâëåíèÿ ñõ îò ÷èñëà Ìàõà ïðè îðèåíòàöèÿõ îáòå-
êàåìîãî êóáèêà ãðàíüþ, ðåáðîì è âåðøèíîé ê íàáåãàþùåìó ïîòîêó.

Ðèñ. 1. Ïîëå ðàñïðåäåëåíèÿ äàâëåíèÿ
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Ðèñ. 2. Ïîëå ðàñïðåäåëåíèÿ ïëîòíîñòè
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Ðèñ. 3. Ïîëå ðàñïðåäåëåíèÿ òåìïåðàòóðû
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Äëÿ âèçóàëèçàöèè âîëíîâîé êàðòèíû îáòåêàíèÿ [15] ïðèìåíÿëèñü òåíåâûå ìå-
òîäû ðåãèñòðàöèè ñ èñïîëüçîâàíèåì ìîùíûõ òî÷å÷íûõ èñòî÷íèêîâ ñâåòà [16−22].
Ñ ïîìîùüþ ýòèõ ìåòîäîâ âèçóàëèçèðóþòñÿ îïòè÷åñêèå íåîäíîðîäíîñòè (ñêà÷êè
óïëîòíåíèÿ), ñîñòàâëÿþùèå òàê íàçûâàåìûé ñïåêòð îáòåêàíèÿ èññëåäóåìîãî òåëà
äâèæóùèìñÿ ñâåðõçâóêîâûì ïîòîêîì âîçäóõà. Èññëåäîâàëèñü òåëà èç ñïëàâà ÂÍÆ
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Ðèñ. 4. Ïîëå ðàñïðåäåëåíèÿ ñêîðîñòè
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Ðèñ. 5. Çàâèñèìîñòü êîýôôèöèåíòà ëîáîâîãî ñîïðîòèâëåíèÿ îò ÷èñëà Ìàõà ïðè ðàçëè÷íûõ
îðèåíòàöèÿõ êóáèêà ê íàáåãàþùåìó ïîòîêó: à − ãðàíüþ, á − ðåáðîì, â − âåðøèíîé
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(âîëüôðàì−íèêåëü−æåëåçî) ðàçìåðîì 8×8×8 ìì (m = 8,7 ã) ïðè íà÷àëüíîé îðèåí-
òàöèè ê íàáåãàþùåìó ïîòîêó ãðàíüþ, ðåáðîì è âåðøèíîé. Ðåãèñòðàöèÿ âíåøíåòðà-
åêòîðíûõ ëèíåéíûõ êîîðäèíàò è ïîëåòíîãî âðåìåíè íà òðàåêòîðèè ïîëåòà îñóùå-
ñòâëÿëàñü íå ìåíåå ÷åì â 12 òî÷êàõ íà äëèíå èçìåðèòåëüíîãî ó÷àñòêà áîëåå 50 ì â
àýðîáàëëèñòè÷åñêîì òèðå.

Èñïûòàíèÿ òåë êóáè÷åñêîé ôîðìû ïðè íà÷àëüíûõ ñêîðîñòÿõ ìåòàíèÿ V < 2 êì/ñ
ïðîâîäèëèñü ïóòåì îòñòðåëà îáúåêòà èñïûòàíèé èç ïîðîõîâîé áàëëèñòè÷åñêîé óñ-
òàíîâêè êàëèáðîì 23 ìì. Â ýòèõ ýêñïåðèìåíòàõ, êðîìå âíåøíåòðàåêòîðíûõ ïàðà-
ìåòðîâ, ïîëó÷åíû øèðîêîôîðìàòíûå òåíåâûå ñïåêòðû îáòåêàíèÿ (ðèñ. 6).

Ïîëó÷åííûå â êàæäîì êîíêðåòíîì îïûòå äàííûå âíåøíåòðàåêòîðíûõ èçìåðå-
íèé ïîëîæåíèÿ öåíòðà ìàññ èñïîëüçîâàëèñü ïðè îïðåäåëåíèè êîýôôèöèåíòà ëîáî-
âîãî ñîïðîòèâëåíèÿ ïóòåì ðåøåíèÿ ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé äâè-
æåíèÿ, êîòîðàÿ â íàèáîëüøåé ìåðå (ïî ìèíèìóìó âçâåøåííîé ñóììû êâàäðàòîâ
íåâÿçîê ðàñ÷åòíûõ è èçìåðåííûõ çíà÷åíèé êîîðäèíàò) ñîãëàñóåòñÿ ñ äàííûìè èç-
ìåðåíèé.

Â êà÷åñòâå òåñòîâûõ îáúåêòîâ ïðè òåõ æå ðåæèìàõ èñïûòàíèé èññëåäîâàëèñü
îáúåêòû â ôîðìå øàðà èç òîãî æå ìàòåðèàëà äèàìåòðîì 10,4 ìì.

Íà ðèñ. 7 ïðèâåäåíà ñðåäíåîïûòíàÿ ýêñïåðèìåíòàëüíàÿ çàâèñèìîñòü êîýôôè-
öèåíòà ëîáîâîãî ñîïðîòèâëåíèÿ ñõ îò ÷èñëà Ìàõà äëÿ òåëà êóáè÷åñêîé ôîðìû â
äèàïàçîíå Ìñð = (0,8−3,8) Ì ñ ïîãðåøíîñòüþ 2σ ≤ 2%. Êîýôôèöèåíò ëîáîâîãî
ñîïðîòèâëåíèÿ ñõ îòíîñèòñÿ ê ïëîùàäè ìèäåëÿ ðàâíîâåëèêîé ïî îáúåìó ñôåðû.
Ïðèíÿòû ñëåäóþùèå îáîçíà÷åíèÿ:  − äëÿ øàðà äèàìåòðîì 10,4 ìì; , ,  − äëÿ
êóáà 8×8×8 ìì, îðèåíòèðîâàííîãî ãðàíüþ, ðåáðîì è âåðøèíîé ñîîòâåòñòâåííî.

á)à)

Ðèñ. 6. Âèçóàëèçàöèÿ ñïåêòðîâ îáòåêàíèÿ êóáà, ïåðâîíà÷àëüíî îðèåíòèðîâàííîãî â êàíàëå
ñòâîëà: à − ãðàíüþ; á − ðåáðîì ãîðèçîíòàëüíî; â − âåðøèíîé

â)



375

Ïðè ìåòàíèè ñ íà÷àëüíûìè ãèïåðçâóêîâûìè ñêîðîñòÿìè ðàçëè÷íûõ ýëåìåíòîâ,
ìîäåëèðóþùèõ îñêîëêè, ñëåäóåò îòìåòèòü, ÷òî øàðèêè è êóáèêè, íå èìåþùèå ïðå-
èìóùåñòâåííîé àýðîäèíàìè÷åñêîé îðèåíòàöèè, â ïîëåòå îêàçûâàþòñÿ ñòàòè÷åñêè
óñòîé÷èâûìè è ñîõðàíÿþò îðèåíòàöèþ ñ ìîìåíòà íà÷àëà óíîñà (ðèñ. 8).

Ïðîâåäåíî ðàñ÷åòíî-ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ñâåðõçâóêîâîãî äâèæå-
íèÿ ôðàãìåíòîâ êóáè÷åñêîé ôîðìû, ðàçëè÷íûì îáðàçîì íà÷àëüíî îðèåíòèðîâàí-
íûõ îòíîñèòåëüíî íàïðàâëåíèÿ íàáåãàþùåãî ïîòîêà. Ïîëó÷åíû ýêñïåðèìåíòàëü-
íûå òåíåâûå ñïåêòðû îáòåêàíèÿ è ðàñ÷åòíûå êàðòèíû ðàñïðåäåëåíèÿ äàâëåíèé,
ïëîòíîñòåé, òåìïåðàòóð, ñêîðîñòåé âîêðóã îáòåêàåìîãî êóáèêà. Â ðåçóëüòàòå ýêñïå-
ðèìåíòàëüíîé îòðàáîòêè ïîëó÷åíû ñðåäíåîïûòíûå çàâèñèìîñòè êîýôôèöèåíòîâ
ëîáîâîãî ñîïðîòèâëåíèÿ ñõ â äèàïàçîíå ÷èñåë Ìàõà îò 0,8 äî 3,8 ïðè îòñóòñòâèè
îáãàðà è òåðìîìåõàíè÷åñêîãî ðàçðóøåíèÿ. Ýêñïåðèìåíòàëüíàÿ çàâèñèìîñòü äëÿ
êóáèêîâ ïîëó÷åíà ñ ïîãðåøíîñòüþ 2σ ≤ 2% è íå çàâèñèò îò ïåðâîíà÷àëüíîé îðèåí-
òàöèè îáúåêòà èñïûòàíèÿ â êàíàëå ñòâîëà áàëëèñòè÷åñêîé óñòàíîâêè. Â ýòîé ñâÿçè
÷èñëåííûå ðåçóëüòàòû, õîðîøî ñîãëàñóþùèåñÿ ñ ýêñïåðèìåíòàëüíûìè, èìåþò äî-
ïîëíèòåëüíóþ öåííîñòü è ïîçâîëÿþò ñäåëàòü âûâîä î ðàçóìíîì ïåðåíîñå ÷àñòè
ðåøàåìûõ çàäà÷ ñ äîðîãîñòîÿùèõ îïûòîâ íà ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå. Îò-
ìåòèì òàêæå, ÷òî ðåàëüíûå îñêîëêè, èìåþùèå âñåãäà îäíó ïåðâîíà÷àëüíóþ îðèåí-
òàöèþ (ãðàíüþ âïåðåä), â ïðîöåññå ïîëåòà èç-çà âðàùåíèÿ áóäóò åå ìåíÿòü è èõ
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Ðèñ. 7. Ýêñïåðèìåíòàëüíûå çàâèñèìîñòè êîýôôèöèåíòà ñèëû ëîáîâîãî ñîïðîòèâëåíèÿ
êóáà îò ÷èñëà Ìàõà
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à)                                                   á)

Ðèñ. 8. Ðåíòãåíîâñêèå ñíèìêè ñòàëüíîãî øàðèêà è êóáèêà èç ÂÍÆ â ïîëåòå:
à) Õ = 156 ì, V = 1,4 êì/ñ; á) Õ = 26 ì, V = 4,4 êì/ñ
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êîýôôèöèåíò ëîáîâîãî ñîïðîòèâëåíèÿ äîëæåí áûòü íèæå, ÷åì ó êóáèêà. Ïðè íàëè-
÷èè óíîñà â ñëó÷àå ìåòàíèÿ ñ ãèïåðçâóêîâûìè ñêîðîñòÿìè ôðàãìåíòû íà÷àëüíîé
êóáè÷åñêîé ôîðìû ñòàíîâÿòñÿ ñòàòè÷åñêè óñòîé÷èâûìè â äàëüíåéøåì ïîëåòå.
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BALLISTICS OF CUBE SPLINTERS
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Calculating results on the nature of aerodynamic interaction of cube objects are presented for a
velocity range from 2 up to 10 Mach numbers. The objects were arbitrary oriented relatively to
moving flow. The examined objects have a character size 8 mm. The method of numerical solution
of the complete Navier-Stokes equations averaged according to Reynolds and supplemented by a
simple turbulence model has been selected for simulations. The complete picture of the flow past
a single cube was built taking into account its orientation relative to the flow direction. Three-
dimensional calculation of the process of exterior flow around considered objects by a supersonic
gas flow was conducted taking into account appropriate boundary conditions on the surfaces of
objects and on the walls of a calculation domain. The equation of state of the perfect gas was used
for air. The aerodynamic forces and moments acting on streamlined surfaces of objects and also all
parameters of the gas flowing in a calculation volume - pressure, density, temperature and velocity
fields were determined as a result of solution. The complete calculation was divided into several
stages, in the end of which the automatic analysis of an obtained solution was made and the coarse
mesh refinement based on this analysis was conducted in high-gradient areas of flow parameters.
The complete number of counting cells n in a concrete calculation, as a rule, did not exceed
2.5⋅106. The precision of obtained results was estimated by the character of solution convergence
on each of considered calculation stages. The symmetry conditions were used for the decrease of a
calculation domain. During calculation such aerodynamic characteristics of each object as the drag
coefficient was determined. The value of drag coefficient in dependence of velocity plays important
role in splinter ballistics. For comparison the results of supersonic experiments for cube splinters
arbitrary oriented relatively to moving flow are presented. Visualization of the flow about the cube
samples was performed using shadow technique. The character of ablation due to
aerothermomechanical destruction is shown with pulsed roengraphy. Experiments have been carried
out in aeroballistic range using powder ballistic launchers. In the presented X-ray image the shape
of the steel cube undergoing hypersonic flow is shown.

Keywords: supersonic flow, cube splinter, numerical solution, shadow picture.


