
353

ÓÄÊ 539.3 DOI: 10.32326/1814-9146-2020-82-3-353-363

ÌÎÄÅËÈÐÎÂÀÍÈÅ ÂÇÀÈÌÎÄÅÉÑÒÂÈß
ÓÄÀÐÍÎÉ ÂÎËÍÛ Ñ ÄÅÔÎÐÌÈÐÓÅÌÛÌ ÏÐÎÍÈÖÀÅÌÛÌ

ÃÐÀÍÓËÈÐÎÂÀÍÍÛÌ ÑËÎÅÌ*

© 2020 ã. Ãëàçîâà Å.Ã., Òóðûãèíà È.À., Ìîäèí È.À.

Íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò ìåõàíèêè
Íàöèîíàëüíîãî èññëåäîâàòåëüñêîãî Íèæåãîðîäñêîãî ãîñóäàðñòâåííîãî

óíèâåðñèòåòà èì. Í.È. Ëîáà÷åâñêîãî, Íèæíèé Íîâãîðîä, Ðîññèéñêàÿ Ôåäåðàöèÿ

glazova@mech.unn.ru

Ïîñòóïèëà â ðåäàêöèþ 19.03.2020

Ïðåäñòàâëåíà ìàòåìàòè÷åñêàÿ ìîäåëü, îïèñûâàþùàÿ â îäíîìåðíîì ïðè-
áëèæåíèè âçàèìîñâÿçàííûå ïðîöåññû íåñòàöèîíàðíîãî äåôîðìèðîâàíèÿ
ïëîñêèõ ïðîíèöàåìûõ ãðàíóëèðîâàííûõ ñëîåâ, ñîñòîÿùèõ èç øàðîâûõ ÷àñ-
òèö, è âîëíîâîé äèíàìèêè â ïîðîâîì è îêðóæàþùåì ãàçå. Â îñíîâå ìîäåëè
ëåæàò íåëèíåéíûå óðàâíåíèÿ äèíàìèêè äâóõ âçàèìîïðîíèêàþùèõ êîíòèíó-
óìîâ. Â êà÷åñòâå ìåæôàçíûõ ñèë ó÷èòûâàþòñÿ ñèëû ñîïðîòèâëåíèÿ ïðè îáòå-
êàíèè ãàçîì øàðîâûõ ÷àñòèö è ñèëû òðåíèÿ Ñòîêñà. ×èñëåííîå ðåøåíèå óðàâ-
íåíèé ïðîâîäèòñÿ ïî ìîäèôèöèðîâàííîé ñõåìå Ñ.Ê. Ãîäóíîâà, àäàïòèðîâàí-
íîé ê çàäà÷àì äèíàìèêè âçàèìîïðîíèêàþùèõ ñðåä. Ïîâåðõíîñòè êîíòàêòà ãàçà
âíå ïîð ñ ïîðèñòûì ãðàíóëèðîâàííûì ñëîåì è ïîðîâûì ãàçîì ÿâëÿþòñÿ ïî-
âåðõíîñòüþ ðàçðûâà ïîðèñòîñòè è ïðîíèöàåìîñòè, íà êîòîðûõ âûïîëíÿþòñÿ
çàêîíû ñîõðàíåíèÿ êàê íà ñêà÷êå ïîðèñòîñòè. ×èñëåííàÿ ðåàëèçàöèÿ êîíòàêò-
íûõ óñëîâèé ïðîèçâîäèòñÿ íà îñíîâå ðåøåíèÿ çàäà÷è ðàñïàäà ðàçðûâà íà ñêà÷êå
ïîðèñòîñòè. Ïîëó÷åíû ðåøåíèÿ çàäà÷ âîçäåéñòâèÿ ïëîñêèõ óäàðíûõ âîëí íà
äåôîðìèðóåìûé ãðàíóëèðîâàííûé ñëîé. Èññëåäóåòñÿ òðàíñôîðìàöèÿ âîëí ïðè
ïðîõîæäåíèè ÷åðåç óïðóãîïëàñòè÷åñêèé ãðàíóëèðîâàííûé ñëîé ñ ó÷åòîì è áåç
ó÷åòà èçìåíåíèÿ ïðîíèöàåìîñòè ñëîÿ âñëåäñòâèå åãî äåôîðìàöèè. Ïðè ðåøå-
íèè çàäà÷ èñïîëüçóåòñÿ çàâèñèìîñòü èçìåíåíèÿ ïðîíèöàåìîñòè ñëîÿ îò åãî
ñæàòèÿ, êîòîðàÿ ïîëó÷åíà òàêæå ÷èñëåííî ïðè ìîäåëèðîâàíèè ñæàòèÿ ñèì-
ìåòðè÷íûõ ôðàãìåíòîâ ãðàíóëèðîâàííûõ ñëîåâ â ïðîñòðàíñòâåííîé ïîñòà-
íîâêå. ×èñëåííûå èññëåäîâàíèÿ ïðîöåññîâ íåëèíåéíîãî âçàèìîäåéñòâèÿ óäàð-
íûõ âîëí ñ äåôîðìèðóåìûìè ïðîíèöàåìûìè ãðàíóëèðîâàííûìè ñëîÿìè ïî-
êàçàëè, ÷òî ïàðàìåòðû ïðîõîäÿùèõ è îòðàæåííûõ âîëí ñóùåñòâåííî çàâèñÿò
îò ñòåïåíè îáæàòèÿ ãðàíóëèðîâàííûõ ñëîåâ, ïîýòîìó îöåíêó çàùèòíûõ ñâîéñòâ
ïðîíèöàåìûõ ïðåãðàä ïðè âîçäåéñòâèè ñèëüíûõ óäàðíûõ âîëí ñëåäóåò ïðîâî-
äèòü ñ ó÷åòîì èçìåíåíèÿ èõ ïðîíèöàåìîñòè âñëåäñòâèå äåôîðìèðîâàíèÿ.

Êëþ÷åâûå ñëîâà: ãðàíóëèðîâàííûé ñëîé, ïðîíèöàåìîñòü, âçàèìîïðîíè-
êàþùèå êîíòèíóóìû, óïðóãîïëàñòè÷åñêîå äåôîðìèðîâàíèå, ñõåìà Ãîäóíîâà,
óäàðíàÿ âîëíà.
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Ââåäåíèå

Îäíèìè èç ïåðñïåêòèâíûõ ýëåìåíòîâ, çàùèùàþùèõ êîíñòðóêöèè îò èìïóëüñ-
íûõ âîçäåéñòâèé, ÿâëÿþòñÿ íàñûïíûå ñëîè [1–3]. Ñóùåñòâóåò ðÿä íàó÷íûõ ïóáëè-
êàöèé, ïîñâÿùåííûõ èññëåäîâàíèþ äåôîðìèðóåìûõ ïîðèñòûõ íàñûïíûõ ñëîåâ â
âèäå øàðèêîâ èëè ãðàíóë [4–15], ãäå ïîêàçàíî, ÷òî ðàçìåùåíèå ñëîÿ ïîðèñòûõ íà-
ñûïíûõ ñëîåâ ïåðåä ñòåíêîé ìèøåíè óìåíüøàåò âåëè÷èíû îñòàòî÷íîãî íàïðÿæå-
íèÿ è ýíåðãèè ìèøåíè è ñóùåñòâåííî óìåíüøàåò ñêîðîñòü ïðèëîæåííîé íàãðóçêè.
Ïîëó÷åííûå ðåçóëüòàòû îãðàíè÷èâàþòñÿ ìàëûìè íàãðóçêàìè, êîòîðûå íå âûçûâà-
þò ðàçâèòîå ïëàñòè÷åñêîå òå÷åíèå èëè ðàçðóøåíèå ìàòåðèàëà øàðèêîâ [14, 15]. Ïðè
ýòîì ïðåäïîëàãàëîñü, ÷òî ïðîíèöàåìûå ýëåìåíòû â ïðîöåññå âçàèìîäåéñòâèÿ ñ óäàð-
íûìè âîëíàìè èñïûòûâàþò ìàëûå äåôîðìàöèè è èõ ïðîíèöàåìîñòü íå èçìåíÿåòñÿ.
Â íàñòîÿùåé ñòàòüå ðàññìàòðèâàåòñÿ ïðîöåññ âçàèìîäåéñòâèÿ ïëîñêèõ óäàðíûõ âîëí
ñ äåôîðìèðóåìûìè óïðóãîïëàñòè÷åñêèìè ãðàíóëèðîâàííûìè ñëîÿìè, êîòîðûå ìî-
ãóò èñïûòûâàòü áîëüøèå äåôîðìàöèè, âëèÿþùèå íà èõ ïðîíèöàåìîñòü.

1. Îñíîâíûå óðàâíåíèÿ

Äèíàìè÷åñêîå ïîâåäåíèå ãðàíóëèðîâàííîãî ñëîÿ ñ ñîäåðæàùèìñÿ ïîðîâûì ãà-
çîì îïèñûâàåòñÿ íà îñíîâå óðàâíåíèé äèíàìèêè äâóõ âçàèìîïðîíèêàþùèõ êîíòè-
íóóìîâ, êàæäûé èç êîòîðûõ èìååò ñâîè ñêîðîñòè, íàïðÿæåíèÿ (äàâëåíèÿ) è òåìïå-
ðàòóðû.

Îäíîìåðíûå óðàâíåíèÿ äèíàìèêè ïîðîâîãî ãàçà â ôîðìå çàêîíîâ ñîõðàíåíèÿ
ìàññû, èìïóëüñà è ýíåðãèè èìåþò âèä:
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Óðàâíåíèÿ äèíàìè÷åñêîãî äåôîðìèðîâàíèÿ ãðàíóëèðîâàííîãî ñëîÿ, êàê ñêåëå-
òà äâóõôàçíîé ñðåäû, èìåþò âèä:
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Çäåñü íèæíèé èíäåêñ 1 îòíîñèòñÿ ê ãàçó, 2 – ê òâåðäîìó êîìïîíåíòó, t – âðåìÿ, x –
êîîðäèíàòà, p – äàâëåíèå, T – òåìïåðàòóðà, 0

1ρ  – èñòèííàÿ ïëîòíîñòü ãàçà, u – ñêî-
ðîñòü, e – âíóòðåííÿÿ ýíåðãèÿ, cv – óäåëüíàÿ òåïëîåìêîñòü, γ – ïîêàçàòåëü àäèàáàòû
ãàçà, f – ìåæôàçíûå ñèëû, äåéñòâóþùèå íà «ýëåìåíòàðíûé óçåë» òâåðäîãî êîìïî-
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íåíòà ñî ñòîðîíû ïîðîâîãî ãàçà, n – êîëè÷åñòâî òàêèõ óçëîâ â åäèíèöå îáúåìà ñìå-
ñè, αi (i = 1,2) – îáúåìíûå êîíöåíòðàöèè êîìïîíåíòîâ, β – êîýôôèöèåíò ïðîíèöàåìî-
ñòè ñå÷åíèé. Êîýôôèöèåíò ïðîíèöàåìîñòè ïðèíèìàåòñÿ â âèäå îòíîøåíèÿ ïëîùà-
äè ïîð ê îáùåé ïëîùàäè ýëåìåíòà ñðåäû. Èç ñèñòåìû (1) ïðè α1 = β = 1 è n = 0
ñëåäóþò óðàâíåíèÿ ãàçîâîé äèíàìèêè äëÿ îäíîðîäíîé ñðåäû. Â (2) σ, ε – íàïðÿæå-
íèå è äåôîðìàöèÿ, ρ2 – ïðèâåäåííàÿ ïëîòíîñòü ãðàíóëèðîâàííîãî ñëîÿ ,0

222( ρα=ρ
α1 + α2 = 1). Çàêîí ñâÿçè ìåæäó íàïðÿæåíèåì è äåôîðìàöèåé èìååò âèä: σ =  fn(ε, σ*).
Ïàðàìåòðû, îòìå÷åííûå çâåçäî÷êîé, ïðåäñòàâëÿþò ñîáîé ìàêñèìàëüíûå çíà÷åíèÿ,
äîñòèãíóòûå ÷àñòèöåé ïðè íàãðóæåíèè â ñîîòâåòñòâóþùåì íàïðàâëåíèè, îíè íåîá-
õîäèìû äëÿ îïèñàíèÿ ðàçãðóçêè ÷àñòèö ñðåäû, èñïûòûâàþùåé íåîáðàòèìûå äåôîð-
ìàöèè. Êîíêðåòíûé âèä óðàâíåíèÿ ñîñòîÿíèÿ îïðåäåëÿåòñÿ ïî ðåçóëüòàòàì ýêñïå-
ðèìåíòàëüíûõ èññëåäîâàíèé ñæàòèÿ ãðàíóëèðîâàííûõ ñëîåâ. Ïðè âçàèìîäåéñòâèè
òâåðäîãî è ãàçîâîãî êîìïîíåíòîâ â êà÷åñòâå ìåæôàçíûõ ñèë ó÷èòûâàþòñÿ: ñèëû
ñîïðîòèâëåíèÿ ÷àñòè÷åê òâåðäîé ôàçû ïðè èõ îáòåêàíèè ïîðîâûì ãàçîì; ñèëû Ñòîê-
ñà âÿçêîãî òðåíèÿ, à òàêæå êîíâåêòèâíûé òåïëîîáìåí ÷åðåç ìåæôàçíóþ ïîâåðõíîñòü
[16]. Òâåðäàÿ ôàçà, êàê ñêåëåò âûñîêîïîðèñòîé ñðåäû, ìîæåò ñèëüíî ñæèìàòüñÿ â
ïðîöåññå äåôîðìàöèè, ïàðàìåòðû α1, β áóäóò çàâèñåòü îò ñòåïåíè åå ñæàòèÿ. Êîíê-
ðåòíûé âèä ýòèõ çàâèñèìîñòåé îïðåäåëÿåòñÿ ÷èñëåííûìè èññëåäîâàíèÿìè äåôîð-
ìèðîâàíèÿ ôðàãìåíòîâ ãðàíóëèðîâàííîãî ñëîÿ [17].

Ïîâåðõíîñòè êîíòàêòà ãàçà âíå ïîð ñ ïîðèñòûì ãðàíóëèðîâàííûì ñëîåì ÿâëÿ-
þòñÿ ïîâåðõíîñòüþ ðàçðûâà ïîðèñòîñòè è ïðîíèöàåìîñòè. Êàê ïîêàçàëè èññëåäî-
âàíèÿ [18–20], íà êîíòàêòíûõ ãðàíèöàõ ãàç âíå ïîð – ïîðîâûé ãàç äîëæíû âûïîë-
íÿòüñÿ ñïåöèàëüíûå óñëîâèÿ, êàê íà ñêà÷êå ïîðèñòîñòè:
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Óðàâíåíèÿ (3) îòðàæàþò çàêîíû ñîõðàíåíèÿ ìàññû, èìïóëüñà è ýíåðãèè íà ñêà÷êå.
Èíäåêñ 5 îòíîñèòñÿ ê ïàðàìåòðàì ñî ñòîðîíû ãàçà âíå ïîð, èíäåêñ 4 – ê ïàðàìåòðàì
ñî ñòîðîíû ïîðîâîãî ãàçà.

Ïîñòðîåííàÿ íåëèíåéíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü îïèñûâàåò ïðîöåññû âçàèìî-
äåéñòâèÿ ïðîíèöàåìûõ äåôîðìèðóåìûõ ãðàíóëèðîâàííûõ ñëîåâ ñ óäàðíûìè âîë-
íàìè. Ìîäåëü ó÷èòûâàåò èçìåíåíèå ïîðèñòîñòè ñðåäû è åå ïðîíèöàåìîñòè îò ñòå-
ïåíè äåôîðìàöèè ãðàíóëèðîâàííîãî ñëîÿ. ×èñëåííîå ðåøåíèå óðàâíåíèé (1), (2)
ïðîèçâîäèòñÿ ñ ïîìîùüþ ñõåìû Ñ.Ê. Ãîäóíîâà [21], àäàïòèðîâàííîé ê çàäà÷àì äèíà-
ìèêè âçàèìîïðîíèêàþùèõ ñðåä. ×èñëåííàÿ ðåàëèçàöèÿ êîíòàêòíûõ óñëîâèé (3) ïðîèç-
âîäèòñÿ íà îñíîâå ðåøåíèÿ çàäà÷è ðàñïàäà ðàçðûâà íà ñêà÷êå ïîðèñòîñòè [18, 20].

2. Ïîñòàíîâêà çàäà÷è ÷èñëåííîãî ìîäåëèðîâàíèÿ

Ïîñòàíîâêà çàäà÷è ïîêàçàíà íà ðèñ. 1. Ðàñ÷åòíàÿ îáëàñòü ñîñòîèò èç òðåõ ïîä-
îáëàñòåé: âîçäóõ, ãðàíóëèðîâàííûé ñëîé, âîçäóõ. Êîîðäèíàòû ãðàíèö ïîäîáëàñòåé (ì):
x1 = –0,2, x2 = 0, x3 = 0,017, x4 = 0,217. Â ïåðâîé ïîäîáëàñòè çàäàþòñÿ ïàðàìåòðû, ñî-
îòâåòñòâóþùèå ïàðàìåòðàì ãàçà (âîçäóõà) çà ôðîíòîì íàáåãàþùåé ïëîñêîé óäàðíîé
âîëíû: póâ = 0,3 ÌÏà, ρóâ = 2,596 êã/ñì3, uóâ = 292,5 ì/ñ. Âòîðàÿ ïîäîáëàñòü – ïîä-
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âèæíûé äåôîðìèðóåìûé ãðàíóëèðîâàííûé ñëîé òîëùèíîé H = 0,017 ì ñ êîýôôè-
öèåíòîì ïðîíèöàåìîñòè α = 0,215 è íà÷àëüíûìè ïàðàìåòðàìè ïîðîâîãî ãàçà p0 =
= 0,1 ÌÏà, ρ0 = 1,23 êã/ì3, u0 = 0; íà÷àëüíûå ïàðàìåòðû òâåðäîãî êîìïîíåíòà p0 =
= 0,1 ÌÏà, ρ0 = 680 êã/ì3, u0 = 0. Òðåòüÿ ïîäîáëàñòü – ïîêîÿùèéñÿ ãàç ñ íà÷àëüíûìè
ïàðàìåòðàìè, êàê âî âòîðîé ïîäîáëàñòè. Ïîêàçàòåëü àäèàáàòû ãàçà âî âñåõ ïîäîáëà-
ñòÿõ γ = 1,4.

Ðåøåíèå ïîëó÷åíî íà ðàçíîñòíîé ñåòêå ñ ðàçìåðîì ÿ÷ååê 5⋅10–4 ì. Ãðàíóëèðî-
âàííûé ñëîé ïðåäïîëàãàåòñÿ äåôîðìèðóåìûì. Êðèâûå îäíîîñíîãî ñæàòèÿ èìåþò
âèä, õàðàêòåðíûé äëÿ ïîðèñòûõ ìàòåðèàëîâ [22], è â ïåðåìåííûõ äàâëåíèå–ïëîò-
íîñòü ïîêàçàíû íà ðèñ. 2. Øòðèõîâîé ëèíèåé ïîêàçàíà ðàçãðóçî÷íàÿ âåòâü, ïðè-
íèìàåìàÿ â âèäå ïðÿìîé ëèíèè. Â íà÷àëüíûé ìîìåíò âðåìåíè ñëîé ïîêîèòñÿ, äå-
ôîðìàöèè ñëîÿ îòñóòñòâóþò, åãî íà÷àëüíàÿ ïëîòíîñòü ðàâíà 680 êã/ì3, äàâëåíèå
0,1 ÌÏà.

Óìåíüøåíèå ïðîíèöàåìîñòè ñëîÿ ïðè åãî ñæàòèè ñ íà÷àëüíîãî çíà÷åíèÿ α =
= 0,215 ïðîèñõîäèò ïî ëèíåéíîìó çàêîíó (ðèñ. 3). Âèä çàâèñèìîñòè èçìåíåíèÿ ïðî-
íèöàåìîñòè îò ïëîòíîñòè óñòàíîâëåí ïî ðåçóëüòàòàì ÷èñëåííîãî ìîäåëèðîâàíèÿ
òðåõìåðíûõ çàäà÷ óïðóãîïëàñòè÷åñêîãî ñæàòèÿ ñèììåòðè÷íûõ ôðàãìåíòîâ ãðàíó-
ëèðîâàííûõ ñëîåâ [23].

Ðèñ. 1

x1                            x2     x3                             x4                            x

Ïîäîáëàñòü 1      Ïîäîáëàñòü 2    Ïîäîáëàñòü 3

Âîçäóõ       Ãðàíóëèðîâàííûé       Âîçäóõ
                                ñëîé

600               800             1000             1200          ρ, êã/ì3

Ðèñ. 2

0

0,2

0,4

0,6

p, ÌÏà

600                     800                     1000                 ρ, êã/ì3
0

0,05

0,10

0,15

α

0,20

Ðèñ. 3
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Â îáëàñòè x < 0 â êà÷åñòâå íà÷àëüíûõ óñëîâèé çàäàþòñÿ ïîñòîÿííûå ïàðàìåòðû
çà ôðîíòîì íàáåãàþùåé ïëîñêîé óäàðíîé âîëíû â íàïðàâëåíèè îñè Ox. Ýòè ïàðà-
ìåòðû îïðåäåëÿþòñÿ ÷èñëîì Ìàõà óäàðíîãî ôðîíòà M0 è âû÷èñëÿþòñÿ ñîãëàñíî
ôîðìóëàì [24]:
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ãäå γ – ïîêàçàòåëü àäèàáàòû, M0 = u0/a0, a0 – ñêîðîñòü çâóêà ïåðåä óäàðíîé âîëíîé.
Ðàññìàòðèâàëèñü òðè âàðèàíòà çàäàíèÿ èíòåíñèâíîñòè íàáåãàþùåé óäàðíîé âîë-

íû. Â ïåðâîì âàðèàíòå ïîëàãàëîñü: póâ = 0,3 ÌÏà, ρóâ = 2,596 êã/ñì3, uóâ = 292,5 ì/ñ.
Íà ðèñ. 4–6 ïðåäñòàâëåíû ðàñïðåäåëåíèÿ äàâëåíèé, ïëîòíîñòåé è ñêîðîñòåé â ãàçå
ïî ðàñ÷åòíîé îáëàñòè çàäà÷è (–0,1 ì < x < 0,1 ì) â ìîìåíò âðåìåíè t = 0,2 ìñ, êîãäà
ôîðìèðóþòñÿ îòðàæåííûå è ïðîõîäÿùèå ÷åðåç ãðàíóëèðîâàííûé ñëîé óäàðíûå âîë-
íû. Âèäíî, ÷òî àìïëèòóäà îòðàæåííîé âîëíû áîëåå ÷åì â 2 ðàçà ïðåâûøàåò àìïëè-
òóäó ïàäàþùåé óäàðíîé âîëíû. Ïðîõîäÿùàÿ âîëíà òàêæå ÿâëÿåòñÿ íåëèíåéíîé ñ
àìïëèòóäîé 0,136 ÌÏà.

–0,10           –0,05              0               0,05            x, ì

Ðèñ. 4

0

1

2

3

p, ÌÏà

1

2

3

–0,10           –0,05               0               0,05            x, ì

Ðèñ. 5

0

70

140

210

u, ì/ñ

1

2

3

280
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Íàèáîëüøèå äàâëåíèÿ îáðàçóþòñÿ â ïîðîâîì ãàçå ãðàíóëèðîâàííîé ñðåäû ñ
àìïëèòóäàìè, íà ïîðÿäîê ïðåâûøàþùèìè àìïëèòóäó íàáåãàþùåé âîëíû. Ðàñïðå-
äåëåíèÿ ñêîðîñòè è ïëîòíîñòè ïîäòâåðæäàþò íåëèíåéíûé õàðàêòåð ïðîòåêàþùèõ
ïðîöåññîâ.

Íà ðèñ. 7, 8 ïðåäñòàâëåíû ðàñïðåäåëåíèÿ äàâëåíèé è ïëîòíîñòåé ïî ãðàíóëèðî-
âàííîìó ñëîþ (òâåðäîé ôàçå) â ìîìåíòû âðåìåíè t = 0,1; 0,2; 0,3 ìñ. Íà ðèñóíêàõ
öèôðîé 1 îòìå÷åíî ðàñïðåäåëåíèå ïîëåé â ìîìåíò âðåìåíè t = 0,1 ìñ, öèôðîé 2 – â
ìîìåíò t = 0,2 ìñ, öèôðîé 3 – â ìîìåíò t = 0,3 ìñ.

Ïðîöåññû âîëíîîáðàçîâàíèÿ â òâåðäîé ôàçå òàêæå íåëèíåéíû. Ïðîèñõîäèò íåêî-
òîðîå óâåëè÷åíèå àìïëèòóäû ðàñïðîñòðàíÿþùåéñÿ ïî ñëîþ âîëíû (êðèâûå 3). Â ðàñ-
ïðîñòðàíÿþùåéñÿ ïî òâåðäîé ôàçå âîëíå íàáëþäàåòñÿ óïëîòíåíèå ñëîÿ â 1,76 ðàçà,
÷òî ïðèâîäèò ê ñóùåñòâåííîìó èçìåíåíèþ åãî ïðîíèöàåìîñòè (ñì. ðèñ. 3). Äëÿ îöåí-
êè âëèÿíèÿ èçìåíåíèÿ ïðîíèöàåìîñòè ïðè ñæàòèè ãðàíóëèðîâàííîãî ñëîÿ íà ïàðà-
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ìåòðû ïðîõîäÿùèõ è îòðàæåííûõ âîëí ïðèâîäèòñÿ ñðàâíèòåëüíûé àíàëèç ÷èñëåí-
íûõ ðåøåíèé ñ ó÷åòîì è áåç ó÷åòà èçìåíåíèÿ åãî ïðîíèöàåìîñòè âñëåäñòâèå äåôîð-
ìèðîâàíèÿ. Äëÿ ýòîãî ïðîâåäåíû ðàñ÷åòû âçàèìîäåéñòâèÿ ãðàíóëèðîâàííîãî ñëîÿ ñ
íàáåãàþùèìè óäàðíûìè âîëíàìè ñ ðàçëè÷íûìè àìïëèòóäàìè póâ: 0,3, 0,2 è 0,15 ÌÏà.

Ïðåäñòàâëåíû âðåìåííûå çàâèñèìîñòè äàâëåíèé ïðîõîäÿùèõ (ðèñ. 9) è îòðà-
æåííûõ (ðèñ. 10) âîëí â òî÷êàõ íà óäàëåíèè –3H è 3H îò ãðàíèö ñëîÿ.

Öèôðàìè 1 è 1′  îòìå÷åíî ðåøåíèå, ïîëó÷åííîå ïðè ïàðàìåòðàõ ãàçà çà ôðîí-
òîì ïëîñêîé óäàðíîé âîëíû póâ = 0,3 ÌÏà; öèôðàìè 2 è 2′ – ðåøåíèå, ïîëó÷åííîå
ïðè ïàðàìåòðàõ ãàçà çà ôðîíòîì ïëîñêîé óäàðíîé âîëíû póâ = 0,2 ÌÏà; öèôðàìè 3
è 3′ – ðåøåíèå, ïîëó÷åííîå ïðè ïàðàìåòðàõ ãàçà çà ôðîíòîì ïëîñêîé óäàðíîé âîë-
íû póâ = 0,15 ÌÏà. Ñïëîøíûå ëèíèè ñîîòâåòñòâóþò ðåøåíèþ ñ ó÷åòîì èçìåíåíèÿ
êîýôôèöèåíòà ïðîíèöàåìîñòè, øòðèõîâûå ëèíèè – ðåøåíèþ ñ ïîñòîÿííûì êîýô-
ôèöèåíòîì ïðîíèöàåìîñòè 0,215.

Â òàáëèöå 1 ïîêàçàíû àìïëèòóäíûå çíà÷åíèÿ âîëí ñ ó÷åòîì è áåç ó÷åòà èçìåíå-
íèÿ ïðîíèöàåìîñòè.

Òàáëèöà 1
Ïðîõîäÿùàÿ âîëíà Îòðàæåííàÿ âîëíà Ïðîõîäÿùàÿ Îòðàæåííàÿ

póâ, ÌÏà ñ ó÷åòîì/áåç ó÷åòà ñ ó÷åòîì/áåç ó÷åòà âîëíà, âîëíà,èçìåíåíèÿ èçìåíåíèÿ îòëè÷èå â % îòëè÷èå â %ïðîíèöàåìîñòè, ÌÏà ïðîíèöàåìîñòè, ÌÏà
0,3 0,1326 / 0,1339 0,7330 / 0,6325 0,98 15,8
0,2 0,1264 / 0,1261 0,3477 / 0,3220 0,24 7,39
0,15 0,1202 / 0,1200 0,2003 / 0,1954 0,17 2,45

0                 0,1                 0,2               0,3              t, ìñ
0,10

0,11

0,12

p, ÌÏà
1

2
3

Ðèñ. 9

0,13

1′

2′

3′

0                     0,1                 0,2               0,3               t, ìñ

0,2

0,4

p, ÌÏà
1

3

Ðèñ. 10

0,6
1′

2′

3′

2
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Âëèÿíèå ó÷åòà èçìåíåíèÿ ïðîíèöàåìîñòè îñîáî çàìåòíî íà ïàðàìåòðàõ îòðà-
æåííûõ âîëí, è ýòî âëèÿíèå âîçðàñòàåò ñ ðîñòîì àìïëèòóäû íàáåãàþùåé âîëíû.
Ýòà æå çàêîíîìåðíîñòü ïðîÿâëÿåòñÿ è äëÿ ïðîõîäÿùèõ âîëí, íî â ìåíüøåé ìåðå.

Çàêëþ÷åíèå

Ðàçðàáîòàííûå ìàòåìàòè÷åñêàÿ è ÷èñëåííàÿ ìîäåëè ïîçâîëÿþò ïîëó÷àòü ïàðà-
ìåòðû îòðàæåííûõ è ïðîõîäÿùèõ ÷åðåç ïðîíèöàåìûå ãðàíóëèðîâàííûå ñëîè âîëí
ñ ó÷åòîì èçìåíåíèÿ ïðîíèöàåìîñòè â çàâèñèìîñòè îò ñòåïåíè äåôîðìàöèîííîãî
ñæàòèÿ ñëîÿ.

×èñëåííûå èññëåäîâàíèÿ ïðîöåññîâ íåëèíåéíîãî âçàèìîäåéñòâèÿ óäàðíûõ âîëí
ñ äåôîðìèðóåìûìè ïðîíèöàåìûìè ãðàíóëèðîâàííûìè ñëîÿìè ïîêàçàëè, ÷òî ïàðà-
ìåòðû ïðîõîäÿùèõ è îòðàæåííûõ âîëí ñóùåñòâåííî çàâèñÿò îò ñòåïåíè îáæàòèÿ
ãðàíóëèðîâàííûõ ñëîåâ, ïîýòîìó îöåíêó çàùèòíûõ ñâîéñòâ ïðîíèöàåìûõ ïðåãðàä
ïðè âîçäåéñòâèè ñèëüíûõ óäàðíûõ âîëí ñëåäóåò ïðîâîäèòü ñ ó÷åòîì èçìåíåíèÿ èõ
ïðîíèöàåìîñòè âñëåäñòâèå äåôîðìèðîâàíèÿ.
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MODELING THE INTERACTION OF A SHOCK WAVE
WITH A DEFORMABLE PERMEABLE GRANULAR LAYER

Glazova E.G., Turygina I.A., Modin I.A.

Research Institute for Mechanics, National Research Lobachevsky State University
of Nizhny Novgorod, Nizhny Novgorod, Russian Federation

This article presents a mathematical model that describes, in a one-dimensional approximation,
the interconnected processes of unsteady deformation of flat permeable granular layers. The model
consists of solid particles and wave processes in pore and surrounding gas. The model is based on
nonlinear equations of dynamics of two interpenetrating continua. As interfacial forces, drag forces
are taken into account when gas flows around ball particles and friction forces. The numerical
solution of the equations is carried out according to the modified scheme of S.K. Godunov, adapted
to the problems of the dynamics of interpenetrating media. The contact surfaces of pure gas with
the porous granular layer and pore gas are the surface of the fracture of porosity and permeability.
The numerical implementation of contact conditions is based on the solution of the problem of
disintegration of a gap at a jump in porosity. Solutions are obtained for the effects of plane shock
waves on a deformable granular layer. We study the transformation of waves passing through an
elastoplastic granular layer with and without taking into account changes in the permeability of the
layer. When solving problems, the dependence of the change in the permeability of a layer on its
compression is used, which is also obtained numerically when modeling the compression of
symmetric fragments of granular layers in a spatial setting. Numerical studies of the processes of
nonlinear interaction of shock waves with deformable permeable granular layers have shown that
the parameters of transmitted and reflected waves substantially depend on the degree of compression
of the granular layers. Assessment of the protective properties of permeable barriers when exposed
to strong shock waves should be carried out taking into account changes in their permeability due
to deformation.

Keywords: granular layer, permeability, interpenetrating continua, elastoplastic deformation,
Godunov scheme, shock wave.


