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Î ÂÎÇÌÎÆÍÎÑÒÈ ÂÈÁÐÀÖÈÎÍÍÎÃÎ ÃÎÐÅÍÈß
ÏÐÈ ÂÍÓÒÐÅÍÍÈÕ ÂÇÐÛÂÀÕ

Ïðîàíàëèçèðîâàíû óñëîâèÿ âîçáóæäåíèÿ âèáðàöèîííîãî ãîðåíèÿ â ïîìåùåíèÿõ è àïïàðàòàõ.
Óñòàíîâëåíî, ÷òî ãëàâíîé ïðè÷èíîé âîçáóæäåíèÿ ÿâëÿåòñÿ ôîðìèðîâàíèå âîëíû ðàçðåæåíèÿ â
ðåçóëüòàòå ñîêðàùåíèÿ ïëîùàäè ãîðåíèÿ ïðè âçàèìîäåéñòâèè ïëàìåíè ñ îãðàæäàþùèìè ñòåí-
êàìè. Ïîêàçàíî, ÷òî âîëíà ðàçðåæåíèÿ âîçìóùàåò ãîðåíèå òàêèì îáðàçîì, ÷òî ñêîðîñòü òåïëî-
âûäåëåíèÿ âûçûâàåò ðîñò äàâëåíèÿ. Îïðåäåëåíî, ÷òî â îáúåìå ãåíåðèðóþòñÿ è óñèëèâàþòñÿ
àêóñòè÷åñêèå âîëíû, àìïëèòóäíîå äàâëåíèå â êîëåáàíèÿõ êîòîðûõ â ðàçû ïðåâûøàåò äàâëåíèå
êâàçèñòàòè÷åñêîãî âçðûâà. Óñòàíîâëåíî òàêæå, ÷òî íåîáõîäèìûìè óñëîâèÿìè äëÿ âèáðàöèîí-
íîãî ãîðåíèÿ ÿâëÿåòñÿ ñïîñîáíîñòü ñòåí îòðàæàòü êîëåáàíèÿ è ñïîñîáíîñòü çîíû ãîðåíèÿ âîç-
áóæäàòüñÿ ïîä äåéñòâèåì àêóñòè÷åñêèõ êîëåáàíèé, òàê ÷òî ãîðåíèå â óãëàõ ñòàáèëèçèðóåòñÿ è
ïëàìÿ íå óíîñèòñÿ ÷åðåç ñáðîñíîå îòâåðñòèå èñòåêàþùèìè ãàçàìè.

Êëþ÷åâûå ñëîâà: âèáðàöèîííîå ãîðåíèå; äåôëàãðàöèîííûé âíóòðåííèé âçðûâ; âîëíà ðàçðå-
æåíèÿ; èñòå÷åíèå ãàçîâ; ñòîÿ÷èå àêóñòè÷åñêèå âîëíû.
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Ââåäåíèå

Äëÿ óìåíüøåíèÿ óùåðáà îò àâàðèéíîãî âçðûâà â ïî-

ìåùåíèÿõ èëè çàìêíóòûõ àïïàðàòàõ èñïîëüçóþò ðàç-

ðÿäíûå óñòðîéñòâà èëè ïðåäîõðàíèòåëüíûå êîíñò-

ðóêöèè (ÏÊ) [1, 2]. Îíè ýôôåêòèâíî ñíèæàþò äàâëå-

íèå â ñëó÷àå êâàçèñòàòè÷åñêîãî õàðàêòåðà âçðûâà,

êîãäà îòñóòñòâóþò âîëíîâûå ïðîöåññû [3]. Ýòî îáú-

ÿñíÿåòñÿ òåì ôàêòîì, ÷òî âîçäåéñòâèå âîëí íà ïðå-

äîõðàíèòåëüíûå è îãðàæäàþùèå êîíñòðóêöèè ïðî-

èñõîäèò îäíîâðåìåííî ÷åðåç îïðåäåëåííûé ïðî-

ìåæóòîê âðåìåíè t � L�C0 (ãäå L — õàðàêòåðíûé

ðàçìåð îáúåìà, ì; C0 — ñêîðîñòü çâóêà â èñõîäíîì

ãàçå, ì/ñ), à äëÿ âûðàâíèâàíèÿ äàâëåíèÿ â ðåçóëüòà-

òå èñòå÷åíèÿ òðåáóåòñÿ â íåñêîëüêî ðàç áîëüøå âðå-

ìåíè. Â ñâÿçè ñ ýòèì íà îãðàæäàþùèå êîíñòðóêöèè,

à ÷åðåç ñâÿçè è íà íåñóùèå êîíñòðóêöèè áóäåò âîçäåé-

ñòâîâàòü âîëíîâàÿ íàãðóçêà, íå èñêàæåííàÿ âñêðû-

òèåì ÏÊ.

Êâàçèñòàòè÷åñêèå óñëîâèÿ, â ÷àñòíîñòè, ðåàëè-

çóþòñÿ ïðè äåôëàãðàöèîííûõ ãàçîâûõ âçðûâàõ, åñëè

ñêîðîñòè ãîðåíèÿ îòíîñèòåëüíî íèçêè (W < 30 ì/ñ)

è õàðàêòåðíîå âðåìÿ èõ èçìåíåíèÿ íà êàêîì-ëèáî

ó÷àñòêå ðàçìåðîì � áîëüøå âðåìåíè ðàñïðîñòðàíå-

íèÿ çâóêîâûõ âîçìóùåíèé â îáúåìå ðàçìåðîì L:

���W >> L�C0, (1)

ãäå �W — õàðàêòåðíîå èçìåíåíèå âèäèìîé ñêîðî-

ñòè ïëàìåíè.

Óñëîâèå (1) îçíà÷àåò, ÷òî âîçìóùåíèÿ äàâëåíèÿ

â îáúåìå óñïåâàþò âûðàâíèâàòüñÿ.

Ïðåäîõðàíèòåëüíûå êîíñòðóêöèè áóäóò ýôôåê-

òèâíûìè â ñëó÷àå âûïîëíåíèÿ ñëåäóþùèõ óñëîâèé:
� âçðûâ êâàçèñòàòè÷åñêèé;
� òåìï íàðàñòàíèÿ äàâëåíèÿ, áëàãîäàðÿ ãîðåíèþ,

ìåíüøå òåìïà åãî ñáðîñà â ðåçóëüòàòå èñòå÷åíèÿ

ãàçîâ.

Âòîðîå óñëîâèå ýêâèâàëåíòíî äâóì òðåáîâàíèÿì:

1) îáùàÿ ïëîùàäü èñòå÷åíèÿ ãàçîâ äîëæíà óäîâ-

ëåòâîðÿòü óñëîâèþ:

U S U Fi i i f	� � 	� �0 1ã ( ) ,max (2)

ãäå U–i — ñêîðîñòü èñòå÷åíèÿ ãàçîâ èç i-ãî îòâåð-

ñòèÿ, çàâèñÿùàÿ îò èõ ïëîòíîñòè è äîïóñêàåìî-

ãî äàâëåíèÿ âçðûâà, îïðåäåëÿåìîãî ïðî÷íîñòüþ

çàùèùàåìîãî îáúåêòà;

�i — êîýôôèöèåíò ðàñõîäà;

S0i — ïëîùàäü i-ãî îòêðûòîãî îòâåðñòèÿ, ÷åðåç

êîòîðîå ïðîèñõîäèò èñòå÷åíèå;

Uã — ñêîðîñòü ãîðåíèÿ (òóðáóëåíòíàÿ);

� — ñòåïåíü ðàñøèðåíèÿ ïðè ãîðåíèè, çàâèñÿùàÿ

îò äàâëåíèÿ;
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Ff max — ìàêñèìàëüíàÿ ïëîùàäü ïëàìåíè âî âðå-

ìÿ âçðûâà;

2) âñêðûòèå ðàçðÿäíûõ óñòðîéñòâ, ò. å. îòêðûòèå

ïëîùàäè äëÿ èñòå÷åíèÿ ãàçîâ, äîëæíî ïðîèñõîäèòü

áûñòðî, è èíåðöèîííûå ÏÊ äîëæíû óäîâëåòâîðÿòü

óñëîâèþ [3–5]:

� �P P
A
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1 1 2 21

�
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( )

, (3)

ãäå �Ð1 — ìàêñèìàëüíîå äàâëåíèå âçðûâà â ìîìåíò

âñêðûòèÿ ÏÊ, êîòîðîå äîëæíî áûòü ìåíüøå äî-

ïóñêàåìîãî äàâëåíèÿ;

�Ðâ — äàâëåíèå âñêðûòèÿ ÏÊ;
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� — êîýôôèöèåíò ðàñõîäà;

a, b — ðàçìåðû îòâåðñòèÿ;

N — ÷èñëî âñêðûâàþùèõñÿ ÏÊ;

mÏÊ — ìàññà ÏÊ;

�0 — ïëîòíîñòü èñõîäíîé ñìåñè.

Òàêèì îáðàçîì, â ñëó÷àå êîãäà âîëíîâûå ïðî-

öåññû îïðåäåëÿþò õàðàêòåð âíóòðåííåãî âçðûâà, òðå-

áîâàíèÿ, ïðåäúÿâëÿåìûå ê ñáðîñíûì óñòðîéñòâàì,

íå âûïîëíÿþòñÿ. Äàæå ïðè çàðàíåå îòêðûòûõ ïðî-

åìàõ äëÿ ñáðîñà äàâëåíèÿ èñòå÷åíèå ãàçîâ íå áóäåò

îïèñûâàòüñÿ óðàâíåíèåì Áåðíóëëè. Ðàñõîä ÷åðåç

ïðîåì áóäåò ñëåäîâàòü çà âîëíîâûì õàðàêòåðîì èç-

ìåíåíèÿ äàâëåíèÿ â ìåñòå èñòå÷åíèÿ. Çà ñ÷åò ïðî-

öåññîâ îòðàæåíèÿ îò ñòåíîê ïîòîê ÷åðåç ïðîåì áóäåò

÷àñòè÷íî çàïèðàòüñÿ è, êàê ñëåäñòâèå, ñáðîñ äàâëå-

íèÿ áóäåò òîðìîçèòüñÿ.

Öåëü ðàáîòû — èññëåäîâàòü çàðîæäåíèå ÷àñòíî-

ãî ñëó÷àÿ âîëíîâîãî âçðûâà â çàìêíóòîì ïðîñòðàí-

ñòâå, êîòîðûé îáóñëîâëåí âèáðàöèîííûì ãîðåíèåì

÷àñòè ãàçîâîé ñìåñè. Äàâëåíèå ïðè òàêîì âçðûâå

êîëåáëåòñÿ ñ ÷àñòîòîé îñíîâíîé ìîäû âíóòðåííåãî

ïðîñòðàíñòâà, çàïîëíåííîãî ïðîäóêòàìè âçðûâà.

Ïîäîáíûé ðåæèì ãîðåíèÿ ðåãóëÿðíî íàáëþäàåòñÿ â

êàìåðàõ ñãîðàíèÿ ðàêåòíûõ äâèãàòåëåé ïðè ñëó÷àé-

íûõ êîëåáàíèÿõ ïîäà÷è ãîðþ÷åãî. Ïðè âíóòðåííåì

âçðûâå ðåçêîå èçìåíåíèå ñêîðîñòè òåïëîâûäåëåíèÿ

ìîæåò ïðîèçîéòè ïðè óìåíüøåíèè ïëîùàäè ãîðå-

íèÿ, ïîýòîìó ñòàâèòñÿ çàäà÷à èçó÷èòü âëèÿíèå ñíè-

æåíèÿ ýíåðãîâûäåëåíèÿ â ðåçóëüòàòå êîíòàêòà ïëà-

ìåíè ñ îãðàæäàþùèìè êîíñòðóêöèÿìè. Èçìåíåíèå

äàâëåíèÿ ïðè âèáðàöèîííîì ãîðåíèè íîñèò âîëíî-

âîé ëîêàëüíûé õàðàêòåð. Â ìîìåíò âñòðå÷è âîëíî-

âîãî âîçìóùåíèÿ äàâëåíèÿ ñ çîíîé ãîðåíèÿ ïðîèñ-

õîäèò ïîâûøåíèå ñêîðîñòè òåïëîâûäåëåíèÿ.

Ìåòîäû èññëåäîâàíèÿ

Ýêñïåðèìåíòàëüíîå èçó÷åíèå ïðîöåññà âçðûâ-

íîãî ãîðåíèÿ ïðîâîäèëîñü â êóáè÷åñêîé êàìåðå

îáúåìîì 1 ì3 ñ êâàäðàòíûì îòâåðñòèåì ðàçìåðîì

0,36�0,36 ì â öåíòðå âåðõíåé ãðàíè. Â áîêîâóþ ãðàíü

áûëî âñòàâëåíî ñòåêëî ðàçìåðîì 0,8�0,8 ì äëÿ âîç-

ìîæíîñòè ïðîâåäåíèÿ êèíîñúåìêè ïðîöåññà ãîðå-

íèÿ êèíîêàìåðîé ÑÊÑ-1Ì. Õàðàêòåð èçìåíåíèÿ äàâ-

ëåíèÿ âíóòðè êàìåðû èçìåðÿëñÿ äàò÷èêàìè äàâëå-

íèÿ ÄÌÈ-0,3 è ÄÌÈ-1.

Ãîðþ÷àÿ ñìåñü ãîòîâèëàñü ïóòåì äîáàâëåíèÿ ê

âîçäóõó íåîáõîäèìîãî êîëè÷åñòâà ïðîïàíà ñ ïîñëå-

äóþùèì ïåðåìåøèâàíèåì åå ïîñðåäñòâîì âåíòèëÿ-

òîðà â òå÷åíèå 5 ìèí è âûäåðæèâàíèåì åùå â òå÷å-

íèå 5 ìèí. Îòâåðñòèå ïðè ýòîì áûëî çàêðûòî ìåòàë-

ëè÷åñêîé ïëàñòèíîé òîëùèíîé 2 ìì.

Çàæèãàíèå ãîðþ÷åé ñìåñè îñóùåñòâëÿëîñü â öåíò-

ðå êàìåðû. Â ðÿäå îïûòîâ ïåðåä çàæèãàíèåì ïëàñ-

òèíó óáèðàëè, è ãîðåíèå ïðîõîäèëî â ðàçãåðìåòèçè-

ðîâàííîì îáúåìå.

Ðåçóëüòàòû èññëåäîâàíèÿ
è èõ îáñóæäåíèå

Âîëíîâûå ïðîöåññû ïðè âíóòðåííåì âçðûâå ìî-

ãóò èìåòü ðàçëè÷íóþ ïðèðîäó. Â ïåðâóþ î÷åðåäü,

âçðûâíûå âîëíû îáðàçóþòñÿ ïðè çàìåòíîì óñêîðå-

íèè ãîðåíèÿ, âïëîòü äî äåòîíàöèè. Ðàñ÷åò çäàíèé è

àïïàðàòîâ íà òàêèå âçðûâíûå íàãðóçêè àíàëîãè÷åí

ðàñ÷åòó íà äåéñòâèå âçðûâíûõ âîëí ïðè íàðóæíîì

âçðûâå [6]. Â ïðàêòèêå çàùèòû îò âçðûâíûõ íàãðó-

çîê ïðè âíóòðåííåì âçðûâå ñîâåðøåííî íå ðàññìàò-

ðèâàåòñÿ âçðûâ, ñîïðîâîæäàþùèéñÿ âèáðàöèîí-

íûì ãîðåíèåì, íåñìîòðÿ íà òî ÷òî ýòî ÿâëåíèå áûëî

îáíàðóæåíî óæå â ðàáîòàõ [7–9].

Ñðàáàòûâàíèå ðàçðÿäíûõ óñòðîéñòâ âûçûâàåò äâè-

æåíèå ïîòîêîâ ãàçà â èõ ñòîðîíó. Ïðè÷åì ÷åì âûøå

äàâëåíèå âñêðûòèÿ, òåì áîëåå èíòåíñèâíûå ïîòîêè

ãàçà ãåíåðèðóþòñÿ. Â íà÷àëüíûé ìîìåíò (âî âðåìÿ

âñêðûòèÿ) âíóòðü îáúåìà ðàñïðîñòðàíÿåòñÿ âîëíà

ðàçðåæåíèÿ, èíòåíñèâíîñòü êîòîðîé òåì áîëüøå, ÷åì

âûøå äàâëåíèå âñêðûòèÿ. Íà ðèñ. 1 èëëþñòðèðóþò-

Ðèñ. 1. Èíäèêàòîðíàÿ äèàãðàììà ïðè âíóòðåííåì âçðûâå,

ïîêàçûâàþùàÿ ïðîöåññû, ïðîèñõîäÿùèå ïðè äåôëàãðàöèîí-

íîì âíóòðåííåì âçðûâå ñ ó÷åòîì èñòå÷åíèÿ ãàçîâ
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ñÿ ïðîöåññû, ïðîèñõîäÿùèå ïðè äåôëàãðàöèîííîì

âíóòðåííåì âçðûâå ñ ó÷åòîì èñòå÷åíèÿ ãàçîâ.

Íà ðèñóíêå ó÷àñòîê 0–Â ñîîòâåòñòâóåò âçðûâó â

çàìêíóòîì îáúåìå. Â ìîìåíò Â ïðîèñõîäèò âñêðû-

òèå ÏÊ, ïðè ýòîì îòêðûâàåòñÿ ïðîåì (ïëîùàäü) äëÿ

èñòå÷åíèÿ ãàçîâ. Äî ìîìåíòà Ì1 ýòîé ïëîùàäè íå-

äîñòàòî÷íî, ÷òîáû äàâëåíèå íà÷àëî ñíèæàòüñÿ. Â òî÷-

êå Ì1 ðåàëèçóåòñÿ ïåðâûé ïèê äàâëåíèÿ, íî ïðîåì

åùå íå ïîëíîñòüþ îòêðûëñÿ. Ïî ìåðå åãî îòêðûòèÿ

ïëîùàäü èñòå÷åíèÿ ïðîäîëæàåò ðàñòè, è ê ìîìåíòó

À1 ïðîåì îêàçûâàåòñÿ îòêðûòûì ïîëíîñòüþ. Â ýòîò

ìîìåíò ðåàëèçóåòñÿ ëîêàëüíûé ìèíèìóì äàâëåíèÿ.

Äî ìîìåíòà Ì2 äàâëåíèå ïîâûøàåòñÿ èç-çà ðîñòà

ïëîùàäè ãîðåíèÿ. Íàêîíåö, â ìîìåíò Ì2 ïðîèñõî-

äèò ðåçêîå èçìåíåíèå ñêîðîñòè èñòå÷åíèÿ: âìåñòî

õîëîäíîé èñõîäíîé ñìåñè ÷åðåç îòâåðñòèå íà÷èíàþò

èñòåêàòü ãîðÿ÷èå ïðîäóêòû ãîðåíèÿ. Ñêîðîñòü èñòå-

÷åíèÿ ïðè ýòîì âîçðàñòàåò â �1/2 ðàç. Â ýòî âðåìÿ â

ïëîñêîñòè îòâåðñòèÿ ôîðìèðóåòñÿ âîëíà ðàçðåæå-

íèÿ, êîòîðàÿ ðàñïðîñòðàíÿåòñÿ âíóòðü îáúåìà è

âçàèìîäåéñòâóåò ñ ôðîíòîì ïëàìåíè. Ýòî âçàèìî-

äåéñòâèå ïðèâîäèò ê íåóñòîé÷èâîñòè ïëàìåíè, âëè-

ÿíèå êîòîðîé ïðîÿâëÿåòñÿ â ïîÿâëåíèè ïóëüñàöèé

ïîâåðõíîñòè ïëàìåíè è ñëàáûõ àêóñòè÷åñêèõ êîëå-

áàíèé â îáúåìå. Îá ýòîì ñâèäåòåëüñòâóþò ïóëüñà-

öèè äàâëåíèÿ ìàëîé àìïëèòóäû íà ó÷àñòêå À2–Ì3

(ñì. ðèñ. 1). Îáùåå îñðåäíåííîå äàâëåíèå ïîñòå-

ïåííî ðàñòåò èç-çà óâåëè÷åíèÿ ïëîùàäè ïîâåðõíî-

ñòè ïëàìåíè. Ïîñëå êàñàíèÿ ïëàìåíè ñòåíîê åãî

ïëîùàäü ðåçêî ñîêðàùàåòñÿ, è ñðåäíåå äàâëåíèå

ñíèæàåòñÿ äî ïîëíîãî ïðåêðàùåíèÿ ãîðåíèÿ. Ïèê â

òî÷êå Ì3 îáÿçàí ìàêñèìàëüíîìó çíà÷åíèþ ïëîùàäè

ôðîíòà ïëàìåíè. Îáû÷íî F KVf max �
0

2 3 (ãäå K —

êîýôôèöèåíò, çàâèñÿùèé îò ôîðìû àïïàðàòà èëè

ïîìåùåíèÿ). Â òî÷êå Â1 ïëàìÿ äîñòèãàåò ðåáåð îáú-

åìà àïïàðàòà èëè ïîìåùåíèÿ.

Ïóëüñàöèè äàâëåíèÿ íà ó÷àñòêå À2–Ì3 îáóñëîâ-

ëåíû ïóëüñàöèåé ôðîíòà ïëàìåíè. Ïðè òàêîì ðàç-

âèòèè íåóñòîé÷èâîñòè ïîâåðõíîñòü ôðîíòà ïëàìå-

íè íå ïðåòåðïåâàåò èíâåðñèé. Âîçáóæäàåòñÿ ïóëü-

ñàöèîííàÿ íåóñòîé÷èâîñòü îò ìàëûõ âîçìóùåíèé

è âñåõ äëèí âîëí áîëåå êðèòè÷åñêîé äëèíû �êð, êî-

òîðàÿ ñîîòâåòñòâóåò óäâîåííîé òîëùèíå ïëàìå-

íè [10].

Âñëåäñòâèå ýòîãî ïðîèñõîäèò ðåçêîå óìåíüøå-

íèå ïëîùàäè ãîðåíèÿ è ñêîðîñòè îáðàçîâàíèÿ ãîðÿ-

÷èõ ãàçîâ. Èç ìåñò èñòå÷åíèÿ ê ñòåíêàì óñòðåìëÿåò-

ñÿ âîëíà ðàçðåæåíèÿ, èíòåíñèâíîñòü êîòîðîé ïðî-

ïîðöèîíàëüíà ñêîðîñòè ñíèæåíèÿ òåïëîâûäåëåíèÿ

èëè â íàøåì ñëó÷àå ñêîðîñòè ñîêðàùåíèÿ ïëîùàäè

ãîðåíèÿ.

Ýòà âîëíà îòòÿãèâàåò çîíó ãîðåíèÿ íàçàä, òåì ñà-

ìûì ñíîâà óâåëè÷èâàÿ ïëîùàäü ãîðåíèÿ, ÷òî ïðèâî-

äèò ê ðîñòó äàâëåíèÿ è ðåàëèçàöèè êðèòåðèÿ Ðýëåÿ

[11, 12], êîãäà ðîñò äàâëåíèÿ è ðîñò òåïëîâûäåëåíèÿ

èìåþò ñîâïàäåíèå ïî ôàçå, íåñìîòðÿ íà òî ÷òî èíè-

öèèðóþùèì ñîáûòèåì èíòåíñèôèêàöèè ãîðåíèÿ

ÿâëÿëàñü âîëíà ðàçðåæåíèÿ. Â äàëüíåéøåì èç-çà ïî-

ëîæèòåëüíîé îáðàòíîé ñâÿçè (êðèòåðèé Ðýëåÿ) ïðî-

èñõîäèò ðîñò àìïëèòóäû êîëåáàíèé äàâëåíèÿ â ñòî-

ÿ÷åé âîëíå, êîòîðûé îãðàíè÷åí ñîäåðæàíèåì ãî-

ðþ÷åé ñìåñè â óãëàõ îáúåìà. Ïîäîáíûå ÿâëåíèÿ

íàáëþäàþòñÿ â âûòÿíóòûõ îáúåìàõ (òðóáàõ), êîãäà

ïëàìÿ êàñàåòñÿ ñòåíîê íà ñðàâíèòåëüíî ðàííèõ ñòà-

äèÿõ âçðûâà, ïîýòîìó âèáðàöèîííîå ãîðåíèå â ïðî-

òÿæåííûõ îáúåìàõ áîëåå ÿðêî âûðàæåíî è àìïëèòó-

äû êîëåáàíèé äàâëåíèÿ è ñêîðîñòè ìîãóò ïðèâåñòè

äàæå ê ïðåêðàùåíèþ ãîðåíèÿ [12]. Âèáðàöèîííîå

ãîðåíèå íàáëþäàåòñÿ è ïðè âçðûâàõ â çàìêíóòûõ

ñîñóäàõ [13]. Ïðèðîäà åãî ïîÿâëåíèÿ òà æå — âîç-

áóæäåíèå âîëíû ðàçðåæåíèÿ èç-çà óìåíüøåíèÿ ïëî-

ùàäè ãîðåíèÿ ïðè êîíòàêòå çîíû ãîðåíèÿ ñ òâåðäû-

ìè ñòåíêàìè àïïàðàòà èëè ïîìåùåíèÿ.

Êàê ñëåäóåò èç àíàëèçà ãàçîäèíàìè÷åñêèõ ïðî-

öåññîâ, ïðîòåêàþùèõ âíóòðè îáúåìà âçðûâà â ðå-

çóëüòàòå êàñàíèÿ ïëàìåíè îãðàæäàþùèõ ñòåíîê è

îáðàçîâàíèÿ âîëíû ðàçðåæåíèÿ, âîçìîæíû ñëåäó-

þùèå ñöåíàðèè ðàçâèòèÿ ñèòóàöèè:

� âîëíà ðàçðåæåíèÿ îòòÿãèâàåò ïëàìÿ îò ñòåíîê,

ãîðåíèå íå ìîæåò ñòàáèëèçèðîâàòüñÿ, è ïëàìÿ âû-

òÿãèâàåòñÿ íàðóæó; äîãîðàíèÿ â óãëàõ íå ïðîèñ-

õîäèò. Íà ðèñ. 1 íà ó÷àñòêå ïîñëå Â1 îñöèëëÿöèè

îòñóòñòâóþò è äàâëåíèå ïëàâíî ïàäàåò äî íóëÿ;

� âîëíà ðàçðåæåíèÿ îòòÿãèâàåò ïëàìÿ îò ñòåíîê,

ãîðåíèå ñòàáèëèçèðóåòñÿ â ìåñòå èñòå÷åíèÿ, ãäå

âîçíèêàþò çîíû îáðàòíûõ òîêîâ (ðèñ. 2), è â ðå-

çóëüòàòå âîçíèêàåò âèáðàöèîííîå ãîðåíèå ñ äî-

ãîðàíèåì ñìåñè â óãëàõ (ðèñ. 3,â);

� ïðè ðåàëèçàöèè êðèòåðèÿ Ðýëåÿ ïðîèñõîäèò óñè-

ëåíèå âèáðàöèé ñðåäû, ïëàìÿ ïðè ýòîì òåðÿåò

óñòîé÷èâîñòü (ïðîÿâëÿåòñÿ îñöèëëÿöèîííàÿ íå-

óñòîé÷èâîñòü [14]), ïîâåðõíîñòü ôðîíòà ïëàìå-

íè ïðåòåðïåâàåò èíâåðñèþ (îáúåìû ãîðþ÷åé ñìå-

ñè ïðîíèêàþò â ïðîäóêòû ãîðåíèÿ è ñãîðàþò òàì

ëèáî ôðîíòàëüíî, ëèáî ïåðåìåøèâàÿñü ñ ïðîäóê-

òàìè ãîðåíèÿ [12]).

Ïðè ýòîì ãîðåíèå èíòåíñèôèöèðóåòñÿ è ïðî-

èñõîäèò åãî ñòàáèëèçàöèÿ â óãëàõ [15, 16], ïëàìÿ

íå óâëåêàåòñÿ èñòåêàþùèìè ãàçàìè. Ñòàáèëèçàöèÿ

ãîðåíèÿ â óãëàõ äîñòèãàåòñÿ òàêæå èç-çà çàòðóäíåí-

íîãî èñòå÷åíèÿ ãàçîâ íàðóæó ïðè âíóòðåííèõ êîëå-

áàíèÿõ ñðåäû. Ïðè áîëåå ñëàáûõ íà÷àëüíûõ âîçìó-

ùåíèÿõ èëè ìåíåå ÷óâñòâèòåëüíûõ ñìåñÿõ âèáðà-

öèîííîå ãîðåíèå ìîæåò íå âîçáóæäàòüñÿ.

Ïðè ïîëîæèòåëüíîé îáðàòíîé ñâÿçè ïðîèñõîäèò

íàðàñòàíèå àìïëèòóäû êîëåáàíèé, ëàìèíàðíûé ôðîíò

ïëàìåíè ðàçðóøàåòñÿ, è ãîðåíèå ïðîäîëæàåòñÿ ïî

îáúåìíîìó ìåõàíèçìó, êàê â ðåàêòîðå èäåàëüíîãî

ñìåøåíèÿ. Òàê ïðîèñõîäèò â óñëîâèÿõ íàøåãî ýêñ-

ïåðèìåíòà; ìåòîäèêà îïèñàíà â [17, 18]. Â äîïîëíå-
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íèå ê èçìåðåíèÿì äàâëåíèÿ è ôîòîñúåìêå â êàìåðàõ

óñòàíàâëèâàëèñü èîíèçàöèîííûå äàò÷èêè. Îñîáîå

çíà÷åíèå ïðèäàâàëîñü ïîêàçàíèÿì äàò÷èêîâ, ðàñïî-

ëîæåííûõ â óãëàõ êàìåðû. Íà ðèñ. 3,â ïðåäñòàâ-

ëåíû ðåçóëüòàòû îïûòîâ â êàìåðå îáúåìîì 0,1 ì3.

Ñèíèé öâåò ñîîòâåòñòâóåò ïåðâîíà÷àëüíîìó ïëàìå-

íè, êðàñíûé — ãîðåíèþ â óãëàõ â âèáðàöèîííîì ðå-

æèìå, òåìíûé â ñåðåäèíå êàäðà — ïëîùàäè, ãäå ãî-

ðåíèå ïðåêðàòèëîñü èç-çà êîíòàêòà ïëàìåíè ñî

ñòåíêàìè.

Íà ðèñ. 3,à âèäíî, êàê â ïðàâîì âåðõíåì óãëó çà-

ðîæäàþòñÿ î÷àãè ãîðåíèÿ, îáîçíà÷åííûå êðàñíûì

öâåòîì. Ýòî óæå ðåçóëüòàò ðåàêöèè ìåæäó èñõîäíîé

ñìåñüþ è ïðîäóêòàìè ðåàêöèè ïîñëå èõ ñìåøåíèÿ.

Íà ðèñ. 3,á â ýòîì óãëó ïðîèçîøëà îêîí÷àòåëüíàÿ

ñòàáèëèçàöèÿ ãîðåíèÿ, à íà ðèñ. 3,â ïëîùàäü ãîðå-

íèÿ ðàñøèðèëàñü. Ïðè ýòîì â îáúåìå íàáëþäàåòñÿ

óñèëåíèå êîëåáàíèé ñòîÿ÷èõ âîëí.

Òàêèì îáðàçîì, ãîðåíèå è êîëåáàíèå ãàçà óñèëè-

âàþò äðóã äðóãà. Ñëåäóåò îòìåòèòü åùå îäíó îñîáåí-

íîñòü: èñòå÷åíèå ãàçà èç îáúåìà ïðîèñõîäèò ïðåðû-

âèñòî, â ñîîòâåòñòâèè ñ êîëåáàíèÿìè âíóòðè îáúåìà,

è ïðè áîëüøèõ àìïëèòóäàõ êîëåáàíèé õîëîäíûé ãàç

ìîæåò ïðîíèêàòü âíóòðü åãî, à èñòå÷åíèå áóäåò çà-

òðóäíÿòüñÿ âñëåäñòâèå çàïèðàíèÿ ïîòîêà ïðè îòðà-

æåíèè ôàçû ñæàòèÿ íà ñòåíêå ñ îòâåðñòèåì. Âïåð-

âûå íà çàïèðàíèå ïîòîêà ïðè âèáðàöèÿõ âíóòðè

îáúåìà óêàçàíî â [14]. Â íàøèõ îïûòàõ îòâåðñòèå

äëÿ èñòå÷åíèÿ ãàçîâ ÿâëÿëîñü èñòî÷íèêîì çâóêîâûõ

ñèãíàëîâ âûñîêîé ÷àñòîòû. Â ðàáîòàõ [8, 17, 18]

îïèñàíû îïûòû, â êîòîðûõ âíóòðåííèå ñòåíêè ïî-

êðûâàëèñü çâóêîïîãëîùàþùèì ìàòåðèàëîì (âîéëîê,

àñáåñò). Âèáðàöèîííîãî ãîðåíèÿ â ýòèõ ñëó÷àÿõ íå íà-

áëþäàëîñü. Ïðè ýòîì ñìåñè, â êîòîðûõ âîçáóæäà-

ëîñü âèáðàöèîííîå ãîðåíèå, íå äîãîðàëè â óñëîâè-

ÿõ îòñóòñòâèÿ âèáðàöèîííîãî ãîðåíèÿ, ò. å. ãîðåíèå

ýòèõ ñìåñåé íå ñòàáèëèçèðîâàëîñü. Ñ äðóãîé ñòîðî-

íû, êîãäà óãëû îáúåìà áûëè çàïîëíåíû âñòàâêàìè,

ãîðåíèå â óãëàõ îòñóòñòâîâàëî, òàê êàê ãîðåòü áûëî

íå÷åìó, è âèáðàöèîííîå ãîðåíèå íå íàáëþäàëîñü.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ìîæíî çàêëþ÷èòü, ÷òî âèáðàöè-

îííîå ãîðåíèå âîçáóæäàåòñÿ â ìîìåíò ôîðìèðîâà-

íèÿ âîëíû ðàçðåæåíèÿ â ðåçóëüòàòå ñîêðàùåíèÿ çîíû

ãîðåíèÿ èç-çà âçàèìîäåéñòâèÿ ïëàìåíè ñ îãðàæäà-

þùèìè ñòåíêàìè îáúåìà. ×åì âûøå èíòåíñèâíîñòü

âîëíû ðàçðåæåíèÿ, òåì ëåã÷å âîçáóæäàåòñÿ âèáðà-

öèîííîå ãîðåíèå. Âèáðàöèîííîå ãîðåíèå â îáúåìàõ

ðàçâèâàåòñÿ â îñíîâíîì â óãëàõ, òàê êàê ïîñëå êàñà-

íèÿ ïëàìåíè ñòåíîê ãîðþ÷àÿ ñìåñü îñòàåòñÿ òîëüêî

òàì. Â óäëèíåííûõ îáúåìàõ âèáðàöèîííîå ãîðåíèå

ìîæåò äëèòüñÿ ãîðàçäî äîëüøå. Ê âèáðàöèîííîìó

ãîðåíèþ íàèáîëåå ñêëîííû ñìåñè, â êîòîðûõ ðàçâè-

âàåòñÿ äèôôóçèîííî-òåïëîâàÿ íåóñòîé÷èâîñòü, êîãäà

ëåãêèé êîìïîíåíò èìååòñÿ â íåäîñòàòêå [8]. Âèáðà-

öèîííîå ãîðåíèå òðóäíåå âîçáóæäàåòñÿ ïðè âûñî-

êèõ ÷àñòîòàõ âîçìóùåíèé, ò. å. â ìàëûõ îáúåìàõ [12].

Ïðè çàùèòå îò âçðûâà äîñòàòî÷íî ïðî÷íûõ àï-

ïàðàòîâ ïðèìåíÿþò ðàçðûâíûå ìåìáðàíû ñ âûñî-

êèì óðîâíåì äàâëåíèÿ âñêðûòèÿ. Ïðè÷åì âñêðûòèå

ìåìáðàí ïðîèñõîäèò íàñòîëüêî áûñòðî, ÷òî ôîðìè-

ðóåòñÿ âîëíà ðàçðåæåíèÿ âûñîêîé èíòåíñèâíîñòè.

Ðèñ. 2. Âîçíèêíîâåíèå âèáðàöèîííîãî ãîðåíèÿ ñ äîãîðàíè-

åì ñìåñè â óãëàõ: ñèíèé öâåò — çîíà ïðîäóêòîâ ãîðåíèÿ;

êðàñíûé — âèáðàöèîííîå ãîðåíèå; ñåðûé — îòñóòñòâèå ãî-

ðåíèÿ

Ðèñ. 3. Ïðîöåññ âèáðàöèîííîãî ãîðåíèÿ ãàçà âíóòðè êàìåðû ñ ïðåðûâèñòûì èñòå÷åíèåì ãàçîâ
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Âçàèìîäåéñòâèå åå ñ ôðîíòîì ïëàìåíè ìîæåò ïðè-

âåñòè ê ïåðåõîäó ãîðåíèÿ â äåòîíàöèþ [19].

Âèáðàöèîííîå ãîðåíèå ìîæåò ðàçâèâàòüñÿ îò ìíî-

ãîî÷àãîâîãî âîñïëàìåíåíèÿ ïðè ïðîäîëæèòåëüíîì

ïåðèîäå èíäóêöèè [10–23], à òàêæå ïðè ïîâòîðíîì

âîñïëàìåíåíèè ñìåñè, ñîñòîÿùåé èç ïðîäóêòîâ ãî-

ðåíèÿ è èñõîäíîé ãîðþ÷åé ñìåñè [24, 25].

Ïðè âçðûâå âíóòðè ïîìåùåíèé âñêðûòèå ÏÊ ïðî-

èñõîäèò ïðè íèçêèõ äàâëåíèÿõ è â òå÷åíèå êîíå÷-

íîãî âðåìåíè, òàê ÷òî âîëíà ðàçðåæåíèÿ íå îáðàçó-

åòñÿ. Âèáðàöèîííîå ãîðåíèå ìîæåò âîçáóäèòüñÿ

òàêæå â îáúåìå, â êîòîðîì ïðîåìû áûëè îòêðûòû

åùå äî íà÷àëà âçðûâà [18]. Âèáðàöèîííîå ãîðåíèå

ìîæåò âûçâàòü ðåçîíàíñíûå ÿâëåíèÿ ïðè îòêëèêå íå-

êîòîðûõ êîíñòðóêöèé, åñëè èõ ñîáñòâåííàÿ ÷àñòîòà

ñîîòâåòñòâóåò ÷àñòîòå êîëåáàíèé â ñòîÿ÷åé âîëíå:

f = C/(2L) (ãäå Ñ — ñêîðîñòü çâóêà â ãàçîâîé ñðåäå),

âåäü àìïëèòóäà äàâëåíèé â ñòîÿ÷åé âîëíå ìîæåò â

äåñÿòêè ðàç ïðåâûøàòü äàâëåíèå, íà ôîíå êîòîðîãî

ðàçâèâàåòñÿ âèáðàöèîííîå ãîðåíèå.

Â çàêëþ÷åíèå îòìåòèì, ÷òî äàâëåíèå ïðè âèáðà-

öèîííîì ãîðåíèè ïî ïðèðîäå âîëíîâîå è åãî ðîñò

îáóñëîâëåí êàê êîëåáàíèÿìè òåïëîâûäåëåíèÿ, òàê

è óìåíüøåíèåì ñêîðîñòè èñòå÷åíèÿ ãàçîâ ïî ñðàâ-

íåíèþ ñî ñòàöèîíàðíûì ðåæèìîì. Ïîïûòêè îïè-

ñàòü èçìåíåíèå äàâëåíèÿ ïðè âèáðàöèîííîì ãîðå-

íèè ñ ïîìîùüþ ïîäáîðà êîýôôèöèåíòîâ òóðáóëèçà-

öèè ìåòîäîëîãè÷åñêè íå îáîñíîâàíû. Òàê, â [26]

äëÿ îïèñàíèÿ ðåçóëüòàòîâ ýêñïåðèìåíòîâ, â õîäå êî-

òîðûõ âîçíèêëè âîëíîâûå ïðîöåññû, â ðàìêàõ êâà-

çèñòàòè÷åñêîãî ïîäõîäà àâòîð âûíóæäåí áûë èñ-

ïîëüçîâàòü ôàêòîð òóðáóëèçàöèè � > 20. Î÷åâèäíî,

÷òî â ñëó÷àå äåòîíàöèè [19, 22] îïèñàòü äèíàìèêó

èçìåíåíèÿ äàâëåíèÿ ñ ïîìîùüþ àïïàðàòà, ñîîòâåò-

ñòâóþùåãî êâàçèñòàòè÷åñêîìó ðåæèìó, åùå òðóäíåå,

à ñ ó÷åòîì ÿâëåíèÿ îòðàæåíèÿ âîëí — òåì áîëåå.
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ABSTRACT

Vibration combustion is wave process. It is excited in result of interaction of the flame front with

a depression wave which is formed as a result of sharp decrease of speed of a thermal emission,

because of decrease of burning area at contact of a flame with the walls limiting volume. The flame
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under the influence of a wave of expansion tries to return to former situation and again to increase

burning area. Fluctuations of gas and fluctuation of the combustion zone are as a result generated.

Fluctuations amplify — the flame loses stability, combustion accelerates. The more the camera

volume, the easier a flame loses stability. There are especially inclined to vibration combustion of

mix, showing diffusion and thermal instability. Mixes with a lack of a mild component belong to such

mixes. Speed of heat release and pressure in volume change with oscillation frequency of gas that

complicates the expirations from volume. The combustion mode at the strong fluctuations passes

from the surface in volume that is followed by change of character of a luminescence of the combus-

tion zone. Amplitude value of pressure in waves can exceed several times pressure against the back-

ground of which vibration combustion develops. In squared volumes in the mode of vibration

combustion the mix which remained in corners as combustion in this case is stabilized in corners burns

down. Experiences in which fluctuation of gas was suppressed with a covering of walls with a felt took

place without vibration combustion. In self-contained volumes vibration combustion is also excited in

result of interaction of the combustion zone with volume walls in this case stabilization it is not re-

quired as the expiration of gases does not happen. When smoothing corners of volume vibration

combustion quickly stops. Otherwise combustion in corners does not reach as the flame is extended

with the expiring gases. It is apparent that the processes happening at vibration combustion cannot

be described by means of quasi-stationary representations.

Building constructions of buildings of explosive productions need to be counted taking into

account possible pressure roughness if there is a threat of emergence of vibration combustion.

Keywords: vibration combustion; internal explosion; expansion wave; gases expiration; àcoustic

waves.
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