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Ïðèâåäåíû ðåçóëüòàòû, ïîëó÷åííûå â õîäå ñèñòåìàòè÷åñêèõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
ïðîöåññà òóøåíèÿ ïëàìåíè íåôòåïðîäóêòîâ ïîäà÷åé ïåíû íà ãîðÿùóþ ïîâåðõíîñòü è â îñíîâà-
íèå ðåçåðâóàðà. Ïîêàçàíî, ÷òî åäèíñòâåííûì ñïîñîáîì îáúåêòèâíî îöåíèòü ýôôåêòèâíîñòü ïå-
íîîáðàçîâàòåëåé ÿâëÿåòñÿ ïðîâåäåíèå êîìïëåêñíûõ èñïûòàíèé, â õîäå êîòîðûõ ôîðìèðóþòñÿ
êðèâûå ïîâåðõíîñòíîãî è ìåæôàçíîãî íàòÿæåíèÿ âîäíûõ ðàñòâîðîâ ïåíîîáðàçîâàòåëåé íà ãðà-
íèöå ñ óãëåâîäîðîäîì. Â ýêñïåðèìåíòàõ èñïîëüçîâàíû ôòîðèðîâàííûå ïåíîîáðàçîâàòåëè èç-
âåñòíûõ ìàðîê – Ansulite AFFF, Shtamex AFFF, Light WaterFS 201, CAPSTONE 1183 è Øòîðì-Ô, à â êà-
÷åñòâå ãîðþ÷èõ æèäêîñòåé – óãëåâîäîðîäû, èìåþùèå ðàçíóþ òåìïåðàòóðó âñïûøêè. Âûÿâëåíà
îáùàÿ çàêîíîìåðíîñòü çàâèñèìîñòè óäåëüíîãî ðàñõîäà ïåíîîáðàçîâàòåëåé îò èíòåíñèâíîñòè ïî-
äà÷è ïåíû, ïðåäñòàâëåííàÿ â âèäå êðèâûõ ñ íàëè÷èåì ìèíèìóìà íà íèõ ïðè èíòåíñèâíîñòè,
ðàâíîé îïòèìàëüíîé. Óñòàíîâëåíû êîíêðåòíûå õàðàêòåðèñòèêè îãíåòóøàùåé ýôôåêòèâíîñòè
ïåíû ïðè òóøåíèè ïëàìåíè ãîðþ÷èõ æèäêîñòåé, âûðàæåííûå êîìïëåêñîì ïîêàçàòåëåé, òàêèõ
êàê êðèòè÷åñêàÿ è îïòèìàëüíàÿ èíòåíñèâíîñòü ïîäà÷è, à òàêæå ìèíèìàëüíûé óäåëüíûé ðàñõîä
ïåíîîáðàçîâàòåëÿ. Ïîêàçàíî, ÷òî ïðè òóøåíèè ïëàìåíè íåôòåïðîäóêòîâ ïåíîé èç ïëåíêîîáðàçó-
þùèõ ïåíîîáðàçîâàòåëåé çíà÷åíèÿ îïòèìàëüíîé èíòåíñèâíîñòè è ìèíèìàëüíîãî óäåëüíîãî
ðàñõîäà ïðè ïîäñëîéíîé ïîäà÷å ïåíû íà 25–30 % íèæå, ÷åì ïðè åå ïîäà÷å íà ãîðÿùóþ ïîâåðõ-
íîñòü óãëåâîäîðîäà. Ñäåëàí âûâîä, ÷òî îãíåòóøàùàÿ ýôôåêòèâíîñòü èñïûòàííûõ ïëåíêîîáðàçó-
þùèõ ïåíîîáðàçîâàòåëåé âûøå ïðè ïîäñëîéíîì ñïîñîáå òóøåíèÿ. Ïîêàçàíî òàêæå, ÷òî ðàç-
íèöà â ïîêàçàòåëÿõ îãíåòóøàùåé ýôôåêòèâíîñòè ïåíû ïðè âûáîðå òîãî èëè èíîãî ñïîñîáà ïî-
äà÷è îáúÿñíÿåòñÿ ðàçðóøàþùèì äåéñòâèåì ñîïóòñòâóþùèõ ôàêòîðîâ: åñëè ïðè ïîäñëîéíîì
ñïîñîáå òóøåíèÿ ïëàìåíè íåôòåïðîäóêòîâ ïåíà ïîäâåðãàåòñÿ òîëüêî âîçäåéñòâèþ ïîòîêà òåïëà
îò ôàêåëà ïëàìåíè, òî ïðè ïîäà÷å ñâåðõó îíà ðàçðóøàåòñÿ åùå è îò ñîïðèêîñíîâåíèÿ ñ ãîðÿùåé
ïîâåðõíîñòüþ íåôòåïðîäóêòà. Íà îñíîâå ïîëó÷åííûõ äàííûõ ðàçðàáîòàíà ìîäåëü ïðîöåññà òó-
øåíèÿ íåôòè ïóòåì ïîäà÷è ïåíû â îñíîâàíèå ðåçåðâóàðà, ó÷èòûâàþùàÿ ñíèæåíèå òåìïåðàòóðû
ãîðÿùåé ïîâåðõíîñòè â ïðîöåññå ñìåøèâàíèÿ ãîìîòåðìè÷åñêîãî ñëîÿ ïðè âñïëûòèè ïåíû.
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Ââåäåíèå

Ñðåäè áîëüøîãî êîëè÷åñòâà íîâûõ ðàçðàáîòîê
ñðåäñòâ òóøåíèÿ ïîæàðîâ íåôòè â ðåçåðâóàðàõ îñíîâ-
íîå âíèìàíèå óäåëÿåòñÿ îãíåòóøàùåé ïåíå. Â ïåðâûõ
óñòðîéñòâàõ ïîäà÷è ïåíû â îñíîâàíèå ðåçåðâóàðà ñ
íåôòåïðîäóêòàìè ïðåäóñìàòðèâàëîñü èñïîëüçîâàíèå
òðàäèöèîííûõ óãëåâîäîðîäíûõ ïåíîîáðàçîâàòåëåé,
êîòîðûå ëåãêî ñìåøèâàþòñÿ ñ íåôòüþ è â ñèëó ýòî-
ãî óòðà÷èâàþò îãíåòóøàùóþ ýôôåêòèâíîñòü [1, 2].
Äëÿ ïðåäîòâðàùåíèÿ êîíòàêòà ïåíû ñ ãîðþ÷åé æèä-
êîñòüþ áûëà ïðåäóñìîòðåíà ñèñòåìà, â êîòîðîé ïåíà
ïîäíèìàåòñÿ íà ãîðÿùóþ ïîâåðõíîñòü ÷åðåç ýëàñ-

òè÷íûé ðóêàâ [3]. Ïåíó ïîëó÷àëè ñ ïîìîùüþ âûñî-
êîíàïîðíîãî ãåíåðàòîðà, ðàáîòàþùåãî ïî ïðèíöèïó
ýæåêöèè âîçäóõà ñòðóåé âîäíîãî ðàñòâîðà. Îäíàêî
íàèáîëüøàÿ ýôôåêòèâíîñòü òóøåíèÿ ïîæàðà íåôòè
è íåôòåïðîäóêòîâ îáåñïå÷èâàåòñÿ òîëüêî ïóòåì ïðè-
ìåíåíèÿ ïëåíêîîáðàçóþùèõ ôòîðñèíòåòè÷åñêèõ
ïåííûõ êîíöåíòðàòîâ, ïåíû íà îñíîâå êîòîðûõ íå
ñìåøèâàþòñÿ ñ óãëåâîäîðîäàìè [4, 5]. Òàêèå ïåíû
ñïîñîáíû ñàìîïðîèçâîëüíî ïîêðûâàòü ïîâåðõíîñòü
íåôòåïðîäóêòîâ âîäíûìè ïëåíêàìè, ñòàáèëèçèðî-
âàííûìè ôòîðñîäåðæàùèìè ïîâåðõíîñòíî-àêòèâ-
íûìè âåùåñòâàìè (ÏÀÂ) [6].
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Ïðîòèâîïîæàðíàÿ çàùèòà ðåçåðâóàðîâ ñ ïëàâà-
þùåé êðûøåé ïðåäóñìàòðèâàåò îäíîâðåìåííóþ ïî-
äà÷ó ïåíû íà ãîðÿùóþ ïîâåðõíîñòü è â ñëîé íåôòå-
ïðîäóêòà [7–9]. Ïåíó íèçêîé êðàòíîñòè ïðîèçâîäÿò
ïåííûå ãåíåðàòîðû ýæåêöèîííîãî òèïà. Êðàòíîñòü
ïåíû, ïîëó÷àåìîé ñ ïîìîùüþ òàêèõ ãåíåðàòîðîâ, ñî-
ñòàâëÿåò 4–8 [10]. Äëÿ ïîäà÷è ïåíû â ñëîé ãîðþ÷åãî
è â îñíîâàíèå ðåçåðâóàðà ðåêîìåíäóþòñÿ ïëåíêîîá-
ðàçóþùèå ïåíîîáðàçîâàòåëè ([11], ÃÎÑÒ Ð 53280.2–
2010). Ïåíà, ïîëó÷åííàÿ èç òàêèõ ïåíîîáðàçîâàòåëåé,
ñïîñîáíà ïîäíèìàòüñÿ ÷åðåç ñëîé ãîðþ÷åãî, íå ñìå-
øèâàÿñü ñ íåôòåïðîäóêòîì è íå óòðà÷èâàÿ îãíåòó-
øàùåé ñïîñîáíîñòè ïðè òóøåíèè ïëàìåíè [12].
Íà îñíîâàíèè ïðèâåäåííûõ âûøå íîðìàòèâíûõ äî-
êóìåíòîâ ïðèíèìàåòñÿ, ÷òî ïåíà, ñïîñîáíàÿ áåç ïî-
òåðü ïîäíèìàòüñÿ ÷åðåç òîëùó íåôòåïðîäóêòà, äîëæ-
íà îáëàäàòü áîëüøåé ýôôåêòèâíîñòüþ òóøåíèÿ ïëà-
ìåíè ïðè åå ïîäà÷å íåïîñðåäñòâåííî íà ãîðÿùóþ
ïîâåðõíîñòü. Îäíàêî ýêñïåðèìåíòàëüíûå èññëåäî-
âàíèÿ ïîêàçàëè, ÷òî ÷àùå âñåãî íàáëþäàåòñÿ îáðàò-
íàÿ êàðòèíà, à èìåííî: ïðè ïîäà÷å ïåíû íà ãîðÿùóþ
ïîâåðõíîñòü òðåáóåòñÿ áóëüøàÿ èíòåíñèâíîñòü,
à ïðîöåññ òóøåíèÿ ñîïðîâîæäàåòñÿ ïîâûøåííûì
óäåëüíûì ðàñõîäîì ïåíîîáðàçóþùåãî ðàñòâîðà,
ïîëó÷åííîãî èç ïëåíêîîáðàçóþùèõ ïåíîîáðàçîâà-
òåëåé [13–15].

Öåëüþ äàííîãî èññëåäîâàíèÿ ÿâëÿåòñÿ óñòàíîâ-
ëåíèå êîíêðåòíûõ õàðàêòåðèñòèê îãíåòóøàùåé ýô-
ôåêòèâíîñòè ïåíû ïðè òóøåíèè ïëàìåíè ãîðþ÷èõ
æèäêîñòåé, âûðàæåííûõ êîìïëåêñîì ïîêàçàòåëåé,
òàêèõ êàê êðèòè÷åñêàÿ è îïòèìàëüíàÿ èíòåíñèâ-
íîñòü, à òàêæå ìèíèìàëüíûé óäåëüíûé ðàñõîä ïåíî-
îáðàçîâàòåëÿ.

Äëÿ ýòîãî íåîáõîäèìî ðåøèòü ñëåäóþùèå çàäà÷è:
îïðåäåëèòü ìèíèìàëüíûé óäåëüíûé ðàñõîä è îïòè-
ìàëüíóþ îãíåòóøàùóþ ýôôåêòèâíîñòü ïëåíêîîá-
ðàçóþùèõ ïåíîîáðàçîâàòåëåé ïðè ïîäà÷å ïåíû íà
ãîðÿùóþ ïîâåðõíîñòü è â ñëîé óãëåâîäîðîäà è ðàç-
ðàáîòàòü ìîäåëü ïðîöåññà òóøåíèÿ ïóòåì ïîäà÷è
ïåíû â îñíîâàíèå ðåçåðâóàðà.

Ìåòîäû èññëåäîâàíèÿ

Äëÿ ýêñïåðèìåíòîâ áûëè èñïîëüçîâàíû ïëåíêî-
îáðàçóþùèå ïåíîîáðàçîâàòåëè: Ansulite AFFF,
Shtamex AFFF, Light WaterFS 201, CAPSTONE 1183 è
Øòîðì-Ô. Ñîñòàâ ïåíîîáðàçîâàòåëåé îòëè÷àëñÿ êàê
ïî ñîñòàâó, òàê è ïî õèìè÷åñêîé ïðèðîäå ôòîðèðîâàí-
íîãî ÏÀÂ (ÔÏÀÂ). Åäèíñòâåííûì ñïîñîáîì, ïî íà-
øåìó ìíåíèþ, îáúåêòèâíî îöåíèòü êà÷åñòâî ÔÏÀÂ
ÿâëÿåòñÿ ïîëó÷åíèå êðèâûõ ïîâåðõíîñòíîãî è ìåæ-
ôàçíîãî íàòÿæåíèÿ âîäíûõ ðàñòâîðîâ ïåíîîáðàçî-
âàòåëåé íà ãðàíèöå ñ óãëåâîäîðîäîì ýêñïåðèìåí-
òàëüíûì ïóòåì [16, 17].

Ïåðåä îãíåâûìè èñïûòàíèÿìè áûëà èçìåðåíà
çàâèñèìîñòü ïîâåðõíîñòíîãî è ìåæôàçíîãî íàòÿæå-

íèé îò êîíöåíòðàöèè ïåíîîáðàçîâàòåëåé â âîäíîì
ðàñòâîðå. Èçìåðåíèå ïîâåðõíîñòíîãî íàòÿæåíèÿ ðà-
áî÷åãî ðàñòâîðà ïåíîîáðàçîâàòåëÿ è ìåæôàçíîãî íà-
òÿæåíèÿ íà ãðàíèöå ðàáî÷åãî ðàñòâîðà ñ í-ãåïòàíîì
ïðîâîäèëîñü ñ èñïîëüçîâàíèåì ìåòîäà Äå-Íóè.

Âðåìÿ òóøåíèÿ ïðè ïîäà÷å ïåíû â ñëîé ãîðþ÷åé
æèäêîñòè îïðåäåëÿëè íà ëàáîðàòîðíîé óñòàíîâêå
(ðèñ. 1). Ñíà÷àëà ïðèãîòàâëèâàëè ðàáî÷èé ðàñòâîð
ïåíîîáðàçîâàòåëÿ. Çàòåì â ãîðåëêó çàëèâàëè ãîðþ-
÷åå, ïîñëå ÷åãî æèäêîñòü â ãîðåëêå çàæèãàëè. Âðåìÿ
ñâîáîäíîãî ãîðåíèÿ ãîðþ÷åé æèäêîñòè ñîñòàâëÿëî
(60�5) ñ. Ïîëó÷åííûé ðàñòâîð ïåíîîáðàçîâàòåëÿ çà-
ëèâàëè â ñòàêàí ýëåêòðîìåõàíè÷åñêîãî ïðèáîðà (ìèê-
ñåðà), ãäå â òå÷åíèå 30 ñ ïðîèñõîäèëî îáðàçîâàíèå
ïåíû. Ïîëó÷åííóþ ïåíó çàëèâàëè â ðàçúåìíûé ãåð-
ìåòè÷íûé êîíòåéíåð è âçâåøèâàëè íà âåñàõ, ïðåä-
âàðèòåëüíî ñíÿâ êðûøêó êîíòåéíåðà. Ïîëó÷åííîå
çíà÷åíèå ìàññû çàíîñèëè â æóðíàë.

Ïîä äåéñòâèåì ñæàòîãî âîçäóõà ïåíà ïîñòóïàëà
÷åðåç òðóáîïðîâîä â íèæíþþ ÷àñòü ãîðåëêè, íåïî-
ñðåäñòâåííî â ãîðþ÷óþ æèäêîñòü. Íà÷àëîì îòñ÷å-
òà âðåìåíè òóøåíèÿ ñëóæèë ìîìåíò, êîãäà ïåðâàÿ
ïîðöèÿ ïåíû ïîÿâëÿëàñü íà ïîâåðõíîñòè ãîðþ÷åãî,
à îêîí÷àíèåì — ïîëíàÿ ëèêâèäàöèÿ ïëàìåíè, âêëþ-
÷àÿ èñ÷åçíîâåíèå åãî ÿçû÷êîâ âäîëü áîðòà. Çà ðåçóëü-
òàò èçìåðåíèÿ ïðèíèìàëîñü ñðåäíåàðèôìåòè÷åñêîå
òðåõ çíà÷åíèé âðåìåíè òóøåíèÿ.

Äëÿ îïðåäåëåíèÿ âðåìåíè òóøåíèÿ è ðàñõîäà ïå-
íû ïðèìåíÿëè ìåòîä òóøåíèÿ í-ãåïòàíà â ïðîòèâíå
ñ èñïîëüçîâàíèåì ïåíû íèçêîé êðàòíîñòè. Èñïûòà-
íèå ïðîâîäèëè íà îòêðûòîì âîçäóõå ïðè òåìïåðàòóðå
10–22 °C è ñêîðîñòè âåòðà âáëèçè ïðîòèâíÿ íå áî-
ëåå 1,5 ì/ñ. Ïåðåä êàæäûì èçìåðåíèåì îñóùåñòâëÿ-

Ðèñ. 1. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà äëÿ îïðåäåëåíèÿ âðå-
ìåíè òóøåíèÿ ãåïòàíà ïóòåì ïîäà÷è ïåíû â ñëîé ãîðþ÷åãî
Fig. 1. The experimental installation for determining the time of
heptane extinguishing by delivery of the foam into the combus-
tible layer
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ëè êîíòðîëü òåìïåðàòóðû í-ãåïòàíà è ðàáî÷åãî ðàñ-
òâîðà ïåíîîáðàçîâàòåëÿ, êîòîðàÿ äîëæíà ñîñòàâëÿòü
(17,5�2,5) °C. Äëÿ ýêñïåðèìåíòîâ áûëî ïðèãîòîâ-
ëåíî ïî 100 äì3 ðàáî÷åãî ðàñòâîðà êàæäîãî èñïûòó-
åìîãî ïåíîîáðàçîâàòåëÿ. Ïåíó ïîäàâàëè â öåíòð ïðî-
òèâíÿ. Çà âðåìÿ òóøåíèÿ ïðèíèìàëîñü âðåìÿ ñ ìî-
ìåíòà íà÷àëà ïîäà÷è ïåíû äî ìîìåíòà ïðåêðàùåíèÿ
ãîðåíèÿ (ðèñ. 2).

Ðåçóëüòàòû è èõ îáñóæäåíèå

Íà ðèñ. 3 ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåí-
òàëüíûõ èçìåðåíèé ïîâåðõíîñòíîé àêòèâíîñòè è ðàñ-
÷åòà êîýôôèöèåíòà ðàñòåêàíèÿ. Êîýôôèöèåíòû ðàñ-
òåêàíèÿ âîäíîãî ðàñòâîðà ïî ãåïòàíó è ãåïòàíà ïî
ðàñòâîðó ðàññ÷èòûâàëèñü ïî ñîîòíîøåíèÿì, ïðèâå-
äåííûì â [1].

Âåëè÷èíà ïîâåðõíîñòíîãî íàòÿæåíèÿ ðàñòâîðà
ïëåíêîîáðàçóþùåãî ïåíîîáðàçîâàòåëÿ íà ãðàíèöå
ñ âîçäóõîì ñîñòàâëÿåò 16–19 ìÍ/ì, âåëè÷èíà ìåæ-
ôàçíîãî ïîâåðõíîñòíîãî íàòÿæåíèÿ — 1,0–6,0 ìÍ/ì.
×òîáû îáåñïå÷èòü ðàñòåêàíèå êàïëè ïî óãëåâîäî-
ðîäàì, êîòîðûå èìåþò ïîâåðõíîñòíîå íàòÿæåíèå
22,3 ìÍ/ì, ïîâåðõíîñòíîå íàòÿæåíèå âîäíîãî ðàñ-
òâîðà äîëæíî áûòü 17 ìÍ/ì, à ìåæôàçíîå íàòÿæå-
íèå — 2,5 ìÍ/ì.

Ïåíîîáðàçîâàòåëü “Øòîðì-Ô” èñïîëüçîâàëñÿ â
âèäå ðàáî÷åãî ðàñòâîðà ñ êîíöåíòðàöèåé 6,0 % ìàññ.,
ïðè êîòîðîé êîýôôèöèåíò ðàñòåêàíèÿ ñîñòàâèë
0,9 ìÍ/ì, à îñòàëüíûå èññëåäóåìûå ïåíîîáðàçîâà-
òåëè — ñ òàêîé êîíöåíòðàöèåé, ïðè êîòîðîé âåëè-
÷èíà êîýôôèöèåíòà ðàñòåêàíèÿ áûëà áîëüøå íóëÿ.

Äëÿ âûÿñíåíèÿ ìåõàíèçìà êîíòàêòíîãî ðàçðó-
øåíèÿ ïåíû áûëè ïðîâåäåíû èññëåäîâàíèÿ çàâèñè-
ìîñòè ïîâåðõíîñòíîãî è ìåæôàçíîãî íàòÿæåíèé îò
òåìïåðàòóðû. Êàê âèäíî èç ðèñ. 4, çíà÷åíèÿ ïîâåðõ-
íîñòíîãî è ìåæôàçíîãî íàòÿæåíèé ñíèæàþòñÿ ïî
ìåðå ðîñòà òåìïåðàòóðû ðàñòâîðà è ãåïòàíà, óìåíü-
øàåòñÿ òàêæå ìåæôàçíîå íàòÿæåíèå íà ãðàíèöå âîä-
íîãî ðàñòâîðà ñ íàãðåòûì ãåïòàíîì.

Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
ïðîöåññà òóøåíèÿ ïëàìåíè ãåïòàíà ïåíîé íèçêîé
êðàòíîñòè ïðåäñòàâëåíû íà ðèñ. 5–7.

Èç ðèñ. 4 âèäíî, ÷òî ñêîðîñòü ñíèæåíèÿ ïîâåðõ-
íîñòíîãî è ìåæôàçíîãî íàòÿæåíèé â çàâèñèìîñòè
îò òåìïåðàòóðû ðàçëè÷íà, ïîýòîìó êîýôôèöèåíò ðàñ-
òåêàíèÿ, ðàññ÷èòàííûé íà èõ îñíîâå, ìåíÿåò çíàê
ñ ïîëîæèòåëüíîãî íà îòðèöàòåëüíûé â óñëîâèÿõ
ïîâûøåíèÿ òåìïåðàòóðû áîëåå 30 °Ñ. Ïîëó÷åííûå
ðåçóëüòàòû ïîêàçàëè, ÷òî âîäíûå ðàñòâîðû ïåíîîá-
ðàçîâàòåëÿ, îòíîñÿùåãîñÿ ê òèïè÷íî ïëåíêîîáðàçó-
þùèì, íåñïîñîáíû ôîðìèðîâàòü âîäíûå ïëåíêè íà
ïîâåðõíîñòè ãåïòàíà, ðàçîãðåòîãî äî òåìïåðàòóðû
áîëåå 35 °Ñ. Ñðàâíåíèå êîýôôèöèåíòîâ ðàñòåêàíèÿ
ðàñòâîðà ïî ãîðþ÷åìó è ãîðþ÷åãî ïî âîäíîìó ðàñ-
òâîðó ïåííûõ ïëåíîê ïîêàçûâàåò, ÷òî ðàñòâîðû îá-
ëàäàþò ïðåèìóùåñòâåííûì ñìà÷èâàíèåì óãëåâîäî-
ðîäà äàæå ïðè òåìïåðàòóðå ïîðÿäêà 60 °Ñ. Ïðè ïî-

Ðèñ. 2. Ïðîöåññ òóøåíèÿ ïåíîé íèçêîé (à) è âûñîêîé (á)
êðàòíîñòè
Fig. 2. The process of fire extinguishing using low (a) and high (b)
expansion factor foam

Ðèñ. 3. Èçîòåðìû ïîâåðõíîñòíîãî (1) è ìåæôàçíîãî (2) íà-
òÿæåíèé è êîýôôèöèåíò ðàñòåêàíèÿ (3) ïåíîîáðàçîâàòåëÿ
“Øòîðì-Ô” íà ãðàíèöå ñ ãåïòàíîì
Fig. 3. Isotherm of superficial (1) and interfacial (2) tension and
spreading coefficient (3) of Shtorm-F foam generator on the inter-
face with heptane
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äà÷å ïåíû íà ãîðÿùóþ ïîâåðõíîñòü ãåïòàíà ðàçíîñòü
ïîâåðõíîñòíûõ íàòÿæåíèé ñòàíîâèòñÿ çàìåòíîé,
à ïîâåðõíîñòíîå íàòÿæåíèå ãåïòàíà áóäåò ìåíüøå,
÷åì õîëîäíîãî âîäíîãî ðàñòâîðà ïåíîîáðàçîâàòåëÿ.
Ïðè ýòîì êîýôôèöèåíò ðàñòåêàíèÿ âîäíîãî ðàñòâî-
ðà ïî ãåïòàíó ñòàíîâèòñÿ îòðèöàòåëüíûì, è ïëåíêà

íà íàãðåòîé ïîâåðõíîñòè óãëåâîäîðîäà íå ôîðìè-
ðóåòñÿ.

Â ðåçóëüòàòàõ èñïûòàíèé âñåõ ïðåäñòàâëåííûõ
ïëåíêîîáðàçóþùèõ ïåíîîáðàçîâàòåëåé ïðîñëåæèâà-
åòñÿ ýêñòðåìàëüíàÿ çàâèñèìîñòü óäåëüíîãî ðàñõîäà
ïåíîîáðàçóþùåãî ðàñòâîðà îò èíòåíñèâíîñòè ïîäà-
÷è ïåíû. Ïîëîæåíèå ìèíèìóìà íà êðèâûõ óäåëü-
íîãî ðàñõîäà ñîîòâåòñòâóåò îïòèìàëüíîé èíòåíñèâ-
íîñòè ïîäà÷è ïåíû. Îïòèìàëüíàÿ èíòåíñèâíîñòü
ïîäà÷è ïåíû íà ãîðÿùóþ ïîâåðõíîñòü âûøå, ÷åì ïðè
ïîäà÷å ïåíû â ñëîé ãîðþ÷èõ æèäêîñòåé. Ðàçëè÷èå
â ïîêàçàòåëÿõ îãíåòóøàùåé ýôôåêòèâíîñòè ïåíû
ïðè ðàçëè÷íîì ñïîñîáå ïîäà÷è (íà ïîâåðõíîñòü èëè
ïîä ñëîé óãëåâîäîðîäà) îáúÿñíÿåòñÿ ðàçëè÷èåì ñî-
ïóòñòâóþùèõ ôàêòîðîâ, êîòîðûå ðàçðóøèòåëüíî äåé-
ñòâóþò íà ïåíó. Ïðè ëþáîì èç ñïîñîáîâ ïîäà÷è íà
òóøåíèå ïðîèñõîäèò ðàçðóøåíèå ïåíû ïîä âîçäåé-
ñòâèåì ïîòîêà òåïëà îò ôàêåëà ïëàìåíè, à ïðè ïî-
äà÷å ñâåðõó — åùå è îò ñîïðèêîñíîâåíèÿ ñ ãîðÿ÷åé
ïîâåðõíîñòüþ íåôòåïðîäóêòà. Ïðè ïîäñëîéíîé ïî-
äà÷å ïåíû íèæíèå õîëîäíûå ñëîè íåôòåïðîäóêòà
ïîäíèìàþòñÿ ê ïîâåðõíîñòè, â ðåçóëüòàòå ÷åãî ïåíà
ðàñòåêàåòñÿ ïî ïîâåðõíîñòíîìó ñëîþ, òåìïåðàòóðà
êîòîðîãî íèæå óñòàíîâèâøåéñÿ ïðè ñâîáîäíîì ãî-
ðåíèè æèäêîñòè. Ïîòîê òåïëà îò ôàêåëà ïëàìåíè ê
ãîðÿùåé ïîâåðõíîñòè ñîêðàùàåòñÿ, ÷òî ïðèâîäèò ê
ñíèæåíèþ ñêîðîñòè òåðìè÷åñêîãî ðàçðóøåíèÿ ïåíû,
ïîñòóïàþùåé èç-ïîä ñëîÿ íåôòåïðîäóêòà.

Ïðè ïîäñëîéíîé ïîäà÷å â ðåçåðâóàð ïåíà äëè-
òåëüíîå âðåìÿ êîíòàêòèðóåò ñ õîëîäíûì íåôòåïðî-
äóêòîì, ïîäíèìàÿñü ñêâîçü íåãî ê ãîðÿùåé ïîâåðõ-
íîñòè. Åñëè êîýôôèöèåíò ðàñòåêàíèÿ ðàñòâîðà ïî
ãîðþ÷åìó áëèçîê ê íóëþ, ïîÿâëÿåòñÿ âåðîÿòíîñòü

Ðèñ. 4. Âëèÿíèå òåìïåðàòóðû íà ïîâåðõíîñòíîå (1) è ìåæ-
ôàçíîå (2) íàòÿæåíèÿ ïåíîîáðàçîâàòåëÿ “Light WaterFS 201”
íà ãðàíèöå ñ ãåïòàíîì, ïîâåðõíîñòíîå íàòÿæåíèå ãåïòàíà (3)
è íà êîýôôèöèåíò ðàñòåêàíèÿ ðàñòâîðà ïî ãåïòàíó (4) è ãåï-
òàíà ïî ðàñòâîðó (5)
Fig. 4. The influence of temperature on the superficial (1) and
interfacial (2) tensions of Light WaterFS 201 foam generator at
the interface with heptane, superficial heptane tension (3), coef-
ficient of spreading of solution over heptane (4) and of heptane
over solution (5)

Ðèñ. 5. Çàâèñèìîñòü âðåìåíè òóøåíèÿ ïëàìåíè ãåïòàíà (1, 2) è óäåëüíîãî ðàñõîäà (1�, 2�) ïåíîîáðàçîâàòåëÿ “CAPSTONE 1183” (à)
è “Light WaterFS 201” (á) ïðè ïîäà÷å ïåíû íà ãîðÿùóþ ïîâåðõíîñòü (1, 1�) è â ñëîé óãëåâîäîðîäà (2, 2�)

Fig. 5. Functional relationship of the duration of heptane flame extinguishing (1, 2) and specific flow rate (1�, 2�) of the foam generator
CAPSTONE 1183 (a) and Light WaterFS 201 (b) at delivery of foam onto the surface (1, 1�) and into the layer of hydrocarbon (2, 2�)
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çàãðÿçíåíèÿ ïåíû íåôòåïðîäóêòîì. Â ðåçóëüòàòå çà-
ãðÿçíåííàÿ ïåíà ÷àñòè÷íî óòðà÷èâàåò èçîëèðóþùèå
ñâîéñòâà è ðàçðóøàåòñÿ ñ áîëüøåé ñêîðîñòüþ â ïðî-
öåññå ðàñòåêàíèÿ ïî ãîðÿùåé ïîâåðõíîñòè.

Òàêèì îáðàçîì, ïðè ïîäà÷å ïåíû íà ãîðÿùóþ ïî-
âåðõíîñòü ñóùåñòâåííûì ôàêòîðîì ÿâëÿåòñÿ äåé-
ñòâèå òåïëîâîãî ïîòîêà è êîíòàêòíîå ðàçðóøåíèå îò
íàãðåòîãî íåôòåïðîäóêòà, òîãäà êàê ïðè ïîäñëîé-

íîé ïîäà÷å íàáëþäàåòñÿ îñëàáëåííîå âîçäåéñòâèå
ôàêåëà ïëàìåíè è çàãðÿçíÿþùåå äåéñòâèå êîíòàêòà
ñ óãëåâîäîðîäîì â ïðîöåññå ïîäúåìà ïåíû íà ãîðÿ-
ùóþ ïîâåðõíîñòü.

Àíàëèç ïðîöåññà òóøåíèÿ ïëàìåíè íåôòåïðîäóê-
òîâ ïåíîé ïðèâåäåí â ðàáîòàõ [2, 7, 9, 15]. Íîâøåñò-
âîì â àíàëèçå ïðîöåññà òóøåíèÿ, ïðåäñòàâëåííîì â
íàñòîÿùåé ñòàòüå, ñòàëà ïîïûòêà ó÷åñòü ñíèæåíèå
èñïàðåíèÿ ãåïòàíà â ðåçóëüòàòå îõëàæäåíèÿ ïîâåðõ-
íîñòíîãî ñëîÿ íåôòåïðîäóêòà ïîñðåäñòâîì ïîäíè-
ìàþùèõñÿ ïîòîêîâ ïåíû, ïîäàííîé â îñíîâàíèå ðå-
çåðâóàðà. Â ñîîòâåòñòâèè ñ [18–21] ïîòîê ïóçûðåé
âîçäóõà, ïîäàííûé ñ ïåíîé â îñíîâàíèå ðåçåðâóàðà,
óâëåêàåò ââåðõ õîëîäíûå ñëîè ãîðþ÷åé æèäêîñòè.
Ïðè òóøåíèè ïëàìåíè ãåïòàíà è áåíçèíà îõëàæäå-
íèå ïîâåðõíîñòíîãî ñëîÿ äàæå äî êîìíàòíîé òåìïå-
ðàòóðû íå ïðèâîäèò ê ïîòóõàíèþ ïëàìåíè, ïîñêîëü-
êó áåíçèí èìååò òåìïåðàòóðó âñïûøêè ìèíóñ 10 °Ñ.
Â äàííîì ñëó÷àå ïðîèñõîäèò ñíèæåíèå äàâëåíèÿ
ðàâíîâåñíîãî ïàðà è ñêîðîñòè ïîñòóïëåíèÿ ãîðþ÷å-
ãî ïàðà â çîíó ãîðåíèÿ, âñëåäñòâèå ÷åãî âîçíèêàåò
äâà äîïîëíèòåëüíûõ ýôôåêòà — ñíèæåíèå òåìïå-
ðàòóðû ïîâåðõíîñòíîãî ñëîÿ è ñîêðàùåíèå òåïëî-
âîãî ïîòîêà îò ôàêåëà ïëàìåíè. Îáà ôàêòîðà ñêàçû-
âàþòñÿ íà ñíèæåíèè óäåëüíîé ñêîðîñòè òåðìè÷å-
ñêîãî ðàçðóøåíèÿ ïåíû.

Â îáùåì ñëó÷àå ñêîðîñòü èñïàðåíèÿ æèäêîñòè
îïðåäåëÿåòñÿ ñóììîé ìîëüíîãî è äèôôóçèîííîãî
ïîòîêîâ ïàðà. Ñ ïîìîùüþ ôîðìóëû Ñòåôàíà ìîæíî
ïðîàíàëèçèðîâàòü âëèÿíèå îñíîâíûõ ïàðàìåòðîâ,
èçìåíÿþùèõñÿ â ïðîöåññå òóøåíèÿ, íà ñêîðîñòü èñ-
ïàðåíèÿ ãîðþ÷èõ æèäêîñòåé (ÃÆ): òåìïåðàòóðû ïî-
âåðõíîñòè, òåìïåðàòóðû ãàçîâîé ôàçû, òîëùèíû äèô-

Ðèñ. 7. Çàâèñèìîñòü âðåìåíè òóøåíèÿ ïëàìåíè ãåïòàíà (1, 2)
è óäåëüíîãî ðàñõîäà (1�, 2�) ïåíîîáðàçîâàòåëÿ “Øòîðì Ô” ïðè
ïîäà÷å ïåíû íà ãîðÿùóþ ïîâåðõíîñòü (1, 1�) è â ñëîé óãëåâîäî-
ðîäà (2, 2�)
Fig. 7. Functional relationship of the duration of heptane flame
extinguishing (1, 2) and specific flow rate (1�, 2�) of the foam gene-
rator Shtorm F at delivery of foam onto the burning surface (1, 1�)
and into the layer of hydrocarbon (2, 2�)

Ðèñ. 6. Çàâèñèìîñòü âðåìåíè òóøåíèÿ ïëàìåíè ãåïòàíà (1, 2) è óäåëüíîãî ðàñõîäà (1�, 2�) ïåíîîáðàçîâàòåëÿ “Ansulite AFFF” (à) è
“Shtamex AFFF” (á) ïðè ïîäà÷å ïåíû íà ãîðÿùóþ ïîâåðõíîñòü (1, 1�) è â ñëîé óãëåâîäîðîäà (2, 2�)

Fig. 6. Functional relationship of the duration of heptane flame extinguishing (1, 2) and specific flow rate (1�, 2�) of the foam generator
Ansulite AFFF (a) and Shtamex AFFF (b) at delivery of foam onto the burning surface (1, 1�) and into the layer of hydrocarbon (2, 2�)
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ôóçèîííîãî ñëîÿ, ñòðóêòóðû ìîëåêóë ãîðþ÷åãî, êîí-
öåíòðàöèè ïàðîâ æèäêîñòè â îêðóæàþùåé ñðåäå:

u
D

RT

T

T

P P P

P P
m

F
n

a a

a s

0 0

0 0

1� �
�
�

�
�
�

�
��

ln , (1)

ãäå um
0 — óäåëüíàÿ ñêîðîñòü èñïàðåíèÿ, êã/(ì2·ñ);

D0 — êîýôôèöèåíò äèôôóçèè ìîëåêóë ÃÆ â ãà-
çîâîé ôàçå ïðè íîðìàëüíîé òåìïåðàòóðå Ò0, ì2/ñ;
R — óíèâåðñàëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ, ðàâíàÿ
8,314 Äæ/(ìîëü·Ê);
ÒF — òåìïåðàòóðà ãàçîâîé ôàçû, Ê;
n — ïîêàçàòåëü ñòåïåíè, ðàâíûé äëÿ óãëåâîäî-
ðîäîâ ïðèáëèçèòåëüíî äâóì;
Ðà — àòìîñôåðíîå äàâëåíèå, Ïà;
� — òîëùèíà äèôôóçèîííîãî ñëîÿ, ì;
Ð1 — äàâëåíèå ïàðà ÃÆ â îêðóæàþùåé ñðåäå íà
ðàññòîÿíèè � îò ïîâåðõíîñòè, Ïà;
Ðs — äàâëåíèå íàñûùåííîãî ïàðà ÃÆ ïðè òåì-
ïåðàòóðå ïîâåðõíîñòè Òs, Ïà.
Â ñîîòâåòñòâèè ñ ôîðìóëîé Ñòåôàíà ñêîðîñòü âû-

ãîðàíèÿ (èñïàðåíèÿ ïðè ãîðåíèè) áóäåò íàñòîëüêî
âûñîêà, íàñêîëüêî âåëèêî äàâëåíèå ïàðà æèäêîñòè
Ðs è òåìïåðàòóðà â ãàçîâîé ôàçå. Ïðè ãîðåíèè âåëè-
÷èíà Ð1, êàê ïðàâèëî, î÷åíü ìàëà, ïîñêîëüêó èçìå-
ðÿåòñÿ â çîíå ãîðåíèÿ, à òîëùèíà äèôôóçèîííîãî
ñëîÿ èçìåðÿåòñÿ îò ïîâåðõíîñòè ÃÆ äî çîíû ãîðå-
íèÿ. Ïðè ëàìèíàðíîì ãîðåíèè ÃÆ â öèëèíäðè÷å-
ñêèõ ãîðåëêàõ âåëè÷èíà Ð1 ðàâíà âûñîòå ñâîáîäíîãî
áîðòà, à ïðè òóðáóëåíòíîì ãîðåíèè — ôàêòè÷å-
ñêîìó ðàññòîÿíèþ äî ôàêåëà ïëàìåíè. Ñíèæåíèå
äàâëåíèÿ íàñûùåííîãî ïàðà, ïðîèñõîäÿùåå èç-çà
ïîäúåìà îõëàæäåííîé æèäêîñòè, ðàññ÷èòûâàåòñÿ
ïî óðàâíåíèþ Êëàóçèñà-Êëàïåéðîíà:

ln ,
P

P

H

R T T
s

s0 0

1 1
� � ��

�
�

�
�
�

�
(2)

ãäå Ð0 — äàâëåíèå íàñûùåííîãî ïàðà ïðè íîðìàëü-
íîé òåìïåðàòóðå, Ïà;
�Í — òåïëîòà èñïàðåíèÿ ÃÆ, Äæ/êã;
Òs — òåìïåðàòóðà ïîâåðõíîñòè ïðè äàâëåíèè
Ðs, Ê.
Ñíèæåíèå òåìïåðàòóðû ïîâåðõíîñòíîãî ñëîÿ ïðî-

èñõîäèò ïðîïîðöèîíàëüíî âåëè÷èíå ïîòîêà æèäêî-
ñòè, óâëåêàåìîãî ïåíîé. Ðàñõîä ïîòîêà æèäêîñòè qg

(êã/ñ) ïðîïîðöèîíàëåí èíòåíñèâíîñòè ïîäà÷è âîç-
äóøíîé ñòðóè [22, 23]. Â äàííîì ñëó÷àå ïîòîê ïåíû
íèçêîé êðàòíîñòè qF (êã/(ì2·ñ)) îïðåäåëÿåòñÿ èç ôîð-
ìóëû

q qg F
� � 1 3 , (3)

ãäå � — êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè.
Êîëè÷åñòâî òåïëà qo (Äæ), ïîñòóïàþùåå îò ôà-

êåëà ïëàìåíè ê ïîâåðõíîñòè ãîðþ÷åé æèäêîñòè ïëî-
ùàäüþ So (ì2) â ñòàöèîíàðíîì ðåæèìå ãîðåíèÿ, ìîæ-
íî âûðàçèòü ÷åðåç óäåëüíóþ ìàññîâóþ ñêîðîñòü åå

âûãîðàíèÿ �Uì (êã/(ì2·ñ)) è óäåëüíóþ òåïëîòó, íåîá-
õîäèìóþ äëÿ íàãðåâàíèÿ æèäêîñòè äî òåìïåðàòóðû
êèïåíèÿ, Qã (Äæ/êã) [3]:

� �U q Q Sì o ã o( ) . (4)

Òàêèì îáðàçîì,

q U Q So ì ã o� � . (5)

Ó÷èòûâàÿ, ÷òî ïðèìåðíî òàêîå æå êîëè÷åñòâî òåï-
ëà îòâîäèòñÿ íà ïðîãðåâ æèäêîñòè â ãëóáèíó, â ôîð-
ìóëó (5) ââåäåì êîýôôèöèåíò 2 è ïîëó÷èì:

q U Q So ì ã o� �2 . (6)

Ïðèíèìàÿ, ÷òî ïðè÷èíîé ðàçðóøåíèÿ ïåíû ÿâ-
ëÿåòñÿ íàãðåâàíèå âåðõíåãî ñëîÿ ïåííûõ ïóçûðüêîâ
òåïëîâûì ïîòîêîì îò ôàêåëà ïëàìåíè äî òåìïåðà-
òóðû êèïåíèÿ, ïîëó÷èì ôîðìóëó äëÿ îöåíêè óäåëü-
íîé ñêîðîñòè òåðìè÷åñêîãî ðàçðóøåíèÿ ïåíû Uo

(êã/(ì2·ñ)) áåç ó÷åòà ïîíèæåíèÿ òåìïåðàòóðû ïî-
âåðõíîñòíîãî ñëîÿ:

U U Q Qo ì ã â� �6 , (7)

ãäå Qâ — óäåëüíàÿ òåïëîòà, íåîáõîäèìàÿ äëÿ íàãðå-
âà âîäû äî òåìïåðàòóðû êèïåíèÿ, Äæ/êã.
Ïðè ïîäà÷å ïåíû â îñíîâàíèå ðåçåðâóàðà ñêîðîñòü

âûãîðàíèÿ ñíèæàåòñÿ ïî ìåðå óìåíüøåíèÿ òåìïå-
ðàòóðû ïîâåðõíîñòíîãî ñëîÿ â ñîîòâåòñòâèè ñ ôîð-
ìóëàìè (1) è (2). Òåìïåðàòóðà ïîâåðõíîñòíîãî ñëîÿ
ïðè èíòåíñèâíîñòè ïîäà÷è ïåíû, ðàâíîé êðèòè÷å-
ñêîé èëè ïðåâûøàþùåé åå, ðàâíà ïîëîâèíå ñóììû
òåìïåðàòóðû êèïåíèÿ è òåìïåðàòóðû îêðóæàþùåé
ñðåäû: Ò = (Òê + Ò0)/2. Ïðèíèìàÿ, ÷òî ñêîðîñòü âûãî-
ðàíèÿ ïðîïîðöèîíàëüíà òåìïåðàòóðå, è èñïîëüçóÿ
ôîðìóëû (1), (2) è (7), ïîëó÷èì âûðàæåíèå äëÿ ðàñ-
÷åòà óäåëüíîé ñêîðîñòè òåðìè÷åñêîãî ðàçðóøåíèÿ
ïåíû ïðè ÷àñòè÷íîì îõëàæäåíèè ãîðÿùåé ïîâåðõ-
íîñòè, âûçâàííîì ïîäúåìîì õîëîäíîé æèäêîñòè:

U
U Q

Q

T T
o

ì ã

â

ê�
� �6

2
0 . (8)

Ïðè àíàëèçå ìàòåðèàëüíîãî áàëàíñà, ïîëó÷åííî-
ãî â ïðîöåññå òóøåíèÿ ïëàìåíè ïóòåì ïîäà÷è ïåíû
â îñíîâàíèå ðåçåðâóàðà, íåîáõîäèìî èñïîëüçîâàòü
ôîðìóëó äëÿ ðàñ÷åòà óäåëüíîé ñêîðîñòè òåðìè÷å-
ñêîãî ðàçðóøåíèÿ ïåíû (8), à ïðè ïîäà÷å ïåíû íà ãî-
ðÿùóþ ïîâåðõíîñòü — ôîðìóëó (7).

Ìàòåðèàëüíûé áàëàíñ ïåíû ïðè òóøåíèè ïëà-
ìåíè ãåïòàíà ìîæåò áûòü ïðåäñòàâëåí â âèäå:

qd�ò =  So (Uò + Uê) d�ò + �hSo d , (9)
[ïîäàííàÿ [ïîòåðè òåðìè÷åñêèå [íàêîïëåíèå]

ïåíà] è êîíòàêòíûå]

ãäå q — ðàñõîä ïåíû, êã/ñ;
�ò — âðåìÿ òóøåíèÿ, ñ;
Uò — ñðåäíÿÿ óäåëüíàÿ ñêîðîñòü òåðìè÷åñêîãî
ðàçðóøåíèÿ, êã/(ì2·ñ);
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Uê — ñðåäíÿÿ óäåëüíàÿ ñêîðîñòü êîíòàêòíîãî ðàç-
ðóøåíèÿ ïåíû, êã/(ì2·ñ);
� — ñðåäíÿÿ ïëîòíîñòü ïåíû, êã/ì3;
h — ñðåäíÿÿ òîëùèíà ñëîÿ ïåíû, ì;
 — ñòåïåíü ïîêðûòèÿ ãîðÿùåé ïîâåðõíîñòè
ïåíîé.
Èç ìàòåðèàëüíîãî áàëàíñà ìîæåì îïðåäåëèòü âðå-

ìÿ òóøåíèÿ ïëàìåíè îãíåòóøàùèì âåùåñòâîì:

�
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ò
ò ê

o ò ê� �
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�
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h

U U

S U U

q
ln

( )
.1 (10)

Îáîçíà÷èì q�So = J. Ðàçäåëèâ ÷èñëèòåëü è çíà-
ìåíàòåëü âûðàæåíèÿ ïîä ëîãàðèôìîì íà So, ïðîâå-
äåì àíàëèç ôîðìóëû (10). Ïðè ðàâåíñòâå ÷èñëèòåëÿ
è çíàìåíàòåëÿ â âûðàæåíèè ïîä ëîãàðèôìîì âîçíè-
êàåò êðèòè÷åñêàÿ ñèòóàöèÿ, ïîñêîëüêó ëîãàðèôì íóëÿ
ðàâåí áåñêîíå÷íîñòè, ò. å. âðåìÿ òóøåíèÿ ñòàíîâèòñÿ
áåñêîíå÷íî áîëüøèì. Òàêàÿ ñèòóàöèÿ, êîãäà q�Sî '
' Sî (Uò + Uê), íàçûâàåòñÿ êðèòè÷åñêîé, à âûðàæå-
íèå q�Sî = Sî(Uò + Uê) ' Jêð íàçûâàåòñÿ êðèòè÷åñêîé
èíòåíñèâíîñòüþ ïîäà÷è ïåíû. Ôîðìóëó (10) ïðåä-
ñòàâèì â âèäå, óäîáíîì äëÿ äàëüíåéøåãî àíàëèçà
ðåçóëüòàòîâ ýêñïåðèìåíòîâ:
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Ñðåäíÿÿ òîëùèíà ñëîÿ ïåíû îïðåäåëÿåòñÿ ïî-
ëóñóììîé ìèíèìàëüíîé òîëùèíû h0 è òîëùèíîé
ñëîÿ â ìåñòå ïîÿâëåíèÿ (ïàäåíèÿ) ïåíû hq, ïðè÷åì
hq =�Jn. Ïîêàçàòåëü ñòåïåíè íå îïðåäåëåí, íî, ñóäÿ ïî
ýêñïåðèìåíòàì, íàõîäèòñÿ â äèàïàçîíå îò 0,5 äî 1,0.

Äëÿ óäåëüíîãî ðàñõîäà Q = J�ò ïîëó÷èì:
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ln . (12)

Ñîïîñòàâëåíèå ðåçóëüòàòîâ ýêñïåðèìåíòà ñ ðàñ-
÷åòîì ïî ôîðìóëå (12) ïîêàçàëî èõ óäîâëåòâîðè-
òåëüíîå ñîâïàäåíèå, ÷òî óêàçûâàåò íà ïðàâèëüíîñòü
ïðèíÿòîé ìîäåëè òóøåíèÿ ïëàìåíè ËÂÆ è ÃÆ ïå-
íîé èç ïëåíêîîáðàçóþùèõ ïåíîîáðàçîâàòåëåé. Âû-
áîðî÷íàÿ äåìîíñòðàöèÿ ñîïîñòàâëåíèÿ ðåçóëüòàòîâ
ðàñ÷åòà ñ ýêñïåðèìåíòîì ïðåäñòàâëåíà íà ðèñ. 8.

Ñóäÿ ïî óãëó íàêëîíà âîñõîäÿùåé âåòâè êðèâîé
óäåëüíîãî ðàñõîäà íà ðèñ. 8, ïîêàçàòåëü ñòåïåíè n

â ôîðìóëå (12) îêàçàëñÿ ðàâíûì 1. Ïðè ðàñ÷åòàõ,
ñäåëàííûõ äëÿ ïîäñëîéíîãî ñïîñîáà òóøåíèÿ, èñ-
ïîëüçîâàëè ôîðìóëó òåðìè÷åñêîãî ðàçðóøåíèÿ ïåíû
÷àñòè÷íî îõëàæäåííîé, ïåðåìåøàííîé, ãîðÿùåé
æèäêîñòüþ.

Çàêëþ÷åíèå

1. Â ðåçóëüòàòå ñèñòåìàòè÷åñêèõ ýêñïåðèìåíòàëü-
íûõ èññëåäîâàíèé ïðîöåññà òóøåíèÿ ïëàìåíè íåôòå-

ïðîäóêòîâ ïóòåì ïîäà÷è ïåíû íà ãîðÿùóþ ïîâåðõ-
íîñòü è â îñíîâàíèå ðåçåðâóàðà îáíàðóæåíî
íàëè÷èå îáùåé çàêîíîìåðíîñòè çàâèñèìîñòè óäå-
ëüíîãî ðàñõîäà ïåíîîáðàçîâàòåëåé îò èíòåíñèâíî-
ñòè ïîäà÷è ïåíû. Ýòà çàâèñèìîñòü îòîáðàæàåòñÿ â
âèäå êðèâûõ óäåëüíîãî ðàñõîäà ñ íàëè÷èåì ìèíèìó-
ìà íà íèõ ïðè èíòåíñèâíîñòè, ðàâíîé îïòèìàëüíîé.

2. Â ðåçóëüòàòå ýêñïåðèìåíòîâ óñòàíîâëåíû êîíê-
ðåòíûå õàðàêòåðèñòèêè îãíåòóøàùåé ýôôåêòèâíî-
ñòè ïåíû ïðè òóøåíèè ïëàìåíè ãîðþ÷èõ æèäêîñòåé,
âûðàæåííûå êîìïëåêñîì ïîêàçàòåëåé, òàêèõ êàê
êðèòè÷åñêàÿ è îïòèìàëüíàÿ èíòåíñèâíîñòü, à òàêæå
ìèíèìàëüíûé óäåëüíûé ðàñõîä ïåíîîáðàçîâàòåëÿ.

3. Ïðè òóøåíèè ïëàìåíè íåôòåïðîäóêòîâ ïåíîé,
ïîëó÷åííîé èç ïëåíêîîáðàçóþùèõ ïåíîîáðàçîâàòå-
ëåé, îïðåäåëèëè, ÷òî îïòèìàëüíàÿ èíòåíñèâíîñòü è
ìèíèìàëüíûé óäåëüíûé ðàñõîä ïðè ïîäñëîéíîé ïî-
äà÷å ïåíû íà 25–30 % íèæå, ÷åì ïðè ïîäà÷å åå íà ãî-
ðÿùóþ ïîâåðõíîñòü óãëåâîäîðîäà. Ñëåäîâàòåëüíî,
îãíåòóøàùàÿ ýôôåêòèâíîñòü èñïûòàííûõ ïëåíêî-
îáðàçóþùèõ ïåíîîáðàçîâàòåëåé âûøå ïðè ïîäñëîé-
íîì ñïîñîáå òóøåíèÿ ïëàìåíè óãëåâîäîðîäîâ.

4. Ðàçðàáîòàííàÿ ìîäåëü ïðîöåññà òóøåíèÿ ïóòåì
ïîäà÷è ïåíû â îñíîâàíèå ðåçåðâóàðà ó÷èòûâàåò ñíè-
æåíèå òåìïåðàòóðû ãîðÿùåé ïîâåðõíîñòè ïðè ïîäà-

Ðèñ. 8. Çàâèñèìîñòü âðåìåíè òóøåíèÿ ãåïòàíà (1, 2) è óäåëü-
íîãî ðàñõîäà (1�, 2�( ïåíîîáðàçîâàòåëÿ “Light WaterFS 201”
(1�, 2�, 1��, 2��) ïðè ïîäà÷å ïåíû ïîä ñëîé (1, 1�, 1��) è íà ïîâåðõ-
íîñòü ãåïòàíà (2, 2�, 2��): 1, 1�, 2, 2� — ýêñïåðèìåíò; 1��, 2�� —
ðàñ÷åò ïî ôîðìóëå (11)
Fig. 8. Functional relationship of the duration of heptane flame
extinguishing (1, 2) and specific flow rate (1�, 2�( of the foam ge-
nerator Light WaterFS 201 (1�, 2�, 1��, 2��) at delivery of foam onto
the burning surface (1, 1�, 1��) and into the layer of hydrocarbon
(2, 2�, 2��): 1, 1�, 2, 2�— experiment; 1��, 2��— calculation results
based on formula (11)
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÷å ïåíû â ñëîé íåôòåïðîäóêòà. Ðàñ÷åòû ïî âûâåäåí-
íûì ñîîòíîøåíèÿì ïîêàçàëè óäîâëåòâîðèòåëüíîå

ñîâïàäåíèå ìîäåëüíûõ ïðåäñòàâëåíèé ñ ðåçóëüòà-
òàìè ýêñïåðèìåíòîâ.
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ABSTRACT

This paper describes the results obtained during systematic experimental research of the oil product
flame extinguishing process by injecting foam onto the burning surface and to the tank base. As a rule,
the same foam generator, compound, chemical formula and proprietary component ratio are used for
fire extinguishing using subsurface foam injection and and by feeding foam onto the burning surface.
The only way to estimate the foam generator efficiency objectively is carrying out comprehensive
testing during which curves are plotted for superficial and interfacial tension at the interface of water
foam generator solutions with a hydrocarbon. Fluorated foam generators of known brands were used
in the experiments: Ansulite AFFF, Shtamex AFFF, Light WaterFS 201, CAPSTONE 1183 and
Shtorm-F. Hydrocarbon with different flash temperature was used as combustible liquids. As a result
of the conducted experiments, a general regularity was discovered. It is the functional relation
between the specific flow rate of foam generators and foam delivery rate shown using curves,
the specific flow rate being minimum at the optimum delivery rate. The specific foam extinguishing
efficiency characteristics have been determined during combustible liquid flame extinguishing. They
are expressed as a complex of indices: critical and optimum delivery rate, and the minimum specific
flow rate of the foam generator. The experiment results have shown that during oil product flame
extinguishing using film-forming foam generator foam the value of the optimum delivery rate and
minimum specific flow rate in case of subsurface foam injection was lower than during feeding of
the foam onto the burning hydrocarbon surface by 25 to 30 %. Consequently, the extinguishing
efficiency of the tested film-forming foam generators appeared to higher in case of the subsurface
extinguishing method. The difference of indices of foam extinguishing efficiency in case of a parti-
cular feeding method is due to destructive effect of some contributing factors. While foam is only
exposed to flame jet heat flow during the subsurface oil product flame extinguishing, in case of
feeding from above foam is also destroyed as a result of the contact with burning oil product surface.
Based on the obtained data, a model of the process of oil extinguishing by feeding foam to the tank
base was developed. This model takes into consideration decrease of the burning surface temperature
during mixing of homotermal layer when the foam emerges.
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