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ÍÀ ÒÅÏËÎÈÇÎËßÖÈÞ ÐÅÇÅÐÂÓÀÐÎÂ

Èçó÷åíû óñëîâèÿ, ïðè êîòîðûõ ïîæàð ïðîëèâà ðàçâèâàåòñÿ ïî âåðòèêàëüíûì êîíñòðóêöèÿì öè-
ëèíäðè÷åñêèõ ðåçåðâóàðîâ íåôòè è íåôòåïðîäóêòîâ, äëÿ ÷åãî áûëè ïðîâåäåíû îãíåâûå èñïû-
òàíèÿ è ýêñïåðèìåíòû íà õîëîäíîì ãèäðàâëè÷åñêîì ñòåíäå. Âûïîëíåíî ôèçè÷åñêîå ìîäåëè-
ðîâàíèå àâàðèè è ïîæàðà ïðîëèâà ñ èñïîëüçîâàíèåì ïðîïèòêè òåïëîèçîëÿöèîííîãî ñëîÿ
áåíçèíîì, äèçåëüíûì òîïëèâîì è ìîòîðíûì ìàñëîì. Èçó÷åíî ðàñïðîñòðàíåíèå ïëàìåíè â âåí-
òèëèðóåìîì çàçîðå è òëåíèå ïðè îòñóòñòâèè çàçîðà ìåæäó îáøèâêîé è òåïëîèçîëÿöèîííûì
ñëîåì. Ïîêàçàíî, ÷òî äëÿ âñåõ êîíñòðóêòèâíûõ ðåøåíèé çàôèêñèðîâàí îïðåäåëåííûé òåïëîâîé
ýôôåêò, íî íàèáîëüøóþ îïàñíîñòü ïðåäñòàâëÿåò ñêðûòîå ðàñïðîñòðàíåíèå ãîðåíèÿ. Ïîëó÷åíû
äàííûå äëÿ îöåíêè îñòàòî÷íîãî ñîäåðæàíèÿ íåôòåïðîäóêòîâ â òåïëîèçîëÿöèîííîì ñëîå â çàâè-
ñèìîñòè îò âðåìåíè ïîñëå àâàðèè ïðîëèâà. Ïðåäëîæåíî ýòè äàííûå èñïîëüçîâàòü äëÿ ïðîãíîçà
äëèòåëüíîñòè è èíòåíñèâíîñòè ïîæàðà ïðîëèâà. Âûÿâëåíû ïðèçíàêè ïðîöåññîâ äèñòèëëÿöèè è
ðåêòèôèêàöèè íåôòåïðîäóêòîâ, êîòîðûå ìîãóò ñîïðîâîæäàòü âåðòèêàëüíûé ïîæàð ïðîëèâà è
ñïîñîáñòâîâàòü ðàñïðîñòðàíåíèþ ãîðåíèÿ ëåãêèõ ãàçîîáðàçíûõ ïðîäóêòîâ ââåðõó òåïëîèçîëÿ-
öèîííîãî ñëîÿ, à òàêæå ãîðåíèþ òÿæåëûõ ôðàêöèé â åãî íèæíåé ÷àñòè. Ñäåëàíû âûâîäû î òîì,
÷òî ïðè ñâîåâðåìåííîì ïðåêðàùåíèè àâàðèè ïðîëèâà ïðîöåññ äåñîðáöèè ñóùåñòâåííî ñíèæà-
åò ïîæàðíóþ íàãðóçêó òåïëîèçîëÿöèîííîãî ñëîÿ, îäíàêî äëèòåëüíîå âðåìÿ ñîõðàíÿåòñÿ îïàñ-
íîñòü âîçãîðàíèÿ, îñîáåííî â ñëó÷àå ïðîïèòêè ìèíåðàëüíîé âàòû âÿçêèìè íåôòåïðîäóêòàìè.
Îòìå÷åíî, ÷òî ïîâûøåíèå òåìïåðàòóðû âî âðåìÿ ïîæàðà ïðîëèâà ïðèâîäèò ê óìåíüøåíèþ âÿç-
êîñòè íåôòåïðîäóêòîâ, êîòîðûìè ïðîïèòàíà ìèíåðàëüíàÿ âàòà, â ðåçóëüòàòå ÷åãî óñèëèâàåòñÿ
äåñîðáöèÿ, óñêîðÿåòñÿ èñòå÷åíèå ãîðþ÷åé æèäêîñòè è ñòàíîâèòñÿ áîëåå âåðîÿòíûì ïåðåõîä
âåðòèêàëüíîãî ïîæàðà ïðîëèâà â ãîðèçîíòàëüíûé.
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Ââåäåíèå

Ðåçåðâóàðû, òðóáîïðîâîäû è äðóãóþ àïïàðàòóðó
÷àñòî âûïîëíÿþò ñ òåïëîèçîëÿöèåé èç ìèíåðàëüíîé
âàòû. Ýòîò ìàòåðèàë ïðîèçâîäèòñÿ èç íåîðãàíè÷å-
ñêèõ âîëîêîí ñ ïðîïèòêîé ñâÿçóþùèìè âåùåñòâà-
ìè, îáåñïå÷èâàþùèìè òðåáóåìûå ýêñïëóàòàöèîííûå
ñâîéñòâà, â òîì ÷èñëå ãèäðîôîáíîñòü â îòíîøåíèè
âîäû. Îäíàêî òàêàÿ òåõíîëîãèÿ ñîâåðøåííî íå çà-
ùèùàåò îò ñìà÷èâàíèÿ ìíîãèìè äðóãèìè æèäêî-
ñòÿìè: ìèíåðàëüíàÿ âàòà õîðîøî ñîðáèðóåò íåôòü,
íåôòåïðîäóêòû (ìîòîðíûå òîïëèâà, ìàñëà, ðàñòâî-

ðèòåëè, àíòèôðèçû è ò. ä.). Ïîýòîìó ïîæàðíàÿ îïàñ-
íîñòü ïðîëèâà ãîðþ÷èõ æèäêîñòåé (ÃÆ) íà ñòðîè-
òåëüíûå êîíñòðóêöèè ñ òåïëîèçîëÿöèîííûì ñëîåì
èç ìèíåðàëüíîé âàòû ñâÿçàíà ñ âîçìîæíîñòüþ ñêðû-
òîãî è îòêðûòîãî ðàñïðîñòðàíåíèÿ ãîðåíèÿ [1].

Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ áûëî ðàçâèòèå
óêàçàííîé òåìû â ïëàíå ðàñêðûòèÿ íà÷àëüíûõ óñëî-
âèé, êîíñòðóêòèâíûõ ôàêòîðîâ è çíà÷èìîñòè ñâîéñòâ
íåôòåïðîäóêòîâ â ñëó÷àå âåðòèêàëüíîãî ïîæàðà ïðî-
ëèâà íà òåïëîèçîëÿöèè öèëèíäðè÷åñêèõ ðåçåðâóà-
ðîâ íåôòè è íåôòåïðîäóêòîâ. Äëÿ äîñòèæåíèÿ ïî-
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ñòàâëåííîé öåëè ðåøàëèñü çàäà÷è ìîäåëèðîâàíèÿ
êàê àâàðèè, òàê è ïîæàðà ïðîëèâà.

Îòìåòèì, ÷òî ðåçåðâóàðû è, ñîîòâåòñòâåííî, òåï-
ëîèçîëÿöèîííûé ñëîé ìîãóò èìåòü çíà÷èòåëüíóþ
âûñîòó (îò 6 äî 21 ì ïî ÃÎÑÒ Ð 52910–2008).

Ñöåíàðèè àâàðèé è ïîæàðîâ ïðîëèâà äëÿ ðàñ-
ñìàòðèâàåìûõ îáúåêòîâ íà÷èíàþòñÿ ñ ïåðåëèâà, íà-
ðóøåíèÿ ãåðìåòè÷íîñòè ðåçåðâóàðà, çàäâèæåê, ôëàí-
öåâûõ ñîåäèíåíèé è ïðîïèòêè òåïëîèçîëÿöèè [2].
Äàëüíåéøèå ñîáûòèÿ çàâèñÿò îò óñòðîéñòâà íåñóùåé
ïîäêîíñòðóêöèè, ðàçìåùåíèÿ îáøèâêè îòíîñèòåëü-
íî òåïëîèçîëÿöèîííîãî ìàòåðèàëà, ñâîéñòâ òåïëî-
èçîëÿöèîííîãî ìàòåðèàëà, ñâîéñòâ ãîðþ÷åé æèäêî-
ñòè, äëèòåëüíîñòè ïåðåðûâà ìåæäó ïðîëèâîì è ìî-
ìåíòîì ïîÿâëåíèÿ èñòî÷íèêà çàæèãàíèÿ.

Ñðåäè êîíñòðóêòèâíûõ ðåøåíèé îãðàíè÷èìñÿ
ðàññìîòðåíèåì äâóõ âàðèàíòîâ êðåïëåíèÿ ìåòàëëè-
÷åñêîé îáøèâêè. Ïåðâûé âàðèàíò ïðèìåíÿåòñÿ â
âåíòèëèðóåìûõ ôàñàäíûõ ñèñòåìàõ è ïðåäóñìàòðè-
âàåò çàçîð ìåæäó îáøèâêîé è òåïëîèçîëÿöèîííûì
ìàòåðèàëîì, âòîðîé ïðåäïîëàãàåò òàêîå ðàçìåùåíèå
îáðåøåòêè, ïðè êîòîðîì îáøèâêà êðåïèòñÿ âïëîò-
íóþ ïî òåïëîèçîëÿöèîííîìó ìàòåðèàëó, à ñëîéêà,
ñîñòîÿùàÿ èç ñòåíêè ðåçåðâóàðà, òåïëîèçîëÿöèè è
îáøèâêè, èìååò ñâîéñòâà ñýíäâè÷-ïàíåëè.

Ïðè ìîäåëèðîâàíèè ïðîöåññîâ, ñâÿçàííûõ ñ ïî-
æàðîì ïðîëèâà, óäîáíî èñïîëüçîâàòü ñîäåðæàíèå ÃÆ
â åäèíèöàõ ìàññû íà åäèíèöó îáúåìà òåïëîèçîëÿ-
öèîííîãî ìàòåðèàëà E (êã/ì3):

Emin < E < Emax, (1)

ãäå Emin — ìèíèìàëüíîå ñîäåðæàíèå ãîðþ÷åé æèä-
êîñòè (îñòàòî÷íîå âëàãîñîäåðæàíèå);
Emax — ñîðáöèîííàÿ åìêîñòü òåïëîèçîëÿöèîí-
íîãî ìàòåðèàëà.
Ïîêàçàòåëü E õàðàêòåðèçóåò îäíîâðåìåííî è ïðî-

ïèòêó (ò. å. ðåàëèçàöèþ ñîðáöèîííîé ñïîñîáíîñòè),
è ïîæàðíóþ íàãðóçêó òåïëîèçîëÿöèîííîãî ìàòåðè-
àëà ãîðþ÷åé æèäêîñòüþ.

Â ðàìêàõ íàñòîÿùåé ðàáîòû áóäåì ðàññìàòðè-
âàòü ñî÷åòàíèÿ ðàñïðîñòðàíåííîé ìèíåðàëüíîé âàòû
è åå ïðîïèòêó (ïîæàðíóþ íàãðóçêó) áåíçèíîì, äè-
çåëüíûì òîïëèâîì (ÄÒ) èëè ìîòîðíûì ìàñëîì.

Äëÿ ýòèõ ìîäåëüíûõ ñèñòåì çíà÷åíèÿ Emax ëåãêî
óñòàíîâèòü ìåòîäîì çàòîïëåíèÿ òåïëîèçîëÿöèîí-
íîãî ìàòåðèàëà. Â íîðìàëüíûõ óñëîâèÿõ (ïðè òåì-
ïåðàòóðå 0…25 °Ñ) îíè íàõîäÿòñÿ â ïðåäåëàõ, ïðè-
âåäåííûõ â òàáë. 1.

Ïðè ïðîìûøëåííîé àâàðèè ïîëíîå çàòîïëåíèå
ìèíåðàëüíîé âàòû íàñòóïàåò, êîãäà ðàñõîä ïðîëèâà
ÃÆ Lmax íà ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ òåïëî-
èçîëÿöèîííîãî ñëîÿ F äîñòèãàåò çíà÷åíèé, óêàçàí-
íûõ â òàáë. 1 (Lmax /F). Óâåëè÷åíèå ïëîòíîñòè îðî-
øåíèÿ âûøå ýòèõ çíà÷åíèé ïðèâîäèò ê ïåðåëèâó è
ñòåêàíèþ æèäêîñòè ïî ïîâåðõíîñòè. Îäíàêî ýòîò
ñëó÷àé âûõîäèò çà ðàìêè íàñòîÿùåé ðàáîòû: àâòî-
ðû îãðàíè÷èëèñü èçó÷åíèåì ïðîöåññà ïðîïèòêè ïî-
ñëå ïðåêðàùåíèÿ ïðîëèâà ñ ïëîòíîñòüþ îðîøåíèÿ,
áëèçêîé ê ìàêñèìàëüíîé. Òàêîé ïðîëèâ íåèçáåæíî
ñîïðîâîæäàåòñÿ äåñîðáöèåé è èñòå÷åíèåì æèäêî-
ñòè, ïîñêîëüêó êîíñòðóêòèâíûå ðåøåíèÿ íå ïðåäïî-
ëàãàþò ãåðìåòèçàöèþ òåïëîèçîëÿöèîííîãî ñëîÿ.

Àíàëîãè÷íûå òåìû èññëåäîâàíèé îòíîñÿòñÿ ê
îáëàñòè ãèäðîãåîëîãèè [3], ôèëüòðàöèè æèäêîñòè
÷åðåç òîëñòûå ñëîè îñàäêà è ò. ä., íî íàèáîëåå áëèç-
êèå íàïðàâëåíèÿ ìîæíî íàéòè â ïóáëèêàöèÿõ, ïî-
ñâÿùåííûõ ïðîöåññàì â ìàññîîáìåííûõ àïïàðàòàõ
ñ íåðåãóëÿðíîé íàñàäêîé [4], â èññëåäîâàíèÿõ ïðî-
öåññà ñóøêè [5] è êàïèëëÿðíûõ ÿâëåíèé âçàèìîäåé-
ñòâèÿ æèäêîñòåé ñ òåêñòèëüíûìè (òêàíûìè è íåòêà-
íûìè) ìàòåðèàëàìè [6].

Êàê èçâåñòíî, â ïðåäåëüíîì ðåæèìå îòñóòñòâèÿ
âçàèìîäåéñòâèÿ æèäêîñòè è òåïëîèçîëÿöèîííîãî
ñëîÿ ñêîðîñòü èñòå÷åíèÿ æèäêîñòè V (ì/ñ) îöåíèâà-
åòñÿ àíàëîãè÷íî ñêîðîñòè ñâîáîäíîãî ïàäåíèÿ òåëà
ñ âûñîòû h ïî ôîðìóëå Òîððè÷åëëè:

V gh� � 2 , (2)

ãäå � — êîýôôèöèåíò, ó÷èòûâàþùèé âëèÿíèå ôîð-
ìû è ðàçìåðà èñòåêàþùåãî ïîòîêà;
g — óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, ì/ñ2.
Åñëè ïðèíÿòü, ÷òî âçàèìîäåéñòâèå èñòåêàþùåé

æèäêîñòè è òåïëîèçîëÿöèîííîãî ñëîÿ àíàëîãè÷íî
âçàèìîäåéñòâèþ íåïðåðûâíîãî ïîòîêà è êàïèëëÿ-

Íåôòåïðîäóêò
Oil product

Ïëîòíîñòü �,
êã/ì3

Density �,
kg/m3

Êèíåìàòè÷åñêàÿ âÿçêîñòü �,
ìì2/ñ (ïðè òåìïåðàòóðå, °Ñ)

Kinematic viscosity �, mm2/s
(at temperature, °C)

Emax, êã/ì3 / Emax, kg/m3
Lmax /F,
êã/(c·ì2)
Lmax /F,

kg/(s·m2)
[1]

Äîïîëíåíî â íàñòî-
ÿùåì èññëåäîâàíèè

Added

Áåíçèí / Gasoline 738 0,65 (20) 536…548 555…765 2,5…3,7

Äèçåëüíîå òîïëèâî / Diesel oil 821 2,44 (20) 723…771 736…827 1,9…2,4

Ìîòîðíîå ìàñëî / Motor oil 870 15 (100) – 720…843 0,04…0,06

* Êàæóùàÿñÿ ïëîòíîñòü ìèíåðàëüíîé âàòû �ìâ = 87,4 êã/ì3 / Apparent mineral wool viscosity �mv = 87.4 kg/m3.

Òàáëèöà 1. Ñâîéñòâà íåôòåïðîäóêòîâ, ñîðáöèîííàÿ åìêîñòü è ïëîòíîñòü îðîøåíèÿ ìèíåðàëüíîé âàòû*

Table 1. Properties of oil products, sorptive capacity and density of mineral wool spraying*
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ðà, òî ñêîðîñòü èñòå÷åíèÿ ìîæíî îöåíèòü ïî ôîðìó-
ëå Ïóàçåéëÿ:

V = kh, (3)

ãäå k — êîýôôèöèåíò, ó÷èòûâàþùèé âÿçêîñòü æèä-
êîñòè, ãåîìåòðèþ è ìàòåðèàë êàïèëëÿðà.
Ðåàëüíûå óñëîâèÿ èñòå÷åíèÿ äàëåêè îò óêàçàí-

íûõ. Äåñîðáöèþ òîëüêî â íà÷àëüíûé êîðîòêèé ïå-
ðèîä âðåìåíè è òîëüêî â ïðåäåëüíî ïðîïèòàííîé
ìèíåðàëüíîé âàòå ìîæíî ïðåäñòàâèòü êàê íåïðå-
ðûâíîå è íåðàçðûâíîå èñòå÷åíèå. Ñðàçó ïîñëå ñíè-
æåíèÿ ñîäåðæàíèÿ æèäêîñòè E íèæå ñîðáöèîííîé
åìêîñòè Emax âíóòðè òåïëîèçîëÿöèîííîãî ñëîÿ ïðî-
èñõîäèò ðàçðûâ ñòåêàþùåé æèäêîñòè íà îòäåëüíûå
ïëåíêè, ñòðóè è êàïëè. Íåêîòîðûå èç íèõ óäåðæè-
âàþòñÿ âîëîêíàìè ìàòåðèàëà, à äðóãèå ó÷àñòâóþò â
êîàãóëÿöèè, èç-çà êîòîðîé âåñ îáðàçóþùèõñÿ áîëü-
øèõ àãðåãàòîâ ïðåâûøàåò êàïèëëÿðíûå ñèëû. Ôîð-
ìèðóåòñÿ êàïèëëÿðíî-êàïåëüíûé è ïëåíî÷íî-êàïåëü-
íûé ðåæèìû èñòå÷åíèÿ. Òåïëîèçîëÿöèîííûé ñëîé
çàïîëíÿåòñÿ èñòåêàþùèì ïîòîêîì íå ïîëíîñòüþ,
ïîýòîìó ñêîðîñòü èñòå÷åíèÿ òîëüêî óñëîâíî ìîæíî
ñ÷èòàòü îòíîñèòåëüíî ñâîáîäíîé ïëîùàäè ïîïåðå÷-
íîãî ñå÷åíèÿ. Ëîêàëüíûå ñêîðîñòè ìîãóò ìíîãîêðàò-
íî îòëè÷àòüñÿ îò ñðåäíèõ çíà÷åíèé.

Àíàëîãè÷íûé ïåðåõîä çàòîïëåííîé íåðåãóëÿð-
íîé íàñàäêè â ðàáî÷èé ðåæèì ÿâëÿåòñÿ ñòîõàñòè-
÷åñêèì ïðîöåññîì, çàâèñÿùèì îò ñâîéñòâ íàñàäêè,
ñâîéñòâ æèäêîñòè è òåìïåðàòóðû [4]. Èçó÷åíèå ïðî-
öåññà ñóøêè ïîêàçûâàåò òàêæå, ÷òî îñòàòî÷íîå âëàãî-
ñîäåðæàíèå Emin çàâèñèò îò ñîðáöèîííîé åìêîñòè
Emax, òåìïåðàòóðû è âûñîòû ñîðáåíòà (â íàøåì ñëó-
÷àå — îò âûñîòû ñëîÿ òåïëîèçîëÿöèîííîãî ìàòåðè-
àëà) [5].

Ñ ó÷åòîì èçâåñòíûõ îïóáëèêîâàííûõ ñâåäåíèé
[7–9] ïðàêòè÷åñêóþ öåííîñòü ïðåäñòàâëÿþò íîâûå
äàííûå, êàñàþùèåñÿ êîíêðåòíûõ êîíñòðóêöèé, ìàòå-
ðèàëîâ è âåùåñòâ. Äëÿ ýòîãî òðåáóåòñÿ ïîñòàíîâêà
ýêñïåðèìåíòà ñ óñëîâèÿìè èñòå÷åíèÿ, ïðèáëèæåí-
íûìè ê óñëîâèÿì ïîæàðà ïðîëèâà.

Ãèäðàâëè÷åñêèå èñïûòàíèÿ

Èññëåäîâàíèÿ ïðîâîäèëè íà óñòàíîâêå êîëîííî-
ãî òèïà, ãäå èìåëàñü âîçìîæíîñòü ñìîíòèðîâàòü èç
îáðàçöîâ âåðòèêàëüíóþ ìîäåëü âûñîòîé îò 1 äî 6 ì
(ðèñ. 1,a). Ê íà÷àëó ýêñïåðèìåíòà (ðèñ. 1,á) ñ ïîìî-
ùüþ ëàáîðàòîðíûõ âåñîâ îïðåäåëÿëè ìàññû ñóõèõ
îáðàçöîâ ìèíåðàëüíîé âàòû gi è íà÷àëüíóþ ìàññó
íåôòåïðîäóêòà Fmax.

Ðèñ. 1. Ñõåìà óñòàíîâêè (à) è ðàñ÷åòíûå ñõåìû äî èñïûòàíèÿ (á), â óñòàíîâèâøåìñÿ ðåæèìå îðîøåíèÿ (ïðîëèâà) (â), â ðåæèìå
äåñîðáöèè (ã): 1 — èññëåäóåìàÿ æèäêîñòü (íåôòåïðîäóêò); 2 — íàñîñ; 3 — ðåçåðâóàð; 4 — ëèíèÿ ïîäà÷è; 5 — îðîñèòåëü; 6 —
îáðàçöû ìèíåðàëüíîé âàòû; 7 — èññëåäóåìàÿ æèäêîñòü â ñáîðíèêå; 8 — ñáîðíèê; 9 — ëàáîðàòîðíûå âåñû; Fmax — íà÷àëüíàÿ
ìàññà æèäêîñòè; Fmin — îñòàòîê æèäêîñòè â ðåçåðâóàðå ïîñëå ïîëíîãî çàòîïëåíèÿ îáðàçöîâ, âêëþ÷àÿ îñòàòîê â ëèíèè ïîäà÷è;
L(t) — ðàñõîä æèäêîñòè â ìîìåíò âðåìåíè t; n — ÷èñëî îáðàçöîâ â êîëîííå; gi — ìàññà i-ãî îáðàçöà; Gi(t) — ìàññà æèäêîñòè â
i-ì îáðàçöå â ìîìåíò âðåìåíè t

Fig. 1. Installation diagram (à) and design diagrams before test (b), in the steady spraying mode (spill) (v), in the desorption mode (g):
1 — fluid under testing (petroleum product); 2 — pump; 3 — tank; 4 — supply line; 5 — spraying; 6 — mineral wool samples; 7 — fluid
under testing in the storage; 8 — storage; 9 — laboratory balance; Fmax — fluid initial mass; Fmin — fluid residue in the tank after
complete flooding of samples, including residue in the supply line; L(t) — fluid output in time unit t; n — number of samples in the co-
lumn; gi — mass of i sample; Gi(t) — fluid mass in i sample at time unit t
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Â õîäå ýêñïåðèìåíòà îñóùåñòâëÿëè ïðîëèâ íåô-
òåïðîäóêòà 1, êîòîðûé ïîäàâàëè ñ ïîìîùüþ íàñîñà 2

èç ðåçåðâóàðà 3 ïî ëèíèè 4 ê îðîñèòåëþ 5, óñòàíîâ-
ëåííîìó íà êîëîííå èç îáðàçöîâ 6 (ñì. ðèñ. 1,à).
Ðàñõîä íàñîñà ðåãóëèðîâàëè òàê, ÷òîáû îáåñïå÷èòü
ïîëíîå çàòîïëåíèå îáðàçöîâ ñ ìèíèìàëüíûì ïåðå-
ëèâîì. Îðîøåíèå êîëîííû ïðîâîäèëè äî âûõîäà íà
ñòàöèîíàðíûé ðåæèì, ò. å. äî ïîëíîãî çàòîïëåíèÿ
ìèíåðàëüíîé âàòû è ôîðìèðîâàíèÿ ñòàáèëüíîãî
ïîòîêà èñòå÷åíèÿ L(t0) âíèçó êîëîííû (ðèñ. 1,â). Çà-
òåì îðîøåíèå ïðåêðàùàëè, èçìåðÿëè êîëè÷åñòâî
îñòàòêà æèäêîñòè â ðåçåðâóàðå è ëèíèè îðîøåíèÿ
Fmin, à òàêæå îïðåäåëÿëè ðàñõîä æèäêîñòè, èñòåêà-
þùåé ñíèçó êîëîííû ïî âðåìåíè L(t) (ðèñ. 1,ã). Äëÿ
ýòîãî çà ïåðèîäû âðåìåíè �t îòáèðàëè æèäêîñòü 7

â ñáîðíèê 8 è îïðåäåëÿëè ìàññó ñëèâà ñ ïîìîùüþ
ëàáîðàòîðíûõ âåñîâ 9 (ñì. ðèñ. 1,à). Ïîñëå ïðåêðà-
ùåíèÿ äåñîðáöèè íà ìîìåíò âðåìåíè tmax âçâåøèâà-
íèåì óñòàíàâëèâàëè ìàññó ïðîïèòàííûõ îáðàçöîâ
Bi (tmax) è îñòàòî÷íóþ ìàññó æèäêîñòè â îáðàçöàõ:

Gi (tmax) = Bi (tmax) – gi, i = 1, 2,…, n. (4)

Äëÿ ðàñ÷åòà ìàññû æèäêîñòè â îáðàçöàõ Gi(t)
äëÿ âñåõ ìîìåíòîâ âðåìåíè t â äèàïàçîíå t0 � t �
� tmax(t0 = 0) èñïîëüçîâàëè ñëåäóþùèå óðàâíåíèÿ
ìàòåðèàëüíîãî áàëàíñà:

F F G ti

i

n

max min ( ) ;� �
�
�

1
0 (5)

F F G t L t ti

i

n t

max min ( ) ( ) ;� � � �
�
�

1 0
d (6)

F F G t L t ti

i

n t

max min max( ) ( ) .
max

� � � �
�
�

1 0
d (7)

Â ñèñòåìå (5)–(6) êîëè÷åñòâî èçìåðÿåìûõ ìàòå-
ðèàëüíûõ ïîòîêîâ èçáûòî÷íî îòíîñèòåëüíî ÷èñëà
óðàâíåíèé, ïîýòîìó äëÿ ïðåäîòâðàùåíèÿ ïîòåðè èí-
ôîðìàöèè ðåøåíèå îñóùåñòâëÿëè ìåòîäîì êâàäðà-
òè÷íîãî ïðîãðàììèðîâàíèÿ ñ êîððåêòèðîâêîé, ò. å.
ñ ó÷åòîì ïîïðàâîê, çàâèñÿùèõ îò ðàñïðåäåëåíèé ïî-
ãðåøíîñòåé èçìåðåíèé êîìïîíåíòîâ ìàòåðèàëüíî-
ãî áàëàíñà [10]. Òðåáóåìûå â òàêîì ìåòîäå ñòàòèñòè-
êè ðàñïðåäåëåíèé íàõîäèëè ïóòåì îáðàáîòêè äàí-
íûõ ïîâòîðíûõ ýêñïåðèìåíòîâ.

Îêîí÷àòåëüíîå ðåøåíèå ïîëó÷àëè â âèäå çíà÷å-
íèé ñîäåðæàíèé ãîðþ÷åé æèäêîñòè â åäèíèöå îáú-
åìà ìèíåðàëüíîé âàòû:
� äëÿ ïîëíîãî íàáîðà îáðàçöîâ â êîëîííå:

E t G t gi

i

n

i

i

n

( ) ( ) ;�
� �
� ��ìâ

1 1

(8)

� äëÿ êàæäîãî îáðàçöà â îòäåëüíîñòè:

E t G t gi i i( ) ( ) ,� �ìâ i = 1, 2, …, n. (9)

Ðåçóëüòàòû îáîáùàëè â âèäå ãðàôèêîâ, ïðèìåðû
êîòîðûõ ïîêàçàíû íà ðèñ. 2–4.

Çàìåòèì, ÷òî çàâèñèìîñòè îñòàòî÷íîãî ñîäåðæà-
íèÿ îò âðåìåíè ÿâëÿþòñÿ èíòåãðàëüíûìè õàðàê-
òåðèñòèêàìè, êîòîðûå ïðàêòè÷åñêè âñåãäà ìîíî-
òîííû è õîðîøî ñîâïàäàþò ïðè ïîâòîðåíèè ýêñïå-
ðèìåíòîâ.

Ðàññìàòðèâàÿ ýòè äàííûå, ñëåäóåò îáðàòèòü âíè-
ìàíèå íà ñóùåñòâåííóþ çàâèñèìîñòü õàðàêòåðà èñ-
òå÷åíèÿ èç ìèíåðàëüíîé âàòû îò âÿçêîñòè íåôòå-
ïðîäóêòîâ. Äëÿ ñðàâíåíèÿ âêëàäà ýòîãî ïàðàìåòðà
ãðàôèê íà ðèñ. 2 áûë ñïåöèàëüíî ðàñòÿíóò ïî îñè

Ðèñ. 2. Çàâèñèìîñòü ñîäåðæàíèÿ íåôòåïðîäóêòîâ â ìèíåðàëü-
íîé âàòå îò âðåìåíè äåñîðáöèè ïðè âûñîòå òåïëîèçîëÿöèîí-
íîãî ñëîÿ H = 1 ì
Fig. 2. Dependency of oil products content in mineral wool from
desorption time at heat insulation layer height of H = 1 m

Ðèñ. 3. Çàâèñèìîñòü ñîäåðæàíèÿ äèçåëüíîãî òîïëèâà â ìèíå-
ðàëüíîé âàòå îò âðåìåíè äåñîðáöèè ïðè ðàçëè÷íîé âûñîòå
òåïëîèçîëÿöèîííîãî ñëîÿ: H — âûñîòà êîëîííû èç îáðàçöîâ;
E0 — ñîäåðæàíèå äèçåëüíîãî òîïëèâà â íà÷àëå ýêñïåðèìåíòà
Fig. 3. Dependency of diesel oil content in mineral wool from va-
rious heat insulation layer heights: H — samples column height;
E0 — diesel oil content at the beginning of the experiment
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âðåìåíè. Áëàãîäàðÿ ýòîìó çàìåòíî, ÷òî îñòàòî÷íîå
ñîäåðæàíèå áåíçèíà çà 10 ìèí èñòå÷åíèÿ ìåíüøå
îñòàòî÷íîãî ñîäåðæàíèÿ äèçåëüíîãî òîïëèâà çà 1 ÷
è ìàñëà — çà 3 ÷. Ïîëó÷åííûå çíà÷åíèÿ, êîòîðûå
íå îòðàæåíû íà ãðàôèêå, ïîêàçûâàþò, ÷òî îñòàòî÷-
íîå ñîäåðæàíèå ìîòîðíîãî ìàñëà è çà 10 ÷ èñòå÷å-
íèÿ âûøå îñòàòî÷íîãî ñîäåðæàíèÿ äèçåëüíîãî òîï-
ëèâà çà 1 ÷ èñòå÷åíèÿ.

Âî âðåìÿ âåðòèêàëüíîãî ïîæàðà ïðîëèâà âÿç-
êîñòü íåôòåïðîäóêòîâ çàìåòíî óìåíüøàåòñÿ èç-çà
ïîâûøåíèÿ òåìïåðàòóðû, è ýòî ñëåäóåò ó÷èòûâàòü,
èñïîëüçóÿ çàâèñèìîñòè, ïîëó÷åííûå â èçîòåðìè÷å-
ñêèõ óñëîâèÿõ.

Äðóãîé ôàêòîð èñòå÷åíèÿ — âûñîòà òåïëîèçî-
ëÿöèîííîãî ñëîÿ. Êàê ïîêàçàíî íà ðèñ. 3, óâåëè÷å-
íèþ âûñîòû ñîîòâåòñòâóåò áîëåå ìåäëåííîå óìåíü-
øåíèå îñòàòî÷íîãî ñîäåðæàíèÿ íåôòåïðîäóêòà. Ïðè
îäèíàêîâûõ íà÷àëüíûõ óñëîâèÿõ è âðåìåíè èñòå÷å-
íèÿ ïîæàðíàÿ íàãðóçêà (íàãðóçêà íà åäèíèöó îáú-
åìà) òåïëîèçîëÿöèîííîãî ñëîÿ ïîñëå àâàðèè ïðî-
ëèâà áóäåò âûøå äëÿ òåïëîèçîëÿöèîííîãî ñëîÿ, èìå-
þùåãî áîëüøóþ âûñîòó.

Íà÷àëüíîå ñîäåðæàíèå íåôòåïðîäóêòà â ìèíå-
ðàëüíîé âàòå ÿâëÿåòñÿ âàæíûì óñëîâèåì, åñëè ïî-
æàð ïðîëèâà ñëó÷èëñÿ ñðàçó èëè â êîðîòêèé ïåðèîä
âðåìåíè ïîñëå àâàðèè. Êîãäà èñòå÷åíèå ãîðþ÷åé
æèäêîñòè ïðîäîëæàåòñÿ äî çàâåðøåíèÿ äåñîðáöèè,
ïîæàðíàÿ îïàñíîñòü (îñòàòî÷íîå ñîäåðæàíèå) ìàëî
çàâèñèò îò íà÷àëüíûõ óñëîâèé. Äëÿ ïîäòâåðæäåíèÿ
ýòîãî ñðàâíèâàëè ðàñïðåäåëåíèÿ ãîðþ÷èõ æèäêîñòåé
ïî âûñîòå òåïëîèçîëÿöèîííîãî ñëîÿ ïðè ðàçíîì íà-
÷àëüíîì ñîäåðæàíèè (ñì. ðèñ. 4).

Âàæíî îòìåòèòü, ÷òî çàìåäëåíèå (ïî÷òè ïîëíîå
ïðåêðàùåíèå) äåñîðáöèè íåôòåïðîäóêòîâ èç âåðòè-
êàëüíûõ îáðàçöîâ ìèíåðàëüíîé âàòû ïîçâîëÿåò ñäå-
ëàòü âûâîä î âûñîêîé ïîæàðíîé îïàñíîñòè ïðîïè-
òàííîãî òåïëîèçîëÿöèîííîãî ñëîÿ äàæå òîãäà, êîãäà

ïîñëå àâàðèè ïðîëèâà ïðîøëî çíà÷èòåëüíîå âðåìÿ.
Êðîìå òîãî, ðàññìàòðèâàÿ ïðîôèëè îñòàòî÷íîãî ñî-
äåðæàíèÿ ãîðþ÷èõ æèäêîñòåé (ñì. ðèñ. 4), ñëåäóåò
âûäåëèòü íèæíþþ ÷àñòü âåðòèêàëüíîãî òåïëîèçîëÿ-
öèîííîãî ñëîÿ, ãäå âåñ æèäêîñòè ñêîëü óãîäíî äîëãî
óðàâíîâåøèâàåòñÿ êàïèëëÿðíûìè ñèëàìè, à îñòà-
òî÷íîå ñîäåðæàíèå ñîèçìåðèìî ñ ñîðáöèîííîé åì-
êîñòüþ.

Äàëåå âûñîêàÿ îïàñíîñòü ïîæàðà ïðîëèâà ïðè
âíåñåíèè èñòî÷íèêà çàæèãàíèÿ áûëà ïîäòâåðæäåíà
äàæå äëÿ òåõ ó÷àñòêîâ ïî âûñîòå òåïëîèçîëÿöèîí-
íîãî ñëîÿ èç ìèíåðàëüíîé âàòû, íà êîòîðûõ îñòàòî÷-
íîå ñîäåðæàíèå íåôòåïðîäóêòà áûëî ìèíèìàëüíûì
(Emin � 50 êã/ì3).

Èñïûòàíèÿ íà ïîæàðíóþ îïàñíîñòü

Äëÿ âûáðàííûõ ìîäåëüíûõ ñèñòåì è êîíñòðóêöèé
áûëè ïðîâåäåíû îãíåâûå èñïûòàíèÿ. Ôîòîãðàôèè,
ôèêñèðóþùèå õîä èñïûòàíèé, è ïîëó÷åííûå ïðè
ýòîì òèïè÷íûå ðåçóëüòàòû ïðåäñòàâëåíû íà ðèñ. 5–9.

Ïðè ïîäãîòîâêå èñïûòàíèé âûïîëíÿëè êîíñòðóê-
öèè ñ çàçîðîì S èç âåðòèêàëüíî óñòàíîâëåííûõ ïëî-

Ðèñ. 4. Ïðîôèëè ñîäåðæàíèÿ äèçåëüíîãî òîïëèâà E â ìèíå-
ðàëüíîé âàòå ïî âûñîòå òåïëîèçîëÿöèîííîãî ñëîÿ H ïðè çà-
âåðøåíèè äåñîðáöèè
Fig. 4. Profiles of diesel oil content E in mineral wool with regard
of heat insulation layer height H with the completion of desorption

Ðèñ. 5. Ðàçâèòèå ïîæàðà ïðîëèâà äèçåëüíîãî òîïëèâà â çàçî-
ðå 60 ìì ìåæäó âåðòèêàëüíûì îáðàçöîì ìèíåðàëüíîé âàòû
âûñîòîé 1 ì è ñòàëüíîé îáøèâêîé â ðàçëè÷íûå ìîìåíòû âðå-
ìåíè îò íà÷àëà ïîæàðà (ìèí:ñ) ïðè E = 164 êã/ì3

Fig. 5. Diesel oil spill fire development in the clearance of 60 mm
between vertical sample of mineral wool with height 1 m and
steel shell at different moments from the beginning of fire (min:s)
at E = 164 kg/m3
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ñêèõ îáðàçöîâ ìèíåðàëüíîé âàòû ñ ïàðàëëåëüíûì
ðàñïîëîæåíèåì îáøèâêè íà ðàññòîÿíèè 30, 60, 100
è 200 ìì. Óâåëè÷åííûå (ïðîòèâ ðåàëüíûõ) çíà÷åíèÿ
çàçîðîâ (100 è 200 ìì) èñïîëüçîâàëè äëÿ áîëåå ïîë-
íîãî àíàëèçà çàâèñèìîñòè òåïëîìàññîîáìåííûõ ïðî-
öåññîâ îò ýòîãî êîíñòðóêòèâíîãî ïàðàìåòðà.

Âî âñåõ ñëó÷àÿõ, êîãäà ìèíåðàëüíàÿ âàòà áûëà
ïðîïèòàíà ãîðþ÷åé æèäêîñòüþ, ïîñëå âíåñåíèÿ èñ-
òî÷íèêà çàæèãàíèÿ âîçíèêàëî ïëàìåííîå ãîðåíèå
â çàçîðå ìåæäó òåïëîèçîëÿöèîííûì ñëîåì è îá-
øèâêîé.

Âèäåîðåãèñòðàöèþ ïðîöåññà ãîðåíèÿ â õîäå èñ-
ïûòàíèé îñóùåñòâëÿëè ñ áîêîâîãî òîðöà ìîäåëè (ñì.
ðèñ. 5). Ýêñïåðèìåíòû ïðîâîäèëè, èçìåíÿÿ íà÷àëü-
íîå ñîäåðæàíèå ãîðþ÷èõ æèäêîñòåé E.

Âàæíî îòìåòèòü, ÷òî ïðè áîëüøèõ çíà÷åíèÿõ íà-
÷àëüíîãî ñîäåðæàíèÿ æèäêîñòåé (E > 250 êã/ì3) ñ
ïîâûøåíèåì òåìïåðàòóðû âî âðåìÿ ãîðåíèÿ íàáëþ-
äàëàñü èíòåíñèâíàÿ äåñîðáöèÿ. Âíà÷àëå âíèçó îá-
ðàçöà ìèíåðàëüíîé âàòû ñòåêàëè êàïëè è ñòðóè æèä-
êîñòè, à çàòåì ãîðÿùèå êàïëè. Òàêèì îáðàçîì, âåðòè-
êàëüíûé ïîæàð ïðîëèâà èìåë òåíäåíöèþ ïåðåõîäà
â ãîðèçîíòàëüíûé.

Òåìïåðàòóðû, çàðåãèñòðèðîâàííûå ïî âûñîòå îá-
øèâêè, îêàçàëèñü âî âñåõ ñëó÷àÿõ ïåðåìåííûìè,
óâåëè÷èâàÿñü ñ òå÷åíèåì âðåìåíè â íèæíåé ÷àñòè
ìîäåëè è óìåíüøàÿñü â âåðõíåé (ñì. ðèñ. 6). Ìàêñè-
ìàëüíûå çíà÷åíèÿ òåìïåðàòóð îæèäàåìî âîçðàñòà-
ëè ïðè óâåëè÷åíèè íà÷àëüíîãî ñîäåðæàíèÿ ãîðþ-
÷åé æèäêîñòè è ïðè óìåíüøåíèè çàçîðà (ñì. ðèñ. 7).
Òåì íå ìåíåå è ïðè ìèíèìàëüíîì çàçîðå èç-çà íåäî-
ñòàòêà êèñëîðîäà âîçäóõà òåìïåðàòóðû íå ïðåâû-
øàëè 600 °Ñ, ò. å. íàèáîëüøóþ îïàñíîñòü ïðåäñòàâ-
ëÿë íå òåïëîâîé ýôôåêò, à ñàìî ðàñïðîñòðàíåíèå
ãîðåíèÿ, ñêðûòîå îáøèâêîé.

Èçìåíåíèå ñîäåðæàíèÿ ãîðþ÷åé æèäêîñòè (åå âè-
äèìîå èñòå÷åíèå) ñâÿçûâàåò âåðòèêàëüíûé ïîæàð

Ðèñ. 6. Ïðîôèëè òåìïåðàòóð âåðòèêàëüíîé îáøèâêè, óñòà-
íîâëåííîé ñ çàçîðîì 30 ìì ïî âûñîòå îáðàçöà ìèíåðàëüíîé
âàòû, â ðàçëè÷íûå ìîìåíòû âðåìåíè äëÿ ïîæàðà ïðîëèâà äè-
çåëüíîãî òîïëèâà ïðè íà÷àëüíîì ñîäåðæàíèè ÄÒ â îáðàçöå
328 êã/ì3

Fig. 6. Temperature profiles of the vertical sheet, installed with
the clearance of 30 mm regarding height of mineral wool sample,
at various moments of time for the diesel oil spill fire at initial
content of diesel oil in the sample 328 kg/m3

Ðèñ. 7. Çàâèñèìîñòü ìàêñèìàëüíûõ òåìïåðàòóð îáøèâîê Tmax
âî âðåìÿ ïîæàðîâ ïðîëèâà îò íà÷àëüíîãî ñîäåðæàíèÿ äè-
çåëüíîãî òîïëèâà Å ïðè ðàçëè÷íûõ çàçîðàõ s ìåæäó îáøèâ-
êàìè è âåðòèêàëüíûìè îáðàçöàìè ìèíåðàëüíîé âàòû
Fig. 7. Dependencies of sheet maximum temperatures Tmax
during spill fires from initial content of diesel oil Å for various
values of clearance s between sheets and mineral wool vertical
samples

Ðèñ. 8. Ðàçðåçû îáðàçöîâ ìèíåðàëüíîé âàòû, ïîâðåæäåííûõ
â ðåçóëüòàòå òî÷å÷íîãî îãíåâîãî âîçäåéñòâèÿ íà ñòàëüíóþ
îáøèâêó, óñòàíîâëåííóþ áåç çàçîðà: à, á — îáðàçåö ñ ïðî-
ëèâîì äèçåëüíîãî òîïëèâà ñ ïîñëåäóþùèì òëåíèåì; â, ã —
ñóõîé îáðàçåö áåç ïîñëåäóþùåãî òëåíèÿ
Fig. 8. Sections of mineral wool, damaged as a result of point
fire impact on steel sheet, installed without clearance: a, b —
the sample with diesel oil spill with the following smoldering;
v, g — the dry sample without follow-up smoldering
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ïðîëèâà ñ óñëîâèÿìè ïåðåòîêà ñâåðõó âíèç ïî âåð-
òèêàëüíîìó òåïëîèçîëÿöèîííîìó ñëîþ. Îäíîâðå-
ìåííî âèäèìîå â çàçîðå äâèæåíèå ïàðîãàçîâîé ñìå-
ñè ñíèçó ââåðõ ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî èìååò
ìåñòî è ïðîòèâîòîê æèäêîñòè ñ ãàçîîáðàçíûìè ïðî-
äóêòàìè â òåëå òåïëîèçîëÿöèîííîãî ñëîÿ. Ýòî ïðî-
èñõîäèò ïîòîìó, ÷òî èñòå÷åíèå æèäêîñòè îñâîáîæ-
äàåò ÷àñòü îáúåìà ãàçîïðîíèöàåìîé ìèíåðàëüíîé
âàòû, è îíà âûõîäèò èç ðåæèìà çàõëåáûâàíèÿ. Êðîìå
òîãî, çà ñ÷åò òåïëà, âûäåëÿþùåãîñÿ ïðè ãîðåíèè,
æèäêîñòü èìååò òåìïåðàòóðó êèïåíèÿ.

Òîãäà â òåëå ìèíåðàëüíîé âàòû è íà åå ïîâåðõ-
íîñòè äîëæåí ïðîõîäèòü ìàññîîáìåííûé ïðîöåññ
îáîãàùåíèÿ ïàðîâ ëåãêèìè ôðàêöèÿìè, ñîäåðæàùè-
ìèñÿ â èñõîäíîì íåôòåïðîäóêòå, è ïðîöåññ îáîãà-
ùåíèÿ æèäêîñòè òÿæåëûìè ôðàêöèÿìè, ò. å. òàêîé æå
ïðîöåññ, êàê è ïðè îáû÷íîé ïåðèîäè÷åñêîé ðåêòè-
ôèêàöèè ìíîãîêîìïîíåíòíûõ (íåïðåðûâíûõ) ñìå-

ñåé â íàñàäî÷íîì ìàññîîáìåííîì àïïàðàòå [4]. Çäåñü
åùå ðàç âåðíåìñÿ ê çàðåãèñòðèðîâàííûì ïðîôèëÿì
òåìïåðàòóð (ñì. ðèñ. 6) è îòìåòèì, ÷òî íà çàâåðøà-
þùåé ñòàäèè ïîæàðà ïðîëèâà âî âñåõ ýêñïåðèìåíòàõ
îíè íàïîìèíàëè èçìåíåíèÿ òåìïåðàòóð ïî âûñîòå
ðåêòèôèêàöèîííîãî àïïàðàòà. Ðîëü ãàçîâ (ãàçîîáðàç-
íûõ ïðîäóêòîâ ãîðåíèÿ) â òàêîì ñëó÷àå àíàëîãè÷íà
ðîëè îòïàðèâàþùèõ àãåíòîâ, ñïîñîáñòâóþùèõ èç-
ìåíåíèþ ïàðöèàëüíîãî äàâëåíèÿ ïðè ðåêòèôèêà-
öèè [11].

Óêàçàííûå ïðèçíàêè äèñòèëëÿöèè è äàæå ðåêòè-
ôèêàöèè ïîçâîëÿþò ïðåäïîëîæèòü, ÷òî îáîãàùåíèå
òÿæåëûìè è ëåãêèìè ôðàêöèÿìè ñîîòâåòñòâåííî
æèäêîñòè è ïàðîâ ìîæåò îêàçûâàòü ñóùåñòâåííîå
âëèÿíèå íà ñàì ïðîöåññ ãîðåíèÿ è íà âåðîÿòíîñòü
ðàñïðîñòðàíåíèÿ ïîæàðà, ïîñêîëüêó âûñîòà òåïëî-
èçîëÿöèîííîãî ñëîÿ ðåçåðâóàðîâ ìíîãîêðàòíî ïðå-
âûøàåò åãî òîëùèíó, à ðàññìàòðèâàåìûå íåôòåïðî-
äóêòû ÿâëÿþòñÿ ìíîãîêîìïîíåíòíûìè ñìåñÿìè (øè-
ðîêèìè ôðàêöèÿìè óãëåâîäîðîäíîãî ñûðüÿ).

Òàêèì îáðàçîì, â âåðõíåé ÷àñòè òåïëîèçîëÿöè-
îííîãî ñëîÿ ïîæàð áóäåò ñâÿçàí ñ ãîðåíèåì ãàçîîá-
ðàçíûõ ïðîäóêòîâ, îáîãàùåííûõ ëåãêèìè ôðàêöè-
ÿìè, à â íèæíåé ÷àñòè âûñîêèé òåïëîâîé ýôôåêò
áóäåò îáóñëîâëåí ãîðåíèåì èñòåêàþùåé æèäêîñòè,
îáîãàùåííîé òÿæåëûìè ôðàêöèÿìè.

Ïîñëåäóþùèå èññëåäîâàíèÿ êàñàëèñü êîíñòðóê-
öèé, âûïîëíåííûõ áåç çàçîðà. Îíè âûÿâèëè ïðèí-
öèïèàëüíîå îòëè÷èå èõ îò êîíñòðóêöèé ñ çàçîðîì,
çàêëþ÷àþùååñÿ â òîì, ÷òî âîçäåéñòâèå âíåøíåãî
èñòî÷íèêà çàæèãàíèÿ íå ïðèâîäèëî ê ïëàìåííîìó
ãîðåíèþ.

Â ýêñïåðèìåíòàõ èñïûòûâàëèñü îáðàçöû ìèíå-
ðàëüíîé âàòû ñ îáðåøåòêîé è ïëîòíûì (áåç çàçîðîâ)
ðàñïîëîæåíèåì îáøèâîê, ò. å. îáðàçöû âûïîëíÿëèñü
ïîäîáíî ñýíäâè÷-ïàíåëÿì. Íà÷àëüíîå ñîäåðæàíèå
ÃÆ â òåïëîèçîëÿöèîííîì ñëîå èç ìèíåðàëüíîé âàòû
èìåëî ðàçëè÷íûå çíà÷åíèÿ. Ïðîïèòêó ìèíåðàëüíîé
âàòû íåôòåïðîäóêòàìè îñóùåñòâëÿëè òàê æå, êàê è
ïðè èñïûòàíèè êîíñòðóêöèé ñ çàçîðîì, íî ïðè ýòîì
èñïîëüçîâàëè íå îäíîêðàòíîå çàæèãàíèå, à äëèòåëü-
íîå îãíåâîå âîçäåéñòâèå íà îáøèâêó. Â õîäå èñïû-
òàíèé ðåãèñòðèðîâàëè òåìïåðàòóðó ïî òîëùèíå îá-
ðàçöîâ. Ïîñëå îãíåâîãî âîçäåéñòâèÿ è îõëàæäåíèÿ
ìàòåðèàëîâ èññëåäîâàëè ïîâðåæäåíèÿ òåïëîèçîëÿ-
öèîííîãî ñëîÿ.

Êîíòðîëü òåìïåðàòóð â õîäå èñïûòàíèÿ è âñêðû-
òèå îáðàçöîâ ïîñëå èñïûòàíèÿ âûÿâèëè ïðèçíàêè
ñêðûòîãî ðàñïðîñòðàíåíèÿ ãîðåíèÿ (òëåíèÿ) ïî ìè-
íåðàëüíîé âàòå, ñîäåðæàùåé ãîðþ÷èå æèäêîñòè.

Äëÿ ïðèìåðà íà ðèñ. 8 ñîïîñòàâëåíû ôîòîãðà-
ôèè ðàçðåçîâ îáðàçöîâ, ïîääåðæèâàþùèõ è íå ïîä-
äåðæèâàþùèõ òëåíèå. Èç ðèñóíêà âèäíî, ÷òî ïðè
îäèíàêîâîì îãíåâîì âîçäåéñòâèè ïîâðåæäåíèÿ îá-
ðàçöà, ïðîïèòàííîãî ãîðþ÷åé æèäêîñòüþ, ðàñïðî-

Ðèñ. 9. Èçìåíåíèÿ òåìïåðàòóð T ïî âðåìåíè t â òî÷êàõ óñòà-
íîâêè òåðìîïàð (ÒÏ) íà ðàçíîì ðàññòîÿíèè îò îáøèâîê, óñòà-
íîâëåííûõ áåç çàçîðà, äëÿ âåðòèêàëüíûõ îáðàçöîâ ìèíåðàëü-
íîé âàòû ïðè îãíåâîì âîçäåéñòâèè íà îáøèâêè (t < 52 ìèí) è
ïîñëå âîçäåéñòâèÿ: à — îáðàçåö ñ ïðîëèâîì äèçåëüíîãî òîï-
ëèâà, E = 50,5 êã/ì3; á — ñóõîé îáðàçåö
Fig. 9. Changes of temperatures T with time t in the points of
thermocouple (TP) installation at different distance from sheet,
installed without clearance, for vertical samples of mineral wool
during point fire impact on sheets (t < 52 min) and after impact:
a — sample with diesel oil spill, E = 50.5 kg/m3; b — dry sample
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ñòðàíèëèñü âãëóáü (ñì. ðèñ. 8,à è 8,á), à ñëåä òåïëî-
âîãî âîçäåéñòâèÿ íà ñóõîì îáðàçöå çàìåòíî ìåíüøå
(ñì. ðèñ. 8,â è 8,ã).

Ãðàôèêè òåìïåðàòóð, ïðåäñòàâëåííûå íà ðèñ. 9,
òàêæå ïîäòâåðæäàþò íàëè÷èå òëåíèÿ ïðîïèòàííîé
ìèíåðàëüíîé âàòû. Ïîñëå ïðåêðàùåíèÿ âíåøíåãî
ïîäâîäà òåïëà ýêçîòåðìè÷åñêàÿ ðåàêöèÿ â ïðîïè-
òàííîì îáðàçöå ïðîäîëæàëàñü åùå îêîëî 2 ÷, òîãäà
êàê òåìïåðàòóðà ñóõîãî îáðàçöà ñðàçó íà÷àëà ñíè-
æàòüñÿ.

Ïîñêîëüêó òåìïåðàòóðû ïðè òëåíèè íå ïðåâû-
øàëè 400 °Ñ, íàèáîëüøóþ îïàñíîñòü ïðåäñòàâëÿë
íå òåïëîâîé ýôôåêò, à ñàìî ñêðûòîå ðàñïðîñòðàíå-
íèå ãîðåíèÿ.

Íàãðåâ îáðàçöîâ è çäåñü ñîïðîâîæäàëñÿ âèäè-
ìûì ñíèçó óñèëåíèåì èñòå÷åíèÿ æèäêîñòè è âûõî-
äîì ãàçîîáðàçíûõ ïðîäóêòîâ ñâåðõó. Â ñëó÷àå òåïëî-
èçîëÿöèîííîãî ñëîÿ, ñîáðàííîãî áåç çàçîðîâ, âíóò-
ðè ìèíåðàëüíîé âàòû òàêæå ìîæíî ïðåäïîëîæèòü
íàëè÷èå óñëîâèé äëÿ äèñòèëëÿöèè è äàæå ðåêòèôè-
êàöèè íåôòåïðîäóêòà, ò. å. óñëîâèé ôîðìèðîâàíèÿ
ìàññîîáìåííîãî ïðîöåññà ñ îáîãàùåíèåì æèäêî-
ñòè òÿæåëûìè óãëåâîäîðîäàìè, à ïàðîâ — ëåãêèìè
ôðàêöèÿìè.

Ïîñëåäíåå ïîâûøàåò âåðîÿòíîñòü òðàíñëÿöèè
ïîæàðà, ò. å. âîçìîæíîñòü âîçãîðàíèÿ ïàðîâ ââåðõó
òåïëîèçîëÿöèîííîãî ñëîÿ, òåì áîëåå ÷òî ãîðþ÷åñòü

ãàçîîáðàçíûõ ïðîäóêòîâ, ïîêèäàþùèõ ìèíåðàëü-
íóþ âàòó, áûëà ïîäòâåðæäåíà â õîäå èñïûòàíèé.

Âûâîäû è ðåêîìåíäàöèè

1. Ïðîïèòêà òåïëîèçîëÿöèîííîãî ñëîÿ ÿâëÿåòñÿ
äîìèíèðóþùèì ôàêòîðîì ïîæàðíîé îïàñíîñòè êîí-
ñòðóêöèé òåïëîèçîëÿöèè ðåçåðâóàðîâ íåçàâèñèìî îò
ñïîñîáà êðåïëåíèÿ îáøèâêè (ñ çàçîðîì, áåç çàçîðà).

2. Ïðè ñâîåâðåìåííîì ïðåêðàùåíèè àâàðèè ïðî-
ëèâà ïðîöåññ äåñîðáöèè ñóùåñòâåííî ñíèæàåò ïî-
æàðíóþ íàãðóçêó òåïëîèçîëÿöèîííîãî ñëîÿ, îäíàêî
äëèòåëüíîå âðåìÿ ñîõðàíÿåòñÿ îïàñíîñòü âîçãîðà-
íèÿ, îñîáåííî â ñëó÷àå ïðîïèòêè ìèíåðàëüíîé âàòû
âÿçêèìè íåôòåïðîäóêòàìè.

3. Ïîâûøåíèå òåìïåðàòóðû âî âðåìÿ ïîæàðà
ïðîëèâà ïðèâîäèò ê óìåíüøåíèþ âÿçêîñòè íåôòå-
ïðîäóêòîâ, êîòîðûìè ïðîïèòàíà ìèíåðàëüíàÿ âàòà,
â ðåçóëüòàòå ÷åãî óñèëèâàåòñÿ äåñîðáöèÿ, óñêîðÿåò-
ñÿ èñòå÷åíèå ãîðþ÷åé æèäêîñòè è ñòàíîâèòñÿ áîëåå
âåðîÿòíûì ïåðåõîä âåðòèêàëüíîãî ïîæàðà ïðîëèâà
â ãîðèçîíòàëüíûé.

4. Çàñëóæèâàåò âíèìàíèÿ è èçó÷åíèÿ ïðîöåññ,
ñîïðîâîæäàþùèé âåðòèêàëüíûé ïîæàð ïðîëèâà è
èìåþùèé ïðèçíàêè äèñòèëëÿöèè èëè ðåêòèôèêàöèè,
ò. å. ïðîöåññ îáîãàùåíèÿ òÿæåëûìè ôðàêöèÿìè èñ-
òåêàþùåé æèäêîñòè è ëåãêèìè ôðàêöèÿìè ãàçîîá-
ðàçíûõ ïðîäóêòîâ.
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ABSTRACT

Tanks, pipelines and other items are often made using heat insulation from mineral wool, which
is made of non-organic fibers and binding to provide operational properties, including hydrophobic
property related to water. However this technology does not protect from wetting by many other fluids
and mineral is good in absorbing oil, petroleum products (motor oils, lubricants, solvents, anti-freezes
etc.). This is why fire safety of combustible fluids spill on building structures with heat insulating
layer from mineral wool is connected with possible fire spreading.

In order to study conditions under which spill fire is developed along vertical structures of
cylindrical oil and oil products tanks, fire tests and experiments were conducted on cold hydraulic rig.
For physical modeling of the accident and spill fire, heat insulating layer gasoline and motor oil dip
were used. Depending on the location of tank shell relative to heat insulating layer, fire propagation in
the ventilated gap and smoldering without gap were studied. For all constructive solutions a certain
heat effect was observed, but it has been indicated that concealed burning propagation is the ultimate
danger. Data for the evaluation of the residual content of petroleum products in the heat insulating
layer depending on the time after spill fire accident was obtained, this data is suggested to be used to
forecast duration and intensity of spill fire. Factors characterizing product viscosity of petroleum
product and dependence of viscosity from temperature were referred to as dominant. Signs of petro-
leum products distillation and rectification processes, which may accompany vertical spill fire and
facilitate to the propagation of combustion of gaseous products in the top of heat insulating layer as
well as combustion of heavy fractions in its lower part. Conclusions were drawn that with timely
cessation of spill accident, desorption process significantly reduces fire load on heat insulating layer,
but ignition hazard is present for a long time, especially in the cases when mineral wool is impregnated
with viscous oil products. It was also noted, that increase in temperature during spill fire leads to
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the decrease in oil products viscosity, with which mineral wool is impregnated, and as a result
desorption is enhanced, leakage of flammable liquid speeds up and transition of vertical spill fire into
horizontal becomes more probable.

Keywords: spill fire; tank; heat insulation; mineral wool; fire hazard; smoldering; propagation of
combustion; impregnation; petroleum products; fire tests; distillation; rectification; hydraulic tests;
sorption; desorption; outflow; sorption tank; combustible liquid content; fire load.
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