
ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2017 ÒÎÌ 26 ¹ 370

ÑÐÅÄÑÒÂÀ È ÑÏÎÑÎÁÛ ÒÓØÅÍÈß ÏÎÆÀÐÎÂ

Í. Ï. ÊÎÏÛËÎÂ, ä-ð òåõí. íàóê, ïðîôåññîð, ãëàâíûé íàó÷íûé ñîòðóäíèê,
Âñåðîññèéñêèé íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò ïðîòèâîïîæàðíîé îáîðîíû
Ì×Ñ Ðîññèè (Ðîññèÿ, 143903, Ìîñêîâñêàÿ îáë., ã. Áàëàøèõà, ìêð. ÂÍÈÈÏÎ, 12)

Â. È. ÃÎÐØÊÎÂ, ä-ð òåõí. íàóê, ãëàâíûé íàó÷íûé ñîòðóäíèê, Âñåðîññèéñêèé
íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò ïðîòèâîïîæàðíîé îáîðîíû Ì×Ñ Ðîññèè
(Ðîññèÿ, 143903, Ìîñêîâñêàÿ îáë., ã. Áàëàøèõà, ìêð. ÂÍÈÈÏÎ, 12)

Ñ. Í. ÊÎÏÛËÎÂ, ä-ð òåõí. íàóê, íà÷àëüíèê öåíòðà àâòîìàòè÷åñêèõ óñòàíîâîê
îáíàðóæåíèÿ è òóøåíèÿ ïîæàðîâ, Âñåðîññèéñêèé íàó÷íî-èññëåäîâàòåëüñêèé
èíñòèòóò ïðîòèâîïîæàðíîé îáîðîíû Ì×Ñ Ðîññèè (Ðîññèÿ, 143903, Ìîñêîâñêàÿ îáë.,

ã. Áàëàøèõà, ìêð. ÂÍÈÈÏÎ, 12)

Ä. Â. ÔÅÄÎÒÊÈÍ, êàíä. òåõí. íàóê, çàìåñòèòåëü íà÷àëüíèêà îòäåëà
ñïåöèàëüíûõ èññëåäîâàíèé, Âñåðîññèéñêèé íàó÷íî-èññëåäîâàòåëüñêèé
èíñòèòóò ïðîòèâîïîæàðíîé îáîðîíû Ì×Ñ Ðîññèè (Ðîññèÿ, 143903,

Ìîñêîâñêàÿ îáë., ã. Áàëàøèõà, ìêð. ÂÍÈÈÏÎ, 12; e-mail: fdv982@mail.ru)

ÓÄÊ 614.841.125:614.844.5

ÈÑÑËÅÄÎÂÀÍÈÅ ÒÅÌÏÅÐÀÒÓÐÍÛÕ ÐÅÆÈÌÎÂ
ÒÓØÅÍÈß ÏÎÆÀÐÀ Â ÐÅÇÅÐÂÓÀÐÀÕ ÏÅÍÎÉ

Ðàññìàòðèâàþòñÿ ïðîöåññû, ïðîèñõîäÿùèå ó áîðòà ðåçåðâóàðà âî âðåìÿ òóøåíèÿ ãîðþ÷åé æèä-
êîñòè ïåíîé ïîñëå òîãî, êàê áóëüøàÿ ÷àñòü çåðêàëà æèäêîñòè ïîêðîåòñÿ îãíåòóøàùèì ñëîåì
ïåíû. Ïðèâåäåí àíàëèç äâóõ ñëó÷àåâ, íåîáõîäèìûõ äëÿ òóøåíèÿ îñòàâøèõñÿ î÷àãîâ ãîðåíèÿ
ó áîðòà ðåçåðâóàðà: îõëàæäåíèÿ ñâîáîäíîãî áîðòà ðåçåðâóàðà äî òåìïåðàòóðû, ïðè êîòîðîé
íàãðåòûé ïëàìåíåì áîðò ïåðåñòàåò ñëóæèòü èñòî÷íèêîì çàæèãàíèÿ ïàðîâ òîïëèâà, è ïîíèæå-
íèÿ òåìïåðàòóðû ãîðþ÷åé æèäêîñòè äî òåìïåðàòóðû, ïðè êîòîðîé óæå íå ïðîèñõîäèò âîñïëàìå-
íåíèÿ ãîðþ÷åé ñìåñè. Äëÿ ïåðâîãî ñëó÷àÿ ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü, îïèñûâàþùàÿ
èçìåíåíèå òåìïåðàòóðû ïðè îõëàæäåíèè áîðòà ðåçåðâóàðà â çàâèñèìîñòè îò âðåìåíè, è ïîëó-
÷åíû ñ îïðåäåëåííûìè äîïóùåíèÿìè àíàëèòè÷åñêèå ðåøåíèÿ. Ïðåäëîæåíî âûðàæåíèå, îïðå-
äåëÿþùåå âðåìÿ òóøåíèÿ ãîðþ÷åé æèäêîñòè, ïî êîòîðîìó ñ ó÷åòîì èìåþùèõñÿ ýêñïåðèìåí-
òàëüíûõ äàííûõ ïðåäñòàâëåíû ðàñ÷åòíûå çíà÷åíèÿ êîýôôèöèåíòà òåïëîîòäà÷è. Äëÿ âòîðîãî
ñëó÷àÿ ïîëó÷åíî óðàâíåíèå èçìåíåíèÿ òåìïåðàòóðû áîðòà ðåçåðâóàðà ïðè îõëàæäåíèè âî âðåìÿ
òóøåíèÿ ãîðþ÷åé æèäêîñòè ïåíîé.
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Ïðîáëåìà òóøåíèÿ ïîæàðîâ â ðåçåðâóàðàõ ñ íåô-

òåïðîäóêòàìè ïî-ïðåæíåìó îñòàåòñÿ äîñòàòî÷íî

îñòðîé, íåñìîòðÿ íà áîëåå ÷åì 50-ëåòíþþ èñòîðèþ

ïîïûòîê åå ðåøèòü.

Äëÿ îöåíêè ýôôåêòèâíîñòè òîé èëè èíîé òåõíî-

ëîãèè òóøåíèÿ ïîæàðîâ íåîáõîäèìî ó÷èòûâàòü ðàç-

ëè÷íûå ýôôåêòû, ïðîÿâëÿþùèåñÿ ïðè ãîðåíèè íåô-

òåïðîäóêòîâ â ðåçåðâóàðàõ. Ïðåæäå âñåãî, ê òàêèì

ýôôåêòàì îòíîñèòñÿ âçàèìîäåéñòâèå ïîæàðà ñ àòìî-

ñôåðîé è ïðîãðåâ ñòåíêè ðåçåðâóàðà ïðè ïîæàðå.

Ïðè òóøåíèè ãîðþ÷åé æèäêîñòè â ðåçåðâóàðå ïåíîé,

ïîñëå òîãî êàê áóëüøàÿ ÷àñòü çåðêàëà æèäêîñòè óæå

ïîêðûòà åå îãíåòóøàùèì ñëîåì, íåïîñðåäñòâåííî

ó áîðòà ðåçåðâóàðà òîïëèâî ïðîäîëæàåò ãîðåòü. Ýòîò

äîâîëüíî ñëîæíûé ñëó÷àé ÷àñòî ðåàëèçóåòñÿ íà ïðàê-

òèêå, íî â ëèòåðàòóðå îïèñàí íåäîñòàòî÷íî øèðîêî

[1–3]. Òóøåíèå ýòèõ ïîñëåäíèõ î÷àãîâ ãîðåíèÿ äî-

ñòèãàåòñÿ çà ñ÷åò:

� îõëàæäåíèÿ ñâîáîäíîãî áîðòà ðåçåðâóàðà äî òåì-

ïåðàòóðû, ïðè êîòîðîé íàãðåòûé ïëàìåíåì áîðò

ïåðåñòàåò ñëóæèòü èñòî÷íèêîì çàæèãàíèÿ ïàðîâ

òîïëèâà;
� ïîíèæåíèÿ òåìïåðàòóðû ãîðþ÷åé æèäêîñòè, ðàñ-

ïîëîæåííîé ó áîêîâîé ïîâåðõíîñòè ðåçåðâóàðà,

äî òåìïåðàòóðû, ïðè êîòîðîé óæå íå ïðîèñõîäèò

âîñïëàìåíåíèÿ ãîðþ÷åé ñìåñè, îáðàçóþùåéñÿ

ïðè ñìåøåíèè ïàðîâ òîïëèâà ñ âîçäóõîì.

Ðàññìîòðèì ïåðâûé ñëó÷àé — îõëàæäåíèå ñâî-

áîäíîãî áîðòà ðåçåðâóàðà äî òåìïåðàòóðû, ïðè êî-

òîðîé íàãðåòûé ïëàìåíåì áîðò ïåðåñòàåò ñëóæèòü

èñòî÷íèêîì çàæèãàíèÿ ïàðîâ òîïëèâà.

Áóäåì ñ÷èòàòü, ÷òî ïîñëå ëèêâèäàöèè ïåíîé îñ-

íîâíîãî ôàêåëà ïîæàðà íà÷àëüíàÿ òåìïåðàòóðà áîðòà

ðàâíà òåìïåðàòóðå ïëàìåíè. Îõëàæäåíèå áîðòà ïðî-

èñõîäèò çà ñ÷åò ïåðåäà÷è òåïëà â îêðóæàþùåå ïðî-

ñòðàíñòâî ïî çàêîíó Íüþòîíà. Âñëåäñòâèå ìàëîé
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òîëùèíû ñòåíîê ðåçåðâóàðà è âûñîêîé ïî ñðàâíå-

íèþ ñ âîçäóõîì òåïëîïðîâîäíîñòüþ íå áóäåì ó÷è-

òûâàòü ðàñïðåäåëåíèå òåìïåðàòóðû ïî òîëùèíå è

âûñîòå ñòåíêè. Òîãäà èçìåíåíèå òåìïåðàòóðû ñâî-

áîäíîãî áîðòà ìîæåò áûòü îïèñàíî óðàâíåíèåì

c V T t S T T" �( ) ( ),d d � � � 0 (1)

ãäå ñ, " — òåïëîåìêîñòü è ïëîòíîñòü ìàòåðèàëà ðå-

çåðâóàðà;

V — îáúåì ñâîáîäíîãî áîðòà;

Ò, Ò0 — òåêóùàÿ òåìïåðàòóðà è òåìïåðàòóðà îêðó-

æàþùåé ñðåäû;

t — âðåìÿ;

� — êîýôôèöèåíò òåïëîîòäà÷è;

S — ïëîùàäü îõëàæäåíèÿ.

Íà÷àëüíûì óñëîâèåì çàäà÷è áóäåò

t = 0, Ò = Òí, (2)

ãäå Òí — íà÷àëüíàÿ òåìïåðàòóðà ñâîáîäíîãî áîðòà.

Ïåðåïèøåì óðàâíåíèå (1) â âèäå
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Âû÷èñëèì â (3) îòíîøåíèå S/V ÷åðåç ñðåäíèé ðà-
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ãäå R0, r0 — âíåøíèé è âíóòðåííèé ðàäèóñû ñòåíêè

ðåçåðâóàðà.

Òîãäà ñ ó÷åòîì òîãî, ÷òî ñâîáîäíûé áîðò îõëàæ-

äàåòñÿ ñ äâóõ ñòîðîí, ïëîùàäü îõëàæäåíèÿ

S = 4 Rñð H, (5)

ãäå Í — âûñîòà ñâîáîäíîãî áîðòà.

Îáúåì ñâîáîäíîãî áîðòà ðåçåðâóàðà îïðåäåëèò-

ñÿ âûðàæåíèåì

V = 2 Rñð h H, (6)

ãäå h — òîëùèíà ñòåíêè ðåçåðâóàðà.

Ïîäñòàâèâ (5) è (6) â (3) è ðàçäåëèâ ïåðåìåííûå,

ïîëó÷èì:
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Ïðîèíòåãðèðóåì (7):
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Åñëè â êà÷åñòâå íà÷àëüíîé òåìïåðàòóðû ïðèíÿòü

òåìïåðàòóðó ïëàìåíè Òïë è ïîëîæèòü, ÷òî òóøåíèå

ïëàìåíè ïðîèçîéäåò ïðè òåìïåðàòóðå áîðòà, ðàâíîé

òåìïåðàòóðå âñïûøêè ãîðþ÷åé æèäêîñòè Òâñï, òî

íåîáõîäèìîå âðåìÿ òóøåíèÿ tò îïðåäåëèòñÿ âûðà-

æåíèåì

t
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Èç óðàâíåíèÿ (9) ñëåäóåò, ÷òî ÷åì èíòåíñèâíåå

òåïëîîáìåí (÷åì áîëüøå �), òåì áûñòðåå áóäåò çà-

âåðøåí ïðîöåññ ïîäàâëåíèÿ ïëàìåíè ïåíîé.

Âåëè÷èíó êîýôôèöèåíòà òåïëîîòäà÷è ìîæíî âû-

÷èñëèòü ñ ïîìîùüþ èçâåñòíûõ êðèòåðèàëüíûõ óðàâ-

íåíèé äëÿ áåñêîíå÷íîé ïëàñòèíû ïðè åñòåñòâåííîì

êîíâåêòèâíîì òåïëîîáìåíå. Îäíàêî ñëåäóåò èìåòü

â âèäó, ÷òî äëÿ íàñòîÿùåé çàäà÷è íà ïðîöåññ îòáîðà

òåïëà îò áîðòà ðåçåðâóàðà ìîæåò îêàçûâàòü âëèÿíèå

èñïàðåíèå ñëîÿ ïåíû ïðè êîíòàêòå ñ íàãðåòûì áîð-

òîì. Êðèòåðèàëüíûõ óðàâíåíèé äëÿ ïîäîáíîãî ñëó-

÷àÿ, âåðîÿòíî, íå ñóùåñòâóåò, ïîýòîìó êîýôôèöèåíò

òåïëîîòäà÷è öåëåñîîáðàçíî îïðåäåëÿòü ïî ýêñïåðè-

ìåíòàëüíûì äàííûì èëè íà îñíîâå ýêñïåðèìåíòîâ

ïîïûòàòüñÿ ïîëó÷èòü íåîáõîäèìîå êðèòåðèàëüíîå

óðàâíåíèå.

Â ðàáîòå [4] ïðèâåäåíû ýêñïåðèìåíòàëüíûå

äàííûå ïî ïðîãðåâó áîðòà ðåçåðâóàðà è âðåìåíè òó-

øåíèÿ ïîæàðà ñàìîâñïåíèâàþùåéñÿ ãàçîàýðîçîëå-

íàïîëíåííîé ïåíîé, ïîäàâàåìîé îò óñòàíîâîê èì-

ïóëüñíîãî ïîæàðîòóøåíèÿ. Âðåìÿ ñâîáîäíîãî ãî-

ðåíèÿ â ðåçåðâóàðå (äî íà÷àëà òóøåíèÿ) ñîñòàâëÿëî

íå ìåíåå 3 ìèí. Èñïîëüçóÿ ñïðàâî÷íûå è ýêñïåðè-

ìåíòàëüíûå äàííûå è ïîäñòàâèâ â (9) çíà÷åíèÿ âðå-

ìåíè t = 400 ñ, ïëîòíîñòè ñòàëè " = 7800 êã/ì3, òåï-

ëîåìêîñòè ñòàëè ñ = 0,461+0,673 êÄæ/(êã·Ê), òîëùè-

íû ñòåíêè ðåçåðâóàðà h = 4 ìì, òåêóùåé òåìïåðàòóðû

Ò = 1373 Ê è òåìïåðàòóðû îêðóæàþùåé ñðåäû

Ò0 = 283 Ê, ïîëó÷èì êîýôôèöèåíò òåïëîîòäà÷è

� = 0,34+0,51 Âò/(ì2·Ê).

Ðàññìîòðèì âòîðîé ñëó÷àé — ïîíèæåíèå òåì-

ïåðàòóðû ãîðþ÷åé æèäêîñòè, ðàñïîëîæåííîé ó áî-

êîâîé ïîâåðõíîñòè ðåçåðâóàðà, äî òåìïåðàòóðû, ïðè

êîòîðîé óæå íå ïðîèñõîäèò âîñïëàìåíåíèÿ ãîðþ÷åé

ñìåñè, îáðàçóþùåéñÿ ïðè ñìåøåíèè ïàðîâ òîïëèâà

ñ âîçäóõîì.

Ïðè ðåøåíèè çàäà÷è îá îõëàæäåíèè ðåçåðâóàðà,

êàê è â ïðåäûäóùåì ñëó÷àå, áóäåì ñ÷èòàòü, ÷òî òåïëî-

îáìåí ñ îêðóæàþùåé ñðåäîé ïðîèñõîäèò íåïîñðåä-

ñòâåííî ñ áîêîâîé ïîâåðõíîñòè æèäêîñòè. Ãëóáèíà

îõëàæäåíèÿ ïðåäñòàâëÿåò ñîáîé ñëîé æèäêîñòè, ðàñ-

ïîëîæåííûé íåïîñðåäñòâåííî ó áîðòà ðåçåðâóàðà.

Åãî òîëùèíà çíà÷èòåëüíî ìåíüøå ðàäèóñà ðåçåðâó-

àðà, ïîýòîìó çàäà÷à îõëàæäåíèÿ ðåçåðâóàðà â òåïëî-

âîì îòíîøåíèè ìîæåò áûòü ñâåäåíà ê îõëàæäåíèþ

òåëà íåîãðàíè÷åííûõ ðàçìåðîâ (îäíîðîäíîå òåëî,

îãðàíè÷åííîå áåñêîíå÷íîé ïëîñêîñòüþ õ = 0 è ïðî-

ñòèðàþùååñÿ â áåñêîíå÷íîñòü â ïîëîæèòåëüíîì íà-

ïðàâëåíèè îñè õ) [5]. Ïîñêîëüêó òåïëî â íàïðàâëå-

íèè îñåé ó è z íå ðàñïðîñòðàíÿåòñÿ, ïðîèçâîäíûå ïî

ýòèì êîîðäèíàòàì ðàâíû íóëþ. Ïðè îòñóòñòâèè èñ-

òî÷íèêîâ òåïëà â ðàññìàòðèâàåìîì ïðîñòðàíñòâå

óðàâíåíèå òåïëîïðîâîäíîñòè è óñëîâèÿ îäíîçíà÷-

íîñòè ìîæíî çàïèñàòü â ñëåäóþùåì âèäå:
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2
, (10)

ãäå à — òåìïåðàòóðîïðîâîäíîñòü ãîðþ÷åé æèäêîñòè.

Íà÷àëüíûì óñëîâèåì çàäà÷è áóäåò

Ò = Òí ïðè t = 0. (11)

Íà ãðàíèöå òåëà ïîòîê òåïëà, îòáèðàåìûé â îêðó-

æàþùåå ïðîñòðàíñòâî ïóòåì êîíâåêöèè, ðàâåí ïî-

òîêó òåïëà, ïåðåäàâàåìîãî åìó ïóòåì òåïëîïðîâîä-

íîñòè:

õ = 0, � �
,
,

� �
T

x
T T( ),0 (12)

ãäå � — êîýôôèöèåíò òåïëîïðîâîäíîñòè.

Â ïðîöåññå îõëàæäåíèÿ òåìïåðàòóðà ïîâåðõ-

íîñòè Ts èçìåíÿåòñÿ ñ òå÷åíèåì âðåìåíè, ïîýòîìó

âòîðûì ãðàíè÷íûì óñëîâèåì ìîæíî çàïèñàòü

x = 0, T = Ts. (13)

Ââåäåì âåëè÷èíó -(t), ïðåäñòàâëÿþùóþ ñîáîé

ãëóáèíó îõëàæäàåìîãî ñëîÿ, êîòîðàÿ îáëàäàåò âàæ-

íûì ñâîéñòâîì. Äëÿ âñåõ çíà÷åíèé x > -(t) ìîæíî

ñ÷èòàòü, ÷òî òåìïåðàòóðà òåëà ðàâíà åãî íà÷àëüíîé

òåìïåðàòóðå (Ò = Òí) è òåïëî íå ðàñïðîñòðàíÿåòñÿ

çà ïðåäåëû ïðîãðåòîãî ñëîÿ (, , �T x 0). Ïðè ýòîì

ãëóáèíà ñëîÿ íåïðåðûâíî ìåíÿåòñÿ ñ òå÷åíèåì âðå-

ìåíè.

Ñ ó÷åòîì ýòîãî íåîáõîäèìûìè äëÿ çàäà÷è ãðà-

íè÷íûìè óñëîâèÿìè áóäóò:

x = -, T = Tí; (14)

x = -, , , �T x 0. (15)

Òðóäíîñòè, ñ êîòîðûìè ïðèõîäèòñÿ âñòðå÷àòüñÿ

ïðè íåïîñðåäñòâåííîì èíòåãðèðîâàíèè óðàâíåíèé

ìàòåìàòè÷åñêîé ôèçèêè, à òàêæå ãðîìîçäêîñòü è

ñëîæíîñòü ïîëó÷àåìûõ ïðè ýòîì âûðàæåíèé ïî-

áóæäàþò èñêàòü ïðèáëèæåííûå, áîëåå ïðîñòûå ïóòè

ðåøåíèÿ ýòèõ çàäà÷. Â ñâÿçè ñ ýòèì øèðîêîå ðàñ-

ïðîñòðàíåíèå â ëèòåðàòóðå ïîëó÷èëè ìåòîäû èñ-

ñëåäîâàíèé ôèçè÷åñêèõ ïðîöåññîâ ñ ïîìîùüþ èí-

òåãðàëüíûõ ñîîòíîøåíèé, âûòåêàþùèõ èç àíàëèçà

äèôôåðåíöèàëüíûõ óðàâíåíèé [6–10].

Óìíîæèâ êàæäûé ÷ëåí óðàâíåíèÿ (10) íà dx è

ïðîèíòåãðèðîâàâ åãî â ïðåäåëàõ îò õ = 0 äî õ = -,

ïîëó÷èì óðàâíåíèå, íàçûâàåìîå èíòåãðàëîì òåïëî-

âîãî áàëàíñà [11]:

,
,

�
,

,* *
T

t
x a

T

x
x

0

2

2
0

- -

d d . (16)

Ñîîòâåòñòâóþùåå âûðàæåíèå äëÿ ëåâîé ÷àñòè

óðàâíåíèÿ (10) íàéäåì ñ ïîìîùüþ ïðàâèëà äèôôå-

ðåíöèðîâàíèÿ ïîä çíàêîì èíòåãðàëà, êîãäà ïðåäå-

ëû èíòåãðàëà çàâèñÿò îò âðåìåíè (ïðàâèëî Ëåéáíè-

öà) [12]:

. /

. /

. /

. /
d

d
d d

t
f x t x

f x t

t
x

t

t

t

t

( , )
( , )

�

#

�

#

* *�
,
,

�

� �f t t
t

t
f t t

t

t
[ ), ]

)
[ ), ]

)
.#.

#.
�.

#.d

d

d

d

(17)

Â íàøåì ñëó÷àå âåðõíèé ïðåäåë èíòåãðèðîâàíèÿ

#(t) = -(t) , à íèæíèé — �(t) = 0, ïîýòîìó íà îñíîâà-

íèè óðàâíåíèÿ (17) áóäåì èìåòü:

,
,

� �* *
T

t
x

t
T x t x T t

t
0 0

- -

-
-

d
d

d
d

d

d
( , ) ( , ) . (18)

Ïðîèíòåãðèðóåì ïðàâóþ ÷àñòü óðàâíåíèÿ (10):

,

,
�

,
,

,
,

	


�

�


� �

,
,

�
,

,* *
2

2
0 0

0T

x
x

x

T

x
x

T t

x

T t

x

- - -
d d

( , ) ( , )
. (19)

Ðàâåíñòâî (19) ÿâëÿåòñÿ ìàòåìàòè÷åñêîé ôîðìó-

ëèðîâêîé èíòåãðàëüíîãî òåïëîâîãî áàëàíñà äëÿ ðàñ-

ñìàòðèâàåìîé çàäà÷è.

Ïîäñòàâèâ óðàâíåíèÿ (18) è (19) â (16), ñ ó÷åòîì

ãðàíè÷íîãî óñëîâèÿ (15) ïîëó÷èì:

d

d
d

d

d
í

t
T x t x T

t
a

T t

x
( , )

( , )
.

0

0
- -
* � � �

,
,

(20)

Âûðàæåíèå (20) ñîäåðæèò äâå íåèçâåñòíûå ôóíê-

öèè Ò è -. Ïåðâàÿ ïðåäñòàâëÿåò ñîáîé ðàñïðåäåëå-

íèå òåìïåðàòóðû ïî òîëùèíå îõëàæäàåìîãî ñëîÿ,

âòîðàÿ — èçìåíåíèå òîëùèíû óêàçàííîãî ñëîÿ ñ òå-

÷åíèåì âðåìåíè. Â ñâÿçè ñ ýòèì ïåðâóþ èç íåèçâå-

ñòíûõ ôóíêöèé Ò íåîáõîäèìî çàäàâàòü çàðàíåå.

Îïðåäåëèì ðàñïðåäåëåíèå òåìïåðàòóð âíóòðè

ñëîÿ - â âèäå ïîëèíîìà âòîðîé ñòåïåíè:

T x x� � � � �# # - # -0 1 2
2( ) ( ) . (21)

Êîýôôèöèåíòû ïîëèíîìà (21) #0, #1 è #2 íàéäåì

ñ ïîìîùüþ ãðàíè÷íûõ óñëîâèé (13)–(15). Ïðè ýòîì

âàæíî îòìåòèòü, ÷òî ýòè êîýôôèöèåíòû ÿâëÿþòñÿ

ôóíêöèåé òîëüêî âðåìåíè è íå çàâèñÿò îò êîîðäè-

íàòû.

Èç óñëîâèÿ (14) íàõîäèì, ÷òî

#0 = Tí. (22)

Äèôôåðåíöèðóÿ (21) ïî x, ñ ó÷åòîì (15) ïîëó÷èì:

#1 = 0. (23)

Òîãäà ðàñïðåäåëåíèå òåìïåðàòóðû (21) ìîæíî çà-

ïèñàòü â âèäå óðàâíåíèÿ

T = Tí + #2 (- – x)2. (24)

Ïîäñòàâèâ â (24) óñëîâèå (13), êîýôôèöèåíò ïî-

ëèíîìà #2 îïðåäåëèì â âèäå

#
-

2 2
� �

�T Tsí . (25)
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Òîãäà ðàñïðåäåëåíèå òåìïåðàòóð (24) çàïèøåì

â âèäå ôîðìóëû

T T
T T

xs� �
�

�í
í

-
-

2

2( ) . (26)

Çàäà÷à áóäåò ðåøåíà äî êîíöà, åñëè â âûðàæå-

íèè (26) íàéäåì çàâèñèìîñòü ãëóáèíû îõëàæäåíèÿ

- îò âðåìåíè. Äëÿ ýòîãî âîñïîëüçóåìñÿ óðàâíåíèåì

èíòåãðàëüíîãî áàëàíñà (20), äëÿ ÷åãî âû÷èñëèì êàæ-

äûé åãî ÷ëåí ñ ïîìîùüþ ôîðìóëû (26):

d

d
d

d

d
dí

í

t
T x t x

t
Ò

T T
x xs( , ) ( )

0
2

2

0

- -

-
-* *� �

�
��

��
�
��

�

� �
�

Ò
t t

T Ts
í

íd

d

d

d

- -( )
;

3

(27)

a
T t

x

a
T Ts

,
, -
( , )

( ).
0 2

� � �í (28)

Ïîäñòàâèâ âûðàæåíèÿ (27) è (28) â ðàâåíñòâî (20),

äëÿ òîëùèíû ñëîÿ - ïîëó÷èì äèôôåðåíöèàëüíîå

óðàâíåíèå

d

d
í í[( ) ] ( )

.
T T

t

a T Ts s�
�

�-
-

6
(29)

Èñêëþ÷èì èç óðàâíåíèÿ (29) ðàçíîñòü òåìïåðà-

òóð Òí – Òs ñ ïîìîùüþ ãðàíè÷íîãî óñëîâèÿ (12), çà-

ïèñàâ åãî â âèäå

T T
T T

sí
í� �
�

�
�-
�- �
( )

.0

2
(30)

Ïîäñòàâèâ (30) â (29), ïîëó÷èì äèôôåðåíöèàëü-

íîå óðàâíåíèå ñ ðàçäåëÿþùèìèñÿ ïåðåìåííûìè:

2
2

6
2

-
�-

�- �
-

�
�

	



��

�



�� �

d

dt
a. (31)

Ó÷èòûâàÿ, ÷òî ïðè t = 0 ñëîé îõëàæäåíèÿ åùå

íå íà÷àë ôîðìèðîâàòüñÿ (- = 0), èíòåãðàë ýòîãî óðàâ-

íåíèÿ ìîæíî ïðåäñòàâèòü â âèäå

2 1
2 2

6

0 0

-
�-

�- �/
-

-

�
�

	


�

�


� �* *(

.d dt

t

(32)

Ïîëó÷åííûé èíòåãðàë âûðàæàåòñÿ ÷åðåç ýëåìåí-

òàðíûå ôóíêöèè, íî ïîëó÷àåìîå ïðè ýòîì âûðàæåíèå

ñòîëü ñëîæíî, ÷òî íå ïðåäñòàâëÿåòñÿ âîçìîæíûì

âûâåñòè åãî â âèäå ôóíêöèè - = f (t). Êàê ïîêàçûâàåò

ïðåäâàðèòåëüíàÿ îöåíêà, îòíîøåíèå ïàðàìåòðîâ,

âõîäÿùèõ â óðàâíåíèå (32) â âèäå äðîáè, çíà÷èòåëü-

íî ìåíüøå åäèíèöû. Ïðåíåáðåãàÿ äðîáüþ ïî ñðàâ-

íåíèþ ñ åäèíèöåé è èíòåãðèðóÿ (32), áóäåì èìåòü:

- � 6at . (33)

Çàêîííîñòü òàêîãî ïðèåìà îïðåäåëèì ïðè ñðàâíå-

íèè ïîëó÷åííîãî ïðèáëèæåííîãî ðåøåíèÿ ñ òî÷íûì.

Ïîäñòàâëÿÿ (33) â (30), ïðèáàâëÿÿ è îòíèìàÿ îò

ëåâîé ÷àñòè óðàâíåíèÿ (30) òåìïåðàòóðó îêðóæà-

þùåé ñðåäû Ò0, äëÿ èíòåðåñóþùåé íàñ òåìïåðàòó-

ðû ïîâåðõíîñòè ïîëó÷èì âûðàæåíèå

T T

T T at

s �
�

�
�

0

0

2

6 2í

�

� �
. (34)

Îáîçíà÷èâ
T T

T T
s �
�

0

0í

= 0, (35)

ïîëó÷èì:

0
�

� �
�

�

2

6 2at
. (36)

Òî÷íîå ðåøåíèå ðàññìîòðåííîé çàäà÷è ïðèâå-

äåíî â ðàáîòå [9]:

0
�

�

�
�

�
	



��

�



�� � 	



�

�


�

�
��

�
��

exp .
2

2
1at aterf (37)

Ñðàâíåíèå òî÷íîãî è ïðèáëèæåííîãî ðåøåíèé

ïî ôîðìóëàì (36) è (37) ïðèâåäåíî íà ðèñóíêå.

Âðåìÿ, íåîáõîäèìîå äëÿ îõëàæäåíèÿ áîðòà ðåçåð-

âóàðà, ìîæíî âû÷èñëèòü ñ ïîìîùüþ ôîðìóëû (36):

t
a

�
�1

6

2 1� 0/
�0
(

, (38)

èëè ñ ó÷åòîì (35)

t
a

T T

T T
s

s

�
�
�

1

6

2

0

�
�

( )

( )
.í (39)

Ôîðìóëà (38) ïðîùå, òàê êàê íå òðåáóåò çíàíèÿ

íà÷àëüíîé òåìïåðàòóðû è òåìïåðàòóðû, ïðè êîòî-

ðîé ïðîèñõîäèò òóøåíèå æèäêîñòè. Äîñòàòî÷íî çà-

Ñðàâíåíèå òî÷íîãî è ïðèáëèæåííîãî ðåøåíèé â äèàïàçîíå

0–10 ñ (à) è 0–300 ñ (á): 1 — òî÷íîå ðåøåíèå; 2 — ïðèáëè-

æåííîå ðåøåíèå (à = 10–7; � = 0,1; � = 0,5)



ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2017 ÒÎÌ 26 ¹ 374

ÑÐÅÄÑÒÂÀ È ÑÏÎÑÎÁÛ ÒÓØÅÍÈß ÏÎÆÀÐÎÂ

äàòü íåîáõîäèìûé óðîâåíü ïîíèæåíèÿ òåìïåðàòó-

ðû 0, ÷òîáû ðàññ÷èòàòü ñîîòâåòñòâóþùåå åìó âðåìÿ

îõëàæäåíèÿ.

Ðàñïðåäåëåíèå òåìïåðàòóðû â ñëîå îõëàæäåíèÿ

íà îñíîâàíèè ôîðìóë (26), (30) è (33) ìîæåò áûòü

çàïèñàíî â âèäå

T T
at T T

at

x

at
� �

�

�
�

	



��

�



��í

í�

� �

6

6 2
1

6

0

2
( )

. (40)

Òàêèì îáðàçîì, ïîëó÷åíî óðàâíåíèå èçìåíåíèÿ

òåìïåðàòóðû áîðòà ðåçåðâóàðà ïðè îõëàæäåíèè âî

âðåìÿ òóøåíèÿ ãîðþ÷åé æèäêîñòè ïåíîé. Äàííóþ

çàâèñèìîñòü öåëåñîîáðàçíî èñïîëüçîâàòü äëÿ ñðàâ-

íåíèÿ ñ ýêñïåðèìåíòîì. Ïîëó÷åííîå óðàâíåíèå â

äàëüíåéøåì ìîæåò ïðèìåíÿòüñÿ ïðè ìîäåëèðîâà-

íèè ïðîöåññîâ òóøåíèÿ ðåçåðâóàðîâ è ðàñ÷åòà èí-

òåíñèâíîñòè ïîäà÷è ïåíû.
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ABSTRACT

When fire extinguishing foam is applied for fire suppression of flammable liquid in the tank, after

the most part of the liquid mirror is already covered by a fire extinguishing foam layer, the fuel

continues to burn at the side of the tank. This rather complex case is often implemented in practice, but

it wasn’t fully described in the existing theoretical literature. Extinguishing of these last fire sources

occur in the following two cases:
� cooling of a free side of the tank to a temperature at which the side heated by flame ceases to

serve as a source of ignition of fuel vapors;
� lowering of the temperature of the combustible fluid located at the side surface of the reservoir

to a temperature at which the ignition of the combustible mixture formed by mixing of the fuel

vapor with air can not occur.

The article presents the analysis of the two cases needed to extinguish remaining pockets of

burning at the side of the tank. For the first case (cooling of a free side of the tank to a temperature at

which the side heated by flame ceases to serve as a source of ignition of fuel vapors), the mathematical

model describing the temperature change during the cooling of the sides of the reservoir was

developed. Analytical solutions with certain assumptions were obtained. The expression that defines

the time of extinguishing of flammable liquid was also obtained. The values of heat transfer

coefficient calculated with the usage of the resulting equation together with the available experi-

mental data obtained in the burning tank, are presented in the paper. The values of the heat transfer

coefficient are 0.34+0.51 W·m–2·K–1. For the second case (lowering of the temperature of the com-

bustible fluid to a temperature at which the ignition of the combustible mixture can not occur),

the resulting expression describes changes in temperature of the side of the tank during cooling by fire

extinguishing foam. The expression was derived from the heat equation with a number of assumptions

and the usage of integrating methods of research of physical processes involving integral relations

derived from the analysis of differential equations. The obtained equation of temperature change of

the side of the tank while cooling by fire suppression foam during extinguishing of flammable liquid,

can be later used in the modeling of processes of extinguishing of tanks and in calculating of the flow

rate of the foam.

Keywords: fire fighting; tank; cooling time; temperature; mathematical modeling.
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