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Ââåäåíèå

Âîïðîñ òî÷íîñòè è íàäåæíîñòè ìåòîäà ðàñ÷åòà òåï-
ëîìàññîîáìåíà ÿâëÿåòñÿ êëþ÷åâûì â îáåñïå÷åíèè
áåçîïàñíîñòè ëþäåé, ïðè âûáîðå ïàðàìåòðîâ è ìåñò
ðàçìåùåíèÿ äåòåêòîðîâ ñèñòåì ïîæàðîâçðûâîáåç-
îïàñíîñòè, à òàêæå ïðè ïðîâåäåíèè ýôôåêòèâíûõ
ïðîòèâîïîæàðíûõ ìåðîïðèÿòèé.

Ñêîðîñòü îïóñêàíèÿ ïðèïîòîëî÷íîãî íàãðåòîãî
çàäûìëåííîãî ãàçîâîãî ñëîÿ â âûñîêèõ ïîìåùåíèÿõ
(àòðèóìàõ, êèíîòåàòðàõ è ò. ä.) îïðåäåëÿåòñÿ, â ïåð-
âóþ î÷åðåäü, ìàññîâûì ðàñõîäîì ãàçîâîé ñìåñè, ïî-
ñòóïàþùåé â âûøåóêàçàííûé ñëîé èç êîíâåêòèâíîé
êîëîíêè, îáðàçóþùåéñÿ íàä èñòî÷íèêîì ãîðåíèÿ.

Ïðè èñïîëüçîâàíèè çîííîé ìàòåìàòè÷åñêîé ìî-
äåëè ðàñ÷åòà òåðìîãàçîäèíàìèêè ïîæàðà â êà÷åñòâå
îñíîâíîãî äîïóùåíèÿ ïðèíèìàåòñÿ, ÷òî êîíâåêòèâ-
íàÿ êîëîíêà íàä èñòî÷íèêîì ãîðåíèÿ ïðåäñòàâëÿ-
åò ñîáîé íåîãðàíè÷åííóþ ñâîáîäíî-êîíâåêòèâíóþ
ñòðóþ [1]. Îäíàêî, êàê ïîêàçàíî â ðàáîòàõ [2–4], âëè-
ÿíèå íà ôîðìó êîëîíêè ïåðåêðûòèÿ è ñòåí ïîìåùå-
íèÿ ñóùåñòâåííî è òðåáóåò ïðîâåäåíèÿ äàëüíåéøèõ
èññëåäîâàíèé. Â ñâÿçè ñ ýòèì óòî÷íåíèå çîííîé ìî-
äåëè ñ ó÷åòîì ôîðìû êîíâåêòèâíîé êîëîíêè, îáðà-

çóþùåéñÿ íàä èñòî÷íèêîì ãîðåíèÿ è ïîäâåðæåííîé
âëèÿíèþ îãðàæäàþùèõ êîíñòðóêöèé ïîìåùåíèÿ, ÿâ-
ëÿåòñÿ àêòóàëüíîé íàó÷íîé è ïðàêòè÷åñêîé çàäà÷åé.

Â ðàáîòàõ [2–4] èññëåäîâàíèå óãëà ðàñêðûòèÿ è
ôîðìû êîíâåêòèâíîé êîëîíêè âûïîëíåíî íà îñíîâå
ïðîâåäåíèÿ ÷èñëåííûõ ýêñïåðèìåíòîâ ñ èñïîëüçî-
âàíèåì òðåõìåðíîé ïîëåâîé ìîäåëè ðàñ÷åòà òåðìî-
ãàçîäèíàìèêè ïîæàðà [5]. Â äàííîé ñòàòüå òåîðåòè-
÷åñêàÿ ìîäåëü ïîäòâåðæäàåòñÿ ðåçóëüòàòàìè íàòóð-
íûõ ýêñïåðèìåíòîâ.

Çîííàÿ ìîäåëü ðàñ÷åòà
òåïëîìàññîîáìåíà ïðè ïîæàðå

Èñïîëüçóåòñÿ òðåõçîííàÿ ìîäåëü, â êîòîðîé îáúåì
ïîìåùåíèÿ ðàçáèò íà òðè çîíû — êîíâåêòèâíóþ êî-
ëîíêó, ïðèïîòîëî÷íûé ñëîé è ñëîé õîëîäíîãî âîç-
äóõà [1].

Ïðèíöèïèàëüíàÿ ñõåìà òåïëîìàññîîáìåíà â ïî-
ìåùåíèè äëÿ òðåõçîííîé ìîäåëè ïðèâåäåíà íà ðèñ. 1,
íà êîòîðîì ñòðåëêàìè ïîêàçàíû íàïðàâëåíèÿ òå÷å-
íèÿ ãàçîâîé ñìåñè è òåïëîâûõ ïîòîêîâ.

Âûñîòà íèæíåé ãðàíèöû ïðèïîòîëî÷íîãî ñëîÿ ñ
ó÷åòîì òîãî, ÷òî ñèñòåìû äûìîóäàëåíèÿ è ïðèòî÷-
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íîé âåíòèëÿöèè îòêëþ÷åíû è â çîíå ïðèïîòîëî÷íî-
ãî ñëîÿ íåò îòêðûòûõ ïðîåìîâ, íàõîäèòñÿ èç ðåøå-
íèÿ îáûêíîâåííîãî äèôôåðåíöèàëüíîãî óðàâíåíèÿ,
ïîëó÷åííîãî èç çàêîíà ñîõðàíåíèÿ ýíåðãèè äëÿ ïðè-
ïîòîëî÷íîãî ñëîÿ:
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ãäå zk — âûñîòà íèæíåé ãðàíèöû ïðèïîòîëî÷íîãî
ñëîÿ, ì;
� — âðåìÿ, ñ;
Gk — ìàññîâûé ðàñõîä ãàçîâîé ñìåñè, ïîñòóïà-
þùåé èç êîíâåêòèâíîé êîëîíêè â ïðèïîòîëî÷-
íóþ çîíó, êã�ñ;
�0 — íà÷àëüíàÿ ïëîòíîñòü íàðóæíîãî âîçäóõà
â ïîìåùåíèè, êã�ì3;
Fï — ïëîùàäü ïîòîëêà, ì2;
Qïîæ — òåïëîâàÿ ìîùíîñòü, âûäåëÿþùàÿñÿ â î÷à-
ãå ãîðåíèÿ, Âò;

� — êîýôôèöèåíò òåïëîïîòåðü; � = (Qw1 + Qw2 +
+ Qc + Qf + Qïð)�Qïîæ (ñì. ðèñ. 1);
ñð — óäåëüíàÿ èçîáàðíàÿ òåïëîåìêîñòü ãàçà (ïðè-
íèìàåòñÿ, ÷òî óäåëüíûå èçîáàðíûå òåïëîåìêîñòè
âîçäóõà è ñìåñè ïðîäóêòîâ ãîðåíèÿ è âîçäóõà
ðàâíû [1]), Äæ�(êã·Ê);
Ò0 — íà÷àëüíàÿ òåìïåðàòóðà âîçäóõà â ïîìåùå-
íèè, Ê.
Íà÷àëüíîå óñëîâèå (ïðè � = 0) èìååò âèä: zk = h

(ãäå h — âûñîòà ïîìåùåíèÿ, ì).
Óðàâíåíèå (1) ðåøàåòñÿ ÷èñëåííûì ìåòîäîì Ðóí-

ãå – Êóòòà 4-ãî ïîðÿäêà òî÷íîñòè.
Ñðåäíåîáúåìíûå òåìïåðàòóðà Ò2 (Ê) è ïëîòíîñòü

�2 (êã�ì3) â ïðèïîòîëî÷íîì ñëîå íàõîäÿòñÿ èç ðåøå-
íèÿ äèôôåðåíöèàëüíîãî óðàâíåíèÿ çàêîíà ñîõðàíå-
íèÿ ìàññû ïðèïîòîëî÷íîãî ñëîÿ è óðàâíåíèÿ ñîñòî-
ÿíèÿ èäåàëüíîãî ãàçà ñîîòâåòñòâåííî:
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ãäå V2 — îáúåì çîíû ïðèïîòîëî÷íîãî ñëîÿ, ì3;
ð2 — äàâëåíèå â çîíå ïðèïîòîëî÷íîãî ñëîÿ, Ïà;
ð0 — äàâëåíèå íàðóæíîãî âîçäóõà ïðè z = 0, Ïà;
R — ãàçîâàÿ ïîñòîÿííàÿ (ïðèíèìàåòñÿ, ÷òî ãàçî-
âûå ïîñòîÿííûå âîçäóõà è ñìåñè ïðîäóêòîâ ãîðå-
íèÿ è âîçäóõà ðàâíû [1]), Äæ�(êã·Ê).
Ñõåìà òåïëîâîãî áàëàíñà â ýëåìåíòàðíîì îáúåìå

êîíâåêòèâíîé êîëîíêè ïðåäñòàâëåíà íà ðèñ. 2.
Ïîëó÷èì óðàâíåíèå äëÿ ðàñ÷åòà ðàñïðåäåëåíèÿ

ìàññîâîãî ðàñõîäà ñìåñè ïðîäóêòîâ ãàçèôèêàöèè,
ãîðåíèÿ è âîçäóõà ïî âûñîòå êîíâåêòèâíîé êîëîíêè
ñ èñïîëüçîâàíèåì óðàâíåíèé çàêîíîâ ñîõðàíåíèÿ

Ðèñ. 1. Ñõåìà ðàñ÷åòà òåïëîìàññîîáìåíà â ïîìåùåíèè: 1 —
ñòåíû; 2 — ñèñòåìà ïðèòî÷íîé âåíòèëÿöèè; 3 — ñèñòåìà äû-
ìîóäàëåíèÿ; 4 — ïåðåêðûòèå; 5 — íåéòðàëüíàÿ ïëîñêîñòü
(íèæíÿÿ ãðàíèöà ïðèïîòîëî÷íîãî ñëîÿ); 6 — îòêðûòûé ïðî-
åì; 7 — âûñîòà ïëàìåííîé çîíû; 8 — òî÷å÷íûé “ôèêòèâ-
íûé” èñòî÷íèê òåïëîòû; 9 — ãîðþ÷èé ìàòåðèàë; I — çîíà
êîíâåêòèâíîé êîëîíêè; II — çîíà íàãðåòîãî çàäûìëåííîãî
ïðèïîòîëî÷íîãî ñëîÿ; III — çîíà õîëîäíîãî âîçäóõà; �ã —
ìàññîâàÿ ñêîðîñòü ãàçèôèêàöèè ãîðþ÷åãî ìàòåðèàëà, êã�ñ;
Ga, Gm — ìàññîâûé ðàñõîä ñîîòâåòñòâåííî ïîñòóïàþùåãî
âîçäóõà è èñòåêàþùèõ íàðóæó ãàçîâ ïðè åñòåñòâåííîì ãàçî-
îáìåíå ÷åðåç îòêðûòûå ïðîåìû, êã�ñ; Wm, Wà — îáúåìíûé
ðàñõîä ñîîòâåòñòâåííî ñèñòåìû äûìîóäàëåíèÿ è ïðèòî÷íîé
âåíòèëÿöèè, ì3�ñ; Qïð — âåëè÷èíà òåïëîâîãî ïîòîêà, èçëó÷à-
åìîãî ÷åðåç îòêðûòûå ïðîåìû íàðóæó, Âò; Qc, Qw1, Qw2, Qf —
âåëè÷èíà ñóììàðíûõ (êîíâåêöèÿ è èçëó÷åíèå) òåïëîâûõ ïî-
òîêîâ, ïîñòóïàþùèõ â ïîòîëîê, ñòåíû (íèæå è âûøå íèæíåé
ãðàíèöû ïðèïîòîëî÷íîãî ñëîÿ) è ïîë, Âò

Ðèñ. 2. Ñõåìà òåïëîìàññîîáìåíà â ýëåìåíòàðíîì îáúåìå êîí-
âåêòèâíîé êîëîíêè: 1 — ãîðþ÷èé ìàòåðèàë; 2 — îáëàñòü òåï-
ëîâûäåëåíèÿ; z0 — ðàññòîÿíèå îò ôèêòèâíîãî èñòî÷íèêà òåï-
ëà äî ïîâåðõíîñòè ãîðþ÷åãî ìàòåðèàëà, ì
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ýíåðãèè è èìïóëüñà â “êâàçèîäíîìåðíîì” ïðèáëè-
æåíèè.

Óðàâíåíèå çàêîíà ñîõðàíåíèÿ ýíåðãèè ñìåñè ãà-
çîâ è äûìà, íàõîäÿùåéñÿ âíóòðè êîíòðîëüíîãî îáú-
åìà âûñîòîé dz êîíâåêòèâíîé êîëîíêè, âíóòðè îá-
ëàñòè òåïëîâûäåëåíèÿ (ïëàìåííîé çîíû) ñîãëàñíî
ðèñ. 2 èìååò âèä:
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ãäå G — ìàññîâûé ðàñõîä ãàçîâ ÷åðåç ïîïåðå÷íîå ñå-
÷åíèå êîëîíêè, îòñòîÿùåå ïî âûñîòå îò ïîâåðõ-
íîñòè ãîðåíèÿ íà ðàññòîÿíèå z, êã�ñ;
T — ñðåäíÿÿ òåìïåðàòóðà â ñå÷åíèè êîíâåêòèâ-
íîé êîëîíêè, Ê;
� — äîëÿ îò âûäåëèâøåéñÿ â î÷àãå ãîðåíèÿ òåï-
ëîâîé ìîùíîñòè, ïðèõîäÿùàÿñÿ íà òåïëîâîé ïî-
òîê, ïîñòóïàþùèé â îãðàæäåíèÿ èç çîíû êîíâåê-
òèâíîé êîëîíêè;
zïë — âûñîòà ïëàìåííîé çîíû, ì.
Ïðè ýòîì ïðè âûâîäå óðàâíåíèÿ (4) ïðèíèìàåì,

÷òî ìîùíîñòü òåïëîâûäåëåíèÿ ðàñïðåäåëåíà ðàâíî-
ìåðíî îò ïîâåðõíîñòè ãîðþ÷åãî ìàòåðèàëà äî âåðõ-
íåé ãðàíèöû ïëàìåííîé çîíû.

Óðàâíåíèå çàêîíà ñîõðàíåíèÿ èìïóëüñà äëÿ ñìå-
ñè ãàçîâ è äûìà, íàõîäÿùåéñÿ âíóòðè êîíòðîëüíîãî
îáúåìà âûñîòîé dz êîíâåêòèâíîé êîëîíêè, ñîãëàñíî
ðèñ. 2 ïðè óñëîâèè ïðåíåáðåæåíèÿ êîëè÷åñòâîì äâè-
æåíèÿ âîçäóõà, ïîñòóïàþùåãî â êîíâåêòèâíóþ êî-
ëîíêó, ïî ñðàâíåíèþ ñ êîëè÷åñòâîì äâèæåíèÿ îñíîâ-
íîãî ïîòîêà ñìåñè ãàçîâ èìååò âèä:

d d d d( ) ,� �w z p z gz
2 	 
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ãäå � — ñðåäíÿÿ ïëîòíîñòü ñìåñè ãàçîâ â ïîïåðå÷-
íîì ñå÷åíèè êîëîíêè, êã�ì3;
wz — ñîñòàâëÿþùàÿ ïî âåðòèêàëüíîé îñè z ñðåä-
íåé ñêîðîñòè ãàçîâîé ñìåñè è äûìà â ïîïåðå÷-
íîì ñå÷åíèè êîëîíêè, ì�ñ;
z — êîîðäèíàòà ïîïåðå÷íîãî ñå÷åíèÿ êîëîíêè,
îòñ÷èòûâàåìàÿ îò ïîâåðõíîñòè ãîðåíèÿ, ì;
p — ñòàòè÷åñêîå äàâëåíèå â ïîïåðå÷íîì ñå÷å-
íèè êîëîíêè, Ïà;
g — óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, ì�ñ2.
Èíòåãðèðóÿ ñîâìåñòíî óðàâíåíèÿ (4) è (5) ïî âû-

ñîòå îò ïîâåðõíîñòè ãîðþ÷åãî ìàòåðèàëà (z = 0) äî
òåêóùåé êîîðäèíàòû z, ïîëó÷àåì îêîí÷àòåëüíûé âèä
äèôôåðåíöèàëüíîãî óðàâíåíèÿ äëÿ ðàñ÷åòà ìàññî-
âîãî ðàñõîäà ÷åðåç ïîïåðå÷íîå ñå÷åíèå êîëîíêè:
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ãäå Â — ðàçìåðíûé ïàðàìåòð, êã·Ê�(ì·ñ);

B
Q

z cp
	


ïîæ

ïë

( )1 �
;

r — ðàäèóñ ïîâåðõíîñòè ãîðþ÷åãî ìàòåðèàëà, ì;
� — óãîë ïîëóðàñêðûòèÿ êîíâåêòèâíîé êîëîíêè,
ðàä;
À — ðàçìåðíûé ïàðàìåòð, ñ2·ì5�(êã2·Ê);
A T R gp	 0 0

22 2( ) .�
Ñðåäíÿÿ òåìïåðàòóðà â ñå÷åíèè êîíâåêòèâíîé

êîëîíêè îïðåäåëÿåòñÿ ïî ôîðìóëå [1]:

T T
Q

c Gp

	 




0
ïîæ ( )

.
1 �

(7)

Óãîë ïîëóðàñêðûòèÿ êîíâåêòèâíîé êîëîíêè � ìî-
æåò çàâèñåòü êàê îò âûñîòû ñå÷åíèÿ êîëîíêè, òàê è
îò ìîùíîñòè òåïëîâûäåëåíèÿ â î÷àãå ãîðåíèÿ:

� 	 f z Q( , ) .ïîæ (8)

Òàêèì îáðàçîì, óðàâíåíèÿ (6)–(8) ïîçâîëÿþò
ó÷åñòü ïðè ðàñ÷åòå ôîðìó êîíâåêòèâíîé êîëîíêè.

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà
è ìåòîäèêà ïðîâåäåíèÿ ýêñïåðèìåíòà

Ñ öåëüþ èçó÷åíèÿ ïðîöåññà ðàñïðîñòðàíåíèÿ ñìå-
ñè ïðîäóêòîâ ãîðåíèÿ, âîçäóõà è äûìà ïðè ïîæàðå
ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ íà ìà-
êåòå ïîìåùåíèÿ âûñîòîé 1,5 ì, ñ ïîïåðå÷íûì ñå÷å-
íèåì 0,7�0,7 ì (ðèñ. 3).

Ñòåíêè çàìêíóòîãî (óñëîâíî ãåðìåòè÷íîãî) ïðÿ-
ìîóãîëüíîãî ýêñïåðèìåíòàëüíîãî îáúåìà âûïîëíåíû
èç ïðîçðà÷íîãî ìàòåðèàëà ñ ïðîèçâîëüíî ðåãóëèðó-
åìûì ïî âûñîòå ïîòîëêîì, ÷òî ïîçâîëÿåò ïðîâîäèòü
ôîòîñúåìêó ðàñïðîñòðàíåíèÿ ïðîäóêòîâ ãîðåíèÿ ïî
îáúåìó ïîìåùåíèÿ.

Ïðîöåññ ðàñïðîñòðàíåíèÿ äûìà ôèêñèðîâàëñÿ
ñ ïîìîùüþ ñòàöèîíàðíûõ ôîòîêàìåð ÷åðåç ðàâíûå
ïðîìåæóòêè âðåìåíè — 2 ñ. Èçìåíåíèå ìàññû ãîðþ-
÷åãî ìàòåðèàëà ðåãèñòðèðîâàëîñü ñ ïîìîùüþ ýëåêò-
ðîííûõ âåñîâ.

Ïðè ïðîâåäåíèè ýêñïåðèìåíòà ãîðþ÷èé ìàòåðè-
àë (ôåíîëôîðìàëüäåãèäíàÿ ñìîëà ñ íàïîëíèòåëåì
èç äðåâåñíîé ìóêè) ðàñïîëàãàëè â öåíòðå, óãëó ïî-
ìåùåíèÿ (ñòåñíåíèå äâóìÿ ïîâåðõíîñòÿìè), à òàêæå
îêîëî ñòåíû ïî åå ñåðåäèíå (ñòåñíåíèå îäíîé ïî-
âåðõíîñòüþ).

Âî âðåìÿ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ôèê-
ñèðîâàëè:
� èçìåíåíèå óãëà ïîëóðàñêðûòèÿ êîíâåêòèâíîé êî-

ëîíêè � (ñì. ðèñ. 1);
� âðåìÿ îïóñêàíèÿ äûìà äî íèçà ïîìåùåíèÿ;
� èçìåíåíèå ìàññû ãîðþ÷åãî ìàòåðèàëà ïðè ñãî-

ðàíèè.
Âûñîòó ïîòîëêà h ïðèíèìàëè ðàâíîé 1,5 è 1,0 ì.
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Ðåçóëüòàòû ýêñïåðèìåíòîâ
è èõ àíàëèç

Â õîäå ïðîâåäåíèÿ ýêñïåðèìåíòà îòìå÷åíî ðàç-
ëè÷èå â õàðàêòåðå ðàñïðîñòðàíåíèÿ ñìåñè ïðîäóê-
òîâ ãîðåíèÿ, âîçäóõà è äûìà â çàâèñèìîñòè îò ìåñ-
òîïîëîæåíèÿ î÷àãà âîçãîðàíèÿ. Íàïðèìåð, â ñëó÷àå
ñòåñíåííîãî ðàñïîëîæåíèÿ î÷àãà (â óãëó èëè ó ñòå-
íû) íàáëþäàåòñÿ áîëåå áûñòðîå îïóñêàíèå äûìà íà

ïðîòèâîïîëîæíîé îòíîñèòåëüíî î÷àãà âîçãîðàíèÿ
ñòîðîíå.

Íà ñíèìêàõ (ðèñ. 4–6), èëëþñòðèðóþùèõ òå÷åíèÿ
â ýêñïåðèìåíòàëüíîì îáúåìå íà íà÷àëüíîé ñòàäèè
ïîæàðà, äîñòàòî÷íî ÷åòêî âèäíî ðàçäåëåíèå îáëàñòåé
îáúåìà ïîìåùåíèÿ â ñîîòâåòñòâèè ñ ðèñ. 1. Óñëîâ-
íûå ãðàíèöû êîíâåêòèâíîé êîëîíêè íà ðèñ. 4–6 âû-
äåëåíû ïðÿìûìè ëèíèÿìè.

Èç ðèñ. 4–6 âèäíî, ÷òî ïðè ëþáîì èç ðàññìàòðè-
âàåìûõ ìåñòîïîëîæåíèé ãîðþ÷åãî ìàòåðèàëà ãðàíè-
öà êîíâåêòèâíîé êîëîíêè ðàñïðîñòðàíÿåòñÿ ââåðõ

Ðèñ. 3. Îáùèé âèä ýêñïåðèìåíòàëüíîé óñòàíîâêè ñ ðàñïîëîæå-
íèåì ãîðþ÷åãî ìàòåðèàëà â öåíòðå (à), â óãëó (á) è ó ñòåíû (â)
íà ïîëó ïîìåùåíèÿ; 1 — ìàêåò ïîìåùåíèÿ èç ïðîçðà÷íîãî
ìàòåðèàëà; 2 — ìàêåò ïåðåìåùàþùåãîñÿ ïî âåðòèêàëè ïî-
òîëêà ïîìåùåíèÿ; 3 — ìåõàíèçì ïåðåìåùåíèÿ; 4 — âåñû;
5 — ãîðþ÷èé ìàòåðèàë; 6 — ôîòîêàìåðà

Ðèñ. 4. Õàðàêòåðíûå ôîòîãðàôèè òå÷åíèÿ âíóòðè ýêñïåðè-
ìåíòàëüíîãî îáúåìà ïðè ðàñïîëîæåíèè ãîðþ÷åãî ìàòåðèàëà
â öåíòðå ïîëà ïîìåùåíèÿ: à — h = 1,5 ì; á — h = 1,0 ì

Ðèñ. 5. Õàðàêòåðíûå ôîòîãðàôèè òå÷åíèÿ âíóòðè ýêñïåðè-
ìåíòàëüíîãî îáúåìà ïðè ðàñïîëîæåíèè ãîðþ÷åãî ìàòåðèàëà
â óãëó ïîëà ïîìåùåíèÿ: à — h = 1,5 ì; á — h = 1,0 ì
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ïðèáëèçèòåëüíî äî ñåðåäèíû âûñîòû ïîìåùåíèÿ
ñíà÷àëà ñ ïîñòîÿííûì óãëîì ïîëóðàñêðûòèÿ, à çàòåì
ýòîò óãîë ðåçêî èçìåíÿåòñÿ ê íóëåâîìó çíà÷åíèþ.

Ýêñïåðèìåíòàëüíûå äàííûå ïîäòâåðæäàþò ðå-
çóëüòàòû òåîðåòè÷åñêèõ èññëåäîâàíèé, ïðåäñòàâëåí-
íûõ â ðàáîòàõ [2–4]. Íàïðèìåð, èç ðèñ. 7 [3] âèäíî,
÷òî äëÿ ïîìåùåíèÿ ðàçìåðîì 30�24�26,3 ì ïðè òåï-
ëîâîé ìîùíîñòè Qïîæ = 1,3 ÌÂò èñïîëüçîâàíèå ïðè-
áëèæåíèÿ íåîãðàíè÷åííîé ñâîáîäíîé êîíâåêöèè
(êðèâûå 1 è 2) êîððåêòíî òîëüêî äëÿ íèæíåé ÷àñòè
êîíâåêòèâíîé êîëîíêè (ïðè z < 0,4, ãäå z — îòíîñè-
òåëüíàÿ êîîðäèíàòà ïî âûñîòå ïîïåðå÷íîãî ñå÷åíèÿ
êîëîíêè, ì; z = z�h), â òî âðåìÿ êàê óðàâíåíèå (6)
(êðèâàÿ 3) îòðàæàåò âëèÿíèå íà ôîðìó êîëîíêè
îãðàæäàþùèõ êîíñòðóêöèé.

Â ñâÿçè ñ ýòèì èñïîëüçîâàíèå äèôôåðåíöèàëü-
íîãî óðàâíåíèÿ (6) äëÿ ðàñ÷åòà ìàññîâîãî ðàñõîäà
÷åðåç ïîïåðå÷íîå ñå÷åíèå êîëîíêè ôèçè÷åñêè áîëåå

îáîñíîâàííî, ÷åì ïðèìåíåíèå ôîðìóë, îñíîâàííûõ
íà çàêîíîìåðíîñòÿõ ðàñïðîñòðàíåíèÿ íåîãðàíè÷åí-
íîé ñâîáîäíî-êîíâåêòèâíîé ñòðóè (â ÷àñòíîñòè, â ðà-
áîòàõ [1, 6–9]), íàïðèìåð ôîðìóëû

G
Q

z	

�

�
�

�
�
� 
0 071

1

1000

1 3
5 3,

( )ïîæ �


 � 

18 10 16, ( ).Qïîæ �
(9)

Òàê, íàïðèìåð, îòíîøåíèå G ðàñõîäà Gh (êã�ñ)
íà âûñîòå ïîòîëêà ïîìåùåíèÿ ê ðàñõîäó Gñ (êã�ñ) íà
âûñîòå zñ (íà÷èíàÿ ñ êîòîðîé ïîñòîÿííûé óãîë ïîëó-
ðàñêðûòèÿ êîëîíêè íà÷èíàåò óìåíüøàòüñÿ, ñòðåìÿñü
ê 0), êîòîðîå îïðåäåëÿåòñÿ ñ èñïîëüçîâàíèåì ôîð-
ìóëû (9), ñîñòàâëÿåò 1,97 ïðè z = 1,5 ì, zñ = 1,0 ì,
� = 0,3, Qïîæ = 0,001 ÌÂò èëè Qïîæ = 1,0 ÌÂò.

Ïðè ðåøåíèè óðàâíåíèÿ (6) äëÿ ýòèõ æå èñõîä-
íûõ äàííûõ G = 1, òàê êàê Gh = Gñ (ñì. ðèñ. 7, êðè-
âàÿ 3).

Òàêèì îáðàçîì, ðàñõîä Gh, ïîëó÷åííûé ïî ôîð-
ìóëå (9), â 1,97 ðàç áîëüøå, ÷åì ðàñõîä Gh, ïîëó÷åí-
íûé èç ðåøåíèÿ óðàâíåíèÿ (6).

Ïîëó÷åííûé â ðàññìîòðåííîì ïðèìåðå ðåçóëüòàò
îçíà÷àåò, ÷òî â ñîîòâåòñòâèè ñ óðàâíåíèåì (7) ïðè-
ðàùåíèå ñðåäíåé ïî ñå÷åíèþ êîíâåêòèâíîé êîëîí-
êè âáëèçè ïîòîëêà òåìïåðàòóðû �T (�T T T	 
 	0
	 
Q c Gpïîæ ( ) ( )1 � ) ïðè èñïîëüçîâàíèè òðàäèöè-
îííûõ ôîðìóë äëÿ ðàñ÷åòà ðàñõîäà, íàïðèìåð èç
ðàáîò [1, 6–9], ïðèìåðíî â 2 ðàçà ìåíüøå, ÷åì ñ ïðè-
ìåíåíèåì óðàâíåíèÿ (6).

Òàêèì îáðàçîì, èñïîëüçîâàíèå ïðèáëèæåíèÿ íå-
îãðàíè÷åííîé ñâîáîäíîé êîíâåêöèè ïðè ïîæàðå â
ïîìåùåíèè êîððåêòíî òîëüêî äëÿ íèæíåé ÷àñòè êîí-
âåêòèâíîé êîëîíêè è ïðèâîäèò ê ñóùåñòâåííîìó
çàíèæåíèþ òåìïåðàòóðû ïðèïîòîëî÷íîãî ñëîÿ íà
íà÷àëüíîé ñòàäèè ïîæàðà, êîãäà íèæíÿÿ ãðàíèöà
âûøåóêàçàííîãî ñëîÿ íàõîäèòñÿ â âåðõíåé ÷àñòè ïî-
ìåùåíèÿ.

Âûâîäû

Ïðåäëîæåííàÿ ìîäèôèöèðîâàííàÿ çîííàÿ ìîäåëü
ðàñ÷åòà òåðìîãàçîäèíàìèêè ïîæàðà â ïîìåùåíèè ó÷è-
òûâàåò ôîðìó êîíâåêòèâíîé êîëîíêè, îáðàçóþùåéñÿ
íàä èñòî÷íèêîì ãîðåíèÿ.

Ðàçðàáîòàííàÿ ýêñïåðèìåíòàëüíàÿ ìåëêîìàñø-
òàáíàÿ óñòàíîâêà ïîçâîëÿåò èññëåäîâàòü ôîðìó êîí-
âåêòèâíîé êîëîíêè ñ ó÷åòîì ðàñïîëîæåíèÿ ãîðþ÷åãî
ìàòåðèàëà îòíîñèòåëüíî ñòåí ýêñïåðèìåíòàëüíîãî
îáúåìà ñ ðåãóëèðóåìîé âûñîòîé åãî ïåðåêðûòèÿ.

Ýêñïåðèìåíòû ïîêàçàëè, ÷òî ôîðìà êîíâåêòèâ-
íîé êîëîíêè â ïîìåùåíèè ñóùåñòâåííî îòëè÷àåòñÿ
îò ñîîòâåòñòâóþùåé ôîðìû ñâîáîäíî-êîíâåêòèâíîé
ñòðóè â íåîãðàíè÷åííîì ïðîñòðàíñòâå.

Íåó÷åò ôîðìû êîëîíêè, íàïðèìåð, ïðè ðàñ÷åòå
ñèñòåìû äûìîóäàëåíèÿ ñ ìåõàíè÷åñêèì ïîáóæäå-
íèåì ïðèâîäèò ê ñóùåñòâåííîìó çàâûøåíèþ òðåáó-

Ðèñ. 6. Õàðàêòåðíûå ôîòî-
ãðàôèè òå÷åíèÿ âíóòðè ýêñ-
ïåðèìåíòàëüíîãî îáúåìà ïðè
ðàñïîëîæåíèè ãîðþ÷åãî ìà-
òåðèàëà ó ñòåíû (h = 1,5 ì)

Ðèñ. 7. Ðàñïðåäåëåíèå ìàññîâûõ ðàñõîäîâ ïî âûñîòå àòðèó-
ìà [3], ðàññ÷èòàííîå ïî ôîðìóëàì (1–3) è ïîëó÷åííîå â ÷èñ-
ëåííîì ýêñïåðèìåíòå ñ èñïîëüçîâàíèåì òðåõìåðíîé ïîëåâîé
ìîäåëè [5] (4, 5): 1 — ïî ôîðìóëå èç [1]; 2 — ïî ôîðìóëå (9)
èç [6]; 3 — ïî óðàâíåíèþ (6); 4 — ïî ïîïåðå÷íîìó ñå÷åíèþ
êîíâåêòèâíîé êîëîíêè; 5 — ïî âñåìó ïîïåðå÷íîìó ñå÷åíèþ
ïîìåùåíèÿ, ïàðàëëåëüíîìó ïîëó
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åìîãî ðàñõîäà âåíòèëÿòîðà. Ýòî ìîæåò âûçâàòü âîç-
íèêíîâåíèå ÿâëåíèÿ “plugholing”, êîãäà â äûìîóäà-
ëÿþùåå îòâåðñòèå ïîñòóïàåò õîëîäíûé âîçäóõ èç-ïîä
ïðèïîòîëî÷íîãî ñëîÿ äûìà è ðàñõîä óäàëÿåìîãî äû-
ìà çíà÷èòåëüíî óìåíüøàåòñÿ (â 2 ðàçà â ïðèìåðå ðà-
áîòû [10]). Â ñâÿçè ñ ýòèì èçâåñòíûå ôîðìóëû äëÿ
ðàñ÷åòà ìàññîâûõ ðàñõîäîâ ñìåñè ãàçîâ ïî âûñîòå

êîíâåêòèâíîé êîëîíêè, ïðèâåäåííûå, â ÷àñòíîñòè,
â ðàáîòàõ [1, 6–9], òðåáóþò êîððåêòèðîâêè.

Ïðè äàëüíåéøèõ èññëåäîâàíèÿõ ïëàíèðóåòñÿ èçó-
÷èòü âëèÿíèå ðàçëè÷íûõ òåõíè÷åñêèõ ðåøåíèé ïðè-
òî÷íî-âûòÿæíîé è ïðîòèâîäûìíîé ñèñòåì âåíòèëÿ-
öèè íà òåðìîãàçîäèíàìè÷åñêóþ êàðòèíó ïîæàðà â
ïðåäëîæåííîé ýêñïåðèìåíòàëüíîé óñòàíîâêå.
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ABSTRACT

It is developed a modified zonal model for calculating the gas dynamics of fire in the room, taking into
account the effect of walling the house in the form of convective column formed above a source of
combustion. Contrast to the known zonal models is to use to calculate the mass flow rate through
the cross section of the column suggested a one-dimensional differential equation.

An experimental installation with dimensions 1,5�0,7�0,7 m is created to study the dynamics of
fire hazards in small-scale room.

Results of experiments on the study of the shape and angle of convective column are presented.
In the experiments, a combustible material (phenol-formaldehyde resin filled with wood flour) was
located in the center, in the corner of the room (the constraint of two surfaces), and also near the wall
in the middle of it (tightness one surface).

Visualization of the flow showed that at all locations of combustible material boundary of a con-
vective column is first propagated upward with a constant angle of disclosure about half the height of
the room, and then the above-mentioned angle changes only slightly. There are obtained experimental
data confirm the theoretical results, using the proposed equation for calculating the mass flow through
the cross-section of a convective column.

It is shown that the use of approach of unlimited free-convective jets in the zonal models to
describe the parameters of the convective column does not reflect the real thermodynamic picture of
the fire development in the room.

Keywords: fire; heat and mass transfer; zonal mathematical model; convection column; free-convec-
tive jet.
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