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ÏÐÈ ÏÎÆÀÐÅ Â ÏÎÌÅÙÅÍÈÈ

Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü ðàñ÷åòà ñîäåðæàíèÿ êàðáîêñèãåìîãëîáèíà â êðîâè ÷åëî-
âåêà ïðè âîçäåéñòâèè ïåðåìåííîé ïî âðåìåíè êîíöåíòðàöèè ìîíîêñèäà óãëåðîäà. Ïðåäëîæå-
íû êðèòåðèè äëÿ îïðåäåëåíèÿ êðèòè÷åñêîé ïðîäîëæèòåëüíîñòè ïîæàðà ïî óñëîâèÿì áåçîïàñ-
íîé ýâàêóàöèè è ñïàñåíèÿ ëþäåé. Ïðåäñòàâëåíû ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ ïî
îïðåäåëåíèþ êîíöåíòðàöèè êàðáîêñèãåìîãëîáèíà ïðè ïîâûøåííîé ñêîðîñòè ëåãî÷íîé âåí-
òèëÿöèè, õàðàêòåðíîé äëÿ óñëîâèé ïîæàðà â ïîìåùåíèè, ñ èñïîëüçîâàíèåì àíàëèòè÷åñêîãî ðå-
øåíèÿ èíòåãðàëüíîé ìîäåëè ðàñ÷åòà òåðìîãàçîäèíàìèêè ïîæàðà. Âûïîëíåíî ñðàâíåíèå äàííûõ
ïî êðèòè÷åñêîé ïðîäîëæèòåëüíîñòè ïîæàðà ïî ÑÎ, ïîëó÷åííûõ ñ èñïîëüçîâàíèåì ïðåäëîæåí-
íîé ìîäåëè è ñóùåñòâóþùåãî ïîäõîäà. Ïîêàçàíî, ÷òî ñóùåñòâóþùàÿ â íàó÷íîé è íîðìàòèâíîé
ëèòåðàòóðå ïî ïîæàðíîé áåçîïàñíîñòè ìåòîäèêà ðàñ÷åòà êðèòè÷åñêîé ïðîäîëæèòåëüíîñòè ïî-
æàðà ïî ÑÎ ìîæåò ïðèâîäèòü ê êà÷åñòâåííî è êîëè÷åñòâåííî íåïðàâèëüíûì ðåçóëüòàòàì.

Êëþ÷åâûå ñëîâà: ïîæàð; ìîíîêñèä óãëåðîäà; êðèòè÷åñêîå âðåìÿ; êàðáîêñèãåìîãëîáèí; èíòîê-
ñèêàöèÿ ÷åëîâåêà; âðåìÿ âîçäåéñòâèÿ ÑÎ.

DOI: 10.18322/PVB.2016.25.11.27-34

Ââåäåíèå

Èññëåäîâàíèþ òîêñèêîëîãè÷åñêîé îïàñíîñòè âîç-

äåéñòâèÿ ìîíîêñèäà óãëåðîäà CO íà ÷åëîâåêà íà ïî-

æàðàõ ïîñâÿùåíî áîëüøîå êîëè÷åñòâî ðàáîò [1–6].

Ïðèíÿòàÿ â îòå÷åñòâåííîé íàó÷íîé è íîðìàòèâíîé

ëèòåðàòóðå ïî ïîæàðíîé áåçîïàñíîñòè [7, 8] âåëè-

÷èíà êðèòè÷åñêîé ïëîòíîñòè ìîíîêñèäà óãëåðîäà

�COêð = 1,16·10–3 êã�ì3 ïðè ïîâûøåííîé îáúåìíîé

ñêîðîñòè ëåãî÷íîé âåíòèëÿöèè, õàðàêòåðíîé äëÿ

óñëîâèé ïîæàðà, ìîæåò ñäåëàòü íåâîçìîæíîé ïðè

îïðåäåëåííûõ óñëîâèÿõ áåçîïàñíóþ ýâàêóàöèþ

ëþäåé [9].

Â ðàáîòå [9] ïðåäëîæåíà ìàòåìàòè÷åñêàÿ ìîäåëü

ðàñ÷åòà êîëè÷åñòâà êàðáîêñèãåìîãëîáèíà â êðîâè

÷åëîâåêà; âûïîëíåíî åå òåñòèðîâàíèå íà ýêñïåðè-

ìåíòàëüíûõ äàííûõ ïðè ñïîêîéíîì äûõàíèè ÷åëî-

âåêà; ïðîâåäåíî èññëåäîâàíèå âëèÿíèÿ âîçäåéñòâèÿ

ïîñòîÿííîé ïëîòíîñòè ìîíîêñèäà óãëåðîäà íà ñòå-

ïåíü èíòîêñèêàöèè ÷åëîâåêà ïðè ïîâûøåííîé îáú-

åìíîé ñêîðîñòè ëåãî÷íîé âåíòèëÿöèè.

Â íàñòîÿùåé ðàáîòå ìàòåìàòè÷åñêàÿ ìîäåëü ðàñ-

ïðîñòðàíåíà íà ñëó÷àé ïåðåìåííîé ïëîòíîñòè ÑÎ,

õàðàêòåðíîé äëÿ íà÷àëüíîé ñòàäèè ïîæàðà â ïîìå-

ùåíèè, ïðè ïîâûøåííîé îáúåìíîé ñêîðîñòè ëåãî÷-

íîé âåíòèëÿöèè.

Íåêîòîðûå îñîáåííîñòè ïîðàæåíèÿ
îðãàíèçìà ÷åëîâåêà ìîíîêñèäîì óãëåðîäà

Òîêñè÷åñêîå äåéñòâèå ÑÎ íà îðãàíèçì ÷åëîâåêà

îñíîâàíî íà âçàèìîäåéñòâèè åãî ñ ãåìîãëîáèíîì

êðîâè è îáðàçîâàíèè âñëåäñòâèå ýòîãî êàðáîêñèãå-

ìîãëîáèíà (ÍbÑÎ), êîòîðûé íå ñïîñîáåí ïåðåíî-

ñèòü êèñëîðîä [10].

Îäíà ìîëåêóëà ãåìîãëîáèíà ñïîñîáíà ïðèñîåäè-

íèòü ÷åòûðå ìîëåêóëû Î2 èëè ÑÎ [11]. Îáðàçóþùàÿ-

ñÿ ìîëåêóëà êàðáîêñèãåìîãëîáèíà äàæå ïðè îäíîé

ïðèñîåäèíåííîé ìîëåêóëå ÑÎ óâåëè÷èâàåò ñðîäñò-

âî ê êèñëîðîäó îñòàëüíûõ òðåõ ó÷àñòêîâ åãî ñâÿçû-

âàíèÿ, â ðåçóëüòàòå ÷åãî êèñëîðîä ñ áîëüøèì òðóäîì

îòäàåòñÿ òêàíÿì [12].

Ãàçîîáìåí ìåæäó âîçäóõîì âíåøíåé ñðåäû è

êðîâüþ ÷åëîâåêà íà åãî çàêëþ÷èòåëüíîì ýòàïå ñî-

ñòîèò èç ïîñòóïëåíèÿ âîçäóõà â àëüâåîëû ëåãêèõ è

ïîñëåäóþùåé äèôôóçèè ãàçîâ ÷åðåç àëüâåîëÿðíî-

êàïèëëÿðíóþ ìåìáðàíó â êðîâü [13].

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ âëèÿíèÿ ÑÎ

íà ÷åëîâåêà, êàê ïðàâèëî, ïðîâîäèëèñü â óñëîâèÿõ

îòñóòñòâèÿ âîçäåéñòâèÿ äðóãèõ îïàñíûõ ôàêòîðîâ

ïîæàðà [11, 13, 14], ïîýòîìó äûõàíèå ÷åëîâåêà áûëî

ñïîêîéíûì, ñ îáúåìíîé ñêîðîñòüþ ëåãî÷íîé âåíòè-

ëÿöèè ïîðÿäêà 5–9 ë�ìèí [13]. Â òî æå âðåìÿ ïðè íà-

© Ïóçà÷ Ñ. Â., Íãóåí Äàò Òàò, 2016



ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2016 ÒÎÌ 25 ¹ 1128

ÌÎÄÅËÈÐÎÂÀÍÈÅ ÏÎÆÀÐÎÂ

ëè÷èè õîòÿ áû îäíîãî èç ôàêòîðîâ, âîçäåéñòâóþùèõ

íà íåéðîíû äûõàòåëüíîãî öåíòðà ÷åëîâåêà (ïîâû-

øåííîé êîíöåíòðàöèè óãëåêèñëîãî ãàçà, ïîíèæåííîé

êîíöåíòðàöèè êèñëîðîäà è èíòåíñèâíîé ðàáîòû),

ãëóáèíà è ÷àñòîòà äûõàíèÿ ñóùåñòâåííî èçìåíÿþò-

ñÿ [13]. Â ýòîì ñëó÷àå îáúåìíàÿ ñêîðîñòü ëåãî÷íîé

âåíòèëÿöèè ìîæåò äîñòèãàòü 100–150 ë�ìèí [13],

÷òî ïðèâîäèò, ñîîòâåòñòâåííî, ê óâåëè÷åíèþ êîëè-

÷åñòâà ïîãëîùàåìîãî îðãàíèçìîì ÷åëîâåêà ÑÎ.

Ìàòåìàòè÷åñêàÿ ìîäåëü ðàñ÷åòà
ñîäåðæàíèÿ êàðáîêñèãåìîãëîáèíà

Ðàññìîòðèì âíåøíåå äûõàíèå ÷åëîâåêà, ñîñòî-

ÿùåå â îáìåíå âîçäóõà ìåæäó âíåøíåé ñðåäîé è

àëüâåîëàìè ëåãêèõ è äèôôóçèè ãàçîâ â ëåãêèõ (îá-

ìåí ãàçîâ ìåæäó àëüâåîëÿðíûì âîçäóõîì è êðîâüþ

÷åðåç àëüâåîëÿðíî-êàïèëëÿðíóþ ìåìáðàíó) [12].

Âîçäóõ, íàõîäÿùèéñÿ â âîçäóõîíîñíûõ ïóòÿõ (ïî-

ëîñòü ðòà è íîñà, ãëîòêà, òðàõåÿ, áðîíõè è áðîíõèî-

ëû), íå ó÷àñòâóåò â ãàçîîáìåíå [12], ïîýòîìó òîëüêî

÷àñòü îáúåìà âîçäóõà, ïîñòóïàþùåãî â îðãàíèçì ÷å-

ëîâåêà, ïåðåäàåò â êðîâü ìîíîêñèä óãëåðîäà.

Ïðèíèìàåì ñëåäóþùèå äîïóùåíèÿ óñëîâèé ïðî-

öåññà ïîñòóïëåíèÿ ìîíîêñèäà óãëåðîäà â êðîâü ÷å-

ëîâåêà:
� âñÿ ìàññà ìîíîêñèäà óãëåðîäà, ïîñòóïàþùåãî â

àëüâåîëû ëåãêèõ, äèôôóíäèðóåò ÷åðåç àëüâåî-

ëÿðíî-êàïèëëÿðíóþ ìåìáðàíó â êðîâü ïðè êî-

ëè÷åñòâå ÑÎ, ìåíüøåì äèôôóçèîííîé ñïîñîá-

íîñòè ëåãêèõ [13];
� äèôôóçèîííàÿ ñïîñîáíîñòü ëåãêèõ ïî ÑÎ Dë.ÑÎ

(ìë�(ìì ðò. ñò. &ìèí)) (êîëè÷åñòâî ìîíîêñèäà óãëå-

ðîäà, ïðîõîäÿùåãî ÷åðåç àëüâåîëÿðíî-êàïèëëÿð-

íóþ ìåìáðàíó çà 1 ìèí èç ðàñ÷åòà íà 1 ìì ðò. ñò.

ðàçíèöû ïàðöèàëüíîãî äàâëåíèÿ ãàçà ïî îáå ñòî-

ðîíû ìåìáðàíû [13]) îïðåäåëÿåò ìàêñèìàëüíî

âîçìîæíîå êîëè÷åñòâî ìîíîêñèäà óãëåðîäà, ïî-

ïàäàþùåãî â êðîâü çà ìèíóòó;
� âñÿ ìàññà ÑÎ, ïðîõîäÿùåãî ÷åðåç àëüâåîëÿðíî-

êàïèëëÿðíóþ ìåìáðàíó è ïîïàäàþùåãî â êðîâü,

ó÷àñòâóåò â îáðàçîâàíèè êàðáîêñèãåìîãëîáèíà,

òàê êàê èç-çà âûñîêîé àôôèííîñòè ãåìîãëîáèíà ê

ÑÎ äàæå î÷åíü íèçêèå ïàðöèàëüíûå äàâëåíèÿ ÑÎ

ïðèâîäÿò ê ñâÿçûâàíèþ çíà÷èòåëüíîãî êîëè÷å-

ñòâà ãåìîãëîáèíà ñ ÑÎ ñ îáðàçîâàíèåì HbCO [13];
� ïàðöèàëüíîå äàâëåíèå ÑÎ â êðîâè ïîñëå åãî ïå-

ðåõîäà ÷åðåç àëüâåîëÿðíî-êàïèëëÿðíóþ ìåìáðà-

íó ïðåíåáðåæèìî ìàëî ïî ñðàâíåíèþ ñ ïàðöèàëü-

íûì äàâëåíèåì ÑÎ â àëüâåîëàõ ïåðåä àëüâåî-

ëÿðíî-êàïèëëÿðíîé ìåìáðàíîé [13].

Ñîäåðæàíèå êàðáîêñèãåìîãëîáèíà â êðîâè îïðå-

äåëÿåòñÿ êàê

M M MHbCO HbCO Hb� , (1)

ãäå M HbCO — ìàññîâàÿ äîëÿ ãåìîãëîáèíà, ïåðåøåä-

øåãî â êàðáîêñèãåìîãëîáèí;

MHbCO — ìàññà êàðáîêñèãåìîãëîáèíà, ã;

MHb — ìàññà ãåìîãëîáèíà, ã.

Ìàññà ãåìîãëîáèíà â êðîâè ÷åëîâåêà îïðåäåëÿ-

åòñÿ ïî âûðàæåíèþ [12]:

MHb = MHb.îVê, (2)

ãäå MHb.î — óäåëüíàÿ ìàññà ãåìîãëîáèíà â îðãàíèç-

ìå ÷åëîâåêà, ã�ë;

Vê — îáúåì êðîâè â îðãàíèçìå ÷åëîâåêà, ë.

Ìàññîâàÿ äîëÿ êàðáîêñèãåìîãëîáèíà â êðîâè ïðè

èçìåíÿåìîé ïî âðåìåíè ïëîòíîñòè ÑÎ
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ãäå kW — êîýôôèöèåíò, ðàâíûé îòíîøåíèþ îáúåì-

íîãî ðàñõîäà âîçäóõà, ïîñòóïàþùåãî â àëüâåîëû

ëåãêèõ, ê îáúåìíîé ñêîðîñòè âåíòèëÿöèè ëåãêèõ;

�ÑÎ — ïëîòíîñòü ÑÎ â âîçäóõå, êã�ì3;

W — îáúåìíàÿ ñêîðîñòü âåíòèëÿöèè ëåãêèõ,

ë�ìèí;

(Hb — ìîëÿðíàÿ ìàññà ãåìîãëîáèíà, êã�êìîëü;

n — ÷èñëî ìîëåêóë ÑÎ â îäíîé ìîëåêóëå êàð-

áîêñèãåìîãëîáèíà;

(ÑÎ — ìîëÿðíàÿ ìàññà ÑÎ, êã�êìîëü;


 — âðåìÿ ñ ìîìåíòà íà÷àëà ïîæàðà, ñ.

Â óðàâíåíèè (3) W ) Wmax (ãäå Wmax — îáúåì-

íàÿ ñêîðîñòü âåíòèëÿöèè ëåãêèõ, ñîîòâåòñòâóþùàÿ

äèôôóçèîííîé ñïîñîáíîñòè ëåãêèõ ïî ÑÎ, ë�ìèí;

Wmax = kï Dë.ÑÎ �kW; kï — ðàçìåðíûé êîýôôèöèåíò

ïåðåâîäà ðàçìåðíîñòåé ôèçè÷åñêèõ ïàðàìåòðîâ,

ìì ðò. ñò.�Ïà).

Ïðè îöåíêå ñòåïåíè èíòîêñèêàöèè ïî ôîðìóëå (3)

â óñëîâèÿõ ïîæàðà èñïîëüçóåì àíàëèòè÷åñêîå ðå-

øåíèå èíòåãðàëüíîé ìîäåëè ðàñ÷åòà òåðìîãàçîäè-

íàìèêè ïîæàðà [7, 8]:

� � 
ÑÎ ï� � ��
�
�

�
	



�
��

�
��

1 exp ,
A

B

n (4)

ãäå �ï — ïîðîãîâàÿ ïëîòíîñòü, êã�ì3;

� * �ï â ÑÎ í
ð

â� �{ [( ) ]} ;c T L Qp 1

cp —óäåëüíàÿèçîáàðíàÿòåïëîåìêîñòü,Äæ�(êã·Ê);

Òâ — òåìïåðàòóðà âîçäóõà â ïîìåùåíèè ïåðåä

ïîæàðîì, Ê;

LCO — óäåëüíûé êîýôôèöèåíò âûäåëåíèÿ ÑÎ;

* — êîýôôèöèåíò òåïëîïîòåðü;

Qí
ð — íèçøàÿ ðàáî÷àÿ òåïëîòà ñãîðàíèÿ, Äæ�êã;

�â — ïëîòíîñòü âîçäóõà â ïîìåùåíèè ïåðåä ïî-

æàðîì, êã�ì3;

À — ðàçìåðíûé ïàðàìåòð, êã�ñn;

Â — ðàçìåðíûé êîìïëåêñ, êã; B
c V

Q

p�
�

353

1( )
;

* + í
ð

V — ñâîáîäíûé îáúåì ïîìåùåíèÿ, ì3;

+ — êîýôôèöèåíò ïîëíîòû ãîðåíèÿ.
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Ðàçìåðíûé ïàðàìåòð À îïðåäåëÿåòñÿ ïî ôîð-

ìóëàì:
� â ñëó÷àå êðóãîâîãî ðàñïðîñòðàíåíèÿ ïîæàðà ïî

òâåðäîìó ãîðþ÷åìó ìàòåðèàëó

A w�
�
,

3
óä , n = 3;

� â ñëó÷àå íåóñòàíîâèâøåãîñÿ ãîðåíèÿ æèäêîñòè

A F�
2

3

1
ã óä

ñò

,



, n = 2�3,

ãäå ,óä — óäåëüíàÿ ìàññîâàÿ ñêîðîñòü âûãîðàíèÿ,

êã�(ì2·ñ);

w — ëèíåéíàÿ ñêîðîñòü ðàñïðîñòðàíåíèÿ ïëà-

ìåíè, ì�ñ;

Fã — ïëîùàäü îòêðûòîé ïîâåðõíîñòè ãîðþ÷åé

æèäêîñòè, ì2;


ñò — âðåìÿ ñòàáèëèçàöèè ãîðåíèÿ, ñ.

Êðèòåðèè äëÿ îïðåäåëåíèÿ
êðèòè÷åñêîãî âðåìåíè âîçäåéñòâèÿ
ìîíîêñèäà óãëåðîäà íà ÷åëîâåêà

Â ñîîòâåòñòâèè ñ [15] êðèòè÷åñêèå êîíöåíòðà-

öèè òîêñè÷íûõ ïðîäóêòîâ ãîðåíèÿ ïðèíèìàþòñÿ ïî

ëèòåðàòóðíûì äàííûì ïðè óñëîâèè îäíîðàçîâîãî

âîçäåéñòâèÿ íà ýâàêóèðóþùèõñÿ â òå÷åíèå íåñêîëü-

êèõ ìèíóò ïðè ñðåäíèõ ôèçè÷åñêèõ íàãðóçêàõ è

ïî êðèòåðèþ ñîõðàíåíèÿ èìè ñïîñîáíîñòè ðåàëüíî

îöåíèâàòü îêðóæàþùóþ îáñòàíîâêó, óâåðåííî ïðè-

íèìàòü è âûïîëíÿòü ñîîòâåòñòâóþùèå ðåøåíèÿ.

Ñòåïåíü ïîðàæåíèÿ îðãàíèçìà ÷åëîâåêà ìîíî-

êñèäîì óãëåðîäà îïðåäåëÿåòñÿ ñîäåðæàíèåì êàðáî-

êñèãåìîãëîáèíà â êðîâè. Â ñîîòâåòñòâèè ñ [10] îòðàâ-

ëåíèå ñ÷èòàåòñÿ ëåãêîé ñòåïåíè òÿæåñòè, åñëè ñî-

äåðæàíèå êàðáîêñèãåìîãëîáèíà â êðîâè ñîñòàâëÿåò

íå âûøå 20 %, ñðåäíåé ñòåïåíè — äî 50 %, òÿæåëîé

ñòåïåíè — äî 60–70 %. Ïðè ñîäåðæàíèè êàðáîêñè-

ãåìîãëîáèíà áîëåå 70 % íàñòóïàåò áûñòðàÿ ñìåðòü.

Ñîãëàñíî ðàáîòå [10] ïðè êîíöåíòðàöèè êàðáî-

êñèãåìîãëîáèíà îò 10 äî 20 % ÷åëîâåê èñïûòûâàåò

ãîëîâíóþ áîëü è ñëàáîñòü, à â äèàïàçîíå êîíöåíò-

ðàöèé îò 20 äî 30 % ïîäâåðæåí ñèëüíîé ãîëîâíîé

áîëå, òîøíîòå, ðâîòå, ãîëîâîêðóæåíèþ è íàðóøåíèþ

çðåíèÿ.

Ïðèíèìàåì, ÷òî êðèòè÷åñêîå çíà÷åíèå ìàññîâîé

äîëè êàðáîêñèãåìîãëîáèíà â êðîâè, ïðè êîòîðîé åùå

âîçìîæíà áåçîïàñíàÿ ýâàêóàöèÿ ëþäåé, ( )M HbCO êð �
= 0,2 (îòðàâëåíèå ëåãêîé ñòåïåíè òÿæåñòè).

Â ñîîòâåòñòâèè ñ ðàáîòîé [10] òàêèå ñèìïòîìû,

êàê êîìà, ñóäîðîãè, íàðóøåíèÿ äûõàíèÿ è ñåðäå÷-

íî-ñîñóäèñòîé äåÿòåëüíîñòè, ïîÿâëÿþòñÿ, êîãäà êîí-

öåíòðàöèÿ êàðáîêñèãåìîãëîáèíà íàõîäèòñÿ â äèà-

ïàçîíå îò 40 äî 50 %.

Ïðèíèìàåì, ÷òî êðèòè÷åñêîå çíà÷åíèå ìàññîâîé

äîëè êàðáîêñèãåìîãëîáèíà â êðîâè, ïðè êîòîðîé

åùå âîçìîæíî ñïàñòè ëþäåé, ñ áîëüøîé ñòåïåíüþ

âåðîÿòíîñòè íåñïîñîáíûõ ñàìîñòîÿòåëüíî ïîêèíóòü

ïîìåùåíèå, ñîñòàâëÿåò ( )M HbCO êð = 0,5 (îòðàâëåíèå

ñðåäíåé ñòåïåíè òÿæåñòè).

Ïðåäëàãàåì êðèòè÷åñêèå çíà÷åíèÿ âðåìåíè âîç-

äåéñòâèÿ ÑÎ, ïðè êîòîðûõ ÷åëîâåê ïîëó÷àåò îòðàâ-

ëåíèå ðàçíîé ñòåïåíè òÿæåñòè [10]:

� ëåãêîé -.HbCO = 0,2) — 
êð1;

� ñðåäíåé (M HbCO = 0,5) — 
êð2.

Êðèòè÷åñêîå âðåìÿ 
êð1 áóäåò îïðåäåëÿòü âðåìÿ

áåçîïàñíîé ýâàêóàöèè ëþäåé ïî âîçäåéñòâèþ ÑÎ.

Êðèòè÷åñêîå âðåìÿ 
êð2 õàðàêòåðèçóåò ïðîìåæóòîê

âðåìåíè ñ ìîìåíòà íà÷àëà ïîæàðà, ïîñëå êîòîðîãî

ëþäè, íàõîäÿùèåñÿ â ïîìåùåíèè áåç ñðåäñòâ çàùè-

òû îò ÑÎ (ñàìîñïàñàòåëåé è ò. ï.), ñ áîëüøîé ñòåïå-

íüþ âåðîÿòíîñòè íå ñïîñîáíû ñàìîñòîÿòåëüíî ïî-

êèíóòü ïîìåùåíèå, íî èõ åùå ìîæíî ñïàñòè ïðè

òðàíñïîðòèðîâêå â áåçîïàñíóþ çîíó.

Êðèòè÷åñêîå âðåìÿ 
êð3 ïî ñóùåñòâóþùåé ìå-

òîäèêå [7, 8] ðàâíî ïðîìåæóòêó âðåìåíè îò íà÷àëà

ïîæàðà äî ìîìåíòà äîñòèæåíèÿ êðèòè÷åñêîãî çíà-

÷åíèÿ ïëîòíîñòè ÑÎ �COêð íà âûñîòå ðàáî÷åé çîíû

ïîìåùåíèÿ.

Èñõîäíûå äàííûå

Ïðè ñïîêîéíîì äûõàíèè, êîãäà íåò äîïîëíèòåëü-

íûõ âîçäåéñòâèé íà äûõàòåëüíûé öåíòð, ïðèíèìàåì

äëÿ âçðîñëîãî ÷åëîâåêà âåñîì 75 êã [12]: Vä = 0,5 ë;

Vì = 0,15 ë (ãäå Vä — äûõàòåëüíûé îáúåì, ë; Vì —

îáúåì ìåðòâîãî ïðîñòðàíñòâà, ë).

Ïðèíèìàåì ïî ôîðìóëå (3) kW =(Vä –Vì)�Vä =0,7.

Äèôôóçèîííàÿ ñïîñîáíîñòü ëåãêèõ ïî ÑÎ ñîñòàâ-

ëÿåò [7]:
� ïðè ñïîêîéíîì äûõàíèè

Dë.ÑÎ = 20 ìë�(ìì ðò. ñò.·ìèí);
� ïðè ôèçè÷åñêîé íàãðóçêå

Dë.ÑÎ = 60 ìë�(ìì ðò. ñò.·ìèí).

Óäåëüíàÿ ìàññà ãåìîãëîáèíà â êðîâè èçìåíÿeò-

ñÿ îò 120 äî 160 ã�ë ó ìóæ÷èí è îò 110 äî 140 ã�ë —

ó æåíùèí [12].

Ïðèíèìàåì (MHb.î)ñð = 135 ã�ë, (MHb.î)min = 110 ã�ë

(ãäå (MHb.î)ñð, (MHb.î)min — ñîîòâåòñòâåííî ñðåäíÿÿ

è ìèíèìàëüíàÿ óäåëüíàÿ ìàññà ãåìîãëîáèíà â îðãà-

íèçìå âçðîñëîãî ÷åëîâåêà, ã�ë).

Îáúåì êðîâè âçðîñëîãî ÷åëîâåêà Vê èçìåíÿåò-

ñÿ îò 4,5 äî 6,0 ë [12]. Âûáèðàåì ñðåäíåå çíà÷åíèå

Vê = 5,25 ë. Òîãäà ñðåäíÿÿ ìàññà ãåìîãëîáèíà â êðîâè

÷åëîâåêà ïî ôîðìóëå (2) ñîñòàâèò (MHb)ñð = 708,75 ã.

Ïðè ìèíèìàëüíîì îáúåìå êðîâè Vê = 4,5 ë è

(MHb.î)min = 110 ã�ë ìèíèìàëüíàÿ ìàññà ãåìîãëîáè-

íà â êðîâè ÷åëîâåêà â ñîîòâåòñòâèè ñ ôîðìóëîé (2)

(MHb)min = 495 ã.

Ìîëÿðíûå ìàññû ãåìîãëîáèíà è ÑÎ: (Hb =

= 68800 êã�êìîëü [12]; (ÑÎ = 28 êã�êìîëü.
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Ìîäåëüíûå ïîìåùåíèÿ ïðèíèìàåì â âèäå ïàðàë-

ëåëåïèïåäà ñ ðàçìåðàìè (äëèíà � øèðèíà � âûñîòà)

4�5�3; 4�5�6 è 24�12�3 ì.

Áåðåì ñëåäóþùèå ãîðþ÷èå ìàòåðèàëû [7]:
� õâîéíûå äðåâåñíûå ñòðîéìàòåðèàëû:

Qí
ð = 13,8 ÌÄæ�êã, ,óä = 0,0063 êã�(ì2·ñ),

LCO = 0,024, w = 0,0585 ì�ñ;
� îáîëî÷êà êàáåëåé ÏÂÕ:

Qí
ð = 25 ÌÄæ�êã, ,óä = 0,0244êã�(ì2·ñ),

LCO = 0,109, w = 0,0071 ì�ñ;
� ìàñëî òðàíñôîðìàòîðíîå:

Qí
ð = 41,9 ÌÄæ�êã, ,óä = 0,03 êã�(ì2·ñ),

LCO = 0,122, 
ñò = 5 ìèí.

Ïðèíèìàåì ñîãëàñíî [7] cp = 1000 Äæ�(êã·Ê);

* = 0,6.

Àòìîñôåðíîå äàâëåíèå pà = 1,013 & 105 Ïà, òåì-

ïåðàòóðà âîçäóõà ñîñòàâëÿåò Tâ = 20 °Ñ.

Ðåçóëüòàòû ÷èñëåííûõ è íàòóðíûõ
ýêñïåðèìåíòîâ è èõ àíàëèç

Îáúåìíàÿ ñêîðîñòü âåíòèëÿöèè ëåãêèõ, ñîîòâåò-

ñòâóþùàÿ äèôôóçèîííîé ñïîñîáíîñòè ëåãêèõ ïî ÑÎ,

ïðè çàäàííûõ èñõîäíûõ äàííûõ ñîñòàâëÿåò:
� ïðè ñïîêîéíîì äûõàíèè Wmax = 21,6 ë�ìèí;
� ïðè ôèçè÷åñêîé íàãðóçêå Wmax = 64,9 ë�ìèí.

Ïðèíèìàåì Wmax = 64,9 ë�ìèí.

Èññëåäóåì âëèÿíèå ïîâûøåííîé ñêîðîñòè ëåãî÷-

íîé âåíòèëÿöèè íà ñòåïåíü èíòîêñèêàöèè îðãàíèç-

ìà ÷åëîâåêà ïðè çàâèñèìîñòè ïëîòíîñòè ÑÎ îò âðå-

ìåíè, ñîîòâåòñòâóþùåé íà÷àëüíîé ñòàäèè ïîæàðà â

ïîìåùåíèè (ôîðìóëà (4)).

Çàâèñèìîñòè ïëîòíîñòè ÑÎ îò âðåìåíè ñ ìîìåí-

òà íà÷àëà ïîæàðà ïðè ãîðåíèè õâîéíûõ äðåâåñíûõ

ñòðîéìàòåðèàëîâ ïðåäñòàâëåíû íà ðèñ. 1,à, îáîëî÷-

êè êàáåëåé ÏÂÕ — íà ðèñ. 1,á, ìàñëà òðàíñôîðìà-

òîðíîãî — íà ðèñ. 1,â.

Çàâèñèìîñòè ìàññîâîé äîëè êàðáîêñèãåìîãëîáè-

íà â ñëó÷àå ñðåäíåé ìàññû ãåìîãëîáèíà â îðãàíèçìå

âçðîñëîãî ÷åëîâåêà îò âðåìåíè ñ ìîìåíòà íà÷àëà ïî-

æàðà, ðàññ÷èòàííûå ñ èñïîëüçîâàíèåì ôîðìóëû (3),

ïîêàçàíû íà ðèñ. 2,à ïðè ãîðåíèè õâîéíûõ äðåâåñ-

íûõ ñòðîéìàòåðèàëîâ, íà ðèñ. 2,á — îáîëî÷êè êàáå-

ëåé ÏÂÕ è íà ðèñ. 2,â — ìàñëà òðàíñôîðìàòîðíîãî.

Â òàáë. 1 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ êðè-

òè÷åñêîé ïðîäîëæèòåëüíîñòè ïîæàðà ïî ÑÎ, ïîëó-

÷åííûå ñ èñïîëüçîâàíèåì òðàäèöèîííîãî ïîäõîäà

(óðàâíåíèå (4) [7, 8], êðèòåðèé �CO = �COêð) è ïî

ïðåäëîæåííîìó â íàñòîÿùåé ñòàòüå ïîäõîäó (óðàâ-

íåíèå (3), êðèòåðèè MHbCO = 0,2 è MHbCO = 0,5).

Èç àíàëèçà òàáë. 1 ìîæíî ñäåëàòü ñëåäóþùèå âû-

âîäû:

� ïðè èñïîëüçîâàíèè îáùåïðèíÿòîãî ïîäõîäà [7, 8]

â ïîìåùåíèè ðàçìåðàìè 4�5�6 ì ïðè ãîðåíèè

õâîéíûõ äðåâåñíûõ ñòðîéìàòåðèàëîâ è ìàñëà

òðàíñôîðìàòîðíîãî ïëîòíîñòü ÑÎ íå äîñòèãàåò

êðèòè÷åñêîãî çíà÷åíèÿ çà ðàññìàòðèâàåìîå âðå-

ìÿ ïîæàðà, â òî âðåìÿ êàê ðàñ÷åòû ïî ïðåäëî-

æåííîé ìàòåìàòè÷åñêîé ìîäåëè ïîêàçàëè, ÷òî

÷åëîâåê ìîæåò ïîãèáíóòü îò îòðàâëåíèÿ ìîíîêñè-

äîì óãëåðîäà;

� êðèòè÷åñêàÿ ïðîäîëæèòåëüíîñòü ïîæàðà ïî ÑÎ,

ïîëó÷åííàÿ ñ èñïîëüçîâàíèåì óðàâíåíèÿ (4) [7, 8],

ñóùåñòâåííî áîëüøå, ÷åì ñîîòâåòñòâóþùàÿ âå-

ëè÷èíà, îïðåäåëåííàÿ ïî ïðåäëîæåííîé ôîðìó-

ëå (3), äëÿ ñëó÷àÿ ãîðåíèÿ ìàñëà òðàíñôîðìàòîð-

íîãî â ïîìåùåíèè 4�5�3 ì.

Òàêèì îáðàçîì, ðàñ÷åòû ñ èñïîëüçîâàíèåì ñó-

ùåñòâóþùåãî ïîäõîäà ìîãóò ïðèâåñòè ê íåäîîöåí-

êå îïàñíîñòè îòðàâëåíèÿ ìîíîêñèäîì óãëåðîäà.

Ãîðþ÷åå
âåùåñòâî

Ðàçìåðû
ïîìåùåíèÿ,

ì

Êðèòè÷åñêîå âðåìÿ âîçäåéñòâèÿ ÑÎ, ìèí, íà âçðîñëîãî ÷åëîâåêà ñ ìàññîé ãåìîãëîáèíà

ñðåäíåé ìèíèìàëüíîé


êð1 
êð2 
êð3 
êð1 
êð2 
êð3

Õâîéíûå
äðåâåñíûå
ñòðîéìàòåðèàëû

4 � 5 � 3 1,42 2,41 0,83 1,22 1,92 0,83

4 � 5 � 6 2,92 5,85 – 2,33 4,38 –

24 � 12 � 3 2,44 3,50 2,03 2,18 3,00 2,03

Îáîëî÷êà
êàáåëåé ÏÂÕ

4 � 5 � 3 1,67 2,24 1,19 1,51 1,98 1,19

4 � 5 � 6 2,76 4,00 2,48 2,45 3,40 2,48

24 � 12 � 3 3,18 4,10 2,89 2,88 3,70 2,89

Ìàñëî òðàíñôîð-
ìàòîðíîå

4 � 5 � 3 3,32 5,88 10,05 2,66 4,69 10,05

4 � 5 � 6 >10 >10 – 7,76 >10 –

24 � 12 � 3 >10 >10 – >10 >10 –

Ï ð è ì å ÷ à í è å . “–” îçíà÷àåò, ÷òî ïëîòíîñòü ÑÎ íå äîñòèãëà êðèòè÷åñêîãî çíà÷åíèÿ çà âðåìÿ ïîæàðà.

Òàáëèöà 1. Êðèòè÷åñêèå çíà÷åíèÿ âðåìåíè âîçäåéñòâèÿ ÑÎ â óñëîâèÿõ ïîæàðà ïðè ìàêñèìàëüíîé îáúåìíîé ñêîðîñòè
âåíòèëÿöèè ëåãêèõ, ñîîòâåòñòâóþùåé äèôôóçèîííîé ñïîñîáíîñòè ëåãêèõ ïî ÑÎ
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Çàêëþ÷åíèå

Ïðèíÿòàÿ â íàó÷íîé è íîðìàòèâíîé ëèòåðàòóðå

ïî ïîæàðíîé áåçîïàñíîñòè ìåòîäèêà ðàñ÷åòà êðè-

òè÷åñêîé ïðîäîëæèòåëüíîñòè ïîæàðà ïî ìîíîêñè-

äó óãëåðîäà, îñíîâàííàÿ íà ïîíÿòèè êðèòè÷åñêîé

ïëîòíîñòè ÑÎ, ïðè ïîâûøåííîé îáúåìíîé ñêîðî-

ñòè ëåãî÷íîé âåíòèëÿöèè, õàðàêòåðíîé äëÿ óñëîâèé

ïîæàðà, ìîæåò ïðèâåñòè ê ïîëó÷åíèþ êà÷åñòâåííî

è êîëè÷åñòâåííî íåïðàâèëüíûõ ðåçóëüòàòîâ.

Ïðåäëîæåííûå â íàñòîÿùåé ñòàòüå êðèòåðèè äëÿ

îïðåäåëåíèÿ êðèòè÷åñêèõ âðåìåí âîçäåéñòâèÿ ÑÎ

è ìåòîäèêà ðàñ÷åòà ñîäåðæàíèÿ êàðáîêñèãåìîãëî-

áèíà ïîçâîëÿþò:

� áîëåå îáîñíîâàííî ïî ñðàâíåíèþ ñ ñóùåñòâó-

þùèì ïîäõîäîì îïðåäåëèòü âðåìÿ áåçîïàñíîé

ýâàêóàöèè ëþäåé ïðè ïîæàðå;

� ðàññ÷èòàòü êðèòè÷åñêîå âðåìÿ ñïàñåíèÿ ëþäåé,

íàõîäÿùèõñÿ â ïîìåùåíèè áåç ñðåäñòâ çàùèòû

îò ÑÎ (ñàìîñïàñàòåëåé è ò. ï.), êîòîðûå ñ áîëü-

øîé âåðîÿòíîñòüþ íå ñïîñîáíû ñàìîñòîÿòåëü-

íî ïîêèíóòü ïîìåùåíèå, íî èõ åùå ìîæíî ñïàñ-

òè ïðè òðàíñïîðòèðîâêå â áåçîïàñíóþ çîíó.

Ðèñ. 1. Çàâèñèìîñòè ïëîòíîñòè ÑÎ îò âðåìåíè ñ íà÷àëà ïî-

æàðà ïðè ãîðåíèè õâîéíûõ äðåâåñíûõ ñòðîéìàòåðèàëîâ (à),

îáîëî÷êè êàáåëåé ÏÂÕ (á) è ìàñëà òðàíñôîðìàòîðíîãî (â)

â ïîìåùåíèÿõ: 1 — 4�5�3 ì; 2 — 4�5�6 ì; 3 — 24�12�3 ì;

4 — êðèòè÷åñêîå çíà÷åíèå �COêð

Ðèñ. 2. Çàâèñèìîñòè ìàññîâîé äîëè êàðáîêèãåìîãëîáèíà îò

âðåìåíè ñ íà÷àëà ïîæàðà ïðè ñðåäíåé ìàññå ãåìîãëîáèíà â

îðãàíèçìå âçðîñëîãî ÷åëîâåêà äëÿ ñëó÷àåâ ãîðåíèÿ õâîéíûõ

äðåâåñíûõ ñòðîéìàòåðèàëîâ (à), îáîëî÷êè êàáåëåé ÏÂÕ (á)

è ìàñëà òðàíñôîðìàòîðíîãî (â) â ïîìåùåíèÿõ: 1 — 4�5�3 ì;

2 — 4�5�6 ì; 3 — 24�12�3 ì; 4 — ëåãêîå îòðàâëåíèå; 5 —

îòðàâëåíèå ñðåäíåé ñòåïåíè òÿæåñòè
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ABSTRACT

The aim of this work was to create the mathematical model for calculation of the carboxyhemoglobin

concentration in the human blood in case of fire. Tests were conducted in conditions of variable CO

density, typical for the initial stage of indoor fire, and increased pulmonary ventilation rate.

It is offered the criteria for determination of the critical values of fire duration under the terms of safe

evacuation and people rescue.

The methods of theoretical analysis of the content of carboxyhemoglobin in the human blood and

calculation of the carbon monoxide (CO) concentration, in conditions of fire in premises, were used

during the experiment.

The mathematical model was created taking into account the concentration of CO in the inhaled

air, the mass of hemoglobin in the blood, the pulmonary ventilation rate, the volume of respiratory

dead space and the CO exposure time.

Critical time of safe evacuation for people under the effects of CO is accepted when the content of

carboxyhemoglobin in the blood reaches the 20 % by mass (minor poisoning).

Critical time from the initial stage of fire and until the moment when people, which stay in pre-

mises without protection means against CO (respirators, gas masks, self-rescuers, etc.), and, with high

probability, are unable to leave the premises independently, is accepted when the concentration of

carboxyhemoglobin in the blood reaches the 50 % by mass (moderate poisoning).

The model premises were in the form of parallelepiped with dimensions (m): 4�5�3, 4�5�6 and

24�12�3. As combustible materials there were used the wood building materials, PVC sheath of

cables and transformer oil.

The results of numerical experiments on determination of the carboxyhemoglobin concentration

using the analytical solution of the integral calculation model for the thermal and gas dynamics of fire

are presented.

The estimated values of CO exposure intervals prior to various degrees of human intoxication are

obtained. The comparison of critical durations of fire (considering CO effects), obtained using pro-

posed model and existing approach, is made.

The critical duration of fire, obtained using proposed model, was significantly greater than the cor-

responding value determined by existing methods (for example, in case of burning of the transformer

oil in the room with dimensions of 4�5�3 m).

The main conclusion is that existing scientific and regulatory literature contains the calculation

methods for critical duration of fire, considering CO effects, which may lead to qualitatively and

quantitatively wrong results. The proposed criteria for determination of the critical values of CO

exposure time and the calculation methods for the content of carboxyhemoglobin allow defining

the time of safe evacuation and people rescue more reasonably than existing approach.

Keywords: fire; carbon monoxide; critical time; carboxyhemoglobin; human intoxication; CO expo-

sure time.
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