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âçðûâîîïàñíîñòè. Äëÿ ñìåñåé õëîðà ñ ìåòàíîì, õëîðìåòàíîì è äèõëîðìåòàíîì îïðåäåëåíû
êîíöåíòðàöèîííûå ïðåäåëû ôîòîâîñïëàìåíåíèÿ è êðèòè÷åñêèå èíòåíñèâíîñòè ÓÔ-èçëó÷åíèÿ.
Ðàññ÷èòàíû òåìïåðàòóðà ñàìîâîñïëàìåíåíèÿ ñìåñè ìåòàíà ñ õëîðîì è ìèíèìàëüíàÿ ôëåãìàòè-
çèðóþùàÿ êîíöåíòðàöèÿ ÷åòûðåõõëîðèñòîãî óãëåðîäà â ñìåñè õëîðìåòàíà è õëîðà. Ïîêàçàíî,
÷òî ðàñ÷åòíûå çíà÷åíèÿ ïàðàìåòðîâ â îñíîâíîì õîðîøî ñîãëàñóþòñÿ ñ ýêñïåðèìåíòàëüíûìè.
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Ââåäåíèå

Ìåðîïðèÿòèÿ ïî îáåñïå÷åíèþ ïîæàðíîé áåçîïàñ-

íîñòè ïðîìûøëåííîãî îáúåêòà, íà êîòîðîì îáðà-

ùàþòñÿ ãîðþ÷èå âåùåñòâà, áàçèðóþòñÿ íà ðàñ÷å-

òàõ, â êîòîðûõ èñïîëüçóþòñÿ ïîêàçàòåëè ïîæàðíîé

îïàñíîñòè (ÏÏÎ), òàêèå êàê êîíöåíòðàöèîííûå ïðå-

äåëû ðàñïðîñòðàíåíèÿ ïëàìåíè, òåìïåðàòóðà ñàìî-

âîñïëàìåíåíèÿ, ìèíèìàëüíàÿ ýíåðãèÿ çàæèãàíèÿ,

ñêîðîñòü ðàñïðîñòðàíåíèÿ ïëàìåíè, ìèíèìàëüíàÿ

ôëåãìàòèçèðóþùàÿ êîíöåíòðàöèÿ íåãîðþ÷åãî ãàçà

èëè èíãèáèòîðà è äð. Äëÿ ìíîãèõ ãîðþ÷èõ âåùåñòâ

îíè ýêñïåðèìåíòàëüíî óñòàíîâëåíû è ïðèâåäåíû â

ñïðàâî÷íîé ëèòåðàòóðå [1]. Áîëüøîé ìàññèâ ýêñïå-

ðèìåíòàëüíûõ äàííûõ ïîçâîëèë ðàçâèòü ðàñ÷åòíûå

ìåòîäû îïðåäåëåíèÿ ÏÏÎ ïî ýìïèðè÷åñêèì ôîðìó-

ëàì, ó÷èòûâàþùèì ýëåìåíòíûé ñîñòàâ ãîðþ÷åãî è

â íåêîòîðûõ ñëó÷àÿõ ñòðóêòóðó åãî ìîëåêóëû [2–12].

Ýòè ôîðìóëû äàþò âîçìîæíîñòü îïðåäåëÿòü ñ ðàç-

ëè÷íîé ñòåïåíüþ òî÷íîñòè ÷èñëåííûå çíà÷åíèÿ ÏÏÎ

äëÿ ãîðþ÷èõ âåùåñòâ, äëÿ êîòîðûõ îíè íåèçâåñòíû.

Êàê ïðàâèëî, áîëüøàÿ ñõîäèìîñòü ðåçóëüòàòîâ ðàñ-

÷åòà è ýêñïåðèìåíòà íàáëþäàåòñÿ â ïðåäåëàõ ãîìî-

ëîãè÷åñêîãî ðÿäà. Äàëüíåéøåå ðàçâèòèå ðàñ÷åòíûõ

ìåòîäîâ, ïî-âèäèìîìó, äîëæíî ó÷èòûâàòü äàííûå ïî

êèíåòèêå è ìåõàíèçìó õèìè÷åñêîãî âçàèìîäåéñòâèÿ

ãîðþ÷åãî ñ îêèñëèòåëåì, ÷òî, ïî ñóòè, è îïðåäåëÿåò

ñïîñîáíîñòü âåùåñòâà ê âîñïëàìåíåíèþ è ãîðåíèþ.

Öåëü íàñòîÿùåé ðàáîòû — ïîêàçàòü âîçìîæíîñòü

ðàñ÷åòà ïîêàçàòåëåé ïîæàðîâçðûâîîïàñíîñòè ãîðþ-

÷èõ ãàçîâûõ ñìåñåé ñ ïîìîùüþ ìîäåëè òåïëîâîãî

âîñïëàìåíåíèÿ, áàçèðóþùåéñÿ íà óðàâíåíèè òåï-

ëîïðîâîäíîñòè è êèíåòèêå ðàäèêàëüíî-öåïíîãî õè-

ìè÷åñêîãî âçàèìîäåéñòâèÿ.

Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè ñôîðìóëè-

ðîâàíû ñëåäóþùèå çàäà÷è:

� ðàçðàáîòàòü ìàòåìàòè÷åñêóþ ìîäåëü, îïèñûâà-

þùóþ èçìåíåíèå òåìïåðàòóðû â ñèñòåìå ïðè ïðî-

òåêàíèè â íåé ãàçîôàçíîé ðàäèêàëüíî-öåïíîé

ðåàêöèè, äëÿ îïðåäåëåíèÿ ïàðàìåòðîâ ïîæàðî-

âçðûâîîïàñíîñòè ãîðþ÷åé ãàçîâîé ñìåñè;

� ñðàâíèòü ðåçóëüòàòû ðàñ÷åòîâ ïîêàçàòåëåé ïîæà-

ðîâçðûâîîïàñíîñòè, âûïîëíåííûõ ñ ïîìîùüþ

ìàòåìàòè÷åñêîé ìîäåëè, ñ èõ çíà÷åíèÿìè, ïîëó-

÷åííûìè ýêñïåðèìåíòàëüíî.

© Ãðîõîòîâ Ì. À., Áåãèøåâ È. Ð., Êîìàðîâ À. À., Áåëèêîâ À. Ê., 2018
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Ìåòîä èññëåäîâàíèÿ

Âîçìîæíîñòü óâÿçàòü ïîêàçàòåëè ïîæàðíîé îïàñ-

íîñòè ñ õèìè÷åñêîé êèíåòèêîé ïðîöåññà ïðîäåìîí-

ñòðèðóåì íà ïðèìåðå ñìåñåé õëîðà ñ ìåòàíîì è ñ åãî

õëîðïðîèçâîäíûìè (õëîðìåòàíîì è äèõëîðìåòàíîì).

Òàêèå âçðûâîîïàñíûå ñìåñè ìîãóò îáðàçîâûâàòüñÿ

ïðè òåðìè÷åñêîì èëè ôîòîõèìè÷åñêîì õëîðèðîâà-

íèè ìåòàíà, õëîðìåòàíà èëè äèõëîðìåòàíà â õèìè-

÷åñêîì ðåàêòîðå. Äëÿ ñìåñåé, ñîäåðæàùèõ â êà÷åñò-

âå îêèñëèòåëÿ õëîð, ðàñ÷åòíûå ìåòîäû îïðåäåëåíèÿ

ïàðàìåòðîâ ïîæàðîâçðûâîîïàñíîñòè íå ðàçðàáî-

òàíû. Ðåàêöèÿ õëîðèðîâàíèÿ, òàê æå êàê è ðåàêöèÿ

îêèñëåíèÿ, ÿâëÿåòñÿ ðàäèêàëüíî-öåïíîé, îäíàêî öåïè

â íåé ëèáî íå ðàçâåòâëåíû, ëèáî ðàçâåòâëåíû î÷åíü

ñëàáî. Íà÷àëüíûìè àêòèâíûìè öåíòðàìè ðåàêöèè â

òàêèõ ñìåñÿõ ÿâëÿþòñÿ àòîìû õëîðà, îáðàçóþùèåñÿ

â ðåçóëüòàòå äèññîöèàöèè ìîëåêóë õëîðà, â êîòîðûõ

õèìè÷åñêàÿ ñâÿçü ñëàáåå, ÷åì ñâÿçè â ìåòàíå è â åãî

õëîðïðîèçâîäíûõ. Äèññîöèàöèÿ ìîëåêóëû õëîðà

ìîæåò ïðîèñõîäèòü ïðè íàãðåâå è â ðåçóëüòàòå äåé-

ñòâèÿ ÓÔ-èçëó÷åíèÿ. Ïðè íåâûñîêèõ òåìïåðàòóðàõ

(Ò < 300 °Ñ) ñêîðîñòü òåðìè÷åñêîãî èíèöèèðîâàíèÿ

ñëèøêîì íèçêà è âîñïëàìåíåíèå ñìåñè ìîæåò ïðî-

èñõîäèòü òîëüêî áëàãîäàðÿ äåéñòâèþ ÓÔ-èçëó÷åíèÿ.

Òàê, ïðè äåéñòâèè ÓÔ-èçëó÷åíèÿ, êîìíàòíîé òåì-

ïåðàòóðå è àòìîñôåðíîì äàâëåíèè ïðîèñõîäèò âîñ-

ïëàìåíåíèå ñìåñåé õëîðà ñ ìåòàíîì, õëîðìåòàíîì

è äèõëîðìåòàíîì. Â ðàáîòàõ [13–16] áûëè óñòàíîâ-

ëåíû êðèòè÷åñêèå ïàðàìåòðû ôîòîâîñïëàìåíåíèÿ:

êðèòè÷åñêàÿ èíòåíñèâíîñòü ÓÔ-èçëó÷åíèÿ, êîíöåíò-

ðàöèîííûå ïðåäåëû ôîòîâîñïëàìåíåíèÿ, à òàêæå

ìèíèìàëüíàÿ ôëåãìàòèçèðóþùàÿ êîíöåíòðàöèÿ

õëîðîôîðìà è ÷åòûðåõõëîðèñòîãî óãëåðîäà â ñìåñè

õëîðìåòàíà è õëîðà. Ýêñïåðèìåíòû ïðîâîäèëè â

ñòàëüíîì öèëèíäðè÷åñêîì ðåàêöèîííîì ñîñóäå.

Ñìåñü ÷åðåç êâàðöåâîå ñòåêëî, óñòàíîâëåííîå â òîð-

öå ñîñóäà, îáëó÷àëè ÓÔ-ñâåòîì. Î âîñïëàìåíåíèè

ñìåñè ñóäèëè ïî çàâèñèìîñòè òåìïåðàòóðû ðåàêöè-

îííîé ñìåñè, ðåãèñòðèðóåìîé ìèêðîòåðìîïàðàìè,

îò âðåìåíè.

Òåîðåòè÷åñêè óñëîâèÿ, ïðè êîòîðûõ ïðîèñõîäèò

âîñïëàìåíåíèå, ìîæíî óñòàíîâèòü ñ ïîìîùüþ ìî-

äåëè ôîòîòåïëîâîãî âîñïëàìåíåíèÿ, áàçèðóþùåéñÿ

íà óðàâíåíèè òåïëîïðîâîäíîñòè ñ èñòî÷íèêîì òåï-

ëà â âèäå ýêçîòåðìè÷åñêîé ðåàêöèè:
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ãäå Ò — òåðìîäèíàìè÷åñêàÿ òåìïåðàòóðà;

� — âðåìÿ;

�, c,�— êîýôôèöèåíò òåïëîïðîâîäíîñòè, ìîëÿð-

íàÿòåïëîåìêîñòüèïëîòíîñòüðåàêöèîííîéñìåñè;

x, r — êîîðäèíàòû òî÷êè â öèëèíäðè÷åñêîì ðå-

àêöèîííîì ñîñóäå;

q — ñêîðîñòü òåïëîâûäåëåíèÿ;

� — êîýôôèöèåíò òåïëîïîòåðü.

Ïðè èçâåñòíîé ñêîðîñòè òåïëîâûäåëåíèÿ óðàâ-

íåíèå (1) ïîçâîëÿåò íàõîäèòü èçìåíåíèå òåìïåðàòó-

ðû ðåàãèðóþùåé ñìåñè âî âðåìåíè â ëþáîé òî÷êå

ðåàêöèîííîãî ñîñóäà è ïî ýòîé çàâèñèìîñòè ñóäèòü,

ïðè êàêèõ óñëîâèÿõ ñìåñü áóäåò âîñïëàìåíÿòüñÿ.

Ðåàêöèÿ õëîðèðîâàíèÿ ìåòàíà ïðîòåêàåò â ÷åòû-

ðå (I–IV) ïîñëåäîâàòåëüíûå ñòàäèè çàìåùåíèÿ àòî-

ìîâ âîäîðîäà íà õëîð, êàæäàÿ èç êîòîðûõ ïðîòåêàåò

ñ ó÷àñòèåì àòîìîâ è ðàäèêàëîâ è îáðàçîâàíèåì ïðî-

äóêòîâ: õëîðìåòàíà (CH3Cl), äèõëîðìåòàíà (CH2Cl2),

õëîðîôîðìà (CHCl3), òåòðàõëîðìåòàíà (CCl4) è õëî-

ðèñòîãî âîäîðîäà (HCl):

I. CH4 + Cl2 � CH3Cl + HCl;

II. CH3Cl + Cl2 � CH2Cl2 + HCl;

III. CH2Cl2 + Cl2 � CHCl3 + HCl;

IV. CHCl3 + Cl2 � CCl4 + HCl.

Ìåõàíèçì êàæäîé èç ñòàäèé ìîæíî ïðåäñòàâèòü

â îáùåì âèäå ñ ýëåìåíòàðíûìè ðåàêöèÿìè ïðîäîë-

æåíèÿ è îáðûâà öåïåé:

ãäå R — ìåòèëüíûé èëè õëîðìåòèëüíûé ðàäèêàë;

Ì — òðåòüÿ ÷àñòèöà (ëþáàÿ).

Îáðûâ öåïåé â òàêèõ ñèñòåìàõ ïðåèìóùåñòâåí-

íî ïåðåêðåñòíûé, òàê êàê â øèðîêîì äèàïàçîíå èç-

ìåíåíèÿ êîíöåíòðàöèé ðåàãèðóþùèõ âåùåñòâ ñêî-

ðîñòü ðåàêöèè 4 âûøå, ÷åì ðåàêöèé 3 è 5. Ïîýòîìó

äëÿ óïðîùåíèÿ ðàñ÷åòîâ èñêëþ÷èì èç ðàññìîòðåíèÿ

êâàäðàòè÷íûå îáðûâû öåïåé ïðè ðåêîìáèíàöèè ìå-

òèëüíûõ è õëîðìåòèëüíûõ ðàäèêàëîâ (ðåàêöèÿ 3).

Òîãäà îáùàÿ ñõåìà ìåõàíèçìà õèìè÷åñêîé ðåàêöèè

áóäåò âûãëÿäåòü ñëåäóþùèì îáðàçîì:
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Àíàëèçèðóÿ âûøåïðèâåäåííûé ìåõàíèçì è èñ-

ïîëüçóÿ ïðèíöèï êâàçèñòàöèîíàðíîñòè êîíöåíòðà-

öèé àêòèâíûõ ÷àñòèö, à òàêæå ðàâåíñòâî ñêîðîñòåé

ðåàêöèé ïðîäîëæåíèÿ öåïè íà êàæäîé ñòàäèè, ïî-

ëó÷èì óðàâíåíèå äëÿ êîíöåíòðàöèè àòîìîâ õëîðà:
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[ ] [ ] [ ]CH Cl CHCl2 2 3

0 5,

,

(2)

ãäå Wi — ñêîðîñòü èíèöèèðîâàíèÿ (ñêîðîñòü îáðà-

çîâàíèÿ àòîìîâ õëîðà), ìîëü�(ì3·ñ);

[…] — êîíöåíòðàöèÿ âåùåñòâà, ìî�ü�ì3;

ki — êîíñòàíòà ñêîðîñòè ïðîòåêàíèÿ ñîîòâåòñò-

âóþùåé ñòàäèè, ì3�(ìîëü·ñ).

Òîãäà óðàâíåíèå ñêîðîñòè ïðîòåêàíèÿ êàæäîé

ïîñëåäîâàòåëüíîé ñòàäèè õëîðèðîâàíèÿ áóäåò èìåòü

âèä:

W kI
3d CH Cl

d
CH Cl� �

[ ]
[ ] [ ] ;

� 11 4 (3)

W kII
2 2

3

d CH Cl

d
CH Cl Cl� �

[ ]
[ ] [ ] ;

� 21 (4)

W kIII
3

2 2

d CHCl

d
CH Cl Cl� �

[ ]
[ ] [ ] ;

� 31 (5)

W kIV
4

3

d CCl

d
CHCl Cl� �

[ ]
[ ] [ ] ,

� 41 (6)

à îáùàÿ ñêîðîñòü òåïëîâûäåëåíèÿ q áóäåò îïðåäå-

ëÿòüñÿ êàê

q = WIQI + WIIQII + WIIIQIII + WIVQIV, (7)

ãäå QI, QII, QIII, QIV — òåïëîâûå ýôôåêòû ñòàäèé,

ðàññ÷èòàííûå ïî çàêîíó Ãåññà.

Ñêîðîñòü èíèöèèðîâàíèÿ õèìè÷åñêîé ðåàêöèè

â ðàññìàòðèâàåìîì ñëó÷àå èìååò äâå ñîñòàâëÿþùèå

— ôîòîõèìè÷åñêóþ W
i

ô è òåðìè÷åñêóþ Wi
ò:

W W Wi i i� �ô ò .

Ôîòîõèìè÷åñêàÿ äèññîöèàöèÿ ïðîèñõîäèò ïðè

ïîãëîùåíèè ìîëåêóëîé õëîðà êâàíòà ýëåêòðîìàã-

íèòíîãî èçëó÷åíèÿ, ïðè ýòîì åå ñêîðîñòü óìåíüøà-

åòñÿ ïî ìåðå ïðîõîæäåíèÿ èçëó÷åíèåì ðåàêöèîííîé

ñðåäû â ðåçóëüòàòå åãî ïîãëîùåíèÿ ìîëåêóëÿðíûì

õëîðîì è ðàññåÿíèÿ ñâåòîâîãî ïîòîêà:

W I K x
i

ô
2 îñ 2Cl Cl� �2 0% %[ ] exp ( [ ] ) , (8)

ãäå %— êîýôôèöèåíò ïîãëîùåíèÿ èçëó÷åíèÿ õëîðîì,

ì2�ìîëü;

I0 — èíòåíñèâíîñòü èçëó÷åíèÿ íà âõîäå â ðåàê-

öèîííóþ ñìåñü; ýêñïåðèìåíòàëüíî ïîëó÷åíî I0 =

= 3,26 � 10–3 ìîëü�(ì2·ñ);

Kîñ — îñëàáëåíèå ñâåòîâîãî ïîòîêà çà ñ÷åò ðàñ-

ñåÿíèÿ; ýêñïåðèìåíòàëüíî óñòàíîâëåíî â íåïî-

ãëîùàþùåé ñðåäå Kîñ = I0 exp (–10,59x);

õ — ðàññòîÿíèå, ïðîéäåííîå èçëó÷åíèåì â ðåàê-

öèîííîì ñîñóäå, ì; èçìåíÿåòñÿ îò 0 äî L.

Òåðìè÷åñêàÿ äèññîöèàöèÿ ìîëåêóë õëîðà ïðî-

èñõîäèò ïðè ñòîëêíîâåíèè èõ ñ ëþáîé ìîëåêóëîé,

èìåþùåé èçáûòîê ýíåðãèè, ïðè ýòîì åå ñêîðîñòü ýêñ-

ïîíåíöèàëüíî âîçðàñòàåò ñ ïîâûøåíèåì òåìïåðà-

òóðû:

W k
E

RT
Mi

òò
ò Cl� ��

�
	



�
�2 2exp [ ] [ ] , (9)

ãäå kò — êîíñòàíòà ñêîðîñòè òåðìè÷åñêîé äèññîöè-

àöèè, ìîëü�(ì3·ñ);

Åò — ýíåðãèÿ àêòèâàöèè, Äæ�ìîëü;

R — óíèâåðñàëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ,

Äæ�(ìîëü·Ê);

[M] — îáùàÿ êîíöåíòðàöèÿ ìîëåêóë â ñìåñè,

ìîëü�ì3.

Â îáùåì ñëó÷àå ñêîðîñòü èíèöèèðîâàíèÿ áóäåò

îïðåäåëÿòüñÿ êàê

W I K xi � � �2 2 0 2% %[ ] exp ( [ ] )Cl Clîñ

� ��
�
	



�
�2 2k

E

RT
Mò

ò Clexp [ ] [ ] .
(10)

Àíàëèç ôîòîõèìè÷åñêîé è òåðìè÷åñêîé ñîñòàâ-

ëÿþùèõ ñêîðîñòè èíèöèèðîâàíèÿ ïîçâîëÿåò çàêëþ-

÷èòü, ÷òî ïðè I0 = 3,26 � 10–3 ìîëü�(ì2·ñ) è òåìïåðà-

òóðå ñìåñè ìåíåå 500 °Ñ W Wi i

ò ô&& è ðåàêöèÿ áóäåò

ïðîòåêàòü êàê ôîòîõèìè÷åñêàÿ ñ ïîñòîÿííîé ñêîðî-

ñòüþ èíèöèèðîâàíèÿ W Wi i
� ô, à âçðûâ â ñèñòåìå

áóäåò ðàçâèâàòüñÿ êàê ÷èñòî òåïëîâîé, âûçâàííûé

ðàçáàëàíñèðîâàíèåì ñêîðîñòè òåïëîâûäåëåíèÿ è

òåïëîîòâîäà. Ïðè ïîâûøåíèè òåìïåðàòóðû ñìåñè

äî 900 Ê è äàëüíåéøåì åå ðîñòå ñêîðîñòü èíèöèè-

ðîâàíèÿ áóäåò îïðåäåëÿòüñÿ â îñíîâíîì óæå òåðìè-

÷åñêîé äèññîöèàöèåé, êîòîðàÿ ýêñïîíåíöèàëüíî

óâåëè÷èâàåòñÿ ñ ïîâûøåíèåì òåìïåðàòóðû. Ñ ýòîãî

ìîìåíòà â ðåàêöèîííîé ñìåñè áóäåò ïðîèñõîäèòü ïðî-

ãðåññèðóþùèé ðîñò ÷èñëà àêòèâíûõ ÷àñòèö, è ðàçâè-

âàþùèéñÿ â ñèñòåìå âçðûâ ñòàíåò öåïíî-òåïëîâûì.

Ïðè ðåøåíèè óðàâíåíèÿ òåïëîïðîâîäíîñòè çíà-

÷åíèÿ êîýôôèöèåíòà òåïëîïðîâîäíîñòè è òåïëîåì-

êîñòè ðàññ÷èòûâàëè äëÿ èñõîäíîãî ñîñòàâà ñìåñè,

à â õîäå õèìè÷åñêîãî ïðåâðàùåíèÿ ó÷èòûâàëè èõ

èçìåíåíèå òîëüêî â çàâèñèìîñòè îò òåìïåðàòóðû.

Êîýôôèöèåíò òåïëîïîòåðü � â ñîîòâåòñòâèè ñ

çàêîíîì Ñòåôàíà–Áîëüöìàíà ïðèíèìàëè ïðîïîðöè-

îíàëüíûì T 4 è íàõîäèëè åãî çíà÷åíèå, îñíîâûâàÿñü

íà âåëè÷èíå òåìïåðàòóðû ãîðåíèÿ è äîëå òåïëîïî-

òåðü, ïðèâåäåííûõ â ðàáîòå À. È. Ðîçëîâñêîãî [17].

Îíî ñîñòàâèëî � = 1,9 � 10–14 T 4.

Ëîêàëüíîå èçìåíåíèå ïëîòíîñòè ñìåñè ïðè åå

ðàçîãðåâå â çàìêíóòîì îáúåìå ó÷èòûâàëè ââåäåíèåì

ìíîæèòåëÿ Tv �Ti äëÿ êîíöåíòðàöèè êàæäîãî êîì-

ïîíåíòà ðåàãèðóþùåé ñìåñè. Çäåñü Tv — ñðåäíå-

îáúåìíàÿ òåìïåðàòóðà ñìåñè â ñîñóäå; Òi — òåìïå-
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ðàòóðà â ðàññìàòðèâàåìîé òî÷êå. Òåìïåðàòóðó ñòåíîê

ñîñóäà ïðèíèìàëè ïîñòîÿííîé, ðàâíîé T0.

Ðåøåíèå äèôôåðåíöèàëüíîãî óðàâíåíèÿ òåïëî-

ïðîâîäíîñòè ïðîâîäèëè ÷èñëåííûì ìåòîäîì ñ èñ-

ïîëüçîâàíèåì êîíå÷íûõ ðàçíîñòåé ñ ðàâíîìåðíîé

ñåòêîé è ÿâíîé êîíå÷íî-ðàçíîñòíîé ñõåìû. Øàã èí-

òåãðèðîâàíèÿ ïî âðåìåííîé êîîðäèíàòå âûáèðàëè

èç óñëîâèÿ óñòîé÷èâîñòè [18]:

'
'

�
�

�
&

c h2

2
, (11)

ãäå 'h — øàã ïî êîîðäèíàòå.

Íà êàæäîì âðåìåííîì øàãå, èìåÿ â êà÷åñòâå èñ-

õîäíûõ äàííûõ êîíöåíòðàöèþ õëîðà è òåìïåðàòóðó

â êàæäîé ðàññìàòðèâàåìîé òî÷êå, ïî óðàâíåíèþ (10)

óñòàíàâëèâàëè çíà÷åíèå ñêîðîñòè èíèöèèðîâàíèÿ.

Ïîòîì èç óðàâíåíèÿ (2) îïðåäåëÿëè êîíöåíòðàöèþ

àòîìîâ õëîðà â êàæäîé òî÷êå [Cl]i, j è, ïîäñòàâëÿÿ èõ

çíà÷åíèÿ â óðàâíåíèÿ (3)–(6), îïðåäåëÿëè ñêîðîñòü

ïðîòåêàíèÿ êàæäîé ïîñëåäîâàòåëüíîé ñòàäèè õëî-

ðèðîâàíèÿ. Ïðèðàùåíèå êîíöåíòðàöèè îáðàçîâàâ-

øèõñÿ âåùåñòâ çà âðåìÿ '� ('[CH3Cl]i, j, '[CH2Cl2]i, j,

'[CHCl3]i, j, '[CCl4]i, j), è êîíöåíòðàöèè êîìïîíåí-

òîâ ðåàêöèîííîé ñìåñè äëÿ ñëåäóþùåãî øàãà ðàñ-

ñ÷èòûâàëè òàê:

[CH4]i, j = [CH4]i, j – ' [CH3Cl]i, j ;

[CH3Cl]i, j = [CHCl3]i, j + ' [CH3Cl]i, j – ' [CH2Cl2]i, j ;

[CH2Cl2]i, j = [CH2Cl2]i, j + ' [CH2Cl2]i, j – ' [CH3Cl]i, j ;

[CHCl3]i, j = [CHCl3]i, j + ' [CHCl3]i, j – ' [CH2Cl2]i, j ;

[CCl4]i, j = [CCl4]i, j + ' [CCl4]i, j ;

[Cl2]i, j = [Cl2]i, j – ' [CH3Cl]i, j – ' [CH2Cl2]i, j –

– ' [CHCl3]i, j – ' [CCl4]i, j .

Ñêîðîñòü òåïëîâûäåëåíèÿ ðàññ÷èòûâàëè ïî óðàâ-

íåíèþ (7), â êîòîðîì

WI = ' [CH3Cl]i, j �'�; WII = ' [CH2Cl2]i, j �'�;

WIII = ' [CHCl3]i, j �'�; WIV = ' [CCl4]i, j �'�.

Ðåøàÿ óðàâíåíèÿ òåïëîïðîâîäíîñòè, ïîëó÷àëè

òåìïåðàòóðíûå ïîëÿ â ðåàêöèîííîì ñîñóäå íà ðàçëè÷-

íûå ìîìåíòû âðåìåíè. Ïðè ðåøåíèè çàäà÷è èñïîëü-

çîâàëè ñèñòåìó MATLAB è ïðîãðàììó äëÿ êîìïüþ-

òåðíîãî ñ÷åòà [19].

Ðåçóëüòàòû

Íà ðèñ. 1 ïðèâåäåíû òåìïåðàòóðíûå ïîëÿ, ïîêà-

çûâàþùèå ïðîöåññ ðàçâèòèÿ âîñïëàìåíåíèÿ ñìåñè

â öèëèíäðè÷åñêîì ñîñóäå ðàäèóñîì 1,8 � 10–2 ì è äëè-

íîé 4,0 � 10–2 ì.

Ïðè äåéñòâèè ÓÔ-ñâåòà ñìåñü íà÷èíàåò ðàçîãðå-

âàòüñÿ âáëèçè êâàðöåâîãî ñòåêëà (ñì. ðèñ. 1,à), à çà-

òåì ïðè äîñòèæåíèè îïðåäåëåííîé òåìïåðàòóðû ïðî-

Ðèñ. 1. Òåìïåðàòóðíîå ïîëå â ñìåñè 0,35CH4 + 0,65Cl2 íà ðàç-

ëè÷íûå ìîìåíòû âðåìåíè îò íà÷àëà îáëó÷åíèÿ ÓÔ-ñâåòîì

ìàêñèìàëüíîé èíòåíñèâíîñòè: à — 0,209 ñ; á — 0,293 ñ; â —

0,460 ñ

Fig. 1. Temperature profile in mix 0.35CH4 + 0.65Cl2 on various

instants from the beginning of radiation by UF-light of the maxi-

mal intensity: à — 0.209 s; b — 0.293 s; v — 0.460 s
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èñõîäèò åå âîñïëàìåíåíèå (ñì. ðèñ. 1,á) è ïîñëåäó-

þùåå ðàñïðîñòðàíåíèå ïëàìåíè â ãëóáü ñîñóäà (ñì.

ðèñ. 1,â).

Íà ðèñ. 2 ïðåäñòàâëåíû êðèâûå, ïîêàçûâàþùèå

èçìåíåíèå òåìïåðàòóðû ñìåñè ìåòàíà è õëîðà â

öåíòðå ðåàêöèîííîãî ñîñóäà â çàâèñèìîñòè îò âðå-

ìåíè. Êàê âèäíî èç ãðàôèêîâ, ñíèæåíèå èíòåíñèâ-

íîñòè îáëó÷åíèÿ ïðèâîäèò ê óìåíüøåíèþ ñêîðîñòè

òåïëîâûäåëåíèÿ è òåìïåðàòóðû ìàêñèìàëüíîãî ðàçî-

ãðåâà. Ïðè èíòåíñèâíîñòè I = 0,1I0 (êðèâàÿ 4) ìàê-

ñèìàëüíûé ðàçîãðåâ Òmax < Têð (ãäå Òêð — òåìïå-

ðàòóðà, ïðè êîòîðîé ñìåñü íå âîñïëàìåíÿåòñÿ), ïî-

ýòîìó ñìåñü íå âîñïëàìåíÿåòñÿ.

Íà ðèñ. 3 ïðèâåäåíû çàâèñèìîñòè ìàêñèìàëüíîé

òåìïåðàòóðû ðàçîãðåâà ñìåñè CH4 + Cl2 îò êîíöåíò-

ðàöèè ãîðþ÷åãî ïðè äåéñòâèè ÓÔ-èçëó÷åíèÿ ðàçëè÷-

íîé èíòåíñèâíîñòè.

Ìàêñèìàëüíàÿ ðàñ÷åòíàÿ òåìïåðàòóðà ðàçîãðåâà

ñìåñè ñîñòàâèëà 1532 Ê, ÷òî ñîãëàñóåòñÿ ñ ýêñïåðè-

ìåíòàëüíî íàáëþäàåìûìè çíà÷åíèÿìè. Êàê ñëåäóåò

èç ðèñ. 3, êðèòè÷íîñòü âûðàæåíà ñëàáî íà êîíöåíò-

ðàöèîííûõ ïðåäåëàõ è çàìåòíî íà÷èíàåò ïðîÿâëÿòü-

ñÿ ïðè óìåíüøåíèè èíòåíñèâíîñòè ÓÔ-èçëó÷åíèÿ

(êðèâàÿ 3). Íèçêóþ êðèòè÷íîñòü íà ïðåäåëàõ ôîòî-

âîñïëàìåíåíèÿ íàáëþäàëè è ïðè ýêñïåðèìåíòàëüíîì

èññëåäîâàíèè. Ïîýòîìó äëÿ îïðåäåëåíèÿ ðàñ÷åòíîé

êîíöåíòðàöèîííîé îáëàñòè ôîòîâîñïëàìåíåíèÿ çà

êðèòåðèé âîñïëàìåíåíèÿ, òàê æå êàê è ïðè îáðàáîò-

êå ýêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ, ïðèíèìàëè ïðå-

äåëüíóþ òåìïåðàòóðó ãîðåíèÿ ïîäîáíûõ ñìåñåé,

ðàâíóþ 800 Ê (ïóíêòèðíàÿ ëèíèÿ), è ïî íåé îïðåäå-

ëÿëè êîíöåíòðàöèîííûå ïðåäåëû. Àíàëîãè÷íûå ðàñ-

÷åòíûå çàâèñèìîñòè áûëè ïîëó÷åíû è äëÿ ñìåñåé

õëîðà ñ õëîðìåòàíîì è äèõëîðìåòàíîì.

Íàëè÷èå òåðìè÷åñêîé ñîñòàâëÿþùåé â óðàâíå-

íèè äëÿ ñêîðîñòè èíèöèèðîâàíèÿ ïîçâîëÿåò ðàñ-

ñ÷èòûâàòü òåìïåðàòóðó ñàìîâîñïëàìåíåíèÿ ñìåñè.

Â îòñóòñòâèå ôîòîèíèöèèðîâàíèÿ W Wi i� ò , ïîýòî-

ìó çàðîæäåíèå öåïåé îáóñëîâëåíî ëèøü òåðìè÷åñêîé

äèññîöèàöèåé. Ìåíÿÿ òåìïåðàòóðó ñòåíîê ñîñóäà,

ò. å. ìîäåëèðóÿ ìåòîä âïóñêà, íàõîäèëè åå çíà÷åíèå,

ïðè êîòîðîì ïðîèñõîäèò ñàìîâîñïëàìåíåíèå ñìåñè.

Íà ðèñ. 4 ïðåäñòàâëåíû òåìïåðàòóðíûå ïîëÿ, ïîêà-

çûâàþùèå ïðîöåññ ðàçâèòèÿ ñàìîâîñïëàìåíåíèÿ

ñìåñè 0,2ÑÍ4 + 0,8Ñl2 ïðè òåìïåðàòóðå ñòåíîê ðå-

àêöèîííîãî ñîñóäà 613 Ê. Êàê âèäíî èç ðèñ. 4, ðàçî-

ãðåâ ñìåñè íà÷èíàåòñÿ ó ñòåíîê, à ïîñëåäóþùåå âîñ-

ïëàìåíåíèå ïðîèñõîäèò â öåíòðå ðåàêöèîííîãî ñî-

ñóäà.

Íà ðèñ. 5 ïðèâåäåíû ðàñ÷åòíûå çàâèñèìîñòè òåì-

ïåðàòóðû îò âðåìåíè â ñòåõèîìåòðè÷åñêîé ñìåñè

ìåòàíà ñ õëîðîì â öåíòðå ðåàêöèîííîãî ñîñóäà ïðè

òåìïåðàòóðå ñòåíîê 612 è 613 Ê. Íà ãðàôèêàõ êðè-

òè÷íîñòü ïðîöåññà òåïëîâîãî ñàìîâîñïëàìåíåíèÿ ïðè

èçìåíåíèè òåìïåðàòóðû ÿðêî âûðàæåíà. Ïîâûøåíèå

òåìïåðàòóðû ñòåíîê âñåãî íà 1 Ê ïðèâîäèò ê ñìåíå

ðåæèìà ïðîöåññà ñî ñòàöèîíàðíîãî íà âçðûâíîé.

Â òàáëèöó ñâåäåíû ðåçóëüòàòû âûïîëíåííûõ ðàñ-

÷åòîâ. Ñðàâíèâàÿ ðàñ÷åòíûå è ýêñïåðèìåíòàëüíûå

çíà÷åíèÿ ïàðàìåòðîâ, ìîæíî ïðèéòè ê âûâîäó, ÷òî

îíè â îñíîâíîì ñîãëàñóþòñÿ: ëó÷øå — ïî êîíöåíò-

ðàöèîííûì ïðåäåëàì è òåìïåðàòóðå ñàìîâîñïëàìå-

íåíèÿ, õóæå — ïî êðèòè÷åñêîé èíòåíñèâíîñòè ÓÔ-

èçëó÷åíèÿ. Ïîñëåäíåå, âîçìîæíî, ñâÿçàíî ñ ïîãðåø-

íîñòüþ ïðè îïðåäåëåíèè çíà÷åíèÿ I0.

Ïîìèìî óæå ïåðå÷èñëåííûõ êðèòè÷åñêèõ ïàðà-

ìåòðîâ âîñïëàìåíåíèÿ, ðàñ÷åòîì íàõîäèëè çàâèñè-

ìîñòü êîíöåíòðàöèîííûõ ïðåäåëîâ ôîòîâîñïëàìå-

Ðèñ. 2. Èçìåíåíèå òåìïåðàòóðû â ñìåñè 0,2ÑÍ4 + 0,8Ñl2 ïðè

èíòåíñèâíîñòè ÓÔ-èçëó÷åíèÿ, ðàâíîé: 1 — I0; 2 — 0,3I0; 3 —

0,15I0; 4 — 0,1I0

Fig. 2. Change of temperature in mix 0.2ÑÍ4 + 0.8Ñl2 at the in-

tensity of UV-radiation equal: 1 — I0; 2 — 0.3I0; 3 — 0.15I0;

4 — 0.1I0

Ðèñ. 3. Çàâèñèìîñòè ìàêñèìàëüíîé òåìïåðàòóðû ðàçîãðåâà

ñìåñè îò íà÷àëüíîãî ñîäåðæàíèÿ ìåòàíà (ã ïðè ðàçëè÷íîé

èíòåíñèâíîñòè ÓÔ-èçëó÷åíèÿ, ðàâíîé: 1 — I0; 2 — 0,25I0;

3 — 0,15I0; 4 — 0,1I0

Fig. 3. Dependences of the maximum temperature of a warming

up of mix on the initial content of methane (ã at various intensity

of UV-radiation equal: 1 — I0; 2 — 0.25I0; 3 — 0.15I0; 4 — 0.1I0
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íåíèÿ õëîðìåòàíà â ñìåñè ñ õëîðîì îò êîíöåíòðàöèè

ôëåãìàòèçàòîðà. Â êà÷åñòâå ïîñëåäíåãî èñïîëü-

çîâàëè ÷åòûðåõõëîðèñòûé óãëåðîä. Ðàñ÷åòíàÿ è ýêñ-

ïåðèìåíòàëüíàÿ çàâèñèìîñòè ïðèâåäåíû íà ðèñ. 6.

Ïî ðàñ÷åòíûì äàííûì çíà÷åíèå ìèíèìàëüíîé

ôëåãìàòèçèðóþùåé êîíöåíòðàöèè (ÌÔÊ) ÷åòûðåõ-

õëîðèñòîãî óãëåðîäà ñîñòàâèëî 32 % îá., à óñòàíîâ-

ëåííîå ðàíåå ýêñïåðèìåíòàëüíî — 34 % îá., ò. å. ïî

ÌÔÊ íàáëþäàåòñÿ ñîâïàäåíèå äîñòàòî÷íî õîðîøåå.

Òàêèì îáðàçîì, â ïðåäñòàâëåííîé ðàáîòå ïîêà-

çàíà ïðèíöèïèàëüíàÿ âîçìîæíîñòü ðàñ÷åòà êðèòè-

÷åñêèõ ïàðàìåòðîâ âîñïëàìåíåíèÿ ïî êèíåòè÷åñêèì

äàííûì î ìåõàíèçìå õèìè÷åñêîãî âçàèìîäåéñòâèÿ

è êîíñòàíòàì ñêîðîñòè ýëåìåíòàðíûõ ðåàêöèé.

Àíàëîãè÷íûé ïîäõîä ìîæåò áûòü èñïîëüçîâàí è

ïðè ðàñ÷åòå ïîêàçàòåëåé ïîæàðîâçðûâîîïàñíîñòè â

ñìåñÿõ, îêèñëèòåëåì â êîòîðûõ ÿâëÿåòñÿ êèñëîðîä.

Õîòÿ îòìåòèì, ÷òî â êèñëîðîäíûõ ñèñòåìàõ ìåõà-

íèçì ðåàêöèè ñóùåñòâåííî óñëîæíåí ðàçâåòâëåíè-

ÿìè öåïåé, èãðàþùèìè çíà÷èòåëüíóþ ðîëü ïðè âîñ-

ïëàìåíåíèè.

Ðèñ. 4. Èçìåíåíèå ïîëÿ òåìïåðàòóð âíóòðè ðåàêöèîííîãî

ñîñóäà â ñìåñè 0,2ÑÍ4 + 0,8Ñl2 ñî âðåìåíåì ïðè òåìïåðàòóðå

ñòåíîê 613 Ê

Fig. 4. Change of the field of temperatures in a reactionary vessel

in mix 0.2CH4 + 0.8Cl2 over time at a temperature of walls 613 K

Ðèñ. 5. Èçìåíåíèå òåìïåðàòóðû ñìåñè 0,2ÑÍ4 + 0,8Ñl2 ïðè òåì-

ïåðàòóðå ñòåíîê ðåàêöèîííîãî ñîñóäà: 1 — 612 Ê; 2 — 613 Ê

Fig. 5. Change of temperature of mix 0.2CH4 + 0.8Cl2 at a tem-

perature of walls of a reactionary vessel: 1 — 612 K; 2 — 613 K

Ðèñ. 6. Çàâèñèìîñòü êîíöåíòðàöèîííîé îáëàñòè ôîòîâîñïëà-

ìåíåíèÿ ñìåñè ÑÍ3Ñl + Ñl2 îò êîíöåíòðàöèè ÷åòûðåõõëîðè-

ñòîãî óãëåðîäà (ÑÑl4): 1 — ýêñïåðèìåíòàëüíàÿ; 2 — ðàñ÷åòíàÿ

Fig. 6. Dependence of concentration area of photoinflaming of

the mix CH3Cl + Cl2 on concentration of perchloromethane (CCl4):

1 — experimental; 2 — calculated



33ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ / FIRE AND EXPLOSION SAFETY 2018 ÒÎÌ 27 ¹ 2-3

ÁÅÇÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ

Âûâîäû

1. Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü òåïëî-

âîãî âîñïëàìåíåíèÿ, áàçèðóþùàÿñÿ íà óðàâíåíèè

òåïëîïðîâîäíîñòè è ó÷èòûâàþùàÿ êèíåòè÷åñêèå

äàííûå î ìåõàíèçìå õèìè÷åñêîé ðåàêöèè, ïîçâîëÿ-

åò îïðåäåëÿòü ïîêàçàòåëè ïîæàðîâçðûâîîïàñíîñòè

ãàçîâûõ ñìåñåé.

2. Àïðîáàöèÿ ìîäåëè òåïëîâîãî âîñïëàìåíåíèÿ

íà ïðèìåðå ñìåñåé õëîðà ñ ìåòàíîì è åãî õëîðïðî-

èçâîäíûìè ïîêàçàëà õîðîøóþ ñõîäèìîñòü ðàñ÷åò-

íûõ è ýêñïåðèìåíòàëüíûõ äàííûõ ïî êîíöåíòðàöè-

îííûì ïðåäåëàì âîñïëàìåíåíèÿ, òåìïåðàòóðå ñàìî-

âîñïëàìåíåíèÿ è ìèíèìàëüíîé ôëåãìàòèçèðóþùåé

êîíöåíòðàöèè ÷åòûðåõõëîðèñòîãî óãëåðîäà.
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Ãàçîâàÿ ñìåñü

Gas mixture

Êîíöåíòðàöèîííûå ïðåäåëû
ôîòîâîñïëàìåíåíèÿ, % îá.

The concentration limits
of fotoignition, % by vol.

Êðèòè÷åñêàÿ èíòåíñèâíîñòü
ÓÔ-èçëó÷åíèÿ

Critical intensity of UV-radiation

Òåìïåðàòóðà
ñàìîâîñïëàìåíåíèÿ, Ê

Autoignition temperature, K

Ðàñ÷åò

Calculation

Ýêñïåðèìåíò

Experiment

Ðàñ÷åò

Calculation

Ýêñïåðèìåíò

Experiment

Ðàñ÷åò

Calculation

Ýêñïåðèìåíò

Experiment

CH4 + Cl2 6,0–69,0 7,5–62,0 0,11I0 0,25I0 613 591 [20]

CH3Cl + Cl2 9,0–73,0 9,0–68,0 0,025I0 0,047I0 – –

CH2Cl2 + Cl2 21,0–54,0 17,0–53,0 0,33I0 0,25I0 – –

Êðèòè÷åñêèå ïàðàìåòðû âîñïëàìåíåíèÿ / Critical parameters of ignition
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ABSTRACT

Purpose. The computational method of indexes of fire-and-explosion hazard of gas mixtures

a kinetics and the mechanism of chemical interaction which is based on a heat conduction equation

and considering is considered. This method allows to define indicators of fire-and-explosion hazard

of substances which can enter among themselves chemical reaction. That methods where for defini-

tion of indexes of fire-and-explosion hazard of substances use a structure of molecules do not allow

and can be applied only to one homologous series.

Methods. Calculation of indicators of fire-and-explosion hazard was carried out by means of

the mathematical model of thermal ignition developed by authors in the environment of MATLAB.

Researches were conducted for gas mixes of methane, chlormethane and dichloromethane with

chlorine at ignition of these mixes heat and ultra-violet light, in a cylindrical vessel of long 0.04 m,

with a diameter of 0.036 m. For creation of model the chemical kinetics of elementary reactions of

these mixes is considered. Coefficients of heat conductivity and thermal capacity for initial composi-

tion of mix paid off, and during chemical transformations considered their change from temperature.

Results of calculation were compared to experimental data.

Findings. By means of model of thermal ignition for mixes of methane, chlormethane and

dichloromethane with chlorine concentration limits of photoignition and critical intensity of ultra-

violet light have been set. For chlormethane mix with chlorine the minimum phlegmatizing concent-

ration of four-chloride carbon is defined, and for methane with chlorine spontaneous ignition

temperature is calculated. Results of calculation of indicators of fire-and-explosion hazard for these

mixes enough with a good accuracy coincide with experimental data.

Conclusions. The model of thermal ignition which is based on the equation of heat conductivity

and considering kinetics and the mechanism of chemical reaction authentically reflects a physical

picture of ignition and gives the chance for chlorine mixes with methane and its chlorderivatives to

estimate such parameters as: concentration limits of photoignition, critical intensity of UV-light,

minimum phlegmatizing concentration and temperature of spontaneous ignition.

This method has shown a possibility of calculation of indicators of fire-and-explosion hazard of

gas substances for kinetic data on the mechanism of chemical interaction and to constants of speed of

elementary reactions.

Keywords: photoignition model; chlorination of hydrocarbons; fire safety; fire-and-explosion ha-

zard of methane; fire-and-explosion hazard of chlormethane; fire-and-explosion hazard of dichlor-

methane.
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