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ÑÐÀÂÍÈÒÅËÜÍÛÉ ÀÍÀËÈÇ
ÌÅÒÎÄÈÊ ÏÐÎÃÍÎÇÈÐÎÂÀÍÈß VCE
ÍÀ ÏÐÈÌÅÐÅ ÂÇÐÛÂÀ ÂÎ ÔËÈÊÑÁÎÐÎ

Íà ïðèìåðå àâàðèè, ïðîèñøåäøåé 1 èþíÿ 1976 ã. íà ïðåäïðèÿòèè “Íèïðî” â ã. Ôëèêñáîðî (Âåëèêî-
áðèòàíèÿ), íà îñíîâàíèè ìàòåìàòè÷åñêîé îáðàáîòêè äàííûõ Ñàäè óñòàíîâëåíî, ÷òî çàâèñèìîñòü
èçáûòî÷íîãî äàâëåíèÿ âçðûâà Pâçð îò ðàññòîÿíèÿ R1 îïèñûâàåòñÿ óðàâíåíèåì Pâçð = 94970(R1)

–1,526

ñ êîýôôèöèåíòîì êîððåëÿöèè 0,990. Ïîêàçàíî, ÷òî äàííûå Ñàäè ìîæíî èñïîëüçîâàòü â êà÷åñò-
âå ýòàëîíà ïðè âåðèôèêàöèè ìåòîäèê ïðîãíîçèðîâàíèÿ ïîñëåäñòâèé âçðûâîâ ãàçîïàðîâîçäóø-
íûõ ñìåñåé. Íà îñíîâàíèè ñðàâíèòåëüíîãî àíàëèçà îòå÷åñòâåííûõ è çàðóáåæíûõ ìåòîäîâ óñòà-
íîâëåíî, ÷òî ïîñëåäñòâèÿ ðåàëüíîãî âçðûâà âî Ôëèêñáîðî ëó÷øå âñåãî îïèñûâàþòñÿ ÒÍÒ-ìå-
òîäîì èç ÐÄ 03-409–01 è óðàâíåíèåì Äîðîôååâà äëÿ ðåæèìà äåòîíàöèè.

Êëþ÷åâûå ñëîâà: âçðûâ; äåòîíàöèÿ; äåôëàãðàöèÿ; âåðèôèêàöèÿ; àíàëèç; ìåòîä.

Â ïðåäûäóùèõ ðàáîòàõ [1–9] íàìè àíàëèçèðîâàëèñü

âîçìîæíîñòè îòå÷åñòâåííûõ è çàðóáåæíûõ ðàñ÷åò-

íûõ ìåòîäîâ íà ïðèìåðàõ ãèïîòåòè÷åñêîé àâàðèé-

íîé ñèòóàöèè, ñâÿçàííîé ñ ðàçëèòèåì àâèàöèîííîãî

òîïëèâà ìàðêè ÐÒ, è ðåàëüíîãî ïðîìûøëåííîãî âçðû-

âà â ã. Äýíâåðñ (Danvers) â ÑØÀ.

Â íàñòîÿùåé ñòàòüå ïðîäîëæåíî ðàññìîòðåíèå

âîçìîæíîñòåé ñóùåñòâóþùèõ ìåòîäèê îöåíêè

âçðûâîïîæàðîîïàñíîñòè òîïëèâîâîçäóøíûõ ñìåñåé

íà ïðèìåðå ïðîìûøëåííîãî âçðûâà öèêëîãåêñà-

íà, ïðîèñøåäøåãî 1 èþíÿ 1976 ã. íà ïðåäïðèÿòèè

“Íèïðî” (Nypro) â ã. Ôëèêñáîðî (Flixborough) â Âå-

ëèêîáðèòàíèè, â ðåçóëüòàòå êîòîðîãî ïîãèáëî 28 è

ïîñòðàäàëî 89 ÷åë. Ðàçðóøåíèÿ ðàçëè÷íîé ñòåïåíè

(îò ïîëíîãî äî ÷àñòè÷íîãî) ïîëó÷èëè îêîëî 2 òûñ. ïðî-

ìûøëåííûõ è ãðàæäàíñêèõ çäàíèé, à òàêæå òåõíî-

ëîãè÷åñêîå îáîðóäîâàíèå êîìïàíèè “Íèïðî” (ðèñ. 1).

Äàííûé ñëó÷àé, âîøåäøèé â ïåðâóþ äåñÿòêó ñàìûõ

êðóïíûõ ïðîìûøëåííûõ àâàðèé XX ñòîëåòèÿ, áûë

ïîäâåðãíóò âñåñòîðîííèì ýêñïåðòèçàì. Åìó ïîñâÿ-

ùåíû ìíîãî÷èñëåííûå èññëåäîâàíèÿ è îïèñàíèÿ

[10–39]. Íåñìîòðÿ íà ýòî îñòàëèñü íåèññëåäîâàí-

íûìè ìíîãèå âîïðîñû, êàñàþùèåñÿ ðàçëè÷íûõ àñ-

ïåêòîâ ïðîìûøëåííîé àâàðèè íà ïðåäïðèÿòèè

“Íèïðî”. Â ÷àñòíîñòè, íå áûëè òî÷íî óñòàíîâëåíû:

õèìè÷åñêèé è ôèçè÷åñêèé ñîñòàâ, à òàêæå ìàññà èñ-

ïàðèâøåãîñÿ âåùåñòâà1, âðåìåííîé ïðîìåæóòîê

ìåæäó ðàçðóøåíèåì áàéïàñà è âçðûâîì ãàçîïàðî-

âîçäóøíîé ñìåñè, èëè VCE (vapor cloud explosion)2.

Â ñâÿçè ñ ýòèì ïðîãíîçû ÒÍÒ-ýêâèâàëåíòà âçðûâà

âî Ôëèêñáîðî êîëåáëþòñÿ îò 15 äî 55 ò [10–28].

Ðÿäîì èññëåäîâàòåëåé ñîñòàâëåíû òàáëèöû, â êî-

òîðûõ ïðèâåäåíû äàííûå ïî èçáûòî÷íîìó äàâëåíèþ

ÏÎÆÀÐÎÂÇÐÛÂÎÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ

© Àëåêñååâ Ñ. Ã., Àâäååâ À. Ñ., Áàðáèí Í. Ì., Ïîëèùóê Å. Þ., 2015

1 Óñòàíîâëåíî, ÷òî îñíîâíûì êîìïîíåíòîì ñìåñè áûë öèêëî-

ãåêñàí (îêîëî 94 %), ïîýòîìó âñå ðàíåå âûïîëíåííûå ðàñ÷åòû

ñäåëàíû ïî ýòîìó âåùåñòâó.
2 Äëÿ îáîçíà÷åíèÿ âçðûâà ãàçîïàðîâîçäóøíîé ñìåñè íà îòêðû-

òîì (íåçàìêíóòíîì) ïðîñòðàíñòâå èñïîëüçóåòñÿ àááðåâèàòó-

ðà UVCE (unconfined vapor cloud explosion).
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âçðûâà â çàâèñèìîñòè îò ðàññòîÿíèÿ îò öåíòðà âçðû-

âà R1 äëÿ ïðîìûøëåííîé àâàðèè âî Ôëèêñáîðî, ïî-

ëó÷åííûå íà îñíîâàíèè àíàëèçà êàðòèíû ôàêòè÷å-

ñêèõ ðàçðóøåíèé [10, 15]. Â. Ìàðøàëëîì (Marshall)

[10] îòäàíî ïðåäïî÷òåíèå äàííûì Ñàäè (Sadee), êî-

òîðûå ïðèâåäåíû â òàáëèöå. Ïóòåì îáðàáîòêè ýòèõ

äàííûõ ñ ïîìîùüþ Microsoft Excel 2013 c èñêëþ÷å-

íèåì ÷åòûðåõ òî÷åê èç 21 (ñì. òàáëèöó) âûâåäåíà

ôîðìóëà (1), êîòîðàÿ ñ ïðèåìëåìîé òî÷íîñòüþ îïè-

ñûâàåò çàâèñèìîñòü èçáûòî÷íîãî äàâëåíèÿ âçðûâà

Pâçð (êÏà) îò ðàññòîÿíèÿ R1 (ì) äëÿ ðàññìàòðèâàåìîé

àâàðèè. Òàêèì îáðàçîì, ïîëó÷åí äîïîëíèòåëüíûé

àðãóìåíò â ïîëüçó âîçìîæíîñòè èñïîëüçîâàíèÿ äàí-

íûõ òàáëèöû â êà÷åñòâå ýòàëîíà äëÿ ñðàâíåíèÿ ìå-

òîäèê ïðîãíîçèðîâàíèÿ VCE:

Pâçð = 94970(R1)
–1,526 (r = 0,990), (1)

ãäå r — êîýôôèöèåíò êîððåëÿöèè.

Ìàññà âûøåäøåãî íàðóæó öèêëîãåêñàíà â ðå-

çóëüòàòå ðàçãåðìåòèçàöèè áàéïàñà íåèçâåñòíà. Â ëè-

òåðàòóðå ïðèâîäÿòñÿ äàííûå, îõâàòûâàþùèå øèðî-

êèé äèàïàçîí çíà÷åíèé, — îò 30 äî 125 ò [10, 13–15,

23, 27, 34, 37]. Îäíàêî òîëüêî â êíèãå Ìàðøàëëà [10]

ïðèâåäåí ïðèìåð ðàñ÷åòà, ñîãëàñíî êîòîðîìó ìàêñè-

ìàëüíûé âûõîä öèêëîãåêñàíà ñîñòàâëÿåò 125 ò (ñóì-

ìàðíîå ñîäåðæàíèå ïðîäóêòà â ïÿòè ðåçåðâóàðàõ è

òåõíîëîãè÷åñêîì îáîðóäîâàíèè âûøå óðîâíÿ êàñêà-

äà ðåàêòîðîâ (ðèñ. 2)). Ðàíåå â [10, 28] ïðè îïðåäåëå-

íèè äîëè èñïàðèâøåãîñÿ öèêëîãåêñàíà F ïî óðàâíå-

íèÿì (2) è (3) áûëè ïîëó÷åíû íåñîâìåñòèìûå ðå-

çóëüòàòû:

F T
ñ
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(3)

ãäå(Ò — ðàçíèöà ìåæäó ðàáî÷åé òåìïåðàòóðîé æèä-

êîñòè è òåìïåðàòóðîé åå êèïåíèÿ, Ê;

ñð.ò — óäåëüíàÿ òåïëîåìêîñòü ïàðîîáðàçîâàíèÿ,

êÄæ�(êã·Ê);

Íèñï.ò — óäåëüíàÿ òåïëîòà ïàðîîáðàçîâàíèÿ,

êÄæ�êã;

exp — îñíîâàíèå íàòóðàëüíîãî ëîãàðèôìà.

Ïðè ïîâòîðåíèè ðàñ÷åòîâ ïî îïðåäåëåíèþ F ïî

ôîðìóëàì (2) è (3) ñ èñïîëüçîâàíèåì áàçû äàííûõ

DIPPR 801 [42] óñòàíîâëåíî, ÷òî àâòîðàìè ðàáîò

[10, 28] èñïîëüçîâàíû íåêîððåêòíûå èñõîäíûå äàí-

íûå äëÿ öèêëîãåêñàíà. Óòî÷íåííûå çíà÷åíèÿ F, ðàñ-

ñ÷èòàííûå ïî óðàâíåíèÿì (2) è (3), ñîñòàâëÿþò 0,303

è 0,261 ñîîòâåòñòâåííî. Òàêèì îáðàçîì, â ïðîìûø-

ëåííîé àâàðèè âî Ôëèêñáîðî âåðõíÿÿ ãðàíèöà òåî-

ðåòè÷åñêè âîçìîæíîé ìàññû öèêëîãåêñàíà â ïàðî-

âîì îáëàêå íå ïðåâûøàåò 37,9 ò (0,303!125� 37,9 ò).

Òåõíè÷åñêèìè ýêñïåðòàìè ñäåëàí âûâîä, ÷òî èñ-

òî÷íèêîì çàæèãàíèÿ ïîñëóæèëî òåõíîëîãè÷åñêîå îáî-

ðóäîâàíèå öåõà ïî ïðîèçâîäñòâó âîäîðîäà (ðèñ. 3).

Ýòî îáñòîÿòåëüñòâî ïîçâîëÿåò ãðàôè÷åñêèì ñïîñî-

áîì ïî ïëàíó ïðåäïðèÿòèÿ “Íèïðî” îöåíèòü ðàäèóñ

Ðèñ. 1. Ïîæàð ïîñëå âçðûâà íà ïðåäïðèÿòèè “Íèïðî” âî

Ôëèêñáîðî (Âåëèêîáðèòàíèÿ) 01.06.76 ã. [11, 40, 41]

R1, ì Ðâçð, êÏà R1, ì Ðâçð, êÏà R1, ì Ðâçð, êÏà

120 50 230 24 700 3,5

125 60 290 18,5 825 2,75

130 50 290 18,5 885 4,5

135 60 335 14 945 1,75

160 35 350 14 1190 2,5

220 27,5 400 12 1340 1,75

230 18,5 535 11 1345 1,75

Ï ð è ì å ÷ à í è å . Âûäåëåíû çíà÷åíèÿ, êîòîðûå íå ó÷èòû-

âàëèñü ïðè âûâîäå óðàâíåíèÿ (1).

Çàâèñèìîñòü èçáûòî÷íîãî äàâëåíèÿ âçðûâà îò ðàññòîÿíèÿ
ïî äàííûì Ñàäè [10]
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Ðèñ. 2. Òåõíîëîãè÷åñêàÿ ñõåìà îêèñëåíèÿ öèêëîãåêñàíà íà ìîìåíò àâàðèè [11]

Ðèñ. 3. Ïëàí çàâîäà “Íèïðî” [11]
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âçðûâîïîæàðîîïàñíîé ïàðîâîçäóøíîé ñìåñè, êîòî-

ðûé ñîñòàâëÿåò ïðèìåðíî 109 ì. Ïîëó÷åííûé ðåçóëü-

òàò ñîâïàäàåò ñ âûâîäîì î ñðåäíåì ðàäèóñå ïàðîâîãî

îáëàêà (110 ì), ñäåëàííûì â îò÷åòå “Health & Safety

Commission” [13].

Ïîñêîëüêó ðåàëüíàÿ ìàññà è åå äîëÿ, êîòîðàÿ ïðè-

íÿëà ó÷àñòèå â VCE, íåèçâåñòíû, ñðàâíåíèå ðàçíûõ

ìåòîäèê âûïîëíåíî ïðè ðàçëè÷íûõ êîëè÷åñòâàõ ãî-

ðþ÷åãî âåùåñòâà, íî ñ ó÷åòîì âåðõíåãî ïîðîãà ìàñ-

ñû öèêëîãåêñàíà è ðàäèóñà îáëàêà ïàðîâîçäóøíîé

ñìåñè R (ì). Ïðè ýòîì ïðîâåðåíà ãèïîòåçà, ÷òî ýòîò

ïàðàìåòð ñâÿçàí ñ ìàññîé ãîðþ÷åãî âåùåñòâà m (ò)

óðàâíåíèåì (4)3:

R m� 30 3 . (4)

Ïðè ýòîì ñ÷èòàåòñÿ, ÷òî ãàçîïàðîâîçäóøíîå îá-

ëàêî èìååò ôîðìó ñôåðè÷åñêîãî ñåãìåíòà ñ îòíîøå-

íèåì ðàäèóñà ê âûñîòå 5:1 [13, 43]. Â ðåçóëüòàòå

óòî÷íåíèÿ óðàâíåíèÿ (4) ïîëó÷åíî íîâîå ñîîòíîøå-

íèå (4à), êîòîðîå ñîãëàñóåòñÿ ñ ðàíåå ñäåëàííûìè

âûâîäàìè î ìàññå ïàðîâ 37,9 ò è ðàäèóñå ïàðîâîç-

äóøíîãî îáëàêà öèêëîãåêñàíà 109 ì:

R m� 32 5
3

, . (4à)

Îáúåì ïàðîâîçäóøíîãî îáëàêà V (ì3) ïðè òåìïå-

ðàòóðå 353 Ê,4 â êîòîðîì ñîäåðæèòñÿ 37,9 ò öèêëî-

ãåêñàíà ïðè ñòåõèîìåòðè÷åñêîé êîíöåíòðàöèè Ññòõ

èëè ïðè êîíöåíòðàöèîííûõ ïðåäåëàõ âîñïëàìåíåíèÿ

Ñí è Ñâ, ëåãêî âû÷èñëÿåòñÿ ÷åðåç ñîîòâåòñòâóþùèå

ìàññîâûå êîíöåíòðàöèè. Äàëåå ðåøåíèåì êóáè÷å-

ñêîãî óðàâíåíèÿ (5) íàéäåíà âûñîòà îáëàêà h (ì) äëÿ

ýòèõ êîíöåíòðàöèé:

1�3 h3 – Rh2 + V�- = 0. (5)

Òàêèì îáðàçîì, äëÿ íàøåãî ñëó÷àÿ îòíîøåíèå R�h

ñîñòàâèò 2,48; 1,82 è 4,75 äëÿ Ññòõ, Ñí è Ñâ ñîîòâåòñò-

âåííî. Ñëåäîâàòåëüíî, âûñêàçàííàÿ ðàíåå ãèïîòåçà

î òîì, ÷òî R�h = 5 [13, 43], íå íàõîäèò ñâîåãî ïîä-

òâåðæäåíèÿ.

Ìåòîä ÐÁ Ã-05-039–96

Ìåòîäèêà ÐÁ Ã-05-039–96 äîïóñêàåò ïðîãíîçè-

ðîâàíèå VCE êàê â ðåæèìå äåòîíàöèè, òàê è â ðåæè-

ìå äåôëàãðàöèè. Ïðè ýòîì íîðìèðîâàííîãî ïîäõîäà

äëÿ âûáîðà ðåæèìà VCE äàííûé ìåòîä íå ïðåäëàãà-

åò [45], ïîýòîìó íàìè ðàññìîòðåíû îáà âàðèàíòà.

Ðåæèì äåòîíàöèè

Â ðóêîâîäñòâå ñîäåðæèòñÿ äâà ïîäõîäà äëÿ ðàñ-

÷åòà ïîñëåäñòâèé VCE. Ïåðâûé ïîäõîä îñíîâàí íà

óðàâíåíèè (4) è èñïîëüçóåòñÿ äëÿ ýêñïðåññ-îöåíîê

[45]. Ðåçóëüòàòû ïðîãíîçà ïî ôîðìóëå (6) â ñðàâíå-

íèè ñ äàííûìè òàáëèöû ïðåäñòàâëåíû íà ðèñ. 4:

Ðâçð = Ð0 (0,8mïð + 2,2(mïð)
2 + 1,2(mïð)

3), (6)

ãäå Ð0 — àòìîñôåðíîå äàâëåíèå, êÏà; Ð0 = 101 êÏà;

mïð — ïðèâåäåííàÿ ìàññà;

m
q m

R

m r
ïð � 0 0605

3

1

, ; 5

qm — óäåëüíàÿ ýíåðãèÿ âçðûâà ñòåõèîìåòðè÷å-

ñêîé ñìåñè ãàçà (ïàðà) ñ âîçäóõîì, êÄæ�êã;

qm = 2797 êÄæ�êã [45];

mr — ìàññà ãàçà, êã.

Ïðè âòîðîì ïîäõîäå ìåòîäèêè ÐÁ [45] èçáûòî÷-

íîå äàâëåíèå âçðûâà Ðäåò (êÏà) â ïðåäåëàõ ïàðîâîç-

äóøíîãî îáëàêà âû÷èñëÿåòñÿ ïî óðàâíåíèþ (7) è ñî-

ñòàâëÿåò 1692,8 êÏà, à çà åãî ïðåäåëàìè — ïî ôîð-

ìóëàì (8)–(10):

Ðäåò = 2,586 (. – 1) qm – Ð0 ; (7)

Ðâçð = 1,227·10–6�(Rïð)
4,68 + 0,49,

(8)6

0,05 < Rïð $ 0,068;

Ðâçð = 4,156�(Rïð)
1,7,

(9)
0,068 < Rïð $ 0,31;

Ðâçð = 4,96�Rïð + 0,974�(Rïð)
2 + 0,146�(Rïð)

3,
(10)

Rïð > 0,31,

ãäå . — ïîêàçàòåëü àäèàáàòû èñõîäíîé ñìåñè;

. = 1,248 [44];

Rïð — ïðèâåäåííîå ðàññòîÿíèå îò öåíòðà âçðûâà

(ïàðîâîãî îáëàêà); Rïð = R1(2/qvV )–1�3;

/ = 1 – (2Ð0�Ðäåò)
(. – 1)�.;

qv — óäåëüíàÿ (îáúåìíàÿ) ýíåðãèÿ âçðûâà ñòåõèî-

ìåòðè÷åñêîé ñìåñè ãàçà ñ âîçäóõîì, êÄæ�ì3;

qv = 3748 êÄæ�ì3 [45];

V — îáúåì ïîëóñôåðè÷åñêîãî ïàðîâîçäóøíîãî

îáëàêà ïðè Ññòõ, ì3; V = 42344,8 ì3 (ðàññ÷èòàí ÷å-

ðåçìàññîâóþñòåõèîìåòðè÷åñêóþêîíöåíòðàöèþ).

Ðåçóëüòàòû âû÷èñëåíèé ïî ôîðìóëàì (9) è (10)

äëÿ 4,5 ò öèêëîãåêñàíà ïðèâåäåíû íà ðèñ. 4, èç êîòî-

ðîãî âèäíî, ÷òî ýêñïðåññ-ìåòîä äàåò ÿâíî çàâûøåí-

íîå êîëè÷åñòâî ãîðþ÷åãî âåùåñòâà, ó÷àñòâóþùåãî

âî âçðûâå. Íåîáõîäèìî îòìåòèòü, ÷òî ðàäèóñ ïîëó-

ñôåðè÷åñêîãî ïàðîâîçäóøíîãî îáëàêà äëÿ 4,5 ò

öèêëîãåêñàíà ïðè òåìïåðàòóðå 353 Ê ðàâåí 31,88 ì,

à íå 110 ì. Îäíàêî âåòåð áûë þãî-âîñòî÷íûé, ò. å.

â ñòîðîíó ó÷àñòêà “Hydrogen plant” [13], ÷òî îáû÷-

íî ïðèâîäèò ê äðåéôó îáëàêà, à â íàøåì ñëó÷àå ê

òðàíñôîðìàöèè åãî ïîëóñôåðè÷åñêîé ôîðìû â ñè-

3 Â îòå÷åñòâåííîé ëèòåðàòóðå ïîäîáíîå óðàâíåíèå Rá = (30�50) m
3

èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ áåçîïàñíîãî ðàññòîÿíèÿ äëÿ ëþ-

äåé ïðè ðåæèìå UVCE äëÿ óãëåâîäîðîäîâ [44].
4 Çàðóáåæíûìè ýêñïåðòàìè òåìïåðàòóðà ïàðîâîãî îáëàêà ïðè-

íèìàåòñÿ ðàâíîé òåìïåðàòóðå êèïåíèÿ öèêëîãåêñàíà [11].

5 Â ðóêîâîäñòâå áåçîïàñíîñòè [45] äàííîå óðàâíåíèå ïðèâåäå-

íî ñ îïå÷àòêîé (ïàðàìåòð R1 âíåñåí â êóáè÷åñêèé êîðåíü).
6 Ðàíåå óæå îòìå÷àëîñü, ÷òî óðàâíåíèå (8) äàåò íåïðàâäîïîäîá-

íûå ïðîãíîçû [1]. Âîçìîæíî, ýòî ñâÿçàíî ñ îøèáî÷íûì çíà÷å-

íèåì ìíîæèòåëÿ (10–6 âìåñòî 10–3).
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ãàðîîáðàçíóþ, òàê êàê íà ìîìåíò âçðûâà âûõîä êà-

ïåëü è ïàðîâ öèêëîãåêñàíà ïðîäîëæàëñÿ. Åñëè

ïðåäïîëîæèòü, ÷òî âûòÿãèâàíèå îáëàêà ðàâíî åãî

äðåéôó, òî ïî ïðîãíîçó ÐÁ Ã-05-039–96 îíî ñîñòà-

âèò 76–102 ì. Òàêèì îáðàçîì, ïðåäïîëîæåíèå î íà-

õîæäåíèè íåïîñðåäñòâåííîãî èñòî÷íèêà çàæèãàíèÿ

â ðàéîíå òåõíîëîãè÷åñêîãî ó÷àñòêà ïî ïðîèçâîäñò-

âó âîäîðîäà íå èñêëþ÷àåòñÿ.

Ðåæèì äåôëàãðàöèè

Ïî èäåîëîãèè ÐÁ Ã-05-039–96 â ðåæèìå äåôëàã-

ðàöèè òîïëèâîâîçäóøíîé ñìåñè ñêîðîñòü ðàñïðî-

ñòðàíåíèÿ ôðîíòà ïëàìåíè7 w (ì�ñ) ìåíüøå ñêî-

ðîñòè çâóêà a0. Çàâèñèìîñòü èçáûòî÷íîãî äàâëåíèÿ

âçðûâà îò ðàññòîÿíèÿ (9) äëÿ ýòîãî ðåæèìà VCE

ðàáîòàåò ïðè äèàïàçîíå w îò 68 äî 204 ì�ñ [45].

Íà ðèñ. 4 ïðåäñòàâëåíû ðåçóëüòàòû ïðîãíîçà èçáû-

òî÷íîãî äàâëåíèÿ ïî óðàâíåíèþ (11):

Ð
Ð

G R Rnr
Hâçð �

� 

max

( )
,

1 11

(11)

ãäå Ðmax — ìàêñèìàëüíîå èçáûòî÷íîå äàâëåíèå

âçðûâà â ïðåäåëàõ ïàðîâîçäóøíîãî îáëàêà, êÏà;

Ð P w a w amax , ( ) ( ) ;� �21 10 0
2

0 Pmax = 47,72 êÏà

ïðè w�a0 = 0,6 [45];

G, H — êîíñòàíòû, ðàâíûå ñîîòâåòñòâåííî 0,467

è 1,140 ïðè w�a0 = 0,6 [45];

Rnr — ðàäèóñ îáëàêà ïîñëå îêîí÷àíèÿ ãîðåíèÿ, ì;

Rnr = �1�3 = 1,845 ì;

� = 4 + 4Ñí �Ññòõ; � = 6,28;

Ñí, Ññòõ — íèæíèé êîíöåíòðàöèîííûé ïðåäåë âîñ-

ïëàìåíåíèÿ è ñòåõèîìåòðè÷åñêàÿ êîíöåíòðàöèÿ

öèêëîãåêñàíà, %; Ñí = 1,3 % [42], Ññòõ = 2,28 %.

Èç ðèñ. 4 âèäíî, ÷òî íàèëó÷øèå ïðåäñêàçàíèÿ

íàáëþäàþòñÿ ïðè ïðèìåíåíèè ýêñïðåññ-ìåòîäà ÐÁ

Ã-03-039–96 íà ðàññòîÿíèè íå ìåíåå 700 ì äëÿ ñëó-

÷àÿ âîçäóøíîé äåòîíàöèè 37,9 ò öèêëîãåêñàíà8.

Â áëèæíåé îáëàñòè (äî 150 ì) çà ïðåäåëàìè ïàðî-

âîçäóøíîãî îáëàêà ìåòîäèêà ÐÁ Ã-03-039–96 äàåò

ïðèåìëåìûé ïðîãíîç â ðåæèìå äåòîíàöèè äëÿ 4,5 ò

öèêëîãåêñàíà.

Ìåòîäû ÐÄ 03-409–01,
Äîðîôååâà è ÂÍÈÈÏÎ

Â ÐÄ 03-409–01, êàê è â ÐÁ Ã-03-039–96, çàëîæå-

íû âîçìîæíîñòè îñóùåñòâëåíèÿ VCE â ðåæèìàõ

êàê äåòîíàöèè, òàê è äåôëàãðàöèè, íî â îòëè÷èå îò

ÐÁ â íåì ïðåäóñìîòðåí ñïîñîá âûáîðà ðåæèìà VCE

â çàâèñèìîñòè îò ñòåïåíè çàãðîìîæäåííîñòè îêðó-

æàþùåãî ïðîñòðàíñòâà è êëàññà ãîðþ÷åãî âåùåñòâà

ïî ñòåïåíè ÷óâñòâèòåëüíîñòè. Öèêëîãåêñàí ïî ýòîé

êëàññèôèêàöèè îòíîñèòñÿ ê 3-ìó êëàññó, ò. å. ê ñðåäíå-

÷óâñòâèòåëüíûì âåùåñòâàì, äëÿ êîòîðûõ ðàçìåð äå-

òîíàöèîííîé ÿ÷åéêè ñîñòàâëÿåò îò 10 äî 40 ñì. Äëÿ

ýòîãî êëàññà îðãàíè÷åñêèõ âåùåñòâ ìåòîäèêà ÐÄ

íå ïðåäóñìàòðèâàåò ïðîòåêàíèÿ VCE â ðåæèìå äå-

òîíàöèè [46], õîòÿ èçâåñòíû ðåàëüíûå ñëó÷àè äåòî-

íàöèè ïàðîâ æèäêîñòåé, îòíîñÿùèõñÿ äàæå ê 4-ìó

êëàññó, ò. å. ê ñëàáî÷óâñòâèòåëüíûì âåùåñòâàì [2].

Èñõîäÿ èç ïëàíà ïðåäïðèÿòèÿ “Íèïðî” (ñì. ðèñ. 3)

åãî îêðóæàþùåå ïðîñòðàíñòâî ìîæåò áûòü îòíåñåíî

ê 1-ìó âèäó ïî ñòåïåíè çàãðîìîæäåííîñòè (íàëè÷èå

óñëîâèé äëÿ ôîðìèðîâàíèÿ òóðáóëåíòíûõ ñòðóé ïðî-

äóêòîâ ñãîðàíèÿ) èëè êî 2-ìó âèäó (ñèëüíî çàãðî-

ìîæäåííîå ïðîñòðàíñòâî). Ðåçóëüòàòû ïðîãíîçîâ èç-

áûòî÷íîãî äàâëåíèÿ ïî ìåòîäó ÐÄ 03-409–01 [46]

ñ èñïîëüçîâàíèåì óðàâíåíèé (12)–(15) ïðèâåäåíû

íà ðèñ. 5.

Íà ðèñ. 5 ïðåäñòàâëåíû òàêæå ðåïåðíûå çíà÷å-

íèÿ èçáûòî÷íîãî äàâëåíèÿ âçðûâà è ðåçóëüòàòû ðàñ-

÷åòîâ äëÿ ðåæèìîâ äåôëàãðàöèè, ãîìî- è ãåòåðîãåí-

íîé äåòîíàöèè ïî ôîðìóëàì (13), (15) è (16):

P Ð Ð* min ( , );� 1
*

2
* (12)

Ð P Pâçð � * ;0 (13)

P
u

a R R
1

0

2

2

1 0 83 014*

* *

, ,

( )
;� �

�
	



�
�






�

�
		




�
��

�
�

(14)

P R R2
21124 166 0 26* * *exp ( , , ln , (ln ) );� 
 
 � (15)

P
R R R

*

* * *

, ,

( )

,

( )
,� � �

0125 0137 0 023
2 3

(16)

ãäå P*, Ð1
* , Ð2

* — ïðèâåäåííûå äàâëåíèÿ âçðûâà;

u — ñêîðîñòü ðàñïðîñòðàíåíèÿ ôðîíòà ïëàìåíè,

ì�ñ;

Ðèñ. 4.Ðåçóëüòàòû ïðîãíîçèðîâàíèÿ ïî ìåòîäàì ÐÁÃ-05-039–96:

òî÷êè — äàííûå òàáëèöû; 1 — ìåòîä äåòîíàöèè äëÿ 4,5 ò;

2 — ýêñïðåññ-ìåòîä äëÿ 37,9 ò; 3 — ìåòîä äåôëàãðàöèè ïðè

w�ao = 0,6

7 Â ÐÁ Ã-05-039–96 èñïîëüçóåòñÿ íå ñîâñåì êîððåêòíûé òåðìèí

— “ñêîðîñòü ôðîíòà ïëàìåíè”, êîòîðûé, âåðîÿòíî, ïðîèçîøåë

îò áóêâàëüíîãî ïåðåâîäà ñ àíãëèéñêîãî “flame speed”.

8 Ïðè íàçåìíîì VCE â ðåæèìå äåòîíàöèè ñ÷èòàåòñÿ, ÷òî 50 %

ýíåðãèè âçðûâà óõîäèò íà îáðàçîâàíèå âîðîíêè [10].
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R* — ïàðàìåòð Ñàõñà (Sach);

R R E P* [ ( ) ];� 1 0
1 3

Å — ýíåðãèÿ âçðûâà, Äæ�êã.

Ñ ïîçèöèé ÐÄ 03-409–01 ïîñëåäñòâèÿ âçðûâà âî

Ôëèêñáîðî â áëèæíåé è ñðåäíèõ îáëàñòÿõ ìîãóò áûòü

îïèñàíû êàê äåôëàãðàöèÿ ïðè ìàññå öèêëîãåêñàíà

8 ò è ñêîðîñòè ðàñïðîñòðàíåíèÿ ïëàìåíè 500 ì�ñ.

Õîòÿ â ÐÄ äëÿ ãîðþ÷èõ ãàçîâ è æèäêîñòåé 3-ãî êëàñ-

ñà íå ïðåäóñìîòðåí ðåæèì äåòîíàöèè, ðàñ÷åò äëÿ ãå-

òåðîãåííîé äåòîíàöèè ïðè ìàññå öèêëîãåêñàíà 10 ò

äàåò áîëåå ïðèåìëåìûå ðåçóëüòàòû ïî ñðàâíåíèþ ñ

äåôëàãðàöèåé ïðè åãî ìàññå 8 ò (ñì. ðèñ. 5).

Â ìåòîäå Äîðîôååâà äëÿ ðåæèìîâ ãåòåðîãåííîé

äåòîíàöèè è äåôëàãðàöèè òàêæå ïðèìåíÿþòñÿ ôîð-

ìóëû (12)–(16). Â ñëó÷àå äåòîíàöèè èñïîëüçóåòñÿ

óðàâíåíèå [8]:

P
R R R

*

* * *

,

( )

,

( )

,

( )
.� � �

0 34 0 062 0 0033
4 3 2 3

(17)

Ïðîãíîç äåòîíàöèîííîãî âçðûâà 5 ò öèêëîãåêñà-

íà ïî ìåòîäó Äîðîôååâà áëèçîê ê ðåïåðíûì òî÷êàì.

Äëÿ îïðåäåëåíèÿ èçáûòî÷íîãî äàâëåíèÿ âçðûâà

â çàâèñèìîñòè îò ðàññòîÿíèÿ R1 íà îòêðûòîì âîçäó-

õå â ìåòîäå ÂÍÈÈÏÎ (ÑÏ 12.13130.2009 è ÃÎÑÒ Ð

12.3.047–2012) èñïîëüçóåòñÿ óðàâíåíèå [47, 48]:

P P
m

R

m

R

m

R
âçð

ïð
0,33

ïð ïð

3
� � �

�

�

	
	




�

�
�0

0 66

2

0 8 3 5,
,

,

(18)

ãäå mïp — ïðèâåäåííàÿ ìàññà ãàçà èëè ïàðà, êã;

mïð = mZ (Qñã �Q0);

m — ìàññà ãîðþ÷èõ ïàðîâ, ïîñòóïèâøèõ â ðåçóëü-

òàòå àâàðèè â îêðóæàþùåå ïðîñòðàíñòâî, êã;

Z — êîýôôèöèåíò ó÷àñòèÿ; Z = 0,1 [47, 48];

Qñã — óäåëüíàÿ òåïëîòà ñãîðàíèÿ, Äæ�êã;

Qñã = 4,344·107 Äæ�êã [42];

Q0 — êîíñòàíòà, Äæ�êã; Q0 = 4,52·106 Äæ�êã.

Èç ðèñ. 5 âèäíî, ÷òî ìåòîäèêà ÂÍÈÈÏÎ äàåò ïðè-

åìëåìûå çíà÷åíèÿ Ðâçð òîëüêî äëÿ äàëüíåé îáëàñòè.

TNO- è BST-ìåòîäû

Â “æåëòîé êíèãå” Íèäåðëàíäñêîé îðãàíèçàöèè

ïðèêëàäíûõ íàó÷íûõ èññëåäîâàíèé TNO (Neder-

landse Organisatie voor Toegepast Natuurwetenschappe-

lijk Onderzoek) äëÿ ïðîãíîçèðîâàíèÿ ïîñëåäñòâèé

VCE ïðåäëîæåíû äâà ñïîñîáà: ÒÍÒ-ýêâèâàëåíòíûé

(TNT-equivalency) è ìóëüòèýíåðãåòè÷åñêèé (Multi-

energy èëè ME) [49]. Â îñíîâå ÒÍÒ-ýêâèâàëåíòíîãî

ìåòîäà çàëîæåíî óðàâíåíèå (19) è äèàãðàììà Ìàð-

øàëëà, êîòîðàÿ õîðîøî îïèñûâàåòñÿ óðàâíåíèåì (20)

[50, 51]:

Q
Q E

E
e

f mf

m
TNT

TNT

� 0 ; (19)

P
z z z

âçð � 
 �
1772 114 108

3 2
, (20)

ãäå QTNT — ýêâèâàëåíòíàÿ ìàññà ãîðþ÷åãî âåùåñò-

âà ïî ÒÍÒ, êã;

0e — ÒÍÒ-ýêâèâàëåíò ïî ýíåðãèè; îáû÷íî ïðè-

íèìàåòñÿ �e = 0,1 [49];

Qf — ìàññà ãîðþ÷åãî âåùåñòâà, êã;

Emf — óäåëüíàÿ òåïëîòà ñãîðàíèÿ ãîðþ÷åãî âå-

ùåñòâà, ÌÄæ�êã; äëÿ öèêëîãåêñàíà ïðèíèìàåò-

ñÿ Emf = 43,440 ÌÄæ�êã [42];

Ðèñ. 5. Ðåçóëüòàòû ïðîãíîçèðîâàíèÿ äëÿ öèêëîãåêñàíà ïî ìå-

òîäàì ÐÄ 03-409–01, Äîðîôååâà è ÂÍÈÈÏÎ: òî÷êè — äàí-

íûå òàáëèöû; 1 — ðåæèì äåôëàãðàöèè ïðè u = 200 ì�ñ äëÿ

37,9 ò; 2 — ðåæèì äåôëàãðàöèè ïðè u = 300 ì�ñ äëÿ 8 ò; 3 —

ðåæèì äåòîíàöèè äëÿ 5 ò ïî ìåòîäó Äîðîôååâà; 4 — ðåæèì

ãåòåðîãåííîé äåòîíàöèè äëÿ 10 ò; 5 — ðåæèì äåòîíàöèè äëÿ

37,9 ò ïî ìåòîäó ÂÍÈÈÏÎ; 6 — ðåæèì äåòîíàöèè èëè äå-

ôëàãðàöèè ïðè u = 500 ì�ñ äëÿ 8 ò

Ðèñ. 6. Ðåçóëüòàòû ïðîãíîçèðîâàíèÿ ïî ìåòîäàì TNO: òî÷êè

— äàííûå òàáëèöû; 1 — 2,5D-êîíôèãóðàöèÿ BST2-ìåòîäà

äëÿ 16 ò; 2 — 7-é êëàññ VCE ïî ìåòîäó ME-TNO äëÿ 5,5 ò;

3 — 8–10-é êëàññû VCE ïî ìåòîäó ME-TNO äëÿ 5,5 ò; 4 —

ÒÍÒ-ýêâèâàëåíòíûé ìåòîä äëÿ 37,9 ò
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EmTNT — óäåëüíàÿ ýíåðãèÿ âçðûâà ÒÍÒ, ÌÄæ�êã;

EmTNT = (4,19�4,65) ÌÄæ�êã [49];

z — ïðèâåäåííîå ðàññòîÿíèå îò ýïèöåíòðà âçðû-

âà; z = R1�(QTNT)1�3.

Ðåçóëüòàòû ðàñ÷åòà ïî ôîðìóëå (19) ïðåäñòàâ-

ëåíû íà ðèñ. 6. Íà îñíîâàíèè ñðàâíåíèÿ ðèñ. 5 è 6

ìîæíî ñäåëàòü âûâîä, ÷òî âàðèàíò ÒÍÒ-ìåòîäà, ïðåä-

ñòàâëåííîãî â ÐÄ 03-409–01, ëó÷øå îïèñûâàåò ïî-

ñëåäñòâèÿ âçðûâà âî Ôëèêñáîðî, ÷åì ÒÍÒ-ýêâèâà-

ëåíòíûé ìåòîä TNO.

Ïðîãíîçèðîâàíèå ïî ìåòîäàì ME-TNO è BST2

âûïîëíåíî ñ ïîìîùüþ ïðîãðàììíîãî îáåñïå÷åíèÿ

êîìïàíèé “GEXCON” è “TAM Consulting, L. L. C”.

Èç ñîïîñòàâëåíèÿ ðèñ. 5 è 6 ñëåäóåò, ÷òî â ñëó÷àå

äåòîíàöèîííîãî âçðûâà, êîòîðûé èìåë ìåñòî 1 èþíÿ

1976 ã. íà ïðåäïðèÿòèè “Íèïðî”, ÒÍÒ-ìåòîä ÐÄ

03-409–01 ëó÷øå îïèñûâàåò êàðòèíó ðàçðóøåíèé îò

VCE, ÷åì ìåòîäû ME-TNO è BST2.

Òàêèì îáðàçîì, íà îñíîâàíèè ñðàâíèòåëüíîãî àíà-

ëèçà îòå÷åñòâåííûõ è çàðóáåæíûõ ìåòîäîâ óñòàíîâ-

ëåíî, ÷òî ïîñëåäñòâèÿ ðåàëüíîãî âçðûâà âî Ôëèêñ-

áîðî ëó÷øå âñåãî îïèñûâàþòñÿ ÒÍÒ-ìåòîäîì èç

ÐÄ 03-409–01 è óðàâíåíèåì Äîðîôååâà äëÿ ðåæèìà

äåòîíàöèè.
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ABSTRACT

On June, 1st, 1976 at the company “Nipro” in Flixborough of Great Britain there was an explosion of

cyclohexane which has entered into ten of major accidents of 20th century. Despite the conducted

numerous investigations of this industrial explosion a number of the technical moments of failure at

the company “Nipro” are remained unknown. In particular, TNT-equivalent forecasts fluctuates

largely from 15 to 55 tons. In this connection it is found that the high bound of theoretically possible

weight of cyclohexane in a vapor cloud is able to make 37,9 tons. On the basis of mathematical

processing of the Sadee’s data it is positioned that for considered failure dependence of excessive

pressure of explosion (P on distance R is described by equation (P = 94970R–1,526 with factor of

correlation 0,990. This circumstance allows to use the Sadee’s data as the standard for verification of

techniques of forecasting of consequences of vapor cloud explosions. As a result of the made

verification of methods of RB G-05-039–96, RD 03-409–01, the SP 12.13130.2009, GOST Ð

12.3.047–2012, Dorofeev, TNO and BST2 is positioned that consequences of real explosion in

Flixborough is better are described TNT-method from RD 03-409–01 and the Dorofeev’s equation for

the detonation mode.

Keywords: explosion; detonation; deflagration; verification; analysis; method.



33ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2015 ÒÎÌ 24 ¹ 5

ÏÎÆÀÐÎÂÇÐÛÂÎÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ

REFERENCES

1. Alexeev S. G., Avdeev A. S., Barbin N. M., Timashev S. A., Guryev Ye. S. Metody otsenki vzryvopo-

zharoopasnosti toplivovozdushnykh smesey na primere kerosina marki RT. I. RB G-05-039–96 [Me-

thods of explosion fire hazard of fuel and air mixtures on an example for Jetfuel RT. I. RB G-05-039–96].

Pozharovzryvobezopasnost — Fire and Explosion Safety, 2010, vol. 19, no. 5, pp. 37–47. Available at:

http:��fire-smi.ru�arhivpvb2010 (Accessed 10 January 2013).

2. Alexeev S. G., Avdeev A. S., Barbin N. M., Timashev S. A., Guryev Ye. S. Metody otsenki vzryvopo-

zharoopasnosti toplivovozdushnykh smesey na primere kerosina marki RT. II. RD 03-409–01 [Me-

thods of explosion fire hazard of fuel and air mixtures on an example for Jetfuel RT. II. RD 03-409–01].

Pozharovzryvobezopasnost — Fire and Explosion Safety, 2011, vol. 20, no. 1, pp. 21–27. Available at:

http:��fire-smi.ru�arhivpvb2011 (Accessed 10 January 2013).

3. Alexeev S. G., Avdeev A. S., Barbin N. M., Timashev S. A., Guryev Ye. S. Metody otsenki vzryvopo-

zharoopasnosti toplivovozdushnykh smesey na primere kerosina marki RT. III. SP 12.13130.2009 [Me-

thods of explosion fire hazard of fuel and air mixtures on an example for Jetfuel RT. III. SP 12.13130.2009].

Pozharovzryvobezopasnost — Fire and Explosion Safety, 2012, vol. 21, no. 1, pp. 33–38. Available at:

http:��elibrary.ru�contents.asp?issueid=1008238 (Accessed 10 January 2013).

4. Alexeev S. G., Avdeev A. S., Barbin N. M., Timashev S. A., Guryev Ye. S. Metody otsenki vzryvopo-

zharoopasnosti toplivovozdushnykh smesey na primere kerosina marki RT. IV. GOST R 12.3.047–98

[Methods of explosion fire hazard of fuel and air mixtures on an example for Jetfuel RT. IV. GOST R

12.3.047–98]. Pozharovzryvobezopasnost — Fire and Explosion Safety, 2012, vol. 21, no. 6, pp. 34–37.

Available at: http:��elibrary.ru�contents.asp?issueid=1025513 (Accessed 10 January 2013).

5. Alexeev S. G., Avdeev A. S., Barbin N. M., Timashev S. A., Guryev Ye. S. Metody otsenki vzryvopo-

zharoopasnosti toplivovozdushnykh smesey na primere kerosina marki RT. V. PB 09-540–03 [Me-

thods of explosion fire hazard of fuel and air mixtures on an example for Jetfuel RT. V. PB 09-540–03].

Pozharovzryvobezopasnost — Fire and Explosion Safety, 2012, vol. 21, no. 8, pp. 32–35. Available at:

http:��elibrary.ru�contents.asp?issueid=1031479 (Accessed 10 January 2013).

6. Alexeev S. G., Avdeev A. S., Barbin N. M., Timashev S. A., Guryev Ye. S. Metody otsenki vzryvopo-

zharoopasnosti toplivovozdushnykh smesey na primere kerosina marki RT. VI. TNO-metody (chast 1)

[Methods of explosion fire hazard of fuel and air mixtures on an example for Jetfuel RT. VI. TNO me-

thods (part 1)]. Pozharovzryvobezopasnost — Fire and Explosion Safety, 2013, vol. 22, no. 7, pp. 22–29.

7. Alexeev S. G., Avdeev A. S., Barbin N. M., Guryev Ye. S. Metody otsenki vzryvopozharoopasnosti

toplivovozdushnykh smesey na primere kerosina marki RT. VII. BST-metody [Methods of explosion

fire hazard of fuel and air mixtures on an example for jetfuel RT. VII. BST methods]. Pozharo-

vzryvobezopasnost — Fire and Explosion Safety, 2013, vol. 22, no. 12, pp. 23–30.

8. Alexeev S. G., Avdeev A. S., Barbin N. M., Guryev Ye. S. Metody otsenki vzryvopozharoopasnosti

toplivovozdushnykh smesey na primere kerosina marki RT. VII. Sravneniye metodov Dorofeeva,

RD 03-409–01 i BST2 [Methods of explosion fire hazard of fuel and air mixtures on an example for Jet-

fuel RT. VIII. Comparison of methods of Dorofeev, RD 03-409–01 and BST2]. Pozharovzryvobez-

opasnost — Fire and Explosion Safety, 2015, vol. 24, no. 3, pp. 6–12.

9. Alexeev S. G., Avdeev A. S., Guryev Ye. S., Barbin N. M. Sravnitelnyy analiz metodik prognozirova-

niya posledstviy vzryvov gazoparovozdushnykh smesey [Comparative analysis of forecasting methods

for aftereffects of vapor cloud explosions]. Problemy analiza riska — Issues of Risk Analysis, 2013,

vol. 10, no. 4, pp. 12–19.

10. Marshall V. C. Major chemical hazards. N. Y., J. Wiley & Sons, 1987. 1033 p. (Russ. ed.: Marshall V.

Osnovnyye opasnosti khimicheskikh proizvodstv. Moscow, Mir Publ., 1989. 672 p.).

11. The Flixborough disaster. Report of the Court of Inquiry. Report of Department of Employment of

H. M. S. O. London, Her Majesty’s Stationery Office, 1975. 93 p.

12. Krasnova V. M., Drobzheva Ya. V., Venartb J. E . S., Lastovickac J. A re-analysis of the atmospheric

and ionospheric effects of the Flixborough explosion. Journal of Atmospheric and Solar-Terrestrial

Physics, 2003, vol. 65, no. 11–13, pp. 1205–1212. doi: 10.1016�j.jastp.2003.07.010.

13. Advisory committee on major hazards. Second report. Report of Health & Safety Commission. London,

Her Majesty’s Stationery Office, 1979. 67 p.

14. Bauwens C. R., Dorofeev S. B. Effects of the primary explosion site and bulk cloud in VCE prediction: a com-

parison with historical accidents. Process Safety Progress, 2015 (in press). doi: 10.1002�prs.11703.

15. Sadee C., Samuels D. E., O’Brien T. P. The characteristics of the explosion of cyclohexane at the Nypro

(UK) Flixborough plant on 1st June 1974. Journal of Occupational Accidents, 1977, vol. 1, no. 3,

pp. 203–235. doi: 10.1016�0376-6349(77)90001-3.



ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2015 ÒÎÌ 24 ¹ 534

ÏÎÆÀÐÎÂÇÐÛÂÎÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ

16. Høiset S., Hjertager B. H., Solberg T., Malo K. A. Flixborough revisited — an explosion simulation approach.

Journal of Hazardous Materials, 2000, vol. 77, no. 1–3, pp. 1–9. doi: 10.1016�S0304-3894(00)00197-7.

17. Roberts A. F., Pritchard D. K. Blast effect from unconfined vapour cloud explosions. Journal of Occu-

pational Accidents, 1982, vol. 3, no. 4, pp. 231–247. doi: 10.1016�0376-6349(82)90001-3.

18. Hendershot D. Remembering Flixborough. Journal of Chemical Health and Safety, 2009, vol. 16, no. 3,

pp. 46–47. doi: 10.1016�j.jchas.2009.03.006.

19. Venart J. E. S. Flixborough: the explosion and its aftermath. Process Safety and Environmental Protec-

tion, 2004, vol. 82, no. 2, pp. 105–127. doi: 10.1205�095758204322972753.

20. Marigo M. Il piu’ grande disastro industriale di sempre e l’analisi dei rischi. Igiene e Sicurezza del

Lavoro, 2014, no. 7, pp. 344–352.

21. Assael M. J., Kakosimos K. E. Fires, Explosions, and Toxic Gas Dispersions. Effects Calculation and

Risk Analysis. Boca Raton, CRC Press, 2010. 345 p.

22. CCPS. Guidelines for Evaluating Process Plant Buildings for External Explosions, Fires, and Toxic

Releases. Hoboken, J. Wiley & Sons, 2012. 217 p.

23. CCPS. Guidelines for vapor cloud explosion, pressure vessel burst, BLEVE, and flash fire hazards. Ho-

boken, J. Wiley & Sons, 2010. 447 p.

24. Lees’ process safety essentials. Hazard identification, assessment and control. S. Mannan (ed.). Oxford,

Butterworth-Heinemann, 2014, vol. 3. 1157 p.

25. CCPS. Guidelines for consequence analysis of chemical releases. N. Y., AIChE, 1999. 348 p.

26. Casal J. Evaluation of the effects and consequences of major accidents in industrial plants. Amsterdam,

Elsevier, 2008. 379 p.

27. Bulkhov N. N. Usovershenstvovaniye metodov otsenki usloviy vozniknoveniya i posledstviy vzryvov

na metallurgicheskikh predpriyatiyakh. Dis. kand. tekhn. nauk [Improvement of methods of an estima-

tion of conditions of occurrence and consequences of explosions at the metallurgical plants. Dr. tech.

sci. diss.]. Moscow, 2004. 185 p.

28. CCPS. Guidelines for evaluating characteristics of vapor cloud explosion, flash fire hazards, and

BLEVEs. N. Y., AIChE, 1994. 401 p.

29. Cox J. I. Flixborough — some additional lessons. The Chemical Engineer, 1976, no. 309, pp. 353–358.

30. Kletz T. A. The Flixborough explosion — ten years later. Process Safety Progress, 1984, vol. 3, no. 3,

pp. 133–135. doi: 10.1002�prsb.720030304.

31. Venart J. E. S. Flixborough: a final footnote. Journal of Loss Prevention in the Process Industries, 2007,

vol. 20, no. 4–6, pp. 621–643. doi: 10.1016�j.jlp.2007.05.009.

32. Hearne K. M. T. An ostensible precognition of the 1974 Flixborough disaster. Journal of the Society for

Psychical Research, 1982, vol. 51, no. 790, pp. 210–213.

33. King R., Hirst R., Evans G. King’s Safety in the Process Industries. London, Arnold, 1998. 660 p.

34. Kletz T. Learning from accidents. Oxford, Butterworth-Heinemann, 2001. 357 p.

35. Mannan S. Lees’ Process safety essentials. Hazard identification, assessment and control. Oxford, Butter-

worth-Heinemann, 2014. 539 p.

36. Eckhoff R. K. Explosion hazards in the process industries. Houston, Gulf Publishing Company, 2005.

469 p.

37. Crowl D. A. CCPS. Understanding Explosions. N. Y., AIChE, 2003. 222 p.

38. Sanders R. E. Chemical process safety. Learning from case histories. Burlington, Elsevier Butter-

worth-Heinemann, 2005. 344 p.

39. Vaidogas E. R., Juocevièius V. Sustainable development and major industrial accidents: The beneficial

role of risk-oriented structural engineering. Baltic Journal on Sustainability, 2008, vol. 14, no. 4,

pp. 612–627. doi: 10.3846�1392-8619.2008.14.612-627.

40. Virtual Tenby. Available at: http:��www.virtu-altenby.co.uk�video.asp?About=Flixborough&HD=

HOINh3mUw5g (Accessed 17 January 2015).

41. Pozharnyye mashiny. Entsiklopediya pozharnoy tekhniki [Fire-engines. The encyclopaedia of fire tech-

nics]. Available at: http:��fire-truck.ru�encyclopedia�.html (Accessed 17 January 2015).

42. Chemical Database DIPPR 801. Available at: http:��www.aiche.org�dippr� (Accessed 17 January 2015).

43. Mannan S. (ed.). Lees’ process safety essentials. Hazard identification, assessment and control. Ox-

ford, Butterworth-Heinemann, 2014, vol. 1. 1456 p.

44. Beschastnov M. V. Promyshlennyye vzryvy. Otsenka i preduprezhdeniye [Industrial explosions. An es-

timation and the prevention]. Moscow, Khimiya Publ., 1991. 432 p.

45. Guides to safety G-05-039–96. Manual for analysis of accident explosion hazards and determination of

them mechanical action. Moscow, NTTs YaRB Gosatomnadzor Rossii Publ., 2000. 40 p. (in Russian).



35ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2015 ÒÎÌ 24 ¹ 5

ÏÎÆÀÐÎÂÇÐÛÂÎÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ

46. Management Document 03-409–01. The prediction method for analysis of VCE damages. Available at:

http:��base.consultant.ru�cons�cgi�online.cgi?req=doc;base=EXP;n=334178 (Accessed 10 June 2013)

(in Russian).

47. Set of rules 12.13130.2009. Determination of categories of rooms, buildings and external installations on

explosion and fire hazard. Available at: http:��www.consultant.ru�search�?q=%D1%CF+12.13130.2009

(Accessed 10 February 2015) (in Russian).

48. National Standard of the Russian Federation 12.3.047–98. Occupational safety standards system. Fire

safety of technological processes. General requirements. Methods of control. Moscow, Standartinform

Publ., 2014. 62 p. (in Russian).

49. Van den Bosch C. J. H., Weterings R. A. P. M. (eds). CPR 14E. Methods for the Calculation of Physical

Effects. “Yellow Book”. Hague, Gevaarlijke Stoffen, 2005. 870 p.

50. Moon N. N. Prediction of blast loading and its impact on buildings. Master of technology in civil engi-

neering diss. National Institute of Technology (India), 2009. 96 p.

51. Zhou F. Blast�explosion resistant analysis of composite steel girder bridge system. Master of science

diss. Florida Atlantic University, 2009. 208 p.


