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Ïîêàçàíî, ÷òî àâàðèéíûé äåôëàãðàöèîííûé âçðûâ, êîòîðûé ïðîèçîøåë 22 íîÿáðÿ 2006 ã. â
ã. Äýíâåðñ (ÑØÀ), õîðîøî îïèñûâàåòñÿ ME-TNO-ìåòîäîì. Èññëåäîâàí âçðûâ, ïðîèñøåäøèé
28.07.1948 ã. íà ïðåäïðèÿòèè BASF â Ëþäâèãñõàôåíå (Ãåðìàíèÿ) âñëåäñòâèå ïîòåðè öåëîñòíîñòè
åìêîñòè ñ äèìåòèëîâûì ýôèðîì, ñ ïîìîùüþ ìåòîäîâ ôåäåðàëüíûõ íîðì è ïðàâèë, ÃÎÑÒ Ð
12.3.047–98, ÃÎÑÒ Ð 12.3.047–2012, ÐÄ 03-409–01, ME-TNO, BST2 (Baker–Strehlow–Tang) è Äî-
ðîôååâà. Ïîêàçàíî, ÷òî íàèëó÷øèé ðåçóëüòàò ïðîãíîçèðîâàíèÿ ïîñëåäñòâèé âçðûâà äèìåòèëî-
âîãî ýôèðà äîñòèãíóò ïðè èñïîëüçîâàíèè ìåòîäà ME-TNO. Óñòàíîâëåíî, ÷òî äëÿ ïðîãíîçèðîâà-
íèÿ ïîñëåäñòâèé âçðûâîâ â ðåæèìå äåôëàãðàöèè ëó÷øå èñïîëüçîâàòü ME-TNO-ìåòîä.
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Ñðàâíèòåëüíûé àíàëèç è ðàçâèòèå ìåòîäèê ïðîãíî-

çèðîâàíèÿ âçðûâîâ ãàçîïàðîâîçäóøíûõ ñìåñåé

(Vapor Cloud Explosion — VCE) ïðèâëåêàþò âíèìà-

íèå ìíîãèõ èññëåäîâàòåëåé èç ðàçíûõ ñòðàí [1–53].

Íàñòîÿùàÿ ðàáîòà ïðîäîëæàåò öèêë íàøèõ èññëåäî-

âàíèé ïî âåðèôèêàöèè ìåòîäèê íà ïðèìåðàõ ðåàëü-

íûõ âçðûâîâ [50–53].

Ðàíåå ïðè ðàññìîòðåíèè âçðûâà ïàðîâ ðàñòâî-

ðèòåëÿ íà òåððèòîðèè ïðåäïðèÿòèé CAI è Arnel Ma-

nufacturing Facility, êîòîðûé ïðîèçîøåë 22 íîÿáðÿ

2006 ã. â ã. Äýíâåðñ (ÑØÀ), íàìè áûë ïðîâåäåí ñðàâ-

íèòåëüíûé àíàëèç ìåòîäîâ Äîðîôååâà, ÐÄ 03-409–01

[54] (äàëåå — ÐÄ) è BST (Baker-Strehlow-Tang). Â ðå-

çóëüòàòå áûë ñäåëàí âûâîä, ÷òî ïðè èçâåñòíîé ñêî-

© Àëåêñååâ Ñ. Ã., Àâäååâ À. Ñ., Ëèòâèíîâ Â. Í., Ãðà÷åâà Í. Í., Ðóäåíêî Í. Á., Îðèùåíêî È. Â., Áàðáèí Í. Ì., 2016



17ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2016 ÒÎÌ 25 ¹ 7

ÏÎÆÀÐÎÂÇÐÛÂÎÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ

ðîñòè ðàñïðîñòðàíåíèÿ ïëàìåíè ìåòîäû ÐÄ [54] è

Äîðîôååâà [12–14] ïîçâîëÿþò ïðîãíîçèðîâàòü ïî-

ñëåäñòâèÿ VCE ñ ïðèåìëåìîé òî÷íîñòüþ [50]. Îä-

íàêî íà ïðàêòèêå ñêîðîñòü ðàñïðîñòðàíåíèÿ ïëàìå-

íè ÷àñòî ïîïàäàåò â êàòåãîðèþ íåèçâåñòíûõ âåëè-

÷èí, ÷òî ñâîäèò íà íåò ïðåèìóùåñòâà ìåòîäîâ ÐÄ è

Äîðîôååâà ïåðåä BST-ìåòîäèêîé.

Â íàñòîÿùåé ðàáîòå ñ ïîìîùüþ ìóëüòèýíåðãå-

òè÷åñêîãî ïîäõîäà Íèäåðëàíäñêîé îðãàíèçàöèè ïðè-

êëàäíûõ íàó÷íûõ èññëåäîâàíèé (äàëåå — ME-TNO)

[55] ïðîâåäåíî ïðîãíîçèðîâàíèå ïîñëåäñòâèé âçðûâà

â ã. Äýíâåðñ. Ïðåèìóùåñòâîì ìåòîäà ME-TNO ÿâëÿ-

åòñÿ òî, ÷òî òèï âçðûâíîãî ïðåâðàùåíèÿ âûáèðàåò-

ñÿ íà îñíîâàíèè äàííûõ òàáë. 1, è äëÿ ýòîãî íå òðå-

áóåòñÿ çíàíèå òî÷íîãî çíà÷åíèÿ ñêîðîñòè ðàñïðî-

ñòðàíåíèÿ ïëàìåíè. Èç òàáë. 1 âèäíî, ÷òî êàòåãîðèÿ

èëè êëàññ âçðûâà âûáèðàåòñÿ ïî ÷åòûðåì ïàðàìåò-

ðàì. Íåîáõîäèìî òàêæå îòìåòèòü, ÷òî äëÿ àäàïòàöèè

ê ïîäõîäó ÐÄ [54] êëàññèôèêàöèþ TNO ïî ñòåïåíè

çàãðîìîæäåíèÿ ïðîñòðàíñòâà (ñèëüíîå – ñëàáîå –

íåò) ñëåäóåò òðàêòîâàòü, êàê “ñèëüíîå – ñðåäíåå –

ñëàáîå (íåò)” [52].

Óñëîâèÿ âçðûâà ïàðîâ ðàñòâîðèòåëÿ íà îñíîâå

ãåïòàíà â ã. Äýíâåðñ [50] ïîïàäàþò ïîä 4-þ êàòå-

ãîðèþ âçðûâà. Ñ ïîìîùüþ îíëàéí-êàëüêóëÿòîðà êîì-

ïàíèè “GEXCON” [56] âûïîëíåí ðàñ÷åò èçáûòî÷íî-

ãî äàâëåíèÿ �Ð íà ðàññòîÿíèè R, ðàâíîì 365 è 581 ft

(òàáë. 2).

Èç òàáë. 2 âèäíî, ÷òî ME-TNO-ìåòîä äàåò áîëåå

òî÷íûé ïðîãíîç, ÷åì ìåòîäèêè ÐÄ è Äîðîôååâà äëÿ

ðåàëüíîãî âçðûâà ïàðîâ ðàñòâîðèòåëÿ â ðåæèìå äå-

ôëàãðàöèè.

28 èþëÿ 1948 ã. íà ïðîèçâîäñòâåííîé ïëîùàäêå

ïðåäïðèÿòèÿ BASF â Ëþäâèãñõàôåíå (Ãåðìàíèÿ) ïîä

äåéñòâèåì ñîëíå÷íîé ðàäèàöèè ïðîèçîøëà ïîòåðÿ

öåëîñòíîñòè ïåðåïîëíåííîé äèìåòèëîâûì ýôèðîì1

åìêîñòè, ÷òî ïðèâåëî ê âûõîäó íàðóæó 30,4 ò ýôèðà

ñ ïîñëåäóþùèì âçðûâîì ãàçîâîçäóøíîãî îáëàêà.

Â ðåçóëüòàòå VCE 207 ÷åë. ïîãèáëè è 3808 ÷åë. ïî-

ëó÷èëè òðàâìû ðàçëè÷íîé ñòåïåíè òÿæåñòè [58].

Â ðàáîòå [59] ïî äàííûì Ìàðøàëëà [58] îïðåäåëå-

íû ðàäèóñû çîí ïîðàæåíèÿ (ðàçðóøåíèÿ), êîòîðûå

âçÿòû â êà÷åñòâå ýòàëîíà (òàáë. 3). Â ñòàòüå [59] ïðè-

âåäåíû òàêæå ðàñ÷åòû çîí ðàçðóøåíèÿ ïî ìåòîäàì

ôåäåðàëüíûõ íîðì è ïðàâèë (äàëåå — ÔÍÏ) [60],

Êàòåãîðèÿ Óñëîâèÿ âîñïëàìåíåíèÿ
Çàãðîìîæäåíèå
ïðîñòðàíñòâà

Ïàðàëëåëüíîå
îãðàíè÷åíèå

Âèä îêðóæàþùåãî
ïðîñòðàíñòâà

Êëàññ

1 Áëàãîïðèÿòíûå Ñèëüíîå Åñòü Çàìêíóòîå 7–10

2 Áëàãîïðèÿòíûå Ñèëüíîå Íåò Íåçàìêíóòîå 7–10

3 Ìàëîáëàãîïðèÿòíûå Ñèëüíîå Åñòü Çàìêíóòîå 5–7

4 Áëàãîïðèÿòíûå Ñëàáîå Åñòü Çàìêíóòîå 5–7

5 Áëàãîïðèÿòíûå Ñëàáîå Íåò Íåçàìêíóòîå 4–6

6 Áëàãîïðèÿòíûå Íåò Åñòü Çàìêíóòîå 4–6

7 Ìàëîáëàãîïðèÿòíûå Ñèëüíîå Íåò Íåçàìêíóòîå 4–5

8 Áëàãîïðèÿòíûå Íåò Íåò Çàìêíóòîå 4–5

9 Ìàëîáëàãîïðèÿòíûå Ñëàáîå Åñòü Çàìêíóòîå 3–5

10 Ìàëîáëàãîïðèÿòíûå Ñëàáîå Íåò Íåçàìêíóòîå 2–3

11 Ìàëîáëàãîïðèÿòíûå Íåò Åñòü Çàìêíóòîå 1–2

12 Ìàëîáëàãîïðèÿòíûå Íåò Íåò Íåçàìêíóòîå 1

Òàáëèöà 1. Êëàññèôèêàöèÿ âçðûâîîïàñíûõ ñèòóàöèé ïî TNO [55]

Äàííûå âèçóàëüíîé îöåíêè [50] Ïðîãíîç �Ð, êÏà

R, ft (ì) �Ð, psi (êÏà) ÐÄ, Äîðîôååâ [50] �, % ME-TNO �, %

365 (111,3) 2,3 (15,9) 18,91; 10,62; 14,23 19; 33; 11 16,674; 14,875 5; 6

581 (177,0) 1,2 (8,3) 12,41; 7,02; 9,33 49; 16; 12 9,074; 8,725 9; 5

Ï ð è ì å ÷ à í è ÿ :

1. � — àáñîëþòíàÿ îøèáêà.

2. Èíäåêñàìè îáîçíà÷åíû äàííûå: 1, 2, 3 — ïîëó÷åííûå ïðè ñêîðîñòè ðàñïðîñòðàíåíèÿ ïëàìåíè ñîîòâåòñòâåííî 200, 150

è 173 ì�ñ; 4 — äëÿ 7-ãî êëàññà VCE ïî òàáë. 1; 5 — äëÿ 6-ãî êëàññà VCE ïî òàáë. 1.

Òàáëèöà 2. Çîíû ïîâðåæäåíèé íà ïðåäïðèÿòèÿõ CAI è Arnel Manufacturing Facility

1 Ñòðóêòóðíàÿ ôîðìóëà äèìåòèëîâîãî ýôèðà — ÑÍ3–Î–ÑÍ3.

Òåìïåðàòóðà êèïåíèÿ — ìèíóñ 24,8 °Ñ; òåïëîòà ñãîðàíèÿ —

28,835 ÌÄæ�êã; òåìïåðàòóðà âñïûøêè — ìèíóñ 80 °Ñ; ÊÏÂ —

3,3–26,2 %; òåìïåðàòóðà ñàìîâîñïëàìåíåíèÿ — 350 °Ñ [57].
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ÃÎÑÒ Ð 12.3.047–2012 (ÑÑÁÒ. Ïîæàðíàÿ áåçîïàñ-

íîñòü òåõíîëîãè÷åñêèõ ïðîöåññîâ. Îáùèå òðåáîâà-

íèÿ. Ìåòîäû êîíòðîëÿ) è ÐÄ [54] â ñðàâíåíèè c ðàçëè÷-

íûìè âàðèàíòàìè ìåòîäà òðîòèëîâîãî ýêâèâàëåíòà

[61–63]. Â ñâÿçè ñ òåì ÷òî â ðàáîòå [59] íå ïðèâåäå-

íû êîíêðåòíûå óñëîâèÿ, ïðè êîòîðûõ áûëè âûïîë-

íåíû ïðîãíîçû ïî ìåòîäàì ÃÎÑÒ Ð 12.3.047–2012 è

ÐÄ [54], îíè áûëè ïîâòîðåíû, à òàêæå îñóùåñòâëå-

íî ïðîãíîçèðîâàíèå ïî ìåòîäàì ME-TNO [55], BST2

[64–66], Äîðîôååâà [12–14] è ÃÎÑÒ Ð 12.3.047–98

(ÑÑÁÒ. Ïîæàðíàÿ áåçîïàñíîñòü òåõíîëîãè÷åñêèõ

ïðîöåññîâ. Îáùèå òðåáîâàíèÿ. Ìåòîäû êîíòðîëÿ).

Ñðàâíèòåëüíûé àíàëèç äàííûõ òàáë. 3 ïîêàçûâà-

åò, ÷òî ôàêòè÷åñêè â ðàáîòå [59] ïðè ïðîãíîçèðîâà-

íèè ïîñëåäñòâèé VCE â Ëþäâèãñõàôåíå èñïîëüçî-

âàíû íå ìåòîäû ÔÍÏ [60] è ÃÎÑÒ Ð 12.3.047–2012,

à îòìåíåííûå ìåòîäèêè èç ÏÁ 09-540–03 [67] è

ÃÎÑÒ Ð 12.3.047–98. Ðàñ÷åò ïî ÐÄ [54] âûïîëíåí

íåêîððåêòíî. Ðåçóëüòàòû íàøèõ ðàñ÷åòîâ ïîêàçû-

âàþò, ÷òî îòå÷åñòâåííûå ìåòîäèêè, èçëîæåííûå â

ÃÎÑÒ Ð 12.3.047, ÐÄ [54] è ÔÍÏ2, ïëîõî îïèñûâàþò

ïîñëåäñòâèÿ âçðûâà íà ïðåäïðèÿòèè BASF â Ëþä-

âèãñõàôåíå. Íàèëó÷øèé ðåçóëüòàò ïðîãíîçèðîâàíèÿ

ðàäèóñîâ çîí ðàçðóøåíèé è ïîâðåæäåíèé íàáëþäà-

åòñÿ ïðè èñïîëüçîâàíèè ìåòîäà ME-TNO. Ìåòîä Äî-

ðîôååâà â ðåæèìå äåòîíàöèè äëÿ èññëåäóåìîãî ñëó-

÷àÿ äàåò óäîâëåòâîðèòåëüíûé ïðîãíîç ïîñëåäñòâèé

âçðûâà äèìåòèëîâîãî ýôèðà.

Âûâîäû

1. Â íàøåé ñòðàíå ïðèìåíåíèå ðàçëè÷íûõ ìåòî-

äèê ïî ïðîãíîçèðîâàíèþ ïîñëåäñòâèé VCE ÿâëÿåò-

ñÿ íåîïðàâäàííûì è íåæåëàòåëüíûì ìîìåíòîì.

2. Íà ïðèìåðå ðåàëüíûõ âçðûâîâ óñòàíîâëåíî,

÷òî äëÿ ðåæèìà äåôëàãðàöèè ëó÷øèå ïðîãíîçû äàåò

ME-TNO-ìåòîä.

Ìåòîä
R, ì

Ïðèìå÷àíèå
70 êÏà �, % 28 êÏà �, %

Ýòàëîí �160 – �310 –

Ïî äàííûì
ðàáîòû [59]

ÔÍÏ 114 29 196 37

ÃÎÑÒ Ð 12.3.047–2012 86 46 145 53

ÐÄ 03-409–01* 165 3 280 10

ÃÎÑÒ Ð 12.3.047–98 85 47 145 53

ÃÎÑÒ Ð 12.3.047–2012 (Vã = 500 ì�ñ) 63 61 106 66

ÃÎÑÒ Ð 12.3.047–2012 (Vã = 300 ì�ñ) 54 66 106 66

ÐÄ 03-409–01 (Vã = 500 ì�ñ) 135 16 228 43

ÐÄ 03-409–01 (Vã = 300 ì�ñ) 116 28 228 43

ME-TNO (8–10-é êëàññ VCE) 159 1 289 7 Îíëàéí-êàëüêóëÿòîð
êîìïàíèè “GEXCON”

BST2 (2,5D-êîíôèãóðàöèÿ VCE) 124 23 261 16

Äîðîôååâ 143 11 275 11 Ðåæèì äåòîíàöèè

* Äëÿ ñèëüíî çàãðîìîæäåííîãî ïðîñòðàíñòâà ïðè Vã = 300�500 ì�ñ.

Òàáëèöà 3. Ïðîãíîç ðàäèóñà çîí ðàçðóøåíèé è ïîâðåæäåíèé R äëÿ âçðûâà â Ëþäâèãñõàôåíå

2 Ïðè èçâåñòíîé ìàññå ãîðþ÷åãî âåùåñòâà â îáëàêå ãàçîïàðîâîç-

äóøíîé ñìåñè ìåòîäèêè ðàñ÷åòà ïîñëåäñòâèé VCE â ÐÄ [54] è

ÔÍÏ [60] ñîâïàäàþò.
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ABSTRACT

The comparative analysis and development of forecasting techniques of vapor cloud explosions

(VCE) are attracted attention of many researchers from the different countries. The present work

prolongs a cycle of the author’s investigation on verification of procedures on examples of real

explosions. It is earlier positioned that the RD 03-409–01 and Dorofeev’s methods are able to predict

consequences VCE with comprehensible accuracy, if the flame speed is known. However in practice

flame propagation it is often not known that it will impede practical application of the RD 03-409–01

and Dorofeev’s methods.

In the present research it is shown that the ME-TNO method is predicted the deflagration VCE,

which has place on November 22, 2006 in Denvers (USA). Advantage of the ME-TNO method is that

it does not demand knowledge of the specific value of a flame speed. In the present research it is shown

that the ME-TNO method is predicted the real deflagration VCE better the RD 03-409–01 and

Dorofeev’s methods.

Under the influence of a sunshine loss of integrity of container with dimethyl ether with

the subsequent VCE took place on July 28, 1948 on an industrial territory of BASF in Ludwigshafen

(Germany). There were lost 207 persons and 3808 persons have got traumas of various gravity

by action of this VCE. This explosion is explored by methods of Federal Norms and Rules, GOST R

12.3.047–98, GOST R 12.3.047–2012, RD 03-409–01, ME-TNO, BST2 (Baker–Strehlow–Tang) and

Dorofeev. There are found that the Russian and BST2 methods badly predict explosion consequences
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at the BASF in Ludwigshafen. The best result of forecasting of consequences of explosion of dimethyl

ether are reached at use of the ME-TNO method. For forecasting of consequences of deflagration

VCE it is better to use the ME-TNO method.

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