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Ââåäåíèå

Îäíîé èç îñíîâíûõ òåíäåíöèé óñòîé÷èâîãî ðàçâè-

òèÿ íàöèîíàëüíîé ýêîíîìèêè ÿâëÿåòñÿ ïîâûøåíèå

ýíåðãåòè÷åñêîé ýôôåêòèâíîñòè ïðîöåññîâ è ïðîèç-

âîäñòâ ïðè îäíîâðåìåííîì îáåñïå÷åíèè ïîæàðíîé

è ïðîìûøëåííîé áåçîïàñíîñòè, ðàöèîíàëüíîãî èñ-

ïîëüçîâàíèÿ ïðèðîäíûõ ðåñóðñîâ, ñíèæåíèÿ íåãà-

òèâíîãî òåõíîãåííîãî âîçäåéñòâèÿ. Ðîñò êîëè÷åñòâà

è êà÷åñòâà ïîòðåáëÿåìîé ýíåðãèè îáóñëîâëåí âíåä-

ðåíèåì íîâûõ òåõíîëîãèé, óâåëè÷åíèåì ìàñøòàáîâ

ïðîèçâîäñòâà, ÷òî, â ñâîþ î÷åðåäü, îïðåäåëÿåò ïîèñê

ïóòåé ýôôåêòèâíîãî èñïîëüçîâàíèÿ ðåñóðñîâ è ñíè-

æåíèÿ óðîâíÿ ðàçëè÷íûõ âèäîâ îïàñíîñòè.

Ïåðñïåêòèâíûì ìåòîäîì ïîâûøåíèÿ ýíåðãåòè-

÷åñêîé ýôôåêòèâíîñòè è ïðîãíîñòè÷åñêîé äîñòî-

âåðíîñòè ÿâëÿåòñÿ ýêñåðãåòè÷åñêèé àíàëèç [1].

Öåëü íàñòîÿùåé ðàáîòû — îáîñíîâàíèå âîçìîæ-

íîñòè è ïðåèìóùåñòâ èñïîëüçîâàíèÿ ýêñåðãåòè÷å-

ñêîãî ïîäõîäà ê êîìïëåêñíîé îöåíêå ýíåðãîýêîëî-

ãè÷åñêîé ýôôåêòèâíîñòè è ïîæàðíîé îïàñíîñòè ãðó-

çîâûõ ïåðåâîçîê íà æåëåçíîäîðîæíîì òðàíñïîðòå.

Äëÿ äîñòèæåíèÿ äàííîé öåëè áûëè ðåøåíû ñëåäó-

þùèå çàäà÷è:
� îïðåäåëåíèå îáëàñòåé ïðèìåíåíèÿ ýêñåðãåòè÷å-

ñêîãî ìåòîäà àíàëèçà;
� óñòàíîâëåíèå ñâÿçè ìåæäó ýêñåðãèåé è ïîêàçà-

òåëÿìè ïîæàðîâçðûâîîïàñíîñòè äëÿ âåùåñòâ

òîïëèâíî-ýíåðãåòè÷åñêîãî íàçíà÷åíèÿ, îáðàùà-

þùèõñÿ íà æåëåçíîäîðîæíîì òðàíñïîðòå;
� âûÿâëåíèå ïðåèìóùåñòâ ýêñåðãåòè÷åñêîãî ïîä-

õîäà.

Òåîðåòè÷åñêèå îñíîâû

Íàèáîëåå òî÷íîå îïðåäåëåíèå ýêñåðãèè áûëî

ñôîðìóëèðîâàíî â êíèãå [2]: “Ýêñåðãèÿ ðàâíà ðàáîòå

îáðàòèìîãî ïðîöåññà, ïðîòåêàþùåãî â êîíêðåòíûõ

óñëîâèÿõ ìåæäó ñèñòåìîé è îêðóæàþùåé ñðåäîé
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âïëîòü äî çàäàííûõ êîíêðåòíûõ óñëîâèé ðàâíîâå-

ñèÿ ñ ýòîé ñðåäîé, ïàðàìåòðû êîòîðîé íå çàâèñÿò îò

ðàáîòû èçó÷àåìîé ñèñòåìû è ìàêñèìàëüíî áëèçêè

ê ñîîòâåòñòâóþùèì ïàðàìåòðàì îêðóæàþùåé ïðè-

ðîäû”.

Ñ ââåäåíèåì ýêñåðãèè â òåðìîäèíàìèêó âîçíèê-

ëî ïîíÿòèå “îêðóæàþùàÿ ñðåäà”, îïèñûâàåìîå ÷åðåç

åå òåìïåðàòóðó, äàâëåíèå è ñîñòàâ. Ïðè íàëè÷èè

äâóõ ñèñòåì, íàõîäÿùèõñÿ â ðàçíûõ ñîñòîÿíèÿõ, ïî-

ÿâëÿåòñÿ âîçìîæíîñòü âûïîëíåíèÿ ðàáîòû ïðè ïåðå-

õîäå ê ñîñòîÿíèþ ðàâíîâåñèÿ.

Ýêñåðãèÿ ñèñòåìû Å (Äæ) ìîæåò áûòü ðàçäåëåíà

íà ðÿä êîìïîíåíòîâ:

E = Åê + Åï + Åô + Åõ, (1)

ãäå Åê, Åï, Åô, Åõ — êèíåòè÷åñêàÿ, ïîòåíöèàëüíàÿ,

ôèçè÷åñêàÿ è õèìè÷åñêàÿ ñîñòàâëÿþùèå ýêñåð-

ãèè ñîîòâåòñòâåííî.

Äëÿ áîëüøèíñòâà ðåàëüíûõ òåõíè÷åñêèõ ñèñòåì

êèíåòè÷åñêàÿ è ïîòåíöèàëüíàÿ ñîñòàâëÿþùèå â ôîð-

ìóëå (1) ìàëû è ïîýòîìó íå èìåþò ïðàêòè÷åñêîãî

çíà÷åíèÿ, çà èñêëþ÷åíèåì òàêèõ îáúåêòîâ, êàê, íà-

ïðèìåð, ãèäðîýëåêòðîñòàíöèè, èñïîëüçóþùèå ïî-

òåíöèàëüíóþ ýêñåðãèþ âîäû. Ñëåäîâàòåëüíî, âûðà-

æåíèå (1) äëÿ òèïè÷íîé òåðìîäèíàìè÷åñêîé ñèñòå-

ìû ìîæíî çàïèñàòü â âèäå:

E S T T V p p ni

i
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"( ) ( ) ( ) ,0 0
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0# # (2)

ãäå S — ýíòðîïèÿ, Äæ�Ê;

Ò, Ò0 — òåìïåðàòóðà ñîîòâåòñòâåííî ñèñòåìû è

îêðóæàþùåé ñðåäû, Ê;

V — îáúåì ñèñòåìû, ì3;

p, p0 — äàâëåíèå ñîîòâåòñòâåííî â ñèñòåìå è

îêðóæàþùåé ñðåäå, Ïà;

N — îáùåå êîëè÷åñòâî âåùåñòâ — êîìïîíåíòîâ

ñèñòåìû;

ni — ÷èñëî ìîëåé i-ãî âåùåñòâà, ìîëü;

#i, #0 — õèìè÷åñêèå ïîòåíöèàëû i-ãî âåùåñòâà

— ñîîòâåòñòâåííî êîìïîíåíòà ñèñòåìû è îêðó-

æàþùåé ñðåäû (ñðåäû îòñ÷åòà), Äæ�ìîëü.

Â îòëè÷èå îò ýíåðãèè ýêñåðãèÿ íå ïîä÷èíÿåòñÿ

çàêîíó ñîõðàíåíèÿ, äèññèìèëèðóÿñü èëè çàòðà÷èâà-

ÿñü âñëåäñòâèå íåîáðàòèìîñòè ëþáûõ ðåàëüíûõ ïðî-

öåññîâ. Ïîòåðè ýêñåðãèè ïðÿìî ïðîïîðöèîíàëüíû

óâåëè÷åíèþ ýíòðîïèè. Ýêñåðãèÿ îòðàæàåò êà÷åñòâî è

ìàñøòàáû ïðåîáðàçîâàíèé ýíåðãèè âíóòðè ñèñòåìû.

Ïðîâåäåíèå ýêñåðãåòè÷åñêîãî àíàëèçà îðèåíòè-

ðîâàíî íà ïîëó÷åíèå ìàêñèìàëüíîé ïîëåçíîé ðàáî-

òû, êîòîðóþ ìîæåò ñîâåðøèòü ñèñòåìà. Åãî îáúåêòîì

ìîãóò áûòü òåõíîëîãè÷åñêèå ïðîöåññû, òåõíèêî-

ýêîíîìè÷åñêèå ñèñòåìû, îòðàñëè ïðîìûøëåííîñòè,

à òàêæå ïðîãíîçèðîâàíèå òåðìîäèíàìè÷åñêèõ ïðî-

öåññîâ äëÿ ðàçëè÷íûõ ñèñòåì.

Ýêñåðãèÿ âûñòóïàåò ìåðîé îòêëîíåíèÿ ïàðàìåò-

ðîâ ñîñòîÿíèÿ òåðìîäèíàìè÷åñêîé ñèñòåìû îò óñëî-

âèé îêðóæàþùåé ñðåäû, ÷òî âèäíî èç ôîðìóëû (2).

Îíà îòðàæàåò êàê ðåñóðñíûé ïîòåíöèàë äàííîé òåð-

ìîäèíàìè÷åñêîé ñèñòåìû, âîçìîæíîñòü åå èñïîëü-

çîâàíèÿ, òàê è èçìåíåíèÿ, êîòîðûå ìîãóò ïðîèçîéòè

â îêðóæàþùåé ñðåäå, îïàñíîñòü ñèñòåìû. Â ëèòåðà-

òóðå ðàññìàòðèâàþò òðè âèäà âîçìîæíûõ âçàèìî-

äåéñòâèé ñ îêðóæàþùåé ñðåäîé:

� òåðìè÷åñêîå (òåìïåðàòóðíûé ïîòåíöèàë) — èñ-

òî÷íèê âòîðè÷íîãî òåïëà èëè òåïëîâîãî çàãðÿç-

íåíèÿ;

� äåôîðìàöèîííîå (ïîòåíöèàë — ðàçíèöà äàâëå-

íèé) — íàïðèìåð, ðàáîòà ðàñøèðåíèÿ ãàçîâ â äâè-

ãàòåëÿõ âíóòðåííåãî ñãîðàíèÿ (êîíòðîëèðóåìîå

èñïîëüçîâàíèå) è âçðûâ (íåêîíòðîëèðóåìîå);

� õèìè÷åñêîå (õèìè÷åñêèé ïîòåíöèàë) — èñïîëü-

çîâàíèå ñûðüåâûõ è òîïëèâíûõ ðåñóðñîâ, èñòî÷-

íèê õèìè÷åñêîãî çàãðÿçíåíèÿ.

Â ñîâðåìåííûõ èññëåäîâàíèÿõ ïîíÿòèå ýêñåðãèè

ñâÿçûâàþò ñ “ïðàâèëîì òðåõ “Ý”: ýôôåêòèâíîñòü,

ýêîíîìè÷íîñòü, ýêîëîãè÷åñêàÿ öåëåñîîáðàçíîñòü [3].

Ýêñåðãåòè÷åñêèé àíàëèç ïîçâîëÿåò ïîëó÷èòü õàðàê-

òåðèñòèêó âíóòðåííåãî êà÷åñòâà ýíåðãåòè÷åñêîãî èëè

ïðîèçâîäñòâåííîãî îáúåêòà, ïðîãíîç îáúåìà ýíåð-

ãèè, îïðåäåëèòü ñòåïåíü åãî áåçîòõîäíîñòè êàê ïî

ìàòåðèàëüíîìó, òàê è ïî òåðìîäèíàìè÷åñêîìó áà-

ëàíñó, ýôôåêòèâíîñòü ïî âåùåñòâó è ýíåðãèè [4].

Æåëåçíîäîðîæíûé òðàíñïîðò ïðèçíàí â ìèðå

îäíèì èç ýíåðãåòè÷åñêè ýôôåêòèâíûõ è ýêîëîãè÷å-

ñêè ÷èñòûõ âèäîâ òðàíñïîðòà — ïî óäåëüíûì ïîêà-

çàòåëÿì ïîòðåáëåíèÿ ýíåðãèè è âûáðîñîâ çàãðÿçíÿ-

þùèõ âåùåñòâ íà åäèíèöó ïåðåâîçî÷íîé ðàáîòû [3].

Â òî æå âðåìÿ òðàíñïîðòíûå ñèñòåìû, â òîì ÷èñëå

æåëåçíîäîðîæíûé òðàíñïîðò, ìîæíî ðàññìàòðèâàòü

êàê êðóïíûå ýíåðãåòè÷åñêèå êîìïëåêñû, êîòîðûå

èñïîëüçóþò áîëüøîå êîëè÷åñòâî òîïëèâíî-ýíåðãå-

òè÷åñêèõ ðåñóðñîâ è îêàçûâàþò íåãàòèâíîå âîçäåé-

ñòâèå íà îêðóæàþùóþ ñðåäó è ÷åëîâåêà. Æåëåçíî-

äîðîæíûé òðàíñïîðò ïîòðåáëÿåò äî 6 % ïðîèçâîäè-

ìîãî â íàøåé ñòðàíå äèçåëüíîãî òîïëèâà, îêîëî 90 %

îò ýòîãî êîëè÷åñòâà ðàñõîäóåòñÿ íà òÿãó ïîåçäîâ [5].

Êðîìå òîãî, æåëåçíîäîðîæíûì òðàíñïîðòîì îñóùå-

ñòâëÿþòñÿ ïåðåâîçêè áîëüøîãî êîëè÷åñòâà îïàñíûõ

ãðóçîâ, â òîì ÷èñëå òîïëèâíî-ýíåðãåòè÷åñêîãî íà-

çíà÷åíèÿ.

Ñîãëàñíî ñòàòèñòè÷åñêèì äàííûì ÷ðåçâû÷àéíûå

ñèòóàöèè ïðè ïåðåâîçêå íåôòè è íåôòåïðîäóêòîâ íà

æåëåçíîäîðîæíîì òðàíñïîðòå ñâÿçàíû ñ ìåõàíè÷å-

ñêèì ïîâðåæäåíèåì ñïåöèàëüíûõ öèñòåðí è âûõî-

äîì âåùåñòâ â îêðóæàþùóþ ñðåäó ñ ïîñëåäóþùèì

âîñïëàìåíåíèåì è (èëè) çàãðÿçíåíèåìòåððèòîðèé[6].

Ïîæàðíàÿ îïàñíîñòü ãðóçîâîãî ïîäâèæíîãî ñî-

ñòàâà îïðåäåëÿåòñÿ íàëè÷èåì áîëüøîãî êîëè÷åñòâà

îïàñíûõ ãðóçîâ, áûñòðûì ðàñïðîñòðàíåíèåì ïîæà-
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ðîâ íà áîëüøèå ïëîùàäè, âçðûâàìè, çàòðóäíåííî-

ñòüþ ïîäúåçäà ïîæàðíûõ ïîäðàçäåëåíèé, âîçìîæ-

íîñòüþ çàäåðæêè ââåäåíèÿ îãíåòóøàùèõ âåùåñòâ

äî âûÿñíåíèÿ ôèçèêî-õèìè÷åñêèõ ñâîéñòâ ãðóçîâ è

îáåñòî÷èâàíèÿ ýëåêòðîêîíòàêòíîé ñåòè è äðóãèìè

ôàêòîðàìè. Ðîçëèâû íåôòè è íåôòåïðîäóêòîâ ïðè

îñóùåñòâëåíèè ïåðåâîçîê ñîçäàþò íàèáîëåå îïàñ-

íûå ñèòóàöèè, êîòîðûå ìîãóò ïðèâåñòè ê òÿæåëûì

ïîñëåäñòâèÿì.

Â íî÷ü íà 31 ÿíâàðÿ 2012 ã. â Àìóðñêîé îáë. íà

Çàáàéêàëüñêîé æåëåçíîé äîðîãå ïðîèçîøåë ñèëüíåé-

øèé ïîæàð. Èç-çà îáðûâà êîíòàêòíûõ ïðîâîäîâ ñî-

øëè ñ ðåëüñîâ è îïðîêèíóëèñü 17 öèñòåðí ñ íåôòüþ,

13 èç êîòîðûõ çàãîðåëèñü. Ïîåçäíîé áðèãàäå óäà-

ëîñü îòöåïèòü ãîðÿùèå öèñòåðíû è îòîãíàòü îñíîâ-

íîé ñîñòàâ íà áåçîïàñíîå ðàññòîÿíèå. Âñåãî òðàíñ-

ïîðòèðîâàëîñü 68 öèñòåðí ñ íåôòüþ. Ïîñòðàäàâøèõ

è ïîãèáøèõ íå áûëî.

6 èþëÿ 2013 ã. â ã. Ëÿê-Ìåæàíòèê (Êàíàäà), ðàñ-

ïîëîæåííîì â 250 êì îò Ìîíðåàëÿ, èç-çà íåèñïðàâ-

íîñòè ðó÷íîãî òîðìîçà ïîòåðïåë êðóøåíèå ïîåçä,

ñîñòîÿùèé èç 70 öèñòåðí ñ ñûðîé íåôòüþ. Ñîñòàâ

ñêàòèëñÿ ñ õîëìà, öèñòåðíû îòîðâàëèñü îò ëîêîìî-

òèâà è, íàáðàâ ñêîðîñòü, ñîøëè ñ ðåëüñîâ â öåíò-

ðàëüíîé ÷àñòè ãîðîäà ñ íàñåëåíèåì îêîëî 6000 ÷åë.

Â ðåçóëüòàòå âîçãîðàíèÿ ïðîèçîøëà ñåðèÿ èç øåñòè

ìîùíûõ âçðûâîâ, ðàçðóøèâøèõ öåíòðàëüíóþ ÷àñòü

ãîðîäà. Èç îïàñíîãî ðàéîíà ïðèøëîñü ýâàêóèðîâàòü

áîëåå 1,5 òûñ. ÷åë. Ìíîãèå ëèøèëèñü ñâîåãî èìó-

ùåñòâà, 47 ÷åë. ïîãèáëè.

9 ìàÿ 2013 ã. íà ñòàíöèè Áåëàÿ Êàëèòâà Ðîñòîâ-

ñêîé îáë. ñîøåë ñ ðåëüñîâ ëîêîìîòèâ, à âñëåä çà íèì

— 51 öèñòåðíà ñ íåôòåïðîäóêòàìè, â òîì ÷èñëå ñ

ïðîïàíîì. Ïîñëåäîâàë âçðûâ, ïîñëå ÷åãî íà÷àëñÿ

ïîæàð: çàãîðåëîñü ìàñëî, íàõîäèâøååñÿ â ðÿäå åìêî-

ñòåé. Èç îäíîé ïîâðåæäåííîé öèñòåðíû ïðîèçîøëà

óòå÷êà ìåòèëåíõëîðèäà. Áûëî ýâàêóèðîâàíî 2,7 òûñ.

÷åë., ãîñïèòàëèçèðîâàíî — 30.

Àíàëèçó ýôôåêòèâíîñòè èñïîëüçîâàíèÿ ýíåðãî-

ðåñóðñîâ íà òðàíñïîðòå, îöåíêå íåãàòèâíîãî âîçäåé-

ñòâèÿ òðàíñïîðòíûõ ñèñòåì íà îêðóæàþùóþ ñðåäó

ïîñâÿùåíî áîëüøîå êîëè÷åñòâî èññëåäîâàíèé. Îä-

íàêî îíè ïðàêòè÷åñêè íå çàòðàãèâàþò âîïðîñîâ ïî-

æàðíîé áåçîïàñíîñòè. Ýêñåðãåòè÷åñêèé ìåòîä ïî-

ëó÷èë ïðèìåíåíèå äëÿ èññëåäîâàíèÿ òðàíñïîðòíûõ

ñèñòåì â ðàçëè÷íûõ ñòðàíàõ, íàïðèìåð â Òóðöèè,

Àíãëèè, Êàíàäå, Êèòàå, Èòàëèè, Èðàíå [7–13].

Ðåçóëüòàòû è èõ îáñóæäåíèå

Ïðîöåññû èñïîëüçîâàíèÿ è ïåðåâîçêè òîïëèâ-

íî-ýíåðãåòè÷åñêèõ ðåñóðñîâ íà æåëåçíîäîðîæíîì

òðàíñïîðòå ñîïðÿæåíû ñ ïîæàðíûì ðèñêîì. Íàìè

ðàññìîòðåíà âîçìîæíîñòü ïðèìåíåíèÿ ýêñåðãåòè-

÷åñêîãî ïîäõîäà äëÿ îöåíêè ïîæàðíîé îïàñíîñòè

ïðîöåññîâ, ïðîèñõîäÿùèõ íà æåëåçíîäîðîæíîì

òðàíñïîðòå, ïóòåì óñòàíîâëåíèÿ ñâÿçè òåðìîäèíàìè-

÷åñêèõ õàðàêòåðèñòèê è ïîêàçàòåëåé ïîæàðîâçðûâî-

îïàñíîñòè. Îáúåêòàìè èññëåäîâàíèÿ âûáðàíû óã-

ëåâîäîðîäû, ÿâëÿþùèåñÿ îñíîâíûìè êîìïîíåíòà-

ìè æèäêîãî è ãàçîîáðàçíîãî òîïëèâà.

Êàê èçâåñòíî, äëÿ âîçíèêíîâåíèÿ è ðàçâèòèÿ ïðî-

öåññîâ ãîðåíèÿ íåîáõîäèìû ãîðþ÷åå âåùåñòâî,

îêèñëèòåëü è îïðåäåëåííûå òåïëîôèçè÷åñêèå óñëî-

âèÿ (äàëåå — ÒÔÓ) [14]. Ìîäåëü “ïîæàðíûé òðå-

óãîëüíèê” êàê ïðîñòåéøåå ïðåäñòàâëåíèå îá óñëî-

âèÿõ âîçíèêíîâåíèÿ ïîæàðà ìîæíî äîïîëíèòü åùå

îäíîé ñîñòàâëÿþùåé — ýêñåðãåòè÷åñêîé (ðèñ. 1).

Â íàñòîÿùåå âðåìÿ ýíåðãåòè÷åñêèé ïîòåíöèàë

ãîðþ÷èõ âåùåñòâ îöåíèâàåòñÿ âåëè÷èíîé òåïëîòû

ñãîðàíèÿ, êîòîðàÿ ìîæåò áûòü îïðåäåëåíà ýêñïåðè-

ìåíòàëüíî è ðàñ÷åòíûìè ìåòîäàìè. Îòäåëüíûå èñ-

ñëåäîâàíèÿ ïîñâÿùåíû âûÿâëåíèþ ñâÿçè ìåæäó òåï-

ëîòîé ñãîðàíèÿ è ýêñåðãèåé, íàïðèìåð, äëÿ óãëÿ [15],

ïëàñòìàññîâûõ îòõîäîâ [16]. Äàííûå ïî òåïëîòå

ñãîðàíèÿ èñïîëüçóþò ïðè ðàñ÷åòå ïîæàðíîé íàãðóç-

êè è êàòåãîðèðîâàíèè ïîìåùåíèé ïî âçðûâîïîæàð-

íîé è ïîæàðíîé îïàñíîñòè.

Íà îñíîâå ïðåäñòàâëåííûõ â òàáë. 1 äàííûõ íàìè

áûëà óñòàíîâëåíà çàâèñèìîñòü ìåæäó óäåëüíîé õè-

ìè÷åñêîé ýêñåðãèåé, ïðèõîäÿùåéñÿ íà 1 ìîëü âåùå-

ñòâà, åõ è íèçøåé òåïëîòîé ñãîðàíèÿ Qí óãëåâîäî-

ðîäîâ, îïðåäåëåííîé ïî ñïðàâî÷íèêó [17].

Íà ðèñ. 2 ïðåäñòàâëåíà çàâèñèìîñòü ìåæäó óäåëü-

íîé õèìè÷åñêîé ýêñåðãèåé åõ óãëåâîäîðîäîâ, ÿâ-

ëÿþùèõñÿ êîìïîíåíòàìè ãàçîîáðàçíîãî è æèäêîãî

òîïëèâà, è Qí . Çíà÷åíèÿ Qí ìåíÿþòñÿ îò 802,0 äî

11263,0 êÄæ�ìîëü, ïðè ýòîì ïàðàìåòð åõ âàðüèðóåò

îò 831,7 äî 11937,4 êÄæ�ìîëü:

Qí = 0,937ex + 66,7 (831,7 $ ex $ 11937,4).

Ìàêñèìàëüíàÿ îòíîñèòåëüíàÿ ïîãðåøíîñòü ïðè

ýòîì ñîñòàâëÿåò 6 %. Êîýôôèöèåíò êîððåëÿöèè R2 =

= 0,999.

Ðèñ. 1. Ìåñòî ýêñåðãèè â “ïîæàðíîì òðåóãîëüíèêå”

Fig. 1. Position of exergy in the “Fire triangle”
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1 Ìåòàí
Methane

ÑÍ4 831,7 18 802,0

2 Àöåòèëåí
Acetylene

Ñ2Í2 1265,8 18 1301,0

3 Ýòèëåí
Ethylene

Ñ2Í4 1361,1 18 1318,0

4 Ýòàí
Ethan

Ñ2Í6 1495,8 18 1576,0

5 Ìåòèëàöåòèëåí
Methylacetylene

Ñ3Í4 1899,5 18 1939,0

6 Ïðîïåí
Propene

Ñ3Í4 2003,9 18 1919,0

7 Öèêëîïðîïàí
Cyclopropane

Ñ3Í6 2043,2 18 2091,0

8 Ïðîïàí
Propane

Ñ3Í8 2154,0 18 2044,0

9 1,3-Áóòàäèåí
1,3-Butadiene

Ñ4Í6 2500,0 20 2411,0

10 1-Áóòèí
1-Butyne

Ñ4Í6 2552,3 18 2599,0

11 Öèêëîáóòàí
Cyclobutane

Ñ4Í8 2516,2 18 2544,0

12 2-Ìåòèë-1-ïðîïåí
2-Methyl-1-propene

Ñ4Í8 2646,0 19 2577,0

13 Öèñáóòåí-2
Cis-2-butene

Ñ4Í8 2652,0 19 2528,0

14 Áóòåí-1
1-Butylene

Ñ4Í8 2659,7 18 2542,6

15 Òðàíñáóòåí-2
Trans-2-butene

Ñ4Í8 2650,0 19 2525,0

16 Èçîáóòàí
Isobutane

Ñ4Í10 2804,0 19 2649,0

17 í-Áóòàí
n-Butane

Ñ4Í10 2805,8 18 2657,0

18 3-Ìåòèë-1-áóòåí
3-Methyl-l-butene

Ñ5Í10 3307,0 19 3143,0

19 Öèêëîïåíòàí
Cyclopentane

Ñ5Í10 3268,0 19 3071,0

20 2-Ìåòèë-2-áóòåí
2-Methyl-2-butene

Ñ5Í10 3291,0 19 3175,0

21 Ïåíòåí-1
1-Pentene

Ñ5Í10 3310,0 19 3154,0

22 í-Ïåíòàí
n-Pentane

Ñ5Í12 3461,8 18 3272,0

23 2,2-Äèìåòèëïðîïàí
2,2-Dimethylpropane

Ñ5Í12 3453,0 19 3253,0

24 2-Ìåòèëáóòàí
2-Methylbutane

Ñ5Í12 3453,0 19 3264,0

Òàáëèöà 1. Çíà÷åíèÿ åx è Qí äëÿ óãëåâîäîðîäîâ

Table 1. Values of exergy and LHV (lower heating value) for
hydrocarbons
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25 Áåíçîë
Benzol

Ñ6Í6 3294,0 20 3169,4

26 Ãåêñåí-1
1-Hexylene

Ñ6Í12 3967,9 18 3767,7

27 Ìåòèëöèêëîïåíòàí
Methylcyclopentane

Ñ6Í12 3910,8 18 3705,0

28 Öèêëîãåêñàí
Cyclohexane

Ñ6Í12 3909,2 18 3689,0

29 3-Ìåòèëïåíòàí
3-Methylpentane

Ñ6Í14 4110,0 19 3882,0

30 2,3-Äèìåòèëáóòàí
2,3-Dimethlybutane

Ñ6Í14 4108,0 19 3868,0

31 í-Ãåêñàí
n-Hexane

Ñ6Í14 4114,5 18 3887,0

32 2,2-Äèìåòèëáóòàí
2,2-Dimethylbutane

Ñ6Í14 4100,2 19 3868,0

33 Òîëóîë
Toluene

Ñ7Í8 3931,0 18 3771,9

34 Ìåòèëöèêëîãåêñàí
Methylcyclohexane

Ñ7Í14 4556,9 18 4293,0

35 2,3-Äèìåòèëïåíòàí
2,3-Dimethylpentane

Ñ7Í16 4755,0 19 4490,0

36 2,4-Äèìåòèëïåíòàí
2,4-Dimethylpentane

Ñ7Í16 4758,0 19 4487,0

37 2,2,3-Òðèìåòèëáóòàí
2,2,3-Trimethylbutane

Ñ7Í16 4759,0 19 4484,0

38 í-Ãåïòàí
n-Heptane

Ñ7Í16 4761,7 18 4501,0

39 2-Ìåòèëãåêñàí
2-Methylhexane

Ñ7Í16 4759,0 19 4494,0

40 ï-Êñèëîë
p-Xylene

Ñ8Í10 4573,0 19 4375,0

41 Ýòèëáåíçîë
Ethylbenzene

Ñ8Í10 4587,9 18 4386,9

42 o-Êñèëîë
o-Xylene

Ñ8Í10 4573,1 18 4376,0

43 Ýòèëöèêëîãåêñàí
Ethylcyclohexane

Ñ8Í16 5205,9 19 4911,0

44 2,2,4-Òðèìåòèëïåíòàí
2,2,4-Trimethylpentane

Ñ8Í18 5413,0 18 5100,0

45 2,4-Äèìåòèëãåêñàí
2,4-Dimethylhexane

Ñ8Í18 5411,0 19 5105,0

46 2,2,3-Òðèìåòèëïåíòàí
2,2,3-Trimethylpentane

Ñ8Í18 5416,0 19 5104,0

47 í-Îêòàí
n-Octane

Ñ8Í18 5413,1 18 5116,0

48 2,3-Äèìåòèëãåêñàí
2,3-Dimethylhexane

Ñ8Í18 5416,0 19 5111,0

49 2-Ìåòèë-3-ýòèëïåíòàí
2-Methyl-3-ethylpentane

Ñ8Í18 5420,0 19 5113,0

Ïðîäîëæåíèå òàáë. 1 / Continued Table 1
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Ïî ìåæäóíàðîäíûì ñòàíäàðòàì ISO 3679 è ISO

13736 òåìïåðàòóðà âñïûøêè Òâñï íå ÿâëÿåòñÿ êîí-

ñòàíòîé äëÿ ôèçèêî-õèìè÷åñêèõ ñâîéñòâ âåùåñòâà

èëè ìàòåðèàëà: åå çíà÷åíèÿ, ïîëó÷åííûå ýêñïåðèìåí-

òàëüíûì ïóòåì, çàâèñÿò îò àïïàðàòóðíîãî îôîðìëå-

íèÿ, ìåòîäèêè îïðåäåëåíèÿ è ìîãóò èìåòü çíà÷èòåëü-

íûé ðàçáðîñ [21]. Êðîìå òîãî, íå äëÿ âñåõ âåùåñòâ

íàéäåíû ýêñïåðèìåíòàëüíûå çíà÷åíèÿ òåìïåðàòóðû

âñïûøêè. Îñíîâíûì íàçíà÷åíèåì ðàññìàòðèâàåìîãî

ïîêàçàòåëÿ ïîæàðîâçðûâîîïàñíîñòè âî ìíîãèõ ñòðà-

íàõ ÿâëÿåòñÿ åãî ïðèìåíåíèå â êà÷åñòâå êðèòåðèÿ ïðè

äåëåíèè âîñïëàìåíÿþùèõñÿ æèäêîñòåé íà ëåãêîâîñ-

ïëàìåíÿþùèåñÿ (ËÂÆ) è ãîðþ÷èå (ÃÆ). Çíà÷åíèå

òåìïåðàòóðû âñïûøêè èñïîëüçóåòñÿ ïðè îïðåäåëå-

íèè êàòåãîðèé ïîìåùåíèé ïî âçðûâîïîæàðíîé è ïî-

æàðíîé îïàñíîñòè. Ïðè îöåíêå ïîæàðíîé îïàñíî-

ñòè â ñîîòâåòñòâèè ñ ÃÎÑÒ 12.1.044–89 äîïóñêàåòñÿ

èñïîëüçîâàòü êàê ýêñïåðèìåíòàëüíûå, òàê è ðàñ÷åò-

íûå çíà÷åíèÿ òåìïåðàòóðû âñïûøêè. Ìåòîäû ðàñ-
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50 Êóìîë
Cumene

Ñ9Í12 5233,0 20 5268,1

51 1,3,5-Òðèìåòèëáåíçîë
1,3,5-Trimethylbenzene

Ñ9Í12 5213,0 18 4993,0

52 í-Ïðîïèëáåíçîë
n-Propylbenzene

Ñ9Í12 5249,1 18 4996,9

53 l-Ìåòèë-2-ýòèëáåíçîë
l-Methyl-2-ethylbenzene

Ñ9Í12 5226,0 19 4993,0

54 1,2,3-Òðèìåòèëáåíçîë
1,2,3-Trimethylbenzne

Ñ9Í12 5216,0 19 4993,0

55 l-Ìåòèë-4-ýòèëáåíçîë
l-Methyl-4-ethylbenzene

Ñ9Í12 5222,0 18 4993,0

56 1,2,4-Òðèìåòèëáåíçîë
1,2,4-Trimethylbenzene

Ñ9Í12 5211,0 19 4993,0

57 l-Ìåòèë-3-ýòèëáåíçîë
l-Methyl-3-ethylbenzene

Ñ9Í12 5222,0 19 4993,0

58 í-Ïðîïèëöèêëîãåêñàí
n-Propylcyclohexane

Ñ9Í18 5857,7 18 5525,0

59 í-Íîíàí
n-Nonane

Ñ9Í20 6064,9 18 5731,0

60 Íàôòàëèí
Naphthalene

Ñ10Í8 5255,0 18 5050,0

61 í-Áóòèëáåíçîë
n-Butylbenzene

Ñ10Í14 5892,0 18 5608,9

62 í-Áóòèëöèêëîãåêñàí
n-Butylcyclohexane

Ñ10Í20 6511,5 18 6134,0

63 í-Äåêàí
n-Decane

Ñ10Í22 6716,8 18 6346,0

64 Ïåíòàìåòèëáåíçîë
Pentamethylbenzene

Ñ11Í16 6516,0 18 6224,6

65 í-Óíäåêàí
n-Undecane

Ñ11Í24 7376,9 18 6960,0

66 í-Äîäåêàí
n-Dodecane

Ñ12Í26 8029,4 18 7575,0

67 í-Òðèäåêàí
n-Tridecane

Ñ13Í28 8682,0 18 8190,0

68 1,1-Äèôåíèëýòàí
1,1-Diphenylethane

Ñ14Í14 7665,9 18 7330,0

69 í-Òåòðàäåêàí
n-Tetradecane

Ñ14Í30 9334,5 18 8804,0

70 í-Ïåíòàäåêàí
n-Pentadecane

Ñ15Í32 9984,8 18 9419,0

71 í-Ãåêñàäåêàí (öåòàí)
n-Hexadecane

Ñ16Í34 10639,7 18 10034,0

72 í-Îêòàäåêàí
n-Octadecane

Ñ18Í38 11937,4 18 11263,0

73 Òðèôåíèëìåòàí
Triphenylmethane

Ñ19Í16 10109,2 18 9660,0

Îêîí÷àíèå òàáë. 1 / End Table 1

Ðèñ. 2. Çàâèñèìîñòü çíà÷åíèé Qí è åõ äëÿ óãëåâîäîðîäîâ

Fig. 2. Correlation between LHV (lower heating value) and exergy

for hydrocarbons

Ðèñ. 3. Çàâèñèìîñòü Tâñï îò âåëè÷èíû åõ äëÿ àëêàíîâ

Fig. 3. Correlation between flash point and exergy for alkanes
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÷åòà è ïðîãíîçèðîâàíèÿ äàííîãî ïîêàçàòåëÿ ÿâëÿ-

þòñÿ ïðåäìåòîì ñîâðåìåííûõ èññëåäîâàíèé.

Íàìè ïðîàíàëèçèðîâàíà ñâÿçü ìåæäó òåìïåðàòó-

ðîé âñïûøêè äëÿ óãëåâîäîðîäîâ ðàçëè÷íûõ êëàññîâ

è èõ õèìè÷åñêîé ýêñåðãèåé. Â ÷àñòíîñòè, äëÿ àëêà-

íîâ äàííàÿ çàâèñèìîñòü ïðèâåäåíà íà ðèñ. 3.

Âàæíûì ïîêàçàòåëåì ïîæàðîâçðûâîîïàñíîñòè

ÿâëÿþòñÿ êîíöåíòðàöèîííûå ïðåäåëû ðàñïðîñòðà-

íåíèÿ ïëàìåíè, îïðåäåëÿåìûå ýêñïåðèìåíòàëüíî

è ðàñ÷åòíûì ïóòåì. Èõ ñóùåñòâîâàíèå ÿâëÿåòñÿ

ôóíäàìåíòàëüíûì ñâîéñòâîì ãîðþ÷èõ ñìåñåé. Ðàñ-

ñìàòðèâàåìûé ïîêàçàòåëü â ñîîòâåòñòâèè ñ ÃÎÑÒ

12.1.044–89 ïðèìåíÿþò ïðè îïðåäåëåíèè ðàçìåðîâ

âçðûâîîïàñíûõ çîí, ðàñ÷åòå è îáîñíîâàíèè âçðûâî-

îïàñíûõ êîíöåíòðàöèé âåùåñòâ âíóòðè òåõíîëîãè-

÷åñêîãî îáîðóäîâàíèÿ, ïðè îïðåäåëåíèè êàòåãîðèè

ïîìåùåíèé ïî âçðûâîïîæàðíîé è ïîæàðíîé îïàñ-

íîñòè. Çàâèñèìîñòü íèæíåãî (ÍÊÏÐ) è âåðõíåãî

(ÂÊÏÐ) êîíöåíòðàöèîííûõ ïðåäåëîâ ðàñïðîñòðà-

íåíèÿ ïëàìåíè îò óäåëüíîé õèìè÷åñêîé ýêñåðãèè

äëÿ àëêàíîâ ïðåäñòàâëåíà íà ðèñ. 4.

Åùå îäíèì âàæíûì ïîêàçàòåëåì ïîæàðîâçðûâî-

îïàñíîñòè âåùåñòâ ÿâëÿþòñÿ òåìïåðàòóðíûå ïðå-

äåëû ðàñïðîñòðàíåíèÿ ïëàìåíè. Èõ ó÷èòûâàþò ïðè

ðàñ÷åòå ïîæàðîâçðûâîáåçîïàñíûõ òåìïåðàòóðíûõ

ðåæèìîâ ðàáîòû òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ;

ïðè îöåíêå àâàðèé, ñâÿçàííûõ ñ ïðîëèâîì ãîðþ÷èõ

è ëåãêîâîñïëàìåíÿþùèõñÿ æèäêîñòåé; ïðè ðàñ÷åòå

ÂÊÏÐ è ÍÊÏÐ (ÃÎÑÒ 12.1.044–89). Çàâèñèìîñòü

âåðõíåãî (ÂÒÏÐ) è íèæíåãî (ÍÒÏÐ) òåìïåðàòóðíûõ

ïðåäåëîâ ðàñïðîñòðàíåíèÿ ïëàìåíè îò óäåëüíîé õè-

ìè÷åñêîé ýêñåðãèè äëÿ àëêàíîâ ïðèâåäåíà íà ðèñ. 5.

Â òàáë. 2 ïðåäñòàâëåíû ôîðìóëû, ïîëó÷åííûå

äëÿ ðàñ÷åòà ïîêàçàòåëåé ïîæàðîâçðûâîîïàñíîñòè

âåùåñòâ — êîìïîíåíòîâ æèäêèõ è ãàçîîáðàçíûõ

òîïëèâ, ïðèìåíÿåìûõ è ïðåðåâîçèìûõ íà æåëåçíî-

äîðîæíîì òðàíñïîðòå.

Âñëåäñòâèå ðàñøèðåíèÿ ñïåêòðà îáðàùàþùèõñÿ

âåùåñòâ è ìàòåðèàëîâ ýêñïåðèìåíòàëüíîå îïðåäå-

ëåíèå ïîêàçàòåëåé ïîæàðîâçðûâîîïàñíîñòè ÷àñòî

çàòðóäíèòåëüíî, ïîýòîìó èñïîëüçóþò ðàñ÷åòíûå ìå-

òîäû èõ îïðåäåëåíèÿ. Íàéäåíû çàâèñèìîñòè ìåæäó

õèìè÷åñêîé ýêñåðãèåé è ïîêàçàòåëÿìè ïîæàðîâçðû-

âîîïàñíîñòè âåùåñòâ. Êðîìå òîãî, âûÿâëåíû ïðå-

èìóùåñòâà èñïîëüçîâàíèÿ ýêñåðãåòè÷åñêîãî ìåòîäà

àíàëèçà, âêëþ÷àþùèå àñïåêòû îáåñïå÷åíèÿ ïîæàð-

íîé áåçîïàñíîñòè (ðèñ. 6).

Ðèñ. 5. Çàâèñèìîñòü ÂÒÏÐ (1) è ÍÒÏÐ (2) îò âåëè÷èíû åõ äëÿ

àëêàíîâ

Fig. 5. Correlation between upper (1) and lower (2) temperature

limits of flame propagation and exergy for alkanes

¹ ï�ï

No.

Ïîêàçàòåëü

Property

Ôîðìóëà äëÿ ðàñ÷åòà

Formula R2

1 Òåìïåðàòóðà âñïûøêè � Flash point Ò e åx õâñï (FP) � � � �112 10 0 0407 1788 2– , 0,990

2 ÍÊÏÐ � Lower concentration limit of flame propagation ÍÊÏÐ (LFL) � �37511 0 968, ,ex 0,950

3 ÂÊÏÐ � Upper concentration limit of flame propagation ÂÊÏÐ (UFL) � 692 45 0 551, ,ex 0,988

4 ÍÒÏÐ � Lower temperature limit of flame propagation ÍÒÏÐ (LTFL) � � � �119 10 0 0408 1748 2– ,e åx õ 0,999

5 ÂÒÏÐ � Upper temperature limit of flame propagation ÂÒÏÐ (UTFL) � � � �159 10 0 0494 1738 2– ,e åx õ 0,999

Òàáëèöà 2. Ôîðìóëû äëÿ ðàñ÷åòà ïîêàçàòåëåé ïîæàðîâçðûâîîïàñíîñòè àëêàíîâ

Table 2. Formulas for calculating fire and explosion ratio for alkanes

Ðèñ. 4. Çàâèñèìîñòü ÂÊÏÐ (1) è ÍÊÏÐ (2) îò âåëè÷èíû åõ äëÿ

àëêàíîâ

Fig. 4. Correlation between upper (1) and lower (2) concentration

limits of flame propagation and exergy for alkanes
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Çàêëþ÷åíèå

Ïðåäëàãàåìûé ýêñåðãåòè÷åñêèé ïîäõîä ïîçâîëÿåò

êîìïëåêñíî ðàññìàòðèâàòü âîïðîñû ýíåðãîýêîëîãè÷å-

ñêîé ýôôåêòèâíîñòè è ïîæàðíîé îïàñíîñòè ãðóçîâûõ

ïåðåâîçîê æåëåçíîäîðîæíûì òðàíñïîðòîì. Êðîìå

òîãî, îí äàåò âîçìîæíîñòü âûÿâèòü ñâÿçè òåðìîäèíà-

ìè÷åñêèõ õàðàêòåðèñòèê ñ òåõíèêî-ýêîíîìè÷åñêèìè,

ýêîëîãè÷åñêèìè ïîêàçàòåëÿìè è ïðîâåñòè îöåíêó ïî-

æàðîâçðûâîîïàñíîñòè îáðàùàþùèõñÿ íà æåëåçíîäî-

ðîæíîì òðàíñïîðòå âåùåñòâ è ìàòåðèàëîâ.

Èñïîëüçîâàíèå ýêñåðãåòè÷åñêîãî ïîäõîäà îïðå-

äåëÿåòñÿ åãî óíèâåðñàëüíîñòüþ è âîçìîæíîñòüþ

ïðåîäîëåíèÿ ìåòîäîëîãè÷åñêèõ ïðîáëåì ïðè íåîá-

õîäèìîñòè ó÷åòà ðàçëè÷íûõ ïîêàçàòåëåé â åäèíîé

ñèñòåìå.

Ïîëó÷åííûå çàâèñèìîñòè ïîçâîëÿþò ðàíæèðî-

âàòü îáðàùàþùèåñÿ íà æåëåçíîäîðîæíîì òðàíñïîð-

òå âåùåñòâà òîïëèâíî-ýíåðãåòè÷åñêîãî íàçíà÷åíèÿ

ïî ïîêàçàòåëÿì èõ ýíåðãåòè÷åñêîé ýôôåêòèâíîñòè

è ïîæàðíîé îïàñíîñòè.

Ðèñ. 6. Ïðåèìóùåñòâà èñïîëüçîâàíèÿ ýêñåðãåòè÷åñêîãî ìåòîäà àíàëèçà � Fig. 6. Using the exergy analysis for fire safety
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ABSTRACT

Introduction. One of the main trends in the sustainable development of the national economy is an in-

crease in the energy efficiency of processes and industries, fire and industrial safety, rational use of

natural resources, and reduction of negative man-made impact. A method for improving energy

efficiency and predictive reliability is exergy analysis. However, it is not enough specified for fire

safety.

Theoretical basis. Exergy is a thermodynamic concept, used for many years within engineering

analysis of chemical and mechanical processes and systems. In modern science the concept of exergy

is associated with efficiency, economy, and environmental feasibility. However, exergy analysis is

practically does not affect issues related to fire safety.

Result and discussion. Consider the possibility of using an exergy approach to assess the fire

danger of rail transport. At first we establish relationships between thermodynamic characteristics

and fire and explosion hazard ratio. The objects of research are hydrocarbons, which are the main

components of liquid and gaseous fuels.

Exergy is considered as one of the conditions for the occurrence of a fire.

We have determined the dependencies between the specific chemical exergy and the fire and

explosion hazard ratio of substances for railway transport. Specific chemical exergy was found from

literature sources.

Lower heat of combustion, flash point, temperature limits of flame propagation, concentration

limits of flame propagation parameters were considered. Formulas for calculation are proposed.

The correlation of determination R2 was calculated (from 0.950 to 0.999).

Using the exergy method of analysis has some preference for fire safety.

Conclusions. The offered approach allows to consider in a complex way the questions of

energy-ecological efficiency and fire danger of cargo transportations of a railway transportation.

It also makes it possible to identify the links between thermodynamic characteristics and technical,

economic and environmental indicators and to assess the fire and explosion hazard of substances and

materials for railway transport. The obtained dependences allow to rank substances of fuel and energy

purpose in terms of their energy efficiency and fire hazard.

Keywords: exergy; railway transport; fuel; energy-ecological efficiency; fire danger; LHV; flash point;

concentration limits of flame propagation; temperature limits of flame propagation.
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