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Ââåäåíèå

Ê ÷èñëó âàæíåéøèõ ïîêàçàòåëåé, îáåñïå÷èâàþùèõ

ïîæàðíóþ áåçîïàñíîñòü òåõíîëîãè÷åñêèõ ïðîöåññîâ,

îòíîñèòñÿ òåìïåðàòóðà âñïûøêè îãíåîïàñíûõ âå-

ùåñòâ (ÃÎÑÒ 12.1.044–89). Äëÿ ðàñ÷åòîâ ïðîöåññîâ

è àïïàðàòîâ õèìè÷åñêèõ ïðîèçâîäñòâ òàêæå íåîá-

õîäèìû äàííûå ïî òåðìîäèíàìè÷åñêèì ñâîéñòâàì

âåùåñòâ. Ýòè äàííûå ìîæíî ïîëó÷èòü, èññëåäóÿ ôà-

çîâûå ðàâíîâåñèÿ æèäêîñòü – ïàð [1]. Èçâåñòíî, ÷òî

èññëåäîâàíèå ãåòåðîãåííûõ ðàâíîâåñèé ñâÿçàíî ñ

áîëüøèìè ýêñïåðèìåíòàëüíûìè òðóäíîñòÿìè [2].

Â ñâÿçè ñ ýòèì ðàçðàáîòêà ìåòîäà ïðîãíîçèðîâàíèÿ

òåðìîäèíàìè÷åñêèõ ñâîéñòâ è ïîêàçàòåëåé ïîæàðî-

îïàñíîñòè âåùåñòâ íà èõ îñíîâå ÿâëÿåòñÿ àêòóàëü-

íîé çàäà÷åé. Îñîáåííîñòè æèäêîãî ñîñòîÿíèÿ âå-

ùåñòâ âûçûâàþò áîëüøèå òðóäíîñòè â ðåøåíèè ýòîé

çàäà÷è. Ñóùåñòâóþùèå ñòàòèñòè÷åñêèå òåîðèè æèä-

êîãî ñîñòîÿíèÿ âåùåñòâ âñå åùå íåäîñòàòî÷íî òî÷íû

è ñëèøêîì ñëîæíû. Óòâåðæäåíèÿ î “òåõíè÷åñêîì”

õàðàêòåðå ïðåîäîëåíèÿ ýòèõ òðóäíîñòåé, âåðîÿòíî,

ñëèøêîì îïòèìèñòè÷íû. Îáîáùåíèå ýêñïåðèìåí-

òàëüíûõ äàííûõ ñ òî÷êè çðåíèÿ ýíåðãåòè÷åñêèõ õà-

ðàêòåðèñòèê âçàèìîäåéñòâèÿ â æèäêèõ âåùåñòâàõ

íåîáõîäèìî äëÿ ôîðìèðîâàíèÿ íîâûõ èäåé â ðàç-

âèòèè òåîðèè æèäêîãî ñîñòîÿíèÿ âåùåñòâà. Êëàññè-

÷åñêàÿ òåðìîäèíàìèêà è ñîïîñòàâëåíèå ñâîéñòâ

æèäêèõ âåùåñòâ ñ èíûìè ñòàíäàðòàìè, íàïðèìåð ñ

èäåàëüíûì ãàçîì, äàþò åñòåñòâåííóþ îñíîâó äëÿ

òàêèõ îáîáùåíèé. Î÷åâèäíî, ÷òî äàëüíåéøåå ðàç-

âèòèå òåðìîäèíàìè÷åñêîé òåîðèè æèäêîãî ñîñòîÿ-

íèÿ òðåáóåò ÿâíîãî ó÷åòà ìîëåêóëÿðíûõ êîíöåïöèé.

Öåëè è çàäà÷è èññëåäîâàíèÿ

Îñíîâíàÿ öåëü ðàáîòû ñîñòîèò â òåîðåòè÷åñêîì

îáîñíîâàíèè è ðàçðàáîòêå íîâûõ ìåòîäîâ ïðîãíî-

çèðîâàíèÿ òåðìîäèíàìè÷åñêèõ ñâîéñòâ è ïîêàçàòå-

ëåé ïîæàðîîïàñíîñòè âåùåñòâ ïðè îãðàíè÷åííîì

îáúåìå ýêñïåðèìåíòàëüíîé èíôîðìàöèè. Ðåøåíèå

ýòîé çàäà÷è ñâÿçàíî ñ óñòàíîâëåíèåì âçàèìîñâÿçè

ìåæäó ìîëåêóëÿðíûìè õàðàêòåðèñòèêàìè è òåðìî-

äèíàìè÷åñêèìè ñâîéñòâàìè âåùåñòâ â ãîìîëîãè÷å-

ñêèõ ðÿäàõ. Ñóùåñòâóþùèå ìåòîäû ðàñ÷åòà ñâîéñòâ

ìíîãîêîìïîíåíòíûõ ñèñòåì òàêæå îñíîâàíû íà

ñâîéñòâàõ êîìïîíåíòîâ, îáðàçóþùèõ ãîìîëîãè÷å-

ñêèå ðÿäû. Ðàçðàáîòêà íîâîãî ìåòîäà ïðîãíîçèðî-

âàíèÿ òåðìîäèíàìè÷åñêèõ ñâîéñòâ è ïîêàçàòåëåé
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ïîæàðîîïàñíîñòè âåùåñòâ â ãîìîëîãè÷åñêèõ ðÿäàõ

ñâÿçàíà ñ óñòàíîâëåíèåì âçàèìîñâÿçè ýòèõ ñâîéñòâ

ñ ìîëÿðíîé ìàññîé (ñòðóêòóðîé ìîëåêóë) âåùåñòâ

ãîìîëîãè÷åñêèõ ðÿäîâ. Ðàíåå áûëà óñòàíîâëåíà

ôóíêöèîíàëüíàÿ âçàèìîñâÿçü òåìïåðàòóðû âñïûø-

êè è ýíåðãèè Ãåëüìãîëüöà ñ ìîëÿðíîé ìàññîé âå-

ùåñòâ ãîìîëîãè÷åñêèõ ðÿäîâ — í-àëêèëýòàíîàòîâ,

í-ñïèðòîâ è êåòîíîâ [3]. Çàäà÷åé íàñòîÿùåé ðàáîòû

ÿâëÿåòñÿ óñòàíîâëåíèå ïîäîáíûõ àíàëèòè÷åñêèõ

çàâèñèìîñòåé äëÿ òàêèõ âåùåñòâ ãîìîëîãè÷åñêîãî

ðÿäà, êàê í-àëêèëàìèíû.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Èç ëèòåðàòóðíûõ äàííûõ èçâåñòíû äàâëåíèå íà-

ñûùåííîãî ïàðà è îáúåìíûå ñâîéñòâà æèäêèõ âå-

ùåñòâ ãîìîëîãè÷åñêîãî ðÿäà í-àëêèëàìèíîâ (ìåòèë-

àìèí, ýòèëàìèí, ïðîïèëàìèí-1, áóòàíàìèí-1, ïåíòàí-

àìèí-1, ãåêñàíàìèí-1, ãåïòàíàìèí-1, îêòàíàìèí-1,

íîíàíàìèí-1, äåêàíàìèí-1) [4–15]. Ïðîâåäåííûå

ðàíåå ðàñ÷åòû ñ èñïîëüçîâàíèåì ìåòîäèêè Ëüþèñà

íå ïîçâîëèëè íàì óñòàíîâèòü âçàèìîñâÿçü ìåæäó ìî-

ëåêóëÿðíûìè õàðàêòåðèñòèêàìè è òåðìîäèíàìè÷å-

ñêèìè ñâîéñòâàìè âåùåñòâ â ãîìîëîãè÷åñêèõ ðÿäàõ.

Îñíîâíîé íåäîñòàòîê ðàñ÷åòà ïî ìåòîäó Ëüþèñà çà-

êëþ÷àåòñÿ â òîì, ÷òî çíà÷åíèÿ òåðìîäèíàìè÷åñêèõ

ôóíêöèé íåàäåêâàòíî õàðàêòåðèçóþò ìåæìîëåêó-

ëÿðíîå âçàèìîäåéñòâèå (MMB) â æèäêîñòè. Íàïðè-

ìåð, äëÿ èíäèâèäóàëüíîé æèäêîñòè, íàõîäÿùåéñÿ

â ðàâíîâåñèè ñ ïàðîì, èçìåíåíèå ýíåðãèè Ãèááñà

�G = Gïàð – Gæèä = 0. Ñîçäàåòñÿ âïå÷àòëåíèå, ÷òî

ýíåðãèÿ Ãèááñà “íå ÷óâñòâóåò” ìåæìîëåêóëÿðíîãî

âçàèìîäåéñòâèÿ â æèäêîñòè. Ðÿä èññëåäîâàòåëåé

(Áåëë è Ãåòòè; Ãèðøâåëüäåð, Êåðòèñ è Áåðä; Íèêîëü-

ñêèé; Ðàóëèíñîí, Ðóäàêîâ) óæå îáðàùàëè âíèìàíèå

íà íåäîñòàòî÷íîñòü ôîðìàëüíîãî îïèñàíèÿ òåðìî-

äèíàìè÷åñêèõ ñâîéñòâ æèäêèõ âåùåñòâ. Ðàáîòû

ýòèõ ó÷åíûõ ñîäåðæàò èíòåðåñíûå ïîïûòêè ó÷åòà

âêëàäîâ MMB â èçìåíåíèå òåðìîäèíàìè÷åñêèõ

ôóíêöèé æèäêèõ âåùåñòâ. Îäíàêî ýòî íàïðàâëåíèå,

ê ñîæàëåíèþ, íå ïðèâëåêëî âíèìàíèå øèðîêîãî êðóãà

èññëåäîâàòåëåé. Èìåþùèåñÿ ïóáëèêàöèè ðàçîáùå-

íû, òåîðåòè÷åñêèé ñìûñë ïðèåìîâ, èõ îáùíîñòü è

çíà÷èìîñòü äî êîíöà íå âûÿñíåíû. Âîçìîæíîñòü ïî-

ñòðîåíèÿ íà ýòîé îñíîâå îáùåãî ïîäõîäà ðàññìîò-

ðåíà àâòîðîì â ðàáîòàõ [16, 17].

Ýíåðãèÿ MMB îáû÷íî îïðåäåëÿåòñÿ êàê ðàáîòà

ðàçâåäåíèÿ ìîëåêóë äðóã îò äðóãà íà áåñêîíå÷íîå

ðàññòîÿíèå. Îäíàêî âîçìîæíî è äðóãîå ðåøåíèå çà-

äà÷è — èçîëèðîâàíèå ìîëåêóë äðóã îò äðóãà ïóòåì

íàëîæåíèÿ âíåøíåãî ýíåðãåòè÷åñêîãî ïîëÿ ïðè ñî-

õðàíåíèè ðàññòîÿíèÿ ìåæäó íèìè. (Ýòî ñîñòîÿíèå

ïîäîáíî ñîñòîÿíèþ æèäêîñòè ñî ñâîéñòâàìè èäå-

àëüíîãî ãàçà.) Åñëè ýíåðãèè “èçîëèðîâàííûõ” è “ðàç-

äåëåííûõ” ìîëåêóë ðàâíû, òî íà îòêëþ÷åíèå ìå-

õàíèçìà ÌÌÂ â îáîèõ ñëó÷àÿõ çàòðà÷èâàåòñÿ îäè-

íàêîâàÿ ðàáîòà. Â òåðìîäèíàìè÷åñêîé ñèñòåìå

ðåçóëüòàòû ðàñ÷åòîâ çàâèñÿò òàêæå îò ñïîñîáà ïðî-

âåäåíèÿ ïðîöåññà îòêëþ÷åíèÿ ìåõàíèçìà ÌÌÂ —

ëèáî ðàñøèðåíèåì ñèñòåìû äî îáúåìà V � �, ëèáî

ïóòåì èçîëÿöèè ïðè åãî ñîõðàíåíèè (V = const).

×èñëî âîçìîæíîñòåé ïðîâåäåíèÿ äàííîãî ïðîöåññà

óâåëè÷èâàåòñÿ íåîãðàíè÷åííî, åñëè ïðèíÿòü âî

âíèìàíèå ïðîìåæóòî÷íûå ñëó÷àè (ìåæäó V � � è

V = const), à òàêæå ñëó÷àè ðàçëè÷íîãî òåïëîâîãî îá-

ìåíà ñ îêðóæàþùåé ñðåäîé. Íåäîñòàòî÷íî êîíñòà-

òèðîâàòü, ÷òî ñòàíäàðòíàÿ ñèñòåìà áåç ìåæìîëåêó-

ëÿðíîãî âçàèìîäåéñòâèÿ — èäåàëüíûé ãàç. Íåîáõî-

äèìî òî÷íî îïðåäåëèòü åãî ñîñòîÿíèå.

Èäåàëüíûé ãàç èìååò äâå ñòåïåíè ñâîáîäû, ïî-

ýòîìó ââåäåì äâà îãðàíè÷åíèÿ. Ïðåæäå âñåãî íåîá-

õîäèìî èñêëþ÷èòü ðàáîòó ïðîòèâ ëþáûõ ñèë, êðîìå

ìåæìîëåêóëÿðíîãî âçàèìîäåéñòâèÿ, ÷òî âåäåò ê óñëî-

âèþ V = const. Äàëåå âîçìîæíû äâà âàðèàíòà: 1) àäè-

àáàòè÷åñêèé âàðèàíò (S = const); 2) èçîòåðìè÷åñêèé

âàðèàíò (Ò = const), êîãäà ýíòðîïèÿ ñèñòåìû ìåíÿ-

åòñÿ çà ñ÷åò ìåæìîëåêóëÿðíîãî âçàèìîäåéñòâèÿ, íî

íå òåìïåðàòóðû. Ýòè ñîîáðàæåíèÿ îáúÿñíÿþò íå-

îáõîäèìîñòü ïðîâåäåíèÿ ïðîöåññà ïðè óñëîâèè

V = const, T = const. Ïðèìåì äâà ïîëîæåíèÿ, ïåðâîå

èç êîòîðûõ îïðåäåëÿåò ñòàíäàðòíóþ ñèñòåìó, âòîðîå

— âêëàäû ìåæìîëåêóëÿðíîãî âçàèìîäåéñòâèÿ â èç-

ìåíåíèå òåðìîäèíàìè÷åñêèõ ôóíêöèé æèäêîé ñèñ-

òåìû:

1) ñòàíäàðòíàÿ ñèñòåìà áåç ìåæìîëåêóëÿðíîãî

âçàèìîäåéñòâèÿ ïðè ëþáûõ ñòåïåíÿõ ñæàòèÿ

— èäåàëüíûé ãàç, âçÿòûé ïðè òåìïåðàòóðå Ò,

îáúåìå V è ñîñòàâå ðåàëüíîé æèäêîñòè è ïîä-

÷èíÿþùèéñÿ òîé æå ñòàòèñòèêå;

2) âêëàä ìåæìîëåêóëÿðíîãî âçàèìîäåéñòâèÿ â

èçìåíåíèå òåðìîäèíàìè÷åñêîé ôóíêöèè îïðå-

äåëÿåòñÿ êàê ðàçíîñòü çíà÷åíèé ýòîé ôóíê-

öèè äëÿ ñòàíäàðòíîé (F*, U*, S*) è ðåàëüíîé

(F, U, S) æèäêèõ ñèñòåì.

Ðàáîòà ïðîöåññà ïðè óñëîâèè T = const, V = const

ðàâíà óáûëè ýíåðãèè Ãåëüìãîëüöà:
�

F F F� �* . (1)

Ýòó âåëè÷èíó áóäåì íàçûâàòü ñâîáîäíîé ýíåð-

ãèåé âçàèìîäåéñòâèÿ, èëè ðàáîòîé îòêëþ÷åíèÿ ìå-

õàíèçìà MMB. Àíàëîãè÷íî îïðåäåëÿåì âíóòðåí-

íþþ ýíåðãèþ âçàèìîäåéñòâèÿ:
�

U U U� �* (2)

è ýíòðîïèþ MMB:
�

S S S� �* . (3)

Ýòè âåëè÷èíû ñâÿçàíû óðàâíåíèåì Ãåëüìãîëüöà
� � �

U F TS� � . (4)

Òàêèì îáðàçîì, äëÿ îòêëþ÷åíèÿ ìåõàíèçìà MMB

â ñèñòåìå íåîáõîäèìî ïîäâåñòè ýíåðãèþ
�

U , ÿâëÿ-
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þùóþñÿ ïîëíîé ìåðîé ýíåðãåòè÷åñêèõ çàòðàò. Ðà-

áîòà îòêëþ÷åíèÿ âçàèìîäåéñòâèÿ
�

F äàåò êîëè÷åñò-

âåííóþ ìåðó ìåõàíè÷åñêèõ óñèëèé, íåîáõîäèìûõ

äëÿ ïðåîäîëåíèÿ ÌÌÂ â èçîòåðìè÷åñêèõ óñëîâèÿõ.

Êðîìå òîãî, ôóíêöèÿ
�

F íàèáîëåå ïðîñòî ñâÿçàíà ñ

îñíîâíûìè èçìåðÿåìûìè âåëè÷èíàìè (Ð, V, Ò) è ïî-

ýòîìó íàèáîëåå òî÷íî âû÷èñëÿåòñÿ ïî ýêñïåðèìåí-

òàëüíûì äàííûì. Äàëåå ëåãêî íàéòè äðóãèå ôóíêöèè.

Ýíòðîïèÿ âçàèìîäåéñòâèÿ
�

S ÿâëÿåòñÿ ôóíäàìåí-

òàëüíîé ìåðîé èçìåíåíèÿ óïîðÿäî÷åííîñòè ìîëåêó-

ëÿðíîé ñèñòåìû ïðè îòêëþ÷åíèè ìåõàíèçìà MMB.

Ñîãëàñíî îñíîâíîìó ïðåäïîëîæåíèþ ñòàòèñòè÷å-

ñêîé ìåõàíèêè ýíòðîïèÿ — ïðÿìàÿ ìåðà íåóïîðÿäî-

÷åííîñòè ñèñòåìû. Â îáùåì ñëó÷àå ïîíÿòèå ìîëåêó-

ëÿðíîãî áåñïîðÿäêà ñòðîãî íå îïðåäåëåíî. Èñõîäÿ

èç çàêîíîìåðíîñòåé èçìåíåíèÿ ýíòðîïèè, ïîëàãàþò,

÷òî “ áåñïîðÿäîê” ðàñòåò ñ óâåëè÷åíèåì îáúåìà ñè-

ñòåìû (áåñïîðÿäîê â ðàñïîëîæåíèè) è òåìïåðàòóðû

(áåñïîðÿäîê â äâèæåíèè). Êîãäà îáúåì è òåìïåðà-

òóðà ñèñòåìû çàêðåïëåíû, î÷åâèäíî, ÷òî óïîðÿäî-

÷åííîñòü ñèñòåìû áóäåò îïðåäåëÿòüñÿ òîëüêî ìåæ-

ìîëåêóëÿðíûì âçàèìîäåéñòâèåì. Ñ ðîñòîì MMB

óïîðÿäî÷åííîñòü â ñèñòåìå áóäåò âîçðàñòàòü, à ïðè

îñëàáëåíèè — ñíèæàòüñÿ. Îòêëþ÷åíèå ìåõàíèçìà

MMB ñ íåèçáåæíîñòüþ äîëæíî ïðèâåñòè ê ðîñòó

ýíòðîïèè èëè, ïî êðàéíåé ìåðå, ê ñîõðàíåíèþ åå.

Ýíòðîïèÿ ëþáîé ðåàëüíîé ñèñòåìû ìåíüøå (èëè

ðàâíà) ýíòðîïèè èäåàëüíîãî ãàçà ïðè òåõ æå òåìïå-

ðàòóðå è îáúåìå.

Äëÿ óñòàíîâëåíèÿ ñâÿçè çíà÷åíèé òåðìîäèíà-

ìè÷åñêèõ ôóíêöèé ñ ìîëÿðíîé ìàññîé (ñòðóêòóðîé

ìîëåêóë) âåùåñòâ çíà÷åíèÿ ôóíêöèé áûëè ðàññ÷è-

òàíû ñ èñïîëüçîâàíèåì ñòàíäàðòà èäåàëüíîãî ãàçà,

âçÿòîãî ïðè òåìïåðàòóðå Ò è îáúåìå V ðåàëüíîé

æèäêîñòè. Äëÿ íàãëÿäíîñòè ðàññìîòðèì èçîòåðìè-

÷åñêèé öèêë æèäêîñòè (ðèñ. 1). Êàæäîå ñîñòîÿíèå

îòìå÷åíî ìîëüíûì îáúåìîì ñèñòåìû è äàâëåíèåì,

à êàæäûé îáðàòèìûé ïåðåõîä — èçìåíåíèåì ñâî-

áîäíîé è âíóòðåííåé ýíåðãèè. Ïðè îòêëþ÷åíèè ìå-

õàíèçìà MMB (ïåðåõîä À) æèäêîñòü ïåðåâîäèòñÿ â

ñòàíäàðòíîå ñîñòîÿíèå ñ òåì æå îáúåìîì V, ïðè

ýòîì äàâëåíèå âîçðàñòàåò äî P* = RT/V. Èçìåíåíèå

ýíåðãèè Ãåëüìãîëüöà ðàâíî
�

F , âíóòðåííåé ýíåðãèè

—
�

U . Çàòåì ñòàíäàðòíàÿ ñèñòåìà èçîòåðìè÷åñêè ðàñ-

øèðÿåòñÿ äî îáúåìà íàñûùåííîãî ïàðà Vãàç è äàâëå-

íèÿ P RT Vãàç ãàç
* � (ïåðåõîä Á). Âêëþ÷àåòñÿ âçàèìî-

äåéñòâèå äëÿ ïåðåâîäà ñèñòåìû â íàñûùåííûé ïàð

ñ îáúåìîì Vãàç è äàâëåíèåì P (ïåðåõîä B). Íàêîíåö,

ñèñòåìà âîçâðàùàåòñÿ â èñõîäíîå ñîñòîÿíèå ïóòåì

êîíäåíñàöèè ïàðà ïðè P = const (ïåðåõîä Ã).

Ñóììèðóÿ çíà÷åíèÿ�F è�U, èìååì â ñëó÷àå ïå-

ðåõîäà ìîëÿ âåùåñòâà èç ñîñòîÿíèÿ èäåàëüíîãî ãàçà

â æèäêîå ñîñòîÿíèå ñ ìåæìîëåêóëÿðíûì âçàèìî-

äåéñòâèåì óðàâíåíèÿ ñîîòâåòñòâåííî äëÿ ýíåðãèè

Ãåëüìãîëüöà (
�

F ), ýíòðîïèè (
�

S ) è âíóòðåííåé ýíåð-

ãèè (
�

U ) [16–18]:

�

F RT
RT

P V
RT P V� � �ln ;

0 0
0 0 (5)

�

U H RT P V� � �0 0 0 ; (6)

�

S H RT
RT

P V
� �0

0 0

ln , (7)

ãäå R — óíèâåðñàëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ;

Ò — òåìïåðàòóðà, Ê;

P0, V0 — äàâëåíèå ïàðà è ìîëüíûé îáúåì æèä-

êîñòè;

H0 — ìîëüíàÿ ýíòàëüïèÿ èñïàðåíèÿ æèäêîñòè.

Çíà÷åíèÿ ýíòàëüïèè èñïàðåíèÿ H0 â óðàâíåíè-

ÿõ (6) è (7) äëÿ í-àëêèëàìèíîâ áðàëèñü èç ëèòåðà-

òóðíûõ äàííûõ [4–12].

Ðåçóëüòàòû è èõ îáñóæäåíèå

Àíàëèçîì ëèòåðàòóðíûõ äàííûõ óñòàíîâëåíî,

÷òî ýíòàëüïèÿ èñïàðåíèÿ í-àëêèëàìèíîâ H0 àääè-

òèâíî çàâèñèò îò ìîëÿðíîé ìàññû âåùåñòâà â ãîìî-

ëîãè÷åñêîì ðÿäó, è äëÿ Ò = 323 Ê ïîëó÷åíî óðàâ-

íåíèå

H0 = 0,2715M + 15,32, R2 = 0,9996, (8)

ãäå Í0 — â êÄæ/ìîëü;

Ì — ìîëÿðíàÿ ìàññà í-àëêèëàìèíà;

R2 — êîýôôèöèåíò êîððåëÿöèè.

Îòìåòèì, ÷òî çíà÷åíèÿ Í0 îòëè÷àþòñÿ îò
�

U

íà âåëè÷èíó RT (çíà÷åíèÿ P0V0 ñîñòàâëÿþò âñåãî

2–3 Äæ/ìîëü), ïîýòîìó ìû è èìååì óðàâíåíèå (8).

Íà îñíîâå ëèòåðàòóðíûõ äàííûõ [4–15] ïî óðàâ-

íåíèÿì (5)–(7) ðàññ÷èòàíû çíà÷åíèÿ
�

F,
�

U è
�

S æèä-

êèõ í-àëêèëàìèíîâ — ìåòèëàìèíà, ýòèëàìèíà, ïðî-

ïèëàìèíà-1, áóòàíàìèíà-1, ïåíòàíàìèíà-1, ãåêñàí-

àìèíà-1, ãåïòàíàìèíà-1, îêòàíàìèíà-1, íîíàíàìèíà-1,

äåêàíàìèíà-1. Àíàëèç ðåçóëüòàòîâ ðàñ÷åòîâ ïîêàçû-

Ðèñ. 1. Èçîòåðìè÷åñêèé öèêë æèäêîñòè
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âàåò, ÷òî çíà÷åíèÿ
�

F,
�

U è
�

S í-àëêèëàìèíîâ àääè-

òèâíî çàâèñÿò îò èõ ìîëÿðíîé ìàññû è ìîãóò áûòü

îïèñàíû óðàâíåíèÿìè âèäà (Ò = 323 Ê):
�

F = 170,2M + 2404, R2 = 0,9999; (9)
�

U = 1000M – 2685, R2 = 0,9999; (10)

TS
�

= 829,8M – 5089, R2 = 0,9999, (11)

ãäå
�

F,
�

U è
�

S — â Äæ/ìîëü.

Êîýôôèöèåíòû â óðàâíåíèÿõ (9)–(11) îïðåäåëÿ-

ëèñü ìåòîäîì íàèìåíüøèõ êâàäðàòîâ ñ èñïîëüçîâà-

íèåì ïðîãðàììû CurveExpert 1.3. Óðàâíåíèÿ (9)–(11)

îïèñûâàþò òåðìîäèíàìè÷åñêèå ñâîéñòâà æèäêèõ

í-àëêèëàìèíîâ ñ òî÷íîñòüþ �20 Äæ/ìîëü.

Àääèòèâíàÿ çàâèñèìîñòü çíà÷åíèé
�

F,
�

U è
�

S îò

ìîëÿðíîé ìàññû í-àëêèëàìèíà (÷èñëà ãðóïï –CH2–

â ìîëåêóëå) óêàçûâàåò, íà íàø âçãëÿä, íà ïîäîáèå

æèäêèõ ñòðóêòóð ýòèõ âåùåñòâ. Óñòàíîâëåííûå

íàìè çàêîíîìåðíîñòè ïîäòâåðæäàþò îñíîâíóþ èäåþ,

ëåæàùóþ â îñíîâå ãðóïïîâûõ ìîäåëåé ðàñòâîðîâ

(UNIFAC, ASOG) [19].

Òåìïåðàòóðà âñïûøêè, ïðèíÿòàÿ çà îñíîâó êëàñ-

ñèôèêàöèè æèäêîñòåé ïî ñòåïåíè èõ ïîæàðîâçðûâî-

îïàñíîñòè, ÿâëÿåòñÿ îäíèì èç âàæíåéøèõ ïîêàçàòå-

ëåé ïîæàðíîé îïàñíîñòè. Àíàëèçîì ëèòåðàòóðíûõ

äàííûõ [20–23] óñòàíîâëåíî, ÷òî òåìïåðàòóðà âñïûø-

êè í-àëêèëàìèíîâ àääèòèâíî âîçðàñòàåò ñ óâåëè-

÷åíèåì ìîëÿðíîé ìàññû (÷èñëà ãðóïï –CH2– â ìî-

ëåêóëå) âåùåñòâà â ãîìîëîãè÷åñêîì ðÿäó (ðèñ. 2).

Çàâèñèìîñòü, ïðåäñòàâëåííàÿ íà ðèñ. 2, ñ èñïîëüçî-

âàíèåì ïðîãðàììû CurveExpert 1.3 îïèñàíà óðàâíå-

íèåì

Tâñï = 1,147M + 183,2, R2 = 0,9984, (12)

ãäå Òâñï — òåìïåðàòóðà âñïûøêè, Ê.

Ó÷èòûâàÿ àääèòèâíóþ çàâèñèìîñòü çíà÷åíèé òåð-

ìîäèíàìè÷åñêèõ ôóíêöèé (óðàâíåíèÿ (9)–(11)) è

òåìïåðàòóðû âñïûøêè (ñì. ðèñ. 2) îò ìîëÿðíîé ìàñ-

ñû âåùåñòâà â ãîìîëîãè÷åñêîì ðÿäó, öåëåñîîáðàçíî

óñòàíîâèòü âçàèìîñâÿçü ýíåðãèè Ãåëüìãîëüöà ñ òåì-

ïåðàòóðîé âñïûøêè âåùåñòâà â ãîìîëîãè÷åñêîì ðÿäó.

Ñ ýòîé öåëüþ çíà÷åíèÿ ýíåðãèè Ãåëüìãîëüöà áûëè

ïåðåñ÷èòàíû äëÿ òåìïåðàòóð âñïûøêè âåùåñòâ â ãî-

ìîëîãè÷åñêîì ðÿäó. Îêàçàëîñü, ÷òî ýíåðãèÿ Ãåëüì-

ãîëüöà ïðè òåìïåðàòóðå âñïûøêè âåùåñòâ òàêæå

àääèòèâíî âîçðàñòàåò ñ óâåëè÷åíèåì ìîëÿðíîé ìàñ-

ñû âåùåñòâà (÷èñëà ãðóïï –CH2– â ìîëåêóëå) â ãî-

ìîëîãè÷åñêîì ðÿäó í-àëêèëàìèíîâ (ðèñ. 3). Çàâèñè-

ìîñòü ýíåðãèè Ãåëüìãîëüöà (Äæ/ìîëü) ïðè òåìïå-

ðàòóðå âñïûøêè îò ìîëÿðíîé ìàññû í-àëêèëàìèíà

îïèñûâàåòñÿ óðàâíåíèåì
�

F = 99,8M + 11420, R2 = 0,991. (13)

Ñ ó÷åòîì îáùåé òåíäåíöèè â èçìåíåíèè çíà-

÷åíèé òåìïåðàòóðû âñïûøêè (ñì. ðèñ. 2) è ýíåðãèè

Ãåëüìãîëüöà, ðàññ÷èòàííîé ïðè òåìïåðàòóðå âñïûø-

êè (ñì. ðèñ. 3), â çàâèñèìîñòè îò ìîëÿðíîé ìàññû

âåùåñòâ â ãîìîëîãè÷åñêîì ðÿäó ïðåäñòàâëÿëîñü öå-

ëåñîîáðàçíûì óñòàíîâèòü èõ âçàèìîñâÿçü (ðèñ. 4).

Ðèñ. 2. Çàâèñèìîñòü òåìïåðàòóðû âñïûøêè îò ìîëÿðíîé ìàñ-

ñû âåùåñòâà â ãîìîëîãè÷åñêîì ðÿäó í-àëêèëàìèíîâ

Ðèñ. 3. Çàâèñèìîñòü ýíåðãèè Ãåëüìãîëüöà, ðàññ÷èòàííîé ïðè

òåìïåðàòóðå âñïûøêè, îò ìîëÿðíîé ìàññû í-àëêèëàìèíà â

ãîìîëîãè÷åñêîì ðÿäó

Ðèñ. 4. Çàâèñèìîñòü ýíåðãèè Ãåëüìãîëüöà îò òåìïåðàòóðû

âñïûøêè í-àëêèëàìèíà â ãîìîëîãè÷åñêîì ðÿäó
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Êîððåëÿöèîííûì àíàëèçîì ñ èñïîëüçîâàíèåì ïðî-

ãðàììû TableCurve 3D v4.0 ïîëó÷åíî óðàâíåíèå äëÿ
�

F (Äæ/ìîëü):
�

F = 83,56Tâñï – 4111,6, R2 = 0,992. (14)

Óðàâíåíèå (14) ïîçâîëÿåò ñ íåîáõîäèìîé äëÿ ïðî-

èçâîäñòâåííûõ öåëåé òî÷íîñòüþ ðàññ÷èòûâàòü òåì-

ïåðàòóðó âñïûøêè Òâñï í-àëêèëàìèíîâ ïî òåðìîäè-

íàìè÷åñêèì ñâîéñòâàì ëþáûõ äâóõ âåùåñòâ ãîìî-

ëîãè÷åñêîãî ðÿäà è íàîáîðîò. Òî÷íîñòü âû÷èñëåíèé

çàâèñèò òîëüêî îò òî÷íîñòè ýêñïåðèìåíòàëüíûõ äàí-

íûõ äëÿ ýòèõ äâóõ âåùåñòâ. Ðàíåå ïîäîáíûå çàêîíî-

ìåðíîñòè áûëè âûÿâëåíû äëÿ òàêèõ âåùåñòâ ãîìî-

ëîãè÷åñêèõ ðÿäîâ, êàê í-àëêèëýòàíîàòû, í-ñïèðòû

è êåòîíû [3]. Ïî ìíåíèþ àâòîðîâ, óñòàíîâëåííûå

äëÿ èçó÷åííûõ âåùåñòâ çàêîíîìåðíîñòè ìîãóò áûòü

ïðèìåíåíû ê âåùåñòâàì äðóãèõ ãîìîëîãè÷åñêèõ

ðÿäîâ.

Âûâîäû

1. Çíà÷åíèÿ ýíåðãèè Ãåëüìãîëüöà
�

F , âíóòðåííåé

ýíåðãèè
�

U è ýíòðîïèè
�

S àääèòèâíî çàâèñÿò îò ìî-

ëÿðíîé ìàññû âåùåñòâà (÷èñëà ãðóïï –CH2– â ìîëå-

êóëå) â ãîìîëîãè÷åñêîì ðÿäó í-àëêèëàìèíîâ è îïè-

ñàíû óðàâíåíèÿìè (9)–(11) ñ òî÷íîñòüþ�20 Äæ/ìîëü.

2. Ïîêàçàíî, ÷òî ìåæìîëåêóëÿðíîå âçàèìîäåé-

ñòâèå â æèäêîñòè íåîáõîäèìî îöåíèâàòü çíà÷åíèÿ-

ìè òåðìîäèíàìè÷åñêèõ ôóíêöèé, ðàññ÷èòàííûõ ïî

ñòàíäàðòó èäåàëüíîãî ãàçà, âçÿòîãî ïðè òåõ æå òåì-

ïåðàòóðàõ è îáúåìå, ÷òî è èñïûòóåìàÿ æèäêîñòü.

3. Óñòàíîâëåíî, ÷òî òåìïåðàòóðà âñïûøêè í-àë-

êèëàìèíîâ àääèòèâíî âîçðàñòàåò ñ óâåëè÷åíèåì

ìîëÿðíîé ìàññû (÷èñëà ãðóïï –CH2– â ìîëåêóëå)

âåùåñòâà â ãîìîëîãè÷åñêîì ðÿäó (óðàâíåíèå (12)).

4. Àääèòèâíîå âîçðàñòàíèå çíà÷åíèé òåìïåðà-

òóðû âñïûøêè ñâÿçàíî ñ àääèòèâíûì óâåëè÷åíèåì

çíà÷åíèé ýíåðãèè Ãåëüìãîëüöà â ãîìîëîãè÷åñêîì

ðÿäó í-àëêèëàìèíîâ (óðàâíåíèå (14)).

5. Ïðåäëîæåíà ìåòîäèêà, ïîçâîëÿþùàÿ ñ òî÷íî-

ñòüþ ïðîâåäåííîãî ýêñïåðèìåíòà ïðîãíîçèðîâàòü

òåðìîäèíàìè÷åñêèå ñâîéñòâà è òåìïåðàòóðû âñïûø-

êè í-àëêèëàìèíîâ, îïèðàÿñü íà ñâîéñòâà äâóõ âå-

ùåñòâ ãîìîëîãè÷åñêîãî ðÿäà.
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ABSTRACT

The number of organic compounds exceeded 40 million and increases each year by 300 thousand.

To ensure the fire safety and technological calculations of processes of production, for storage and

transportation materials there are needed data rates fire and explosion hazard substances. Therefore,

development of a method of forecasting fire danger indicators and thermodynamic properties of

substances, based on the minimum amount of experimental data, is an important task.

Solution of this problem is connected with an establishment of the relationship between

the molecular characteristics and thermodynamic properties of substances in the homologous series.

The available methods for calculating the properties of multi component systems are also based on

the properties of the constituent components.

An essential drawback thermodynamic value of standardization methods is that the obtained

values of the thermodynamic functions are only indirectly related to the intermolecular interaction

that determines the properties of liquids. It is known that the laws of thermodynamics do not contain

the concept of interaction. These concepts are introduced from other areas of science. The interaction

energy of the molecules is defined as the work of their division into an infinite state. However, another

possible solution to the problem — isolation of molecules from interacting with each other, while

maintaining the distance between them. If the energies of the “isolated” and “separated” molecules are

equal, off the intermolecular interactions in the two cases, require the same work. Contribution of

intermolecular interactions in the thermodynamic function is determined by the difference between

the values of this function for the standard and the actual systems. As a standard system without

intermolecular interaction was taken ideal gas at the temperature and volume of liquid.

As objects of research are chosen substances of the homologous series of n-alkyl amines.

The analysis determined that values of the thermodynamic functions of substances additively depend

on the molar weight of n-alkyl amine in the homologous series. Similar dependence was observed for

the flash point n-alkyl amines. Taking into account the general tendency in the change of flash point

values and the Helmholtz energy of molar weight substances in the homologous series, it seems

appropriate to establish their interrelation. The corresponding equations were obtained. Earlier

similar dependence was observed for the homologous series of substances: n-alkyl etanoats, aliphatic

ketones and alcohols. The established regularities and obtained based on these equations allow us to

predict the properties of homologous series of substances with the necessary accuracy for practical

purposes.

Keywords: saturated vapor pressure; molar volume; internal energy; entropy; Helmholtz energy;

flash point; correlation equations.
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