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ÈÑÑËÅÄÎÂÀÍÈÅ ÎÃÍÅÒÓØÀÙÈÕ ÑÂÎÉÑÒÂ ÂÎÄÛ
È ÃÈÄÐÎÃÅËÅÉ Ñ ÓÃËÅÐÎÄÍÛÌÈ ÍÀÍÎÑÒÐÓÊÒÓÐÀÌÈ
ÏÐÈ ËÈÊÂÈÄÀÖÈÈ ÃÎÐÅÍÈß ÍÅÔÒÅÏÐÎÄÓÊÒÎÂ

Ýêñïåðèìåíòàëüíî îáîñíîâàíà âîçìîæíîñòü ïðèìåíåíèÿ ìîäèôèöèðîâàííûõ îãíåòóøàùèõ âå-
ùåñòâ (ÎÒÂ) íà îñíîâå íàíîæèäêîñòè (ÍÆ) ñ ðåãóëèðóåìûìè ýêñïëóàòàöèîííûìè õàðàêòåðè-
ñòèêàìè â óñëîâèÿõ òóøåíèÿ ïîæàðîâ æèäêèõ íåôòåïðîäóêòîâ. Ìåòîäàìè àòîìíî-ñèëîâîé è
ðàìàíîâñêîé ñïåêòðîñêîïèè óñòàíîâëåíî íàëè÷èå â íàíîìàòåðèàëå, ïîìèìî MWCNT, áîëüøî-
ãî êîëè÷åñòâà ïîáî÷íûõ ïðîäóêòîâ ñèíòåçà íàíîòðóáîê. Ïîêàçàíî, ÷òî ýëåêòðîôèçè÷åñêèé (âîç-
äåéñòâèå ïåðåìåííî-÷àñòîòíîãî ìîäóëèðîâàííîãî ñèãíàëà) è ðåàãåíòíûé (âíåäðåíèå ãåëåîá-
ðàçóþùèõ êîìïîíåíòîâ) ìåòîäû ïîçâîëÿþò óïðàâëÿòü ñâîéñòâàìè ÍÆ â öåëÿõ èõ ïðèìåíåíèÿ â
øòàòíûõ ñèñòåìàõ ïîæàðîòóøåíèÿ. Â õîäå ýêñïåðèìåíòîâ âûÿâëåíî, ÷òî âðåìÿ òóøåíèÿ íåôòå-
ïðîäóêòîâ ÎÒÂ íà îñíîâå âîäû ñ íàíîìàòåðèàëîì MWCNT 1,0 % îá. â ñðåäíåì â 5,5 ðàç ìåíüøå
âðåìåíè òóøåíèÿ æèäêîñòè âîäîé, à ïðè èñïîëüçîâàíèè ãèäðîãåëåé (DW + Carbopol ETD 2020
0,2 % ìàññ.) ñ íàíîìàòåðèàëîì MWCNT 1,0 % îá. âðåìÿ òóøåíèÿ ïîæàðà ñîêðàòèëîñü äî 10 ðàç.
Ñäåëàí âûâîä, ÷òî ïîâûøåíèå îãíåòóøàùåé ýôôåêòèâíîñòè ìîäèôèöèðîâàííûõ ÎÒÂ íà îñíîâå
ðàñïûëåííîé âîäû äîñòèãàåòñÿ çà ñ÷åò âûñîêîé òåðìè÷åñêîé ñòîéêîñòè íàíîìàòåðèàëà.

Êëþ÷åâûå ñëîâà: íàíîæèäêîñòü; ìíîãîñëîéíûå óãëåðîäíûå íàíîòðóáêè; òåïëîïåðåäà÷à; îãíå-
òóøàùåå âåùåñòâî; ïåðåìåííî-÷àñòîòíûé ìîäóëèðîâàííûé ïîòåíöèàë.
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Ââåäåíèå

Ãîðåíèå íåôòåïðîäóêòîâ ïðåäñòàâëÿåò ñîáîé ñëîæ-
íûé ôèçèêî-õèìè÷åñêèé ïðîöåññ, âêëþ÷àþùèé â
ñåáÿ èñïàðåíèå æèäêîñòè, ôîðìèðîâàíèå íàä íåé
ïàðîâ, à òàêæå ñìåøåíèå èõ ñ îêèñëèòåëåì ñ ïîñëå-
äóþùèì âîñïëàìåíåíèåì íà íåêîòîðîì ðàññòîÿíèè
îò ñëîÿ æèäêîñòè. Äëÿ äîñòèæåíèÿ îãíåòóøàùåãî
ýôôåêòà íåîáõîäèìî ñíèæåíèå òåìïåðàòóðû ïîâåðõ-
íîñòè ãîðþ÷åé æèäêîñòè äî òåìïåðàòóðû òóøåíèÿ
ïëàìåíè, ïðè êîòîðîé ïðîöåññ ãîðåíèÿ áóäåò íåâîç-
ìîæåí, ëèáî íàðóøåíèå òåïëîâîãî ðàâíîâåñèÿ ýêçî-
òåðìè÷åñêîé ðåàêöèè. Óñëîâèå ëèêâèäàöèè ãîðåíèÿ
îïðåäåëÿåòñÿ ñîîòíîøåíèåì [1]:
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ãäå qòâ — òåïëîâûäåëåíèå ïðè ñãîðàíèè íåôòåïðî-
äóêòîâ;
qòï — òåïëîïîòåðè.
Òåïëîïîòåðè îïðåäåëÿþòñÿ ïî ôîðìóëå [1]:

qòï = qêîíâ + qèçë + qèñï, (2)

ãäå qêîíâ — òåïëî, îòâîäèìîå êîíâåêöèåé;
qèçë — òåïëî, îòâîäèìîå èçëó÷åíèåì;
qèñï — òåïëî, çàòðà÷èâàåìîå íà èñïàðåíèå æèä-
êîñòåé (íåôòåïðîäóêòà è îãíåòóøàùåãî âåùå-
ñòâà (ÎÒÂ)).
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Íàèáîëåå çíà÷èìûì ïàðàìåòðîì, îïðåäåëÿþùèì
ýôôåêòèâíîñòü ïîæàðîòóøåíèÿ ðàñïûëåííîé âîäîé,
ÿâëÿåòñÿ âðåìÿ íàãðåâà è èñïàðåíèÿ êàïåëüíûõ ïî-
òîêîâ ÎÒÂ â âûñîêîòåìïåðàòóðíûõ ïðîäóêòàõ ñãî-
ðàíèÿ. Ïðè ðàñïûëåíèè â ñîïëå ôîðñóíêè âñåãäà
ñóùåñòâóåò íà÷àëüíûé ó÷àñòîê íåðàñïàâøåéñÿ è
ìàëîâîçìóùåííîé ïåëåíû, êîòîðàÿ ïî ìåðå èñòå÷å-
íèÿ ðàñïàäàåòñÿ íà ñòðóè â íàïðàâëåíèè äâèæåíèÿ
æèäêîñòè. Êàïëÿ âîäû â çîíå ãîðåíèÿ ïðîõîäèò ñòà-
äèè òåïëî- è ìàññîïåðåíîñà, õàðàêòåðíûå äëÿ åå íà-
ãðåâà è èñïàðåíèÿ ïðè êîíòàêòå ñ íàãðåòîé ïîâåðõ-
íîñòüþ. Óìåíüøåíèå ðàçìåðà êàïåëü âîäû ïðèâîäèò
ê èõ áîëåå èíòåíñèâíîìó èñïàðåíèþ, ñíèæåíèþ
ðàçáðûçãèâàíèÿ òîïëèâà â çîíå ãîðåíèÿ, à òàêæå ê
âåðîÿòíîìó ïåðåëèâó íåôòåïðîäóêòà ÷åðåç êðàé ðå-
çåðâóàðà [2, 3].

Ïàðàìåòðû ðàñïûëåíèÿ æèäêîñòè ìîæíî ïðåä-
ñòàâèòü â âèäå ôîðìóëû
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ãäå dê — äèàìåòð êàïåëü;
Ñ — ïîñòîÿííûé êîýôôèöèåíò;
dñ — äèàìåòð ñîïëà;
n, t, q, m, s — ïîêàçàòåëè ñòåïåíè ïðè ñîîòâåò-
ñòâóþùèõ ïàðàìåòðàõ ðàñïûëåíèÿ;
�ïë — ïàðàìåòð ïåëåíû;
� — ïîâåðõíîñòíîå íàòÿæåíèå;
�æ — äèíàìè÷åñêàÿ âÿçêîñòü;
W — ñêîðîñòü èñòå÷åíèÿ æèäêîñòè;
�æ — ïëîòíîñòü æèäêîñòè [4].
Çàäà÷à òóøåíèÿ ðàñïûëåííîé âîäîé ïëàìåíè íåô-

òåïðîäóêòîâ èìååò îãðàíè÷åíèÿ èç-çà áîëüøîãî
ñðåäíåãî ðàçìåðà êàïåëü ÎÒÂ è, êàê ñëåäñòâèå, íå-
äîñòàòî÷íîé èíòåíñèâíîñòè ïàðîîáðàçîâàíèÿ.
Äàííàÿ òåõíîëîãèÿ ïðèìåíèìà äëÿ ãîðþ÷èõ æèäêî-
ñòåé (ÃÆ) è ìàëîýôôåêòèâíà äëÿ ëåãêîâîñïëàìåíÿ-
þùèõñÿ æèäêîñòåé (ËÂÆ) [1].

Ñóùåñòâóþò ðàçëè÷íûå ìåòîäû ïîâûøåíèÿ ýô-
ôåêòèâíîñòè ïîæàðîòóøåíèÿ ðàñïûëåííîé âîäîé,
â òîì ÷èñëå ïðèìåíåíèå òåõíîëîãèé ïîëèäèñïåðñ-
íîãî ïîæàðîòóøåíèÿ, âíåäðåíèå ñîëÿíûõ ðàñòâîðîâ,
ñóñïåíçèé è ýìóëüñèé è äð. Óâåëè÷åíèå òåìïåðàòó-
ðîïðîâîäíîñòè, ïëîòíîñòè, à òàêæå ñíèæåíèå ïî-
âåðõíîñòíîãî íàòÿæåíèÿ æèäêîñòè ïðèâîäÿò ê åå
áîëåå èíòåíñèâíîìó èñïàðåíèþ â çîíå ãîðåíèÿ [4].

Îäíèì èç ñïîñîáîâ ìîäèôèêàöèè ÎÒÂ íà îñíî-
âå âîäû ÿâëÿåòñÿ ýëåêòðîôèçè÷åñêèé ìåòîä óïðàâ-
ëåíèÿ ñâîéñòâàìè âåùåñòâ íà ãðàíèöå ðàçäåëà ôàç â
ñî÷åòàíèè ñ ðåàãåíòíîé ìîäèôèêàöèåé ãåëåîáðàçó-
þùèìè è óãëåðîäíûìè íàíîêîìïîíåíòàìè. Ïðè
ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè ëèáî ýëåêòðîïðî-
âîäÿùàÿ ñèñòåìà âîäà – íàíîäèñïåðñèè ïåðåìåùà-
åòñÿ â ýëåêòðè÷åñêèõ ïîëÿõ, ëèáî ìàãíèòíûå ïîëÿ
èçìåíÿþòñÿ âî âðåìåíè. Âîäíûå ñèñòåìû èñïûòû-

âàþò êîìáèíèðîâàííîå ýëåêòðîìàãíèòíîå âîçäåé-
ñòâèå, è â çàâèñèìîñòè îò ýòèõ óñëîâèé èëè ýëåêòðè-
÷åñêàÿ, èëè ìàãíèòíàÿ ñîñòàâëÿþùàÿ èãðàåò â ïðî-
öåññå ïðåèìóùåñòâåííóþ ðîëü [5].

Â ðàáîòå [6] ïðèâåäåíû äàííûå îá èçìåíåíèè
òåïëîôèçè÷åñêèõ õàðàêòåðèñòèê âîäû, ïîäâåðãíó-
òîé âîçäåéñòâèþ ïåðåìåííîãî ÷àñòîòíî-ìîäóëèðó-
åìîãî ïîòåíöèàëà (Ï×ÌÏ). Â [7] äëÿ ñðàâíåíèÿ îã-
íåòóøàùèõ ñâîéñòâ âîäû â óñëîâèÿõ âîçäåéñòâèÿ
Ï×ÌÏ îïèñàí ðÿä ýêñïåðèìåíòîâ ïî òóøåíèþ î÷à-
ãà ïîæàðà êëàññà À. Â õîäå ýêñïåðèìåíòîâ óñòàíîâ-
ëåíî, ÷òî âðåìÿ òóøåíèÿ ìîäèôèöèðîâàííîé âîäîé
ñîêðàòèëîñü íà 30 % ïî ñðàâíåíèþ ñ áàçîâîé æèä-
êîñòüþ. Â äèññåðòàöèè Â. Ï. Ñòåïàíîâà [8] ïðèâî-
äÿòñÿ äàííûå îá èçìåíåíèè ôèçè÷åñêèõ ñâîéñòâ âîäû
ïðè òåìïåðàòóðå 20 °Ñ ïîä âîçäåéñòâèåì Ï×ÌÏ.
Ýêñïåðèìåíòàëüíî âûÿâëåíî, ÷òî ïðè âîçäåéñòâèè
Ï×ÌÏ íà âîäó â òå÷åíèå 10 ìèí åå ïîâåðõíîñòíîå
íàòÿæåíèå óìåíüøàåòñÿ íà 12 %, âÿçêîñòü — íà 9 %.

Â ðàáîòàõ [9, 10] ïîëó÷åíû ðåçóëüòàòû, ñâèäåòåëü-
ñòâóþùèå î òîì, ÷òî èñïîëüçîâàíèå ìîäèôèöèðî-
âàííûõ ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè âîäíî-
ãåëåâûõ ñîñòàâîâ (ÂÃÑ) ïîçâîëÿåò ñíèçèòü òðåáó-
åìóþ èíòåíñèâíîñòü ïîäà÷è ÎÒÂ â 2,5 ðàçà è ñîêðà-
òèòü âðåìÿ òóøåíèÿ î÷àãà êëàññà À íà 30–40 % ïî
ñðàâíåíèþ ñ âîäîé.

Ìàëûå êîíöåíòðàöèè óãëåðîäíûõ íàíîñòðóêòóð
(ìíîãîñëîéíûõ óãëåðîäíûõ íàíîòðóáîê (MWCNT))
â âîäå èçìåíÿþò ñâîéñòâà íàíîæèäêîñòè (ÍÆ) â
ñðàâíåíèè ñ áàçîâîé, âëèÿÿ íà ïðîöåññû òåïëî- è
ìàññîïåðåíîñà. Çíà÷èòåëüíîå âëèÿíèå íà äàííûå
ïðîöåññû îêàçûâàþò êîíöåíòðàöèÿ è òèï íàíî-
÷àñòèö, ñïîñîáû èõ ïîäãîòîâêè è ñòàáèëèçàöèè
(òàáë. 1).

Ïðè äàëüíåéøåì óâåëè÷åíèè îáúåìíîé êîíöåíò-
ðàöèè íàíî÷àñòèö èçìåíåíèå òåïëîôèçè÷åñêèõ õà-
ðàêòåðèñòèê ÍÆ ñóùåñòâåííî çàìåäëÿåòñÿ, íî ïðè
ýòîì íàáëþäàåòñÿ ïîâûøåíèå âÿçêîñòè, ÷òî óõóä-
øàåò åå ýêñïëóàòàöèîííûå ñâîéñòâà [12].

Ñóùåñòâåííî îãðàíè÷èâàåò ïðèìåíåíèå MWCNT
â öåëÿõ ïîæàðîòóøåíèÿ èõ âûñîêàÿ ñòîèìîñòü â
ñðàâíåíèè ñ äðóãèìè ìîäèôèöèðóþùèìè äîáàâêà-
ìè. Íàèáîëåå âûñîêîïðîèçâîäèòåëüíûìè äëÿ ñèí-
òåçà MWCNT ÿâëÿþòñÿ ýëåêòðîäóãîâûå ìåòîäû,
îäíàêî îíè õàðàêòåðèçóþòñÿ îòíîñèòåëüíî íèçêèì
(äî 25 %) âûõîäîì ïðîäóêòà. Ïîìèìî MWCNÒ, ïðè
ñèíòåçå îáðàçóþòñÿ ôóëëåðåíû, ãðàôèòîâûå êëàñ-
òåðû, àìîðôíûé óãëåðîä, êîòîðûå ÿâëÿþòñÿ ïîáî÷-
íûìè ïðîäóêòàìè ïðîèçâîäñòâà íàíî÷àñòèö è óäà-
ëÿþòñÿ â ïðîöåññå î÷èñòêè [16].

Êðîìå òîãî, ÍÆ ñ MWCNT èìåþò íåäîñòàòî÷íî
áîëüøîå “âðåìÿ æèçíè” (â ñðåäíåì äî 4 ÷) èç-çà
áûñòðîé àãëîìåðàöèè íàíî÷àñòèö, ÷òî ìîæåò ñóùå-
ñòâåííî ñíèçèòü ýôôåêòèâíîñòü èõ ïðèìåíåíèÿ.
Äàííàÿ ïðîáëåìà ðåøàåòñÿ ïóòåì âíåäðåíèÿ â ÍÆ
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ðàçëè÷íûõ ñòàáèëèçàòîðîâ, â òîì ÷èñëå ãåëåîáðàçó-
þùèõ êîìïîíåíòîâ, ïîçâîëÿþùèõ ñòàáèëèçèðîâàòü
ÎÒÂ ñ íàíî÷àñòèöàìè íà âåñü öèêë åãî ïðèìåíåíèÿ.
Ïðàêòè÷åñêèé èíòåðåñ äëÿ ïîæàðîòóøåíèÿ ìîãóò
ïðåäñòàâëÿòü âîäíûå ñóñïåíçèè, ñîäåðæàùèå, ïî-
ìèìî MWCNT, ïîáî÷íûå ïðîäóêòû ñèíòåçà è ñòàáè-
ëèçàòîðû ñ îáúåìíîé êîíöåíòðàöèåé íàíîìàòåðè-
àëà äî 1,0 % îá. ïðè ôèêñèðîâàííîì ðàçìåðå íàíî-
÷àñòèö.

Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ ÿâëÿëîñü èññëå-
äîâàíèå ñòðîåíèÿ è ôèçè÷åñêèõ ñâîéñòâ íàíîæèä-
êîñòåé íà îñíîâå âîäû è ãèäðîãåëåé ñ íàíî÷àñòèöà-
ìè (MWCNT è ïîáî÷íûå ïðîäóêòû ñèíòåçà), à òàê-
æå ýêñïåðèìåíòàëüíîå îáîñíîâàíèå âîçìîæíîñòè
ïðèìåíåíèÿ ÎÒÂ ñ ðåãóëèðóåìûìè ýêñïëóàòàöèîí-
íûìè õàðàêòåðèñòèêàìè â óñëîâèÿõ òóøåíèÿ ïîæà-
ðîâ æèäêèõ íåôòåïðîäóêòîâ.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèé

Â èññëåäîâàíèè èñïîëüçîâàëèñü ÍÆ íà îñíîâå
äèñòèëëèðîâàííîé âîäû è ãèäðîãåëåé â ñî÷åòàíèè
ñ óãëåðîäíûìè íàíîñòðóêòóðàìè, ñîäåðæàùèìè
MWCNT [17] (ðèñ. 1).

MWCNT ïîëó÷åíû ìåòîäîì êàòàëèòè÷åñêîãî ïè-
ðîëèçà íà óñòàíîâêå “CVDomna” [18]. Ïàðàìåòðû

íàíî÷àñòèö: äèàìåòð d = 25…50 íì, äëèíà l =
= 5…40 ìêì.

Â êà÷åñòâå áàçîâîé æèäêîñòè âûñòóïàëà äèñòèë-
ëèðîâàííàÿ âîäà ñ pH = 6,4. Ïîäãîòîâêà ÍÆ ïðîâî-
äèëàñü ïðè òåìïåðàòóðå 20 °C è íîðìàëüíîì àòìî-
ñôåðíîì äàâëåíèè ïóòåì äåïîíèðîâàíèÿ ôóíêöèî-
íàëèçèðîâàííûõ MWCNT â äèñòèëëèðîâàííóþ âîäó
ïðè âîçäåéñòâèè èñòî÷íèêà óëüòðàçâóêà (ìîùíîñòü

¹ ï/ï
No.

Èñòî÷íèê
Source

Âèä íàíî÷àñòèö
Kind of nanoparticles

Áàçîâîå âåùåñòâî
Base substance

Êîíöåíòðàöèÿ íàíî÷àñòèö
Concentration of nanoparticles

Ýôôåêò (ïî ñðàâíåíèþ ñ DW)
Effect (in comparison with DW)

1 [11] ÌWCNÒ Äèñòèëëèðîâàí-
íàÿ âîäà (DW)
Distilled water
(DW)

0,22–1,00 % îá.
0.22–1.00 % by vol.

Ïîâûøåíèå òåïëîïðîâîäíîñòè
ÍÆ íà 10–15 %
Increase in the thermal conductivity
of the nanofluid by 10–15 %

2 [12] ÌWCNÒ
(ÓÍÒ “Êàðáîëåêñ”)

ÌWCNÒ
(CNT “Carbolex”)

Äèñòèëëèðî-
âàííàÿ âîäà
Distilled water

0,10 % ìàññ.
0.10 % by mass

Áîëåå ìåäëåííîå (3–5 %) èçìå-
íåíèå äèàìåòðà èñïàðÿþùèõñÿ
êàïåëü ÍÆ
A slower (3–5 %) change in the dia-
meter of the evaporating droplets of
the nanofluid

3 [13] ÌWCNÒ Äèñòèëëèðî-
âàííàÿ âîäà,
ðÍ = 6
Distilled water,
ðÍ = 6

0,50 % ìàññ.
0.50 % by mass

Ïîâûøåíèå êîýôôèöèåíòà òåïëî-
ïåðåäà÷è íà 350 % ïðè Re = 800
ïðè 30 °C
The increase in the heat transfer
coefficient by 350 % at Re = 800
at 30 °C

4 [14] ÌWCNÒ Äèñòèëëèðîâàí-
íàÿ âîäà
Distilled water

0,20–1,00 % îá.
0.20–1.00 % by vol.

Ïîâûøåíèå òåïëîïðîâîäíîñòè
äî 6 ðàç
Increase of thermal conductivity
up to 6 times

5 [15] ÌWCNÒ Äåèîíèçèðîâàí-
íàÿ äèñòèëëè-
ðîâàííàÿ âîäà
Deionized
distilled water

0,01; 0,05; 0,10 % ìàññ.
0.01, 0.05, 0.10 % by mass

Óìåíüøåíèå êðèòè÷åñêîãî òåïëî-
âîãî ïîòîêà äî 30 %, óâåëè÷åíèå
òåïëîîòäà÷è ïðè êèïåíèè íà 272 %
Reduction of the value of the critical
heat flux to 30 %, increase in heat
transfer at boiling by 272 %

Òàáëèöà 1. Äàííûå ïî óïðàâëåíèþ òåïëîôèçè÷åñêèìè õàðàêòåðèñòèêàìè ñ ïîìîùüþ MWCNT

Table 1. Information on the management of thermal properties by means MWCNT

Ðèñ. 1. Íàíîæèäêîñòè ñ íàíîìàòåðèàëîì MWCNT íà îñíîâå
äèñòèëëèðîâàííîé âîäû (à) è ãèäðîãåëÿ (á)
Fig. 1. Nanofluids with nanomaterial MWCNT based on distilled
water (a) and hydrogel (b)
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1 êÂò, ÷àñòîòà 60 êÃö, âðåìÿ îáðàáîòêè 120 ìèí).
Äàëåå ÷àñòü îáðàçöîâ ïîäâåðãàëàñü ýëåêòðîôèçè÷å-
ñêîìó âîçäåéñòâèþ Ï×ÌÏ ñ ïàðàìåòðàìè 220 Â,
50 Ãö â òå÷åíèå 1 ÷.

Ïðè ïîäãîòîâêå ãèäðîãåëåé èñïîëüçîâàëñÿ ðåäêî-
ñøèòûé àêðèëîâûé ïîëèìåð “Êàðáîïîë ETD-2020”
(ÐÀÏ) ñ êîíöåíòðàöèåé ãåëåîáðàçóþùåãî êîìïîíåí-
òà 0,5 % ìàññ., à òàêæå 10 %-íûé âîäíûé ðàñòâîð
ãèäðîêñèäà àììîíèÿ, äîáàâëÿåìûé â ñóñïåíçèþ â êî-
ëè÷åñòâå 10 ìë íà 1 ë. Ãèäðîãåëü, âûñòóïàþùèé â êà-
÷åñòâå áàçîâîé æèäêîñòè, èìåë ïëîòíîñòü 1010 êã/ì3,
pH = 5,03.

Èññëåäîâàíèå ðàìàíîâñêèõ ñïåêòðîâ ÍÆ ïðîâî-
äèëîñü íà óñòàíîâêå “Ntegra Spectra” ñ äëèíîé âîë-
íû 532 íì [19]. Îáúåì èññëåäóåìîé æèäêîñòè ñî-
ñòàâëÿë 10 ìë, òåìïåðàòóðà 20 °Ñ.

Ñòðóêòóðó òâåðäîãî îñòàòêà âåùåñòâ èññëåäîâà-
ëè ìåòîäîì àòîìíî-ñèëîâîé ìèêðîñêîïèè (ÀÑÌ)
òàêæå íà óñòàíîâêå “Ntegra Spectra” [19]. Îáðàçöû
ÍÆ ñ íàíîìàòåðèàëîì MWCNT ïîìåùàëè íà ñëþ-
äÿíóþ ïîäëîæêó, ïîñëå ÷åãî ïðîèñõîäèëî èñïàðå-
íèå æèäêîñòè ïðè òåìïåðàòóðå 70–80 °Ñ â òå÷åíèå
10 ìèí ïðè íîðìàëüíîì àòìîñôåðíîì äàâëåíèè. Äà-
ëåå ïðîâîäèëàñü îöåíêà ñòðóêòóðû ïîâåðõíîñòè ñó-
õîãî îñòàòêà.

Òåïëîôèçè÷åñêèå ñâîéñòâà äèñòèëëèðîâàííîé
âîäû è ãèäðîãåëåé, ñîäåðæàùèõ íàíîìàòåðèàë
MWCNT ñ êîíöåíòðàöèåé 0,4–1,6 % îá., èññëåäîâà-
ëè íà ëàáîðàòîðíîé óñòàíîâêå äëÿ èçó÷åíèÿ ïðî-
öåññîâ ïîâåðõíîñòíîãî è îáúåìíîãî êèïåíèÿ æèä-
êîñòåé [20]. Æèäêîñòü îáúåìîì 50 ìë ïîìåùàëè â
ñòåêëÿííûé öèëèíäðè÷åñêèé ñîñóä ñ ýëåêòðè÷åñêèì
íàãðåâàòåëåì ìîùíîñòüþ 100 Âò. Òåìïåðàòóðó â îáú-

åìå æèäêîñòè èçìåðÿëè ñ ïîìîùüþ òåðìîïàðû, êî-
òîðàÿ ðàñïîëàãàëàñü â öåíòðå ñîñóäà íà ðàññòîÿíèè
50 ìì îò åãî äíà. Â õîäå èññëåäîâàíèÿ ôèêñèðîâàëè
òåìïåðàòóðó â òî÷êå çàìåðà è âðåìÿ òåïëîâîãî âîç-
äåéñòâèÿ. Èñïûòàíèÿ ïðåêðàùàëè ïðè äîñòèæåíèè
òåìïåðàòóðû èññëåäóåìîé æèäêîñòè 90 °Ñ.

Èçìåðåíèå êîýôôèöèåíòà ïîâåðõíîñòíîãî íàòÿ-
æåíèÿ äèñòèëëèðîâàííîé âîäû, ñîäåðæàùåé íàíî-
ìàòåðèàë MWCNT ñ êîíöåíòðàöèåé 0,4 è 1,0 % îá.,
ïðîâîäèëîñü ìåòîäîì îòðûâà êàïåëü [21]. Èññëåäó-
åìóþ è ýòàëîííóþ æèäêîñòü (äèñòèëëèðîâàííóþ
âîäó) îáúåìîì 50 ìë ïîìåùàëè â öèëèíäðè÷åñêèå
áþðåòêè ñ äèàìåòðîì øåéêè 2,5 ìì, óñòàíîâëåííûå
íà ñòåíäå ïàðàëëåëüíî äðóã äðóãó. Çàòåì, îäíîâðå-
ìåííî ïðèîòêðûâ îáà êðàíà áþðåòîê ñ ýòàëîííîé è
èññëåäóåìîé æèäêîñòüþ, äîáèâàëèñü ìåäëåííîãî âû-
òåêàíèÿ îáåèõ æèäêîñòåé â êîëè÷åñòâå 60 êàïåëü.
Ïîñëå èçìåðåíèÿ îáúåìà âûòåêøåé èç áþðåòêè æèä-
êîñòè îïðåäåëÿëè êîýôôèöèåíò ïîâåðõíîñòíîãî íà-
òÿæåíèÿ � ïî ôîðìóëå

� �
�
�

� 0
0 0

�
�

V

V
, (4)

ãäå�0 — ïîâåðõíîñòíîå íàòÿæåíèå ýòàëîííîé æèä-
êîñòè;
� — ïëîòíîñòü ýòàëîííîé æèäêîñòè;
�V — îáúåì æèäêîñòè, ñîäåðæàùåé íàíîìàòå-
ðèàë MWCNT;
�0 — ïëîòíîñòü èññëåäóåìîé æèäêîñòè, ñîäåð-
æàùåé íàíîìàòåðèàë MWCNT;
�V0 — îáúåì ýòàëîííîé æèäêîñòè, âûòåêøåé èç
áþðåòêè.
Îöåíêà îãíåòóøàùåé ñïîñîáíîñòè íàíîæèäêî-

ñòåé ïðîâîäèëàñü íà ëàáîðàòîðíîé óñòàíîâêå (ðèñ. 2).
Îãíåòóøàùåå âåùåñòâî 1 çàëèâàëè â åìêîñòü 2 âìå-
ñòèìîñòüþ 500 ìë. Äàâëåíèå â ñèñòåìå, ñîçäàâàåìîå
âîçäóøíûì êîìïðåññîðîì, ñîñòàâëÿëî 0,2–1,0 ÌÏà.
Äàâëåíèå â ñèñòåìå êîíòðîëèðîâàëè ìàíîìåòðîì 3.
Ïîäà÷ó ÎÒÂ îñóùåñòâëÿëè ïî ðåçèíîâîìó øëàíãó 4

ñ âíóòðåííèì äèàìåòðîì 10 ìì ÷åðåç íàñàäîê äëÿ
ðàñïûëåíèÿ 5 äèàìåòðîì 2 ìì. Ãîðþ÷óþ æèäêîñòü 7

çàëèâàëè â ìåòàëëè÷åñêóþ åìêîñòü äèàìåòðîì 30 ìì
ñ âûñîòîé ñâîáîäíîãî áîðòà 25–30 ìì. Âðåìÿ ñâî-
áîäíîãî ãîðåíèÿ æèäêîñòè ñîñòàâëÿëî 60 ñ. Âðåìÿ
òóøåíèÿ ôèêñèðîâàëè ïðè ïîëíîé ëèêâèäàöèè ãî-
ðåíèÿ. Ìàññó ÎÒÂ, èçðàñõîäîâàííîãî íà òóøåíèå,
îïðåäåëÿëè ïóòåì âçâåøèâàíèÿ åìêîñòè 2 äî è
ïîñëå ýêñïåðèìåíòà. Äëÿ êàæäîãî âèäà ÎÒÂ ïðîâî-
äèëè ïî òðè èçìåðåíèÿ [22].

Ðåçóëüòàòû è îáñóæäåíèå

Èññëåäîâàíèå íàíîæèäêîñòåé
ìåòîäîì ðàìàíîâñêîé ñïåêòðîñêîïèè

Â òàáë. 2 ïðèâåäåíû çíà÷åíèÿ îñíîâíûõ õàðàê-
òåðèñòè÷åñêèõ ïèêîâ èññëåäóåìûõ âåùåñòâ.

Ðèñ. 2. Ëàáîðàòîðíàÿ óñòàíîâêà ïî îïðåäåëåíèþ îãíåòóøà-
ùåé ýôôåêòèâíîñòè íàíîæèäêîñòåé: 1 — ÎÒÂ; 2 — ãåðìå-
òè÷íàÿ åìêîñòü; 3 — ìàíîìåòð; 4 — ýëàñòè÷íàÿ òðóáêà; 5 —
íàñàäîê äëÿ ðàñïûëåíèÿ; 6 — ñòðóÿ ðàñïûëåííîé íàíîæèä-
êîñòè; 7 — ãîðþ÷åå âåùåñòâî (áåíçèí ÀÈ-92)
Fig. 2. Laboratory installation for determining the fire-extingui-
shing efficacy of nanofluids: 1 — extinguishing agent; 2 —
hermetic container; 3 — manometer; 4 — flexible tube; 5 —
nozzles for spraying; 6 — jet of a sprayed nanofluid; 7 — com-
bustible substance (gasoline)
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Äëÿ äèñòèëëèðîâàííîé âîäû íàáëþäàþòñÿ õàðàê-
òåðíûå ïèêè â äèàïàçîíàõ 450–550 è 3300–3600 ñì–1.
Äëÿ ãèäðîãåëÿ, ïîìèìî õàðàêòåðíûõ ïèêîâ âîäû,
íàáëþäàåòñÿ ïèê â ðàéîíå 560 ñì–1. Äðóãèå êîëåáà-
òåëüíûå ïîëîñû, õàðàêòåðíûå äëÿ ïðîèçâîäíûõ àê-
ðèëîâîé êèñëîòû, íå íàáëþäàþòñÿ ââèäó íèçêîé
êîíöåíòðàöèè ÐÀÏ (ðèñ. 3).

Â ðàìàíîâñêîì ñïåêòðå îáðàçöà ñ MWCNT ïðè-
ñóòñòâóåò äîñòàòî÷íî áîëüøîå ÷èñëî ñòîðîííèõ

ïèêîâ, ÷òî ãîâîðèò î ïðèñóòñòâèè ïðèìåñåé è íèç-
êîì êà÷åñòâå èññëåäóåìîãî íàíîìàòåðèàëà (ðèñ. 4).

Ðàìàíîâñêèé ñïåêòð ñóñïåíçèè äèñòèëëèðîâàí-
íîé âîäû è íàíîìàòåðèàëà ñ MWCNT â óñëîâèÿõ âîç-
äåéñòâèÿ Ï×ÌÏ èìååò îò÷åòëèâî âûðàæåííûå ïèêè
óãëåðîäíûõ íàíîñòðóêòóð, â òî âðåìÿ êàê äëÿ àíàëî-
ãè÷íîãî îáðàçöà áåç ýëåêòðîôèçè÷åñêîãî âîçäåé-
ñòâèÿ òàêèå ïèêè ïðàêòè÷åñêè íå îáíàðóæèâàþòñÿ.
Äàííûé ýôôåêò îáúÿñíÿåòñÿ òåì, ÷òî ïðè âîçäåé-

¹ ï/ï
No.

Âåùåñòâî
Substance

Êîëåáàòåëüíàÿ ïîëîñà
Vibrational band

×àñòîòà ïîëîñû
ñïåêòðà, ñì–1

The frequency of
the spectrum band, ñm–1

Èñòî÷íèê
Source

1 Äèñòèëëèðîâàííàÿ âîäà
Distilled water

Ëèáðàöèîííûå êîëåáàíèÿ
Libration oscillations

450; 550 [23]

Âàëåíòíûå êîëåáàíèÿ ìîäû O–H
The stretching vibrations O–H modes

3300–3600

2 Âîäíûå ðàñòâîðû ïðîèç-
âîäíûõ àêðèëîâîé êèñëîòû
Aqueous solutions of acrylic
acid derivatives

Ïîëîñà � (CO2)
Band � (CO2)

552 [24]

Êîëëåêòèâíûå ïîëîñû (Ñ) â ñî÷åòàíèè ñ êî-
ëåáàíèÿìè ìîä O–H
Collective bands (C) in combination with oscil-
lations of O–H modes

2800–3800 [25]

3 MWCNT D-ïîëîñà óãëåðîäíûõ ìàòåðèàëîâ
D-band of carbon materials

1250–1450 [26]

G-ïîëîñà (òàíãåíöèàëüíûå êîëåáàíèÿ â
ïëîñêîñòè ãðàôåíîâîãî ñëîÿ)
G-band (tangential oscillations in the plane of
the graphene layer)

1500–1600

G�-ïîëîñà (ïåðâûé îáåðòîí D-ïîëîñû)
The G�-band (the first overtone of the D-band)

2450–2650

Òàáëèöà 2. Çíà÷åíèÿ îñíîâíûõ õàðàêòåðèñòè÷åñêèõ ïèêîâ èññëåäóåìûõ âåùåñòâ

Table 2. Values of the main characteristic peaks of the studying substances

Ðèñ. 3. Ðàìàíîâñêèå ñïåêòðû ãèäðîãåëÿ íà îñíîâå ÐÀÏ ñ
êîíöåíòðàöèåé 2 % ìàññ. (1) è äèñòèëëèðîâàííîé âîäû (2)

Fig. 3. Raman spectra of the hydrogel based on carbopol at a con-
centration of 2 % by mass (1) and distilled water (2)

Ðèñ. 4. Ðàìàíîâñêèé ñïåêòð èññëåäóåìîãî íàíîìàòåðèàëà ñ
MWCNT
Fig. 4. Raman spectrum of the investigated nanomaterial with
MWCNT
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ñòâèè Ï×ÌÏ ïðîèñõîäèò ïðåèìóùåñòâåííàÿ ñòàáè-
ëèçàöèÿ íàíî÷àñòèö ïî âñåìó îáúåìó, à ïðè îòñóòñò-
âèè âîçäåéñòâèÿ íàíî÷àñòèöû ãðóïïèðóþòñÿ â îñíîâ-
íîì â ïðèïîâåðõíîñòíîì ñëîå æèäêîñòè (ðèñ. 5).

Äëÿ ãèäðîãåëÿ ñ íàíîìàòåðèàëîì MWCNT íà-
áëþäàëîñü ïîâûøåíèå èíòåíñèâíîñòè ðàìàíîâñêèõ
ñïåêòðîâ â îáëàñòè õàðàêòåðèñòè÷åñêèõ ïèêîâ äëÿ
óãëåðîäíûõ íàíîòðóáîê ïî ñðàâíåíèþ ñ ïèêàìè äèñ-
òèëëèðîâàííîé âîäû â óñëîâèÿõ âîçäåéñòâèÿ Ï×ÌÏ,
÷òî ìîæåò áûòü îáúÿñíåíî óâåëè÷åíèåì êîëè÷åñòâà
ïîëÿðèçîâàííûõ íàíîñòðóêòóð â ïðèïîâåðõíîñòíîì

ñëîå ãèäðîãåëÿ â ðåçóëüòàòå ýëåêòðîôèçè÷åñêîãî âîç-
äåéñòâèÿ (ðèñ. 6).

Èññëåäîâàíèå ñòðóêòóðû íàíîìàòåðèàëîâ
ìåòîäîì àòîìíî-ñèëîâîé ìèêðîñêîïèè

Íà ÀÑÌ-ñêàíå ñëþäÿíîé ïîäëîæêè ñ íàíîìàòå-
ðèàëîì MWCNT ïîñëå èñïàðåíèÿ äèñòèëëèðîâàí-
íîé âîäû íàáëþäàëèñü ïðîòÿæåííûå óãëåðîäíûå
ñòðóêòóðû äëèíîé äî 10–15 ìêì, à òàêæå ñêîïëåíèÿ
÷àñòèö äèàìåòðîì 3–4 ìêì, êîòîðûå ïðåäñòàâëÿþò
ñîáîé ñëåäû àìîðôíîãî óãëåðîäà (ðèñ. 7,à). Ïðè èñ-
ñëåäîâàíèè ìåòîäîì ÀÑÌ ñòðóêòóðû ÐÀÏ ãèäðî-
ãåëÿ ñ íàíîìàòåðèàëîì MWCNT îòìå÷åíî, ÷òî óã-
ëåðîäíûå íàíîñòðóêòóðû, íàõîäÿùèåñÿ íà ïîâåðõ-
íîñòè ÐÀÏ, îáðàçóþò øàðîîáðàçíûå àãëîìåðàöèè
äèàìåòðîì ïîðÿäêà 300 íì (ðèñ. 7,á). Ñëåäîâ îò-
äåëüíûõ MWCNT íå íàáëþäàëîñü ââèäó çíà÷èòåëü-

Ðèñ. 5. Ðàìàíîâñêèé ñïåêòð äèñòèëëèðîâàííîé âîäû è íàíî-
ìàòåðèàëà ñ MWCNT ïðè âîçäåéñòâèè Ï×ÌÏ (1) è áåç íåãî
(êîíòðîëüíûé îáðàçåö) (2)
Fig. 5. Raman spectrum of distilled water and nanomaterial with
MWCNT under the influence of variable-frequency modulated
potential (VFMP) (1) and without VFMP (control sample) (2)

Ðèñ. 6. Ðàìàíîâñêèé ñïåêòð ãèäðîãåëÿ ñ íàíîìàòåðèàëîì
MWCNT íà ñëþäÿíîé ïîäëîæêå ïðè âîçäåéñòâèè Ï×ÌÏ (1)
è áåç íåãî (êîíòðîëüíûé îáðàçåö) (2)
Fig. 6. Raman spectrum of hydrogel (HG) with MWCNT nano-
material on mica substrate under the influence of VFMP (1) and
without VFMP (control sample) (2)

Ðèñ. 7. ÀÑÌ-ñêàíû òâåðäîãî îñòàòêà âåùåñòâà íà ñëþäÿíîé
ïîäëîæêå ïîñëå èñïàðåíèÿ äèñòèëëèðîâàííîé âîäû (à) è â
ñòðóêòóðå ÐÀÏ ãèäðîãåëÿ (á)
Fig. 7. AFM-scans of the solid residue of matter on a mica sub-
strate: a — after evaporation of distilled water; b — in the struc-
ture carbopol of the hydrogel
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íîãî êîëè÷åñòâà ñëåäîâ ãåëåîáðàçóþùåãî îñòàòêà
(10–30 ìêì).

Èç ïîëó÷åííûõ äàííûõ ìîæíî ñäåëàòü âûâîä, ÷òî
èññëåäóåìûå ÍÆ ñîäåðæàò MWCNT (ïðåèìóùå-
ñòâåííî ñõîæèõ ðàçìåðîâ) ñ áîëüøèì êîëè÷åñòâîì
ïîáî÷íûõ ïðîäóêòîâ ñèíòåçà. Ýëåêòðîôèçè÷åñêèé
(âîçäåéñòâèå Ï×ÌÏ) è ðåàãåíòíûé (âíåäðåíèå ãåëå-
îáðàçóþùèõ êîìïîíåíòîâ) ìåòîäû ïîçâîëÿþò ñòà-
áèëèçèðîâàòü ñòðóêòóðó ÍÆ.

Èññëåäîâàíèå òåïëîôèçè÷åñêèõ
ñâîéñòâ íàíîæèäêîñòåé

Ðåçóëüòàòû èçìåðåíèé ïîêàçûâàþò, ÷òî ðîñò ñêî-
ðîñòè íàãðåâà íàíîæèäêîñòè èìååò ïðÿìóþ çàâèñè-
ìîñòü îò êîíöåíòðàöèè íàíîìàòåðèàëà MWCNT è
âîçðàñòàåò íà 70 % â ñðàâíåíèè ñ äèñòèëëèðîâàííîé
âîäîé ïðè êîíöåíòðàöèè íàíîìàòåðèàëà 1,6 % îá.,
÷òî ìîæíî îáúÿñíèòü ðîñòîì òåïëîïðîâîäíîñòè ïðè
óâåëè÷åíèè êîëè÷åñòâà óãëåðîäíûõ íàíîòðóáîê â
ÍÆ, ÿâëÿþùèõñÿ ïðîâîäíèêàìè òåïëà (ðèñ. 8).

Ïðè èññëåäîâàíèè êèíåòèêè íàãðåâà ãèäðîãåëÿ
ñ êîíöåíòðàöèåé ÐÀÏ 0,2 % ìàññ. îòìå÷åíî, ÷òî íà
íà÷àëüíîé ñòàäèè êèíåòèêà íàãðåâà îáðàçöà áåç
íàíîìàòåðèàëà MWCNT âåñüìà ñõîæà ñ êèíåòèêîé
íàãðåâà äèñòèëëèðîâàííîé âîäû, íî ÷åðåç 5 ìèí
ïðîèñõîäèò ðåçêèé ðîñò òåìïåðàòóðû âåùåñòâà.
Ñêîðîñòü ðîñòà òåìïåðàòóðû îáðàçöà ãèäðîãåëÿ ñ
íàíîìàòåðèàëîì MWCNT (1,0 % îá.) íà 50 % âûøå
â ñðàâíåíèè ñ äèñòèëëèðîâàííîé âîäîé è àíàëî-
ãè÷íà ñêîðîñòè ðîñòà òåìïåðàòóðû îáðàçöà DW +
+ MWCNT 1,0 % îá., ÷òî òàêæå ìîæíî îáúÿñíèòü
ñðàâíèòåëüíî áîëåå âûñîêîé òåïëîïðîâîäíîñòüþ
ñèñòåìû ñ óãëåðîäíûìè íàíîòðóáêàìè (ðèñ. 9).

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò âûáðàòü èç
ïðåäñòàâëåííûõ æèäêîñòåé ÎÒÂ ñ ñîäåðæàíèåì

íàíîìàòåðèàëà 1,0 % îá. êàê íàèáîëåå ýôôåêòèâíîå
ñðåäñòâî äëÿ îõëàæäåíèÿ çîíû ïëàìåííîãî ãîðåíèÿ
íåôòåïðîäóêòîâ, à òàêæå äëÿ îáåñïå÷åíèÿ åå ñòà-
áèëüíîñòè [12].

Èçìåðåíèå êîýôôèöèåíòà
ïîâåðõíîñòíîãî íàòÿæåíèÿ íàíîæèäêîñòåé

Ðåçóëüòàòû èçìåðåíèé ñâèäåòåëüñòâóþò îá óìåíü-
øåíèè êîýôôèöèåíòà ïîâåðõíîñòíîãî íàòÿæåíèÿ ÍÆ
ñ óâåëè÷åíèåì êîíöåíòðàöèè íàíîìàòåðèàëà, ñîäåð-
æàùåãî MWCNT. Òàê, ïðè êîíöåíòðàöèè íàíîìàòå-
ðèàëà ñ MWCNT 0,4 % îá. ïðîèñõîäèò ñíèæåíèå êî-
ýôôèöèåíòà ïîâåðõíîñòíîãî íàòÿæåíèÿ ÍÆ íà 7 %,
à ïðè êîíöåíòðàöèè 1,0 % îá. — íà 20 %. Â óñëîâè-
ÿõ ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ êîýôôèöèåíò
ïîâåðõíîñòíîãî íàòÿæåíèÿ ÍÆ äëÿ óêàçàííûõ êîí-
öåíòðàöèé íàíîìàòåðèàëà â ñðàâíåíèè ñ èñõîäíû-
ìè ìàòåðèàëàìè èçìåíÿåòñÿ ñîîòâåòñòâåííî íà 9 è
21 % (ðèñ. 10).

Ïðè îïðåäåëåíèè êîýôôèöèåíòà ïîâåðõíîñòíî-
ãî íàòÿæåíèÿ ãèäðîãåëåé (DW + ÐÀÏ 0,2 % ìàññ.)
â óñëîâèÿõ âîçäåéñòâèÿ Ï×ÌÏ âûÿâëåíî, ÷òî çíà÷å-
íèå êîýôôèöèåíòà ïîâåðõíîñòíîãî íàòÿæåíèÿ æèä-
êîñòè óìåíüøèëîñü íà 58 % ïî ñðàâíåíèþ ñ ýòàëîí-
íîé æèäêîñòüþ. Äåïîíèðîâàíèå íàíîìàòåðèàëà ñ
MWCNT â êîíöåíòðàöèè 1,0 % îá. ïîâûøàåò ïî-
âåðõíîñòíîå íàòÿæåíèå ãèäðîãåëåé íà 15–20 %.
Ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè äîïîëíèòåëü-
íî ïðîèñõîäèò ñíèæåíèå ïîâåðõíîñòíîãî íàòÿæåíèÿ
íà 10–15 % (ðèñ. 11).

Ñõîæèå ðåçóëüòàòû ïîëó÷åíû â ðàáîòå [27]. Â ÷àñò-
íîñòè, â íåé ïîêàçàíî, ÷òî âíåäðåíèå MWCNT â äè-
ñòèëëèðîâàííóþ âîäó â êîíöåíòðàöèè äî 1,0 % îá.
ïðèâîäèò ê óìåíüøåíèþ ïîâåðõíîñòíîãî íàòÿæåíèÿ
ÍÆ. Äàëåå ïðè óâåëè÷åíèè êîíöåíòðàöèè MWCNT

Ðèñ. 8. Êèíåòèêà íàãðåâà äèñòèëëèðîâàííîé âîäû â çàâèñè-
ìîñòè îò êîíöåíòðàöèè MWCNT
Fig. 8. Kinetics of heating of distilled water as a function of
MWCNT concentration

Ðèñ. 9. Êèíåòèêà íàãðåâà ãèäðîãåëåé ñ ÐÀÏ 0,2 % ìàññ. è
íàíîìàòåðèàëà MWCNT 1,0 % îá.

Fig. 9. Kinetics of heating of hydrogels with 0.2 % by mass
carbopol and MWCNT nanomaterial 1.0 % by vol.
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ïðîèñõîäèò ðîñò ïîâåðõíîñòíîãî íàòÿæåíèÿ ÍÆ.
Íàëè÷èå ïîâåðõíîñòíî-àêòèâíûõ âåùåñòâ â âîäå ñ
MWCNT ñíèæàåò êîýôôèöèåíò ïîâåðõíîñòíîãî íà-
òÿæåíèÿ ÍÆ.

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò ñäåëàòü âû-
âîä, ÷òî çíà÷èòåëüíîå óìåíüøåíèå ïîâåðõíîñòíîãî
íàòÿæåíèÿ ÍÆ çà ñ÷åò âíåäðåíèÿ MWCNT è ãåëå-
îáðàçóþùåãî êîìïîíåíòà ïðèâîäèò ê óìåíüøåíèþ

ðàçìåðà êàïåëü áîëåå ÷åì íà 20 % â ñðàâíåíèè ñ
áàçîâîé æèäêîñòüþ ïðè ñîõðàíåíèè ïàðàìåòðîâ
ðàñïûëåíèÿ ÎÒÂ. Ýòî ñïîñîáñòâóåò óìåíüøåíèþ
ðàçìåðà êàïåëü ïðè ðàñïûëåíèè ÎÒÂ â ïðèïîâåðõ-
íîñòíîì ñëîå ãîðÿùåé æèäêîñòè, ÷òî, â ñâîþ î÷å-
ðåäü, ïîâûøàåò ýôôåêòèâíîñòü ïðîöåññà òóøåíèÿ
ïëàìåíè íåôòåïðîäóêòîâ [4].

Èññëåäîâàíèå îãíåòóøàùåé ñïîñîáíîñòè
íàíîæèäêîñòåé ìåòîäîì ïîâåðõíîñòíîãî
òóøåíèÿ ãîðþ÷åé æèäêîñòè
òîíêîðàñïûëåííûì ñîñòàâîì

Âðåìÿ òóøåíèÿ ïîæàðà íàíîæèäêîñòüþ íà îñíîâå
âîäû ñ íàíîìàòåðèàëîì MWCNT 1,0 % îá. â ñðåä-
íåì â 5,5 ðàç ìåíüøå âðåìåíè òóøåíèÿ æèäêîñòè
âîäîé. Ïðè èñïîëüçîâàíèè ãèäðîãåëåé (DW + ÐÀÏ
0,2 % ìàññ.) ñ íàíîìàòåðèàëîì MWCNT 1,0 % îá. âðå-
ìÿ òóøåíèÿ ïîæàðà ñîêðàùàåòñÿ äî 10 ðàç (ðèñ. 12).

Èíòåíñèâíîñòü òóøåíèÿ ïîæàðà âîäîé ñ íàíî-
ìàòåðèàëîì MWCNT 1,0 % îá. ñíèæàåòñÿ â 2 ðàçà,
à ãèäðîãåëåì (DW + ÐÀÏ 0,2 % ìàññ.) ñ íàíîìàòå-
ðèàëîì MWCNT 1 % îá. — â 3 ðàçà (ðèñ. 13).

Â óñëîâèÿõ ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ íà
èññëåäóåìûå íàíîæèäêîñòè íàáëþäàåòñÿ äîïîëíè-
òåëüíîå (íà 10–15 %) ñîêðàùåíèå âðåìåíè òóøåíèÿ
è èíòåíñèâíîñòè ïîäà÷è ÎÒÂ.

Îáîáùàÿ ïîëó÷åííûå ðåçóëüòàòû, ìîæíî ñäåëàòü
âûâîä, ÷òî ïîâûøåíèå îãíåòóøàùåé ýôôåêòèâíî-
ñòè ìîäèôèöèðîâàííûõ ÎÒÂ íà îñíîâå ðàñïûëåí-
íîé âîäû äîñòèãàåòñÿ çà ñ÷åò âûñîêîé òåðìè÷åñêîé
ñòîéêîñòè íàíîìàòåðèàëà, óëó÷øåííîé òåìïåðàòó-
ðîïðîâîäíîñòè ÍÆ c MWCNT [11, 14], ñòàáèëèçà-
öèè íàíî÷àñòèö â æèäêîñòè è ñíèæåíèÿ ñêîðîñòè
èõ àãëîìåðàöèè [28, 29], óìåíüøåíèÿ ðàçìåðà êàïåëü

Ðèñ. 10. Êîýôôèöèåíò ïîâåðõíîñòíîãî íàòÿæåíèÿ îáðàçöîâ
äèñòèëëèðîâàííîé âîäû ñ íàíîìàòåðèàëîì MWCNT â óñëî-
âèÿõ ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ: 1 — DW (êîíòðîëü-
íûé îáðàçåö); 2 — DW + MWCNT 0,4 % îá.; 3 — DW +
+ MWCNT 1,0 % îá.; 4 — DW (Ï×ÌÏ); 5 — DW + MWCNT
0,4 % îá. (Ï×ÌÏ); 6 — DW + MWCNT 1,0 % îá. (Ï×ÌÏ)
Fig. 10. Coefficient of surface tension of samples of distilled
water with nanomaterial MWCNT under conditions of electro-
physical exposure: 1 — DW (control); 2 — DW + MWCNT
0.4 % by vol.; 3 — DW + MWCNT 1.0 % by vol.; 4 — DW
(VFMP); 5 — DW + MWCNT 0.4 % by vol. (VFMP); 6 — DW +
+ MWCNT 1.0 % by vol. (VFMP)

Ðèñ. 11. Êîýôôèöèåíò ïîâåðõíîñòíîãî íàòÿæåíèÿ îáðàçöîâ
ãèäðîãåëåé (HG) c íàíîìàòåðèàëîì MWCNT (2–5) â óñëîâè-
ÿõ ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ: 1 — DW (êîíòðîëüíûé
îáðàçåö); 2 — HG (DW + Carbopol 0,2 % ìàññ.); 3 — HG
(DW + Carbopol 0,2 % ìàññ.) + MWCNT 1,0 % îá.; 4 — HG
(DW + Carbopol 0,2 % ìàññ.) (Ï×ÌÏ); 5 — HG (DW + Carbo-
pol 0,2 % ìàññ.) + MWCNT 1,0 % îá. (Ï×ÌÏ)
Fig. 11. Coefficient of surface tension of hydrogel samples with
nanomaterial MWCNT (2–5) under conditions of electrophy-
sical exposure: 1 — DW (control); 2 — HG (DW + Carbopol
0.2 % by mass); 3 — HG (DW + Carbopol 0.2 % by mass) +
+ MWCNT 1.0 % by vol.; 4 — HG (DW + Carbopol 0.2 % by
mass) (VFMP); 5 — HG (DW + Carbopol 0.2 % by mass) +
+ MWCNT 1.0 % by vol. (VFMP)

Ðèñ. 12. Âðåìÿ òóøåíèÿ ïëàìåíè (áåíçèí ÀÈ-92): 1 — DW
(êîíòðîëüíûé îáðàçåö); 2 — DW + MWCNT 1,0 % îá.; 3 —
HG (DW + Carbopol 0,2 % ìàññ.); 4 — HG (DW + Carbopol
0,2 % ìàññ.) + MWCNT 1,0 % îá.; 5 — DW + MWCNT 1,0 % îá.
(Ï×ÌÏ); 6 — HG (DW + Carbopol 0,2 % ìàññ.) (Ï×ÌÏ); 7 —
HG (DW + Carbopol 0,2 % ìàññ.) + MWCNT 1,0 % îá. (Ï×ÌÏ)
Fig. 12. Time of extinguishing the flame (gasoline): 1 — DW
(control); 2 — DW + MWCNT 1.0 % by vol.; 3 — HG (DW +
+ Carbopol 0.2 % by mass); 4 — HG (DW + Carbopol 0.2 % by
mass) + MWCNT 1.0 % by vol.; 5 — DW + MWCNT 1.0 % by vol.
(VFMP); 6 — HG (DW + Carbopol 0.2 % by mass) (VFMP);
7 — HG (DW + Carbopol 0.2 % by mass) + MWCNT 1.0 % by vol.
(VFMP)
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çà ñ÷åò ñíèæåíèÿ ïîâåðõíîñòíîãî íàòÿæåíèÿ [4] è
óâåëè÷åíèÿ ïëîòíîñòè æèäêîñòè ñ ãåëåîáðàçóþùèì
êîìïîíåíòîì [30].

Âûâîäû

1. Äåïîíèðîâàíèå íàíîìàòåðèàëîâ ñ MWCNT
â âîäó è ãèäðîãåëè èíòåíñèôèöèðóåò òåïëîîáìåí â
æèäêîñòÿõ, ÷òî ïðèâîäèò ê áîëåå áûñòðîìó ðàçî-
ãðåâó èõ äî òåìïåðàòóðû êèïåíèÿ â óñëîâèÿõ òåïëî-
âîãî âîçäåéñòâèÿ ïëàìåíè. Êîýôôèöèåíò ïîâåðõíî-
ñòíîãî íàòÿæåíèÿ íàíîæèäêîñòåé óìåíüøàåòñÿ ïðè
âíåäðåíèè íàíîìàòåðèàëîâ ñ MWCNT, ÷òî ñïîñîá-
ñòâóåò áîëåå ýôôåêòèâíîìó ðàñïûëó èõ â ïðèïîâåðõ-
íîñòíîì ñëîå ãîðÿùåé æèäêîñòè.

2. Ñîãëàñíî ïîëó÷åííûì ýêñïåðèìåíòàëüíûì
äàííûì âîäà è ãèäðîãåëè, ñîäåðæàùèå íàíîìàòåðèàë
ñ MWCNT, ÿâëÿþòñÿ ýôôåêòèâíûìè ïðè òóøåíèè
ïîæàðîâ íåôòåïðîäóêòîâ ïðè îòíîñèòåëüíî ìàëûõ
êîíöåíòðàöèÿõ íàíî÷àñòèö ñ áîëüøèì ñîäåðæàíè-
åì àìîðôíîãî óãëåðîäà è äðóãèõ ïðèìåñåé.

3. Ýôôåêòèâíîñòü óïðàâëåíèÿ ñâîéñòâàìè íàíî-
æèäêîñòåé çàâèñèò îò ôèçèêî-õèìè÷åñêèõ ñâîéñòâ
áàçîâîé æèäêîñòè è íàíîìàòåðèàëîâ, à òàêæå îò ïà-
ðàìåòðîâ âíåøíåãî âîçäåéñòâèÿ. Ýëåêòðîôèçè÷åñêàÿ
è ðåàãåíòíàÿ ìîäèôèêàöèè ïîçâîëÿþò ñòàáèëèçè-
ðîâàòü íàíîæèäêîñòè, ÷òî äîïîëíèòåëüíî ïîâûøà-
åò èõ ýôôåêòèâíîñòü ïðè ëèêâèäàöèè ãîðåíèÿ íåô-
òåïðîäóêòîâ ñ ïîìîùüþ ñóùåñòâóþùèõ ñèñòåì ïî-
æàðîòóøåíèÿ.
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Ðèñ. 13. Èíòåíñèâíîñòü ïîäà÷è ÎÒÂ ïðè òóøåíèè ïëàìåíè
(áåíçèí ÀÈ-92): 1 — DW (êîíòðîëüíûé îáðàçåö); 2 — DW +
+ MWCNT 1,0 % îá.; 3 — HG (DW + Carbopol 0,2 % ìàññ.);
4 — HG (DW + Carbopol 0,2 % ìàññ.) + MWCNT 1,0 % îá.;
5 — DW + MWCNT 1,0 % îá. (Ï×ÌÏ); 6 — HG (DW + Carbo-
pol 0,2 % ìàññ.) (Ï×ÌÏ); 7 — HG (DW + Carbopol 0,2 % ìàññ.) +
+ MWCNT 1,0 % îá. (Ï×ÌÏ)
Fig. 13. Intensity of fire extinguishing agent supply when ex-
tinguishing a flame (gasoline): 1 — DW (control); 2 — DW +
+ MWCNT 1.0 % by vol.; 3 — HG (DW + Carbopol 0.2 %
by mass); 4 — HG (DW + Carbopol 0.2 % by mass) + MWCNT
1.0 % by vol.; 5 — DW + MWCNT 1.0 % by vol. (VFMP); 6 —
HG (DW + Carbopol 0.2 % by mass) (VFMP); 7 — HG (DW +
+ Carbopol 0.2 % by mass) + MWCNT 1.0 % by vol. (VFMP)
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ABSTRACT

The use of sprayed water to extinguish fires in petroleum products is limited by the relatively low rate
of vaporization due to the large average size of the droplets of the extinguishing agent. As methods to
increase the efficiency of water-based fire, an electrophysical method for controlling the properties of
substances at the interface is used, as well as a reagent modification — the deposition of nanomaterial
with multilayered carbon nanotubes (MWCNT) into the liquid, and the use of gelling agents to
stabilize the nanofluid.

Raman spectroscopy revealed the presence in the nanomaterial, in addition to MWCNT, of a large
number of by-products of nanotube synthesis. In the electrophysical action, characteristic peaks of
nanostructures in water and hydrogel are observed, due to the predominant grouping of MWCNT in
the near-surface layer of the liquid. With the help of atomic force microscopy, extended carbon
nanostructures included in the composition of the extinguishing agent, as well as traces of amorphous
carbon, were observed.

In the course of the study, it was found that the increase in the rate of heating of the nanofluid is
directly dependent on the concentration of the MWCNT nanomaterial and increases in comparison
with distilled water (by 70 % — for the concentration of nanoparticles in water by 1.6 % by vol. and
by 50 % — for the concentration of nanoparticles in the hydrogel 1.0 % by vol.), which can be
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explained by an increase in the thermal conductivity of the system due to a larger number of carbon
nanotubes that are conductors of heat from the source of heating. The results obtained allow to select
from the presented liquids containing the nanomaterial at a concentration of 1.0 % by vol. as the most
effective for cooling the combustion of petroleum products of the combustion zone and to ensure its
stability.

When determining the surface tension coefficient of a nanofluid, water surface with a nano-
material (DW + MWCNT 1.0 % by vol.) has a surface tension reduction of 20 %, for hydrogels
(DW + Carbopol 0.2 % by mass) — by 58 %. When impact occurs electrophysical additional
reduction of surface tension by 10 % preferably for all samples. A significant decrease in the value of
the surface tension of the nanofluid, due to the introduction of MWCNT and the gelling component,
leads to a decrease in the droplet size by more than 20 % in comparison with the base liquid while
maintaining the parameters of the spraying of the extinguishing agent. This helps to reduce the size of
droplets in the fire extinguishing substance in the near-surface layer of the burning liquid, increases
the efficiency of the process of extinguishing the flame of petroleum products.

During the experiments, it was found that the quenching time of water-based nanofluids with
MWCNT nanomaterial 1.0 % by vol. on average 5.5 times less than the time of quenching the liquid
with water. For hydrogels (DW + Carbopol 0.2 % by mass) with nanomaterial MWCNT 1 % by vol.
the fire-fighting time was reduced to 10 times. The intensity of extinguishing water with nanomaterial
MWCNT 1 % by vol. decreased by 2 times, and for hydrogels (DW + Carbopol 0.2 % by mass) with
nanomaterial MWCNT 1 % by vol. — 3 times. In electrophysical conditions of exposure to the test is
an additional nanofluids (10–15 %) reduction of the quenching time and the flow rate of the extinguishing
agent.

Summarizing the obtained results, it can be concluded that the increase in the fire-extinguishing
efficiency of modified extinguishing agents based on atomized water is achieved due to the high
thermal stability of the nanomaterial, improved thermal diffusivity of the nanoparticle with MWCNT,
stabilization of nanoparticles in the liquid and reducing the rate of their agglomeration, reducing
the droplet size by reducing the surface tension and increasing the fluid density.

Keywords: nanofluid; multilayer carbon nanotubes; heat transfer; fire extinguishing agent; variab-
le-frequency modulated signal.
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