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ÐÅÇÞÌÅ

Ââåäåíèå. Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ îïðåäåëåíèå ìåõàíèçìà òóøåíèÿ æèäêèõ óãëåâîäîðîäîâ è ðàç-

ðàáîòêà ñïîñîáà èõ òóøåíèÿ âîäîñîäåðæàùèìè ñóñïåíçèÿìè ñ ÓÍÑ.

Ìàòåðèàëû. Â êà÷åñòâå íàíîìàòåðèàëîâ, äèñïåðãèðîâàííûõ â äèñòèëëèðîâàííóþ âîäó, èñïîëüçîâàëèñü íå-

ôóíêöèîíàëèçèðîâàííûå (non-funct) è ôóíêöèîíàëèçèðîâàííûå ìíîãîñëîéíûå óãëåðîäíûå íàíîòðóáêè

(MWCNT), à òàêæå àñòðàëåíû (Astr).

Ýêñïåðèìåíòàëüíàÿ ÷àñòü âêëþ÷àëà îïðåäåëåíèå pH ñóñïåíçèé; èññëåäîâàíèå íàíîñòðóêòóð ìåòîäîì

àòîìíî-ñèëîâîé ìèêðîñêîïèè; èçìåðåíèå ïîâåðõíîñòíîãî íàòÿæåíèÿ ñóñïåíçèé; îïðåäåëåíèå ñêîðîñòè èõ

íàãðåâà äî òåìïåðàòóðû êèïåíèÿ, óäåëüíîé òåïëîòû ïàðîîáðàçîâàíèÿ; èçìåðåíèå âðåìåíè òóøåíèÿ ìîäåëü-

íîãî î÷àãà êëàññà Â.

Ðåçóëüòàòû è îáñóæäåíèå. Ìåõàíèçì òóøåíèÿ ãîðÿùèõ æèäêèõ óãëåâîäîðîäîâ ñóñïåíçèÿìè âîäû ñ ÓÍÑ äî-

ñòèãàåòñÿ çà ñ÷åò èíòåíñèôèêàöèè ïðîöåññîâ òåïëîîòâîäà â çîíå ãîðåíèÿ ïàðîâ íåôòåïðîäóêòîâ. Äèñïåðãè-

ðîâàíèå ìàëûõ êîíöåíòðàöèé ÓÍÑ (MWCNT, Astr) 0,05–1,0 % îá. â âîäîñîäåðæàùèå ñîñòàâû ïðèâîäèò ê

óâåëè÷åíèþ ñêîðîñòè íàãðåâà äî òåìïåðàòóðû êèïåíèÿ è áîëåå èíòåíñèâíîìó ïàðîîáðàçîâàíèþ, óëó÷øå-

íèþ îãíåòóøàùèõ õàðàêòåðèñòèê ïðè ïîäà÷å ðàñïûëåííûõ êàïåëü ñóñïåíçèé â çîíó ãîðåíèÿ.

Â ñóñïåíçèÿõ DW + non-funct MWCNT è DW + MWCNT ñ êîíöåíòðàöèåé 0,8–1,0 % îá. ïîâûøåíèå îãíåòóøàùåé

ýôôåêòèâíîñòè äîñòèãàåòñÿ çà ñ÷åò óâåëè÷åíèÿ óäåëüíîé òåïëîòû ïàðîîáðàçîâàíèÿ äî 2300…2400 êÄæ�êã,

äëÿ DW + Astr ñ êîíöåíòðàöèåé 0,2–0,5 % îá. — 2400…2600 êÄæ�êã, äëÿ DW + Carbopol ETD 2020 + MWCNT

ñ êîíöåíòðàöèåé 0,5–1,0 % îá. — 1100…1400 êÄæ�êã.

Çàâèñèìîñòü âðåìåíè òóøåíèÿ îò ñêîðîñòè íàãðåâà äî òåìïåðàòóðû êèïåíèÿ èìååò ýêñòðåìóì â èíòåðâàëå

5,5…6,5 °Ñ�ìèí äëÿ ñóñïåíçèé DW+non-funct MWCNT è DW+MWCNT ñ êîíöåíòðàöèåé 0,8–1,0 % îá.,

5,5…6,5 °Ñ�ìèí äëÿ DW+Astr ñ êîíöåíòðàöèåé 0,2–0,5 % îá. è 6,0…8,0 °Ñ�ìèí äëÿ DW + Carbopol ETD 2020 +

+ MWCNT ñ êîíöåíòðàöèåé 0,5–1,0 % îá.

Çàêëþ÷åíèå. Ïðåäëîæåííûé ñïîñîá ïîæàðîòóøåíèÿ ïîçâîëÿåò çíà÷èòåëüíî ïîâûñèòü ýôôåêòèâíîñòü ÎÒÂ íà

îñíîâå âîäû ïðè òóøåíèè æèäêèõ óãëåâîäîðîäîâ çà ñ÷åò èíòåíñèôèêàöèè ïðîöåññîâ èñïàðåíèÿ è îõëàæäåíèÿ

çîíû ãîðåíèÿ.
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ABSTRACT

Introduction. The purpose of this work is to determine the mechanism for extinguishing liquid hydrocarbons and

develop a method for extinguishing them with water-based suspensions with carbon nanostructures.

Materials. Nonfunctionalized (non-funct) and functionalized multilayer carbon nanotubes (MWCNT), as well as

astralenes (Astr), were used as nanomaterials dispersed in distilled water.
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Experimental part. The experimental part included determining the pH of the suspensions; research of nanostruc-

tures by atomic force microscopy; measurement of surface tension suspensions; determining the rate of their

heating to the boiling point, the specific heat of vaporization; time measurement of extinguishing model hearth

class B.

Results and discussion. The burning liquid hydrocarbons extinguishing mechanism with water and carbon nano-

structures suspensions is achieved by intensifying the processes of heat removing from the petroleum product

vapors combustion zone. Dispersion of low concentrations of carbon nanostructures (MWCNT, Astralen)

0.05–1.0 % by vol. in aqueous compositions on the base of distillated water (DW) leads to increase the heating

rate to the reflux temperature and more intense steam generation, an improvement in the quenching characteris-

tics when sprayed drops are applied to the combustion zone.

In suspensions DW+non-funct MWCNT and DW+MWCNT with concentration 0.8–1.0 % by vol. fire extinguishing

efficiency increase by increasing the values of specific heat of vaporization up to the interval 2300…2400 kJ�kg,

for DW+Astralen with concentration 0.2–0.5 % by vol. — 2400…2600 kJ�kg, for DW + Carbopol ETD 2020 +

+ MWCNT with concentration 0.5–1.0 % by vol. — 1100…1400 kJ�kg.

The quenching time dependence of the heating rate to boiling point has a characteristic extremum in the range

of 5.5…6.5 °C�min for suspensions DW+non-funct MWCNT and DW + MWCNT with concentration of 0.8–1.0 %

by vol., 5.5…6.5 °C�min for DW + Astralen with concentration of 0.2–0.5 % by vol. and 6.0…8.0 °C�min for

DW + Carbopol ETD 2020 + MWCNT with concentration of 0.5–1.0 % by vol.

Conclusion. Proposed fire extinguishing method can significantly increase fire extinguishing agents effectiveness

to eliminate the liquid hydrocarbons burning due to water and carbon nanostructures suspensions droplets in-

tensive heating to the boiling point, evaporation and cooling of the combustion zone.

Keywords: fire extinguishing agent; multilayer carbon nanotubes; astralenes; electrophysical effects; gelling

agent; heat transfer; vaporization; van der Waals interactions.
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Ââåäåíèå

Òóøåíèå ïîæàðîâ æèäêèõ óãëåâîäîðîäîâ âîäîé

îñëîæíåíî íåäîñòàòî÷íûì òåïëîîòâîäîì â çîíå ãî-

ðåíèÿ, ïðîíèêíîâåíèåì âîäû ïîä ïîâåðõíîñòü ãî-

ðÿùåé æèäêîñòè, ðàçáðûçãèâàíèåì è óíîñîì êàïåëü

âîäû âñëåäñòâèå äåéñòâèÿ êîíâåêòèâíûõ ïîòîêîâ â

çîíå ãîðåíèÿ [1, 2].

Ïîâûøåíèå ýôôåêòèâíîñòè îãíåòóøàùèõ âå-

ùåñòâ (ÎÒÂ) íà îñíîâå âîäû ñâÿçàíî ñ ïðèìåíåíè-

åì ñìà÷èâàòåëåé, ïîçâîëÿþùèõ ñîçäàòü ïëåíêó íà

ïîâåðõíîñòè íåôòåïðîäóêòà, à òàêæå ñ âíåäðåíèåì

äîáàâîê, óâåëè÷èâàþùèõ èíòåíñèâíîñòü íàãðåâà êà-

ïåëü âîäû äî òåìïåðàòóðû êèïåíèÿ. Îäíèì èç ïåðñ-

ïåêòèâíûõ íàïðàâëåíèé èíòåíñèôèêàöèè òåïëîîò-

âîäà ÿâëÿåòñÿ ïðèìåíåíèå óãëåðîäíûõ íàíîñòðóêòóð

(ÓÍÑ) äëÿ óâåëè÷åíèÿ òåïëîïðîâîäíîñòè æèäêî-

ñòåé [3].

Îòäåëüíûå ðåçóëüòàòû ïî èñïîëüçîâàíèþ ÓÍÑ

äëÿ ÎÒÂ èçëîæåíû â [4]. Ïîêàçàíî, ÷òî âðåìÿ òóøå-

íèÿ íåôòåïðîäóêòîâ ñóñïåíçèÿìè íà îñíîâå âîäû ñ

íàíîìàòåðèàëîì MWCNT 1,0 % îá. â 5,5 ðàç ìåíüøå

âðåìåíè òóøåíèÿ âîäîé, à ïðè èñïîëüçîâàíèè ãèä-

ðîãåëåé (äèñòèëëèðîâàííàÿ âîäà (DW) + Carbopol

ETD 2020 0,2 % ìàññ.) ñ íàíîìàòåðèàëîì MWCNT

1,0 % îá. îíî ñîêðàùàåòñÿ äî 10 ðàç.

Ñëåäóåò îòìåòèòü, ÷òî ñóùåñòâåííûì îãðàíè÷å-

íèåì ïðèìåíåíèÿ ÓÍÑ â ñîñòàâå ñóñïåíçèé äëÿ ïî-

æàðîòóøåíèÿ ÿâëÿåòñÿ íåäîñòàòî÷íî áîëüøîå “âðå-

ìÿ æèçíè” ñóñïåíçèé (â ñðåäíåì äî 4 ÷) çà ñ÷åò

áûñòðîé àãëîìåðàöèè íàíî÷àñòèö, ÷òî ìîæåò ñóùå-

ñòâåííî ñíèçèòü èõ ýôôåêòèâíîñòü. Äàííàÿ ïðîáëå-

ìà ðåøàåòñÿ çà ñ÷åò èçìåíåíèÿ ýëåêòðîêèíåòè÷å-

ñêîãî ïîòåíöèàëà íà ãðàíèöå ðàçäåëà ôàç æèäêîñòü

– òâåðäîå âåùåñòâî èëè âíåäðåíèÿ ñóðôàêòàíòîâ

[3], ãåëåîáðàçóþùèõ êîìïîíåíòîâ [4], ïîçâîëÿþùèõ

ñòàáèëèçèðîâàòü ñóñïåíçèþ ñ ÓÍÑ íà áîëåå äëè-

òåëüíûé ñðîê èëè âåñü ïåðèîä èñïîëüçîâàíèÿ.

Öåëüþ íàñòîÿùåé ðàáîòû áûëî îïðåäåëåíèå ìå-

õàíèçìà òóøåíèÿ æèäêèõ óãëåâîäîðîäîâ è ðàçðà-

áîòêà ñïîñîáà èõ òóøåíèÿ âîäîñîäåðæàùèìè ñóñ-

ïåíçèÿìè ñ ÓÍÑ â óñëîâèÿõ ýëåêòðîôèçè÷åñêîé ñòà-

áèëèçàöèè íàíî÷àñòèö.

Ìàòåðèàëû è ìåòîäû

èññëåäîâàíèé

Â êà÷åñòâå íàíîìàòåðèàëîâ, äèñïåðãèðîâàííûõ

â äèñòèëëèðîâàííóþ âîäó, èñïîëüçîâàëèñü íåôóíê-

öèîíàëèçèðîâàííûå (non-funct) è ôóíêöèîíàëèçè-

ðîâàííûå ìíîãîñëîéíûå óãëåðîäíûå íàíîòðóáêè

(MWCNT), à òàêæå àñòðàëåíû (äàëåå — Astr).

MWCNT ïðåäñòàâëÿþò ñîáîé ïðîòÿæåííûå ÓÍÑ

äèàìåòðîì 25…180 íì è äëèíîé 1…3 ìêì. Íåôóíê-

öèîíàëèçèðîâàííûå MWCNT ïîëó÷åíû ìåòîäîì

êàòàëèòè÷åñêîãî ïèðîëèçà [5]. Ôóíêöèîíàëèçàöèÿ

MWCNT è î÷èñòêà îò ïîáî÷íûõ ïðîäóêòîâ ñèíòå-

çà îñóùåñòâëÿëèñü ïî ìåòîäèêå, îïèñàííîé â [6].

MWCNT ïîìåùàëè â ñìåñü 65 %-íîé àçîòíîé êèñ-

ëîòû (HNO3) (1 ã MWCNTíà 50 ìë HNO3) è 35 %-íîé

ñåðíîé êèñëîòû (H2SO4). Ïîñëå êèïÿ÷åíèÿ îêèñ-

ëåííûå MWCNT îòôèëüòðîâûâàëè, ïðîìûâàëè äè-

ñòèëëèðîâàííîé âîäîé äî íåéòðàëüíîãî pH ôèëüò-

ðàòà è âûñóøèâàëè ïðè òåìïåðàòóðå 70–80 °C.
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Àñòðàëåíû, ïîëó÷åííûå ìåòîäîì èñïàðåíèÿ ãðà-

ôèòîâûõ àíîäîâ â ýëåêòðîäóãîâîì ðàçðÿäå [7], èìåþò

ñòðóêòóðó, ñîñòîÿùóþ èç èçîãíóòûõ ãðàôèòîâûõ ñëîåâ

äèàìåòðîì 10…150 íì, ñ ðàññòîÿíèåì ìåæäó íèìè

0,336 íì è ñî ñðåäíèì ðàçìåðîì ïîð 20…60 íì.

Àñòðàëåíû õàðàêòåðèçóþòñÿ âûñîêîé òåðìè÷åñêîé

óñòîé÷èâîñòüþ è â ïîðîøêîîáðàçíîì âèäå ïðåä-

ñòàâëÿþò ñîáîé êðóïíûå àãëîìåðàòû ðàçìåðîì ïî-

ðÿäêà 0,5…3,0 ìêì [8].

Ïîäãîòîâêà ñóñïåíçèé ïðîâîäèëàñü ïóòåì äèñ-

ïåðãèðîâàíèÿ ÓÍÑ ñ îáúåìíîé êîíöåíòðàöèåé

0,05–1,60 % îá. â DW ïðè âîçäåéñòâèè èñòî÷íèêà

óëüòðàçâóêà (ìîùíîñòüþ 1,2 êÂò, ÷àñòîòîé 50–60 Ãö)

â òå÷åíèå 30 ìèí. ×àñòü îáðàçöîâ ïîäâåðãàëàñü âîç-

äåéñòâèþ ïåðåìåííîãî ýëåêòðè÷åñêîãî ïîëÿ ñ íà-

ïðÿæåííîñòüþ 1,5–2,0 êÂ�ì è ÷àñòîòîé 50 Ãö, ãå-

íåðèðîâàííîãî èñòî÷íèêîì ïåðåìåííî-÷àñòîòíîãî

ìîäóëèðóåìîãî ïîòåíöèàëà (Ï×ÌÏ) (äàëåå —

ýëåêòðîôèçè÷åñêîå âîçäåéñòâèå) [9]. Äëÿ ñòàáèëè-

çàöèè êëàñòåðîâ âîäû è ÓÍÑ ïðèìåíÿëñÿ ðåäêî-

ñøèòûé ïîëèìåð àêðèëîâîé êèñëîòû (ÐÀÀ) Ñarbo-

pol ETD 2020 ñ êîíöåíòðàöèåé ãåëåîáðàçóþùåãî

êîìïîíåíòà 0,2 % ìàññ., à òàêæå 10 %-íûé âîäíûé

ðàñòâîð ãèäðîêñèäà àììîíèÿ â êîëè÷åñòâå 10 ìë íà

1 ë ñóñïåíçèè. Â êà÷åñòâå êîíòðîëüíîãî îáðàçöà èñ-

ïîëüçîâàëàñü äèñòèëëèðîâàííàÿ âîäà â ñî÷åòàíèè ñ

non-funct MWCNTìàëîé êîíöåíòðàöèè (0,01 % îá.).

Â ðàáîòå ïðèìåíÿëèñü ñëåäóþùèå ìåòîäû: îïðå-

äåëåíèå pH-ïîêàçàòåëÿ âîäíûõ ðàñòâîðîâ ïî ÃÎÑÒ

33776–2016; èññëåäîâàíèå íàíîñòðóêòóð ìåòîäîì

àòîìíî-ñèëîâîé ìèêðîñêîïèè (ÀÑÌ) [10]; èçìåðå-

íèå êîýôôèöèåíòà ïîâåðõíîñòíîãî íàòÿæåíèÿ ìå-

òîäîì îòðûâà êàïåëü [11]; èññëåäîâàíèå êèíåòèêè

íàãðåâà ñóñïåíçèé äî òåìïåðàòóðû êèïåíèÿ [12];

èçìåðåíèå óäåëüíîé òåïëîòû ïàðîîáðàçîâàíèÿ ñóñ-

ïåíçèé [13]; èçìåðåíèå âðåìåíè òóøåíèÿ ìîäåëü-

íûõ î÷àãîâ ïîæàðà êëàññà B ïî ìåòîäèêå, èçëîæåí-

íîé â ðàáîòå [4].

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Èññëåäîâàíèå pH ñóñïåíçèé

Â õîäå èçìåðåíèÿ ðÍ ñóñïåíçèé âûÿâëåíî

(òàáë. 1), ÷òî äîáàâëåíèå MWCNT è àñòðàëåíîâ â

äèñòèëëèðîâàííóþ âîäó íå âëèÿåò íà äàííûé ïî-

êàçàòåëü, à âíåäðåíèå â íåå non-funct MWCNT íå-

çíà÷èòåëüíî ñíèæàåò åãî (ñ 6,6 äî 6,4).

Èññëåäîâàíèå íàíîñòðóêòóð â ñóñïåíçèè
ìåòîäîì àòîìíî-ñèëîâîé ìèêðîñêîïèè

Íà ÀÑÌ-ñêàíå òâåðäîãî îñòàòêà MWCNT íàáëþ-

äàþòñÿ ïðîòÿæåííûå ñòðóêòóðû äèàìåòðîì ïîðÿäêà

110 íì è äëèíîé 1–3 ìêì (ðèñ. 1,à). Ïðè ýëåêòðîôè-

çè÷åñêîì âîçäåéñòâèè ïðîèñõîäèò áîëåå èíòåíñèâ-

íîå ðàçðóøåíèå àãëîìåðàöèé MWCNT è óìåíüøåíèå

ðàçìåðà ÷àñòèö ïðèáëèçèòåëüíî äî 90 íì (ðèñ. 1,á)

ñ èõ îäíîâðåìåííîé îðèåíòàöèåé.

Â õîäå èññëåäîâàíèÿ òîïîëîãèè òâåðäîãî îñòàò-

êà Astr íàáëþäàþòñÿ ñêîïëåíèÿ ÷àñòèö äèàìåòðîì

200–300 íì (ðèñ. 1,â). Ïðè ýëåêòðîôèçè÷åñêîì âîç-

äåéñòâèè äëÿ ñóñïåíçèé DW + Astr òàêæå îòìå÷åíî

óìåíüøåíèå ðàçìåðà ÷àñòèö â ñðåäíåì äî 100 íì

(ðèñ. 1,ã).

Èçìåðåíèå ïîâåðõíîñòíîãî
íàòÿæåíèÿ ñóñïåíçèé

Ïðè äèñïåðãèðîâàíèè â ñóñïåíçèè DW + non-funct

MWCNT (0,4–1,6 % îá.) ïîâåðõíîñòíîå íàòÿæåíèå

ñíèæàåòñÿ íà 25 % â ñðàâíåíèè ñ DW. Ïðè âîç-

äåéñòâèè Ï×ÌÏ íàáëþäàåòñÿ íåçíà÷èòåëüíîå (íà

2,0–2,5 %) óìåíüøåíèå ýòîãî ïîêàçàòåëÿ â ñðàâíå-

íèè ñ èñõîäíîé æèäêîñòüþ (ðèñ. 2,à). Â ñóñïåíçèÿõ

DW + MWCNT (0,4–1,6 % îá.) ïðîèñõîäèò óâåëè÷å-

íèå ïîâåðõíîñòíîãî íàòÿæåíèÿ íà 30 % (ðèñ. 2,á).

Äëÿ ñóñïåíçèé DW + Astr êàê áåç âîçäåéñòâèÿ,

òàê è ïðè âîçäåéñòâèè Ï×ÌÏ âûÿâëåíî ïîâûøåíèå

ïîâåðõíîñòíîãî íàòÿæåíèÿ íà 10–25 % ïðè óâåëè-

÷åíèè îáúåìíîé êîíöåíòðàöèè àñòðàëåíîâ ñ 0,05 äî

1,0 % îá. (ðèñ. 2,â).

Äëÿ ñóñïåíçèé DW+ Carbopol ETD2020+MWCNT

ïðè äèñïåðãèðîâàíèè MWCNT (0,1 % îá.) ïîâåðõ-

íîñòíîå íàòÿæåíèå ñíèæàåòñÿ ñ 0,062 äî 0,024 Í�ì,

à ïðè äàëüíåéøåì óâåëè÷åíèè êîíöåíòðàöèè ñ 0,1 äî

1,0 % îá. âîçðàñòàåò ñ 0,024 äî 0,037 Í�ì (ðèñ. 2,ã).

Èññëåäîâàíèå ñêîðîñòè íàãðåâà
ñóñïåíçèé äî òåìïåðàòóðû êèïåíèÿ

Ðåçóëüòàòû èçìåðåíèé ïîêàçûâàþò, ÷òî ñêîðîñòü

íàãðåâà ñóñïåíçèé DW + non-funct MWCNT äî òåì-

ïåðàòóðû êèïåíèÿ óâåëè÷èâàåòñÿ íà 70 % ïðè êîí-

öåíòðàöèè íàíîìàòåðèàëà 1,6 % îá. (ðèñ. 3,à).

Äëÿ ñóñïåíçèé ñ DW + MWCNT è DW + Astr íà

íà÷àëüíîé ñòàäèè íàãðåâà êèíåòèêà ðîñòà òåìïå-

ðàòóðû âåñüìà ñõîæà ñ ñóñïåíçèÿìè DW + non-funct

MWCNT, îäíàêî ïðè äàëüíåéøåì óâåëè÷åíèè êîí-

öåíòðàöèè ñêîðîñòü íàãðåâà îñòàåòñÿ íåèçìåííîé

(ðèñ. 3,á è 3,â). Ñêîðîñòü ðîñòà òåìïåðàòóðû îáðàçöà

DW + Carbopol ETD 2020 + MWCNT (0,1–1,0 % îá.)

íà 90 % âûøå â ñðàâíåíèè ñ DW (ðèñ. 3,ã).

¹ ï�ï

No.
Âåùåñòâî � Substance pH

1 DW 6,6

3 DW + non-funct MWCNT 6,4

4 DW + MWCNT 6,9

5 DW + Astr 6,6

6 DW + Carbopol ETD 2020 + MWCNT 10,0

Òàáëèöà 1. Ïîêàçàòåëü pH âîäíûõ ñóñïåíçèé ñ ÓÍÑ

Table 1. pH values of aqueous suspensions with carbon nano-

structures
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Èçìåðåíèå óäåëüíîé òåïëîòû
ïàðîîáðàçîâàíèÿ ñóñïåíçèé

Ðåçóëüòàòû îïðåäåëåíèÿ óäåëüíîé òåïëîòû ïàðî-

îáðàçîâàíèÿ ñóñïåíçèé ñâèäåòåëüñòâóþò î åå óâå-

ëè÷åíèè äî 20 % ïðè ðîñòå êîíöåíòðàöèé non-funct

MWCNT è MWCNT äî 1,0 % îá. êàê áåç âîçäåéñò-

âèÿ, òàê è ïðè âîçäåéñòâèè Ï×ÌÏ (ðèñ. 4,à è 4,á).

Ïðè ðîñòå êîíöåíòðàöèè Astr äî 0,5 % îá. ïðî-

èñõîäèò ïîâûøåíèå óäåëüíîé òåïëîòû ïàðîîáðàçî-

âàíèÿ äî 25 %, à äàëüíåéøåå óâåëè÷åíèå êîíöåíò-

ðàöèè ïðèâîäèò ê åå ðåçêîìó (íà 40 %) óìåíüøå-

íèþ. Ïðè ýòîì ñêîðîñòü íàãðåâà ñóñïåíçèé äî

òåìïåðàòóðû êèïåíèÿ âîçðàñòàåò âî âñåì íàáëþäà-

åìîì èíòåðâàëå êîíöåíòðàöèé è äîñòèãàåò 47 %

ïðè êîíöåíòðàöèè Astr 1,0 % îá. (ðèñ. 4,â).

Ïðè èñïîëüçîâàíèè ãåëåîáðàçîâàòåëÿ Ñarbopol

ETD 2020 ñ êîíöåíòðàöèåé MWCNT äî 0,1 % îá.

óäåëüíàÿ òåïëîòà ïàðîîáðàçîâàíèÿ ñíèæàåòñÿ ñ 2145

äî 900 êÄæ�êã â ñðàâíåíèè ñ DW, à ïðè ðîñòå êîí-

öåíòðàöèè ñ 0,4 äî 1,0 % îá. — óâåëè÷èâàåòñÿ ñ 900

äî 1350 êÄæ�êã (ðèñ. 4,ã).

Èçìåðåíèå âðåìåíè òóøåíèÿ
ìîäåëüíîãî î÷àãà ïîæàðà êëàññà B

Â õîäå ýêñïåðèìåíòîâ ïî îïðåäåëåíèþ âðåìåíè

òóøåíèÿ ìîäåëüíîãî î÷àãà êëàññà Â (äèàìåòð ïðî-

òèâíÿ 450 ìì, ãîðþ÷àÿ ñìåñü — áåíçèí àâòîìîáèëü-

íûé ñ îêòàíîâûì ÷èñëîì 95 è âîäà â ïðîïîðöèè 7:3)

âûÿâëåíî, ÷òî ñ ðîñòîì êîíöåíòðàöèè Astr äî 0,5 % îá.

è MWCNT äî 1,0 % îá. íàáëþäàåòñÿ ñîêðàùåíèå âðå-

ìåíè ëèêâèäàöèè ãîðåíèÿ íà 75–80 % â ñðàâíåíèè

ñ êîíòðîëüíûì îáðàçöîì. Ïðè êîíöåíòðàöèè ÓÍÑ

1,0 % îá. ïðîèñõîäèò óâåëè÷åíèå âðåìåíè òóøå-

íèÿ â 1,5 ðàçà â ñðàâíåíèè ñ èñõîäíîé æèäêîñòüþ

(ðèñ. 5,à–5,â).

Äëÿ ñóñïåíçèé DW + Carbopol ETD 2020 +

+ MWCNT ñ íàíîìàòåðèàëîì MWCNT 1,0 % îá. âðå-

ìÿ òóøåíèÿ ïîæàðà ñîêðàòèëîñü äî 10 ðàç (ðèñ. 5,ã).

Ïðè òóøåíèè ñóñïåíçèÿìè DW ñ ÓÍÑ ìîäåëü-

íûõ î÷àãîâ ïîæàðà êëàññà B íàáëþäàåòñÿ áîëåå èí-

Ðèñ. 1. ÀÑÌ-ñêàíû àãëîìåðàöèé ÓÍÑ ïðè äèñïåðãèðîâàíèè â DW: à — DW + MWCNT; á — DW + MWCNT + Ï×ÌÏ; â —

DW + Astr; ã — DW + Astr + Ï×ÌÏ

Fig. 1. AFM-scans of agglomerations of carbon nanostructures during dispersion in the DW: a — DW + MWCNT; b — DW +

+ MWCNT + VFMP; v — DW + Astr; g — DW + Astr + VFMP
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Ðèñ. 2. Êîýôôèöèåíò ïîâåðõíîñòíîãî íàòÿæåíèÿ ñóñïåíçèé DW ñ ÓÍÑ ïðè âîçäåéñòâèè Ï×ÌÏ (�) è áåç íåãî (�) : à — DW +

+ non-funct MWCNT; á — DW + MWCNT; â — DW + Astr; ã — DW + Carbopol ETD 2020 + MWCNT

Fig. 2. The surface tension coefficient of DW suspensions with carbon nanostructures under the action of VFMP (�) and without it (�):

a — DW + non-funct MWCNT; b — DW + MWCNT; v — DW + Astr; g — DW + Carbopol ETD 2020 + MWCNT

Ðèñ. 3. Ñêîðîñòü íàãðåâà ñóñïåíçèé DW ñ ÓÍÑ äî òåìïåðàòóðû êèïåíèÿ ïðè âîçäåéñòâèè Ï×ÌÏ (�) è áåç íåãî (�): à —

DW + non-funct MWCNT; á — DW + MWCNT; â — DW + Astr; ã — DW + Carbopol ETD 2020 + MWCNT

Fig. 3. The heating rate of DW suspensions with carbon nanostructures to boiling point when exposed VFMP (�) and without it (�):

a — DW + non-funct MWCNT; b — DW + MWCNT; v — DW + Astr; g — DW + Carbopol ETD 2020 + MWCNT
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Ðèñ. 5. Âðåìÿ òóøåíèÿ ìîäåëüíîãî î÷àãà ïîæàðà êëàññà Â ñóñïåíçèÿìè DW ñ ÓÍÑ ïðè âîçäåéñòâèè Ï×ÌÏ (�) è áåç íåãî (�):

à — DW + non-funct MWCNT; á — DW + MWCNT; â — DW + Astr; ã — DW + Carbopol ETD 2020 + MWCNT

Fig. 5. Time of extinguishing a model fire center of class B with DW suspensions with carbon nanostructures under the action of VFMP

(�) and without it (�): a — DW + non-funct MWCNT; b — DW + MWCNT; v — DW + Astr; g — DW + Carbopol ETD 2020 + MWCNT

Ðèñ. 4. Óäåëüíàÿ òåïëîòà ïàðîîáðàçîâàíèÿ ñóñïåíçèé DW ñ ÓÍÑ ïðè âîçäåéñòâèè Ï×ÌÏ (�) è áåç íåãî (�): à — DW +

+ non-funct MWCNT; á — DW + MWCNT; â — DW + Astr; ã — DW + Carbopol ETD 2020 + MWCNT

Fig. 4. Specific heat of vaporization of DW suspensions with carbon nanostructures when exposed VFMP (�) and without it (�): a —

DW + non-funct MWCNT; b — DW + MWCNT; v — DW + Astr; g — DW + Carbopol ETD 2020 + MWCNT
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òåíñèâíîå ïàðîîáðàçîâàíèå â çîíå ãîðåíèÿ ïî ñðàâ-

íåíèþ ñ êîíòðîëüíûì îáðàçöîì (ðèñ. 6).

Ñ óâåëè÷åíèåì êîíöåíòðàöèè ÓÍÑ äî 0,5 % íà-

áëþäàåòñÿ ïîâûøåíèå èíòåíñèâíîñòè ïàðîîáðàçî-

âàíèÿ. Ïðè äàëüíåéøåì ðîñòå êîíöåíòðàöèè ÓÍÑ

îáðàçîâàíèå ïàðîâ â çîíå ãîðåíèÿ ñòàíîâèòñÿ ìåíåå

èíòåíñèâíûì è îäíîâðåìåííî óâåëè÷èâàåòñÿ âðåìÿ

òóøåíèÿ.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Ôèçè÷åñêèé ìåõàíèçì òóøåíèÿ ïîæàðîâ
êëàññà B ðàñïûëåííûìè ñóñïåíçèÿìè
âîäû ñ ÓÍÑ

Ôèçè÷åñêèé ìåõàíèçì òóøåíèÿ ïîæàðîâ êëàññà

B ðàñïûëåííûìè ñóñïåíçèÿìè âîäû ñ ÓÍÑ îñíîâàí

íà ñíèæåíèè òåìïåðàòóðû â çîíå ãîðåíèÿ äî òåìïå-

ðàòóðû ïîòóõàíèÿ, ïðè êîòîðîé íå ïðîèñõîäèò âû-

äåëåíèÿ äîñòàòî÷íîãî êîëè÷åñòâà ïàðîâ óãëåâîäî-

ðîäîâ, íåîáõîäèìîãî äëÿ äàëüíåéøåãî ïðîäîëæå-

íèÿ ãîðåíèÿ. Â ñîîòâåòñòâèè ñ òåîðèåé ïîòóõàíèÿ

ïëàìåíè, ðàçðàáîòàííîé ß. Á. Çåëüäîâè÷åì, ñàìî-

ïðîèçâîëüíîå ãîðåíèå ñòàíîâèòñÿ íåâîçìîæíûì,

åñëè íàðóøàåòñÿ òåïëîâîå ðàâíîâåñèå â çîíå ãîðå-

íèÿ äî íåêîòîðîãî êðèòè÷åñêîãî çíà÷åíèÿ (àäèàáà-

òè÷åñêîé òåìïåðàòóðû ïîòóõàíèÿ Òïîò) [14]:

Òïîò = Òàä – �Ò, (1)

ãäå Òàä — àäèàáàòè÷åñêàÿ òåìïåðàòóðà, K;

�Ò — èçìåíåíèå òåìïåðàòóðû, K.

Óãëåðîäíûå íàíîñòðóêòóðû îáëàäàþò òðàíñïîðò-

íûìè õàðàêòåðèñòèêàìè íà óðîâíå ìåòàëëîâ, à òàê-

æå çíà÷èòåëüíîé õèìè÷åñêîé è òåðìè÷åñêîé ñòîé-

êîñòüþ [15]. ßâëÿÿñü ãèäðîôîáíûìè, èññëåäóåìûå

ÓÍÑ âçàèìîäåéñòâóþò ñ êëàñòåðàìè âîäû ïîñðåä-

ñòâîì âàí-äåð-âààëüñîâûõ ñèë. Ïðè ýòîì æèäêàÿ

âîäà âîêðóã íàíî÷àñòèö ÿâëÿåòñÿ êâàçèíåïîëÿðíîé

ñðåäîé, ê ñëàáîìó ýôôåêòó ïîëÿðèçàöèè ÓÍÑ [16]

(ðèñ. 7).

Çíà÷èìûì ôàêòîðîì â èçìåíåíèè ñâîéñòâ íàíî-

ñòðóêòóð ÿâëÿþòñÿ ãèãàíòñêèå ðåçîíàíñû ýëåêòðî-

ìàãíèòíûõ ïîëåé íà ïîâåðõíîñòè íàíî÷àñòèö [17],

÷òî îïðåäåëÿåò çíà÷èòåëüíîå èçìåíåíèå ñâîéñòâ íàíî-

ìàòåðèàëîâ ñ ìàëîé êîíöåíòðàöèåé ÓÍÑ ïîä äåé-

ñòâèåì âàí-äåð-âààëüñîâûõ ñèë [18].

Ìåõàíèçì ïåðåíîñà òåïëà â ñóñïåíçèÿõ ñ ÓÍÑ

îñíîâàí íà âëèÿíèè áðîóíîâñêîãî äâèæåíèÿ óãëå-

ðîäíûõ íàíî÷àñòèö è îáðàçîâàíèÿ âûñîêîòåïëîïðî-

âîäíîãî æèäêîãî ñëîÿ íà ãðàíèöå ðàçäåëà ôàç æèä-

êîñòü – òâåðäàÿ ÷àñòèöà [19]. Ïðîöåññ êèïåíèÿ

íàíîñóñïåíçèé çàâèñèò îò ñâîéñòâ áàçîâîé æèäêî-

ñòè, âèäà è êîíöåíòðàöèè ñîäåðæàùèõñÿ â íåé íàíî-

÷àñòèö, ÷òî âî ìíîãîì îïðåäåëÿåò õàðàêòåð òåïëî-

ìàññîïåðåíîñà ñ ôàçîâûìè ïðåâðàùåíèÿìè, ïðîöåññ

òåïëîîòäà÷è íà ïîâåðõíîñòè èñïàðÿþùèõñÿ êàïåëü

è õàðàêòåð êèïåíèÿ (ïëåíî÷íîå èëè ïóçûðüêîâîå)

â îáúåìå æèäêîñòè [20].

Ðèñ. 6. Ôðàãìåíòû ïðîöåññà òóøåíèÿ áåíçèíà ñóñïåíçèÿìè

DW ñ ÓÍÑ: à — DW + MWCNT (0,01 % îá.); á — DW +

+ MWCNT (0,5 % îá.)

Fig. 6. Fragments of the process of extinguishing gasoline with

suspensions of DW with carbon nanostructures: a — DW +

+ MWCNT (0,01 % by vol.); b — DW + MWCNT (0,5 % by vol.)

Ðèñ. 7. Äèñïåðãèðîâàííûå óãëåðîäíûå íàíîñòðóêòóðû â DW: à — ÏÝÌ-èçîáðàæåíèÿ DW + MWCNT (ïî äàííûì [15]); á —

ÏÝÌ-èçîáðàæåíèÿ DW + Astr; â — ðåçóëüòàòû ìîäåëèðîâàíèÿ âçàèìîäåéñòâèÿ àòîìîâ MWCNT â DW (ïî äàííûì [16])

Fig. 7. Carbon nanostructures when dispersed in DW: a — TEM images DW + MWCNT (according to [15]); b — TEM images

DW + Astr; v — modeling the interaction of MWCNT in DW (according to [16])



29ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ / FIRE AND EXPLOSION SAFETY 2019 ÒÎÌ 28 ¹ 1

ÁÅÇÎÏÀÑÍÎÑÒÜ ÂÅÙÅÑÒÂ È ÌÀÒÅÐÈÀËÎÂ

Ðèñ. 8. Çàâèñèìîñòü âðåìåíè òóøåíèÿ ñóñïåíçèÿìè îò óäåëüíîé òåïëîòû ïàðîîáðàçîâàíèÿ ïðè âîçäåéñòâèè Ï×ÌÏ (�) è

áåç íåãî (�): à — DW + non-funct MWCNT; á — DW + MWCNT; â — DW + Astr; ã — DW + Carbopol ETD 2020 + MWCNT

Fig. 8. The dependence of the quenching time of suspensions on the specific heat of vaporization when exposed to VFMP (�) and

without it (�): a — DW + non-funct MWCNT; b — DW + MWCNT; v — DW + Astr; g — DW + Carbopol ETD 2020 + MWCNT

Ðèñ. 9. Çàâèñèìîñòü âðåìåíè òóøåíèÿ ñóñïåíçèÿìè îò êîýôôèöèåíòà ïîâåðõíîñòíîãî íàòÿæåíèÿ � ïðè âîçäåéñòâèè Ï×ÌÏ (�)

è áåç íåãî (�): à — DW + non-funct MWCNT; á — DW + MWCNT; â — DW + Astr; ã — DW + Carbopol ETD 2020 + MWCNT

Fig. 9. The dependence of the time of quenching suspensions of the surface tension coefficient when exposed to VFMP (�) and

without it (�): a — DW + non-funct MWCNT; b — DW + MWCNT; v — DW + Astr; g — DW + Carbopol ETD 2020 + MWCNT
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Çàâèñèìîñòü âðåìåíè òóøåíèÿ èññëåäóåìûìè

íàíîñóñïåíçèÿìè îò óäåëüíîé òåïëîòû ïàðîîáðà-

çîâàíèÿ èìååò õàðàêòåðíûé ýêñòðåìóì â èíòåðâà-

ëå 2300…2400 êÄæ�êã äëÿ ñóñïåíçèé DW + non-

funct MWCNT è DW + MWCNT ñ êîíöåíòðàöèåé

0,8–1,0 % îá., 2400…2600 êÄæ�êã — äëÿ DW + Astr

ñ êîíöåíòðàöèåé 0,2–0,5 % îá. è 1100…1400 êÄæ�êã

— äëÿ DW + Carbopol ETD 2020 + MWCNT ñ êîí-

öåíòðàöèåé 0,5–1,0 % îá. (ðèñ. 8).

Ïàðîîáðàçîâàíèå, ïðîèñõîäÿùåå â ïðîöåññå ðàç-

ðûâà ñâÿçè ìåæäó ñîñåäíèìè ìîëåêóëàìè æèäêî-

ñòè è ïåðåìåùåíèÿ èõ â ãàçîâóþ ñðåäó [21], çàâèñèò

îò ñèë ïîâåðõíîñòíîãî íàòÿæåíèÿ â æèäêîñòè. Çà-

âèñèìîñòü âðåìåíè òóøåíèÿ îò êîýôôèöèåíòà ïî-

âåðõíîñòíîãî íàòÿæåíèÿ èìååò õàðàêòåðíûé ýêñ-

òðåìóì â èíòåðâàëå 0,055…0,060 Í/ì äëÿ DW +

+ non-funct MWCNT ñ êîíöåíòðàöèåé 0,8–1,0 % îá.,

0,085…0,095 Í�ì — äëÿ DW + MWCNT ñ êîíöåíòðà-

öèåé 0,8–1,0 % îá., 0,080…0,090 Í�ì — äëÿ DW + Astr

ñ êîíöåíòðàöèåé 0,2–0,5 % îá. è 0,020…0,030 Í�ì

— äëÿ DW + Carbopol ETD 2020 + MWCNT ñ êîí-

öåíòðàöèåé 0,5–1,0 % îá. (ðèñ. 9).

Çàâèñèìîñòü âðåìåíè òóøåíèÿ îò ñêîðîñòè íà-

ãðåâà ñóñïåíçèé äî òåìïåðàòóðû êèïåíèÿ èìååò õà-

ðàêòåðíûé ýêñòðåìóì â èíòåðâàëå 5,5…6,5 °Ñ�ìèí

äëÿ DW + non-funct MWCNT è DW + MWCNT ñ

êîíöåíòðàöèåé 0,8–1,0 % îá., 5,5…6,5 °Ñ�ìèí —

äëÿ DW + Astr ñ êîíöåíòðàöèåé 0,2–0,5 % îá. è

6,0…8,0 °Ñ�ìèí — äëÿ DW + Carbopol ETD 2020 +

+ MWCNT ñ êîíöåíòðàöèåé 0,5–1,0 % îá. (ðèñ. 10).

Èñõîäÿ èç âûøåñêàçàííîãî ìîæíî ñäåëàòü âû-

âîä, ÷òî ñóñïåíçèè íà îñíîâå âîäû ñ ÓÍÑ ÿâëÿþòñÿ

îãíåòóøàùèìè âåùåñòâàìè ïðåèìóùåñòâåííî îõ-

ëàæäàþùåãî è ðàçáàâëÿþùåãî äåéñòâèÿ. Ïðè ïîïà-

äàíèè â îáëàñòü ãîðåíèÿ êàïåëü ñóñïåíçèé ïðîèñ-

õîäèò èõ èíòåíñèâíûé ðàçîãðåâ äî òåìïåðàòóðû êè-

ïåíèÿ ñ ïîñëåäóþùèì èñïàðåíèåì è îõëàæäåíèåì

çîíû ãîðåíèÿ. Ïðè äîñòàòî÷íîì êîëè÷åñòâå ïàðîâ

Ðèñ. 10. Çàâèñèìîñòü âðåìåíè òóøåíèÿ ñóñïåíçèÿìè îò ñêîðîñòè èõ íàãðåâà äî òåìïåðàòóðû êèïåíèÿ ïðè âîçäåéñòâèè Ï×ÌÏ (�)

è áåç íåãî (�): à — DW + non-funct MWCNT; á — DW + MWCNT; â — DW + Astr; ã — DW + Carbopol ETD 2020 + MWCNT

Fig. 10. Dependence of the time of quenching by suspensions on the rate of their heating to the boiling point when exposed to VFMP (�)

and without it (�): a — DW + non-funct MWCNT; b — DW + MWCNT; v — DW + Astr; g — DW + Carbopol ETD 2020 + MWCNT
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âîäû â çîíå ãîðåíèÿ íàáëþäàåòñÿ ïîòóõàíèå ïëàìå-

íè. Ïðè ýòîì ðîñò çíà÷åíèé óäåëüíîé òåïëîòû ïàðî-

îáðàçîâàíèÿ âëå÷åò çà ñîáîé óâåëè÷åíèå êîëè÷å-

ñòâà îòîáðàííîé èç çîíû ãîðåíèÿ òåïëîâîé ýíåðãèè.

Ïîâûøåíèå êîíöåíòðàöèè Astr äî 0,5 % îá. è MWCNT

äî 1,0 % îá. â ñóñïåíçèÿõ ñîêðàùàåò âðåìÿ òóøåíèÿ

ïîæàðà æèäêèõ óãëåâîäîðîäîâ â 3–5 ðàç â ñðàâíå-

íèè ñ êîíòðîëüíûìè îáðàçöàìè. Äàëüíåéøåå óâåëè-

÷åíèå êîíöåíòðàöèè íàíî÷àñòèö ïðèâîäèò ê àãðåãà-

öèè ÓÍÑ, ÷òî ñíèæàåò ýôôåêòèâíóþ òåïëîïðîâîä-

íîñòü ñóñïåíçèé è óäåëüíóþ òåïëîòó ïàðîîáðàçî-

âàíèÿ.

Ñïîñîá òóøåíèÿ ïîæàðîâ æèäêèõ
óãëåâîäîðîäîâ ðàñïûëåííûìè
ñóñïåíçèÿìè âîäû ñ ÓÍÑ

Ñïîñîá òóøåíèÿ ïîæàðîâ æèäêèõ óãëåâîäîðî-

äîâ ðàñïûëåííûìè ñóñïåíçèÿìè âîäû ñ ÓÍÑ îñíî-

âàí íà èíòåíñèôèêàöèè ïðîöåññîâ òåïëîîòâîäà èç

çîíû ãîðåíèÿ. Íà ïîâåðõíîñòè ãîðþ÷èõ âåùåñòâ

îáðàçóåòñÿ ñëîé êèïÿùåé æèäêîñòè, êîòîðàÿ èñïà-

ðÿÿñü ñíèæàåò òåìïåðàòóðó ãîðþ÷åé ñðåäû è òåì ñà-

ìûì ðåàëèçóåò ïîäàâëåíèå ïðîöåññà ãåòåðîãåííîãî

ãîðåíèÿ.

Ïðåäëàãàåìûé ñïîñîá òóøåíèÿ ïîæàðîâ êëàññà B

èìååò ìíîãîïðîôèëüíîå ïðèìåíåíèå è äàåò âîçìîæ-

íîñòü èñïîëüçîâàòü îãíåòóøàùèå ñóñïåíçèè â ñòàí-

äàðòíûõ óñòàíîâêàõ ïîæàðîòóøåíèÿ. Áëîê-ñõåìà ñïî-

ñîáà ëèêâèäàöèè ãîðåíèÿ æèäêèõ óãëåâîäîðîäîâ

ñóñïåíçèÿìè âîäû ñ ÓÍÑ ïðåäñòàâëåíà íà ðèñ. 11.

Îãíåòóøàùóþ ñóñïåíçèþ ïîëó÷àþò ïóòåì äèñ-

ïåðãèðîâàíèÿ ÓÍÑ (MWCNT, Astr) â âîäó. Ñóñïåíçèÿ

ñîñòîèò èç ðàñòâîðà âîäû ñ íàíîìàòåðèàëîì MWCNT,

ñòàáèëèçèðîâàííûì ãåëåîáðàçîâàòåëåì Ñarbopol

ETD 2020 ñ ìàññîâîé êîíöåíòðàöèåé 0,2 %.

Äëÿ ðåàëèçàöèè ñïîñîáà òóøåíèÿ ïîæàðîâ, ñâÿ-

çàííûõ ñ ãîðåíèåì æèäêèõ óãëåâîäîðîäîâ, ïðåäëî-

æåíû òåõíè÷åñêèå ðåêîìåíäàöèè ïî ïðèìåíåíèþ ìî-

äèôèöèðîâàííûõ ñóñïåíçèé âîäû ñ ÓÍÑ (òàáë. 2).

Òàêèì îáðàçîì, óêàçàííûé ñïîñîá ïîçâîëÿåò

çíà÷èòåëüíî ïîâûñèòü ýôôåêòèâíîñòü ïðèìåíåíèÿ

ÎÒÂ äëÿ ëèêâèäàöèè ãîðåíèÿ æèäêèõ óãëåâîäîðî-

äîâ çà ñ÷åò èíòåíñèâíîãî ðàçîãðåâà êàïåëü âîäû ñ

ÓÍÑ äî òåìïåðàòóðû êèïåíèÿ ñ ïîñëåäóþùèì èñ-

ïàðåíèåì è îõëàæäåíèåì çîíû ãîðåíèÿ. Îí ìîæåò

áûòü èñïîëüçîâàí â àâòîìàòè÷åñêèõ óñòàíîâêàõ ïî-

æàðîòóøåíèÿ, ïåðâè÷íûõ ñðåäñòâàõ ïîæàðîòóøå-

íèÿ, à òàêæå â ñòàíäàðòíîì ïîæàðíî-òåõíè÷åñêîì

îáîðóäîâàíèè, èñïîëüçóåìîì ïîäðàçäåëåíèÿìè ïî-

æàðíîé îõðàíû Ì×Ñ Ðîññèè.

Âûâîäû

Ïîëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò, ÷òî

ñóñïåíçèè âîäû ñ ÓÍÑ ÿâëÿþòñÿ ýôôåêòèâíûìè

ÎÒÂ äëÿ òóøåíèÿ ãîðÿùèõ æèäêèõ óãëåâîäîðîäîâ

ïðè îòíîñèòåëüíî ìàëîé êîíöåíòðàöèè ÓÍÑ. Äèñ-

ïåðãèðîâàíèå ÓÍÑ èíòåíñèôèöèðóåò òåïëîîáìåí â

ðàñïûëåííûõ êàïëÿõ ÎÒÂ, ÷òî âåäåò ê áîëåå áûñò-

ðîìó ðàçîãðåâó èõ â óñëîâèÿõ òåïëîâîãî âîçäåéñò-

âèÿ ïëàìåíè. Ïðåäëîæåííûé ñïîñîá òóøåíèÿ ïî-

çâîëÿåò çíà÷èòåëüíî ñîêðàòèòü âðåìÿ òóøåíèÿ

ïîæàðà ïóòåì ïîäà÷è ðàñïûëåííûõ êàïåëü âîäû â

çîíó ãîðåíèÿ ïàðîâ æèäêèõ óãëåâîäîðîäîâ, à òàêæå

äàåò âîçìîæíîñòü èñïîëüçîâàòü ðàçðàáîòàííûå

ÎÒÂ â ìîäóëüíûõ óñòàíîâêàõ è ïåðâè÷íûõ ñðåäñò-

âàõ ïîæàðîòóøåíèÿ.

Ðèñ. 11. Áëîê-ñõåìà ñïîñîáà ëèêâèäàöèè ãîðåíèÿ æèäêèõ

óãëåâîäîðîäîâ ñóñïåíçèÿìè âîäû ñ ÓÍÑ

Fig. 11. Block diagram of a method for eliminating the combus-

tion of liquid hydrocarbons with water suspensions with carbon

nanostructures
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¹ ï�ï

No.

Òåõíè÷åñêàÿ ðåêîìåíäàöèÿ

Technical recommendation

Îæèäàåìûé ðåçóëüòàò

Expected result

1 Îáîðóäîâàíèå ñèñòåì àâòîìà-
òè÷åñêîãî ïîæàðîòóøåíèÿ íà
îáúåêòàõ íåôòÿíîé ïðîìûø-
ëåííîñòè ðàñïûëåííûìè ñóñ-
ïåíçèÿìè âîäû ñ ÓÍÑ

Equipment of automatic fire ex-
tinguishing systems at the facili-
ties of the petroleum industry
with sprayed suspensions of water
with carbon nanostructures

1. Óìåíüøåíèå âðåìåíè òóøåíèÿ ïîæàðà.
2. Ñíèæåíèå ïîòðåáíîñòè â áîëüøîì êîëè÷åñòâå ÎÒÂ.
3. Èñïîëüçîâàíèå â ñòàíäàðòíûõ ìîäóëüíûõ óñòàíîâêàõ ïîæàðîòóøåíèÿ.
4. Èíòåíñèôèêàöèÿ îõëàæäåíèÿ çîíû ãîðåíèÿ çà ñ÷åò áûñòðîãî èñïàðåíèÿ
êàïåëü ÎÒÂ.
5. Äîñòèæåíèå ýôôåêòà òóøåíèÿ ïî âñåé ïëîùàäè ãîðåíèÿ.
6. Îáåñïå÷åíèå âûñîêîé òåðìè÷åñêîé ñòîéêîñòè íàíî÷àñòèö ïðè âîçäåé-
ñòâèè âûñîêèõ òåìïåðàòóð.
7. Ñíèæåíèå ðèñêà ýêîëîãè÷åñêèõ ïîñëåäñòâèé âñëåäñòâèå ïîïàäàíèÿ â
îêðóæàþùóþ ñðåäó òîêñè÷íûõ êîìïîíåíòîâ

1. Reducing the time of extinguishing the fire.
2. Reducing the need for large quantities of extinguishing agent.
3. Use in standard modular fire extinguishing installations.
4. Intensification of the cooling of the combustion zone due to the rapid evapo-
ration of OTF droplets.
5. Achieving the effect of quenching over the entire area of combustion.
6. Ensuring high thermal stability of nanoparticles when exposed to high tem-
peratures.

7. Reducing the risk of environmental effects due to the release of toxic compo-
nents into the environment

2 Èñïîëüçîâàíèå â ïåðâè÷íûõ
ñðåäñòâàõ ïîæàðîòóøåíèÿ

Use in primary fire extinguishing
equipment

1. Óìåíüøåíèå âðåìåíè òóøåíèÿ.
2. Ñíèæåíèå ðàñõîäà ÎÒÂ.
3. Âîçìîæíîñòü èñïîëüçîâàíèÿ îãíåòóøèòåëåé ìàëûõ ðàçìåðîâ.
4. Ñîõðàíåíèå ñòàáèëüíîñòè ñîñòàâà ÎÒÂ íà âåñü ïåðèîä èñïîëüçîâàíèÿ.
5. Ñíèæåíèå óðîâíÿ âîçäåéñòâèÿ îïàñíûõ ôàêòîðîâ ïîæàðà

1. Reducing quenching time.
2. Reducing the consumption of extinguishing agent.
3. The ability to use fire extinguishers of small sizes.
4. Maintaining the stability of the composition of the extinguishing agent for
the entire period of use.
5. Reducing the impact of fire hazards

Òàáëèöà 2. Òåõíè÷åñêèå ðåêîìåíäàöèè ïî ïðèìåíåíèþ ñóñïåíçèé âîäû ñ ÓÍÑ

Table 2. Technical recommendations for the use of water suspensions with carbon nanostructures
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