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ÓÑËÎÂÈß ÑÒÀÁÈËÈÇÀÖÈÈ ÍÀÍÎÑÒÐÓÊÒÓÐ
ÄËß ÁÅÇÎÏÀÑÍÎÉ ÒÐÀÍÑÏÎÐÒÈÐÎÂÊÈ
ËÅÃÊÎÂÎÑÏËÀÌÅÍßÞÙÈÕÑß ÆÈÄÊÎÑÒÅÉ

Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé ñïîñîáîâ ñòàáèëèçàöèè íàíîæèäêîñòåé íà îñíîâå ýòà-
íîëà; îïðåäåëåíû ãðàíè÷íûå óñëîâèÿ äëÿ îáåñïå÷åíèÿ ïîæàðíîé áåçîïàñíîñòè ïðîöåññîâ òðàíñ-
ïîðòèðîâêè ìîäèôèöèðîâàííûõ ëåãêîâîñïëàìåíÿþùèõñÿ æèäêîñòåé (ËÂÆ). Ìåòîäàìè ðàìàíîâ-
ñêîé ñïåêòðîñêîïèè óñòàíîâëåíî èçìåíåíèå íàäìîëåêóëÿðíîé ñòðóêòóðû ýòàíîëà ïðè ýëåêòðî-
ôèçè÷åñêîì âîçäåéñòâèè íà 10…20 ñì–1. Ïî ïîëó÷åííûì äàííûì îá èçìåíåíèè èíòåíñèâíîñòè
èñïàðåíèÿ ýòàíîëà ñ îòêðûòîé ïîâåðõíîñòè óñòàíîâëåíî, ÷òî èíòåíñèâíîñòü èñïàðåíèÿ çàâèñèò
îò êîíöåíòðàöèè MWCNT è ñíèæàåòñÿ â òå÷åíèå ïåðâûõ 4 ÷ â ñðåäíåì íà 24 % ïîñëå ïîëó÷åíèÿ
ñòàáèëüíîé íàíîæèäêîñòè. Ïîêàçàíî, ÷òî ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè ñóùåñòâåííîå
ñíèæåíèå èíòåíñèâíîñòè èñïàðåíèÿ ñîõðàíÿåòñÿ â òå÷åíèå 5–6 ÷, ÷òî îáúÿñíÿåòñÿ áîëüøåé ñòà-
áèëüíîñòüþ íàíî÷àñòèö â æèäêîñòè è ñíèæåíèåì ñêîðîñòè îáðàçîâàíèÿ ãîðþ÷åé ñðåäû. Óñòà-
íîâëåíî, ÷òî ïðè âîçðàñòàíèè êîíöåíòðàöèè MWCNT â æèäêîñòè íàáëþäàåòñÿ ñíèæåíèå åå
óäåëüíîãî ñîïðîòèâëåíèÿ íà 48 %, à ïðè âîçäåéñòâèè Ï×ÌÏ ðîñò óäåëüíîãî ýëåêòðîñîïðîòèâ-
ëåíèÿ æèäêîñòè çàìåäëÿåòñÿ, ÷òî ñâÿçàíî ñ áîëåå ìåäëåííûì ïðîöåññîì àãëîìåðàöèé íàíî-
÷àñòèö ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè. Ñäåëàí âûâîä î âîçìîæíîñòè ïðèìåíåíèÿ óãëå-
ðîäíûõ íàíî÷àñòèö â êà÷åñòâå ïðèñàäîê.
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òðóáêè; ñòàáèëèçàöèÿ; ïåðåìåííûé ÷àñòîòíî-ìîäóëèðîâàííûé ïîòåíöèàë; èíòåíñèâíîñòü èñïà-
ðåíèÿ; ñòàòè÷åñêîå ýëåêòðè÷åñòâî.
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Ââåäåíèå

Õðàíåíèå, ïåðåêà÷êà è ïåðåâîçêà ÿâëÿþòñÿ îñíîâ-

íûìè òåõíîëîãè÷åñêèìè îïåðàöèÿìè ïðè òðàíñ-

ïîðòå ëåãêîâîñïëàìåíÿþùèõñÿ æèäêîñòåé (ËÂÆ).

Ê íàèáîëåå âåðîÿòíûì ïîñëåäñòâèÿì âîçíèêíîâå-

íèÿ àâàðèéíûõ ñèòóàöèé ïðè òðàíñïîðòå ËÂÆ îòíî-

ñèòñÿ îáðàçîâàíèå ãîðþ÷åé ñðåäû â ðåçóëüòàòå èñ-

ïàðåíèÿ æèäêîñòè ïðè ðàçãåðìåòèçàöèè àïïàðàòîâ è

òðóáîïðîâîäîâ, âîñïëàìåíåíèå ïàðîãàçîâîé ñìåñè

îò ðàçëè÷íûõ èñòî÷íèêîâ çàæèãàíèÿ, â òîì ÷èñëå îò

ðàçðÿäîâ ñòàòè÷åñêîãî ýëåêòðè÷åñòâà.

Îäíèì èç ñïîñîáîâ ñíèæåíèÿ ïîæàðíîé îïàñ-

íîñòè ïðîöåññîâ òðàíñïîðòà ËÂÆ ÿâëÿåòñÿ ðàçðà-

áîòêà òåõíè÷åñêèõ è òåõíîëîãè÷åñêèõ ðåøåíèé

ïî èçìåíåíèþ òåïëî- è ýëåêòðîôèçè÷åñêèõ ñâîéñòâ

æèäêîñòåé ïóòåì áåçðåàãåíòíîé ìîäèôèêàöèè [1]

ëèáî äåïîíèðîâàíèåì â áàçîâóþ æèäêîñòü óãëåðîä-

íûõ íàíîñòðóêòóð [2, 3]. Ïîëó÷åííûå íàíîæèäêîñòè
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ïðåäñòàâëÿþò ñîáîé êîëëîèäíûå äâóõôàçíûå ñèñ-

òåìû ñ èçìåíåííûìè ôèçè÷åñêèìè ñâîéñòâàìè (òåï-

ëîïðîâîäíîñòüþ, âÿçêîñòüþ, ýëåêòðîïðîâîäíîñòüþ

è äð.).

Âìåñòå ñ òåì ïðèìåíåíèå ýëåêòðîôèçè÷åñêîãî

ìåòîäà óïðàâëåíèÿ [4] ñâîéñòâàìè íàíîæèäêîñòåé

ìîæåò áûòü îãðàíè÷åíî óñëîâèÿìè è äëèòåëüíî-

ñòüþ åå òðàíñïîðòèðîâêè. Ñïîñîá äåïîíèðîâàíèÿ

íàíîñòðóêòóð òàêæå ñòàëêèâàåòñÿ ñ ïðîáëåìîé àã-

ëîìåðàöèè íàíî÷àñòèö â æèäêîñòè [5].

Ñóùåñòâóþò ðàçëè÷íûå ñïîñîáû ïîäãîòîâêè íà-

íîæèäêîñòåé, îïðåäåëÿþùèå â äàëüíåéøåì èõ ñòà-

áèëüíîñòü è ñîõðàíåíèå ôèçè÷åñêèõ ñâîéñòâ. Ê îñ-

íîâíûì ìîæíî îòíåñòè îäíîñòóïåí÷àòûé è äâóõ-

ñòóïåí÷àòûé ñïîñîáû (òàáë. 1).

Îäíîñòóïåí÷àòûé ñïîñîá çàêëþ÷àåòñÿ â ñèíòå-

çå íàíî÷àñòèö â îáúåìå áàçîâîé æèäêîñòè è ïîçâî-

ëÿåò ñóùåñòâåííî óâåëè÷èòü “âðåìÿ æèçíè” íàíî-

æèäêîñòåé, îäíàêî ìàëîïðèìåíèì â ïðîìûøëåííûõ

ìàñøòàáàõ è òðåáóåò çíà÷èòåëüíîãî óñëîæíåíèÿ

òåõíîëîãèè. Êðîìå òîãî, â íàíîæèäêîñòè ìîãóò ïðè-

ñóòñòâîâàòü ïðèìåñè ðåàãåíòîâ, íå ó÷àñòâóþùèõ

â ñèíòåçå.

Äâóõñòóïåí÷àòûé ñïîñîá âêëþ÷àåò â ñåáÿ ïî-

ñëåäîâàòåëüíóþ ïîäãîòîâêó íàíî÷àñòèö ñ ïîñëåäó-

þùèì äåïîíèðîâàíèåì â áàçîâóþ æèäêîñòü. Äàííûé

ñïîñîá ÿâëÿåòñÿ íàèáîëåå ïðàêòè÷íûì ïðè ïîëó÷å-

íèè íàíîæèäêîñòåé â ïðîìûøëåííûõ ìàñøòàáàõ,

îäíàêî õàðàêòåðèçóåòñÿ èíòåíñèâíîé àãëîìåðàöèåé

íàíî÷àñòèö ñ âûñîêîé óäåëüíîé ïëîùàäüþ ïîâåðõ-

íîñòè.

Ê ñïîñîáàì ñòàáèëèçàöèè íàíîæèäêîñòåé ìîæ-

íî îòíåñòè ïðèìåíåíèå ïîâåðõíîñòíî-àêòèâíûõ âå-

ùåñòâ (ÏÀÂ), õèìè÷åñêóþ ôóíêöèîíàëèçàöèþ íàíî-

ìàòåðèàëîâ (îáðàáîòêà íàíîìàòåðèàëîâ õèìè÷åñêèìè

ðåàãåíòàìè), â òîì ÷èñëå ñîäåðæàùèõ ìíîãîñëîéíûå

óãëåðîäíûå íàíîòðóáêè (MWCNT), à òàêæå ýëåêò-

ðîñòàòè÷åñêóþ ñòàáèëèçàöèþ [5].

Îáîáùåííûå ñâåäåíèÿ î íåêîòîðûõ ñïîñîáàõ

ñòàáèëèçàöèè íàíîñòðóêòóð è “âðåìåíè æèçíè” íà-

íîæèäêîñòåé ñ MWCNT ïðèâåäåíû â òàáë. 1.

Â ðàáîòå [6] ïðèâåäåíû ñâåäåíèÿ, ÷òî MWCNT,

ïîìåùåííûå â óãëåâîäîðîäíûå æèäêîñòè â êîíöåíò-

ðàöèè 1,6 % ìàññ., áåç ïðèìåíåíèÿ äîïîëíèòåëüíûõ

ìåòîäîâ ñòàáèëèçàöèè â òå÷åíèå 24 ÷ â áîëüøåé

÷àñòè (äî 95…99 %) îñàæäàþòñÿ íà äíå åìêîñòè.

Íåáîëüøàÿ ÷àñòü ÓÍÒ (1…3 %) íàõîäèòñÿ íà ïî-

âåðõíîñòè æèäêîñòè â âèäå ôðàêòàëüíûõ àãðåãàöèé

ðàçìåðîì 5…10 ìêì. Àãðåãàöèè ÓÍÒ ñ ôðàêòàëüíû-

ìè ðàçìåðàìè 8…15 ìêì íàõîäÿòñÿ â îáúåìå æèä-

êîñòè âáëèçè åå ïîâåðõíîñòè.

¹
ï/ï

No.

Èñòî÷íèê

Source

Õàðàêòåðèñòèêà
íàíîìàòåðèàëà

Characteristics
of nanomaterials

Êîíöåíòðàöèÿ íàíî÷àñòèö,
ñïîñîá ïîäãîòîâêè

Concentration of nanoparticles,
preparation method

Áàçîâàÿ æèäêîñòü

Base fluid

Ñåäèìåíòàöèîííàÿ
ñòàáèëüíîñòü

íàíîæèäêîñòè, ÷

Sedimentation stability
of a nanofluid, hours

1 [6] MWCNT (d = 10…30 íì,
l = 10…50 ìêì)

MWCNT (d = 10…30 nm,
l = 10…50 �m)

1,6 % ìàññ., óëüòðàçâóêî-
âîå äèñïåðãèðîâàíèå

1.6 % by mass, ultrasonic
dispersing

Òîëóîë

Toluene

0,3

Àöåòîí

Acetone

0,3

2 [7] MWCNT (d = 10…30 íì,
l = 10…50 ìêì)

MWCNT (d = 10…30 nm,
l = 10…50 �m)

0…1 % îá., óëüòðàçâóêî-
âîå äèñïåðãèðîâàíèå

0…1 % by vol., ultrasonic
dispersing

Äèñòèëëèðîâàííàÿ âîäà
ñ äîäåöèëñóëüôàòîì
íàòðèÿ

Distilled water with
sodium dodecyl sulfate

2,0

3 [8] MWCNT (d = 20…30 íì,
l = 5…10 ìêì)

MWCNT (d = 20…30 nm,
l = 5…10 �m)

0,0036 % ìàññ., óëüòðà-
çâóêîâîå äèñïåðãèðîâà-
íèå ñ äîáàâëåíèåì ÏÀÂ

0.0036 % by mass, ultra-
sonic dispersion with
the addition of surfactants

Èçîïðîïèëîâûé ñïèðò

Isopropyl alcohol

2,5

Òîëóîë

Toluene

0,2

n-Êñèëîë

n-Xylene

0,1

4 [9] MWCNT (d = 10 íì,
l = 5…10 ìêì)

MWCNT (d = 10 nm,
l = 5…10 �m)

0,25 % ìàññ., óëüòðàçâó-
êîâîå äèñïåðãèðîâàíèå
ñ äîáàâëåíèåì ÏÀÂ

0.25 % by mass, ultrasonic
dispersion with the addition
of surfactants

Äèñòèëëèðîâàííàÿ âîäà

Distilled water

30

Òàáëèöà 1. Ñâåäåíèÿ î ñïîñîáàõ ñòàáèëèçàöèè íàíîæèäêîñòåé

Table 1. Information on the methods of stabilization of nanofluids
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Èñïîëüçóÿ äîïóùåíèå, ÷òî ôîðìà àãðåãàöèé íà-

íî÷àñòèö áëèçêà ê ñôåðè÷åñêîé, ñêîðîñòü îñàæäå-

íèÿ íàíîìàòåðèàëîâ V ìîæíî îïèñàòü ñ ïîìîùüþ

çàêîíà Ñòîêñà:

V
R

gp L� �
2

9

2

�
( (( ) , (1)

ãäå R — ðàäèóñ íàíî÷àñòèö;

� — âÿçêîñòü æèäêîñòè;

(L, (ð — ñðåäíÿÿ ïëîòíîñòü æèäêîñòè è íàíî-

÷àñòèö ñîîòâåòñòâåííî;

g — óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ [10].

Íåìàëîâàæíûìè ôàêòîðàìè ñòàáèëèçàöèè íàíî-

æèäêîñòåé ÿâëÿåòñÿ èõ òåìïåðàòóðà [7].

Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâà-

íèÿ ñïîñîáîâ ñòàáèëèçàöèè íàíîæèäêîñòåé íà îñíî-

âå ýòàíîëà, à òàêæå îïðåäåëåíû ãðàíè÷íûå óñëîâèÿ

äëÿ îáåñïå÷åíèÿ ïîæàðíîé áåçîïàñíîñòè ïðîöåñ-

ñîâ òðàíñïîðòèðîâêè ìîäèôèöèðîâàííûõ ËÂÆ.

Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ áûëî óñòàíîâ-

ëåíèå óñëîâèé ñòàáèëèçàöèè óãëåðîäíûõ íàíî-

÷àñòèö â æèäêîñòÿõ äëÿ îáåñïå÷åíèÿ óñëîâèé áåç-

îïàñíîé òðàíñïîðòèðîâêè ËÂÆ íà ïðèìåðå ýòàíî-

ëà. Â õîäå èññëåäîâàíèÿ ðàññìàòðèâàëèñü ñïîñîáû

ïîäãîòîâêè íàíîæèäêîñòåé è ìåòîäû ñòàáèëèçàöèè

óãëåðîäíûõ íàíî÷àñòèö â ËÂÆ, à òàêæå èçó÷àëèñü

íåêîòîðûå ñâîéñòâà ìîäèôèöèðîâàííûõ íàíîæèä-

êîñòåé ñ öåëüþ îáîñíîâàíèÿ ïðèìåíåíèÿ òåõíîëî-

ãè÷åñêèõ ðåøåíèé äëÿ îáåñïå÷åíèÿ ïîæàðíîé áåç-

îïàñíîñòè ïðè îáðàùåíèè ñ ËÂÆ.

Ìàòåðèàëû è ìåòîäû
èññëåäîâàíèé

Â êà÷åñòâå îáúåêòîâ èññëåäîâàíèÿ áûëè âûáðàíû

óãëåðîäíûå íàíîìàòåðèàëû, ñîäåðæàùèå MWCNT

(l = 10)20 ìêì, d = 10)30 íì), êîòîðûå áûëè ïî-

ëó÷åíû ìåòîäîì êàòàëèòè÷åñêîãî ïèðîëèçà íà óñòà-

íîâêå “CVDomna” [8]. Â êà÷åñòâå áàçîâîé æèäêîñòè

èñïîëüçîâàëñÿ ýòàíîë (ÃÎÑÒ 18300–87). Ñâîäíûå

äàííûå ïî ñâîéñòâàì áàçîâîé æèäêîñòè ïðèâåäåíû

â òàáë. 2.

Íàíîæèäêîñòè ïîëó÷åíû ïóòåì äèñïåðãèðîâà-

íèÿ íàíîìàòåðèàëîâ ñ MWÑNT â áàçîâîé æèäêîñòè

(ñ êîíöåíòðàöèåé 0,5 è 1,0 % ìàññ.) ïðè âîçäåéñòâèè

èñòî÷íèêà óëüòðàçâóêà ñ ÷àñòîòîé 100 êÃö â òå÷åíèå

1 ÷ ïðè òåìïåðàòóðå 40 °Ñ. Â õîäå ýêñïåðèìåíòîâ

îòäåëüíûå îáðàçöû íàíîìàòåðèàëîâ ïîäâåðãàëèñü

ýëåêòðîôèçè÷åñêîìó âîçäåéñòâèþ [4] ñ ïàðàìåòðà-

ìè ïåðåìåííîãî ÷àñòîòíî-ìîäóëèðîâàííîãî ïîòåí-

öèàëà (Ï×ÌÏ) 56 Â, 50 Ãö. Îñàæäåíèå MWCNT â

íàíîæèäêîñòÿõ íàáëþäàëîñü â òå÷åíèå 240 ìèí.

Ìîæíî îòìåòèòü, ÷òî â íàíîæèäêîñòÿõ ïðè âîçäåé-

ñòâèè Ï×ÌÏ íàáëþäàåòñÿ ìåíüøåå êîëè÷åñòâî êðóï-

íûõ àãëîìåðàöèé íàíîìàòåðèàëà, ÷òî õàðàêòåðèçó-

åò äàííûå æèäêîñòè êàê áîëåå ñòàáèëüíûå (ðèñ. 1).

Îöåíêà ñòðóêòóðû íàíîæèäêîñòåé c MWÑNT ïðè

èõ ìîäèôèêàöèè ïðîâîäèëàñü ìåòîäîì ðàìàíîâñêîé

ñïåêòðîñêîïèè íà óñòàíîâêå Ntegra Spectra c äëèíîé

âîëíû ëàçåðà 532 íì. Îáúåì èññëåäóåìîé æèäêîñòè

ñîñòàâëÿë 10 ìë, òåìïåðàòóðà 20 °Ñ.

Äëÿ èññëåäîâàíèÿ âëèÿíèÿ ñòàáèëüíîñòè íàíî-

÷àñòèö â æèäêîñòÿõ íà èíòåíñèâíîñòü èõ èñïàðåíèÿ

¹
ï/ï

Ñâîéñòâî

Property

Çíà÷åíèå

Value

1 Ìîëÿðíàÿ ìàññà, êã/êìîëü

Molar mass, kg/mol

46,069

2 Òåìïåðàòóðà âñïûøêè, °Ñ

Flash point, °Ñ

13

3 Ïëîòíîñòü, êã/ì3

Density, kg/m3

789

4 Ïîâåðõíîñòíîå íàòÿæåíèå, Í/ì

Surface tension, N/m

22,391·103

5 Óäåëüíàÿ ýëåêòðîïðîâîäíîñòü, Ñì/ì

Specific electrical conductivity, S/m

0,769·10–4

Òàáëèöà 2. Ñâîéñòâà áàçîâîé æèäêîñòè (ýòàíîëà)

Table 2. Properties of the base liquid (ethanol)

Ðèñ. 1. Íàíîæèäêîñòè ñ MWCNT â íàíî-

æèäêîñòè ÷åðåç 240 ìèí ïîñëå äèñïåðãè-

ðîâàíèÿ: à — 0,5 % ìàññ., íåìîäèôèöèðî-

âàííûå; á — 0,5 % ìàññ., ïðè âîçäåéñòâèè

Ï×ÌÏ; â — 1,0 % ìàññ., íåìîäèôèöèðî-

âàííûå; ã — 1,0 % ìàññ. ïðè âîçäåéñòâèè

Ï×ÌÏ

Fig.1.Nano-fluids with MWCNT in the nano-

fluid after 240 minutes after dispersion: à —

0.5 % by mass, unmodified; b — 0.5 % by mass,

when exposed to a VFMP; v — 1.0 % by mass,

unmodified; g — 1.0 % by mass, when ex-

posed to VFMP
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ñ îòêðûòîé ïîâåðõíîñòè íàíîæèäêîñòè ïîìåùàëèñü

â åìêîñòè ñ îòêðûòîé ïîâåðõíîñòüþ äèàìåòðîì

46 ìì è âûñîòîé 72 ìì. Èñïàðåíèå æèäêîñòåé ïðî-

èñõîäèëî â âûòÿæíîì øêàôó ðàçìåðîì 1,5*1,2*2,5 ì

ïðè òåìïåðàòóðå âîçäóõà 25 °Ñ è êðàòíîñòè âîçäóõî-

îáìåíà 2 ÷–1. Ïîòåðÿ ìàññû ôèêñèðîâàëàñü íà ëà-

áîðàòîðíûõ âåñàõ ìàðêè “ÌÀÑÑÀ ÂÊ-150.1” â òå-

÷åíèå 24 ÷.

Èññëåäîâàíèå çàâèñèìîñòè ýëåêòðîïðîâîäíîñòè

íàíîæèäêîñòåé îò óñëîâèé ñòàáèëèçàöèè â íåé íà-

íî÷àñòèö MWCNT ïðîâîäèëîñü â èçìåðèòåëüíîé

ÿ÷åéêå òåðàîììåòðà Å6-13À [11]. Ïðåäâàðèòåëüíî

ïîäãîòîâëåííóþ íàíîæèäêîñòü ïîìåùàëè â èçìå-

ðèòåëüíóþ ÿ÷åéêó, ãäå îñóùåñòâëÿëè èçìåíåíèå åå

óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ êàæäûå 30 ìèí â

òå÷åíèå 4 ÷.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Èññëåäîâàíèå íàäìîëåêóëÿðíîé
ñòðóêòóðû íàíîìàòåðèàëîâ ìåòîäîì
ðàìàíîâñêîé ñïåêòðîñêîïèè

Â òàáë. 3 ïðèâåäåíû çíà÷åíèÿ îñíîâíûõ õàðàê-

òåðèñòè÷åñêèõ ïèêîâ èññëåäóåìûõ âåùåñòâ.

Â ðàìàíîâñêîì ñïåêòðå íàíîæèäêîñòè íà îñíîâå

ýòàíîëà è óãëåðîäíûõ íàíîòðóáîê õàðàêòåðèñòè÷å-

ñêèå ïèêè MWCNT íå íàáëþäàþòñÿ, ÷òî ñâèäåòåëü-

ñòâóåò îá îòñóòñòâèè íàíî÷àñòèö â ïðèïîâåðõíî-

ñòíîì ñëîå æèäêîñòè â êîíöåíòðàöèè, äîñòàòî÷íîé

äëÿ èõ èäåíòèôèêàöèè (ðèñ. 2).

Äëÿ îáðàçöîâ ýòàíîëà, íàõîäÿùåãîñÿ â óñëîâèÿõ

ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ, ïðîèñõîäèò ñìå-

ùåíèå õàðàêòåðèñòè÷åñêèõ ïèêîâ íà 10…20 ñì–1

ïðè îäíîâðåìåííîì îòíîñèòåëüíîì óâåëè÷åíèè èõ

èíòåíñèâíîñòè â ñðàâíåíèè ñ íåìîäèôèöèðîâàííîé

æèäêîñòüþ (ðèñ. 3).

Ìîæíî ïðåäïîëîæèòü, ÷òî äàííûé ýôôåêò âîç-

ìîæåí â ñëó÷àå, êîãäà â ðåçóëüòàòå ýëåêòðîôèçè-

¹
ï/ï

Âåùåñòâî

Substance

Êîëåáàòåëüíàÿ ïîëîñà

Vibrational band

×àñòîòà ïîëîñû
ñïåêòðà, ñì–1

Frequency of the
spectrum band,

cm–1

Èñòî÷íèê

Source

1 MWCNT D-ïîëîñà óãëåðîäíûõ ìàòåðèàëîâ / D-band of carbon materials 1250–1450 [12]

G-ïîëîñà (òàíãåíöèàëüíûå êîëåáàíèÿ â ïëîñêîñòè ãðàôåíîâîãî ñëîÿ) /

The 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

2 Ýòàíîë

Ethanol

Ïîëîñà êîëåáàíèé ÑÎ-ãðóïïû / The band of oscillations of the CO group 950–1250 [13]

Ïîëîñà êîëåáàíèé ÑÍ2-ãðóïïû / The vibration band of the CH2 group 2800–3000

Ïîëîñà êîëåáàíèé ÑÍ3-ãðóïïû / The vibration band of the CH3 group 3000–3100

Ïîëîñà êîëåáàíèé ÎÍ-ãðóïïû / The OH band oscillation band 3250–3550

Òàáëèöà 3. Çíà÷åíèÿ îñíîâíûõ õàðàêòåðèñòè÷åñêèõ ïèêîâ èññëåäóåìûõ âåùåñòâ

Table 3. Characteristic peaks of test substances

Ðèñ. 2. Ðàìàíîâñêèé ñïåêòð MWÑNT: à — èñõîäíûé ìàòå-

ðèàë; á — MWÑNT â ýòàíîëå â êîíöåíòðàöèè 1,0 % ìàññ.

Fig. 2. Raman spectrum of MWCNT: a — source material; b —

MWCNT in ethanol at a concentration of 1.0 % by mass
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÷åñêîãî âîçäåéñòâèÿ ïðîèñõîäèò èçìåíåíèå íàäìî-

ëåêóëÿðíîé ñòðóêòóðû âåùåñòâà [4]. Â òå÷åíèå 4 ÷

ïîñëå ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ ðàìàíîâñêèé

ñïåêòð ýòàíîëà ñòàíîâèëñÿ ïðàêòè÷åñêè èäåíòè÷åí

ñïåêòðó íåìîäèôèöèðîâàííîé æèäêîñòè.

Èññëåäîâàíèå âëèÿíèÿ ñòàáèëüíîñòè
íàíî÷àñòèö â æèäêîñòÿõ íà èíòåíñèâíîñòü
èõ èñïàðåíèÿ ñ îòêðûòîé ïîâåðõíîñòè

Ïî ðåçóëüòàòàì èçìåðåíèé ìîæíî ñäåëàòü âûâîä,

÷òî èíòåíñèâíîñòü èñïàðåíèÿ çàâèñèò îò êîíöåíò-

ðàöèè MWCNT è ñíèæàåòñÿ â òå÷åíèå ïåðâûõ 4 ÷

â ñðåäíåì íà 24 % ïîñëå ïîëó÷åíèÿ ñòàáèëüíîé íà-

íîæèäêîñòè. Ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè

ñóùåñòâåííîå ñíèæåíèå èíòåíñèâíîñòè èñïàðåíèÿ

ñîõðàíÿåòñÿ â òå÷åíèå 5…6 ÷ (ðèñ. 4), ÷òî îáúÿñíÿ-

åòñÿ áîëüøåé ñòàáèëüíîñòüþ íàíî÷àñòèö â æèäêî-

ñòè. Âåðîÿòíî, ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè

óñèëèâàþòñÿ êóëîíîâñêèå ñèëû îòòàëêèâàíèÿ ìåæ-

äó íàíî÷àñòèöàìè, ÷òî ñíèæàåò àãëîìåðàöèþ ÷àñòèö

è ïîâûøàåò ñòàáèëüíîñòü MWCNT â æèäêîñòè [5].

Èññëåäîâàíèå ýëåêòðîïðîâîäíîñòè
â óñëîâèÿõ ñòàáèëèçàöèè íàíîæèäêîñòåé

Äàííûå èññëåäîâàíèé ïîêàçûâàþò, ÷òî ïðè âîç-

ðàñòàíèè êîíöåíòðàöèè MWCNT â æèäêîñòè íà-

áëþäàåòñÿ ñíèæåíèå åå óäåëüíîãî ñîïðîòèâëåíèÿ

â ñðåäíåì íà 45 %. Â óñëîâèÿõ âîçäåéñòâèÿ Ï×ÌÏ

ïðîèñõîäèò áîëåå ìåäëåííûé (äî 3 ÷) ðîñò óäåëüíî-

ãî ýëåêòðîñîïðîòèâëåíèÿ æèäêîñòè, ÷òî, î÷åâèäíî,

ñâÿçàíî ñ áîëåå ìåäëåííûì ïðîöåññîì àãëîìåðà-

öèè íàíî÷àñòèö ïðè ýëåêòðîôèçè÷åñêîì âîçäåé-

ñòâèè (ðèñ. 5). Ìîæíî òàêæå ïðåäïîëîæèòü, ÷òî ðå-

øàþùèì ôàêòîðîì ñòàáèëèçàöèè íàíîæèäêîñòè

Ðèñ. 3. Ðàìàíîâñêèé ñïåêòð ýòàíîëà íåìîäèôèöèðîâàííîãî, ïðè âîçäåéñòâèè Ï×ÌÏ â òå÷åíèå 1 ÷ è ÷åðåç 4 ÷ ïîñëå âîçäåé-

ñòâèÿ Ï×ÌÏ â äèàïàçîíå: à — 0…1700 ñì–1; á — 2700…3400 ñì–1

Fig. 3. Raman spectrum of ethanol unmodified, when exposed to VFMP for 1 hour and in 4 hours, after the impact of the VFMP: a —

in the range 0…1700 cm–1; b — in the range of 2700…3400 cm–1
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ÿâëÿåòñÿ íàëè÷èå îäíîèìåííîãî ýëåêòðè÷åñêîãî

çàðÿäà íà ïîâåðõíîñòè íàíî÷àñòèö, ÷òî ñíèæàåò

ïðîöåññ èõ àãëîìåðàöèè [5].

Ðåçóëüòàòû èññëåäîâàíèÿ çàâèñèìîñòè ýëåêòðî-

ïðîâîäíîñòè îò óñëîâèé ñòàáèëèçàöèè íàíî÷àñòèö

â æèäêîñòè ïîêàçûâàþò, ÷òî ñ òå÷åíèåì âðåìåíè

óäåëüíîå ñîïðîòèâëåíèå íàíîæèäêîñòè âîçðàñòàåò

è ñòàíîâèòñÿ ñõîäíûì ñ óäåëüíûì ñîïðîòèâëåíè-

åì áàçîâîé æèäêîñòè ïðåèìóùåñòâåííî â òå÷åíèå

2,0…2,5 ÷, ÷òî îáóñëîâëåíî îñåäàíèåì ÷àñòèö â æèä-

êîñòè. Ïðè ýëåêòðîôèçè÷åñêîì âîçäåéñòâèè ïðî-

öåññ àãëîìåðàöèè íàíî÷àñòèö çàìåäëÿåòñÿ (äî 3 ÷),

÷òî îáóñëîâëåíî íàëè÷èåì îäíîèìåííîãî çàðÿäà íà

ïîâåðõíîñòè ÷àñòèö. Íàëè÷èå ýëåêòðè÷åñêîãî çàðÿ-

äà íà ïîâåðõíîñòè ÷àñòèö ÿâëÿåòñÿ îñíîâíûì èñ-

òî÷íèêîì êèíåòè÷åñêîé ñòàáèëüíîñòè [5].

Âûâîäû

1. Ýëåêòðîôèçè÷åñêîå âîçäåéñòâèå èçìåíÿåò íàä-

ìîëåêóëÿðíóþ ñòðóêòóðó óãëåâîäîðîäíûõ æèäêî-

ñòåé, ÷òî íàáëþäàëîñü íà îáðàçöàõ ñ ýòàíîëîì ïðè

èññëåäîâàíèè ìåòîäîì ðàìàíîâñêîé ñïåêòðîñêîïèè.

Â ðåçóëüòàòå âîçäåéñòâèÿ Ï×ÌÏ ïðîèñõîäèò ñäâèã

îñíîâíûõ õàðàêòåðèñòè÷åñêèõ ïèêîâ ðàìàíîâñêîãî

ñïåêòðà ýòàíîëà â äèàïàçîíå 10…20 ñì–1. Â òå÷åíèå

4 ÷ ïîñëå ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ ðàìà-

íîâñêèé ñïåêòð âåùåñòâà ñòàíîâèòñÿ èäåíòè÷åí èñ-

õîäíîìó.

2. Èíòåíñèâíîñòü èñïàðåíèÿ ìîäèôèöèðîâàííûõ

óãëåâîäîðîäíûõ íàíîæèäêîñòåé ñíèæàåòñÿ äî 30 %

ïðè óâåëè÷åíèè êîíöåíòðàöèè MWÑNT â äèàïà-

çîíå 0,5…1,0 % ìàññ. â òå÷åíèå ïåðâûõ 6 ÷ ïîñëå

äèñïåðãèðîâàíèÿ íàíî÷àñòèö. Äëÿ îáðàçöîâ íàíî-

æèäêîñòåé, ïîëó÷åííûõ â óñëîâèÿõ ýëåêòðîôèçè-

÷åñêîãî âîçäåéñòâèÿ, íàáëþäàåòñÿ äîïîëíèòåëüíîå

(äî 50 %) ñíèæåíèå èíòåíñèâíîñòè èñïàðåíèÿ, îáó-

ñëîâëåííîå èçìåíåíèåì ýëåêòðîôèçè÷åñêèõ ñâîéñòâ

áàçîâîé æèäêîñòè [14].

3. Íàíîæèäêîñòè ñ MWCNT, ïîëó÷åííûå â óñëî-

âèÿõ ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ, õàðàêòåðèçó-

þòñÿ áîëåå âûñîêîé ñòàáèëüíîñòüþ è ïîíèæåííîé

(äî 50 %) ýëåêòðîïðîâîäíîñòüþ. Ïðîöåññ àãëîìåðàöèè

íàíî÷àñòèö, ïðèâîäÿùèé ê óâåëè÷åíèþ óäåëüíîãî

ñîïðîòèâëåíèÿ íàíîæèäêîñòè, ïðîèñõîäèò ìåäëåííåå

ïðè âîçäåéñòâèè Ï×ÌÏ è ñîñòàâëÿåò ïîðÿäêà 3 ÷.

4. Ïðèìåíåíèå óãëåðîäíûõ íàíî÷àñòèö â êà÷åñò-

âå ïðèñàäîê äëÿ ñíèæåíèÿ èíòåíñèâíîñòè èñïàðåíèÿ

æèäêîñòåé â ñî÷åòàíèè ñ ýëåêòðîôèçè÷åñêèì âîç-

äåéñòâèåì ïîçâîëÿåò ñíèçèòü ïîæàðíóþ îïàñíîñòü

ïðîöåññîâ õðàíåíèÿ è òðàíñïîðòèðîâêè ëåãêîâîñ-

ïëàìåíÿþùèõñÿ æèäêîñòåé. Âûÿâëåííûå âðåìåííûå

îãðàíè÷åíèÿ ñîõðàíåíèÿ ñâîéñòâ íàíîæèäêîñòåé ñ

çàäàííûìè ýêñïëóàòàöèîííûìè õàðàêòåðèñòèêàìè

ïîçâîëÿò îáîñíîâàòü ïðèìåíåíèå òåõíîëîãè÷åñêèõ

ðåøåíèé ïî äîïîëíèòåëüíîé ñòàáèëèçàöèè íàíî-

÷àñòèö ïðè òðàíñïîðòèðîâêå ËÂÆ.

Ðèñ. 4. Çàâèñèìîñòü èíòåíñèâíîñòè èñïàðåíèÿ ýòàíîëà îò âðå-

ìåíè ñòàáèëèçàöèè MWCNT â óñëîâèÿõ ýëåêòðîôèçè÷åñêîãî

âîçäåéñòâèÿ: 1 — 0 % ìàññ.; 2 — 0,5 % ìàññ.; 3 — 1 % ìàññ.

Fig. 4. Dependence of the intensity of evaporation of ethanol on

the time of stabilization of MWCNT under conditions of electrop-

hysical exposure: 1 — 0 % by mass; 2 — 0.5 % by mass; 3 — 1 %

by mass

Ðèñ. 5. Çàâèñèìîñòü óäåëüíîãî ñîïðîòèâëåíèÿ íàíîæèäêîñòè

íà îñíîâå ýòàíîëà îò âðåìåíè ñòàáèëèçàöèè MWCNT â óñëî-

âèÿõ ýëåêòðîôèçè÷åñêîãî âîçäåéñòâèÿ: 1 — 0 % ìàññ.; 2 —

0,5 % ìàññ.; 3 — 1 % ìàññ.

Fig. 5. Dependence of the resistivity of a nanofluid based on

ethanol on the stabilization time of MWCNT under conditions of

electrophysical influence: 1 — 0 % by mass; 2 — 0.5 % by mass;

3 — 1 % by mass
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ABSTRACT

Emergency situations during transportation of petroleum products are caused by the formation of

a combustible medium during draining operations and the further ignition of the vapor-gas mixture

from discharges of static electricity.

To date, the method of reducing the fire hazard of the transportation of flammable liquids is the de-

velopment of technical and technological solutions to change the thermophysical and electrophysical

properties of liquids.

The methods of stabilization of ethanol-based nanofluids by means of a non-reactive modification

of a liquid under the action of variable frequency modulated potential (VFMP) were investigated.

It is established, for ethanol samples, at electrophysical action, the characteristic peaks shift by

10…20 cm–1 in comparison with the unmodified liquid. The absence of nanoparticles in the surface

layer of the liquid in a concentration sufficient for their identification was revealed.

The results of measurements of the intensity of evaporation reflect that the evaporation intensity

depends on the concentration of MWCNT and decreases during the first 4 hours on average by 24 %

after the creation of the nanofluid. With electrophysical action, a significant decrease in the intensity

of evaporation persists for 5–6 hours. This change is explained by the strengthening of Columbic

repulsion force between the nanoparticles, which reduces the aggregation of particles and increases

the stability of MWCNT in the liquid.

The dependence of the electrical conductivity of nanofluids on the conditions for the stabilization

of MWCNT nanoparticles in it consists in an increase in the concentration of MWCNT in the liquid,

due to which its resistivity decreases by 48 %. However, within 2 hours, the resistivity of the nanofluid

becomes similar to the base fluid. Under the influence of the VFMP, the process of agglomeration of

the nanoparticles slows down, a slower (up to 3 hours) increase in the specific resistivity of the liquid

takes place. Reduction of agglomeration of particles is due to the presence of an electric charge on

the surface of nanoparticles.

The data of the research results reflect the possibility of using carbon nanoparticles as additives to

reduce the fire hazard of storage and transport processes of flammable liquids. The revealed time

constraints for preserving the properties of nanofluids with specified performance characteristics will

allow us to justify the application of technological solutions for additional stabilization of nano-

particles to ensure fire and explosion safety and electrostatic safety when handling flammable liquids.
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