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Äëÿ èññëåäîâàíèÿ ïðîöåññà ïðåññèíãà âîçäóøíîé ïîëîñòè â ìàãíèòíîé æèäêîñòè ïîä äåéñòâèåì
íåîäíîðîäíîãî ìàãíèòíîãî ïîëÿ êîëüöåâîãî ìàãíèòà ñîçäàíà ýêñïåðèìåíòàëüíàÿ óñòàíîâêà, íàäå-
ëåííàÿ âîçìîæíîñòüþ ñêîðîñòíîé âèäåîñúåìêè, à òàêæå ðåãèñòðàöèè âîçíèêàþùèõ ýëåêòðîìàãíèò-
íûõ è àêóñòè÷åñêèõ âîçìóùåíèé. Ïîëó÷åíû ýêñïåðèìåíòàëüíûå äàííûå ïî ïðåññèíãó âîçäóøíîé
ïîëîñòè â ñåðèè îáðàçöîâ ìàãíèòíîé æèäêîñòè ñ ðàçëè÷íîé êîíöåíòðàöèåé ÷àñòèö äèñïåðñíîé
ôàçû. Îïðåäåëåíû ðàçìåðû îáðàçîâàííûõ ïóçûðüêîâ è èõ ðàñïðåäåëåíèå â çàâèñèìîñòè îò íà-
ìàãíè÷åííîñòè æèäêîñòè. Ïðîâåäåííûé òåîðåòè÷åñêèé àíàëèç íà áàçå ðåçóëüòàòîâ âèäåîôèêñàöèè
ïîêàçàë âçàèìîñâÿçü ôèçè÷åñêèõ ïàðàìåòðîâ ìàãíèòíîé æèäêîñòè è êîíôèãóðàöèè ìàãíèòíîãî ïî-
ëÿ.

PACS: 75.50.Mm, 62.60.+v, 62.10.+s, 51.40.+p ÓÄÊ: 538.951, 538.9, 534.6
Êëþ÷åâûå ñëîâà: ìàãíèòíàÿ æèäêîñòü, âçàèìîäåéñòâèå ïîëåé, ìíîãîôàçíûå ñèñòåìû, àêóñòîìàãíèòíàÿ èíäè-
êàöèÿ, íåîäíîðîäíîå ìàãíèòíîå ïîëå.

ÂÂÅÄÅÍÈÅ

Â íàñòîÿùåå âðåìÿ âñå áîëüøåå ðàñïðîñòðàíåíèå ïî-
ëó÷àþò òåõíîëîãèè ¾óìíûõ ìàòåðèàëîâ¿, êîòîðûå ìî-
ãóò èçìåíÿòü ñâîè ïàðàìåòðû ïîä âíåøíèìè âîçäåé-
ñòâèÿìè. Ê ÷èñëó òàêèõ ìàòåðèàëîâ îòíîñÿòñÿ è ìàã-
íèòíûå æèäêîñòè, èõ ñâîéñòâà (âÿçêîñòü, òåêó÷åñòü,
äðóãèå ôèçè÷åñêèå ïàðàìåòðû) çàâèñÿò îò âíåøíåãî
ìàãíèòíîãî ïîëÿ, áîëåå òîãî, ìàãíèòíûå æèäêîñòè ìî-
ãóò èçìåíÿòü ôîðìó îòêðûòîé ïîâåðõíîñòè è íàïðàâ-
ëåííî ïåðåòåêàòü â ìàãíèòíîì ïîëå îïðåäåëåííîé êîí-
ôèãóðàöèè, íåìàãíèòíûå òåëà â ìàãíèòíîé æèäêî-
ñòè ìîãóò ïåðåìåùàòüñÿ ñèëàìè ìàãíèòíîé ëåâèòàöèè.
Ìàãíèòíûå æèäêîñòè (ÌÆ) � ýòî êîëëîèäíûå ðàñ-
òâîðû ôåððî- èëè ôåððèìàãíèòíûõ íàíî÷àñòèö, ïîêðû-
òûå ïîâåðõíîñòíî àêòèâíûì âåùåñòâîì, â íåìàãíèòíîé
æèäêîñòè-íîñèòåëå [1, 2]. Â îòëè÷èå îò ôåððîññóñïåí-
çèé, äàííûå ñèñòåìû îáëàäàþò àãðåãàòèâíîé óñòîé÷è-
âîñòüþ, ñòàáèëüíû íà ïðîòÿæåíèè äåñÿòêîâ ëåò. ÌÆ,
èññëåäîâàíèå êîòîðûõ ïðåäïîëàãàåòñÿ â ñòàòüå, ïîëó-
÷åíû ñ ïîìîùüþ ìåòîäà õèìè÷åñêîé êîíäåíñàöèè [3],
çàêëþ÷àþùåìñÿ â îñàæäåíèè íàíî÷àñòèö ìàãíåòèòà èç
âîäíîãî ðàñòâîðà ñîëåé æåëåçà ñ ïîñëåäóþùåé èõ ïåï-
òèçàöèåé.
Äðóãèì àêòóàëüíûì íàïðàâëåíèåì ÿâëÿåòñÿ ñîçäà-

íèå óïðàâëÿåìûõ ïðîñòðàíñòâåííî íåîäíîðîäíûõ ìàã-
íèòíûõ ïîëåé äëÿ âîçäåéñòâèÿ íà ðàçíîîáðàçíûå ìàã-
íèòíûå ñèñòåìû. Îñîáûé èíòåðåñ ïðåäñòàâëÿþò ìàã-
íèòíûå ïîëÿ ñ îáëàñòüþ íóëåâîé íàïðÿæåííîñòè ìàã-
íèòíîãî ïîëÿ, â êîòîðîé ãðàäèåíò ìàãíèòíîãî ïîëÿ ìå-
íÿåò ñâîå íàïðàâëåíèå. Ýòà óíèêàëüíàÿ îáëàñòü ïîç-
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âîëÿåò óïðàâëÿòü äèíàìèêîé íåìàãíèòíûõ âêëþ÷åíèé
â ÌÆ ïîä âîçäåéñòâèåì âíåøíåãî íåîäíîðîäíîãî ìàã-
íèòíîãî ïîëÿ. Íàèáîëåå ðàñïðîñòðàí¼ííûìè ïîäîáíû-
ìè ñèñòåìàìè ÿâëÿþòñÿ êîëüöåâûå ïîñòîÿííûå ìàãíè-
òû, èñïîëüçóþòñÿ òàêæå ñáîðêè ïîñòîÿííûõ ìàãíèòîâ,
â êîòîðûõ îáëàñòü ìàãíèòíîãî âàêóóìà èìååò ðàçëè÷-
íóþ êîíôèãóðàöèþ [4].
Òåïëî-ìàññîîáìåí è àêóñòè÷åñêèå ÿâëåíèÿ (âêëþ÷àÿ

äèíàìèêó ïóçûðåé) â ìíîãîôàçíûõ ñðåäàõ èññëåäîâà-
íû â ìíîãî÷èñëåííûõ ïóáëèêàöèÿõ è èçëîæåíû â ðà-
áîòàõ [5, 6, 7]. Â äàííûõ êëàññè÷åñêèõ ìîíîãðàôè-
ÿõ ïîäðîáíî ðàññìîòðåíû ôèçèêî-ìàòåìàòè÷åñêèå ìî-
äåëè äèíàìèêè ãåòåðîãåííûõ ñèñòåì, ïðîöåññîâ òåïëî-
è ìàññîïåðåíîñà è àêóñòèêè â êàíàëàõ, íî ñðåäà, ðàñ-
ñìàòðèâàåìàÿ â äàííûõ ðàáîòàõ, íå îáëàäàåò ìàãíèò-
íûìè ñâîéñòâàìè è íå íàõîäèòñÿ âîä äåéñòâèåì âíåø-
íèõ ìàãíèòíûõ ïîëåé.
Èññëåäîâàíèÿ ãàçîâûõ âêëþ÷åíèé: ïóçûðüêîâ è ïî-

ëîñòåé â ÌÆ ïðåäñòàâëÿåò èíòåðåñ áëàãîäàðÿ âîçìîæ-
íîñòè óïðàâëåíèÿ ñ ïîìîùüþ âíåøíåãî ìàãíèòíîãî ïî-
ëÿ. Â îáëàñòè èññëåäîâàíèÿ äèíàìèêè ãàçîâûõ âêëþ-
÷åíèé ïðåäìåòîì ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ÿâ-
ëÿåòñÿ âëèÿíèå ìàãíèòíîãî ïîëÿ íà ôîðìó, ñêîðîñòü
äâèæåíèÿ ïóçûðåé, ðàñïàä ãàçîâûõ ñòðóé [8, 9, 10]. Â
òåîðåòè÷åñêîì ïëàíå ïîïóëÿðíûì ìåòîäîì äëÿ èíòåð-
ïðåòàöèè ïîäîáíûõ ñèñòåì ÿâëÿåòñÿ ìåòîä volume of
fluid (VOF) [11, 12, 13], ñ ïîìîùüþ êîòîðîãî ïðî-
âåäåíî òåîðåòè÷åñêîå ìîäåëèðîâàíèå ôîðìû ãàçîâûõ
ïóçûðüêîâ â ìàãíèòíîì ïîëå, â òîì ÷èñëå è âî âíåø-
íèõ îäíîðîäíûõ ìàãíèòíûõ ïîëÿõ. Â áîëüøèíñòâå óêà-
çàííûõ ðàáîò ðàññìàòðèâàåòñÿ âçàèìîäåéñòâèå ìàãíè-
òîæèäêîñòíûõ ñèñòåì ñ ãàçîâûìè âêëþ÷åíèÿìè ñ îä-
íîðîäíûìè ìàãíèòíûìè ïîëÿìè, òîëüêî â ðàáîòå [8]
èññëåäóåòñÿ âëèÿíèå íåîäíîðîäíîãî ìàãíèòíîãî ïîëÿ,
ñîçäàâàåìîãî êîëüöåâûì ýëåêòðîìàãíèòîì, íà äåôîð-
ìàöèþ è ñêîðîñòü ïóçûðüêîâ â ÌÆ. Â ïðåäûäóùèõ
ðàáîòàõ [14, 15] ïðîâåäåíû èññëåäîâàíèÿ äèíàìèêè ãà-
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çîâûõ âêëþ÷åíèé â ìàãíèòíîì êîëëîèäå, çàïîëíÿþùåì
öèëèíäðè÷åñêóþ òðóáêó äèàìåòðîì 12ìì, â íåîäíî-
ðîäíîì ìàãíèòíîì ïîëå êîëüöåâîãî ìàãíèòà. Ïðåäëî-
æåí îðèãèíàëüíûé àêóñòî-ìàãíèòíûé ìåõàíèçì ðåãè-
ñòðàöèè êîëåáàíèé ñòåíêè ãàçîâîãî ïóçûðüêà â ÌÆ.
Îäíàêî, ýêñïåðèìåíòû áûëè ïðîâåäåíû â îïòè÷åñêè
íåïðîçðà÷íîé ñèñòåìå, ÷òî çàòðóäíÿëî ýêñïåðèìåíòàëü-
íóþ èíòåðïðåòàöèþ ïîëó÷åííûõ ðåçóëüòàòîâ.

1. ÝÊÑÏÅÐÈÌÅÍÒ, ÓÑÒÀÍÎÂÊÀ, ÔÈÇÈ×ÅÑÊÈÅ
ÏÀÐÀÌÅÒÐÛ ÎÁÐÀÇÖÎÂ

Èäåÿ ýêñïåðèìåíòà çàêëþ÷àåòñÿ â ñëåäóþùåì: åñ-
ëè â ãîðèçîíòàëüíûé êîíòåéíåð (òðóáêó èëè ïëîñêèé
êàíàë), çàïîëíåííûé ÌÆ ñíèçó ïîäâåñòè êîëüöåâîé
ìàãíèò, òî íà íåêîòîðîì ðàññòîÿíèè ìåæäó ïîâåðõ-
íîñòüþ æèäêîñòè è ïîâåðõíîñòüþ êîëüöåâîãî ìàãíèòà
ïðîèñõîäèò çàõâàò ïîðöèè ãàçà æèäêîñòüþ. Äàëüíåé-
øèé ìåäëåííûé (0.02ìì/ñ) ïîäúåì ìàãíèòà ïðèâîäèò
ê çàõâàòó ïóçûðüêîâ ãàçà è îáðàçîâàíèþ ïîëîñòè áîëü-
øåãî ðàçìåðà, ãåðìåòèçàöèÿ êîòîðîé çàòåì íàðóøàåò-
ñÿ. Âîññòàíîâëåíèå ïåðåìû÷êè (ãåðìåòèçàöèÿ ïîëîñòè)
ïðîèñõîäèò ïðè ïîñëåäóþùåì îïóñêàíèè ìàãíèòà. Â
ïðîöåññå îïóñêàíèÿ ìàãíèòà ñ ïîñòîÿííîé ñêîðîñòüþ
0.8 ìì/ñ ïåðåìû÷êà çà ñ÷åò ïåðåòåêàíèÿ ÌÆ ïðåâðà-
ùàåòñÿ â ñïëîøíîé ñòîëáèê. Ïðè äàëüíåéøåì îïóñêà-
íèè ìàãíèòà äî óðîâíÿ, íàõîäÿùåãîñÿ íèæå ïîâåðõíî-
ñòè äíà, âîçäóøíàÿ ïîëîñòü ïðèæèìàåòñÿ íåîäíîðîä-
íûì ìàãíèòíûì ïîëåì ê äîíûøêó, ïîñëå ÷åãî ïðîèñ-
õîäèò îòðûâ ãàçîâûõ ïóçûðüêîâ [14, 15].
Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà (ðèñ. 1 à) ñîäåðæèò

êîíòåéíåð 1 (òðóáêà èç îðãñòåêëà âíóòðåííèì äèàìåò-
ðîì 12ìì â ñëó÷àå ìàãíèòî-àêóñòè÷åñêîãî ýêñïåðè-
ìåíòà èëè ïëîñêèé ñòåêëÿííûé êàíàë òîëùèíîé 2ìì
è øèðèíîé 10ìì), çàïîëíåííûé ÌÆ 2, æåñòêî çàêðåï-
ëåí íà àëþìèíèåâîé êîíñòðóêöèè. Â îáëàñòè ¾ìàãíèò-
íîãî âàêóóìà¿ êîëüöåâîãî ìàãíèòà 3 óäåðæèâàåòñÿ âîç-
äóøíàÿ ïîëîñòü 4, îò êîòîðîé ïðè ïðèäàâëèâàíèè êî
äíó çà ñ÷åò ïåðåìåùåíèÿ ìàãíèòà ñ ïîìîùüþ âèíòî-
âîé ïåðåäà÷è ñ øàãîâûì äâèãàòåëåì 5 îòäåëÿþòñÿ ïó-
çûðüêè âîçäóõà 6. Âîçìóùåíèÿ ìàãíèòíîãî ïîëÿ, âû-
çâàííûå êîëåáàíèÿìè ñòåíîê ïóçûðüêà, ðåãèñòðèðóåòñÿ
êàòóøêîé èíäóêòèâíîñòè 7, óñòàíîâëåííîé íà ìàãíè-
òå êîàêñèàëüíî êîíòåéíåðó. Äëÿ ðåãèñòðàöèè êîëåáà-
íèé â æèäêîñòè èñïîëüçóåòñÿ ïüåçîïëàñòèíêà 8. Ñèã-
íàëû îò äàò÷èêîâ óñèëèâàþòñÿ ñèñòåìîé óñèëèòåëåé 9,
îöèôðîâûâàþòñÿ îñöèëëîãðàôîì 10 è îáðàáàòûâàþò-
ñÿ íà ÏÊ 11 â ñïåöèàëüíî ðàçðàáîòàííîé â LabView
ïðîãðàììå. Äëÿ âèäåîôèêñàöèè èñïîëüçóåòñÿ îñâåòè-
òåëü 12 è âûñîêîñêîðîñòíàÿ êàìåðà 13, íàñòðîåííàÿ
äëÿ ñúåìêè â ïðîõîäÿùåì ñâåòå.
Â ðàáîòå èñïîëüçîâàëñÿ ðåäêîçåìåëüíûé êîëüöåâîé

ìàãíèò (ñïëàâ NdFeB) ñ âíóòðåííèì è âíåøíèì äèà-
ìåòðàìè 24ìì è 60ìì, ñîîòâåòñòâåííî, è òîëùè-
íîé 10ìì. Ìîäåëèðîâàíèå ìàãíèòíîãî ïîëÿ êîëüöå-
âîãî ìàãíèòà âûïîëíåíî â ïðîãðàììíîé ñðåäå MAT-
LAB [15] (ðèñ. 1 á).

Â êà÷åñòâå èññëåäóåìûõ îáðàçöîâ èñïîëüçîâàëàñü
êîíöåíòðàöèîííàÿ ñåðèÿ êîëëîèäîâ, ïîëó÷åííàÿ ðàç-
áàâëåíèåì îáðàçöà ÌÆ-1 êåðîñèíîì (òàáë. 1).

2. ÝÊÑÏÅÐÈÌÅÍÒ ÏÎ ÂÈÄÅÎÔÈÊÑÀÖÈÈ
ÄÈÍÀÌÈÊÈ ÃÀÇÎÂÛÕ ÂÊËÞ×ÅÍÈÉ

Â ÌÀÃÍÈÒÍÎÉ ÆÈÄÊÎÑÒÈ

Â ðàáîòå ïðîâåäåí ýêñïåðèìåíò ïî âèäåîôèêñàöèè
ìåæôàçíîé ãðàíèöû âîçäóõ � ÌÆ ïðè ïðèäàâëèâà-
íèè âîçäóøíîé ïîëîñòè (ðèñ. 2). Ðàññìàòðèâàëèñü ýòà-
ïû ýâîëþöèè ïîâåðõíîñòè ïîëîñòè âî âðåìÿ îòðûâà
ïóçûðüêà äëÿ îáðàçöîâ ÌÆ1-4. Ïî èçìåíåíèþ ôîðìû
è ðàçìåðà ïîëîñòè îïðåäåëÿëñÿ ðàçìåð îòäåëèâøåãîñÿ
ïóçûðüêà.
Ýëåêòðîäèíàìè÷åñêàÿ ìîäåëü ¾ñëàáîìàãíèòíûõ òåë¿,

èñïîëüçóåìàÿ äëÿ ïîñòðîåíèÿ èçîáðàæåíèÿ âîçäóøíîé
ïîëîñòè â íåïðîçðà÷íîé ÌÆ, îñíîâàíà íà ïîñòðîå-
íèè ñèñòåìû èçîëèíèé ìîäóëÿ íàïðÿæåííîñòè ìàã-
íèòíîãî ïîëÿ è ïîñëåäóþùåì âûáîðå êðèâûõ èçîëè-
íèé, ñîîòâåòñòâóþùèõ ðàñïîëîæåíèþ âîçäóøíîé ïî-
ëîñòè è íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ íà ãðàíèöå
ÌÆ-âîçäóõ [16]. Íà ðèñ.1 á ïîêàçàíà ìîäåëèðóåìàÿ
ïîâåðõíîñòü ïîëîñòè âíóòðè íåïðîçðà÷íîé ÌÆ. Âèä-
íî, ÷òî ïîâåðõíîñòü âîçäóøíîé ïîëîñòè â òîíêîì ñëîå
ÌÆ â èñõîäíîì ñîñòîÿíèè è ïîñëå îòðûâà ïóçûðüêà
äîñòàòî÷íî õîðîøî âîñïðîèçâîäèò ïîâåðõíîñòü ïîëî-
ñòè, ñìîäåëèðîâàííîé â ðàìêàõ ýëåêòðîäèíàìè÷åñêîé
ìîäåëè. Âåðõíÿÿ ÷àñòü ìåæôàçíîé ãðàíèöû æèäêîñòü-
âîçäóõ ïðàêòè÷åñêè ïîâòîðÿåò ãåîìåòðèþ èçîëèíèé ìî-
äóëÿ íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ. Ïåðåä îòðûâîì
ïóçûðüêà âîçäóøíàÿ ïîëîñòü âûòÿãèâàåòñÿ âäîëü îñè,
îáðàçóåòñÿ ¾øåéêà¿, îò êîòîðîé ïðîèñõîäèò îòðûâ ãà-
çîâîãî ïóçûðüêà.
Îäíèì èç ôàêòîðîâ, îïðåäåëÿþùèì ôîðìó ñâîáîä-

íîé ïîâåðõíîñòè ÌÆ à ìàãíèòíîì ïîëå, ÿâëÿþòñÿ ïîí-
äåðîìîòîðíûå ñèëû [16]:

−∇p + µ0M∇H = 0 èëè − p + µ0

∫ H

H0

MdH = const,

(1)
ãäå � äàâëåíèå â æèäêîñòè, µ0 � ìàãíèòíàÿ ïîñòîÿí-
íàÿ.
Åñëè ê æèäêîñòè ïðèìåíèì ëèíåéíûé çàêîí íàìàã-

íè÷èâàíèÿ M = χH, òî

− p +
1
2
µ0χ(H2 −H2

0 ) = const, (2)

Â ëþáîì ñëó÷àå, âêëþ÷àÿ ñèòóàöèþ, ïðè êîòî-
ðîé æèäêîñòü íàõîäèòñÿ â ìàãíèòíîì íàñûùåíèè
M = const, ñâîáîäíàÿ ïîâåðõíîñòü æèäêîñòè, îïðå-
äåëÿåìàÿ óñëîâèåì ps = const, áóäåò ñîîòâåòñòâîâàòü
çíà÷åíèÿì Hs = const, òî åñòü ñîâïàäàòü ñ èçîëèíèÿìè
íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ [16].
Åñëè çà òî÷êó îòñ÷åòà íàïðÿæåííîñòè ìàãíèòíîãî

ïîëÿ âçÿòü òî÷êó, â êîòîðîé îíà ðàâíà íóëþ, H0 = 0, òî
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Ðèñ. 1: Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà: à � áëîê-ñõåìà, á � ìîäåëèðîâàíèå ìàãíèòíîãî ïîëÿ êîëüöåâîãî ìàãíèòà

Òàáëèöà 1: Ôèçè÷åñêèå ïàðàìåòðû îáðàçöîâ

ÌÆ-1 ÌÆ-2 ÌÆ-3 ÌÆ-4
Ïëîòíîñòü ÌÆ, ρ, êã/ì3 1245 1058 952 870

Êîíöåíòðàöèÿ îáúåìíàÿ ϕ, % 10.56 6.32 3.93 2.08
Íàìàãíè÷åííîñòü íàñûùåíèÿ Ms, êÀ/ì 43.3 20.7 12.9 9.2

Âÿçêîñòü ÌÆ, ìÏà·ñ 31.8 4.15 2.45 1.8

ïåðåïàä äàâëåíèÿ, âûçâàííûé ïîíåðîìîòðíûìè ñèëàìè
ìîæíî îïðåäåëèòü êàê:

∆p = µ0MHs, (3)

Îòðûâ ïóçûðüêà îò ãàçîâîé ïîëîñòè ïðîèñõîäèò
âñëåäñòâèå èçìåíåíèÿ ïåðåïàäà äàâëåíèÿ, îáóñëîâëåí-
íîãî ìàãíèòíûìè ñèëàìè, ñèëîé òÿæåñòè è ñèëîé ïî-
âåðõíîñòíîãî íàòÿæåíèÿ.
Äëÿ îöåíêè âêëàäà êàæäîãî èç ýòèõ êîìïîíåíòîâ

â ïðèðàùåíèå äàâëåíèÿ ðàññìîòðèì îòðûâ ïåðâîãî ïó-
çûðüêà îò îáðàçöîâ ÌÆ-1, ÌÆ-4. Ïðèìåì, ÷òî: êîýô-
ôèöèåíò ïîâåðõíîñòíîãî íàòÿæåíèÿ σ = 2 · 10−2 Í/ì;
âûñîòà ñòîëáèêà ÌÆ, h = 15 · 10−2 ì; íàïðÿæåí-
íîñòü ìàãíèòíîãî ïîëÿ îïðåäåëÿåòñÿ èçîëèíèåé, îãðà-
íè÷èâàþùåé ïîëîñòü; ðàäèóñû èñêðèâëåíèÿ ïîâåðõíî-
ñòè äëÿ êàæäîãî èç îáðàçöîâ âûäåëåíû íà ðèñ. 2 âè-
äåîôèêñàöèè ïîëîñòè; òîëùèíà êàíàëà 2ìì; íàìàãíè-
÷åííîñòü æèäêîñòè ïðåäñòàâëåíà â òàáëèöå 1. Ïîëó÷à-
åì, ÷òî ïåðåïàä äàâëåíèÿ, îáóñëîâëåííûé ìàãíèòíû-
ìè ñèëàìè, ñîãëàñíî ôîðìóëå 3: ∆p1 = 2.2 · 102 Ïà,
∆p4 = 3.5 · 102 Ïà. Ïåðåïàä äàâëåíèÿ, âûçâàííûé ñè-
ëîé òÿæåñòè: ∆pg1 = 1.3 · 103 Ïà, ∆pg4 = 1.8 · 103 Ïà.
Ïåðåïàä äàâëåíèÿ, îáóñëîâëåííûé ïîâåðõíîñòíûì íà-
òÿæåíèåì ∆pσ1 = 7.1Ïà, ∆pσ4 = 2Ïà.

Åñëè ãèäðîñòàòè÷åñêèé ïåðåïàä äàâëåíèÿ â ïðåäåëàõ
îïûòà íå èçìåíÿåòñÿ, òî èìåííî äàâëåíèå, ñâÿçàííîå
ñ ïîíäåðîìîòîðíûìè ñèëàìè äåéñòâèÿ íåîäíîðîäíîãî
ìàãíèòíîãî ïîëÿ, îáóñëàâëèâàåò âûõîä íà ¾êðèòè÷å-
ñêîå¿ çíà÷åíèå äàâëåíèÿ â âîçäóøíîé ïîëîñòè è îòðûâ
ïóçûðüêîâ.

3. ÀÊÓÑÒÈÊÀ ÃÀÇÎÂÛÕ ÂÊËÞ×ÅÍÈÉ
Â ÌÀÃÍÈÒÍÎÉ ÆÈÄÊÎÑÒÈ Â ÍÅÎÄÍÎÐÎÄÍÎÌ

ÌÀÃÍÈÒÍÎÌ ÏÎËÅ

Äëÿ èçó÷åíèÿ âçàèìîäåéñòâèÿ ôèçè÷åñêèõ ïîëåé ïðè
ïðèäàâëèâàíèè âîçäóøíîé ïîëîñòè â ÌÆ íåîäíîðîä-
íûì ïîëåì êîëüöåâîãî ìàãíèòà îñóùåñòâëÿåòñÿ ôèêñà-
öèÿ ýëåêòðîìàãíèòíûõ êîëåáàíèé êàòóøêîé èíäóêòèâ-
íîñòè è ñèãíàëà îò ïüåçîýëåìåíòà (ðèñ. 3).
Âåðõíèé ñèãíàë ïîëó÷åí ñ êàòóøêè èíäóêòèâíîñòè,

à íèæíèé � ñ ïüåçîýëåìåíòà. Ðàçâåðòêà îñöèëëîãðàì-
ìû ïî ãîðèçîíòàëè íà êàæäîå äåëåíèå ñîñòàâëÿåò 5ìñ.
Èç îñöèëëîãðàìì âèäíî, ÷òî ñèãíàëû èìåþò îäèíàêî-
âóþ ÷àñòîòó çàïîëíåíèÿ. Îòíîñèòåëüíî âûñîêàÿ ÷àñòî-
òà çàïîëíåíèÿ ïðèíÿòûõ èìïóëüñîâ ñâÿçàíà ñ òåì, ÷òî
ïðè îòðûâå ïóçûðüêà îò âîçäóøíîé ïîëîñòè â ÌÆ åãî
ñòåíêè ñîâåðøàþò áûñòðîïåðåìåííûå ðàäèàëüíûå êî-
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Ðèñ. 2: Ðåçóëüòàòû âèäåîôèêñàöèè ìåæôàçíîé ãðàíèöû
âîçäóõ-ÌÆ ïðè ïðèäàâëèâàíèè âîçäóøíîé ïîëîñòè

Ðèñ. 3: Ïðèìåð îñöèëëîãðàììû, ôèêñèðóåìîé ïðè ïðîðûâå
ïóçûðüêà

ëåáàíèÿ.
Ïîëó÷åííàÿ ýêñïåðèìåíòàëüíî çàâèñèìîñòü ÷àñòîòû

çàïîëíåíèÿ ñèãíàëà îò íîìåðà îòîðâàâøåãîñÿ ïóçûðü-
êà ïðåäñòàâëåíà íà ðèñ. 4. Ïîãðåøíîñòü îïðåäåëåíèÿ
÷àñòîòû êîëåáàíèé ñîñòàâèëà ïîðÿäêà 5%.
Èç èçâåñòíîé ðàáîòû [7] ÷àñòîòà êîëåáàíèé ñòåíîê

âñïëûâàþùåãî ïóçûðüêà îïðåäåëÿåòñÿ èç âûðàæåíèÿ:

ν =
1

2πR0

√
3γP0

ρ
, (4)

ãäå R0 � ðàäèóñ ïóçûðüêà, P0 � ãèäðîñòàòè÷åñêîå äàâ-
ëåíèå, γ = Cp/Cv � îòíîøåíèå óäåëüíûõ òåïëîåìêî-

Ðèñ. 4: Çàâèñèìîñòü ÷àñòîòû ïðèíÿòîãî ñèãíàëà îò íîìåðà
îòîðâàâøåãîñÿ ïóçûðüêà

ñòåé ãàçà â ïóçûðüêå, ρ � ïëîòíîñòü ÌÆ.
Îòêóäà:

R0 =
1

2πν

√
3γP0

ρ
. (5)

Äëÿ ðàññìàòðèâàåìîãî ñëó÷àÿ ó÷òåíî, ÷òî P0 >>
2σ/R0 (σ � êîýôôèöèåíò ïîâåðõíîñòíîãî íàòÿæåíèÿ
ÌÆ).
Íà îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ (ðèñ. 4) è âû-

ðàæåíèÿ (2) ïîñòðîåíû çàâèñèìîñòè ñðåäíåãî ðàçìåðà
ïóçûðüêîâ îò èõ ïîðÿäêîâîãî íîìåðà è êîíöåíòðàöèè
ÌÆ (ðèñ. 5 à, á). Âìåñòå ñ òåì, íà îñíîâå äàííûõ âè-
äåîôèêñàöèè òàêæå ïîëó÷åíû çàâèñèìîñòè ðàçìåðà ïó-
çûðüêà îò âðåìåíè îòðûâà (ðèñ. 5 â) è êîíöåíòðàöèè
(ðèñ. 5 ã). Ïðè ñðàâíåíèè çàâèñèìîñòåé (ðèñ. 5 à, á, â, ã)
âèäíî, ÷òî îáà ýêñïåðèìåíòà (àêóñòîìàãíèòíàÿ èíäèêà-
öèÿ ðàçìåðîâ ïóçûðüêà ïî ÷àñòîòå êîëåáàíèé â òðóáêå
è ïî äàííûì âèäåîôèêñàöèè â ïëîñêîì êàíàëå) äàþò
ñîïîñòàâèìûå ïî ïîðÿäêó âåëè÷èíû äàííûå î ðàçìåðå
âñïëûâàþùèõ â ÌÆ ïóçûðüêîâ.
Äëÿ îáîèõ ýêñïåðèìåíòîâ õàðàêòåðíî òî, ÷òî äëÿ

ìàëîêîíöåíòðèðîâàííûõ ÌÆ îáðàçóåòñÿ îòíîñèòåëü-
íî ìàëîå êîëè÷åñòâî ãàçîâûõ ïóçûðüêîâ, íî ïðè ýòîì
èõ äèàìåòð áîëüøå. Äëÿ êîíöåíòðèðîâàííûõ ÌÆ, íà-
îáîðîò, íàáëþäàåòñÿ îáðàçîâàíèå áîëüøîãî ÷èñëà ïó-
çûðüêîâ ìàëåíüêîãî äèàìåòðà. Äëÿ ÌÆ ñ ìàëîé êîí-
öåíòðàöèåé õàðàêòåðåí òàêæå áîëüøèé ðàçáðîñ çíà÷å-
íèé êàê ðàçìåðà ïóçûðüêà, òàê è âðåìåíè åãî îòðûâà.
Åñëè â ýêñïåðèìåíòå ñ âèäåîôèêñàöèåé â ïëîñêîì êà-
íàëå äëÿ îáðàçöà ÌÆ-1 ñ íàìàãíè÷åííîñòüþ íàñûùå-
íèÿ 43.3 êÀ/ì îò âîçäóøíîé ïîëîñòè äî åå èñ÷åçíîâå-
íèÿ îòäåëÿåòñÿ 5 ïóçûðüêîâ, òî äëÿ ÌÆ-4 ñ íàìàã-
íè÷åííîñòüþ íàñûùåíèÿ 9.2 êÀ/ì íàáëþäàåòñÿ âñåãî
2 ïóçûðüêà. Â ýêñïåðèìåíòå ñ àêóñòîìàãíèòíîé èíäè-
êàöèåé îòîðâàâøèõñÿ ïóçûðüêîâ â òðóáêå äëÿ îáðàçöà
ÌÆ-1 ðåãèñòðèðóåòñÿ òîëüêî 1 ïóçûðåê, à äëÿ îáðàçöà
ÌÆ-4 ðåãèñòðèðóåòñÿ 10 ïóçûðüêîâ. Ìîæíî ñêàçàòü
òàêæå, ÷òî ñ óìåíüøåíèåì íàìàãíè÷åííîñòè èñïîëü-
çóåìîãî îáðàçöà ÌÆ îòäåëåíèå êàæäîãî ñëåäóþùåãî
ïóçûðüêà ïðèâîäèò ê èçìåíåíèþ îáúåìà âîçäóøíîé ïî-
ëîñòè íà áîëüøóþ âåëè÷èíó.
Íà êà÷åñòâåííîì óðîâíå ìîæíî ïîêàçàòü, ÷òî ïðè÷è-

íîé òàêîé òåíäåíöèè ÿâëÿåòñÿ èçìåíåíèå îáúåìà ïîð-
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Ðèñ. 5: Çàâèñèìîñòü ðàäèóñà ïóçûðüêà îò ïîðÿäêîâîãî íîìåðà, âðåìåíè îòðûâà è êîíöåíòðàöèè: à, á � àêóñòîìàãíèòíàÿ
èíäèêàöèÿ, â, ã � âèäåîôèêñàöèÿ

öèè âîçäóõà, óõîäÿùåé èç âîçäóøíîé ïîëîñòè, ïðè êî-
òîðîé ïðîèñõîäèò ïåðåõîä ñâîáîäíîé ïîâåðõíîñòè ìåæ-
äó èçîëèíèÿìè íàïðÿæåííîñòè ìàãíèòíîãî ïîëÿ. Âûøå
èç ïðîâåäåííûõ îöåíîê ïåðåïàäà äàâëåíèÿ ïîëó÷åíî,
÷òî èìåííî äàâëåíèå, ñâÿçàííîå ñ ïîíäåðîìîòîðíûìè
ñèëàìè, îáóñëàâëèâàåò âûõîä íà ¾êðèòè÷åñêîå¿ çíà÷å-
íèå äàâëåíèÿ è îòðûâ ïóçûðüêà îò âîçäóøíîé ïîëîñòè.
Â ñîîòâåòñòâèè ñ âûðàæåíèåì (3) ïåðåõîä ïîâåðõíîñòè
ñ èçîëèíèè 1 íà èçîëèíèþ 2 ñîïðîâîæäàåòñÿ ïðèðàùå-
íèåì äàâëåíèÿ:

∆p1−2 = µ0M(Hs1 −Hs2). (6)

Ñ äðóãîé ñòîðîíû èçâåñòíî, ÷òî äàâëåíèå ãàçà â îòî-
ðâàâøåìñÿ ñôåðè÷åñêîì ïóçûðüêå ïîâûøàåòñÿ ïî ñðàâ-

íåíèþ ñ äàâëåíèåì â ïîëîñòè íà âåëè÷èíó êàïèëëÿð-
íîãî ñêà÷êà äàâëåíèÿ

∆p: = 2σ/R, (7)

ãäå σ � êîýôôèöèåíò ïîâåðõíîñòíîãî íàòÿæåíèÿ ÌÆ,
R � ðàäèóñ ïóçûðüêà.
Ïðîðûâ ïóçûðüêà áóäåò èìåòü ìåñòî òîãäà, êî-

ãäà ýòè ïåðåïàäû äàâëåíèÿ ñðàâíÿþòñÿ ìåæäó ñîáîé
∆p1−2 = ∆p:, ÷òî îïðåäåëÿåò ñîáîé ðàäèóñ îáðàçóþ-
ùåãîñÿ ïóçûðüêà:

R = 2σ/µ0M(Hs1 −Hs2). (8)

Òàêèì îáðàçîì, ñ óâåëè÷åíèåì M óìåíüøàåòñÿ ðà-
äèóñ îòðûâàþùåãîñÿ ïóçûðüêà, ÷òî ñîãëàñóåòñÿ ñ ýêñ-
ïåðèìåíòîì.
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Èññëåäîâàíà äèíàìèêà ïðèäàâëèâàíèÿ âîçäóøíîé
ïîëîñòè â ÌÆ íåîäíîðîäíûì ìàãíèòíûì ïîëåì êîëü-
öåâîãî ìàãíèòà, ïðè êîòîðîé îò ïîëîñòè îòäåëÿëèñü
ãàçîâûå ïóçûðüêè. Äëÿ äåòàëèçàöèè ìåõàíèçìà îòðû-
âà ïóçûðüêîâ îò ãàçîâîé ïîëîñòè ïîñòàâëåí ýêñïåðè-
ìåíò ïî âèäåîôèêñàöèè ðàçäåëà ôàç ãàç - ÌÆ â ïëîñ-
êîì òîíêîì êàíàëå. Ïîêàçàíî, ÷òî ìåæôàçíàÿ ãðàíè-
öà âûñòðàèâàåòñÿ âäîëü èçîëèíèè ìîäóëÿ íàïðÿæåííî-
ñòè ìàãíèòíîãî ïîëÿ. Â êà÷åñòâå ïðè÷èíû îòðûâà ïó-
çûðüêîâ ðàññìàòðèâàåòñÿ èçìåíåíèå ïåðåïàäà äàâëåíèÿ
âíóòðè ãàçîâîé ïîëîñòè, îáóñëîâëåííîãî êàê ìàãíèò-
íûìè ñèëàìè, òàê è ñèëîé òÿæåñòè è ïîâåðõíîñòíûì
íàòÿæåíèåì. Ïðîèçâåäåíà îöåíêà âêëàäà êàæäîãî èç
êîìïîíåíòîâ. Ïåðåïàä äàâëåíèÿ â æèäêîñòè, îáóñëîâ-
ëåííûé ìàãíèòíûìè ñèëàìè â ïðåäåëàõ îáëàñòè ¾ìàã-
íèòíîãî âàêóóìà¿, íà íåñêîëüêî ïîðÿäêîâ ïðåâûøàåò
ïåðåïàä äàâëåíèÿ, îáóñëîâëåííûé ñèëàìè ïîâåðõíîñò-
íîãî íàòÿæåíèÿ.
Ýêñïåðèìåíòàëüíî îñóùåñòâëÿëàñü ôèêñàöèÿ ÷àñòî-

òû ýëåêòðîìàãíèòíûõ êîëåáàíèé, âûçâàííûõ âîçìóùå-

íèåì ìàãíèòíîãî ïîëÿ êîëåáàíèÿìè ñòåíîê âñïëûâàþ-
ùåãî ïóçûðüêà â ÌÆ. Íà îñíîâå äâóõ ýêñïåðèìåí-
òîâ (àêóñòîìàãíèòíàÿ èíäèêàöèÿ ðàçìåðîâ ïóçûðüêà
ïî ÷àñòîòå êîëåáàíèé â òðóáêå è ïî äàííûì âèäåî-
ôèêñàöèè â ïëîñêîì êàíàëå) ïîñòðîåíû çàâèñèìîñòè
ðàçìåðà ïóçûðüêà îò ïîðÿäêîâîãî íîìåðà è êîíöåíòðà-
öèè ÌÆ, êîòîðûå äàþò ñîïîñòàâèìûå ïî ïîðÿäêó âå-
ëè÷èíû äàííûå. Äëÿ îáîèõ ýêñïåðèìåíòîâ õàðàêòåð-
íî òî, ÷òî äëÿ ìàëîêîíöåíòðèðîâàííûõ ÌÆ íàáëþäà-
åòñÿ îáðàçîâàíèå ìàëîãî êîëè÷åñòâà ãàçîâûõ ïóçûðü-
êîâ áîëüøîãî äèàìåòðà. Äëÿ êîíöåíòðèðîâàííûõ ÌÆ,
íàîáîðîò, èìååò ìåñòî áîëüøîå êîëè÷åñòâî ïóçûðü-
êîâ ñ îòíîñèòåëüíî ìàëûì ðàçìåðîì. Ïîëó÷åíî ñîîòíî-
øåíèå, ïîêàçûâàþùåå òåíäåíöèþ óìåíüøåíèÿ ðàäèóñà
ïóçûðüêîâ ñ óâåëè÷åíèåì êîíöåíòðàöèè (íàìàãíè÷åí-
íîñòè íàñûùåíèÿ) ÌÆ.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå áàçîâîé ÷à-
ñòè ãîñóäàðñòâåííîãî çàäàíèÿ Ìèíèñòåðñòâà îáðàçî-
âàíèÿ è íàóêè ÐÔ. Êîä ïðîåêòà 3.8949.2017/Á×,
� 3.2751.2017/Ï× è ãðàíòà Ïðåçèäåíòà ÐÔ ÌÊ-
1393.2019.8.
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Hydrodynamics of gas bubbles in a flat channel
filled by a magnetic liquid in a nonuniform magnetic field

P.A. Ryapolova, V.M. Poluninb, E.A. Sokolovc

Southwest State University (SWSU). Kursk 305040, Russia
E-mail: apolunin-vm1@yandex.ru, br-piter@yandex.ru, cevgeniysokolov1@yandex.ru

Magnetic, acoustic and thermophysical phenomena in magnetofluid systems have found application in the design of magnetofluid
sealants, shock absorbers, sensitive triaxial accelerometers, density meters, and a number of other progressive devices. This explains
the interest in studying these effects. In recent years, due to the rapid development of microfluidics, there are more and more works
on the dynamics of magnetic fluids in channels of various shapes, under various influences of external physical fields. However, the
properties of the levitating gas cavity, as well as magnetic, acoustic and thermophysical phenomena accompanying the dynamic
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movements of gas cavities and bubbles in the MJ have been studied very superficially, although potentially of great scientific and
practical interest.
To conduct experiments, a special installation was created using a system of high-speed video recording of the experiment

results, as well as the registration of electromagnetic and acoustic disturbances with subsequent processing.
The dynamics of bubbles capture by magnetic fluid in the region of ¾magnetic vacuum¿ of the ring magnet is investigated.

The data on the influence of the concentration of magnetic fluid on the strength of magnetic fluid jumpers under the influence of
external pressure are obtained. This information can be useful for the development of a test bench for the magnetic fluid used in
the dock, where the fluid experiences a similar effect.
For a series of samples of magnetic fluid, an experiment on the pressure of the air cavity was carried out, as a result of which

gas bubbles were separated. Electromagnetic and acoustic disturbances arising from the ascent of a non-magnetic bubble in the
MJ were recorded. On the basis of these data the sizes of bubbles are determined by known expressions, distribution of bubbles
on the sizes is constructed. The obtained data are compared with the results of video recording. Conclusions about the influence of
the physical parameters of the magnetic fluid and the configuration of the magnetic field on the diameter of the resulting bubbles.
PACS: 75.50.Mm, 62.60.+v, 62.10.+s, 51.40.+p
Keywords: magnetic fluid, interaction of fields, multiphase systems, acoustomagnetic indication, inhomogeneous magnetic field.
Received 15 November 2019.
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