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The Simulation of Gas Flow in Cylindrical Channels
of High-Voltage Plasma Torches with Rod Electrodes

The calculated area grid is built and three-dimensional gas flow calculations are executed
by GAMBIT and FLUENT software with turbulence model Spalart-Allmares with the
purpose simulation of plasma forming gas flow in channels and tapering nozzles of stud-
ied high-voltage alternating current plasma torches. Air flow is simulated in the tangen-
tial feed areas, in the cylindrical channel, in the mixing chambers of plasma torches and
outside (in environment). Consequently for the first time 3D-simulation of cold plasma
forming gas flow is accomplished for the investigated high-voltage alternating current
plasma torches with rod electrodes.
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Âçàèìîäåéñòâèå ïûëåâûõ ÷àñòèö
â çàìàãíè÷åííîé ïëàçìå

Ïðè ïîìîùè êîìïüþòåðíîãî ìîäåëèðîâàíèÿ èçó÷åíî âëèÿíèå ìàãíèòíîãî ïîëÿ íà çà-
ðÿäêó ïûëåâûõ ÷àñòèö è ñèëó, äåéñòâóþùóþ íà íèõ â ïëàçìåííîì ïîòîêå. Áûë
èñïîëüçîâàí òðåõìåðíûé ìåòîä ìîëåêóëÿðíîé äèíàìèêè êàê íàèáîëåå òî÷íûé äëÿ
îïèñàíèÿ äâèæåíèÿ ïëàçìåííûõ ÷àñòèö è èõ âçàèìîäåéñòâèÿ ñ ïûëåâîé ÷àñòèöåé. Ðàñ-
ñìîòðåíû ñôåðè÷åñêèå ïðîâîäÿùèå ïûëåâûå ÷àñòèöû, ëîêàëèçîâàííûå â íåâîçìóùåí-
íîé íèçêîòåìïåðàòóðíîé ïëàçìå íèçêîãî äàâëåíèÿ ïðè ðàçíûõ çíà÷åíèÿõ ñêîðîñòè
ïëàçìåííîãî ïîòîêà è âåëè÷èíû ìàãíèòíîãî ïîëÿ, íàïðàâëåííîãî âäîëü ïîòîêà ïëàç-
ìû. Ïîëó÷åíû ïðîñòðàíñòâåííûå ðàñïðåäåëåíèÿ ÷àñòèö ïëàçìû. Ðàñ÷åòû ïîêàçàëè
óìåíüøåíèå çàðÿäà ïûëåâûõ ÷àñòèö ïî àáñîëþòíîé âåëè÷èíå è ñèëû, äåéñòâóþùåé íà
íèõ â ïëàçìåííîì ïîòîêå, ïðè óìåíüøåíèè ñêîðîñòè ïîòîêà ïëàçìû è ïðè óâåëè÷åíèè
ìàãíèòíîãî ïîëÿ âñëåäñòâèå çàìàãíè÷åííîñòè ýëåêòðîíîâ â ïëàçìå.

Êëþ÷åâûå ñëîâà: ïûëåâûå ÷àñòèöû, ïëàçìà, ìàãíèòíîå ïîëå, êîìïüþòåðíîå ìîäåëè-
ðîâàíèå.
Çà äîïîìîãîþ êîìï’þòåðíîãî ìîäåëþâàíèÿ äîñë³äæåíî âïëèâ ìàãí³òíîãî ïîëÿ íà çà-
ðÿäêó ïèëîâèõ ÷àñòèíîê òà ñèëó, ÿêà ä³º íà íèõ ó ïëàçìîâîìó ïîòîö³. Áóëî âèêîðè-
ñòàíî òðèâèì³ðíèé ìåòîä ìîëåêóëÿðíî¿ äèíàì³êè ÿê íàéá³ëüø òî÷íèé äëÿ îïèñàííÿ
ðóõó ïëàçìîâèõ ÷àñòèíîê òà ¿õ âçàºìîä³¿ ç ïèëîâîþ ÷àñòèíêîþ. Ðîçãëÿíóòî ñôåðè÷í³
ïðîâ³äí³ ïèëîâ³ ÷àñòèíêè, ëîêàë³çîâàí³ ó íåçáóðåí³é íèçüêîòåìïåðàòóðí³é ïëàçì³
íèçüêîãî òèñêó ïðè ð³çíèõ çíà÷åííÿõ øâèäêîñò³ ïëàçìîâîãî ïîòîêó òà âåëè÷èíè ìàã-
í³òíîãî ïîëÿ, íàïðàâëåíîãî âçäîâæ ïîòîêó ïëàçìè. Îòðèìàíî ïðîñòîðîâå ðîçïîä³ëå-
ííÿ ÷àñòèíîê ïëàçìè. Îá÷èñëåííÿ ïîêàçàëè çìåíøåííÿ çàðÿäó ïèëîâèõ ÷àñòèíîê çà
àáñîëþòíîþ âåëè÷èíîþ òà ñèëè, ùî ä³º íà íèõ ó ïëàçìîâîìó ïîòîöi, ïðè çìåíøåííi
øâèäêîñòi ïîòîêó ïëàçìè òà ïðè çá³ëüøåíí³ ìàãí³òíîãî ïîëÿ âíàñë³äîê çàìàãí³÷åíîñò³
åëåêòðîí³â ó ïëàçì³.
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Çàðÿäêà ïûëåâûõ ÷àñòèö â ïëàçìå ÿâëÿåòñÿ
îäíîé èç íàèáîëåå ôóíäàìåíòàëüíûõ çàäà÷, ðå-
øåíèå êîòîðîé íåîáõîäèìî äëÿ îáúÿñíåíèÿ ðÿ-
äà ÿâëåíèé â ïûëåâîé ïëàçìå. Ïûëåâûå ÷àñòè-
öû, ïîìåùåííûå â ïëàçìó, ïðèîáðåòàþò çàðÿä,
çíàê è âåëè÷èíà êîòîðîãî ñóùåñòâåííî âëèÿþò
íà ñâîéñòâà ïëàçìû è íà ñâîéñòâà àíñàìáëÿ ïû-
ëåâûõ ÷àñòèö. Çàðÿä ïûëåâûõ ÷àñòèö ïðåäñòàâ-
ëÿåò áîëüøîé èíòåðåñ äëÿ ïîíèìàíèÿ ïîâåäå-
íèÿ ÷àñòèö â ïëàçìåííûõ òåõíîëîãèÿõ, èñïîëü-
çóåìûõ äëÿ íàíåñåíèÿ òîíêèõ ïëåíîê, â ïðîöåñ-
ñàõ âûðàùèâàíèÿ ÷àñòèö èç ãàçîâîé ôàçû [1], à
òàêæå ïðè èçó÷åíèè êîñìè÷åñêîé ïëàçìû [2].
Âîçðîñ èíòåðåñ ê ïûëåâîé ïëàçìå â ìàãíèòíîì
ïîëå [3]. Âàæíîé çàäà÷åé ÿâëÿåòñÿ îïðåäåëåíèå
çàðÿäà ïûëåâûõ ÷àñòèö â ìàãíèòíîì ïîëå è
ñèë, äåéñòâóþùèõ íà íèõ.

Òðàäèöèîííûì ìåòîäîì, èñïîëüçóåìûì
äëÿ îïðåäåëåíèÿ âçàèìîäåéñòâèÿ ïûëåâûõ ÷àñ-
òèö ñ ïëàçìîé, ÿâëÿåòñÿ ìåòîä îãðàíè÷åííûõ

îðáèò. Ýòîò ìåòîä íå ÿâëÿåòñÿ òî÷íûì â ñëó÷àå
âûñîêîãî äàâëåíèÿ, ïðè ñèëüíîì âçàèìîäåéñò-
âèè ìåæäó ÷àñòèöàìè è ïðè íàëè÷èè îòíîñè-
òåëüíîãî äâèæåíèÿ ïëàçìû [1, 2]. Äëÿ ðåøåíèÿ
ýòîé çàäà÷è ìîãóò áûòü ïðèìåíåíû ðàçëè÷íûå
÷èñëåííûå ìåòîäû. Ñðåäè íèõ ìåòîä ïðÿìîãî
èíòåãðèðîâàíèÿ óðàâíåíèé äâèæåíèÿ ÷àñòèö
ïëàçìû, êîòîðûé ÿâëÿåòñÿ íàèáîëåå òî÷íûì
÷èñëåííûì ýêñïåðèìåíòîì, ïðèáëèæåííûì ê
ëàáîðàòîðíîìó.

Â íàñòîÿùåé ðàáîòå èññëåäóåòñÿ ïðîöåññ
çàðÿäêè è ýêðàíèðîâàíèÿ ïûëåâûõ ÷àñòèö, èñ-
ïîëüçóÿ êîìïüþòåðíîå ìîäåëèðîâàíèå. Â íàøèõ
ðàñ÷åòàõ äàâëåíèå íåéòðàëüíîãî ãàçà èçìåíÿ-
ëîñü îò 0,1 äî 1,5 Òîðð, à ñêîðîñòü ïëàçìåííîãî
ïîòîêà îò 0 äî 2 cis (cis — èîííî-çâóêîâàÿ ñêî-
ðîñòü). Äëÿ óìåíüøåíèÿ âðåìåíè ðàñ÷åòà ìàññà
àòîìîâ íåéòðàëüíîãî ãàçà è èîíîâ âûáèðàëàñü
ðàâíîé ìàññå àòîìà âîäîðîäà, íî ýëåìåíòàðíûå
ñå÷åíèÿ âçàèìîäåéñòâèÿ ÷àñòèö ïëàçìû ñ àòîìà-
ìè íåéòðàëüíîãî ãàçà áûëè âçÿòû äëÿ àðãîíà.
Ïëîòíîñòè èîíîâ è ýëåêòðîíîâ â íåâîçìóùåí-
íîì ïîòîêå ïëàçìû íà áîëüøîì ðàññòîÿíèè îò
ïûëåâûõ ÷àñòèö çàäàâàëèñü ni = ne = 4.1016 ì3.
Ýëåêòðîííàÿ è èîííàÿ òåìïåðàòóðû çàäàâàëèñü
ñîîòâåòñòâåííî Te = 1 ýÂ è Ti = 0,03 ýÂ. Ìàã-
íèòíîå ïîëå áûëî íàïðàâëåíî âäîëü ïëàçìåííîãî
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Ðèñ.1. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå ýëåêòðîñòàòè÷åñêî-
ãî ïîòåíöèàëà â ïëîñêîñòè x—y äëÿ ñëó÷àåâ v0 = cis, B = 0
(a) è v0 = cis, B = 1 Òë (á).
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Ðèñ.2. Ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå êîíöåíòðàöèè èî-
íîâ (a) è ýëåêòðîñòàòè÷åñêîãî ïîòåíöèàëà (á) âäîëü îñè y
äëÿ ðàçíûõ çíà÷åíèé ìàãíèòíîãî ïîëÿ.
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ïîòîêà, à åãî âåëè÷èíà èçìåíÿëàñü îò 0 äî 2 Òë.
Îáëàñòü ìîäåëèðîâàíèÿ âûáèðàëàñü â âèäå êó-
áà ñî ñòîðîíîé L = 4.10–4 ì, ÷òî íàìíîãî ïðå-
âûøàåò ýëåêòðîííóþ äëèíó Äåáàÿ. Âðåìÿ ìîäå-
ëèðîâàíèÿ áûëî T0 = 10–8 c, ÷òî ïðåâîñõîäèò
âðåìÿ, çà êîòîðîå èîí ïðîëåòàåò äëèíó L.

Áûë èñïîëüçîâàí òðåõìåðíûé ìåòîä ìîëå-
êóëÿðíîé äèíàìèêè ïî ñõåìå particle-particle-
particle-mesh (P3M) êàê íàèáîëåå òî÷íîå îïèñà-
íèå äâèæåíèÿ ÷àñòèö ïëàçìû è âçàèìîäåéñòâèÿ
ñ ïûëåâûìè ÷àñòèöàìè. Äëÿ òîãî, ÷òîáû ðàñ-
ñ÷èòàòü âçàèìîäåéñòâèå ìåæäó ïûëåâûìè ÷àñòè-
öàìè è ÷àñòèöàìè ïëàçìû, ìåòîä «÷àñòèö â
ÿ÷åéêå» (PIC) êîìáèíèðîâàëñÿ ñ ìåòîäîì ìîëå-
êóëÿðíîé äèíàìèêè (MD). Â èòîãîâîé P3M
ñõåìå âçàèìîäåéñòâèå ýëåêòðîíîâ è èîíîâ â
ïëàçìå ðàññ÷èòûâàëîñü ìåòîäîì PIC, à äåéñò-
âèå íà íèõ ñî ñòîðîíû ïûëåâûõ ÷àñòèö — ìåòî-
äîì MD ñ èñïîëüçîâàíèåì êóëîíîâñêîãî ïîòåí-
öèàëà. Âçàèìîäåéñòâèå ìåæäó ÷àñòèöàìè ïëàç-
ìû è íåéòðàëüíûì ãàçîì áûëî ðàññ÷èòàíî ìåòî-
äîì Ìîíòå-Êàðëî, êîòîðûé ó÷èòûâàë òàêèå ýëå-
ìåíòàðíûå ïðîöåññû, êàê óïðóãèå ñîóäàðåíèÿ,
âîçáóæäåíèå, èîíèçàöèÿ, îáìåí çàðÿäîì ìåæäó
èîíàìè è íåéòðàëüíûìè àòîìàìè. Åñëè ýëåê-
òðîí èëè èîí ïåðåñåêàë ïîâåðõíîñòü ïûëåâîé
÷àñòèöû, òî îí ðåêîìáèíèðîâàë è ïåðåäàâàë åé
ñâîé çàðÿä.

Âû÷èñëåíèÿ âçàèìîäåéñòâèÿ ïûëåâûõ ÷àñ-
òèö ñ ïëàçìîé áûëè ïðîâåäåíû äëÿ ðàçëè÷íûõ
ìàãíèòíûõ ïîëåé è ñêîðîñòåé ïîòîêà ïëàçìû.
Áûëè ïîëó÷åíû ïðîñòðàíñòâåííûå ðàñïðåäåëå-
íèÿ ïàðàìåòðîâ ïëàçìû è âðåìåííûå çàâèñèìî-
ñòè çàðÿäà ïûëåâûõ ÷àñòèö è ñèëû, äåéñòâóþ-
ùåé íà íèõ.

Íà ðèñ.1 ïîêàçàíî ïðîñòðàíñòâåííîå ðàñ-
ïðåäåëåíèå ýëåêòðîñòàòè÷åñêîãî ïîòåíöèàëà äëÿ
ñëó÷àåâ B = 0 (a) è B = 1 Òë (á). Äàâëåíèå â
ïëàçìå áûëî p = 0,1 Òîðð, ðàäèóñ ÷àñòèö Rd =
4 ìêì. Ìîæíî âèäåòü, ÷òî çà ïûëåâîé ÷àñòèöåé
â íàïðàâëåíèè ïîòîêà ôîðìèðóåòñÿ îáëàñòü ïî-

âûøåííîãî ïîòåíöèàëà. Â ñëó÷àå ñ ìàãíèòíûì
ïîëåì åãî âåëè÷èíà ñóùåñòâåííî óìåíüøàåòñÿ.
Ôîðìèðîâàíèå ìàêñèìóìà ïîòåíöèàëà è ôîðìè-
ðîâàíèå èîííîãî îáëàêà çà ïûëåâîé ÷àñòèöåé
ïðîèñõîäèò âñëåäñòâèå ôîêóñèðîâàíèÿ èîíîâ.
Äëÿ ñëó÷àÿ, ïîêàçàííîãî íà ðèñ.1,á, èîííûé
ðàäèóñ Ëàðìîðà â íåñêîëüêî ðàç áîëüøå ðàäèó-
ñà ïûëåâûõ ÷àñòèö, à ýëåêòðîííûé ðàäèóñ Ëàð-
ìîðà òàêîãî æå ïîðÿäêà, êàê ðàäèóñ ïûëåâûõ
÷àñòèö. Ýòî ñóùåñòâåííî âëèÿåò íà äâèæåíèå
èîíîâ è èõ ôîêóñèðîâêó.

Ìèíèìóì ïîòåíöèàëà âîçíèêàåò â òî÷êå,
ãäå ðàñïîëîæåíà ïûëåâàÿ ÷àñòèöà. Ýòî ñëåäñò-
âèå îòðèöàòåëüíîãî çàðÿäà ïûëåâîé ÷àñòèöû,
êîòîðûé îíà ïðèîáðåòàåò ïðè ïîïàäàíèè â
ïëàçìó. Â îòñóòñòâèå ïîòîêà ïëàçìû è ìàãíèò-
íîãî ïîëÿ ðàñïðåäåëåíèå ïîòåíöèàëà îêîëî ïû-
ëåâîé ÷àñòèöû îïèñûâàåòñÿ èçâåñòíûì ïîòåí-
öèàëîì Þêàâà [4].

Íà ðèñ.2,a ïîêàçàíî ïðîñòðàíñòâåííîå ðàñ-
ïðåäåëåíèå ïëîòíîñòè èîíîâ âäîëü îñè y. Âèä-
íî, ÷òî âîçðàñòàíèå ìàãíèòíîãî ïîëÿ ïðèâîäèò
ê óìåíüøåíèþ èîííîãî ñãóñòêà çà ïûëåâîé ÷àñ-
òèöåé â íàïðàâëåíèè ïîòîêà ïëàçìû.

Íà ðèñ.2,á ïîêàçàíî ïðîñòðàíñòâåííîå ðàñ-
ïðåäåëåíèå ýëåêòðîñòàòè÷åñêîãî ïîòåíöèàëà
âäîëü íàïðàâëåíèÿ ïîòîêà (îñè y). Âèäíî
óìåíüøåíèå ìàêñèìóìà ýëåêòðîñòàòè÷åñêîãî ïî-
òåíöèàëà çà ïûëåâîé ÷àñòèöåé, êîòîðûé ñîîò-
âåòñòâóåò ïèêó èîííîé ïëîòíîñòè íà ðèñ.2,a.
Ìèíèìóì ýëåêòîñòàòè÷åñêîãî ïîòåíöèàëà ñëàáî
çàâèñèò îò ìàãíèòíîãî ïîëÿ.

Íà ðèñ.3,a ïîêàçàíà çàâèñèìîñòü çàðÿäà
ïûëåâîé ÷àñòèöû îò ìàãíèòíîãî ïîëÿ. Âèäíî,
÷òî åå çàðÿä óìåíüøàåòñÿ ïî àáñîëþòíîé âåëè-
÷èíå ñ óâåëè÷åíèåì ìàãíèòíîãî ïîëÿ èç-çà
óìåíüøåíèÿ ïîòîêà ýëåêòðîíîâ íà ïûëåâóþ ÷àñ-
òèöó âñëåäñòâèå çàìàãíè÷åííîñòè ýëåêòðîíîâ,
ïðèâîäÿùèé ê óìåíüøåíèþ ïîòîêà ïåðåïåíäè-
êóëÿðíî ñèëîâûì ëèíèÿì ìàãíèòíîãî ïîëÿ. Íà-
áëþäàåòñÿ òàêæå óâåëè÷åíèå çàðÿäà ÷àñòèö ïðè
óâåëè÷åíèè ñêîðîñòè ïîòîêà ïëàçìû.
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Ðèñ.3. Çàâèñèìîñòè çàðÿäà ïûëåâîé ÷àñòèöû (a) è ñèëû, äåéñòâóþùåé íà íåå (á), îò ìàãíèòíîãî ïîëÿ äëÿ ðàçíûõ ñêîðîñòåé
ïîòîêà ïëàçìû.
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Íà ðèñ.3,á ïîêàçàíà ñèëà, äåéñòâóþùàÿ íà
ïûëåâóþ ÷àñòèöó, êàê ôóíêöèÿ ìàãíèòíîãî ïî-
ëÿ. Ýòà ñèëà ñîñòîèò èç ýëåêòðîñòàòè÷åñêîé ñè-
ëû è ñèëû çà ñ÷åò ïåðåäà÷è êîëè÷åñòâà äâèæå-
íèÿ èîíîâ ïûëèíêå ïðè ñòîëêíîâåíèè. Âèäíî,
÷òî ñèëà óìåíüøàåòñÿ ñ óâåëè÷åíèåì ìàãíèòíî-
ãî ïîëÿ, ÷òî îáúÿñíÿåòñÿ óìåíüøåíèåì ôîêóñè-
ðîâêè èîíîâ.

Âûâîäû

Ïîëó÷åíî ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå
÷àñòèö ïëàçìû âîêðóã ïûëåâûõ ÷àñòèö äëÿ ðàç-
íûõ ìàãíèòíûõ ïîëåé è ñêîðîñòåé ïîòîêà ïëàç-
ìû. Íàáëþäàëîñü îáðàçîâàíèå èîííîãî îáëàêà
çà ïûëåâîé ÷àñòèöåé èç-çà ôîêóñèðîâêè èîíîâ.
Ïîêàçàíî, ÷òî ïëîòíîñòü èîííîãî îáëàêà çíà÷è-
òåëüíî óìåíüøàåòñÿ ñ óâåëè÷åíèåì ìàãíèòíîãî
ïîëÿ. Èññëåäîâàíà çàâèñèìîñòü ñèëû èîííîãî
òðåíèÿ îò ñêîðîñòè ïîòîêà ïëàçìû è ìàãíèòíîãî
ïîëÿ. Ïîêàçàíî, ÷òî óìåíüøåíèå ôîêóñèðîâêè
èîíîâ ñ óâåëè÷åíèåì ìàãíèòíîãî ïîëÿ ïðèâîäèò
ê óìåíüøåíèþ ñèëû, äåéñòâóþùåé ñî ñòîðîíû
ïëàçìû íà ïûëåâóþ ÷àñòèöó. Òàêæå íàáëþäà-

ëîñü óìåíüøåíèå çàðÿäà ÷àñòèöû èç-çà óìåíü-
øåíèÿ ïîòîêà ýëåêòðîíîâ íà ïîâåðõíîñòü ïû-
ëèíêè.

Äàííàÿ ðàáîòà ïîääåðæàíà NASU-RFFR
ãðàíòîì.
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Dust Particles Interaction in Magnetized Plasma

The effect of magnetic field on dust particles charging and the force acting on them in
plasma flow is investigated by computer simulation. The three-dimensional as parti-
cle-particle-particle-mesh (P3M) method is applied as the most precision for description
of plasma particles motion and interaction with dust particle. The spherical conductive
dust particles located in non-disturbed low temperature low pressure plasma at various
values of the plasma flow velocity and magnetic field directed along plasma flow are con-
ducted. The spatial distributions of plasma particles are obtained. The calculations dis-
play particle charge decrease in absolute value and decrease of the force on dust particle
in plasma flow with plasma flow velocity decreasing and with magnetic field value in-
creasing as a result of electrons magnetization in plasma.
Key words: dust particles, plasma, magnetic field, computer simulation.
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