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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Ââåäåíèå

Â ïîñëåäíåå âðåìÿ â îáëàñòè ðàçðàáîòêè ýëåê-
òðîðåàêòèâíûõ äâèãàòåëåé íàáëþäàåòñÿ òåíäåíöèÿ
ê îñâîåíèþ íîâûõ ðàáî÷èõ äèàïàçîíîâ ðàáîòû
äâèãàòåëåé. Íà÷èíàÿ ñ 1972 ã. ïî 2010 ã. äîñòàòî÷-
íî õîðîøî áûëà ðàçâèòà ðàáî÷àÿ îáëàñòü îò 300 Âò
äî 1,5 êÂò. Ñåãîäíÿ óæå ìîæíî óâåðåííî ñêàçàòü,
÷òî îáëàñòü ðàñøèðèëàñü äî 5 ÊÂò, íî, êàê áûëî
îòìå÷åíî â [1], íåñìîòðÿ íà ýòî îñâîåíèå âñå
íîâûõ è íîâûõ îáëàñòåé ðàáîòû ÑÏÄ ïðîäîëæà-
åòñÿ. Îäíîâðåìåííî âåäóòñÿ ðàçðàáîòêè äâèãàòå-
ëåé äëÿ ìàëûõ ìîùíîñòåé, â òî æå âðåìÿ áîëüøîé
èíòåðåñ ïðåäñòàâëÿþò è äâèãàòåëè ñ ìîùíîñòüþ
äî 30 ÊÂò. Òàêæå âñå áîëåå àêòèâíî âåäóòñÿ ðà-
áîòû â ÷àñòè óâåëè÷åíèÿ ðàáî÷åãî ðàçðÿäíîãî íà-
ïðÿæåíèÿ äëÿ ÑÏÄ [2—4].

Äëÿ áîëåå ãëóáîêîãî àíàëèçà ïðîöåññîâ, ïðî-
èñõîäÿùèõ â ñòàöèîíàðíîì ïëàçìåííîì äâèãàòå-
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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 04.08.2020

Ïðåäëîæåí ñïîñîá, ïîçâîëÿþùèé àíàëèçèðîâàòü ðàáîòó ñòàöèîíàðíîãî ïëàçìåííîãî äâèãàòåëÿ (ÑÏÄ) ñ äâóõ
òî÷åê çðåíèÿ: çàòðàò ýíåðãèè è èñïîëüçîâàíèÿ ðàáî÷åãî òåëà. Ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà èíòåãðàëüíûõ õà-
ðàêòåðèñòèê äâèãàòåëåé ÎÊÁ «Ôàêåë». Õàðàêòåðíûå ðàçìåðû èññëåäóåìûõ äâèãàòåëåé — îò 50 äî 140 ìì. Â îñ-
íîâó àíàëèçà ïîëîæåíî òðè ðàçëè÷íûõ ïîäõîäà ïðè îïðåäåëåíèè ñðåäíåé õàðàêòåðèñòè÷åñêîé ñêîðîñòè èîííîãî
ïîòîêà, ñîçäàþùåãî ñèëó òÿãè äâèãàòåëÿ. Àíàëèç âûïîëíåí äëÿ íàïðÿæåíèÿ ðàçðÿäà 300 Â. Â çàâèñèìîñòè îò
ïëîòíîñòè òîêà ðàçðÿäà ïðè ôèêñèðîâàííîì íàïðÿæåíèè ðàçðÿäà äâèãàòåëü, íåçàâèñèìî îò åãî òèïîðàçìåðà,
ðàáîòàåò â ðåæèìå ñ âûñîêîé èëè íèçêîé ñòåïåíüþ ïðåîáðàçîâàíèÿ ýíåðãèè. Ïîêàçàíî, ÷òî äëÿ ÑÏÄ íåçàâèñèìî
îò åãî òèïîðàçìåðà ñóùåñòâóåò îïòèìàëüíûé ðàáî÷èé äèàïàçîí äëÿ ïëîòíîñòè òîêà ðàçðÿäà îò 0,07 äî 0,02 À/ñì2.
Äàííàÿ îáëàñòü õàðàêòåðèçóåòñÿ ïîñòîÿííîé âåëè÷èíîé êîýôôèöèåíòà ïîëåçíîãî äåéñòâèÿ (ÊÏÄ) ñ òî÷êè çðå-
íèÿ çàòðàò ýíåðãèè. Â ýòîì îïòèìàëüíîì äèàïàçîíå çàâèñèìîñòü êîýôôèöèåíòà èñïîëüçîâàíèÿ ðàáî÷åãî òåëà îò
ïëîòíîñòè òîêà ðàçðÿäà íîñèò ëèíåéíûé õàðàêòåð.

Êëþ÷åâûå ñëîâà: ñòàöèîíàðíûé ïëàçìåííûé äâèãàòåëü, èíòåãðàëüíûå õàðàêòåðèñòèêè, ïëîòíîñòü òîêà ðàçðÿ-
äà, ìîùíîñòü çàòðàò, ýíåðãåòè÷åñêèé ÊÏÄ, êîýôôèöèåíò èñïîëüçîâàíèÿ ðàáî÷åãî òåëà.

ëå, è ñðàâíåíèÿ èíòåãðàëüíûõ õàðàêòåðèñòèê äâè-
ãàòåëåé ðàçëè÷íîãî òèïîðàçìåðà íåîáõîäèìî ïå-
ðåéòè ê áåçðàçìåðíûì ïàðàìåòðàì. Òàêèå ïîïûò-
êè óæå íåîäíîêðàòíî ïðåäïðèíèìàëèñü [5—12].

Äëÿ êà÷åñòâåííîé îöåíêè ïàðàìåòðîâ äâèãà-
òåëÿ íåçàâèñèìî îò åãî òèïîðàçìåðà íåîáõîäèìî
íàéòè íåêîòîðûé êðèòåðèé. Â ñòàòüå ïî ðåçóëüòà-
òàì àíàëèçà ýêñïåðèìåíòàëüíûõ äàííûõ ïðåäëî-
æåí êðèòåðèé äëÿ âûÿâëåíèÿ îñîáåííîñòåé ðàáî-
÷èõ ïðîöåññîâ äâèãàòåëÿ. Ýòîò êðèòåðèé ìîæíî
èñïîëüçîâàòü è äëÿ âûáîðà òèïîðàçìåðà ðàçðàáà-
òûâàåìîãî äâèãàòåëÿ ñ öåëüþ äîñòèæåíèÿ òðåáó-
åìûõ õàðàêòåðèñòèê.

Â êà÷åñòâå èñõîäíîãî ýêñïåðèìåíòàëüíîãî
ìàòåðèàëà èñïîëüçîâàíû ðåçóëüòàòû èñïûòàíèé
äâèãàòåëåé ðàçðàáîòêè ÎÊÁ «Ôàêåë». Õàðàêòåð-
íûå ðàçìåðû íàðóæíîãî äèàìåòðà ðàçðÿäíîãî
êàíàëà îò 50 äî 140 ìì: ÑÏÄ-50Ì, 70, 70À, 100B,
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100ÂÌ, 100Ä, 140, 140Ä [12—18]. Òÿãîâûå è ðàñ-
õîäíûå õàðàêòåðèñòèêè èçìåðåíû ïðè ðàáîòå íà
êñåíîíå ñ ìàãíèòíûì ïîëåì, îïòèìèçèðîâàííûì
ïî ìèíèìóìó ðàçðÿäíîãî òîêà Id [16] ïðè çàäàí-

íûõ ìàññîâîì ðàñõîäå m  è íàïðÿæåíèè ðàçðÿäà
Ud = 300 Â. Äèàïàçîí ìîùíîñòåé ðàçðÿäà îò 150 Âò
äî 17 êÂò.

Àíàëèç õàðàêòåðèñòèê ïðîâåäåí òîëüêî äëÿ
îïòèìàëüíûõ ðåæèìîâ ÑÏÄ, âûïóñêàåìûõ ÎÊÁ
«Ôàêåë», ïîýòîìó ðåçóëüòàòû ìîãóò áûòü îáîáùå-
íû íà õîëîâñêèå äâèãàòåëè êëàññè÷åñêîé êîíñò-
ðóêöèè ñ ìàãíèòíûì ýêðàíèðîâàíèåì.

Îïðåäåëåíèå ìîùíîñòè ïîòåðü
è èîííîé ñîñòàâëÿþùåé òîêà ðàçðÿäà

Äëÿ îïðåäåëåíèÿ êðèòåðèåâ îöåíêè ðàáîòû
äâèãàòåëÿ ïðåäëàãàåòñÿ ðàññìîòðåòü çàâèñèìîñòè
ìåæäó ñêîðîñòÿìè èîíîâ, ïîêèäàþùèõ äâèãàòåëü.

Ñêîðîñòü èîíîâ ìîæåò áûòü îïðåäåëåíà òðå-
ìÿ ðàçëè÷íûìè ñïîñîáàìè:

VU — ïðè ïðîõîæäåíèè îïðåäåëåííîé ðàçíî-
ñòè ïîòåíöèàëîâ U;

VN — ïî çàòðà÷åííîé ìîùíîñòè N;
VF —  ïî èçìåðåííîé ñèëå òÿãè Fò.
Ñêîðîñòü èîíà VU îïðåäåëåíà êàê ðåçóëüòàò

ïðîõîæäåíèÿ îäíîêðàòíî çàðÿæåííûì èîíîì ìàñ-
ñîé M ðàçíèöû ïîòåíöèàëîâ ðàçðÿäíîãî íàïðÿæå-
íèÿ U çà ìèíóñîì íàïðÿæåíèÿ ìåæäó êàòîäîì è
çåìëåé Ucg [17]:
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Ñêîðîñòü ïî çàòðà÷åííîé ìîùíîñòè VN îïðå-
äåëåíà èç ðàñ÷åòà, ÷òî âñÿ ìîùíîñòü ðàçðÿäà N
èä¸ò íà óñêîðåíèå èîíîâ çà èñêëþ÷åíèåì: ýíåð-
ãèè, çàòðà÷åííîé íà îäíîêðàòíóþ èîíèçàöèþ
÷àñòè àíîäíîãî ðàñõîäà Ni, ìîùíîñòè ïîòåðü Nz,
êîòîðàÿ èäåò íà íàãðåâ, ðàñïûëåíèå è äðóãèå íå-
èçâåñòíûå ïîòåðè:
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Çäåñü Ii — èîííûé òîê, ïîëó÷åííûé ïóòåì ÷àñòè÷-
íîé èîíèçàöèè àíîäíîãî ðàñõîäà; Ei — ýíåðãèÿ

èîíèçàöèè, çàòðà÷åííàÿ íà îäíîêðàòíóþ èîíèçà-
öèþ àòîìà êñåíîíà.

Ñêîðîñòü VF îïðåäåëåíà ïî âåëè÷èíå ñèëû
òÿãè Fò , êîòîðàÿ áûëà èçìåðåíà âî âðåìÿ èñïû-
òàíèé äâèãàòåëÿ ïðè óñêîðåíèè ëèøü èîíèçîâàí-
íîé ÷àñòè àíîäíîãî ðàñõîäà:
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Íà îñíîâàíèè ôîðìóë (1)—(4) ñîñòàâèì ñèñ-
òåìó äâóõ óðàâíåíèé ïðè óñëîâèè, ÷òî âñå òðè ñêî-
ðîñòè äîëæíû èìåòü îäèíàêîâóþ âåëè÷èíó:
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Èç ñèñòåìû óðàâíåíèé (5) íàõîäèì äâà íåèç-
âåñòíûõ: èîííûé òîê, ïîëó÷åííûé ïóòåì ÷àñòè÷-
íîé èîíèçàöèè àíîäíîãî ðàñõîäà Ii, è ìîùíîñòü
ïîòåðü Nz:
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Îïðåäåëåíèå îïòèìàëüíîãî ðåæèìà
ðàáîòû äâèãàòåëÿ

Ñ öåëüþ ïðîâåäåíèÿ àíàëèçà ðàáî÷èõ ïðîöåññîâ
äëÿ ðàçëè÷íûõ äâèãàòåëåé áûëè ðàññìîòðåíû ñëåäó-
þùèå áåçðàçìåðíûå ïàðàìåòðû: Ii /I, (N – Nz) /N,
â çàâèñèìîñòè îò óäåëüíîãî òîêà ðàçðÿäà j èëè
ïëîòíîñòè ðàçðÿäà â ïîïåðå÷íîì ñå÷åíèè êàíàëà:

                        j=I/S,                         (8)

ãäå S — ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ðàçðÿäíî-
ãî êàíàëà.

Ïàðàìåòð Ii /I  ñëóæèò äëÿ îöåíêè âêëàäà â òîê
ðàçðÿäà òîêà, ïîëó÷åííîãî ïðè èîíèçàöèè àíîä-
íîãî ðàñõîäà [18].

Ïàðàìåòð (N – Nz) /N ïðåäíàçíà÷åí äëÿ îïðå-
äåëåíèÿ òîãî, êàêàÿ ÷àñòü ìîùíîñòè èäåò íåïîñ-
ðåäñòâåííî íà ïðîèçâîäñòâî ñèëû òÿãè, ïî ñóòè
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ýòî åñòü êîýôôèöèåíò ïîëåçíîãî äåéñòâèÿ äâèãà-
òåëÿ ñ òî÷êè çðåíèÿ çàòðàò ýíåðãèè. Êàê ïîêàçà-
ëà ïðàêòèêà, äàííûé êîýôôèöèåíò çàâèñèò ëèíåé-
íî îò ïàðàìåòðà Ii /I. Íèæå ïîêàçàíà çàâèñèìîñòü,
ïîëó÷åííàÿ â ðåçóëüòàòå èñïîëüçîâàíèÿ ôîðìóëû
(7):
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Â ôîðìóëå (9) âûðàæåíèå â ñêîáêàõ ÿâëÿåòñÿ
êîíñòàíòîé, òàê êàê íàïðÿæåíèå ðàçðÿäà — ïîñòî-
ÿííàÿ âåëè÷èíà 300 Â, à íàïðÿæåíèå êàòîä-çåì-
ëÿ òîæå ìîæíî óñëîâíî ñ÷èòàòü ïîñòîÿííîé âåëè-
÷èíîé. Òàêèì îáðàçîì, ïîëó÷åí ñëåäóþùèé ðå-
çóëüòàò — ýíåðãåòè÷åñêèé ÊÏÄ çàâèñèò ïðÿìî
ïðîïîðöèîíàëüíî îò äîëè èîííîãî òîêà â òîêå
ðàçðÿäà, è, ÷åì áîëüøå èîííûé òîê, òåì áîëüøå
ýíåðãèè èäåò íà ïîëåçíóþ ðàáîòó. Â õîäå äàëüíåé-
øåãî àíàëèçà áóäåì ó÷èòûâàòü ýòîò ðåçóëüòàò, è
íàéäåííûå çàêîíîìåðíîñòè ïðè àíàëèçå ïîâåäå-
íèÿ ïàðàìåòðà (N – Nz) /N áóäóò ðàñïðîñòðàíÿòü-
ñÿ è íà ïàðàìåòð Ii /I. Ðåøåíèå àíàëèçèðîâàòü  ïà-
ðàìåòð (N – Nz) /N îñíîâàíî íà òîì, ÷òî îí èìå-
åò áîëüøîé ôèçè÷åñêèé ñìûñë, ïîñêîëüêó ýòî
ÊÏÄ äâèãàòåëÿ, êîòîðûé ó÷èòûâàåò èñêëþ÷èòåëü-
íî çàòðàòû ýëåêòðè÷åñêîé ýíåðãèè, ïîäâîäèìîé
ê äâèãàòåëþ.

Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà èñïîëüçîâà-
íèÿ ðàáî÷åãî òåëà ðàññìîòðèì åùå îäíî îòíîøå-
íèå Ii /IG , ãäå IG – èîííûé òîê, ïîëó÷åííûé ïðè
óñëîâèè îäíîêðàòíîé èîíèçàöèè âñåãî ðàñõîäà,
âûøåäøåãî èç àíîäà:

,G

G
I e
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=

ãäå G – àíîäíûé ðàñõîä äâèãàòåëÿ.
Íà ðèñ. 1 è 2 ïðåäñòàâëåíû çàâèñèìîñòè äâóõ

ÊÏÄ — ìîùíîñòè è ðàñõîäà — îò ïëîòíîñòè òîêà
ðàçðÿäà äëÿ ðàçíûõ òèïîðàçìåðîâ äâèãàòåëåé.
Êðèâûå íà ãðàôèêàõ ïîêàçûâàþò õàðàêòåð èçìå-
íåíèÿ êîýôôèöèåíòîâ â çàâèñèìîñòè îò ïëîòíî-
ñòè ðàçðÿäà.

Ïðåæäå âñåãî ñëåäóåò óòî÷íèòü âàæíûé ìî-
ìåíò, êîòîðîìó íå áûëî óäåëåíî äîñòàòî÷íîãî
âíèìàíèÿ. Ôîðìóëû, ïîëó÷åííûå äëÿ àíàëèçà,
áûëè âûâåäåíû ïðè óñëîâèè îòñóòñòâèÿ ïîòåðü
íàïðÿæåíèÿ, çà èñêëþ÷åíèåì íàïðÿæåíèÿ êàòîä-
çåìëÿ, è òàêæå íå áûëè ó÷òåíû ïîòåðè â ðåçóëü-
òàòå îòêëîíåíèÿ òðàåêòîðèè âûëåòåâøåãî èîíà îò
îñè äâèãàòåëÿ [18]. Íåñìîòðÿ íà òàêèå äîïóùåíèÿ,
ïîëó÷åíû íåïëîõèå ðåçóëüòàòû. Èç ãðàôèêà èçìå-
íåíèÿ ýôôåêòèâíîñòè èñïîëüçîâàíèÿ ðàáî÷åãî
òåëà âèäíî, ÷òî çíà÷åíèÿ ïðè ïëîòíîñòÿõ òîêà ðàç-
ðÿäà âûøå 0,1 À/ñì2 íàõîäÿòñÿ íà óðîâíå 90 %.

Ðèñ. 1. Çàâèñèìîñòü ýíåðãåòè÷åñêîãî ÊÏÄ îò ïëîòíîñòè ðàçðÿäà
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Ýòî õîðîøî êîððåëèðóåò ñ ðåçóëüòàòàìè, ïðèâå-
äåííûìè â äðóãèõ ðàáîòàõ [19].

Åùå îäíèì ôàêòîðîì, óêàçûâàþùèì íà ñïðà-
âåäëèâîñòü ðàññóæäåíèé, ÿâëÿåòñÿ ïîâåäåíèå ÊÏÄ
ïî ìîùíîñòè. Êàê âèäíî èç ãðàôèêà, ïîêàçàííîãî
íà ðèñ. 1, ïîñëå ïëîòíîñòè ïîðÿäêà 0,07 À/ñì2

ÊÏÄ ïî ìîùíîñòè, à òàêæå ïàðàìåòð Ii /I ñòàíî-
âÿòñÿ ïîñòîÿííûìè è äëÿ íåêîòîðûõ ìîäåëåé îñ-
òàþòñÿ ïîñòîÿííûìè âïëîòü äî ïëîòíîñòåé óðîâíÿ
0,20 À/ñì2.

Ðàññìîòðèì áîëåå äåòàëüíî õàðàêòåð ïîâåäå-
íèÿ ÊÏÄ îòäåëüíî äëÿ ðàçíûõ äâèãàòåëåé. Íà ðèñ.
3 ïðåäñòàâëåíû ãðàôèêè äëÿ êîýôôèöèåíòîâ ñ àï-
ïðîêñèìèðîâàííûìè ëèíåéíûìè çàâèñèìîñòÿìè.
Êàê âèäíî èç ãðàôèêîâ, ðàáî÷èé äèàïàçîí äâèãà-
òåëÿ ìîæíî ðàçáèòü íà òðè äèàïàçîíà ïî ïëîòíî-
ñòè ðàçðÿäà.

Ïåðâûé — äî 0,07 À/ñì2, åãî ìîæíî îõàðàêòå-
ðèçîâàòü êàê íåóäîâëåòâîðèòåëüíûé. Ýòî äèàïà-
çîí ñ íèçêèìè ïàðàìåòðàìè è, âîçìîæíî, â íåì
íå â ïîëíîé ìåðå âûïîëíÿåòñÿ óñëîâèå äëÿ ôîð-
ìóëû (1). ×òî õàðàêòåðíî – òàêîé äèàïàçîí ñâîé-
ñòâåíåí âñåì òèïàì äâèãàòåëåé.

Âòîðîé äèàïàçîí — îí îõàðàêòåðèçîâàí êàê äè-
àïàçîí îïòèìàëüíîé ðàáîòû äâèãàòåëÿ — íà÷èíà-
åòñÿ îò 0,07 À/ñì2, íî âåðõíÿÿ ãðàíèöà íå èìååò

îäíîé õàðàêòåðíîé âåëè÷èíû äëÿ âñåõ òèïîðàçìå-
ðîâ äâèãàòåëåé. Ýòîò ðàáî÷èé äèàïàçîí ñ âåðõíåé
ãðàíèöåé îò 0,15 äî 0,20 À/ñì2 â çàâèñèìîñòè îò
êîíñòðóêòèâíûõ îñîáåííîñòåé äâèãàòåëÿ õàðàêòå-
ðèçóåòñÿ ïîñòîÿííîé âåëè÷èíîé êîýôôèöèåíòà
èñïîëüçîâàíèÿ ìîùíîñòè ðàçðÿäà âî âñåì äèàïà-
çîíå, ïðè ýòîì ïî ìåðå óâåëè÷åíèÿ ïëîòíîñòè ðàç-
ðÿäà êîýôôèöèåíò èñïîëüçîâàíèÿ ðàáî÷åãî òåëà
ðàñòåò â ëèíåéíîé çàâèñèìîñòè.

Òðåòèé äèàïàçîí – ýòî äèàïàçîí ñ âûñîêîé
ïëîòíîñòüþ ðàçðÿäà, è íå êàæäûé äâèãàòåëü ñïî-
ñîáåí ðàáîòàòü íà òàêèõ ìîùíîñòÿõ èç-çà êîíñò-
ðóêòèâíûõ îãðàíè÷åíèé. Îí õàðàêòåðèçóåòñÿ ïà-
äåíèåì ÊÏÄ ïî ìîùíîñòè ñ ðîñòîì ïëîòíîñòè,
ïðè ýòîì êîýôôèöèåíò èñïîëüçîâàíèÿ ðàáî÷åãî
òåëà âûõîäèò íà îïðåäåëåííûé óðîâåíü è ñîõðà-
íÿåòñÿ íà ïðîòÿæåíèè âñåãî äèàïàçîíà.

Òàêèì îáðàçîì, ìîæíî îïðåäåëèòü îïòèìàëü-
íûé ðàáî÷èé äèàïàçîí äâèãàòåëÿ, êîòîðûé ñîîò-
âåòñòâóåò ïëîòíîñòÿì òîêà ðàçðÿäà îò 0,07 äî
(0,015—0,02) À/ñì2 â çàâèñèìîñòè îò êîíñòðóêòèâ-
íûõ îñîáåííîñòåé äâèãàòåëÿ. Êàêàÿ èìåííî êîí-
ôèãóðàöèÿ ìàãíèòíîãî ïîëÿ íåîáõîäèìà äëÿ ðàñ-
øèðåííîãî ðàáî÷åãî äèàïàçîíà — ýòî ïðåäìåò
îòäåëüíîãî àíàëèçà, íî â ïåðâîì ïðèáëèæåíèè
ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò îïðåäåëèòü

Ðèñ. 2. Çàâèñèìîñòü êîýôôèöèåíòà èñïîëüçîâàíèÿ ðàáî÷åãî òåëà îò ïëîòíîñòè ðàçðÿäà
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Ðèñ. 3. Çàâèñèìîñòü ýíåðãåòè÷åñêîãî ÊÏÄ è êîýôôèöèåíòà èñïîëüçîâàíèÿ ðàáî÷åãî òåëà îò ïëîòíîñòè ðàçðÿäà
ó ðàçíûõ ÑÏÄ
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òèïîðàçìåð äâèãàòåëÿ èñõîäÿ èç çàäàííîé ìîùíî-
ñòè.

Åùå îäèí âàæíûé ìîìåíò, îáíàðóæåííûé ïðè
àíàëèçå, — ýòî ïîâåäåíèå äâèãàòåëåé â ðåñóðñå.
Òàê, åñëè ìû ðàññìîòðèì äâèãàòåëü ÑÏÄ-140Ä
(ðèñ. 1 è 2), òî äî ðåñóðñà ÊÏÄ ïî ìîùíîñòè áûë
íà óðîâíå 67 %, íî â ðåçóëüòàòå ðåñóðñíûõ èñïû-
òàíèé îí îïóñòèëñÿ äî óðîâíÿ 62 %. Íåñêîëüêî
äðóãàÿ ñèòóàöèÿ íàáëþäàëàñü â ïðîöåññå ðåñóðñà
äâèãàòåëÿ ÑÏÄ-50Ì, ãäå ÊÏÄ ïî ìîùíîñòè îñ-
òàëñÿ íà îäíîì óðîâíå 62 %, íî ïðîèçîøëî ñíè-
æåíèå êîýôôèöèåíòà èñïîëüçîâàíèÿ ðàáî÷åãî
òåëà â ñðåäíåì íà 5%. Ýòî åùå îäèí ðåçóëüòàò,
òðåáóþùèé îòäåëüíîãî àíàëèçà.

Âûâîäû

Â ñòàòüå ïðåäëîæåí àëüòåðíàòèâíûé ñïîñîá
îáðàáîòêè äàííûõ è îïðåäåëåíû íîâûå êîýôôè-
öèåíòû ïîëåçíîãî äåéñòâèÿ äëÿ ìîùíîñòè è äëÿ
èîíèçàöèè ðàáî÷åãî òåëà.

Â õîäå àíàëèçà âûÿâëåíî, ÷òî äëÿ äâèãàòåëåé
âñåõ òèïîðàçìåðîâ ÑÏÄ, èìåþùèõ êëàññè÷åñêóþ
êîíñòðóêöèþ ñ ìàãíèòíûì ýêðàíèðîâàíèåì, ñó-
ùåñòâóåò õàðàêòåðíûé äèàïàçîí äëÿ ïëîòíîñòè
òîêà ðàçðÿäà îò 0,07 äî (0,015—0,02) À/ñì2, â êî-
òîðîì äâèãàòåëü ðàáîòàåò ñ íàèìåíüøèìè ïîòåðÿ-
ìè ýíåðãèè, è ÷òî ïðè ýòîì ïî ìåðå óâåëè÷åíèÿ
ïëîòíîñòè òîêà ðàçðÿäà ðàñòåò äîëÿ èîíèçîâàííî-
ãî ðàñõîäà.
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Abstract

An important task in the thruster design is
determining its basic geometrical dimension, which
will define its thrust and specific characteristics. By
specifying the main standard size of the thruster, we
lay the foundation of the design and therethrough
directly determine its operating range. Thus, it is
especially important to understand what parameters
can be obtained from the thruster at the initial stage
of its design.

To solve the set problem, it was necessary to switch
to dimensionless parameters that would characterize
the thrust and specific characteristics of the thruster.
The presented work derives the basic dimensionless
parameters, characterizing the thruster operation from
the viewpoint of energy consumption and working
fluid utilization. The obtained coefficients allow
characterizing the thruster operation regardless of its
geometric dimension, and comparing operation
parameters of thrusters of different standard sizes
operating in different power ranges among themselves.

Thus, analysis of stationary plasma thrusters,
developed by the “Fakel” Design Buro, was performed
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by the newly presented dimensionless parameters. The
analysis was conducted for a single working liquid,
namely Xenon, and a single discharging voltage of
300 V. As the result, the dependencies of the working
liquid utilization factor and consumption ratio on the
discharge current density were obtained.

It should be noted that, despite the differences in
the thrusters’ standard sizes and the sizes of the
discharge channel, the curves with characteristic
working zones were obtained for the entire family of
thrusters. The optimal operating range for stationary
plasma thrusters, which corresponds to the discharge
current density from 0.07 to (0.015–0.02) A/cm2,
depending on their design features, was determined in
the course of the analysis.

Eventually, with known operating power range,
necessary for set task accomplishing, it is possible to
determine geometric dimension of the thruster based
on the optimal operation area of the engine, as well
as define approximated thrust and specific
characteristics of the thruster being developed by
simple transformations, obtained dependencies of
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working liquid utilization factor and energy
consumption ratio.

Keywords: stationary plasma thruster, integral
characteristics, discharge current density, power of
costs, energy efficiency, working fluid utilization
factor.
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