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Ñîçäàíà òð¸õìåðíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü òå÷åíèÿ ðàáî÷åé æèäêîñòè â ïîëîñòè ðàáî÷åãî êîëåñà èññëåäóå-
ìîãî ýëåêòðîíàñîñíîãî àãðåãàòà (ÝÍÀ). Ñ ïîìîùüþ CFD-ðàñ÷¸òà íà íåñêîëüêèõ ðåæèìàõ ðàáîòû ÝÍÀ îïðåäå-
ëåíà îñåâàÿ ñèëà, äåéñòâóþùàÿ íà ðàäèàëüíî-óïîðíûé ïîäøèïíèê. Äîêàçàíà ñõîäèìîñòü ðåçóëüòàòîâ, ïîëó÷åí-
íûõ ñ ïîìîùüþ ýòîé ìîäåëè, ñ ðåçóëüòàòàìè íàòóðíîãî ýêñïåðèìåíòà. Ïîëó÷åíà çàâèñèìîñòü êîýôôèöèåíòà ïîòîêà
æèäêîñòè â îñåâîì çàçîðå îò ðåæèìíûõ è êîíñòðóêòèâíûõ ïàðàìåòðîâ ÝÍÀ.

Êëþ÷åâûå ñëîâà: ýëåêòðîíàñîñíûé àãðåãàò, êðûëü÷àòêà, îñåâàÿ ñèëà, CFD-ìîäåëèðîâàíèå, ïîäøèïíèê.

Ââåäåíèå

Â ïîñëåäíèå ãîäû áûëè çàðåãèñòðèðîâàíû
ñëó÷àè íåèñïðàâíîñòåé ýëåêòðîíàñîñíûõ àãðåãà-
òîâ (ÝÍÀ), âûâîäÿùèõ ÝÍÀ èç ñòðîÿ è òåì ñàìûì
íàðóøàþùèõ ðàáîòó ñèñòåì òåðìîðåãóëèðîâàíèÿ
(ÑÒÐ) êîñìè÷åñêèõ àïïàðàòîâ (ÊÀ). Ðåñóðñ è íà-
ä¸æíîñòü ÝÍÀ â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿ-
þòñÿ âðåìåíåì ðàáîòîñïîñîáíîñòè îïîð ðîòîðà,
ýôôåêòèâíîñòüþ óïëîòíèòåëüíîé ñèñòåìû, íàä-
ëåæàùèì ðåæèìîì ñìàçêè è îõëàæäåíèÿ [1, 3, 4,
6, 7]. Êàê ïðàâèëî, óïëîòíåíèÿ è îïîðû êîíñòðóê-
òèâíî ñâÿçàíû ñ ïðîòî÷íîé ÷àñòüþ íàñîñà è ìåæäó
ñîáîé ãèäðàâëè÷åñêèì òðàêòîì, íåîáõîäèìûì äëÿ
íîðìàëüíîãî ôóíêöèîíèðîâàíèÿ àãðåãàòà. Íàèáî-
ëåå âåðîÿòíîé ïðè÷èíîé îòêàçà ÝÍÀ ñ÷èòàåòñÿ
âîçíèêíîâåíèå ïîâûøåííîé îñåâîé íàãðóçêè,
ñëåäîâàòåëüíî, èçó÷åíèå ãèäðîäèíàìèêè òàêèõ
âñïîìîãàòåëüíûõ ãèäðàâëè÷åñêèõ òðàêòîâ ÿâëÿåò-
ñÿ âàæíîé çàäà÷åé äëÿ ïðåäïðèÿòèé, ðàáîòàþùèõ
â äàííîé îòðàñëè. Â òî æå âðåìÿ ñîâðåìåííûå ìå-
òîäû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïîçâîëÿþò
ïðîãíîçèðîâàòü âîçìîæíûé äèàïàçîí èçìåíåíèÿ
îñåâûõ ñèë ñ ó÷åòîì êîíñòðóêòèâíî-òåõíîëîãè÷åñ-
êèõ ôàêòîðîâ äàæå íà ýòàïå ïðîåêòèðîâàíèÿ [5,
8, 11, 14].

Ñòîèò ïðèíèìàòü âî âíèìàíèå, ÷òî äîâîäêà
îòäåëüíûõ ýëåìåíòîâ êîíñòðóêöèè âûãëÿäèò ãî-
ðàçäî ýôôåêòèâíåå çàìåíû ýòèõ ýëåìåíòîâ èëè ñè-

ñòåìû â öåëîì, òàê êàê çàìåíà ýëåìåíòà èëè ñè-
ñòåìû âåäåò ê ïîâòîðíûì ðåñóðñíûì èñïûòàíè-
ÿì [12, 13, 15, 16]. Äëèòåëüíîñòü îðáèòàëüíîãî ïî-
ëåòà ñîâðåìåííûõ êîñìè÷åñêèõ àïïàðàòîâ ñîñòàâ-
ëÿåò îò 5 äî 15 ëåò, à ñëåäîâàòåëüíî, è ðåñóðñíûå
èñïûòàíèÿ, ïðîâîäÿùèåñÿ ïî âñåì òðåáîâàíèÿì
ýêñïëóàòàöèîííîé äîêóìåíòàöèè, òàêæå òðåáóþò
áîëüøîãî êîëè÷åñòâà âðåìåíè, êîòîðîå çà÷àñòóþ
ïðåâûøàåò ñðîêè, îòâåäåííûå â ðàìêàõ ãîñóäàð-
ñòâåííîãî îáîðîííîãî çàêàçà íà ïóñê êîñìè÷åñ-
êîãî àïïàðàòà.

Ðàñïðîñòðàíåííûå ìåòîäèêè ðàñ÷åòà îñåâûõ
ñèë ìîãóò ïðèìåíÿòüñÿ â óçêîì äèàïàçîíå ïàðà-
ìåòðîâ è íå îáåñïå÷èâàþò íåîáõîäèìóþ òî÷íîñòü
â çàäà÷àõ òàêîãî ïëàíà. Â íàñòîÿùåå âðåìÿ âåäó-
ùèå çàðóáåæíûå ïðîèçâîäèòåëè ðàêåòíîé òåõíè-
êè íàìíîãî øèðå èñïîëüçóþò ÷èñëåííîå ìîäåëè-
ðîâàíèå òå÷åíèé ãàçà èëè æèäêîñòè ñ ïîìîùüþ
ìåòîäà êîíòðîëüíûõ îáú¸ìîâ äëÿ ïðîåêòèðîâàíèÿ
è äîâîäêè ñâîèõ èçäåëèé, íåæåëè ðîññèéñêèå
êîìïàíèè [9, 10].

Â äàííîé ðàáîòå ïðîâîäèòñÿ ðàñ÷¸ò îñåâîé
ñèëû íà ðàäèàëüíî-óïîðíûé ïîäøèïíèê ÝÍÀ ñ
öåëüþ ïîèñêà ïðè÷èí íåèñïðàâíîñòè äåéñòâóþ-
ùåãî èçäåëèÿ. Äëÿ ýòîãî áûëà ñîçäàíà òð¸õìåðíàÿ
ìàòåìàòè÷åñêàÿ ìîäåëü òå÷åíèÿ ðàáî÷åé æèäêî-
ñòè (ÐÆ) â ïîëîñòè ðàáî÷åãî êîëåñà èññëåäóåìî-
ãî ÝÍÀ (ðèñ. 1) [17, 19].
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Ðàñ÷¸ò íàñîñà

Ïðîöåññ ñîçäàíèÿ ðàñ÷¸òíîé CFD-ìîäåëè
âûïîëíÿëñÿ â òðè ýòàïà [18, 20]. Íà ïåðâîì ýòà-
ïå áûëà ñîçäàíà 3D-ìîäåëü êîíñòðóêòèâíûõ ýëå-
ìåíòîâ, êîòîðàÿ çàòåì áûëà ïðåîáðàçîâàíà â ìî-
äåëü ãèäðîäèíàìè÷åñêèõ ïîëîñòåé ñ èñïîëüçîâà-
íèåì áóëåâûõ îïåðàöèé. Íà âòîðîì ýòàïå íà áàçå
ãåîìåòðè÷åñêîé ìîäåëè áûëà ïîñòðîåíà ñòðóêòó-
ðèðîâàííàÿ ñåòî÷íàÿ ìîäåëü ïóò¸ì ñòðóêòóðíîé
äåêîìïîçèöèè. Íà çàêëþ÷èòåëüíîì ýòàïå ïîëó-
÷åííàÿ ñåòî÷íàÿ ìîäåëü áûëà îñíàùåíà ãðàíè÷-
íûìè óñëîâèÿìè (äàâëåíèå íà âõîäå è ìàññîâûé
ðàñõîä íà âûõîäå), ïàðàìåòðàìè ðàáî÷åãî òåëà è
äðóãèìè ïàðàìåòðàìè ìîäåëèðîâàíèÿ.

Äëÿ ðàñ÷¸òà áûë ïðèìåí¸í ñòàöèîíàðíûé ðå-
æèì. Âûáðàíà ìîäåëü òóðáóëåíòíîñòè k- ε . Òåï-
ëîîáìåí ñî ñòåíêàìè ìîäåëè íå ó÷èòûâàëñÿ (èçî-
òåðìè÷åñêàÿ ìîäåëü). Â êà÷åñòâå ïàðàìåòðîâ ïî-
òîêà áûëè çàäàíû ñâîéñòâà ðàáî÷åé æèäêîñòè —
òåïëîíîñèòåëÿ ËÇ-ÒÊ-2. Âðàùåíèå ðîòîðà çàäà-
âàëîñü óïðîù¸ííî – ïî ìîäåëè ëîêàëüíîé âðàùà-
þùåéñÿ ñèñòåìû êîîðäèíàò. Ñâÿçü âðàùàþùåé-
ñÿ çîíû ðàáî÷åãî êîëåñà ñî ñòàòè÷íûìè çîíàìè
ñïèðàëüíîãî ñáîðíèêà è ïîëîñòè çàçîðà âûïîëíÿ-
ëàñü îäíèì èíòåðôåéñîì òèïà «Frozen Rotor». Äëÿ
âû÷èñëèòåëüíûõ ïðîöåäóð áûë èñïîëüçîâàí êëà-
ñòåð ÝÂÌ ïðîèçâîäèòåëüíîñòüþ 3,1 TFLOPS.
Áûëè ïðîâåäåíû ðàñ÷¸òû íåñêîëüêèõ ðåæèìîâ.
Èñõîäíûå äàííûå è ðåçóëüòàòû ðàñ÷¸òà ïðèâåäå-
íû â òàáë. 1.

Èç òàáëèöû âèäíî, ÷òî ïðè áîëüøèõ ðàñõîäàõ
äàâëåíèå íà âûõîäå îêàçûâàåòñÿ ìåíüøå äàâëåíèÿ
çà äèñêîì. Ýòî ìîæåò ãîâîðèòü î ñðûâå ïîòîêà â
îáëàñòè ñïèðàëüíîãî ñáîðíèêà èëè âûõîäíîãî
ïàòðóáêà, à ìîæåò áûòü ðàñ÷¸òíîé îøèáêîé, ïî-

ýòîìó îñîáîå âíèìàíèå áûëî óäåëåíî âàëèäàöèè
ðàñ÷¸òíîé ìîäåëè.

Âàëèäàöèÿ ðàñ÷¸òíîé ìîäåëè

Äëÿ âûïîëíåíèÿ âàëèäàöèè ðàñ÷¸òíîé ìîäå-
ëè áûëè ïðîâåäåíû ñïåöèàëüíûå ãèäðîäèíàìè÷åñ-
êèå èñïûòàíèÿ èññëåäóåìîãî ÝÍÀ íà ïîäãîòîâ-
ëåííîì äëÿ ýòîãî ãèäðîñòåíäe, ïðè ãðàíè÷íûõ óñ-
ëîâèÿõ (ðàñõîä òåïëîíîñèòåëÿ íà âûõîäå è äàâëå-
íèå íà âõîäå), èäåíòè÷íûõ óñëîâèÿì ìîäåëèðîâà-
íèÿ.

Íà ðèñ. 2 ïðåäñòàâëåíî ñðàâíåíèå ðåçóëüòàòîâ
ýêñïåðèìåíòà, ïîëó÷åííûõ â ðàìêàõ ñïåöèàëüíûõ
èñïûòàíèé, ñ äàííûìè ìàòåìàòè÷åñêîãî ìîäåëè-
ðîâàíèÿ.

Íà ãðàôèêàõ âèäíî, ÷òî õàðàêòåð èçìåíåíèÿ
äàâëåíèÿ â ðàçëè÷íûõ îáëàñòÿõ, â òîì ÷èñëå è â
îáëàñòè ïðåäïîëàãàåìîãî ñðûâà ïîòîêà, ñîâïàäàåò,
ïðè ýòîì ïîãðåøíîñòü íå ïðåâûøàåò 3%. Ýòî
ïîçâîëÿåò ñ÷èòàòü èñïîëüçóåìóþ ìàòåìàòè÷åñêóþ
ìîäåëü àäåêâàòíîé è â äàëüíåéøåì èññëåäîâàíèè
îïèðàòüñÿ íà ðåçóëüòàòû CFD-ìîäåëèðîâàíèÿ.

Ðàñ÷¸ò îñåâîé ñèëû

Â èññëåäóåìîì êîëåñå ïîëóîòêðûòîãî òèïà èç-
çà îòñóòñòâèÿ ñèììåòðèè åãî îòíîñèòåëüíî ïëîñ-
êîñòè, ïåðïåíäèêóëÿðíîé îñè âðàùåíèÿ, âîçíè-
êàåò íåóðàâíîâåøåííàÿ îñåâàÿ ñèëà, íàïðàâëåí-
íàÿ ïî îñè âðàùåíèÿ â ñòîðîíó âõîäà â êîëåñî [2].
Îñåâàÿ ñèëà Fîñ ñêëàäûâàåòñÿ èç äâóõ ñîñòàâëÿþ-
ùèõ: ñèëû, äåéñòâóþùåé ñî ñòîðîíû âõîäà Fâõ, è
ñèëû, äåéñòâóþùåé ñî ñòîðîíû îñåâîãî çàçîðà Fâ.ä.
Ñîãëàñíî [2], èçìåíåíèå ñèëû äàâëåíèÿ â îñåâîì
çàçîðå ïî ðàäèóñó äèñêà ïîä÷èíÿåòñÿ ïàðàáîëè-
÷åñêîìó çàêîíó:

Ðèñ. 1. Ãåîìåòðè÷åñêàÿ è ãèäðîäèíàìè÷åñêàÿ ìîäåëü èññëåäóåìîãî ÐÊ
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Òàáëèöà 1

Èñõîäíûå äàííûå è ðåçóëüòàòû CFD-ðàñ÷¸òà

Чàñòîòà âðàùåíèÿ, 
îá/ìèí 

Ðàñõîä, 
 ñì3/ñ 

Äàâëåíèå  
íà âõîäå, êÏà 

Äàâëåíèå  
íà âûõîäå, êÏà 

Äàâëåíèå çà 
äèñêîì, êÏà 

Äàâëåíèå  
íà ïåðèôåðèè, êÏà 

5000 0 21,000 72,96 48,93 52,52 

5000 61 20,000 73,12 46,24 49,16 

5000 122 18,000 69,38 43,39 46,47 

5000 182 14,000 56,49 38,62 41,53 

5000 236 10,000 22,97 33,02 36,24 

5900 0 21,000 99,52 58,21 63,03 

5900 59 20,000 95,31 56,81 60,89 

5900 122 18,000 89,24 53,74 57,75 

5900 184 14,000 81,23 49,17 53,20 

5900 239 10,000 49,55 43,53 47,73 

5900 277 6,000 23,99 38,22 42,64 

Ðèñ. 2. Ñðàâíåíèå ðåçóëüòàòîâ èñïûòàíèé ñ ðåçóëüòàòàìè ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ
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ãäå 2ϕ  – êîýôôèöèåíò ïîòîêà æèäêîñòè â îñåâîì

çàçîðå, êîòîðûé çàâèñèò îò êîíñòðóêòèâíûõ è
ðåæèìíûõ ïàðàìåòðîâ íàñîñà è èçìåíÿåòñÿ îò 0,5
äëÿ áåçðàñõîäíîãî òå÷åíèÿ äî 0,76 ïðè ðàñõîäíîì
òå÷åíèè îò ïåðèôåðèè ê öåíòðó â âèäå óòå÷åê
ðàáî÷åé æèäêîñòè;

Pm – äàâëåíèå, äåéñòâóþùåå íà âòóëêó ñî ñòî-
ðîíû äèñêà.

Êàê âèäíî èç ôîðìóëû (1), ñèëà, äåéñòâóþùàÿ
ñî ñòîðîíû îñåâîãî çàçîðà, çàâèñèò îò êîýôôèöè-
åíòà ïîòîêà æèäêîñòè â îñåâîì çàçîðå ϕ . Îäíà-
êî ðåêîìåíäàöèé, ïðåäëîæåííûõ äëÿ åãî âûáîðà
â èçâåñòíûõ íà äàííûé ìîìåíò èñòî÷íèêàõ, íå-
äîñòàòî÷íî äëÿ êîððåêòíîãî îïðåäåëåíèÿ îñåâîé
ñèëû. Äëÿ îïðåäåëåíèÿ ϕ  óðàâíåíèå (1) áûëî ïðå-
îáðàçîâàíî ê âèäó:
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Èñïîëüçóÿ óðàâíåíèå (2) è ïîëó÷åííóþ ïóò¸ì
CFD-ðàñ÷¸òà îñåâóþ ñèëó Fâ.ä, ïîëó÷àåì êîíå÷íîå
óðàâíåíèå äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà ϕ :
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Ïîäñòàâëÿÿ â ôîðìóëó (3) ðåçóëüòàòû ðàñ÷åò-
íîé ìîäåëè, ïîëó÷àåì çíà÷åíèÿ êîýôôèöèåíòîâ
ϕ  äëÿ âñåõ ðåæèìîâ èñïûòàíèé.

Äëÿ ïîëó÷åíèÿ íàãëÿäíîé çàâèñèìîñòè êîýô-
ôèöèåíòà ϕ  îò ðåæèìíûõ è êîíñòðóêòèâíûõ ïà-
ðàìåòðîâ áûë ïðîâåä¸í äîïîëíèòåëüíûé CFD-
ðàñ÷åò ðàçëè÷íûõ ðåæèìîâ ðàáîòû ÝÍÀ, íî áåç
èñïûòàíèé íà ãèäðîñòåíäå, òàê êàê ñõîäèìîñòü
ðàñ÷¸òíîé ìîäåëü óæå áûëà äîêàçàíà. Äîïîëíè-
òåëüíûå ðåæèìû âûáèðàëèñü èç óñëîâèÿ ïîëó÷å-
íèÿ çàâèñèìîñòè êîýôôèöèåíòà ϕ  îò ðàñõîäà ÐÆ
Q, ÷àñòîòû âðàùåíèÿ âàëà ω  è äèàìåòðà ðàçãðó-
çî÷íûõ îòâåðñòèé d. Ïîëó÷åííûå çàâèñèìîñòè
ïðåäñòàâëåíû íà ðèñ. 3—5.

Èç ãðàôèêîâ âèäíî, ÷òî êîýôôèöèåíò ϕ  î÷åíü
ìàëî çàâèñèò îò ðåæèìíûõ ïàðàìåòðîâ è â áîëü-
øåé ñòåïåíè — îò êîíñòðóêòèâíûõ, à òî÷íåå îò
äèàìåòðà ðàçãðóçî÷íûõ îòâåðñòèé. Î÷åâèäíî òàê-
æå, ÷òî äèàïàçîí èçìåíåíèÿ ýòîãî ïàðàìåòðà ãî-
ðàçäî øèðå, ÷åì óêàçàíî â èñòî÷íèêå [2], îñíîâàí-

Ðèñ. 3. Çàâèñèìîñòü ϕ  îò ðàñõîäà Q
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Ðèñ. 4. Çàâèñèìîñòü ϕ  îò ÷àñòîòû âðàùåíèÿ ω

Ðèñ. 5. Çàâèñèìîñòü ϕ  îò äèàìåòðà ðàçãðóçî÷íûõ îòâåðñòèé d



154 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

íîì èñêëþ÷èòåëüíî íà ýêñïåðèìåíòàëüíûõ äàí-
íûõ, êîòîðûå ñêóïû â ñèëó ñëîæíîñòè êîíñòðóê-
öèè ÝÍÀ è, êàê ñëåäñòâèå, çàòðóäí¸ííîñòè ðàç-
ìåùåíèÿ èçìåðèòåëüíûõ óñòðîéñòâ â èññëåäóåìûõ
ïîëîñòÿõ.

Âûâîäû

Ñ ïîìîùüþ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ
(CFD-ìîäåëèðîâàíèÿ) áûëè ïîëó÷åíû óòî÷íåí-
íûå äàííûå çàâèñèìîñòè êîýôôèöèåíòà ïîòîêà
æèäêîñòè â îñåâîì çàçîðå îò êîíñòðóêòèâíûõ è
ðåæèìíûõ ïàðàìåòðîâ ÝÍÀ. Ýòî ïîçâîëèò òî÷íåå
è ïðàâèëüíåå îïðåäåëÿòü îñåâóþ ñèëó, âîçíèêàþ-
ùóþ â ýëåêòðîíàñîñíîì àãðåãàòå åùå íà ñòàäèè
ïðîåêòèðîâàíèÿ, ÷òî â ñâîþ î÷åðåäü óâåëè÷èò
ðåñóðñ è íàä¸æíîñòü ÑÒÐ, à çíà÷èò, è êîñìè÷åñ-
êîãî àïïàðàòà â öåëîì.

Áèáëèîãðàôè÷åñêèé ñïèñîê

1. Áåëîóñîâ À.È., Èâàíîâ À.È. Ðàñ÷åò îñåâûõ ñèë, äåé-
ñòâóþùèõ â òóðáîìàøèíàõ: Ó÷åá. ïîñîáèå. – Êóé-
áûøåâ: Èçä-âî Êóéá. àâèàö. èí-òà, 1981. – 81 ñ.

2. Êðàåâ Ì.Â., Ëóêèí Â.À., Îâñÿííèêîâ Á.Â. Ìàëîðàñ-
õîäíûå íàñîñû àâèàöèîííûõ è êîñìè÷åñêèõ ñèñòåì.
– Ì.: Ìàøèíîñòðîåíèå, 1985. – 128 ñ.

3. Çèìíèöêèé Â.À., Êàïëóí À.Â., Ïàïèð À.Í., Óìîâ Â.À.
Ëîïàñòíûå íàñîñû: Ñïðàâî÷íèê / Ïîä îáù. ðåä.
Â.À. Çèìíèöêîãî è Â.À. Óìîâà. – Ë.: Ìàøèíîñòðî-
åíèå. Ëåíèíãð. îòäåëåíèå, 1986. – 334 ñ.

4. Áåëîóñîâ À.È. Êîíñòðóêòèâíûå è ñèëîâûå ñõåìû
òóðáîìàøèí äâèãàòåëåé ëåòàòåëüíûõ àïïàðàòîâ:
Ó÷åá. ïîñîáèå. – Êóéáûøåâ: Èçä-âî Êóéá. àâèàö.
èí-òà, 1988. — 92 ñ.

5. Ìàòâååâ Â.Í., Øàáëèé Ë.Ñ., Êðèâöîâ À.Â., Çóáàíîâ Â.Ì.,
Èâàíîâ À.È., Êîñèöûí È.Ï., Áàòóðèí Í.Â. Ìåòîäè-
êà ìîäåëèðîâàíèÿ ðàáî÷åãî ïðîöåññà äâóõñòóïåí-
÷àòîãî íàñîñà ñ ãèäðîïðèâîäîì ïåðâîé ñòóïåíè //
Âåñòíèê Ñàìàðñêîãî óíèâåðñèòåòà. Àýðîêîñìè÷åñ-
êàÿ òåõíèêà, òåõíîëîãèè è ìàøèíîñòðîåíèå. 2016.
Ò. 15. ¹ 4. Ñ. 102-113. DOI: 10.18287/2541-7533-
2016-15-4-102-113

6. Êðàåâà Å.Ì. Ýíåðãåòè÷åñêèå ïàðàìåòðû âûñîêîîáî-
ðîòíûõ íàñîñîâ ìàëîãî ðàñõîäà // Âåñòíèê Ìîñêîâ-
ñêîãî àâèàöèîííîãî èíñòèòóòà. 2011. Ò. 18. ¹ 3.
Ñ. 104-109.

7. Êó÷êèí À.Ã., Êóçíåöîâ Å.Â. Ðàñ÷åò ðàñïðåäåëåíèÿ
äàâëåíèÿ ìåæäó äèñêîì ðàáî÷åãî êîëåñà è êîðïó-
ñîì öåíòðîáåæíîãî íàñîñà ñ ó÷åòîì ïðîòå÷åê è
ðåîëîãè÷åñêèõ ñâîéñòâ æèäêîñòè // Âåñòíèê Ñè-
áèðñêîãî ãîñóäàðñòâåííîãî àýðîêîñìè÷åñêîãî óíè-
âåðñèòåòà èì. àêàäåìèêà Ì.Ô. Ðåøåòíåâà. 2003.
¹ 4. Ñ. 188-196.

8. Íàçàðîâ Â.Ï., ßöóíåíêî Â.Ã., Êîëîìåíöåâ À.È. Êîí-
ñòðóêòèâíî-òåõíîëîãè÷åñêèå ôàêòîðû ñòàáèëüíî-
ñòè ýíåðãåòè÷åñêèõ ïàðàìåòðîâ òóðáîíàñîñíûõ àã-
ðåãàòîâ ðàêåòíûõ äâèãàòåëåé // Âåñòíèê Ìîñêîâ-

ñêîãî àâèàöèîííîãî èíñòèòóòà. 2014. Ò. 21. ¹ 5.
Ñ. 101-105.

9. Ñåäà÷ B.C. Ìîìåíò ñîïðîòèâëåíèÿ âðàùåíèþ äèñêà
â çàìêíóòîì êîæóõå // Èçâåñòèÿ âûñøèõ ó÷åáíûõ
çàâåäåíèé. Ýíåðãåòèêà. 1961. ¹ 4. Ñ. 66-73.

10. Ñåäà÷ B.C., Íåñïåëà À.Í. Îïðåäåëåíèå ìîìåíòà ñèë
òðåíèÿ íà âðàùàþùåìñÿ äèñêå ïðè íàëè÷èè ðàñ-
õîäà æèäêîñòè ÷åðåç çàçîð è ëàìèíàðíîì òå÷åíèè
â ïîãðàíè÷íûõ ñëîÿõ // Èçâåñòèÿ âûñøèõ ó÷åáíûõ
çàâåäåíèé. Ýíåðãåòèêà. 1959. ¹ 11. Ñ. 115-122.

11. Ñåíîî Þ., Õàéàìè X. Àíàëèç òå÷åíèÿ ìåæäó âðàùà-
þùèìñÿ äèñêîì è êîæóõîì ñ ïîìîùüþ ÷åòûðåõ-
ñëîéíîé ìîäåëè òå÷åíèÿ // Òåîðåòè÷åñêèå îñíîâû
èíæåíåðíûõ ðàñ÷åòîâ. 1976. ¹ 2. Ñ. 151-158.

12. Ñìîëäûðåâ À.Å., Ñàôîíîâ Þ.Ê. Òðóáîïðîâîäíûé
òðàíñïîðò êîíöåíòðèðîâàííûõ ãèäðîñìåñåé. — Ì.:
Ìàøèíîñòðîåíèå, 1973. — 208 ñ.

13. Öàïëèí Ì.È. Òå÷åíèå ñðåäû â çàçîðå ìåæäó âðàùà-
þùèìñÿ äèñêîì è íåïîäâèæíîé îãðàíè÷èâàþùåé
ñòåíêîé // Èíæåíåðíî-ôèçè÷åñêèé æóðíàë. 1974.
Ò. 26. ¹ 4. Ñ. 611-617.

14. Øàáëèé Ë.Ñ. Ðàñ÷¸ò õàðàêòåðèñòèê òóðáîìàøèí ïðè
çàïóñêå CFX â ïàêåòíîì ðåæèìå // Èíæåíåðíî-
òåõíè÷åñêèé æóðíàë «ANSYS Adventage. Ðóññêàÿ
ðåäàêöèÿ». 2008. ¹ 9. Ñ. 36-37.

15. Øåðøíåâà À.Í. Âëèÿíèå îñåâûõ çàçîðîâ ìåæäó äèñ-
êàìè êîëåñà è êîðïóñîì íà îñåâûå óñèëèÿ â îäíî-
ñòóïåí÷àòîì öåíòðîáåæíîì íàãíåòàòåëå // Òåïëî-
ýíåðãåòèêà. 1965. ¹ 9. Ñ. 80-83.

16. Belousov A.I., Sedel'nikov A.V. Problems in formation
and control of a required microacceleration level at
spacecraft design, tests, and operation // Russian
Aeronautics. 2014. Vol. 57. No. 2, pp. 111–117. DOI:
10.3103/S1068799814020019

17. Egorychev V.S., Ryazanov A.I. A method of design
calculation for the two-component jet-jet gas nozzle
with outer mixing // Russian Aeronautics. 2016. Vol. 59.
No. 4, pp 619–622. DOI: 10.3103/S1068799816040280

18. Shabliy L., Cherniaev A. Optimization of gas turbine
compressor blade parameters for gas-dynamic efficiency
under strength constraints // 4th International
Conference on Simulation and Modeling
Methodologies, Technologies and Applications
(SIMULTECH, 28-30 August 2014, Vienna, Austria,
Austria), pp. 523-528. DOI: 10.5220/
0004994905230528

19. Âàóëèí Ñ.Ä., Âàóëèíà Î.Ñ., Ñàëè÷ Â.Ë., Ùèïèöûí À.Ã.
Èññëåäîâàíèå äèíàìè÷åñêèõ ïðîöåññîâ â óñòàíîâêå
îáåçâðåæèâàíèÿ æèäêèõ ïðîìûøëåííûõ îòõîäîâ íà
îñíîâå ðàêåòíîãî äâèãàòåëÿ ñ ãàçîâûìè êîìïîíåí-
òàìè òîïëèâà // Èçâåñòèÿ Ðîññèéñêîé àêàäåìèè
íàóê. Ýíåðãåòèêà. 2005. ¹ 1. Ñ. 101–109.

20. Zubanov V.M., Shabliy L.S., Krivcov A.V. Rational
technique for multistage centrifugal pump CFD-
modeling // ASME Turbo Expo 2015: Turbine
Technical Conference and Exposition (15–19 June
2015, Montreal, Quebec, Canada). Vol. 2B. Paper No.
GT2015-42070, V02BT39A003; 9 pages. DOI: 10.1115/
GT201542070



155Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

Abstract

In the last few years the problems emerge in
electrically driven pump unit (EDPU), which disrupt
operation of the spacecraft thermo-regulating system
(TRS) and disabling EDPU. The EDPU service life
and operability depend greatly on the operability of
rotor supports, sealing system efficiency, and required
lubricating and cooling mode. As a rule, seals and
supports are connected with the pump flowing part,
and they are connected between each other by the
hydraulic path, necessary for the unit normal
operation. Large axial loading occurrence is considered
the most probable cause of the EDPU failure. Thus,
studying hydrodynamics of such auxiliary hydraulic
paths is the paramount objective for the enterprises
working in this field. For these problems solving, a 3D
mathematical model of the working fluid flow in the
impeller cavity of the EDPU being studied was
developed.

To validate the computational model, hydraulic
test bench was assembled, and special hydrodynamic
tests of the EDPU under study were performed. The
pressure changing behavior in various areas obtained
by the tests coincides with the CFX computation, and
the error does not exceed 3%.

The pressure force change in the axial clearance
along the radius submits to the parabolic law, in which
the liquid flux coefficient in the axial clearance ϕ
plays an important part. It depends upon the structural
and operating parameters of the pump and changes
from 0.5 for the lossless flow to 0.76 with expendable
flow from periphery to the center in the form of the
working fluid leakages. The force acting from the axial
clearance side depends on the ϕ  coefficient, though

the suggested recommendations are not enough for
correct axial force determining,

To determine the fluid flow rate in the axial
clearance, the axial force, obtained with software
complex, was being used. The values of the ϕ
coefficient were obtained this way for all modes, tested
with the hydraulic test bench. Additional calculations

THE STUDY OF LIQUID FLUX COEFFICIENT DEPENDENCE IN AXIAL
CLEARANCE OF ELECTRICALLY DRIVEN PUMP UNIT ON OPERATING AND

STRUCTURAL PARAMETERS

Malov D.V.*, Shablii L.S.

Samara National Research University named after academician S.P. Korolev
(Samara University),

34, Moskovskoe shosse, Samara, 443086, Russia
* e-mail: Animaggg@yandex.ru

of the EDPU various working modes were performed
for the livid illustration of the way the coefficient ϕ
depends on the structural and operating parameters,
but without test bench testing since the computational
model convergence has been already proved.

The obtained dependencies demonstrate that the
ϕ  coefficient depends weakly on the operating

parameters, and to the greater extent it depends on
structural ones, and more specifically, on the discharge
openings diameter. In addition, the range of this
parameter changes is wider than it is pointed in the
source based on the experimental data, which cannot
be always determined precisely due to the structure
complexity, and, as a consequence, complex access
of measuring devices to the EDPU areas of interest.

Keywords: electrically driven pump unit, impeller,
axial force, CFD modeling, bearing.
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