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Ïîêàçàíà âîçìîæíîñòü èñïîëüçîâàíèÿ ñòàíäàðòíîãî ïàêåòà ïðîãðàìì ïî ãèäðîãàçîäèíàìèêå ANSYS CFX äëÿ
ðàñ÷åòà ãàçîäèíàìè÷åñêèõ õàðàêòåðèñòèê îñåâîé òóðáèíû ìàëîðàçìåðíûõ òóðáîðåàêòèâíûõ äâèãàòåëåé (ÌÒÐÄ)
ïðè ðàçíûõ âàðèàíòàõ ïðîôèëèðîâàíèÿ ðàáî÷èõ ëîïàòîê. Â ñòàòüå àíàëèçèðóþòñÿ ïðîôèëüíûå ïîòåðè, ò. å. îò-
ðûâ ïîòîêà îò ïîâåðõíîñòè ïðîôèëÿ. Ðàññìàòðèâàåòñÿ âîïðîñ î âëèÿíèè óãëà óñòàíîâêè óñò β  è óãëà íà âõîäå ðà-
áî÷èõ ëîïàòîê 

1 β  íà êîýôôèöèåíò ïîëåçíîãî äåéñòâèÿ (ÊÏÄ) òóðáèíû. Ïðîåêòèðîâàíèå òóðáèíû îñóùåñòâëå-
íî ñ ïîìîùüþ ïðîãðàììû Solidworks, Fluid flow CFX. Äëÿ ïðîôèëèðîâàíèÿ ëîïàòîê èñïîëüçîâàíà ïðîãðàììà
BladeGend. Ïîñòðîåíèå ñòðóêòóðèðîâàííîé ãåêñàýäðè÷åñêîé ðàñ÷¸òíîé ñåòêè äëÿ âñåõ ýëåìåíòîâ ñòóïåíè âûïîë-
íåíî â Ansys Turbogrid.

Êëþ÷åâûå ñëîâà: îñåâàÿ òóðáèíà ÌÒÐÄ, ïðîôèëèðîâàíèå ðàáî÷èõ ëîïàòîê, îïòèìèçàöèÿ ãåîìåòðèè ëîïàòîê
îñåâîé òóðáèíû, ÊÏÄ òóðáèíû, ïðîôèëüíûå ïîòåðè.

Ââåäåíèå

Ïðè ñîçäàíèè ïåðñïåêòèâíûõ ÌÒÐÄ íåèçáåæ-
íî âîçíèêàåò çàäà÷à ïîâûøåíèÿ ãàçîäèíàìè÷åñ-
êîé ýôôåêòèâíîñòè òóðáèí, ïîñêîëüêó ïàðàìåò-
ðû òóðáèíû íåïîñðåäñòâåííûì îáðàçîì âëèÿþò íà
òîïëèâíóþ ýêîíîìè÷íîñòü äâèãàòåëÿ è â êîíå÷-
íîì èòîãå îïðåäåëÿþò åãî êîíêóðåíòîñïîñîá-
íîñòü.

Îñíîâíîé öåëüþ ïðîåêòèðîâàíèÿ òóðáèí ÿâ-
ëÿåòñÿ ïîèñê òàêèõ åå ãåîìåòðè÷åñêèõ è êèíåìà-
òè÷åñêèõ ïàðàìåòðîâ, ïðè êîòîðûõ äîñòèãàåòñÿ
çàäàííàÿ ìîùíîñòü, ïðè ìèíèìàëüíûõ ãàáàðèò-
íûõ ðàçìåðàõ, ìàññå, ñòîèìîñòè, à òàêæå îáåñïå-
÷èâàþòñÿ âûñîêàÿ ýôôåêòèâíîñòü ðàáîòû è íà-
äåæíîñòü â òå÷åíèå çàäàííîãî ðåñóðñà.

Èññëåäîâàíèå ìåõàíèçìà âîçíèêíîâåíèÿ ïî-
òåðü â ìåæëîïàòî÷íûõ êàíàëàõ òóðáèíû ïîçâîëèëî
ñóùåñòâåííî ïåðåñìîòðåòü ïîäõîäû ê ïðîåêòèðî-
âàíèþ òóðáîìàøèí. Íàïðèìåð, êîíñòðóêòèâíûå
óãëû âõîäà 1ëβ  è âûõîäà 2ëβ  âûïîëíÿþò â ðåø¸òêå
ðàçíûå ôóíêöèè, è ïîäõîä ê èõ âûáîðó íå îäèíà-
êîâ. Âûáîð çíà÷åíèÿ 1ëβ — îäèí èç îòâåòñòâåííûõ

ìîìåíòîâ ïîäãîòîâêè ê ïîñòðîåíèþ ïðîôèëÿ: îí
ñâÿçàí ñ çàäà÷åé ìèíèìèçàöèè ïîòåðü ìåõàíè÷åñ-
êîé ýíåðãèè. Áîëåå òîãî, ñîâðåìåííûå òóðáèííûå
ëîïàòêè, êàê ïðàâèëî, ñóùåñòâåííî èçîãíóòû â
îñåâîì è òàíãåíöèàëüíîì íàïðàâëåíèÿõ, êîíöå-
âûå ïîâåðõíîñòè èìåþò ñëîæíûå îáâîäû, òîëùè-
íà ëîïàòîê è ýïþðû èçìåíåíèÿ ïàðàìåòðîâ ïî
âûñîòå ëîïàòêè ìåíÿþòñÿ ïî ñëîæíûì çàêîíàì.
Ïðåäëàãàåìûå ìåðîïðèÿòèÿ ïîçâîëÿþò ñóùå-
ñòâåííî ñîêðàòèòü âòîðè÷íûå, êîíöåâûå ïîòåðè
è ïîòåðè, ñâÿçàííûå ñ óòå÷êàìè â ðàäèàëüíîì çà-
çîðå, è, ñëåäîâàòåëüíî, ñóùåñòâåííî ïîâûñèòü ãà-
çîäèíàìè÷åñêóþ ýôôåêòèâíîñòü òóðáèíû â öåëîì
[1, 2].

Ïðèìåíåíèå ïàêåòîâ ïðèêëàäíûõ ïðîãðàìì
âû÷èñëèòåëüíîé ãàçîâîé äèíàìèêè (CFD), áàçè-
ðóþùèõñÿ íà ðåøåíèè óðàâíåíèé Íàâüå—Ñòîêñà,
â ïðîöåññ ïðîåêòèðîâàíèÿ ïîçâîëèëî â çíà÷èòåëü-
íîé ìåðå ïîâûñèòü òî÷íîñòü ïðîåêòèðîâî÷íûõ
ðàñ÷åòîâ [3].

Îïòèìèçàöèÿ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ íà-
ïðàâëÿþùèõ è ðàáî÷èõ ëîïàòîê òóðáèíû ÿâëÿåò-
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ñÿ âàæíåéøèì ôàêòîðîì óëó÷øåíèÿ ãàçîäèíàìè-
÷åñêèõ õàðàêòåðèñòèê è ïîâûøåíèÿ êîýôôèöèåí-
òà ïîëåçíîãî äåéñòâèÿ äâèãàòåëÿ. Îïòèìèçàöèÿ
ëîïàòîê îñóùåñòâëÿåòñÿ ñ ïîìîùüþ âûáîðà ôîð-
ìû ëîïàòîê è óãëîâ íà âõîäå 1ëβ  è íà âûõîäå 2ëβ
è äðóãèõ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ, òàêèõ, êàê
óãîë óñòàíîâêè óñòβ  è õîðäà ïðîôèëÿ b, øèðèíà ðå-
øåòêè S, øàã ðåøåòêè t è âûñîòà ëîïàòîê h [4, 5].

Ðàñ÷åòíàÿ ìîäåëü
è ìîäåëè òóðáóëåíòíîé âÿçêîñòè

Â íàñòîÿùåå âðåìÿ äëÿ îïèñàíèÿ òóðáóëåíò-
íûõ òå÷åíèé èñïîëüçóþò â îñíîâíîì ìåòîäû, áà-
çèðóþùèåñÿ íà ðåøåíèè óðàâíåíèé Íàâüå—Ñòî-
êñà. Â äàííîé ðàáîòå áûëà ðàññìîòðåíà SST-ìî-
äåëü Ìåíòåðà (ïåðåíîñ ñäâèãîâûõ íàïðÿæåíèé),
êîòîðàÿ ÿâëÿåòñÿ íåêîé êîìáèíèðîâàííîé ìîäå-
ëüþ òóðáóëåíòíîñòè, îñíîâàííîé íà èñïîëüçîâà-
íèè k- ω -ìîäåëè â ïðèñòåíî÷íûõ îáëàñòÿõ è k- ε -
ìîäåëè â îáëàñòÿõ, íàõîäÿùèõñÿ íà äîñòàòî÷íîì
óäàëåíèè îò ñòåíêè. Ýòîò êîìáèíèðîâàííûé ìå-
òîä çàêëþ÷àåòñÿ â ïðåîáðàçîâàíèè óðàâíåíèé
k- ε -ìîäåëè ê k- ω -ôîðìóëèðîâêå. Ýòà ìîäåëü ïî-
êàçàëà õîðîøèå ðåçóëüòàòû ïðè ðàñ÷åòå òå÷åíèé
â çîíå îòðûâà è ïðè ñèëüíîì ïðîäîëüíîì ãðàäè-
åíòå äàâëåíèÿ. Îíà ó÷èòûâàåò ïåðåíîñ êàñàòåëü-
íûõ íàïðÿæåíèé [6].

Äëÿ ðàñ÷åòîâ èñïîëüçóþòñÿ ïðÿìîå ÷èñëåííîå
ìîäåëèðîâàíèå (DNS) è ìîäåëè, êîòîðûå áàçèðó-
þòñÿ íà ðåøåíèè îñðåäíåííûõ óðàâíåíèé Ðåé-
íîëüäñà (RANS). Òðóäíîñòè DNS çàêëþ÷àþòñÿ â
îãðàíè÷åííîñòè êîìïüþòåðíûõ ðåñóðñîâ. Ïîýòî-
ìó ìîäåëè òóðáóëåíòíîñòè, èñïîëüçóåìûå â èíæå-
íåðíûõ ðàñ÷åòàõ, îáû÷íî áàçèðóþòñÿ íà ðåøåíèè
îñðåäíåííûõ óðàâíåíèé Ðåéíîëüäñà (RANS) [7].

Â îáùåì âèäå óðàâíåíèÿ ïåðåíîñà, âêëþ÷àþ-
ùèå îäíî èëè äâà äèôôåðåíöèàëüíûõ óðàâíåíèÿ,
ìîæíî çàïèñàòü â ñëåäóþùåì âèäå [8]:
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Ðàñøèôðîâêà ïàðàìåòðîâ â óðàâíåíèè (1) äëÿ
êàæäîãî âèäà óðàâíåíèé ïðèâåäåíà â òàáë. 1.

Ïðîåêòèðîâàíèå îñåâîé òóðáèíû ÌÒÐÄ

×èñëåííîå ìîäåëèðîâàíèå ãàçîäèíàìèêè òå÷å-
íèÿ â ýëåìåíòàõ äâèãàòåëÿ ïîçâîëÿåò çíà÷èòåëü-
íî ñîêðàòèòü âðåìÿ è ìàòåðèàëüíûå çàòðàòû íà
ïðîåêòèðîâàíèå óçëîâ äâèãàòåëÿ. Èñïîëüçîâàíà
ïðîãðàììà Ansys Workbench äëÿ ïðîâåäåíèÿ ãàçî-
äèíàìè÷åñêîãî ðàñ÷åòà ïðîòî÷íîé ÷àñòè îñåâîé
òóðáèíû ÌÒÐÄ ñ öåëüþ ïîâûøåíèÿ ÊÏÄ òóðáè-
íû. ×èñëåííîå ìîäåëèðîâàíèå äàëî âîçìîæíîñòü
ïðîâåñòè ãàçîäèíàìè÷åñêèé ðàñ÷¸ò íåñêîëüêèõ
âàðèàíòîâ ãåîìåòðèè ðàáî÷èõ ëîïàòîê ñ ðàçëè÷-
íûìè óãëàìè íà âõîäå è ïîçâîëèëî íàéòè îïòè-
ìàëüíóþ ãåîìåòðèþ ðàáî÷èõ ëîïàòîê, ïðè êîòî-
ðîé äîñòèãàëèñü ìàêñèìàëüíîå çíà÷åíèå êîýôôè-
öèåíòà ïîëåçíîãî äåéñòâèÿ è ìèíèìàëüíîå çíà-
÷åíèå ïðîôèëüíûõ ïîòåðü ðàáî÷èõ ëîïàòîê òóð-
áèíû [9].
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Ñ ïîìîùüþ ïðîãðàììû BladeGen îñóùåñòâëÿ-
ëîñü ïðîôèëèðîâàíèå ëîïàòîê òóðáèíû â äâóõ
ñå÷åíèÿõ (ïåðèôåðèéíîì è âòóëî÷íîì) è âûïîë-
íÿëèñü ïîñòðîåíèÿ, êîòîðûå ïîëíîñòüþ îïðåäå-
ëÿëè ïðîòî÷íóþ ÷àñòü òóðáèíû. Âñå ãåîìåòðè÷åñ-
êèå ïàðàìåòðû, îñîáåííî ñóùåñòâåííî âëèÿþùèå
íà ýôôåêòèâíîñòü ðàáîòû òóðáèíû, çàäàíû â íå-
ñêîëüêèõ âàðèàíòàõ ñ öåëüþ îïðåäåëåíèÿ îïòè-
ìàëüíûõ ïðîôèëåé ðàáî÷èõ ëîïàòîê, ïðè êîòîðûõ
ðåàëèçóåòñÿ áåçîòðûâíîå òå÷åíèå ïî ïîâåðõíîñ-
òè ëîïàòîê [10].

Äëÿ ñâÿçêè ïîâåðõíîñòåé ðàáî÷åãî êîëåñà è
äèôôóçîðîâ èñïîëüçîâàëñÿ èíòåðôåéñ Stage
(ðèñ. 1). Äàííûé òèï èíòåðôåéñà èñïîëüçóåòñÿ äëÿ
ðåøåíèÿ çàäà÷ â ñòàöèîíàðíîé ïîñòàíîâêå, ïðè
ýòîì ïàðàìåòðû ïîòîêà íà ãðàíèöàõ ðàçäåëà óñ-
ðåäíÿþòñÿ ïî îêðóæíîñòè. Òàêèì îáðàçîì, äàí-
íûé òèï èíòåðôåéñà ïðåäíàçíà÷åí äëÿ îïðåäåëå-
íèÿ èíòåãðàëüíûõ õàðàêòåðèñòèê ñòóïåíè. Ðàçëè÷-
íûå óãëû ñåêòîðîâ ðàáî÷åãî êîëåñà è äèôôóçîðîâ
ó÷èòûâàþòñÿ èíòåðôåéñîì Stage àâòîìàòè÷åñêè
[11, 12].

Îáúåêò èññëåäîâàíèé

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ ðàññìîòðå-
íà ïðîòî÷íàÿ ÷àñòü îñåâîé òóðáèíû ÌÒÐÄ. Îíà
ñîñòîèò èç íàïðàâëÿþùåãî àïïàðàòà è ðàáî÷åãî
êîëåñà. Îñíîâíîé àêöåíò ñäåëàí íà îïòèìèçàöèþ
ãåîìåòðèè ðàáî÷èõ ëîïàòîê ñ öåëþ ïîâûøåíèÿ
ÊÏÄ òóðáèíû. Äëÿ àíàëèçà èñõîäíîé êîíñòðóêöèè

âûïîëíåí ðàñ÷åò òðåõìåðíîãî âÿçêîãî òå÷åíèÿ âî
âñåé ïðîòî÷íîé ÷àñòè òóðáèíû íà äîñòàòî÷íî ìåë-
êîé ñåòêå. Â òàáë. 2 ïðåäñòàâëåíû èñõîäíûå äàí-
íûå äëÿ ïðîåêòèðîâàíèÿ îäíîñòóïåí÷àòîé îñåâîé
òóðáèíû, èñïîëüçîâàííûå â ðàñ÷åòå [13, 14].

Ãðàíè÷íûå óñëîâèÿ è ìîäåëè, èñïîëüçóåìûå
äëÿ ïðîâåäåíèÿ ãàçîäèíàìè÷åñêîãî ðàñ÷åòà ñ ïî-
ìîùüþ ïðîãðàììû Ansys CFX, ïðèâåäåíû â
òàáë. 3.

Ðåçóëüòàò ÷èñëåííîãî àíàëèçà ëîïàòîê
îñåâîé òóðáèíû

Òå÷åíèå ðåàëüíîãî ðàáî÷åãî òåëà â ìåæëîïà-
òî÷íûõ êàíàëàõ òóðáèíû èìååò ñëîæíûé ïðî-
ñòðàíñòâåííûé è íåñòàöèîíàðíûé õàðàêòåð. Òå-
÷åíèå ìîæåò áûòü äî-, òðàíñ- èëè ñâåðõçâóêîâûì.
Ïîòîê â ëîïàòî÷íîé ìàøèíå èìååò çíà÷èòåëüíóþ
òóðáóëåíòíîñòü. Íà ëîïàòêå åñòü îáëàñòè ëàìèíàð-
íîãî, ïåðåõîäíîãî è òóðáóëåíòíîãî òå÷åíèÿ, êî-
òîðûå ìîãóò ïðèñóòñòâîâàòü îäíîâðåìåííî â îä-
íîì ëîïàòî÷íîì âåíöå. Âÿçêèå è òóðáóëåíòíûå
îáëàñòè ñîäåðæàò íàïðÿæåíèÿ, âûçâàííûå íàëè-
÷èåì áîëüøèõ ãðàäèåíòîâ äàâëåíèÿ ïî âñåì òðåì
íàïðàâëåíèÿì, íàëè÷èåì âðàùåíèÿ èç-çà êðèâèç-
íû êàíàëà, íàëè÷èåì óäàðíûõ âîëí, à òàêæå íà-
ïðÿæåíèÿ, âûçâàííûå âçàèìîäåéñòâèåì ñêà÷êîâ
óïëîòíåíèÿ ñ ïîãðàíè÷íûì ñëîåì. Ðåàëüíàÿ
ñòðóêòóðà ïîòîêà â ìåæëîïàòî÷íîì êàíàëå èìååò
ñëîæíûé õàðàêòåð (ðèñ. 2). Òàê, íàðÿäó ñ îñíîâ-
íûì òå÷åíèåì ðàáî÷åãî òåëà ñóùåñòâóþò ïàðàçèò-

Ðèñ. 1. Îáùèé âèä ïðîòî÷íîé ÷àñòè îñåâîé òóðáèíû ÌÒÐÄ
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íûå âòîðè÷íûå òå÷åíèÿ, íà ïîääåðæàíèå êîòîðûõ
òðàòèòñÿ êèíåòè÷åñêàÿ ýíåðãèÿ. Ýòà ýíåðãèÿ íå
çàòðà÷èâàåòñÿ íà âûïîëíåíèå îñíîâíîé ôóíêöèè
òóðáîìàøèíû è ÿâëÿåòñÿ ïîòåðÿííîé [15, 16].

Âëèÿíèå óãëà óñòàíîâêè óñòβ
íà îáðàçîâàíèå âèõðÿ

Îòðûâ ïîòîêà îò ïîâåðõíîñòè ëîïàòîê ÿâëÿåò-
ñÿ îäíîé èç íàèáîëåå ñóùåñòâåííûõ ïðîáëåì ïðè

îáòåêàíèè ðåøåòêè. Â ìåñòàõ îòðûâà îáðàçóþòñÿ
âèõðè, îáóñëîâëèâàþùèå çíà÷èòåëüíûå ïîòåðè
ýíåðãèè. Ïðè îòðûâå ñóæàåòñÿ ïðîõîäíîå ñå÷åíèå
êàíàëà, ÷òî ìîæåò ïîâëå÷ü çà ñîáîé óìåíüøåíèå
ïðîïóñêíîé ñïîñîáíîñòè ðåøåòêè è, ñëåäîâàòåëü-
íî, óìåíüøåíèå ðàñõîäà ãàçà ÷åðåç òóðáèíó [17].

Âîçíèêíîâåíèå îòðûâà ïîòîêà ñâÿçàíî ñ óâå-
ëè÷åíèåì êðèâèçíû ïðîôèëÿ. Äëÿ áîëåå óäîáíî-
ãî ïîíèìàíèÿ âëèÿíèÿ óãëà óñòàíîâêè óñòβ  íà

Òàáëèöà 2

Èñõîäíûå äàííûå äëÿ ïðîåêòèðîâàíèÿ îäíîñòóïåí÷àòîé îñåâîé òóðáèíû

Òàáëèöà 3

Ãðàíè÷íûå óñëîâèÿ è ìîäåëè, çàäàâàåìûå â Ansys CFX

Ïàðàìåòðû Íàïðàâëÿþùèé àïïàðàò Ðàáî÷èå ëîïàòêè 

Шèðèíà ðåøåòêè, ìì 12,767 20.2987 

Хîðäà ïðîôèëÿ, ìì  12,165 18.3104 

Âûñîòà ëîïàòêè, ìì 15,3 15,3 

Ðàäèóñ ñêðóãëåíèÿ âõîäíîé  
êðîìêè, ìì  

1 2 

Ðàäèóñ ñêðóãëåíèÿ âûõîäíîé  
êðîìêè, ìì 

0,5 0,8 

Äèàìåòð âòóëêè, ìì 35 35 

Ïåðèôåðèéíûé äèàìåòð, ìì 100 100 

Óãîë óñòàíîâêè, ãðàäóñû 40 25…35 

×èñëî ëîïàòîê 83 22 

Óãîë β1Л ëîïàòîê, ãðàäóñû - 65 

Óãîë β2Л ëîïàòîê, ãðàäóñû - 40 

Óãîë α0Л ëîïàòîê, ãðàäóñû 90 - 

Óãîë α1Л ëîïàòîê, ãðàäóñû 35 - 

Ïàðàìåòðû Зíà÷åíèÿ 

Ïîëíîå äàâëåíèå íà âõîäå â òóðáèíó, êÏà  94…550 

Ñòàòè÷åñêîå äàâëåíèå íà âûõîäå òóðáèíû, êÏà 90….95 

×àñòîòà âðàùåíèÿ ðàáî÷åãî êîëåñà, îá/ìèí 10000…90000 

Òèï èíòåðôåéñîâ  Stage 

Ìîäåëü òóðáóëåíòíîñòè SST 

Ìîäåëü ïåðåíîñà òåïëîòû Total Energy 

Ìîäåëü ðàáî÷åãî âåùåñòâà Air Ideal gas 
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âîçíèêíîâåíèå îòðûâà ïîòîêà â ìåæëîïàòî÷íûõ
êàíàëàõ òóðáèíû ïðåäñòàâëåíû äâà âàðèàíòà
ïðîåêòèðîâàíèÿ ðàáî÷èõ ëîïàòîê ñ ðàçíûìè óã-
ëàìè óñòàíîâêè óñòβ . Íà ðèñ. 3,á ïðåäñòàâëåí ïåð-
âûé âàðèàíò ñ óãëîì óñòàíîâêè óñòβ = 25°. Êðèâèç-
íà ïðîôèëÿ çíà÷èòåëüíî óâåëè÷åíà, ÷òî ïðèâîäèò
ê óâåëè÷åíèþ äèôôóçîðà è îáðàçîâàíèþ âèõðÿ íà
êîðûòöå ëîïàòîê, êàê âèäíî íà ðèñóíêå. Âî âòî-
ðîì âàðèàíòå ñ óãëîì óñòàíîâêè óñòβ = 35° ñî ñëà-
áîé äèôôóçîðíîñòüþ (ðèñ. 3,à) îòðûâ ïîòîêà
ìîæåò è íå ïðîèçîéòè áëàãîäàðÿ áîëåå âûñîêîé
êèíåòè÷åñêîé ýíåðãèè ïîòîêà [18].

Äëÿ îöåíêè ãèäðàâëè÷åñêèõ ïîòåðü íà âèõðå-
îáðàçîâàíèå ïðè îáòåêàíèè ïîòîêîì ðàáî÷èõ ëî-
ïàòîê òóðáèíû ìîæíî èñïîëüçîâàòü èçîýíòðîïè-
÷åñêèé (àäèàáàòè÷åñêèé) ÊÏÄ (total to total
isentropic efficiency), êîòîðûé âû÷èñëÿåòñÿ ñ ïî-
ìîùüþ ïàêåòà Fluid Flow CFX. Àäèàáàòè÷åñêèé
ÊÏÄ ó÷èòûâàåò òîëüêî ãèäðàâëè÷åñêèå è âîëíî-
âûå ïîòåðè â ñòóïåíè òóðáèíû. Íà ðèñ. 4 ïîêàçàíî
èçìåíåíèå èçîýíòðîïè÷åñêîãî ÊÏÄ, âû÷èñëåííî-
ãî ìåòîäîì Stage, â çàâèñèìîñòè îò ÷àñòîòû âðà-
ùåíèÿ n äëÿ ðàçíûõ âàðèàíòîâ ãåîìåòðèè ðàáî÷èõ
ëîïàòîê, ðàçëè÷àþùèõñÿ óãëîì óñòàíîâêè óñòβ . Èç
ðèñ. 4 âèäíî, ÷òî äëÿ ïåðâîãî âàðèàíòà, ñ óãëîì
óñòàíîâêè óñòβ = 25°, èçîýíòðîïè÷åñêèé ÊÏÄ
âûøå, ÷åì äëÿ âòîðîãî âàðèàíòà ñ óãëîì óñòàíîâêè

óñòβ = 35° âñëåäñòâèå íàëè÷èÿ âèõðÿ íà êîðûòöå
ëîïàòîê [19].

Âëèÿíèå óãëà 1β  íà ÊÏÄ

×àñòîòà âðàùåíèÿ îêàçûâàåò ñèëüíîå âëèÿíèå
íà ÊÏÄ. Ïðè ñóùåñòâåííîì óìåíüøåíèè n ïî
ñðàâíåíèþ ñ îïòèìàëüíûì çíà÷åíèåì ïðîèñõîäèò
äåôîðìàöèÿ ïðîôèëÿ ñêîðîñòåé. Ïðè ýòîì óìåíü-
øàåòñÿ 1β  è ïðè 1ëβ = const óãîë àòàêè ñòàíîâèò-
ñÿ îòëè÷íûì îò îïòèìàëüíîãî, ÷òî ïðèâîäèò ê
ðîñòó åù¸ è ïðîôèëüíûõ ïîòåðü. Òàêæå ïðè ñó-
ùåñòâåííîì óâåëè÷åíèè ÷àñòîòû âðàùåíèÿ ïî
ñðàâíåíèþ ñ åå îïòèìàëüíûì çíà÷åíèåì ðàñòóò
ïðîôèëüíûå ïîòåðè èç-çà ðîñòà óãëà 1β . Íà ðèñ. 5
ïîêàçàíî èçìåíåíèå óãëà 1β  ïî âûñîòå ëîïàòîê ïðè
÷àñòîòå âðàùåíèÿ 10000 è 110000 îá/ìèí.

Äëÿ îöåíêè ðàáîòû òóðáèíû î÷åíü ÷àñòî èñ-

ïîëüçóþòñÿ çàâèñèìîñòè ò ,u
s

uf cη Ê ˆ= Á ˜Ë ¯ ãäå u —

îêðóæíàÿ ñêîðîñòü, ì/ñ; ñs — èçîýíòðîïíàÿ ñêî-

ðîñòü, ì/ñ. Ïðè óìåíüøåíèè 
s

u
c

Ê ˆ
Á ˜Ë ¯  óâåëè÷èâàåòñÿ

îòíîñèòåëüíàÿ ñêîðîñòü íà âõîäå â ðàáî÷óþ ëîïàò-
êó w1, è ýòî ïðèâîäèò ê ðîñòó îòíîñèòåëüíîé ñêî-
ðîñòè íà âûõîäå èç ðàáî÷åé ëîïàòêè w2, ÷òî ñî-
ïðîâîæäàåòñÿ ñóùåñòâåííûì óâåëè÷åíèåì ñ2.
Âñëåäñòâèå ýòîãî ðàñòóò âûõîäíûå ïîòåðè è, ñî-

Ðèñ. 2. Ñòðóêòóðà ïîòîêà â ìåæëîïàòî÷íîì êàíàëå îñåâîé òóðáèíû ÌÒÐÄ
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îòâåòñòâåííî, ñíèæàåòñÿ ÊÏÄ. Ïðè óâåëè÷åíèè

s

u
c

Ê ˆ
Á ˜Ë ¯  ñíèæàåòñÿ w1, è ýòî ïðèâîäèò ê ñíèæåíèþ

w2, ÷òî ñîïðîâîæäàåòñÿ ñóùåñòâåííûì óìåíüøå-
íèåì ñ2. Ýòî òàêæå ïðèâîäèò ê ðîñòó âûõîäíûõ ïî-
òåðü è ñíèæåíèþ ÊÏÄ.

Ñî ñíèæåíèåì ÊÏÄ òàêæå ñâÿçàíû ïðîôèëü-

íûå ïîòåðè, òàê êàê ïðîèñõîäèò èçìåíåíèå óãëà 1β

Ðèñ. 3. Âëèÿíèå óãëà óñòàíîâêè íà âîçíèêíîâåíèå âèõðÿ ïîòîêà: à — óñòβ = 35°, á — óñòβ = 25°

à)

á)

è ìåíÿåòñÿ óãîë àòàêè ðàáî÷èõ ëîïàòîê âñëåäñòâèå

èçìåíåíèÿ 
s

u
c

Ê ˆ
Á ˜Ë ¯ . Íà ðèñ. 6 ïðåäñòàâëåíà çàâè-

ñèìîñòü ÊÏÄ òóðáèíû îò âåëè÷èíû
s

u
c

Ê ˆ
Á ˜Ë ¯  äëÿ

ïåðâîãî è âòîðîãî âàðèàíòîâ èñïîëíåíèÿ ëîïàòîê.
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Âûâîäû

Ñîãëàñíî ðåçóëüòàòàì ÷èñëåííîãî èññëåäîâà-
íèÿ, ñ óâåëè÷åíèåì óãëà óñòàíîâêè ëîïàòîê íà 10°
àäèàáàòè÷åñêèé ÊÏÄ óìåíüøàåòñÿ íà 3,7% âñëåä-
ñòâèå óâåëè÷åíèÿ ïðîôèëüíûõ ïîòåðü â ìåæëîïà-
òî÷íûõ êàíàëàõ ðàáî÷èõ ëîïàòîê. Ïðè ñóùåñòâåí-
íîì óìåíüøåíèè èëè óâåëè÷åíèè ÷àñòîòû âðàùå-
íèÿ ïî ñðàâíåíèþ ñ îïòèìàëüíîé çíà÷èòåëüíî äå-
ôîðìèðóåòñÿ ïðîôèëü ñêîðîñòåé, ÷òî ïðèâîäèò ê
ñíèæåíèþ ÊÏÄ. Ïðè ýòîì óâåëè÷èâàþòñÿ ïðî-

ôèëüíûå ïîòåðè âñëåäñòâèå ðîñòà óãëà 1β  ïî âû-

ñîòå ðàáî÷èõ ëîïàòîê. Óâåëè÷åíèå èëè óìåíüøå-

Ðèñ. 4. Çàâèñèìîñòè èçîýíòðîïè÷åñêîãî ÊÏÄ îò ÷àñòîòû âðàùåíèÿ

Ðèñ. 5. Èçìåíåíèå óãëà 1β ïî âûñîòå ðàáî÷èõ ëîïàòîê

íèå óãëà àòàêè ïî ñðàâíåíèþ ñ îïòèìàëüíûì ïðè-
âîäèò ê âîçíèêíîâåíèþ îòðûâà íà ñïèíêå ëèáî
êîðûòöå ëîïàòîê. ÊÏÄ òóðáèíû ñóùåñòâåííî çà-

âèñèò îò îòíîøåíèÿ ò .u
s

uf cη Ê ˆ= Á ˜Ë ¯  Çàâèñèìîñòü

èìååò ìàêñèìóì â îáëàñòè 
s

u
c

Ê ˆ
Á ˜Ë ¯ =0,5. Ñ óâåëè-

÷åíèåì 
s

u
c

Ê ˆ
Á ˜Ë ¯  ÊÏÄ ñíà÷àëà óâåëè÷èâàåòñÿ, äîñ-

òèãàÿ ìàêñèìàëüíîãî çíà÷åíèÿ, à ïîòîì ñíèæàåòñÿ
âñëåäñòâèå ðîñòà ïðîôèëüíûõ è âûõîäíûõ ïîòåðü.
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Abstract

Small-sized turbojet engines are employed for
unmanned aerial vehicles (UAV). Due to low
efficiency and thrust-to-weight ratio, they are limited
to short range applications. However, transition from
rated idle mode to MAXIMAL mode at high altitude
takes time, which requires further development to
improve efficiency of these gas turbines.

When creating promising small-sized turbojet
engines, the problem of turbines gas-dynamic
efficiency increasing inevitably arises, as it directly
affects the fuel efficiency of the engine, and ultimately
determines its competitiveness.

The presented article considers profile losses, i.e.
the flow separation from the surface of the rotor blade

profile. The issue of the setting angle setβ  and the

angle at the rotor blade inlet 1β  effect on the turbine

efficiency is under consideration.
The main task of the calculation consists in

determining optimal shape of the axial turbine rotor
blades to ensure the required parameters and
characteristics of the turbine at continuum flow and
minimum energy losses with specified values of the
angles at the inlet and setting angles.

The article presents also the results of a numerical
study of the turbine air-gas channel, i.e. the joint

AXIAL TURBINE BLADES GEOMETRY IMPACT
OF SMALL-SIZED TURBOJET ENGINES ON THE TURBINE EFFICIENCY
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operation of the turbine guide blades and the rotor
blades, to assess the quality of the rotor blades
geometry to improve the turbine efficiency.

In this work, the 3D computational model was
constructed in the SolidWorks program with
subsequent computational grid applying with Turbo
Grid program. The flow was simulated by the SST
turbulent viscosity model.

Keywords: axial turbine of a small turbojet engine,
rotor blades profiling, geometry optimization of axial
turbine of a small turbojet engine, turbine efficiency,
profile losses.
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