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

Ââåäåíèå

Ñåìåéñòâî èñòðåáèòåëåé ÏÀÎ «Êîìïàíèÿ
«Ñóõîé» ÷åòâåðòîãî ïîêîëåíèÿ, ðåøàÿ óíèêàëüíûå
áîåâûå çàäà÷è â âîçäóõå, óæå áîëåå 40 ëåò îáåñ-
ïå÷èâàåò îáîðîíîñïîñîáíîñòü Ðîññèè [1]. Â íàñòî-
ÿùåå âðåìÿ áîëüøîé ïàðê ñîçäàííûõ èñòðåáèòå-
ëåé åùå èìååò çàïàñ ðåñóðñà ïî ïëàíåðó è àãðå-
ãàòàì, íî ïî ñèëîâîé óñòàíîâêå (ÑÓ) íàçíà÷åííûé
ðåñóðñ àâèàöèîííûõ äâèãàòåëåé óæå ïîäõîäèò ê
ïîëíîé âûðàáîòêå [2]. Ðåìîòîðèçàöèÿ òàêèõ ëå-
òàòåëüíûõ àïïàðàòîâ (ËÀ) â ñîâîêóïíîñòè ñ
ìîäåðíèçàöèåé ñàìîãî ËÀ, åãî áîðòîâîãî ðàäèî-
ýëåêòðîííîãî îáîðóäîâàíèÿ, âîîðóæåíèÿ è ò.ä.
ïîçâîëèò íå òîëüêî ïðîäëèòü ñðîê ýêñïëóàòàöèè
èñòðåáèòåëÿ, íî è çíà÷èòåëüíî ïîâûñèòü åãî áî-
åâóþ ýôôåêòèâíîñòü [3].
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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 10.09.2020

Ïðîâåäåíî èññëåäîâàíèå, çàêëþ÷àþùååñÿ â ñðàâíåíèè ýôôåêòèâíûõ ïàðàìåòðîâ ñèñòåìû «ëåòàòåëüíûé àï-
ïàðàò – ñèëîâàÿ óñòàíîâêà» ñ ðàçëè÷íûìè äâèãàòåëÿìè â ñîñòàâå ñèëîâîé óñòàíîâêè ìàíåâðåííîãî èñòðåáèòåëÿ
ñ öåëüþ îöåíêè ïåðñïåêòèâ ðåìîòîðèçàöèè ñåìåéñòâà èñòðåáèòåëåé ÏÀÎ «Êîìïàíèÿ «Ñóõîé» ÷åòâåðòîãî ïîêî-
ëåíèÿ. Ïðåäñòàâëåíû ìåòîäèêà ïðîâåäåíèÿ èññëåäîâàíèÿ è àíàëèç âûïîëíåííûõ ðàñ÷åòíî-òåîðåòè÷åñêèõ ðàáîò
ñ èñïîëüçîâàíèåì ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïîëåòíîãî öèêëà, îñíîâàííîãî íà âûïîëíåíèè òèïîâîé áîå-
âîé çàäà÷è ñàìîëåòà òèïà Ñó-27 ñ ñèëîâîé óñòàíîâêîé íà áàçå ïÿòè âàðèàíòîâ äâèãàòåëåé.

Êëþ÷åâûå ñëîâà: ðåìîòîðèçàöèÿ, êîíòóð íèçêîãî äàâëåíèÿ, êðèòåðèè ýôôåêòèâíîñòè, ëåòàòåëüíûé àïïàðàò,
ñèëîâàÿ óñòàíîâêà, âûñîòíî-ñêîðîñòíûå õàðàêòåðèñòèêè, äðîññåëüíûå õàðàêòåðèñòèêè.

öèè ÑÓ èñòðåáèòåëåé ÷åòâåðòîãî ïîêîëåíèÿ ÏÀÎ
«Êîìïàíèÿ «Ñóõîé» íîâûìè äâèãàòåëÿìè [4]. Îï-
òèìàëüíûé âàðèàíò äâèãàòåëÿ äëÿ ÑÓ íåîáõîäè-
ìî îáîñíîâàòü ðàñ÷åòíî-òåîðåòè÷åñêèìè èññëåäî-
âàíèÿìè ïî îöåíêå ýôôåêòèâíîñòè èñòðåáèòåëåé
ñ ÑÓ íà áàçå ðàçëè÷íûõ âàðèàíòîâ äâèãàòåëåé äëÿ
ïðèíÿòèÿ ðåøåíèÿ î öåëåñîîáðàçíîñòè ïðîâåäå-
íèÿ ðåìîòîðèçàöèè. Ñëåäîâàòåëüíî, âîïðîñû èñ-
ñëåäîâàíèÿ ýôôåêòèâíîñòè ñàìîëåòîâ òèïà Ñó-27
ñ ðàçëè÷íûìè àâèàöèîííûìè äâèãàòåëÿìè â ñî-
ñòàâå èõ ÑÓ äëÿ ïðèíÿòèÿ ðåøåíèÿ î öåëåñîîá-
ðàçíîñòè ïðîâåäåíèÿ ðåìîòîðèçàöèè ÿâëÿþòñÿ
àêòóàëüíûìè.

Íà îñíîâàíèè âûøåñêàçàííîãî ñôîðìóëèðî-
âàíà íàó÷íàÿ çàäà÷à äàííîãî èññëåäîâàíèÿ, êîòî-
ðàÿ çàêëþ÷àåòñÿ â ñëåäóþùåì: ñ èñïîëüçîâàíèåì
ìåòîäîâ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ îöåíèòü
ýôôåêòèâíîñòü ìíîãîôóíêöèîíàëüíîãî èñòðåáè-
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òåëÿ òèïà Ñó-27 ñ ÑÓ íà áàçå øòàòíîãî äâóõêîí-
òóðíîãî òóðáîðåàêòèâíîãî äâèãàòåëÿ ñî ñìåøåíè-
åì ïîòîêîâ è ôîðñàæíîé êàìåðîé ñãîðàíèÿ
(ÒÐÄÄÔñì) ÀË-31Ô è ÷åòûðåõ âàðèàíòîâ åå ðå-
ìîòîðèçàöèè ïðè âûïîëíåíèè òèïîâîãî ïîëåòíîãî
çàäàíèÿ.

Äëÿ ôîðìèðîâàíèÿ ïîëåòíîãî çàäàíèÿ àâòîðà-
ìè ðàáîòû îáîñíîâàí òèï âûïîëíÿåìîé áîåâîé çà-
äà÷è èññëåäóåìûì ñàìîëåòîì. Èçâåñòíî, ÷òî
Ñó-27 ÿâëÿåòñÿ ìíîãîôóíêöèîíàëüíûì âûñîêîìà-
íåâðåííûì ËÀ, ò. å. èìååò áîëüøîå êîëè÷åñòâî
ðàçíîîáðàçíûõ òèïîâ áîåâûõ çàäà÷, ñâÿçàííûõ ñ
âûïîëíåíèåì ñëîæíûõ ïðîñòðàíñòâåííûõ ôèãóð
ïðè ïèëîòèðîâàíèè, ÷òî ñîïðîâîæäàåòñÿ äëèòåëü-
íûìè íåóñòàíîâèâøèìèñÿ ðåæèìàìè ðàáîòû äâè-
ãàòåëåé (ÐÐÄ) [5]. Ïîýòîìó, ïîñëå ïðîâåäåííîãî
àíàëèçà, èç âñåãî ìíîãîîáðàçèÿ áîåâûõ çàäà÷ áûëà
âûáðàíà çàäà÷à ïî ïåðåáàçèðîâàíèþ ñàìîëåòà ñ
àýðîäðîìà ¹ 1 íà àýðîäðîì ¹ 2. Òàêîé âûáîð
ïðîäèêòîâàí äîñòàòî÷íûì òåõíè÷åñêèì îáîñíî-
âàíèåì ïðèíÿòûõ ðåøåíèé ïðè îòíîñèòåëüíîé
ïðîñòîòå ìîäåëèðîâàíèÿ ÐÐÄ â îòëè÷èå îò ìîäå-
ëèðîâàíèÿ âûñîêîìàíåâðåííûõ ó÷àñòêîâ áîëåå
ñëîæíîé ïðîãðàììû ïîëåòà, ãäå ïîãðåøíîñòü
âû÷èñëåíèé ìîæåò äîñòèãíóòü íåäîïóñòèìûõ çíà-
÷åíèé.

Ïðè ïðîâåäåíèè ïîäîáíûõ èññëåäîâàíèé íå-
îáõîäèìî çàäàòü ïðàâèëà ïðèíÿòèÿ ðåøåíèé, ò. å.
íàçíà÷èòü íåêîòîðûå êðèòåðèè, íà îñíîâàíèè
êîòîðûõ âûðàáàòûâàòü òåõíè÷åñêèå ðåêîìåíäàöèè
î öåëåñîîáðàçíîñòè âûïîëíåíèÿ ìåðîïðèÿòèé [6—
8]. Çà êðèòåðèè ýôôåêòèâíîñòè â äàííîé ðàáîòå
áûëè ïðèíÿòû òåõíè÷åñêèå ïàðàìåòðû, õàðàêòå-
ðèçóþùèå èññëåäóåìûé ñàìîëåò èñõîäÿ èç åãî
ïðåäíàçíà÷åíèÿ, à èìåííî: ñóììàðíàÿ äàëüíîñòü
ïîëåòà è ñêîðîïîäúåìíîñòü. Ýòè êðèòåðèè ÿâëÿ-
þòñÿ ïðîòèâîðå÷èâûìè, òàê êàê ñêîðîïîäúåì-
íîñòü ïðÿìî ïðîïîðöèîíàëüíî çàâèñèò îò òÿãîâî-
îðóæåííîñòè, à äàëüíîñòü ïîëåòà — îáðàòíî ïðî-
ïîðöèîíàëüíî, ñëåäîâàòåëüíî, çàäà÷à ñâîäèòñÿ ê
íàõîæäåíèþ ëîêàëüíîãî îïòèìóìà, íà îñíîâàíèè
êîòîðîãî ìîæíî äàòü çàêëþ÷åíèå î âûïîëíåííîé
îöåíêå ýôôåêòèâíîñòè ïî äàííûì òåõíè÷åñêèì
êðèòåðèÿì.

Ìåòîäèêà ïðîâåäåíèÿ èññëåäîâàíèÿ

Ìåòîäèêà ïðîâåäåíèÿ èññëåäîâàíèÿ, ñõåìà
êîòîðîé ïðîäåìîíñòðèðîâàíà íà ðèñ. 1, îñíîâà-
íà íà ðàçðàáîòàííîé À.Â. Ëóêîâíèêîâûì (Âîåí-
íî-âîçäóøíàÿ èíæåíåðíàÿ àêàäåìèÿ èìåíè ïðî-
ôåññîðà Í.Å. Æóêîâñêîãî) ìåòîäîëîãèè ìíîãî-
äèñöèïëèíàðíîãî àíàëèçà è ôîðìèðîâàíèÿ òåõíè-

Ðèñ. 1. Ñõåìà ìåòîäèêè ïðîâåäåíèÿ èññëåäîâàíèÿ



183Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹4

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

÷åñêîãî îáëèêà ñèñòåìû «ëåòàòåëüíûé àïïàðàò –
ñèëîâàÿ óñòàíîâêà» («ËÀ-ÑÓ») íà ýòàïàõ ïðåäâà-
ðèòåëüíîãî ïðîåêòèðîâàíèÿ [9—11]. Â óêàçàííîé
ìåòîäèêå âîïðîñû ïðîåêòèðîâàíèÿ ñèëîâîé óñòà-
íîâêè ðåøàþòñÿ «íå èçîëèðîâàííî», à â ñèñòåìå
ËÀ ñ ó÷åòîì ñëîæíûõ âçàèìîñâÿçåé ìåæäó ïàðà-
ìåòðàìè ÑÓ è ËÀ, èìåþùèìè ìåñòî â äåéñòâè-
òåëüíîñòè.

Êàê âèäíî èç ñõåìû, îñíîâíûìè èíñòðóìåí-
òàìè ïðîâåäåíèÿ ðàñ÷åòíî-òåîðåòè÷åñêèõ èññëå-
äîâàíèé â äàííîé ìåòîäèêå áûëè íåîäíîêðàòíî
àïðîáèðîâàííûå â àâèàöèîííîé îòðàñëè è ïîêà-
çàâøèå âûñîêóþ ýôôåêòèâíîñòü èíñòðóìåíòàëü-
íî-ïðîãðàììíûå êîìïëåêñû (ÈÏÊ) ThermoGTE
[12—15] è «Ñàìîëåò-Äâèãàòåëü» [16, 17—19].
Ñòðóêòóðíî óêàçàííàÿ ìåòîäèêà ñîñòîèò èç ÷åòû-
ðåõ îñíîâíûõ ýòàïîâ, ïåðâûé èç êîòîðûõ óæå èç-
ëîæåí, à îñòàâøèåñÿ ïîñëåäîâàòåëüíî áóäóò ðàñ-
êðûòû íèæå.

Ôîðìèðîâàíèå ïàðàìåòðîâ ÑÓ

Êàê óæå áûëî ñêàçàíî, â ðàáîòå íåîáõîäèìî
îöåíèòü ýôôåêòèâíîñòü ñàìîëåòà òèïà Ñó-27 ñ
ðàçíûìè ÑÓ, âêëþ÷àþùèìè ïÿòü âàðèàíòîâ äâè-
ãàòåëåé. Ââåäåì äëÿ äàííûõ âàðèàíòîâ ñëåäóþùèå
îáîçíà÷åíèÿ:

— âàðèàíò ¹ 1, ñîêðàùåííî Â1, ñàìîëåò òèïà
Ñó-27 ñ ÑÓ íà áàçå äâèãàòåëÿ ÀË-31Ô;

— âàðèàíò ¹ 2, ñîêðàùåííî Â2, ñàìîëåò òèïà
Ñó-27 ñ ÑÓ íà áàçå äâèãàòåëÿ ÀË-41Ô-1Ñ;

— âàðèàíò ¹ 3, ñîêðàùåííî Â3, ñàìîëåò òèïà
Ñó-27 ñ ÑÓ íà áàçå äâèãàòåëÿ â ñîñòàâå ãàçîãåíå-
ðàòîðà (ÃÃ) ÀË-41Ô-1Ñ, êîíòóðà íèçêîãî äàâëå-
íèÿ (êîìïðåññîðà íèçêîãî äàâëåíèÿ (ÊÍÄ) è òóð-
áèíû íèçêîãî äàâëåíèÿ (ÒÍÄ)) ïåðâîãî òèïà;

— âàðèàíò ¹ 4 , ñîêðàùåííî Â4, ñàìîëåò òèïà
Ñó-27 ñ ÑÓ íà áàçå äâèãàòåëÿ â ñîñòàâå ÃÃ
ÀË-41Ô-1Ñ è êîíòóðà íèçêîãî äàâëåíèÿ âòîðîãî
òèïà;

— âàðèàíò ¹ 5 , ñîêðàùåííî Â5, ñàìîëåò òèïà
Ñó-27 ñ ÑÓ íà áàçå äâèãàòåëÿ â ñîñòàâå ÃÃ
ÀË-41Ô-1Ñ è êîíòóðà íèçêîãî äàâëåíèÿ òðåòüå-
ãî òèïà.

Òèïû êîíòóðîâ íèçêîãî äàâëåíèÿ ðàçëè÷àþò-
ñÿ â îñíîâíîì ðàñõîäîì âîçäóõà, ñòåïåíüþ ïîâû-
øåíèÿ äàâëåíèÿ è ÊÏÄ ÊÍÄ, à òàêæå ïàðàìåò-
ðàìè ÒÍÄ.

Íàñòðîéêà ïðîåêòà äëÿ ðàñ÷åòà ïàðàìåòðîâ è
õàðàêòåðèñòèê ÑÓ â ÈÏÊ. ThermoGTE â âàðèàí-
òå ¹ 1 ïðîèçâîäèëàñü ïî äàííûì äâèãàòåëÿ èç òåõ-
íè÷åñêîãî îïèñàíèÿ [20]; â âàðèàíòå ¹ 2 — èç
[21]; à â âàðèàíòàõ ¹ 3—5 — ïî ñîãëàñîâàíèþ ñî
ñïåöèàëèñòàìè ÎÊÁ èì. À. Ëþëüêè. Ïðè ýòîì õà-

ðàêòåðèñòèêè ëîïàòî÷íûõ ýëåìåíòîâ êîíòóðîâ
íèçêîãî äàâëåíèÿ òàêæå áûëè ïðåäñòàâëåíû ÎÊÁ
èì. À. Ëþëüêè.

Äàëåå, ñîãëàñíî ðàçðàáîòàííîé ìåòîäèêå, ìàñ-
ñèâû äàííûõ ïî âûñîòíî-ñêîðîñòíûì õàðàêòåðè-
ñòèêàì (ÂÑÕ), ïîëó÷åííûì â ThermoGTE, èìïîð-
òèðóþòñÿ â ÈÏÊ «Ñàìîëåò-Äâèãàòåëü» äëÿ ïîñëå-
äóþùåãî ðàñ÷åòà òðàåêòîðíûõ ïàðàìåòðîâ. Çäåñü
ñëåäóåò îòìåòèòü íåêîòîðûå îñîáåííîñòè è òðå-
áîâàíèÿ, ïðåäúÿâëÿåìûå ÈÏÊ «Ñàìîëåò-Äâèãà-
òåëü», ê ðàñ÷åòó ÂÑÕ ïðè íàñòðîéêå ïðîåêòà èñ-
ñëåäîâàíèÿ â ñèñòåìå «ËÀ–ÑÓ». Äëÿ äâèãàòåëÿ
ÂÑÕ äîëæíû áûòü ðàññ÷èòàíû íà ñëåäóþùèõ ðå-
æèìàõ ðàáîòû äâèãàòåëÿ: ÌÃ (ìàëûé ãàç); 0,5Ì
(50 % òÿãè îò ðåæèìà ìàêñèìàëüíîãî áîåâîãî
(ÌÁ)); 0,6Ì (60 % òÿãè îò ðåæèìà ÌÁ); 0,7Ì
(70 % òÿãè îò ðåæèìà ÌÁ); 0,8Ì (80 % òÿãè îò ðå-
æèìà ÌÁ); 0,9Ì, êîòîðûé íàçâàí ìàêñèìàëüíûì
ó÷åáíûì ðåæèìîì (ÌÓ); ìàêñèìàëüíûé ðåæèì
(Ì), çà êîòîðûé ïðèíÿò ðåæèì ÌÁ; â ïðîãðàììå
ìèíèìàëüíûé ôîðñàæ (ÌÔ) ñîîòâåòñòâóåò ïîëíî-
ìó ôîðñèðîâàííîìó ó÷åáíîìó ðåæèìó (ÏÔ(Ó));
ïîëíûé ôîðñàæ (ÏÔ) ñîîòâåòñòâóåò ïîëíîìó ôîð-
ñèðîâàííîìó áîåâîìó ðåæèìó (ÏÔ(Á)). Íà âñåõ
ðåæèìàõ ðàñ÷åòû ïðîâîäÿòñÿ ñ ðàâíîìåðíûì
øàãîì ïî âûñîòå Í è ÷èñëó Ìï ïîëåòà.

Ðàñ÷åò ÂÑÕ íà ðåæèìàõ 0,5Ì—0,8Ì äëÿ âñåõ
êîìïîíîâîê äâèãàòåëåé ïðîâîäèòñÿ ïóòåì îãðàíè-
÷åíèÿ ïàðàìåòðà ÷àñòîòû âðàùåíèÿ ðîòîðà íèç-
êîãî äàâëåíèÿ n1 ïîñòîÿííîé âåëè÷èíîé â çàâè-

ñèìîñòè îò *
âÒ , çíà÷åíèå ïàðàìåòðà n1 ñíèìàåò-

ñÿ ñ äðîññåëüíîé õàðàêòåðèñòèêè êàæäîãî äâèãà-
òåëÿ.

Ðàñ÷åò ÂÑÕ íà ðåæèìå ÌÃ ïðîâîäèòñÿ äëÿ
äâèãàòåëÿ ÀË-31Ô ïî ïðîãðàììå óïðàâëåíèÿ
(ÏÓ), ïðåäñòàâëåííîé â [20]. Ïîëó÷åííûå ÂÑÕ íà
ðåæèìå ÌÃ äëÿ äâèãàòåëÿ ÀË-31Ô ïî ñîãëàñîâà-
íèþ ñî ñïåöèàëèñòàìè ÎÊÁ èì. À. Ëþëüêè îäíî-
âðåìåííî ÿâëÿþòñÿ ðåçóëüòàòàìè ðàñ÷åòà ÂÑÕ íà
ðåæèìå ÌÃ äëÿ îñòàëüíûõ êîìïîíîâîê äâèãàòå-
ëåé. Ïðè äðîññåëèðîâàíèè îò ìàêñèìàëüíîãî
ó÷åáíîãî ðåæèìà ïðîèñõîäèò ïåðåõîä îò ÏÓ ïî
êîíòóðó óïðàâëåíèÿ ñîïëîì, à èìåííî ïîääåðæà-
íèå ñóììàðíîé ñòåïåíè ïîíèæåíèÿ äàâëåíèÿ â
òóðáèíå â çàâèñèìîñòè îò ïîëíîé òåìïåðàòóðû íà

âõîäå â äâèãàòåëü * *
ò âõ ) (f TΣπ =  ê äðóãîé ÏÓ, ãäå çà

óïðàâëÿåìûé ïàðàìåòð ïðèíèìàåòñÿ ïîñòîÿííàÿ
ïëîùàäü êðèòè÷åñêîãî ñå÷åíèÿ ñîïëà, ñîîòâåò-
ñòâóþùàÿ ìèíèìàëüíîìó ìåõàíè÷åñêîìó óïîðó
äëÿ êàæäîãî äâèãàòåëÿ.

Òàê êàê ÈÏÊ «Ñàìîëåò-Äâèãàòåëü» òðåáóåò
ðàâíîìåðíîãî øàãà ïî âûñîòå, òî ñ öåëüþ ïîëó-
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÷åíèÿ áîëåå òî÷íûõ ðåçóëüòàòîâ áûëî ïðèíÿòî
ðåøåíèå ïðîâîäèòü ðàñ÷åò ÂÑÕ âñåõ êîìïîíîâîê
äâèãàòåëåé â ÈÏÊ ThermoGTE äî 15 êì ñ øàãîì
ïî âûñîòå 1 êì.

Îöåíêà ýôôåêòèâíîñòè ñèñòåìû «ËÀ–ÑÓ»

Íà äàííîì ýòàïå êîíå÷íîé öåëüþ ñòàëî ìîäå-
ëèðîâàíèå â ÈÏÊ «Ñàìîëåò-Äâèãàòåëü» âûáðàí-
íîãî ïîëåòíîãî çàäàíèÿ ñàìîëåòà òèïà Ñó-27 ñ
êàæäûì âàðèàíòîì äâèãàòåëÿ. Äëÿ ýòîãî â ïåðâóþ
î÷åðåäü ôîðìèðîâàëàñü ðàñ÷åòíàÿ àýðîäèíàìè÷åñ-
êàÿ ñõåìà èññëåäóåìîãî îáúåêòà, ïî êîòîðîé ïî-
ëó÷åíû àýðîäèíàìè÷åñêèå è óäåëüíî-ìàññîâûå
õàðàêòåðèñòèêè ñàìîëåòà, íåîáõîäèìûå äëÿ ðàñ-
÷åòà åãî òðàåêòîðíûõ ïàðàìåòðîâ. Íà ðèñ. 2 ïðî-
äåìîíñòðèðîâàíû ïîëó÷åííûå ïî èíæåíåðíîé
ìåòîäèêå [22] îñíîâíûå àýðîäèíàìè÷åñêèå õàðàê-
òåðèñòèêè èññëåäóåìîãî ËÀ.

Ïåðåä ðàñ÷åòîì òðàåêòîðíûõ ïàðàìåòðîâ äâè-
æåíèÿ ñàìîëåòà íåîáõîäèìî ñôîðìèðîâàòü ïðî-
ãðàììó è ïðîôèëü åãî ïîë¸òà [23]. Ýòà çàäà÷à
âûïîëíåíà ñ èñïîëüçîâàíèåì ïîëåòíîãî öèêëà

ñàìîëåòà òèïà Ñó-27, âûïîëíÿþùåãî ïåðåëåò ñ
àýðîäðîìà ¹ 1 íà àýðîäðîì ¹ 2, ñ îòðàáîòêîé
íàáîðà âûñîòû, ðàçãîíà, ñíèæåíèÿ äî ìàëûõ âû-
ñîò ïðè ïîäëåòå íà àýðîäðîì ¹ 2, ïðîëåòà íàä
âçëåòíî-ïîñàäî÷íîé ïîëîñîé, óõîäà íà âòîðîé
êðóã è ïîñàäêè.

Â èòîãå ñôîðìèðîâàííûå â ÈÏÊ «Ñàìîëåò-
Äâèãàòåëü» ïðîãðàììà è ïðîôèëü ïîëåòà, ïîêàçàí-
íûå íà ðèñ. 3, èìåþò 15 ó÷àñòêîâ. Ïðè ýòîì 14
ó÷àñòêîâ ôèêñèðîâàííûå, à ó÷àñòîê ïðÿìîëèíåé-
íîãî ãîðèçîíòàëüíîãî ïîëåòà íå îãðàíè÷åí, ÷åì
îáåñïå÷èâàåòñÿ èñïîëüçîâàíèå äàëüíîñòè ïîëåòà
â êà÷åñòâå îäíîãî èç êðèòåðèåâ ýôôåêòèâíîñòè
èññëåäóåìîãî ËÀ.

Äëÿ êàæäîãî ó÷àñòêà äàííîé ïðîãðàììû ïîëå-
òà áûëè îïðåäåëåíû ðåæèìû ðàáîòû äâèãàòåëÿ è
óñëîâèÿ âûïîëíåíèÿ:

— âçëåò äî Í = 500 ì, ÐÐÄ «Ìàêñèìàë»;
— íàáîð âûñîòû äî Í = 6325 ì ñ óñëîâèåì

Vïð = max, ÐÐÄ «Ìàêñèìàë»;
— ãîðèçîíòàëüíûé ïîëåò íà Í = 6325 ì ñ óñ-

ëîâèåì Ìï = 0,6; óñëîâèå îêîí÷àíèÿ ýòàïà íå

Ðèñ. 2. Îñíîâíûå àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè èññëåäóåìîãî ËÀ

Ðèñ. 3. Ïðîãðàììà è ïðîôèëü ïîëåòà èññëåäóåìîãî ËÀ
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çàäàíî ñ öåëüþ îïðåäåëåíèÿ ìàêñèìàëüíîé äàëü-
íîñòè ïðè óñëîâèè ïîñàäêè ËÀ ñ ãàðàíòèðîâàí-
íûì çàïàñîì òîïëèâà, ÐÐÄ «Äðîññåëüíûé»;

— ñíèæåíèå äî Í = 1000 ì ñ óñëîâèåì Ìï =
= 0,6; ÐÐÄ «ÌÃ»;

— ãîðèçîíòàëüíûé ïîëåò íà Í = 1000 ì ñ óñ-
ëîâèåì Ìï = 0,517 â òå÷åíèå âðåìåíè t =1 ìèí,
ÐÐÄ «Äðîññåëüíûé»;

— íàáîð âûñîòû äî Í = 1125 ì ñ óñëîâèåì
Vïð = 487 êì/÷, ÐÐÄ «0,9Ì»;

— ñíèæåíèå äî Í = 1000 ì ñ óñëîâèåì Ìï =
= 0,409, ÐÐÄ «ÌÃ»;

— ãîðèçîíòàëüíûé ïîëåò íà Í = 1000 ì ñ óñ-
ëîâèåì Ìï = 0,5 â òå÷åíèå t =1 ìèí, ÐÐÄ «Äðîñ-
ñåëüíûé»;

— íàáîð âûñîòû äî Í = 1375 ì ñ óñëîâèåì
Vïð = 392 êì/÷, ÐÐÄ «0,9Ì»;

— ñíèæåíèå äî Í = 600 ì ñ óñëîâèåì Ìï =
= 0,525, ÐÐÄ «ÌÃ»;

— ðàçãîí äî Ìï = 0,57 ñ óñëîâèåì Í = 600 ì,
ÐÐÄ «ÏÔ»;

— íàáîð âûñîòû äî Í = 1125 ì ñ óñëîâèåì
Vïð = 560 êì/÷, ÐÐÄ «ÌÔ»;

— íàáîð âûñîòû äî Í = 1250 ì ñ óñëîâèåì
Vïð = 560 êì/÷, ÐÐÄ «0,9Ì»;

— ñíèæåíèå äî Í = 500 ì ñ óñëîâèåì Ìï =
= 0,352, ÐÐÄ «ÌÃ»;

— ïîñàäêà è ïðèçåìëåíèå, ÐÐÄ «Äðîññåëü-
íûé».

Âûðàáîòêà ðåøåíèÿ

Ðåçóëüòàòàìè ïðîâåäåíèÿ òðåòüåãî ýòàïà èññëå-
äîâàíèÿ ÿâëÿþòñÿ ðàññ÷èòàííûå çíà÷åíèÿ òðàåê-

òîðíûõ ïàðàìåòðîâ äâèæåíèÿ ËÀ ñ ïÿòüþ âàðèàí-
òàìè èññëåäóåìûõ êîìïîíîâîê ÑÓ ïðè âûïîëíå-
íèè ïîëåòíîãî çàäàíèÿ, êîòîðûå íåîáõîäèìî ïðî-
àíàëèçèðîâàòü äëÿ îöåíêè ýôôåêòèâíîñòè ñàìî-
ëåòà ïî ïðèíÿòûì êðèòåðèÿì.

Íà ðèñ. 4 ïðåäñòàâëåíà çàâèñèìîñòü âûñîòû
ïîëåòà Í îò ñóììàðíîé äàëüíîñòè ïîëåòà Lïîë.

Àíàëèçèðóÿ äàííûé ãðàôèê, ìîæíî ñäåëàòü
âûâîä, ÷òî äëÿ îáåñïå÷åíèÿ ËÀ ìàêñèìàëüíîé
äàëüíîñòè ïîëåòà ÑÓ íåîáõîäèìî îñíàùàòü äâè-
ãàòåëåì â âàðèàíòå Â3. ÑÓ ñ äâèãàòåëåì â äàííîé
êîìïîíîâêå èìååò ìèíèìàëüíûé óäåëüíûé ðàñõîä
òîïëèâà Ñóä â ïðÿìîëèíåéíîì ãîðèçîíòàëüíîì
ïîëåòå, ÷òî âèäíî íà ðèñ. 5 ïðè ñðàâíåíèè äðîñ-
ñåëüíûõ õàðàêòåðèñòèê (ÄÕ) âñåõ ïÿòè èññëåäóå-
ìûõ âàðèàíòîâ, â äèàïàçîíå êðåéñåðñêèõ òÿã äëÿ
äàííûõ óñëîâèé ïîëåòà ñ ÐÐÄ «Ìàêñèìàëüíûé
ó÷åáíûé» («ÌÓ»). Òàêæå íà ÄÕ õîðîøî êîððåëè-
ðóþòñÿ è çíà÷åíèÿ äàëüíîñòè ïîëåòà Lïîë äëÿ îñ-
òàëüíûõ âàðèàíòîâ äâèãàòåëåé â ñîîòâåòñòâèè ñ
âåëè÷èíîé Ñóä. Íåñêîëüêî ìåíüøóþ äàëüíîñòü
ïîëåòà èìååò ËÀ ñ ÑÓ íà áàçå äâèãàòåëÿ Â2 ñ áî-
ëåå âûñîêèì çíà÷åíèåì Ñóä, ÷òî âèäíî èç ÄÕ ýòîãî
âàðèàíòà. Äàëåå, ñ áîëåå âûñîêèì çíà÷åíèåì Ñóä
è, ñîîòâåòñòâåííî, ìåíüøåé Lïîë èä¸ò ÑÓ íà áàçå
êîìïîíîâêè Â4. Îäèíàêîâî íàèìåíüøóþ äàëü-
íîñòü ïîëåòà îáåñïå÷èâàþò èñòðåáèòåëþ äâèãàòå-
ëè âàðèàíòîâ Â1 è Â5, ïðè ýòîì íà ðèñ. 5 ïîêà-
çàíî, ÷òî ÄÕ ýòèõ âàðèàíòîâ íà êðåéñåðñêîì ÐÐÄ
èìåþò ïðàêòè÷åñêè îäèíàêîâûé Ñóä.

Â öåëîì ñëåäóåò îòìåòèòü, ÷òî ðàçíèöà ìåæ-
äó äàëüíîñòüþ ïîëåòà ëó÷øåãî è õóäøåãî âàðèàíòà
ñîñòàâëÿåò âñåãî îêîëî 5,5 %.

Ðèñ. 4. Èçìåíåíèå âûñîòû ïîëåòà ËÀ ïî äàëüíîñòè
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Íà ðèñ. 6 ïðåäñòàâëåíà çàâèñèìîñòü óäåëüíî-
ãî ðàñõîäà òîïëèâà Ñóä îò ñóììàðíîé äàëüíîñòè
ïîëåòà Lïîë, ãäå àíàëîãè÷íî ïðîâåä¸ííîìó âûøå
àíàëèçó ïðîñëåæèâàåòñÿ òåíäåíöèÿ èçìåíåíèÿ Ñóä
è âèäíî ïðåèìóùåñòâî äâèãàòåëÿ âàðèàíòà Â3 ïî
ñðàâíåíèþ ñ îñòàëüíûìè èññëåäóåìûìè äâèãàòå-
ëÿìè.

Àíàëèçèðóÿ ýôôåêòèâíîñòü ËÀ ïî çàâèñèìî-
ñòè ñêîðîïîäúåìíîñòè Vó îò ñóììàðíîé äàëüíî-

ñòè ïîëåòà Lïîë, ïîêàçàííîé íà ðèñ. 7, ìîæíî
ñäåëàòü ñëåäóþùèå âûâîäû. ËÀ ñ ÑÓ íà áàçå äâè-
ãàòåëÿ êîìïîíîâêè â âàðèàíòå Â5 îáëàäàåò ïðå-
èìóùåñòâîì ïî ñðàâíåíèþ ñ äðóãèìè èññëåäóåìû-
ìè äâèãàòåëÿìè, ÷òî îáúÿñíÿåòñÿ áîëåå âûñîêèì

çíà÷åíèåì òÿãîâîîðóæåííîñòè 0μ . Äàëåå èäåò ËÀ

ñ ÑÓ íà áàçå äâèãàòåëÿ êîìïîíîâêè â âàðèàíòå Â4,
çàòåì — ËÀ ñ ÑÓ íà áàçå äâèãàòåëÿ â âàðèàíòå Â3.
Ìåíüøåå çíà÷åíèå ñêîðîïîäúåìíîñòè èìåþò ËÀ

Ðèñ. 5. Ñðàâíåíèå äðîññåëüíûõ õàðàêòåðèñòèê

Ðèñ. 6. Èçìåíåíèå Ñóä ÑÓ ËÀ ïî äàëüíîñòè ïîëåòà
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ñ ÑÓ íà áàçå äâèãàòåëåé êîìïîíîâêè â âàðèàíòàõ
Â2 è Â1.

Íà ðèñ. 8 ïðåäñòàâëåíà çàâèñèìîñòü îòíîñè-
òåëüíîé ñóììàðíîé âíóòðåííåé òÿãè äâèãàòåëåé
Ðîòí îò Lïîë, ãäå ïîäòâåðæäàþòñÿ âûâîäû ïî ñêî-
ðîïîäú¸ìíîñòè ËÀ. Ñàìóþ âûñîêóþ òÿãó èìååò
ÑÓ â êîìïîíîâêå âàðèàíòà Â5.

×èñëîâûå çíà÷åíèÿ îñíîâíûõ òðàåêòîðíûõ
ïàðàìåòðîâ è êðèòåðèåâ ýôôåêòèâíîñòè, ïîëó÷åí-
íûå ïî ðåçóëüòàòàì ðàñ÷åòà äëÿ âñåõ âàðèàíòîâ
êîìïîíîâîê äâèãàòåëåé, ñâåäåíû â òàáëèöó.

Èç òàáëèöû âèäíî, ÷òî ïîëåòíîå çàäàíèå âû-
ïîëíÿëîñü ïðè óñëîâèè îäèíàêîâîãî ðàñõîäà òîï-

Ðèñ. 7. Èçìåíåíèå âåðòèêàëüíîé ñêîðîñòè ËÀ ïî äàëüíîñòè ïîëåòà

Ðèñ. 8. Èçìåíåíèå îòíîñèòåëüíîé ñóììàðíîé òÿãè ÑÓ ËÀ ïî äàëüíîñòè ïîëåòà

ëèâà Gò çà âåñü ïîëåò ñàìîëåòà. Â èòîãå, ñàìîëåò
ñ ÑÓ â âàðèàíòå äâèãàòåëÿ Â3 èìååò ñàìóþ âûñî-
êóþ äàëüíîñòü Lïîë ïðè ìèíèìàëüíîì ñðåäíåì
êèëîìåòðîâîì ðàñõîäå òîïëèâà â ïîëåòå q è óâå-
ëè÷åííîé ñêîðîïîäúåìíîñòè Vy max íà 14 %; â âà-
ðèàíòå Â5 — ñàìóþ âûñîêóþ Vy max (âûøå âàðè-
àíòà Â1 íà 26,5 %) ïðè ìèíèìàëüíîì âðåìåíè
âûïîëíåíèÿ ïîëåòíîãî çàäàíèÿ tïîë (âûøå âàðè-
àíòà Â1 íà 10,1 %). Åñëè ðàöèîíàëüíî ïîäîéòè ê
îöåíêå âñåõ âàðèàíòîâ, òî ñàìîëåò ñ ÑÓ â âàðè-
àíòå äâèãàòåëÿ Â4 èìååò ïîâûøåíèå ïî òðåì ïà-
ðàìåòðàì: Lïîë íà 2,5 %; tïîë íà 6,3 % è Vy max íà
24 %.
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Îêîí÷àòåëüíûé âûáîð âàðèàíòà êîìïîíîâêè
ÑÓ äëÿ ðåìîòîðèçàöèè Ñó-27 íåîáõîäèìî ñäåëàòü,
ó÷èòûâàÿ ñòîèìîñòü è òåõíîëîãè÷åñêóþ âîçìîæ-
íîñòü èçãîòîâëåíèÿ.

Âûâîäû

1. Ñôîðìèðîâàí ïðåäâàðèòåëüíûé òåõíè÷åñ-
êèé îáëèê ñèñòåìû «ËÀ-ÑÓ» ñàìîëåòà òèïà
Ñó-27 äëÿ ìîäåëèðîâàíèÿ åãî ïîëåòà.

2. Âûïîëíåíà óâÿçêà ìåæäó ÈÏÊ ThermoGTE
è «Ñàìîëåò-Äâèãàòåëü» â âîïðîñå ïîäãîòîâêè è
ïåðåäà÷è ìàññèâà ÂÑÕ èç ThermoGTE â «Ñàìî-
ëåò- Äâèãàòåëü», íàëàæåíî óñòîé÷èâîå èõ âçàèìî-
äåéñòâèå.

3. Ñ èñïîëüçîâàíèåì ÈÏÊ «Ñàìîëåò-Äâèãà-
òåëü» ñìîäåëèðîâàí ïîëåò ËÀ òèïà Ñó-27, ïðî-
ãðàììà êîòîðîãî îñíîâàíà íà ïîëåòå Ñó-27, âû-
ïîëíÿþùåãî çàäà÷ó ïî ïåðåáàçèðîâàíèþ ñ àýðî-
äðîìà ¹ 1 íà àýðîäðîì ¹ 2, ñ âûïîëíåíèåì ðàç-
ãîíà è òðåíèðîâî÷íûõ çàõîäîâ íà ïîñàäêó. Âûïîë-
íåíèå òåñòîâîé çàäà÷è ïîêàçàëî ñõîäèìîñòü ðå-
çóëüòàòîâ áîëåå 97 %.

4. Ðàññ÷èòàíû òðàåêòîðíûå ïàðàìåòðû ïî çà-
äàííîé ïðîãðàììå ïîëåòà ñàìîëåòà Ñó-27 ñ ÑÓ íà
áàçå ïÿòè äâèãàòåëåé, âêëþ÷àÿ òðè âàðèàíòà ìî-
äåðíèçàöèè.

5. Ïðîâåäåííûå èññëåäîâàíèÿ ïî îöåíêå ýô-
ôåêòèâíîñòè ìàíåâðåííîãî èñòðåáèòåëÿ òèïà Ñó-
27 ïóòåì ðåìîòîðèçàöèè åãî ÑÓ â ÷åòûðåõ ðàçëè÷-
íûõ âàðèàíòàõ ïðè âûïîëíåíèè ðàññìîòðåííîé
áîåâîé çàäà÷è ïîêàçàëè, ÷òî äëÿ ïîâûøåíèÿ åãî
ýôôåêòèâíîñòè öåëåñîîáðàçíî èñïîëüçîâàòü äâè-
ãàòåëü ñ ÃÃ äâèãàòåëÿ ÀË-41 Ô-1Ñ è êîíòóðà íèç-
êîãî äàâëåíèÿ âòîðîãî òèïà. Ïðè ýòîì, ïî ñðàâ-
íåíèþ ñ ÑÓ íà áàçå äâèãàòåëÿ ÀË-31Ô, áóäåò

îáåñïå÷åíî ïîâûøåíèå äàëüíîñòè ïîëåòà íà 2,5%,
à ñêîðîïîäúåìíîñòè – íà 24 % ñ óìåíüøåíèåì
âðåìåíè âûïîëíåíèÿ ïîëåòíîãî çàäàíèÿ íà 6,3 %.
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Abstract

The presented work proves possible power plant
reequipping options of the Su-27 type fourth
generation fighter with new engines.

The research scientific task was formulated for this
purpose. The set task consists in effectiveness assessing
of the Su-27 type multifunctional fighter with the
power plant based on the operational bypass turbojet
with flows mixing and Al-31F afterburner, and the four
options of its re-motorization while typical flight task
performing using methods of mathematical modeling.

The aircraft re-deployment from airfield No. 1 to
airfield No. 2 was assumed as a flight task, which was
stipulated by sufficient technical substantiation for the
decisions made, with relative simplicity of the engine
operation mode modeling

Technical parameters, characterizing the aircraft
under study on the assumption of its assignation,
namely the total flight range and climbing capacity,
were assumed as the performance criteria. These
criteria are controversial since the climbing capacity
relates directly to the thrust-to-weight ratio, while the
flight range relates to it inversely, having herewith a
certain local optimum, which means that the
effectiveness assessment can be soundly performed  by
these technical criterions.

The research technique was developed by the
authors based on the multi-disciplinary analysis
methodology and development of “Aircraft - Power
plant” system technical profile at the preliminary
design stages. The ThermoGTE and “Aircraft-Engine”
instrumental-software systems, being more than once
approved in aviation industry and demonstrated high
efficiency, were employed as the basic tools for
performing computational-theoretical studies.

Parameters and characteristics computing of the
power plant was being performed in ThermoGTE. The
data arrays on altitude-airspeed performance were
being imported hereafter to the “Aircraft-Engine”
software for subsequent trajectory parameters
computing. Aerodynamic scheme of the object under
study, by which aerodynamic and specific-weight
characteristics of the aircraft, the flight program and
profile, consisting of fifteen sections, were computed,
was formed as well. The engine operation modes and
conditions of execution were defined for each segment
of this flight program.

As the result of the performed studies, values of
trajectory parameters of the studied aircraft motion
with five options of the power plant layouts being
studied while the flight task performing. Efficiency
assessment of the aircraft under study by the assumed
criteria, which demonstrated the possibility of its
efficiency improvement compared to the power plant
based on the AL-31F engine, was performed.

This work practical value consists in the fact that
its results can be employed in scientific and design
organizations, engaged in development and
modernization of serial and prospective aircraft and
their power plants; Air Force and aviation industry
ordering organizations while substantiating
requirements to aviation engineering prototypes; as
well as aviation engineering universities while
educational process improving.

Keywords: re-motorization, low-pressure circuit,
efficiency criteria, aircraft, power plant, altitude and
speed characteristics, throttle characteristics.
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