
Ì.À. Áîãîìîëîâ, Ò.Â. Ãðàñüêî, Þ.Â. Çèíåíêîâ, À.Â. Ëóêîâíèêîâ M.A. Bogomolov, T.V. Gras'ko, Y.V. Zinenkov, A.V. Lukovnikov

118Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 1 Aerospace MAI Journal, vol. 29, no. 1

© Áîãîìîëîâ Ì.À., Ãðàñüêî Ò.Â., Çèíåíêîâ Þ.Â., Ëóêîâíèêîâ À.Â., 2022

Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2022. Ò. 29. ¹ 1. Ñ. 118-130.
Aerospace MAI Journal, 2022, vol. 29, no. 1, pp. 118-130.

Íàó÷íàÿ ñòàòüÿ
ÓÄÊ 621.452.322
DOI: 10.34759/vst-2022-1-118-130

ÏÎÈÑÊ ÎÏÒÈÌÀËÜÍÛÕ ÏÀÐÀÌÅÒÐÎÂ ÄÂÈÃÀÒÅËß
ÄËß ÁËÈÆÍÅÌÀÃÈÑÒÐÀËÜÍÎÃÎ ÏÀÑÑÀÆÈÐÑÊÎÃÎ ÑÀÌÎËÅÒÀ

Ìèõàèë Àëåêñàíäðîâè÷ Áîãîìîëîâ1, Òàðàñ Âàñèëüåâè÷ Ãðàñüêî2,

Þðèé Âëàäèìèðîâè÷ Çèíåíêîâ3    , Àëåêñàíäð Âàëåðüåâè÷ Ëóêîâíèêîâ4

1,2,3Âîåííûé ó÷åáíî-íàó÷íûé öåíòð Âîåííî-âîçäóøíûõ ñèë «Âîåííî-âîçäóøíàÿ àêàäåìèÿ èìåíè
ïðîôåññîðà Í.Å. Æóêîâñêîãî è Þ.À. Ãàãàðèíà», Âîðîíåæ, Ðîññèÿ
4Öåíòðàëüíûé èíñòèòóò àâèàöèîííîãî ìîòîðîñòðîåíèÿ èì. Ï.È. Áàðàíîâà
(ÖÈÀÌ èì. Ï.È. Áàðàíîâà), Ìîñêâà, Ðîññèÿ
1michail986@yandex.ru
2grasko83@mail.ru
3yura2105@mail.ru
4Lukovnikof@mail.ru

Àííîòàöèÿ. Ñòàòüÿ ïîñâÿùåíà ïîèñêó îïòèìàëüíîãî íàáîðà ïðîåêòíûõ ïàðàìåòðîâ áëèæíåìà-
ãèñòðàëüíîãî ïàññàæèðñêîãî ñàìîëåòà, èìåþùåãî ñèëîâóþ óñòàíîâêó (ÑÓ) ñ äâóìÿ äâóõêîíòóðíû-
ìè òóðáîðåàêòèâíûìè äâèãàòåëÿìè (ÒÐÄÄ) íà áàçå ãàçîãåíåðàòîðà (ÃÃ) îòå÷åñòâåííîãî òóðáîâèí-
òîâîãî äâèãàòåëÿ ÒÂ7-117Ñ. Êðàòêî ïðåäñòàâëåí àíàëèç ïîòðåáíîñòè Ðîññèè â ïàññàæèðñêèõ ñàìî-
ëåòàõ è äâèãàòåëÿõ äëÿ èõ ÑÓ. Ïðîäåìîíñòðèðîâàíû îñíîâíûå àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè
èññëåäóåìîãî ëåòàòåëüíîãî àïïàðàòà (ËÀ) è òÿãîâî-ýêîíîìè÷åñêèå õàðàêòåðèñòèêè åãî äâèãàòåëÿ,
ïîëó÷åííûå ñ ïîìîùüþ èíñòðóìåíòàëüíî-ïðîãðàììíîãî êîìïëåêñà «Ñàìîëåò—Äâèãàòåëü»
(ÈÏÊ «ÑÄ»). Îïèñàíî ðåøåíèå çàäà÷è îïòèìèçàöèè ìåòîäîì íåïðÿìîé ñòàòèñòè÷åñêîé îïòèìè-
çàöèè íà îñíîâå ñàìîîðãàíèçàöèè (ÌÍÑÎ) ïî êðèòåðèþ ýôôåêòèâíîñòè ñàìîëåòíîãî óðîâíÿ ñ îáî-
ñíîâàíèåì âûáîðà ìåòîäà è öåëåâîé ôóíêöèè.

Êëþ÷åâûå ñëîâà: áëèæíåìàãèñòðàëüíûé ñàìîëåò, ñèëîâàÿ óñòàíîâêà, ÒÐÄÄ, îïòèìèçàöèÿ ñèëî-
âîé óñòàíîâêè, êðèòåðèé ñàìîëåòíîãî óðîâíÿ

Äëÿ öèòèðîâàíèÿ: Áîãîìîëîâ Ì.À., Ãðàñüêî Ò.Â., Çèíåíêîâ Þ.Â., Ëóêîâíèêîâ À.Â. Ïîèñê îï-
òèìàëüíûõ ïàðàìåòðîâ äâèãàòåëÿ äëÿ áëèæíåìàãèñòðàëüíîãî ïàññàæèðñêîãî ñàìîëåòà // Âåñòíèê
Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2022. Ò. 29. ¹ 1. Ñ. 118-130. DOI: 10.34759/vst-2022-1-118-
130



119Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 1 Aerospace MAI Journal, vol. 29, no. 1

Ì.À. Áîãîìîëîâ, Ò.Â. Ãðàñüêî, Þ.Â. Çèíåíêîâ, À.Â. Ëóêîâíèêîâ M.A. Bogomolov, T.V. Gras'ko, Y.V. Zinenkov, A.V. Lukovnikov

Original article

OPTIMAL ENGINE PARAMETERS SEARCHING
FOR THE SHORT-HAUL PASSENGER AIRCRAFT

Mikhail A. Bogomolov1, Taras V. Gras'ko2, Yurii V. Zinenkov3    , Aleksandr V. Lukovnikov4

1,2,3Air force academy named after professor N.E. Zhukovskii and Y.A. Gagarin,
Voronezh, Russia
4Central Institute of Aviation Motors named after P.I. Baranov, CIAM,
Moscow, Russia
1michail986@yandex.ru
2grasko83@mail.ru
3yura2105@mail.ru
4Lukovnikof@mail.ru

Abstract

The State economy effective functioning largely depends on the transport capacities of civil aviation,
which ensure the required volume of passenger and commercial cargo transportation. It is especially important
for Russia, with its large and remote regions of the Far North and the Far East. Establishing dozens of new
routes on domestic and local routes will predictably lead to the significant growth of transportation by regional
and short-range passenger airplanes.

In the current situation of the domestic air transportation development in Russia, the problem of the
aircraft line expansion of all needs of this market segment coverage has not been completely solved. Thus,
the development and creation of new regional and short-haul aircraft and aircraft engines for their power
plants keeps on being an urgent task.

The article solved a complex task of searching for the optimum set of design parameters and characteristics
of the technical system “Aircraft-Power plant”, in which capacity a twin-engine short-haul (regional) aircraft
with the flight range of 2000 km and a power plant based on the two-bypass turbojet engine in the takeoff
thrust class of 25 kN was taken.

The universal technique for technical layout forming and efficiency evaluation of the aircraft power plants
of various purpose, developed and many times officially accepted at the Department of Aircraft Engines of
the “Air Force Academy named after professor N.E. Zhukovsky and Y.A. Gagarin” was employed as the
technique for the studies conducting. The instrumental “Airplane-Engine” software package, which realizes
the complex approach while forming the engine technical layout, i.e. the engine, power plant, airframe and
flight trajectory parameters and characteristics are being regarded in the aggregate, underlie the said technique.

Development of the power plant with two-bypass turbojet engine was performed based on the TV7-117C
gas generator turboprop engine, and the Yak-40 aircraft as the airframe prototype, to which structural changes
were introduced to meet the specifications on the flight speed and height.

The technical parameter of an aircraft level, namely average fuel consumption per kilometer, which directly
depends on the specific fuel consumption and determines the flight range, was selected in the presented
work as an optimization criterion according to the problem conditions.

The performed optimization studies conducted employing the indirect statistical optimization method
based on the self-organization resulted in the selected target function increase by 7%.

The practical value of this work lies in the fact that its results may be employed by:
- scientific and design organizations involved in the development of advanced passenger aircraft and

engines for their power plants;
- ordering organizations and industry while justifying the requirements for new aircraft models, as well

as in aviation engineering universities to improve educational process.
Keywords: short-haul aircraft, power plant, turbojet engine, power plant optimization, airplane level

criterion
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Ââåäåíèå

Ýôôåêòèâíîå ôóíêöèîíèðîâàíèå ýêîíîìèêè
ãîñóäàðñòâà âî ìíîãîì çàâèñèò îò òðàíñïîðòíûõ
âîçìîæíîñòåé ãðàæäàíñêîé àâèàöèè, îáåñïå÷è-
âàþùåé âûïîëíåíèå òðåáóåìûõ îáúåìîâ ïåðåâî-
çîê ïàññàæèðîâ è êîììåð÷åñêèõ ãðóçîâ, ÷òî îñî-
áåííî àêòóàëüíî äëÿ Ðîññèè ñ åå áîëüøèìè è îò-
äàëåííûìè ðåãèîíàìè Êðàéíåãî Ñåâåðà è Äàëü-
íåãî Âîñòîêà [1]. Óñòîé÷èâûé ýêîíîìè÷åñêèé
ðîñò â íàøåé ñòðàíå âûçûâàåò ïîñòîÿííîå ïîâû-
øåíèå îáúåìîâ àâèàïåðåâîçîê, ê ïðèìåðó ñ 2000 ã.
â Ðîññèè îáúåìû ãðóçîïåðåâîçîê âûðîñëè áîëåå
÷åì â äâà ðàçà, à ïàññàæèðîïîòîê — áîëåå ÷åì â
÷åòûðå ðàçà [2]. Ñëåäîâàòåëüíî, íàãðóçêà íà ïàñ-
ñàæèðñêèå ñàìîëåòû ðàñòåò ïðàêòè÷åñêè âäâîå
áûñòðåå, ÷òî, åñòåñòâåííî, âûçûâàåò ïîòðåáíîñòü
â óâåëè÷åíèè èõ ïàðêà. Íåñìîòðÿ íà íåêîòîðûå
êîððåêòèâû â àâèàöèîííîé îòðàñëè â ñâÿçè ñ
ýïèäåìèåé êîðîíàâèðóñà COVID-19 [3], ïðîãíî-
çèðóåòñÿ ñóùåñòâåííûé ðîñò ïîòðåáíîñòåé â ïå-
ðåâîçêàõ íà ðåãèîíàëüíûõ è áëèæíåìàãèñòðàëü-
íûõ ïàññàæèðñêèõ ñàìîëåòàõ: îòêðûâàþòñÿ äå-
ñÿòêè íîâûõ ìàðøðóòîâ íà âíóòðåííèõ è ìåñò-
íûõ âîçäóøíûõ ëèíèÿõ [4]. Ãåíåðàëüíûé äèðåê-
òîð Ãîñêîðïîðàöèè «Ðîñòåõ» Ñ.Â. ×åìåçîâ â èí-
òåðâüþ îòìåòèë, ÷òî «…â ñëîæèâøåéñÿ ñèòóàöèè
àâèàöèîííàÿ ïðîìûøëåííîñòü ñòîèò ïåðåä âû-
çîâîì ïî ñîçäàíèþ íîâûõ ãðàæäàíñêèõ ïðîäóê-
òîâ, è Îáúåäèíåííàÿ àâèàñòðîèòåëüíàÿ êîðïîðà-
öèÿ äëÿ ýòîãî ôîðìèðóåò öåëóþ ëèíåéêó ñàìî-
ëåòîâ ðàçëè÷íûõ ðàçìåðíîñòåé, ê êîòîðûì ñåé-
÷àñ ìîæíî îòíåñòè ðåãèîíàëüíûé – Èë-114-300,
áëèæíåìàãèñòðàëüíûé – Ñóõîé SuperJet 100 è
ñðåäíåìàãèñòðàëüíûé ÌÑ-21» [5]. Âàæíî îòìå-
òèòü òàêîé ôàêò: ÑÓ ñàìîëåòîâ ÌÑ-21-310 è
Èë-114-300 îñíàùåíû äâèãàòåëÿìè ïîëíîñòüþ
îòå÷åñòâåííîãî ïðîèçâîäñòâà ÏÄ-14 è ÒÂ7-
117ÑÒ-01 ñîîòâåòñòâåííî, à ÑÓ ñàìîëåòà «Ñóõîé
SuperJet 100» áàçèðóåòñÿ íà äâèãàòåëå Sam146,
ñîçäàííîì â êîîïåðàöèè ÏÀÎ «ÎÄÊ-Ñàòóðí» è
ôðàíöóçñêîé êîìïàíèè Snecma (â 2005 ã. âîøëà
â õîëäèíã SAFRAN), è ýòî ñîïðÿæåíî ñ îïðåäå-
ëåííûìè ðèñêàìè â äàëüíåéøåé ýêñïëóàòàöèè

àâèàëàéíåðà â ñâÿçè ñ ñàíêöèîííîé ïîëèòèêîé
çàïàäíûõ ñòðàí â îòíîøåíèè Ðîññèè [6]. Â ñêëà-
äûâàþùåéñÿ îáñòàíîâêå ïðîáëåìà ðàñøèðåíèÿ
íîìåíêëàòóðû ñàìîëåòîâ äëÿ îõâàòà âñåõ ñåãìåí-
òîâ è ðàçâèòèÿ âíóòðåííèõ àâèàïåðåâîçîê íå
ðåøåíà äî êîíöà [7], ïîýòîìó ðàçðàáîòêà è ñî-
çäàíèå íîâûõ ðåãèîíàëüíûõ è áëèæíåìàãèñòðàëü-
íûõ ñàìîëåòîâ â Ðîññèè ïðîäîëæàåò îñòàâàòüñÿ
àêòóàëüíîé çàäà÷åé [8]. Îïûò ýêñïëóàòàöèè ñà-
ìîëåòà «Ñóõîé SuperJet 100» ïîêàçûâàåò, ÷òî ïðè
ñîçäàíèè îòå÷åñòâåííîãî ñàìîëåòà íåîáõîäèìî
ðàññ÷èòûâàòü ïðåèìóùåñòâåííî íà ñîáñòâåííûå
êîìïëåêòóþùèå, îñîáåííî äëÿ íàèáîëåå îòâåò-
ñòâåííûõ ýëåìåíòîâ è ñèñòåì, ê êîòîðûì, â ïåð-
âóþ î÷åðåäü, îòíîñèòñÿ ÑÓ.

Èç âûøåñêàçàííîãî ñëåäóåò, ÷òî äàííàÿ ðà-
áîòà, ïîñâÿùåííàÿ ïîèñêó îïòèìàëüíûõ ïàðàìåò-
ðîâ äâèãàòåëÿ äëÿ áëèæíåìàãèñòðàëüíîãî ïàññà-
æèðñêîãî ñàìîëåòà, â íàñòîÿùåå âðåìÿ ÿâëÿåòñÿ
àêòóàëüíîé.

Ïîñòàíîâêà çàäà÷è èññëåäîâàíèÿ

Ïåðåä àâòîðàìè ðàáîòû ñòîÿëà êîìïëåêñíàÿ
çàäà÷à ïîèñêà îïòèìàëüíîãî íàáîðà ïðîåêòíûõ
ïàðàìåòðîâ è õàðàêòåðèñòèê òåõíè÷åñêîé ñèñòå-
ìû «ëåòàòåëüíûé àïïàðàò – ñèëîâàÿ óñòàíîâêà»
(«ËÀ—ÑÓ»), â êà÷åñòâå êîòîðîé ïðèíÿò äâóõäâè-
ãàòåëüíûé áëèæíåìàãèñòðàëüíûé (ðåãèîíàëü-
íûé) ïàññàæèðñêèé ñàìîëåò ñ äàëüíîñòüþ ïîëåòà
äî 2000 êì è ÑÓ íà áàçå îòå÷åñòâåííîãî ÒÐÄÄ ñ
âçëåòíîé òÿãîé P0 = 25 êÍ è óäåëüíûì ðàñõîäîì
òîïëèâà â êðåéñåðñêîì ïîëåòå (ÌÍ = = 0,8 Í =
= 11 êì) Ñóä.êð íå áîëåå 0,065 êã/(Í·÷).

Â êà÷åñòâå ìåòîäèêè ïðîâåäåíèÿ èññëåäîâà-
íèÿ èñïîëüçîâàëàñü ðàçðàáîòàííàÿ íà êàôåäðå
àâèàöèîííûõ äâèãàòåëåé ÂÓÍÖ ÂÂÑ «ÂÂÀ èì.
ïðîô. Í.Å. Æóêîâñêîãî è Þ.À. Ãàãàðèíà» è íåî-
äíîêðàòíî îïðîáîâàííàÿ ïðè ðåøåíèè ïîäîáíûõ
çàäà÷ óíèâåðñàëüíàÿ ìåòîäèêà ôîðìèðîâàíèÿ
òåõíè÷åñêîãî îáëèêà è îöåíêè ýôôåêòèâíîñòè
ÑÓ ËÀ ðàçëè÷íîãî íàçíà÷åíèÿ [9, 10]. Îñîáåí-
íîñòüþ óêàçàííîé ìåòîäèêè ÿâëÿåòñÿ ðàññìîòðå-
íèå äâèãàòåëÿ â ñîñòàâå ÑÓ ËÀ è îöåíêà åãî ýô-
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ôåêòèâíîñòè ïî êðèòåðèÿì ñàìîëåòíîãî óðîâíÿ
[11].

Â ñîîòâåòñòâèè ñ ðàçðàáîòàííîé ìåòîäèêîé,
èññëåäîâàíèå íåîáõîäèìî âûïîëíèòü ïîýòàïíî â
ñëåäóþùåé ïîñëåäîâàòåëüíîñòè [12]:

— ïîñòàíîâêà çàäà÷è (ïðåäíàçíà÷åíèå ËÀ,
òðåáîâàíèÿ, êðèòåðèè ýôôåêòèâíîñòè);

— ðàçðàáîòêà áàçîâîãî âàðèàíòà èññëåäóåìîé
ñèñòåìû «ËÀ—ÑÓ» (ïàðàìåòðû è õàðàêòåðèñòè-
êè ÑÓ è ËÀ, ïðîãðàììà ïîëåòà, òðàåêòîðíûå ïà-
ðàìåòðû);

— îïòèìèçàöèîííûå èññëåäîâàíèÿ;
— îáîñíîâàíèå âûáîðà îïòèìàëüíûõ ïàðà-

ìåòðîâ äâèãàòåëÿ.
Íà ïåðâîì ýòàïå èññëåäîâàíèÿ, ïîñëå îïðå-

äåëåíèÿ ïðåäíàçíà÷åíèÿ èññëåäóåìîé ñèñòåìû è
òðåáîâàíèé ê íåé, íåîáõîäèìî âûáðàòü êðèòåðèé
ýôôåêòèâíîñòè, îòíîñèòåëüíî êîòîðîãî áóäåò
ïðèíèìàòüñÿ ðåøåíèå. Â êà÷åñòâå êðèòåðèåâ
ìîãóò âûñòóïàòü ðàçëè÷íûå ïàðàìåòðû, êàê îä-
íîêîìïîíåíòíûå, òàê è êîìïëåêñíûå, õàðàêòå-
ðèçóþùèå èññëåäóåìóþ ñèñòåìó ñ ðàçíûõ ñòîðîí
(òåõíè÷åñêîé, ýêîíîìè÷åñêîé, òåõíîëîãè÷åñêîé
è ò.ï.) [13]. Â äàííîé ðàáîòå, â ñîîòâåòñòâèè ñ
óñëîâèÿìè çàäà÷è, â êà÷åñòâå êðèòåðèÿ îïòèìè-
çàöèè öåëåñîîáðàçíî âûáðàòü òåõíè÷åñêèé ïàðà-
ìåòð ñàìîëåòíîãî óðîâíÿ – ñðåäíèé êèëîìåòðî-
âûé ðàñõîä òîïëèâà â ïîëåòå ñàìîëåòà qñð, êîòî-

ðûé íåïîñðåäñòâåííî çàâèñèò îò óäåëüíîãî ðàñ-
õîäà òîïëèâà äâèãàòåëÿ Ñóä è îïðåäåëÿåò äàëü-
íîñòü ïîëåòà [14] ïðè çàäàííûõ ìàññå m ËÀ, ñêî-
ðîñòè ïîëåòà V è àýðîäèíàìè÷åñêîì êà÷åñòâå K
ñàìîëåòà:

ñð
óä ËÀ .

3,6

q
Ñ m g

KV
=                (1)

Íà ñëåäóþùåì ýòàïå ðàáîòû óâÿçûâàþòñÿ
ìåæäó ñîáîé ïàðàìåòðû è õàðàêòåðèñòèêè ÑÓ è
ËÀ äëÿ âûïîëíåíèÿ òèïîâîãî ïîëåòíîãî çàäàíèÿ.
Ñîçäàíèå ÑÓ äëÿ ðàçðàáàòûâàåìîãî ËÀ ìîæåò
îñóùåñòâëÿòüñÿ ïî òðåì íàïðàâëåíèÿì, ïî ïðèí-
öèïó «îò ïðîñòîãî ê ñëîæíîìó»:

— íà áàçå èìåþùåãîñÿ äâèãàòåëÿ;
— íà áàçå èìåþùåãîñÿ ÃÃ;
— íà áàçå íîâîãî, ñïåöèàëüíî ðàçðàáîòàííîãî

äâèãàòåëÿ [15].
Âîçìîæíîñòü ðåàëèçàöèè òîãî èëè èíîãî íà-

ïðàâëåíèÿ ïîêàçûâàåò àíàëèç ïàðàìåòðîâ è õà-
ðàêòåðèñòèê ãàçîòóðáèííûõ äâèãàòåëåé (ÃÒÄ) â
òðåáóåìîì êëàññå òÿãè/ìîùíîñòè, êîòîðûé ïðî-
âåäåí äëÿ äâèãàòåëåé îòå÷åñòâåííîãî ïðîèçâîä-
ñòâà. Êàê âèäíî èç òàáë. 1, â êîòîðóþ ñâåäåíû
îñíîâíûå ïàðàìåòðû ðàññìîòðåííûõ äâèãàòåëåé,
òðåáîâàíèÿì ïî âçëåòíîé òÿãå óäîâëåòâîðÿåò òîëü-
êî äâèãàòåëü ÀÈЏ225-25, íî ïî Ñóä. êð òðåáîâàíè-

Òàáëèöà 1

Ñðàâíèòåëüíàÿ õàðàêòåðèñòèêà ÃÒÄ*

* Ïî äàííûì èç îòêðûòûõ èñòî÷íèêîâ Èíòåðíåòà (Âèêèïåäèÿ: ru.wikipedia.org).

Äâèãàòåëü ÀË-55 ÐÄ-1700 ÀÈ-225-25 ÄÂ-2 ÀÈ-25 ÒÂ7-117Ñ 

Ñõåìà ÒÐÄÄñì ÒÐÄÄñì ÒÐÄÄñì ÒÐÄÄñì ÒÐÄÄñì ÒÂÄ 

ËÀ ÌèÃ-ÀÒ ÌèÃ-ÀÒ Яê-130 - Яê-40 Èë-114 

Р0, êÍ 21,6 16,7 24,5 21,6 14,7 - 

Gâ, êã/ñ 28,8 30,0 50,2 49,5 44,8 9,2 

Ñóä 0, êã/(Í·÷), 

(Í=0; Ì=0) 
0,0724 0,0714 0,0654 0,0607 - - 

Òã
*, Ê 1403 - 1480 1400 1145 1510 

*
êΣπ  17,5 14,3 15,9 13,5 8,0 17,0 

m 0,52 0,78 1,19 1,46 2,20 - 

Ñóä êð, êã/(Í·÷), 

(Í=11 êì; Ìï=0,8) 
- - 0,0856 0,0777 0,081 - 

Р, êÍ, 

(Í=11 êì; Ìï=0,8) 
- - 3,14 8,24 4,43 - 
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ÿì îí íå óäîâëåòâîðÿåò (Ñóä.êð > 0,065 êã/(Í·÷)),
îòêóäà äåëàåì âûâîä, ÷òî ãîòîâîãî îòå÷åñòâåííî-
ãî äâèãàòåëÿ ïîä çàäàííûå òðåáîâàíèÿ íåò. Ñëå-
äîâàòåëüíî, íåîáõîäèìà ðàçðàáîòêà ÑÓ íà áàçå
íîâîãî äâèãàòåëÿ ñ îïîðîé íà èìåþùèéñÿ íàó÷-
íî-òåõíè÷åñêèé çàäåë, ò. å. ïî âòîðîìó íàïðàâ-
ëåíèþ. Äëÿ ýòîãî ïðîèçâåäåí ýêñïåðòíûé àíàëèç
ïàðàìåòðîâ ÃÃ, ïîäõîäÿùèõ äëÿ ðàçðàáàòûâàåìî-
ãî ÒÐÄÄ, â ðåçóëüòàòå êîòîðîãî, ïî ñîâîêóïíî-
ñòè õàðàêòåðèñòèê, â êà÷åñòâå ïðîòîòèïà âûáðàí
ÃÃ òóðáîâèíòîâîãî äâèãàòåëÿ ÒÂ7-117Ñ, èìåþ-

ùèé ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ â êîìïðåññîðå
*
ê 17π ª  è òåìïåðàòóðó ãàçà ïåðåä òóðáèíîé
*
ã 1500Ò ª Ê, õàðàêòåðíûå äëÿ ýòîãî êëàññà äâèãà-

òåëåé.
Äàëåå, íà îñíîâå ýêñïåðòíîãî àíàëèçà õàðàê-

òåðèñòèê îòå÷åñòâåííûõ ðåãèîíàëüíûõ è áëèæ-
íåìàãèñòðàëüíûõ ñàìîëåòîâ, ïðîèçâåäåí âûáîð
ñàìîëåòà-ïðîòîòèïà. Èç âñåõ ðàññìîòðåííûõ ËÀ
íàèáîëåå ïîäõîäÿùèì îêàçàëñÿ ñàìîëåò ßê-40, òàê
êàê åãî ãàáàðèòû îòâå÷àþò òðåáîâàíèÿì ê áëèæ-
íåìàãèñòðàëüíûì ñàìîëåòàì è ÑÓ ñ òðåìÿ ÒÐÄÄ

ÀÈ-25 ñóììàðíîé òÿãîé ÑÓPΣ = 44,15 êÍ [16], ÷òî

ïðèáëèæåííî ñîîòâåòñòâóåò â äâóõäâèãàòåëüíîé
ÑÓ òÿãå îäíîãî ÒÐÄÄ P0 = 20 ÷ 25 êÍ â ñîîòâåò-
ñòâèè ñ ðàññìàòðèâàåìûì èññëåäîâàíèåì. Ïîýòî-
ìó â äàííîé ðàáîòå ñàìîëåò ßê-40 ïðèíÿò çà
ïðîòîòèï ËÀ.

Ðàçðàáîòêà áàçîâîãî âàðèàíòà
èññëåäóåìîé ñèñòåìû «ËÀ—ÑÓ»

Äëÿ ïðîâåäåíèÿ ðàñ÷åòíî-òåîðåòè÷åñêèõ èñ-
ñëåäîâàíèé èñïîëüçîâàëñÿ ÈÏÊ «ÑÄ», ðàçðàáî-
òàííûé íà êàôåäðå òåîðèè àâèàöèîííûõ äâèãà-
òåëåé ÂÂÈÀ èì. ïðîô. Í.Å. Æóêîâñêîãî [17].
Òàêîé âûáîð îáîñíîâàí ñëåäóþùèìè âîçìîæíî-
ñòÿìè ïðîãðàììíîãî êîìïëåêñà:

— ðàñ÷åò àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê
ËÀ ðàçëè÷íûõ êîìïîíîâîê â øèðîêîì äèàïàçî-
íå âûñîò è ñêîðîñòåé ïîëåòà, ïåðåêðûâàþùèõ çà-
äàííûå óñëîâèÿ ïîëåòà;

— ðàñ÷åò õàðàêòåðèñòèê âîçäóøíî-ðåàêòèâ-
íûõ äâèãàòåëåé ðàçëè÷íûõ òèïîâ è ñõåì, â òîì
÷èñëå ÒÐÄÄ;

— ðàñ÷åò îáúåìíî-ìàññîâîé êîìïîíîâêè ËÀ
ðàçëè÷íîãî öåëåâîãî íàçíà÷åíèÿ, â òîì ÷èñëå
ïàññàæèðñêîãî ñàìîëåòà;

— ôîðìèðîâàíèå ïðåäâàðèòåëüíî òåõíè÷åñ-
êîãî îáëèêà ñèñòåìû «ËÀ—ÑÓ» ñ ó÷åòîì âèäà è
ìàðêè òîïëèâà, âêëþ÷àÿ êåðîñèí;

— ðàñ÷åò ëåòíî-òåõíè÷åñêèõ õàðàêòåðèñòèê
(ËÒÕ) ËÀ, ýêñïëóàòàöèîííîãî äèàïàçîíà âûñîò

è ñêîðîñòåé ïðÿìîëèíåéíîãî ãîðèçîíòàëüíîãî
ïîëåòà;

— ðàñ÷åò êðèòåðèåâ ýôôåêòèâíîñòè ñèñòåìû
«ËÀ—ÑÓ» ïðè âûïîëíåíèè ðàçëè÷íûõ ïîëåòíûõ
çàäàíèé (äî ïÿòè ïðîãðàìì èëè ïðîôèëåé ïîëå-
òà);

— âîçìîæíîñòü ïðîâåäåíèÿ îïòèìèçàöèîí-
íûõ èññëåäîâàíèé ñ èñïîëüçîâàíèåì âñòðîåííîãî
àëãîðèòìà îïòèìèçàöèè, îñíîâàííîãî íà ìåòîäå
ÌÍÑÎ.

Ñ ïîìîùüþ ÈÏÊ «ÑÄ» ïðîâåäåíî ôîðìèðî-
âàíèå áàçîâîãî âàðèàíòà èññëåäóåìîé ñèñòåìû
«ËÀ—ÑÓ». Îòìåòèì, ÷òî òðåáîâàíèÿ òåõíè÷åñêî-
ãî çàäàíèÿ äëÿ áëèæíåìàãèñòðàëüíîãî ñàìîëåòà
ïî óñëîâèÿì òÿãîâîîðóæåííîñòè, Ñóä è óñëîâè-
ÿì ïîëåòà äîñòàòî÷íî æåñòêèå è ïðîòèâîðå÷èâûå.
Ïîýòîìó äëÿ èõ ïîëíîãî óäîâëåòâîðåíèÿ íåîáõî-
äèìî èñïîëüçîâàòü êîìïëåêñíûé ïîäõîä ïðè
ôîðìèðîâàíèè ïðåäâàðèòåëüíîãî òåõíè÷åñêîãî
îáëèêà äâèãàòåëÿ, ò. å. â ñîâîêóïíîñòè ïðîðàáî-
òàòü ïàðàìåòðû ÑÓ, ïëàíåðà è òðàåêòîðèè ïîëåòà
[17].

Â ïåðâóþ î÷åðåäü, ïîä èñõîäíûå òðåáîâàíèÿ
òåðìîäèíàìè÷åñêè «çàâÿçàí» áàçîâûé âàðèàíò
ÑÓ, îñíàùåííûé ÒÐÄÄ íà îñíîâå ãàçîãåíåðàòîðà
ÒÂ7-117Ñ. Ïðè ýòîì ñóììàðíàÿ ñòåïåíü ïîâûøå-
íèÿ äàâëåíèÿ â êîìïðåññîðå *

êΣπ  óâåëè÷èëàñü çà
ñ÷åò äîáàâëåíèÿ â êàñêàä ñæàòèÿ âåíòèëÿòîðà *

âπ
è ïîäïîðíûõ ñòóïåíåé *

ÏÑπ  ïåðåä îñåöåíòðîáåæ-
íûì êîìïðåññîðîì ÒÂ7-117ÑÒ:

* * * *
ê â ÏÑ ê ÒÂ7-117ÑΣπ π π π= .

Ýòî áëàãîïðèÿòíî ñêàæåòñÿ íà ïîâûøåíèè
âíóòðåííåãî ÊÏÄ äâèãàòåëÿ. Äëÿ óäîâëåòâîðåíèÿ
òðåáîâàíèÿ ïî óäåëüíîìó ðàñõîäó òîïëèâà òàêæå
ïîäîáðàíî âûñîêîå (ïî ñðàâíåíèþ ñ ñóùåñòâó-
þùèìè îòå÷åñòâåííûìè ÒÐÄÄ ðàññìàòðèâàåìîãî
êëàññà òÿã) çíà÷åíèå ñòåïåíè äâóõêîíòóðíîñòè
mð ≈ 6 ÷ 7 (ñì. òàáë. 2, ñòðîêà «ÁÂ» – áàçîâûé âà-
ðèàíò).

Ïîñëå òåðìîäèíàìè÷åñêîé «çàâÿçêè» ðàñ÷åò-
íûõ ïàðàìåòðîâ è ïîëó÷åíèÿ ãàáàðèòíî-ìàññî-
âûõ õàðàêòåðèñòèê äâèãàòåëÿ ïîëó÷åíû åãî âû-
ñîòíî-ñêîðîñòíûå (ÂÑÕ) è äðîññåëüíûå (ÄÕ)
õàðàêòåðèñòèêè. Äëÿ ïðèìåðà, íà ðèñ. 1 ïîêàçà-
íû ÄÕ èññëåäóåìîãî ÒÐÄÄ â óñëîâèÿõ Ìï = 0 è
Íï = 0.

Ïîëó÷åííàÿ â èòîãå àýðîäèíàìè÷åñêàÿ êîì-
ïîíîâêà ñàìîëåòà ïîêàçàíà íà ðèñ. 2 â èíòåðàê-
òèâíîì îêíå íàñòðîåê ãðàôè÷åñêîãî èíòåðôåé-
ñà ÈÏÊ «ÑÄ».

Ïîëó÷åííàÿ àýðîäèíàìè÷åñêàÿ êîìïîíîâêà
ïðîñ÷èòàíà ïî èíæåíåðíîé ìåòîäèêå [19], ðåà-
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ëèçîâàííîé â ÈÏÊ «ÑÄ», ñ öåëüþ ôîðìèðîâàíèÿ
íåîáõîäèìûõ äëÿ ðàñ÷åòà ËÒÕ àýðîäèíàìè÷åñêèõ
õàðàêòåðèñòèê ñàìîëåòà. Íà ðèñ. 3 ïðîäåìîíñò-
ðèðîâàíû îñíîâíûå èç íèõ: ïîëÿðà ñàìîëåòà
(ðèñ. 3,à) è çàâèñèìîñòü ìàêñèìàëüíîãî àýðîäè-
íàìè÷åñêîãî êà÷åñòâà Êmax îò óãëà àòàêè α  äëÿ
ðàçíûõ ÷èñåë Ìï (ðèñ. 3,á).

Íà ñëåäóþùåì ýòàïå ñôîðìèðîâàíà òèïîâàÿ
ïðîãðàììà ïîëåòà, õàðàêòåðíàÿ äëÿ ïàññàæèðñ-
êèõ ñàìîëåòîâ, à íà åå îñíîâàíèè ðàçðàáîòàí ïðî-
ôèëü ïîëåòà, êîòîðûé â èòîãå ñîñòîèò èç ïÿòè
ó÷àñòêîâ:

— âçëåò ñ âçëåòíî-ïîñàäî÷íîé ïîëîñû äî Í =
= 0,5 êì;

— íàáîð âûñîòû ñ ïðèâåäåííîé ñêîðîñòüþ
Vïð = 380 êì/÷ äî Í = 11 êì;

— ãîðèçîíòàëüíûé ïîëåò ñ Ìêð = 0,8;
— ñíèæåíèå ñ Vïð = 400 êì/÷ äî Í = 0,5 êì;
— ïîñàäêà.
Äëÿ íàãëÿäíîñòè ïîëó÷åííûå ïðîãðàììà è

ïðîôèëü ïîëåòà èññëåäóåìîãî ËÀ ñ óñëîâèÿìè è
çíà÷åíèÿìè ïàðàìåòðîâ íà êàæäîì ó÷àñòêå ïðî-
äåìîíñòðèðîâàíû íà ðèñ. 4.

Ðåçóëüòàòû ðàñ÷åòîâ òðàåêòîðíûõ ïàðàìåòðîâ
ïî ñôîðìèðîâàííîé ïðîãðàììå ïîëåòà ïîêàçàëè,

÷òî èññëåäóåìàÿ òåõíè÷åñêàÿ ñèñòåìà «ËÀ—ÑÓ»
äëÿ äâóõäâèãàòåëüíîãî áëèæíåìàãèñòðàëüíîãî
ïàññàæèðñêîãî ñàìîëåòà ïîñëå ïðîâåäåíèÿ êîì-
ïëåêñíîãî ôîðìèðîâàíèÿ íà îñíîâå èíæåíåðíî-
êîíñòðóêòîðñêîãî ïîäõîäà óäîâëåòâîðÿåò âñåì
òðåáîâàíèÿì òåõíè÷åñêîãî çàäàíèÿ, êðîìå äàëü-
íîñòè ïîëåòà Lï, êîòîðàÿ ñîñòàâëÿåò 1883 êì.

Ðèñ. 1. ÄÕ áàçîâîãî âàðèàíòà äâèãàòåëÿ â óñëîâèÿõ
Ìï = 0 è Íï = 0

Ðèñ. 2. Àýðîäèíàìè÷åñêàÿ ñõåìà èññëåäóåìîãî ËÀ
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Ðèñ. 3. Àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè èññëåäóåìîãî ñàìîëåòà

Ðèñ. 4. Ïðîãðàììà è ïðîôèëü ïîëåòà èññëåäóåìîãî ËÀ

à)                                                                      á)
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Ïîýòîìó äàëåå ïðîâåäåíû îïòèìèçàöèîííûå
èññëåäîâàíèÿ äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè
èññëåäóåìîãî îáúåêòà ñ öåëüþ óäîâëåòâîðåíèÿ
âñåì òðåáîâàíèÿì òåõíè÷åñêîãî çàäàíèÿ.

Îïòèìèçàöèîííûå èññëåäîâàíèÿ

Îïòèìèçàöèîííûå èññëåäîâàíèÿ ïîäîáíîãî
ðîäà ñëîæíûõ òåõíè÷åñêèõ îáúåêòîâ öåëåñîîáðàç-
íî ïðîâîäèòü ìåòîäàìè íóëåâîãî ïîðÿäêà, êîòî-
ðûå äàþò ñòàáèëüíûé óñòîé÷èâûé ðåçóëüòàò ïðè
ìíîãîïàðàìåòðè÷åñêèé çàäà÷å ñ øèðîêèìè äèà-
ïàçîíàìè âàðüèðîâàíèÿ, âûõîäÿùèìè, â íåêîòî-
ðûõ ñî÷åòàíèÿõ çíà÷åíèé ïàðàìåòðîâ, çà ãðàíè-
öû ôèçè÷åñêîãî ñóùåñòâîâàíèÿ èññëåäóåìîé
ñèñòåìû [21].

Â äàííîì èññëåäîâàíèè èñïîëüçîâàëñÿ ìåòîä
îïòèìèçàöèè íóëåâîãî ïîðÿäêà ÌÍÑÎ, ðàçðàáî-
òàííûé íà êàôåäðå òåîðèè àâèàöèîííûõ äâèãà-
òåëåé ÂÂÈÀ èì. ïðîôåññîðà Í.Å. Æóêîâñêîãî
ïðîôåññîðîì È.Í. Åãîðîâûì [22]. Ñóùíîñòü äàí-
íîãî ìåòîäà çàêëþ÷àåòñÿ â òîì, ÷òî âìåñòî ïðÿ-
ìûõ îáðàùåíèé ê ìàòåìàòè÷åñêîé ìîäåëè (ÌÌ)
ïîèñê îïòèìàëüíîãî ðåøåíèÿ îñóùåñòâëÿåòñÿ íà
ôóíêöèÿõ àïïðîêñèìàöèè âíóòðè ìåòîäà. Â ñâÿçè
ñ ýòèì ÌÍÑÎ èìååò ðÿä ïðåèìóùåñòâ ïåðåä
äðóãèìè ìåòîäàìè, êîòîðûå çàêëþ÷àþòñÿ â íå-
÷óâñòâèòåëüíîñòè ê òàêèì îñîáåííîñòÿì öåëåâîé
ôóíêöèè, êàê [23]:

— ñëîæíàÿ òîïîëîãèÿ;
— áîëüøàÿ çàøóìëåííîñòü;
— ìíîãîýêñòðåìàëüíîñòü;
— ðàçðûâû (íåäèôôåðåíöèðóåìîñòü).
Îòìåòèì, ÷òî åùå îäíèì íåîñïîðèìûì äîñ-

òîèíñòâîì ÌÍÑÎ ÿâëÿåòñÿ åãî äîñòóïíîñòü äëÿ
àâòîðîâ áëàãîäàðÿ âñòðîåííîìó ìîäóëþ îïòèìè-
çàöèè íà îñíîâå ÌÍÑÎ â ÈÏÊ «ÑÄ».

Íàñòðîéêà ïðîåêòà îïòèìèçàöèè ïðîâåäåíà â
äèàëîãîâîì ðåæèìå ÈÏÊ «ÑÄ» â ñëåäóþùåì
ïîðÿäêå:

1. Âûáîð öåëåâîé ôóíêöèè (êðèòåðèÿ îïòè-
ìèçàöèè), â êà÷åñòâå êîòîðîãî îáîñíîâàííî âûá-
ðàí êðèòåðèé ñàìîëåòíîãî óðîâíÿ – ñðåäíèé
êèëîìåòðîâûé ðàñõîä òîïëèâà â ïîëåòå ñàìîëå-
òà qñð.

2. Âûáîð îïòèìèçèðóåìûõ ïàðàìåòðîâ ÒÐÄÄ
è äèàïàçîíîâ èõ âàðüèðîâàíèÿ (çà ðàñ÷åòíûé
ðåæèì «ð» ïðèíÿòû óñëîâèÿ Í = 0, Ì = 0, ðåæèì
ðàáîòû «Ìàêñèìàë»):

— ðàñ÷åòíàÿ ñòåïåíü äâóõêîíòóðíîñòè mð =
=6 ÷ 8;

— ðàñ÷åòíàÿ òåìïåðàòóðà ãàçà ïåðåä òóðáèíîé
*
ã.ðÒ = 1500 ÷ 1600 Ê;

— ðàñ÷åòíàÿ ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ â
âåíòèëÿòîðå *

â.ðπ =1,5 ÷ 1,7;
— ðàñ÷åòíàÿ ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ â

ïîäïîðíûõ ñòóïåíÿõ *
ÏÑ ðπ = 1,5 ÷ 2,0;

— ðàñ÷åòíàÿ ïðèâåäåííàÿ ñêîðîñòü íà âûõî-
äå èç âòîðîãî êîíòóðà II ðλ =0,25 ÷ 0,5.

3. Âûáîð îãðàíè÷åíèé. Â ñîîòâåòñòâèè ñ çà-
äàíèåì òÿãà äâèãàòåëÿ äîëæíà áûòü ôèêñèðîâàí-
íàÿ, òàêæå ôèêñèðîâàííûì ÿâëÿåòñÿ è âçëåòíûé
âåñ ñàìîëåòà, ïîýòîìó â êà÷åñòâå îãðàíè÷èâàåìî-
ãî (ôèêñèðîâàííîãî) ïàðàìåòðà ïðèíÿòî çíà÷å-
íèå òÿãîâîîðóæåííîñòè ñàìîëåòà íà ñòàðòå.

4. Îïðåäåëåíèå àëãîðèòìà îïòèìèçàöèè
ÌÍÑÎ (êîëè÷åñòâî èòåðàöèé, òî÷íîñòü ðåøåíèÿ,
òî÷íîñòü ñîáëþäåíèÿ îãðàíè÷åíèé è êîýôôèöè-
åíò óñèëåíèÿ ãëîáàëüíûõ ñâîéñòâ).

Â èòîãå, ðåøàåìóþ çàäà÷ó îïòèìèçàöèè ìîæ-
íî ôîðìàëèçîâàòü êàê îäíîêðèòåðèàëüíóþ, ïÿ-
òèïàðàìåòðè÷åñêóþ, ñ îäíèì îãðàíè÷èâàåìûì
ïàðàìåòðîì. Ñëåäóåò îòìåòèòü, ÷òî ïðè âàðüèðî-
âàíèè *

ã.ðÒ  íåîáõîäèìî èçìåíÿòü óñëîâèÿ îõëàæ-
äåíèÿ ãàçîâîé òóðáèíû, íî â äàííîé ïîñòàíîâ-
êå ýòî íå ó÷èòûâàëîñü è ïðèíÿòî â êà÷åñòâå äî-
ïóùåíèÿ.

Êàê ïðèìåð íà ðèñ. 5 ïðîäåìîíñòðèðîâàí
ïðîöåññ èçìåíåíèÿ âàðüèðóåìûõ ïàðàìåòðîâ
ÒÐÄÄ *

ã.ðÒ  è mð â çàâèñèìîñòè îò íîìåðà îáðà-
ùåíèÿ Nîáð ê ÌÌ ñèñòåìû «ËÀ—ÑÓ». Âèäíî, ÷òî
â íà÷àëå ïðîöåññà îïòèìèçàöèè àëãîðèòì ïîèñ-
êà ïåðåáèðàë çíà÷åíèÿ *

ã.ðÒ  è mð â øèðîêîì äè-
àïàçîíå, ïîñòåïåííî åãî ñóæàÿ, è óæå ïîñëå ~200
îáðàùåíèé ê ÌÌ âûøåë íà íåêèå «óñòàíîâèâ-
øèåñÿ» çíà÷åíèÿ, áëèçêèå ê îïòèìàëüíûì.

Íà ðèñ. 6 ïðåäñòàâëåí ïðîöåññ èçìåíåíèÿ
öåëåâîé ôóíêöèè îïòèìèçàöèè. Äàííûé ãðàôèê
òàêæå äåìîíñòðèðóåò, ÷òî ïîñëå ~200 îáðàùåíèé
ê ÌÌ ñóùåñòâåííûõ èçìåíåíèé â çíà÷åíèÿõ qñð
íå ïðîèñõîäèëî. Â èòîãå, çà âñþ ïðîöåäóðó îï-
òèìèçàöèè (÷òî ñîñòàâèëî 370 îáðàùåíèè ê ÌÌ)
ïðîèçîøëî ñíèæåíèå qñð íà 7 %.

Äàëåå ïðîâåäåì êðàòêèé àíàëèç çíà÷åíèé
ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà ÒÐÄÄ, ïîëó÷åí-
íûõ â ðåçóëüòàòå îïòèìèçàöèè.

Íà ðèñ. 7 ïðîäåìîíñòðèðîâàíî ñðàâíåíèå ÄÕ
áàçîâîãî (ÁÂ) è îïòèìàëüíîãî (ÎÂ) âàðèàíòîâ
ÒÐÄÄ äëÿ çàäàííîãî â ðàáîòå êðåéñåðñêîãî ðå-
æèìà ïîëåòà: Ìï = 0,8 è Íï =11 êì. Ñ èñïîëü-
çîâàíèåì ÄÕ óäîáíî àíàëèçèðîâàòü èçìåíåíèÿ
Ñóä è Ð â êðåéñåðñêîì äèàïàçîíå òÿã, êîòîðûå íà
ãðàôèêàõ âûäåëåíû çàøòðèõîâàííûìè îáëàñòÿ-
ìè. ×òî êàñàåòñÿ òÿãè, òî, â ñîîòâåòñòâèè ñ çàäà-
íèåì, îíà îñòàëàñü ïðàêòè÷åñêè íåèçìåííîé, à
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Ðèñ. 5. Èçìåíåíèå è mð â ïðîöåññå îïòèìèçàöèè

Ðèñ. 6. Èçìåíåíèå öåëåâîé ôóíêöèè îïòèìèçàöèè

Ðèñ. 7. Ñðàâíåíèå ÄÕ áàçîâîãî è îïòèìàëüíîãî âàðèàíòîâ ÒÐÄÄ
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Ñóä.êð óìåíüøèëñÿ ñ 0,065 äî 0,062 êã/(Í·÷), ÷òî
ñîñòàâëÿåò 4,7 %. Ñíèæåíèå Ñóä.êð ìîæíî îáúÿñ-
íèòü óâåëè÷åíèåì âíóòðåííåãî ÊÏÄ äâèãàòåëÿ,
çà ñ÷åò ðîñòà ñóììàðíîé ñòåïåíè ïîâûøåíèÿ
äàâëåíèÿ è ñòåïåíè ïîäîãðåâà ðàáî÷åãî òåëà â
öèêëå.

Âàæíî îòìåòèòü, ÷òî ðåøåíèå çàäà÷è ïîâû-
øåíèÿ ýôôåêòèâíîñòè ÑÓ ïî êðèòåðèÿì ñàìî-
ëåòíîãî óðîâíÿ äàåò áîëüøóþ ýôôåêòèâíîñòü â
öåëåâîì íàïðàâëåíèè, ÷åì â èçîëèðîâàííîé ïî-
ñòàíîâêå [24]. Äàííûé ïðèìåð íàãëÿäíî ïîêàçàë,
÷òî qñð è Ñóä.êð, êã/(Í·÷) íå ïðÿìîïðîïîðöèîíàëü-
íî çàâèñÿò äðóã îò äðóãà, õîòÿ äëÿ äâèãàòåëÿ ñíè-
æåíèå Ñóä ÿâëÿåòñÿ íàèáîëåå ïðèîðèòåòíûì, íî
â ñîñòàâå ÑÓ ËÀ ýòî íå âñåãäà öåëåñîîáðàçíî, òàê
êàê íà Ñóä îêàçûâàþò ïîëîæèòåëüíîå âëèÿíèå
ìíîæåñòâî ôàêòîðîâ, êîòîðûå íà ËÒÕ ËÀ ìîãóò
ïîâëèÿòü îòðèöàòåëüíî, íàïðèìåð ñòåïåíü äâóõ-
êîíòóðíîñòè mð [25].

Íà ðèñ. 8 ïðåäñòàâëåíî ñðàâíåíèå ÂÑÕ èññëå-
äóåìûõ âàðèàíòîâ ÒÐÄÄ äëÿ ðåæèìà ðàáîòû
«Ìàêñèìàë». Èç ðèñ. 8,à âèäíî, ÷òî çíà÷åíèÿ

òÿãè áàçîâîãî è îïòèìàëüíîãî âàðèàíòîâ ÒÐÄÄ
íå ðàçëè÷àþòñÿ ìåæäó ñîáîé èç-çà ôèêñèðîâàí-
íîãî çíà÷åíèÿ âçëåòíîé òÿãîâîîðóæåííîñòè. Íà
ðèñ. 8,á ïîêàçàíî ñíèæåíèå Ñóä îïòèìàëüíîãî âà-
ðèàíòà äâèãàòåëÿ ïî ñðàâíåíèþ ñ áàçîâûì.

Âñå çíà÷åíèÿ îñíîâíûõ ïðîåêòíûõ ïàðàìåò-
ðîâ èññëåäóåìîé òåõíè÷åñêîé ñèñòåìû «ËÀ—ÑÓ»
äëÿ äâóõäâèãàòåëüíîãî áëèæíåìàãèñòðàëüíîãî
ïàññàæèðñêîãî ñàìîëåòà äî è ïîñëå îïòèìèçàöèè
ñâåäåíû â òàáë. 2. Çäåñü æå ïîêàçàíî ïðîöåíòíîå
ñîîòíîøåíèå ìåæäó ïàðàìåòðàìè áàçîâîãî è
îïòèìàëüíîãî âàðèàíòîâ ñàìîëåòà è ÒÐÄÄ.

Âûâîäû

Òàêèì îáðàçîì, êîìïëåêñíàÿ çàäà÷à ïî ïîèñ-
êó îïòèìàëüíûõ ïàðàìåòðîâ äâèãàòåëÿ äëÿ áëèæ-
íåìàãèñòðàëüíîãî ïàññàæèðñêîãî ñàìîëåòà è ÑÓ
íà áàçå ÒÐÄÄ ðåøåíà, ïðè ýòîì ïîëó÷åíû ñëå-
äóþùèå ðåçóëüòàòû:

1. Ïðîâåäåí àíàëèç ïîòðåáíîñòè Ðîññèè â
áëèæíåìàãèñòðàëüíûõ è ðåãèîíàëüíûõ ïàññàæèð-
ñêèõ ñàìîëåòàõ è äâèãàòåëÿõ äëÿ èõ ÑÓ.

Ðèñ. 8. Ñðàâíåíèå ÂÑÕ áàçîâîãî è îïòèìàëüíîãî âàðèàíòîâ ÒÐÄÄ

Òàáëèöà 2

Ñðàâíåíèå ïàðàìåòðîâ áàçîâîãî è îïòèìàëüíîãî âàðèàíòîâ ñèñòåìû «ËÀ—ÑÓ»

Ïàðà-
ìåòðû 

*
â.ðπ  *

ÏÑ ðπ  *
ê ðΣπ  mð 

*
ã.ðÒ , Ê Gâ.ð, êã/ñ Ðð, êÍ 

Ñóä.ð,  
êã/(Í·÷) 

Ñóä.êð,  
êã/(Í·÷) 

qñð, 

êã/êì 
Lï, êì 

ÁÂ 1,50 1,83 25,20 6,50 1521 84,6 25,0 0,0338 0,065 0,594 1883 

ÎÂ 1,56 1,95 27,95 7,37 1582 84,6 25,0 0,0351 0,062 0,571 2015 

Δ, % 4,0 6,5 10,9 13,4 4,0 0 0 3,8 4,7 7,0 7,0 

à) á)
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2. Ðàñ÷åòíûì ïóòåì ïîëó÷åíû îñíîâíûå àýðî-
äèíàìè÷åñêèå õàðàêòåðèñòèêè áëèæíåìàãèñò-
ðàëüíîãî ïàññàæèðñêîãî ñàìîëåòà.

3. Ïðîâåäåíû îïòèìèçàöèîííûå èññëåäîâà-
íèÿ ñ èñïîëüçîâàíèåì ìåòîäà ÌÍÑÎ, â ðåçóëü-
òàòå êîòîðûõ ïðîèçîøëî óëó÷øåíèå öåëåâîé
ôóíêöèè – óìåíüøåíèå ñðåäíåãî êèëîìåòðîâî-
ãî ðàñõîäà òîïëèâà íà 7 %.

4. Îáîñíîâàíà öåëåñîîáðàçíîñòü ðåøåíèÿ
çàäà÷ ïîâûøåíèÿ ýôôåêòèâíîñòè ÑÓ ïî êðèòå-
ðèÿì ñàìîëåòíîãî óðîâíÿ.

5. Ïîëó÷åí íàáîð ïðîåêòíûõ ïàðàìåòðîâ è
õàðàêòåðèñòèê èññëåäóåìîé òåõíè÷åñêîé ñèñòå-
ìû «ËÀ—ÑÓ» äëÿ äâóõäâèãàòåëüíîãî áëèæíåìà-
ãèñòðàëüíîãî ïàññàæèðñêîãî ñàìîëåòà ñ äàëüíî-
ñòüþ ïîëåòà 2015 êì è ÑÓ íà áàçå îòå÷åñòâåííîãî
ÒÐÄÄ ñ òÿãîé P = 25 êÍ è Ñóä.êð = 0,062 êã/(Í·÷).

Ñïèñîê èñòî÷íèêîâ

1. Êàïàðóëèí Ä.Ë. Ñîâðåìåííîå ñîñòîÿíèå è òåíäåí-
öèè ðàçâèòèÿ ãðàæäàíñêîé àâèàöèè â Ðîññèè //
ÌÈÐ (Ìîäåðíèçàöèÿ. Èííîâàöèè. Ðàçâèòèå).
2019. ¹ 5 (35). Ñ. 607-617. DOI: 10.18184/2079-
4665.2018.9.4.607-617

2. Áåëîãîðöåâà Í.À. Òåíäåíöèè ðàçâèòèÿ ãðàæäàíñêîé
àâèàöèè â Ðîññèè // Âåêòîð ýêîíîìèêè. 2019.
¹ 5. URL: http://www.vectoreconomy.ru/images/
publications/2019/5/economicsmanagement/
Belogortseva.pdf

3. Ñàôèóëèí À. Ðîññèéñêèé àâèàïðîì: êàêèå íîâûå
ñàìîëåòû îæèäàþòñÿ â íîâîì äåñÿòèëåòèè,
09.03.2021. URL: https://realnoevremya.ru/articles/
205325-rossiyskiy-aviaprom-perspektivy-i-novye-
trendy

4. Ñèòêèíà Ì. Ìåñòíûå àâèàëèíèè âïëåòóò â îáùóþ
ñåòü, 25.02.2020. URL: https://www.aviaport.ru/
news/2020/02/25/627713.html

5. ×åìåçîâ Ñ. Íà áàçå àâèàêëàñòåðà ìû ñîçäàåì ïîë-
íîöåííîãî èãðîêà ìèðîâîé àâèàöèîííîé àðåíû,
12.07.2021. URL: https://www.vedomosti.ru/partner/
characters/2021/07/12/877735-mi-sozdaem-
polnotsennogo-igroka-mirovoi-aviatsionnoi-areni

6. Âîðîáüåâ À. SSJ100 ìàëî ëåòàåò èç-çà äåôåêòîâ äâè-
ãàòåëÿ, 22.11.2018. URL: https://www.vedomosti.ru/
business/articles/2018/11/21/787112-ssj100-malo-
letaet

7. Ïåðåêðåñò Â. Íè àýðîäðîìîâ, íè íîâûõ ñàìîëåòîâ:
ïî÷åìó â Ðîññèè ðàçâàëèëàñü ðåãèîíàëüíàÿ àâèà-
öèÿ, 12.07.2021. URL: https://www.kp.ru/daily/
28302.5/4442785/

8. Âîëîáóåâ À. Âûøå ñïðîñ: ðåãèîíàëüíûì àâèàëèíè-
ÿì ïîòðåáóåòñÿ îêîëî 800 ñàìîëåòîâ, 07.08.2019.
URL: https://iz.ru/906653/aleksandr-volobuev/vyshe-
spros-regionalnym-avialiniiam-potrebuetsia-okolo-
800-samoletov

9. Çèíåíêîâ Þ.Â., Ëóêîâíèêîâ À.Â., ×åðêàñîâ À.Í.
Îöåíêà ýôôåêòèâíîñòè ñèëîâîé óñòàíîâêè âûñîò-

íîãî áåñïèëîòíîãî ëåòàòåëüíîãî àïïàðàòà // Âå-
ñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2015.
Ò. 22. ¹ 3. Ñ. 91-102.

10. Ñêëÿðîâà À.Ï., Ãîðáóíîâ À.À., Çèíåíêîâ Þ.Â., Àãóëü-
íèê À.Á., Âîâê Ì.Þ. Ïîèñê îïòèìàëüíîé ñèëîâîé
óñòàíîâêè äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè ìàíåâ-
ðåííîãî ñàìîë¸òà // Âåñòíèê Ìîñêîâñêîãî àâèà-
öèîííîãî èíñòèòóòà. 2020. Ò. 27. ¹ 4. Ñ. 181-191.
DOI: 10.34759/vst-2020-4-181-191

11. Çèíåíêîâ Þ.Â., Ëóêîâíèêîâ À.Â., Ñëèíêî Ì.Á. Ìå-
òîäèêà ôîðìèðîâàíèÿ òåõíè÷åñêîãî îáëèêà è
îöåíêè ýôôåêòèâíîñòè ñèëîâîé óñòàíîâêè âûñîò-
íîãî áåñïèëîòíîãî ëåòàòåëüíîãî àïïàðàòà // Ïî-
ëåò. Îáùåðîññèéñêèé íàó÷íî-òåõíè÷åñêèé æóð-
íàë. 2016. ¹ 2-3. Ñ. 66-80.

12. Àãàâåðäûåâ Ñ.Â., Çèíåíêîâ Þ.Â., Ëóêîâíèêîâ À.Â.
Âûáîð îïòèìàëüíûõ ïàðàìåòðîâ ñèëîâîé óñòàíîâ-
êè óäàðíîãî áåñïèëîòíîãî ëåòàòåëüíîãî àïïàðàòà
// Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòó-
òà. 2020. Ò. 27. ¹ 4. Ñ. 105-116. DOI: 10.34759/vst-
2020-4-105-116

13. Ìûøêèí Ë.Â. Ïðîãíîçèðîâàíèå ðàçâèòèÿ àâèàöè-
îííîé òåõíèêè: òåîðèÿ è ïðàêòèêà. – Ì.: Ôèçìàò-
ëèò, 2006. – 304 ñ.

14. Åôðåìîâ À.Â., Çàõàð÷åíêî Â.Ô., Îâ÷àðåíêî Â.Í è äð.
Äèíàìèêà ïîëåòà: Ó÷åáíèê / Ïîä ðåä. Ã.Ñ. Áþø-
ãåíñà. – Ì.: Ìàøèíîñòðîåíèå, 2011. – 776 ñ.

15. Êóëàãèí Â.Â. Òåîðèÿ, ðàñ÷åò è ïðîåêòèðîâàíèå
àâèàöèîííûõ äâèãàòåëåé è ýíåðãåòè÷åñêèõ óñòà-
íîâîê. – Ì.: Ìàøèíîñòðîåíèå, 2002. – 616 ñ.

16. Óäàëîâ Ê.Ã., Øàì Î.Â. Ñàìîëåò ßê-40. – Ì.:
Òðàíñïîðò, 1992. – 72 ñ.

17. Ëóêîâíèêîâ À.Â. Êîíöåïòóàëüíîå ïðîåêòèðîâàíèå
ñèëîâûõ óñòàíîâîê ëåòàòåëüíûõ àïïàðàòîâ â ìíî-
ãîäèñöèïëèíàðíîé ïîñòàíîâêå // Âåñòíèê Ìîñ-
êîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2008. Ò. 15.
¹ 3. Ñ. 34-43.

18. Çèíåíêîâ Þ.Â., Ëóêîâíèêîâ À.Â., ×åðêàñîâ À.Í.
Ôîðìèðîâàíèå òåõíè÷åñêîãî îáëèêà ñèëîâîé óñ-
òàíîâêè âûñîòíîãî áåñïèëîòíîãî ëåòàòåëüíîãî
àïïàðàòà // Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî
èíñòèòóòà. 2014. Ò. 21. ¹ 1. Ñ. 86-94.

19. Ãðèöåíêî Í.À. Èêðÿííèêîâ Å.Ä. Ðàñ÷åò àýðîäèíà-
ìè÷åñêèõ õàðàêòåðèñòèê ËÀ: Ó÷åá. ïîñîáèå. – Ì.:
ÂÂÈÀ èì. Í.Å. Æóêîâñêîãî, 1994. – 259 ñ.

20. Ìàòâèåâ Ã.ß., Ñâèðèäîâ Í.À. Äèíàìèêà ïîëåòà.
Ðàñ÷åò ëåòíûõ õàðàêòåðèñòèê ñàìîëåòà: Ó÷åá. ïî-
ñîáèå. – Ì.: ÂÂÈÀ èì. Í.Å. Æóêîâñêîãî, 2004. –
40 ñ.

21. Egorov I.N., Kretinin G.V., Leshchenko I.A. Optimal
design and control of gas-turbine engine components:
a multicriteria approach // Aircraft Engineering and
Aerospace Technology. 1997. Ò. 69. ¹ 6. Ñ. 518-526.
DOI: 10.1108/00022669710185977

22. Egorov I.N., Kretinin G.V., Kostiuk S.S., Leshschenko I.A.,
Babi U.I. The Methodology of stochastic optimization
of parameters and control laws for the aircraft gas-
turbine engines flow passage components // Journal



129Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 1 Aerospace MAI Journal, vol. 29, no. 1

Ì.À. Áîãîìîëîâ, Ò.Â. Ãðàñüêî, Þ.Â. Çèíåíêîâ, À.Â. Ëóêîâíèêîâ M.A. Bogomolov, T.V. Gras'ko, Y.V. Zinenkov, A.V. Lukovnikov

of Engineering for Gas Turbines and Power. 2001. Vol.
123. No. 3, pp. 495-501. DOI: 10.1115/1.1285841

23. Egorov I.N., Kretinin G.V., Leshchenko I.A., Kuptzov S.V.
The main features of IOSO technology usage for
multi-objective design optimization // 10th AIAA/
ISSMO Multidisciplinary Analysis and Optimization
Conference (30 August 2004 — 01 September 2004;
Albany, New York). DOI: 10.2514/6.2004-4610

24. Mirzoyan A., Isyanov A., Fokin D., D'Ippolito R.,
Lombardi R. Multiparametric Optimization of
Propulsion System for Advanced Civil Aircraft in
Distributed Environment of Collaborative MDO

References

1. Kaparulin D.L. MIR (Modernizatsiya. Innovatsii.
Razvitie), 2019, no. 5 (35), pp. 607-617. DOI:
10.18184/2079-4665.2018.9.4.607-617

2. Belogortseva N.A. Vektor ekonomiki, 2019, no. 5.
URL: http://www.vectoreconomy.ru/images/
publications/2019/5/economicsmanagement/
Belogortseva.pdf

3. Safiulin A. Rossiiskii aviaprom: kakie novye samolety
ozhidayutsya v novom desyatiletii, 09.03.2021. URL:
https://realnoevremya.ru/articles/205325-rossiyskiy-
aviaprom-perspektivy-i-novye-trendy

4. Sitkina M. Mestnye avialinii vpletut v obshchuyu set’,
25.02.2020. URL: https://www.aviaport.ru/news/
2020/02/25/627713.html

5. Chemezov S. Na baze aviaklastera my sozdaem
polnotsennogo igroka mirovoi aviatsionnoi areny,
12.07.2021. URL: https://www.vedomosti.ru/partner/
characters/2021/07/12/877735-mi-sozdaem-
polnotsennogo-igroka-mirovoi-aviatsionnoi-areni

6. Vorob’ev A. SSJ100 malo letaet iz-za defektov
dvigatelya, 22.11.2018. URL: https://www.vedomosti.
ru/business/articles/2018/11/21/787112-ssj100-malo-
letaet

7. Perekrest V. Ni aerodromov, ni novykh samoletov:
pochemu v Rossii razvalilas’ regional’naya aviatsiya,
12.07.2021. URL: https://www.kp.ru/daily/28302.5/
4442785/

8. Volobuev A. Vyshe spros: regional’nym avialiniyam
potrebuetsya okolo 800 samoletov, 07.08.2019. URL:
https://iz.ru/906653/aleksandr-volobuev/vyshe-spros-
regionalnym-avialiniiam-potrebuetsia-okolo-800-
samoletov

9. Zinenkov Y.V., Lukovnikov A.V., Cherkasov A.N.
Estimation of the effectiveness of a power plant for a
high-altitude unmanned aerial vehicle. Aerospace MAI
Journal, 2015, vol. 22, no. 3, pp. 91-102.

10. Sklyarova A.P., Gorbunov A.A., Zinenkov Y.V.,
Agul’nik A.B., Vovk M.Y. Search for optimal power
plant to improve maneuverable aircraft efficiency.
Aerospace MAI Journal, 2020, vol. 27, no. 4, pp. 181-191.
DOI: 10.34759/vst-2020-4-181-191

System developed in AGILE project // 31st Congress
of the International Council of the Aeronautical
Sciences — ICAS 2018 (09-14 September; Belo
Horizonte, Brazil). URL: http://www.icas.org/
I C A S _ A R C H I V E / I C A S 2 0 1 8 / d a t a / p a p e r s /
ICAS2018_0654_paper.pdf

25. Íå÷àåâ Þ.Í., Ôåäîðîâ Ð.Ì., Êîòîâñêèé Â.Í., Ïî-
ëåâ À.Ñ. Òåîðèÿ àâèàöèîííûõ äâèãàòåëåé. — ×. 2:
Ðàáî÷èé ïðîöåññ è õàðàêòåðèñòèêè ãàçîòóðáèííûõ
äâèãàòåëåé. – Ì.: ÂÂÈÀ èì. Í.Å. Æóêîâñêîãî,
2006. — 448 ñ.

11. Zinenkov Yu.V., Lukovnikov A.V., Slinko M.B. Polet.
Obshcherossiiskii nauchno-tekhnicheskii zhurnal, 2016,
no. 2-3, pp. 66-80.

12. Agaverdyev S.V., Zinenkov Y.V., Lukovnikov A.V.
Optimal parameters selection of the strike unmanned
aerial vehicle power plant. Aerospace MAI Journal,
2020, vol. 27, no. 4, pp. 105-116. DOI: 10.34759/vst-
2020-4-105-116

13. Myshkin L.V. Prognozirovanie razvitiya aviatsionnoi
tekhniki: teoriya i praktika (Aviation technology
development Forecasting: theory and practice),
Moscow, Fizmatlit, 2006, 304 p.

14. Efremov A.V., Zakharchenko V.F., Ovcharenko V.N
et al. Dinamika poleta (Flight Dynamics), Moscow,
Mashinostroenie, 2011, 776 p.

15. Kulagin V.V. Teoriya, raschet i proektirovanie
aviatsionnykh dvigatelei i energeticheskikh ustanovok
(Theory, calculation and design of aircraft engines and
power plants), Moscow, Mashinostroenie, 2002, 616 p.

16. Udalov K.G., Sham O.V. Samolet Yak-40 (Yak-40
aircraft), Moscow, Transport, 1992, 72 p.

17. Lukovnikov A.V. A conceptual design of aircraft
propulsion systems in multidisciplinary statement.
Aerospace MAI Journal, 2008, vol. 15, no. 3, pp. 34-43.

18. Zinenkov Y.V., Lukovnikov A.V., Cherkasov A.N.
Technical shape formation of power plant of high-
altitude unmanned aerial vehicle. Aerospace MAI
Journal, 2014, vol. 21, no. 1, pp. 86-94.

19. Gritsenko N.A. Ikryannikov E.D. Raschet
aerodinamicheskikh kharakteristik LA (Calculation of
aircraft aerodynamic characteristics), Moscow, VVIA
im. N.E. Zhukovskogo, 1994, 259 p.

20. Matviev G.Ya., Sviridov N.A. Dinamika poleta.
Raschet letnykh kharakteristik samoleta (Flight
dynamics. Calculation of aircraft flight characteristics),
Moscow, VVIA im. N.E. Zhukovskogo, 2004, 40 p.

21. Egorov I.N., Kretinin G.V., Leshchenko I.A. Optimal
design and control of gas-turbine engine components:
a multicriteria approach, Aircraft Engineering and
Aerospace Technology, 1997, vol. 69, no. 6, pp. 518-526.
DOI: 10.1108/00022669710185977



Ì.À. Áîãîìîëîâ, Ò.Â. Ãðàñüêî, Þ.Â. Çèíåíêîâ, À.Â. Ëóêîâíèêîâ M.A. Bogomolov, T.V. Gras'ko, Y.V. Zinenkov, A.V. Lukovnikov

130Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 1 Aerospace MAI Journal, vol. 29, no. 1

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 14.12.2021; îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 20.12.2021; ïðèíÿòà ê
ïóáëèêàöèè 20.12.2021.

The article was submitted on 14.12.2021; approved after reviewing on 20.12.2021; accepted for publication
on 20.12.2021.

22. Egorov I.N., Kretinin G.V., Kostiuk S.S.,
Leshschenko I.A., Babi U.I. The Methodology of
stochastic optimization of parameters and control laws
for the aircraft gas-turbine engines flow passage
components. Journal of Engineering for Gas Turbines
and Power, 2001, vol. 123, no. 3, pp. 495-501. DOI:
10.1115/1.1285841

23. Egorov I.N., Kretinin G.V., Leshchenko I.A., Kuptzov
S.V. The main features of IOSO technology usage for
multi-objective design optimization. 10th AIAA/
ISSMO Multidisciplinary Analysis and Optimization
Conference (30 August 2004 - 01 September 2004;
Albany, New York). DOI: 10.2514/6.2004-4610

24. Mirzoyan A., Isyanov A., Fokin D., D’Ippolito R.,
Lombardi R. Multiparametric Optimization of
Propulsion System for Advanced Civil Aircraft in
Distributed Environment of Collaborative MDO
System developed in AGILE project. 31st Congress of
the International Council of the Aeronautical Sciences
- ICAS 2018 (09-14 September; Belo Horizonte, Brazil).
URL: http://www.icas.org/ICAS_ARCHIVE/
ICAS2018/data/papers/ICAS2018_0654_paper.pdf

25. Nechaev Yu.N., Fedorov R.M., Kotovskii V.N., Polev
A.S. Teoriya aviatsionnykh dvigatelei. Ch. 2: Rabochii
protsess i kharakteristiki gazoturbinnykh dvigatelei
(Theory of aircraft engines. Part 2: Workflow and
characteristics of gas turbine engines), Moscow, VVIA
im. N.E. Zhukovskogo, 2006, 448 p.


