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Ââåäåíèå

Äîìèíèðóþùåé ñõåìîé â ìèðîâîì àâèàöèîí-
íîì ïàðêå ÿâëÿåòñÿ êëàññè÷åñêèé ñàìîëåò ñî ñòðå-
ëîâèäíûì êðûëîì è òóðáîðåàêòèâíûì äâóõêîí-
òóðíûì äâèãàòåëåì (ÒÐÄÄ) ïîä êðûëîì èëè íà
õâîñòîâîé ÷àñòè ôþçåëÿæà. Â òî æå âðåìÿ î÷åíü
ðåäêî ìîæíî óâèäåòü ñàìîë¸òû ñ äâèãàòåëÿìè íàä
êðûëîì. Ñðåäè èçâåñòíûõ ïðèìåðîâ – ñàìîë¸òû
Àí-72, VFW-614, Áå-200, HONDA Jet (ðèñ. 1). Çà-
ìåòèì, ÷òî âûáîð âåðõíåãî ðàñïîëîæåíèÿ äâèãà-
òåëåé ó âñåõ ýòèõ ñàìîë¸òîâ äèêòîâàëñÿ ðàçíûìè
ïðè÷èíàìè, ñðåäè êîòîðûõ, îäíàêî, íå áûëî öåëè
ñíèæåíèÿ øóìà íà ìåñòíîñòè.

Ïî÷åìó òàêîå ðàñïîëîæåíèå íå ïîïóëÿðíî?
Âî-ïåðâûõ, ñóùåñòâóåò çíà÷èòåëüíûé ðèñê íåáëà-
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Ýêîëîãè÷åñêèå òðåáîâàíèÿ, òàêèå êàê îãðàíè÷åíèÿ øóìà íà ìåñòíîñòè è âûáðîñîâ, áóäóò èãðàòü âñå âîçðàñ-
òàþùóþ ðîëü â áóäóùåì ãðàæäàíñêîé àâèàöèè. Âîçìîæíîñòè ñíèæåíèÿ øóìà â ñîâðåìåííûõ êîìïîíîâêàõ îãðà-
íè÷åíû, òàê ÷òî âåðîÿòíî ïîòðåáóåòñÿ ïåðåõîä íà ðàäèêàëüíî íîâûå ñõåìû, ÷òîáû óäîâëåòâîðèòü öåëÿì, äåêëà-
ðèðóåìûì NASA, ACARE, Ìèíïðîìòîðãîì Ðîññèè è äðóãèìè îðãàíèçàöèÿìè, äëÿ ñàìîë¸òîâ ñëåäóþùèõ ïîêî-
ëåíèé.

Øóì äâèãàòåëåé ÿâëÿåòñÿ îäíèì èç ãëàâíûõ ôàêòîðîâ îáùåãî øóìà ñàìîë¸òà. Õîòÿ ñîâðåìåííûé òðåíä ïî
óâåëè÷åíèþ ñòåïåíè äâóõêîíòóðíîñòè ÒÐÄÄ ñàì ïî ñåáå âåä¸ò ê óìåíüøåíèþ øóìà, âîçìîæíîñòè ðàçìåùåíèÿ
áîëüøèõ äâèãàòåëåé ïîä êðûëîì ëèìèòèðîâàíû. Âåðõíåå ðàñïîëîæåíèå äâèãàòåëåé ìîæåò ïîìî÷ü ñíÿòü ýòó ïðî-
áëåìó è äîïîëíèòåëüíî ñíèæàåò øóì íà ìåñòíîñòè çà ñ÷¸ò ýôôåêòà ýêðàíèðîâàíèÿ. ÖÀÃÈ ñ öåëüþ íàêîïëåíèÿ
íàó÷íî-òåõíè÷åñêîãî çàäåëà ïðîâîäèò ñèñòåìàòè÷åñêèå èññëåäîâàíèÿ «òèõèõ» êîìïîíîâîê ñ ýêðàíèðîâàíèåì øóìà
äâèãàòåëåé êðûëîì è äðóãèìè ýëåìåíòàìè ïëàíåðà. Ðàññìàòðèâàëèñü ðàçëè÷íûå êîìïîíîâêè ñ ðàçíûìè âàðèàí-
òàìè ðàçìåùåíèÿ äâèãàòåëåé è ðàçëè÷íîé àðõèòåêòóðîé ñèëîâîé óñòàíîâêè. Îïèñàíèå îñîáåííîñòåé àýðîäèíà-
ìèêè êàæäîé èç ñõåì íàðÿäó ñ äåòàëÿìè ïðîöåäóðû àýðîäèíàìè÷åñêîãî ïðîåêòèðîâàíèÿ äàíî â ýòîé ñòàòüå.
Ïðèâåäåíû íåêîòîðûå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû.

Êëþ÷åâûå ñëîâà: àýðîäèíàìè÷åñêîå ïðîåêòèðîâàíèå, êîìïîíîâêà ñ âåðõíèì ðàñïîëîæåíèåì äâèãàòåëÿ, ýêñ-
ïåðèìåíòàëüíûå èññëåäîâàíèÿ.

ãîïðèÿòíîé àýðîäèíàìè÷åñêîé èíòåðôåðåíöèè,
îñîáåííî ïðè òðàíñçâóêîâûõ ñêîðîñòÿõ: èç-çà ïî-
âûøåííûõ ðàçðåæåíèé íà âåðõíåé ïîâåðõíîñòè
êðûëà ìîãóò îáðàçîâàòüñÿ ñèëüíûå ñêà÷êè óïëîò-
íåíèÿ âáëèçè ïèëîíîâ è ìîòîãîíäîë. Âî-âòîðûõ,
óñèëèâàåòñÿ øóì â ñàëîíå, ÷òî ìîæåò ïîòðåáîâàòü
äîïîëíèòåëüíîé óñòàíîâêè çâóêîïîãëîùàþùèõ
êîíñòðóêöèé. Áîëåå òîãî, òÿãà äâèãàòåëåé ñîçäà-
åò íåæåëàòåëüíûé îòðèöàòåëüíûé ïèêèðóþùèé
ìîìåíò íà âçë¸òå è â êðåéñåðñêîì ïîë¸òå. Âîçíè-
êàåò ìíîãî âîïðîñîâ î ðàöèîíàëüíîé êîíñòðóê-
öèè óçëà ïèëîí-êðûëî-ìîòîãîíäîëà è åãî àýðîóï-
ðóãèõ õàðàêòåðèñòèêàõ. Íàêîíåö, çàìåòíî óñëîæ-
íÿåòñÿ îáñëóæèâàíèå äâèãàòåëåé.
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Â òî æå âðåìÿ âåðõíåå ðàñïîëîæåíèå äâèãàòå-
ëåé èìååò è ðÿä ïëþñîâ. Òàê, óâåëè÷åíèå äèàìåòðà
äâèãàòåëåé íå âåäåò ê óäëèíåíèþ ñòîåê øàññè, ò.å.
èìååòñÿ âîçìîæíîñòü óñòàíîâêè äâèãàòåëåé ñî
ñâåðõâûñîêîé ñòåïåíüþ äâóõêîíòóðíîñòè. Âîçäó-
õîçàáîðíèêè ëó÷øå çàùèùåíû îò ïîïàäàíèÿ ïî-
ñòîðîííèõ ïðåäìåòîâ, îñîáåííî íà ÂÏÏ ïëîõî-
ãî êà÷åñòâà. Íåò ðàçðûâà ïðåäêðûëêà ïî ðàçìàõó,
êàê ó êîìïîíîâîê ñ äâèãàòåëÿìè ïîä êðûëîì.
Ñòðóè äâèãàòåëåé íå ïîïàäàþò íà çàêðûëêè. Íà-
êîíåö, âåðõíåå ðàñïîëîæåíèå äâèãàòåëåé îáåùà-
åò çíà÷èòåëüíîå ñíèæåíèå øóìà íà ìåñòíîñòè.
Ïîñëåäíåå îáñòîÿòåëüñòâî, ïî-âèäèìîìó, áóäåò
èìåòü âûñøèé ïðèîðèòåò äëÿ ñàìîëåòîâ ñëåäóþ-
ùåãî ïîêîëåíèÿ. Äëÿ àäìèíèñòðàòèâíûõ è ìàëûõ
ðåãèîíàëüíûõ ñàìîëåòîâ óñòàíîâêà äâèãàòåëåé íàä
êðûëîì îáåñïå÷èâàåò óâåëè÷åíèå îáúåìà ïàññà-
æèðñêîé êàáèíû áëàãîäàðÿ óñòðàíåíèþ ñêâîçíûõ
ïèëîíîâ äëÿ äâèãàòåëåé íà õâîñòîâîé ÷àñòè ôþ-
çåëÿæà.

Â ÑØÀ è Åâðîïå áûëè èíèöèèðîâàíû èíòåí-
ñèâíûå èññëåäîâàíèÿ «òèõèõ» êîìïîíîâîê [1—8]

äëÿ óäîâëåòâîðåíèÿ æ¸ñòêèõ ýêîëîãè÷åñêèõ òðå-
áîâàíèé NASA è ACARE íà áëèæàéøèå äåñÿòè-
ëåòèÿ. ÖÀÃÈ òàêæå âåäåò ñèñòåìàòè÷åñêèå èññëå-
äîâàíèÿ â ýòîì íàïðàâëåíèè [9, 10], ñòàðàÿñü
ïðèíèìàòü âî âíèìàíèå ðàçâèòèå íåîáõîäèìûõ
òåõíîëîãèé â ðàçëè÷íûõ äèñöèïëèíàõ, îñîáåííî
â àýðîäèíàìèêå è ñèëîâûõ óñòàíîâêàõ, òàê êàê
èìåííî àýðîäèíàìèêà ÿâëÿåòñÿ ãëàâíûì óçêèì
ìåñòîì, òîðìîçÿùèì âíåäðåíèå êîìïîíîâîê ñ
âåðõíèì ðàñïîëîæåíèåì äâèãàòåëåé.

Èññëåäîâàëèñü ðàçëè÷íûå êîìïîíîâêè ñ ðàç-
ëè÷íîé óñòàíîâêîé äâèãàòåëåé è ðàçíîé àðõèòåê-
òóðîé ñèëîâîé óñòàíîâêè. Áûëè ñïðîåêòèðîâàíû,
èçãîòîâëåíû è èñïûòàíû â áîëüøèõ òðàíñçâóêî-
âûõ òðóáàõ ÖÀÃÈ íåñêîëüêî àýðîäèíàìè÷åñêèõ
ìîäåëåé. Îíè âêëþ÷àëè â ñåáÿ êàê îáû÷íûå êîí-
ôèãóðàöèè òèïà «òðóáà è êðûëî», òàê è íåñòàíäàð-
òíûå êîìïîíîâêè àäìèíèñòðàòèâíîãî ñàìîëåòà è
«ëåòàþùåãî êðûëà». Â íàñòîÿùåé ñòàòüå äàíî îïè-
ñàíèå îñîáåííîñòåé àýðîäèíàìèêè êàæäîé èç ñõåì
íàðÿäó ñ ïðèíöèïàìè ïðîåêòèðîâàíèÿ. Èçáðàí-
íûå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû (âêëþ÷àÿ ðå-

Ðèñ. 1. Ñàìîë¸òû ñ âåðõíèì ðàñïîëîæåíèåì äâèãàòåëåé íàä êðûëîì: à — Àí-72; á — VFW-614; â — Áå-200;
ã — HONDA Jet

à)

á)

â) ã)
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çóëüòàòû ïî âèçóàëèçàöèè îáòåêàíèÿ) ïðåäñòàâëå-
íû â ñðàâíåíèè ñ ðàñ÷åòíûìè äàííûìè.

1. Àýðîäèíàìè÷åñêîå ïðîåêòèðîâàíèå
êîìïîíîâîê ñ äâèãàòåëÿìè íàä êðûëîì

Íåáëàãîïðèÿòíàÿ àýðîäèíàìè÷åñêàÿ èíòåðôå-
ðåíöèÿ äâèãàòåëåé ñ êðûëîì ÿâëÿåòñÿ îäíèì èç
ãëàâíûõ òåõíè÷åñêèõ áàðüåðîâ ïî âíåäðåíèþ êîì-
ïîíîâîê ñ âåðõíèì ðàñïîëîæåíèåì äâèãàòåëåé.
Äâèãàòåëè íàä êðûëîì ðàáîòàþò â ïîëå óâåëè÷åí-
íûõ ñêîðîñòåé è, ñëåäîâàòåëüíî, ìîæåò ïðîÿâèòü-
ñÿ íåáëàãîïðèÿòíàÿ àýðîäèíàìè÷åñêàÿ èíòåðôå-
ðåíöèÿ. Îñîáåííî ñèëüíàÿ èíòåðôåðåíöèÿ ïðè-
ñóùà êîìïîíîâêàì ñ ïåðåäíèì ðàñïîëîæåíèåì
äâèãàòåëåé, òàê êàê èìåííî âáëèçè ïåðåäíåé
êðîìêè êðûëà ðåàëèçóþòñÿ ìàêñèìàëüíûå ðàçðå-
æåíèÿ. Íàïðèìåð, â Åâðîïåéñêîì Ïðîåêòå ROSAS
[1] óñòàíîâêà äâèãàòåëåé íàä ïåðåäíåé êðîìêîé
áûëà ïðèçíàíà íåâîçìîæíîé èç-çà ïîÿâëåíèÿ
èíòåíñèâíûõ ñêà÷êîâ óïëîòíåíèÿ (ðèñ. 2 èç [1]).

Àâòîðû ñòîëêíóëèñü ñ ïîõîæåé ïðîáëåìîé íà
êîìïîíîâêå «ëåòàþùåå êðûëî» (ËÊ) â ÖÀÃÈ
(ðèñ. 3). Äàííàÿ ìîäåëü äîïóñêàëà ðàçëè÷íîå êîí-
ñòðóêòèâíîå êðåïëåíèå ìîòîãîíäîë, â ÷àñòíîñòè
íàä âåðõíåé ïîâåðõíîñòüþ êðûëà. È ðàñ÷¸òû, è
ýêñïåðèìåíòû ïîêàçàëè íàëè÷èå èíòåíñèâíûõ
ñêà÷êîâ óïëîòíåíèÿ äàæå íåñìîòðÿ íà òî, ÷òî
îòíîñèòåëüíûå ðàçìåðû ìîòîãîíäîëû ìàëû ïî
ñðàâíåíèþ ñ ìåñòíîé õîðäîé è ìåñòíûå êîýôôè-
öèåíòû ïîäú¸ìíîé ñèëû Ñóà òîæå íåâåëèêè. Â
ðåçóëüòàòå îòìå÷àåòñÿ ñèëüíûé ïðèðîñò ñîïðîòèâ-

ëåíèÿ ïî ÷èñëó Ìàõà ïî ñðàâíåíèþ ñ êîìïîíîâ-
êîé ñ ïîäêðûëüåâûì ïîëîæåíèåì ìîòîãîíäîë
(ðèñ. 4).

Óñòàíîâêà äâèãàòåëåé íàä çàäíåé êðîìêîé
êðûëà ëó÷øå, òàê êàê ìåñòíûå ñêîðîñòè òàì íå
íàìíîãî áîëüøå ñêîðîñòè íàáåãàþùåãî ïîòîêà.
Áîëåå òîãî, íà êðåéñåðñêèõ ðåæèìàõ ïîëåòà äâè-
ãàòåëü òîðìîçèò ïîòîê ïåðåä ñîáîé è áëèçëåæàùèå
êðûëüåâûå ñå÷åíèÿ ðàáîòàþò êàê áû ïðè ìåíüøåì
÷èñëå Ì, òàê ÷òî çäåñü ìû èìååì ïðèìåð ïîëî-
æèòåëüíîé èíòåðôåðåíöèè. Ðàçðàáîò÷èêè àäìè-
íèñòðàòèâíûõ ñàìîëåòîâ äàâíî çíàêîìû ñ ýòèì
ÿâëåíèåì [11]. Åãî äàæå ìîæíî èñïîëüçîâàòü äëÿ
íåêîòîðîãî óòîëùåíèÿ çàäíåãî ëîíæåðîíà, íî ñ

Ðèñ. 2. Îòðûâ èç-ïîä ñêà÷êà óïëîòíåíèÿ íà êîíôèãó-
ðàöèè ñ äâèãàòåëÿìè íàä êðûëîì

Ðèñ. 3. Àýðîäèíàìè÷åñêàÿ ìîäåëü «ëåòàþùåãî êðûëà» ñ ïåðåäíèì âåðõíèì ïîëîæåíèåì ìîòîãîíäîë



40 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹2

Àýðîäèíàìèêà è ïðîöåññû òåïëîîáìåíà ëåòàòåëüíûõ àïïàðàòîâ Aerodynamics and heat-exchange processes in flying vehicles

îñòîðîæíîñòüþ, òàê êàê ïðè ñîçäàíèè ñåìåéñòâà
ñàìîëåòîâ ñ óäàëåíèåì äâèãàòåëåé îò êðûëà ïîëî-
æèòåëüíûé ýôôåêò ïîäòîðìàæèâàíèÿ ïðîïàäàåò

è íà êðûëå ìîæåò ðàçâèòüñÿ ñèëüíûé ñêà÷îê óï-
ëîòíåíèÿ, ïðèâîäÿùèé ê îòðûâó (ðèñ. 5).

Ðèñ. 4. Çàâèñèìîñòü ïðèðîñòà êîýôôèöèåíòà ëîáîâîãî ñîïðîòèâëåíèÿ îò óñòàíîâêè ìîòîãîíäîë îò ÷èñëà Ìàõà

Ðèñ. 5 (íà÷àëî)
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Îäíàêî ïðè óñòàíîâêå äâèãàòåëåé çà çàäíåé
êðîìêîé êðûëà óñóãóáëÿþòñÿ âîïðîñû ñòàòè÷åñ-
êîé è äèíàìè÷åñêîé ïðî÷íîñòè. Äëÿ èõ îñëàáëå-
íèÿ íåîáõîäèìî äâèãàòü ìîòîãîíäîëû ââåðõ ïî
ïîòîêó, îïÿòü â îáëàñòü ñèëüíîé íåáëàãîïðèÿòíîé
èíòåðôåðåíöèè. Ðåøåíèå ýòîé ïðîáëåìû ñ ïîëî-
æèòåëüíûì ðåçóëüòàòîì âîçìîæíî òîëüêî ñ ìîù-
íûì íàáîðîì ñðåäñòâ àýðîäèíàìè÷åñêîãî ïðîåê-
òèðîâàíèÿ. Íàáîð äîëæåí âêëþ÷àòü äåòàëüíûé
ïðÿìîé ìåòîä àíàëèçà, ó÷èòûâàþùèé âñå ãåîìåò-
ðè÷åñêèå îñîáåííîñòè, îïòèìèçàöèîííóþ ïðîöå-
äóðó è îáðàòíûé ìåòîä [12], ïîçâîëÿþùèé ïîñò-
ðîèòü ïîâåðõíîñòü ýëåìåíòà ËÀ ñîãëàñíî çàäàí-
íîìó ðàñïðåäåëåíèþ äàâëåíèÿ.

Â ñâîåé ïðàêòèêå àâòîðû èñïîëüçóþò îðèãè-
íàëüíóþ âåðñèþ ìåòîäà îñòàòî÷íîé êîððåêöèè
[13], â êîòîðîì âåðõíèé óðîâåíü ïðåäñòàâëåí
RANS-ìåòîäîì, à â êà÷åñòâå êîððåêòîðà èñïîëü-
çóåòñÿ îáðàòíûé ìåòîä, áàçèðóþùèéñÿ íà ìåòî-
äå ïîëíîãî ïîòåíöèàëà.

Òàêèì îáðàçîì, ïðîöåäóðà àýðîäèíàìè÷åñêîãî
ïðîåêòèðîâàíèÿ êîìïîíîâîê ñ âåðõíèì ðàñïîëî-
æåíèåì äâèãàòåëåé ñîñòîèò èç 4-õ ýòàïîâ:

— âûáîðà ïîäõîäÿùåé êîíôèãóðàöèè ñ ìèíè-
ìàëüíîé íåáëàãîïðèÿòíîé àýðîäèíàìè÷åñêîé
èíòåðôåðåíöèåé;

— îïðåäåëåíèÿ íà÷àëüíîé ãåîìåòðèè êðûëà,
ïèëîíà è ìîòîãîíäîëû ñ èñïîëüçîâàíèåì ïðèí-
öèïà ðàçíåñåíèÿ âîçìóùåíèé îò ýëåìåíòîâ (îòìå-
òèì, ÷òî ýòîò ïðèíöèï ÿâëÿåòñÿ îäíèì èç íàèáî-
ëåå ïëîäîòâîðíûõ ïðè ïðîåêòèðîâàíèè ñëîæíûõ
êîìïîíîâîê ñ áîëüøèì ÷èñëîì ýëåìåíòîâ);

— óòî÷íåíèÿ îáâîäîâ êðûëà/ïèëîíà/ìîòîãîí-
äîëû ïðè ïîìîùè îáðàòíîãî ìåòîäà;

— ïàðàìåòðèçàöèè ãåîìåòðèè è ïðîâåäåíèÿ
ìíîãîðåæèìíîé îïòèìèçàöèè àýðîäèíàìè÷åñêèõ
õàðàêòåðèñòèê.

2. Èññëåäîâàíèÿ ìàëîøóìíîãî ðåãèîíàëüíîãî
ñàìîëåòà ñ ëàìèíàðíûì êðûëîì

Èññëåäîâàëàñü àýðîäèíàìè÷åñêàÿ èíòåðôåðåí-
öèÿ êðûëà ñ ðàñïîëîæåííûì íàä çàäíåé êðîìêîé
äâèãàòåëåì êàê íà äàëüíåìàãèñòðàëüíîì ñàìîëåòå
ñ áîëüøèì êðåéñåðñêèì ÷èñëîì Ìàõà (Ì = 0.82),
òàê è íà áëèæíåìàãèñòðàëüíîì ñ ìåíüøèì
ÌÊÐÅÉÑ (Ì = 0.78). Ðàñ÷åòû è ýêñïåðèìåíòû ïî-
êàçàëè, ÷òî áîëüøàÿ ñòðåëîâèäíîñòü êðûëà çàòðóä-
íÿåò ðàñïîëîæåíèå äâèãàòåëåé âáëèçè èçëîìà
ôîðìû êðûëà â ïëàíå, òàê êàê èíòåíñèâíàÿ îòðè-
öàòåëüíàÿ àýðîäèíàìè÷åñêàÿ èíòåðôåðåíöèÿ âîç-
íèêàåò íå òîëüêî â îêðåñòíîñòè ìîòîãîíäîëû, íî
è ïî âñåìó ðàçìàõó êðûëà. Êðîìå òîãî, îáòåêàíèå
êðûëà ñèëüíî ÷óâñòâèòåëüíî ê ðàñõîäó ÷åðåç äâè-
ãàòåëü.

Íàîáîðîò, ìàëàÿ ñòðåëîâèäíîñòü âûçûâàåò
áîëåå ëîêàëüíîå âçàèìîäåéñòâèå ìåæäó êðûëîì è
äâèãàòåëåì íàä íèì, ÷òî ïîçâîëÿåò íàäåæíî ïðî-
åêòèðîâàòü è îïòèìèçèðîâàòü ïîâåðõíîñòü êðûëà.
Òùàòåëüíûå èññëåäîâàíèÿ äàííîé êîìïîíîâêè
âûÿâèëè åù¸ îäíî àýðîäèíàìè÷åñêîå ïðåèìóùå-
ñòâî: áëàãîäàðÿ òîðìîçÿùåìó âëèÿíèþ äâèãàòåëåé
âîëíîâîé êðèçèñ ìîæåò áûòü çàòÿíóò äî áîëüøèõ
÷èñåë Ìàõà – èìåííî òî, ÷òî íóæíî äëÿ îáîñíî-
âàíèÿ êîìïîíîâêè ñ åñòåñòâåííîé ëàìèíàðèçàöè-
åé îáòåêàíèÿ (ÅËÎ) êðûëà ìàëîé ñòðåëîâèäíîñ-
òè áåç ñíèæåíèÿ æåëàåìîãî ÷èñëà Ìàõà Ì = 0.78.
Àýðîäèíàìè÷åñêèå èñïûòàíèÿ â ÀÄÒ Ò-128, ïðî-
âåäåííûå â 2015—2017 ãã. ñ íåñêîëüêèìè êðûëü-

Ðèñ. 5. Ïîäàâëåíèå îòðûâà èç-ïîä ñêà÷êà ïðè óñòàíîâêå ìîòîãîíäîëû (ýêñïåðèìåíò â ÀÄÒ T-106 ÖÀÃÈ)
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ÿìè ìàëîé ñòðåëîâèäíîñòè ( 1/4χ = 15°) LSW-1,

LSW-2, LSW-3 (ðèñ. 6), ïîêàçàëè óäîâëåòâîðèòåëü-
íûå òðàíñçâóêîâûå àýðîäèíàìè÷åñêèå õàðàêòåðè-
ñòèêè, âêëþ÷àÿ âîçìîæíîñòü ïîëó÷åíèÿ ïðîòÿ-
æåííûõ ëàìèíàðíûõ ó÷àñòêîâ íà êîíñîëÿõ êðû-
ëà (ðèñ. 7). Íà ïîñëåäíåé ìîäåëè áûëè, êî âñåìó

ïðî÷åìó, ïîëó÷åíû è îòëè÷íûå íåñóùèå õàðàêòå-
ðèñòèêè ïðè ìàëûõ ñêîðîñòÿõ.

Èññëåäîâàíèÿ ïîñëåäíåé êîìïîíîâêè ïðîäîë-
æàþòñÿ è â íàñòîÿùåå âðåìÿ ñ ðàçíûõ ïîçèöèé.
Òàê, äåòàëüíûå èññëåäîâàíèÿ àýðîóïðóãèõ ñâîéñòâ
êîíñòðóêöèè íàïðàâëåíû íà ïîèñê ðàöèîíàëüíîé
ãåîìåòðèè ïèëîíà ñ ìèíèìàëüíûìè âåñîâûìè
èçäåðæêàìè. Àíàëîãè÷íûå ðàáîòû ïðîâîäÿòñÿ è çà
ðóáåæîì [14].

Â 2019 ãîäó áûëà èçãîòîâëåíà è èñïûòàíà áîëü-
øàÿ (ïîëóðàçìàõ 2.23 ì) ïîëóìîäåëü (ðèñ. 8) ñ
öåëüþ ïðîâåðêè âîçìîæíîñòè ïîëó÷åíèÿ ëàìè-
íàðíîãî îáòåêàíèÿ â ÀÄÒ Ò-128 ÖÀÃÈ ïðè áîëü-
øèõ ÷èñëàõ Ðåéíîëüäñà, êàê ýòî áûëî ñäåëàíî,
íàïðèìåð, äëÿ êðèîãåííûõ òðóá ÑØÀ è Åâðîïû
[15, 16]. Èñïûòàíèÿ ñ òåïëîâèçîðîì ïîêàçàëè, ÷òî

ïðè óìåðåííûõ ÷èñëàõ ReÑÀÕ ~ 6 ìëí íà êîíñîëü-
íîé ÷àñòè êðûëà äåéñòâèòåëüíî ðåàëèçóþòñÿ ïðî-
òÿæåííûå ëàìèíàðíûå ó÷àñòêè (ðèñ. 9), óìåíüøà-
þùèå ñîïðîòèâëåíèå ïî ñðàâíåíèþ ñ ïîëíîñòüþ
òóðáóëåíòíûì îáòåêàíèåì (ðèñ. 10), îäíàêî ñëå-
äóåò ïðåäïðèíèìàòü ñïåöèàëüíûå ìåðû ïî óëó÷-
øåíèþ êà÷åñòâà ïîòîêà â ÀÄÒ äëÿ ñîõðàíåíèÿ
ÅËÎ ïðè óâåëè÷åííûõ Re ~ 10—12 ìëí.

Ðèñ. 6. Àýðîäèíàìè÷åñêèå ìîäåëè ðåãèîíàëüíîãî ñàìîëåòà ñ êðûëüÿìè ìàëîé ñòðåëîâèäíîñòè (LSW-2, LSW-3)
è âåðõíèì ðàñïîëîæåíèåì äâèãàòåëåé
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Ðèñ. 7. Ýêñïåðèìåíòàëüíûå õàðàêòåðèñòèêè ìîäåëåé ðåãèîíàëüíîãî ñàìîë¸òà
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Ðèñ. 8. Ïîëóìîäåëü ðåãèîíàëüíîãî ñàìîë¸òà â ÀÄÒ Ò-128

Ðèñ. 9. Òåïëîãðàììà êîíñîëè êðûëà íà ðåæèìå Ì = 0.8; Re = 6 ìëí
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3. Èññëåäîâàíèÿ àäìèíèñòðàòèâíîãî ñàìîëåòà
ñ âûñîêèì óðîâíåì êîìôîðòà

Íà ïðîòÿæåíèè ðÿäà ëåò ÖÀÃÈ ïðîâîäèò èñ-
ñëåäîâàíèÿ êîìïîíîâêè àäìèíèñòðàòèâíîãî ñàìî-
ëåòà ñ êàïëåâèäíîé ôîðìîé ôþçåëÿæà ïîä íàçâà-
íèåì «Ãîëîâàñòèê» [17], îáåñïå÷èâàþùåãî âûñî-
êèé óðîâåíü êîìôîðòà äëÿ ïàññàæèðîâ è áëàãî-
ïðèÿòíóþ èíòåðôåðåíöèþ ñ êðûëîì, óñòàíîâëåí-
íûì â ëîêàëüíóþ çîíó çàòîðìîæåííîãî ïîòîêà
âîêðóã ôþçåëÿæà. Äîïîëíèòåëüíîå òîðìîæåíèå â
êîðíåâîé çîíå êðûëà ïîëó÷àåòñÿ áëàãîäàðÿ òðà-
äèöèîííîìó ðàçìåùåíèþ äâèãàòåëåé íà õâîñòî-
âîé ÷àñòè ôþçåëÿæà âîçëå çàäíåé êðîìêè. Âñå ýòî
ïîçâîëÿåò äîñòè÷ü ìàêñèìàëüíîé êðåéñåðñêîé
ñêîðîñòè, ñîîòâåòñòâóþùåé Ì = 0.8 ñ ïðÿìûì
êðûëîì, èìåþùèì îáû÷íîå ðàñïðåäåëåíèå îòíî-

ñèòåëüíûõ òîëùèí ( ñ =15—11% â êîðíå è íà êîí-
öå ñîîòâåòñòâåííî). Ïðèìåíåíèå ïðÿìîãî êðûëà
óïðîùàåò è îáëåã÷àåò êîíñòðóêöèþ, ïîçâîëÿåò äî-
ñòè÷ü âûñîêèõ íåñóùèõ ñâîéñòâ â îòñóòñòâèå ïðåä-
êðûëêà è áëàãîïðèÿòñòâóåò ëàìèíàðíîìó îáòåêà-

íèþ êðûëà ïðè ñêîðîñòíîì êðåéñåðñêîì ÷èñëå
Ìàõà. Èñïûòàíèÿ, ïðîâåäåííûå â ÀÄÒ Ò-128
(ðèñ. 11), ïîëíîñòüþ ïîäòâåðäèëè ñêîðîñòíûå
ñâîéñòâà êîìïîíîâêè.

Ïîñëå ýòîãî èññëåäîâàíèÿ ïðîäîëæèëèñü â
íàïðàâëåíèè ñîçäàíèÿ êîìïîíîâêè ñ äâèãàòåëÿ-
ìè íàä êðûëîì. Äàííàÿ êîìïîíîâêà áûëà èíñïè-
ðèðîâàíà óñïåõàìè â àýðîäèíàìèêå ëàìèíàðíîãî
ðåãèîíàëüíîãî ñàìîëåòà, îïèñàííîãî â ïðåäûäó-
ùåì ðàçäåëå. Îäíàêî ãëàâíûì ìîòèâîì ÿâëÿëîñü
æåëàíèå óâåëè÷èòü îáúåì ïàññàæèðñêîé êàáèíû
è ãðóçîâîãî îòñåêà, êàê â ñàìîë¸òå HONDA Jåt
[18]. Êðîìå òîãî, ïåðåñòàíîâêà ìîòîãîíäîë íà
êðûëî óñòðàíÿåò îïàñíîñòü ïîïàäàíèÿ îòðûâíî-
ãî êîðíåâîãî òå÷åíèÿ â âîçäóõîçàáîðíèêè äâèãà-
òåëåé íà áîëüøèõ óãëàõ àòàêè.

Íîâîå êðûëî ÷óòü òîíüøå (ñ =14—10%) è èìå-
åò íåáîëüøóþ ñòðåëîâèäíîñòü (â ðåàëüíîñòè çàä-
íÿÿ êðîìêà ïåðïåíäèêóëÿðíà íàáåãàþùåìó ïîòî-
êó), ðàññ÷èòàíî íà ÌÊÐÅÉÑ = 0.82. Ìîäåëü èñïû-
òûâàëàñü ñ ïðåæíèì ôþçåëÿæåì êàê â ïîëíîé
êîìïîíîâêå, òàê è áåç îïåðåíèÿ (ðèñ. 12).

Ðèñ. 10. Ñðàâíåíèå ïîëÿð ñ ôèêñèðîâàííûì è ñâîáîäíûì ïåðåõîäîì íà âåðõíåé ïîâåðõíîñòè êðûëà
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Èñïûòàíèÿ ïîäòâåðäèëè ðåçóëüòàòû ïðåäâàðè-
òåëüíûõ ðàñ÷åòîâ. Íèêàêèõ çàìåòíûõ íåáëàãîïðè-
ÿòíûõ îñîáåííîñòåé íå áûëî çàìå÷åíî íè ïðè
òðàíñçâóêîâûõ ñêîðîñòÿõ, íè ïðè ìàëûõ ñêîðîñ-
òÿõ íà áîëüøèõ óãëàõ àòàêè. Òàê, ïðè èñïûòàíè-
ÿõ ñ îäíîùåëåâûìè çàêðûëêàìè Ôàóëåðà â ïîñà-

äî÷íîì ïîëîæåíèè ( δ = 35°) áûëî äîñòèãíóòî çíà-
÷åíèå Ñó max = 2.35 (Ì = 0.2; Re = 3 ìëí).

Ðèñ. 11. Àýðîäèíàìè÷åñêàÿ ìîäåëü àäìèíèñòðàòèâíîãî ñàìîëåòà «Ãîëîâàñòèê» ñ ïðÿìûì êðûëîì (MÊÐÅÉÑ = 0.8)

Ðèñ. 12. Àýðîäèíàìè÷åñêàÿ ìîäåëü àäìèíèñòðàòèâíîãî ñàìîëåòà ñ äâèãàòåëÿìè íàä êðûëîì

Íàðÿäó ñ âåñîâûìè èñïûòàíèÿìè ïðîâîäèëàñü
è âèçóàëèçàöèÿ îáòåêàíèÿ ìåòîäîì öâåòíîé ìàñ-
ëÿíîé ïëåíêè (ðèñ. 13). Âèäíî, ÷òî ðàçâèòèå îò-
ðûâà (îò äèôôóçîðíîãî äî îòðûâà èç-ïîä ñêà÷êà
ïðè óâåëè÷åíèè ÷èñëà Ìàõà) ïðîèñõîäèò ïðèáëè-
çèòåëüíî ïîñðåäèíå ðàçìàõà êîíñîëè, ãäå òîðìî-
çÿùåå âëèÿíèå ìîòîãîíäîëû áîëåå íå ÷óâñòâóåò-
ñÿ.
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4. Êîìïîíîâêà «Ëåòàþùåå Êðûëî»
ñ âåðõíèì ðàñïîëîæåíèåì äâèãàòåëåé

Êîìïîíîâêè «Ëåòàþùåå Êðûëî» (ËÊ) èëè
Blended-Wing-Body (BWB) ñ÷èòàþòñÿ àâèàöèîí-
íûì ñîîáùåñòâîì ñåðüåçíîé àëüòåðíàòèâîé îáû÷-
íûì àýðîïëàíàì [8—21]. Íåñìîòðÿ íà äëèííûé
ïåðå÷åíü íåäîñòàòêîâ â ýêñïëóàòàöèè, ËÊ/BWB —
ïàññàæèðñêèå êîìïîíîâêè èìåþò, ïî êðàéíåé
ìåðå â òåîðèè, òðè ñåðüåçíûõ äîñòîèíñòâà: áîëåå
âûñîêîå àýðîäèíàìè÷åñêîå êà÷åñòâî èç-çà óìåíü-
øåííîé îòíîñèòåëüíîé îìûâàåìîé ïëîùàäè, áëà-
ãîïðèÿòíûé õàðàêòåð ðàñïðåäåëåíèÿ íàãðóçêè ïî
ðàçìàõó è çàìåòíîå óìåíüøåíèå øóìà íà ìåñòíî-
ñòè áëàãîäàðÿ ýêðàíèðîâàíèþ äâèãàòåëåé â ñëó-
÷àå èõ âåðõíåãî ðàñïîëîæåíèÿ. Èìåííî ïîñëåäíåå
ïðåèìóùåñòâî ïðèâëåêàåò ïðèñòàëüíîå âíèìàíèå
èññëåäîâàòåëåé, ââèäó æåëàíèÿ ñîçäàòü äåéñòâè-
òåëüíî ìàëîøóìíûé ñàìîëåò, íåâîñïðèèì÷èâûé
÷åëîâå÷åñêèì óõîì.

Îäíàêî ðàñïîëîæåíèå äâèãàòåëåé íàä öåíò-
ðîïëàíîì êðûëà èìååò ìíîãî íåäîñòàòêîâ, ñðåäè
êîòîðûõ óñëîæíåíèå îáñëóæèâàíèÿ, óâåëè÷åíèå
ïèêèðóþùåãî ìîìåíòà èç-çà òÿãè äâèãàòåëåé, è

îñîáåííî — íåáëàãîïðèÿòíàÿ àýðîäèíàìè÷åñêàÿ
èíòåðôåðåíöèÿ ñ ïëàíåðîì. Èñïûòàíèÿ ïðåäûäó-
ùåé ìîäåëè ËÊ â ÖÀÃÈ ïîêàçàëè, ÷òî ñ ðîñòîì
÷èñëà Ìàõà óâåëè÷åíèå ñîïðîòèâëåíèÿ îò ìîòî-
ãîíäîë, ðàñïîëîæåííûõ íà âåðõíåé ïîâåðõíîñòè
êàê â ïåðåäíåì, òàê è â çàäíåì ïîëîæåíèè (ñì.
ðèñ. 4, 14), çíà÷èòåëüíî âûøå, ÷åì ïðè êëàññè÷åñ-
êîì ïîäêðûëüåâîì ïîëîæåíèè.

Ðàññìàòðèâàëîñü íåñêîëüêî ïóòåé óìåíüøåíèÿ
íåáëàãîïðèÿòíîé èíòåðôåðåíöèè. Ïðèåìëåìûå,
õîòÿ è îãðàíè÷åííûå ðåçóëüòàòû áûëè ïîëó÷åíû
ïðè ïîìîùè îáðàòíûõ ìåòîäîâ ïî èçìåíåíèþ
ãåîìåòðèè âåðõíåé ïîâåðõíîñòè êðûëà â çîíå
èíòåðôåðåíöèè. Ìåñòíîå òå÷åíèå ìîæåò áûòü
äîïîëíèòåëüíî ïîäòîðìîæåíî çà ñ÷åò âòîðîé ïà-
ëóáû öåíòðàëüíîãî òåëà, îáðûâàþùåéñÿ ïåðåä
ãîíäîëàìè. Ýòà èäåÿ àíàëîãè÷íà èäåå èñïîëüçî-
âàíèÿ êàïëåâèäíîãî ôþçåëÿæà íà «Ãîëîâàñòèêå»
ñ áëàãîïðèÿòíîé èíòåðôåðåíöèåé. Òàêèì îáðà-
çîì, ïîëó÷èëàñü êîìïîíîâêà ñ ïîëóòîðàïàëóáíûì
öåíòðàëüíûì òåëîì, íàïîìèíàþùèì ôþçåëÿæ ñà-
ìîë¸òà B-747 Jumbo Jet. Äîáàâêà âòîðîé ïàëóáû
óëó÷øàåò ðàñïðåäåëåíèå ïëîùàäåé âäîëü äëèíû

                  M=0.8                                              M=0.82                                          M=0.85

Ðèñ. 13. Âèçóàëèçàöèÿ îáòåêàíèÿ ïðè ðàçëè÷íûõ ÷èñëàõ Ìàõà ( α = 1.5°) ìåòîäîì öâåòíîé ìàñëÿíîé ïë¸íêè

Ðèñ. 14. Ìîäåëü ËÊ ñ ïîäêðûëüåâûì è çàäíèì íàäêðûëüåâûì ïîëîæåíèåì ìîòîãîíäîë â ÀÄÒ Ò-106
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ñàìîëåòà è òåì ñàìûì ïîâûøàåò ñêîðîñòíûå ñâîé-
ñòâà. Ðàñ÷åòû ïîêàçûâàþò, ÷òî íåáëàãîïðèÿòíàÿ
àýðîäèíàìè÷åñêàÿ èíòåðôåðåíöèÿ çíà÷èòåëüíî
îñëàáëà è ñêà÷êè óïëîòíåíèÿ íà ïèëîíàõ èñ÷åç-
ëè (ðèñ. 15). Êî âñåìó ïðî÷åìó, âñòðàèâàíèå âòî-
ðîé ïàëóáû óëó÷øàåò ïðîäîëüíîå ðàñïðåäåëåíèå
ìàññ è óëó÷øàåò âåñîâóþ îòäà÷ó çà ñ÷åò óìåíüøå-
íèÿ îìûâàåìîé ïëîùàäè íà ïàññàæèðà è óìåíü-
øåíèÿ îòíîñèòåëüíîãî âåñà êîíñòðóêöèè.

Âûâîäû

Óêàçàíû îñîáåííîñòè àýðîäèíàìè÷åñêîãî ïðî-
åêòèðîâàíèÿ ñàìîëåòíûõ êîìïîíîâîê ñ ðàñïîëî-
æåíèåì äâèãàòåëåé íàä êðûëîì. Â îáùåì ñëó÷àå
èõ àýðîäèíàìèêà áîëåå ñëîæíà èç-çà âîçìîæíî-
ñòè ïðîÿâëåíèÿ íåáëàãîïðèÿòíîé àýðîäèíàìè÷åñ-
êîé èíòåðôåðåíöèè, âûçâàííîé óâåëè÷åííûìè
ñêîðîñòÿìè íàä êðûëîì. Ïîýòîìó íåîáõîäèìî
èñêàòü òàêèå êîíôèãóðàöèè, ó êîòîðûõ ýòîò ðèñê
ìèíèìàëåí èëè äàæå ñóùåñòâóåò øàíñ íà ïîëîæè-
òåëüíóþ èíòåðôåðåíöèþ. Ïðè ïðîåêòèðîâàíèè
ñëîæíûõ êîìïîíîâîê íåîáõîäèìî ïðèìåíÿòü íàè-
áîëåå ïðîäâèíóòûå ìåòîäû CFD ñ òùàòåëüíûì
ìîäåëèðîâàíèåì îñíîâíûõ ýëåìåíòîâ: êðûëà,
ôþçåëÿæà, ìîòîãîíäîë, ïèëîíîâ, îáòåêàòåëåé è
ò.ä., ïîäêðåïëåííûå øèðîêèì ïðèìåíåíèåì îï-
òèìèçàöèîííûõ è îáðàòíûõ ìåòîäîâ.

Ïðèâåäåíû ïðèìåðû ïðîåêòèðîâàíèÿ èç ïðàê-
òèêè îòäåëåíèÿ àýðîäèíàìèêè ÖÀÃÈ. Îíè âêëþ-
÷àþò êàê îáû÷íûå êîìïîíîâêè «òðóáà-êðûëî», òàê
è íåñòàíäàðòíûå ñõåìû àäìèíèñòðàòèâíîãî ñàìî-
ëåòà è «ëåòàþùåãî êðûëà». Ïðåäñòàâëåíû íåêîòî-

ðûå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû (âêëþ÷àÿ äàí-
íûå ïî âèçóàëèçàöèè òå÷åíèÿ).
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Abstract

Environmental requirements, such as limits on
community noise and emissions, will play an
increasingly important role in the future of civil
aviation. The possibilities of noise reduction in state-
of-the-art layouts are limited, thus, it may be necessary
to switch to radically new schemes to meet the goals
declared by NASA, ACARE, the Ministry of Industry
and Trade of Russia and other organizations for the
next generation of aircraft.

Engine noise is one of the main factors in the
overall aircraft noise. Although the current trend to
increase the bypass ratio turbojet leads itself to the
noise reduction, the possibility of placing large engines
under the wing is limited. The upper position of the
engines may help to eliminate this problem and
additionally reduce the noise on the ground due to the
shielding effect. Besides, the engines diameter
increasing does not lead to the chassis struts
elongation, i.e. there is a possibility of installing
engines with ultra-high bypass ratio. Air intakes are
better protected from foreign objects, especially on
runways of poor quality. There is no  gap in the slat
spanwise, as in the layouts with engines under the
wing. The jets of the engines do not fall on the flaps.
The disadvantages include a significant risk of adverse
aerodynamic interference, especially at transonic
speeds, and increase in the cabin noise, which may
require installation of additional sound-absorbing
structures. Moreover, the thrust of the engines creates
an undesirable negative dive moment at takeoff and
in cruising flight. Many questions arise concerning
rational design of the pylon-wing-nacelle assembly and
its aero-elastic characteristics. Finally, the engine
maintenance becomes noticeably complicated.

Intensive research on “quiet” layouts has been
initiated in the US and Europe to meet the stringent
environmental requirements of NASA and ACARE for
the decades to come. TsAGI also conducts systematic
research in this direction, trying to make allowances
for the development of necessary technologies in
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various disciplines, especially in aerodynamics and
power plants, since aerodynamics is the main
bottleneck hindering introduction of the top-mounted
engine layouts. This problem solution with a positive
result is possible only with a powerful set of
aerodynamic design tools. The set should include a
detailed direct analysis method that accounts for all
geometric features, an optimization procedure, and a
reverse method, allowing create the aircraft surface
element according to a given pressure distribution. The
authors use in their practice the original version of the
residual correction method, in which the upper level
is represented by the RANS method, and the inverse
method based on the full potential method is used as
a corrector.

The article discusses the aerodynamic design
features of various aircraft layouts with the engines
location above the wing. In general case, their
aerodynamics are more complex due to the possibility
of adverse aerodynamic interference manifestation
caused by the increased speeds over the wing. Thus,
it is necessary to search for such configurations in
which this risk is minimal, or even there is a chance
of positive interference. Several aerodynamic models
were designed, manufactured, and tested in TsAGI’s
large transonic tubes. These included:

- the regional aircraft layout with natural flow-
around laminarization of the wing of a small sweep

( 1/4χ = 15°) with the cruising Mach number of

M = 0.78. Aerodynamic tests in the T-128 WT (Wing
Tunnel) demonstrated satisfactory transonic
aerodynamic characteristics, including the possibility
of obtaining extended laminar sections on the wing
consoles, as well as excellent load-bearing
characteristics at low speeds;

- the layout of business aircraft with a drop shape
of the fuselage called a “tadpole”, with a maximum
cruise Mach number of M = 0.82 and a small wing
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sweep ( 1/4χ = 6°), with a normal distribution of the

relative thickness ( ñ = 14–10% at the root and at the
end respectively). Tests in the
T-128 WT fully confirmed the speed properties of the
layout;

- the layout of the “flying wing” with the engine
nacelles located above the wing center section,
designed with account for the unfavorable
aerodynamic interference of the wing-pylon-nacelle
assembly.

Keywords: aerodynamic design, over-the-wing-
engine configuration, experimental studies.
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