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Äàíî êðàòêîå îïèñàíèå ðàçðàáîòàííîãî ìàòåìàòè÷åñêîãî îáåñïå÷åíèÿ äëÿ èññëåäîâàíèÿ ïðîáëåì àýðîñåðâî-
óïðóãîñòè â òðàíñçâóêîâîì ïîòîêå. Ïðåäñòàâëåíû è ïðîàíàëèçèðîâàíû ðåçóëüòàòû ðàñ÷åòîâ äèíàìè÷åñêîé ðåàê-
öèè è ôëàòòåðà ñðåäíåìàãèñòðàëüíîãî ïàññàæèðñêîãî ñàìîëåòà ñ êðûëîì áîëüøîãî óäëèíåíèÿ. Îáñóæäàåòñÿ
ïîñòðîåíèå è èññëåäîâàíèå ýôôåêòèâíîñòè ñèñòåìû ïîäàâëåíèÿ ôëàòòåðà äëÿ äàííîãî ñàìîëåòà, îáåñïå÷èâàþ-
ùåé òðåáóåìûå çàïàñû àýðîóïðóãîé óñòîé÷èâîñòè â òðàíñçâóêîâîì ðåæèìå ïîëåòà.

Êëþ÷åâûå ñëîâà: àýðîóïðóãîñòü, ôëàòòåð, äèíàìè÷åñêàÿ ðåàêöèÿ, òðàíñçâóêîâîé ïîòîê, ñèñòåìà ïîäàâëåíèÿ
ôëàòòåðà.

Ââåäåíèå

Àýðîñåðâîóïðóãîñòü – ñðàâíèòåëüíà ìîëîäàÿ
äèñöèïëèíà â ðÿäó äðóãèõ òðàäèöèîííûõ îáëàñ-
òåé àâèàöèîííîé íàóêè, òàêèõ, êàê àýðîäèíàìè-
êà, ïðî÷íîñòü êîíñòðóêöèè, äèíàìèêà ïîëåòà. Ñè-
ñòåìàòè÷åñêîå ðàçâèòèå àýðîñåðâîóïðóãîñòè íà÷à-
ëîñü ïðèìåðíî ïÿòüäåñÿò ëåò íàçàä, êîãäà ïðè
ïðîåêòèðîâàíèè íåñêîëüêèõ íîâûõ ñàìîëåòîâ,
òàêèõ, êàê Boeing-767 è Airbus A-320, áûëè ðàçðà-
áîòàíû è âíåäðåíû ñèñòåìû óïðàâëåíèÿ ïîëåòîì,

êîòîðûå ìîãëè áûòü èñïîëüçîâàíû òàêæå äëÿ àê-
òèâíîãî ïîäàâëåíèÿ ôëàòòåðà, ñíèæåíèÿ ìàíåâðåí-
íûõ è âåòðîâûõ íàãðóçîê [1—3].

Êîíöåïöèÿ àêòèâíîãî ïîäàâëåíèÿ ôëàòòåðà
áûëà ðàçðàáîòàíà äëÿ ïîâûøåíèÿ ñêîðîñòè ôëàò-
òåðà áåç ñåðüåçíûõ èçìåíåíèé êîíñòðóêöèè ñàìî-
ëåòà è áåç óâåëè÷åíèÿ ìàññû [4—7]. Ýòà êîíöåï-
öèÿ îñíîâàíà íà òîì, ÷òî àâòîìàòè÷åñêàÿ ñèñòå-
ìà óïðàâëåíèÿ îòêëîíÿåò óïðàâëÿþùèå ïîâåðõíî-
ñòè íà êðûëå â îòâåò íà ïåðåìåùåíèÿ êîíñòðóê-
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öèè òàêèì îáðàçîì, ÷òî ñêîðîñòü ôëàòòåðà â çàì-
êíóòîé ñèñòåìå óâåëè÷èâàåòñÿ. Äëÿ òîãî ÷òîáû
ðàçðàáîòàòü ýôôåêòèâíóþ ñèñòåìó àêòèâíîãî ïî-
äàâëåíèÿ ôëàòòåðà, íåîáõîäèìî âíà÷àëå ñîçäàòü
äîñòàòî÷íî òî÷íóþ àýðîóïðóãóþ ìàòåìàòè÷åñêóþ
ìîäåëü ñàìîëåòà, îïðåäåëèòü åãî õàðàêòåðèñòèêè
ôëàòòåðà, à çàòåì ïðè ïîìîùè ñèñòåìû óïðàâëå-
íèÿ èçìåíèòü õàðàêòåðèñòèêè àýðîóïðóãîñòè ñà-
ìîëåòà ñ öåëüþ óâåëè÷åíèÿ êðèòè÷åñêîé ñêîðîñ-
òè ôëàòòåðà.

Ìîäåëè àýðîñåðâîóïðóãîñòè ìîãóò áûòü íåëè-
íåéíûìè èç-çà êîíñòðóêöèîííûõ, àýðîäèíàìè-
÷åñêèõ íåëèíåéíîñòåé è/èëè íåëèíåéíîñòåé â ñè-
ñòåìå óïðàâëåíèÿ [8—10]. Â ÷àñòíîñòè, íåëèíåé-
íîñòè â íåñòàöèîíàðíîì òðàíñçâóêîâîì ïîòîêå
îáóñëîâëåíû íàëè÷èåì ñìåøàííûõ äîçâóêîâûõ —
ñâåðõçâóêîâûõ çîí îáòåêàíèÿ. Ïðèñóòñòâèå ñêà÷-
êîâ óïëîòíåíèÿ íà ïîâåðõíîñòè êðûëà â òðàíñçâó-
êîâîì ðåæèìå ïîëåòà ìîæåò ñëóæèòü ïðè÷èíîé
âîçíèêíîâåíèÿ äâóõ îïàñíûõ òèïîâ ÿâëåíèé:
òðàíñçâóêîâîãî ôëàòòåðà è àâòîêîëåáàíèé ñ ïðå-
äåëüíûì öèêëîì. Ïðè óâåëè÷åíèè ñêîðîñòè ïî-
ëåòà îò äîçâóêîâîé äî òðàíñçâóêîâîé êàðäèíàëü-
íîå èçìåíåíèå ìåõàíèçìà ôëàòòåðà âûçâàíî çíà-
÷èòåëüíûìè èçìåíåíèÿìè àýðîäèíàìè÷åñêèõ õà-
ðàêòåðèñòèê íåñóùåé ïîâåðõíîñòè, â ÷àñòíîñòè
óâåëè÷åíèåì êîýôôèöèåíòà ïîäú¸ìíîé ñèëû è
ñìåùåíèåì àýðîäèíàìè÷åñêîãî ôîêóñà íàçàä îò
÷åòâåðòè õîðäû äî ñåðåäèíû õîðäû.

Õîòÿ âëèÿíèå ýòèõ àýðîäèíàìè÷åñêèõ ýôôåê-
òîâ íà ñíèæåíèå êðèòè÷åñêîé ñêîðîñòè òðàíñçâó-
êîâîãî ôëàòòåðà î÷åâèäíî, îäíàêî îáúÿñíåíèå
ìåõàíèçìà âîçíèêíîâåíèÿ òðàíñçâóêîâîãî ôëàò-
òåðà òðåáóåò êîìïëåêñíîãî ó÷åòà êàê àýðîäèíàìè-
÷åñêèõ, òàê è êîíñòðóêöèîííûõ ñâîéñòâ, â ÷àñò-
íîñòè ðàñïðåäåëåíèÿ ìàññ è æåñòêîñòåé êîíñòðóê-
öèè.

Äëÿ àêòèâíîãî ïîäàâëåíèÿ ôëàòòåðà îáû÷íî
ïðèìåíÿåòñÿ ìíîãîóðîâíåâûé àâòîìàòè÷åñêèé ðå-
ãóëÿòîð (óïðàâëÿþùåå óñòðîéñòâî) ñ îáðàòíîé
ñâÿçüþ, ðàçðàáîòàííûé íà îñíîâàíèè ñòàíäàðòíîé
ìåòîäîëîãèè èñïîëüçîâàíèÿ çàìêíóòîãî êîíòóðà,
îñíîâàííîé, íàïðèìåð, íà çàêîíàõ ëèíåéíîãî îï-
òèìàëüíîãî óïðàâëåíèÿ. Âàæíî, ÷òîáû çàêîíû
óïðàâëåíèÿ áûëè ðàáîòîñïîñîáíûìè ïî îòíîøå-
íèþ ê ìîäåëèðîâàíèþ íåîïðåäåëåííîñòåé è îï-
ðåäåëåíèþ ïîãðåøíîñòåé â øèðîêîì äèàïàçîíå
ðàáî÷èõ ïàðàìåòðîâ. Ïîýòîìó äëÿ ïðàêòè÷åñêîãî
ïðèìåíåíèÿ èñïîëüçóþòñÿ ñïåöèàëüíûå íàäåæíûå
è àäàïòèâíûå óïðàâëÿþùèå óñòðîéñòâà. Â îäíîé
èç ïåðâûõ ïðàêòè÷åñêèõ äåìîíñòðàöèé àêòèâíîé
ñèñòåìû ïîäàâëåíèÿ ôëàòòåðà â 1973 ãîäó â ÑØÀ,
ïðîâåäåííîé ïî ïðîãðàììå LAMS, áûëî ïîëó÷å-

íî çàìåòíîå ïîâûøåíèå ñêîðîñòè ôëàòòåðà çàì-
êíóòîé ñèñòåìû äëÿ ñàìîëåòà Boeing B-52 [11].

Îñíîâíîé òðóäíîñòüþ â àíàëèçå õàðàêòåðèñ-
òèê àýðîñåðâîóïðóãîñòè ÿâëÿåòñÿ âûáîð ïîäõîäÿ-
ùåé íåñòàöèîíàðíîé àýðîäèíàìè÷åñêîé ìîäåëè
íåñóùèõ ïîâåðõíîñòåé ñàìîëåòà. Áîëüøèíñòâî
ïðàêòè÷åñêèõ ðàñ÷åòíûõ èññëåäîâàíèé õàðàêòåðè-
ñòèê àýðîóïðóãîñòè ñàìîëåòîâ â íàñòîÿùåå âðåìÿ
âûïîëíÿåòñÿ â îñíîâíîì ñ èñïîëüçîâàíèåì ëèíåé-
íûõ ìåòîäîâ îïðåäåëåíèÿ àýðîäèíàìè÷åñêèõ ñèë,
òàêèõ, êàê ìåòîä äèñêðåòíûõ äèïîëåé (ÌÄÄ).
Ïðèìåíåíèå íåëèíåéíûõ ìîäåëåé àýðîñåðâîóïðó-
ãîñòè, êîòîðîå âêëþ÷àåò òðàíñçâóêîâîå îáòåêàíèå
ñ âîçíèêàþùèìè ñêà÷êàìè óïëîòíåíèÿ, òðåáóåò
èñïîëüçîâàíèÿ ñîâðåìåííûõ íàäåæíûõ ìåòîäîâ
âû÷èñëèòåëüíîé ãàçîâîé äèíàìèêè (Computational
Fluid Dynamics (CFD)) [12—16]. Ïðèìåðàìè ìî-
ãóò ñëóæèòü òàêèå ÿâëåíèÿ, êàê òðÿñêà ýëåðîíîâ
íà ìàíåâðåííûõ ñàìîëåòàõ ïðè îêîëîçâóêîâûõ
ñêîðîñòÿõ ïîëåòà è òðàíñçâóêîâîé áàôòèíã [17].
Â ýòîì ñëó÷àå òðåáóåòñÿ ðàçðàáîòêà ñîîòâåòñòâó-
þùåé ìîäåëè âû÷èñëèòåëüíîé ãàçîâîé äèíàìèêè,
îñíîâàííîé ëèáî íà òåîðèè ïîëíîãî ïîòåíöèàëà,
ëèáî íà ìåòîäàõ, ó÷èòûâàþùèõ ïîãðàíè÷íûé ñëîé
è âÿçêî-íåâÿçêîå âçàèìîäåéñòâèå, ëèáî íà ìåòî-
äàõ ðåøåíèÿ óðàâíåíèé Íàâüå—Ñòîêñà, â çàâèñè-
ìîñòè îò êîìïîíîâêè ñàìîëåòà, ÷èñåë Ìàõà è
Ðåéíîëüäñà [18]. Âîçìîæíî òàêæå èñïîëüçîâàíèå
CFD-ìîäåëåé äëÿ îïðåäåëåíèÿ ëèíåàðèçîâàííûõ
àýðîäèíàìè÷åñêèõ ñèë è ðàñ÷åòîâ õàðàêòåðèñòèê
àýðîóïðóãîñòè â ÷àñòîòíîé îáëàñòè. Öåëüþ òàêî-
ãî ïîäõîäà ÿâëÿåòñÿ âîçìîæíîñòü ïðèìåíåíèÿ
åäèíîé ëèíåàðèçîâàííîé ìîäåëè âî âñåé îáëàñ-
òè èçìåíåíèÿ ïàðàìåòðîâ ïîëåòà (÷èñëà Ìàõà,
óãëà àòàêè è ò.ä.) âìåñòî äëèòåëüíûõ ðàñ÷åòîâ ñ
ïðèìåíåíèåì CFD äëÿ êàæäîãî èç òàêèõ ïàðàìåò-
ðîâ â îòäåëüíîñòè.

Îäèí èç òàêèõ ïîäõîäîâ èñïîëüçîâàí â äàííîé
ðàáîòå. Íà åãî îñíîâå èññëåäîâàíû äèíàìè÷åñêàÿ
ðåàêöèÿ è õàðàêòåðèñòèêè ôëàòòåðà ñàìîëåòà â
òðàíñçâóêîâîì ïîòîêå. Ïîêàçàíî, ÷òî ó÷åò òðàíñ-
çâóêîâûõ îñîáåííîñòåé îáòåêàíèÿ ïðèâîäèò ê
ñóùåñòâåííîìó ñíèæåíèþ ñêîðîñòè ôëàòòåðà â
äèàïàçîíå áîëüøèõ äîçâóêîâûõ ÷èñåë Ìàõà (ïî-
ÿâëÿåòñÿ òàê íàçûâàåìàÿ «òðàíñçâóêîâàÿ ëîæêà»).
Ïðîäåìîíñòðèðîâàíû ïîñòðîåíèå è èññëåäîâàíèå
ýôôåêòèâíîñòè ñèñòåìû ïîäàâëåíèÿ ôëàòòåðà äëÿ
ðàññìàòðèâàåìîãî ñàìîëåòà, îáåñïå÷èâàþùåé
òðåáóåìûå çàïàñû àýðîóïðóãîé óñòîé÷èâîñòè â
òðàíñçâóêîâîì äèàïàçîíå ÷èñåë Ìàõà.
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Ðåøåíèå çàäà÷ àýðîñåðâîóïðóãîñòè ñàìîëåòà
â òðàíñçâóêîâîì ïîòîêå

Äëÿ ðåøåíèÿ çàäà÷ àýðîñåðâîóïðóãîñòè ñàìî-
ëåòà â òðàíñçâóêîâîì ïîòîêå â äàííîé ðàáîòå ñî-
ãëàñîâàííî èñïîëüçóþòñÿ ñëåäóþùèå ïîäõîäû:

— ìåòîä ðàñ÷åòà íåñòàöèîíàðíûõ àýðîäèíàìè-
÷åñêèõ ñèë â òðàíñçâóêîâîì ïîòîêå ñ èñïîëüçîâà-
íèåì óðàâíåíèé Ýéëåðà ñ ó÷åòîì âÿçêîñòè îáòå-
êàíèÿ è ñîîòâåòñòâóþùåãî ìàòåìàòè÷åñêîãî îáåñ-
ïå÷åíèÿ, ðåàëèçîâàííîãî â ðàñ÷åòíîì êîìïëåêñå
BLWF [19];

— àëãîðèòì ðàñ÷åòà õàðàêòåðèñòèê àýðîóïðó-
ãîñòè ñàìîëåòà íà îñíîâå ïîëèíîìèàëüíîãî ìåòî-
äà Ðèòöà, ðåàëèçîâàííîãî â ìíîãîäèñöèïëèíàð-
íîé ñèñòåìå ïðîåêòèðîâàíèÿ àâèàöèîííûõ êîí-
ñòðóêöèé ÀÐÃÎÍ [20, 21];

— ìàòåìàòè÷åñêèå ìîäåëè ñèñòåì óïðàâëåíèÿ
è ìåòîäû ðåøåíèÿ çàäà÷ àýðîñåðâîóïðóãîñòè â
÷àñòîòíîé, âðåìåííîé è êîðíåâîé îáëàñòÿõ, ðåà-
ëèçîâàííûå â ðàñ÷åòíîì êîìïëåêñå FRECAN [22].

Â íàñòîÿùåé ðàáîòå ïðèâåäåíû ðåçóëüòàòû
èññëåäîâàíèé îñîáåííîñòåé äèíàìè÷åñêîé ðåàê-
öèè óïðóãîé êîíñòðóêöèè â òðàíñçâóêîâîì ïîòî-
êå ñ èñïîëüçîâàíèåì ãàðìîíè÷åñêîãî ðåøåíèÿ
ëèíåàðèçîâàííûõ óðàâíåíèé Ýéëåðà â òðàíñçâó-
êîâîì âÿçêîì ïîòîêå, ðåàëèçîâàííîãî â ïðîãðàì-
ìàõ BLWF100 è BLWF120 [19, 23].

Ïðîãðàììà BLWF100 ïðåäíàçíà÷åíà äëÿ îïå-
ðàòèâíîãî ðàñ÷åòà äî-, òðàíñ- è ñâåðõçâóêîâîãî
îáòåêàíèÿ ìíîãîýëåìåíòíûõ àýðîäèíàìè÷åñêèõ
êîìïîíîâîê ñ ó÷åòîì âëèÿíèÿ âÿçêîñòè íà êðû-
ëüÿõ, â òîì ÷èñëå â ïðèñóòñòâèè óìåðåííûõ îòðû-
âîâ. Ðàñ÷åò íåñòàöèîíàðíîãî, ãàðìîíè÷åñêè âîç-
ìóùåííîãî ïî âðåìåíè îáòåêàíèÿ âûïîëíÿåòñÿ
ïðîãðàììîé BLWF120. Ïðè ðàñ÷åòàõ ïî ïðîãðàì-
ìàì BLWF100 è BLWF120 íåñòàöèîíàðíîå ãàðìî-
íè÷åñêîå ïî âðåìåíè îáòåêàíèå îïðåäåëÿåòñÿ â
ðåçóëüòàòå êîíå÷íîðàçíîñòíîãî ðåøåíèÿ ñèñòåìû
ëèíåàðèçîâàííûõ íåñòàöèîíàðíûõ óðàâíåíèé
Ýéëåðà. Ïðè ýòîì ïðåäâàðèòåëüíî ðàññ÷èòûâàåòñÿ
íåîáõîäèìîå ñòàöèîíàðíîå ïîëå òå÷åíèÿ â ðàì-
êàõ èòåðàöèîííîé ñõåìû âÿçêî-íåâÿçêîãî âçàèìî-
äåéñòâèÿ òåîðèè ïîãðàíè÷íîãî ñëîÿ.

Äëÿ îïèñàíèÿ äâèæåíèÿ êîíñòðóêöèè èñïîëü-
çóþòñÿ óðàâíåíèÿ â ìîäàëüíûõ êîîðäèíàòàõ, ïî-
ëó÷åííûå â ñèñòåìå ÀÐÃÎÍ.

Äèíàìè÷åñêàÿ ðåàêöèÿ óïðóãîé êîíñòðóêöèè
â òðàíñçâóêîâîì ïîòîêå

Îäíîé èç âàæíûõ îñîáåííîñòåé äèíàìè÷åñêîé
ðåàêöèè êîíñòðóêöèè â òðàíñçâóêîâîì ïîòîêå
ÿâëÿåòñÿ âçàèìîäåéñòâèå äâèæåíèÿ ñêà÷êà óïëîò-

íåíèÿ ñ óïðóãèìè êîëåáàíèÿìè êîíñòðóêöèè.
Äàííàÿ îñîáåííîñòü çàâèñèò îò ðåæèìà îáòåêàíèÿ
(÷èñëà Ìàõà, óãëà àòàêè, àìïëèòóäû êîëåáàíèé,
âÿçêîñòè ïîòîêà, íàëè÷èÿ îòðûâîâ) è ïðîÿâëÿåò-
ñÿ â âèäå âîçíèêíîâåíèÿ íåëèíåéíîãî äåìïôèðî-
âàíèÿ è ôëàòòåðà, ñëîæíîé çàâèñèìîñòè äèíàìè-
÷åñêèõ íàãðóçîê îò ïàðàìåòðîâ îáòåêàíèÿ.

Çäåñü ìû ðàññìîòðèì íåñêîëüêî òèïîâ äèíà-
ìè÷åñêîé ðåàêöèè â ÷àñòîòíîé îáëàñòè â äèàïà-
çîíå ÷àñòîò íèçøèõ òîíîâ óïðóãèõ êîëåáàíèé:
èçãèáàþùèé ìîìåíò â êîðíå êðûëà ïðè ãàðìîíè-
÷åñêèõ êîëåáàíèÿõ ýëåðîíà è ïðè âîçäåéñòâèè
ãàðìîíè÷åñêîãî ïîðûâà, à òàêæå ïåðåãðóçêó â
êîíöåâîé ÷àñòè êðûëà ïðè ãàðìîíè÷åñêèõ êîëå-
áàíèÿõ ýëåðîíà. Ýòè õàðàêòåðèñòèêè âàæíû ïðè
èññëåäîâàíèè äèíàìè÷åñêîãî íàãðóæåíèÿ è ñèñ-
òåì àêòèâíîãî ñíèæåíèÿ íàãðóçîê è ïåðåãðóçîê.

×èñëåííûå ðåçóëüòàòû ïîëó÷åíû äëÿ ïðîåêòà
ñðåäíåìàãèñòðàëüíîãî ïàññàæèðñêîãî ñàìîëåòà
(ÑÌÑ) ñ òðàíñçâóêîâîé êðåéñåðñêîé ñêîðîñòüþ
ïîëåòà ïðè ÷èñëå Ìàõà M = 0.82. Ðàññìàòðèâàåò-
ñÿ ñàìîëåò òðàäèöèîííîé êîìïîíîâêè ñ êðûëîì

áîëüøîãî óäëèíåíèÿ λ = 12.5 ñ äâóìÿ äâèãàòåëÿ-
ìè íà ïèëîíàõ ïîä êðûëîì. Íà êðûëå ïðèìåíå-
íû ñóïåðêðèòè÷åñêèå ïðîôèëè ñ òîëùèíîé 15.8%
â êîðíå, 11% íà èçëîìå è 9% â êîíöå. Ðàñ÷åòíûå
ñõåìû ÑÌÑ, ðàçðàáîòàííûå äëÿ ìåòîäà äèñêðåò-
íûõ äèïîëåé (ÌÄÄ) è òðàíñçâóêîâîé ïðîãðàììû
BLWF, ïîêàçàíû íà ðèñ. 1. Ðåçóëüòàòû íåêîòîðûõ
èññëåäîâàíèé, ïîëó÷åííûå ðàíåå äëÿ äàííîé ðàñ-
÷åòíîé ìîäåëè, ïðåäñòàâëåíû â ðàáîòàõ [19, 23, 24].

Íà ðèñ. 2 ïîêàçàíî ñðàâíåíèå ÷àñòîòíûõ õà-
ðàêòåðèñòèê (×Õ) ïî èçãèáàþùåìó ìîìåíòó â
êîðíå êðûëà îò ãàðìîíè÷åñêèõ îòêëîíåíèé ýëå-
ðîíà â ðàçíûõ ðåæèìàõ îáòåêàíèÿ è äëÿ ðàçíûõ
÷èñåë Ìàõà. Äëÿ ñðàâíåíèÿ ×Õ ïîêàçàíû äëÿ îä-
íîãî çíà÷åíèÿ èíäèêàòîðíîé ñêîðîñòè VEAS =
= 500 êì/÷àñ, áëèçêîé ê ñêîðîñòè êðåéñåðñêîãî
ïîëåòà. Ðàññìîòðåíû äâà òèïè÷íûõ ðåæèìà, ðàç-
ëè÷àþùèåñÿ íàãðóçêîé è âÿçêîñòüþ. Ïåðâûé ðå-
æèì (Cy = 0.1, Re = 3 ìëí) ÿâëÿåòñÿ òèïè÷íûì äëÿ
èñïûòàíèé àýðîóïðóãèõ ìîäåëåé â òðàíñçâóêîâîé
àýðîäèíàìè÷åñêîé òðóáå (ÀÄÒ), à âòîðîé (Cy = 0.5,
Re = 23 ìëí) – äëÿ êðåéñåðñêîãî ïîëåòà íàòóðíîãî
ñàìîëåòà. Äëÿ îöåíêè ÷óâñòâèòåëüíîñòè õàðàêòå-
ðèñòèê ïî êàæäîìó èç ïàðàìåòðîâ ïðèâåäåíû ðå-
çóëüòàòû òàêæå äëÿ ïðîìåæóòî÷íûõ ðåæèìîâ
(Cy = 0.1, Re = 23 ìëí) è (Cy = 0.5, Re = 3 ìëí).
Àíàëèç ïîêàçûâàåò, ÷òî ïðè äîçâóêîâûõ ÷èñëàõ
Ìàõà äèíàìè÷åñêàÿ ðåàêöèÿ ìàëî çàâèñèò îò óêà-
çàííûõ äâóõ ïàðàìåòðîâ. Ïðè òðàíñçâóêîâîì
êðåéñåðñêîì ÷èñëå Ìàõà Ì = 0.82 ðåçóëüòàòû ñó-
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ùåñòâåííî çàâèñÿò îò ðåæèìà îáòåêàíèÿ: äëÿ ðå-
æèìà, ñîîòâåòñòâóþùåãî êðåéñåðñêîìó ïîëåòó,
íàãðóçêè âûøå íà 20—25% ïî ñðàâíåíèþ ñ ðåæè-
ìîì ÀÄÒ. Ïðè óâåëè÷åíèè ÷èñëà Ìàõà äî 0.9
íàãðóçêà ìåíüøå ïðè áîëüøèõ çíà÷åíèÿõ Cy . Òàê-
æå ñëåäóåò îòìåòèòü, ÷òî ïðè áîëüøèõ ÷èñëàõ

Ìàõà ëèíåéíàÿ òåîðèÿ (ÌÄÄ) äàåò ñóùåñòâåííî
çàâûøåííûå ðåçóëüòàòû.

Ïðèìåðíî ïîõîæåå âëèÿíèå ðåæèìà îáòåêàíèÿ
ìîæíî âèäåòü è äëÿ äèíàìè÷åñêîé ðåàêöèè ïî
ïåðåãðóçêå â êîíöåâîé ÷àñòè êðûëà (ðèñ. 3): ïðè
M = 0.6 âëèÿíèå íåáîëüøîå, ïðè M = 0.82 íà

Ðèñ. 1. Àýðîäèíàìè÷åñêàÿ ìîäåëü ÑÌÑ è ðàñ÷åòíûå ñåòêè äëÿ ÌÄÄ (à) è BLWF (á)

à) á)

Ðèñ. 2. Ñðàâíåíèå ×Õ ïî èçãèáàþùåìó ìîìåíòó â êîðíå êðûëà îò ãàðìîíè÷åñêèõ îòêëîíåíèé ýëåðîíà â ðàçíûõ
ðåæèìàõ îáòåêàíèÿ; VEAS = 500 êì/÷àñ
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êðåéñåðñêîì ðåæèìå îòêëèêè íà 20—25% âûøå,
÷åì äëÿ ðåæèìà ÀÄÒ, à ïðè M = 0.9 îòêëèêè äëÿ
ðåæèìîâ ñ áîëüøèì Cy çàìåòíî íèæå (ðèñ. 4).

Ðàññìîòðåííûå îñîáåííîñòè äèíàìè÷åñêîé
ðåàêöèè óïðóãîãî ñàìîëåòà äîëæíû ó÷èòûâàòüñÿ
ïðè ïîñòðîåíèè è àíàëèçå àêòèâíûõ ñèñòåì óïðàâ-
ëåíèÿ â òðàíñçâóêîâîì ïîòîêå.

Ïîñòðîåíèå è èññëåäîâàíèå ýôôåêòèâíîñòè
ñèñòåìû ïîäàâëåíèÿ ôëàòòåðà

Íåêîòîðûå îñîáåííîñòè õàðàêòåðèñòèê ôëàò-
òåðà ðàññìàòðèâàåìîãî ñàìîëåòà â òðàíñçâóêîâîì
ïîòîêå áûëè èññëåäîâàíû â ðàáîòàõ [19, 24]. Ïî-
êàçàíî, ÷òî ñàìîëåò, ñïðîåêòèðîâàííûé ïî ëèíåé-
íîé àýðîäèíàìèêå è èìåþùèé äîñòàòî÷íûå çàïà-
ñû ïî ñêîðîñòíîìó íàïîðó ôëàòòåðà, íå èìååò
äîñòàòî÷íûõ çàïàñîâ ïðè ó÷åòå òðàíñçâóêîâîãî
îáòåêàíèÿ. Òèïè÷íûé ñëó÷àé ïðåäñòàâëåí íà
ðèñ. 5, ãäå ïîêàçàíà çàâèñèìîñòü ñêîðîñòíîãî íà-
ïîðà äâóõ ôîðì ôëàòòåðà îò ÷èñëà Ìàõà. Íèçøàÿ
ôîðìà ôëàòòåðà (4 Ãö) îáóñëîâëåíà âçàèìîäåé-
ñòâèåì ñèììåòðè÷íûõ èçãèáíûõ è êðóòèëüíûõ äå-
ôîðìàöèé êðûëà ïî ïåðâîìó òîíó ñ òàíãàæíûìè
êîëåáàíèÿìè äâèãàòåëåé. Âòîðàÿ ôîðìà ôëàòòåðà
(6 Ãö) îáóñëîâëåíà âçàèìîäåéñòâèåì ñèììåòðè÷-
íûõ èçãèáíûõ è êðóòèëüíûõ äåôîðìàöèé êîíöå-
âîé ÷àñòè êðûëà. Â òðàíñçâóêîâîì äèàïàçîíå ÷è-
ñåë Ìàõà 0.8—0.85 íå îáåñïå÷èâàåòñÿ òðåáóåìûé

çàïàñ ïî ñêîðîñòíîìó íàïîðó qôë ≥ 1.44qD

(Vôë ≥ 1.2VD) äëÿ îáåèõ ôîðì ôëàòòåðà (ðèñ.5);
çäåñü VD è qD – ïðåäåëüíûå çíà÷åíèÿ ñêîðîñòè
ïîëåòà è ñîîòâåòñòâóþùåãî ñêîðîñòíîãî íàïîðà.

Äëÿ äàííîãî âàðèàíòà ñàìîëåòà èññëåäîâàíû
âîçìîæíîñòè ïîâûøåíèÿ ñêîðîñòè ôëàòòåðà ñ
ïîìîùüþ àêòèâíîé ñèñòåìû óïðàâëåíèÿ, èñïîëü-
çóþùåé ñèììåòðè÷íûå îòêëîíåíèÿ ýëåðîíîâ.

Ðèñ. 3. Ñðàâíåíèå ×Õ ïî ïåðåãðóçêå â êîíöå êðûëà îò ãàðìîíè÷åñêèõ îòêëîíåíèé ýëåðîíà â ðàçíûõ ðåæèìàõ
îáòåêàíèÿ; VEAS = 500 êì/÷àñ

Ðèñ. 4. Ñðàâíåíèå ×Õ ïî ïåðåãðóçêå â êîíöå êðûëà îò
ãàðìîíè÷åñêèõ îòêëîíåíèé ýëåðîíà â ðàçíûõ ðåæèìàõ
îáòåêàíèÿ; M = 0.9, VEAS = 500 êì/÷àñ
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Ñèñòåìà ïîäàâëåíèÿ ôëàòòåðà (ÑÏÔ) èñïîëüçó-
åò ñèãíàëû äàò÷èêîâ ïåðåãðóçêè â êîíöåâîé ÷àñ-
òè êðûëà. Äëÿ âûáîðà ïîëîæåíèÿ äàò÷èêà âûïîë-
íåí ïðåäâàðèòåëüíûé àíàëèç ÷àñòîòíûõ õàðàêòå-
ðèñòèê ïî ïåðåãðóçêå ïðè ãàðìîíè÷åñêèõ îòêëî-
íåíèÿõ ýëåðîíà. Àíàëèç ïîêàçàë, ÷òî ïðè óñòàíîâ-
êå äàò÷èêà â ñå÷åíèè êðûëà â ðàéîíå ñåðåäèíû
ýëåðîíà îáåñïå÷èâàåòñÿ õîðîøèé îòêëèê âáëèçè
÷àñòîòû ôëàòòåðà (ðèñ. 6). Íî íàðÿäó ñ ýòèì ïî-
ëåçíûì ñèãíàëîì íàáëþäàþòñÿ òàêæå áîëüøèå
îòêëèêè âáëèçè âòîðîãî òîíà èçãèáíûõ êîëåáàíèé

êðûëà (îêîëî 6 Ãö) è êðó÷åíèÿ êîíöåâîé ÷àñòè
êðûëà (16 Ãö), à òàêæå îòêëèêè íà ÷àñòîòàõ âûøå
20 Ãö.

Ïî ðåçóëüòàòàì àíàëèçà áûëà âûáðàíà ñòðóê-
òóðíàÿ ñõåìà ÑÏÔ, ïîêàçàííàÿ íà ðèñ. 7. Â íåé
ñèãíàë ñ äàò÷èêà ïåðåãðóçêè nW ÷åðåç ñîîòâåòñòâó-
þùèå ôèëüòðû è êîýôôèöèåíòû ïîäàåòñÿ íà âõîä
ðóëåâîãî ïðèâîäà ýëåðîíà. Ïåðâûé ôèëüòð –
ôèëüòð íèçêèõ ÷àñòîò ñ ïîñòîÿííîé âðåìåíè
T3 = 0.009 ñ – ïðåäíàçíà÷åí äëÿ ïîäàâëåíèÿ îò-
êëèêîâ íà ÷àñòîòàõ âûøå 20 Ãö. Âòîðîé ôèëüòð –
ôèëüòð-ïðîáêà, íàñòðîåííûé íà ÷àñòîòó 16 Ãö, –
ïðåäíàçíà÷åí äëÿ ïîäàâëåíèÿ îòêëèêîâ íà ÷àñòîòå
êðó÷åíèÿ êîíöåâîé ÷àñòè êðûëà. Îòêëèêè íà ÷à-
ñòîòå 6 Ãö, êàê ïîêàçàíî íèæå, èìåþò áëàãîïðè-
ÿòíóþ ôàçó (äîñòàòî÷íûé çàïàñ óñòîé÷èâîñòè ïî
ôàçå), ïîýòîìó íåò íåîáõîäèìîñòè â èõ ïîäàâëå-
íèè.

Êîýôôèöèåíò óñèëåíèÿ KV íàñòðàèâàåòñÿ â çà-
âèñèìîñòè îò ñêîðîñòè ïîëåòà äëÿ îïòèìàëüíîãî
ïîäàâëåíèÿ ôëàòòåðà. Ïîñëå íåãî ñèãíàë îáðàòíîé
ñâÿçè UFB ïîäàåòñÿ íà âõîä ðóëåâîãî ïðèâîäà ýëå-
ðîíà. Îí ñóììèðóåòñÿ ñ âõîäíûì ñèãíàëîì Uinp äëÿ
àíàëèçà óñòîé÷èâîñòè â ÷àñòîòíîé îáëàñòè. Êîýô-
ôèöèåíò óñèëåíèÿ K0 (ðàâíûé 1 èëè 0) ñëóæèò äëÿ
çàìûêàíèÿ è ðàçìûêàíèÿ ÑÏÔ. Â ðóëåâîì ïðè-
âîäå ó÷òåíî îãðàíè÷åíèå ïî ñêîðîñòè îòêëîíåíèÿ

ýëåðîíà, îíî âàðüèðîâàëîñü îò 30 äî 100°/ñ.
Çàâèñèìîñòü êîýôôèöèåíòà KV óñèëåíèÿ îò

ñêîðîñòè äëÿ îïòèìàëüíîãî ïîäàâëåíèÿ ôëàòòåðà
îïðåäåëåíà íà îñíîâå àíàëèçà ÷àñòîòíûõ õàðàêòå-
ðèñòèê ðàçîìêíóòîãî êîíòóðà UFB /UINP â âèäå ãî-
äîãðàôà Íàéêâèñòà. Ïåðâîíà÷àëüíûå ðàñ÷åòû ×Õ

Ðèñ. 5. Äâå ôîðìû ôëàòòåðà. Ñðàâíåíèå ðåçóëüòàòîâ ïî òðàíñçâóêîâîé (BLWF120) è ëèíåéíîé àýðîäèíàìèêå (ÌÄÄ)

Ðèñ. 6. ×àñòîòíûå õàðàêòåðèñòèêè ïî ïåðåãðóçêå ïðè
ãàðìîíè÷åñêèõ ñèììåòðè÷íûõ îòêëîíåíèÿõ ýëåðîíîâ
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Ðèñ. 7. Ñòðóêòóðíàÿ ñõåìà è ïàðàìåòðû ñèñòåìû ïîäàâëåíèÿ ôëàòòåðà

âûïîëíåíû äëÿ îäíîãî èç íàèáîëåå êðèòè÷åñêèõ
ðåæèìîâ ïîëåòà M = 0.82, H = 10 êì, à çàòåì ïî-
ëó÷åííûé çàêîí óïðàâëåíèÿ ðàñïðîñòðàíåí íà
äðóãèå ðåæèìû ïîëåòà. Íà ðèñ. 8 ïðèâåäåíû òè-
ïè÷íûå ïðèìåðû ïîëó÷åííûõ ×Õ íà êîìïëåêñíîé
ïëîñêîñòè äëÿ íåñêîëüêèõ ñêîðîñòåé (â äîëÿõ îò
ïðåäåëüíîé ñêîðîñòè ïîëåòà VD; êðèòè÷åñêàÿ òî÷-
êà íà êîìïëåêñíîé ïëîñêîñòè (+1, 0j)). Êîýôôè-
öèåíò óñèëåíèÿ KV äëÿ êàæäîé ñêîðîñòè âûáðàí
òàê, ÷òîáû îáåñïå÷èâàëñÿ ïðèìåðíî äâóêðàòíûé
çàïàñ óñòîé÷èâîñòè ïî àìïëèòóäå ñâåðõó è ñíèçó.

Ïîëó÷åííàÿ çàâèñèìîñòü êîýôôèöèåíòà óñè-
ëåíèÿ KV îò ñêîðîñòíîãî íàïîðà q ïðåäñòàâëåíà
â âèäå ôóíêöèè ñêîðîñòíîãî íàïîðà Kq äëÿ âîç-
ìîæíîñòè èñïîëüçîâàíèÿ è íà äðóãèõ ðåæèìàõ ïî-
ëåòà (ðèñ. 9). Ïðè ñêîðîñòíûõ íàïîðàõ íèæå
20 êÏà êîýôôèöèåíò Kq ðàâåí íóëþ (ÑÏÔ âêëþ-
÷àåòñÿ ïðè ïðèáëèæåíèè ê ãðàíèöå ôëàòòåðà), ïðè
óâåëè÷åíèè ñêîðîñòíîãî íàïîðà q êîýôôèöèåíò
óñèëåíèÿ Kq ïëàâíî óâåëè÷èâàåòñÿ äî çíà÷åíèÿ
1.5 ãðàä/g.

Äëÿ áîëåå íàãëÿäíîãî ïðåäñòàâëåíèÿ ïîâûøå-
íèÿ ãðàíèöû óñòîé÷èâîñòè âûïîëíåíû ðàñ÷åòû
êîðíåé çàìêíóòîé ñèñòåìû «ñàìîëåò + ÑÏÔ» â
çàâèñèìîñòè îò ñêîðîñòè ïîòîêà. Íà ðèñ. 10 ïî-
êàçàíî ñðàâíåíèå âû÷èñëåííûõ çíà÷åíèé äåìïôè-
ðîâàíèÿ è ÷àñòîò óïðóãèõ êîëåáàíèé îò ñêîðîñò-
íîãî íàïîðà äëÿ ðàçîìêíóòîãî è çàìêíóòîãî êîí-
òóðà (áåç ÑÏÔ è ñ ÑÏÔ). Âèäíî, ÷òî ñêîðîñòü
îáåèõ ôîðì ôëàòòåðà çàìåòíî ïîâûøàåòñÿ. Ñêî-
ðîñòíîé íàïîð ôëàòòåðà ïîâûøàåòñÿ íà 45% äëÿ

ïåðâîé ôîðìû («4 Ãö») è íà 10% — äëÿ âòîðîé
ôîðìû («6 Ãö»).

Ïàðàìåòðè÷åñêèå ðàñ÷åòû ïîêàçàëè, ÷òî ïîñò-
ðîåííàÿ ñèñòåìà ïîäàâëåíèÿ ôëàòòåðà (ÑÏÔ)
îáåñïå÷èâàåò òðåáóåìîå ïîâûøåíèå ñêîðîñòíîãî
íàïîðà äëÿ îáåèõ ôîðì ôëàòòåðà è íà äðóãèõ ðå-
æèìàõ îáòåêàíèÿ (ðèñ. 11). Ãðàíèöû ôëàòòåðà
îïðåäåëåíû ïî àíàëèçó êîðíåé çàìêíóòîé ñèñòå-
ìû «ñàìîëåò + ÑÏÔ». Òàêèì îáðàçîì, â ëèíåàðè-
çîâàííîé ïîñòàíîâêå ïðèìåíåíèå ÑÏÔ ðåøàåò
ïîñòàâëåííóþ çàäà÷ó îáåñïå÷åíèÿ çàïàñîâ óñòîé-
÷èâîñòè ïî ñêîðîñòíîìó íàïîðó (ïðè ìàëûõ âîç-
ìóùåíèÿõ).

Äàëåå èññëåäîâàíà ïðîáëåìà óñòîé÷èâîñòè
çàìêíóòîãî êîíòóðà «ñàìîëåò + ÑÏÔ» ïðè ðåàëü-
íûõ âíåøíèõ âîçäåéñòâèÿõ. Çàäà÷à ðåøàëàñü âî
âðåìåííîé îáëàñòè. Çäåñü íåîáõîäèìî ó÷åñòü ñó-
ùåñòâåííûå íåëèíåéíîñòè â ÑÏÔ è àýðîäèíàìè-
êå. Îñíîâíûì èñòî÷íèêîì íåëèíåéíîñòè ÿâëÿåòñÿ
ðóëåâîé ïðèâîä ýëåðîíà, â êîòîðîì ñêîðîñòü îò-
êëîíåíèÿ ðóëÿ îãðàíè÷åíà ìîùíîñòüþ ïðèâîäà.
Ðàñ÷åòû ïîêàçàëè, ÷òî äëÿ îáåñïå÷åíèÿ óñòîé÷è-
âîñòè íåîáõîäèìà äîñòàòî÷íî áîëüøàÿ ñêîðîñòü
îòêëîíåíèÿ ýëåðîíà. Íàïðèìåð, ïðè òèïè÷íîì âîç-
äåéñòâèè âîçäóøíîãî ïîðûâà

0 2
1 cos

2

W Vt
W

L
πÊ ˆÊ ˆ= - Á ˜Á ˜Ë ¯Ë ¯

ïðè äëèíå ïîðûâà 25 AL b=  (bA – ñðåäíÿÿ àýðîäè-

íàìè÷åñêàÿ õîðäà êðûëà) è èíòåíñèâíîñòè ïîðûâà
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Ðèñ. 8. ×àñòîòíûå õàðàêòåðèñòèêè ðàçîìêíóòîãî êîíòóðà â âèäå ãîäîãðàôîâ Íàéêâèñòà

W0 = 7.6 ì/c ïðè ñêîðîñòÿõ ïîòîêà (1.0—1.1)VD íå-
îáõîäèìà ñêîðîñòü îòêëîíåíèÿ ýëåðîíà

maxδ = 100 ãðàä/ñ (ðèñ. 12). À ïðè ñêîðîñòè 1.2VD

äàæå ïðè maxδ = 100 ãðàä/ñ ÑÏÔ îáåñïå÷èâàåò óñ-

òîé÷èâîñòü òîëüêî ïðè èíòåíñèâíîñòè ïîðûâà äî

W0 = 4 ì/c (ðèñ. 13). Çàìåòèì, ÷òî âîïðîñû íîð-
ìèðîâàíèÿ âíåøíèõ âîçìóùåíèé ïðè ñêîðîñòÿõ
V > VD íå ïîëíîñòüþ ïðîðàáîòàíû è òðåáóþò îò-
äåëüíîãî èññëåäîâàíèÿ.



116 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹1

Ïðî÷íîñòü è òåïëîâûå ðåæèìû ëåòàòåëüíûõ àïïàðàòîâ Strength and thermal conditions of flying vehicles

Âûâîäû

Ðåçóëüòàòû èññëåäîâàíèé ïîêàçàëè, ÷òî ïðè
òðàíñçâóêîâîì îáòåêàíèè åñòü äâà âàæíûõ ôàêòî-
ðà, âëèÿþùèå íà õàðàêòåðèñòèêè àýðîñåðâîóïðó-
ãîñòè:

— áàçîâîå ñòàöèîíàðíîå ïîëå òå÷åíèÿ. Êðîìå
÷èñëà Ìàõà è ïëîòíîñòè, áàçîâîå ïîëå òå÷åíèÿ îï-
ðåäåëÿåòñÿ óãëîì àòàêè, êðèâèçíîé ïðîôèëåé è
êðóòêîé ñå÷åíèé;

— âÿçêîñòü.
Ýòè ôàêòîðû íå ó÷èòûâàþòñÿ â ëèíåéíûõ ìå-

òîäàõ îïðåäåëåíèÿ àýðîäèíàìè÷åñêèõ ñèë ïðè
àíàëèçå õàðàêòåðèñòèê àýðîñåðâîóïðóãîñòè, íîÐèñ. 9. Çàâèñèìîñòü êîýôôèöèåíòà óñèëåíèÿ îò ñêîðî-

ñòíîãî íàïîðà

Ðèñ. 10. Ñðàâíåíèå çàâèñèìîñòè äåìïôèðîâàíèÿ è ÷àñòîò óïðóãèõ êîëåáàíèé îò ñêîðîñòíîãî íàïîðà äëÿ ðàçîì-
êíóòîãî è çàìêíóòîãî êîíòóðà (áåç ÑÏÔ è ñ ÑÏÔ): à — ðàçîìêíóòûé êîíòóð, qôë = 21.7 êÏà; á — çàìêíóòûé êîíòóð,
qôë = 31.5 êÏà (+45%)

à) á)
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îíè îêàçûâàþò çàìåòíîå âëèÿíèå íà äèíàìè÷åñ-
êóþ ðåàêöèþ êîíñòðóêöèè â òðàíñçâóêîâûõ ðåæè-
ìàõ ïîëåòà ñîâðåìåííûõ ñàìîëåòîâ. Îïûò ïðèìå-
íåíèÿ ðàçðàáîòàííîãî ïîäõîäà äåìîíñòðèðóåò
âîçìîæíîñòü ýôôåêòèâíîãî ðåøåíèÿ çàäà÷ ïîñò-
ðîåíèÿ è èññëåäîâàíèÿ ñèñòåì àêòèâíîãî óïðàâ-
ëåíèÿ óïðóãîãî ñàìîëåòà, à òàêæå çàäà÷è îá àýðî-
óïðóãîé óñòîé÷èâîñòè ñàìîëåòà ñ ñèñòåìîé óïðàâ-
ëåíèÿ íà òðàíñçâóêîâûõ ðåæèìàõ ïîë¸òà.
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Abstract

The work is devoted to the study of aircraft
aeroservoelasticity problems in transonic flight mode.
Review of the state-of-the-art methods and
computational algorithms used to obtain
aeroservoelasticity characteristics was performed.

An agreed usage of the following approaches for
the set problems solving is applied in the presented
article:

- a method for unsteady aerodynamic forces
computation in transonic flow using Euler equations
with account for the flow viscosity,

- an algorithm for aircraft aeroelasticity
characteristics computing based on the Ritz
polynomial method,

- mathematical models of control systems and
techniques for aeroservoelasticity problems solving in
the frequency, time and root domains.

ANALYSIS OF DYNAMIC RESPONSE AND FLUTTER SUPPRESSION SYSTEM
EFFECTIVENESS OF A LONG-HAUL AIRCRAFT IN TRANSONIC FLIGHT MODE

Kuz’mina S.I.*, Ishmuratov F.Z.**, Popovskii V.N.***, Karas’ O.V.****

Central Aerohydrodynamic Institute named after N.E. Zhukovsky,
TsAGI, 1, Zhukovsky str., Zhukovsky, Moscow Region, 140180, Russia

* e-mail: kuzmina@tsagi.ru
** e-mail: fanil.ishmuratov@tsagi.ru

*** e-mail: stataer@tsagi.ru
**** e-mail: skomorokhov@tsagi.ru

The developed methodology application has been
demonstrated while the developing and studying the
flutter suppression system (FSS) for medium-range
aircraft with transonic cruise flight mode M = 0.82.
Numerical results were obtained for the airplane of
conventional layout with a high aspect ratio wing and
two engines located on pylons under the wing. The
results of computational studies of the aircraft dynamic
response were obtained employing various
aerodynamic models, i.e. transonic and linear ones.
The numerical studies revealed that the aircraft does
not possess sufficient margins on flutter speed in
transonic flight mode. For the given aircraft version
the possibilities for flutter speed increase by active
control system, which employed symmetrical ailerons
deflection were studied. Signals from deflection
sensors, located on the wingtips, were are used while
FSS developing.
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Gain dependence on the speed for optimal flutter
suppression was performed based on the frequency
characteristics analysis of the open loop in the form
of  Nyquist locus. For each speed, the gain was
selected in in such a way as ensure approximately
double stability margin on amplitude. Comparison of
damping and frequencies of elastic vibrations
dependence on the flight speed for both open and
closed loop was performed. Parametric calculations
revealed that the developed FSS ensured the flutter
speed increase by 45% for the first flutter form, and
by 10% for the second one. Stability problem studies
of the “aircraft + FSS” closed loop under the external
impact. The problem was being solved in time domain.
It was demonstrated that for ensuring the closed loop
stability sufficiently higher speed of aileron deflection
is required.

The obtained results of the study allowed conclude
that two important factors, affecting aeroelasticity
characteristics, exist at the transonic flow-around:

- basic stationary flow field effeect on the
aerodynamic derivatives. Besides the Mach number
and density, the basic flow field is determined by the
angle of attack, profiles curvature and sections twisting.

- viscosity effect on the aerodynamic derivatives.
These two factors are missing from the linear

methods for aerodynamic forces determining, but their
regard affects significantly dynamic response of
modern aircraft. Application experience of the
developed approach demonstrates the possibility for
effective solution of the aeroelasticity problems at
transonic flight modes.

Keywords: aeroelasticity, flutter, dynamic response,
transonic flow, flutter suppression system.
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