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Ñ öåëüþ îöåíêè âëèÿíèÿ íåêîòîðûõ ïàðàìåòðîâ íà ýôôåêòèâíîñòü êîìáèíèðîâàííîé ýíåðãåòè÷åñêîé ñèñ-
òåìû óâåëè÷åíèÿ ïîäúåìíîé ñèëû (ÊÑÓÏÑ) áûëè ïðîâåäåíû ðàñ÷åòû ïðîôèëÿ êðûëà (2D RANS) ïî ïðîãðàì-
ìå, îñíîâàííîé íà ÷èñëåííîì ðåøåíèè îñðåäíåííûõ ïî Ðåéíîëüäñó óðàâíåíèé Íàâüå – Ñòîêñà. Ðàññìîòðåíà ñõå-
ìàòèçèðîâàííàÿ ÊÑÓÏÑ, ñîñòîÿùàÿ èç àêòèâíîãî äèñêà, ìîäåëèðóþùåãî âîçäóøíûé âèíò (ÂÂ), è ïðîñòîãî ïî-
âîðîòíîãî çàêðûëêà ñ óïðàâëåíèåì ïîãðàíè÷íûì ñëîåì (ÓÏÑ). Êðîìå îñíîâíîãî âàðèàíòà, ðàññìîòðåíî âëèÿíèå
îáäóâà ñòðóÿìè ÂÂ íà àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè ïðîôèëÿ ñ âûäâèæíûì ùåëåâûì çàêðûëêîì, à òàêæå ñ
ñèñòåìîé óïðàâëåíèÿ öèðêóëÿöèåé ïóòåì òàíãåíöèàëüíîãî âûäóâà ñòðóè íà ñêðóãëåííóþ çàäíþþ êðîìêó ïðîôèëÿ.
Ðàññìîòðåíî âîçäåéñòâèå èçìåíåíèÿ äèàìåòðà è òÿãè âèíòà, åãî ïîëîæåíèÿ ïî äëèíå è ïî âûñîòå îòíîñèòåëüíî
õîðäû ïðîôèëÿ ïðè ðàçëè÷íûõ óãëàõ îòêëîíåíèÿ çàêðûëêà è èíòåíñèâíîñòè âûäóâà íà íåãî.

Êëþ÷åâûå ñëîâà: âîçäóøíûé âèíò, òàíãåíöèàëüíûé âûäóâ ñòðóè, ýíåðãåòè÷åñêàÿ ñèñòåìà óâåëè÷åíèÿ ïîäúåìíîé
ñèëû, óïðàâëåíèå ïîãðàíè÷íûì ñëîåì, óïðàâëåíèå öèðêóëÿöèåé.

Ââåäåíèå

Ðîñò êîììåð÷åñêèõ àâèàïåðåâîçîê è óæåñòî-
÷åíèå ýêîëîãè÷åñêèõ òðåáîâàíèé ñòèìóëèðóþò
ðàçðàáîò÷èêîâ ïåðñïåêòèâíîé àâèàöèîííîé òåõ-
íèêè ðàçðàáàòûâàòü è èññëåäîâàòü èííîâàöèîí-
íûå òåõíè÷åñêèå ðåøåíèÿ è òåõíîëîãèè äëÿ ïî-
âûøåíèÿ ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê ïðè

îäíîâðåìåííîì ñíèæåíèè âûáðîñîâ [1—3]. Îäíî
èç âîçìîæíûõ ðåøåíèé ïîñòàâëåííûõ çàäà÷ —
ïåðåõîä íà àëüòåðíàòèâíûå âèäû òîïëèâà, òàêèå
êàê êðèîãåííûé æèäêèé âîäîðîä è ñæèæåííûé
ïðèðîäíûé ãàç [4], îäíàêî ïåðåõîä íà ýòè âèäû
òîïëèâà ñóùåñòâåííî âëèÿåò íà îáëèê è ýêñïëó-
àòàöèþ âîçäóøíîãî ñóäíà [5]. Äðóãèì ðåøåíèåì
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ÿâëÿåòñÿ êîíöåïöèÿ «ïîëíîñòüþ ýëåêòðè÷åñêîãî»
èëè «áîëåå ýëåêòðè÷åñêîãî» ñàìîëåòà [6]. Â ïîñ-
ëåäíèå ãîäû ïîâûøåííîå âíèìàíèå îáðàùåíî ê
èññëåäîâàíèþ ïðèìåíåíèÿ íà ñàìîëåòàõ ðàñïðå-
äåëåííîé ýëåêòðè÷åñêîé ñèëîâîé óñòàíîâêè
(ÐÝÑÓ), êîòîðàÿ, ïî îöåíêàì èññëåäîâàòåëåé, ïî-
çâîëèò ñíèçèòü çàòðàòû íà òîïëèâî áîëåå ÷åì íà
50% ïðè îäíîâðåìåííîì ñîêðàùåíèè âûáðîñîâ
äèîêñèäà óãëåðîäà ïðèáëèçèòåëüíî íà 50% [7, 8].
Ïðè ðàçðàáîòêå ëåòàòåëüíîãî àïïàðàòà (ËÀ) ñ
ÐÝÑÓ íåîáõîäèìî ðåøèòü ìíîæåñòâî íàó÷íûõ è
èíæåíåðíûõ çàäà÷ [9, 10]. Îäíîé èç òàêèõ çàäà÷,
êîòîðîé ïîñâÿùåíà çíà÷èòåëüíàÿ ÷àñòü ñîâðåìåí-
íûõ èññëåäîâàíèé [11—14], ÿâëÿåòñÿ îáåñïå÷åíèå
âûñîêèõ âçëåòíî-ïîñàäî÷íûõ õàðàêòåðèñòèê.

Â äàííîé ñòàòüå ðàññìàòðèâàåòñÿ âîçìîæíîñòü
ïðèìåíåíèÿ ÊÑÓÏÑ äëÿ óâåëè÷åíèÿ ïîäúåìíîé
ñèëû êðûëà íà âçëåòíî-ïîñàäî÷íûõ ðåæèìàõ ïî-
ëåòà. Íà îñíîâàíèè àíàëèçà ñóùåñòâóþùèõ ðå-
çóëüòàòîâ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ðàç-
ëè÷íûõ òèïîâ ýíåðãåòè÷åñêèõ ñèñòåì óâåëè÷åíèÿ
ïîäúåìíîé ñèëû êðûëà óñòàíîâëåíî, ÷òî íàèáî-
ëåå ýôôåêòèâíîé ÿâëÿåòñÿ ñèñòåìà óïðàâëåíèÿ
ïîãðàíè÷íûì ñëîåì (ÓÏÑ) ïóòåì òàíãåíöèàëüíî-
ãî âûäóâà ñòðóè ñæàòîãî âîçäóõà íà âåðõíþþ ïî-
âåðõíîñòü ïðîñòîãî íåùåëåâîãî ïîâîðîòíîãî çàê-
ðûëêà â ñî÷åòàíèè ñ îáäóâîì êðûëà ñòðóÿìè îò
âîçäóøíûõ âèíòîâ (ÎÂÂ) [16, 17]. Ñèñòåìà ÓÏÑ
ìîæåò áûòü èñïîëüçîâàíà, â ÷àñòíîñòè, íà ñàìî-
ëåòå ñ ðàñïðåäåëåííîé ñèëîâîé óñòàíîâêîé; îòáîð
ñæàòîãî âîçäóõà äëÿ íåå îñóùåñòâëÿåòñÿ îò ðàáî-
òàþùåãî äâèãàòåëÿ èëè âñïîìîãàòåëüíîé ñèëîâîé
óñòàíîâêè (ÂÑÓ) [16, 17]. Ïðèìåíåíèå ðàñïðåäå-
ëåííîé ñèëîâîé óñòàíîâêè, ñîñòîÿùåé èç ðÿäà
âîçäóøíûõ âèíòîâ, ðàñïîëîæåííûõ ïî âñåìó ðàç-
ìàõó êðûëà, â ñî÷åòàíèè ñ ñèñòåìîé ÓÏÑ íà çàê-
ðûëêàõ è çàâèñàþùèõ ýëåðîíàõ ìîæåò îáåñïå÷èòü
áîëåå âûñîêèé óðîâåíü íåñóùèõ ñâîéñòâ êðûëà ïî
ñðàâíåíèþ ñ èçâåñòíûìè ñïîñîáàìè.

Â äàííîé ðàáîòå ïðèâåäåíû ðåçóëüòàòû ðàñ÷å-
òîâ äâóìåðíîãî îáòåêàíèÿ êðûëîâîãî ïðîôèëÿ
(2D RANS) ñî ñõåìàòèçèðîâàííîé êîìáèíèðîâàí-
íîé ñèñòåìîé, ñîñòîÿùåé èç àêòèâíîãî äèñêà, ìî-
äåëèðóþùåãî ÂÂ, è ñèñòåìû ÓÏÑ íà çàêðûëêå.
Ðàíåå â [18—20] áûëà îòðàáîòàíà ìåòîäèêà ðàñ-
÷åòà ïîäîáíûõ çàäà÷ è ïîëó÷åíà óäîâëåòâîðèòåëü-
íàÿ ñõîäèìîñòü ðåçóëüòàòîâ ðàñ÷åòîâ ñ ýêñïåðè-
ìåíòàëüíûìè äàííûìè èñïûòàíèé êðûëîâîãî
ïðîôèëÿ ñ ñèñòåìîé òàíãåíöèàëüíîãî âûäóâà íà
ïðîñòîé ïîâîðîòíûé çàêðûëîê.

Öåëüþ äàííîé ðàñ÷åòíîé ðàáîòû ÿâëÿåòñÿ
îöåíêà âëèÿíèÿ ðàçëè÷íûõ ïàðàìåòðîâ íà ýôôåê-

òèâíîñòü êîìáèíèðîâàííîé ñèñòåìû: äèàìåòðà è
òÿãè âèíòà, åãî ïîëîæåíèÿ ïî äëèíå è ïî âûñîòå
îòíîñèòåëüíî õîðäû ïðîôèëÿ ïðè ðàçëè÷íûõ óã-
ëàõ îòêëîíåíèÿ çàêðûëêà è èíòåíñèâíîñòè âûäóâà
íà íåãî. Íàðÿäó ñ ýòèì îñíîâíûì âàðèàíòîì ðàñ-
÷åòà áûëî ðàññìîòðåíî âëèÿíèå îáäóâà ñòðóÿìè îò
ÂÂ íà àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè ïðîôèëÿ
ñ âûäâèæíûì ùåëåâûì çàêðûëêîì, à òàêæå ñ ñè-
ñòåìîé óïðàâëåíèÿ öèðêóëÿöèåé ïóòåì òàíãåíöè-
àëüíîãî âûäóâà ñòðóè íà ñêðóãëåííóþ çàäíþþ
êðîìêó ïðîôèëÿ.

1. Ïîñòàíîâêà çàäà÷è

Â êà÷åñòâå îñíîâíîãî ïàðàìåòðà, õàðàêòåðèçó-
þùåãî âëèÿíèå îáäóâà íà îáòåêàíèå ïðîôèëÿ,
ïðèíÿò êîýôôèöèåíò íàãðóçêè íà âèíò (àêòèâíûé
äèñê)

/ ,B T q F•=

ãäå 2
1 / 4F Dπ=  – ïëîùàäü äèñêà âèíòà äèàìåòðîì

D1; Ò – òÿãà âèíòà; q•  — ñêîðîñòíîé íàïîð íà-

áåãàþùåãî ïîòîêà.
Ðàñ÷åòû âûïîëíåíû ïðè B = 0.5; 1 è 2.
Â ïëîñêîñòè àêòèâíûõ äèñêîâ çàäàâàëàñü ïî-

ñòîÿííàÿ ñêîðîñòü òå÷åíèÿ, îïðåäåëÿåìàÿ ñîãëàñ-
íî òåîðèè èäåàëüíîãî âèíòà ïî ôîðìóëå:

(1 1 ),
2

V
V B•= + +                  (1)

ãäå V•  – ñêîðîñòü âíåøíåãî íåâîçìóùåííîãî ïî-

òîêà.
Ñõåìà ðàçìåùåíèÿ âàðèàíòîâ àêòèâíîãî äèñ-

êà ñ îòíîñèòåëüíûìè äèàìåòðàìè 1 1 / 1,2,D D b= =

2 0,6D =  è 3 0,3D =  âäîëü õîðäû ïðîôèëÿ íà îòíî-

ñèòåëüíîì ðàññòîÿíèè îò åãî ïåðåäíåé êðîìêè

1 1 / 0,6l l b= =  è 2 0,3l =  (äëÿ 3 0,3D = ) ïîêàçàíà íà

ðèñ. 1,à, ïîëîæåíèÿ àíàëîãè÷íûõ àêòèâíûõ äèñ-
êîâ ïðè èõ ðàçìåùåíèè íèæå õîðäû ïðîôèëÿ íà

îòíîñèòåëüíîì ðàññòîÿíèè / 0,2h h b= =  — íà
ðèñ. 1,á.

Ïðè ïîñòîÿííîé ñêîðîñòè V, îïðåäåëÿåìîé ïî
ôîðìóëå (1), óìåíüøåíèå äèàìåòðà ñòðóè ïðèâî-
äèò ê ñîîòâåòñòâóþùåìó óìåíüøåíèþ òÿãè ñòðóè
ïðè ñîõðàíåíèè çàäàííîé íàãðóçêè íà âèíò Â.

Êîýôôèöèåíò èìïóëüñà ñòðóè, âûäóâàåìîé èç
ùåëåâîãî ñîïëà íà âåðõíþþ ïîâåðõíîñòü îòêëî-
íåííîãî çàêðûëêà, îïðåäåëÿëñÿ ïî ôîðìóëå:
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c / ,C J q bμ •=                       (2)

ãäå Jc – èìïóëüñ ñòðóè.

Ðàñ÷åòû ïðîâåäåíû â äèàïàçîíå 0 0,1Cμ = ∏

ïðè óãëàõ îòêëîíåíèÿ çàêðûëêà çδ =30° è 60°.

Cîïëî äëÿ òàíãåíöèàëüíîãî âûäóâà ñòðóè âîçäó-
õà ñ îòíîñèòåëüíîé âûñîòîé hc /b = 0,001 ðàñïî-
ëàãàåòñÿ íà 74% õîðäû ïðîôèëÿ êðûëà (ðèñ. 1).

Ðàñ÷åòíîå èññëåäîâàíèå îáòåêàíèÿ ïîòîêîì
âÿçêîãî ãàçà ïðîôèëåé ïðîâåäåíî ïðè ÷èñëàõ
Ì = 0,13 è Re = 7,2·106 ïî ïðîãðàììå FLUENT,
îñíîâàííîé íà ÷èñëåííîì ðåøåíèè îñðåäíåííûõ
ïî Ðåéíîëüäñó óðàâíåíèé Íàâüå—Ñòîêñà. Ðàñ÷å-
òû âëèÿíèÿ îáäóâà ïðîôèëÿ ñòðóÿìè ïðè ðàçëè÷-
íûõ âåëè÷èíàõ äèàìåòðà è ïîëîæåíèÿ àêòèâíîãî

ñå÷åíèÿ ÂÂ âûïîëíåíû ïðè óãëå àòàêè α = 0 . Ðàñ-
÷åòíàÿ ñåòêà ïîêàçàíà íà ðèñ. 2.

2. Ðåçóëüòàòû ðàñ÷åòà ÊÑÓÏÑ

2.1. Âëèÿíèå ïîëîæåíèÿ âîçäóøíîãî âèíòà
è åãî îòíîñèòåëüíîãî äèàìåòðà
íà ïîäúåìíóþ ñèëó êðûëîâîãî ïðîôèëÿ

Ðàñ÷åòû ïîêàçàëè, ÷òî ïðè ðàñïîëîæåíèè îñè
âèíòà âäîëü õîðäû ïðîôèëÿ (ðèñ. 1,à) ïðîèñõîäèò
óâåëè÷åíèå ïîäúåìíîé ñèëû ïðîôèëÿ, êîòîðàÿ
ñëàáî çàâèñèò îò äèàìåòðà âèíòà ïðè îäèíàêîâûõ
çíà÷åíèÿõ êîýôôèöèåíòà Â (ðèñ. 3,à). Îäíàêî ïðè
ðàçìåùåíèè îñè âèíòà íèæå õîðäû ïðîôèëÿ íà

îòíîñèòåëüíîì ðàññòîÿíèè / 0,2h h b= =  ïðèðà-
ùåíèå êîýôôèöèåíòà ïîäúåìíîé ñèëû ïðîôèëÿ
îò îáäóâà óìåíüøàåòñÿ ïðè óìåíüøåíèè äèàìåò-

à)

á)
Ðèñ. 1. Ñõåìû ðàçìåùåíèÿ àêòèâíûõ äèñêîâ îòíîñèòåëüíî ïðîôèëÿ êðûëà: à — îñü âðàùåíèÿ àêòèâíîãî äèñêà

ñîâïàäàåò ñ õîðäîé ïðîôèëÿ êðûëà; á — îñü âðàùåíèÿ àêòèâíîãî äèñêà íèæå õîðäû ïðîôèëÿ êðûëà 0,2h =
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ðà âèíòà îò 1 1,2D =  äî 2 0,6D =  âñëåäñòâèå óìåíü-

øåíèÿ âëèÿíèÿ ñòðóè íà îáòåêàíèå âåðõíåé ïî-
âåðõíîñòè ïðîôèëÿ. Ïðè óìåíüøåíèè îòíîñèòåëü-

íîãî äèàìåòðà äî 3 0,3D =  ïðîèñõîäèò ïàäåíèå Ñó

ïî ñðàâíåíèþ ñ ïðîôèëåì áåç îáäóâà, íåçàâèñè-
ìî îò óäàëåíèÿ äèñêà îò åãî ïåðåäíåé êðîìêè
(ðèñ. 3,á) âñëåäñòâèå ýæåêòèðóþùåãî âîçäåéñòâèÿ

ñòðóè, ïðîõîäÿùåé íèæå ïðîôèëÿ, è óìåíüøàþ-
ùåãî äàâëåíèÿ íà åãî íèæíåé ïîâåðõíîñòè.

2.2. Êîìáèíèðîâàííàÿ ñèñòåìà óâåëè÷åíèÿ
ïîäúåìíîé ñèëû ñ òàíãåíöèàëüíûì âûäóâîì
ñòðóè íà çàêðûëîê

Ðàñ÷åò àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê ïðî-
ôèëÿ ñ êîìáèíèðîâàííîé ñèñòåìîé óâåëè÷åíèÿ

Ðèñ. 2. Ðàñ÷åòíàÿ ñåòêà

Ðèñ. 3. Âëèÿíèå ðàçìåðîâ è ïîëîæåíèÿ àêòèâíîãî ñå÷åíèÿ íà àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè ïðîôèëÿ: à —
ïîëîæåíèå àêòèâíûõ äèñêîâ îòíîñèòåëüíî ïðîôèëÿ êðûëà íà 0;h =  á — ïîëîæåíèå àêòèâíûõ äèñêîâ îòíîñèòåëüíî
ïðîôèëÿ êðûëà íà 0,2h =
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ïîäúåìíîé ñèëû, ñî÷åòàþùåé óïðàâëåíèå ïîãðà-
íè÷íûì ñëîåì íà çàêðûëêå ïóòåì òàíãåíöèàëüíî-
ãî âûäóâà ñòðóè èç ùåëåâîãî ñîïëà è îáäóâ ïðî-
ôèëÿ ñòðóåé îò âèíòà, âûïîëíåí ïðè óãëàõ îòêëî-

íåíèÿ çàêðûëêà çδ =30° è 60°. Íà ðèñ. 4,à ïîêà-

çàíî âëèÿíèå ñèñòåìû ÓÏÑ íà çàâèñèìîñòè êî-
ýôôèöèåíòà ïîäúåìíîé ñèëû ïðîôèëÿ îò êîýô-

ôèöèåíòà èìïóëüñà âûäóâàåìîé ñòðóè Ñμ  ïðè îò-

ñóòñòâèè îáäóâà ñòðóåé îò âèíòà, à íà ðèñ. 4,á –
çàâèñèìîñòè Ñó(Â) äëÿ ïðîôèëÿ áåç ñèñòåìû ÓÏÑ

ïðè îáäóâå ñòðóåé îò âîçäóøíîãî âèíòà (ÎÂÂ)

äèàìåòðîì 1 1,2.D =  Íà ðèñ. 5 ïîêàçàíî ñîâìåñò-

íîå âîçäåéñòâèå ÓÏÑ è ÎÂÂ íà êîýôôèöèåíò
ïîäúåìíîé ñèëû ïðîôèëÿ ñ çàêðûëêîì, îòêëîíåí-

íûì âî âçëåòíîå ( çδ =30°) è ïîñàäî÷íîå ( çδ =60°)

ïîëîæåíèÿ ïðè ðàçëè÷íûõ äèàìåòðàõ è ðàñïîëî-
æåíèè âèíòà îòíîñèòåëüíî ïðîôèëÿ.

Ñîïîñòàâëåíèå ïðèâåäåííûõ ðàñ÷åòíûõ äàí-
íûõ ñâèäåòåëüñòâóåò î ñóùåñòâåííî áîëüøåì ïî-
âûøåíèè íåñóùèõ ñâîéñòâ ïðîôèëÿ ñ îòêëîíåí-

Ðèñ. 4. Âëèÿíèå ñèñòåìû ÓÏÑ (à) è îáäóâà ñòðóåé îò âèíòà (á) íà êîýôôèöèåíò ïîäúåìíîé ñèëû ïðîôèëÿ

Ðèñ. 5. Âëèÿíèå êîìáèíèðîâàííîé ñèñòåìû óâåëè÷åíèÿ ïîäúåìíîé ñèëû (ÓÏÑ/ ÎÂÂ) íà êîýôôèöèåíò ïîäúåì-
íîé ñèëû ïðîôèëÿ ïðè âçëåòíîì (à) è ïîñàäî÷íîì (á) ïîëîæåíèÿõ çàêðûëêà
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íûìè çàêðûëêàìè çà ñ÷åò ïðèìåíåíèÿ ñèñòåìû
ÓÏÑ ïî ñðàâíåíèþ ñ îáäóâîì ñòðóåé îò âîçäóø-
íîãî âèíòà (ÎÂÂ). Ýòî ñâÿçàíî ñ áîëåå ýôôåêòèâ-
íûì âîçäåéñòâèåì ñèñòåìû ÓÏÑ íà âîññòàíîâëå-
íèå áåçîòðûâíîãî îáòåêàíèÿ çàêðûëêà, îñîáåííî

ïðè îòêëîíåíèè åãî íà áîëüøîé óãîë ( çδ =60°).

Ýòîò âûâîä ïîäòâåðæäàþò ðåçóëüòàòû ðàñ÷åòà
ïîëåé ñêîðîñòåé äëÿ ðàçëè÷íûõ âàðèàíòîâ âîçäåé-
ñòâèÿ íà îáòåêàíèå ïðîôèëÿ. Îáäóâ ïðîôèëÿ ñòðó-

åé îò âèíòà áîëüøîãî äèàìåòðà 1 1,2D =  ïðè ìàê-

ñèìàëüíîì êîýôôèöèåíòå íàãðóçêè Â = 2 îêàçû-
âàåò ñðàâíèòåëüíî ñëàáîå âëèÿíèå íà îòðûâ ïî-
òîêà íà çàêðûëêå (ðèñ. 6,à). Çíà÷èòåëüíî áîëåå
ýôôåêòèâíûì ÿâëÿåòñÿ èñïîëüçîâàíèå ñèñòåìû
ÓÏÑ, êîòîðàÿ îáåñïå÷èâàåò áåçîòðûâíîå îáòåêà-
íèå ïðîôèëÿ ñ îòêëîíåííûì íà áîëüøîé óãîë
çàêðûëêîì ïðè ñðàâíèòåëüíî ìàëîé âåëè÷èíå

êîýôôèöèåíòà èìïóëüñà ñòðóè Ñμ = 0,1 (ðèñ. 6,á).

Â ñëó÷àå ñîâìåñòíîãî èñïîëüçîâàíèÿ ñèñòåìû
ÓÏÑ è ÎÂÂ âåëè÷èíû ïðèðàùåíèé êîýôôèöèåí-
òà ïîäúåìíîé ñèëû ïðàêòè÷åñêè ñóììèðóþòñÿ, çà
èñêëþ÷åíèåì îáäóâà ïðîôèëÿ ñòðóåé ìàëîé èí-
òåíñèâíîñòè Â < 0,5, êîòîðàÿ ìàëî âëèÿåò íà âå-
ëè÷èíó Ñó ïðîôèëÿ ïðè èíòåíñèâíîì âûäóâå íà

çàêðûëîê ñ êîýôôèöèåíòîì èìïóëüñà Ñμ = 0,1

(ñì. ðèñ. 5,á). Ïðè Â > 0,5 ïîäúåìíàÿ ñèëà ðàñòåò,
îäíàêî îòíîñèòåëüíàÿ âåëè÷èíà ïðèðàùåíèÿ êî-
ýôôèöèåíòà ïîäúåìíîé ñèëû Ñó îò îáäóâà ñíèæà-

åòñÿ ïðèáëèçèòåëüíî îò 60% ïðè Â = 2 è Ñμ = 0,1.

Ïðèðàùåíèå Ñó ïðè ôèêñèðîâàííîì êîýôôèöè-
åíòå Â ñíèæàåòñÿ ñ óìåíüøåíèåì äèàìåòðà âèí-
òà è çàâèñèò îò âçàèìíîãî ïîëîæåíèÿ âèíòà è ïðî-
ôèëÿ. Íàïðèìåð, ñîãëàñíî ðàñ÷åòàì, ïðè ðàñïî-

ëîæåíèè âèíòà äèàìåòðîì 3 0,3D =  íà îòíîñèòåëü-

íîì ðàññòîÿíèè îò ïðîôèëÿ 2 0,3l =  ïðîèñõîäèò

óìåíüøåíèå êîýôôèöèåíòà Ñó ïðè óâåëè÷åíèè
èíòåíñèâíîñòè îáäóâà.

Ðàñ÷åòû ïîêàçàëè, ÷òî ïðè ðàñïîëîæåíèè âèí-
òà âáëèçè ïåðåäíåé êðîìêè ïðîôèëÿ ïðîèñõîäèò
ñóùåñòâåííîå îòêëîíåíèå ñòðóè ââåðõ âñëåäñòâèå
áîëüøîé âåëè÷èíû ñêîñà ïîòîêà ïåðåä ïðîôèëåì,
è ñòðóÿ îáäóâàåò ëèøü âåðõíþþ ïîëîâèíó ïðîôè-
ëÿ (ðèñ. 7,á). Ñëåäîâàòåëüíî, äëÿ ïîâûøåíèÿ ýô-
ôåêòèâíîñòè îáäóâà â ýòîì ñëó÷àå íåîáõîäèìî
ñìåñòèòü îñü âèíòà íèæå õîðäû ïðîôèëÿ. Òàêîé
âàðèàíò ðàñïîëîæåíèÿ âèíòà ïîêàçàí íà ðèñ. 1,á.

Íà ðèñ. 8 ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòîâ, èë-
ëþñòðèðóþùèå âëèÿíèå âîçäåéñòâèÿ êîìáèíèðî-
âàííîé ýíåðãåòè÷åñêîé ñèñòåìû óâåëè÷åíèÿ
ïîäúåìíîé ñèëû íà êîýôôèöèåíò ïîäúåìíîé
ñèëû ïðîôèëÿ ïðè ìàêñèìàëüíîé èññëåäîâàííîé
èíòåíñèâíîñòè îáäóâà ñòðóåé îò âèíòà è âûäóâà
ñòðóè íà çàêðûëîê.

Âàæíîé çàäà÷åé ïðè ðàçðàáîòêå êîìáèíèðî-
âàííîé ñèñòåìû îáäóâà êðûëà ñòðóÿìè âîçäóøíûõ
âèíòîâ (ÎÂÂ) ñ óïðàâëåíèåì ïîãðàíè÷íûì ñëî-

Ðèñ. 6. Âëèÿíèå âûäóâà ñòðóé íà îáòåêàíèå ïðîôèëÿ ñ íåùåëåâûì çàêðûëêîì: à — çδ = 60°; Ñμ = 0; B = 0;
á — çδ = 60°; Ñμ = 0,1; B = 0; â — çδ = 60°; Ñμ = 0; âèíò 1 1,2;D =  B = 2 ; ã — çδ = 60°; Ñμ = 0,1; B = 2
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Ðèñ. 7. Âëèÿíèå äèàìåòðà è ïîëîæåíèÿ âèíòà íà îáòåêàíèå ïðîôèëÿ; çδ = 60°; Ñμ = 0,1; B = 2: à — 1 11,2; 1,2;D l= =
á — 3 30,3; 0,3D l= =

Ðèñ. 8. Âëèÿíèå êîìáèíèðîâàííîé ýíåðãåòè÷åñêîé ñèñòåìû ÓÏÑ/ ÎÂÂ íà ïîäúåìíóþ ñèëó ïðîôèëÿ
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åì íà çàêðûëêàõ (ÓÏÑ) ÿâëÿåòñÿ âûáîð èíòåíñèâ-
íîñòè âûäóâà íà çàêðûëîê. Íàïðèìåð, ðàñ÷åòû
ïîêàçàëè, ÷òî ïðè îáäóâå ïðîôèëÿ ñòðóåé âèíòà

ñ îòíîñèòåëüíûì äèàìåòðîì 3 0,3D =  ñ òÿãîé,

ðàâíîé òÿãå, ñîçäàâàåìîé âèíòîì äèàìåòðîì

1 1,2,D = , èíòåíñèâíîñòü âûäóâà ñòðóè íà çàêðû-

ëîê, ðàâíàÿ Ñμ = 0,1, íåäîñòàòî÷íà äëÿ îáåñïå÷å-

íèÿ áåçîòðûâíîãî îáòåêàíèÿ çàêðûëêà, îòêëîíåí-

íîãî íà óãîë çδ = 60° (ðèñ. 9). Â ýòîì ñëó÷àå ñêî-

ðîñòü ñòðóè çà âèíòîì, îáäóâàþùåé ïðîôèëü,
ñîñòàâëÿåò 143 ì/ñ (Ì = 0,43) ïðè ñêîðîñòè ñòðóè,
âûäóâàåìîé íà çàêðûëîê, ðàâíîé 300 ì/ñ.

2.3. Êîìáèíèðîâàííàÿ ñèñòåìà óâåëè÷åíèÿ
ïîäúåìíîé ñèëû ñ òàíãåíöèàëüíûì âûäóâîì
ñòðóè íà ñêðóãëåííóþ çàäíþþ êðîìêó ïðîôèëÿ

Óïðàâëåíèå öèðêóëÿöèåé ñêîðîñòè (ÓÖ) ïóòåì
òàíãåíöèàëüíîãî âûäóâà íà ñêðóãëåííóþ çàäíþþ
êðîìêó êðûëà (ÑÇÊÊ) ÿâëÿåòñÿ ýôôåêòèâíûì
ñïîñîáîì ïîâûøåíèÿ íåñóùèõ ñâîéñòâ êðûëà, íå
òðåáóþùèì äîïîëíèòåëüíûõ ìåõàíè÷åñêèõ óñò-
ðîéñòâ. Ñîãëàñíî âûïîëíåííûì ðàñ÷åòàì îáòåêà-
íèÿ ïðîôèëÿ ñ îòíîñèòåëüíûì ðàäèóñîì ñêðóãëå-
íèÿ çàäíåé êðîìêè r/b = 0,03, âûäóâ ñòðóè ñ èí-
òåíñèâíîñòüþ Ñμ = 0,1 ïðèâîäèò ê ñìåùåíèþ çàä-
íåé êðèòè÷åñêîé òî÷êè íà íèæíþþ ïîâåðõíîñòü
ïðîôèëÿ è ê ñóùåñòâåííîìó èçìåíåíèþ êàðòèíû
îáòåêàíèÿ (ðèñ. 10), âñëåäñòâèå ÷åãî âîçðàñòàåò

Ðèñ. 9. Îáòåêàíèå ïðîôèëÿ ïðè èíòåíñèâíîì îáäóâå ïðîôèëÿ ñòðóåé îò âèíòà è âûäóâå íà çàêðûëîê:

çδ = 60°; Ñμ = 0,1; B = 2

Ðèñ. 10. Âëèÿíèå ñèñòåìû ÎÂÂ/ÓÖ íà îáòåêàíèå ïðîôèëÿ: à — Â = 0, Ñμ = 0; á — Â = 0, Ñμ = 0,1; â — Â = 2,
Ñμ = 0,1
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êîýôôèöèåíò ïîäúåìíîé ñèëû (ðèñ. 11). Óâåëè-
÷åíèå êîýôôèöèåíòà èìïóëüñà ñòðóè, âûäóâàåìîé
íà ÑÇÊÊ, îò Ñμ = 0 äî Ñμ = 0,1 ïðèâîäèò ê ïîâû-
øåíèþ êîýôôèöèåíòà ïîäúåìíîé ñèëû îò Ñó ≈ 0
äî 4. Îáäóâ ïðîôèëÿ ñòðóåé îò âèíòà ïðàêòè÷åñ-
êè íå âëèÿåò íà ïîäúåìíóþ ñèëó ïðîôèëÿ ïðè
Ñμ = 0 è ïðèâîäèò ê ñðàâíèòåëüíî íåáîëüøîìó
ïðèðàùåíèþ ïîäúåìíîé ñèëû ïðè Ñμ = 0,1.

2.4. Ñèñòåìà îáäóâà ïðîôèëÿ
ñ âûäâèæíûì çàêðûëêîì

Ðàñ÷åòíàÿ ñõåìà ðàñïîëîæåíèÿ àêòèâíîãî äèñ-

êà ÂÂ äèàìåòðîì 1 1,2D =  îòíîñèòåëüíî ïðîôèëÿ

êðûëà ñ çàêðûëêîì Ôàóëåðà ïîêàçàíà íà ðèñ. 12.
Ðàñ÷åòû ïîêàçàëè, ÷òî ïðè ìàëûõ óãëàõ îòêëî-

íåíèÿ çàêðûëêà çδ = 18° îáäóâ êðûëà ïðè ñðàâíè-
òåëüíî ñëàáîì îòðûâå ïîòîêà íà çàêðûëêå ïîâû-
øàåò ïîäúåìíóþ ñèëó ãëàâíûì îáðàçîì çà ñ÷åò
ñîçäàíèÿ äîïîëíèòåëüíîé íàãðóçêè íà ïðîôèëå.

Ïðè áîëüøîì óãëå îòêëîíåíèÿ çàêðûëêà çδ = 35°
îáäóâ ïðîôèëÿ äàæå ñ áîëüøîé èíòåíñèâíîñòüþ
(Â = 2) ïðàêòè÷åñêè íå îñëàáëÿåò ðàçâèòûé îòðûâ
ïîòîêà (ðèñ. 13). Âñëåäñòâèå ýòîãî âåëè÷èíà ïðè-
ðàùåíèÿ êîýôôèöèåíòà ïîäúåìíîé ñèëû ïðîôèëÿ

ñ çàêðûëêîì, îòêëîíåííûì íà óãîë çδ = 35°, îêà-

çûâàåòñÿ ìåíüøå, ÷åì ïðè çδ = 18° (ðèñ. 14). Ïî-
ëó÷åííûé ðåçóëüòàò ñâèäåòåëüñòâóåò î íåîáõîäè-

ìîñòè îïòèìèçàöèè ïàðàìåòðîâ ùåëåâîé ìåõàíè-
çàöèè ïðè îáäóâå ñòðóÿìè äâèãàòåëåé.

2.5. Ñðàâíèòåëüíàÿ îöåíêà ðåçóëüòàòîâ ðàñ÷åòà
ðàçëè÷íûõ ÊÑÓÏÑ

Íà ðèñ. 15 äàíî ñîïîñòàâëåíèå çàâèñèìîñòåé
êîýôôèöèåíòà ïîäúåìíîé ñèëû ïðîôèëÿ îò êî-

ýôôèöèåíòà íàãðóçêè íà âèíò äèàìåòðîì 1 1,2D =

ïðè ðàçëè÷íûõ âàðèàíòàõ ìåõàíèçàöèè íà çàäíåé
êðîìêå. Ñîãëàñíî ðàñ÷åòíûì äàííûì, íàèáîëåå
ýôôåêòèâíûì ÿâëÿåòñÿ èñïîëüçîâàíèå ñèñòåìû
ÓÏÑ íà ïðîñòîì ïîâîðîòíîì çàêðûëêå â ñî÷åòà-
íèè ñ èíòåíñèâíûì îáäóâîì îò âèíòà. Îáäóâ ïðî-
ôèëÿ ñ ñèñòåìîé óïðàâëåíèÿ öèðêóëÿöèåé ïóòåì
òàíãåíöèàëüíîãî âûäóâà ñòðóè íà ñêðóãëåííóþ
çàäíþþ êðîìêó ìàëîýôôåêòèâåí. Ñëåäóåò îòìå-
òèòü, ÷òî îáäóâ ïðîôèëåé ñî ñòðóéíîé ìåõàíèçà-
öèåé (ÓÏÑ, ÓÖ) ñ ìàëîé èíòåíñèâíîñòüþ
(Â < 0,5), ñîîòâåòñòâóþùåé ðåæèìó ïîëåòà ñàìî-
ëåòà ïðè çàõîäå íà ïîñàäêó, ïðàêòè÷åñêè íå âëè-
ÿåò íà ïîäúåìíóþ ñèëó. Îáäóâ ïðîôèëÿ ñ èññëå-
äîâàííûì âàðèàíòîì çàêðûëêà Ôàóëåðà ïîâûøàåò
ïîäúåìíóþ ñèëó, íî äî óðîâíÿ íèæå, ÷åì ñî ñòðóé-
íîé ìåõàíèçàöèåé, âñëåäñòâèå íåïîëíîãî âîññòà-
íîâëåíèÿ áåçîòðûâíîãî îáòåêàíèÿ ïðè áîëüøèõ
óãëàõ åãî îòêëîíåíèÿ. Äëÿ ïîâûøåíèÿ ýôôåêòèâ-
íîñòè îáäóâà êðûëà ñî ùåëåâîé ìåõàíèçàöèåé íå-
îáõîäèìî ïðîâåäåíèå èññëåäîâàíèé ïî âûáîðó åå

Ðèñ. 11. Âëèÿíèå êîìáèíèðîâàííîé ýíåðãåòè÷åñêîé ñèñòåìû ÎÂÂ/ÓÖ íà ïîäúåìíóþ ñèëó ïðîôèëÿ
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òèïà è îïòèìèçàöèè ïàðàìåòðîâ (êîëè÷åñòâî ýëå-
ìåíòîâ ìåõàíèçàöèè, øèðèíû ùåëåé, óãëîâ îòêëî-
íåíèÿ è äð.).

Ðèñ. 12. Ðàñ÷åòíàÿ ñõåìà ðàñïîëîæåíèÿ âèíòà è êðûëîâîãî ïðîôèëÿ ñ çàêðûëêîì Ôàóëåðà

Ðèñ. 13. Âëèÿíèå îáäóâà ñòðóåé îò âèíòà íà îáòåêàíèå ïðîôèëÿ ñ çàêðûëêîì Ôàóëåðà ïðè α = 0, Ì = 0,13:
à — çδ = 18°, B = 0; á — çδ = 35°, B = 0; â — çδ = 18°, B = 2 ; ã — çδ = 35°, B = 2

Âûâîäû

Ïàðàìåòðè÷åñêèå ðàñ÷åòíûå èññëåäîâàíèÿ
îáòåêàíèÿ âûñîêîíåñóùåãî êðûëîâîãî ïðîôèëÿ,
ïðîâåäåííûå ïðè ðàçëè÷íûõ çíà÷åíèÿõ îòíîñè-
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òåëüíîãî äèàìåòðà âîçäóøíîãî âèíòà, ìîäåëèðó-
åìîãî «àêòèâíûì» äèñêîì, è åãî ïîëîæåíèÿ îò-
íîñèòåëüíî ïðîôèëÿ, ïîäòâåðäèëè ýôôåêòèâíîñòü
êîìáèíèðîâàííîé ñèñòåìû óâåëè÷åíèÿ ïîäúåì-
íîé ñèëû, ñî÷åòàþùåé ÓÏÑ è ÎÂÂ, ïî ñðàâíåíèþ

ñ îáäóâîì ïðîôèëÿ ñ óïðàâëåíèåì öèðêóëÿöèåé
ñêîðîñòè ïóòåì òàíãåíöèàëüíîãî âûäóâà ñòðóè íà
åãî ñêðóãëåííóþ çàäíþþ êðîìêó, à òàêæå ñ îáäó-
âîì ïðîôèëÿ ñî ùåëåâûì âûäâèæíûì çàêðûëêîì
òèïà Ôàóëåðà.

Ðèñ. 14. Âëèÿíèå îáäóâà ñòðóåé îò âèíòà íà êîýôôèöèåíò ïîäúåìíîé ñèëû ïðîôèëÿ ñ çàêðûëêîì Ôàóëåðà

Ðèñ. 15. Ñðàâíåíèå ýôôåêòèâíîñòè îáäóâà ïðîôèëÿ ñòðóåé îò âèíòà ñ ðàçëè÷íûìè âàðèàíòàìè ìåõàíèçàöèè
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Öåëåñîîáðàçíî ïðîäîëæèòü èññëåäîâàíèÿ ïî
îïòèìèçàöèè ïàðàìåòðîâ êîìáèíèðîâàííîé ñèñ-
òåìû ÓÏÑ/ÎÂÂ, à òàêæå ïî ðàçðàáîòêå òèïà è
ïàðàìåòðîâ ùåëåâîé ìåõàíèçàöèè êðûëà, îáåñïå-
÷èâàþùåé ýôôåêòèâíîå îòêëîíåíèå ñòðóè îò âèí-
òà ñ öåëüþ ñóùåñòâåííîãî ïîâûøåíèÿ ïîäúåìíîé
ñèëû.
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Abstract

Commercial air transportation growth and
environmental requirements toughening encourage
designers of prospective aviation to develop and
research innovative technical solutions and
technologies to improve performance while conjoined
emissions reduction. In recent years, increased
attention has been paid to the study of the Distributed
Electric Propulsion (DEP) application, which
implementation onboard aircraft, according to
researchers, will allow fuel costs cutting by more than
50% with conjoined carbon dioxide emissions
reduction by approximately 50%. Many scientific and
engineering problems should be solved while the
aircraft with DER development. One of such
problems, to which solution a great number of today’s
studies is devoted, consists in ensuring high takeoff-
landing performances. The presented work considers
the possibility of employing combined lift force
increasing power system (CLFIPS) for the wing lift
force improving at the takeoff-landing modes.
Evaluation of various factors impact, such as the
propeller diameter and thrust; its position along the
length and height relative to the airfoil chord at various
angles of the flap deflection and blowout intensity on
it, on the CLFIPS effectiveness. Along with the basic
calculation option, the slipstream effect of the
propeller on the aerodynamic characteristics of the
airfoil with slotted flap, as well as with the system of
circulation control by tangential blowout of the jet on
the rounded rear edge of the airfoil are considered.

Computational study of the airfoils flow-around
by the viscous gas flow was performed at the numbers
of M = 0.13 Re = 7.2·106 employing the FLUENT
software based on the numerical solution of the
Reynolds-averaged Navier—Stokes equations. The
blow-off calculations at various values of the propeller
active section diameter and its position were performed
at the zero angle of attack.

Parametric studies of the high-lift airfoil flow-
around were performed at various values of the
propeller relative diameter, being modelled by the

STUDIES OF FLOW-AROUND OF HIGH-LIFT WING AIRFOIL
WITH COMBINED ENERGY SYSTEM

FOR THE WING LIFTING FORCE INCREASING

Pavlenko O.V.*, Petrov A.V., Pigusov E.A.

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

* e-mail: olga.v.pavlenko@yandex.ru

“active” disk, and its position relative to the airfoil.
The studies confirmed the effectiveness of the
combined lift force increasing system conjoining
boundary layer control (BLC) system  and propeller
blow-off (PBO), compared to the speed circulation
control by tangential blowout of the jet on the rounded
rear edge of the airfoil, as well as the blow-off of the
airfoil with the Fowler flap type.

It is advisable to go on with the studies on
parameters optimization of the combined BLC/PBO
system as well as the type and parameters development
of the wing slot mechanics, which ensures effective jet
deflection from the wing for the purpose of significant
lift force increase.

Keywords: propeller, tangential jet blow-off, power
system for lift force increasing, boundary layer control,
circulation control.
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