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Ðàññìîòðåí ïåðñïåêòèâíûé ìåòîä óìåíüøåíèÿ èíäóêöèè ñòåíîê ðàáî÷åé ÷àñòè àýðîäèíàìè÷åñêîé òðóáû —
ïðèìåíåíèå êîìáèíèðîâàííûõ ñòðóéíî-ïåðôîðèðîâàííûõ ãðàíèö, ïðåäñòàâëÿþùèõ ñîáîé ñî÷åòàíèå ïåðôîðè-
ðîâàííûõ ñòåíîê è óïðàâëÿåìîãî ïîãðàíè÷íîãî ñëîÿ íà èõ ïîâåðõíîñòè. Ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåí-
òàëüíîãî èññëåäîâàíèÿ ìîäåëåé ñàìîëåòíîé è ðàêåòíîé êîìïîíîâêè ïðè ðàçëè÷íûõ ïàðàìåòðàõ ïîãðàíè÷íîãî ñëîÿ
è ñòåïåíè ðàñêðûòèÿ ïåðôîðàöèè ñòåíîê. Äëÿ ìîäåëè ðàêåòíîé êîìïîíîâêè ïðèâåäåíî ñðàâíåíèå ýêñïåðèìåí-
òàëüíûõ äàííûõ ñ ðåçóëüòàòàìè ÷èñëåííîãî ìîäåëèðîâàíèÿ îáòåêàíèÿ åå áåçãðàíè÷íûì ïîòîêîì. Ïîëó÷åííûå
ìàòåðèàëû ïîêàçàëè ýôôåêòèâíîñòü ïðèìåíåíèÿ êîìáèíèðîâàííûõ ñòðóéíî-ïåðôîðèðîâàííûõ ãðàíèö ñ öåëüþ
çíà÷èòåëüíîãî ñíèæåíèÿ èíäóêöèè ñòåíîê ðàáî÷åé ÷àñòè àýðîäèíàìè÷åñêîé òðóáû.

Êëþ÷åâûå ñëîâà: àýðîäèíàìè÷åñêàÿ òðóáà (ÀÄÒ), èíäóêöèÿ ãðàíèö ïîòîêà, ïîãðàíè÷íûé ñëîé, âû÷èñëèòåëü-
íàÿ ãèäðîäèíàìèêà (CFD).

Ââåäåíèå

Ñîâðåìåííûé êîìïëåêñíûé ïîäõîä ê àýðîôè-
çè÷åñêèì èññëåäîâàíèÿì âêëþ÷àåò â ñåáÿ êàê ïðî-
âåäåíèå ýêñïåðèìåíòà â àýðîäèíàìè÷åñêèõ òðóáàõ,
òàê è ÷èñëåííîå ìîäåëèðîâàíèå. Íåñìîòðÿ íà òî,
÷òî ÷èñëåííûå èññëåäîâàíèÿ ðàçâèâàþòñÿ îãðîì-
íûìè òåìïàìè, ýêñïåðèìåíò â àýðîäèíàìè÷åñêîé

òðóáå îñòàåòñÿ îñíîâíîé ÷àñòüþ èññëåäîâàíèÿ ïðè
ðàçðàáîòêå ëåòàòåëüíîãî àïïàðàòà [1—3]. Òðåáî-
âàíèÿ ê êà÷åñòâó ýêñïåðèìåíòà â àýðîäèíàìè÷åñ-
êèõ óñòàíîâêàõ íåïðåðûâíî âîçðàñòàþò, ÷òî âû-
çûâàåò íåîáõîäèìîñòü ñîâåðøåíñòâîâàíèÿ ìåòî-
äèêè èõ ïðîâåäåíèÿ. Îñíîâíûå ïîãðåøíîñòè âîç-
íèêàþò èç-çà íåïîëíîãî ìîäåëèðîâàíèÿ âñåõ ïà-
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ðàìåòðîâ (÷èñëî Ðåéíîëüäñà, ãåîìåòðèÿ ìîäåëè è
äð.) è ýëåìåíòîâ êîíñòðóêöèè àýðîäèíàìè÷åñêîé
òðóáû, îòñóòñòâóþùèõ â ðåàëüíîì ïîëåòå (ñòåí-
êè ðàáî÷åé ÷àñòè, ïîäâåñíîå óñòðîéñòâî). Äàííûå
ôàêòîðû èñêàæàþò ïîëå òå÷åíèÿ â ðàáî÷åé ÷àñ-
òè ÀÄÒ, ÷òî ïðèâîäèò ê âîçíèêíîâåíèþ ïîäïîðà
îò ïîääåðæèâàþùèõ óñòðîéñòâ è èíäóêöèè ãðàíèö
ïîòîêà (âëèÿíèå ñòåíîê ðàáî÷åé ÷àñòè ÀÄÒ).

Îäíîâðåìåííî ñ ïîÿâëåíèåì àýðîäèíàìè÷åñ-
êèõ óñòàíîâîê âîçíèêëà ïðîáëåìà âëèÿíèÿ ñòåíîê
ðàáî÷åé ÷àñòè íà àýðîäèíàìè÷åñêèå õàðàêòåðèñ-
òèêè èñïûòûâàåìîé ìîäåëè. Îäíèìè èç ïåðâûõ
ó÷åíûõ, îáðàòèâøèõ ñâîå âíèìàíèå íà äàííóþ
ïðîáëåìó åùå â íà÷àëå 20-õ ãîäîâ ïðîøëîãî ñòî-
ëåòèÿ, áûëè Ïðàíäòëü [4] è Êàðìàí [5]. Òåîðèÿ
íåñóùåé ëèíèè Ïðàíäòëÿ â òî âðåìÿ ñòàëà îñíîâ-
íûì èíñòðóìåíòîì, êîòîðûé èñïîëüçîâàëñÿ ïðè
èññëåäîâàíèè âëèÿíèÿ ðàáî÷èõ ÷àñòåé, èìåþùèõ
ñïëîøíûå ñòåíêè èëè ñâîáîäíûå ãðàíèöû, íà
îáòåêàíèå ìîäåëè. Ìíîãèå âîïðîñû, ñâÿçàííûå ñ
âëèÿíèåì ãðàíèö ïîòîêà, áûëè ñôîðìóëèðîâàíû
è ðàññìîòðåíû Ãëàóýðòîì [6]. Âàæíûì ýòàïîì â
ýòîé îáëàñòè ñòàëà ðàáîòà Òåîäîðñåíà [7], â êî-
òîðîé îí ïîêàçàë, ÷òî èñïîëüçîâàíèå ïðîíèöàå-
ìûõ ñòåíîê ïîçâîëèò ðåøèòü îäíîâðåìåííî äâå
ïðîáëåìû: óìåíüøèòü âëèÿíèå ãðàíèö è óñòðàíèòü
çàïèðàíèå òðóáû ïðè òðàíñçâóêîâûõ ñêîðîñòÿõ.
Ñóùåñòâåííûì ðåçóëüòàòîì ýòèõ èññëåäîâàíèé
ìîæíî ñ÷èòàòü òîò ôàêò, ÷òî â ñëó÷àÿõ ñïëîøíîé
ñòåíêè è ñâîáîäíîé ãðàíèöû èõ âëèÿíèå íà âåñî-
âûå õàðàêòåðèñòèêè ìîäåëè èìååò ðàçíûé çíàê, à
çíà÷èò, ñî÷åòàíèå ýòèõ äâóõ òèïîâ ãðàíèö ñïîñîá-
íî óìåíüøèòü èíäóêöèþ.

Â ïîñëåâîåííûå ãîäû äîìèíèðóþùèì ìåòîäîì
óìåíüøåíèÿ âëèÿíèÿ ãðàíèö ïîòîêà íà àýðîäèíà-
ìè÷åñêèå õàðàêòåðèñòèêè ìîäåëåé ïðè áîëüøèõ
äîçâóêîâûõ è òðàíñçâóêîâûõ ñêîðîñòÿõ ïîòîêà
ÿâëÿëîñü èñïîëüçîâàíèå ðàáî÷èõ ÷àñòåé ÀÄÒ ñ
ïðîíèöàåìûìè (ïåðôîðèðîâàííûìè èëè ùåëåâû-
ìè) ñòåíêàìè. Áûëî ïðîâåäåíî ìíîæåñòâî ýêñïå-
ðèìåíòàëüíûõ è ðàñ÷åòíûõ èññëåäîâàíèé îáòå-
êàíèÿ ìîäåëåé â àýðîäèíàìè÷åñêèõ òðóáàõ ñ ïåð-
ôîðèðîâàííûìè [8—11] è ùåëåâûìè [12, 13]
ñòåíêàìè.

Â ðÿäå çàðóáåæíûõ èññëåäîâàíèé, ðåçóëüòàòû
êîòîðûõ íàèáîëåå ïîëíî îïèñàíû â ñòàòüå [14],
ïîêàçàíî, ÷òî èñïîëüçîâàíèå ùåëåâûõ ñòåíîê
èìååò ïðåèìóùåñòâî ïðè ïðîâåäåíèè èñïûòàíèé
íà äîçâóêîâûõ ñêîðîñòÿõ, â òî âðåìÿ êàê ïðè
ñâåðõçâóêîâûõ ñêîðîñòÿõ (Ì>1,2) âûãîäíåå èñ-
ïîëüçîâàòü ïåðôîðàöèþ ñ íàêëîííûìè îòâåðñòè-
ÿìè. Îäíàêî èñïîëüçîâàíèå òîãî èëè èíîãî òèïà
ãðàíèö íå ïîçâîëÿåò ïîëó÷èòü óäîâëåòâîðèòåëü-

íûé ðåçóëüòàò ýêñïåðèìåíòà ïðè òðàíñçâóêîâûõ
ñêîðîñòÿõ. Â äàííîì ñëó÷àå íåîáõîäèìû äðóãèå
ñïîñîáû ðåøåíèÿ ïðîáëåìû èíäóêöèè ãðàíèö,
íàïðèìåð, ðàññìîòðåíèå àýðîäèíàìè÷åñêîé òðó-
áû êàê ñàìîíàñòðàèâàþùåéñÿ ñèñòåìû. Òàêîé
ïîäõîä áûë ðåàëèçîâàí ñ ïîìîùüþ àäàïòèâíûõ
ãðàíèö, òî åñòü ãðàíèö ðàáî÷åé ÷àñòè, ñïîñîáíûõ
ïîäñòðàèâàòüñÿ ïîä îñîáåííîñòè îáòåêàíèÿ òåñ-
òîâîé ìîäåëè [15].

Êîíöåïöèÿ àäàïòèâíûõ ãðàíèö ïîäðàçóìåâà-
åò ïîä ñîáîé äâà ñïîñîáà ðåàëèçàöèè: ïðèìåíå-
íèå ñïëîøíûõ ãèáêèõ ñòåíîê [16, 17], ñïîñîáíûõ
ïîâòîðÿòü ëèíèè òîêà, ñîîòâåòñòâóþùèõ îáòåêà-
íèþ ìîäåëè áåçãðàíè÷íûì ïîòîêîì, è ñîçäàíèå
ïåðåìåííîé ïðîíèöàåìîñòè íà ñòåíêå ñ ïîìîùüþ
èñïîëüçîâàíèÿ ñåêöèîííîé êàìåðû äàâëåíèÿ [18—
20]. Ïåðâûé âàðèàíò àäàïòèâíûõ ãðàíèö õîðîøî
ïðîÿâèë ñåáÿ äëÿ ðåøåíèÿ âîïðîñà èíäóêöèè ãðà-
íèö â äâóìåðíîé ïîñòàíîâêå. Îäíàêî èç-çà
ñïëîøíîé ñòåíêè ïîðîé âîçíèêàåò ïðîáëåìà, ñâÿ-
çàííàÿ ñ ïîÿâëåíèåì ñêà÷êîâ óïëîòíåíèÿ, êîòî-
ðûå, îòðàæàÿñü îáðàòíî íà ìîäåëü, èñêàæàþò ïî-
ëó÷àåìûå õàðàêòåðèñòèêè. Êðîìå ýòîãî, ñóùå-
ñòâåííîå óñëîæíåíèå ïðîöåäóðû ïðîâåäåíèÿ ýê-
ñïåðèìåíòà íå äàåò äàííîìó ïîäõîäó íèêàêèõ
ïðåèìóùåñòâ â ñðàâíåíèè ñ ïðèìåíåíèåì ùåëå-
âûõ ãðàíèö [14]. Â ðàáîòàõ [18, 19] àâòîðû ïîêà-
çàëè, ÷òî ðåàëèçàöèÿ ïåðåìåííîé ïðîíèöàåìîñ-
òè ñòåíîê ïî ñðàâíåíèþ ñ èñïûòàíèÿìè ïðè ïî-
ñòîÿííîé ïðîíèöàåìîñòè ïîçâîëÿåò ñóùåñòâåííî
ñíèçèòü âëèÿíèå ñòåíîê ðàáî÷åé ÷àñòè ÀÄÒ. Äàí-
íûé ïîäõîä áûë óñïåøíî ðåàëèçîâàí â àýðîäèíà-
ìè÷åñêîé òðóáå ÖÀÃÈ Ò-128 [20]. Êîíöåïöèÿ
àäàïòèâíûõ ãðàíèö ïîçâîëÿåò îðãàíèçîâàòü â óñ-
ëîâèÿõ àýðîäèíàìè÷åñêîé òðóáû îáòåêàíèå ìîäå-
ëè, äîâîëüíî áëèçêîå ê îáòåêàíèþ áåçãðàíè÷íûì
ïîòîêîì. Îäíàêî òàêèå ìèíóñû äàííîãî ïîäõîäà,
êàê òåõíè÷åñêàÿ ñëîæíîñòü è âûñîêàÿ ñòîèìîñòü
èñïûòàíèé, òðóäíîñòü îïðåäåëåíèÿ îñòàòî÷íîé
èíäóêöèè, íå ïîçâîëÿþò çàêðûòü âîïðîñ èíäóê-
öèè ãðàíèö ïîòîêà ïðè èñïûòàíèÿõ â òðàíñçâóêî-
âûõ àýðîäèíàìè÷åñêèõ óñòàíîâêàõ.

Â 1984 ãîäó áûë ïðåäëîæåí íîâûé ñïîñîá
óìåíüøåíèÿ âëèÿíèÿ ñòåíîê ðàáî÷åé ÷àñòè ÀÄÒ,
ïðåäñòàâëÿþùèé ñîáîé ïðèìåíåíèå ñòðóéíûõ
ãðàíèö [21, 22]. Àâòîðû ïðîäåìîíñòðèðîâàëè ýô-
ôåêòèâíîñòü ïðèìåíåíèÿ ïðèñòåíî÷íûõ ñòðóé ïî
ñðàâíåíèþ ñ ñóùåñòâóþùèìè ìåòîäàìè ðåøåíèÿ
ïðîáëåìû èíäóêöèè ãðàíèö. Ïðè êîððåêòíîì
âûáîðå ïàðàìåòðîâ ñòðóè óäàâàëîñü ïðàêòè÷åñêè
óñòðàíèòü âëèÿíèå ñòåíîê ÀÄÒ íà îñíîâíûå àýðî-
äèíàìè÷åñêèå õàðàêòåðèñòèêè ìîäåëè. Îäíàêî
òåõíè÷åñêàÿ ñëîæíîñòü ðåàëèçàöèè ñòðóéíûõ óñ-
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òàíîâîê íå ïîçâîëèëà âíåäðèòü äàííûé ïîäõîä â
ñóùåñòâóþùèõ ÀÄÒ.

Íåñìîòðÿ íà ìíîãî÷èñëåííûå èññëåäîâàíèÿ,
ïðîâåäåííûå â ïîñëåäóþùèå äåñÿòèëåòèÿ, äî íà-
ñòîÿùåãî âðåìåíè ïðîáëåìà èíäóêöèè ñòåíîê
îñòàåòñÿ àêòóàëüíîé. Ïî ñåé äåíü íå ïðåêðàùàåòñÿ
ðàáîòà ïî ñîâåðøåíñòâîâàíèþ ìåòîäèê ó÷åòà âëè-
ÿíèÿ ãðàíèö ïîòîêà è ñîçäàíèþ ìàëîèíäóêöèîí-
íûõ àýðîäèíàìè÷åñêèõ óñòàíîâîê.

Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ àáñîëþòíî
íîâûé ïîäõîä ê ðåøåíèþ ïðîáëåìû èíäóêöèè
ñòåíîê ðàáî÷åé ÷àñòè ÀÄÒ, êîòîðûé ïðåäñòàâëÿ-
åò ñîáîé êîìáèíàöèþ óïðàâëÿåìîãî ïîãðàíè÷íîãî
ñëîÿ [23, 24] è ïåðôîðèðîâàííûõ ñòåíîê, ò.å. èñ-
ïîëüçîâàíèå êîìáèíèðîâàííûõ ñòðóéíî-ïåðôîðè-
ðîâàííûõ ãðàíèö [25]. Ïðåäëîæåííûé ïîäõîä
îáëàäàåò îïðåäåëåííûìè ïðåèìóùåñòâàìè ïî
ñðàâíåíèþ ñ èçâåñòíûìè ñïîñîáàìè ðåøåíèÿ
äàííîé ïðîáëåìû, òàê êàê òåõíè÷åñêè ëåãêî ðåà-
ëèçóåì, ýêîíîìè÷åñêè ìåíåå çàòðàòåí è íå èñêëþ-
÷àåò âîçìîæíîñòü ïðèìåíåíèÿ â óæå ñóùåñòâóþ-
ùèõ àýðîäèíàìè÷åñêèõ òðóáàõ.

1. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà

Èññëåäîâàíèÿ ïðîâîäèëèñü â àýðîäèíàìè÷åñ-
êîé òðóáå Ò-112 ÖÀÃÈ. Óñòàíîâêà, âûáðàííàÿ äëÿ
ïðîâåäåíèÿ ýêñïåðèìåíòà, ðàíåå íåîäíîêðàòíî
èñïîëüçîâàëàñü äëÿ ðåøåíèÿ ìåòîäè÷åñêèõ çàäà÷

è â êà÷åñòâå ïèëîòíîé óñòàíîâêè äëÿ ïîäòâåðæ-
äåíèÿ ðàáîòîñïîñîáíîñòè íîâûõ ïîäõîäîâ.

Äàííàÿ ÀÄÒ îêîëîçâóêîâûõ è ñâåðõçâóêîâûõ
ñêîðîñòåé ÿâëÿåòñÿ óñòàíîâêîé ïåðèîäè÷åñêîãî
äåéñòâèÿ ýæåêòîðíîãî òèïà ñ ïîëóçàìêíóòûì êîí-
òóðîì è çàêðûòîé ðàáî÷åé ÷àñòüþ êâàäðàòíîãî
ñå÷åíèÿ ðàçìåðîì 0,6 × 0,6 ì è äëèíîé 2,55 ì
(ðèñ. 1).

2. Óïðàâëÿåìûé ïîãðàíè÷íûé ñëîé

Â äàííîé ðàáîòå ïðèìåíÿëñÿ òåõíè÷åñêè ïðî-
ñòîé è äîñòàòî÷íî ýôôåêòèâíûé ñïîñîá óïðàâëå-
íèÿ ïîãðàíè÷íûì ñëîåì íà ñòåíêå ðàáî÷åé ÷àñ-
òè ÀÄÒ — íà ñòûêå ñîïëà è ðàáî÷åé ÷àñòè óñòà-
íàâëèâàëñÿ ñïîéëåð (ðèñ. 2).

Ñïîéëåð ñîçäàâàë äîïîëíèòåëüíîå ñîïðîòèâ-
ëåíèå â ïðèñòåíî÷íîé îáëàñòè òå÷åíèÿ è òàêèì
îáðàçîì âíîñèë â ïîòîê íåîáõîäèìûå âîçìóùå-
íèÿ, ñóùåñòâåííî èçìåíÿÿ ïàðàìåòðû ïîãðàíè÷-
íîãî ñëîÿ.

Íåïîñðåäñòâåííîå óïðàâëåíèå ïîãðàíè÷íûì
ñëîåì îñóùåñòâëÿëîñü ïóòåì âûäâèæåíèÿ ñïîéëå-
ðà, ñîñòîÿùåãî èç êëèíîâèäíûõ ýëåìåíòîâ, íà
ñòûêå ñîïëà è ðàáî÷åé ÷àñòè íà ðàçëè÷íóþ âûñîòó.
×åì áîëüøå áûëà âûñîòà âûäâèæåíèÿ ñïîéëåðà,
òåì ñèëüíåå áûëè âíîñèìûå âîçìóùåíèÿ è òåì
ñèëüíåå óâåëè÷èâàëèñü èíòåãðàëüíûå ïàðàìåòðû
ïîãðàíè÷íîãî ñëîÿ íà ãîðèçîíòàëüíîé ñòåíêå
ðàáî÷åé ÷àñòè.

Ðèñ. 1. Àýðîäèíàìè÷åñêàÿ òðóáà ÖÀÃÈ Ò-112: 1 — õîíåéêîìá; 2 — äåòóðáóëèçèðóþùèå ñåòêè; 3 — ôîðêàìåðà;
4 —êîëëåêòîð; 5 — êîðîáêà ñîïåë; 6 — ðàáî÷àÿ ÷àñòü; 7 — ñòâîðêè; 8 — ïåðåõîäíèê; 9 — ñâåðõçâóêîâîé ýæåêòîð;
10 — êàìåðà ñìåøåíèÿ; 11 — äèôôóçîð; 12 — êîëëåêòîð îòáîðà âîçäóõà
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3. Ãåîìåòðè÷åñêè ïîäîáíûå ìîäåëè
ñàìîëåòíîé êîìïîíîâêè

Îäèí èç òðàäèöèîííûõ ìåòîäîâ, êîòîðûé ïðè-
ìåíÿþò íà ïðàêòèêå äëÿ èññëåäîâàíèÿ âëèÿíèÿ
ãðàíèö ïîòîêà, îñíîâàí íà èñïîëüçîâàíèè ãåîìåò-
ðè÷åñêè ïîäîáíûõ ìîäåëåé. Íåñìîòðÿ íà èçâåñ-
òíûå ìåòîäè÷åñêèå ïðîáëåìû, îí ïîçâîëÿåò ïî-
ëó÷èòü ïîëåçíûå îöåíêè ýôôåêòèâíîñòè ïðèìå-
íåíèÿ òåõ èëè èíûõ ãðàíèö. Êëàññè÷åñêèé ïîä-
õîä ïðåäïîëàãàåò, ÷òî íàèáîëåå êîððåêòíûé âû-
áîð ãðàíè÷íûõ óñëîâèé îáåñïå÷èâàåò íàèëó÷øåå
ñîâïàäåíèå àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê
ìîäåëåé ðàçëè÷íîãî ìàñøòàáà.

Äâå ãåîìåòðè÷åñêè ïîäîáíûå ìîäåëè ñàìîëåò-
íîé êîìïîíîâêè áåç õâîñòîâîãî îïåðåíèÿ (ðèñ. 3)
áûëè èñïûòàíû â ÀÄÒ Ò-112. Ãåîìåòðè÷åñêèå ïà-
ðàìåòðû äàííûõ ìîäåëåé ïðåäñòàâëåíû â òàáë. 1.
Èñïûòàíèÿ ïðîâîäèëèñü ïðè ÷èñëå Ìàõà 0,8.
Ìîäåëè áûëè èñïûòàíû ïðè ñëåäóþùèõ ãðàíè÷-

íûõ óñëîâèÿõ: ñïëîøíûå ñòåíêè, ñïëîøíûå ñòåí-
êè ñ óïðàâëÿåìûì ïîãðàíè÷íûì ñëîåì, ïåðôîðè-
ðîâàííûå ãðàíèöû è êîìáèíèðîâàííûå ñòðóéíî-
ïåðôîðèðîâàííûå ãðàíèöû. Âûñîòà ñïîéëåðà
áûëà ôèêñèðîâàíà è ñîñòàâëÿëà 32 ìì.

 Â çîíå ðàñïîëîæåíèÿ ìîäåëè èçìåðÿëèñü ïà-
ðàìåòðû ïîãðàíè÷íîãî ñëîÿ ñ ïîìîùüþ ãðåáåí-
êè òðóáîê Ïèòî, êîòîðûå áûëè ïîäñîåäèíåíû ê
äàò÷èêàì àáñîëþòíîãî äàâëåíèÿ. Ïî èçìåðåííûì
çíà÷åíèÿì ïîëíîãî äàâëåíèÿ ïðîèçâîäèëñÿ ðàñ-
÷åò ïðîôèëÿ ñêîðîñòè â ïîãðàíè÷íîì ñëîå, à òàê-
æå åãî èíòåãðàëüíûõ õàðàêòåðèñòèê: òîëùèíû
âûòåñíåíèÿ ïîãðàíè÷íîãî ñëîÿ *δ  è òîëùèíû ïî-

òåðè èìïóëüñà **.δ  Ñðåäíèå çíà÷åíèÿ *δ  è **δ
ïðèâåäåíû â òàáë. 2.

Ïîëó÷åííûå ðåçóëüòàòû ýêñïåðèìåíòà ïîêàçû-
âàþò, ÷òî ïðèìåíåíèå êîìáèíèðîâàííûõ ñòðóé-
íî-ïåðôîðèðîâàííûõ ãðàíèö âûçûâàåò çàìåòíûé
ðîñò ïîãðàíè÷íîãî ñëîÿ è åãî èíòåãðàëüíûõ õàðàê-
òåðèñòèê (ðèñ. 4). Â ÷àñòíîñòè, òîëùèíà âûòåñíå-
íèÿ â óñëîâèÿõ ñïëîøíûõ ñòåíîê ñ óïðàâëÿåìûì
ïîãðàíè÷íûì ñëîåì ñîñòàâèëà 12% ïîëóâûñîòû

Ðèñ. 2. Ñïîéëåð íà âõîäå â ðàáî÷óþ ÷àñòü Ò-112

Ðèñ. 3. Ãåîìåòðè÷åñêè ïîäîáíûå ìîäåëè ñàìîëåòíîé
êîìïîíîâêè áåç õâîñòîâîãî îïåðåíèÿ

Òàáëèöà 1

Ãåîìåòðè÷åñêèå ïàðàìåòðû ìîäåëåé

Ìîäåëü 
Äëèíà  

ìîäåëè, ì 
Ðàçìàõ  

êðûëà, ì 
Sìîäåëè, 

ì2
 

ba, 
ì 

8-203-3 0,5681 0,495 0,035 0,0698 

8-203-4 0,4584 0,4 0,0228 0,0564 
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ðàáî÷åé ÷àñòè, â òî âðåìÿ êàê ïðè èñïûòàíèÿõ â
êîìáèíèðîâàííûõ ñòðóéíî-ïåðôîðèðîâàííûõ
ãðàíèöàõ äàííàÿ âåëè÷èíà âûðîñëà äî 25% ïîëó-
âûñîòû ðàáî÷åé ÷àñòè.

Íà ðèñ. 5—12 ïîêàçàíû êðèâûå çàâèñèìîñòåé
êîýôôèöèåíòà ïîäúåìíîé ñèëû è êîýôôèöèåíòà
ìîìåíòà òàíãàæà îò óãëà àòàêè ïðè ðàçíûõ ãðàíè÷-
íûõ óñëîâèÿõ.

Â ðåçóëüòàòå íà óãëå àòàêè, ðàâíîì 4°, ðàñõîæ-
äåíèå ìåæäó êðèâûìè â ñïëîøíûõ ñòåíêàõ ñîñòà-

âèëî yaCΔ = 0,0526 è z amΔ = 0,0485. Â ïåðôîðè-

ðîâàííûõ ãðàíèöàõ äàííîå ðàñõîæäåíèå ñòàëî

ðàâíûì yaCΔ = 0,017 è zamΔ = 0,012.

Òàáëèöà 2

Ñðåäíèå çíà÷åíèÿ èíòåãðàëüíûõ õàðàêòåðèñòèê:

òîëùèíû âûòåñíåíèÿ ïîãðàíè÷íîãî ñëîÿ *δ
è òîëùèíû ïîòåðè èìïóëüñà **δ

Âèä ãðàíèö δ*, ìì δ**, ìì 

Ñïëîøíûå ñòåíêè 6,2 2,5 

Ñïëîøíûå ñî ñïîéëåðàìè 37,1 12,2 

Ïåðôîðèðîâàííûå ãðàíèöû 14,4 5,4 

Êîìáèíèðîâàííûå ñòðóéíî-
ïåðôîðèðîâàííûå ãðàíèöû 

75,25 16,8 

Ðèñ. 4. Ïðîôèëü ñêîðîñòè â ïîãðàíè÷íîì ñëîå ïðè ðàçíûõ ãðàíè÷íûõ óñëîâèÿõ

Ðèñ. 5. Cya( α ) ïðè èñïûòàíèè â ñïëîøíûõ ñòåíêàõ Ðèñ. 6. mza ( α ) ïðè èñïûòàíèè â ñïëîøíûõ ñòåíêàõ
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Ðèñ. 7. Cya( α ) ïðè èñïûòàíèè â ñïëîøíûõ ñòåíêàõ
ñî ñïîéëåðàìè

Ðèñ. 8. mza ( α ) ïðè èñïûòàíèè â ñïëîøíûõ ñòåíêàõ
ñî ñïîéëåðàìè

Ðèñ. 9. Cya( α ) ïðè èñïûòàíèè â ïåðôîðèðîâàííûõ
ñòåíêàõ

Ðèñ. 10. mza ( α ) ïðè èñïûòàíèè â ïåðôîðèðîâàííûõ
ñòåíêàõ

Ðèñ. 11. Cya( α ) ïðè èñïûòàíèè â ïåðôîðèðîâàííûõ
ñòåíêàõ ñî ñïîéëåðàìè

Ðèñ. 12. mza ( α ) ïðè èñïûòàíèè â ïåðôîðèðîâàííûõ
ñòåíêàõ ñî ñïîéëåðàìè
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Èñïîëüçîâàíèå êîìáèíèðîâàííûõ ñòðóéíî-
ïåðôîðèðîâàííûõ ãðàíèö ïîçâîëèëî óìåíüøèòü

ðàñõîæäåíèå äî yaCΔ = 0,0086 è z amΔ = 0,0098.

Òàêèì îáðàçîì, óäàëîñü ñíèçèòü âëèÿíèå ñòåíîê
â øåñòü ðàç äëÿ êîýôôèöèåíòà ïîäúåìíîé ñèëû
è â ïÿòü ðàç äëÿ êîýôôèöèåíòà ìîìåíòà òàíãàæà
ïî ñðàâíåíèþ ñ ðåçóëüòàòàìè â ñïëîøíûõ ñòåí-
êàõ, à â ñðàâíåíèè ñ ðåçóëüòàòàìè â ïåðôîðèðî-
âàííûõ ãðàíèöàõ âëèÿíèå óìåíüøèëîñü â 2 ðàçà
è â 1,5 ðàçà äëÿ êîýôôèöèåíòîâ ïîäúåìíîé ñèëû
è ìîìåíòà òàíãàæà ñîîòâåòñòâåííî.

4. Ìîäåëü ðàêåòíîé êîìïîíîâêè

Äëÿ èññëåäîâàíèÿ âîçìîæíîñòè ðåàëèçàöèè
ìàëîèíäóêöèîííîãî îáòåêàíèÿ ìîäåëè â ðàáî÷åé
÷àñòè òðàíñçâóêîâîé ÀÄÒ Ò-112 ïðîâåäåíû èñïû-
òàíèÿ êîíòðîëüíîé ìîäåëè ðàêåòíîé êîìïîíîâ-
êè (ðèñ. 13) ïðè ÷èñëå Ìàõà Ì = 0,75. Â õîäå ýê-
ñïåðèìåíòà ïîëó÷åíû îñíîâíûå àýðîäèíàìè÷åñ-
êèå õàðàêòåðèñòèêè ìîäåëè ïðè ðàçëè÷íûõ ãðà-
íè÷íûõ óñëîâèÿõ: ñïëîøíûõ ñòåíêàõ ñî ñïîéëå-
ðàìè âûñîòîé 32 ìì, ïåðôîðèðîâàííûõ ñòåíêàõ ñ
êîýôôèöèåíòîì ïðîíèöàåìîñòè f = 2% ñî ñïîé-
ëåðàìè 32 ìì, à òàêæå øòàòíûõ ïåðôîðèðîâàííûõ
ñòåíêàõ f = 23% ñî ñïîéëåðàìè âûñîòîé 10, 20 è
32 ìì. Óãîë àòàêè ìîäåëè α  âàðüèðîâàëñÿ îò –4°
äî 24°.

Ïðè àíàëèçå çàâèñèìîñòè êîýôôèöèåíòà
ïîäúåìíîé ñèëû îò óãëà àòàêè (ðèñ. 14) ñòàíîâèòñÿ
ÿñíî, ÷òî äëÿ äàííîé ìîäåëè èñïîëüçîâàíèå
2%-íîé ïåðôîðàöèè íå ïðèâîäèò ê ñóùåñòâåííî-
ìó èçìåíåíèþ ïîâåäåíèÿ êðèâîé Cya( α ) ïî ñðàâ-
íåíèþ ñ ðåçóëüòàòàìè, ïîëó÷åííûìè â æåñòêèõ
ñòåíêàõ. Êðîìå òîãî, îáíàðóæåíî (ðèñ. 15), ÷òî
óâåëè÷åíèå èíòåãðàëüíûõ ïàðàìåòðîâ ïîãðàíè÷-

Ðèñ. 13. Êîíòðîëüíàÿ ìîäåëü ðàêåòíîé êîìïîíîâêè â ðàáî÷åé ÷àñòè ÀÄÒ Ò-112

íîãî ñëîÿ íà ïåðôîðèðîâàííîé ãðàíèöå ïðèâîäèò
ê óìåíüøåíèþ óãëà íàêëîíà êðèâîé êîýôôèöè-
åíòà ïîäúåìíîé ñèëû, ÷òî îñîáåííî çàìåòíî ïðè
áîëüøèõ óãëàõ àòàêè.

Ëó÷øå âñåãî âëèÿíèå âûáîðà ãðàíè÷íûõ óñëî-
âèé ïðîñëåæèâàåòñÿ ïðè àíàëèçå êðèâûõ äëÿ êî-
ýôôèöèåíòîâ ìîìåíòà òàíãàæà (ðèñ. 16 è 17). Óâå-
ëè÷åíèå âûñîòû ñïîéëåðà èëè êîýôôèöèåíòà
ïðîíèöàåìîñòè ïåðôîðèðîâàííûõ ñòåíîê ïðèâî-
äèò ê îäíîìó è òîìó æå ýôôåêòó — óìåíüøåíèþ
óãëà íàêëîíà êðèâîé ìîìåíòà òàíãàæà. Ñîîòâåò-
ñòâåííî, ìîæíî ñäåëàòü âûâîä, ÷òî âûáîð ïàðà-
ìåòðîâ êîìáèíèðîâàííûõ ñòðóéíî-ïåðôîðèðî-
âàííûõ ãðàíèö ñóùåñòâåííî âëèÿåò íà èçìåðåí-
íûå àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè ìîäåëè.

Õîðîøî èçâåñòíî, ÷òî ïðàâèëüíûé âûáîð ãðà-
íè÷íîãî óñëîâèÿ îïðåäåëÿåò óñïåõ ðåøåíèÿ çàäà÷è
óìåíüøåíèÿ èíäóêöèè ãðàíèö ïîòîêà. Ïðè èñ-
ïîëüçîâàíèè êîìáèíèðîâàííûõ ñòðóéíî-ïåðôî-
ðèðîâàííûõ ãðàíèö âîçíèêàåò âîïðîñ âûáîðà
êîìáèíàöèè ïàðàìåòðîâ ïðîíèöàåìîñòè ïåðôî-
ðàöèè è ïàðàìåòðîâ ïîãðàíè÷íîãî ñëîÿ, ïðè êî-
òîðîé èíäóêöèÿ ãðàíèö ìèíèìàëüíà. ×èñëåííîå
ìîäåëèðîâàíèå îáòåêàíèÿ ìîäåëè áåçãðàíè÷íûì
ïîòîêîì èëè ïðîâåäåíèå ýêñïåðèìåíòà â àýðîäè-
íàìè÷åñêîé òðóáå ñ ãîðàçäî áîëüøåé ðàáî÷åé ÷à-
ñòüþ ïîçâîëÿþò ïîëó÷èòü àýðîäèíàìè÷åñêèå õà-
ðàêòåðèñòèêè òåñòîâîé ìîäåëè, îñíîâûâàÿñü íà
êîòîðûõ, â äàëüíåéøåì âîçìîæíî ïîäîáðàòü ïà-
ðàìåòðû ãðàíè÷íîãî óñëîâèÿ, êîãäà âëèÿíèå ñòå-
íîê ðàáî÷åé ÷àñòè àýðîäèíàìè÷åñêîé òðóáû áó-
äåò ìèíèìàëüíûì.

5. ×èñëåííîå ìîäåëèðîâàíèå

Â ðàìêàõ äàííîé ðàáîòû ñ ïîìîùüþ ïðî-
ãðàììíîãî ïàêåòà ANSYS CFX âûïîëíåí ÷èñëåí-
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íûé ðàñ÷åò îáòåêàíèÿ êîíòðîëüíîé ìîäåëè ïðè
Ì = 0,75 â äèàïàçîíå óãëîâ àòàêè α  îò 0 äî 25°.
Ïðè ðåøåíèè óðàâíåíèé Íàâüå—Ñòîêñà, îñðåä-
íåííûõ ïî Ðåéíîëüäñó (RANS), èñïîëüçîâàëàñü
ìîäåëü òóðáóëåíòíîñòè SST.

Íà ðèñ. 18 ïðèâåäåíû ðàñ÷åòíûå çàâèñèìîñ-
òè êîýôôèöèåíòà ïîäúåìíîé ñèëû îò óãëà àòàêè

ïðè îáòåêàíèè ìîäåëè áåçãðàíè÷íûì ïîòîêîì â
ñðàâíåíèè ñ ýêñïåðèìåíòàëüíûìè êðèâûìè äëÿ
ðàçëè÷íûõ ïàðàìåòðîâ êîìáèíèðîâàííûõ ãðàíèö.
Åñëè ïàðàìåòðû êîìáèíèðîâàííûõ ñòðóéíî-ïåð-
ôîðèðîâàííûõ ãðàíèö âûáðàíû ïðàâèëüíî, òî
ðàñõîæäåíèå ìåæäó ðåçóëüòàòàìè ðàñ÷åòà è ýêñ-
ïåðèìåíòà áóäåò ìèíèìàëüíûì. Íà îñíîâå ïîëó-

Ðèñ. 14. Âëèÿíèå êîýôôèöèåíòà ïðîíèöàåìîñòè ïåðôî-
ðèðîâàííûõ ãðàíèö ïðè ôèêñèðîâàííîé âûñîòå ñïîé-
ëåðà íà êîýôôèöèåíò ïîäúåìíîé ñèëû ìîäåëè

Ðèñ. 15. Âëèÿíèå âûñîòû ñïîéëåðà íà êîýôôèöèåíò
ïîäúåìíîé ñèëû ìîäåëè ïðè ôèêñèðîâàííîì êîýôôè-
öèåíòå ïðîíèöàåìîñòè ïåðôîðàöèè

Ðèñ. 16. Âëèÿíèå êîýôôèöèåíòà ïðîíèöàåìîñòè ïåðôî-
ðèðîâàííûõ ãðàíèö ïðè ôèêñèðîâàííîé âûñîòå ñïîé-
ëåðà íà êîýôôèöèåíò ìîìåíòà òàíãàæà ìîäåëè

Ðèñ. 17. Âëèÿíèå âûñîòû ñïîéëåðà íà êîýôôèöèåíò
ìîìåíòà òàíãàæà ìîäåëè ïðè ôèêñèðîâàííîì êîýôôè-
öèåíòå ïðîíèöàåìîñòè ïåðôîðàöèè
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÷åííûõ ðåçóëüòàòîâ ìîæíî çàêëþ÷èòü, ÷òî ïðè
ìàëûõ óãëàõ àòàêè âûáîð âûñîòû ñïîéëåðà íå
îêàçûâàåò áîëüøîãî âëèÿíèÿ. Îäíàêî ïðè áîëü-
øèõ óãëàõ àòàêè âèäíî, ÷òî ðàñ÷åòíàÿ êðèâàÿ äëÿ
êîýôôèöèåíòà ïîäúåìíîé ñèëû áëèæå âñåãî ê
ýêñïåðèìåíòàëüíûì äàííûì äëÿ êîìáèíèðîâàí-
íûõ ãðàíèö ñî ñïîéëåðîì âûñîòîé 10 ìì. Íàïðè-
ìåð, ïðè óãëå àòàêè α  = 20° ýòî ðàñõîæäåíèå áûëî
ìåíåå 0,001, à äëÿ α  = 25° ñîñòàâëÿëî îêîëî 0,002
ïðè äàííîé êîìáèíàöèè ïàðàìåòðîâ ãðàíèö ïî-
òîêà.

Àíàëèç ïîâåäåíèÿ êðèâûõ êîýôôèöèåíòà ìî-
ìåíòà òàíãàæà (ðèñ. 19) òàêæå äåìîíñòðèðóåò çíà-
÷èòåëüíîå ñíèæåíèå èíäóêöèè ãðàíèö ïîòîêà ïðè
ïðàâèëüíîì âûáîðå âûñîòû ñïîéëåðà. Íàïðèìåð,
ïðè óãëå àòàêè 12° ïðè èñïîëüçîâàíèè êîìáèíè-
ðîâàííûõ ñòðóéíî-ïåðôîðèðîâàííûõ ãðàíèö ñ
âûñîòîé ñïîéëåðà 20 ìì ðàñõîæäåíèå ñ ðàñ÷åòîì
äëÿ êîýôôèöèåíòà ìîìåíòà òàíãàæà áûëî ìåíü-
øå 0,001. Ïðè óãëå àòàêè 25° ýòî ðàñõîæäåíèå
óâåëè÷èëîñü è ñòàëî ïîðÿäêà 0,0045. Òàêèì îáðà-
çîì, ïðè óâåëè÷åíèè âîçìóùåíèé, âíîñèìûõ ìî-
äåëüþ â ïîòîê, òàêæå íåîáõîäèìî èçìåíèòü ãðà-
íè÷íîå óñëîâèå. Â ýòîì ñëó÷àå âûñîòà ñïîéëåðà
äîëæíà áûòü âûøå 20 ìì, íî íèæå 32 ìì.

Ñðàâíåíèå ðåçóëüòàòîâ ÷èñëåííîãî ðàñ÷åòà è
ýêñïåðèìåíòà â àýðîäèíàìè÷åñêîé òðóáå Ò-112
ïîêàçàëî, ÷òî ïðè êîððåêòíî âûáðàííûõ ïàðàìåò-
ðàõ êîìáèíèðîâàííûõ ñòðóéíî-ïåðôîðèðîâàííûõ
ãðàíèö ìîæíî çíà÷èòåëüíî ñíèçèòü âëèÿíèå ñòå-
íîê ðàáî÷åé ÷àñòè àýðîäèíàìè÷åñêîé òðóáû.

Âûâîäû

Â äàííîé ðàáîòå ïðèâîäèòñÿ îïèñàíèå öèêëà
ýêñïåðèìåíòàëüíûõ è ðàñ÷åòíûõ èññëåäîâàíèé,
íàïðàâëåííûõ íà ïðîäîëæåíèå ðàçðàáîòêè è âíå-
äðåíèå íîâîãî ìåòîäè÷åñêîãî ïîäõîäà ê ïðîáëå-
ìå ñíèæåíèÿ èíäóêöèè ãðàíèö ïîòîêà â ðàáî÷åé
÷àñòè àýðîäèíàìè÷åñêîé òðóáû ïðè äîçâóêîâûõ è
òðàíñçâóêîâûõ ñêîðîñòÿõ ïîòîêà. Îïèñàííûé
ïîäõîä äëÿ ðåøåíèÿ ïðîáëåìû èíäóêöèè ãðàíèö
ïîòîêà îñíîâàí íà ðàíåå ïðåäëîæåííîé êîíöåï-
öèè èñïîëüçîâàíèÿ óïðàâëÿåìîãî ïîãðàíè÷íîãî
ñëîÿ â êà÷åñòâå àíàëîãà ñòðóéíûõ ãðàíèö.

Â àýðîäèíàìè÷åñêîé òðóáå Ò-112 ÖÀÃÈ âû-
ïîëíåí öèêë èññëåäîâàíèé àýðîäèíàìè÷åñêèõ
õàðàêòåðèñòèê ãåîìåòðè÷åñêè ïîäîáíûõ ìîäåëåé,
à òàêæå êîíòðîëüíîé ìîäåëè ðàêåòíîé êîìïîíîâ-
êè. Â ðàáîòå ïðîàíàëèçèðîâàíû ðåçóëüòàòû èñïû-
òàíèé âûáðàííûõ ìîäåëåé, ïîëó÷åííûå äëÿ ãðà-
íè÷íûõ óñëîâèé ðàçëè÷íîãî òèïà: ãëàäêèå ñòåí-
êè, ïåðôîðèðîâàííûå ñòåíêè ñ ïåðåìåííîé ïðî-
íèöàåìîñòüþ, ãëàäêèå ñòåíêè ñ óïðàâëÿåìûì
ïîãðàíè÷íûì ñëîåì è êîìáèíèðîâàííûå ñòðóé-
íî-ïåðôîðèðîâàííûå ãðàíèöû. Âî âðåìÿ ýêñïå-
ðèìåíòà ñ ãåîìåòðè÷åñêè ïîäîáíûìè ìîäåëÿìè â
çîíå ðàñïîëîæåíèÿ ìîäåëåé ïðîâîäèëèñü èçìåðå-
íèÿ ïàðàìåòðîâ ïîãðàíè÷íîãî ñëîÿ ñ ïîìîùüþ
ãðåáåíêè òðóáîê Ïèòî.

Ðåçóëüòàòû èñïûòàíèé ïîêàçàëè, ÷òî ïðè èñ-
ïîëüçîâàíèè êîìáèíèðîâàííûõ ñòðóéíî-ïåðôî-
ðèðîâàííûõ ãðàíèö ðàñõîæäåíèÿ ìåæäó êðèâûìè
îñíîâíûõ àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê ãåî-

Ðèñ. 18. Êîýôôèöèåíò ïîäúåìíîé ñèëû. Ñðàâíåíèå
ðåçóëüòàòîâ ðàñ÷åòà è ýêñïåðèìåíòà

Ðèñ. 19. Êîýôôèöèåíò ìîìåíòà òàíãàæà. Ñðàâíåíèå
ðåçóëüòàòîâ ðàñ÷åòà è ýêñïåðèìåíòà
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ìåòðè÷åñêè ïîäîáíûõ ìîäåëåé ìèíèìèçèðîâà-
ëèñü.

Ñðàâíåíèå ðåçóëüòàòîâ ýêñïåðèìåíòà â ÀÄÒ,
ïîëó÷åííûõ ïðè èñïûòàíèè êîíòðîëüíîé ìîäåëè
ðàêåòíîé êîìïîíîâêè â ðàçíûõ ãðàíèöàõ, ñ ÷èñ-
ëåííûì ðàñ÷åòîì îáòåêàíèÿ áåçãðàíè÷íûì ïîòî-
êîì òàêæå ïîêàçàëè ïðåèìóùåñòâà èñïîëüçîâàíèÿ
êîìáèíèðîâàííûõ ñòðóéíî-ïåðôîðèðîâàííûõ
ãðàíèö, êîòîðûå ïîçâîëèëè çíà÷èòåëüíî ñíèçèòü
âëèÿíèå ñòåíîê ðàáî÷åé ÷àñòè äàæå íà áîëüøèõ
óãëàõ àòàêè.

Îñíîâûâàÿñü íà ïîëó÷åííûõ äàííûõ, ìîæíî
çàêëþ÷èòü, ÷òî èñïîëüçîâàíèå êîìáèíèðîâàííûõ
ñòðóéíî-ïåðôîðèðîâàííûõ ãðàíèö èìååò áîëüøèå
ïåðñïåêòèâû è ïîçâîëÿåò çíà÷èòåëüíî ñíèçèòü
èíäóêöèþ ãðàíèö ïîòîêà.

Èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé
ïîääåðæêå ÐÔÔÈ â ðàìêàõ íàó÷íîãî ïðîåêòà

¹ 18-38-00735.
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Abstract

One of the main stages in the design and
modernization of the aircraft is a wind tunnel
experiment. For this reason, further development and
improvement of the wind tunnel test technique is
necessary. A number of fundamental problems have
to be solved to improve the accuracy of the
experimental studies, one of them is the
implementation of an interference free flow over the
model. Existing approaches, such as permeable walls
(perforated or slotted), adaptive walls or jet boundaries,
do not allow us to close the issue of test section walls
influence on aerodynamic characteristics of the model
due to some disadvantages. In the framework of this
analysis, a prospective boundary condition is studied,
which is a combination of perforated boundaries and
a controlled boundary layer.

The efficiency of using combined jet-perforated
boundaries was investigated in test series with the
models of aircraft and missile layouts at high subsonic
and transonic speeds. Models were tested in solid and
perforated walls, as well as in combined jet-perforated
boundaries in TsAGI T-112 trisonic facility.

Models of civil aircraft were geometrically-similar
schematized models. An approach based on the use
of geometrically-similar models allows us to obtain
useful estimates of the effectiveness of applying certain
boundaries. It is assumed that proper choice of
boundary conditions should ensure the coincidence of
the obtained aerodynamic characteristics of various
scales models. As a result, the basic aerodynamic
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characteristics of the models were obtained, as well
as in the model location zone the boundary layer
parameters were measured. The obtained experimental
results show that the use of combined jet-perforated
boundaries causes a noticeable increase in the
boundary layer and its integral characteristics (the
displacement thickness and the moment thickness).
Thus, the curves corresponding to the lift and pitch
moment coefficients in the combined jet-perforated
boundaries coincided almost completely that indicates
the least influence of the walls of the WT test section.

To analyze the obtained experimental results,
numerical modeling of the flow around three-
dimensional models was carried out. Numerical
research at various boundaries makes it possible to
significantly reduce the required amount of
experimental studies. Simulation of the unbounded
flow around the model allows obtaining the
interference-free aerodynamic characteristics of the
model, which must also be obtained with the correct
selection of the boundary conditions in the wind
tunnel test section. Their complete coincidence means
solving the wall interference problem.

As a result, a comparison was made of the obtained
experimental data in a wind tunnel and a numerical
study for the missile layout model. The comparison
was carried out for the lift and pitch moment
coefficients depending on the angle of attack. Finally,
it can be concluded that a new type of boundary
condition that is a combination of perforated walls and
a controlled boundary layer can effectively eliminate
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the influence of the WT test section walls on the
aerodynamic characteristics of the model. Thus, new
type of boundary condition has great prospects for
implementation in new aerodynamic installations, as
well as in the modernization of existing ones.
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