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Ïðåäñòàâëåíû ãåîìåòðè÷åñêèå ïàðàìåòðû ïðîôèëåé êîëüöà âèíòîêîëüöåâîãî äâèæèòåëÿ. Ïðîâåäåíà îöåíêà
èõ âëèÿíèÿ íà çíà÷åíèå ìàêñèìàëüíîé òÿãè. Ñ èñïîëüçîâàíèåì ïðîãðàììû, îñíîâàííîé íà ÷èñëåííîì ðåøåíèè
îñðåäí¸ííûõ ïî Ðåéíîëüäñó óðàâíåíèé Íàâüå–Ñòîêñà, ïîëó÷åíû ðåçóëüòàòû ðàñ÷åòíûõ èññëåäîâàíèé âëèÿíèÿ
ôîðìû êîðìîâîé ÷àñòè ôþçåëÿæà è êîëüöåâîãî ïðîôèëÿ íà òÿãó òîëêàþùåãî âèíòîêîëüöåâîãî äâèæèòåëÿ. Ïî-
êàçàíî èçìåíåíèå ðàñïðåäåëåíèå äàâëåíèÿ è ïîëÿ ñêîðîñòåé â çàâèñèìîñòè îò ôîðìû êîðìîâîé ÷àñòè ôþçåëÿæà
è êîëüöåâîãî ïðîôèëÿ è èõ âëèÿíèå íà çíà÷åíèå ìàêñèìàëüíîé òÿãè.

Êëþ÷åâûå ñëîâà: âîçäóøíûé òîëêàþùèé âèíò, âèíò â êîëüöå, êîëüöåâîé ïðîôèëü, òÿãà âèíòà.

Ââåäåíèå

Êîíñòðóêöèÿ «âèíò â êîëüöå» èñïîëüçóåòñÿ íà
ìíîãèõ òðàíñïîðòíûõ ñðåäñòâàõ äëÿ óâåëè÷åíèÿ
òÿãè, çàùèòû âèíòà îò ïîâðåæäåíèé, ïîâûøåíèÿ
áåçîïàñíîñòè è ñíèæåíèÿ óðîâíÿ øóìà ïðè ýêñ-
ïëóàòàöèè [1, 2]. Äîñòîèíñòâà âèíòîêîëüöåâîãî
äâèæèòåëÿ (ÂÊÄ) îáóñëîâèëè åãî ïðèìåíåíèå íà
ñóäàõ íà âîçäóøíîé ïîäóøêå, ñàìîëåòàõ ìàëîé
àâèàöèè, áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòàõ ñ
âåðòèêàëüíûì âçë¸òîì è ïîñàäêîé, íà ìàëîðàç-
ìåðíûõ ìàëîñêîðîñòíûõ äèñòàíöèîííî-ïèëîòè-

ðóåìûõ ëåòàòåëüíûõ àïïàðàòàõ, äëÿ ðåøåíèÿ ðàç-
íîîáðàçíûõ âîåííûõ è ãðàæäàíñêèõ çàäà÷ [3, 4].
Êðîìå òîãî, âèíò â êîëüöå ìîæåò ïðèìåíÿòüñÿ â
êà÷åñòâå ôåíåñòðîíîâ [5, 6] íà îäíîâèíòîâûõ âåð-
òîëåòàõ, à òàêæå äâèæèòåëåé ìàëîñêîðîñòíûõ ñà-
ìîëåòîâ è äèðèæàáëåé [7—11].

Â íàñòîÿùåå âðåìÿ èññëåäîâàíèå âèíòà â êîëü-
öå âûçûâàåò çíà÷èòåëüíûé èíòåðåñ êàê ó íàñ [1—
15], òàê è çà ðóáåæîì [16—23]. Ïðîâåäåííûå ðà-
íåå èññëåäîâàíèÿ â ýòîé îáëàñòè ïîêàçàëè îñîáåí-
íîñòè îáòåêàíèÿ è âëèÿíèå ýëåìåíòîâ êîíñòðóê-
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öèè íà òÿãó ÂÊÄ. Òàê, íàïðèìåð, ñîãëàñíî ýêñ-
ïåðèìåíòàëüíûì èññëåäîâàíèÿì â àýðîäèíàìè-
÷åñêîé òðóáå Ò-1 ÌÀÈ àýðîäèíàìè÷åñêèõ õàðàê-
òåðèñòèê äèñêîîáðàçíîãî äèñòàíöèîííî-ïèëîòè-
ðóåìîãî ëåòàòåëüíîãî àïïàðàòà (ÄÏËÀ), âûïîë-
íåííîãî ïî ñõåìå «âèíò â êîëüöå», ïðè ïîñòîÿí-
íîé ÷àñòîòå âðàùåíèÿ íåñóùåãî âèíòà ñ óâåëè÷å-
íèåì óãëà àòàêè íåñóùàÿ ñïîñîáíîñòü êîíñòðóê-
öèè óâåëè÷èâàåòñÿ [13]; êðîìå ýòîãî, áûëî ïîêà-
çàíî, ÷òî íàëè÷èå êîëüöà óìåíüøàåò ÷àñòîòó âðà-
ùåíèÿ ïîòîêà â ñëåäå çà âèíòîì [18]; òàêæå ýêñ-
ïåðèìåíòàëüíî äîêàçàíî, ÷òî ôîðìà ïðîôèëÿ
êîëüöà âëèÿåò íà õàðàêòåðèñòèêè ÂÊÄ [19].

Äëÿ èññëåäîâàíèÿ óñëîâèé ðàáîòû âèíòà â
àýðîäèíàìè÷åñêîì ñëåäå çà òåëîì âðàùåíèÿ,
îöåíêè òÿãè âèíòà è àýðîäèíàìè÷åñêèõ õàðàêòå-
ðèñòèê êîìáèíàöèè òåëà âðàùåíèÿ ñ âîçäóøíûì
òîëêàþùèì âèíòîì â ÖÀÃÈ â ÀÄÒ Ò-102 áûëè
ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ
ìîäåëè ôþçåëÿæà ñ òîëêàþùèì øåñòèëîïàñòíûì
âèíòîì [24]. Èñïûòàíèÿ âûïîëíåíû ïðè ôèêñèðî-
âàííîé ÷àñòîòå âðàùåíèÿ âèíòà N = 6000 îá/ìèí,
â äèàïàçîíå ñêîðîñòåé íàáåãàþùåãî ïîòîêà
V = 0 ÷ 50 ì/ñ. Ìàêñèìàëüíîå ÷èñëî Ðåéíîëüäñà,
âû÷èñëåííîå ïî äëèíå òåëà âðàùåíèÿ è ñêîðîñ-
òè V = 50 ì/ñ, ñîñòàâëÿëî Re = 8.3·106. Â êà÷åñòâå
äâèæèòåëÿ èñïîëüçîâàëñÿ øåñòèëîïàñòíûé âèíò

äèàìåòðîì ∅ = 0,24 ì, ñ ëîïàñòÿìè, âûïîëíåííû-
ìè èç ïðîôèëÿ Ï-107.

Ïðîâåäåííûå ðàíåå ÷èñëåííûå èññëåäîâàíèÿ
[25, 26] óâåëè÷åíèÿ òÿãè âîçäóøíîãî òîëêàþùå-
ãî âèíòà ïóòåì èçìåíåíèÿ ôîðìû êîðìîâîé ÷àñ-
òè ôþçåëÿæà è óñòàíîâêè âèíòà â êîëüöå (ðèñ. 1)
ïîêàçàëè:

— óñòàíîâêà âèíòà â êîëüöå ïðèâîäèò ê ñóùå-
ñòâåííîìó óâåëè÷åíèþ òÿãè âèíòà (ñóììàðíàÿ òÿãà

îïðåäåëÿëàñü êàê Tñóìì = Tâèíòà + Òêîëüöà (êãñ)) âî
âñåì ðàñ÷åòíîì äèàïàçîíå ñêîðîñòåé ïîëåòà;

— èçìåíåíèå òîëüêî ôîðìû êîðìîâîé ÷àñòè
èñõîäíîãî òåëà âðàùåíèÿ (áåç èñïîëüçîâàíèÿ
êîëüöà) íà îñíîâå ïðîôèëÿ Ëèáèêà (profile
R.H. Liebeck [27, 28]) óìåíüøàåò äîííîå ðàçðåæå-
íèå, íå ñîçäàâàÿ îòðûâà, è ïðèâîäèò ê íåáîëüøî-
ìó óâåëè÷åíèþ òÿãè âèíòà âî âñåì ðàñ÷åòíîì äè-
àïàçîíå ñêîðîñòåé ïîëåòà;

— ïðèìåíåíèå êîëüöà è èçìåíåíèå ôîðìû
êîðìîâîé ÷àñòè òàêæå óâåëè÷èâàåò òÿãó ñèñòåìû,
íî ïðèâîäèò ê çíà÷èòåëüíîìó ðîñòó ñîïðîòèâëå-
íèÿ ïðè óâåëè÷åíèè ñêîðîñòè ïîòîêà, ÷òî óìåíü-
øàåò ïîëó÷åííûå ïðåèìóùåñòâà.

Àíàëèç ðåçóëüòàòîâ ÷èñëåííûõ èññëåäîâàíèé
èñõîäíîãî ÂÊÄ [25] ñ ðàçëè÷íûìè ôîðìàìè êîð-
ìîâîé ÷àñòè ôþçåëÿæà ïîêàçàë, ÷òî ïðè îïòèìàëü-
íîì ðåæèìå V = 35 ÷ 40 ì/ñ è ÷èñëå Ðåéíîëüäñà
Re ≈ 7 ìëí ìîæíî çíà÷èòåëüíî óâåëè÷èòü òÿãó áåç
îïòèìèçàöèè âñåé ñèñòåìû. Îäíàêî äëÿ ïîëåòà ñ
áî ´ëüøèìè ñêîðîñòÿìè (V > 50 ì/ñ) íåîáõîäèìî
èçìåíÿòü ôîðìó ïðîôèëÿ êîëüöà ââèäó ðîñòà åãî
ñîïðîòèâëåíèÿ. Äîïîëíèòåëüíî, äëÿ äîñòèæåíèÿ
âîçìîæíîñòè ïîëåòà íà ýòèõ ñêîðîñòÿõ è êîìïåí-
ñàöèè âîçðàñòàþùåãî ñîïðîòèâëåíèÿ çà ñ÷åò óâå-
ëè÷åíèÿ òÿãè, íåîáõîäèìà êîìïëåêñíàÿ îïòèìè-
çàöèÿ îáâîäîâ êîðìîâîé ÷àñòè òåëà âðàùåíèÿ,
ïðîôèëÿ è óãëà óñòàíîâêè êîëüöà.

Â ðàáîòå [26] áûëî èññëåäîâàíî âëèÿíèå ôîð-
ìû êîðìîâîé ÷àñòè ôþçåëÿæà íà òÿãó âèíòîêîëü-
öåâîãî äâèæèòåëÿ. Ïîëó÷åííûå ðåçóëüòàòû ïîêà-
çàëè, ÷òî èçìåíåíèå ôîðìû êîðìîâîé ÷àñòè ôþ-
çåëÿæà âëèÿåò íà ìåñòíûé óãîë àòàêè, ïîä êîòî-
ðûì ïîòîê íàáåãàåò íà êîëüöî, âñëåäñòâèå ÷åãî
èçìåíÿåòñÿ òÿãà ÂÊÄ. Äàííàÿ ðàáîòà ïðîäîëæà-
åò ýòè èññëåäîâàíèÿ.

Ðèñ. 1. Îáùèé âèä ðàñ÷åòíûõ ìîäåëåé
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Àýðîäèíàìè÷åñêîå ïðîåêòèðîâàíèå íîâîé ôîðìû
ïðîôèëÿ êîëüöà ñ öåëüþ óâåëè÷åíèÿ òÿãè ÂÊÄ

Àýðîäèíàìè÷åñêîå ïðîåêòèðîâàíèå íîâîé ôîð-
ìû êîëüöà ïðîâîäèëîñü áåç èçìåíåíèé âíåøíèõ
îáâîäîâ ôþçåëÿæà, ïðè íåèçìåííîé õîðäå êîëüöà
è ôèêñèðîâàííîì ðàññòîÿíèè 0,017 ì (ðèñ. 2) îò
êîíöà ëîïàñòè äî ìåñòà íàèáîëüøåé òîëùèíû
ïðîôèëÿ âíóòðåííåé ñòîðîíû êîëüöà.

Ñîãëàñíî óêàçàííûì îãðàíè÷åíèÿì, äëÿ ÷èñ-
ëåííûõ èññëåäîâàíèé êîìïîíîâêè ôþçåëÿæà ñ
ÂÊÄ áûë ñïðîåêòèðîâàí íîâûé êîëüöåâîé ïðî-
ôèëü (ðèñ. 2,à), êîòîðûé èìååò îäèíàêîâóþ ñ èñ-
õîäíûì ïðîôèëåì õîðäó b = 0,176 ì, óãîë óñòà-
íîâêè ïðîôèëÿ êîëüöà ïðδ = –5°, îòíîñèòåëüíóþ
êðèâèçíó f = 5%, à îòëè÷àåòñÿ îò íåãî ìåíüøåé
îòíîñèòåëüíîé òîëùèíîé ìîäñ = c/b = 14%
( cΔ  = –2 %) è îäèíàêîâî ñìåùåííûì íàçàä ïî-
ëîæåíèåì ìàêñèìàëüíîé îòíîñèòåëüíîé òîëùè-
íû è êðèâèçíû. Ïðè ýòîì äëÿ èñõîäíîãî ïðîôè-

ëÿ êîëüöà ïîëîæåíèå ìàêñèìàëüíîé îòíîñèòåëü-
íîé òîëùèíû è êðèâèçíû èñõñx = èñõfx = 23%, à
äëÿ ìîäèôèöèðîâàííîãî ìîäñx = ìîäfx = 53%.

Óãîë ðàñòâîðà êîëüöà âûáèðàëñÿ íà îñíîâå
àíàëèçà ðàñïðåäåëåíèÿ ñêîðîñòåé ïîòîêà â îáëà-
ñòè óñòàíîâêè êîëüöà òàêèì îáðàçîì, ÷òîáû ïî-
òîê íàáåãàë íà êîëüöî ïîä óãëîì, ñîîòâåòñòâóþ-
ùèì ðåæèìó ìàêñèìàëüíîãî êà÷åñòâà ïðîôèëÿ
êîëüöà.

Äëÿ òîãî ÷òîáû çàçîð ìåæäó ìàêñèìàëüíîé
òîëùèíîé ïðîôèëÿ êîëüöà è êîíöîì ëîïàñòè
îñòàëñÿ íåèçìåííûì, êîëüöî ñ íîâûì (áîëåå òîí-
êèì) ïðîôèëåì áûëî ñäâèíóòî âïåðåä ïî ïîòîêó
ïî ñðàâíåíèþ ñ ïîëîæåíèåì èñõîäíîãî êîëüöà
(ðèñ. 2,á).

Ðàíåå ïðîâåäåííûå ðàñ÷åòû [26] ïîêàçàëè, ÷òî
ìåñòíûé óãîë àòàêè ïðîôèëÿ êîëüöà α = 5° ñîîò-
âåòñòâóåò ìàêñèìàëüíîìó àýðîäèíàìè÷åñêîìó
êà÷åñòâó èçîëèðîâàííîãî ïðîôèëÿ. Ñëåäîâàòåëü-

Ðèñ. 2. Îáùèé âèä (à) è ãåîìåòðè÷åñêèå äàííûå (á) ðàñ÷åòíûõ ìîäåëåé

à)

á)
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íî, èç ðàññ÷èòàííûõ ïàðàìåòðîâ, α = –1° ñîîòâåò-
ñòâóåò ìåñòíîìó óãëó àòàêè ïðîôèëÿ êîëüöà ñ
ìîäèôèöèðîâàííûì ôþçåëÿæåì, à α = 7° ñîîòâåò-
ñòâóåò ìåñòíîìó óãëó àòàêè ñ èñõîäíûì ôþçåëÿ-
æåì, ïðè êîòîðîì èçîëèðîâàííûé ïðîôèëü èìå-
åò íàèáîëüøåå ðàçðåæåíèå íà âåðõíåé ïîâåðõíî-
ñòè è ìàêñèìàëüíîå àýðîäèíàìè÷åñêîå êà÷åñòâî.
Äëÿ ïðîâåäåíèÿ ðàñ÷åòîâ ñïðîåêòèðîâàííîãî ïðî-
ôèëÿ êîëüöà, äàííûå óãëû áûëè âûáðàíû êàê
áàçîâûå.

×èñëåííûå èññëåäîâàíèÿ
íîâîé ôîðìû ïðîôèëÿ ÂÊÄ

×èñëåííûå èññëåäîâàíèÿ èñõîäíîé è ìîäèôè-
öèðîâàííîé ôîðì ôþçåëÿæà ñ èñõîäíîé è ìîäè-
ôèöèðîâàííîé ôîðìîé êîëüöåâîãî ïðîôèëÿ áûëè
âûïîëíåíû ïî ïðîãðàììå ANSYS FLUENT (ëè-
öåíçèÿ ¹ 501024) íà ñòðóêòóðèðîâàííîé ðàñ÷åòíîé
ñåòêå, ñîäåðæàùåé ïîðÿäêà 17 ìëí ÿ÷ååê (ðèñ. 3).
Äëÿ îäíîâðåìåííîãî ðàñ÷åòà ïîñòóïàòåëüíîãî
äâèæåíèÿ ôþçåëÿæà è âðàùåíèÿ âèíòà áûëè çà-

Ðèñ. 3. Îáùèé âèä ñåêòîðà 1/6 ðàñ÷åòíîé ñåòêè

à)

á)
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äàíû äâå ðàñ÷¸òíûå çîíû: â ïåðâîé çîíå ïîòîê
âîçäóõà íàáåãàë íà èññëåäóåìóþ ìîäåëü, à âî âòî-
ðîé áûëî çàäàíî âðàùàòåëüíîå äâèæåíèå âîçäó-
õà, ìîäåëèðóþùåå âðàùåíèå âèíòà [29]. Âñëåä-
ñòâèå òîãî ÷òî ðàñ÷åòíûå ìîäåëè ïðåäñòàâëÿþò
ñîáîé òåëà âðàùåíèÿ, à òîëêàþùèé âèíò èìååò
øåñòü ëîïàñòåé ñ ôèêñèðîâàííûì óãëîì óñòàíîâ-
êè, â ïðîãðàììå ICEM CFD (ëèöåíçèÿ ¹ 501024)
áûëè ïîñòðîåíû ðàñ÷åòíûå ñåòêè äëÿ 1/6 ìîäåëè
ñ îáëàñòÿìè âðàùàòåëüíîãî è ïîñòóïàòåëüíîãî ïî-
òîêà âîçäóõà. Çàòåì ê áîêîâûì ãðàíÿì ðàñ÷åòíîé
îáëàñòè áûëè ïðèìåíåíû ïåðèîäè÷åñêèå ãðàíè-
öû, à îñü OX ïðèíÿòà çà îñü âðàùåíèÿ, è â ðåçóëü-
òàòå ýòîãî â ïðîãðàììå ANSYS FLUENT áûëà
ðàññ÷èòàíà ïîëíàÿ ìîäåëü. Äëÿ áîëåå êîððåêòíîãî
ñðàâíåíèÿ ðåçóëüòàòîâ ðàñ÷åòà îäíà òàêàÿ ïîñòðî-
åííàÿ ðàñ÷åòíàÿ ñåòêà áûëà àäàïòèðîâàíà ê ãåî-
ìåòðèè âñåõ èññëåäóåìûõ ìîäåëåé.

Ðàñ÷åòû ïðîâåäåíû ïðè ôèêñèðîâàííîé ÷àñ-
òîòå âðàùåíèÿ âèíòà N = 6000 îá/ìèí, â äèàïàçîíå
ñêîðîñòåé íàáåãàþùåãî ïîòîêà V = 0 ÷ 50 ì/ñ â ñî-
îòâåòñòâèè ñ óñëîâèÿìè ýêñïåðèìåíòà â ÀÄÒ
Ò-102. Âîçäóøíûé âèíò ìîäèôèêàöèè íå ïîäâåð-
ãàëñÿ.

Ñòîèò îòìåòèòü, ÷òî ñîãëàñíî ðàñ÷åòàì ïðè

ñêîðîñòè íàáåãàþùåãî ïîòîêà V ≤ 35 ì/ñ ìîäèôè-
êàöèÿ õâîñòîâîé ÷àñòè òåëà âðàùåíèÿ ïðèâîäèò ê
óâåëè÷åíèþ ýôôåêòèâíîñòè âîçäóøíîãî âèíòà áåç

êîëüöà, îäíàêî ïðè ñêîðîñòè V ≥ 40 ì/ñ òÿãà âèíòà
óìåíüøàåòñÿ ïî ñðàâíåíèþ ñ åå óðîâíåì ïðè èñ-
õîäíîé êîìïîíîâêå [26].

Ïðîâåäåííûå ÷èñëåííûå èññëåäîâàíèÿ ïîêà-
çàëè, ÷òî ìàêñèìàëüíàÿ òÿãà âèíòà äëÿ ìîäèôè-
öèðîâàííîãî êîëüöà äîñòèãàåòñÿ íà ñêîðîñòÿõ
V = 35 ÷ 40 ì/ñ, à äàëüíåéøåå óâåëè÷åíèå ñêîðî-
ñòè äî V = 50 ì/ñ ïðèâîäèò ê ñíèæåíèþ òÿãè íà

ÒΔ = 0,5 êãñ îò ìàêñèìàëüíîé (äëÿ èñõîäíîãî

êîëüöà ÒΔ =1 êãñ) (ðèñ. 4).
Òÿãà ÂÊÄ ðàñ÷åòíûõ êîìïîíîâîê — ñóììà

òÿãè âèíòà è òÿãè êîëüöà ïðè V = 35 ì/ñ — ïðåä-
ñòàâëåíà â òàáëèöå. Ïîêàçàíî, ÷òî ïðè äàííîé
ñêîðîñòè íàáåãàþùåãî ïîòîêà èçìåíåíèå ïðîôè-
ëèðîâêè êîëüöà îêàçûâàåò íåçíà÷èòåëüíîå âëèÿ-
íèå íà òÿãó ñàìîãî âèíòà, íî ñóùåñòâåííîå âëè-
ÿíèå íà òÿãó êîëüöà.

Ðèñ. 4. Çàâèñèìîñòü òÿãè âèíòîêîëüöåâîãî äâèæèòåëÿ îò ñêîðîñòè ïîëåòà
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Èç òàáëèöû âèäíî, ÷òî ñóììàðíàÿ òÿãà ÂÊÄ ñ
ìîäèôèöèðîâàííûì ïðîôèëåì çíà÷èòåëüíî ïðå-
âîñõîäèò òÿãó îáû÷íîãî âèíòîâîãî äâèæèòåëÿ (òÿ-
íóùåãî è òîëêàþùåãî), çà èñêëþ÷åíèåì ìîäèôè-
öèðîâàííîé ìîäåëè ôþçåëÿæà ñ ìîäèôèöèðîâàí-
íûì êîëüöîì. Â ýòîì ñëó÷àå òÿãà ÂÊÄ ñîïîñòà-
âèìà ñ òÿãîé òîëêàþùåãî âèíòà, îäíàêî íà ìåíåå
ñêîðîñòíûõ ðåæèìàõ (V äî 20 ì/ñ) òàêîå ðåøåíèå
òàêæå èìååò ïðåèìóùåñòâà (ñì. ðèñ. 4), ÷òî ïîçâî-
ëÿåò ðåêîìåíäîâàòü åãî äëÿ ìàëîñêîðîñòíûõ ëå-
òàòåëüíûõ àïïàðàòîâ.

Ðàñïðåäåëåíèå äàâëåíèÿ íà ïîâåðõíîñòè ðàñ-
÷åòíûõ ìîäåëåé è â ñå÷åíèè ïëîñêîñòüþ XOY
(z = 0) ïðè ñêîðîñòè íàáåãàþùåãî ïîòîêà
V = 35 ì/ñ ïîêàçàíî íà ðèñ. 5—7. Íà ðèñ. 6 ïîêà-
çàíî ðàñïðåäåëåíèå êîýôôèöèåíòà äàâëåíèÿ â ñå-
÷åíèè ïëîñêîñòüþ XOY (z = 0) ìîäèôèöèðîâàííî-
ãî ôþçåëÿæà è èñõîäíîãî êîëüöà ïðè ñêîðîñòè íà-
áåãàþùåãî ïîòîêà V = 35 ì/ñ, à íà ðèñ. 7 — ðàñ-
ïðåäåëåíèå äëÿ êîìïîíîâêè «èñõîäíûé ôþçåëÿæ
è ìîäèôèöèðîâàííîå êîëüöî». Âèäíî, ÷òî ïðè äàí-
íîé ñêîðîñòè íàáåãàþùåãî ïîòîêà (V = 35 ì/ñ)
ïðàêòè÷åñêè íà âñåé âíóòðåííåé ïîâåðõíîñòè ìî-
äèôèöèðîâàííîãî êîëüöà íàáëþäàåòñÿ ðàçðåæå-
íèå, è çîíà íàèáîëüøåãî ðàçðåæåíèÿ çàíèìàåò äî
60% îò õîðäû êîëüöåâîãî ïðîôèëÿ, òîãäà êàê ó èñ-
õîäíîãî ïðîôèëÿ òîëüêî 30% (ðèñ. 6 è 7)

Ñîãëàñíî ðåçóëüòàòàì ðàñ÷åòà, ðàçðåæåíèå íà
âíóòðåííåé ïîâåðõíîñòè ìîäèôèöèðîâàííîãî
êîëüöà ïðèíèìàåò ôîðìó ïîëî÷íîãî ðàñïðåäåëå-
íèÿ (ñì. ðèñ. 7), ïðè êîòîðîì íàáëþäàåòñÿ ìàê-
ñèìàëüíîå óâåëè÷åíèþ òÿãè ÂÊÄ. À êîãäà çàâè-
ñèìîñòü Ñð(õ) ïðèíèìàåò ôîðìó ïèêîâîãî ðàñïðå-
äåëåíèÿ (ñì. ðèñ. 6), òî ïðè óâåëè÷åíèè ñêîðîñ-
òè íàáåãàþùåãî ïîòîêà íàñòóïàåò óìåíüøåíèå
òÿãè ÂÊÄ.

Ðàñïðåäåëåíèå ñêîðîñòåé â ñëåäå çà ÂÊÄ ïî-
êàçûâàåò íàïðàâëåíèå ïîòîêà îò ëîïàñòåé âèíòà
ñ áîë́üøèìè ñêîðîñòÿìè: ðîâíûé ñèëüíî çàòîðìî-
æåííûé ñëåä çà êîêîì, ñóæàþùèéñÿ â äàëüíåé
îáëàñòè çà ìîäåëüþ (ðèñ. 8,á).

Âûâîäû

×èñëåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî ïðè
ïðîåêòèðîâàíèè ëåòàòåëüíîãî àïïàðàòà ñ ÂÊÄ
íåîáõîäèìî ïîäáèðàòü òàêèå ïàðàìåòðû, êàê òîë-
ùèíà ïðîôèëÿ, õîðäà è óãîë óñòàíîâêè êîëüöà, ñ
ó÷åòîì óñëîâèé òå÷åíèÿ è èíòåðôåðåíöèè.

Àíàëèç ðåçóëüòàòîâ ðàñ÷åòíûõ èññëåäîâàíèé
ïîêàçàë, ÷òî ïðè ìàëûõ ñêîðîñòÿõ ïîëåòà V < 20 ì/ñ,
íà çíà÷åíèå ìàêñèìàëüíîé òÿãè ÂÊÄ, â îñíîâíîì,
âëèÿåò ôîðìà êîðìîâîé ÷àñòè ôþçåëÿæà, à íå
ïðîôèëü êîëüöà.

Òÿãà ÂÊÄ ïðè V = 35 ì/ñ

Êîìïîíîâêà T âèíòà, êãñ Ò êîëüöà, êãñ Tñóìì  = T âèíòà + Ò êîëüöà , êãñ 

Èñõîäíàÿ ìîäåëü 
ôþçåëÿæà ñ èñõîäíûì 
êîëüöîì 

1,8049 0,8665 2,6715 

Èñõîäíàÿ ìîäåëü 
ôþçåëÿæà ñ 
ìîäèôèöèðîâàííûì 
êîëüöîì 

1,8659 2,1030 3,9689 

Ìîäèôèöèðîâàííàÿ 
ìîäåëü ôþçåëÿæà ñ 
èñõîäíûì êîëüöîì 

1,6441 -0,1186 1,5255 

Ìîäèôèöèðîâàííàÿ 
ìîäåëü ôþçåëÿæà ñ 
ìîäèôèöèðîâàííûì 
êîëüöîì 

1,6235 0,3966 2,0201 

Èñõîäíàÿ ìîäåëü 
ôþçåëÿæà ñ òîëêàþùèì 
âèíòîì áåç êîëüöà 
(ýêñïåðèìåíò) 

2,05 - 2,05 

Èçîëèðîâàííûé 
òÿíóùèé âèíò  
(ýêñïåðèìåíò) 

0,93 - 0,93 
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Ðèñ. 5. Ðàñïðåäåëåíèå êîýôôèöèåíòà äàâëåíèÿ ïðè ñêîðîñòè íàáåãàþùåãî ïîòîêà V =35 ì/ñ: à — èñõîäíàÿ ìî-
äåëü ôþçåëÿæà ñ èñõîäíûì êîëüöîì;  á — èñõîäíàÿ ìîäåëü ôþçåëÿæà ñ ìîäèôèöèðîâàííûì êîëüöîì; â — ìî-
äèôèöèðîâàííàÿ ìîäåëü ôþçåëÿæà ñ èñõîäíûì êîëüöîì; ã — ìîäèôèöèðîâàííàÿ ìîäåëü ôþçåëÿæà ñ ìîäèôè-
öèðîâàííûì êîëüöîì

à) á)

â) ã)

Íàèáîëüøàÿ òÿãà äîñòèãàåòñÿ ïðè ñêîðîñòè
íàáåãàþùåãî ïîòîêà V = 35 ì/ñ äëÿ ìîäåëè ñ èñ-
õîäíîé ôîðìîé ôþçåëÿæà è ñ ìîäèôèöèðîâàííûì
ïðîôèëåì êîëüöà.

Ïðè ñêîðîñòè ïîëåòà V > 35 ì/ñ íåîáõîäèìî
ó÷èòûâàòü âîçðàñòàþùåå ñîïðîòèâëåíèå ÂÊÄ è
óñëîâèÿ ðàáîòû âèíòà â òîíêîì ïîãðàíè÷íîì ñëîå.

Óìåíüøåíèå òîëùèíû ïîãðàíè÷íîãî ñëîÿ è
óâåëè÷åíèå ñêîðîñòè â íåì çà ñ÷åò èçìåíåíèÿ
ôîðìû ôþçåëÿæà ïîçâîëÿåò ñíèçèòü ñîïðîòèâëå-
íèå ñàìîãî ôþçåëÿæà, íî ïðèâîäèò ê áîëåå çíà-
÷èòåëüíûì ïîòåðÿì òÿãè ÂÊÄ, ÷òî îãðàíè÷èâàåò
äèàïàçîí ñêîðîñòåé åãî ïðèìåíèìîñòè.

Àíàëèç äàííûõ ðàñïðåäåëåíèÿ äàâëåíèÿ ïî
ïîâåðõíîñòè êîëüöà ïîêàçàë, ÷òî ðàçðåæåíèå íà

âíóòðåííåé ïîâåðõíîñòè êîëüöà, ïðèíèìàþùåå
ôîðìó ïîëî÷íîãî ðàñïðåäåëåíèÿ, ñîîòâåòñòâóåò
ìàêñèìàëüíîé òÿãå âèíòîêîëüöåâîãî äâèæèòåëÿ.
Åñëè çàâèñèìîñòü Ñð(õ) ïðèíèìàåò ôîðìó ïèêî-
âîãî ðàñïðåäåëåíèÿ, òî ïðè óâåëè÷åíèè ñêîðîñ-
òè íàáåãàþùåãî ïîòîêà óìåíüøàåòñÿ òÿãà ÂÊÄ.
Ìîæíî ïðåäïîëîæèòü, ÷òî ïðè ïðîåêòèðîâàíèè
âèíòîêîëüöåâîãî äâèæèòåëÿ äëÿ îïðåäåëåííîé
ñêîðîñòè ïîëåòà íóæíî ðåøàòü îáðàòíóþ çàäà÷ó:
ïîëó÷åíèå ïîëî÷íîãî ðàñïðåäåëåíèÿ äàâëåíèÿ íà
âíóòðåííåé ïîâåðõíîñòè êîëüöà.
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Ðèñ. 6. Ðàñïðåäåëåíèå êîýôôèöèåíòà äàâëåíèÿ â ñå÷åíèè ïëîñêîñòüþ XOY (z = 0) èñõîäíîãî ôþçåëÿæà ñ èñõîä-
íûì è ìîäèôèöèðîâàííûì êîëüöàìè, V = 35 ì/ñ

Ðèñ. 7. Ðàñïðåäåëåíèå êîýôôèöèåíòà äàâëåíèÿ â ñå÷åíèè ïëîñêîñòüþ XOY (z = 0) ìîäèôèöèðîâàííîãî ôþçåëÿ-
æà ñ èñõîäíûì è ìîäèôèöèðîâàííûì êîëüöàìè, V= 35 ì/ñ
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Ðèñ. 8. Ðàñïðåäåëåíèå ñêîðîñòåé â ïëîñêîñòè XOY (z = 0), V= 35 ì/ñ: à — èñõîäíàÿ ìîäåëü ôþçåëÿæà ñ èñõîä-
íûì êîëüöîì; á — èñõîäíàÿ ìîäåëü ôþçåëÿæà ñ ìîäèôèöèðîâàííûì êîëüöîì; â — ìîäèôèöèðîâàííàÿ ìîäåëü
ôþçåëÿæà ñ èñõîäíûì êîëüöîì; ã — ìîäèôèöèðîâàííàÿ ìîäåëü ôþçåëÿæà ñ ìîäèôèöèðîâàííûì êîëüöîì

à)

á)

â)

ã)
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Abstract

The article presents the numerical research  of the
interference effect of fuselage and duct of the
propeller-duct thruster, and performs evaluation of
their impact on the maximum thrust value. It presents
the results of the numerical research by means of the
program based on numerical solution of averaged by
Reynolds Navier-Stokes equations. It demonstrates the
pressure and field of velocities change depending on
the shape of the fuselage tailpiece and duct-type
profile, and their effect on the maximum thrust value.
Numerical studies revealed the necessity of such
parameters selection as the profile thickness, chord and
installation angle of the duct with affect for the flow
conditions and interference while a flying vehicle
design.

Aerodynamic designing of the optimized duct
shape was being performed without changing the
external fuselage lines. According to the marked, noted
limitations, a new duct-type profile was designed for
numerical studies. The opening angle of the duct was
being selected based on flow velocities distribution
analysis in the duct setting area in such a way that the
flow would direct  the duct at the angle corresponding
to the mode of the maximum quality of the duct
profile. The article shows that with the selected velocity
of the air flow, the duct profiling changing
insignificantly effects it thrust of the propeller itself,

FUSELAGE AND DUCT INTERFERENCE EFFECT ON MAXIMUM THRUST
OF THE AIR PUSHING PROPELLER-DUCT THRUSTER

Alesin V.S.*, Gubskii V.V.**, Pavlenko O.V.***

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

* e-mail: seralesin@mail.ru
** e-mail: vitaly.gubsky@tsagi.ru

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

but it drastically effects the duct thrust. At this present
velocity of the air flow, the rarefication is being
observed along the entire internal surface of the duct.
The highest rarefication zone occupies up to the 60%
of the duct-type profile chord, while it is only 30%
with the initial profile.

Thinning-down of a boundary layer and increase
in speed in it due to the change of the fuselage shape
allows reducing the drag of the fuselage itself. Analysis
of the numerical results revealed that at low flight
speeds the shape of the fuselage fodder part rather than
the duct profile affects the maximum thrust value.

Data analysis of the pressure profile along the
internal surface of the duct revealed that rarefication
at the internal surface of the duct took the shape of
the half-internal distribution, which corresponds to
maximum thrust of the propeller-duct thruster.

It is necessary to solve the inverse problem of
ensuring half-internal pressure profile along the
internal surface of the duct for the defined flight speed
while the screw-duct thruster design.

Keywords:  air pusher propeller, shrouded
propeller, propeller in a duct, duct’s profile, propeller
thrust.
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