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Äàíû âûðàæåíèÿ äëÿ óãëà è ñêîðîñòè ïëàíèðîâàíèÿ ñèñòåì ñ ìÿãêèì êðûëîì â çàâèñèìîñòè îò èõ àýðîäèíà-
ìè÷åñêèõ è êîíñòðóêòèâíûõ êîýôôèöèåíòîâ. Ïîêàçàíî íàëè÷èå îïòèìàëüíîãî óäëèíåíèÿ äëÿ âûáðàííîãî ïðî-
ôèëÿ êðûëà è âèäà ñòðîïíîé ñèñòåìû. Ïîëó÷åíû âûðàæåíèÿ äëÿ îïðåäåëåíèÿ êîîðäèíàòû ïîäâåñà êðûëà îòíî-
ñèòåëüíî öåíòðà òÿæåñòè ãðóçà, ïîäâåøåííîãî ê ñâîáîäíûì êîíöàì, â ìîòîðíîì è áåçìîòîðíîì ïîëåòå. Ïîêàçà-
íà íåçàâèñèìîñòü óãëà àòàêè ñàìîáàëàíñèðóþùèõñÿ êðûëüåâ îò âåëè÷èíû òÿãè.

Êëþ÷åâûå ñëîâà: ïàðàïëàí, ïëàíèðóþùèé ïàðàøþò, ìÿãêîå êðûëî, óäëèíåíèå êðûëà, ðàçìàõ êðûëà, àýðîäè-
íàìè÷åñêîå êà÷åñòâî, ïðîôèëü êðûëà.

Ââåäåíèå

Ïðè ðàçðàáîòêå ïàðàïëàíîâ è ïëàíèðóþùèõ
ïàðàøþòîâ âîçíèêàåò ìíîæåñòâî âîïðîñîâ ïî îï-
òèìàëüíîìó âûáîðó ïðîôèëÿ êðûëà, åãî îòíîñè-
òåëüíîé òîëùèíû è êðóòêè ïî ðàçìàõó, çàêîíó
ðàñïðåäåëåíèÿ àðî÷íîñòè êðûëà è åãî ôîðìû â
ðàçâåðòêå, âûáîðó äëèí è ðàñïðåäåëåíèÿ ñòðîï ïî
êîëè÷åñòâó ÿðóñîâ, ðÿäîâ è øåðåíã, à òàêæå ìåñò
êðåïëåíèÿ ñòðîï ê íåðâþðàì, ïîäáîðó òèïà è ñòå-
ïåíè âîçäóõîíåïðîíèöàåìîñòè ïðèìåíÿåìîé òêà-
íè. Âñå óêàçàííûå ïàðàìåòðû íåïîñðåäñòâåííî
âëèÿþò êàê íà ñòàòè÷åñêèå, òàê è íà äèíàìè÷åñ-
êèå õàðàêòåðèñòèêè ïîâåäåíèÿ àïïàðàòà â ïîëåòå.
Êðèòåðèè âûáîðà íåêîòîðûõ èç ýòèõ ïàðàìåòðîâ

âîçìîæíî ïåðåíåñòè ïðàêòè÷åñêè áåç èçìåíåíèé
ïî ìåòîäàì, äîñòàòî÷íî ïîäðîáíî ïðîðàáîòàííûì
äëÿ èñòîðè÷åñêè ðàíüøå ïîÿâèâøèõñÿ ëåòàòåëü-
íûõ àïïàðàòîâ ñ áàëàíñèðíûì óïðàâëåíèåì (è êàê
ñëåäñòâèå îïðåäåëÿþùèì âëèÿíèåì ïîëîæåíèÿ
ïîäâåøåííîãî ãðóçà íà áàëàíñèðîâêó) — äåëüòàï-
ëàíîâ [1—6]. Îäíàêî ïàðàïëàí, òàêæå îòíîñÿùèé-
ñÿ ê àïïàðàòàì, áàëàíñèðóþùèìñÿ ãðóçîì, èìååò
íåêîòîðûå îñîáåííîñòè, ïîñêîëüêó èñïîëüçóåò
áåçìîìåíòíóþ íåñóùóþ îáîëî÷êó. Îñíîâíûìè åãî
îòëè÷èÿìè ÿâëÿþòñÿ àðî÷íîñòü íàäóòîãî íàáåãà-
þùèì ïîòîêîì êðûëà è ðàçâèòàÿ ñòðîïíàÿ ñèñòå-
ìà, âíîñÿùàÿ ñóùåñòâåííûé âêëàä â ñîïðîòèâëå-
íèå è áàëàíñèðîâî÷íûå õàðàêòåðèñòèêè, à òàêæå
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ðàçäóòèå îáîëî÷êè ìåæäó ñòÿãèâàþùèìè ýëåìåí-
òàìè. Ïðè ýòîì áàëàíñèðíîå óïðàâëåíèå (ñìåùå-
íèåì âåñà ïèëîòà èëè ïåðåêîñîì ïîäâåñêè ãðóçà)
ïàðàïëàíîì è ïëàíèðóþùèì ïàðàøþòîì â íàñòî-
ÿùåå âðåìÿ íå èñïîëüçóåòñÿ èëè ÿâëÿåòñÿ âñïîìî-
ãàòåëüíûì.

Â âîïðîñàõ äèíàìèêè ïîâåäåíèÿ ýòèõ àïïàðà-
òîâ èìåþòñÿ êàê ñõîäñòâà, íàïðèìåð â ïðèðîäå
ðàñêà÷êè ïàðàïëàíà ïî êðåíó ïîä òÿãîé, áëèçêîé
ê ãîëëàíäñêîìó øàãó äåëüòàïëàíà (à òàêæå ýôôåê-
òó øèììè ðóëåâûõ êîëåñ øàññè), èëè ðàñêà÷êè ïî
òàíãàæó, òàê è ðàçëè÷èÿ. Ïàðàïëàí è ïëàíèðóþ-
ùèé ïàðàøþò íå ïîäâåðæåíû êóâûðêó è íåóïðàâ-
ëÿåìîìó ïèêèðîâàíèþ, â îòëè÷èå îò äåëüòàïëàíà,
îäíàêî ñòðàäàþò îò ïîäâîðîòà êðûëà íà ìàëûõ
óãëàõ àòàêè, à òàêæå îò ïîòåðè ôîðìû êðûëà â
ñðûâíûõ ðåæèìàõ.

Îöåíêè âûáîðà ïàðàìåòðîâ êîíñòðóêöèè ëåòà-
òåëüíûõ àïïàðàòîâ ñ ìÿãêèì êðûëîì è ñòðîïíîé
ïîääåðæêîé ñ ðàçíîé ñòåïåíüþ ïðîðàáîòàííîñòè
äàíû â [7-21]. Îäíàêî â öåëîì âîïðîñ îòðàáîòêè
ïðîñòîé è íàãëÿäíîé àíàëèòè÷åñêîé ìåòîäèêè
ïîëó÷åíèÿ îïòèìàëüíûõ õàðàêòåðèñòèê ëåòàòåëü-
íûõ àïïàðàòîâ äàííîãî òèïà, íå èñïîëüçóþùåé
èòåðàöèîííûå ïðèáëèæåíèÿ è îáùèå ýìïèðè÷åñ-
êèå äîïóùåíèÿ, îñòàåòñÿ îòêðûòûì. Íàñòîÿùàÿ
ñòàòüÿ ïîñâÿùåíà ïðîðàáîòêå íåêîòîðûõ àñïåêòîâ
ýòîé ìåòîäèêè.

Èäóêòèâíîå ñîïðîòèâëåíèå ìÿãêîãî
àðî÷íîãî êðûëà

Êîíñîëè àðî÷íîãî êðûëà íå âñåãäà ñîçäàþò
èíäóêòèâíîå ñîïðîòèâëåíèå. Íàïðèìåð, èìåþ-
ùèå íóëåâîé óñòàíîâî÷íûé óãîë âèíãëåòû àâèà-
ëàéíåðîâ èìåþò ïîëîæèòåëüíóþ òÿãó çà ñ÷åò èç-
ìåíåíèÿ ìåñòíîãî óãëà àòàêè ïîä âîçäåéñòâèåì
ñëîæåíèÿ íàáåãàþùåãî ïîòîêà ñ âèõðåì, ñòåêà-
þùèì ñ ïîâåðõíîñòè êðûëà. Îäíàêî êîíñîëè
ìÿãêîãî êðûëà äîëæíû åãî ðàñòÿãèâàòü, à çíà÷èò,
ìû âûíóæäåíû îòãèáàòü èõ âíèç è ïðèäàâàòü èì
ïîëîæèòåëüíûé óñòàíîâî÷íûé óãîë àòàêè, äîáàâ-
ëÿÿ ñîïðîòèâëåíèå è íå äîáàâëÿÿ ïîäúåìíîé
ñèëû (äëÿ íàãëÿäíîñòè áîêîâûå ïðîåêöèè êîí-
ñîëåé ìîæíî óïîäîáèòü êðûëüÿì, ïîñòàâëåííûì
íàáîê ïîä ïîëîæèòåëüíûì óãëîì àòàêè. Ñâÿçêà
òàêèõ âåðòèêàëüíî ñòîÿùèõ äðóã íàïðîòèâ äðó-
ãà êðûëüåâ áóäåò çàòðà÷èâàòü ýíåðãèþ íà âèõðå-
îáðàçîâàíèå, íå äàâàÿ ïîäúåìíîé ñèëû). Îáû÷-
íî äëÿ ðàñòÿãèâàíèÿ êîíñîëåé ìÿãêîãî êðûëà
åìó ïðèäàþò àðî÷íîñòü è ãåîìåòðè÷åñêóþ êðóò-
êó, îáåñïå÷èâàþùóþ îäèíàêîâûå ìåñòíûå óãëû
àòàêè äëÿ âñåõ ñå÷åíèé êðûëà. Èìåííî òàêàÿ
êîíôèãóðàöèÿ êðûëà ïðèíÿòà çà îñíîâó â ïðè-
âåäåííûõ íèæå ðàñ÷åòàõ.

Â ñòàòüå [22] äàíû ñîîáðàæåíèÿ ïî âû÷èñëå-
íèþ èíäóêòèâíîãî ñîïðîòèâëåíèÿ àðî÷íîãî êðûëà
è ïðåäëîæåíî âû÷èñëÿòü åãî êîýôôèöèåíò Cxi ñ

èñïîëüçîâàíèåì óäëèíåíèÿ êðûëà â ðàçâåðòêå 
(  – ïîïðàâêà äëÿ íåýëëèïòè÷åñêèõ êðûëüåâ):

2

(1 ).ya
xi

C
C   



Ýòó ôîðìóëó ïðåäëàãàëîñü èñïîëüçîâàòü äëÿ
àðî÷íûõ êðûëüåâ ñ ãåîìåòðè÷åñêîé êðóòêîé, îáåñ-
ïå÷èâàþùåé îäèíàêîâûå ìåñòíûå óãëû àòàêè äëÿ
âñåõ ñå÷åíèé êðûëà.

Îäíàêî êîððåêòíîñòü ýòîãî âûðàæåíèÿ íå î÷å-
âèäíà. Ïðèâåäåì åãî îáîñíîâàíèå. Äëÿ ýòîãî ðàñ-
ñìîòðèì ñõåìó êðûëà ñ Ï-îáðàçíûìè âèõðÿìè è
àðî÷íîñòüþ â ôîðìå äóãè îêðóæíîñòè (ðèñ. 1).

Äàííàÿ ôîðìà âèõðåé õàðàêòåðíà äëÿ êðûëà ñ
ïîñòîÿííîé öèðêóëÿöèåé ïî ðàçìàõó, íàïðèìåð ó
ïàðàøþòà ïðÿìîóãîëüíîé ôîðìû ñ ãåîìåòðè÷åñ-
êîé êðóòêîé äëÿ ïîñòîÿíñòâà ìåñòíûõ óãëîâ àòà-
êè. Êðûëî ñ ïåðåìåííîé öèðêóëÿöèåé ïî ðàçìà-
õó ìîæíî ïðåäñòàâèòü êàê ñóììó íàëîæåííûõ äðóã
íà äðóãà Ï-îáðàçíûõ âèõðåé ñ áåñêîíå÷íî ìàëû-
ìè öèðêóëÿöèÿìè [23]. Òî åñòü ôèçè÷åñêè êàðòèíà
äåéñòâèÿ êàê ïàðû, òàê è áîëüøåãî êîëè÷åñòâà
ñòåêàþùèõ âèõðåâûõ óñîâ íà òî÷êè, ëåæàùèå íà
ïðèñîåäèíåííûõ âèõðåâûõ øíóðàõ, èäåíòè÷íà. È

Ðèñ. 1. Ñêîñ ïîòîêà îò âèõðåâûõ óñîâ ñ öèðêóëÿöèåé
ñêîðîñòè Ã â òî÷êå À íà ïëîñêîñòè ïðèñîåäèíåííîãî
âèõðÿ ó êðûëà ìîíîïëàíà ñ àðî÷íîñòüþ â âèäå äóãè
îêðóæíîñòè
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ïðèâåäåííûå íèæå äîâîäû ïðèìåíèìû ê àðî÷íûì
êðûëüÿì ëþáîé ôîðìû â ïëàíå.

Ïðèìåì, ÷òî ñáåæàâøèå ñ êðûëà âèõðè èäóò íà
ðàññòîÿíèè L1, íåñêîëüêî áîëüøåì ðàçìàõà â ðàç-
âåðòêå L. Òîãäà îñè âèõðåâûõ óñîâ áóäóò ëåæàòü íà
íåáîëüøîì ðàññòîÿíèè å îò êîíöîâ êðûëà. Èñõîäÿ
èç îïûòîâ ñ ïëîñêèìè êðûëüÿìè, ìîæíî ïðèíÿòü
L1  1,04L [23]. Ó÷èòûâàÿ âûðàæåíèå äëèíû äóãè
÷åðåç ðàäèóñ è óãîë, ìîæíî çàïèñàòü

2 1,04DR R R   

è ïîñëå ñîêðàùåíèÿ:

0,02 .D                          (1)

Ðàññìîòðèì äåéñòâèå âèõðåâûõ óñîâ íà òî÷êè,
ëåæàùèå íà ïðèñîåäèíåííîì âèõðåâîì øíóðå.
Ïðîâåäåì ÷åðåç ïðèñîåäèíåííûé âèõðü ïëîñ-
êîñòü, ïåðïåíäèêóëÿðíóþ ê ñêîðîñòè ïîëåòà. Âèõ-
ðåâîé óñ, ñõîäÿùèé ñ êðûëà, äåéñòâóåò íà òî÷êó
À íà ýòîé ïëîñêîñòè, íàõîäÿùóþñÿ íà ðàññòîÿíèè
r îò íåãî, âûçûâàÿ â íåé ñêîðîñòü ñêîñà Vr, êîòî-
ðóþ ìîæíî âû÷èñëèòü ïî ôîðìóëå [23]

,
4rV

r


 


                       (2)

ãäå 2 sin .r R 

Ñêîðîñòü ñêîñà Vr  íàïðàâëåíà âíèç, è ïîòî-
ìó ìû ñòàâèì ó íåå çíàê «ìèíóñ». Ñêîðîñòü ýòà íå
áóäåò ïîñòîÿííîé ïî ðàçìàõó è, êàê ñëåäóåò èç
ôîðìóëû (2), áóäåò èçìåíÿòüñÿ ïî ãèïåðáîëè÷åñ-
êîìó çàêîíó. Ñêîðîñòü Vr â òî÷êå À ìîæíî ðàçëî-
æèòü íà íîðìàëüíóþ ê êðûëó è êàñàòåëüíóþ êîì-
ïîíåíòû. Âëèÿòü íà ìåñòíûé óãîë àòàêè êðûëà â
òî÷êå À áóäåò òîëüêî íîðìàëüíàÿ êîìïîíåíòà VR :

cos ,R rV V                        (3)

ãäå .
2

  
 

Êàñàòåëüíàÿ êîìïîíåíòà íà ìåñòíûé óãîë àòà-
êè êðûëà íå âëèÿåò è âçàèìîêîìïåíñèðóåòñÿ ñî-
âìåñòíûì äåéñòâèåì äâóõ âèõðåâûõ óñîâ.

Âû÷èñëèì ñðåäíþþ ñêîðîñòü ñêîñà ïî ðàçìà-
õó â ðàçâåðòêå. Îáîçíà÷èì ýòó ñêîðîñòü ÷åðåç Vy0
è îïðåäåëèì ôîðìóëîé:

0
1

2 .
R L

y R
R

V V dl
L

 



 

Êîýôôèöèåíò 2 âçÿò çäåñü ïîòîìó, ÷òî ó íàñ
çà êðûëîì èìåþòñÿ äâà âèõðåâûõ óñà. Èíòåãðàë
áåðåòñÿ ïî âñåìó ðàçìàõó êðûëà è äåëèòñÿ íà L äëÿ

ïîëó÷åíèÿ ñðåäíåãî ðåçóëüòàòà. Ïîäñòàâëÿÿ ñþäà
çíà÷åíèå VR ïî ôîðìóëå (3) è ó÷èòûâàÿ, ÷òî

,dl Rd   ïîëó÷àåì:

0
1

2 cot cot .
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Èñïîëüçóÿ ïîäâåäåíèå ïîä çíàê äèôôåðåíöè-
àëà, ïîëó÷èì:

2

0

2

cot ln .
2 2 2 2yV d

L L





          
 

  

Ëîãàðèôì â ýòîì âûðàæåíèè ñîãëàñíî (1) ïðè-
áëèçèòåëüíî ðàâåí 4. Ó÷èòûâàÿ ýòî, îêîí÷àòåëü-
íî ïîëó÷èì:

0
2

.yV
L





Èñïîëüçóÿ óðàâíåíèå ñâÿçè, ìîæíî çàïèñàòü:

0 ,y
y

C
V W



ãäå W – ñêîðîñòü íàáåãàþùåãî ïîòîêà.
Ýòîé ñêîðîñòè ñîîòâåòñòâóþò óãîë ñêîñà ïîòî-

êà yC
 


 è êîýôôèöèåíò èíäóêòèâíîãî ñîïðî-

òèâëåíèÿ 
2
y

xi

C
C 


 [23]. Òåì ñàìûì ìû äîêàçàëè,

÷òî êîýôôèöèåíò èíäóêòèâíîãî ñîïðîòèâëåíèÿ
àðî÷íîãî êðûëà èäåíòè÷åí êîýôôèöèåíòó èíäóê-
òèâíîãî ñîïðîòèâëåíèÿ ïëîñêîãî êðûëà ïðè óñëî-

âèè, ÷òî óäëèíåíèå êðûëà   âçÿòî â ðàçâåðòêå.
Ïîñêîëüêó çíà÷åíèå Cxi íå çàâèñèò îò ðàäèóñà R,
õàðàêòåðèçóþùåãî êðèâèçíó àðî÷íîñòè, ýòà ôîð-
ìóëà ïðèìåíèìà è äëÿ êðûëüåâ ñ àðî÷íîñòüþ ïå-
ðåìåííîé êðèâèçíû, â ÷àñòíîñòè äëÿ êðûëüåâ ñ
àðêîé ýëëèïòè÷åñêîé ôîðìû.

Ñëåäóåò òàêæå çàìåòèòü, ÷òî â ñîçäàíèè èíäóê-
òèâíîé ñîñòàâëÿþùåé íà ïðèñîåäèíåííîì âèõðå
àðî÷íîãî êðûëà òàêæå ó÷àñòâóåò ñàìîèíäóêöèÿ îò
ñîñåäíèõ ÷àñòåé ïðèñîåäèíåííîãî âèõðÿ (ðèñ. 2),
óìåíüøàÿ ìåñòíóþ ñêîðîñòü íàáåãàþùåãî ïîòîêà
íà êðûëå ñ îòðèöàòåëüíîé àðî÷íîñòüþ.

Ñêîðîñòü dV, âûçâàííàÿ ýëåìåíòîì êðèâîëè-
íåéíîãî âèõðåâîãî øíóðà, âûðàæàåòñÿ ôîðìóëîé
Áèî—Ñàâàðà, èìåþùåé âèä:
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2
sin .

4
dV dl

r


 



Îäíàêî â ñâÿçè ñ ìàëîñòüþ èíäóöèðîâàííîé
ñêîðîñòè V ïî ñðàâíåíèþ ñî ñêîðîñòüþ íàáåãàþ-
ùåãî ïîòîêà W îáû÷íî åå âëèÿíèåì ìîæíî ïðå-
íåáðå÷ü [25].

Èñõîäÿ èç ïðèâåäåííûõ âûøå äîâîäîâ, èíäóê-
òèâíîå ñîïðîòèâëåíèå àðî÷íîãî êðûëà, ó êîòîðîãî
êîíñîëè âûñòàâëåíû íà ïîëîæèòåëüíûé óãîë àòà-
êè, áóäåò  ìèíèìàëüíûì, êîãäà öèðêóëÿöèÿ ñêî-
ðîñòè åãî ïðèñîåäèíåííîãî âèõðÿ áóäåò ìåíÿòü-
ñÿ ïî ýëëèïòè÷åñêîìó çàêîíó îòíîñèòåëüíî ðàç-
ìàõà êðûëà â ðàçâåðòêå. Áîëåå ïîäðîáíî ïðîáëå-
ìà ñîçäàíèÿ íåïëîñêèõ êðûëüåâ ñ ìèíèìàëüíûì
èíäóêòèâíûì ñîïðîòèâëåíèåì ðàññìîòðåíà
â [3—5].

Îïðåäåëåíèå ñêîðîñòè è óãëà ïëàíèðîâàíèÿ
â çàâèñèìîñòè îò àýðîäèíàìè÷åñêèõ
è êîíñòðóêòèâíûõ êîýôôèöèåíòîâ

Â [13, 17] îïèñàí èòåðàöèîííûé àëãîðèòì ðàñ-
÷åòà àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê ïàðàïëàíà
ñ ãðàôè÷åñêèì îïðåäåëåíèåì îñíîâíûõ êîíñòðóê-
òèâíûõ îòíîøåíèé. Áîëåå óäîáíîé ïðåäñòàâëÿåòñÿ
òàêàÿ ïîñëåäîâàòåëüíîñòü äåéñòâèé, â êîòîðîé
òðåáóåìûå ïàðàìåòðû âû÷èñëÿþòñÿ àíàëèòè÷åñêè
áåç ïðîöåäóðû ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé.
Äëÿ ðåøåíèÿ äàííîé çàäà÷è â [22] ïîêàçàíû âû-
ðàæåíèÿ äëÿ âû÷èñëåíèÿ îñíîâíûõ ãåîìåòðè-
÷åñêèõ ïàðàìåòðîâ ëåòàòåëüíîãî àïïàðàòà ñ ìÿã-
êèì óäåðæèâàåìûì ñòðîïàìè êðûëîì â ãîðèçîí-
òàëüíîì ïîëåòå è â ðåæèìå ïëàíèðîâàíèÿ. Äëÿ
áåçìîòîðíûõ ñèñòåì âûðàæåíèÿ äëÿ óãëà è ñêîðî-
ñòè ïëàíèðîâàíèÿ ïðèâåäåíû òàêæå â [18]. Èñõîä-
íûìè äàííûìè äëÿ ðàñ÷åòîâ ÿâëÿþòñÿ õàðàêòåðè-
ñòèêè ïðîôèëÿ èñïîëüçóåìîãî êðûëà è êîíñòðóê-
òèâíûå ïàðàìåòðû ñèñòåìû.

Âûáðàâ àýðîäèíàìè÷åñêèå êîýôôèöèåíòû
ïðîôèëÿ êðûëà  Cxp  è  Cya  íà èññëåäóåìîì ðåæè-

ìå, ìîæíî ïîëó÷èòü óãîë è ñêîðîñòü ïëàíèðîâà-
íèÿ.

Ñêîðîñòü ïëàíèðîâàíèÿ ìîæíî ïîëó÷èòü èç
âûðàæåíèÿ äëÿ êîýôôèöèåíòà àýðîäèíàìè÷åñêîé
ïîäúåìíîé ñèëû êðûëà Cya (12) â [22]:

2
ïð

2 cos
,ya

G
C

V S





ó÷èòûâàÿ, ÷òî = Sïð /Sêð [22] (Sïð – ïëîùàäü
ãîðèçîíòàëüíîé ïðîåêöèè êðûëà; Sêð – ïëîùàäü

êðûëà â ðàçâåðòêå;   — óãîë ïëàíèðîâàíèÿ ê ãî-
ðèçîíòó; G – âåñ ïëàíèðóþùåé ñèñòåìû; r — ïëîò-
íîñòü ñðåäû; V – ñêîðîñòü ïîëåòà):

êð

2 cos
.

ya

G
V

C S



                        (4)

Ïîäñòàâèâ âûðàæåíèå äëÿ ñêîðîñòè (4), à òàê-
æå äëÿ êîýôôèöèåíòà èíäóêòèâíîãî ñîïðîòèâëå-

íèÿ 
2

(1 )y
xi

C
C   


 [23] (ãäå   – ïîïðàâêà äëÿ íå-

ýëëèïòè÷åñêèõ êðûëüåâ;   – óäëèíåíèå êðûëà â
ðàçâåðòêå) â [22 ô-ëà (11)], ïîñëå ñîêðàùåíèé ïî-
ëó÷èì:

2
ïèë

ñòð ïèë
êð êð

cos .

(1 )

ya

ya
xp x x

C

CSmL
C C C

S S


 

    


  
(5)

Çäåñü L – ðàçìàõ êðûëà â ðàçâåðòêå; m — ñóììàð-
íàÿ ìèäåëåâàÿ ïëîùàäü ñå÷åíèÿ ñòðîï, ïðèâåäåí-
íàÿ ê åäèíè÷íîìó ðàçìàõó; Cxp — êîýôôèöèåíò
ïðîôèëüíîãî ñîïðîòèâëåíèÿ; Cx ñòð — êîýôôèöè-
åíò ñîïðîòèâëåíèÿ ñòðîï; Cx ïèë — êîýôôèöèåíò
ñîïðîòèâëåíèÿ ïèëîòà (ãðóçà); Sïèë — ìèäåëåâîå
ñå÷åíèå ïèëîòà (ãðóçà).

Â [22] ïîêàçàíî, ÷òî â ãîðèçîíòàëüíîì ïîëåòå
èíäóêòèâíîå ñîïðîòèâëåíèå ìîæíî çàïèñàòü êàê

22
i

G
X

VL
     

, à ïîëíîå ñîïðîòèâëåíèå

2 2

ñòð ïèë ïèë
2

( ),
2 x x

p

G G V
X C mL C S

VL K
       

ãäå Kp = Cya /Cxp – àýðîäèíàìè÷åñêîå êà÷åñòâî
ïðîôèëÿ ïðè çàäàííîì Cya.

Ìîæíî çàìåòèòü, ÷òî â ýòèõ âûðàæåíèÿõ ôè-
ãóðèðóåò íå óäëèíåíèå êðûëà, à åãî ðàçìàõ. Òî åñòü

Ðèñ. 2. Ñàìîèíäóêöèÿ ïðèñîåäèíåííîãî âèõðÿ ñ öèðêó-
ëÿöèåé Ã â òî÷êå À íà êðûëå ñ îòðèöàòåëüíîé àðî÷íîñ-
òüþ (êîíöû êîòîðîãî íàõîäÿòñÿ íèæå êîðíåâîãî ñå÷å-
íèÿ)
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ïðè îäèíàêîâûõ âåñå ëåòàòåëüíîãî àïïàðàòà, ðàç-
ìàõå êðûëà è ñêîðîñòè ãîðèçîíòàëüíîãî ïîëåòà
óçêîå êðûëî ñ ïðîôèëåì, èìåþùèì âûñîêèé Cya
ïðè çàäàííîì êà÷åñòâå Kp, è øèðîêîå êðûëî ñ
ïðîôèëåì, èìåþùèì íèçêèé Cya ïðè òîì æå êà-
÷åñòâå Kp, áóäóò èìåòü îäèíàêîâîå ñîïðîòèâëåíèå.

Èç âûðàæåíèÿ (5) ìîæíî ñäåëàòü âûâîä, ÷òî
îïðåäåëÿþùèì êðèòåðèåì êà÷åñòâà ïëàíèðîâàíèÿ
ÿâëÿåòñÿ óäëèíåíèå, à íå ðàçìàõ êðûëà. Îäíàêî,

ó÷èòûâàÿ, ÷òî  = b2/S, ìîæíî çàìåòèòü, ÷òî ê
óõóäøåíèþ êà÷åñòâà ïëàíèðîâàíèÿ âåäåò ðîñò
ïðîèçâåäåíèÿ Cya

2S. Ïðè ýòîì ïîäúåìíàÿ ñèëà
ïðîïîðöèîíàëüíà CyaS, à çíà÷èò è â ýòîì ñëó÷àå
ïðè òîé æå ïîäúåìíîé ñèëå è ïîñòîÿííîì ðàçìà-
õå âûãîäíåå óìåíüøèòü Cya è ïðîïîðöèîíàëüíî
óâåëè÷èòü ïëîùàäü êðûëà (óìåíüøèâ òåì ñàìûì
åãî óäëèíåíèå). Íà óëó÷øåíèå êà÷åñòâà ïëàíèðî-
âàíèÿ íàïðÿìóþ âëèÿåò ðîñò êâàäðàòà ðàçìàõà.
ßâíûì îáðàçîì çàâèñèìîñòü ñèíóñà óãëà ïëàíè-
ðîâàíèÿ îò ðàçìàõà êðûëà ïðåäñòàâëåíà â [22].

Òàêèì îáðàçîì, â ïðîöåññå ïðîåêòèðîâàíèÿ
êðûëà ñëåäóåò â ïåðâóþ î÷åðåäü îáðàùàòü âíèìà-
íèå íà âåëè÷èíó ìàêñèìàëüíîãî êà÷åñòâà Kp âûá-
ðàííîãî àýðîäèíàìè÷åñêîãî ïðîôèëÿ è äëÿ äàëü-
íåéøèõ ðàñ÷åòîâ âûáèðàòü ïëîùàäü è ðàçìàõ êðû-
ëà, ñîîòâåòñòâóþùèå êîýôôèöèåíòó Cya ïðîôèëÿ
ïðè ýòîì êà÷åñòâå (ïðîôèëü ìÿãêîãî êðûëà âûãîä-
íî âûñòàâëÿòü íà óãîë àòàêè, äàþùèé ìàêñèìàëü-
íîå îòíîøåíèå Cya /Cxp èëè ìèíèìàëüíîå çíà÷å-
íèå âåðòèêàëüíîé ñîñòàâëÿþùåé ñêîðîñòè ïðè
ïëàíèðîâàíèè. Â ïîñëåäíåì ñëó÷àå êðûëî äëÿ
ìîòîðíîãî ïîëåòà îêàçûâàåòñÿ íåïðèãîäíûì).
Ïðåäïî÷òåíèå ñëåäóåò îòäàâàòü òåì ïðîôèëÿì,
êîòîðûå ïðè òîì æå êà÷åñòâå èìåþò ìèíèìàëüíûé
Cya. Ïðè ýòîì çà ñ÷åò ïðîïîðöèîíàëüíîãî ðîñòà
ïîòðåáíîé ïëîùàäè è, ñîîòâåòñòâåííî, õîðäû
êðûëà ðàñòåò è åãî ñòðîèòåëüíàÿ âûñîòà (ïðè ìàñ-
øòàáèðîâàíèè ïðîôèëÿ ñ íåèçìåííîé îòíîñè-
òåëüíîé òîëùèíîé), à çíà÷èò, ïðè òîé æå ñòðîè-
òåëüíîé âûñîòå è, ñîîòâåòñòâåííî, ñïîñîáíîñòè
ìÿãêîãî êðûëà ê óäåðæàíèþ ñîáñòâåííîé ôîðìû
ìîæíî âûáèðàòü ïðîôèëè ñ óìåíüøåííîé îòíî-
ñèòåëüíîé òîëùèíîé.

Èñïîëüçóÿ ïîëó÷åííûå âûðàæåíèÿ, ïðåäñòà-
âèì îïòèìèçèðîâàííóþ ïîñëåäîâàòåëüíîñòü ðàñ-
÷åòà îñíîâíûõ ïàðàìåòðîâ ïëàíèðóþùåé ñèñòåìû
ñëåäóþùèì îáðàçîì.

1. Âûáèðàþòñÿ àýðîäèíàìè÷åñêèå êîýôôèöè-
åíòû ïðîôèëÿ êðûëà Cxp è Cya íà ðàñ÷åòíîì ðå-
æèìå ïîëåòà. Â äàëüíåéøåì ñ÷èòàåì, ÷òî êðûëî
óæå âûñòàâëåíî íà òðåáóåìûé óãîë àòàêè.

2. Ïåðâûì âû÷èñëÿåòñÿ óãîë ïëàíèðîâàíèÿ ïî
âûðàæåíèþ (5).

3. Ñ ó÷åòîì ïîëó÷åííîãî óãëà ïëàíèðîâàíèÿ
âû÷èñëÿåòñÿ ñêîðîñòü ïëàíèðîâàíèÿ ïî âûðàæå-
íèþ (4).

4. Ïî ïîëó÷åííûì ñêîðîñòè è óãëó ïëàíèðî-
âàíèÿ âûáèðàåòñÿ êîîðäèíàòà ïîäâåñà êðûëà îò-
íîñèòåëüíî öåíòðà òÿæåñòè ãðóçà ïî âûðàæåíèþ
(5).

Êàê ïîêàçàíî äàëåå, âûáðàííàÿ êîîðäèíàòà
ïîäâåñà êðûëà îòíîñèòåëüíî öåíòðà òÿæåñòè ãðóçà
ïîçâîëÿåò ñîõðàíÿòü òðåáóåìûé óãîë àòàêè êðû-
ëà è ïîä òÿãîé, êàê â ãîðèçîíòàëüíîì ïîëåòå, òàê
è â ðåæèìå íàáîðà âûñîòû.

Âûáîð îïòèìàëüíîãî óäëèíåíèÿ êðûëà
è åãî ïðîôèëÿ

Ïîñëå âûáîðà íåñêîëüêèõ âàðèàíòîâ ïðîôèëåé
ïðîèçâîäèòñÿ ñðàâíèòåëüíûé ðàñ÷åò êà÷åñòâà ïî-
ëåòà. Ïðè ñëèøêîì ìàëîì çíà÷åíèè êîýôôèöèåí-
òà ïîäúåìíîé ñèëû êðûëà îñíîâíîé âêëàä â ñî-
ïðîòèâëåíèå áóäóò âíîñèòü ïèëîò, ïàðàøþòèñò
èëè äåñàíòèðóåìûé ãðóç, à òàêæå ñòðîïû. Ïðè
ñëèøêîì áîëüøîì Cya ïðåâàëèðóþùèì ñòàíîâèò-
ñÿ èíäóêòèâíîå ñîïðîòèâëåíèå. Ñîîòâåòñòâåííî,
äëÿ êàæäîãî óäëèíåíèÿ êðûëà, êîíôèãóðàöèè
ñòðîïíîé ñèñòåìû è òèïà ãðóçà ìîæíî ïîäîáðàòü
êðûëîâîé ïðîôèëü ñ îïòèìàëüíûì Cya ïðè ìàê-
ñèìàëüíîì êà÷åñòâå Kp.

Íà ðèñ. 3 è 4 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷å-
òà êðûëà ñ èñõîäíûìè äàííûìè (òàáë. 1).

Ðàñ÷åò âåëñÿ ïî ôîðìóëàì (5) è (4) ïðè çàäàí-

íîì  , âàðüèðîâàëñÿ Cya ïðè íåèçìåííîì Kp =
= Cya /Cõp.

Ïðåäñòàâëåííûå ãðàôèêè ïîêàçûâàþò, ÷òî
óâåëè÷åíèå óäëèíåíèÿ êðûëà ïîçâîëÿåò óâåëè÷èòü
íàãðóçêó íà ïëîùàäü ïðè ñîõðàíåíèè óäîâëåòâî-

Òàáëèöà 1

G 44145 Í 

m 0,06795 
 

Ω 0,9 
 

Sêð 300 ì2 

Sïèë 5,5 ì2 

Cx ïèë 0,85 
 

L 30 ì 

Cx ñòð 0,8 
 

ρ 1,21 
 

δ 0,05 
 

Cya/Cxp 10 
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ðèòåëüíûõ ïîñàäî÷íûõ õàðàêòåðèñòèê, îäíàêî ýòî
âëèÿíèå íå ëèíåéíî è ïðè óäëèíåíèè ñâûøå 5
ïðîÿâëÿåòñÿ îòíîñèòåëüíî ñëàáî. Òàêæå ìîæíî
çàìåòèòü, ÷òî ðîñò Cya ñâûøå îïðåäåëåííîãî äëÿ

êàæäîãî   çíà÷åíèÿ ïî÷òè íå óìåíüøàåò âåðòè-
êàëüíóþ ñêîðîñòü, ãàñÿ åå â îñíîâíîì çà ñ÷åò îá-
ùåãî óìåíüøåíèÿ ñêîðîñòè ïëàíèðîâàíèÿ.

Åñëè æå ìû ïðè òåõ æå èñõîäíûõ äàííûõ çà-
ôèêñèðóåì íå óäëèíåíèå, à íåñóùóþ ñïîñîáíîñòü

êðûëà, âûðàæåííóþ ÷åðåç ïðîèçâåäåíèå CyaSêð
èëè CyabÑÀÕ (÷òî â íàøåì ñëó÷àå ýêâèâàëåíòíî,
ïîñêîëüêó ðàçìàõ êðûëà L ïðè âû÷èñëåíèÿõ îñ-
òàåòñÿ ïîñòîÿííûì. Çäåñü bÑÀÕ – ñðåäíÿÿ àýðîäè-
íàìè÷åñêàÿ õîðäà, èëè ÑÀÕ), òî ïðè âñåõ èçìåíå-

íèÿõ Cya, à âìåñòå ñ íèì è Sêð, è  , ïðè íåèçìåí-
íîì Kp àýðîäèíàìè÷åñêîå êà÷åñòâî ïëàíèðóþùåé
ñèñòåìû îñòàíåòñÿ îäèíàêîâûì (ðèñ. 5). Ýòî åùå
ðàç ïîäòâåðæäàåò âëèÿíèå íà êà÷åñòâî ïîëåòà ðàç-

Ðèñ. 3. Ãðàôèê èçìåíåíèÿ ðàñ÷åòíîãî êà÷åñòâà ïëàíèðîâàíèÿ K = cot  òèïè÷íîé ïëàíèðóþùåé ñèñòåìû

â çàâèñèìîñòè îò Cya ïðîôèëÿ ïðè íåèçìåííîì ñîîòíîøåíèè Cya /Cxp  è ðàçëè÷íûõ óäëèíåíèÿõ êðûëà 

Ðèñ. 4. Ãðàôèê èçìåíåíèÿ âåðòèêàëüíîé ñîñòàâëÿþùåé ñêîðîñòè Vy òèïè÷íîé ïëàíèðóþùåé ñèñòåìû c îòíîøå-
íèåì âåñà ê ïëîùàäè âåðòèêàëüíîé ïðîåêöèè êðûëà 163,5 [Í/ì2] â çàâèñèìîñòè îò Cya ïðîôèëÿ ïðè íåèçìåííîì

ñîîòíîøåíèè Cya /Cxp è ðàçëè÷íûõ óäëèíåíèÿõ êðûëà 
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ìàõà è ïðîèçâåäåíèÿ CyabÑÀÕ, à íå ñàìîãî ïî ñåáå
óäëèíåíèÿ êðûëà.

Ñëåäóåò îòìåòèòü, ÷òî óêàçàííîå ñâîéñòâî ñî-
îòâåòñòâóåò ôèçè÷åñêîìó ñìûñëó êðûëà êàê íåñó-
ùåé ñèñòåìû, ïîñêîëüêó ñîãëàñíî òåîðåìå Æóêîâ-
ñêîãî ñ ó÷åòîì óðàâíåíèÿ ñâÿçè öèðêóëÿöèÿ ñêîðî-
ñòè ïðèñîåäèíåííîãî âèõðÿ êðûëà Ã =CyabÑÀÕV/2
(ãäå V – ñêîðîñòü íàáåãàþùåãî ïîòîêà) è ïîäúåì-
íàÿ ñèëà êðûëà Y = ÃrVL  = CyaSêðq (ãäå q – äè-
íàìè÷åñêîå äàâëåíèå íàáåãàþùåãî ïîòîêà, r – åãî
ïëîòíîñòü). Ïðè ýòîì ïîäúåìíàÿ ñèëà ðàâíà ñå-
êóíäíîìó êîëè÷åñòâó äâèæåíèÿ îòáðàñûâàåìîãî
ïîä êðûëî âîçäóõà, è ñ ðîñòîì ðàçìàõà ïîòðåáíàÿ
ñêîðîñòü ýòîãî îòáðàñûâàíèÿ ïðîïîðöèîíàëüíî
óìåíüøàåòñÿ. Ñîîòâåòñòâåííî, ñîñòàâëÿþùóþ
öèðêóëÿöèè,  çàâèñÿùóþ îò êîíñòðóêòèâà êðûëà
è õàðàêòåðèçóþùóþ åãî íåñóùóþ ñïîñîáíîñòü,
ìîæíî îïðåäåëèòü êàê CyabÑÀÕ, à íàãðóæåííîñòü
êðûëà (îáîçíà÷èì åå, íàïðèìåð, Cê) — êàê

CyabÑÀÕ/L = Cya /  . Ãðàôèê íà ðèñ. 5 ïîêàçûâàåò,
÷òî ïðè îäíîé è òîé æå íàãðóæåííîñòè êðûëà åãî
êà÷åñòâî ñîõðàíÿåòñÿ ïîñòîÿííûì (íå çàâèñèò îò
óäëèíåíèÿ). Ó÷åò âñåõ ñîñòàâëÿþùèõ ñîïðîòèâëå-
íèé ïðè ðàñ÷åòå ïî ôîðìóëå (5) äàåò ýêñòðåìóì
êà÷åñòâà ïëàíèðîâàíèÿ ëåòàòåëüíîãî àïïàðàòà è
ñîîòâåòñòâóþùóþ åìó îïòèìàëüíóþ íàãðóæåí-
íîñòü êðûëà.

Ïðè ðàñ÷åòå ïëàíèðóþùåé ñèñòåìû íà îñíî-
âå åå ïðîåêòíûõ êîíñòðóêòèâíûõ ïàðàìåòðîâ ñíà-
÷àëà âû÷èñëÿþòñÿ êà÷åñòâî ïëàíèðîâàíèÿ

K = cot  è óãîë ñíèæåíèÿ  , ïî êîòîðîìó îïðå-
äåëÿåòñÿ ñêîðîñòü ïîëåòà. Â ñëó÷àå íåóäîâëåòâî-
ðèòåëüíûõ ðåçóëüòàòîâ êîíñòðóêòèâíûå ïàðàìåò-
ðû âàðüèðóþòñÿ, ïîñëå ÷åãî ðàñ÷åò ïîâòîðÿåòñÿ.
Ïîñëå îêîí÷àòåëüíîãî âûáîðà ïðîôèëÿ îïðåäåëÿ-

åòñÿ öåíòð äàâëåíèÿ íà ÑÀÕ (ñðåäíåé àýðîäèíà-
ìè÷åñêîé õîðäå) êðûëà ïî ôîðìóëå xöä /bÑÀÕ =
= –mz /Cy, èñïîëüçóåìûé â äàëüíåéøåì äëÿ ðàñ÷å-
òà êîîðäèíàòû ïîäâåñà ãðóçà îòíîñèòåëüíî ÑÀÕ.
Äëÿ áàëàíñèðîâêè êðûëà ãðóçîì âàæíî ðàñïðåäå-
ëåíèå ïî ðàçìàõó ïðîåêöèè ïðîôèëüíîãî ìîìåí-
òà íà ïîïåðå÷íóþ îñü ëåòàòåëüíîãî àïïàðàòà (ïðî-
åêöèè ìîìåíòîâ êîíñîëåé íà åãî âåðòèêàëüíóþ
îñü âçàèìíî êîìïåíñèðóþòñÿ), à çíà÷èò, ïðè ðàñ-
÷åòå ÑÀÕ äîñòàòî÷íî ó÷èòûâàòü òîëüêî âåðòèêàëü-
íóþ ñîñòàâëÿþùóþ ïîäúåìíîé ñèëû åãî êîíñîëåé
(è âåðòèêàëüíóþ ïðîåêöèþ êðûëà). Äàëåå ñ ó÷å-
òîì ïîëó÷åííîé êîîðäèíàòû öåíòðà äàâëåíèÿ íà
ÑÀÕ ýêâèâàëåíòíîãî ïëîñêîãî êðûëà îïðåäåëÿåò-
ñÿ êîîðäèíàòà ïîäâåñà êðûëà îòíîñèòåëüíî öåí-
òðà òÿæåñòè ãðóçà. Òàêèì îáðàçîì, óäàåòñÿ èçáå-
æàòü èòåðàöèîííûõ ïðèáëèæåíèé ïðè ïðîåêòèðî-
âàíèè ñòðîïíîé ñèñòåìû.

Îïðåäåëåíèå êîîðäèíàòû ïîäâåñà êðûëà
îòíîñèòåëüíî öåíòðà òÿæåñòè ãðóçà,
ïîäâåøåííîãî ê ñâîáîäíûì êîíöàì,
â ìîòîðíîì ïîëåòå

Ïîñëå îïðåäåëåíèÿ õàðàêòåðèñòèê êðûëà äëÿ
ñîõðàíåíèÿ âûáðàííûõ óãëîâ àòàêè â ðåàëüíîì
ïîëåòå íåîáõîäèìî âûáðàòü êîîðäèíàòó ïîäâåñà
êðûëà îòíîñèòåëüíî öåíòðà òÿæåñòè ãðóçà, ïîäâå-
øåííîãî ê ñâîáîäíûì êîíöàì. Ðàñ÷åò ïðîèçâî-
äèòñÿ èñõîäÿ èç ðàâåíñòâà ìîìåíòîâ, ñîçäàþùèõñÿ
àýðîäèíàìè÷åñêèì ñîïðîòèâëåíèåì ñòðîï Xñòð è
ãðóçà Xãð, à òàêæå âåñîì ãðóçà G è òÿãîé P (ïðè
íàëè÷èè) (ðèñ. 6). Ìàññû êðûëà è ñòðîï â äåñÿò-
êè è ñîòíè ðàç ìåíüøå ìàññû ãðóçà, à ðàññîãëà-
ñîâàíèå öåíòðîâ èõ ìàññ îòíîñèòåëüíî öåíòðà
äàâëåíèÿ ñóùåñòâåííî ìåíüøå. Ïîýòîìó èõ âëè-
ÿíèåì â ïðàêòè÷åñêèõ ðàñ÷åòàõ ìîæíî ïðåíåáðå÷ü.

Äëÿ òîãî ÷òîáû âûáðàííûé óãîë àòàêè â ãîðè-
çîíòàëüíîì ïîëåòå ñîõðàíÿëñÿ, íåîáõîäèìî, ÷òî-
áû ñóììà ìîìåíòîâ îò ñèëû ñîïðîòèâëåíèÿ ñòðîï
Xñòð, ñèëû ñîïðîòèâëåíèÿ ãðóçà Xãð, âåñà ãðóçà G
è ñèëû òÿãè äâèæèòåëÿ P îòíîñèòåëüíî öåíòðà
äàâëåíèÿ íà ÑÀÕ êðûëà áûëà ðàâíà íóëþ:

ãð ãð ñòð ãð ãð 0.X h M x G Ph                (6)

Ìîìåíò ñîïðîòèâëåíèÿ ñòðîï

ñòð ñòð ñòð ñòð ñòði iM X h SX h 

ìîæíî îïðåäåëèòü êàê ñóììó ìîìåíòîâ êàæäîãî
îòðåçêà ñòðîïû, ñîîòâåòñòâóþùåãî ñâîåé øåðåí-

ãå, ðÿäó è ÿðóñó ñòð ñòð ñòði i iM X h  îòíîñèòåëüíî

íîðìàëè ê öåíòðó äàâëåíèÿ íà ÑÀÕ êðûëà. Äëÿ

Ðèñ. 5. Àýðîäèíàìè÷åñêîå êà÷åñòâî ïëàíèðóþùåé ñèñ-
òåìû ïðè íåèçìåííûõ ðàçìàõå (â äàííîì ñëó÷àå 30 ì),
íåñóùåé ñïîñîáíîñòè (â äàííîì ñëó÷àå CyabÑÀÕ = 5) è
êà÷åñòâå ïðîôèëÿ (â äàííîì ñëó÷àå Kp = 10) íå çàâèñèò

îò óäëèíåíèÿ 
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îïðåäåëåíèÿ hñòð ñíà÷àëà âû÷èñëèì ïðèáëèæåííîå
çíà÷åíèå ìîìåíòà:

2
ñòð` ( ) / 2,i i i iM SC d I L V 

ãäå Cxi – êîýôôèöèåíò ñîïðîòèâëåíèÿ öèëèíäðà
ïðè ÷èñëå Ðåéíîëüäñà, ñîîòâåòñòâóþùåì i-é ñòðî-
ïå; di, li – äèàìåòð è äëèíà i-é ñòðîïû ñîîòâåò-
ñòâåííî; Li – äëèíà ñòðîïëåíèÿ îò óçëà ïîäâåñêè
ê êðûëó äî ñåðåäèíû i-é ñòðîïû;   – ïëîòíîñòü

ñðåäû; V – ñêîðîñòü ïîëåòà.
Ñèëó ñîïðîòèâëåíèÿ ñòðîï âû÷èñëèì êàê ñóì-

ìó ñèë ñîïðîòèâëåíèÿ êàæäîãî îòðåçêà ñòðîïû:

2
ñòð ñòð ( ) / 2.i x i i iX SX SC d I V  

Ó÷èòûâàÿ, ÷òî ñîãëàñíî [22]

ñòð( )xi i i x
i

C d l C mL ,

ìîæíî çàïèñàòü

2

ñòð ñòð .
2x
V

X C mL




Âû÷èñëèâ M `ñòð è Xñòð , ìîæíî îïðåäåëèòü
Lñòð = M `ñòð /Xñòð.

Âûðàçèâ cos  ÷åðåç îòíîøåíèå hãð ê Lãð, ïî-

ëó÷èì:

hñòð = M `ñòð /Xñòð · hãð/Lãð.             (7)

Ó÷èòûâàÿ (7), à òàêæå òî, ÷òî â ãîðèçîíòàëü-
íîì ïîëåòå ñèëà òÿãè ðàâíà ñóììå âñåõ ñèë ñîïðî-
òèâëåíèÿ, ïîñëå ñîêðàùåíèé çàïèøåì (6) êàê

ñòð ñòð ãð ãð ãð ñòð ãð ãð( ) 0.aX h X h x G X X X h      (8)

Òàê êàê

ñòð ñòð ãð ãð ãð ãðcos , cos , sin ,h L h L x L     

ìîæíî çàïèñàòü:

ãð ñòð ãð ãð

ñòð ñòð ãð ãð

ñòð ñòð ãð

sin ( ) cos

cos cos ;

tan (1 / ).

a

a

L G X X X L

X L X h

G X X L L

     

   

    
       (9)

Ñ ó÷åòîì òîãî, ÷òî â ãîðèçîíòàëüíîì ïîëåòå

êð2 / 2 yaG V C S   

è, ñîîòâåòñòâåííî,

êð2 / 2 /( ),yaG V G C S   

çàïèøåì (9) â àýðîäèíàìè÷åñêèõ êîýôôèöèåíòàõ:

2
ñòð ñòð

êð ãð

1

tan .

xya
xp

ya

CC L
C

S L

C

 
   

    


          (10)

Âëèÿíèå äèíàìèêè òÿãè äâèãàòåëÿ íà ïðîäîëü-
íóþ áàëàíñèðîâêó ëåòàòåëüíîãî àïåïàðàòà ñ ìÿã-
êèì êðûëîì ðàññìîòðåíî â [20, 21].

Îïðåäåëåíèå êîîðäèíàòû ïîäâåñà êðûëà
îòíîñèòåëüíî öåíòðà òÿæåñòè ãðóçà,
ïîäâåøåííîãî ê ñâîáîäíûì êîíöàì,
â ðåæèìå ïëàíèðîâàíèÿ

Îïðåäåëèì óãîë   â ðåæèìå ïëàíèðîâàíèÿ

(ðèñ. 7).

Ðèñ. 6. Ñõåìà äåéñòâèÿ ìîìåíòîâ ñèë â ãîðèçîíòàëüíîì
ìîòîðíîì ïîëåòå
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Ðèñ. 7. Ñõåìà äåéñòâèÿ ìîìåíòîâ ñèë â ðåæèìå ïëàíè-
ðîâàíèÿ

Åñëè áû ñòðîïû è ãðóç íå èñïûòûâàëè ñîïðî-
òèâëåíèÿ, òî ïðè ïëàíèðîâàíèè (ñ óãëîì ïëàíè-

ðîâàíèÿ  ) òî÷êà ïîäâåñà ãðóçà íàõîäèëàñü áû
òî÷íî ïîä öåíòðîì äàâëåíèÿ êðûëà, à ñîåäèíÿþ-

ùàÿ èõ ëèíèÿ áûëà áû âåðòèêàëüíîé (  áûë áû

ðàâåí  ). Â ðåàëüíîñòè íà ñòðîïû è ãðóç äåéñòâó-
åò ñîïðîòèâëåíèå ñðåäû, ãðóç ñäóâàåòñÿ íàçàä ïî
ïîòîêó, ëèíèÿ, ñîåäèíÿþùàÿ öåíòð äàâëåíèÿ êðû-
ëà è öåíòð òÿæåñòè ãðóçà, îòêëîíÿåòñÿ îò âåðòè-

êàëè è   ñòàíîâèòñÿ ìåíüøå  .

Ñîñòàâèì áàëàíñ ìîìåíòîâ îòíîñèòåëüíî öåí-
òðà äàâëåíèÿ êðûëà, àíàëîãè÷íî (6), â ðåæèìå
ïëàíèðîâàíèÿ:

ãð ãð ñòð ñòð sin( ) 0.X h X h G             (11)

Âûðàçèâ hñòð ÷åðåç (7), ñ ó÷åòîì ôîðìóëû òðè-
ãîíîìåòðè÷åñêîãî ðàçëîæåíèÿ ñèíóñà ðàçíèöû
óãëîâ ïîëó÷èì:

ãð ãð ñòð ñòð(sin cos cos sin ) ( )cosG X h X h       

è îêîí÷àòåëüíî äëÿ ñèë:

ãð ãð ñòð ñòðsin
tan .

cos

G X h X h

G

 
 


         (12)

Ïîñêîëüêó ñ ó÷åòîì (4)

2

êð

cos
2 ya

V G
C S

 




â àýðîäèíàìè÷åñêèõ êîýôôèöèåíòàõ ìîæíî çàïè-
ñàòü:

ñòð
ñòð ïèë ïèë

ãð

êð

1
tan ,

cot

x x

ya

L
C mL C S

L

C S



  
 

    (13)

ïîäñòàâëÿÿ â (13) âûðàæåíèå (5) äëÿ cot , îêîí-
÷àòåëüíî ïîëó÷àåì:

2
ñòð ñòð

êð ãð

(1 )
1

tan .

xya
xp

ya

C mLC L
C

S L

C

  
   

    


  (14)

Âûâîäû

Ìîæíî áûëî ïðåäïîëîæèòü, ÷òî èçìåíåíèÿ
òÿãè äîëæíû ïðèâîäèòü ê êîëåáàíèÿì ïîäâåøåí-
íîãî ãðóçà ê íàïðàâëåíèþ ïîòîêà, ïðèâîäÿùèì ê
èçìåíåíèþ óãëà àòàêè êðûëà ê ïîòîêó ïðè ïåðå-
õîäå îò ìîòîðíîãî ïîëåòà â ðåæèì ïëàíèðîâàíèÿ
èëè íàáîðà âûñîòû.

Îäíàêî ñðàâíåíèå óãëà ñêîñà ñòðîï îòíîñè-
òåëüíî öåíòðà äàâëåíèÿ ÑÀÕ, ïîëó÷åííîãî â ðå-
æèìå ãîðèçîíòàëüíîãî ïîëåòà ïîä òÿãîé (10) è â
ðåæèìå ïëàíèðîâàíèÿ, ò. å. ñ íóëåâîé òÿãîé (14),
ïîêàçûâàåò èäåíòè÷íûå óðàâíåíèÿ. Èç ÷åãî ìîæ-
íî ñäåëàòü âûâîä, ÷òî ýòèìè æå óðàâíåíèÿìè îïè-
ñûâàþòñÿ âñå ïðîìåæóòî÷íûå ðåæèìû, à çíà÷èò,
âåëè÷èíà òÿãè íå âëèÿåò íà óãîë àòàêè êðûëà, êàê
ïîêàçàíî íà ðèñ. 8. Òî åñòü ìÿãêîå êðûëî, âûñòàâ-
ëåííîå íà îïðåäåëåííûé óãîë àòàêè, ñàìî ïîä-
ñòðàèâàåòñÿ ïîä íàáåãàþùèé ïîòîê, ñîõðàíÿÿ
âûñòàâëåííûé óãîë. Ôîðìóëû (10) è (14) ïîçâî-
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ëÿþò îïðåäåëèòü óñòàíîâî÷íûé óãîë êðûëà íà
ñòðîïíîé ñèñòåìå äëÿ ïîëó÷åíèÿ çàäàííîãî óãëà
àòàêè âî âñåõ ýòèõ ðåæèìàõ.

Â [22] ïðèâåäåí àëãîðèòì ðàñ÷åòà ñòàòè÷åñêèõ
ïàðàìåòðîâ ìîòîðíîãî àïïàðàòà ñ ìÿãêèì êðûëîì.
Â íàñòîÿùåé ñòàòüå ýòîò àëãîðèòì ðàñøèðåí íà
ðåæèì ïëàíèðóþùåãî ñïóñêà. Ïîêàçàíî, ÷òî âû-
ðàæåíèå äëÿ êîýôôèöèåíòà èíäóêòèâíîãî ñîïðî-
òèâëåíèÿ àðî÷íîãî êðûëà èäåíòè÷íî òàêîâîìó äëÿ
êîýôôèöèåíòà èíäóêòèâíîãî ñîïðîòèâëåíèÿ
ïëîñêîãî êðûëà ïðè óñëîâèè, ÷òî óäëèíåíèå êðû-

ëà   âçÿòî â ðàçâåðòêå. Òàêæå ïîêàçàíû âûðàæå-
íèÿ äëÿ îöåíêè îïòèìàëüíîãî óäëèíåíèÿ äëÿ àï-
ïàðàòîâ äàííîãî òèïà.
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modeĺisation 2d. — Universite ´ de Pau et des Pays de
l’Adour IPRA, France, 1994, 23 p.

12. Lingard J.S. Ram-air parachute design // 13th AIAA
Aerodynamic Decelerator Systems Technology
Conference (Clearwater Beach, May 1995). Precision
aerial delivery seminar, 51 p.

13. Ðàêîâ À.Ñ. Âûáîð îñíîâíûõ ãåîìåòðè÷åñêèõ ïàðà-
ìåòðîâ ïðè ïðîåêòèðîâàíèè ïàðàïëàíà // Àâèàöè-

Ðèñ. 8. Êðûëî íà ñòðîïíîé ñèñòåìå ñòðåìèòñÿ ñîõðàíèòü çàäàííûé óãîë àòàêè ê ïîòîêó ïðè èçìåíåíèè âåëè÷èíû
òÿãè



17Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹1

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

îííî-êîñìè÷åñêàÿ òåõíèêà è òåõíîëîãèÿ. 2009.
¹ 5(62). Ñ. 28–31.

14. Èâàíîâ Ð.Ï. Ðåçóëüòàòû àíàëèòè÷åñêîãî ïðîåêòèðî-
âàíèÿ ïàðàïëàíà // Âîïðîñû ïðîåêòèðîâàíèÿ è
ïðîèçâîäñòâà êîíñòðóêöèé ëåòàòåëüíûõ àïïàðàòîâ.
2006. ¹ 4(47). Ñ. 86-99.

15. Èâàíîâ Ï.È. Ïîñòðîåíèå ïîëÿðû ñêîðîñòåé äëÿ
áàëàíñèðîâî÷íûõ ïîëîæåíèé ïëàíèðóþùèõ ïàðà-
øþòíûõ è ïàðàïëàíåðíûõ ñèñòåì // Äèíàìè÷åñêèå
ñèñòåìû. 2004. ¹ 18. Ñ. 64-69.

16. Áðûñîâ Î.Ï., Åçååâà Å.Ï., Ëèìîíàä Þ.Ã. Íåêîòîðûå
îñîáåííîñòè àýðîäèíàìèêè ïàðàøþòà-êðûëà //
Ó÷åíûå çàïèñêè ÖÀÃÈ. 1984. Ò. XV. ¹ 3. C. 121-
126.

17. Ëèìîíàä Þ.Ã. Àýðîäèíàìèêà ïàðàøþòà-êðûëà //
Êðûëüÿ Ðîäèíû. 1984. ¹ 4. Ñ. 26-27.

18. Èâàíîâ Ï.È. Ïðîåêòèðîâàíèå, èçãîòîâëåíèå è èñ-
ïûòàíèÿ ïàðàïëàíîâ. – Ôåîäîñèÿ: Ãðàíä-Ñ ïëþñ,
2001. – 256 ñ.

19. Bogdan D., Radu B., Chelaru A. Parachute systems for
the atmospheric reentry of launcher upper stages //
International Conference of Aerospace Sciences
«AEROSPATIAL 2016» (26 — 27 October 2016,
Bucharest, Romania). DOI: 10.13111/2066-8201.
2017.9.1.4

20. Chambers J. Longitudinal dynamic modeling and
control of powered parachute aircraft. Thesis. Rochester
Institute of Technology, 2007, https://
scholarworks.rit.edu/theses/4262

21. Colin P.G. Powered paraglider longitudinal dynamic
modeling and experimentation. Thesis. Oklahoma State
University, 2016, 172 p.

22. Øâåä Þ.Â. Êðèòåðèè âûáîðà îñíîâíûõ ãåîìåòðè-
÷åñêèõ ïàðàìåòðîâ êðûëà ïàðàïëàíà // Âåñòíèê
Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2015. Ò. 22.
¹ 2. Ñ. 7-14.

23. Þðüåâ Á.Í. Ýêñïåðèìåíòàëüíàÿ àýðîäèíàìèêà.
×àñòü 2. Èíäóêòèâíîå ñîïðîòèâëåíèå. — Ì.:
Èçä-âî íàðêîìàòà îáîðîííîé ïðîìûøëåííîñòè,
1938. — 275 ñ.

24. Munk M.M. The Minimum Induced Drag of Aerofoils.
Technical Report NACA-TR-121, 1921, 18 p.

25. Clarence D.C., Jr. The theory of induced lift and
minimum induced drag of nonplanar lifting systems.
Technical Report NASA-TR-R-139, 1962, 35 p.

26. Êîëîáêîâà À.Í., Íèêîëàåâ Ì.È. Ìèíèìèçàöèÿ èí-
äóêòèâíîãî ñîïðîòèâëåíèÿ íåïëîñêèõ íåñóùèõ ñè-
ñòåì // Âîïðîñû àýðîäèíàìèêè ëåòàòåëüíûõ àïïà-
ðàòîâ è èõ ÷àñòåé: Òåìàò. ñá. íàó÷. òð. – Ì.: Èçä-âî
ÌÀÈ, 1991. Ñ. 53–58.

Abstract

While developing paragliders and gliding
parachutes many issues on the optimal selection of the
airfoil, its relative thickness and twist over the span,
the law of the wing arc distribution and its shape in
the sweep, length and slinging arise. Selection criteria
for of some of these parameters may be transferred
practically without changing the methods, rather
explicitly elaborated for the historically earlier
appeared aerial vehicles with balancing by the payload
weight (hang-gliders). However, the paraglider, also
related to the flying vehicles balanced by the load, has
some specifics, since it employs momentless carrying
shell.

The parameters estimates of the aerial vehicles
with the soft wing and sling support with various
working-out degree are presented in [5–19]. However,
the issue of working-out the simple and vivid analytical
technique for obtaining optimal characteristics of the

DETERMINING TECHNIQUE FOR OPTIMAL RIGGING ANGLE
AND ASPECT RATIO OF THE SOFT WING WITH SLING SUPPORT
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above said aerial vehicles, which does not employ
iteration approximating and general empirical
assumptions, still remains open. The article is devoted
to the study of some aspects of this technique.

The author proposes to perform the calculation in
the following sequence:

1. It is assumed, that in the assigned flight mode,
the wing has the required angle of attack. Aerodynamic
coefficients of the airfoil Cxp and Cya for the specified
mode are being elected.

2. Based of the obtained coefficients, the glading
angle is calculated according to the expression
proposed in the article. Then, with account for the
obtained gliding angle, the gliding speed is calculated
using the following expression.

3. After selecting several options of the wing
profiles and aspect ratio the comparative calculation
of the flight quality is performed. With too small values
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of the wing lift coefficient, the main contribution to
the resistance is brought by the air-dropped cargo and
slings. If the Cya is too large, the inductive resistance
becomes prevalent. Consequently, for each wing
aspect ratio, the system slings and cargo type it is
possible to determine the optimum carrying capacity
of the designed wing profile. Conversely, it is possible
to determine the optimal aspect ratio with given the
remaining design characteristics.

4. After the final selection of the profile, by the
center of pressure on the wing MAC (middle
aerodynamic chord)  is determined. Further, with
account for the obtained coordinates of the center of
pressure on the MAC, the coordinate of the wing
suspension relative to the load center of gravity is
determined by the proposed formula.

The article demonstrates also the independence of
the of self-balancing wings angle of attack from the
thrust magnitude. This conclusion is based on the fact,
that for the angle of the slant of the slings relative to
the center of the pressure of the MAC in the horizontal
flight mode under thrust and in the gliding mode,
identical equations were obtained.

In [1] the algorithm for static parameters
calculation of the motor flight vehicle with a soft wing
is presented. In the presented article it was expanded
for the gliding descent mode.

Keywords: paraglider, gliding parachute, soft wing,
aspect ratio of the wing, wingspan, lift-drag ratio,
airfoil.
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