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Àêòóàëüíîé ïðîáëåìîé ïðàêòèêè ýêñïëóàòà-
öèè âåðòîëåòîâ ÿâëÿåòñÿ ñíèæåíèå óðîâíÿ íàãðó-
æåííîñòè è ïðåäóïðåæäåíèå ïîâðåæäåíèÿ ëîïà-
ñòåé è äðóãèõ àãðåãàòîâ íåñóùåãî âèíòà âåðòîëå-
òà ïðè âîçäåéñòâèè âåòðà íà ñòîÿíêå [1, 22]. Ðà-
íåå ïðîâåäåííûìè èññëåäîâàíèÿìè áûëî óñòàíîâ-
ëåíî [3, 4], ÷òî âñëåäñòâèå ðÿäà îñîáåííîñòåé
àýðîóïðóãèõ õàðàêòåðèñòèê íåâðàùàþùèåñÿ ëîïà-
ñòè âåñüìà ÷óâñòâèòåëüíû ê âåòðîâîìó âîçäåé-
ñòâèþ. Óðîâåíü íàãðóçîê, äåéñòâóþùèõ íà ëîïàñòü
íà ñòîÿíêå, ñîèçìåðèì ñ íàãðóçêàìè, äåéñòâóþ-
ùèìè â ïîëåòå.

Â íàñòîÿùåå âðåìÿ íà âñåõ âåðòîëåòàõ, íàõî-
äÿùèõñÿ â ýêñïëóàòàöèè, ïðèìåíÿåòñÿ ãèáêàÿ
øâàðòîâêà ëîïàñòåé íåñóùåãî âèíòà â âèäå êàï-
ðîíîâîé ëåíòû (òðîñà), îäèí êîíåö êîòîðîé ïðè-
êðåïëÿåòñÿ ê óçëó íà ëîïàñòè, ðàñïîëîæåííîìó
îáû÷íî â êîíöåâîì ñå÷åíèè, à äðóãîé – ê øâàð-
òîâî÷íîìó óçëó íà ôþçåëÿæå èëè øàññè âåðòîëå-
òà. Ïðè øâàðòîâêå ñîãëàñíî èíñòðóêöèè ïðåäó-
ñìîòðåíî íåêîòîðîå ïðåäâàðèòåëüíîå íàòÿæåíèå
ëåíòû, ñîçäàþùåå äîïîëíèòåëüíóþ äåôîðìàöèþ
ëîïàñòè íà âåëè÷èíó, ñîñòàâëÿþùóþ 5...10% îò
ñòàòè÷åñêîé äåôîðìàöèè ïîä äåéñòâèåì ñîáñòâåí-
íîé ìàññû ëîïàñòè. Îäíàêî íà ïðàêòèêå èç-çà
âûòÿæêè è íåóäîáñòâà ðåãóëèðîâêè äëèíû ëåíò
îíè îáû÷íî ñâîáîäíî ïðîâèñàþò.

Øâàðòîâêà ëîïàñòåé íåñóùåãî âèíòà ïðåäíàç-
íà÷åíà äëÿ ïðåäóïðåæäåíèÿ âîçìîæíîñòè ïîâðåæ-
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Èçëàãàåòñÿ ìåòîä ðàñ÷¸òà èçãèáíûõ íàïðÿæåíèé â çàøâàðòîâàííîé è íåçàøâàðòîâàííîé ëîïàñòè âåðòîë¸òà,
îáäóâàåìîé âåòðîâûì ïîòîêîì. Ïîëó÷åíà ïðîñòàÿ â ðåàëèçàöèè âû÷èñëèòåëüíàÿ ñõåìà ðåøåíèÿ èñõîäíîãî íåëè-
íåéíîãî óðàâíåíèÿ íàãðóæåíèÿ ëîïàñòè íà îñíîâå ìåòîäà ïîñëåäîâàòåëüíûõ âîçìóùåíèé ïàðàìåòðîâ Â.Â. Ïåò-
ðîâà. Ïðèâåäåíû ðåçóëüòàòû ðàñ÷¸òîâ äëÿ ëîïàñòåé íåñóùåãî âèíòà âåðòîë¸òà òèïà Ìè-8.

Êëþ÷åâûå ñëîâà: ëîïàñòü íåñóùåãî âèíòà, âåòðîâîå íàãðóæåíèå, ñòàòè÷åñêàÿ ïðî÷íîñòü, ìåòîä ïîñëåäîâàòåëü-
íûõ âîçìóùåíèé ïàðàìåòðîâ.

äåíèÿ ëîïàñòåé è äðóãèõ àãðåãàòîâ íåñóùåãî âèíòà
ïðè âîçäåéñòâèè âåòðà íà ñòîÿíêå. Òåì íå ìåíåå,
êàê ïîêàçûâàåò îïûò ýêñïëóàòàöèè âåðòîëåòîâ,
ïðèìåíÿåìàÿ øâàðòîâêà íå óäîâëåòâîðÿåò â ïîë-
íîé ìåðå ïðåäúÿâëåííûì ê íåé òðåáîâàíèÿì è íå
îáåñïå÷èâàåò ñîõðàííîñòè àãðåãàòîâ íåñóùåãî
âèíòà ïðè âîçäåéñòâèè øòîðìîâîãî âåòðà.

Âûâîä óðàâíåíèÿ ñëîæíîãî èçãèáà
çàøâàðòîâàííîé ëîïàñòè

Íåîáõîäèìîñòü ðàññìîòðåíèÿ çàäà÷è î âåòðî-
âîì íàãðóæåíèè çàøâàðòîâàííîé ëîïàñòè â íåëè-
íåéíîé ïîñòàíîâêå ãëàâíûì îáðàçîì îáóñëîâëå-
íà äâóìÿ ôàêòàìè. Íåâðàùàþùàÿñÿ ëîïàñòü íåñó-
ùåãî âèíòà ïî ñâîèì õàðàêòåðèñòèêàì îòíîñèòñÿ
ê ãèáêèì ñòåðæíÿì, èìåþùèì ïðîãèáû â ïðåäå-
ëàõ óïðóãèõ äåôîðìàöèé ìàòåðèàëà, ñîèçìåðèìûå
ñ èõ äëèíîé [5]. Àýðîäèíàìè÷åñêàÿ íàãðóçêà, íîð-
ìàëüíàÿ îñè ëîïàñòè, ÿâëÿåòñÿ ñëåäÿùåé íàãðóç-
êîé – å¸ íàïðàâëåíèå èçìåíÿåòñÿ âìåñòå ñ èçìå-
íåíèåì óãëîâ ïîâîðîòà îñè ëîïàñòè ïðè èçãèáå.

Ñîñòàâèì óðàâíåíèå èçãèáà ëîïàñòè íåñóùå-
ãî âèíòà, çàøâàðòîâàííîé ãèáêèì òðîñîì, ïðè
âåòðîâîì íàãðóæåíèè äëÿ îáùåãî ñëó÷àÿ ñêîëü
óãîäíî áîëüøèõ ïåðåìåùåíèé. Ëîïàñòü ïðåäñòà-
âèì â âèäå áàëêè ïåðåìåííîãî ñå÷åíèÿ. Ïàðàìåò-
ðû ýòîé áàëêè áóäåì ñ÷èòàòü íåïðåðûâíî ðàñïðå-
äåë¸ííûìè ïî äëèíå ëîïàñòè.
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Êðîìå òîãî, èñïîëüçóåì ñëåäóþùèå äîïóùå-
íèÿ:

1) ïëîñêîñòü íàèìåíüøåé æåñòêîñòè ëîïàñòè
ñîâïàäàåò ñ ïëîñêîñòüþ äåéñòâèÿ àýðîäèíàìè÷åñ-
êîé íàãðóçêè, íîðìàëüíîé ê å¸ ïðîäîëüíîé îñè;

2) ïðè îïðåäåëåíèè íàãðóçîê êðóòèëüíûå äå-
ôîðìàöèè ëîïàñòè íå ó÷èòûâàþòñÿ;

3) âåòåð ðàññìàòðèâàåòñÿ êàê óñòàíîâèâøèéñÿ
ïëîñêîïàðàëëåëüíûé ãîðèçîíòàëüíûé ïîòîê.

Ðàñ÷åòíàÿ ñõåìà íàãðóæåíèÿ çàøâàðòîâàííîé
ëîïàñòè ïðèâåäåíà íà ðèñ. 1.

Ðàññìîòðèì ðàâíîâåñèå ýëåìåíòà ëîïàñòè äëè-
íîé dr, âûðåçàííîãî äâóìÿ áåñêîíå÷íî áëèçêèìè
ñå÷åíèÿìè ïåðïåíäèêóëÿðíî ê äåôîðìèðîâàííîé
îñè [6—8, 23]. Ñèëû è ìîìåíòû, äåéñòâóþùèå íà
ýëåìåíò ëîïàñòè, ïðèâåäåíû íà ðèñ. 2.

Íà ýëåìåíò dr äåéñòâóþò ïîãîííûå íàãðóçêè wy
è wr, à òàêæå ñîñðåäîòî÷åííûå ñèëû Fy è Fr. Ïî
êîíöàì ýëåìåíòà ïðèëîæåíû ñèëû è ìîìåíòû
ðåàêöèè ñîñåäíèõ ó÷àñòêîâ ëîïàñòè. Ñèëû ìîæ-
íî ðàçëîæèòü íà ñîñòàâëÿþùèå ïî îñÿì Oy è Or.

Òîãäà ñóììà ïðîåêöèé âñåõ ñèë íà îñü Oy:
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åì [9—12, 25]:
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Ïðîèíòåãðèðîâàâ óðàâíåíèå (4), ñ ó÷åòîì âû-
ðàæåíèé (3) ïîëó÷èì

Ðèñ. 1. Ñõåìà íàãðóæåíèÿ çàøâàðòîâàííîé ëîïàñòè

Ðèñ. 2. Ñèëû è ìîìåíòû, äåéñòâóþùèå íà ýëåìåíò ëî-
ïàñòè
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Â îáùåì ñëó÷àå ñâÿçü ìåæäó èçãèáàþùèì ìî-
ìåíòîì è äåôîðìèðîâàííîé îñüþ ëîïàñòè, ñîãëàñ-
íî [14], îïðåäåëÿåòñÿ âûðàæåíèåì
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Óðàâíåíèå íåçàøâàðòîâàííîé ëîïàñòè ïîëó-
÷èì èç (7) ïðè Nòð = 0:
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Ìåòîä ðàñ÷åòà íàïðÿæåíèé

Äëÿ ðåøåíèÿ íåëèíåéíûõ çàäà÷ òåîðèè óïðó-
ãîñòè, ê êîòîðûì îòíîñèòñÿ ïîñòàâëåííàÿ çàäà÷à
î ñëîæíîì èçãèáå çàøâàðòîâàííîé ëîïàñòè, âñå
áîëåå øèðîêîå ïðèìåíåíèå íàõîäèò ìåòîä ïîñëå-
äîâàòåëüíûõ âîçìóùåíèé ïàðàìåòðîâ Â.Â. Ïåòðî-
âà [15—20]. Â ýòîì ìåòîäå, îñíîâàííîì íà ðàñ-
ñìîòðåíèè ñòàòè÷åñêîãî íàãðóæåíèÿ êàê ïðîöåñ-
ñà, ðàçâèâàþùåãîñÿ ïðè ìîíîòîííîì âîçðàñòàíèè
ïàðàìåòðà íàãðóæåíèÿ, èíòåðâàë èçìåíåíèÿ íà-
ãðóçêè ïóòåì ïîñòåïåííîãî ïðèëîæåíèÿ åå ìàëû-

ìè ïðèðàùåíèÿìè ðàçáèâàåòñÿ íà øàãè, äëÿ êàæ-
äîãî èç êîòîðûõ ðåøàåòñÿ êðàåâàÿ çàäà÷à äëÿ ëè-
íåàðèçîâàííûõ óðàâíåíèé ðàâíîâåñèÿ. Ïîëó÷åí-
íîå òàêèì îáðàçîì äåôîðìèðîâàííîå ñîñòîÿíèå
ñèñòåìû íà òåêóùåì øàãå ïðèíèìàåòñÿ çà èñõîä-
íîå äëÿ ñëåäóþùåãî øàãà íàãðóæåíèÿ. Îäíàêî
ïðîöåäóðà ëèíåàðèçàöèè, îñíîâàííàÿ ãëàâíûì
îáðàçîì íà ôèçè÷åñêèõ ïðåäñòàâëåíèÿõ, âíîñèò
íåèçáåæíûå ïîãðåøíîñòè, êîòîðûå íàêàïëèâàþò-
ñÿ ïî ìåðå ðîñòà ïàðàìåòðà íàãðóæåíèÿ. Äëÿ ïî-
âûøåíèÿ òî÷íîñòè ðåøåíèÿ ìåòîäîì ïîñëåäîâà-
òåëüíûõ âîçìóùåíèé ïàðàìåòðîâ â íàñòîÿùåé
ðàáîòå èñïîëüçîâàí ïðîöåññ èòåðàöèè ðåøåíèÿ
äëÿ êîððåêöèè ïîãðåøíîñòåé íà êàæäîì øàãå
íàãðóæåíèÿ.

Òðàäèöèîííî ìåòîä ïîñëåäîâàòåëüíûõ âîçìó-
ùåíèé ïàðàìåòðîâ èñïîëüçóåòñÿ äëÿ ðåøåíèÿ çà-
äà÷, â êîòîðûõ ðàññìàòðèâàåòñÿ âñåãî îäèí ïàðà-

ìåòð íàãðóæåíèÿ λ .
Â îáùåì ñëó÷àå, ïðè íàëè÷èè k ïàðàìåòðîâ

íàãðóæåíèÿ, ìîæíî èñïîëüçîâàòü ñëåäóþùóþ
âû÷èñëèòåëüíóþ ñõåìó. Ïðîöåäóðà ïîøàãîâîãî
íàãðóæåíèÿ ñòðîèòñÿ íà îñíîâå èñõîäíîãî óðàâ-
íåíèÿ ðàâíîâåñèÿ (7). Ïðîöåññ íàãðóæåíèÿ ðàçî-
áüåì íà k ýòàïîâ íàãðóæåíèÿ. Êàæäûé ýòàï íàãðó-
æåíèÿ áóäåì õàðàêòåðèçîâàòü ïàðàìåòðîì íàãðó-

æåíèÿ kλ  è ôóíêöèåé âëèÿíèÿ ïàðàìåòðà íàãðó-

æåíèÿ Fk ïðè k = 1...m. Âíóòðè êàæäîãî k-ãî ýòà-

ïà íàãðóæåíèÿ ðàçîáüåì èíòåðâàë [0, kλ ] èçìåíå-

íèÿ íàãðóçêè íà nk (äëÿ îïðåäåëåííîñòè ðàâíûõ)
ñòóïåíåé íàãðóæåíèÿ è áóäåì ïðèêëàäûâàòü íà-
ãðóçêó øàã çà øàãîì ìàëûìè ïðèðàùåíèÿìè

/kk knλΔλ = . Ïóñòü äëÿ íåêîòîðîãî i-ãî øàãà íà-

ãðóæåíèÿ ïðè , , 1k i k i kλ λ Δλ-= +  èçâåñòíî òî÷íîå

ðåøåíèå èñõîäíîãî óðàâíåíèÿ. Ýòî äàåò âîçìîæ-
íîñòü âû÷èñëèòü ôóíêöèè âëèÿíèÿ Fk, âõîäÿùèå
â èñõîäíîå óðàâíåíèå ðàâíîâåñèÿ ïðîöåññà íàãðó-
æåíèÿ, â êà÷åñòâå ñâîáîäíûõ ÷ëåíîâ. Â òàêîì ñëó-
÷àå ýòî óðàâíåíèå ïðèâîäèòñÿ ê ëèíåéíîìó äèô-
ôåðåíöèàëüíîìó óðàâíåíèþ îòíîñèòåëüíî íåèç-
âåñòíîé ôóíêöèè

1 1
1

( , , ),
m

i k i i
k

y F y y r- -
=

=¢¢ ¢Â               (9)

èç êîòîðîãî, ñ ó÷åòîì ãðàíè÷íûõ óñëîâèé, ïîñëå
îäíîêðàòíîãî èíòåãðèðîâàíèÿ íàõîäèòñÿ ôóíêöèÿ

iy ¢ , ïîñëå äâóêðàòíîãî – iy  òåêóùåãî øàãà íàãðó-

æåíèÿ.
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Äàëåå áóäåì èñêàòü óòî÷íåííûå ôóíêöèè iy  è

iy ¢ , ñîîòâåòñòâóþùèå i-ìó øàãó íàãðóæåíèÿ, äëÿ

÷åãî ïîñòðîèì èòåðàöèîííûé ïðîöåññ, â êîòîðîì
íàéäåííûå íà i-ì øàãå íàãðóæåíèÿ ôóíêöèè ÿâ-
ëÿþòñÿ íà÷àëüíûì ïðèáëèæåíèåì äëÿ îòûñêàíèÿ
èõ òî÷íûõ (ñ òî÷íîñòüþ ε ) çíà÷åíèé. Òîãäà äëÿ
j-é èòåðàöèè â ñîîòâåòñòâèè ñ óðàâíåíèåì (9) èìå-
åì:

, , 1 , 1 1
10

, , 1 2
0

( , , ) ;

.

r m

i j k i j i j
k

r

i j i j

y F y y r dr C

y y dr C r C

- -
=

= +¢ ¢

= + +¢

ÂÚ

Ú

Êîíñòàíòû C1 è C2 íàõîäÿòñÿ èç ãðàíè÷íûõ
óñëîâèé. Óñëîâèåì ïðåêðàùåíèÿ èòåðàöèé ÿâëÿ-
åòñÿ ðàâåíñòâî ïðîãèáîâ êîíöåâîãî ñå÷åíèÿ ëîïà-
ñòè íà äâóõ ñìåæíûõ èòåðàöèÿõ ñ òî÷íîñòüþ ε :

, , 1
,

i j i jl ly y ε
-

- <                 (10)

ãäå 
, , 1, , 1

0 0

sin ; sin .
i j i j

l l

l i j l i jy y dr y y dr
- -= =Ú Ú

Ïîñëå âûïîëíåíèÿ óñëîâèÿ (10) ïîâòîðÿåòñÿ
îïèñàííàÿ âûøå ïðîöåäóðà âû÷èñëåíèÿ ôóíêöèé
ïðîãèáîâ è óãëîâ ïîâîðîòà óïðóãîé îñè ëîïàñòè ïî
ïàðàìåòðó íàãðóæåíèÿ äëÿ i+1-ãî øàãà íàãðóæå-

íèÿ è ò.ä. äî äîñòèæåíèÿ çàäàííîãî çíà÷åíèÿ kλ ,

çàòåì îñóùåñòâëÿåòñÿ ïåðåõîä íà ñëåäóþùèé ýòàï
íàãðóæåíèÿ. Âû÷èñëåíèÿ ïðîäîëæàþòñÿ äî äîñòè-

æåíèÿ çàäàííîãî çíà÷åíèÿ mλ  ïîñëåäíåãî ýòàïà

íàãðóæåíèÿ.
Îòäåëüíî îòìåòèì íåîáõîäèìîñòü èòåðàöèîí-

íîãî ïðîöåññà äëÿ ó÷åòà èçìåíåíèé ôóíêöèé âëè-
ÿíèÿ Fk,…,F1, îáóñëîâëåííûõ äîïîëíèòåëüíîé
äåôîðìàöèåé ëîïàñòè çà øàã íàãðóæåíèÿ, à òàê-
æå äëÿ èõ óòî÷íåíèÿ äî íàñòóïëåíèÿ i+1-ãî øàãà,

òàê êàê âëèÿíèå ïàðàìåòðà íàãðóæåíèÿ ,k iλ  ìîæåò

èõ èçìåíÿòü.
Ïðåäñòàâëåíèå ñòàòè÷åñêîãî íàãðóæåíèÿ êàê

ïðîöåññà ïîçâîëÿåò ðàçäåëèòü çàäà÷ó î ñëîæíîì
èçãèáå çàøâàðòîâàííîé ëîïàñòè ïðè âîçäåéñòâèè
âåòðà íà òðè ýòàïà, ñîîòâåòñòâóþùèå äåéñòâèòåëü-
íîé êàðòèíå íàãðóæåíèÿ:

— ïîïåðå÷íûé èçãèá ïîä äåéñòâèåì ñîáñòâåí-
íîé ìàññû;

— ïðîäîëüíî-ïîïåðå÷íûé èçãèá ïîä äåéñòâè-
åì ñèëû íàòÿæåíèÿ òðîñà ïðè øâàðòîâêå;

— ïðîäîëüíî-ïîïåðå÷íûé èçãèá çàøâàðòîâàí-
íîé ëîïàñòè ïðè âåòðîâîì íàãðóæåíèè.

Èñõîäÿ èç îáùåãî óðàâíåíèÿ èçãèáà (7) ïîëó-
÷èì óðàâíåíèÿ, ñîîòâåòñòâóþùèå êàæäîìó èç ýòà-
ïîâ íàãðóæåíèÿ.

Ïåðâûé ýòàï: 1y F=¢¢ .

Âòîðîé ýòàï: 1 2y F F= +¢¢ .

Òðåòèé ýòàï: 1 2 3.y F F F= + +¢¢

Çäåñü F1, F2, F3 — ôóíêöèè âëèÿíèÿ ïàðàìåòðîâ
íàãðóæåíèÿ, êîòîðûå â ñîîòâåòñòâèè ñ óðàâíåíè-
åì (7) èìåþò âèä:

32 2
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1
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;

l l

r r

y
F mgdr

EI
+ ¢

= - Ú Ú
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(sin cos );l l

y
F N r r y y

EI
γ γ
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32 22
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3

(1 )
1 ( ) .

2

l l l

n n l
r r r

y y
F Y dr Y y y y dr

EI

È ˘Ê ˆ+ ¢ ¢= - + -¢Í ˙Á ˜Ë ¯Í ˙Î ˚
Ú Ú Ú

Îòìåòèì îñîáåííîñòè êàæäîãî èç ýòàïîâ íà-
ãðóæåíèÿ. Íà ïåðâîì ýòàïå ïàðàìåòðîì íàãðóæå-
íèÿ ÿâëÿåòñÿ ñîáñòâåííàÿ ìàññà ëîïàñòè. Â êà÷å-
ñòâå íà÷àëüíîãî ïðèáëèæåíèÿ áóäåì èñïîëüçîâàòü

òî÷íîå ðåøåíèå y0 è 0y ¢ , ïîëó÷åííîå èç ðåøåíèÿ

ëèíåéíîãî óðàâíåíèÿ èçãèáà ëîïàñòè:

21
.

l l

r r

y mgdr
EI

= -¢¢ Ú Ú

Äåôîðìèðîâàííîå ñîñòîÿíèå ëîïàñòè ïîä äåé-
ñòâèåì ñîáñòâåííîé ìàññû ÿâèòñÿ èñõîäíûì äëÿ
ñëåäóþùåãî ýòàïà íàãðóæåíèÿ – øâàðòîâêè. Íà
ýòîì ýòàïå ïàðàìåòðîì íàãðóæåíèÿ ÿâëÿåòñÿ ñèëà
íàòÿæåíèÿ øâàðòîâî÷íîãî òðîñà Nòð. Îñîáåííîñ-
òüþ ýòîãî ýòàïà íàãðóæåíèÿ ÿâëÿåòñÿ íàëè÷èå
âòîðîé íàãðóçêè  mg, êîòîðàÿ â ïðîöåññå øâàðòîâ-
êè íå èçìåíÿåòñÿ, íî èçìåíÿåòñÿ åå ôóíêöèÿ âëè-
ÿíèÿ F1. Ïðè äîñòèæåíèè ïàðàìåòðîì íàãðóæåíèÿ

çàäàííîãî çíà÷åíèÿ 2λ = Nòð ïðîöåññ øâàðòîâêè

çàêàí÷èâàåòñÿ.
Íà òðåòüåì ýòàïå çàøâàðòîâàííàÿ ëîïàñòü íà-

ãðóæàåòñÿ âåòðîâîé íàãðóçêîé. Çäåñü ïàðàìåòðîì
íàãðóæåíèÿ ÿâëÿåòñÿ ñêîðîñòü âåòðà V. Â ïðîöåññå
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íàãðóæåíèÿ äîëæíî óäîâëåòâîðÿòüñÿ óñëîâèå ñî-
âìåñòíîñòè äåôîðìàöèé ëîïàñòè è øâàðòîâî÷íîãî
òðîñà, êîòîðîå èìååò âèä

òð
òð òð

òð

1 sinl

N
y h l

EF
γ

Ê ˆ
= - +Á ˜

Ë ¯

ëèáî

òð
òð òð

òð
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N
r d l
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Ê ˆ
= + +Á ˜

Ë ¯

ãäå lòð, EFòð – äëèíà è æåñòêîñòü òðîñà íà ðàñòÿ-
æåíèå;

,l ly r  – êîîðäèíàòû êîíöåâîãî ñå÷åíèÿ äåôîð-

ìèðîâàííîé îñè ëîïàñòè,

0 0

sin ; cos ;
l l

l i l iy y dr r y dr= =Ú Ú

òðγ  – óãîë íàêëîíà øâàðòîâî÷íîãî òðîñà ê ãî-

ðèçîíòó,

òð arctg ;l

l

h y

r d
γ

-
=

-

h, d – êîîðäèíàòû øâàðòîâî÷íîãî óçëà.
Ïîýòîìó ôóíêöèè âëèÿíèÿ F1 è F2  íà ýòîì

ýòàïå íàãðóæåíèÿ áóäóò èçìåíÿòüñÿ âìåñòå ñ F3.

Ðåçóëüòàòû ÷èñëåííîãî ðàñ÷åòà

Â ñîîòâåòñòâèè ñ îïèñàííîé âûøå âû÷èñëè-
òåëüíîé ñõåìîé, ñîñòàâëåíà ïðîãðàììà íà àëãî-
ðèòìè÷åñêîì ÿçûêå ïðîãðàììèðîâàíèÿ Maple 18.
Îáúåêòîì èññëåäîâàíèÿ âûáðàíà ëîïàñòü íåñóùå-
ãî âèíòà âåðòîëåòîâ òèïà Ìè-8, êîòîðàÿ, êàê áûëî
óñòàíîâëåíî â ðàáîòàõ [3, 4], ïî ñâîèì àýðîóïðó-
ãèì õàðàêòåðèñòèêàì ïðèíàäëåæèò ê ÷èñëó ëîïà-
ñòåé, â áîëüøåé ñòåïåíè ïîäâåðæåííûõ ïîâðåæ-
äàþùåìó âîçäåéñòâèþ âåòðà. Âìåñòå ñ òåì ýòîò
òèï ëîïàñòåé ÿâëÿåòñÿ è íàèáîëåå ðàñïðîñòðàíåí-
íûì. Èññëåäîâàëàñü ïðèìåíÿåìàÿ øòàòíàÿ øâàð-
òîâêà (êàïðîíîâîé ëåíòîé) ïðè ñðåäíåì ðàñïîëî-
æåíèè øâàðòîâî÷íîãî óçëà íà ôþçåëÿæå âåðòîë¸òà
(h = 4,5 ì, d = 1,5 ì) è ñèëå ïðåäâàðèòåëüíîãî íà-
òÿæåíèÿ øâàðòîâî÷íîé ëåíòû Nòð = 0.

Âñå ðàñ÷¸òû ïðîâåäåíû äëÿ öåíòðîâêè âåðòî-
ë¸òà, êîòîðîé ñîîòâåòñòâóåò ñòðîãî âåðòèêàëüíîå
ïîëîæåíèå âàëà íåñóùåãî âèíòà, ò.å. γ = 0.

Ñðàâíåíèå ðàñïðåäåëåíèÿ èçãèáíûõ íàïðÿæå-
íèé ïî äëèíå ëîïàñòè, ðàññ÷èòàííûõ ïî ïðåäëà-

ãàåìîé ìåòîäèêå (êðèâàÿ 1) è ìåòîäèêå, îñíîâàí-
íîé íà ëèíåéíîé ìîäåëè íàãðóæåíèÿ (êðèâàÿ 2)
[4], ïðèâåäåíî íà ðèñ. 3.

Âàæíûìè ïàðàìåòðàìè, õàðàêòåðèçóþùèìè
íàãðóæåííîñòü ëîïàñòè ïðè âåòðîâîì âîçäåé-
ñòâèè, ÿâëÿþòñÿ çíà÷åíèÿ ñêîðîñòåé âåòðà, ñîîò-
âåòñòâóþùèå çàäàííûì ïðåäåëüíûì íàãðóçêàì

[21]: 0.2σ  – ïðåäåëüíîå íàïðÿæåíèå ïî óñëîâèþ

ïðî÷íîñòè ëîíæåðîíà ëîïàñòè; M(0) = 0 – ïðå-

Ðèñ. 3. Ðàñïðåäåëåíèå èçãèáíûõ íàïðÿæåíèé ïî äëèíå
ëîïàñòè: à — îáäóâ ñ ïåðåäíåé êðîìêè ïðè

0θ = –10° , ψ  = 135°; á — îáäóâ ñ ïåðåäíåé êðîìêè ïðè

0θ = 10°, ψ  = 150°

à)

á)
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äåëüíûé ìîìåíò ïî óñëîâèþ âçìàõà ëîïàñòè íàä
íèæíèì óïîðîì ãîðèçîíòàëüíîãî øàðíèðà. Èíòå-
ðåñ ïðåäñòàâëÿþò ìèíèìàëüíûå çíà÷åíèÿ ýòèõ
ñêîðîñòåé ïðè íàèáîëåå íåáëàãîïðèÿòíûõ (êðèòè-
÷åñêèõ) íàïðàâëåíèÿõ îáäóâà. Íà ðèñ. 4 è 5 ïðè-
âåäåíû ãðàôèêè çàâèñèìîñòè êðèòè÷åñêèõ óãëîâ
ñêîëüæåíèÿ è ñîîòâåòñòâóþùèõ èì çíà÷åíèé ïðå-
äåëüíûõ ïî óñëîâèþ ïðî÷íîñòè ñêîðîñòåé âåòðà îò
óãëà óñòàíîâêè, ãäå 1 – îáäóâ ñ ïåðåäíåé êðîìêè,
2 – îáäóâ ñ çàäíåé êðîìêè.

Óêàçàííûå çàâèñèìîñòè ïðåäåëüíûõ ñêîðîñòåé
âåòðà ïåðåñåêàþòñÿ â òî÷êå, àáñöèññà êîòîðîé îïðå-

äåëÿåò çíà÷åíèå îïòèìàëüíîãî óãëà óñòàíîâêè optθ ,

ïðè êîòîðîì ïðåäåëüíàÿ ñêîðîñòü èìååò îäèíàêî-
âûå çíà÷åíèÿ äëÿ ðåæèìà îáäóâêè êàê ñ ïåðåäíåé,
òàê è ñ çàäíåé êðîìêè. Ïîñêîëüêó èíòåðåñ ïðåä-
ñòàâëÿþò óñëîâèÿ íàãðóæåíèÿ ëîïàñòè â ñèñòåìå
íåñóùåãî âèíòà âåðòîëåòà, íà êîòîðîì ïðè ëþáîì

Ðèñ. 5. Ïðåäåëüíûå ïî óñëîâèþ ïðî÷íîñòè ëîïàñòè ñêî-
ðîñòè âåòðà

Ðèñ. 4. Çàâèñèìîñòè êðèòè÷åñêîãî óãëà ñêîëüæåíèÿ îò
óãëà óñòàíîâêè ëîïàñòè

íàïðàâëåíèè âåòðà âñåãäà èìåþòñÿ ëîïàñòè, îáäó-
âàåìûå êàê ñ ïåðåäíåé, òàê è ñ çàäíåé êðîìêè, òî
ïðè óñòàíîâêå îáùåãî øàãà íà óãîë, ðàâíûé îï-
òèìàëüíîìó, äèàïàçîí áåçîïàñíûõ ñêîðîñòåé äëÿ
íåñóùåãî âèíòà â öåëîì áóäåò íàèáîëüøèì.

Ïðåäåëüíûå ñêîðîñòè âçìàõà ïðèâåäåíû íà
ðèñ. 6, ãäå 1 – îáäóâ ñ çàäíåé êðîìêè çàøâàðòî-
âàííîé ëîïàñòè; 2 – îáäóâ ñ ïåðåäíåé êðîìêè
íåçàøâàðòîâàííîé ëîïàñòè; 3 – îáäóâ ñ ïåðåäíåé
êðîìêè çàøâàðòîâàííîé ëîïàñòè; 4 – îáäóâ ñ çàä-
íåé êðîìêè íåçàøâàðòîâàííîé ëîïàñòè. Ïðè ïðè-
áëèæåíèè óãëîâ óñòàíîâêè ê îïòèìàëüíîìó óêà-
çàííûå çàâèñèìîñòè íåîãðàíè÷åííî âîçðàñòàþò.

Òàêèì îáðàçîì, ïðåäåëüíàÿ áåçîïàñíàÿ äëÿ ýê-
ñïëóàòàöèè ãîðèçîíòàëüíàÿ ñêîðîñòü âåòðà ñîñòà-
âèò 29 ì/ñ, â òî âðåìÿ êàê å¸ ìèíèìàëüíîå çíà-
÷åíèå ñîñòàâëÿåò 18,7 ì/ñ. Èíûìè ñëîâàìè, äëÿ
äàííîé ëîïàñòè áåçîïàñíàÿ ýêñïëóàòàöèîííàÿ
ñêîðîñòü âåòðà ìîæåò áûòü óâåëè÷åíà áîëåå ÷åì â
1,5 ðàçà. Ýòî ïîçâîëÿåò ðåêîìåíäîâàòü ïðè ñòîÿí-
êå âåðòîë¸òà óñòàíàâëèâàòü óãîë îáùåãî øàãà íà
óãîë, ðàâíûé îïòèìàëüíîìó, äëÿ êîíêðåòíîãî γ ,

îïðåäåëÿåìîãî öåíòðîâêîé âåðòîë¸òà.
Îòìåòèì, ÷òî ïðåäåëüíûå ñêîðîñòè âçìàõà

çàøâàðòîâàííîé ëîïàñòè íå ñèëüíî îòëè÷àþòñÿ îò
òàêîâûõ äëÿ íåçàøâàðòîâàííîé ëîïàñòè. Â ýòîì
ñîñòîèò îäèí èç ãëàâíûõ íåäîñòàòêîâ ïðèìåíÿå-
ìîé øâàðòîâêè, êîòîðàÿ, êàê óñòàíîâëåíî (ðèñ. 6),
íå èñêëþ÷àåò âîçìîæíîñòè âçìàõà ëîïàñòè íàä
íèæíèì óïîðîì ãîðèçîíòàëüíîãî øàðíèðà, âïëîòü
äî åãî âåðõíåãî óïîðà, ïðè âîçäåéñòâèè âåòðîâîé
íàãðóçêè, íàïðàâëåííîé ñíèçó ââåðõ. Ýòî îáñòî-
ÿòåëüñòâî ñîçäàåò óñëîâèÿ äëÿ íåðàñ÷åòíîãî íàãðó-

Ðèñ. 6. Ïðåäåëüíûå ïî óñëîâèþ âçìàõà ëîïàñòè ñêîðî-
ñòè âåòðà
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æåíèÿ äåòàëåé àâòîìàòà ïåðåêîñà è ïðèâîäèò ê èõ
ïîâðåæäåíèþ.

Âìåñòå ñ òåì øòàòíàÿ øâàðòîâêà, êàê âèäíî íà
ðèñ. 3 è 5, ñîâåðøåííî íå ïðåïÿòñòâóåò ïðîãèáàì
ëîïàñòè âíèç ïðè äåéñòâèè âåòðîâîé íàãðóçêè,
íàïðàâëåííîé ñâåðõó âíèç. Âñëåäñòâèå ýòîãî ïðè
âîçäåéñòâèè ïîðûâîâ âåòðà âîçíèêàþò êîëåáàíèÿ
ëîïàñòåé, ïðèâîäÿùèå ê ðåçêîìó óâåëè÷åíèþ äè-
íàìè÷åñêèõ íàãðóçîê êàê íà ëîïàñòè, òàê è íà
äðóãèå àãðåãàòû íåñóùåãî âèíòà. Ïðè øòîðìîâîì
âåòðå íàëè÷èå øâàðòîâêè, ïðîâèñàþùåé ïðè äâè-
æåíèè ëîïàñòè âíèç, óñóãóáëÿåò ïîëîæåíèå, òàê
êàê ïðè äâèæåíèè ëîïàñòè ââåðõ ïðîèñõîäèò óäàð-
íîå íàãðóæåíèå âñåé íåñóùåé ñèñòåìû â ìîìåíò
íàòÿæåíèÿ øâàðòîâî÷íîãî òðîñà, êîãäà êèíåòè÷åñ-
êàÿ ýíåðãèÿ äâèæóùåéñÿ ëîïàñòè ìàêñèìàëüíà.
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Abstract

Wind is an important factor collateral to the
helicopters operation. Due to a number of aeroelastic
characteristics specifics, the non-rotating helicopter
blades are sensitive enough to the wind impact. With
this, the level of loads, acting on the blade, is
commeasurable with the loads acting in flight.
Traditionally, with high wind speeds mooring is
employed to ensure the blades safety in parking
position. It represents a flexible wire rope, which one
end is fixed to the blade mooring unit, located as a rule
at the blade tip section, and the other end is attached
to the  mooring node at the fuselage, or chassis of the
helicopter. It represents a flexible wire rope, which one
end is fixed to the blade-mooring unit, located as a
rule at the blade tip section, and the other end is
attached to the mooring node at the fuselage, or
chassis of the helicopter.

The non-rotating main rotor blade according to its
characteristics relates to flexible rods with deflections
within the elastic deformations of the material
commensurable with their length. This stipulates the
necessity to consider the problem of the moored blade
wind loading in a nonlinear formulation.

In this article, the parameters of the stress-strain
state of the blade required for the mooring efficiency
analysis are obtained based on a nonlinear model,
which accounts for both geometric and aerodynamic
nonlinearities. Computational algorithm for the initial
nonlinear equation solution of the blade loading,
developed based on the V.V. Petrov’s method of
successive perturbation of parameters of was realized.
The static loading is being considered as a process,
developing at monotonous increasing of the loading
parameter. The interval of load changing via its step-
by-step application with small increments is split by

STRESSES COMPUTING IN THE MAIN ROTOR BLADE BASED
ON THE NONLINEAR LOADING MODEL UNDER STATIC WIND IMPACT

Kargaev M.V.

Moscow Helicopter Plant named after M.L. MiL,
26/1, Gorshenin  str.,Moscow region, Lyubertsy district, Tomilino, 140070, Russia

e-mail: kargaev_mv@mail.ru

steps, and for each step the linearized boundary value
problem is being solved.

The  blade deformed state, obtained in this manner
at the current step, is assumed as the initial state for
the next loading step. For error correction at each
loading step, an iterative process is used, which allows
performing calculations with a given accuracy.

The mooring effectiveness analysis was realized
based on the computations performed for the moored
and non-moored main rotor blades of the Mi-8
helicopter. The article presents the dependencies of
critical gliding angles and limiting, under the strength
condition, wind velocities values corresponding to
them.

The article presents the dependencies of critical
gliding angles and corresponding to them limiting,
under the strength condition, wind velocities values.
It also presents the dependencies of limiting velocities
at the condition of a swaying absence condition on the
characteristic section installation angle for the modes
of blowing from both front and rear edges. The
optimum installation angle, at which the range of safe
wind speeds for the main rotor as a whole was the
largest, was determined. This allows recommending to
set the angle of the total step equal to the optimum
one while a helicopter parking.

Keywords: main rotor blade, wind loading, static
strength, method of successive perturbations of
parameters.
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