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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ðåçêî ïîâûñèëñÿ èíòåðåñ
ê áåñïèëîòíûì ëåòàòåëüíûì àïïàðàòàì, ÷òî âûç-
âàíî ðàñøèðåíèåì ñôåð èõ èñïîëüçîâàíèÿ [1—3].
Ïåðâûå ÁÏËÀ ðàçðàáàòûâàëèñü êàê îäíîðàçîâûå
èëè óñëîâíî-ìíîãîðàçîâûå àïïàðàòû [1—3], ïî-
ýòîìó ïðè ïðîåêòèðîâàíèè íå óäåëÿëîñü äîëæíîãî
âíèìàíèÿ êîíñòðóêöèè èõ ìíîãîñëîéíîé îáøèâ-
êè ïî ñðàâíåíèþ ñ àýðîäèíàìèêîé è óïðàâëåíè-
åì. Äëÿ ñíèæåíèÿ ñòîèìîñòè è óìåíüøåíèÿ ìàñ-
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Èññëåäîâàíî íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå (ÍÄÑ) êîìïîçèòíîé ñëîèñòîé êîíñîëè êðûëà áåñïè-
ëîòíîãî ëåòàòåëüíîãî àïïàðàòà (ÁÏËÀ). Îïðåäåëåíà îïòèìàëüíàÿ êîíñòðóêöèÿ ìíîãîñëîéíîé îáøèâêè êîíñîëè
êðûëà ÁÏËÀ èç êîìïîçèöèîííûõ ìàòåðèàëîâ â ñèñòåìå ANSYS, îáåñïå÷èâàþùàÿ ìàêñèìàëüíóþ ïðî÷íîñòü è æå-
ñòêîñòü ïðè çàäàííûõ íàãðóçêàõ. Êîíñîëü êðûëà ñîñòîèò èç äâóõ ïîëíûõ è äâóõ íåïîëíûõ ñëîåâ. Ðàçðàáîòàíà àâ-
òîìàòèçèðîâàííàÿ ïðîöåäóðà âûáîðà óãëà óêëàäêè âîëîêîí â ñëîå. Ïîëó÷åíî 17 âàðèàíòîâ óãëîâ óêëàäêè âîëî-
êîí äëÿ îäíîñëîéíîé êîíñîëè êðûëà â çàâèñèìîñòè îò æåñòêîñòè êðûëà, èç êîòîðûõ âûáðàíû òðè âàðèàíòà îï-
òèìàëüíîãî àðìèðîâàíèÿ. Äëÿ óìåíüøåíèÿ äåôîðìàöèè êðûëà áûë äîáàâëåí äîïîëíèòåëüíûé âòîðîé ñëîé ïî âñåé
ïîâåðõíîñòè êðûëà. Ïðè ðàñ÷åòå ìîäåëè êðûëà èç äâóõ ñëîåâ ðàññìîòðåíû 33 âàðèàíòà óêëàäîê âîëîêîí. Ïðè
ðàñ÷åòå òðåõ ñëîåâ ðàññìîòðåíû 47 âàðèàíòîâ óêëàäêè âîëîêîí â ñëîå. Ïðè ðàñ÷åòå êðûëà èç äâóõ ïîëíûõ è äâóõ
íåïîëíûõ ñëîåâ ðàññìîòðåíû 64 âàðèàíòà óêëàäêè âîëîêîí. Äëÿ ýêñïåðèìåíòàëüíîãî èçãîòîâëåíèÿ êîíñîëè êðûëà
ìåòîäîì õîëîäíîãî ôîðìîâàíèÿ âûïîëíåíû ðàáî÷èå ÷åðòåæè îñíàñòêè. Êîíñîëü êðûëà èçãîòîâëåíà èç ñòåêëî-
òêàíè ìàðêè Ò-25 (ÂÌ) ÒÓ 6-11-380-76 âûêëàäêîé ñëîåâ âðó÷íóþ. Ïîñëîéíàÿ óêëàäêà ñëîåâ ïðîèçâîäèëàñü â
ñòðîãîì ñîîòâåòñòâèè ñ ðàñ÷åòíîé ìîäåëüþ ïðè ñîáëþäåíèè ðàçìåðîâ âûêðîåê è óãëîâ àðìèðîâàíèÿ ïî îñíîâå â
êàæäîì ñëîå. Ïîâåðõíîñòü êàæäîãî ñëîÿ ïðîïèòûâàëè ýïîêñèäíîé ñìîëîé ÝÄ-20 ñ îòâåðäèòåëåì. Ñîãëàñíî ïðî-
âåäåííûì ðàñ÷åòàì è ïîñòðîåííûì ìîäåëÿì èçãîòîâëåíà ýêñïåðèìåíòàëüíàÿ êîíñîëü êðûëà èç ñëîèñòîãî ñòåê-
ëîïëàñòèêà. Ïîëàÿ êîíñîëü êðûëà èìååò ìàññó 1,46 êã, ÷òî íà 3% áîëüøå ìàññû ðàñ÷åòíîé ìîäåëè. Ìàññà ñïðî-
åêòèðîâàííîé è èçãîòîâëåííîé êîíñîëè êðûëà íà 43% ìåíüøå, ÷åì ìàññà êîíñîëè, âûïîëíåííîé èç ïîëíûõ ñëîåâ
ïðè îäèíàêîâîé ïðî÷íîñòè. Íà èçãîòîâëåíèå ñïðîåêòèðîâàííîé êîíñîëè êðûëà òðåáóåòñÿ íà 25—30% ìåíüøå
ìàòåðèàëà. Äàííûé ïîäõîä ìîæåò áûòü øèðîêî èñïîëüçîâàí ïðè ïðîåêòèðîâàíèè è èçãîòîâëåíèè ýëåìåíòîâ êîí-
ñòðóêöèé è èçäåëèé èç êîìïîçèöèîííûõ ìàòåðèàëîâ.

Êëþ÷åâûå ñëîâà: îïòèìàëüíàÿ êîíñîëü êðûëà, ïðî÷íîñòü, æåñòêîñòü, ìíîãîñëîéíûå êîìïîçèöèîííûå êîíñò-
ðóêöèè, óãîë óêëàäêè âîëîêîí, îñíàñòêà, ìåòîä õîëîäíîãî ôîðìîâàíèÿ.

ñû áåñïèëîòíèêîâ êîðïóñ èçãîòàâëèâàþò èç ïåíî-
ïëàñòà, êîòîðûé îáøèâàþò ñïåöèàëüíîé ïîëèìåð-
íîé ïëåíêîé äëÿ èìèòàöèè êàðáîíîâîãî ìàòåðè-
àëà. Ïðî÷íîñòü òàêèõ àïïàðàòîâ íåäîñòàòî÷íà äëÿ
ìíîãîðàçîâîãî èñïîëüçîâàíèÿ (ðèñ. 1). Â ñâÿçè ñ
ïðèìåíåíèåì íà ÁÏËÀ äîðîãîñòîÿùåãî ñïåöèàëü-
íîãî îáîðóäîâàíèÿ, òðåáóþòñÿ áåñïèëîòíèêè ñ
óâåëè÷åííûì ñðîêîì ñëóæáû, íàäåæíîé êîíñò-
ðóêöèè áëàãîäàðÿ ñòàáèëüíîñòè ïðî÷íîñòíûõ õà-
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ðàêòåðèñòèê, ñ ìàêñèìàëüíîé ïîëåçíîé íàãðóçêîé
ïðè ìèíèìàëüíîé ìàññå ñàìîãî àïïàðàòà [4—9].

Â ñâÿçè ñ ýòèì ïðè èçãîòîâëåíèè êîðïóñà
ÁÏËÀ âñå áîëüøîå ïðèìåíåíèå íàõîäÿò ñîâðå-
ìåííûå ëåãêèå ñëîèñòûå êîìïîçèòíûå ìàòåðèà-
ëû (ÊÌ). Òàêèå ñëîèñòûå ÊÌ ñàìè ïðåäñòàâëÿ-
þò êîíñòðóêöèþ, ñîñòîÿùóþ èç ñëîåâ, ñïåöèàëü-
íûì îáðàçîì ñêðåïëåííûõ ìåæäó ñîáîé, ïðè ýòîì
èìååòñÿ âîçìîæíîñòü çà ñ÷åò ðàçëè÷íûõ óãëîâ
óêëàäêè ñëîåâ íóæíûì îáðàçîì ñî÷åòàòü ïîëåçíûå
ñâîéñòâà è ïîëó÷àòü ìàòåðèàë, îáåñïå÷èâàþùèé
âûñîêóþ óäåëüíóþ æåñòêîñòü è ïðî÷íîñòü ñèëî-
âûõ ýëåìåíòîâ [10—15]. Îäíàêî äëÿ ïîëó÷åíèÿ
ýëåìåíòîâ êîíñòðóêöèé èç ìíîãîñëîéíûõ ÊÌ ñ
âûñîêèìè ìåõàíè÷åñêèìè ñâîéñòâàìè òðåáóþòñÿ
ñîâðåìåííûå òåõíîëîãèè, ó÷èòûâàþùèå ìíîãèå
ôàêòîðû: ïîñëåäîâàòåëüíîñòü óêëàäêè ñëîåâ, ïî-
ðÿäîê ðàñïîëîæåíèÿ ñëîåâ è èõ òîëùèíó â çàâè-
ñèìîñòè îò äåéñòâóþùèõ íàãðóçîê.

Ïîñòàíîâêà çàäà÷è

Íà ïðèìåðå ðàñ÷åòà îñíîâíûõ ïàðàìåòðîâ
êðûëà ÁÏËÀ àýðîäèíàìè÷åñêîé ñõåìû «ëåòàþùåå
êðûëî» ïðîâåäåí àíàëèç ÍÄÑ è ðåøåíû ñëåäóþ-
ùèå çàäà÷è:

1) ðàçðàáîòàíà àâòîìàòèçèðîâàííàÿ ïðîöåäó-
ðà âûáîðà óãëà óêëàäêè âîëîêîí â ñëîå â ñèñòåìå
ANSYS;

2) îïðåäåëåíà îïòèìàëüíàÿ êîíñòðóêöèÿ ìíî-
ãîñëîéíîé îáøèâêè êîíñîëè êðûëà ÁÏËÀ â ñè-
ñòåìå ANSYS, îáåñïå÷èâàþùàÿ ìàêñèìàëüíóþ
ïðî÷íîñòü è æåñòêîñòü ïðè çàäàííûõ íàãðóçêàõ.

Ñîãëàñíî ðàñ÷åòàì èçãîòîâëåíà ýêñïåðèìåí-
òàëüíàÿ êîíñîëü êðûëà.

Ðåøåíèå çàäà÷è

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ âûáðàíà
êîíñîëü êðûëà ÁÏËÀ àýðîäèíàìè÷åñêîé ñõåìû
«ëåòàþùåå êðûëî», ïîëóðàçìàõ êðûëà ðàâåí
1285 ìì, êîðíåâàÿ è êîíöåâàÿ õîðäû — 500 è
137 ìì, óñðåäíåííûé óãîë ñòðåëîâèäíîñòè ïî ïå-

ðåäíåé êðîìêå ñîñòàâëÿåò 18,86° ñî ñïðÿìëåííûì
ó÷àñòêîì è íåñèììåòðè÷íûì àýðîäèíàìè÷åñêèì
ïðîôèëåì (ðèñ. 2).

Êðåéñåðñêàÿ ñêîðîñòü ïîëåòà ëåòàòåëüíîãî
àïïàðàòà ñîñòàâëÿåò 90 êì/÷. Ðàçìåðû êîíñîëè
êðûëà ïðåäñòàâëåíû íà ðèñ. 3.

Ìîäåëü êîíñîëè êðûëà ÁÏËÀ èçãîòîâëåíà íà
îñíîâå ñòåêëÿííûõ îäíîíàïðàâëåííûõ âîëîêîí è
ýïîêñèäíîé ñìîëû. Óïðóãèå õàðàêòåðèñòèêè îä-
íîãî ñëîÿ âîëîêîí ïðåäñòàâëåíû â òàáë. 1.

Êîìïüþòåðíîå ìîäåëèðîâàíèå êðûëà ÁÏËÀ
àýðîäèíàìè÷åñêîé ñõåìû «ëåòàþùåå êðûëî»
ðàçðàáîòàíà â ñèñòåìå ÑÀÏÐ SolidWorks [16].

Ðèñ. 1. Êðûëî ÁÏËÀ èç ïåíîïëàñòà ïîñëå ïîëåòà

Ðèñ. 2. Êðûëî ÁÏËÀ àýðîäèíàìè÷åñêîé ñõåìû «ëåòà-
þùåå êðûëî»
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Íà ðèñ. 4 ïðåäñòàâëåíà ìîäåëü â ôîðìàòå IGS, âû-
ïîëíåííàÿ ñ ïîìîùüþ 3D-ñêàíèðîâàíèÿ ðåàëüíî-
ãî êðûëà, êîòîðàÿ èìïîðòèðîâàíà â âèäå îáîëî÷êè
ðàñøèðåíèåì IGES â ñèñòåìó ANSYS.

Äëÿ îïðåäåëåíèÿ ñèë, äåéñòâóþùèõ íà ÁÏËÀ
âî âðåìÿ ïîëåòà, èñïîëüçîâàëè ìîäóëü FluidFlow
ñèñòåìû ANSYS [17—19]. Âîêðóã êðûëà áûë ñî-
çäàí îáúåì ñðåäû (èäåàëüíûé ãàç) â âèäå êóáà
(ðèñ. 5,à). Íà âõîäå â îáúåì ñðåäû çàäàâàëè êîì-
ïîíåíòû âåêòîðà ñêîðîñòè íàáåãàþùåãî ïîòîêà,
íà âûõîäå – äàâëåíèå (ðèñ. 5,á).

Óñòàíîâëåíî, ÷òî ìàêñèìàëüíàÿ êðèòè÷åñêàÿ
íàãðóçêà âîçíèêàåò ïðè ñêîðîñòè 180 êì/÷ = 50 ì/ñ,

óãîë àòàêè α = 15°. Êîíå÷íî-ýëåìåíòíàÿ (ÊÝ)
ñåòêà ìîäåëè áûëà ñãåíåðèðîâàíà â àâòîìàòè÷åñ-
êîì ðåæèìå, òèï ýëåìåíòîâ – òðåóãîëüíûé, êîëè-
÷åñòâî ýëåìåíòîâ 647895, êîëè÷åñòâî óçëîâ 59259.
Ìîäåëèðîâàíèå àýðîäèíàìè÷åñêîãî îáòåêàíèÿ
êðûëà ïðîâåäåíî ñ ïåðåìåííûì âðåìåííûì øà-
ãîì. Ñõåìà ïðèëîæåíèÿ íàãðóçîê ñîîòâåòñòâóåò
ðåàëüíîìó íàãðóæåíèþ. Íà ðèñ. 6,à ïðåäñòàâëå-
íà ìàêñèìàëüíàÿ ðàñïåðåäåëåííàÿ íàãðóçêà ïî
ïåðåäíåé ÷àñòè êðûëà, ðàâíàÿ 1.528e+03 Ïà
(ðèñ. 6,á).

Çíà÷åíèÿ íàãðóçîê ïåðåäàâàëè â ñèñòåìó
ANSYS Coupling ÷åðåç ìîäóëü System Coupling.
Ðàñ÷åò ìîäåëè èç ÊÌ ïðîèçâåäåí â ìîäóëå
Composite PrepPost. ÊÝ-ñåòêà ìîäåëè ñãåíåðèðî-
âàíà àâòîìàòè÷åñêè, ñ èñïîëüçîâàíèåì 38527 êî-
íå÷íûõ ýëåìåíòîâ (ðèñ. 7).

Èçâåñòíî, ÷òî èçìåíåíèå óãëà óêëàäêè âîëî-
êîí ñëîèñòûõ êîìïîçèòîâ ïîçâîëÿåò ðåãóëèðîâàòü
ìåõàíè÷åñêèå ñâîéñòâà ìàòåðèàëà â òåõ íàïðàâëå-
íèÿõ, â êîòîðûõ äåéñòâóþò íàèáîëüøèå íàãðóçêè.
Îäíàêî ïðè ýòîì òðóäîåìêîñòü ðàñ÷åòà âîçðàñòàåò
â íåñêîëüêî ðàç, òàê êàê êîëè÷åñòâî âîçìîæíûõ
êîìáèíàöèé óãëîâ âîëîêîí äàæå ïðè íåáîëüøîì
÷èñëå ñëîåâ äîñòàòî÷íî âåëèêî. Íàïðèìåð, äëÿ
òðåõñëîéíîãî êîìïîçèòà ñ òèïîâîé ñõåìîé óêëàä-

êè (0, ±45 è 90°) è ðàçëè÷íûì ïîðÿäêîì ðàñïî-
ëîæåíèÿ ñëîåâ ÷èñëî âîçìîæíûõ âàðèàíòîâ ñî-
ñòàâëÿåò áîëåå 470 ìëí êîìáèíàöèé. Äëÿ íàõîæ-
äåíèÿ îïòèìàëüíîé ïî ìàññå, ñòîèìîñòè è æåñò-
êîñòè êîíñòðóêöèè êðûëà èç ÊÌ ïðåäëîæåíà àâ-
òîìàòèçèðîâàííàÿ ïðîöåäóðà îïòèìèçàöèè âûáî-
ðà óãëà óêëàäêè âîëîêîí â ñëîå.

Äëÿ îïòèìàëüíîãî âûáîðà óêëàäêè ñëîåâ, îáåñ-
ïå÷èâàþùåé ïðî÷íîñòü è æåñòêîñòü êðûëà ïîä äåé-
ñòâèåì âíåøíèõ ìàêñèìàëüíûõ íàãðóçîê âûáðàí
êðèòåðèé äëÿ ðàñ÷åòà íà æåñòêîñòü: ìàêñèìàëüíàÿ
äåôîðìàöèÿ êðûëà íå äîëæíà ïðåâûøàòü 2,5 ìì.

Ðèñ. 3. Ðàçìåðû êîíñîëè êðûëà ÁÏËÀ àýðîäèíàìè÷åñ-
êîé ñõåìû «ëåòàþùåå êðûëî»

Òàáëèöà 1

Óïðóãèå õàðàêòåðèñòèêè îäíîãî ñëîÿ
ñòåêëÿííûõ âîëîêîí

Ïëîòíîñòü [1] 2,5 ã/ñì3 

Òîëùèíà i-ãî ñëîÿ 0,5 ìì 

E1 (x - directions) 5,4⋅104 ÌÏà 

E2 (y- directions) 1,2⋅104 ÌÏà 

μ12 (XYratio) 0,28 

μ21 (YZratio) 0,062 

G12 (XY) 5000 ÌÏà 

G12 (YZ) 5000 ÌÏà 

Ðèñ. 4. Ýòàïû ìîäåëèðîâàíèÿ ãåîìåòðè÷åñêîé ìîäåëè êðûëà
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Â ìîäóëå Direct Optimization ïðîâåäåíà îïòèìè-
çàöèÿ óãëîâ óêëàäîê ñëîåâ èç ÊÌ ñ èñïîëüçîâà-
íèåì ìîäóëÿ Adaptive Single — Objective
Optimization. Ñîçäàíà ìîäåëü êðûëà, ñîñòîÿùàÿ èç
îäíîãî ñëîÿ. Çàäà÷à îïòèìèçàöèè ðåøåíà äëÿ
ïåðâîãî ñëîÿ ïðè óñëîâèè, ÷òî îïðåäåëåíà ìèíè-
ìàëüíàÿ äåôîðìàöèÿ ñëîÿ â ïàêåòå ïðè çàäàííûõ
íàãðóçêàõ.

Íà ðèñ. 8 ïðåäñòàâëåíî íàïðÿæåííî-äåôîðìè-
ðîâàííîå ñîñòîÿíèå îäíîñëîéíîé ìîäåëè êîíñî-
ëè êðûëà èç ÊÌ. Ìàêñèìàëüíûé ïðîãèá ñîñòàâ-
ëÿåò 13,86 ìì (ðèñ. 8,à). Ìàêñèìàëüíîå íîðìàëü-
íîå íàïðÿæåíèå âäîëü âîëîêîí σ1 57,3=  MÏà â
çàäåëêå êðûëà (ðèñ. 8,á). Ìàêñèìàëüíîå íîðìàëü-

íîå íàïðÿæåíèå ïîïåðåê âîëîêîí σ2 1,7=  ÌÏà

Ðèñ. 5. Ñðåäà íàãðóæåíèÿ: à – ÊÝ-ìîäåëü êðûëà â âîç-
äóøíîé ïîòîêå; á – ãðàíè÷íûå óñëîâèÿ ÊÝ-ìîäåëè ïðè
àýðîäèíàìè÷åñêîì îáòåêàíèè

á)

à)

à)

á)
Ðèñ. 6. Ñõåìà ïðèëîæåíèÿ íàãðóçîê: à — èçîëèíèè ñòà-
òè÷åñêîãî äàâëåíèÿ íà ïîâåðõíîñòè êðûëà; á — ïîëå
âåêòîðîâ ñêîðîñòè ïî ïîâåðõíîñòè êðûëà, óãîë àòàêè
α =15°

Ðèñ. 7. ÊÝ-ñåòêà ìîäåëè êðûëà, óãîë óêëàäêè âîëîêîí 45°
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(íà ïîðÿäîê ìàëî ïî ñðàâíåíèþ ñ íîðìàëüíûì íà-
ïðÿæåíèåì âäîëü âîëîêîí), êàñàòåëüíûå íàïðÿ-

æåíèÿ τ12 0,91=  ÌÏà è τ21 0,92=  ÌÏà. Ïîëó÷å-

íî 17 âàðèàíòîâ óãëîâ óêëàäêè âîëîêîí â ñëîå â
çàâèñèìîñòè îò æåñòêîñòè êðûëà, èç êîòîðûõ
âûáðàíî òðè âàðèàíòà àðìèðîâàíèÿ ñ ìèíèìàëü-

íûìè ïðîãèáàìè: 95° (ïåðåìåùåíèå 13, 861 ìì);

85° (ïåðåìåùåíèå 13, 924 ìì); 74° (ïåðåìåùåíèå
13, 965 ìì).

Äëÿ ñíèæåíèÿ ïðîãèáà êðûëà äîáàâèëè äîïîë-
íèòåëüíûé âòîðîé ñëîé ïî âñåé ïîâåðõíîñòè êðû-
ëà. Íà ðèñ. 9 ïðåäñòàâëåíî ÍÄÑ äâóõñëîéíîé

Ðèñ. 8. Íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå îäíîñëîéíîãî êðûëà, óêëàäêà âîëîêîí ïîä óã-

ëîì 95°: à — ðàñïðåäåëåíèå íîðìàëüíûõ íàïðÿæåíèé â ñëîå; á – äåôîðìàöèÿ

à)

á)

Ðèñ. 9. Äåôîðìèðîâàíèå äâóõñëîéíîãî êðûëà
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ìîäåëè êîíñîëè êðûëà, ïðè ýòîì ìàêñèìàëüíûé
ïðîãèá óìåíüøèëñÿ äî 3,75 ìì.

Ìàêñèìàëüíîå íîðìàëüíîå íàïðÿæåíèå ïåð-
âîãî ñëîÿ 17,04 MÏa (ðèñ. 10,à), âòîðîãî ñëîÿ
15,16 MÏa (ðèñ. 10,á). Ïðè ðàñ÷åòå ìîäåëè êðû-
ëà èç äâóõ ñëîåâ ðàññìîòðåíû 33 âàðèàíòà óêëà-
äîê âîëîêîí ïåðâîãî è âòîðîãî ñëîåâ. Îïòèìàëü-
íûå âàðèàíòû óãëà óêëàäêè âîëîêîí â 2-ñëîéíîì
ÊÌ â çàâèñèìîñòè îò ïðîãèáà:

1) ïåðâûé ñëîé 107°, âòîðîé ñëîé 66° (ïåðåìå-
ùåíèå 3,75 ìì);

2) ïåðâûé ñëîé 113°, âòîðîé ñëîé 81° (ïåðåìå-
ùåíèå 4,03 ìì);

3) ïåðâûé ñëîé 78°, âòîðîé ñëîé 101° (ïåðåìå-
ùåíèå 4,07 ìì).

Àíàëèç äâóõñëîéíîãî êðûëà ïîêàçàë, ÷òî íàè-
áîëåå îïàñíûå ñå÷åíèÿ íàõîäÿòñÿ íà êîíöå êîí-
ñîëè êðûëà. Â ñâÿçè ñ ýòèì ñëåäóþùèé âíóòðåí-
íèé ñëîé áûë äîáàâëåí íå íà âñþ ïîâåðõíîñòü, à
íà ïîëîâèíó êðûëà. Íà ðèñ. 11 ïðåäñòàâëåí äîáà-
âî÷íûé, òðåòèé ñëîé è ïîêàçàíî èçìåíåíèå òîë-
ùèíû êîíñòðóêöèè.

Íà ðèñ. 12 è 13 ïðåäñòàâëåíî ÍÄÑ òðåõñëîé-
íîé ìîäåëè êðûëà èç ÊÌ ñ ìàêñèìàëüíûì ïðî-
ãèáîì 2,73 ìì (ðèñ. 12). Ìàêñèìàëüíîå íîðìàëü-
íîå íàïðÿæåíèå ïåðâîãî ñëîÿ 9,44 MÏa
(ðèñ. 13,à), âòîðîãî ñëîÿ 7,81 MÏa (ðèñ. 13,á), òðå-
òüåãî íåïîëíîãî ñëîÿ 6,94 ÌÏà (ðèñ. 13,â). Ïðè

ðàñ÷åòå òðåõ ñëîåâ ðàññìîòðåíû 47 âàðèàíòîâ óê-
ëàäêè âîëîêîí â ñëîå. Îïòèìàëüíûå âàðèàíòû óãëà
óêëàäêè âîëîêîí 3-ñëîéíîãî ÊÌ â çàâèñèìîñòè
ïðîãèáà:

1) ïåðâûé ñëîé 58°, âòîðîé ñëîé 93°, òðåòèé

ñëîé 108° (ïåðåìåùåíèå 2,736 ìì);

2) ïåðâûé ñëîé 54°, âòîðîé ñëîé 102°, òðåòèé

ñëîé 92° (ïåðåìåùåíèå 2, 737 ìì);

3) ïåðâûé ñëîé 84°, âòîðîé ñëîé 111°, òðåòèé

ñëîé 71° (ïåðåìåùåíèå 2,83 ìì).
Íà ðèñ. 13 âèäíî, ÷òî â òðåõñëîéíîé ìîäåëè

íàèáîëåå îïàñíûì ó÷àñòêîì ÿâëÿåòñÿ ðåáðî êðû-
ëà, ïîýòîìó ÷åòâåðòûé, âíóòðåííèé ñëîé ïðåäñòàâ-
ëåí â âèäå ïîëîñû âäîëü ðåáðà (ðèñ. 14).

Íà ðèñ. 15 è 16 ïðåäñòàâëåíî ÍÄÑ ÷åòûðåõ-
ñëîéíîé ìîäåëè êðûëà ñ ìàêñèìàëüíûì ïðîãèáîì
2,34 ìì. Ìàêñèìàëüíîå íîðìàëüíîå íàïðÿæåíèå
ïåðâîãî ñëîÿ 9,55 MÏa (ðèñ. 16,à), âòîðîãî ñëîÿ
6,99 MÏa (ðèñ. 16,á), òðåòüåãî ñëîÿ 5,97 ÌÏà
(ðèñ. 16,â), ÷åòâåðòîãî ñëîÿ 6,23 MÏa (ðèñ. 16,ã).
Ïðè ðàñ÷åòå êðûëà èç äâóõ ïîëíûõ è äâóõ íåïîë-
íûõ ñëîåâ ðàññìîòðåíû 64 âàðèàíòà óêëàäêè âî-
ëîêîí. Îïòèìàëüíûå âàðèàíòû óãëà óêëàäêè âî-
ëîêîí 4-ñëîéíîé ìîäåëè â çàâèñèìîñòè ïðîãèáà:

1) ïåðâûé ñëîé 102°, âòîðîé ñëîé 69°, òðåòèé

ñëîé 104°, ÷åòâåðòûé ñëîé 71° (ïåðåìåùåíèå
2,34 ìì);

Ðèñ. 10. Ðàñïðåäåëåíèÿ íàïðÿæåíèé: à — ïåðâûé ñëîé; á — âòîðîé ñëîé
à) á)

Ðèñ. 11. Ãåîìåòðèÿ òðåòüåãî ñëîÿ, èçìåíåíèå òîëùèíû
êîíñòðóêöèè êðûëà

Ðèñ. 12. Äåôîðìàöèÿ òðåõñëîéíîãî êðûëà
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2) ïåðâûé ñëîé 82°, âòîðîé ñëîé 111°, òðåòèé

ñëîé 87°, ÷åòâåðòûé ñëîé 62° (ïåðåìåùåíèå
2,36 ìì);

3) ïåðâûé ñëîé 89°, âòîðîé ñëîé 116°, òðåòèé

ñëîé 58°, ÷åòâåðòûé ñëîé 59° (ïåðåìåùåíèå
2,38 ìì).

Â òàáë. 2 ïðèâåäåíû äàííûå ðàçëè÷íûõ ìîäå-
ëåé êðûëà (äåôîðìàöèÿ, ðàñõîä ìàòåðèàëà è âåñ)
ïðè îäèíàêîâîì ìàêñèìàëüíîì íàãðóæåíèè:
ñîñòîÿùåé èç äâóõ ïîëíûõ ñëîåâ è äâóõ óêîðî÷åí-
íûõ (êðûëî ¹1); âûïîëíåííîé èç ÷åòûðåõ ïîë-
íûõ ñëîåâ (êðûëî ¹2); èçãîòîâëåííîé èç ïåíî-
ïëàñòà (êðûëî ¹3).

Ðèñ. 13. Ðàñïðåäåëåíèå íàïðÿæåíèé ïî ñëîÿì: à — ïåð-
âûé ñëîé; á — âòîðîé ñëîé; â — òðåòèé ñëîé

â)

à)

á)

Ðèñ. 14. Ãåîìåòðèÿ ÷åòâåðòîãî ñëîÿ

Ðèñ. 15. Äåôîðìàöèÿ

Ðèñ. 16. Ðàñïðåäåëåíèå íàïðÿæåíèé ïî ñëîÿì: à — ïåð-
âûé ñëîé; á — âòîðîé ñëîé; â — òðåòèé ñëîé; ã — ÷åò-
âåðòûé ñëîé

à)

ã)

â)

á)
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Èç ïðåäñòàâëåííûõ â òàáë. 2 äàííûõ âèäíî, ÷òî
êîíñîëü êðûëà, ñîñòîÿùàÿ èç ÷åòûðåõ ïîëíûõ
ñëîåâ, áîëåå ÷åì íà 1 êã òÿæåëåå, ÷åì êîíñîëü
êðûëà, ñîñòîÿùÿÿ èç äâóõ ïîëíûõ ñëîåâ è äâóõ
óêîðî÷åííûõ ïðè îäèíàêîâîé æåñòêîñòè è ïðî÷-
íîñòè. Ìàêñèìàëüíàÿ äåôîðìàöèÿ êîíñîëè êðûëà
â îáîèõ ñëó÷àÿõ íå ïðåâûøàåò 2,5 ìì.

Äëÿ ýêñïåðèìåíòàëüíîãî èçãîòîâëåíèÿ êîíñî-
ëè êðûëà ìåòîäîì õîëîäíîãî ôîðìîâàíèÿ âûïîë-
íåíû ðàáî÷èå ÷åðòåæè îñíàñòêè. Íà ðèñ. 17 ïðåä-
ñòàâëåíà îñíàñòêà äëÿ èçãîòîâëåíèÿ êîíñîëè êðû-
ëà, âûïîëíåííàÿ èç äåëüòà-äðåâåñèíû. Íà îñíà-
ñòêó ïîëó÷åí ïàòåíò ¹192733 [20]. Êîíñîëü êðûëà
èçãîòàâëèâàëè èç ñòåêëîòêàíè ìàðêè Ò-25 (ÂÌ)

ÒÓ 6-11-380-76 âûêëàäêîé ñëîåâ âðó÷íóþ. Ïî-
ñëîéíàÿ óêëàäêà ñëîåâ ïðîèçâîäèëàñü â ñòðîãîì
ñîîòâåòñòâèè ñ ðàñ÷åòíîé ìîäåëüþ ïðè ñîáëþäå-
íèè ðàçìåðîâ âûêðîåê è óãëîâ àðìèðîâàíèÿ ïî
îñíîâå â êàæäîì ñëîå. Ïîâåðõíîñòü êàæäîãî ñëîÿ
ïðîïèòûâàëè ýïîêñèäíîé ñìîëîé ÝÄ-20 ñ îòâåð-
äèòåëåì. Ãîòîâîå èçäåëèå èç ñëîèñòîãî ñòåêëîïëà-
ñòèêà ïðåäñòàâëåíî íà ðèñ. 18. Ìàññà ïîëó÷åííîé

Òàáëèöà 2

Ñðàâíåíèå ðàçëè÷íûõ ìîäåëåé êðûëà

Ðèñ. 17. Îñíàñòêà äëÿ èçãîòîâëåíèÿ êîíñîëè êðûëà Ðèñ. 18. Êîíñîëü êðûëà èç ñòåêëîïëàñòèêà

Íîìåð ìîäåëè êðûëà ¹1 ¹ 2 ¹ 3 

Äåôîðìàöèÿ, ìì 

 

 

 

 

2,342 ìì 

 

 

 

 

1,797 ìì 

Ðàçðóøèëîñü 

Ðàñõîä ìàòåðèàëà S, ì2 2,03 2,93 - 

Ìàññà ìîäåëè m, êã 1,4349 2,599 1,24 
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ïîëîé êîíñîëè êðûëà 1,46 êã, ÷òî íà 3% áîëüøå
ðàñ÷åòíîé ìîäåëè.

Âûâîäû

Ïðîâåäåíî èññëåäîâàíèå ÍÄÑ êîíñîëè êðû-
ëà áåñïèëîòíîãî ëåòàòåëüíîãî àïïàðàòà. Ðàçðàáî-
òàíà àâòîìàòèçèðîâàííàÿ ïðîöåäóðà âûáîðà óê-
ëàäêè âîëîêîí â ñëîå â ñèñòåìå ANSYS, ïîëó÷å-
íà îïòèìàëüíàÿ êîíñòðóêöèÿ ìíîãîñëîéíîé îá-
øèâêè êîíñîëè êðûëà ÁÏËÀ â ñèñòåìå ANSYS ñ
òî÷êè çðåíèÿ îáåñïå÷åíèÿ ìàêñèìàëüíîé ïðî÷íî-
ñòè è æåñòêîñòè ïðè çàäàííûõ íàãðóçêàõ. Ñîãëàñ-
íî ïðîâåäåííûì ðàñ÷åòàì, èçãîòîâëåíà ÷åòûðåõ-
ñëîéíàÿ êîíñîëü êðûëà èç ñëîèñòîãî ñòåêëîïëà-
ñòèêà. Ðàçðàáîòàíà íîâàÿ îñíàñòêà èç äåëüòà-äðå-
âåñèíû äëÿ èçãîòîâëåíèÿ ïîëîé êîíñîëè êðûëà,
íà êîòîðóþ ïîëó÷åí ïàòåíò ¹192733. Ìàññà ñïðî-
åêòèðîâàííîé è èçãîòîâëåííîé êîíñîëè êðûëà
(êðûëî ¹1) íà 43% ìåíüøå, ÷åì ìàññà êîíñîëè,
âûïîëíåííîé èç ïîëíûõ ñëîåâ (êðûëî ¹2). Íà èç-
ãîòîâëåíèå ñïðîåêòèðîâàííîé êîíñîëè êðûëà
(êðûëî ¹1) òðåáóåòñÿ íà 25—30% ìåíüøå ìàòå-
ðèàëà. Äàííûé ïîäõîä ìîæåò áûòü øèðîêî èñ-
ïîëüçîâàí ïðè ïðîåêòèðîâàíèè è èçãîòîâëåíèè
ýëåìåíòîâ êîíñòðóêöèé è èçäåëèé èç ÊÌ.

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ÐÔÔÈ,
Ïðîåêò ¹ 18-29-18050/19

Áèáëèîãðàôè÷åñêèé ñïèñîê

1. Ìàìåäîâ È.Ý., Øàðèôîâà Á.À. Îïòèìèçàöèÿ ðåæèìà
ôóíêöèîíèðîâàíèÿ áåñïèëîòíîãî ëåòàòåëüíîãî
àïïàðàòà ïðè âçÿòèè ïðîáû ìîðñêîé âîäû // Âåñ-
òíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2019.
Ò. 26. ¹ 3. Ñ. 72-79.

2. Ôåòèñîâ Â.Ñ., Íåóãîäíèêîâà Ë.Ì., Àäàìîâñêèé Â.Â.,
Êðàñíîïåðîâ Ð.À. Áåñïèëîòíàÿ àâèàöèÿ: òåðìèíîëî-
ãèÿ, êëàññèôèêàöèÿ, ñîâðåìåííîå ñîñòîÿíèå. —
Óôà: ÔÎÒÎÍ, 2014. — 217 ñ.

3. Áîíäàðåâ À.Í., Êèðè÷åê Ð.Â. Îáçîð áåñïèëîòíûõ
ëåòàòåëüíûõ àïïàðàòîâ îáùåãî ïîëüçîâàíèÿ è ðå-
ãóëèðîâàíèÿ âîçäóøíîãî äâèæåíèÿ ÁÏËÀ â ðàçíûõ
ñòðàíàõ // Èíôîðìàöèîííûå òåõíîëîãèè è êîììó-
íèêàöèè. 2016. Ò. 4. ¹ 4. Ñ. 13-23.

4. Îáðàçöîâ È.Ô. Ñòðîèòåëüíàÿ ìåõàíèêà ëåòàòåëüíûõ
àïïàðàòîâ. – Ì.: Ìàøèíîñòðîåíèå, 1986. — 536 ñ.

5. Áîõîåâà Ë.À., Êóðîõòèí Â.Þ., Ïåðåâàëîâ À.Â., Ðî-
ãîâ Â.Å., Ïîêðîâñêèé À.Ì., ×åðìîøåíöåâà À.Ñ. Èñ-
ïûòàíèÿ ýëåìåíòîâ êîíñòðóêöèé è óçëîâ âåðòîëå-
òà íà óñòàëîñòíóþ ïðî÷íîñòü // Âåñòíèê Ìîñêîâ-
ñêîãî àâèàöèîííîãî èíñòèòóòà. 2017. Ò. 24. ¹ 1.
Ñ. 7-16.

6. Êàðèìîâ À.Õ. Îñîáåííîñòè ïðîåêòèðîâàíèÿ áåñïè-
ëîòíûõ àâèàöèîííûõ ñèñòåì íîâîãî ïîêîëåíèÿ //
Òðóäû ÌÀÈ. 2011. ¹ 47. URL: http://trudymai.ru/
published.php?ID=26767

7. Ïîêðîâñêèé À.Ì., ×åðìîøåíöåâà À.Ñ. Ýêñïåðèìåí-
òàëüíîå èññëåäîâàíèå âëèÿíèÿ íàíîäîáàâîê íà
ñâîéñòâà êîìïîçèöèîííûõ ìàòåðèàëîâ ñ ìåæñëîé-
íûìè äåôåêòàìè // Âåñòíèê Ìîñêîâñêîãî àâèàöè-
îííîãî èíñòèòóòà. 2017. Ò. 24. ¹ 3. Ñ. 212-221.

8. Bokhoeva L.A., Rogov V.E., Pokrovskiy A.M.,
Chermoshentseva A.S. Stands for fatigue strength tests
// XIV International Scientific-Tecnical Conference on
Actual Problems of Electronics Instrument Engineering
(APEIE). 2018. Vol. 8, pp. 251-254. DOI: 10.1109/
APEIE.2018.8545626

9. Ïàðõàåâ Å.Ñ., Ñåìåí÷èêîâ Í.Â. Ìåòîäèêà àýðîäè-
íàìè÷åñêîé îïòèìèçàöèè êðûëüåâ ìàëîðàçìåðíûõ
áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòîâ // Âåñòíèê
Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2018. Ò. 25.
¹ 3. Ñ. 7-16.

10. Mitrofanov O.V. Post-buckling behaviour estimation of
thin cylindrical composite shells of non-symmetrical
structure in case of compression // IOP Conference
Series: Materials Science and Engineering. 2019. Vol.
684. No. 1, pp. 012018. DOI: 10.1088/1757-899X/684/
1/012018

11. Mitrofanov O.V., Klesareva M.V. Design of cylindrical
composite panels with mild camber for biaxial
compression taking into account geometrical non-
linearity with uniform heating and rigid support // IOP
Conference Series: Materials Science and Engineering.
2019. Vol. 684. No. 1, pp. 012019. DOI: 10.1088/1757-
899X/684/1/012019

12. Âàñèëüåâ Â.Â., Ïðîòàñîâ Â.Ä., Áîëîòèí Â.Â. è äð.
Êîìïîçèöèîííûå ìàòåðèàëû: Ñïðàâî÷íèê. – Ì.:
Ìàøèíîñòðîåíèå, 1990. — 512 ñ.

13. Àëôóòîâ Í.À., Çèíîâüåâ Ï.À., Ïîïîâ Á.Ã. Ðàñ÷¸ò
ìíîãîñëîéíûõ ïëàñòèí è îáîëî÷åê èç êîìïîçèöè-
îííûõ ìàòåðèàëîâ. – Ì.: Ìàøèíîñòðîåíèå, 1984.
— 263 ñ.

14. Áèðþê Â.È., Íãóåí Õ.Ô. Îöåíêà âëèÿíèÿ àíèçîòðî-
ïèè êîìïîçèöèîííîãî ìàòåðèàëà íà ñíèæåíèå íà-
ãðóçîê äëÿ áåñïèëîòíîãî ëåòàòåëüíîãî àïïàðàòà //
Àíòåííû. 2014. ¹ 8. Ñ. 42-48.

15. Ãðèøèí Â.È., Äçþáà À.Ñ., Äóäàðüêîâ Þ.È. Ïðî÷íîñòü
è óñòîé÷èâîñòü ýëåìåíòîâ è ñîåäèíåíèé àâèàöèîí-
íûõ êîíñòðóêöèé èç êîìïîçèòîâ. – Ì.: Ôèçìàòëèò,
2013. — 272 ñ.

16. Áîõîåâà Ë.À., Áóòîðèí À.À., Áàèðîâ Ñ.À., Êîíäðàòü-
åâà À.Í., Èïàòîâ Ä.Í. Ìîäåëèðîâàíèå ýëåìåíòîâ
êîíñòðóêöèè áåñïèëîòíîãî ëåòàòåëüíîãî àïïàðàòà
â ïðîãðàììíîì êîìïëåêñå SolidWorks // III Ìåæ-
äóíàðîäíàÿ êîíôåðåíöèÿ ìîëîäûõ ó÷åíûõ ïî ñî-
âðåìåííûì ïðîáëåìàì ìàòåðèàëîâ è êîíñòðóêöèé
(24-28 àâãóñòà 2019, Óëàí-Óäý – îç. Áàéêàë, Ðîñ-
ñèÿ): Ñáîðíèê ñòàòåé. Óëàí-Óäý: Èçä-âî Áóðÿòñêîãî
ãîñóíèâåðñèòåòà, 2019. Ñ. 291-297.

17. ×èãàðåâ À.Â., Êðàâ÷óê À.Ñ., Ñìàëþê À.Ô. Ansys äëÿ
èíæåíåðîâ: Ñïðàâî÷íîå ïîñîáèå. – Ì.: Ìàøèíî-
ñòðîåíèå, 2014. – 511 ñ.

18. Rolfes R., Rohwer K. Improved Transverse Shear
Stresses in Composite Finite Elements Based on First
Order Shear Deformation Theory // International



74 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹1

Ïðîåêòèðîâàíèå, êîíñòðóêöèÿ è ïðîèçâîäñòâî ëåòàòåëüíûõ àïïàðàòîâ Design, construction and manufacturing of flying vehicles

Journal for Numerical Methods in Engineering. 1997.
Vol. 40. No. 1, pp. 51-60. DOI: 10.1002/(sici)1097-
0207(19970115)40:1<51::aid-nme49>3.0.co;2-3

19. Roos R., Kress G. R., Barbezat M., Ermanni P. Enhanced
model for interlaminar normal stress in singly curved
laminates // Composite Structures. 2007. Vol. 80. No. 3,
pp. 327-333. DOI: 10.1016/j.compstruct.2006.05.022

20. Áîõîåâà Ë.À., Ðîãîâ Â.Å. Ðàçáîðíàÿ îñíàñòêà äëÿ
èçãîòîâëåíèÿ êîíñîëè êðûëà áåñïèëîòíîãî ëåòà-
òåëüíîãî àïïàðàòà. Ïàòåíò RU 192733 U1. Áþë.
¹ 27, 27.09.2019.

Abstract

The article explores stress-strain state of a
composite layered wing console of an unmanned aerial
vehicle (UAV). An optimal structure of the multilayer
skin, ensuring maximum strength and stiffness at the
specified loads was determined with the ANSYS
system. The wing structure consists of two complete
and two incomplete layers. Automated procedure for
fiber laying angle selection in a layer was developed.
Seventeen options of fiber laying angle were obtained,
out of which three options of optimal reinforcing were
selected. The second supplementary layer was added
over the entire wing surface for deformation reduction.
Thirty three options of fibers laying were considered
while computing the wing model of two layers. When
conputing three layers, forty seven options of fibers
laying in a layer were considered. Sixty four options
of fibers laying were regarded while computing a wing
of two complete and two incomplete layers. According
to the performed calculations, a four layer wing
console was produced from layered fiberglass. It was
produced by the cold forming method. Workshop
drawings of tooling were developed. New tooling from
phenol-impregnated modified wood was obtained for
the hollow wing console fabrication, for which a
Patent No 19273 was received. The weight of the
hollow console is 1.46 kg, which is 3% greater than
that for the computational model. The designed and
fabricated wing console of the two complete and two
incomplete layers weight is 43% less than that of the
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console of the two complete layers. Fabrication of the
designed console requires 25-30% less material. The
presented approach can be widely employed while
structural elements and products from composite
materials design and fabrication.

Keywords: optimal wing console, strength,
stiffness, multilayer composite structures, fiber laying
angle, tooling, cold forming method.

References

1. Mamedov I.E., Sharifova B.A. UAV functioning mode
optimization while seawater sampling. Aerospace MAI
Journal, 2019, vol. 26, no. 3, pp. 72-79.

2. Fetisov V.S., Neugodnikova L.M., Adamovskii V.V.,
Krasnoperov R.A. Bespilotnaya aviatsiya: terminologiya,
klassifikatsiya, sovremennoe sostoyanie (Unmanned
aviation: terminology, classification, state-of-the-art),
Ufa, FOTON, 2014, 217 p.

3. Bondarev A.N., Kirichek R.V. Informatsionnye tekhnologii
i kommunikatsii, 2016, vol. 4, no. 4, pp. 13-23.

4. Obraztsov I.F. Stroitel’naya mekhanika letatel’nykh
apparatov (Structural mechanics of aircraft), Moscow,
Mashinostroenie, 1986, 536 p.

5. Bokhoeva L.A., Kurokhtin V.Yu., Perevalov A.V.,
Rogov V.E., Pokrovskii A.M., Chermoshentseva A.S.
Helicopter structural elements and components fatigue
resistance tests. Aerospace MAI Journal, 2017, vol. 24,
no. 1, pp. 7-16.

6. Karimov A.Kh. Trudy MAI, 2011, no. 47. URL: http:/
/trudymai.ru/eng/published.php?ID=26767



75Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹1

Ïðîåêòèðîâàíèå, êîíñòðóêöèÿ è ïðîèçâîäñòâî ëåòàòåëüíûõ àïïàðàòîâ Design, construction and manufacturing of flying vehicles

7. Pokrovskii A.M., Chermoshentseva A.S. Experimental
study of nano-additives effect on properties of
composite materials with interlayer defects. Aerospace
MAI Journal, 2017, vol. 24, no. 3, pp. 212-221.

8. Bokhoeva L.A., Rogov V.E., Pokrovskiy A.M.,
Chermoshentseva A.S. Stands for fatigue strength tests.
XIV International Scientific-Tecnical Conference on
Actual Problems of Electronics Instrument Engineering
(APEIE), 2018, vol. 8, pp. 251-254. DOI: 10.1109/
APEIE.2018.8545626

9. Parkhaev E.S., Semenchikov N.V. Wings aerodynamic
optimization technique for small-sized unmanned aerial
vehicles. Aerospace MAI Journal, 2018, vol. 25, no. 3,
pp. 7-16.

10. Mitrofanov O.V. Post-buckling behaviour estimation
of thin cylindrical composite shells of non-symmetrical
structure in case of compression. IOP Conference Series:
Materials Science and Engineering, 2019, vol. 684, no. 1,
pp. 012018. DOI: 10.1088/1757-899X/684/1/012018

11. Mitrofanov O.V., Klesareva M.V. Design of cylindrical
composite panels with mild camber for biaxial
compression taking into account geometrical non-
linearity with uniform heating and rigid support. IOP
Conference Series: Materials Science and Engineering,
2019, vol. 684, no. 1, pp. 012019. DOI: 10.1088/1757-
899X/684/1/012019

12. Vasil’ev V.V., Protasov V.D., Bolotin V.V. et al.
Kompozitsionnye materialy (Composite materials),
Moscow, Mashinostroenie, 1990, 512 p.

13. Alfutov N.A., Zinov’ev P.A., Popov B.G. Raschet
mnogosloinykh plastin i obolochek iz kompozitsionnykh

materialov (Calculation of multilayer plates and shells
made of composite materials), Moscow,
Mashinostroenie, 1984, 263 p.

14. Biryuk V.I., Nguen Kh.F. Antenny, 2014, no. 8, pp. 42-48.
15. Grishin V.I., Dzyuba A.S., Dudar’kov Yu.I. Prochnost’

i ustoichivost’ elementov i soedinenii aviatsionnykh
konstruktsii iz kompozitov (Strength and stability of
elements and joints of aircraft structures made of
composites), Moscow, Fizmatlit, 2013, 272 p.

16. Bokhoeva L.A., Butorin A.A., Bairov S.A., Kondrat’eva
A.N., Ipatov D.N. III Mezhdunarodnaya konferentsiya
molodykh uchenykh po sovremennym problemam
materialov i konstruktsii (24-28 August, 2019, Ulan-Ude,
oz. Baikal, Rossia), Ulan-Ude, Buryatskii
gosuniversitet, 2019, pp. 291-297.

17. Chigarev A.V., Kravchuk A.S., Smalyuk A.F. Ansys dlya
inzhenerov (Ansys for engineers), Moscow,
Mashinostroenie, 2014, 511 p.

18. Rolfes R., Rohwer K. Improved Transverse Shear
Stresses in Composite Finite Elements Based on First
Order Shear Deformation Theory. International Journal for
Numerical Methods in Engineering, 1997, vol. 40, no. 1,
pp. 51-60. DOI: 10.1002/(sici)1097-0207(19970115)
40:1<51::aid-nme49>3.0.co;2-3

19. Roos R., Kress G.R., Barbezat M., Ermanni P.
Enhanced model for interlaminar normal stress in singly
curved laminates. Composite Structures, 2007, vol. 80,
no. 3, pp. 327-333. DOI: 10.1016/j.compstruct.
2006.05.022

20. Bokhoeva L.A., Rogov V.E. Patent RU 192733 U1,
27.09.2019.


