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Ââåäåíèå

Ïðî÷íîñòü, íàäåæíîñòü è ðåñóðñ ñîâðåìåííûõ
ëåòàòåëüíûõ àïïàðàòîâ îáåñïå÷èâàþòñÿ ìíîãîñòî-
ðîííèìè ýêñïåðèìåíòàëüíûìè èññëåäîâàíèÿìè
ïîâåäåíèÿ ýëåìåíòîâ êîíñòðóêöèè ïðè øòàòíûõ
è ýêñòðåìàëüíûõ âíåøíèõ âîçäåéñòâèÿõ [1]. Îä-
íèì èç âèäîâ òàêèõ èñïûòàíèé ÿâëÿåòñÿ èçó÷åíèå
äåôîðìàöèè ïàíåëåé ôþçåëÿæà ñàìîëåòà ïîä äåé-
ñòâèåì âíóòðåííåãî èçáûòî÷íîãî äàâëåíèÿ. Ïðè
ýòîì çíà÷èòåëüíóþ ñîñòàâëÿþùóþ äåôîðìàöèè
èìåþò ñìåùåíèÿ òî÷åê â íàïðàâëåíèè íîðìàëè ê
ïîâåðõíîñòè, ò.å. íîðìàëüíàÿ äåôîðìàöèÿ. Ýòè
äåôîðìàöèè èìåþò ñëîæíûé ðàñïðåäåëåííûé ïî
ïîâåðõíîñòè õàðàêòåð. Äëÿ ïîëó÷åíèÿ ïîëíîé
êàðòèíû ðàñïðåäåëåííîé íîðìàëüíîé äåôîðìàöèè
íåîáõîäèìû èçìåðåíèÿ â áîëüøîì ÷èñëå òî÷åê.
Òðàäèöèîííûì ìåòîäîì èçìåðåíèÿ äåôîðìàöèè
ÿâëÿåòñÿ ìåòîä òåíçîìåòðèè [2]. Îäíàêî ïðè èñ-
ñëåäîâàíèè ñëîæíûõ ïîëåé äåôîðìàöèè ìåòîäà-
ìè òåíçîìåòðèè âîçíèêàþò òðóäíîñòè ñ ðàçìåùå-
íèåì äàò÷èêîâ è èíòåðïðåòàöèåé ðåçóëüòàòîâ òåí-
çîìåòðèè, ïîñêîëüêó íåèçâåñòíà êàðòèíà ðàñïðå-
äåëåíèÿ óçëîâûõ è êðèòè÷åñêèõ òî÷åê.

Ïåðñïåêòèâíûì íàïðàâëåíèåì èçìåðåíèé ðàñ-
ïðåäåëåííûõ äåôîðìàöèé â ïîñëåäíåå âðåìÿ çà-
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Âàæíîé ñîñòàâíîé ÷àñòüþ èñïûòàíèé ïàíåëåé ôþçåëÿæà ñàìîëåòà íà óñòàëîñòü è æèâó÷åñòü ÿâëÿåòñÿ èçó÷å-
íèå ïîëåé íîðìàëüíîé äåôîðìàöèè âûïó÷èâàíèÿ è êîðîáëåíèÿ îáøèâêè. Â ñòàòüå ïðèâåäåíî îïèñàíèå îïòè÷åñêîãî
ìåòîäà âèäåîãðàììåòðèè è ïðèìåíåíèÿ åãî äëÿ áåñêîíòàêòíûõ èçìåðåíèé ðàñïðåäåëåííûõ íîðìàëüíûõ äåôîð-
ìàöèé ïàíåëåé ôþçåëÿæà ïàññàæèðñêîãî ñàìîëåòà ïðè ïðîâåäåíèè èñïûòàíèé ïàíåëåé íà âíóòðåííåå èçáûòî÷-
íîå äàâëåíèå.

Êëþ÷åâûå ñëîâà: áåñêîíòàêòíûå èçìåðåíèÿ, âèäåîãðàììåòðè÷åñêèé ìåòîä, íîðìàëüíûå äåôîðìàöèè, ïîëÿ
äåôîðìàöèè, ðàçðóøåíèå êîíñòðóêöèè.

ðåêîìåíäîâàë ñåáÿ áåñêîíòàêòíûé îïòè÷åñêèé
ìåòîä âèäåîãðàììåòðèè (ÂÃÌ) [3—6]. Ðåçóëüòàòîì
èçìåðåíèé ÿâëÿþòñÿ íå îòíîñèòåëüíàÿ äåôîðìà-
öèÿ, à íåïîñðåäñòâåííî âåëè÷èíû ïåðåìåùåíèé
òî÷åê ïîâåðõíîñòè ïî íîðìàëè [7, 8]. Ýòî äàåò
äîïîëíèòåëüíîå ïðåèìóùåñòâî ïðè èíòåðïðåòà-
öèè ðåçóëüòàòîâ è ñîïîñòàâëåíèè èõ ñ ðàñ÷åòîì
èëè ìàòåìàòè÷åñêîé ìîäåëüþ êîðîáëåíèÿ, âûïó-
÷èâàíèÿ îáøèâêè [9, 10].

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿëîñü ñîâåðøåí-
ñòâîâàíèå áåñêîíòàêòíîãî îïòè÷åñêîãî ìåòîäà âè-
äåîãðàììåòðèè äëÿ èçìåðåíèé ðàñïðåäåëåííûõ
íîðìàëüíûõ äåôîðìàöèé â áîëüøîì ÷èñëå òî÷åê
ïîâåðõíîñòè è ïðèìåíåíèå åãî ïðè èñïûòàíèÿõ
ïàíåëåé ôþçåëÿæà ñàìîëåòà íà âíóòðåííåå èçáû-
òî÷íîå äàâëåíèå.

Äëÿ èçìåðåíèé áûë âûáðàí ìåòîä âèäåîãðàì-
ìåòðèè ñ èñïîëüçîâàíèåì îäíîé öèôðîâîé êàìå-
ðû (ìåòîä ìîíîãðàììåòðèè) [11—15]. Ýòîò âûáîð
áûë îáóñëîâëåí ñòåñíåííîñòüþ ïðîñòðàíñòâà âîê-
ðóã èñïûòûâàåìîé ïàíåëè íà ýêñïåðèìåíòàëüíîé
óñòàíîâêå.
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Ìåòîä âèäåîãðàììåòðèè

Ñóòü ìåòîäà âèäåîãðàììåòðèè ñîñòîèò â îïðå-
äåëåíèè òðåõ êîîðäèíàò x, y, z òî÷êè îáúåêòà â
ïðîñòðàíñòâå ïî äâóì êîîðäèíàòàì u, v îòêëèêà
ýòîé òî÷êè íà öèôðîâîì èçîáðàæåíèè [16—19].
Ôîðìàëüíî èìåþòñÿ òîëüêî äâà óðàâíåíèÿ äëÿ
òðåõ íåèçâåñòíûõ:
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ãäå u0, v0 — êîîðäèíàòû öåíòðà èçîáðàæåíèÿ, ò.å.
òî÷êè ïåðåñå÷åíèÿ îïòè÷åñêîé îñè ïðèåìíîãî
îáúåêòèâà ñ ïëîñêîñòüþ ÷óâñòâèòåëüíîé ìàòðèöû
öèôðîâîé êàìåðû;

w0 — çàäíèé îòðåçîê ïðèåìíîãî îáúåêòèâà;
x0, y0, z0 — êîîðäèíàòû öåíòðà ïðèåìíîãî

îáúåêòèâà (öåíòðà ïðîåêöèè) â ñèñòåìå êîîðäè-
íàò îáúåêòà;

Mij — ýëåìåíòû ìàòðèöû âðàùåíèÿ, ÿâëÿþùè-

åñÿ ôóíêöèÿìè óãëîâ îðèåíòàöèè α , β  è γ  ñèñ-

òåìû êîîðäèíàò êàìåðû â ñèñòåìå êîîðäèíàò
îáúåêòà [20].

Ãðóïïó ïàðàìåòðîâ {x0, y0, z0, α , β , γ } ïðèíÿ-

òî íàçûâàòü ôîòîãðàììåòðè÷åñêèìè ïàðàìåòðàìè
âíåøíåãî îðèåíòèðîâàíèÿ, à {u0, v0, w0} – ïàðà-
ìåòðàìè âíóòðåííåãî îðèåíòèðîâàíèÿ. Ê ïàðàìåò-
ðàì âíóòðåííåãî îðèåíòèðîâàíèÿ îòíîñÿò òàêæå
ïàðàìåòðû, ó÷èòûâàþùèå ãåîìåòðè÷åñêèå èñêà-
æåíèÿ èçîáðàæåíèÿ, âíîñèìûå íåñîâåðøåíñòâà-
ìè ïðèåìíîãî îáúåêòèâà. Â äàííîé ðàáîòå ó÷èòû-
âàåòñÿ òîëüêî ðàäèàëüíàÿ äèñòîðñèÿ âòîðîãî ïî-
ðÿäêà, ïðè êîòîðîé èñêàæåíèÿ ìîæíî êîìïåíñè-
ðîâàòü ïî ôîðìóëàì:
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ãäå u', v' — êîîðäèíàòû èñêàæåííîãî èçîáðàæåíèÿ;
u, v — èñïðàâëåííûå êîîðäèíàòû èçîáðàæåíèÿ;
d – áåçðàçìåðíûé êîýôôèöèåíò äèñòîðñèè;
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Â ìèðîâîé ïðàêòèêå äëÿ ðàçðåøåíèÿ íåîïðå-
äåëåííîñòè çàäà÷è âîññòàíîâëåíèÿ êîîðäèíàò

îáû÷íî ïðèìåíÿþò ìåòîä ñòåðåîìåòðèè [21—25],
ïðè êîòîðîì ïîëó÷àþò äâà èçîáðàæåíèÿ ïîâåðõ-
íîñòè èññëåäóåìîãî îáúåêòà ñ ïîìîùüþ äâóõ êà-
ìåð, íàõîäÿùèõñÿ íà ðàññòîÿíèè, ñîèçìåðèìîì ñ
ðàññòîÿíèåì äî îáúåêòà [26]. Êîìáèíèðóÿ äàííûå,
ïîëó÷åííûå èç äâóõ òàêèõ èçîáðàæåíèé, çàìûêàþò
ðàáî÷óþ ñèñòåìó óðàâíåíèé. Îäíàêî â óñëîâèÿõ
ðåàëüíûõ ýêñïåðèìåíòàëüíûõ óñòàíîâîê è ñòåí-
äîâ, õàðàêòåðèçóþùèõñÿ ñòåñíåííûì ïðîñòðàí-
ñòâîì, îãðàíè÷åííûì îïòè÷åñêèì äîñòóïîì è çàò-
ðóäíåíèÿìè â ïðîêëàäêå êîììóíèêàöèé, íå âñå-
ãäà èìååòñÿ âîçìîæíîñòü ðàçìåùåíèÿ äâóõ êàìåð
â íóæíûõ òî÷êàõ.

Â ìåòîäå ìîíîãðàììåòðèè, ïðèìåíåííîì â
äàííîé ðàáîòå, äëÿ ðàçðåøåíèÿ íåîïðåäåëåííîñòè
çàäà÷è âîññòàíîâëåíèÿ êîîðäèíàò è çàìûêàíèÿ
ñèñòåìû óðàâíåíèé èñïîëüçóåòñÿ àïðèîðíàÿ èí-
ôîðìàöèÿ îá èññëåäóåìîì îáúåêòå. Ïðåäïîëîæèì,
÷òî ñìåùåíèÿ òî÷åê ïî îäíîé èç òðåõ êîîðäèíàò-
íûõ îñåé ìíîãî ìåíüøå ñìåùåíèé ïî äâóì äðó-
ãèì è ýòèìè ñìåùåíèÿìè ìîæíî ïðåíåáðå÷ü.
Òîãäà, âûáðàâ ýòî íàïðàâëåíèå â êà÷åñòâå êîîð-
äèíàòíîé îñè Oz, â óðàâíåíèÿõ (1) ìîæíî ïîëî-
æèòü z = const. È ðåøèòü ñèñòåìó äëÿ òî÷åê ñ çà-
äàííîé êîîðäèíàòîé z.

Îáúåêò èññëåäîâàíèé

Áîëüøàÿ ÷àñòü ýëåìåíòîâ êîíñòðóêöèè ñàìî-
ëåòà (ôþçåëÿæà, êðûëà è äð.) ïðåäñòàâëÿþò ñîáîé
ïëîñêèå èëè öèëèíäðè÷åñêèå ñ ìàëîé êðèâèçíîé
òèïîâûå ïàíåëè. Îáúåêòîì íàñòîÿùèõ èññëåäîâà-
íèé ñòàëà òèïîâàÿ öèëèíäðè÷åñêàÿ ïàíåëü ôþçå-
ëÿæà ïàññàæèðñêîãî ñàìîëåòà. Ñèëîâîé íàáîð ïà-
íåëè âêëþ÷àåò â ñåáÿ ïÿòü øïàíãîóòîâ è âîñåìü
ñòðèíãåðîâ (ðèñ. 1). Îáúåêò èìååò õàðàêòåðíûå
ðàçìåðû: 2560 ìì âäîëü îñè è 1530 ìì ïî øèðè-
íå. Íà ýêñïåðèìåíòàëüíîì ñòåíäå ïàíåëü ðàñïî-
ëàãàëàñü âåðòèêàëüíî (ðèñ. 2). Ïðè èñïûòàíèÿõ çà-
äàâàëîñü èçáûòî÷íîå äàâëåíèå ïîä îáøèâêîé è
ïîïåðå÷íàÿ íàãðóçêà êîìïåíñèðóþùåãî ðàñòÿæå-
íèÿ. Â âåðòèêàëüíîì íàïðàâëåíèè íàãðóçêà íå

(1)

Ðèñ. 1. Ñèëîâîé íàáîð ïàíåëè
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ïðèëàãàëàñü, ïîýòîìó äåôîðìàöèÿ â ýòîì íàïðàâ-
ëåíèè äîëæíà áûòü ìèíèìàëüíîé.

Çàäàäèì èçìåðèòåëüíóþ ñèñòåìó êîîðäèíàò,
òàêóþ, â êîòîðîé îñü Oz íàïðàâëåíà âåðòèêàëüíî
ââåðõ ïàðàëëåëüíî îñè öèëèíäðè÷åñêîé ïîâåðõ-
íîñòè, îñü Oy íàïðàâëåíà ïî ñðåäíåé íîðìàëè ê
ïîâåðõíîñòè, ñ íà÷àëîì Î â ñåðåäèíå îáëàñòè
èçìåðåíèé.

Äëÿ ðåàëèçàöèè ìåòîäà âèäåîãðàììåòðèè íà
èññëåäóåìóþ ïîâåðõíîñòü áûë íàíåñåí íàáîð ìàð-
êåðîâ, ðàñïîëîæåííûõ â óçëàõ ðåãóëÿðíîé ïðÿìî-
óãîëüíîé ñåòêè ïî ñå÷åíèÿì, ïåðïåíäèêóëÿðíûì
îñè Oz. Èçìåðåííûå ïðè ðàçìåòêå ñåòêè êîîðäè-
íàòû x è y ìàðêåðîâ ñëóæèëè êîîðäèíàòàìè òî-
÷åê èçìåðåíèé, à êîîðäèíàòà z ÿâëÿëàñü àïðèîð-
íîé èíôîðìàöèåé äëÿ çàìûêàíèÿ ñèñòåìû óðàâ-
íåíèé (1) â ìåòîäå ìîíîãðàììåòðèè.

×èñëåííûå çíà÷åíèÿ ïàðàìåòðîâ âíóòðåííåãî
îðèåíòèðîâàíèÿ, âêëþ÷àÿ êîýôôèöèåíò äèñòîð-
ñèè, áûëè íàéäåíû çàáëàãîâðåìåííî êàëèáðîâêîé
êàìåðû â ëàáîðàòîðíûõ óñëîâèÿõ. Çíà÷åíèÿ ïàðà-
ìåòðîâ âíåøíåãî îðèåíòèðîâàíèÿ îïðåäåëÿëèñü â
õîäå ýêñïåðèìåíòà ìåòîäîì àâòîêàëèáðîâêè, â
êîòîðîì â êà÷åñòâå òåñò-îáúåêòà ïðèíèìàëàñü
ãðóïïà áàçîâûõ ìàðêåðîâ ïî ïåðèìåòðó íàíåñåí-
íîé ñåòêè ìàðêåðîâ â ïðåäïîëîæåíèè, ÷òî ýòà
îáëàñòü ïîâåðõíîñòè äåôîðìèðóåòñÿ ïðåíåáðåæè-
ìî ìàëî.

Êðàòêîå îïèñàíèå ìåòîäèêè èçìåðåíèé

Ñõåìà èçìåðèòåëüíîé óñòàíîâêè ïðèâåäåíà íà
ðèñ. 3,à. Â èçìåðèòåëüíîé ñèñòåìå ïðèìåíÿëàñü
öèôðîâàÿ êàìåðà ñ ÊÌÎÏ-ìàòðèöåé ðàçìåðîì 1/2,5"
è ðàçðåøåíèåì 2592 × 1944 ïèêñåëåé (ðàçìåð ïèê-
ñåëÿ 2,2 ìêì). Â êà÷åñòâå ïðèåìíîãî îáúåêòèâà
ïðèìåíÿëñÿ îáúåêòèâ ñ ôîêóñíûì ðàññòîÿíèåì
16 ìì. Öèôðîâàÿ êàìåðà áûëà óñòàíîâëåíà ñâåðõó
íà ïëàòôîðìå ïðèáëèçèòåëüíî â âåðòèêàëüíîé
ïëîñêîñòè ñèììåòðèè ïàíåëè íà âûñîòå 5265 ìì
è íà ðàññòîÿíèè 3550 ìì ïî ãîðèçîíòàëè îò ñå-
ðåäèíû ïàíåëè. Ðàññòîÿíèå îò îáúåêòèâà äî ñåðå-
äèíû ïàíåëè ñîñòàâëÿëî îêîëî 6350 ìì, à óãîë îï-
òè÷åñêîé îñè îáúåêòèâà ê ñðåäíåé íîðìàëè ê ïî-

âåðõíîñòè ïàíåëè — îêîëî 52°. Âèä óçëà êàìåðû
ñ îñâåòèòåëåì ïîêàçàí íà ðèñ. 3,á. Äëÿ îñâåùåíèÿ
ïðèìåíÿëàñü ãàëîãåííàÿ ëàìïà ñ ðåôëåêòîðîì
ìîùíîñòüþ 50 Âò. Ðåãèñòðàöèÿ èçîáðàæåíèé ïðî-
âîäèëàñü ñ ïîìîùüþ ìîáèëüíîãî êîìïüþòåðà (íî-
óòáóêà) ïî êàíàëó USB-2.0.

Èçìåðèòåëüíûå ìàðêåðû áûëè ðàçìåùåíû â
äåâÿòè ñå÷åíèÿõ ïàíåëè ôþçåëÿæà ñ èíòåðâàëîì
135 ìì ïî îñè Oz (ðèñ. 4). Â êàæäîì ñå÷åíèè ñèì-
ìåòðè÷íî îñè Oz ñîäåðæàëèñü 35 ìàðêåðîâ ñ ïå-
ðåìåííûì øàãîì: îò 35 ìì â ñåðåäèíå äî 100 ìì
ê êðàÿì. Êðàéíèå ìàðêåðû áûëè ðàñïîëîæåíû íà
ïåòëÿõ, çàêðåïëÿþùèõ ïàíåëü. ×åðíûå ìàðêåðû â
ôîðìå ýëëèïñîâ çàðàíåå ðàññ÷èòàííûõ ðàçìåðîâ

Ðèñ. 2. Âèä ïîâåðõíîñòè ïàíåëè ôþçåëÿæà â ïðîöåññå ïîäãîòîâêè ê èñïûòàíèÿì
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6 × 10 ìì áûëè íàïå÷àòàíû ïðèíòåðîì íà áåëîé
ñàìîêëåÿùåéñÿ áóìàãå, âðåçàíû è íàêëååíû â óç-
ëàõ ðàçìå÷åííîé ñåòêè. Ðàáî÷åå èçîáðàæåíèå ïî-
âåðõíîñòè ïàíåëè ôþçåëÿæà ñ íàíåñåííûìè ìàð-
êåðàìè ïîêàçàíî íà ðèñ. 5.

Èçìåðåíèÿ äåôîðìàöèè ïàíåëåé ôþçåëÿæà

Ïåðåä èñïûòàíèÿìè áûëà ïðîèçâåäåíà êàëèá-
ðîâêà íàñòðîåííîé âèäåîãðàììåò-
ðè÷åñêîé ñèñòåìû ïî ìàðêåðàì íà
ñàìîé ïàíåëè, êîîðäèíàòû êîòîðûõ
áûëè èçìåðåíû â õîäå ðàçìåòêè ñåò-
êè è íàíåñåíèÿ ìàðêåðîâ. Ïî ðå-
çóëüòàòàì òàêîé êàëèáðîâêè áûëè
íàéäåíû êîýôôèöèåíòû ðàáî÷åé
õàðàêòåðèñòèêè è óñòàíîâëåíî, ÷òî
ñëó÷àéíàÿ ïîãðåøíîñòü (ñðåäíå-
êâàäðàòè÷åñêîå îòêëîíåíèå) èçìå-
ðåíèé êîîðäèíàò ìàðêåðîâ ïî îñÿì

íå ïðåâûøàëà 0,1 ìì. Ýòà âåëè÷èíà ìîæåò áûòü
ïðèíÿòà çà èíñòðóìåíòàëüíóþ ïîãðåøíîñòü èçìå-
ðèòåëüíîé ñèñòåìû.

Ïðîãðàììà èçìåðåíèé ïðåäóñìàòðèâàëà èçìå-
ðåíèÿ äåôîðìàöèè ïàíåëè ôþçåëÿæà ïðè ïîëîæè-
òåëüíîì ñòóïåí÷àòîì íàãíåòàíèè èçáûòî÷íîãî
äàâëåíèÿ âîçäóõà âíóòðè êàìåðû, çàêðûòîé ïàíå-
ëüþ, â äèàïàçîíå îò 0 äî 0,6 àòè. Èçáûòî÷íîå äàâ-
ëåíèå çàäàâàëàñü öèêëàìè «íàãðóçêà-ðàçãðóçêà» ñ
ðàçìàõîì â 30, 60 è 100% îò ìàêñèìàëüíîé ñ õà-
ðàêòåðíûì ïåðèîäîì 7 ñ. Öèêëîãðàììà íàãðóæå-
íèÿ ïðèâåäåíà íà ðèñ. 6.

Ðèñ. 3. Ñõåìà èçìåðèòåëüíîé óñòàíîâêè (à):  1 — êàìåðà; 2 — ÏÊ äëÿ ñáîðà äàííûõ; 3 — èñïûòóåìûé îáúåêò;
âèä óçëà êàìåðû (á)

à)

Ðèñ. 4. Ñõåìà ðàñïîëîæåíèÿ èçìåðèòåëüíûõ ìàðêåðîâ

Ðèñ. 5. Ðàáî÷åå èçîáðàæåíèå ñ ðåãèñòðèðóþùåé êàìå-
ðû â õîäå èñïûòàíèé

Ðèñ. 6. Öèêëîãðàììà íàãðóæåíèÿ â ïðîöåíòàõ îò ìàêñèìàëüíîé íàãðóçêè

á)
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Ðàáî÷èå èçîáðàæåíèÿ ðåãèñòðèðîâàëèñü íå-
ïðåðûâíî ñ ÷àñòîòîé 6 êàäðîâ â ñåêóíäó.

Ïåðâûé ýòàï îáðàáîòêè ñîñòîÿë â èçìåðåíèè
êîîðäèíàò u è w îòêëèêîâ ìàðêåðîâ íà âñåõ èçîá-
ðàæåíèÿõ. Äëÿ ýòîãî èñïîëüçîâàëîñü ñïåöèàëèçè-
ðîâàííîå ïðîãðàììíîå îáåñïå÷åíèå, ñ ïîìîùüþ
êîòîðîãî ìàðêåðû íà ïåðâîì êàäðå èç êàæäîé
ñåðèè ðàññòàâëÿëèñü âðó÷íóþ, à íà âñåõ ïîñëåäó-
þùèõ – àâòîìàòè÷åñêè â ïàêåòíîì ðåæèìå ïî
øàáëîíó, ïîëó÷åííîìó íà ïåðâîì êàäðå.

Íà âòîðîì ýòàïå îáðàáîòêè âû÷èñëÿëèñü êî-
îðäèíàòû x è y âñåõ ìàðêåðîâ â ïðîñòðàíñòâå ïðè
óñëîâèè z = const. Ýòà îïåðàöèÿ âûïîëíÿëàñü ñ
ïîìîùüþ äðóãîé ñïåöèàëèçèðîâàííîé ïðîãðàì-
ìû ñ èñïîëüçîâàíèåì ïîëó÷åííûõ ïàðàìåòðîâ
ðàáî÷åé õàðàêòåðèñòèêè. Â ïðîãðàììå îáðàáîòêè
ïðåäóñìîòðåíî ãðàôè÷åñêîå òðåõìåðíîå ïðåäñòàâ-
ëåíèå ðåçóëüòàòîâ èçìåðåíèé ïîëåé íîðìàëüíîé
äåôîðìàöèè îáøèâêè. Ïðèìåðû ãðàôè÷åñêîãî

ïðåäñòàâëåíèÿ ïîëó÷åííûõ ïîëåé äåôîðìàöèé
ïðèâåäåíû íà ðèñ. 7.

Ðåçóëüòàòû

Äëÿ àíàëèçà äåôîðìèðîâàííîãî ñîñòîÿíèÿ
ïàíåëè áûëè ïðîàíàëèçèðîâàíû äåôîðìàöèè êàæ-
äîãî èç äåâÿòè èçìåðèòåëüíûõ ñå÷åíèé. Îáùèé
âèä îñðåäíåííîé ïî ñå÷åíèÿì äåôîðìàöèè ïðåä-
ñòàâëåí íà ðèñ. 8. Îáùàÿ êàðòèíà ãåîìåòðè÷åñêîé
ôîðìû ïàíåëè äîëæíà áûòü ïîäîáíîé íåíàãðó-
æåííîé ïàíåëè, íî â ñèëó íåèäåàëüíûõ óñëîâèé
çàêðåïëåíèÿ èçìåíåíèå ôîðìû ïàíåëè îòëè÷àåòñÿ
îò äåôîðìàöèè ïîäîáèÿ.

Òàêæå áûëè ðàññìîòðåíû äåôîðìàöèè âäîëü
ñòðèíãåðîâ ïàíåëè. Ïî ðåçóëüòàòàì àíàëèçà â ñå-
ðåäèíå ïàíåëè ìåæäó øïàíãîóòàìè 2 è 4 áûëà
îïðåäåëåíà çîíà ðàçìåðîì 200 × 1000 ìì ñ öåíò-
ðîì â ñåðåäèíå, èçìåíåíèå ãåîìåòðèè îáøèâêè â
êîòîðîé ÿâëÿëîñü äîñòàòî÷íî ðàâíîìåðíûì. Íà

Ðèñ. 7. Ðåçóëüòàòû èçìåðåíèé ïîëÿ íîðìàëüíîé äåôîðìàöèè ïàíåëè: à — pΔ = 0; á — pΔ = 30%; â — pΔ = 60%;

ã — pΔ = 100%

à) á)

â) ã)
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Ðèñ. 8. Îñðåäíåííàÿ ïî ñå÷åíèÿì ôîðìà ïàíåëè â íåäåôîðìèðîâàííîì è äåôîðìèðîâàííîì ñîñòîÿíèÿõ

ðèñ. 9 ïîêàçàíû âñå äåôîðìèðîâàííûå ñå÷åíèÿ â
äàííîé çîíå.

Âûâîäû

Áåñêîíòàêòíûé îïòè÷åñêèé ìåòîä âèäåîãðàì-
ìåòðèè ñ èñïîëüçîâàíèåì îäíîé öèôðîâîé êàìå-
ðû (ìåòîä ìîíîãðàììåòðèè) àäàïòèðîâàí äëÿ èç-
ìåðåíèÿ ïîëÿ íîðìàëüíîé äåôîðìàöèè ïîâåðõíî-
ñòè òèïîâûõ öèëèíäðè÷åñêèõ ïàíåëåé ôþçåëÿæà
ñàìîëåòà.

Ðàçðåøåíèå íåîïðåäåëåííîñòè çàäà÷è âîññòà-
íîâëåíèÿ òðåõ êîîðäèíàò òî÷åê ïîâåðõíîñòè ïî

äâóì êîîðäèíàòàì òî÷åê èçîáðàæåíèÿ ïðåäëîæå-
íî îñóùåñòâëÿòü â ïðåäïîëîæåíèè ïðåíåáðåæè-
ìîé ìàëîñòè ñìåùåíèé òî÷åê â íàïðàâëåíèè îñè
öèëèíäðè÷åñêîé ïîâåðõíîñòè. Èçìåðÿåìûìè âå-
ëè÷èíàìè ÿâëÿëèñü ñìåùåíèÿ òî÷åê ïî êîîðäè-
íàòàì â ïîïåðå÷íûõ ê îñè ñå÷åíèÿõ.

Ïðè êàëèáðîâêå èçìåðèòåëüíîé ñèñòåìû áûëà
ïîëó÷åíà ñðåäíåêâàäðàòè÷åñêàÿ îöåíêà èíñòðó-
ìåíòàëüíîé ïîãðåøíîñòè, ðàâíàÿ 0,1 ìì.

Óñîâåðøåíñòâîâàííûì ìåòîäîì âèäåîãðàì-
ìåòðèè ïðîâåäåíû èçìåðåíèÿ ðàñïðåäåëåííîé
äåôîðìàöèè òèïîâîé ïàíåëè ôþçåëÿæà ïàññàæèð-

Ðèñ. 9. Äåôîðìàöèÿ èçìåðèòåëüíûõ ñå÷åíèé â ðàáî÷åé çîíå
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ñêîãî ñàìîëåòà ïðè öèêëè÷åñêîì èçìåíåíèè âíóò-
ðåííåãî èçáûòî÷íîãî äàâëåíèÿ. Â ðåçóëüòàòå ýê-
ñïåðèìåíòà áûëî ïîëó÷åíî, ÷òî ìàêñèìàëüíîå
ñìåùåíèå âäîëü îñåé Ox è Oy ñîñòàâèëî íå áîëåå
3 ìì.

Â äàëüíåéøåì äëÿ èññëåäîâàíèé óñîâåðøåí-
ñòâîâàííûì ìåòîäîì âèäåîãðàììåòðèè äèíàìèêè
äåôîðìàöèè ïàíåëè â ïðîöåññå íàääóâà è ñíÿòèÿ
íàãðóçêè ðåêîìåíäóåòñÿ èñïîëüçîâàíèå áîëåå ñêî-
ðîñòíîé âèäåîêàìåðû (ñêîðîñòü ñúåìêè íå ìåíåå
30 êàäðîâ/ñ) è ñèíõðîíèçàöèÿ åå ñ ñèñòåìîé óï-
ðàâëåíèÿ íàãðóæåíèåì.

Áèáëèîãðàôè÷åñêèé ñïèñîê

1. Áàðàíîâ À.Í. Ñòàòè÷åñêèå è òåïëîïðî÷íîñòíûå èñ-
ïûòàíèÿ ëåòàòåëüíûõ àïïàðàòîâ. — Ì.: Èçäàòåëü-
ñêèé îòäåë ÖÀÃÈ, 2009. — 203 ñ.

2. Êóðóëþê Ä.Â. Ïðîãðàììíîå îáåñïå÷åíèå äëÿ àâòî-
ìàòèçàöèè ïðîâåäåíèÿ ïðî÷íîñòíûõ èñïûòàíèé
// Àâòîìàòèçàöèÿ â ïðîìûøëåííîñòè. 2017. ¹ 4.
Ñ. 51-53.

3. Êíÿçü Â.À. Îïòè÷åñêàÿ ñèñòåìà çàõâàòà äâèæåíèÿ
äëÿ àíàëèçà è âèçóàëèçàöèè òðåõìåðíûõ ïðîöåññîâ
// ÃÐÀÔÈÊÎÍ'2015: Ñáîðíèê òðóäîâ Þáèëåéíîé
25-é Ìåæäóíàðîäíîé íàó÷íîé êîíôåðåíöèè (Ïðî-
òâèíî, 22-25 ñåíòÿáðÿ 2015). – Ïðîòâèíî: Èçä-âî
Èíñòèòóòà ôèçèêî-òåõíè÷åñêîé èíôîðìàòèêè,
2015. Ñ. 232–236.

4. Ahmadi F.F. Integration of industrial videogrammetry
and artificial neural networks for monitoring and
modeling the deformation or displacement of structures
// Neural Computing & Applications. 2017. Vol. 28.
No. 12, pp. 3709–3716. DOI: 10.1007/s00521-016-
2255-2

5. Atkinson K.B. (ed.) Close Range Photogrammetry and
Machine Vision. — Whittles Publishing, Scotland, UK,
2001. — 384 p.

6. Erickson G.E. Overview of Supersonic Aerodynamics
Measurement Techniques in the NASA Langley
Unitary Plan Wind Tunnel. — Technical Report
NASA/TM-2007-214894. — NASA Center for
AeroSpace Information, Hampton, Virginia, USA,
2007. – 107 p.

7. Òðåòüÿêîâà Ò.Â., Òðåòüÿêîâ Ì.Ï., Âèëüäåìàí Â.Ý.
Îöåíêà òî÷íîñòè èçìåðåíèé ñ èñïîëüçîâàíèåì
âèäåîñèñòåìû àíàëèçà ïîëåé ïåðåìåùåíèé è äå-
ôîðìàöèé // Âåñòíèê Ïåðìñêîãî ãîñóäàðñòâåííî-
ãî òåõíè÷åñêîãî óíèâåðñèòåòà. Ìåõàíèêà. 2011.
¹ 2. Ñ. 92–100.

8. Black J.T., Pitcher N.A., Reeder M.F., Maple R.C.
Videogrammetry dynamics measurements of a
lightweight flexible wing in a wind tunnel // Journal
of Aircraft. 2010. Vol. 47. No. 1, pp. 172-180. DOI:
10.2514/1.44545

9. Áåñïàëîâ Â.À., Ãîöåëþê Ò.Á., Ëàçíåíêî Ñ.A., Ìàò-
âååâ Ê.À., ×àïëûãèí Â.Í. Ðàñ÷åòíàÿ îöåíêà êîýôôè-
öèåíòîâ èíòåíñèâíîñòè íàïðÿæåíèÿ è äëèòåëüíî-

ñòè ðîñòà ïîâåðõíîñòíûõ òðåùèí â òèïîâûõ äåòà-
ëÿõ ñëîæíîé ãåîìåòðèè // Âåñòíèê Ìîñêîâñêîãî
àâèàöèîííîãî èíñòèòóòà. 2008. Ò. 15. ¹ 4. Ñ. 111-117.

10. Âèíîãðàäîâ Þ.È., Ãóñåâ Þ.À., Çîëîòóõèí Â.Ñ. Ìå-
òîäû èññëåäîâàíèÿ êîíöåíòðàöèè íàïðÿæåíèé â
îáîëî÷êàõ // Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî
èíñòèòóòà. 2005. Ò. 12. ¹ 3. Ñ. 61-65.

11. Burner A.W., Liu T., DeLoach R. Uncertainty of
videogrammetric techniques used for aerodynamic
testing // 22nd AIAA Aerodynamic Measurement
Technology and Ground Testing Conference (24-26
June 2002, St. Louis, Missouri). AIAA 2002-2794.
DOI: 10.2514/6.2002-2794

12. Liu T., Cattafesta L.N., Radeztsky R., Burner A.W.
Photogrammetry applied to wind-tunnel testing //
AIAA Journal. 2000. Vol. 38. No. 6, pp. 964–971. DOI:
10.2514/2.1079

13. Liu T., Burner A.W., Jones T.W., Barrows D.A.
Photogrammetric techniques for aerospace applications
// Progress in Aerospace Sciences. 2012. Vol. 54,
pp. 1-58. DOI: 10.1016/j.paerosci.2012.03.002

14. Burner A.W., Liu T. Videogrammetric model
deformation measurement technique // Journal of
Aircraft. 2001. Vol. 38. No. 4, pp. 745–754. DOI:
10.2514/2.2826

15. Burner A.W., Radeztsky R.H., Liu T. Videometric
applications in wind tunnels // The International
Society for Optical Engineering (SPIE— 1997, San
Diego, California). 1997. Vol. 3174, pp. 234–247. DOI:
10.1117/12.279785

16. Kuruliuk K.A., Kulesh V.P. Non-contact measurement
of helicopter device position in wind tunnels with the
use of optical videogrammetry method // 18th
international conference on the Methods of
Aerophysical Research ICMAR-2016 (Perm, 27 èþíÿ-
03 èþëÿ 2016). — AIP Publishing, 2016, pp. 030006.
DOI: 10.1063/1.4963948

17. Êóðóëþê Ê.À. Âèäåîãðàììåòðè÷åñêàÿ ñèñòåìà äëÿ
áåñêîíòàêòíûõ èçìåðåíèé ïîëåé äåôîðìàöèé êðóï-
íîãàáàðèòíûõ îáúåêòîâ // Òðóäû ÌÀÈ. 2018. ¹102.
URL: http://trudymai.ru/published.php?ID=98870

18. Êóëåø Â.Ï., Íàóìîâ Ñ.Ì. Áåñêîíòàêòíûå èçìåðåíèÿ
ïîëåé íîðìàëüíîé äåôîðìàöèè ïîâåðõíîñòè êîí-
ñòðóêöèé ìåòîäîì âèäåîãðàììåòðèè ïðè èñïûòàíè-
ÿõ íà ïðî÷íîñòü // Ó÷åíûå çàïèñêè ÖÀÃÈ. 2013.
Ò. XLIV. ¹ 3. Ñ. 91–103.

19. Êîïîòåâà Ê.À., Êóëåø Â.Ï., Íàóìîâ Ñ.Ì. Ïðèìåíå-
íèå îïòè÷åñêîãî ìåòîäà âèäåîãðàììåòðèè äëÿ èç-
ìåðåíèé ïîëåé íîðìàëüíîé äåôîðìàöèè ýëåìåíòîâ
êîíñòðóêöèé ëåòàòåëüíîãî àïïàðàòà // Ìèð èçìå-
ðåíèé. 2013. ¹ 10. Ñ. 8–12.

20. Íàçàðîâ À.Ñ. Ôîòîãðàììåòðèÿ: Ó÷åáíîå ïîñîáèå
äëÿ ñòóäåíòîâ âóçîâ. – Ìèíñê: Òåòðà Ñèñòåìñ, 2010.
— 398 ñ.

21. Åôèìîâ À.È., Èëüèí Â.Í. Ìåòîäîëîãèÿ îïðåäåëåíèÿ
ôîðìû îáúåêòîâ ïî äàííûì âèäåîðÿäà êàìåðû //
Òðóäû ÌÀÈ. 2017. ¹ 95. URL: http://trudymai.ru/
eng/published.php?ID=84590



59Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

22. Ignatiev K.I., Lee W.-K., Fezzaa K., Stock S.R. Phase
contrast stereometry: fatigue crack mapping in three
dimensions // Philosophical Magazine. 2005. Vol. 85.
No. 28, pp. 3273–3300. DOI: 10.1080/
14786430500155387

23. Barrows D.A. Videogrammetric Model Deformation
Measurement Technique for Wind Tunnel Applications
// 45th AIAA Aerospace Sciences Meeting and Exhibit
(08-11 January 2007, Reno, NV, United States). AIAA
Paper 2007–1163. URL: https://ntrs.nasa.gov/
search.jsp?R=20070003495

24. Persson H. Estimation of Forest Parameters Using 3D
Satellite Data: Stereogrammetry, radargrammetry and
interferometry. — SLU Service/Repro, Uppsala/

Alnarp. 2014, pp. 15–18. URL: https://
pub.epsilon.slu.se/11658/1/persson_h_141119.pdf

25. Moratto Z.M., Broxton M.J., Beyer R.A., Lundy M.,
Husmann K. Ames Stereo Pipeline, NASA’s Open
Source Automated Stereogrammetry Software // 41st
Lunar and Planetary Science Conference. 2010. URL:
https://www.lpi.usra.edu/meetings/lpsc2010/pdf/
2364.pdf

26. Àýðîôîòîòîïîãðàôè÷åñêèå è ôîòîãðàììåòðè÷åñêèå
ïðèáîðû è ñèñòåìû èçìåðåíèé // Èñòîðèÿ ãåîäå-
çèè. 2015. URL: https://istgeodez.com/
aerofototopograficheskie-i-fotogramm/

Abstract

An important part of aircraft fuselage panels testing
for fatigue and survivability is the study of normal
deformation fields of buckling and warping of the skin.
The article describes optical videogrammetry
technique and its application for non-contact
measurements of distributed normal fuselage panels’
deformations of a passenger aircraft under testing for
internal overpressure.

Strength, reliability and resource of modern
aircraft are ensured by multilateral experimental
studies of the structural elements behavior under
regular and extreme external impacts. One of the types
of such tests is the study of aircraft fuselage panels
deformation under the impact of internal overpressure.
Significant component of deformation herewith refers
to the displacement of points in direction of a normal
to the surface, i.e. normal deformation. These
deformations are of a complex character distributed
over the surface. To obtain the full pattern of the
distributed normal deformation measurement in a
large number of points are required. Strain gauging is
a traditional technique for deformation measuring.
However, complex deformation fields studying with
strain gauge techniques is hampered with the
uncertainty of nodal and critical points distribution

APPLICATION OF OPTICAL VIDEOGRAMMETRY TECHNIQUE FOR NORMAL
DEFORMATION FIELDS OF AIRCRAFT FUSELAGE PANEL MEAUSRING
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pattern, which complicates sensors placement and
strain gage measurements results interpretation.

At present, contactless optical video-grammetry
technique (VGT) manifested itself as a prospective
trend for distributed deformations measuring. The
results of measurements represent not relative
deformation, but normal displacements of the surface
points directly. It gives an additional advantage when
interpreting the results and comparing them with the
calculation or mathematical model of warping and
buckling of the skin.

The goal of the presented work consisted in
improving contactless optical video-grammetry
technique for distributed normal deformations
measuring at a large number of the surface points, and
this technique application for testing aircraft fuselage
panels under internal overpressure.

Video-grammetry technique with one digital
camera was chosen (mono-grammetry method) for
these measurements. This choice was stipulated by lack
of space around the panel being tested on the
experimental setup.

Keywords: non-contact measurements,
videogrammetry technique, normal deformations,
deformation fields, structure destruction.
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