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Ðàññìàòðèâàåòñÿ ìåòîäèêà ðåíòãåíîñêîïè÷åñêîãî êîíòðîëÿ ýëåìåíòîâ êîíñòðóêöèè âîçäóøíîãî ñóäíà (ÂÑ) ñ
ñîòîâûì çàïîëíèòåëåì. Ïðåäñòàâëåíû ýêñïåðèìåíòàëüíûå äàííûå ïðîâåäåíèÿ êîíòðîëÿ ýëåìåíòîâ êîíñòðóêöèè
ñ ñîòîâûì çàïîëíèòåëåì, ðàñêðûò àëãîðèòì äèñïåðñèîííîãî àíàëèçà ýòèõ äàííûõ. Ïîëó÷åíû ðåçóëüòàòû ôðàê-
òàëüíîãî àíàëèçà ñíèìêîâ ñòðóêòóð êîíñòðóêöèè ñ ñîòîâûì çàïîëíèòåëåì áåç äåôåêòà è ñ äåôåêòîì.

Êëþ÷åâûå ñëîâà: ðåíòãåíîñêîïè÷åñêèé êîíòðîëü, âîçäóøíîå ñóäíî, îáðàáîòêà èçîáðàæåíèé, ôðàêòàëüíûé
àíàëèç.

Ââåäåíèå

Øèðîêîå ïðèìåíåíèå ñîòîâûõ êîíñòðóêöèé â
ðàçëè÷íûõ ýëåìåíòàõ ïëàíåðà ñîâðåìåííûõ ÂÑ
ïîçâîëÿåò ñóùåñòâåííî ñíèçèòü èõ ìàññó áåç ïî-
òåðü ïî õàðàêòåðèñòèêàì ïðî÷íîñòè, íî ïðè ýòîì
íàêëàäûâàåò îñîáûå òðåáîâàíèÿ ê ýêñïëóàòàöèè â
ñâÿçè ñ ÷óâñòâèòåëüíîñòüþ ñîòîâûõ êîíñòðóêöèé
ê ñîñðåäîòî÷åííûì íàãðóçêàì [1].

Äëÿ ðåøåíèÿ ïðàêòè÷åñêèõ çàäà÷ ýêñïëóàòà-
öèè óäîáíî ðàñïîëàãàòü îáùåé êàðòèíîé ïîâðåæ-
äàåìîñòè ýëåìåíòîâ êîíñòðóêöèè ïëàíåðà ÂÑ.
Èçìåíåíèå íà÷àëüíûõ ñâîéñòâ è ñîñòîÿíèÿ ýëå-
ìåíòîâ êîíñòðóêöèè ÂÑ ÿâëÿåòñÿ îäíîé èç ïðè-
÷èí ïîòåðè èì ðàáîòîñïîñîáíîñòè. Îöåíêà ýòîãî

ïðîöåññà ìîæåò áûòü âûïîëíåíà ïîñðåäñòâîì
àíàëèçà ïàðàìåòðîâ äåôåêòîâ (âèä, ðàçìåðû), îá-
íàðóæèâàåìûõ íà ïðîòÿæåíèè âñåãî ïåðèîäà ýê-
ñïëóàòàöèè ÂÑ è ïðè âîçäåéñòâèè ïîðàæàþùèõ
ýëåìåíòîâ [2, 3].

Ê íàðóæíûì ïîâðåæäåíèÿì ñîòîâûõ êîíñòðóê-
öèé îòíîñÿò îòäåëüíûå âìÿòèíû, öàðàïèíû, à òàê-
æå òðåùèíû, íå âûçûâàþùèå ÿâíîãî íàðóøåíèÿ
ãåðìåòè÷íîñòè êîíñòðóêöèè. Ñëåäóþùèé âèä –
äåôåêòû, ÷àñòè÷íî íàðóøàþùèå ìîíîëèòíîñòü è
ãåðìåòè÷íîñòü êîíñòðóêöèè: íåáîëüøèå òðåùèíû
íà îäíîé èç îáøèâîê, ïðîáîèíû îáøèâîê, ñìÿ-
òèå è ïîâðåæäåíèå ãðàíåé ñîòîâîãî çàïîëíèòåëÿ.
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Èç îïûòà èñïîëüçîâàíèÿ ñëîèñòûõ êîíñòðóêöèé
èçâåñòíî, ÷òî íàèáîëåå îïàñíûìè äåôåêòàìè ÿâ-
ëÿþòñÿ âëàãà â ñîòàõ è îòñëîåíèÿ îáøèâêè, âûçû-
âàþùèå ðàçãåðìåòèçàöèþ ñîòîâûõ êîíñòðóêöèé,
÷òî ìîæåò ïðèâåñòè ê âîçíèêíîâåíèþ àâàðèéíîé
ñèòóàöèè. Êîëè÷åñòâî ýòèõ äåôåêòîâ ïî ñòàòèñòè-
÷åñêèì äàííûì äîñòèãàåò 60—70% îò ïîëíîãî ïå-
ðå÷íÿ äåôåêòîâ, âîçíèêàþùèõ ïðè ýêñïëóàòàöèè
ñîòîâûõ êîíñòðóêöèé [4].

Ýôôåêòèâíûì ñïîñîáîì ïîääåðæàíèÿ òðåáó-
åìîé íàäåæíîñòè ÂÑ ñ ñîòîâûìè êîíñòðóêöèÿìè
ÿâëÿåòñÿ èñïîëüçîâàíèå â óñëîâèÿõ ýêñïëóàòàöèè
è ðåìîíòà ñëåäóþùèõ òðåõ ìåòîäîâ íåðàçðóøàþ-
ùåãî êîíòðîëÿ (ÍÊ) [5]: ðàäèàöèîííîãî, óëüòðà-
çâóêîâîãî è òåïëîâîãî. Òåïëîâîé ìåòîä êîíòðîëÿ
äî ñèõ ïîð ÿâëÿåòñÿ êà÷åñòâåííûì è ðåêîìåíäó-
åòñÿ â êà÷åñòâå ñêðèíèíãîâîãî èëè äîïîëíèòåëü-
íîãî ê óëüòðàçâóêîâîìó [6—8].

Äëÿ îïðåäåëåíèÿ ìàññû âîäû äèàãíîñòè÷åñêèå
ñëóæáû ðîññèéñêèõ àýðîïîðòîâ èñïîëüçóþò óëü-
òðàçâóêîâîé è ðàäèàöèîííûé ìåòîäû, êîòîðûå
ïîçâîëÿþò èçìåðèòü âîäÿíîé ñòîëáèê âûñîòîé
áîëåå 2 ìì â îòäåëüíîé ñîòå. Íåäîñòàòêàìè óëüò-
ðàçâóêîâîãî ìåòîäà íåðàçðóøàþùåãî êîíòðîëÿ
ÿâëÿþòñÿ ìàëàÿ ïðîèçâîäèòåëüíîñòü (øàã ñåòêè
îñìîòðà ñîñòàâëÿåò îêîëî 1 ñì) è íåñïîñîáíîñòü
êîíòðîëèðîâàòü íàêëîííûå è âåðòèêàëüíûå ïî-
âåðõíîñòè, íàïðèìåð ðóëè íàïðàâëåíèÿ è ôþçå-
ëÿæíûå çàëèçû [9, 10].

Ðåçóëüòàòû ðàäèîñêîïè÷åñêîãî êîíòðîëÿ ôðàã-
ìåíòîâ ìåòàëëè÷åñêèõ, êîìïîçèöèîííûõ è íåìå-
òàëëè÷åñêèõ ñîòîâûõ ïàíåëåé ñ èñêóññòâåííûìè
äåôåêòàìè â ÂÈÀÌ [4] ïîêàçàëè, ÷òî â ñîòîâûõ
êîíñòðóêöèÿõ íàäåæíî ìîãóò áûòü îáíàðóæåíû
äåôåêòû, ñâÿçàííûå ñ ãåîìåòðè÷åñêèìè íàðóøå-
íèÿìè ñîò è èõ ñîåäèíåíèé (çàçîðû, îòñóòñòâèå
ñöåïëåíèÿ ÿ÷ååê); ìåíåå íàäåæíî îáíàðóæèâàþòñÿ
äåôîðìàöèÿ ñîò è çàïîëíåíèå èõ ðåìîíòíûì çà-
ïîëíèòåëåì.

Â êà÷åñòâå îáúåêòîâ êîíòðîëÿ ïðè èññëåäîâà-
íèÿõ áûëè èñïîëüçîâàíû ôðàãìåíòû ìåòàëëè÷åñ-
êèõ ñîòîâûõ ïàíåëåé, ïðåäñòàâëÿâøèå ñîáîé äâå
îáøèâêè, ìåæäó êîòîðûìè íàõîäèëàñü ÿ÷åèñòàÿ
ñîòîâàÿ ñòðóêòóðà, ñîñòîÿùàÿ èç ñîåäèíåííûõ
ïðîôèëèðîâàííûõ ëèñòîâ, îáðàçóþùèõ çàìêíóòûå
ÿ÷åéêè øåñòèãðàííîé ôîðìû.

Â ñòàòüå ðàññìîòðåíà ìåòîäèêà ïðîâåäåíèÿ
ðåíòãåíîñêîïè÷åñêîãî ÍÊ ýëåìåíòîâ êîíñòðóê-
öèè ÂÑ ñ ñîòîâûì çàïîëíèòåëåì íà îñíîâå ðåíò-
ãåíîñêîïè÷åñêîãî ìåòîäà ÍÊ [11] è äàíà îöåíêà
ïîëó÷åííûõ ñíèìêîâ ñ èñïîëüçîâàíèåì ìóëüòè-
ôðàêòàëüíîé ïàðàìåòðèçàöèè, êîòîðàÿ ïîçâîëèò
áîëåå êà÷åñòâåííî ïðîâîäèòü êîëè÷åñòâåííûé
àíàëèç ñ öåëüþ âûÿâëåíèÿ êàðòèíû ðàñïðåäåëåíèÿ

äåôåêòîâ ïî îòäåëüíûì òèïàì ñîòîâûõ êîíñòðóê-
öèé ïëàíåðà ÂÑ â ïðîöåññå èõ îáðàçîâàíèÿ íà
ðàííèõ ñòàäèÿõ.

Ïðåäëàãàåìàÿ ìåòîäèêà ñîñòîèò èç òðåõ îñíîâ-
íûõ áëîêîâ:

1. Áëîê ôîðìèðîâàíèÿ èñõîäíûõ äàííûõ, îã-
ðàíè÷åíèé è äîïóùåíèé:

à) âàðüèðóåìûå ïàðàìåòðû ðåíòãåíîñêîïè÷åñ-
êîé óñòàíîâêè (ðåíòãåíîòåëåâèçèîííàÿ óñòàíîâ-
êà «Íîðêà»);

á) íåâàðüèðóåìûå ïàðàìåòðû, õàðàêòåðèçóþ-
ùèå îñîáåííîñòè êîíñòðóêöèè ÂÑ èëè îáúåêòà
êîíòðîëÿ (ÎÊ).

2. Áëîê ìåòîäèêè ðåíòãåíîñêîïè÷åñêîãî êîí-
òðîëÿ ýëåìåíòîâ êîíñòðóêöèè ÂÑ ñ ñîòîâûì çà-
ïîëíèòåëåì è îöåíêè ïàðàìåòðîâ:

à) ìîäåëü ôîðìèðîâàíèÿ áàçû ñíèìêîâ ñ ó÷å-
òîì íàñòðîéêè ïàðàìåòðîâ ðåíòãåíîñêîïè÷åñêîé
óñòàíîâêè:

— ïîñòðîåíèå ñõåìû ïðîñâå÷èâàíèÿ ÎÊ;
— ôîðìèðîâàíèå áàçû ñíèìêîâ ïðè èçìåíå-

íèè çíà÷åíèÿ àíîäíîãî íàïðÿæåíèÿ íà èçëó÷àòå-
ëå, ðàññòîÿíèÿ îò èçëó÷àòåëÿ äî îáúåêòà êîíòðî-
ëÿ è óãëà ïîëîæåíèÿ èçëó÷àòåëÿ. Õàðàêòåðíûå
ñíèìêè äëÿ ðàçëè÷íûõ ïàðàìåòðîâ (ôîêóñíîå ðàñ-
ñòîÿíèå F, àíîäíîå íàïðÿæåíèå U), ïîëó÷åííûå â
ðàìêàõ ïðîâåäåííîãî ýêñïåðèìåíòà, ñâåäåíû â
òàáë. 1;

á) ìîäåëü îöåíêè êà÷åñòâà ñíèìêà:
— ýêñïåðòíàÿ îöåíêà áàçû ñíèìêîâ, ñ ðàñ÷å-

òîì êîýôôèöèåíòà êîíêîðäàöèè [5];
— äèñïåðñèîííûé àíàëèç áàçû ñíèìêîâ. Äëÿ

àíàëèçà ýêñïåðèìåíòàëüíûõ äàííûõ ïðèìåíÿëñÿ
äâóõôàêòîðíûé äèñïåðñèîííûé àíàëèç [8]. Ïðè
äâóõôàêòîðíîì àíàëèçå èññëåäóåòñÿ âëèÿíèå äâóõ
êà÷åñòâåííûõ ôàêòîðîâ À (F) è Â (U) íà îòêëèê X
(êà÷åñòâî ñíèìêà). Â ýòîì ñëó÷àå äèñïåðñèîííûé
àíàëèç îñíîâûâàåòñÿ íà ðåçóëüòàòàõ ýêñïåðèìåí-
òà, ïðîâîäèìîãî íà ðàçëè÷íûõ óðîâíÿõ êàæäîãî èç
ôàêòîðîâ. Ïðåäïîëàãàåòñÿ, ÷òî âçàèìîñâÿçü ìåæäó

Òàáëèöà 1

Âàðèàíòû ïàðàìåòðîâ ðåíòãåíîñêîïè÷åñêîé óñòàíîâêè

Âàðèàíòû 
ïàðàìåòðîâ 

Фîêóñíîå 
ðàññòîÿíèå F, 

ìì 

Àíîäíîå 
íàïðÿæåíèå U, 

êÂ  

1 500 10 

2 500 90 

3 500 20 
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ôàêòîðàìè îòñóòñòâóåò. Â ýêñïåðèìåíòå ñ ïîâòîð-
íûìè îïûòàìè ðåçóëüòàòû ìîãóò áûòü ïðåäñòàâ-
ëåíû â âèäå ñâîäíîé òàáëèöû äàííûõ.

Âû÷èñëèòåëüíàÿ ñõåìà äâóõôàêòîðíîãî äèñ-
ïåðñèîííîãî àíàëèçà, ïðåäíàçíà÷åííàÿ äëÿ îöåí-
êè âëèÿíèÿ ìîäåëè íàñòðîéêè ïàðàìåòðîâ ðåíò-
ãåíîñêîïè÷åñêîé óñòàíîâêè íà èçìåíåíèå õàðàê-
òåðèñòèê áàçû ñíèìêîâ, ïðåäñòàâëåíà â ðàáîòå
[11];

â) âûïîëíåíèå äåôåêòàöèè ÎÊ:
— êîððåêòèðîâêà ïàðàìåòðîâ ðåíòãåíîòåëåâè-

çèîííîé óñòàíîâêè «Íîðêà» ñîãëàñíî ìîäåëè
îöåíêè êà÷åñòâà ñíèìêîâ;

— äåôåêòàöèÿ îáúåêòà êîíòðîëÿ ñîãëàñíî ñõå-
ìå ïðîñâå÷èâàíèÿ;

— ðàñøèôðîâêà è àíàëèç ðåçóëüòàòîâ ïðîâå-
äåíèÿ äåôåêòàöèè ñ ïîìîùüþ ìóëüòèôðàêòàëüíîé
ïàðàìåòðèçàöèè ÿ÷åèñòûõ ñòðóêòóð ñîòîâîãî çà-
ïîëíèòåëÿ.

3. Áëîê ôîðìèðîâàíèÿ ðåêîìåíäàöèé ïî äå-
ôåêòîñêîïèè è ðåìîíòó ýëåìåíòîâ êîíñòðóêöèè
ÂÑ ñ ñîòîâûì çàïîëíèòåëåì.

Îïðåäåëåíèå ìóëüòèôðàêòàëüíûõ õàðàêòåðèñòèê
ÿ÷åèñòûõ ñòðóêòóð ñîòîâîãî çàïîëíèòåëÿ

Êàê èçâåñòíî [12], ìàëîãàáàðèòíàÿ ïåðåíîñíàÿ
ðàäèîñêîïè÷åñêàÿ ñèñòåìà «Íîðêà» â ñîòîâûõ
êîíñòðóêöèÿõ íàäåæíî âûÿâëÿåò íàëè÷èå âîäû
âûñîòîé îò 2 ìì è âûøå, à ïðè èñïîëüçîâàíèè
ìàëîãî ïðåîáðàçîâàòåëÿ ïîçâîëÿåò ïîëó÷àòü ñíèì-
êè ñ äâóõ-òðåõêðàòíûì óâåëè÷åíèåì èññëåäóåìîé
îáëàñòè; âîçìîæíî îïðåäåëåíèå äåôåêòîâ êëååâî-
ãî ñîåäèíåíèÿ, ñìÿòèå ñîò, íàðóøåíèå èõ ãåîìåò-
ðèè, ðàçðûâû ÿ÷ååê. Êðîìå ýòîãî, íàäåæíî îáíà-
ðóæèâàåìûé ìèíèìàëüíûé óðîâåíü âëàãè íà ðà-
äèîñêîïè÷åñêîì ñíèìêå áåç îáðàáîòêè âñòðîåí-
íûìè â ñèñòåìó ïðîãðàììíûìè ñðåäñòâàìè ñîñòà-
âèë 2,5 × 3 ìì, ÷òî â äâà ðàçà áîëüøå, ÷åì ïðè ïðî-
âåäåíèè ÍÊ ðàäèîãðàôè÷åñêèì ìåòîäîì (1,6 ìì).
Äàííàÿ ðàäèîñêîïè÷åñêàÿ ñèñòåìà ïîçâîëÿåò êîí-
òðîëèðîâàòü äî 8 × 10 ì2/÷ ñîòîâûõ ïàíåëåé ñ îä-
íîâðåìåííîé âûäà÷åé çàêëþ÷åíèÿ, áåç ïðèìåíå-
íèÿ ïëåíêè è õèìèêàòîâ äëÿ ôîòîîáðàáîòêè, ÷òî
ñóùåñòâåííî ñíèæàåò ìàòåðèàëüíûå è âðåìåííûå
çàòðàòû íà ïðîâåäåíèå èññëåäîâàíèé, óâåëè÷èâàåò
â íåñêîëüêî ðàç îáúåì ïðîâîäèìîãî êîíòðîëÿ, ÷òî
ïîçâîëèò â äàëüíåéøåì ðàññìàòðèâàòü ðàäèîñêî-
ïè÷åñêóþ ñèñòåìó «Íîðêà» â êà÷åñòâå ìîáèëüíîé
ñèñòåìû ôèêñàöèè è ó÷åòà ïîâðåæäåíèé ñîòîâûõ
êîíñòðóêöèé ÂÑ ïðè âíåøíåì ïðåäïîëåòíîì îñ-
ìîòðå, êîòîðûé ÿâëÿåòñÿ îäíîé èç îñíîâíûõ ñî-
ñòàâëÿþùèõ ïðåäïîëåòíîãî òåõíè÷åñêîãî îáñëó-
æèâàíèÿ [13].

Èçâåñòíî [14], ÷òî òðàäèöèîííûå ñòåíäîâûå
ìåõàíè÷åñêèå èñïûòàíèÿ ñîòîâîé êîíñòðóêöèè
ïîçâîëÿþò âûÿñíèòü ëèøü ôàêò âûõîäà åå ïàðà-
ìåòðîâ çà ïðåäåëüíûé äîïóñê è íå äàþò èíôîðìà-
öèè î ïðåäñòîÿùåì ïîâåäåíèè îáúåêòà, îñîáåííî
â óñëîâèÿõ äèíàìè÷åñêèõ âîçäåéñòâèé, êîãäà âîç-
ìîæíû åãî îòêàç è äàæå íåîæèäàííîå ëàâèíîîá-
ðàçíîå ðàçðóøåíèå êîíñòðóêöèè.

Äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè ðàäèîñêîïè-
÷åñêîé ñèñòåìû è èñïîëüçîâàíèÿ çíà÷èòåëüíîé
÷àñòè èíôîðìàöèè î ñòðóêòóðå ñîòîâîãî çàïîëíè-
òåëÿ, ïîëó÷àåìîé â ïðîöåññå ðåíòãåíîñêîïè÷åñêî-
ãî ÍÊ, öåëåñîîáðàçíî èñïîëüçîâàíèå ìóëüòèôðàê-
òàëüíîé ïàðàìåòðèçàöèè ñòðóêòóð [15—17].

Ôðàêòàëüíûé àíàëèç ðàäèîñêîïè÷åñêèõ ñíèì-
êîâ ñòðóêòóð êîíñòðóêöèé ñ ñîòîâûì çàïîëíèòå-
ëåì ïîçâîëÿåò êà÷åñòâåííî îïðåäåëÿòü íàðóøåíèå
ñòðîåíèÿ ãðàíèö ñîòîâîãî çàïîëíèòåëÿ è ïîÿâëå-
íèå æèäêîñòè â íåì [15—17], íî îäíàêî íå ñïî-
ñîáåí îòðàçèòü êîëè÷åñòâåííî ñâîéñòâî íåîäíî-
ðîäíîñòè ÿ÷åèñòûõ ñòðóêòóð ñîòîâîãî çàïîëíèòå-
ëÿ, ïåðèîäè÷íîñòè, îðãàíèçîâàííîñòè è ò.ï. Øè-
ðîêèå âîçìîæíîñòè â ýòîì îòíîøåíèè ïðåäîñòàâ-
ëÿåò ìóëüòèôðàêòàëüíûé ôîðìàëèçì [18].

Â íàñòîÿùåé ðàáîòå èçîáðàæåíèÿ ñòðóêòóð
ñîòîâîãî çàïîëíèòåëÿ áûëè ïîëó÷åíû ïî âòîðîìó
âàðèàíòó íàñòðîéêè ïàðàìåòðîâ ðåíòãåíîñêîïè-
÷åñêîé óñòàíîâêè (òàáë. 1), à çàòåì ñ ïîìîùüþ
ïðîãðàììû ImageJ è äîïîëíèòåëüíîãî ìîäóëÿ
FracLac [19] áûëè íàéäåíû ìóëüòèôðàêòàëüíûå
õàðàêòåðèñòèêè ÿ÷åèñòûõ ñîòîâûõ ñòðóêòóð
(ðèñ. 1) è ñâåäåíû â òàáë. 2.

Ôðàêòàëüíàÿ ðàçìåðíîñòü àíàëèçèðóåìûõ ó÷à-
ñòêîâ ñòðóêòóð ñîòîâîãî çàïîëíèòåëÿ âû÷èñëÿåò-
ñÿ ïî ôîðìóëå [20]:

0

ln ( )
lim ,

1
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ε

ε

ε
Æ

=
                      

(1)

ãäå N( ε ) – ìèíèìàëüíîå ÷èñëî ÿ÷ååê ñî ñòîðîíîé
ε , íåîáõîäèìûõ äëÿ ïîêðûòèÿ âñåõ ýëåìåíòîâ
èçîáðàæåíèÿ èññëåäóåìîé ñòðóêòóðû ñîòîâîãî
çàïîëíèòåëÿ.

Ôðàêòàëüíàÿ ðàçìåðíîñòü Ds îïðåäåëÿåòñÿ ïî
íàêëîíó ðåãðåññèîííîé ëèíèè, ðàññ÷èòàííîé
ìåòîäîì íàèìåíüøèõ êâàäðàòîâ â êîîðäèíàòàõ
ln ε = f (ln(N( ε )).

Èíôîðìàöèîííàÿ ðàçìåðíîñòü D1 õàðàêòåðè-
çóåò èíôîðìàöèþ, íåîáõîäèìóþ äëÿ îïðåäåëåíèÿ
ìåñòîïîëîæåíèÿ òî÷êè â íåêîòîðîé ÿ÷åéêå.

Ôóíêöèÿ ìóëüòèôðàêòàëüíîãî ñïåêòðà f ( α (q)),
ïðåäñòàâëÿþùàÿ ñîáîé Õàóñäîðôîâó ðàçìåðíîñòü
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íåêîòîðîãî îäíîðîäíîãî ôðàêòàëüíîãî ïîäìíîæå-
ñòâà èç èñõîäíîãî ìíîæåñòâà, êîòîðîå âíîñèò
äîìèíèðóþùèé âêëàä ïðè çàäàííîì q [18,20]:

( )( ) ( ) ( ).f q q q qα α τ= ◊ -              (2)

Çäåñü ( ) ( )d q
q

dq

τ
α = ; q – ïîêàçàòåëü ñèíãóëÿðíîñòè

α , êîòîðûé ìîæåò ïðèíèìàòü ëþáûå çíà÷åíèÿ â
äèàïàçîíå îò – ∞  äî + ∞  (â äàííîé ðàáîòå q èç-

ìåíÿëñÿ îò –10 äî +10); ( )qτ  – íåëèíåéíàÿ ôóí-

êöèÿ, ïîêàçûâàþùàÿ, íàñêîëüêî èññëåäóåìîå
ìíîæåñòâî òî÷åê ÿâëÿåòñÿ íåîäíîðîäíûì,
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                    (3)

Òàáëèöà 2

Ìóëüòèôðàêòàëüíûå õàðàêòåðèñòèêè
ÿ÷åèñòûõ ñòðóêòóð

Ðèñ. 1. Èññëåäóåìàÿ ñòðóêòóðà ñîòîâîãî çàïîëíèòåëÿ: à — áåç äåôåêòà — óãîë èçëó÷àòåëÿ α = 10°; á — áåç äåôåê-

òà — óãîë èçëó÷àòåëÿ α =0; â — äåôåêò – íàëè÷èå âëàãè óãîë èçëó÷àòåëÿ α =0; ã — äåôåêò – ðàçðûâû ÿ÷ååê óãîë

èçëó÷àòåëÿ α =0

à) á)

â) ã)

Ñòðóêòóðà à á â ã 

D0 1,745 1,745 1,7783 1,7919 

D1 1,73 1,735 1,776 1,79 

Dq 1,65 1,7 1,73 1,73 

αmax 2,35 2,19 3,1 2,2 

fq 1,33 1,4 1,33 0,88 

Δq 0,08 0,035 0,046 0,06 

K 0,5 0,29 1,151 0,31 
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ãäå pi – îòíîñèòåëüíàÿ çàñåëåííîñòü, ò.å. âåðîÿò-
íîñòü ïîïàäàíèÿ òî÷êè â ÿ÷åéêó i  ðàçìåðîì ε .

Ôóíêöèÿ ìóëüòèôðàêòàëüíîãî ñïåêòðà

min( ( max)) ( )f q fα α= =

ÿâëÿåòñÿ ýôôåêòèâíîé õàðàêòåðèñòèêîé îäíîðîä-
íîñòè ñòðóêòóðû. Ïîä ñòåïåíüþ îäíîðîäíîñòè ïî-
íèìàåòñÿ íå òðàäèöèîííàÿ êà÷åñòâåííàÿ õàðàêòå-
ðèñòèêà âíåøíåãî âèäà ñòðóêòóðû, à ïîêàçàòåëü
õàðàêòåðà ðàñïðåäåëåíèÿ åäèíè÷íûõ ýëåìåíòîâ
ñòðóêòóðû (òî÷êà â ÿ÷åéêå ñî çíà÷åíèÿìè «1» –
ïèêñåëü ÷åðíîãî öâåòà) íà èçîáðàæåíèè. ×åì
áîëüøå fq, òåì áîëåå îäíîðîäíà èçó÷àåìàÿ ñ ïîìî-
ùüþ ìóëüòèôðàêòàëüíîé ïàðàìåòðèçàöèè ñòðóê-
òóðà. Ñëåäóåò îòìåòèòü, ÷òî êðîìå ðàññìîòðåííîãî
â äàííîé ñòàòüå ðàâíîÿ÷åå÷íîãî ñïîñîáà ðàçáèå-
íèÿ èçîáðàæåíèÿ ñòðóêòóðû, ñóùåñòâóåò òàêæå
ñïîñîá ðàâíîìàññîâîãî ðàçáèåíèÿ, êîãäà âñå ìåðû
ÿ÷ååê îäèíàêîâû, à èõ ðàçìåðû ðàçíûå [18]. Â
ðàáîòå [21] áûë ïðåäñòàâëåí ñåãìåíòàëüíûé ïàðà-
ìåòð îäíîðîäíîñòè ν , êîòîðûé áûë ïîëó÷åí ñ
ïîìîùüþ ðàâíîìàññîâîãî ðàçáèåíèÿ.

Íàèáîëåå èíôîðìàòèâíûìè è ðåêîìåíäóåìû-
ìè ÿâëÿþòñÿ õàðàêòåðèñòêè Dq ïðè ïîëîæèòåëü-

íûõ q = max (äëÿ äàííîãî ðàñ÷åòà q = 10). Ýòî ñâÿ-
çàíî ñ òåì, ÷òî õàðàêòåðèñòêè Dq íåñóò íåêîòîðóþ
êîëè÷åñòâåííóþ èíôîðìàöèþ î òåðìîäèíàìè÷åñ-
êèõ óñëîâèÿõ ôîðìèðîâàíèÿ èññëåäóåìûõ ñòðóê-
òóð (áîëüøèå çíà÷åíèÿ Dq ïðè q = 10 ñîîòâåòñòâó-
þò áîëüøèì çíà÷åíèÿì ýíòðîïèè, ÷òî ñâèäåòåëü-
ñòâóåò î äâèæåíèè ñèñòåìû ê ðàâíîâåñíîìó ñîñòî-
ÿíèþ) [18]. Õàðàêòåðèñòêà Dq ìîæåò ïðèìåíÿòü-
ñÿ â êà÷åñòâå ýôôåêòèâíîãî ñðåäñòâà ïðè ðàñïîç-
íàíèè èçó÷àåìûõ ñòðóêòóð ñîòîâîãî çàïîëíèòåëÿ,
íå ðàçëè÷èìûõ èëè ñëàáîðàçëè÷èìûõ ïðè èñïîëü-
çîâàíèè òðàäèöèîííûõ ìåòîäîâ.

Ýôôåêòèâíîé êîëè÷åñòâåííîé õàðàêòåðèñòè-
êîé óïîðÿäî÷åííîñòè ñòðóêòóðû ñîòîâîãî çàïîë-
íèòåëÿ ÿâëÿåòñÿ 1 qq D DΔ = - , q = 10: ÷åì áîëüøå
åå çíà÷åíèå, òåì áîëåå óïîðÿäî÷åíà ñòðóêòóðà, òåì
áîëüøå âåëè÷èíà ïåðèîäè÷åñêîé ñîñòàâëÿþùåé
(ìåðà ïåðèîäè÷íîñòè max minq qK D D α α-= - = - )
[18]. Íà ðèñ. 2 è 3 ïðåäñòàâëåíû ãðàôèêè f ( α )-
ñïåêòðîâ è Dq-ñïåêòðîâ ðàçìåðíîñòåé Ðåíüè, ïî-
ëó÷åííûå â ïðîãðàììíîì ìîäóëå FracLac.

Ñðàâíèâàÿ ïîëó÷åííûå ðåçóëüòàòû ðàñ÷åòîâ
ìóëüòèôðàêòàëüíûõ õàðàêòåðèñòèê ñòðóêòóð ñîòî-
âîãî çàïîëíèòåëÿ, ïðåäñòàâëåííûå â òàáë. 2, ìîæ-
íî ñäåëàòü ñëåäóþùèé âûâîä.

Ðèñ. 2. Ãðàôèêè f ( α )-ñïåêòðîâ, ïîëó÷åííûå äëÿ èçó÷àåìûõ ó÷àñòêîâ ñòðóêòóð ñîòîâîãî çàïîëíèòåëÿ

Ðèñ. 3. Ãðàôèêè Dq-ñïåêòðîâ ðàçìåðíîñòåé Ðåíüè, ïîëó÷åííûå äëÿ èçó÷àåìûõ ó÷àñòêîâ ñòðóêòóð ñîòîâîãî
çàïîëíèòåëÿ
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Ðàâåíñòâî ôðàêòàëüíûõ ðàçìåðíîñòåé D0 èçîá-
ðàæåíèé ñòðóêòóð áåç äåôåêòà, ïîëó÷åííûõ ïðè
ðàçíûõ óãëàõ ïîëîæåíèÿ ðåíòãåíîòåëåâèçèîííîé
óñòàíîâêè «Íîðêà» (ñì. ðèñ. 1,à,á), íàãëÿäíî ñâè-
äåòåëüñòâóåò î òîì, ÷òî íåâîçìîæíî êîëè÷åñòâåí-
íî îïèñûâàòü ñòðóêòóðû èñïîëüçóÿ òîëüêî ôðàê-
òàëüíóþ ðàçìåðíîñòü. Ïåðåõîä îò ôðàêòàëüíîãî
îïèñàíèÿ ê ìóëüòèôðàêòàëüíîìó îçíà÷àåò ïåðåõîä
îò èññëåäîâàíèÿ ìàñøòàáíî-èíâàðèàíòíûõ
ñâîéñòâ ÿ÷åèñòîé ñòðóêòóðû ñîòîâîãî çàïîëíèòå-
ëÿ ê èçó÷åíèþ îñîáåííîñòåé ðàñïðåäåëåíèé âåëè-
÷èí íà ãåîìåòðè÷åñêèõ íîñèòåëÿõ (íàïðèìåð, îï-
ðåäåëåíèå äåôåêòîâ êëååâîãî ñîåäèíåíèÿ, ñìÿòèå
ñîò, íàðóøåíèå èõ ãåîìåòðèè, ðàçðûâû ÿ÷ååê).
Íàèáîëüøèå çíà÷åíèÿ õàðàêòåðèñòèêè Dq = 1,73 ó
ÿ÷åèñòûõ ñòðóêòóð ñ ñîòîâûì çàïîëíèòåëåì, èìå-
þùèõ äåôåêòû (ðèñ. 1,â,ã), ñâèäåòåëüñòâóþò î äâè-
æåíèè ñèñòåìû ê ðàâíîâåñíîìó ñîñòîÿíèþ ïîñ-
ëå âíåøíåãî íåáëàãîïðèÿòíîãî âîçäåéñòâèÿ.

Îòìåòèì, ÷òî äëÿ ïîëó÷åíèÿ äîñòîâåðíîãî
ðåçóëüòàòà íåîáõîäèìî ñðàâíèâàòü èçîáðàæåíèÿ
ñòðóêòóð ñîòîâîãî çàïîëíèòåëÿ, ïîëó÷åííûå ïðè
îäèíàêîâîì óãëå ïîëîæåíèÿ óñòàíîâêè «Íîðêà»
( α = 0).

Íàèìåíåå îäíîðîäíîé èç èññëåäóåìûõ ñòðóê-
òóð, èçó÷àåìûõ ñ ïîìîùüþ ìóëüòèôðàêòàëüíîé
ïàðàìåòðèçàöèè (fq = 0,88), îêàçàëàñü ñòðóêòóðà
ñîòîâîãî çàïîëíèòåëÿ ñ äåôåêòîì â âèäå ðàçðûâà
ÿ÷ååê (ðèñ. 1,ã). Îíà æå èìååò è íàèáîëüøåå çíà-
÷åíèå ïàðàìåòðà óïîðÿäî÷åííîñòè (ñêðûòîé ïåðè-

îäè÷íîñòè) qΔ  ÿ÷åèñòîé ñòðóêòóðû ñîòîâî-

ãî çàïîëíèòåëÿ, ÷òî ñâèäåòåëüñòâóåò î íàðóøåíèè
ñèììåòðèè äëÿ îáùåé êîíôèãóðàöèè èññëåäóåìîé
ñòðóêòóðû â öåëîì èëè î íàðóøåíèè ñèììåòðèè
ìåðû èçó÷àåìîé ñòðóêòóðû ïî îòíîøåíèþ ê ìóëü-
òèôðàêòàëüíîìó ïðåîáðàçîâàíèþ.

Ñðàâíèâàÿ êîëè÷åñòâåííûå ìóëüòèôðàêòàëü-
íûå õàðàêòåðèñòèêè ñòðóêòóðû ñîòîâîãî çàïîëíè-
òåëÿ áåç äåôåêòà è ñ äåôåêòàìè â âèäå âëàãè è
ðàçðûâà ÿ÷ååê, ìîæíî êîëè÷åñòâåííî îöåíèâàòü
ñòåïåíü ïîâðåæäåíèÿ èñõîäíîé ñòðóêòóðû.

Âûâîäû

Èñïîëüçîâàíèå ìåòîäèêè ðåíòãåíîñêîïè÷åñ-
êîãî êîíòðîëÿ ÂÑ ïîçâîëèò ïðîâîäèòü äåôåêòîñ-
êîïè÷åñêèé êîíòðîëü ýëåìåíòîâ êîíñòðóêöèè ÂÑ
ñ ñîòîâûì çàïîëíèòåëåì íà áîëåå ðàííåé ñòàäèè;
íà îñíîâå ìóëüòèôðàêòàëüíîé ïàðàìåòðèçàöèè
âûïîëíÿòü îöåíêó ïîëó÷åííîé áàçû ñíèìêîâ,
îòñëåæèâàòü äèíàìèêó èçìåíåíèÿ ïàðàìåòðîâ
ñîòîâîãî çàïîëíèòåëÿ è äåôåêòîâ åãî âíóòðåííåé
ñòðóêòóðû âî âðåìÿ ýêñïëóàòàöèè ÂÑ.
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Abstract

Application of various non-destructive testing
(NDT) methods and means in conditions of operation
is an effective method for sustaining the required
reliability of aerotechnics. The structures with
honeycomb filler from aluminum, steel and titanium
alloys are employed in the modern aircraft airframes
elements. Currently, x-ray method is the most effective
one for such structures inspection. The article covers
the non-destruction inspection technique performing
of the aircraft structural elements with the honeycomb
filler, and estimation of the images obtained by the
fractal analysis.

The proposed technique consists of three main
blocks:

1. The block forming initial data, restrictions and
assumptions:

a) Variable parameters of the fluoroscopic
installation (“Norka” X-ray TV unit);

b) Invariable parameters characterizing design
specifics of aircraft or control object (CO).

2. A block of the fluoroscopic control methodology
of aircraft design elements with honeycomb filler:

A TECHNIQUE FOR FLUOROSCOPIC CONTROL AND ANALYSIS
OF TECHNICAL CONDITION OF AIRCRAFT STRUCTURAL ELEMENTS

WITH HONEYCOMB FILLER

Krylov A.A.*, Moskaev V.A.**

Air force academy named after professor N.E. Zhukovskii and Y.A. Gagarin,
54a, Starykh Bol’shevikov str., Voronezh, 394064, Russia
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a) A model for images base formation with account
for the fluoroscopic installation parameters
adjustment:

- The CO X-raying schemes elaboration;
- forming the images base when changing the

anode voltage value at the emitter and the distance
from the emitter to the CO. The best picture of the
element with a honeycomb core was obtained in the
framework of the experiment at U = 50 kV; F = 90 cm
(F is a focal length, U is the anode voltage);

b) A model for the image quality assessing:
- Expert evaluation of the images database, with

the concordance coefficient calculation [3];
c) The CO fault detection performing:
- Parameters adjustment of the “Norka” X-ray TV

unit according to the image quality assessment model;
- The CO fault detection according to the X-raying

scheme;
- The fault detection results decoding and analysis

by fractal analysis.
3. Recommendations formation on fault detection

and repair of aircraft structural elements with
honeycomb filler.
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Fractal dimensions of the honeycomb filler
without defects and the one with defects (the presence
of moisture and geometry violation of the honeycomb
filler structure boundaries) were obtained applying
FracLab software.

The result of fractal dimension computing was
obtained using the FracLab program by the direct
geometric method of counting the cells of the
honeycomb filler structure without defect and the one
with defect.

The graph deviation of the structure with a defect
from the linear dependence, characterizing the self-
similarity of the structure under study, is twice as large
as on the graph without a defect. It indicates the
boundaries structure violation of the honeycomb filler.
In addition, the graph with a defect in the double
logarithmic coordinates has a kink, characterizing
transition between different types of the structure
(liquid presence in the honeycomb filler).

The additional information on the state of the
system under study can be extracted by determining
the self-similarity ranges limits.

Thus, employing the fluoroscopic control
technique will allow performing the fault detection
inspection of the aircraft structural elements with the
honeycomb filler based on fractal analysis, as well as
analyzing the obtained images base, and trace the
dynamics of the honeycomb filler parameters changes,
and defects of its internal structure,  while the aircraft
operation. However, it should be noted that the fractal
analysis may be employed in the long term for
automated parameters adjustment of the “Norka” X-
ray TV unit, and the images base decoding without an
operator.

Keywords: fluoroscopic control, aircraft, image
processing, fractal analysis.

References

1. Sannikov A.V. Nauchnyi vestnik MGTU GA, 2013,
no. 192, pp. 124-126.

2. Gossen S.A. Nauchnyi vestnik MGTU GA, 2006,
no. 109, pp. 94-99.

3. Nebelov E.V., Pototskii M.V., Rodionov A.V.,
Gorskii A.N. Mechanism of damage propagation to the
propeller blades of composite materials with exposed
damaging elements. Aerospace MAI Journal, 2016,
vol. 23, no. 1, pp. 26-31.

4. Stepanov A.V. Aviatsionnye materialy i tekhnologii, 2004,
no. 2, pp. 81-86.

5. Klyuev V.V. (editor) Nerazrushayushchii kontrol’. T. 1,
kniga 1. Vizual’nyi i izmeritel’nyi kontrol’ (Non-
destructive testing. Vol.1, book 1. Visual and measuring
control), Moscow, Mashinostroenie, 2008. 323 p.

6. Nesteruk D.A., Vavilov V.P. Izvestiya Tomskogo
politekhnicheskogo universiteta, 2004, vol. 307, no. 6,
pp. 62-65.

7. Nesteruk D.A., Khorev V.S., Korobov K.N. Kontrol’.
Diagnostika, 2011, no. 11, pp. 13-16.

8. Krylov A.A., Chizhov I.A., Zaets N.P. Nauka.
Promyshlennost’. Oborona: trudy XV Vserossiiskoi
nauchno-tekhnicheskoi konferentsii (Novosibirsk, 23-25
April 2014). Sbornik statei, Novosibirsk, NGTU, 2014,
pp. 640–644.

9. Korobov K.N., Nesteruk D.A. Vestnik nauki Sibiri,
2011, no. 1(1), pp. 193-195.

10. Nesteruk D.A., Vavilov V.P. Izvestiya Tomskogo
politekhnicheskogo universiteta, 2004, vol. 307, no. 6,
pp. 62-65.

11. Gerasimov I.V., Karpenko O.N., Krylov A.A.,
Kirpichnikov A.P., Oleshko V.S., Tkachenko D.P.
Vestnik tekhnologicheskogo universiteta, 2015, vol. 18,
no. 5, pp. 158-161.

12. Kosarina E.I., Stepanov A.V., Tarakanov Yu.V.,
Usachev V.E. Aviatsionnye materialy i tekhnologii, 2004,
no. 2, pp. 73-81.

13. Maximov N.À., Maluta E.V., Sharonov A.V.
Automated system for aircraft failures recorded during
preflight inspection recordkeeping. Aerospace MAI
Journal, 2015, vol. 22, no. 4, pp. 85-90.

14. Tits S.N. Vestnik Samarskogo gosudarstvennogo
aerokosmicheskogo universiteta, 2008, no. 1, pp. 80-91.

15. Kochanenko I. Fractal Characteristics of Forcast
Properties of Non-linear Regress. — Lecture Notes in
Information Technology. Journal of Information
Engineering Research Institute, 2012, vol. 13, pp. 192–195.

16. Kokhanenko I.K., Moskaev V.A. Obozrenie prikladnoi i
promyshlennoi matematiki. 2010, vol. 17, no. 4, pp. 568-
570.

17. Kolmakov A.G., Vstovsky G.V. Multifractal analysis of
metallic surface structure changes during mechanical
treatment. Materials Science and Technology, 1999,
vol. 15, no. 5, pp. 1-6.

18. Kolmakov A.G., Vstovskii G.V., Bunin I.Zh. Vvedenie
v mul’tifraktal’nuyu parametrizatsiyu struktur materialov
(Introduction to multifractal parametrization of
materials structures), Izhevsk, Nauchno-izdatel’skii
tsentr “Regulyarnaya i khaoticheskaya dinamika”,
2001, 116 p.

19. Programmnyi modul’ FracLac. URL: http://rsb.
info.nih.gov/ij/plugins/fraclac/FLHelp/Introduction.
htm

20. Bozhokin S.V., Parshin D.A. Fraktaly i mul’tifraktaly
(Fractals and multifractals), Izhevsk, NITs
“Regulyarnaya i khaoticheskaya dinamika”, 2001,
128 p.

21. Moskaev V.A. Izvestiya vysshikh uchebnykh zavedenii.
Severo-kavkazskii region. Tekhnicheskie nauki, 2010,
no. 2, pp. 88-90.


