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Ââåäåíèå

Óñëîâèÿ îáëåäåíåíèÿ ëåòàòåëüíûõ àïïàðàòîâ
â îòêðûòîì íåáå òðåáóþò ïðèñòàëüíîãî âíèìàíèÿ,
òàê êàê îò ýòîãî çàâèñèò áåçîïàñíîñòü ïîëåòîâ â
öåëîì. Èññëåäîâàíèå äàííîãî ïðîöåññà è óñëîâèé
ðàáîòû ïðîòèâîîáëåäåíèòåëüíûõ ñèñòåì âîçìîæ-
íî ýêñïåðèìåíòàëüíûì, ÷èñëåííûì èëè êîìáè-
íèðîâàííûì ïóòåì. Äëÿ ðåøåíèÿ âîïðîñîâ ïðî-
åêòèðîâàíèÿ è àíàëèçà êðèòè÷åñêèõ ðåæèìîâ ðà-
áîòû ýëåìåíòîâ ëåòàòåëüíîãî àïïàðàòà, ïîäâåð-
æåííîãî îáëåäåíåíèþ, öåëåñîîáðàçíåå ïðèìåíÿòü
÷èñëåííîå ìîäåëèðîâàíèå, òàê êàê ýêñïåðèìåí-
òàëüíûå âîñïðîèçâåäåíèÿ íàòóðíûõ âûñîòíûõ óñ-
ëîâèé, êîòîðûå âêëþ÷àþò â ñåáÿ âûñîêîñêîðîñ-
òíûå ïîòîêè âîçäóõà ñ íàëè÷èåì â íåì ïåðåîõëàæ-
äåííûõ êàïåëü, âî ìíîãèõ ñëó÷àÿõ ñ ðåàëèçóåìû-
ìè äèàïàçîíàìè èññëåäîâàíèé, óñòóïàþò ðàñ÷åò-
íûì èññëåäîâàíèÿì, â òîì ÷èñëå è ñ ýêîíîìè÷åñ-
êîé òî÷êè çðåíèÿ. Íàïðèìåð, êàê ïîêàçàíî â [1],
íà ýêñïåðèìåíòàëüíîé óñòàíîâêå RTA (Âåíà, Àâ-
ñòðèÿ) äëÿ èìèòàöèè îáëåäåíåíèÿ ïîäâîä ê ïðî-
äóâàåìîé ìîäåëè êðóïíûõ ïåðåîõëàæäåííûõ êà-
ïåëü áåç äðîáëåíèÿ â ïîòîêå ñî ñêîðîñòüþ áîëåå
60 ì/ñ è ñ õàðàêòåðíûì ðàçìåðîì áîëåå 1 ìì êðàé-
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Îäíîé èç êðàéíå âàæíûõ çàäà÷ ÷èñëåííîãî èññëåäîâàíèÿ îáëåäåíåíèÿ ÿâëÿåòñÿ äèíàìè÷åñêàÿ è àâòîìàòè-
÷åñêàÿ àäàïòàöèÿ ñåòî÷íîé ìîäåëè ïîä èçìåíÿþùèåñÿ ãåîìåòðè÷åñêèå ðàçìåðû îáòåêàåìîãî òåëà. Ïðè ýòîì íå-
îáõîäèìî ñ ïîìîùüþ ñïåöèàëüíûõ ìåòîäîâ ïîääåðæèâàòü òðåáóåìûé óðîâåíü êà÷åñòâà ýëåìåíòîâ; èçáåæàòü èõ
âûðîæäåíèÿ è ñìåùåíèÿ; ñîõðàíèòü îñîáåííîñòè ðåøåíèÿ, òàêèå êàê ìàêðîïîëîñòè â ëåäÿíîé ñòðóêòóðå è òð¸õ-
ìåðíàÿ íåîäíîðîäíîñòü ïî äëèíå ïîâåðõíîñòè îáúåêòà. Â íàñòîÿùåé ðàáîòå ïðåäëàãàåòñÿ ìîäèôèêàöèÿ è àäàï-
òàöèÿ ê çàäà÷àì îáëåäåíåíèÿ ëåòàòåëüíûõ àïïàðàòîâ ìåòîäà ïîâåðõíîñòíîãî ñåòî÷íîãî îá¸ðòûâàíèÿ è åãî èñïîëü-
çîâàíèå íà ïðèìåðå ìîäåëè àâèàöèîííîãî êðûëüåâîãî ïðîôèëÿ.

Êëþ÷åâûå ñëîâà: àäàïòàöèÿ ÷èñëåííîé ïîâåðõíîñòíîé ñåòêè, ìåòîä îá¸ðòûâàíèÿ ôàñåòíîé ìîäåëè, ðåñòðóê-
òóðèçàöèÿ ñåòî÷íîé îáëàñòè, îáëåäåíåíèå ýëåìåíòîâ ëåòàòåëüíîãî àïïàðàòà.

íå îñëîæíåí. Äëÿ âñåîáúåìëþùåãî ýêñïåðèìåí-
òàëüíîãî èññëåäîâàíèÿ ïðîöåññîâ îáëåäåíåíèÿ â
êðèñòàëëè÷åñêîì îáëàêå, ê ïðèìåðó, íåîáõîäèìî
èìåòü âîçìîæíîñòü èìèòèðîâàòü ôðàêöèè êðèñ-
òàëëîâ ñ ðàçìåðîì äî 200 ìêì è òåìïåðàòóðîé äî
–60 °Ñ [2, 3]. Îäíàêî ðåàëèçàöèÿ äàííûõ óñëîâèé
â äåéñòâóþùèõ íà äàííûé ìîìåíò ñòåíäàõ îãðà-
íè÷åíà [4, 5].

 Ïðîãíîçèðîâàíèå ñëîæíûõ òðåõìåðíûõ ôîðì
òèïà «èçìîðîçü» (Rime Ice) è «ñòåêëîâèäíîãî» ëüäà
(Glaze Ice) ÿâëÿåòñÿ îäíîé èç îñíîâíûõ öåëåé
÷èñëåííîãî ìîäåëèðîâàíèÿ îáëåäåíåíèÿ. Ïðîöåññ
íàðàñòàíèÿ ëüäà íà âû÷èñëèòåëüíîì óðîâíå ìî-
äåëèðóåòñÿ ëèáî ïðÿìîé íåñòàöèîíàðíîé, ëèáî
ïñåâäîñòàöèîíàðíîé ïîñòàíîâêàìè. Ïåðâàÿ –
ïðåäïî÷òèòåëüíàÿ, íî êóäà áîëåå çàòðàòíàÿ íà ñî-
âðåìåííîì ýòàïå âû÷èñëåíèÿ. Ýòî ñâÿçàíî ñ òåì,
÷òî õàðàêòåðíîå âðåìÿ, çà êîòîðîå ïîÿâëÿþòñÿ
êðóïíûå ëåäÿíûå ôîðìû íàðîñòîâ, èñ÷èñëÿåòñÿ
ïîðîé äåñÿòêàìè ìèíóò; à õàðàêòåðíîå âðåìÿ øàãà
ïî âðåìåíè, òðåáóåìîå äëÿ êîððåêòíîãî âû÷èñëå-
íèÿ ïðîöåññîâ è ïàðàìåòðîâ àýðîäèíàìèêè è äèñ-
êðåòíîé ôàçû, ñîñòàâëÿåò â çàâèñèìîñòè îò ÷èñ-
ëåííîé ñõåìû ~10-6…10-3 ñ. Ïîýòîìó ìíîæåñòâî
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ìàòåìàòè÷åñêèõ ìîäåëåé â ñîâðåìåííûõ íåìíîãî-
÷èñëåííûõ âû÷èñëèòåëüíûõ ïðîãðàììàõ ïîäîáíî-
ãî óðîâíÿ [6, 7] èìåþò ïñåâäîñòàöèîíàðíóþ ïî-
ñòàíîâêó, ãäå íåîáõîäèìîå âðåìÿ âû÷èñëåíèÿ
ðàçáèâàåòñÿ íà ìíîæåñòâî øàãîâ. Íà êàæäîì øàãå
â ñòàöèîíàðíîé ïîñòàíîâêå âû÷èñëÿþòñÿ âñå íå-
îáõîäèìûå ïàðàìåòðû òå÷åíèÿ, íî òîëùèíà ëüäà
è, êàê ñëåäñòâèå, âåëè÷èíà ñìåùåíèÿ óçëîâ èñõîä-
íîé ñåòî÷íîé äèñêðåòèçàöèè îáúåêòà îïðåäåëÿþò-
ñÿ óæå â íåñòàöèîíàðíîé ïîñòàíîâêå. Çàòåì ïðî-
öåññ ïîâòîðÿåòñÿ óæå äëÿ îáúåêòà ñî ñìåùåííîé
ñåòêîé.

Îäíàêî, êàê ïîêàçàíî â [8—10], ëîêàëüíûé
ñäâèã óçëîâ ðàñ÷åòíîé ñåòêè ìîæåò ñèëüíî äåôîð-
ìèðîâàòü ýëåìåíòû è ïðèâåñòè ê çàìåòíîìó ñíè-
æåíèþ êà÷åñòâà äèñêðåòèçàöèè. Ïîýòîìó öåëåñî-
îáðàçíî ïîñëå êàæäîãî øàãà âû÷èñëåíèÿ äåôîð-
ìàöèè âûïîëíÿòü ðåñòðóêòóðèçàöèþ ñåòî÷íîé
îáëàñòè.

Ìåòîä ïîâåðõíîñòíîãî ñåòî÷íîãî îáåðòûâàíèÿ
(ÏÑÎ-ìåòîä)

Ñóòü äàííîãî ìåòîäà çàêëþ÷àåòñÿ â òîì, ÷òî-
áû òðàíñôîðìèðîâàòü ñîçäàííóþ ñåòî÷íóþ ïîâåð-
õíîñòü íà îáëàñòü öåëåâîãî îáúåêòà. Èñõîäíàÿ
ñåòêà ìîæåò èìåòü ðàâíîìåðíóþ ñòðóêòóðó ñ îäè-
íàêîâûìè ðàçìåðàìè ìåæäó óçëàìè (ðèñ. 1) èëè
àäàïòèâíóþ ñ ðàçìåðàìè, ÿâëÿþùèìèñÿ ôóíêöèåé
êðèâèçíû è õàðàêòåðíûõ ðàçìåðîâ òåëà îáúåêòà
(ðèñ. 2).

Ïîñëåäíèé àëãîðèòì ïðåäïî÷òèòåëåí, òàê êàê
ïîçâîëÿåò ñóùåñòâåííî óìåíüøèòü âû÷èñëèòåëü-
íûå çàòðàòû íà ñîçäàíèå ñåòî÷íîé îáëàñòè ïðè
îäèíàêîâûõ êà÷åñòâàõ äèñêðåòèçàöèè.

ÏÑÎ-ìåòîä ðàíåå íàøåë àêòèâíîå ïðèìåíåíèå
â îáëàñòÿõ âèçóàëèçàöèè àíèìàöèè îáúåêòà (íà-
ïðèìåð, ñòóäèÿ Pixar, USA) [11, 12] è â öèôðîâîì
ïðîòîòèïèðîâàíèè ìîäåëåé áèîëîãè÷åñêèõ òêàíåé
è ñòðóêòóð [13].

Ìàòåìàòè÷åñêàÿ ìîäåëü ÏÑÎ-ìåòîäà, áàçèðó-
þùàÿñÿ íà ñìåùåíèè óçëîâ ïî íîðìàëè ê öåëå-
âîìó îáúåêòó, ïðèâåäåíà â [14]. Ñóòüþ äàííîé
ìîäåëè ÿâëÿåòñÿ âû÷èñëåíèå íàèáîëåå áëèçêèõ ê
öåëåâîìó îáúåêòó óçëîâ èñõîäíîé ñåòêè è ñìåùå-
íèå èõ ïî íîðìàëè ê ïîâåðõíîñòè. Ïðåèìóùå-
ñòâîì äàííîãî ïîäõîäà ÿâëÿåòñÿ îòíîñèòåëüíàÿ
ïðîñòîòà â ñèñòåìíîé ðåàëèçàöèè. Àëüòåðíàòèâ-
íàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ÏÑÎ-ìåòîäà, ÿâëÿþ-
ùàÿñÿ áîëåå òî÷íîé è áàçèðóþùàÿñÿ íà ìèíèìè-
çàöèè ôóíêöèè ýíåðãèè ñìåùåíèÿ óçëîâ, ïðèâå-
äåíà â [13]. Ïî ïîëó÷åííûì ñìåùåííûì óçëàì
ïðîèñõîäèò ðåñòðóêòóðèçàöèÿ ïîâåðõíîñòíîé ñåò-

êè îáúåêòà è ïîñòðîåíèå îáúåìíûõ ýëåìåíòîâ âî
âñåé îáëàñòè â öåëîì.

Ìîäèôèêàöèÿ ÏÑÎ-ìåòîäà
äëÿ çàäà÷ îáëåäåíåíèÿ

Â ðàìêàõ ÷èñëåííîãî ìîäåëèðîâàíèÿ îáëåäå-
íåíèÿ öåëåâûì îáúåêòîì ÷àùå âñåãî âûñòóïàåò
ñåòî÷íîå òåëî, íàïðèìåð, â ôîðìàòå STL ñî ñìå-
ùåííûìè óçëàìè, ðàññòîÿíèå ñìåùåíèÿ êîòîðûõ
ñîîòâåòñòâóåò òîëùèíå ëåäÿíîãî íàðîñòà. Ïîëó-
÷åííîå äåôîðìèðîâàííîå ñîñòîÿíèå ñåòêè ïðåä-
ñòàâëÿåò ñîáîé ëèøü ïðèáëèæåííîå ïðåäñòàâëå-
íèå îáúåêòà. Âûòÿãèâàíèå ýëåìåíòîâ èç-çà áîëü-
øîé êðèâèçíû ëüäà, ÷àñòî ïðèñóùåé «ñòåêëîâèä-
íîìó» òèïó, â îäèí ìîìåíò ìîæåò ïðèâåñòè ê
ïåðåêðûòèþ ñåòî÷íîé çîíû, îáðàçîâàíèþ çàìê-
íóòûõ îáúåìîâ, «âûðîæäåíèþ» ýëåìåíòîâ è äðó-
ãèì äåôåêòàì. Ïîäîáíûå íåäîñòàòêè ìîãóò ïðè-
âåñòè ê íåêîððåêòíîìó «îáåðòûâàíèþ», ïîýòîìó
öåëåñîîáðàçíî àëãîðèòì ìåòîäà äîïîëíÿòü ïðåä-
âàðèòåëüíîé äèàãíîñòèêîé ïî ñëåäóþùèì êðèòå-
ðèÿì:

— ëîêàëüíîå ñãëàæèâàíèå îñòðûõ ïèêîâ ñ óã-
ëîì α  áîëüøå/ìåíüøå çàäàííîãî;

— óñòðàíåíèå òî÷å÷íîãî êîíòàêòà ÿ÷ååê ìåæ-
äó ñîáîé;

— ñäâèã óçëîâ, ïåðåêðûòûõ ìåæäó ñîáîé ÿ÷å-
åê;

— ðàçäåëåíèå îäíîãî ýëåìåíòà ïëîõîãî êà÷å-
ñòâà â îáëàñòÿõ ìàêðîøåðîõîâàòîñòè íà n ÷àñòåé
äëÿ êîððåêòíîãî ïîñòðîåíèÿ ïîãðàíè÷íîãî ñëîÿ,
íàïðèìåð, ñ ïîìîùüþ èíâåðñèè ìåòîäîâ óïðîùå-
íèÿ [15];

— ôèêñàöèÿ îáðàçîâàâøåéñÿ ìàêðîïîëîñòè è
âûâîä åå îïîðíûõ êîîðäèíàò è õàðàêòåðíûõ ðàç-
ìåðîâ â ôàéë ðåçóëüòàòà.

Ïîñëåäíèé êðèòåðèé îäèí èç âàæíûõ, òàê êàê
íå òîëüêî ïîçâîëÿåò ïîâûñèòü êà÷åñòâî ïîäãîòîâ-
ëåííîé ãåîìåòðèè äëÿ îáåðòûâàíèÿ, íî ïðè ýòîì
ñîõðàíÿåò ÷àñòî íàáëþäàåìûå ïîëîñòè [16] â èñ-
êîìîé ãåîìåòðèè ëüäà. Ïîäîáíûå âîçäóøíûå ïó-
ñòîòû ìîãóò ñóùåñòâåííî âëèÿòü íà ïðîöåññû
òåïëîïðîâîäíîñòè â ðàìêàõ ÷èñëåííîãî èññëåäî-
âàíèÿ è ïðîåêòèðîâàíèÿ ïðîòèâîîáëåäåíèòåëüíûõ
ñèñòåì è ðàñ÷åòà äèíàìèêè ñðûâà êðóïíûõ ïî
ðàçìåðàì êóñêîâ ëüäà, òàê êàê ìåíÿþò ïðèâåäåí-
íûå ôèçè÷åñêèå ñâîéñòâà, íàïðèìåð, êîýôôèöè-
åíòà òåïëîïðîâîäíîñòè.

Ðåçóëüòàòû

Èñïîëüçóÿ ÏÑÎ-ìåòîä ñ ìîäèôèêàöèåé äëÿ
çàäà÷ îáëåäåíåíèÿ ìîæíî ïîëó÷àòü ÷èñëåííûì
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Ðèñ. 1. Ïðèìåð 2D-îáåðòûâàíèÿ äëÿ «ñòåêëîâèäíîãî» ëüäà íà àýðîäèíàìè÷åñêîì ïðîôèëå NACA 0012 ïðè ïî-
ñòîÿííîì ïðÿìîóãîëüíîì ñåòî÷íîì ðàçìåðå: à – ñîçäàíèå èñõîäíîé ñåòî÷íîé ïîâåðõíîñòè; á – òðàíñôîðìàöèÿ
ñåòêè íà îáëàñòü öåëåâîãî îáúåêòà; â – ïðåîáðàçîâàííûé ñåòî÷íûé îáúåêò

à)

á) â)
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Ðèñ. 2. Ïðèìåð 2D-îáåðòûâàíèÿ äëÿ ÷àñòè
«ñòåêëîâèäíîãî» ëüäà íà àýðîäèíàìè÷åñêîì
ïðîôèëå NACA 0012 ïðè ïåðåìåííîì ïðÿìî-
óãîëüíîì ñåòî÷íîì ðàçìåðå: à – ñîçäàíèå èñ-
õîäíîé ñåòî÷íîé ïîâåðõíîñòè; á – ïðèìåð
÷àñòè ïðåîáðàçîâàííîãî ñåòî÷íîãî îáúåêòà

à)

á)
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ïóòåì ñëîæíûå íåðàâíîìåðíûå ñòðóêòóðû ëüäà.
Íà ðèñ. 3 ïîêàçàí ïñåâäîñòàöèîíàðíûé ðàñ÷åò àê-
êðåöèè ëåäÿíûõ íàðîñòîâ íà àýðîäèíàìè÷åñêîì
êðûëüåâîì ïðîôèëå NACA 0012. Àýðîäèíàìèêà
êðûëà ìîäåëèðîâàëàñü ðàñ÷åòîì îñðåäíåííûõ ïî
Ðåéíîëüäñó óðàâíåíèé Íàâüå—Ñòîêñà ñ çàìûêà-
íèåì SST ìîäåëè òóðáóëåíòíîñòè [17]. Äëÿ ðàñ-

÷åòà êîýôôèöèåíòà óëàâëèâàíèÿ β  è äèíàìèêè

äâèæåíèÿ æèäêîé ôàçû èñïîëüçîâàëñÿ ïîäõîä
Ýéëåðà. Çàòåì òîëùèíà ëüäà âû÷èñëÿëàñü ñ ïîìî-
ùüþ ìîäåëè Ìåññèíãåðà [18], áàçèñîì êîòîðîé
ÿâëÿåòñÿ çàêîí ñîõðàíåíèÿ ýíåðãèè.

Ïîñëå ñìåùåíèÿ ñåòî÷íûõ óçëîâ èñõîäíîé
ìîäåëè íà ëîêàëüíóþ òîëùèíó ëüäà ïðîèñõîäèò,
êàê áûëî îòìå÷åíî âûøå, àâòîìàòè÷åñêàÿ àäàïòà-
öèÿ óæå íîâîãî öåëåâîãî îáúåêòà ñ èñïîëüçîâàíè-
åì ìîäèôèöèðîâàííîãî ÏÑÎ-ìåòîäà, áàçèðóþùå-
ãîñÿ íà ñìåùåíèè óçëîâ ïî íîðìàëè ê öåëåâîìó
îáúåêòó, ïîä ñëåäóþùóþ ñòàäèþ ðàñ÷åòà. Çàòåì
öèêë ïîâòîðÿåòñÿ. Òåì ñàìûì ñòàäèÿìè â ñòàöè-
îíàðíîé ïîñòàíîâêå äèñêðåòíî ìîäåëèðóåòñÿ ðîñò
ëüäà âî âðåìåíè.

Ãðàíè÷íûå óñëîâèÿ äëÿ äàííîé çàäà÷è ñëåäó-
þùèå:

– ñêîðîñòü íàòåêàíèÿ âîçäóõà ñ êàïëÿìè âîäû
V = 67  ì/ñ;

– óãîë àòàêè α = 0;
– ñòàòè÷åñêàÿ òåìïåðàòóðà âîçäóõà/êàïåëü Tst =

–13°C, âûñîòà H = 0 ì;
– âëàãîñîäåðæàíèå LWC = 0.99 ã/ì3, ìåäèàí-

íûé ðàçìåð êàïåëü MVD = 38 ìêì, ðàñïðåäåëåíèå
êàïåëü ïî ðàçìåðàì ïî Ëåíãìþðó Å (ìàêñèìàëü-
íûé ðàçìåð dmax = 103 ìêì, ìèíèìàëüíûé –
dmin = 8.7 ìêì);

– âðåìÿ îáëåäåíåíèÿ 438 ñ;
– óñëîâèå ïðèëèïàíèÿ íà ñòåíêå vwall = 0 ì/ñ,

äëèíà õîðäû êðûëà ñ = 533,4 ìì.
Ïðåèìóùåñòâîì äàííîãî ìåòîäà ÿâëÿåòñÿ ïî-

ëó÷åíèå òàê íàçûâàåìîé ìàêðîøåðîõîâàòîñòè,
êëþ÷åâîé äëÿ çàäà÷ îáëåäåíåíèÿ. Ïðè ýòîì åå
õàðàêòåðíûé ðàçìåð ðåãóëèðóåòñÿ èç âû÷èñëèòåëü-
íûõ âîçìîæíîñòåé âåëè÷èíîé 2-3 ìèíèìàëüíûõ
ðàçìåðà ñåòî÷íûõ ýëåìåíòîâ. Ðàçðåøåíèå øåðî-
õîâàòîñòè ìåíüøåãî ðàçìåðà ýìïèðè÷åñêè, íàïðè-
ìåð, ñ ïîìîùüþ ìîäåëè Øèíà [19], ó÷èòûâàåòñÿ
â ìîäåëè òóðáóëåíòíîñòè â ðàìêàõ èñïîëüçîâàíèÿ
òåõ èëè èíûõ ïðèñòåíî÷íûõ ôóíêöèé.

Ïîäîáíîå íîâøåñòâî îòëè÷àåò ïîëó÷åííûå
÷èñëåííûå ôîðìû ëüäà îò ôîðì ñ èñïîëüçîâàíè-
åì íàèáîëåå ðàñïðîñòðàíåííîãî ñåòî÷íîãî ñãëà-
æèâàíèÿ (mesh smoothing) [20, 21], ãäå èç-çà ìåíü-
øåãî ðàäèóñà êðèâèçíû ïî îòíîøåíèþ ê ðàäèó-
ñàì ëüäà, ëåæàùèì â îäíîé ãåîìåòðè÷åñêîé ïëîñ-
êîñòè ñ âåêòîðîì íàïðàâëåíèÿ ïîòîêà, ìàêðîøå-
ðîõîâàòîñòè â îáðàáîòêå ñãëàæèâàþòñÿ, òåì ñàìûì
«íåéòðàëèçóÿ» ýôôåêòû ïåðåòîêà â ïåðïåíäèêó-
ëÿðíûõ ïëîñêîñòÿõ ê íàïðàâëåíèþ ïîòîêà.

Âûâîäû

Ìîäèôèöèðîâàííûé äëÿ çàäà÷ îáëåäåíåíèÿ
ÏÑÎ-ìåòîä ïîçâîëÿåò íå òîëüêî òðàíñôîðìèðî-
âàòü ñîçäàííóþ ñåòî÷íóþ ïîâåðõíîñòü íà îáëàñòü
öåëåâîãî îáúåêòà ñ ïðèåìëåìûìè ïîêàçàòåëÿìè
êà÷åñòâà ñåòî÷íîé ñòðóêòóðû, íî è àäàïòèðîâàòü
åå ïîä èíäèâèäóàëüíûå îñîáåííîñòè ãåîìåòðèè
ëåäÿíûõ íàðîñòîâ è ñîõðàíèòü âàæíóþ äëÿ àíàëèçà
âëèÿíèÿ íà àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè
òðåõìåðíóþ íåîäíîðîäíîñòü ïî äëèíå ïîâåðõíî-
ñòè ýëåìåíòîâ ëåòàòåëüíûõ àïïàðàòîâ.

 Ñòîèò îòìåòèòü, ÷òî äàííûé ìåòîä íå çàâèñèò
îò óñëîâèé ïîòîêà è îáëåäåíåíèÿ, îò ôîðìû èñ-
õîäíîé ãåîìåòðèè ýëåìåíòîâ ËÀ èëè ÃÒÄ. Åãî
ìîæíî èñïîëüçîâàòü íå òîëüêî äëÿ çàäà÷ òàê íà-
çûâàåìîãî «êëàññè÷åñêîãî» îáëåäåíåíèÿ, íî è äëÿ
ïðîáëåì, ñâÿçàííûõ ñ îáëåäåíåíèåì â ïîòîêå

Ðèñ. 3. Ðåçóëüòàò ÷èñëåííîãî ìîäåëèðîâàíèÿ îáëåäåíå-
íèÿ êðûëüåâîãî ïðîôèëÿ NACA 0012 ñ èñïîëüçîâàíè-
åì ìîäèôèöèðîâàííîãî ÏÑÎ-ìåòîäà

à)

á)
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êðóïíûõ ïåðåîõëàæäåííûõ êàïåëü (SLD conditions),
êðèñòàëëîâ ëüäà è ñìåøàííîé ôàçû.
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Abstract

Flight safety in drastic meteorological conditions
remains an extremely important task to this day. With
the advent of high-performance computing software,
allowing perform simulation of complex physical
phenomena with plausible degree of accuracy, a wide
spectrum of research trends, helping specialists all over
the world study in most detail those phenomena,
which could studied earlier by performing the full-
scale experiment, is being opened.

The topic of the presented work is the surface
wrapping method (SWM method) adaptation to
increase modeling quality of the aircraft icing processes
to predict more accurately the places, shape and size
of ice deposits for further activities on the anti-icing
systems design and testing techniques, including
certification ones, development.

The essence of this method consists in
transforming created mesh surface to the area of the
target object. The original mesh may be of a uniform
structure with the same distances between nodes, or
an adaptive one with dimensions that are a function
of the curvature and characteristic dimensions of the
object body. The SWM method mathematical model
can be based on nodes displacement along the normal
to the target object, or on minimizing the function of
the node displacement energy. The resulting offset
nodes are used for the object surface mesh
restructuring, and building volume elements in the
entire area in totality

In the framework of icing numerical modeling,
elements elongation due to the large curvature of the
ice, often inherent in the “glassy” type, may lead at
a certain moment to the mesh zone overlapping,
formation of closed volumes, elements “degeneration”
and other defects. Thus, this method algorithm is
supplemented by modifying the separation of the low-
quality mesh element into several ones, and
preliminary diagnostics of the sharp “peaks” presence,
point contact of cells and nodes and determination of
macro cavities with their coordinates derivation

As the result of the suggested method application,
the authors managed to obtain complex shapes of the

APPLYING A MODIFIED SURFACE MESH WRAPPING METHOD FOR
NUMERICAL SIMULATION OF ICING PROCESSES

Gulimovskii I.A.*, Greben’kov S.A.**

Central Institute of Aviation Motors named after P.I. Baranov,
CIAM, 2, Aviamotornaya str., Moscow, 111116, Russia

* e-mail: brotdieb@yandex.ru
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ice buildups much more closer to the experimental
data compared to the conventional smoothing
techniques, employed in the majority of computing
software.

The above described approach application brings
prediction quality of the shape and size of ice deposits
to the new level, especially on the thin elements of
blades profiles and guide vanes, as well as under icing
conditions, when buildups of rather complex shape
might occur, including air inclusions inside as well.

Keywords: adaptation of numerical surface mesh,
facet model wrapping method, mesh area
restructuring, aircraft elements icing.
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