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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Ââåäåíèå

Ïðîÿâëåíèå îòêàçîâ è íåèñïðàâíîñòåé åñòü
çàêîíîìåðíàÿ êàðòèíà îòðàæåíèÿ îáúåêòèâíûõ
ïðîöåññîâ èñêóññòâåííîãî (ïîä íàãðóçêîé) è åñ-
òåñòâåííîãî ñòàðåíèÿ àâèàöèîííûõ êîíñòðóêöèé,
ê êîòîðûì ïðåäúÿâëÿþòñÿ æåñòêèå òðåáîâàíèÿ ïî
õàðàêòåðèñòèêàì íàäåæíîñòè ðàáîòû [1]. Ýòè òðå-
áîâàíèÿ îáóñëîâèëè ââåäåíèå ðåñóðñíûõ îãðàíè-
÷åíèé (ñðîêîâ ñëóæáû) ïðàêòè÷åñêè äëÿ âñåõ ýëå-
ìåíòîâ ïëàíåðà, äâèãàòåëÿ è ôóíêöèîíàëüíûõ
ñèñòåì [2].

Äëÿ îáåñïå÷åíèÿ íàäåæíîé îòðàáîòêè çàëî-
æåííûõ ðåñóðñîâ àâèàöèîííûå êîíñòðóêöèè ïðî-
åêòèðóþòñÿ è èçãîòàâëèâàþòñÿ ñ íåêîòîðûìè çà-
ïàñàìè, îáåñïå÷èâàþùèìè ôóíêöèîíèðîâàíèå â
óñëîâèÿõ âîçäåéñòâèÿ øèðîêîãî ñïåêòðà ðàáî÷èõ
íàãðóçîê [3, 4]. Îäíàêî, íåñìîòðÿ íà çíà÷èòåëü-
íûå óñïåõè â ñîçäàíèè âûñîêîíàäåæíûõ ÃÒÄ, â
ýêñïëóàòàöèè ïðîäîëæàþò âîçíèêàòü îòêàçû äâè-
ãàòåëÿ â ïðåäåëàõ íàçíà÷åííîãî ðåñóðñà, à òàêæå
äîñðî÷íûå ñúåìû äâèãàòåëÿ, ÷òî ïðèâîäèò ê ñóùå-
ñòâåííûì óáûòêàì.
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Ðàáîòà ïîñâÿùåíà ðàñ÷¸òíîìó èññëåäîâàíèþ âëèÿíèÿ ïîëåòíûõ óñëîâèé íà ïîâðåæäàåìîñòü äèñêà òóðáèíû
âûñîêîãî äàâëåíèÿ (ÒÂÄ) âûñîêîìàíåâðåííîãî ëåòàòåëüíîãî àïïàðàòà (ËÀ). Ïî ðåçóëüòàòàì èññëåäîâàíèÿ ìîæ-
íî ñäåëàòü âûâîä, ÷òî ïîâðåæäàåìîñòü äèñêà ÒÂÄ îò ìàëîöèêëîâîé óñòàëîñòè (ÌÖÓ) äëÿ ðàññìîòðåííûõ òèïîâ
öèêëîâ íàãðóæåíèÿ çàâèñèò îò ïîëåòíûõ óñëîâèé. Íà îñíîâàíèè ýòîãî ïðåäëîæåíî äàëüíåéøåå ðàçâèòèå ìåòîäè-
êè êîíòðîëÿ âûðàáîòêè ðåñóðñà îñíîâíûõ äåòàëåé (ÎÄ) ãàçîòóðáèííîãî äâèãàòåëÿ (ÃÒÄ) âûñîêîìàíåâðåííûõ ËÀ
ïî ÌÖÓ çà ñ÷åò ó÷åòà óñëîâèé ðåàëèçàöèè (ïîëåòíûõ óñëîâèé) öèêëîâ íàãðóæåíèÿ â êàæäîì êîíêðåòíîì ïîëåòå,
÷òî ïîçâîëèò ìàêñèìàëüíî ïîëíî èñïîëüçîâàòü ðåñóðñ äâèãàòåëÿ è òåì ñàìûì óìåíüøèòü ñòîèìîñòü æèçíåííîãî
öèêëà.

Êëþ÷åâûå ñëîâà: ãàçîòóðáèííûé äâèãàòåëü, ìàëîöèêëîâàÿ óñòàëîñòü, îñíîâíûå äåòàëè, ïîâðåæäàåìîñòü, ïî-
ëåòíûå óñëîâèÿ.

Ðîñò ñòîèìîñòè æèçíåííîãî öèêëà ÃÒÄ âûä-
âèãàåò íà ïåðâûé ïëàí ïðîáëåìó ïîëíîãî áåçîïàñ-
íîãî èñïîëüçîâàíèÿ ðåñóðñà àâèàöèîííûõ äâèãà-
òåëåé, ÷åãî ìîæíî äîñòè÷ü ïðè ïåðåõîäå ê ýêñï-
ëóàòàöèè ïî òåõíè÷åñêîìó ñîñòîÿíèþ [5]. Ïåðå-
õîä íà ýêñïëóàòàöèþ ïî òåõíè÷åñêîìó ñîñòîÿíèþ
âîçìîæåí ïðè äîñòàòî÷íîé êîíòðîëåïðèãîäíîñòè
èçäåëèÿ, îáåñïå÷èâàþùåé ïîëó÷åíèå îáúåêòèâíîé
èíôîðìàöèè, òðåáóåìîé äëÿ äîñòîâåðíîé îöåíêè
òåõíè÷åñêîãî ñîñòîÿíèÿ [6].

Ïðè ýòîì âàæíåéøåé çàäà÷åé ÿâëÿåòñÿ ðàçðà-
áîòêà ìåòîäîâ è àëãîðèòìîâ îöåíêè èñ÷åðïàíèÿ
ðåñóðñà, ó÷èòûâàþùèõ îñîáåííîñòè íàãðóæåíèÿ
êàæäîãî äâèãàòåëÿ.

Èñïîëüçóåìûì ìåòîäàì êîíòðîëÿ âûðàáîòêè
ðåñóðñà [7], â ñèëó îòñóòñòâèÿ ó÷åòà ðåàëüíûõ óñ-
ëîâèé ýêñïëóàòàöèè, ïðèñóù èçáûòî÷íûé êîíñåð-
âàòèçì, â ñèëó ÷åãî ïðîèñõîäèò ïðåæäåâðåìåííîå
îòñòðàíåíèå äâèãàòåëåé îò ýêñïëóàòàöèè, ÷òî ýêî-
íîìè÷åñêè íåâûãîäíî è îòðèöàòåëüíî ñêàçû-
âàåòñÿ íà ïîääåðæàíèè òðåáóåìîãî óðîâíÿ áîåãî-
òîâíîñòè ïàðêà ËÀ.
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Òàêèì îáðàçîì, íàïðàâëåíèå ñîâåðøåíñòâîâà-
íèÿ ìåòîäîâ êîíòðîëÿ, àíàëèçà íàãðóæåíèÿ è óï-
ðàâëåíèÿ ðàñõîäîì ðåñóðñà ÃÒÄ, íàèáîëåå ïîëíî
ó÷èòûâàþùèõ îñîáåííîñòè ýêñïëóàòàöèè êàæäî-
ãî äâèãàòåëÿ, ÿâëÿåòñÿ àêòóàëüíûì.

Îñîáîå âíèìàíèå äîëæíî áûòü óäåëåíî ÎÄ
ÃÒÄ, ðàçðóøåíèå êîòîðûõ ìîæåò ïðèâåñòè ê àâà-
ðèéíûì èëè êàòàñòðîôè÷åñêèì ïîñëåäñòâèÿì.
Äèñê ÒÂÄ â ñîîòâåòñòâèè ñ ÍÒÄ ÿâëÿåòñÿ îñíîâ-
íîé äåòàëüþ àâèàöèîííîãî ÃÒÄ.

Öåëüþ ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå âëèÿíèÿ
ïîëåòíûõ óñëîâèé íà åäèíè÷íóþ ïîâðåæäàåìîñòü
äèñêà ÒÂÄ âûñîêîìàíåâðåííîãî ËÀ.

Îáùèå ïîëîæåíèÿ

Îñíîâíîé âêëàä â íàêîïëåííóþ ïîâðåæäåí-
íîñòü äåòàëåé àâèàöèîííîãî ÃÒÄ âûñîêîìàíåâ-
ðåííîãî ËÀ âíîñÿò ïîâðåæäåííîñòè, îáóñëîâëåí-

íûå ðåàëèçàöèåé ïåðåìåííûõ ðåæèìîâ ðàáîòû
(ìåõàíèçì ìàëîöèêëîâîé óñòàëîñòè) è ðàáîòîé íà
ìàêñèìàëüíûõ óñòàíîâèâøèõñÿ ðåæèìàõ (ìåõà-
íèçì èñ÷åðïàíèÿ äëèòåëüíîé ïðî÷íîñòè) [8—10].

Îáû÷íî çà îñíîâíîé ïàðàìåòð, îïðåäåëÿþùèé
ðåæèì íàãðóæåíèÿ äâèãàòåëÿ, ïðèíèìàåòñÿ ÷àñòî-
òà âðàùåíèÿ ðîòîðîâ [11]. Íà ðèñ. 1,à ïðèâåäåíà
âîçìîæíàÿ öèêëîãðàììà èçìåíåíèÿ ðåæèìîâ ðà-
áîòû ÃÒÄ ïðè âûïîëíåíèè îäíîãî ïîëåòà. Äëÿ
ñõåìàòèçàöèè öèêëîãðàììû âåñü äèàïàçîí èçìå-
íåíèÿ ðåæèìîâ ðàáîòû äâèãàòåëÿ ïî ÷àñòîòå âðà-
ùåíèÿ ðàçáèâàåòñÿ íà ðÿä óðîâíåé: ìàëûé ãàç,
êðåéñåðñêèé ðåæèì, ìàêñèìàëüíûé ðåæèì. Êîëè-
÷åñòâî óðîâíåé ðàçäåëåíèÿ äèàïàçîíà ðåæèìîâ
ðàáîòû äâèãàòåëÿ ìîæåò âàðüèðîâàòüñÿ è îïðåäå-
ëÿåòñÿ ðàçðàáîò÷èêîì äâèãàòåëÿ ñ ó÷åòîì òåõíè-
÷åñêèõ òðåáîâàíèé ê äâèãàòåëþ, åãî ñèñòåìû óï-
ðàâëåíèÿ, âëèÿíèÿ èçìåíåíèÿ ÷àñòîòû âðàùåíèÿ

Ðèñ. 1. Ñõåìàòèçàöèÿ ðàáîòû äâèãàòåëÿ: à — ãèïîòåòè÷åñêàÿ öèêëîãðàììà ðàáîòû äâèãàòåëÿ; á — öèêëè÷åñêàÿ
ñîñòàâëÿþùàÿ ðàáîòû äâèãàòåëÿ; â — ñòàòè÷åñêàÿ ñîñòàâëÿþùàÿ ðàáîòû äâèãàòåëÿ

à)

á)

â)
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ðîòîðà íà âûðàáîòêó öèêëè÷åñêîé äîëãîâå÷íîñòè
îñíîâíûõ äåòàëåé äâèãàòåëÿ, à òàêæå íàçíà÷åíèÿ
ëåòàòåëüíîãî àïïàðàòà, â ñîñòàâå êîòîðîãî äàííûå
äâèãàòåëè ïðèìåíÿþòñÿ. Èçìåíåíèå ðåæèìà ðàáî-
òû äâèãàòåëÿ ïðåäñòàâëÿåòñÿ â âèäå íàáîðà öèê-
ëîâ íàãðóæåíèÿ ðàçíîãî òèïà (ðèñ. 1,á) è íàáîðà
äëèòåëüíîñòåé ðåæèìîâ ñòàöèîíàðíîé ðàáîòû
(ðèñ. 1,â).

Äëÿ ÃÒÄ ÷åòâåðòîãî ïîêîëåíèÿ âûñîêîìàíåâ-
ðåííîãî ËÀ ïðèíÿòî âûäåëÿòü íåñêîëüêî îñíîâ-
íûõ òèïîâ öèêëîâ íàãðóæåíèÿ, â íàèáîëüøåé ñòå-
ïåíè âëèÿþùèõ íà ïîâðåæäàåìîñòü ÎÄ (ñì. òàá-
ëèöó).

Ñëåäóåò îòìåòèòü, ÷òî ïðè íàëè÷èè ó äâèãàòåëÿ
íåñêîëüêèõ ìàêñèìàëüíûõ ðåæèìîâ âîçìîæíî
äîïîëíèòåëüíîå ðàíæèðîâàíèå òèïîâ öèêëîâ íà
êëàññû.

Äëÿ îöåíêè èñ÷åðïàíèÿ ðåñóðñà ïðèíÿòà ãèïî-
òåçà ëèíåéíîãî ñóììèðîâàíèÿ ïîâðåæäåíèé, ñî-
ãëàñíî êîòîðîé ðàçðóøåíèå äåòàëè íàñòóïàåò ïðè
[12—14]

Ïñò + Ïö = 1,                     (1)

ãäå Ïñò  – ñòàòè÷åñêàÿ ïîâðåæäàåìîñòü, íàêîïëåí-
íàÿ äåòàëüþ ïðè ðàáîòå íà ìàêñèìàëüíûõ ðåæè-
ìàõ;

Ïö – öèêëè÷åñêàÿ ïîâðåæäàåìîñòü, îáóñëîâ-
ëåííàÿ ðàáîòîé íà ïåðåìåííûõ ðåæèìàõ.

Êàê ïîêàçûâàåò îïûò ýêñïëóàòàöèè äâèãàòåëåé
÷åòâåðòîãî ïîêîëåíèÿ âûñîêîìàíåâðåííîãî ËÀ,
âêëàä ñòàòè÷åñêîé ñîñòàâëÿþùåé â îáùóþ ïî-
âðåæäàåìîñòü ÎÄ äâèãàòåëÿ ñóùåñòâåííî ìåíüøå
öèêëè÷åñêîé. Ïîýòîìó, êàê ïðàâèëî, îöåíêà îñ-
òàòî÷íîãî ðåñóðñà äâèãàòåëÿ ïðîèçâîäèòñÿ òîëü-
êî íà îñíîâå ó÷åòà öèêëè÷åñêèõ ïîâðåæäàåìîñòåé
åãî ÎÄ.

Îñòàòî÷íûé ðåñóðñ ÎÄ äâèãàòåëÿ îïðåäåëÿåòñÿ
ïóòåì ñðàâíåíèè ôàêòè÷åñêîãî çíà÷åíèÿ ïàðàìåò-
ðà òåõíè÷åñêîãî ñîñòîÿíèÿ (íàêîïëåííîé ïîâðåæ-
äåííîñòè) ÎÄ äâèãàòåëÿ âî âðåìÿ ýêñïëóàòàöèè ñ
åãî ïðåäåëüíî äîïóñòèìûì çíà÷åíèåì, íàêîïëåí-
íûì â ïðîöåññå ðåñóðñíûõ èñïûòàíèé.

Äëÿ êîíòðîëÿ èñ÷åðïàíèÿ ðåñóðñà ÎÄ äâèãà-
òåëåé ðàçðàáàòûâàþòñÿ àëãîðèòìû îáðàáîòêè ïî-

ëåòíîé èíôîðìàöèè, ïîçâîëÿþùèå îïðåäåëÿòü
öèêëû íàãðóæåíèÿ â ýêñïëóàòàöèè. Â îñíîâå äàí-
íûõ àëãîðèòìîâ ëåæàò ìåòîäû ñõåìàòèçàöèè ñëó-
÷àéíûõ ïðîöåññîâ [15].

Ñëåäóåò îòìåòèòü, ÷òî äëÿ êàæäîãî ñåìåéñòâà
äâèãàòåëåé êîëè÷åñòâî çíà÷èìûõ òèïîâ öèêëîâ
ÿâëÿåòñÿ èíäèâèäóàëüíûì.

Çà äîëþ ïîâðåæäåííîñòè, âíîñèìîé îäíèì
öèêëîì íàãðóæåíèÿ – åäèíè÷íóþ ïîâðåæäàå-
ìîñòü, ïðèíÿòî îòíîøåíèå (îïðåäåëåííîå ëèáî
ýêñïåðèìåíòàëüíûìè ìåòîäàìè, ëèáî âû÷èñëåí-
íîå ïî ýìïèðè÷åñêîé ôîðìóëå Ìýíñîíà) [9, 16]:

Ïi = 1/Npi ,                        (2)

ãäå Ïi – åäèíè÷íàÿ ïîâðåæäàåìîñòü öèêëà;
i – òèï öèêëà;
Npi – êîëè÷åñòâî öèêëîâ äî ðàçðóøåíèÿ.
Åäèíè÷íûå ïîâðåæäàåìîñòè ðàññ÷èòûâàþòñÿ

äëÿ êàæäîãî òèïà ýëåìåíòàðíîãî öèêëà íàãðóæå-
íèÿ è êàæäîé ÎÄ.

Êîëè÷åñòâî öèêëîâ äî ðàçðóøåíèÿ Npi , à çíà-
÷èò, è åäèíè÷íàÿ ïîâðåæäàåìîñòü Ïi  äëÿ êàæäî-
ãî òèïà öèêëà îïðåäåëÿåòñÿ ïðè ýêñòðåìàëüíûõ
íàãðóçêàõ â ïðåäïîëîæåíèè âîçìîæíîãî ñî÷åòà-
íèÿ ìàêñèìàëüíî íåáëàãîïðèÿòíûõ ôàêòîðîâ íà-
ãðóæåíèÿ (ðåæèì ðàáîòû äâèãàòåëÿ, ÷èñëî Ìàõà
è âûñîòà ïîëåòà) äëÿ çàäàííîãî äèàïàçîíà ýêñï-
ëóàòàöèè àâèàöèîííîãî ÃÒÄ (ðèñ. 2).

Îäíàêî ïðîâåäåííûé àíàëèç ýêñïëóàòàöèè
âûñîêîìàíåâðåííîãî ËÀ ñ ÃÒÄ ÷åòâåðòîãî ïîêî-
ëåíèÿ (ðèñ. 3) ñ èñïîëüçîâàíèåì ðàçðàáîòàííîãî
ïðîãðàììíîãî êîìïëåêñà «Ýêñïëóàòàöèÿ v.1.0»
[17] ïîêàçàë, ÷òî îêîëî 80% âðåìåíè ýêñïëóàòà-
öèè îñóùåñòâëÿåòñÿ íà äîçâóêîâûõ ñêîðîñòÿõ è
âûñîòàõ äî 10 êì, ïðè êîòîðûõ íàãðóæåííîñòü ÎÄ
çíà÷èòåëüíî íèæå ìàêñèìàëüíîé. Ñëåäîâàòåëüíî,
ñóùåñòâóþùàÿ ìåòîäèêà ïîäñ÷åòà íàêîïëåííîé
ïîâðåæäåííîñòè èçáûòî÷íî êîíñåðâàòèâíà.

Îñíîâíûå òèïû öèêëîâ

Îáîçíà÷åíèå Òèï öèêëà 

N1 0 – MAX – 0 

N2 ÌÃ – MAX – ÌÃ 

N3 ÊÐ – MAX – ÊÐ 

Ðèñ. 2. Îáëàñòè ìàêñèìàëüíûõ óñëîâèé íàãðóæåíèÿ
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Îäíèì èç ïóòåé ñîâåðøåíñòâîâàíèÿ ìåòîäèêè
ó÷åòà âûðàáîòêè ðåñóðñà ÎÄ èçäåëèÿ ÿâëÿåòñÿ ó÷åò
óñëîâèé ïîëåòà ËÀ, ñîâìåñòíî ñ çàäàþùèìè âîç-
äåéñòâèÿìè ïèëîòà è ÑÀÓ, ïîëíîñòüþ îïðåäåëÿ-
þùèõ ðåæèì ðàáîòû äâèãàòåëÿ è, ñëåäîâàòåëüíî,
íàãðóçêè, äåéñòâóþùèå íà äåòàëè è óçëû äâèãàòå-
ëÿ.

Äëÿ îöåíêè âëèÿíèÿ ïîëåòíûõ óñëîâèé íà åäè-
íè÷íóþ ïîâðåæäàåìîñòü ÎÄ ïðîâåäåí êîìïëåêñ
ðàñ÷åòîâ äèñêà ÒÂÄ äâèãàòåëÿ 4-ãî ïîêîëåíèÿ
ðàçðàáîòêè ÎÊÁ èì. À. Ëþëüêè.

Ðàñ÷åòíàÿ ìîäåëü

Äëÿ óìåíüøåíèÿ ïîòðåáíûõ ðåñóðñîâ è âðåìå-
íè ðàñ÷åòà, à òàêæå â ñèëó ñèììåòðèè ãåîìåòðèè
è íàãðóçîê ÒÂÄ ðàñ÷åò ïðîâîäèòñÿ äëÿ ñåêòîðà, ñ
çàäàíèåì öèêëè÷åñêîé ñèììåòðèè [18].

Ìîäåëü ðîòîðà ÒÂÄ ïðåäñòàâëÿåò ñîáîé ñåê-
òîð, ðàâíûé 12, ñîîòâåòñòâóþùèé òðåì ðàáî÷èì
ëîïàòêàì. Êîíå÷íîýëåìåíòíàÿ ìîäåëü äèñêà ÒÂÄ
ïðèâåäåíà íà ðèñ. 4.

Ðàñ÷åòíàÿ ñõåìà, èñïîëüçîâàííàÿ äëÿ ïðî÷íî-
ñòíîãî àíàëèçà äèñêà ÒÂÄ [19], ïîêàçàíà íà ðèñ. 5.

Íàãðóçêè, ïðèëîæåííûå ê ìîäåëè:
• ñòàòè÷åñêîå äàâëåíèå ïî ïîëîñòÿì âîêðóã

äèñêà ÒÂÄ;
• îñåâûå Pà è îêðóæíûå Pu ñèëû, äåéñòâóþùèå

íà âåíåö ðàáî÷èõ ëîïàòîê ÒÂÄ;
• ÷àñòîòà âðàùåíèÿ ðîòîðà âûñîêîãî äàâëåíèÿ

(ÐÂÄ);
• ïîëå òåìïåðàòóð.
Çàêðåïëåíèå îñóùåñòâëÿëîñü â îñåâîì è îê-

ðóæíîì íàïðàâëåíèÿõ íà ôëàíöå âàëà ÐÂÄ [20].
Ìîäåëèðîâàëàñü ñòÿæêà áîëòîâûõ ñîåäèíåíèé.

Îïðåäåëåíèå åäèíè÷íîé ïîâðåæäàåìîñòè
äèñêà ÒÂÄ ïðè ðàçíûõ óñëîâèÿõ ïîëåòà

Ðàñ÷åòû âûïîëíÿëèñü â ïðîãðàììíîì êîìï-
ëåêñå Ansys.

Ïî ðåçóëüòàòàì ðàñ÷åòîâ íàïðÿæåííî-äåôîð-
ìèðîâàííîãî ñîñòîÿíèÿ (ÍÄÑ) âûÿâëåíî, ÷òî
íàèáîëåå íàïðÿæåííàÿ òî÷êà äèñêà ÒÂÄ, îãðàíè-
÷èâàþùàÿ öèêëè÷åñêóþ äîëãîâå÷íîñòü – ñåðåäè-
íà ñòóïè÷íîãî îòâåðñòèÿ. Äëÿ äàííîé òî÷êè îï-
ðåäåëÿëîñü êîëè÷åñòâî öèêëîâ äî ðàçðóøåíèÿ ïðè
ðàçíûõ ïîëåòíûõ óñëîâèÿõ äëÿ îñíîâíûõ òèïîâ
öèêëîâ íàãðóæåíèÿ ðàññìàòðèâàåìîãî äâèãàòåëÿ.

Êîëè÷åñòâî öèêëîâ äî ðàçðóøåíèÿ îïðåäåëÿ-
ëîñü ñ èñïîëüçîâàíèåì ìîäèôèöèðîâàííîé ôîð-
ìóëû Ìýíñîíà [8]:

0,6
äë0,6 0,123,5( )1

ln ,
1

m
p pN N

E
    

     
   (3)

ãäå   – ðàçìàõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé;

Nð – ÷èñëî öèêëîâ äî ðàçðóøåíèÿ; äë  – ïðåäåë

Ðèñ. 3. Àíàëèç äàííûõ ýêñïëóàòàöèè

Ðèñ. 4. Êîíå÷íîýëåìåíòíàÿ ìîäåëü ðîòîðà ÒÂÄ
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äëèòåëüíîé ïðî÷íîñòè (âûäåðæêà â öèêëå); m  –

ñðåäíåå íàïðÿæåíèå öèêëà;
Å – ìîäóëü óïðóãîñòè ïðè çàäàííîé òåìïåðà-

òóðå;  – îòíîñèòåëüíîå ñóæåíèå îáðàçöà ïðè îä-

íîîñíîì ðàçðûâå.
Ðàçìàõ óïðóãîïëàñòè÷åñêèõ äåôîðìàöèé äëÿ

íåîäíîîñíîãî ÍÄÑ [8]:

3
,

2(1 )
e p    

                 (4)

ãäå μ — êîýôôèöèåíò Ïóàññîíà; e  – ðàçìàõ
óïðóãîé äåôîðìàöèè; p  – ðàçìàõ ïëàñòè÷åñêîé
äåôîðìàöèè.

Èíòåíñèâíîñòè ðàçìàõîâ íàïðÿæåíèé, óïðóãèõ
è ïëàñòè÷åñêèõ äåôîðìàöèé îïðåäåëÿþòñÿ ïî ñëå-
äóþùèì ôîðìóëàì [8]:
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2
[( ) ( )

2

3
( ) (( ) ( ) ( ) )] ,

2

p p p p p
x y y z

p p p p p
z x xy yz xz

         

          (7)

ãäå (load) (unload)      – òåíçîð ðàçìàõîâ íàïðÿ-
æåíèé;

e e(load) e(unload)      – òåíçîð ðàçìàõîâ óïðó-
ãèõ äåôîðìàöèé;

p p(load) p(unload)      – òåíçîð ðàçìàõîâ ïëà-
ñòè÷åñêèõ äåôîðìàöèé.

Äëÿ íàõîæäåíèÿ ñðåäíåãî íàïðÿæåíèÿ öèêëà

âû÷èñëÿþòñÿ èíòåíñèâíîñòü íàïðÿæåíèé (load),i

(unload)
i  è ãèäðîñòàòè÷åñêèå íàïðÿæåíèÿ:

(load) (load) (load) (load)( )/3;x y z                (8)

(unload) (unload) (unload) (unload)( )/3.x y z          (9)

Åñëè (load) (unload),    òî çà ñðåäíåå íàïðÿæå-

íèå ïðèíèìàåòñÿ
(load) / 2.m i    

Èíà÷å
(unload) / 2.m i    

Ðèñ. 5. Ðàñ÷åòíàÿ ñõåìà ðîòîðà òóðáèíû âûñîêîãî äàâëåíèÿ
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Äëÿ êàæäîãî òèïà ýëåìåíòàðíîãî öèêëà íàãðó-
æåíèÿ ðàññ÷èòûâàëàñü åäèíè÷íàÿ ïîâðåæäàåìîñòü
ïî ôîðìóëå (2).

Íà ðèñ. 6 ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëå-
íèÿ åäèíè÷íûõ ïîâðåæäàåìîñòåé äèñêà ÒÂÄ ïðè

ðàçíûõ ïîëåòíûõ óñëîâèÿõ äëÿ òèïîâ öèêëîâ, âíî-
ñÿùèõ îñíîâíîé âêëàä â ïîâðåæäàåìîñòü, è òðåõ
êëàññîâ ìàêñèìàëüíûõ ðåæèìîâ, õàðàêòåðíûõ äëÿ
ðàññìàòðèâàåìîãî äâèãàòåëÿ. Çíà÷åíèÿ åäèíè÷íûõ
ïîâðåæäàåìîñòåé ïðåäñòàâëåíû â ïðîöåíòíîì

Ðèñ. 6. Âëèÿíèå ïîëåòíûõ óñëîâèé íà çíà÷åíèå åäèíè÷íîé ïîâðåæäàåìîñòè ðàññìàòðèâàåìûõ òèïîâ öèêëîâ è
êëàññîâ íàãðóæåíèÿ; à — öèêë 0 – MAX1 – 0; á — öèêë ÌÃ – MAX1 – ÌÃ; â — öèêë 0 – MAX2 – 0; ã — öèêë
ÌÃ – MAX2 – ÌÃ; ä — öèêë 0 – MAX3 – 0; å — öèêë ÌÃ – MAX3 – ÌÃ

ä) å)

â) ã)

à) á)
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ñîîòíîøåíèè îò ìàêñèìàëüíûõ. Ïîëó÷åííûå ðå-
çóëüòàòû ïîêàçàëè, ÷òî åäèíè÷íàÿ ïîâðåæäàåìîñòü
âñåõ òèïîâ öèêëîâ äèñêà ÒÂÄ çàâèñèò îò ïîëåò-
íûõ óñëîâèé.

Âûâîäû

Ïðîâåäåííûå èññëåäîâàíèÿ ïîçâîëèëè ñäåëàòü
ñëåäóþùèå âûâîäû.

1. Åäèíè÷íàÿ ïîâðåæäàåìîñòü äèñêà ÒÂÄ âñåõ
òèïîâ öèêëîâ ñóùåñòâåííî çàâèñèò îò ïîë¸òíûõ
óñëîâèé.

2. Åäèíè÷íàÿ ïîâðåæäàåìîñòü öèêëîâ íàãðó-
æåíèÿ â çîíå, â êîòîðîé îñóùåñòâëÿåòñÿ 80% âðå-
ìåíè ýêñïëóàòàöèè ïðè îòñóòñòâèè ó÷àñòèÿ â áî-
åâûõ äåéñòâèÿõ, íèæå çíà÷åíèé ïðè ìàêñèìàëü-
íûõ íàãðóçêàõ äëÿ âñåõ òèïîâ öèêëîâ â ñðåäíåì íà
25%.

3. Íà ïðèìåðå äèñêà ÒÂÄ äâèãàòåëÿ 4-ãî ïî-
êîëåíèÿ ïîêàçàíî, ÷òî ñóùåñòâóþùàÿ ìåòîäèêà
êîíòðîëÿ ðàñõîäîâàíèÿ ðåñóðñà ïî ÌÖÓ ÎÄ ÃÒÄ
äâèãàòåëåé 4-ãî ïîêîëåíèÿ èìååò äîïóùåíèÿ, êî-
òîðûå ïðèâîäÿò ê ñíèæåíèþ äîñòîâåðíîñòè îïðå-
äåëåíèÿ íàêîïëåííîé ïîâðåæäåííîñòè è îñòàòî÷-
íîãî ðåñóðñà äâèãàòåëÿ è åãî ÎÄ, ÷òî, â ñâîþ î÷å-
ðåäü, ïðèâîäèò ê äîñðî÷íîìó ñúåìó èñïðàâíîãî
äâèãàòåëÿ è óâåëè÷åíèþ ñòîèìîñòè æèçíåííîãî
öèêëà.

4. Äëÿ óõîäà îò èçáûòî÷íîãî êîíñåðâàòèçìà
ìåòîäèêè, èñïîëüçóåìîé â íàñòîÿùåå âðåìÿ, íå-
îáõîäèìî âåñòè íàêîïëåíèå öèêëè÷åñêîé ïîâðåæ-
äåííîñòè ÎÄ äâèãàòåëÿ ñ ó÷åòîì ðåàëüíûõ ïîëåò-
íûõ óñëîâèé.

Ðåçóëüòàòû ðàáîòû ïîçâîëÿò ïðîäâèíóòüñÿ â
íàïðàâëåíèè äîñòèæåíèÿ ãëîáàëüíîé öåëè – îðãà-
íèçàöèè ñåðèéíîé ýêñïëóàòàöèè äâèãàòåëÿ ïî åãî
òåõíè÷åñêîìó ñîñòîÿíèþ.
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Abstract

The increase in the GTE life cycle cost brings to
the forefront the problem of the full safe use of the
aviation engines lifetime, which can be achieved by the
transition to operation on a technical condition. This
transition is possible with the sufficient product
testability ensuring obtaining the objective information
required for the reliable technical condition estimating.

The crucial problem herewith consists in methods
and algorithms developing for estimation the lifetime
depletion, accounting for loading specifics of each
engine.

Excessive conservatism is inherent to the currently
employed methods for lifetime cycle depreciation
control due to the lack of actual operation conditions
record keeping. Premature engines exclusion from
operation occurs thereby, which is unfavorable and has
an adverse effect on supporting the required combat
readiness level of the aircraft fleet.

Thus, the trend of control techniques
improvement, analysis of loading and GTE lifetime
deprecation control, fully accounting for the operation
specifics of each engine is relevant enough.

The purpose of this work consists in studying the
impact of flight conditions on the high-pressure
turbine (HPT) disc damaging of highly maneuverable
aircrafts.

The main contribution to the parts damage
accumulation of the highly maneuverable aircraft
engine is made by the damages, caused by intermittent
operation modes (the low-cyclic fatigue mechanism),
and operation at the maximum set modes (the
mechanism of long-term strength depletion).

As the service experience of the 4th generation
engines being a part of highly maneuverable aircraft
of the task aircraft fleet shows, the contribution of a
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static component to the overall damage of the basic
engine parts is significantly less than the cyclic one.
Thus, the estimation of the residual engine life is
made, as a rule, based only on accounting for the
cyclic damages of its basic parts.

The main idea of the 4th generation engine life
deprecation accounting for consists in comparing the
actual value of the technical condition parameter (the
accumulated damage) of the engine basic parts during
the operation with its maximum permissible value,
accumulated while the endurance tests, with
subsequent determination of the residual resource of
the engine basic parts according to this comparison.

Currently the number of cycles before the failure
(Npi) and the single damage (Ïi) for each cycle type
are is detemined at the extreme loads (engine power
rating, speed, and flight altitude) for the given GTE
operation range.

However, the performed analysis of the highly
maneuverable aircraft operation belonged to the task
aircraft fleet, revealed that about 80% of the operation
was performed at subsonic speeds and heights up to
10 km (without participation in combat operations),
at which the basic part load was much lower than its
maximum value. Thus, the existing methodology
application leads to the excessive conservatism of the
accumulated damage calculation.

To assess the effect of flight conditions on the
single damage of the main parts, a complex of
calculations for HPT disk of the 4th generation engine
were performed. The obtained results demonstrated
that the single damage of all cycle types of the HPT
disk significantly depends on the flight conditions.
Thus, the single damage of the loading cycles in the
zone, where 80% of operation time is performed in
default of combat operations participation, is on
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average 25% below the values at the maximum loads
for all cycle types.

In the context of the HPT disk of the 4th
generation engine, the article shows that the existing
technique for the lifetime deprecation monitoring by
low-cycle fatigue of the 4th generation GTE basic
parts includes assumptions leading to the accuracy
reduction of determining the accumulated damage and
the residual life of the engine and its main parts. This,
in turn, leads to an early removal of a serviceable
engine, and the life cycle cost increasing.

To avoid the excessive conservatism of the
currently used technique, it is necessary to accumulate
the cyclic damage of the engine basic parts with
account for real flight conditions.

Keywords: gas turbine engine, low cycle fatigue,
basic parts, damageability, flight conditions
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