
126 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹1

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

Ââåäåíèå

Â ñâÿçè ñ æ¸ñòêèìè òðåáîâàíèÿìè ê ìàññå â
àâèàöèîííûõ ãàçîòóðáèííûõ äâèãàòåëÿõ íàèáîëü-
øåå ðàñïðîñòðàíåíèå ïîëó÷èëè ïîäøèïíèêè êà-
÷åíèÿ, èìåþùèå áîëüøóþ óäåëüíóþ ãðóçîïîäú¸ì-
íîñòü ïî ñðàâíåíèþ ñ äðóãèìè òèïàìè ïîäøèï-
íèêîâ, íàïðèìåð ñ ïîäøèïíèêàìè ñêîëüæåíèÿ è
ìàãíèòíûìè ïîäâåñàìè.

Ðàäèàëüíî-óïîðíûå ïîäøèïíèêè êà÷åíèÿ â
àâèàöèîííîì ãàçîòóðáèííîì äâèãàòåëå âîñïðèíè-
ìàþò îñåâóþ ðåçóëüòèðóþùóþ íàãðóçêó îò ãàçîâûõ
ñèë (ðàáî÷åãî òåëà). Îòêàç ðàäèàëüíî-óïîðíûõ
ïîäøèïíèêîâ ïðèâîäèò ê ðàçðóøåíèþ äâèãàòåëÿ.
Äëÿ ïîâûøåíèÿ íàä¸æíîñòè äâèãàòåëÿ è ïðåäîò-
âðàùåíèÿ îòêàçîâ ïîäøèïíèêîâ ñîâåðøåíñòâóþò-
ñÿ ðàñ÷¸òíûå ìîäåëè ðàäèàëüíî-óïîðíûõ ïîäøèï-
íèêîâ êà÷åíèÿ.

Ðàññìîòðèì àñïåêòû ðàñ÷¸òíûõ ìîäåëåé ïîä-
øèïíèêîâ êà÷åíèÿ, ìàêñèìàëüíî âëèÿþùèå íà èõ
äîëãîâå÷íîñòü. Ìàòåìàòè÷åñêàÿ ìîäåëü êèíåìàòè-
÷åñêèõ äâèæåíèé è êîíòàêòíûõ äåôîðìàöèé äå-
òàëåé øàðèêîâîãî ïîäøèïíèêà âïåðâûå áûëà
ïðåäëîæåíà â [1]. Áîëåå ïîëíàÿ è òî÷íàÿ ìîäåëü
øàðèêîâîãî ïîäøèïíèêà ïðåäñòàâëåíà â [2]. Â
ýòîé ìîäåëè ïðèìåíåíà ñèñòåìà äèôôåðåíöèàëü-
íûõ óðàâíåíèé äâèæåíèÿ äëÿ øàðèêîâ, ñåïàðàòîðà
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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 15.10.2018

Ïðåäñòàâëåí ìåòîä èçìåðåíèÿ îñåâîãî óñèëèÿ, âîçäåéñòâóþùåãî íà ðàäèàëüíî-óïîðíûé ïîäøèïíèê êà÷åíèÿ,
c ïîìîùüþ äèíàìè÷åñêîãî òåíçîìåòðèðîâàíèÿ. Äëÿ òåíçîðåçèñòîðîâ îïèñàíû óñëîâèÿ óñòàíîâêè íà êîëüöà ïîä-
øèïíèêà è ïðîöåññ ãðàäóèðîâêè. Ïðèâåäåíû ìàòåðèàëû ïî âåðèôèêàöèè äàííîãî ìåòîäà.

Êëþ÷åâûå ñëîâà: àâèàöèîííûé ãàçîòóðáèííûé äâèãàòåëü, ñòåíäîâàÿ îòðàáîòêà, òî÷íîñòü îïðåäåëåíèÿ îñåâîé
íàãðóçêè, äèíàìè÷åñêîå òåíçîìåòðèðîâàíèå, ðàäèàëüíî-óïîðíûé ïîäøèïíèê êà÷åíèÿ, ãðàäóèðîâêà.

è êîëåö. Øàðèêè è ñåïàðàòîð èìåëè øåñòü ñòåïå-
íåé ñâîáîäû, îäíî êîëüöî áûëî çàôèêñèðîâàíî,
äðóãîå èìåëî äâå ïîñòóïàòåëüíûå ñòåïåíè ñâîáî-
äû (â îñåâîì è ðàäèàëüíîì íàïðàâëåíèÿõ). Â ìî-
äåëè íåäîñòàòî÷íî òî÷íî áûëè ïðåäñòàâëåíû âçà-
èìîäåéñòâèÿ ýëåìåíòîâ ïîäøèïíèêà – ýòè âçàè-
ìîäåéñòâèÿ ïðåäñòàâëÿëèñü óïðóãèìè; äåìïôèðî-
âàíèå ìàñëÿíîé ïëåíêè, óïðóãîãî ãèñòåðåçèñà,
âëèÿíèå êðèâèçíû êîíòàêòíîé ïîâåðõíîñòè òîæå
íå ó÷èòûâàëèñü.

Òî÷íîñòü ðàñ÷¸òîâ êèíåìàòè÷åñêèõ äâèæåíèé
è íàïðÿæ¸ííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ äå-
òàëåé ïîäøèïíèêà, ïðåäñòàâëåííûõ â äàëüíåéøèõ
èññëåäîâàíèÿõ [3-13], òàêæå îïðåäåëÿåòñÿ òî÷íî-
ñòüþ ñèëîâîé íàãðóçêè, âîñïðèíèìàåìîé ïîäøèï-
íèêîì.

Êàê îòìå÷åíî âûøå, äëÿ òî÷íîãî ìîäåëèðîâà-
íèÿ ðàáîòû ïîäøèïíèêà òðåáóåòñÿ òî÷íîå îïðå-
äåëåíèå ñèëîâîé íàãðóçêè, èì âîñïðèíèìàåìîé.
Äëÿ ðàäèàëüíî-óïîðíîãî ïîäøèïíèêà îñåâàÿ íà-
ãðóçêà, êàê ïðàâèëî, âíîñèò çíà÷èòåëüíûé âêëàä
â îãðàíè÷åíèå äîëãîâå÷íîñòè. Óêàçàííîå ïîëîæå-
íèå ïî âëèÿíèþ îñåâîé íàãðóçêè íà äîëãîâå÷íîñòü
ïîäøèïíèêîâ çàêðåïëåíî â íîðìàòèâíûõ äîêó-
ìåíòàõ. Íàïðèìåð, ïðè óñòàíîâëåíèè è ïðîäëåíèè
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íàçíà÷åííîãî ðåñóðñà ïîäøèïíèêîâ [14] ðàñ÷¸ò
äîëãîâå÷íîñòè äîëæåí áûòü âûïîëíåí äëÿ óñëî-
âèé ýêñïëóàòàöèè èçäåëèÿ ñ ó÷¸òîì ðåçóëüòàòîâ
èçìåðåíèÿ è ðåãóëèðîâêè îñåâûõ ñèë, âîñïðèíè-
ìàåìûõ ðàäèàëüíî-óïîðíûìè ïîäøèïíèêàìè. Òàê
êàê âåëè÷èíà îñåâîé ñèëû ñóùåñòâåííî âëèÿåò íà
åãî äîëãîâå÷íîñòü, òî èçìåðåíèå îñåâûõ ñèë â
èçäåëèè äîëæíî ïðîèçâîäèòüñÿ ñ îöåíêîé ñóììàð-
íîé ïîãðåøíîñòè èçìåðåíèÿ. Ïðè ýòîì ïîãðåø-
íîñòü ó÷èòûâàåòñÿ â ñòîðîíó óâåëè÷åíèÿ èçìåðåí-
íîé ñèëû.

Ïðè ñóùåñòâóþùåì ìåòîäå èçìåðåíèÿ îñåâîé
íàãðóçêè [15, 16] èñïîëüçóþòñÿ ñïåöèàëüíûå òåõ-
íîëîãè÷åñêèå îïîðû ñ äèíàìîìåòðè÷åñêèìè êîëü-
öàìè èëè èõ àíàëîãàìè. Ïðèìåíåíèå òåõíîëîãè-
÷åñêèõ îïîð âíîñèò ïîãðåøíîñòü â óñëîâèÿ ðàáîòû
ïîäøèïíèêîâ îòíîñèòåëüíî òèïîâîé êîíñòðóêöèè
èçäåëèÿ è òðåáóåò ïîâòîðåíèÿ ðåñóðñíûõ èñïûòà-
íèé èçäåëèÿ ñ òèïîâîé êîíñòðóêöèåé îïîð. Äàëü-
íåéøåå îáîñíîâàíèå ñîîòâåòñòâèÿ ïðîâåä¸ííûõ
èñïûòàíèé òàêæå òðóäî¸ìêî, ïîñêîëüêó ñâÿçàíî ñ
îáîñíîâàíèåì îòêëîíåíèé ïðè èçãîòîâëåíèè èç-
äåëèé è ïàðàìåòðîâ òåðìîäèíàìè÷åñêèõ öèêëîâ,
ðåçóëüòèðóþùèìè êîòîðûõ òàêæå ÿâëÿþòñÿ îñå-
âûå íàãðóçêè, âîçäåéñòâóþùèå íà ðàäèàëüíî-
óïîðíûå ïîäøèïíèêè. Ñëåäîâàòåëüíî, îòðèöà-
òåëüíûìè ôàêòîðàìè ñóùåñòâóþùåãî ìåòîäà ÿâ-
ëÿþòñÿ ïîãðåøíîñòü ïðè âîñïðîèçâåäåíèè óñëî-
âèé ðàáîòû òèïîâûõ êîíñòðóêöèé ïîäøèïíèêî-
âûõ îïîð ïðè èçìåðåíèè îñåâîãî óñèëèÿ è äîïîë-
íèòåëüíûå çàòðàòû íà äóáëèðóþùèå èñïûòàíèÿ.

Â íàñòîÿùåé ñòàòüå ïðåäñòàâëåí ìåòîä èçìå-
ðåíèÿ îñåâîé íàãðóçêè, èñïîëüçóþùèé äèíàìè-
÷åñêîå òåíçîìåòðèðîâàíèå êîëåö ðàäèàëüíî-óïîð-
íûõ ïîäøèïíèêîâ êà÷åíèÿ. Ïðåäëàãàåìûé ìåòîä
ìîæåò áûòü ðåàëèçîâàí â òèïîâîé êîíñòðóêöèè
ïîäøèïíèêîâîé îïîðû èçäåëèÿ, áåç èñïîëüçîâà-
íèÿ òåõíîëîãè÷åñêèõ îïîð. Äðóãèå ìåòîäû, íå
òðåáóþùèå èñïîëüçîâàíèÿ òåõíîëîãè÷åñêèõ îïîð,
íå ïîçâîëÿþò òî÷íî èçìåðÿòü âåëè÷èíó îñåâîãî
óñèëèÿ (íàïðèìåð, [17—23]).

Àêòóàëüíîñòü ðàáîòû è å¸ ïðàêòè÷åñêîå çíà÷å-
íèå õàðàêòåðèçóþòñÿ èñêëþ÷åíèåì îòðèöàòåëüíûõ
ôàêòîðîâ èñïîëüçîâàíèÿ òåõíîëîãè÷åñêèõ ïîä-
øèïíèêîâûõ îïîð ïðè âûïîëíåíèè íîðìàòèâíîãî
òðåáîâàíèÿ: èçìåðåíèÿ îñåâîé íàãðóçêè, âîçäåé-
ñòâóþùåé íà ðàäèàëüíî-óïîðíûé ïîäøèïíèê, —
à òàêæå îáåñïå÷åíèÿ âîçìîæíîñòè îöåíêè íàïðÿ-
æ¸ííî-äåôîðìèðîâàííûõ ñîñòîÿíèé êîëåö ïîä-
øèïíèêîâ â ïðîöåññå ðàáîòû ïîäøèïíèêîâûõ
îïîð.

Äèíàìè÷åñêîå òåíçîìåòðèðîâàíèå
êîëåö ïîäøèïíèêà

Äëÿ ïðîâåäåíèÿ äèíàìè÷åñêîãî òåíçîìåòðèðî-
âàíèÿ â êîëüöàõ ðàäèàëüíî-óïîðíîãî ïîäøèïíè-
êà âûïîëíÿþòñÿ ïàçû, â êîòîðûå óñòàíàâëèâàþò-
ñÿ òåíçîðåçèñòîðû (ðèñ. 1). Äëÿ îáåñïå÷åíèÿ âîç-
ìîæíîñòè èçìåðåíèÿ îñåâîãî óñèëèÿ â îáå ñòîðî-
íû ïàçû ðàñïîëàãàþòñÿ ñ áàçîâîé è ïðîòèâîáàçî-
âîé ñòîðîíû òîðöîâ ïîäøèïíèêà.

Øèðèíà ïàçà âûáèðàåòñÿ ìàêñèìàëüíî áîëü-
øîé, íî íå áîëåå ðàññòîÿíèÿ ìåæäó ñîñåäíèìè
òåëàìè êà÷åíèÿ, ñ öåëüþ èñêëþ÷åíèÿ âîçìîæíî-
ñòè îäíîâðåìåííîãî íàõîæäåíèÿ äâóõ òåë êà÷åíèÿ
íàä ïàçîì (ðèñ. 2).

Ãëóáèíà ïàçà âûáèðàåòñÿ ìàêñèìàëüíî áîëü-
øîé ñ öåëüþ îáåñïå÷åíèÿ ìàêñèìàëüíîé ÷óâñòâè-
òåëüíîñòè òåíçîðåçèñòîðîâ. Ïðåäåëüíàÿ âåëè÷èíà
ãëóáèíû ïàçà îãðàíè÷èâàåòñÿ óñëîâèåì îáåñïå÷å-
íèÿ äîïóñòèìûõ äåôîðìàöèé áåãîâîé äîðîæêè
ïðè ïðîõîæäåíèè òåëà êà÷åíèÿ. Óêàçàííûå çàâè-
ñèìîñòè ãðàôè÷åñêè èçîáðàæåíû íà ðèñ. 3.

Ðèñ. 1. Ñõåìà ðàñïîëîæåíèÿ òåíçîðåçèñòîðîâ

Ðèñ. 2. Âûáîð øèðèíû ïàçà



128 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹1

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

Ïîêàçàíèÿ òåíçîðåçèñòîðîâ èìåþò âåëè÷èíó
îòíîñèòåëüíûõ äåôîðìàöèé (ìì/ìì). Äëÿ óäîá-
ñòâà èñïîëüçîâàíèÿ îíè ïåðåâîäÿòñÿ â âåëè÷èíó
íàïðÿæåíèé (êãñ/ìì2) ïóòåì óìíîæåíèÿ íà ìî-
äóëü óïðóãîñòè ìàòåðèàëà êîëüöà ïîäøèïíèêà.

Äëÿ ïîâûøåíèÿ òî÷íîñòè èçìåðåíèé âûïîëíÿ-
åòñÿ íåñêîëüêî ïàçîâ â îêðóæíîì íàïðàâëåíèè,
çíà÷åíèÿ èçìåðåíèé òåíçîðèçèñòîðîâ ïî êîòîðûì
çàòåì îñðåäíÿþòñÿ.

Äëÿ îïðåäåëåíèÿ çàâèñèìîñòè ïîêàçàíèé òåí-
çîðåçèñòîðîâ îò îñåâîé íàãðóçêè âûïîëíÿåòñÿ
ãðàäóèðîâêà íà ñïåöèàëüíîé óñòàíîâêå (ðèñ. 4).
Ãðàäóèðîâêà ïðîâîäèòñÿ ïðè ðàçëè÷íîé îñåâîé

íàãðóçêå è ÷àñòîòå âðàùåíèÿ. Â ïðîöåññå ãðàäó-
èðîâêè òåíçîðåçèñòîðû èçìåðÿþò âåëè÷èíó ïåðå-
ìåííûõ íàïðÿæåíèé â ïàçó (ðèñ. 5).

Àìïëèòóäà ïåðåìåííûõ íàïðÿæåíèé ñ ÷àñòî-
òîé ìåëüêàíèÿ òåë êà÷åíèÿ ïðîïîðöèîíàëüíà îñå-
âîé íàãðóçêå è ÿâëÿåòñÿ êîíòðîëüíûì ïàðàìåòðîì.
Â êàæäûé ìîìåíò âðåìåíè îòðåçîê ñèãíàëà ñ òåí-
çîðåçèñòîðîâ ðàñêëàäûâàåòñÿ â ðÿä Ôóðüå è ñòðî-
èòñÿ ñïåêòð àìïëèòóäíî-÷àñòîòíîé õàðàêòåðèñòè-
êè (À×Õ) ñèãíàëà, ïî êîòîðîìó îïðåäåëÿåòñÿ àì-
ïëèòóäà íà ÷àñòîòå ìåëüêàíèÿ òåë êà÷åíèÿ. Ïðè-
ìåð ìãíîâåííîãî ñïåêòðà À×Õ ñèãíàëà ñ òåíçîðå-
çèñòîðîâ ïðåäñòàâëåí íà ðèñ. 6. Ïî ðåçóëüòàòàì
èñïûòàíèé îïðåäåëÿåòñÿ ãðàäóèðîâî÷íûé êîýô-
ôèöèåíò çàâèñèìîñòè äëÿ êàæäîé ãðóïïû òåíçî-
ðåçèñòîðîâ, õàðàêòåðèçóþùèé çàâèñèìîñòü âåëè-
÷èíû îñåâîé íàãðóçêè îò àìïëèòóäû ñèãíàëà ïî-Ðèñ. 3. Âûáîð ãëóáèíû ïàçà

Ðèñ. 4. Óñòàíîâêà äëÿ ãðàäóèðîâêè ïîäøèïíèêîâ

Ðèñ. 5. Ðàñïðåäåëåíèå íàïðÿæåíèé â çîíå ïàçà
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êàçàíèé òåíçîðåçèñòîðîâ. Òàêèì îáðàçîì, ýêñïå-
ðèìåíòàëüíî îïðåäåëèâ ãðàäóèðîâî÷íûé êîýôôè-
öèåíò (ðèñ. 7) ïåðåñ÷åòîì èçìåðåííûõ äèíàìè÷åñ-
êèõ íàïðÿæåíèé, îïðåäåëþò îñåâóþ ñèëó, äåéñòâó-
þùóþ íà ïîäøèïíèê.

Ïðè àíàëèçå ñèãíàëà íåîáõîäèìî ó÷èòûâàòü
ñëåäóþùåå (ðèñ. 8). Ñ òåíçîðåçèñòîðà ïðèíèìàåò-
ñÿ àìïëèòóäíî-ìîäóëèðîâàííûé ñèãíàë. Ïðè ðàç-
ëîæåíèè åãî â àìïëèòóäíî-÷àñòîòíûé ñïåêòð ÷à-
ñòîòû ðàçäåëÿþòñÿ íà íåñóùóþ è ìîäóëèðóþùèå.
Àìïëèòóäà íåñóùåé ÷àñòîòû ìåëüêàíèÿ øàðèêîâ
ïðîïîðöèîíàëüíà îñåâîé ñèëå.

Ðèñ. 6. À×Õ ñèãíàëà ñ òåíçîðåçèñòîðîâ

Ðèñ. 7. Çàâèñèìîñòü äèíàìè÷åñêèõ íàïðÿæåíèé
îò îñåâîãî óñèëèÿ

Ðèñ. 8. Îñîáåííîñòè àíàëèçà ñèãíàëà òåíçîðåçèñòîðîâ: à — ñèãíàë; á — À×Õ ñèãíàëà: Àí – àìïëèòóäà íåñóùåé

÷àñòîòû í  (îñåâàÿ ñèëà); Àì – àìïëèòóäà ìîäóëèðóþùåé ÷àñòîòû ì

à)

á)
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Àíàëèç

Ïðîâåäåíû èññëåäîâàíèÿ ïî îïðåäåëåíèþ âëè-
ÿíèÿ ÷àñòîòû âðàùåíèÿ è òåìïåðàòóðû ïîäøèï-
íèêà íà âåëè÷èíó ïîêàçàíèé òåíçîðåçèñòîðîâ,
õàðàêòåðèçóþùóþ îñåâóþ íàãðóçêó. Ïî ðåçóëüòà-
òàì èññëåäîâàíèé, èçìåíåíèå òåìïåðàòóðû è ÷à-
ñòîòû âðàùåíèÿ ðîòîðà íå îêàçûâàåò çíà÷èòåëü-
íîãî âëèÿíèÿ íà óðîâåíü èçìåðåííûõ äèíàìè÷åñ-
êèõ íàïðÿæåíèé.

Òî÷íîñòü èçìåðåíèé îñåâîé íàãðóçêè ìåòîäîì
äèíàìè÷åñêîãî òåíçîìåòðèðîâàíèÿ êîëåö ïîä-
øèïíèêà íå ïðåâûøàåò ±1% îò ýòàëîííîé íàãðóç-
êè. Íà ðèñ. 9 ïðåäñòàâëåí òèïîâîé ðåçóëüòàò îï-
ðåäåëåíèÿ ãðàäóèðîâî÷íîãî êîýôôèöèåíòà îäíîãî

Ðèñ. 9. Îïðåäåëåíèå ãðàäóèðîâî÷íûõ êîýôôèöèåíòîâ

Ðèñ. 10. Èçìåðåíèå îñåâîé íàãðóçêè äèíàìè÷åñêèì ìåòîäîì ïàðàëëåëüíî ñ äèíàìîìåòðè÷åñêèìè êîëüöàìè

èç òåíçîðåçèñòîðîâ. (Äëÿ ñðàâíåíèÿ: ïîãðåøíîñòü
èçìåðåíèÿ îñåâîãî óñèëèÿ òåíçîìåòðè÷åñêèì
êîëüöîì ñîñòàâëÿåò ±10 ñîãëàñíî ìåòîäèêå
Ì255.102.025-85.)

Äëÿ ïðîâåðêè êîððåêòíîñòè âî âðåìÿ èñïûòà-
íèé äâèãàòåëåé îïðåäåëåíèÿ îñåâûõ íàãðóçîê ìå-
òîäîì äèíàìè÷åñêîãî òåíçîìåòðèðîâàíèÿ áûëè
âûïîëíåíû ïàðàëëåëüíûå çàìåðû ñóùåñòâóþùèì
ìåòîäîì, èñïîëüçóþùèì äèíàìîìåòðè÷åñêèå
êîëüöà.

Íà ðèñ. 10 ïðåäñòàâëåí ñõåìàòè÷íî îäèí èç ðå-
çóëüòàòîâ ïîäîáíûõ èñïûòàíèé.

Ïî ðåçóëüòàòàì ðàñ÷åòíî-ýêñïåðèìåíòàëüíûõ
ðàáîò ðàçðàáîòàíà ìåòîäèêà «Îïðåäåëåíèå âåëè-
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÷èíû îñåâîãî óñèëèÿ, äåéñòâóþùåãî íà øàðèêî-
ïîäøèïíèê, ìåòîäîì äèíàìè÷åñêîãî òåíçîìåòðè-
ðîâàíèÿ». Äàííàÿ ìåòîäèêà ñîãëàñîâàíà ñ ÔÃÓÏ
«ÖÈÀÌ èì. Ï.È. Áàðàíîâà» è ïðèìåíÿåòñÿ íà
ÏÀÎ «ÎÄÊ-Ñàòóðí».

Âûâîäû

Â ðåçóëüòàòå ïðîâåä¸ííûõ èññëåäîâàíèé è
âíåäðåíèÿ ðàçðàáîòàííîé ìåòîäèêè:

— ïîâûøåíà òî÷íîñòü îïðåäåëåíèÿ îñåâîé
íàãðóçêè íà ðàäèàëüíî-óïîðíûå ïîäøèïíèêè
îïîðû äâèãàòåëÿ íà ±9% ïî ñðàâíåíèþ ñ ìåòîäè-
êîé, èñïîëüçóþùåé òåíçîìåòðè÷åñêèå êîëüöà;

— ñíèæåíî êîëè÷åñòâî äóáëèðóþùèõ èñïûòà-
íèé äâèãàòåëÿ;

— èñêëþ÷åíà íåîáõîäèìîñòü òðóäî¸ìêèõ îáî-
ñíîâàíèé ó÷¸òà ïðîèçâîäñòâåííûõ îòêëîíåíèé è
ïàðàìåòðîâ òåðìîäèíàìè÷åñêèõ öèêëîâ äâèãàòå-
ëÿ, ñ ñîîòâåòñòâóþùèìè äîïîëíèòåëüíûìè ïî-
ãðåøíîñòÿìè.
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Abstract

A radial-thrust bearing of rotor supports is one of
the most critical elements of aviation gas-turbine
engine, as its failure leads to the engine destruction.
To ensure the required reliability of such bearings,
experimental studies allowing increase the accuracy of
design models employed for the bearing life
determination under engine operating conditions were
performed. One of the main factors affecting the
endurance of radial-thrust bearings is the axial load.

The current quantitative method of axial load
determination during engine tests employs the
technological supports with dynamometric rings.
Qualitative methods of axial load determination based
on vibration sensor readings do not allow correct
determining of the axial load.

This article presents the method used to measure
the axial force applied to radial-thrust bearing. The
method is based on dynamic strain gauging of bearing
rings. Strain gauges are installed into special slots in
the bearing rings. The slot width should be maximum
possible but not exceeding the distance between the
adjacent rolling elements. The slot depth should
comply with the requirements for admissible
deformation of raceways and sensitivity of the strain
gauges.

THE TEST BENCH DEVELOPMENT IMPROVEMENT OF THE GAS TURBINE
ENGINE DUE TO THE APPLICATION OF THE NEW METHOD FOR AXIAL

FORCE DETERMINING IMPACT ON THE RADIAL-THRUST BEARING

Khramin R.V.*, Slobodskoi D.A.**, Lebedev M.V.***, Sobul’ A.V.****

United Engine Corporation “Saturn”,
163, Lenin av., Rybinsk, Yaroslavl region, 152903, Russia

* e-mail: roman.khramin@uec-saturn.ru
** e-mail: denis.slobodskoy@uec-saturn.ru
*** e-mail: maksim.lebedev@uec-saturn.ru
**** e-mail: aleksandr.sobul@uec-saturn.ru

The strain gauges readings are taken in the values
of relative strain (mm/mm). For ease of use, these
values are converted into stresses values (kgf/mm2) by
multiplying them by the elasticity modulus of the
bearing ring material.

To determine the dependency of the strain gauge
readings on the axial load, calibration on a special
installation is performed. During calibration, the strain
gauges measure the variable stresses in the slot. The
amplitude of variable stresses with flicker frequency of
the rolling elements is proportional to the axial load,
and is a key parameter. To determine it, the signal
from the strain gauge, at any given moment, is
represented as a Fourier series, and spectrum of the
signal amplitude-frequency response is formed. This
spectrum is being used to determine the amplitude on
flicker frequency of the rolling element. Based on the
test results, the calibration factor is determined which
characterizes the dependency of axial load on the
amplitude of the strain gauge reading signal. Then, by
the measured dynamic stresses recalculation, the axial
load applied to the bearing is determined.

The accuracy of axial load measurement by
dynamic strain gauging of bearing rings does not
exceed ±1% of the reference load. The above-
described method has been applied during engine tests
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together with the current method with temporary
supports and dynamometric rings.

Based on the test results, the accuracy of axial load
determination has been increased and the number of
the required engine tests has been reduced.

Keywords: aviation gas-turbine engine, test bench
development, accuracy of axial load determining,
dynamic strain gauging, radial-thrust bearing,
calibration.
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