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Ââåäåíèå

Èçâåñòíî, ÷òî íàäåæíîñòü ðàáîòû ìàøèí è
ìåõàíèçìîâ â çíà÷èòåëüíîé ñòåïåíè çàâèñèò îò ðà-
áîòîñïîñîáíîñòè èõ ïîäøèïíèêîâûõ óçëîâ. È ýòî
îñîáåííî âàæíî äëÿ èçäåëèé àâèàöèîííîé òåõíè-
êè, ãäå ïîäøèïíèêîâûå óçëû àâèàöèîííûõ äâè-
ãàòåëåé, ðåäóêòîðîâ, àãðåãàòîâ è èçäåëèé âîçäóø-
íûõ ñóäîâ (ÂÑ) ÿâëÿþòñÿ îäíèìè èç ñàìûõ îòâåò-
ñòâåííûõ óçëîâ è, êàê ïðàâèëî, ëèìèòèðóþùèõ èõ
ðåñóðñû. Ê ÷èñëó íàèáîëåå ïðîáëåìíûõ óçëîâ äâè-
ãàòåëÿ îòíîñèòñÿ ìåæðîòîðíûé ïîäøèïíèê. Ïðè
âûÿâëåíèè ïðèçíàêîâ äåôåêòà ìåæðîòîðíîãî ïîä-
øèïíèêà äâèãàòåëü îòñòðàíÿåòñÿ îò ýêñïëóàòàöèè,
òàê êàê ýòî ìîæåò ïðèâåñòè ê çàêëèíèâàíèþ ðî-
òîðîâ è âûõîäó èç ñòðîÿ âñåãî äâèãàòåëÿ. Îñíîâ-
íîé ïðè÷èíîé îòêàçà ïîäøèïíèêîâ êà÷åíèÿ ïðè
íîðìàëüíûõ óñëîâèÿõ ýêñïëóàòàöèè ÿâëÿåòñÿ âîç-
íèêíîâåíèå êîíòàêòíûõ íàïðÿæåíèé è êàê ñëåä-
ñòâèå èçíîñ ïîâåðõíîñòåé êà÷åíèÿ.
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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 27.12.2019

Ñòàòüÿ ïîñâÿùåíà ðàçðàáîòêå ìåòîäèêè ïîäáîðà ðàçìåðà êîíå÷íî-ýëåìåíòíîé (ÊÝ) ñåòêè êîíòàêòèðóþùèõ
âðàùàþùèõñÿ äåòàëåé ïîäøèïíèêà ñ ó÷åòîì øåðîõîâàòîñòè ïîâåðõíîñòè äëÿ ïðî÷íîñòíîãî ðàñ÷åòà. Äëÿ îáåñ-
ïå÷åíèÿ òî÷íîñòè ðàñ÷åòà â ñòàòè÷åñêîì ðàñ÷åòå ïðèíÿòî ñãóùàòü êîíå÷íûå ýëåìåíòû â îáëàñòè êîíòàêòà. Äëÿ
äèíàìè÷åñêîãî ðàñ÷åòà, ãäå äåòàëè âðàùàþòñÿ, òàêîé ìåòîä íå ïîäõîäèò.

Âûïîëíåíà ñðàâíèòåëüíàÿ îöåíêà íàïðÿæåíèé è äåôîðìàöèé â êîíòàêòå ðîëèêîâ ñ äîðîæêàìè êà÷åíèÿ ïîä-
øèïíèêà 5ÀÂ1002926Ð4, â 2D ïîñòàíîâêå äâóõ âàðèàíòîâ:

— ðàçìåð ñåòêè âûáðàí ñ ó÷åòîì øåðîõîâàòîñòè ïîâåðõíîñòè êîíòàêòèðóþùèõ òåë;
— ðàçìåð ñåòêè óìåíüøåí â äâà ðàçà ïî ñðàâíåíèþ ñ ïåðâûì âàðèàíòîì.
Îöåíêà äèñêðåòíîñòè ñåòêè îñóùåñòâëÿëàñü â ïðîãðàììíîì êîìïëåêñå LS-DYNA.
Ðàçðàáîòàííàÿ ìåòîäèêà ïîäõîäèò äëÿ âñåõ âèäîâ ïëîñêèõ è òâåðäîòåëüíûõ êîíå÷íûõ ýëåìåíòîâ.

Êëþ÷åâûå ñëîâà: ìåæðîòîðíûé ïîäøèïíèê, øåðîõîâàòîñòü ïîâåðõíîñòè, îáëàñòü êîíòàêòà, êîíòàêòíûå íà-
ïðÿæåíèÿ.

Áîëüøèíñòâî èçâåñòíûõ àíàëèòè÷åñêèõ ìåòî-
äîâ ðàñ÷åòà êîíòàêòíûõ íàïðÿæåíèé ñìÿòèÿ â
ïîäøèïíèêàõ îñíîâàíî íà òåîðèè Ãåðöà î ñòàòè-
÷åñêîì êîíòàêòå äâóõ òåë. Íî äëÿ ýòîé òåîðèè ñó-
ùåñòâóåò ðÿä óïðîùåíèé:

— òðåíèå îòñóòñòâóåò;
— îáëàñòü êîíòàêòà ìàëà ïî ñðàâíåíèþ ñ ðà-

äèóñàìè êðèâèçíû;
— ìàòåðèàëû ñîïðèêàñàþùèõñÿ òåë îäíîðîä-

íû, èçîòðîïíû è àáñîëþòíî óïðóãè.
×èñëåííûé ðàñ÷åò ïîçâîëÿåò ðåøàòü êîíòàê-

òíûå çàäà÷è áåç óïðîùåíèÿ òåîðèè Ãåðöà:
— ìîäåëèðîâàíèå òðåíèÿ;
— ó÷åò íåëèíåéíûõ ñâîéñòâ ìàòåðèàëà;
— ó÷åò øåðîõîâàòîñòè êîíòàêòèðóþùèõ ïîâåð-

õíîñòåé ñ ïîìîùüþ ïîäáîðà ðàçìåðà êîíå÷íî-ýëå-
ìåíòíîé ñåòêè.

Ðàçðàáîòàííàÿ ìåòîäèêà ïîçâîëÿåò îöåíèâàòü
íàïðÿæåíèÿ è äåôîðìàöèè âðàùàþùèõñÿ äåòàëåé
â ïîäøèïíèêàõ êà÷åíèÿ ëþáîé ôîðìû.
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Öåëü ðàáîòû çàêëþ÷àåòñÿ â îïðåäåëåíèè îï-
òèìàëüíîãî ðàçìåðà êîíå÷íûõ ýëåìåíòîâ äëÿ äè-
íàìè÷åñêîãî ðàñ÷åòà, ãäå êîíòàêòèðóþùèå äåòà-
ëè âðàùàþòñÿ.

Îáúåêò èññëåäîâàíèÿ — ðàäèàëüíûé ðîëèêî-
âûé ïîäøèïíèê 5ÀÂ1002926Ð4, èçãîòîâëåííûé ïî
ÒÓ3900-À, ñâåðõëåãêîé ñåðèè ñ ãàáàðèòíûìè ðàç-
ìåðàìè 130 × 180 × 24 ìì è öåíòðîâêîé ñåïàðàòî-
ðà ïî âíóòðåííåìó êîëüöó (ðèñ. 1).

Ïîäøèïíèê ïðåäïîëàãàåòñÿ óñòàíîâèòü â ìåæ-
ðîòîðíîé îïîðå. Ïðè ýòîì âíóòðåííåå êîëüöî
ïîäøèïíèêà áóäåò ïðèíàäëåæàòü ðîòîðó íèçêîãî
äàâëåíèÿ, à íàðóæíîå — ðîòîðó âûñîêîãî äàâëå-
íèÿ. Âðàùåíèå ðîòîðîâ â ïðîòèâîïîëîæíûå ñòî-
ðîíû.

Ìåòîäèêà îïðåäåëåíèÿ äèñêðåòíîñòè ÊÝ-ñåòêè
ñ ó÷åòîì øåðîõîâàòîñòè ïîâåðõíîñòè

Øåðîõîâàòîñòü ïîâåðõíîñòè — ýòî ñîâîêóï-
íîñòü íåðîâíîñòåé ïîâåðõíîñòè ñ îòíîñèòåëüíî
ìàëûìè øàãàìè, âûäåëåííàÿ ñ ïîìîùüþ áàçîâîé
äëèíû (ðèñ. 2).

Ïàðàìåòðû øåðîõîâàòîñòè (îäèí èëè íåñêîëü-
êî) âûáèðàþò èç ïðèâåäåííîé íîìåíêëàòóðû:

Ra — ñðåäíåå àðèôìåòè÷åñêîå îòêëîíåíèå
ïðîôèëÿ;

Rz — âûñîòà íåðîâíîñòåé ïðîôèëÿ ïî äåñÿòè
òî÷êàì;

Rmax — íàèáîëüøàÿ âûñîòà ïðîôèëÿ;
Sm — ñðåäíèé øàã íåðîâíîñòåé;
S — ñðåäíèé øàã ìåñòíûõ âûñòóïîâ ïðîôèëÿ;
tp — îòíîñèòåëüíàÿ îïîðíàÿ äëèíà ïðîôèëÿ,

ãäå p — çíà÷åíèå óðîâíÿ ñå÷åíèé ïðîôèëÿ.
Ïàðàìåòð Ra ÿâëÿåòñÿ ïðåäïî÷òèòåëüíûì.
Ñõåìà øåðîõîâàòîñòè ïîâåðõíîñòè è åå ýëå-

ìåíòû ïîêàçàíû íà ðèñ. 2, ãäå l — áàçîâàÿ äëè-
íà; m — ñðåäíÿÿ äëèíà ïðîôèëÿ; Sm — ñðåäíèé
øàã íåðîâíîñòåé ïðîôèëÿ; S — ñðåäíèé øàã ïðî-
ôèëÿ; Hi max — îòêëîíåíèÿ ïÿòè íàèáîëüøèõ ìàê-
ñèìóìîâ ïðîôèëÿ; Hi min — îòêëîíåíèÿ ïÿòè íàè-
ìåíüøèõ ìèíèìóìîâ ïðîôèëÿ; hi max — ðàññòîÿ-
íèå îò âûñøèõ òî÷åê ïÿòè íàèáîëüøèõ ìàêñèìó-
ìîâ äî ëèíèè ïàðàëëåëüíîé ñðåäíåé è íå ïåðåñå-
êàþùåé ïðîôèëü; hi min — ðàññòîÿíèå îò íèçøèõ
òî÷åê ïÿòè íàèáîëüøèõ ìàêñèìóìîâ äî ýòîé æå
ëèíèè; ð — óðîâåíü ñå÷åíèÿ ïðîôèëÿ; Rmax — íàè-
áîëüøàÿ âûñîòà ïðîôèëÿ; y — îòêëîíåíèå ïðîôè-
ëÿ îò ëèíèè m; tp — îòíîñèòåëüíàÿ îïîðíàÿ äëè-
íà ïðîôèëÿ; bi — äëèíà îòðåçêîâ, îòñåêàåìûõ íà
çàäàííîì óðîâíå p.

Ñîãëàñíî ÷åðòåæó ïîäøèïíèêà ïàðàìåòð øå-
ðîõîâàòîñòè 25 ìêì.

Äëÿ îöåíêè âëèÿíèÿ êîíå÷íî-ýëåìåíòíîé ñåò-
êè íà ðåçóëüòàòû ðàñ÷åòà áûëî ïðîâåäåíî äâà ðàñ-
÷åòà. Òàê êàê ìîäåëü ïîäøèïíèêà çàíèìàåò áîëü-
øîé ðàñ÷åòíûé ðåñóðñ, ðàñ÷åòû ïðîâîäèëèñü â
2D-ïîñòàíîâêå.

Ðèñ. 1. Ðàäèàëüíûé ðîëèêîïîäøèïíèê 5ÀÂ1002926Ð4

Ðèñ. 2. Ñõåìà øåðîõîâàòîñòè ïîâåðõíîñòè è åå ýëåìåíòû
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Ïåðâûé ðàñ÷åò — êðóïíàÿ ñåòêà.
Ðàçìåð ÊÝ-ñåòêè âûáèðàëñÿ ñëåäóþ-
ùèì îáðàçîì. Åñëè ðàçáèòü îêðóæ-
íîñòü íà êâàäðàòíûå ýëåìåíòû, òî
îíà áóäåò ñîñòîÿòü èç õîðä. Âåëè÷è-
íà õîðäû êîíòàêòèðóþùèõ ïîâåðõíî-
ñòåé âûáèðàëàñü ïî ïàðàìåòðó øåðî-
õîâàòîñòè ñîãëàñíî ðèñ. 3.

Êîíå÷íî-ýëåìåíòíàÿ 2D-ìîäåëü
ïîäøèïíèêà ñîñòîèò èç 51691 ýëå-
ìåíòîâ òèïà QUAD. Ðàçìåð ýëåìåí-
òîâ ðîëèêîâ — 0,34 ìì, ðàçìåð ýëå-
ìåíòîâ íàðóæíîãî êîëüöà — 1,03 ìì,
ðàçìåð ýëåìåíòîâ âíóòðåííåãî êîëü-

Ðèñ. 3. Âûáîð âåëè÷èíû õîðäû êîíòàêòíûõ ïîâåðõíîñòåé ïîäøèïíèêà

Ðèñ. 4. Êîíå÷íî-ýëåìåíòíàÿ ìîäåëü ïîäøèïíèêà
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öà — 1,00 ìì, ðàçìåð ýëåìåíòîâ æåñòêèõ òåë —
2,00 ìì. Çàêðåïëåíèå îñóùåñòâëÿëîñü â öåíòðå
ìàññ íàðóæíîãî æåñòêîãî òåëà. Íàãðóçêà ïðèêëà-
äûâàëàñü â öåíòð ìàññ âíóòðåííåãî æåñòêîãî òåëà
îò 0 äî 1000 êãñ.

Âòîðîé ðàñ÷åò — ìåëêàÿ ñåòêà. ×òîáû ïðîñëå-
äèòü âëèÿíèå ðàçìåðà ÊÝ-ñåòêè íà ðåçóëüòàòû
ðàñ÷åòà, áûë ïîâòîðåí ïðåäûäóùèé ðàñ÷åò ñ
óìåíüøåíèåì ñåòêè â äâà ðàçà.

Êîíå÷íî-ýëåìåíòíàÿ 2D-ìîäåëü ïîäøèïíèêà
ñîñòîèò èç 189546 ýëåìåíòîâ òèïà QUAD. Ðàçìåð

Ðèñ. 5 (íà÷àëî)

ýëåìåíòîâ ðîëèêîâ — 0,17 ìì, ðàçìåð ýëåìåíòîâ
íàðóæíîãî êîëüöà — 0,51 ìì, ðàçìåð ýëåìåíòîâ
âíóòðåííåãî êîëüöà — 0,49 ìì, ðàçìåð ýëåìåíòîâ
æåñòêèõ òåë — 2,00 ìì. Ñ ó÷åòîì òîãî, ÷òî ïåð-
âîíà÷àëüíîé çàäà÷åé ÿâëÿëîñü âûïîëíåíèå ñðàâ-
íèòåëüíîãî àíàëèçà ìîäåëåé, ðàçëè÷àþùèõñÿ
òîëüêî ïàðàìåòðàìè äèñêðåòèçàöèè, ê äâóì âàðè-
àíòàì ìîäåëåé ïðèêëàäûâàëèñü îäèíàêîâûå ãðà-
íè÷íûå óñëîâèÿ è íàãðóçêè (ðèñ. 4).

Ìîäåëèðîâàíèå ÊÝ-ìîäåëè ïîäøèïíèêà îñó-
ùåñòâëÿëîñü â ïðîãðàììíîé ñðåäå MSC.PATRAN.

à)
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Ðèñ. 5. Ìàêñèìàëüíûå íàïðÿæåíèÿ ñæàòèÿ (3 ãëàâíûå): à — êðóïíàÿ ñåòêà; á — ìåëêàÿ ñåòêà
á)

Ãðàíè÷íûå óñëîâèÿ, âðåìÿ ðàñ÷åòà, ìàòåðèà-
ëû, òèï è ñâîéñòâà ýëåìåíòîâ çàäàâàëèñü â «.key»
ôàéëå.

Óïðóãîïëàñòè÷åñêèé ðàñ÷åò âûïîëíÿëñÿ ñ èñ-
ïîëüçîâàíèåì êîäà LS-DYNA/explicit.

Äëÿ óäîáñòâà ìîäåëèðîâàíèÿ è îáðàáîòêè ðå-
çóëüòàòîâ â ïðîãðàììå LS-Dyna ïðèíÿòà ñëåäóþ-
ùàÿ ñèñòåìà åäèíèö:

• Ìàññà — [êã]
• Äëèíà — [ìì]
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• Âðåìÿ — [ìñ]
• Ñèëà  — [êÍ]
• Íàïðÿæåíèå — [êÍ/ìì2 = ÃÏà]
• Ýíåðãèÿ  — [(êã·ìì2)/ìc2 = Äæ]
• Ïëîòíîñòü  — [êã/ìì3]
• Óñêîðåíèå  — [ìì/ìñ2 ~ 102g]
• Ñêîðîñòü  — [ìì/ìc = ì/ñ]
Ðåçóëüòàòû ðàñ÷åòà ïðåäñòàâëåíû íà ðèñ. 5 è 6.

Âûâîäû

Âûïîëíåííîå ñîãëàñíî ìåòîäèêå óìåíüøåíèå
âûáðàííîé âåëè÷èíû ÊÝ-ñåòêè êîíòàêòèðóþùèõ
ïîâåðõíîñòåé ïî ïàðàìåòðó øåðîõîâàòîñòè íå âëè-
ÿåò íà ðåçóëüòàòû ðàñ÷åòà è ïîçâîëÿåò èñïîëüçî-
âàòü ìåíüøèé ðàñ÷åòíûé ðåñóðñ.

Ðàçðàáîòàííàÿ ìåòîäèêà äàåò âîçìîæíîñòü
îöåíèâàòü íàïðÿæåíèÿ è äåôîðìàöèè âðàùàþ-
ùèõñÿ äåòàëåé ïîäøèïíèêîâ êà÷åíèÿ ëþáîé ôîð-
ìû.

à)
Ðèñ. 6 (íà÷àëî)
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Ðèñ. 6. Ìàêñèìàëüíàÿ äåôîðìàöèÿ: à — êðóïíàÿ ñåòêà; á — ìåëêàÿ ñåòêà

á)

Ðàçðàáîòàííàÿ ìåòîäèêà ïîäõîäèò äëÿ âñåõ
âèäîâ ïëîñêèõ è òâåðäîòåëüíûõ êîíå÷íûõ ýëåìåí-
òîâ.
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Abstract

The presented work is devoted to the development
of a technique for selecting the finite element grid size
of the bearing rotating parts, contacting among
themselves, with account for the surface roughness for
strength calculation. It is customary in static
calculation to thicken finite elements in the area of
contact to ensure its accuracy. For the dynamic
calculation, where parts are rotating, this technique
does not work.

It is well known that reliability of machines and
mechanisms operation depends substantially on their
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bearing blocks operability. This is especially important
for aircraft engineering products as bearing blocks for
aircraft engines, reducers and other products are one
of the most critical components and, as a rule, limiting
their resources. The inter-rotor bearing is one of the
most problematic parts of the aircraft engine. While
revealing signs of defect of the inter-rotor bearing the
engine is removed from operation since this can lead
to rotors jamming and the engine failure. The main
cause of the rolling bearings failure under normal
conditions is occurrence of contact stresses and,
consequently, the rolling surfaces wear-out.
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Most of the known analytical calculating methods
of the contact compacting stress in bearings are based
on the Hertz theory of static contact of two bodies.
However, there is a number of simplifications for this
theory:

- no friction;
- the contact area is smaller compared to the

curvature radius;
- the contacting bodies materials are

homogeneous, isotropic and perfectly elastic.
Numerical calculation allows solving contact

problems without the Hertz theory simplification:
- friction simulation;
- accounting for nonlinear properties of the

material;
- accounting for the contacting surfaces roughness

by selecting finite element grid size.
The developed technique allows estimating stresses

and deformations of the rotating parts of rolling
bearings of any shape.

The purpose of the presented work consists in
determining the optimum size of finite elements for
dynamic calculation where the contacting parts are
rotatting.

Comparative evaluation of stresses and strains in
contact of rollers with raceways of the 5AV1002926R4
bearing in 2D statement of the two options was
performed:

- the size of a grid was selected with account for
the surface roughness of the contacting bodies;

- the grid size was reduce by half compared to the
first option.

The grid discreteness evaluation was performed
with the LS-DYNA software package.

The developed technique is suitable for all types
of planar and solid-state finite elements.

Keywords: inter-rotor bearing, surface roughness,
contact area, contact stresses.
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