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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ îäíèì èç ñïîñîáîâ ýêî-
íîìèè òîïëèâà íà ìîðñêîì òðàíñïîðòå åñòü 
èñïîëüçîâàíèå ãëàâíûõ ìàëîîáîðîòíûõ äèçåëü-
íûõ äâèãàòåëåé (ÌÎÄ)  íà äîëåâûõ ðåæèìàõ 
íàãðóæåíèÿ,  èçâåñòíûõ êàê «slow steaming». 
Äëÿ îáåñïå÷åíèÿ áîëåå ãèáêîãî óïðàâëåíèå 
ðåæèìîì ðàáîòû ãëàâíûõ äâèãàòåëåé (ÃÄ)  ïðî-
èçâîäèòåëÿìè ïîñòàâëÿþòñÿ ñèñòåìû TCCO 
(Turbocharger  Cut-Out),  ïîçâîëÿþùèå âûâîäèòü 
ãàçîòóðáîíàãíåòàòåëè (ÃÒÍ)  èç ýêñïëóàòàöèè,  
÷òî ïîâûøàåò ïðîèçâîäèòåëüíîñòü îñòàëüíûõ 
òóðáîêîìïðåññîðîâ è ñíèæàåò óäåëüíûé ðàñõîä 
òîïëèâà äî 6 ã/(êÂò⋅÷àñ)  [4].

Äâèãàòåëü ôèðìû MAN B&W 12K98MC,  
ðàáîòàþùèé â ñðåäíåì ïðè íàãðóçêå 40% 
íîìèíàëüíîé ýôôåêòèâíîé ìîùíîñòè Neí,  
ñýêîíîìèò îêîëî 1 ìëí. äîëëàðîâ ÑØÀ â ãîä,  
èñïîëüçóÿ ðåæèì ÒÑCÎ. 

Äëèòåëüíàÿ ðàáîòà äâèãàòåëÿ íà òàêèõ ðå-
æèìàõ, ïî ìíåíèþ ïðîèçâîäèòåëÿ [1], ïðèâîäèò 
ê èçìåíåíèþ áàëàíñà ñèë èíåðöèè è äàâëåíèÿ 
ãàçîâ, äåéñòâóþùèõ íà ãîëîâíûå ïîäøèïíèêè, 
è ïðèâîäèò ê èõ óñòàëîñòíîìó ïîâðåæäåíèþ. 
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ОБЕСПЕЧЕНИЕ НАДЕЖНОСТИ ГОЛОВНЫХ 
ПОДШИПНИКОВ СУДОВЫХ МАЛООБОРОТНЫХ 

ДВИГАТЕЛЕЙ, РАБОТАЮЩИХ НА РЕЖИМАХ ЧАСТИЧНЫХ 
НАГРУЗОК

Â ðàáîòå ïðèâåä¸í àíàëèç ïðè÷èí ïîâðåæäåíèÿ ãîëîâíûõ ïîäøèïíèêîâ ìàëîîáîðîò-
íûõ ñóäîâûõ äâèãàòåëåé ôèðìû MAN B&W, ïðåèìóùåñòâåííî ðàáîòàþùèõ íà ðåæèìàõ 
÷àñòè÷íûõ íàãðóçîê. Ïðåäñòàâëåíû ðåçóëüòàòû äèíàìè÷åñêîãî àíàëèçà óñëîâèé íàãðó-
æåíèÿ ïîäøèïíèêîâîãî óçëà íà ïðèìåðå äâèãàòåëÿ 12K98MC. Àâòîðàìè îïðîâåðãàåòñÿ 
ïðåäïîëîæåíèå íàëè÷èÿ ïîâðåæäåíèé àíòèôðèêöèîííîãî ñëîÿ ïîäøèïíèêîâ óñòàëîñò-
íîãî õàðàêòåðà. Ïðèâåäåíû ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ óñëîâèé êîíòàêòà 
ìîäåðíèçèðîâàííîãî âàðèàíòà íèæíåãî âêëàäûøà ãîëîâíîãî ïîäøèïíèêà. Ïðåäñòàâëåíû 
ðåçóëüòàòû èññëåäîâàíèÿ íàïðÿæ¸ííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ íèæíåãî âêëàäûøà 
è ðåêîìåíäàöèè ïî îïòèìèçàöèè åãî êîíñòðóêöèè. 

Êëþ÷åâûå ñëîâà: êðåéöêîïôíûé óçåë, øàòóí, ãîëîâíîé ïîäøèïíèê, ïîïåðå÷èíà
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ïðèâåëî ê ïîâðåæäåíèþ ðàáî÷åãî ñëîÿ â öåí-
òðàëüíîé îáëàñòè íèæíåãî âêëàäûøà ãîëîâíîãî 
ïîäøèïíèêà (ðèñ. 1).

Ðèñ. 1. Ïîâðåæäåíèÿ íèæíåãî âêëàäûøà ãîëîâíîãî ïîä-
øèïíèêà äèçåëÿ ÌÀN B&W ñåðèè Ê98

Àêòóàëüíîñòü èññëåäîâàíèÿ

Ïîäøèïíèêè â ñóäîâûõ äèçåëÿõ îòíîñÿòñÿ ê 
íàèáîëåå îòâåòñòâåííûì óçëàì. Èõ íåèñïðàâ-
íîñòü ÷àñòî ïðèâîäèò ê âíåçàïíûì îòêàçàì âñå-
ãî äâèãàòåëÿ. Íàèáîëüøåå ÷èñëî ïîâðåæäåíèé 
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ïðèõîäèòñÿ íà ãîëîâíûå ïîäøèïíèêè ÌÎÄ. 
Ýòî îáúÿñíÿåòñÿ òåì, ÷òî ãîëîâíûå ïîäøèï-
íèêè ðàáîòàþò â ñëîæíûõ óñëîâèÿõ. Êîëåáà-
òåëüíûé õàðàêòåð èõ ïåðåìåùåíèÿ ïî öàïôå íà 
íåáîëüøîé (îêîëî 30 °) óãîë è ìàëûå îêðóæíûå 
ñêîðîñòè (îêîëî 0,9 ì/ñ) íå ïîçâîëÿþò ñîçäàòü 
ãèäðîäèíàìè÷åñêèå óñëîâèÿ ñìàçêè.

Óäåëüíàÿ íàãðóçêà ãîëîâíûõ ïîäøèïíèêîâ 
ÌÎÄ ïî ìàêñèìàëüíûì äàâëåíèÿì ëåæèò â 
ïðåäåëàõ 9...13 ÌÏà, ïðèáëèæàÿñü ê âåðõíåìó 
óðîâíþ äîïóñòèìûõ íàãðóçîê. Ïðè ýòîì íàãðóç-
êà íîñèò óäàðíûé õàðàêòåð, ñîñðåäîòî÷åííûé íà 
15...20 ° ï. ê. â. Äàâëåíèÿ, ðàçâèâàåìûå â ñëîå 
ìàñëà, âäâîå ïðåâûøàþò ñðåäíþþ íàãðóçêó íà 
ïîäøèïíèê, ïîäâåðãàÿ àíòèôðèêöèîííûé ñëîé 
ìåñòíûì ñæàòèÿì äî 30 ÌÏà.

Êðîìå òîãî, â áîëüøèíñòâå ñóäîâûõ äèçåëåé 
ñèëà äàâëåíèÿ ãàçîâ íà ïîðøåíü îñòà¸òñÿ áîëü-
øå ñèë èíåðöèè ïîñòóïàòåëüíî äâèæóùèõñÿ 
äåòàëåé çà âåñü ïåðèîä ïîâîðîòà êîëåí÷àòîãî 
âàëà. Ýòî çàòðóäíÿåò ïîäà÷ó ìàñëà ïîä ïîïåðå-
÷èíó êðåéöêîïôà. Òîëüêî â íåêîòîðûõ ñóäîâûõ 
äèçåëÿõ ñîîòíîøåíèå ìåæäó ñèëàìè äàâëåíèÿ 
ãàçîâ è ñèëàìè èíåðöèè ïðèâîäèëè ê ïåðåêëàä-
êå çàçîðà â ãîëîâíîì ïîäøèïíèêå íà ïðîòÿæ¸í-
íîñòè 50 ... 80 ° äî ÂÌÒ. Ýòî îáëåã÷àåò ïîäà÷ó 
ìàñëà ïîä öàïôó ïîäøèïíèêà ïåðåä ïðèõîäîì 
ïîðøíÿ â ÂÌÒ, íî ñîçäà¸ò äèíàìè÷åñêèå íà-
ãðóçêè ïðè ïîñàäêå öàïôû íà ìåñòî.

Â ïåðâîå âðåìÿ ïîñëå ââåäåíèÿ íàääóâà â 
ìîùíûõ ìàëîîáîðîòíûõ äèçåëÿõ, êîãäà ïðè 
íåèçìåííîì äèàìåòðå öèëèíäðà ìîùíîñòü 
åãî âîçðàñòàëà íà 25 ... 30%, ïðîèçâîäèòåëè, 
ïîëàãàÿñü íà äîñòàòî÷íûé çàïàñ ïðî÷íîñòè 
äåòàëåé äâèæåíèÿ è ÖÏÃ, ñîõðàíèëè îñíîâíûå 
ðàçìåðû ýòèõ äåòàëåé íåèçìåííûìè. Îäíàêî, 
ïðè äàëüíåéøåì ïîâûøåíèè äàâëåíèÿ íàääóâà, 
à, ñëåäîâàòåëüíî, è óâåëè÷åíèè äàâëåíèé ðå è 
ðz çàïàñ ïðî÷íîñòè â íåêîòîðûõ óçëàõ äèçåëåé 
íàñòîëüêî óìåíüøèëñÿ, ÷òî ìåõàíè÷åñêàÿ íà-
ïðÿæ¸ííîñòü èõ ñòàëà ïðèáëèæàòüñÿ ê ãðàíèöå. 
Òàêèì óçëîì îêàçàëîñü ãîëîâíîå ñîåäèíåíèå 
ÌÎÄ.

Öåëü è îñíîâíûå çàäà÷è èññëåäîâàíèÿ

Öåëüþ èññëåäîâàíèÿ åñòü ïîâûøåíèå íà-
ä¸æíîñòè íèæíèõ âêëàäûøåé ãîëîâíûõ ïîä-
øèïíèêîâ ÌÎÄ, ðàáîòàþùèõ íà ðåæèìàõ 
÷àñòè÷íûõ íàãðóçîê ñ èñïîëüçîâàíèåì ñèñòåì 
ÒÑÎÎ. 

Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè íåîá-
õîäèìî:

– ïðîèçâåñòè àíàëèç ïðè÷èí,  âëèÿþùèõ 
íà èçíîñ íèæíèõ âêëàäûøåé ãîëîâíûõ ïîä-
øèïíèêîâ;

– èññëåäîâàòü âëèÿíèå óñëîâèé ýêñïëóàòà-
öèè íà õàðàêòåð èçìåíåíèÿ ñèë,  íàãðóæàþùèõ 
ïîïåðå÷èíó êðåéöêîïôà;

– ðàçðàáîòàòü òâåðäîòåëüíóþ ìîäåëü øàòóíà 
è ãîëîâíîãî ïîäøèïíèêà è ïðîèçâåñòè ñðàâíè-
òåëüíûé àíàëèç íàïðÿæ¸ííî-äåôîðìèðîâàííîãî 
ñîñòîÿíèÿ íèæíåãî âêëàäûøà äëÿ áàçîâîãî è 
íîâîãî âàðèàíòîâ êîíñòðóêöèè.

Ïðîèçâåä¸ííîå èññëåäîâàíèå ïðîèçâîäèëîñü 
íà ïðèìåðå ãëàâíîãî äâèãàòåëÿ MAN B&W 
12K98MC-C6 êîíòåéíåðîâîçà «Tianjin».

Îñíîâíûå ïîêàçàòåëè äâèãàòåëÿ:
– äèàìåòð öèëèíäðà D = 0,98 ì;
– õîä ïîðøíÿ H = 2,66 ì;
– ïîñòîÿííàÿ êðèâîøèïíî-øàòóííîãî ìå-

õàíèçìà   = 0,413;
– ìàññà ïîñòóïàòåëüíî äâèæóùèõñÿ äåòàëåé 

ÊØÌ îäíîãî öèëèíäðà mj = 18 149 êã;
– íîìèíàëüíàÿ ýôôåêòèâíàÿ ìîùíîñòü 

Neí = 68640 êÂò ïðè ÷àñòîòå âðàùåíèÿ êîëåí-
÷àòîãî âàëà ncí = 94 ìèí-1;

– ñðåäíåå ýôôåêòèâíîå äàâëåíèå ðå = 
1,95 ÌÏà;

– ìàêñ. äàâëåíèå ñãîðàíèÿ pz = 14,0 ÌÏà.

Èññëåäîâàíèå ñèë, äåéñòâóþùèõ íà ïîïåðå-
÷èíó êðåéöêîïôà

Îñíîâíîé ïåðåìåííîé ÊØÌ ÿâëÿåòñÿ óãîë 
ïîâîðîòà êðèâîøèïà   îò åãî èñõîäíîãî ïî-
ëîæåíèÿ. Ïåðåìåùåíèå ïîðøíÿ S è óãîë îò-
êëîíåíèÿ øàòóíà îò îñè öèëèíäðà   ñ÷èòàþòñÿ 
ôóíêöèÿìè ïåðåìåííîé ϕ.

Çàâèñèìîñòü ïåðåìåùåíèÿ è ñêîðîñòè ïîðø-
íÿ îò óãëà ïîâîðîòà êîëåí÷àòîãî âàëà îïðåäå-
ëÿåòñÿ ïî èçâåñòíûì âûðàæåíèÿì:

   
(1)

  
 (2)

ãäå R = H/2 – ðàäèóñ êðèâîøèïà;   – óãëîâàÿ 
ñêîðîñòü êîëåí÷àòîãî âàëà.

Ïîñëå äèôôåðåíöèðîâàíèÿ óðàâíåíèÿ (2)  
ïîëó÷àþò çàâèñèìîñòü óñêîðåíèÿ ïîðøíÿ îò 
óãëà ïîâîðîòà êîëåí÷àòîãî âàëà:

  
(3)

Ñõåìà ñèë, äåéñòâóþùèõ â ÊØÌ ïðåäñòàâ-
ëåíà íà ðèñ. 2. Äëÿ îöåíêè ñèë, äåéñòâóþùèõ íà 
ïîïåðå÷èíó êðåéöêîïôà, ïðîèçâåä¸ì ðàñ÷¸òû 
ñóììàðíîé ñèëû Ð, êîòîðàÿ ïðåäñòàâëÿåò ñîáîé 
àëãåáðàè÷åñêóþ ñóììó ñèë äàâëåíèÿ ãàçîâ Ðã 
è ñèë èíåðöèè Pj ïîñòóïàòåëüíî äâèæóùèõñÿ 
ìàññ äåòàëåé:

 
 (4)
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Ðèñ. 2. Ñõåìà ñèë,  äåéñòâóþùèõ â ÊØÌ

à á
Ðèñ. 3. Ðåçóëüòàòû ðàñ÷¸òà ñóììàðíîé ñèëû Ð,  äåéñòâóþùåé íà ïîïåðå÷èíó êðåéöêîïôà:

à – ðåæèì 100% Neí; á – ðåæèì 50% Neí; 
 – ñèëà äàâëåíèÿ ãàçîâ Ðã;  – ñèëà èíåðöèè Pj;  – ñóììàðíàÿ ñèëà Ð

20% (ðèñ. 4). Ïåðåêëàäêà øàòóíà (ëèíåéíàÿ è 
óãëîâàÿ ñêîðîñòè ðàâíû 0)  îñóùåñòâëÿåòñÿ â 
ïîëîæåíèÿõ êðèâîøèïà   = 90 ° è 270 °. Â ýòèõ 
òî÷êàõ î÷åâèäíî ïðîèñõîäèò ïîòåðÿ íåñóùåãî 
ãèäðîäèíàìè÷åñêîãî ñëîÿ ìàñëà è ðåæèì òðå-
íèÿ ïåðåõîäèò èç æèäêîñòíîãî â ãðàíè÷íûé. 
Îñîáî ïîäâåðæåíû òàêèì èçìåíåíèÿì ðåæèìà 
ñìàçêè ïîäøèïíèêè,  ðàáîòàþùèå ïðè íèçêèõ 
ñêîðîñòÿõ ñêîëüæåíèÿ (ðåæèìû ÷àñòè÷íûõ íà-
ãðóçîê). 

Áîëåå äåòàëüíûé àíàëèç ôîòîãðàôèè ïî-
âðåæäåíèÿ íèæíåãî âêëàäûøà ãîëîâíîãî ïîä-
øèïíèêà (ðèñ. 1)  óêàçûâàåò íà íàëè÷èå çàäèðîâ 
íà ðàáî÷åé ïîâåðõíîñòè è íàâîëàêèâàíèè ñëîÿ 
àíòèôðèêöèîííîãî ìàòåðèàëà â çîíó ìàñëî-

ðàñïðåäåëèòåëüíîé êàíàâêè. Ïðè äàëüíåéøåé 
ðàáîòå ïîäøèïíèêà ÷àñòè÷êè ìàòåðèàëà,  íàõî-
äÿùåãîñÿ â çîíå êàíàâêè îòäåëÿþòñÿ è âèçóàëü-
íî ñîçäàþò ýôôåêò óñòàëîñòíûõ ïîâðåæäåíèé.

Äëÿ îáåñïå÷åíèÿ íåîáõîäèìîãî óðîâíÿ íà-
ä¸æíîñòè ïîäøèïíèêîâ ñêîëüæåíèÿ, èñïîëü-
çóåìûõ â êðåéöêîïôíûõ óçëàõ ÌÎÄ, íåîáõî-
äèìî îáåñïå÷èòü óñëîâèÿ äëÿ îïòèìàëüíîãî 
ðàñïðåäåëåíèÿ êîíòàêòíûõ äàâëåíèé ïî èõ 
ïåðèìåòðó. Â íàñòîÿùåå âðåìÿ èñïûòûâàþòñÿ 
ìîäèôèöèðîâàííûå êîíñòðóêöèè âêëàäûøåé 
ïîäøèïíèêîâ ñêîëüæåíèÿ ôèðìîé MAN 
B&W[2,3]. Îäíàêî îíè íå áóäóò áûñòðî çàâåð-
øåíû, òàê êàê äèíàìèêà ðàçâèòèÿ óñòàëîñòíîãî 
ïîâðåæäåíèÿ çàíèìàåò îêîëî äâóõ ëåò.

Ðåçóëüòàòû ðàñ÷¸òîâ ïðèâåäåíû â ãðàôè÷å-
ñêîì âèäå (ðèñ. 3à è 3á) äëÿ äâóõ ðåæèìîâ ðàáî-
òû äâèãàòåëÿ (50 è 100% Neí), ðàáîòàþùåãî ïî 
ñêîðîñòíîé (âèíòîâîé)õàðàêòåðèñòèêå. Çíà÷å-
íèÿ ñèë äàâëåíèÿ ãàçîâ ïîëó÷åíû â ðåçóëüòàòå 
òåïëîâîãî ðàñ÷¸òà äâèãàòåëÿ (â äàííîé ðàáîòå 
íå ïðèâåäåíû). 

Ïîëó÷åííûå ãðàôè÷åñêèå çàâèñèìîñòè óêà-
çûâàþò íà òî, ÷òî âåêòîð ñèë, äåéñòâóþùèõ 
íà ãîëîâíîé ïîäøèïíèê, íå ìåíÿåò ñâîåãî 
íàïðàâëåíèÿ ïðè èññëåäóåìûõ ðåæèìàõ ðà-
áîòû äâèãàòåëÿ. Ýòîò ôàêò óêàçûâàåò î òîì, 
÷òî ïðèðîäà ïîâðåæäåíèÿ íèæíèõ âêëàäûøåé 
ãîëîâíûõ ïîäøèïíèêîâ íå óñòàëîñòíîãî ïðîèñ-
õîæäåíèÿ, êàê íà ýòî óêàçûâàåò ïðîèçâîäèòåëü 
[1,2,3], à ñâÿçàíà ñ íàðóøåíèåì ðåæèìà ñìàçêè. 
Ñíèæåíèå ýôôåêòèâíîé ìîùíîñòè äâèãàòåëÿ â 
2 ðàçà ïðèâîäèò ê ñíèæåíèþ ëèíåéíîé ñêî-
ðîñòè ñêîëüæåíèÿ ïîäøèïíèêà â ñðåäíåì íà 
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Ðèñ. 5. Òâåðäîòåëüíàÿ ìîäåëü øàòóíà äâèãàòåëÿ MAN 
B&W 12K98MC: 

1 – øàòóí; 2 – íèæíèé âêëàäûø ãîëîâíîãî ïîäøèïíèêà; 
3 – ïîïåðå÷èíà êðåéöêîïôà; 4 – âåðõíÿÿ êðûøêà øàòóíà

Êîíñòðóêöèÿ íèæíåãî âêëàäûøà â áàçî-
âîì è èññëåäóåìîì âàðèàíòàõ ïðèâåäåíà íà 
ðèñ. 6à è 6á. Ñóùåñòâåííûì íåäîñòàòêîì, 

Ðèñ. 4. Çàâèñèìîñòü óãëà îòêëîíåíèÿ øàòóíà β,  óãëîâîé ωø è ëèíåéíîé ϖø ñêîðîñòè ãîëîâíîãî ïîäøèïíèêà îò óãëà 
ïîâîðîòà êîëåí÷àòîãî âàëà ϕ (ñïëîøíàÿ ëèíèÿ – 100%Neí; øòðèõîâàÿ ëèíèÿ –100%Neí):

■ – ëèíåéíàÿ ñêîðîñòü vø; ● – óãëîâàÿ ñêîðîñòü ωø; ♦ – çàâèñèìîñòü β = f(ϕ)

Èññëåäîâàíèå íàïðÿæ¸ííî-äåôîðìèðîâàííîãî 
ñîñòîÿíèÿ (ÍÄÑ) ãîëîâíîãî ïîäøèïíèêà

Â íàñòîÿùåå âðåìÿ, íåäîñòàòî÷íîå ïðåä-
ñòàâëåíèå î ïðîöåññàõ, ïðîèñõîäÿùèõ â ïàðå 
«øèï-ïîäøèïíèê» êîìïåíñèðóåòñÿ ñèñòåìîé 
ïëàíîâûõ îñìîòðîâ ñâÿçàííûõ ñ ïðîñòîåì 
ñóäíà. Áîëåå òî÷íîå ïðåäñòàâëåíèå ìîæåò áûòü 
ïîëó÷åíî ñ ïîìîùüþ ñîâðåìåííûõ ìåòîäîâ 
ìîäåëèðîâàíèÿ, êîòîðûå ïîçâîëÿþò ó÷èòûâàòü 
çíà÷èòåëüíîå êîëè÷åñòâî ôàêòîðîâ, ïðèáëè-
æàÿ ñâîéñòâà ìîäåëè ê ñâîéñòâàì ðåàëüíîãî 
îáúåêòà.

Äëÿ èññëåäîâàíèÿ âëèÿíèÿ ðàçëè÷íûõ 
ôàêòîðîâ íà óñëîâèÿ ðàáîòû ãîëîâíûõ ïîä-
øèïíèêîâ, áûëà ðàçðàáîòàíà óïðîù¸ííàÿ 
3D- ìîäåëü ïîäøèïíèêîâîãî óçëà ãëàâíîãî 
äâèãàòåëÿ 12K98MC (ðèñ. 5). 

Öåëüþ ïðîâåäåíèÿ ðàñ÷¸òîâ ÿâëÿåòñÿ 
îïðåäåëåíèå âëèÿíèÿ ðåæèìà ýêñïëóàòàöèè 
äâèãàòåëÿ íà íàïðÿæ¸ííîå ñîñòîÿíèå â ìàòå-
ðèàëå ãîëîâíûõ ïîäøèïíèêîâ äâèãàòåëÿ è ðàç-
ðàáîòêà ðåêîìåíäàöèè ïî óñîâåðøåíñòâîâàíèþ 
êîíñòðóêöèè ïîäøèïíèêîâîãî óçëà.

Ðàçðàáîòàíà òâåðäîòåëüíàÿ ìîäåëü øàòóíà 
è ãîëîâíîãî ïîäøèïíèêà äâèãàòåëÿ 12K98MC, 
èìååò ñëåäóþùèå ãåîìåòðè÷åñêèå ïàðàìå-
òðû:

– äèàìåòð øåéêè dø = 880 ìì;
– øèðèíà øåéêè lø = 860 ìì;
– òîëùèíà âêëàäûøà t = 20 ìì;
– òîëùèíà àíòèôðèêöèîííîãî ñëîÿ tç = 

3,5 ìì (äëÿ ðàñ÷¸òîâ ïðèíèìàëèñü ñâîéñòâà 
ñïëàâà AlSn40);

– ìàêñèìàëüíî äîïóñòèìûé ðàäèàëüíûé 
çàçîð â ñîïðÿæåíèè ∆ = 0,3 ìì.
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êîòîðûé âëèÿåò íà ñíèæåíèå íåñóùåé ñïîñîá-
íîñòè ñìàçî÷íîãî ñëîÿ íà ÷àñòè÷íûõ ðåæèìàõ 
íàãðóæåíèÿ åñòü öåíòðàëüíàÿ ìàñëîðàñïðåäå-
ëèòåëüíàÿ êàíàâêà. Â óñëîâèÿõ ãèäðîäèíàìè-
÷åñêîãî ðåæèìà ñìàçêè òàêèå êîíñòðóêòèâíûå 
ýëåìåíòû ïðèâîäÿò ê ñíèæåíèþ ãðóçîïîäú¸ì-
íîñòè ñìàçî÷íîãî ñëîÿ è, â èòîãå, îêàçûâàþò 
áîëüøå íåãàòèâíûé ýôôåêò íà íàä¸æíîñòü 

à á
Ðèñ. 6. Íèæíèé âêëàäûø ãîëîâíîãî ïîäøèïíèêà:
à – (áàçîâûé âàðèàíò); á – (èññëåäóåìûé âàðèàíò)

Àíàëèçèðóÿ ïðåäñòàâëåííóþ èíôîðìàöèþ, 
íàìè áûëè ïðîâåäåíû èññëåäîâàíèÿ ìîäåðíè-
çèðîâàííîãî âàðèàíòà âêëàäûøà, êîíñòðóêöèÿ 
êîòîðîãî ïðåäñòàâëåíà íà ðèñ. 7. Îòëè÷èåì åãî 
îò êîíñòðóêöèè âêëàäûøà â áàçîâîì âàðèàíòå 
åñòü îòñóòñòâèå öåíòðàëüíîé ìàñëîðàñïðåäåëè-
òåëüíîé êàíàâêè â íàãðóæåííîé çîíå âêëàäû-
øà. Òàê æå, ñ öåëüþ îïðåäåëåíèÿ îïòèìàëüíîãî 
ðàñïîëîæåíèÿ îñåâûõ ìàñëîðàñïðåäåëèòåëüíûõ 
êàíàâîê, èç ðàñ÷¸òíîé ìîäåëè îíè áûëè èñ-
êëþ÷åíû. Ïî íàøåìó ìíåíèþ, íàèáîëåå îïòè-
ìàëüíûì ìåñòîì èõ èçãîòîâëåíèÿ åñòü ìåñòî 
ïåðåõîäà èç íàãðóæåííîé çîíû âêëàäûøà â 

а б
Ðèñ. 7. Ýïþðû ðàñïðåäåëåíèÿ ýêâèâàëåíòíûõ íàïðÿæåíèé (à)  è îòíîñèòåëüíûõ äåôîðìàöèé (á)  â îáú¸ìàõ ìàòåðèàëîâ 

íèæíåãî âêëàäûøà ãîëîâíîãî ïîäøèïíèêà

Çîíà ìàêñèìàëüíûõ äàâëåíèé âî âêëàäûøå 
ðàñïîëîæåíà â öåíòðå. Ðàñïîëîæåíèå è ãðàíèöû 
íàãðóæåííîé çîíû íèæíåãî âêëàäûøà ïðèâåäå-
íû íà ýïþðå (ðèñ. 8à). Íà ïåðèôåðèéíûõ ó÷àñò-
êàõ âêëàäûøà ñíèæåíèå äàâëåíèé âûçâàíî íà-
ëè÷èåì áîëåå ðàâíîìåðíîãî ðàñïðåäåëåíèÿ ñèë 

âñëåäñòâèå áîëüøåé ïîäàòëèâîñòè êîíñîëüíûõ 
÷àñòåé âåðõíåé ãîëîâêè øàòóíà. Íàëè÷èå êðàå-
âîãî ýôôåêòà (óâåëè÷åíèå íàïðÿæåíèé íà êðîì-
êàõ âêëàäûøà ñ îáåèõ ñòîðîí) âûçâàíî ìåíüøåé 
äåôîðìàöèåé ïîïåðå÷èíû íà ýòèõ ó÷àñòêàõ 
îò ñèëû, ÷òî ïåðåäà¸òñÿ îò øòîêà ïîðøíÿ. 

óçëîâ òðåíèÿ. Òàêæå, ïî ðåçóëüòàòàì àíàëèçà 
âêëàäûøåé ãîëîâíûõ ïîäøèïíèêîâ äàííîãî 
äâèãàòåëÿ áûëî óñòàíîâëåíî,  ÷òî ìàòåðèàë ó 
êðîìîê îñåâûõ ìàñëîðàñïðåäåëèòåëüíûõ êàíà-
âîê,  ðàñïîëîæåííûõ áëèæå ê öåíòó âêëàäûøà 
(óãîë 40°),  èñïûòûâàþò ïîâûøåííûå íàïðÿ-
æåíèÿ. Ýòî ïðèâîäèò ê ïîâðåæäåíèþ ðàáî÷åé 
ïîâåðõíîñòè âêëàäûøà íà ýòèõ ó÷àñòêàõ.

ñëàáîíàãðóæåííóþ (ýêâèâàëåíòíûå íàïðÿæå-
íèÿ ìåíåå 2,0 ...3,0 ÌÏà).

Ìàêñèìàëüíàÿ ñèëà,  äåéñòâóþùàÿ íà ïîïåðå-
÷èíó êðåéöêîïôà, ñîñòàâëÿåò Ð = 7755 êÍ è âîçíè-
êàåò ïðè ïîëîæåíèè êîëåí÷àòîãî âàëà ïîä óãëîì 
ϕ = 205 ° (β = 8 °).

Â ðåçóëüòàòå ïðîèçâåä¸ííûõ ÷èñëåííûõ ðàñ÷¸-
òîâ áûëî óñòàíîâëåíî, ÷òî ìàêñèìàëüíûå íàïðÿ-
æåíèÿ è îòíîñèòåëüíûå äåôîðìàöèè, ðàçâèâàåìûå 
â àíòèôðèêöèîííîì ìàòåðèàëå ïîäøèïíèêà, 
ñîñòàâëÿåò 28 ÌÏà è 22,5⋅10-3 ñîîòâåòñòâåííî 
(ðèñ. 7à, 7á). Ýòî ñâèäåòåëüñòâóåò î íàëè÷èè äåñÿ-
òèêðàòíîãî çàïàñà ïðî÷íîñòè â ñïëàâå AlSn40. 
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Ðåçóëüòàòû äåéñòâèÿ ýòîãî ýôôåêòà âèäíû íà 
ðàáî÷åé ïîâåðõíîñòè âêëàäûøà (ðèñ. 1). Äëÿ 
âèçóàëèçàöèè ãðàíèö íàãðóæåííîé çîíû ïðåä-
ñòàâëåíà èçîïîâåðõíîñòü ýïþðû ýêâèâàëåíòíûõ 
íàïðÿæåíèé, çíà÷åíèå êîòîðûõ íå ïðåâûøàåò 

а б
Ðèñ. 8. Ðàñïîëîæåíèå è ãðàíèöû íàãðóæåííîé çîíû íèæíåãî âêëàäûøà ãîëîâíîãî ïîäøèïíèêà: à – ýïþðà 

ýêâèâàëåíòíûõ íàïðÿæåíèé (âèä ñâåðõó); á – èçîïîâåðõíîñòü ýïþðû ýêâèâàëåíòíûõ íàïðÿæåíèé,  çíà÷åíèå êîòîðûõ 
ïðåâûøàåò 12 ÌÏà

Âûâîäû

Óñòàíîâëåíî,  ÷òî ïðè÷èíîé ïîâðåæäåíèÿ 
íèæíèõ âêëàäûøåé ãîëîâíûõ ïîäøèïíèêîâ 
ÌÎÄ ôèðìû MAN B&W åñòü íàðóøåíèå ãè-
äðîäèíàìè÷åñêîãî ðåæèìà ñìàçêè âñëåäñòâèå 
äëèòåëüíîé ýêñïëóàòàöèè íà ðåæèìå ÷àñòè÷íîé 
ìîùíîñòè. Óñòðàíåíèå äëèòåëüíîé ðàáîòû ïîä-
øèïíèêîâîãî óçëà â ðåæèìå ãðàíè÷íîé ñìàçêè 
âîçìîæíî èçìåíåíèåì ãåîìåòðèè ðàáî÷åé ïî-
âåðõíîñòè íèæíåãî âêëàäûøà ãîëîâíîãî ïîä-
øèïíèêà êðåéöêîïôíîãî óçëà.

Óñòàíîâëåíî,  ÷òî íà ðåæèìå ðàáîòû äâèãàòå-
ëÿ 12K98MC-C6 100% Neí íå âîçíèêàþò ñèëû 
â ÊØÌ, ñïîñîáñòâóþùèå ðàçãðóçêå íèæíåãî 
âêëàäûøà ãîëîâíîãî ïîäøèïíèêà.

Ïðåäëîæåííûé âàðèàíò êîíñòðóêöèè íèæ-
íåãî âêëàäûøà íà ðåæèìå ðàáîòû äâèãàòåëÿ 
100% Neí âîñïðèíèìàåò ìàêñèìàëüíûå íàïðÿ-
æåíèÿ è îòíîñèòåëüíûå äåôîðìàöèè â àíòè-

Â.Ï. Ñàâ÷óê, ª.Â. Á³ëîóñîâ, Î.ª. Ñàìàð³í, À.Ô. Ñ³ìàã³í. Çàáåçïå÷åííÿ íàä³éíîñò³ 
ãîëîâíèõ ï³äøèïíèê³â ñóäíîâèõ ìàëîîáåðòîâèõ äâèãóí³â, ùî ïðàöþþòü íà ðåæèìàõ 
÷àñòêîâèõ íàâàíòàæåíü

Ó ðîáîò³ íàâåäåíî àíàë³ç ïðè÷èí ïîøêîäæåííÿ ãîëîâíèõ ï³äøèïíèê³â ìàëîîáåðòîâèõ 
ñóäíîâèõ äâèãóí³â ô³ðìè MAN B & W, ùî ïåðåâàæíî ïðàöþþòü íà ðåæèìàõ ÷àñòêî-
âèõ íàâàíòàæåíü. Ïðåäñòàâëåí³ ðåçóëüòàòè äèíàì³÷íîãî àíàë³çó óìîâ íàâàíòàæåííÿ 
ï³äøèïíèêîâîãî âóçëà íà ïðèêëàä³ äâèãóíà 12K98MC. Àâòîðàìè ñïðîñòîâóºòüñÿ ïðèïó-
ùåííÿ íàÿâíîñò³ ïîøêîäæåíü àíòèôðèêö³éíîãî øàðó ï³äøèïíèê³â âòîìíîãî õàðàêòåðó. 
Íàâåäåíî ðåçóëüòàòè ÷èñåëüíîãî ìîäåëþâàííÿ óìîâ êîíòàêòó ìîäåðí³çîâàíîãî âàð³àíòó 
íèæíüîãî âêëàäèøà ãîëîâíîãî ï³äøèïíèêà. Ïðåäñòàâëåí³ ðåçóëüòàòè äîñë³äæåííÿ 
íàïðóæåíî-äåôîðìîâàíîãî ñòàíó íèæíüîãî âêëàäèøà ³ ðåêîìåíäàö³¿ ùîäî îïòèì³çàö³¿ 
éîãî êîíñòðóêö³¿.

Êëþ÷îâ³ ñëîâà: êðåéöêîïôíèé âóçîë, øàòóí, ãîëîâíèé ï³äøèïíèê, ïîïåðå÷èíà

12 ÌÏà (ðèñ. 8á). Â ðåçóëüòàòå óñòàíîâëåíî, ÷òî 
îïòèìàëüíûì ìåñòîì äëÿ èçãîòîâëåíèÿ îñåâûõ 
ìàñëîðàñïðåäåëèòåëüíûõ êàíàâîê åñòü ïîâåðõ-
íîñòü âêëàäûøà, íàõîäÿùàÿñÿ ïîä ñóììàðíûì 
óãëîì 68...72 °.

ôðèêöèîííîì ìàòåðèàëå ïîäøèïíèêà,  28 ÌÏà 
è 22,5•10-3 ñîîòâåòñòâåííî.

Îïòèìàëüíîå óãëîâîå ðàññòîÿíèå äëÿ ðàñ-
ïîëîæåíèÿ îñåâûõ ìàñëîðàñïðåäåëèòåëüíûõ 
êàíàâîê ñîñòàâëÿåò 68... 72 ° (40° áàçîâûé âà-
ðèàíò).
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V.P. Savchuk, Y.V. Bilousov, O.Y. Samarin, A.F. Simagin. Providing the reliability of 
the crosshead bearings of marine low-speed engines operating on the partial load ranges

The paper analyzes the causes of damage to the head bearings of low-speed marine engines of 
MAN B & W, mainly operating under partial load conditions. It has been established that diesel 
engines bearings with installed TCCO systems (Turbocharger Cut-Out) are the most damaging. 
TCCO systems allow gas turbochargers (TC) to be withdrawn from service in order to increase 
the productivity of the remaining turbochargers and reduce the specific fuel consumption. The 
results of a dynamic analysis of loading conditions for a bearing assembly are presented using 
the example of the 12K98MC engine for 100% and 50% Nen modes. It is established that the 
maximum force acting on the crosshead is 7755 kN and arises at the position of the crankshaft 
at an angle ϕ = 205 ° and the angle of deflection of the connecting rod β = 8 °. In the operating 
mode of the engine 12K98MC-C6 100% Nen, no forces occurs in the crank mechanism, which 
help unload the lower bearing of the head bearing. The authors refute the assumption that there 
are damages to the antifriction layer of fatigue bearing. It is assumed that the main cause of such 
damage is the violation of the hydrodynamic lubrication regime with a decrease in the engine 
speed of the crankshaft. It is indicated the need to change the design of the lower bearing shell of 
the head bearing in order to increase the bearing capacity. A simplified 3D model of connecting 
rod and crosshead bearing was developed without a central oil distribution groove. The results 
of numerical modeling of the contact conditions of the upgraded version of the lower bearing of 
the head bearing are presented and the character of stress distribution and deformation in the 
volumes of the AlSn40 antifriction material is studied. It is established that the maximum pres-
sure zones are located in the central part of the liner and in its peripheral areas. The obtained 
results of the investigation of the stressed-deformed state of the lower liner indicate the need to 
eliminate the axial oil distribution groove and the manufacture of axial oil distribution grooves 
under a total angle of 68 ... 72 °. The proposed version of the lower liner design at the engine 
operating mode of 100% Nen senses the maximum stresses and relative deformations in the bear-
ing antifriction material 28 MPa and 22,5 ½ 10-3 respectively.

Key words: crosshead assembly, connecting rod, crosshead bearing, crosshead.
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