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Â äâèãàòåëå âíóòðåííåãî ñãîðàíèÿ (ÄÂÑ) â ãîëîâêå öèëèíäðîâ è ïîðøíå âîçíèêàþò íàïðÿæåíèÿ 
îò äåéñòâèÿ ïåðåìåííîé ãàçîâîé ñèëû è îò ïåðåìåííîé òåìïåðàòóðû âñëåäñòâèå ñãîðàíèÿ òîïëè-
âà â êàìåðå ñãîðàíèÿ, ïðè ýòîì òåìïåðàòóðíûå íàïðÿæåíèÿ íàìíîãî ïðåâûøàþò íàïðÿæåíèÿ îò 
ñèëîâîé íàãðóçêè. Ïîýòîìó íà ñòàäèè ïðîåêòèðîâàíèÿ íîâîé êîíñòðóêöèè ÄÂÑ ïðîâîäÿò ðàñ÷åò 
íà äîëãîâå÷íîñòü òåïëîíàïðÿæåííûõ äåòàëåé, òàê êàê îíè ëèìèòèðóþò íàäåæíîñòü ïîðøíåâîãî 
äâèãàòåëÿ. Â ðàáîòå ðàññìîòðåíà ìåòîäèêà âûáîðà èñõîäíûõ äàííûõ ïðè ðàñ÷åòå òåïëîâîãî è 
íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ãîëîâêè öèëèíäðà äèçåëÿ ñ èñïîëüçîâàíèåì ìåòîäà 
êîíå÷íûõ ýëåìåíòîâ è ñ ïîìîùüþ ïðîãðàììíîãî êîìïëåêñà Solid Works. Îïèñàíû ýòàïû ñîçäàíèÿ 
è ïîäãîòîâêè òâåðäîòåëüíîé ìîäåëè ãîëîâêè öèëèíäðà äëÿ ñîçäàíèÿ êîíå÷íî-ýëåìåíòíîé ìîäåëè 
íà ïðèìåðå äèçåëÿ 8×Í12/13 (ÊàìÀÇ 740.75-440). Ðàññìîòðåíû îñíîâíûå íàãðóçêè, äåéñòâóþùèå 
íà ãîëîâêó öèëèíäðîâ â ïåðèîä ñáîðêè: óñèëèÿ îò çàïðåññîâêè ñåäåë è âòóëîê êëàïàíîâ, à òàêæå îò 
çàòÿæêè áîëòîâ êðåïëåíèÿ ãîëîâêè ê áëîê-êàðòåðó. Ôîðìà ýëåìåíòîâ äëÿ êîíå÷íî-ýëåìåíòíîé ìî-
äåëè ãîëîâêè öèëèíäðîâ âûáèðàëàñü èç óñëîâèÿ óìåíüøåíèÿ ðàñ÷åòíîãî âðåìåíè. Ýòîìó óñëîâèþ 
ïîäõîäèëè ôîðìà êîíå÷íîãî ýëåìåíòà â ôîðìå òåòðàýäðà ñ ÷åòûðüìÿ óçëîâûìè òî÷êàìè. Ýòè ýëå-
ìåíòû ïîçâîëÿëè óìåíüøèòü ðàñ÷åòíóþ ñåòêó â ñå÷åíèÿõ, íàïðèìåð, êîíöåíòðàöèè íàïðÿæåíèé. 
Ïîêàçàíî, ÷òî âûñîêî÷àñòîòíûå êîëåáàíèÿ òåìïåðàòóðû, êîòîðûå âîçíèêàþò âñëåäñòâèå ïðîòåêà-
íèÿ ðàáî÷åãî ïðîöåññà ïîðøíåâîãî äâèãàòåëÿ, íå îêàçûâàþò âëèÿíèÿ íà òåðìîïðî÷íîñòü ãîëîâêè 
öèëèíäðà, à âëèÿíèå îêàçûâàþò âûñîêî÷àñòîòíûå êîëåáàíèÿ òåìïåðàòóðû âñëåäñòâèå èçìåíåíèÿ 
ðåæèìîâ ðàáîòû äâèãàòåëÿ. Ïðèâåäåíû èçìåíåíèÿ îñíîâíûõ õàðàêòåðèñòèê àëþìèíèåâîãî ñïëà-
âà, èç êîòîðîãî èçãîòîâëåíà ãîëîâêà öèëèíäðîâ, ïðè èçìåíåíèè òåìïåðàòóðû è ïðè öèêëè÷åñêèõ 
òåðìîìåõàíè÷åñêèõ íàãðóæåíèÿõ íèçêîé ÷àñòîòû. Ïîêàçàíî, ÷òî ïðè ïîâûøåíèè òåìïåðàòóðû ñíè-
æàåòñÿ ïðåäåë âûíîñëèâîñòè ìàòåðèàëà ïðè íàãðóæåíèÿõ íèçêîé ÷àñòîòû.

Êëþ÷åâûå ñëîâà: ãîëîâêà öèëèíäðîâ, òåïëîâîå ñîñòîÿíèå, íàïðÿæåííî-äåôîðìèðîâàííîå ñî-
ñòîÿíèå, äèçåëü, êîíå÷íûé ýëåìåíò, àëþìèíèåâûé ñïëàâ.

Ââåäåíèå 
Ïðè ðàáîòå òðàíñïîðòíîãî äèçåëÿ íà íå-

óñòàíîâèâøèõñÿ ðåæèìàõ â ãîëîâêå öèëèíäðîâ 
è ïîðøíå âîçíèêàþò íàïðÿæåíèÿ íå òîëüêî îò 
ïåðåìåííîé ãàçîâîé ñèëû, íî è ïåðåìåííûå 
òåìïåðàòóðíûå íàïðÿæåíèÿ, âûçâàííûå ïåðå-
ïàäîì òåìïåðàòóð â îòäåëüíûõ ñå÷åíèÿõ ýòèõ 
äåòàëåé, òàê êàê òåïëîâîå ñîñòîÿíèå â êàìåðå 
ñãîðàíèÿ èçìåíÿåòñÿ âî âðåìåíè. Îòìåòèì, 
÷òî êàê ïîêàçûâàþò ðàñ÷åòû [1] ÷àñòî òåìïå-
ðàòóðíûå íàïðÿæåíèÿ òåïëîíàïðÿæåííûõ äå-
òàëåé íà ïîðÿäîê ïðåâûøàþò íàïðÿæåíèÿ îò 
ñèëîâûõ íàãðóçîê. Ïîýòîìó íà ñòàäèè ïðîåê-

òèðîâàíèÿ íîâîãî ïîðøíåâîãî äâèãàòåëÿ ñ çà-
äàííûìè â òåõíè÷åñêîì çàäàíèè ïîêàçàòåëÿìè 
äîëãîâå÷íîñòè ðàñ÷åòó èìåííî äîëãîâå÷íîñòè 
ãîëîâêè öèëèíäðîâ èëè ïîðøíÿ óäåëÿåòñÿ 
áîëüøîå âíèìàíèå.

Ðàññìîòðèì ìåòîäèêó âûáîðà èñõîäíûõ 
äàííûõ ïðè ðàñ÷åòå òåïëîâîãî è íàïðÿæåííî-
äåôîðìèðîâàííîãî ñîñòîÿíèÿ ãîëîâêè öèëèí-
äðà òðàíñïîðòíîãî äèçåëÿ ñ èñïîëüçîâàíèåì 
ìåòîäà êîíå÷íûõ ýëåìåíòîâ è ñ ïîìîùüþ ïðî-
ãðàììíîãî êîìïëåêñà Solid Works ñ ó÷åòîì õà-
ðàêòåðà íàãðóæåíèÿ ïðè ñáîðêå, à òàêæå â óñ-
ëîâèÿõ ýêñïëóàòàöèè.
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Öåëü èññëåäîâàíèÿ 
Ïðåäëîæèòü ìåòîäèêó âûáîðà èñõîäíûõ 

äàííûõ ïðè ðàñ÷åòå òåïëîâîãî è íàïðÿæåííî-
äåôîðìèðîâàííîãî ñîñòîÿíèÿ ãîëîâêè öèëèí-
äðîâ òðàíñïîðòíîãî äèçåëÿ æèäêîñòíîãî îõ-
ëàæäåíèÿ ñ ó÷åòîì íàãðóçîê, âîçíèêàþùèõ îò 
çàïðåññîâêè ñåäåë è âòóëîê êëàïàíîâ, óñòàíîâ-
êè ôîðñóíîê, çàêðåïëåíèÿ ãîëîâêè ïðè ñáîðêå, 
à òàêæå ïðè ðàáîòå äèçåëÿ â ýêñïëóàòàöèè.

Ïðåäëàãàåìûé ìåòîä 
èññëåäîâàíèé
Òàê êàê ðàñ÷åò ïðîâîäèòñÿ â ïðîãðàììíûõ 

êîìïëåêñàõ SolidWorks [2, 3], òî ïåðåä ïîñòðî-
åíèåì êîíå÷íî-ýëåìåíòíîé ìîäåëè (ÊÝÌ) íå-
îáõîäèìî ïîñòðîèòü òâåðäîòåëüíóþ 3D ìîäåëü 
ãîëîâêè öèëèíäðîâ (ÃÖ). Ïîñòðîåíèå 3D 
ìîäåëè ÃÖ ìîæåò ïðîâîäèòüñÿ òðåìÿ ñïîñîáà-
ìè: ïðÿìûì, îáðàòíûì è êîìáèíèðîâàííûì. 
Ïðÿìîé ñïîñîá ñîñòîèò â ïîñòðîåíèè òâåðäî-
òåëüíîé ìîäåëè ïî ÷åðòåæàì ÃÖ. Îáðàòíûé – â 
îïðåäåëåíèè ðàçìåðîâ è ïîñòðîåíèè 3D ìîäåëè 
ïî ãîòîâîìó èçäåëèþ. Ïîñêîëüêó ÃÖ ïðåä-
ñòàâëÿåò ñîáîé ñëîæíóþ ïðîñòðàíñòâåííóþ 
äåòàëü, èìåþùóþ ðàçâåòâëåííóþ âíóòðåííþþ 
ãåîìåòðèþ (ïîëîñòè îõëàæäåíèÿ, âïóñêíûå/âû-
ïóñêíûå êàíàëû, ìàñëÿíûå ìàãèñòðàëè), òî äëÿ 
íàèáîëåå òî÷íîãî ïîñòðîåíèÿ òâåðäîòåëüíîé 
ìîäåëè íåîáõîäèìî çíàòü òî÷íåå ðàçìåðû âíó-
òðåííèõ ïîëîñòåé. Ðàññìîòðèì ïîäðîáíåå êîì-
áèíèðîâàííûé ñïîñîá îïðåäåëåíèÿ ïàðàìåòðîâ 
íà ïðèìåðå ÃÖ äèçåëÿ 8×Í12/13 (ÊàìÀÇ 740.75-
440). Ãàáàðèòíûå ðàçìåðû è ðàçìåðû íàäñòðîéêè 
ÃÖ áåðóòñÿ ñ ÷åðòåæåé. Äëÿ óòî÷íåíèÿ ãåîìå-
òðèè âíóòðåííèõ ïîëîñòåé ãîëîâêó íåîáõîäèìî 
ðàçðåçàòü íà íåñêîëüêî ãîðèçîíòàëüíûõ ñëîåâ. 
Ïðè ýòîì íóæíî èìåòü â âèäó, ÷òî ðåæóùèé 
èíñòðóìåíò èìååò ñîáñòâåííóþ òîëùèíó, êîòî-
ðóþ íåîáõîäèìî ó÷èòûâàòü è êîìïåíñèðîâàòü 
ïðè ïîñòðîåíèè 3D ìîäåëè. Â ïðîòèâíîì ñëó÷àå 
ðåçóëüòèðóþùèå ðàçìåðû è ãåîìåòðèÿ áóäóò èñ-
êàæåíû. Â òî æå âðåìÿ óâåëè÷åíèå êîëè÷åñòâà 
ðàçðåçîâ ïîçâîëÿåò áîëåå òî÷íî ñìîäåëèðîâàòü 
âíóòðåííèå ïîëîñòè ÃÖ, âíîñÿ ïðè ýòîì ïî-
ãðåøíîñòü èç-çà ýêñòðàïîëÿöèè âûðåçàííîãî ìà-
òåðèàëà. Ïðè ïîñòðîåíèè 3D ìîäåëè íà îñíîâå 
ìåòîäà ðåâåðñ-èíæèíèðèíãà îñîáîå âíèìàíèå 
ñëåäóåò óäåëÿòü ðàñïîëîæåíèþ è êîððåêòíîñòè 
ïîñòàíîâêè ðàçìåðîâ ìåëêèõ ôàñîê, ñêðóãëåíèé, 
àâòîìàòè÷åñêè ïîñòðîåííûõ ïîâåðõíîñòåé (îïå-
ðàöèÿ âûòÿãèâàíèå ïî ñå÷åíèÿì ñ êðèâîé îáðà-
çóþùåé [2, 3]). Òàêæå ñëåäóåò îáðàùàòü âíèìà-
íèå íà ýëåìåíòû íóëåâîé òîëùèíû.

Íà ðèñ. 1 ïðèâåäåíû ýòàïû ñîçäàíèÿ òâåðäî-
òåëüíîé ìîäåëè ÃÖ äèçåëÿ 8×Í12/13 îáðàòíûì 
ñïîñîáîì – ïóòåì ðàçðåçà íà ïÿòü ñëîåâ.

 

 à á

Ðèñ. 1. Ðåçóëüòàò ïîñòðîåíèÿ òâåðäîòåëüíîé ìîäåëè: 
à – ðàçðåçàííàÿ íà 5 ñëîåâ ÃÖ, 

á – òâåðäîòåëüíàÿ 3D ìîäåëü ÃÖ

Íà îñíîâå ñîçäàííîé òâåðäîòåëüíîé òðåõ-
ìåðíîé ìîäåëè (ñì. ðèñ. 1, á) ñ èñïîëüçîâàíèåì 
ïðîãðàììíîãî êîìïëåêñà ÊÝ-ìîäåëèðîâàíèÿ 
SolidWorks Simulation ñòðîèòñÿ êîíå÷íî-ýëå-
ìåíòíàÿ ìîäåëü (ÊÝÌ) ÃÖ. Êàê ïîêàçàë îïûò 
èñïîëüçîâàíèÿ ÌÊÝ ïðè ðàñ÷åòå ÃÖ äèçåëÿ 
âîçäóøíîãî îõëàæäåíèÿ [1], íàèáîëåå öåëåñî-
îáðàçíî èñïîëüçîâàòü â ÊÝÌ ÷åòûðåõóçëîâûå 
òåòðàýäðû (ðèñ. 2), ïðèìåíåíèå êîòîðûõ ñïî-
ñîáñòâóåò óìåíüøåíèþ ðàñ÷åòíîãî âðåìåíè 
ïî ñðàâíåíèþ ñ äðóãèìè ÊÝ [1, 2], à òàêæå ïî-
çâîëÿåò áîëåå òî÷íî îïèñûâàòü ãåîìåòðèþ ÃÖ 
ïî ñðàâíåíèþ ñ ãåêñàýäðàìè èëè ïåíòàýäðàìè 
(âîñüìè è øåñòè óçëîâûìè ýëåìåíòàìè). 

Ðèñ. 2. ×åòûðåõóçëîâîé òåòðàýäð äëÿ ÊÝ

Ïðè ïîñòðîåíèè ÊÝÌ íåîáõîäèìî óìåíü-
øèòü ðàçìåð ñòîðîí ÊÝ â ìåñòàõ êîíöåíòðà-
öèè íàïðÿæåíèé (ìåæêëàïàííàÿ ïåðåìû÷êà, 
ïåðåìû÷êà ìåæäó òðóáîïðîâîäàìè è îòâåðñòè-
åì äëÿ óñòàíîâêè ôîðñóíêè è ò.ä.) è â ñå÷åíèÿõ 
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ðåçêîãî ïåðåïàäà òåìïåðàòóð. Ïîñëå ïîñòðîå-
íèÿ ÊÝÌ ÃÖ äèçåëÿ 8×Í 12/13 (740.75-440) ñî-
ñòîèò èç 28 005 êîíå÷íûõ ýëåìåíòîâ è 47 347 
óçëîâûõ òî÷åê (ðèñ. 3).

Ðèñ. 3. Êîíå÷íî-ýëåìåíòíàÿ ìîäåëü ÃÖ

Äëÿ îïðåäåëåíèÿ ìàêñèìàëüíîé òåìïåðà-
òóðû öèêëà íàãðóæåíèÿ íåîáõîäèìî çàäàòü 
õàðàêòåðèñòèêè ìàòåðèàëà, èç êîòîðîãî èç-
ãîòîâëåíà ÃÖ. Â äàííîì êîíêðåòíîì ñëó÷àå 
ÃÖ èçãîòàâëèâàåòñÿ èç àëþìèíèåâîãî ñïëàâà 
ÀÊ9÷ (ÀË4). 

Äëÿ ïðîâåäåíèÿ ðàñ÷åòîâ òåïëîíàïðÿæåí-
íîãî äåôîðìèðîâàííîãî ñîñòîÿíèÿ (ÒÍÄÑ) íå-
îáõîäèìî çíàòü íå òîëüêî îñíîâíûå õàðàêòåðè-
ñòèêè ìàòåðèàëà, íî òàêæå çàêîíû èçìåíåíèÿ 
ýòèõ õàðàêòåðèñòèê â çàâèñèìîñòè îò òåìïåðà-
òóðû. Èçìåíåíèÿ ìîäóëÿ óïðóãîñòè Å, ïðåäåëîâ 
ïðî÷íîñòè 

â
 è òåêó÷åñòè 

0,2
, êîýôôèöèåíòîâ 

ëèíåéíîãî òåïëîâîãî ðàñøèðåíèÿ  è òåïëîïðî-
âîäíîñòè  à òàêæå ìàññîâîé òåïëîåìêîñòè Ñ îò 
òåìïåðàòóðû Ò ïðèâåäåíû â òàáë. 1 [4].

Ïëîòíîñòü  = 2650 êã/ì3, êîýôôèöèåíò Ïó-
àññîíà  = 0,33.

Ìåõàíè÷åñêèå ñâîéñòâà àëþìèíèåâîãî 
ñïëàâà ÀÊ9÷ (ÀË4) ñóùåñòâåííî óõóäøàþò-
ñÿ ïðè íàãðåâå ñ 300 äî 423 °Ê. Ïðåäåë ïðî÷-
íîñòè 

â
 óìåíüøàåòñÿ ñ 317 ÌÏà äî 292 ÌÏà, 

ïðåäåë òåêó÷åñòè  – ñ 170 ÌÏà äî 130 ÌÏà, à 
ìîäóëü óïðóãîñòè Å – ñ 0,72·105 ÌÏà äî ïî÷òè 
0,66·105 ÌÏà [3] (ðèñ. 4). Âñå ýòî ïðèâîäèò ê 
ðåçêîìó ñíèæåíèþ äîëãîâå÷íîñòè ÃÖ.

Ðèñ. 4. Èçìåíåíèå ñâîéñòâ ñïëàâà ÀÊ9÷ (ÀË4) 
ïðè èçìåíåíèè òåìïåðàòóðû

Êîýôôèöèåíò òåïëîâîãî ðàñøèðåíèÿ  è êî-
ýôôèöèåíò òåïëîïðîâîäíîñòè  â ìåíüøåé ñòå-
ïåíè çàâèñÿò îò òåìïåðàòóðû.

Íà ðèñ. 5 ïðèâåäåíû ãðàôèêè ìàëîöèêëî-
âîé óñòàëîñòè àëþìèíèåâîãî ñïëàâà ïðè èçìå-
íåíèè òåìïåðàòóðû èñïûòûâàåìûõ îáðàçöîâ. 
Òàê êàê ÃÖ èñïûòûâàåò ïðè ðàáîòå äâèãàòåëÿ 
â ðåàëüíûõ óñëîâèÿõ òåðìîìåõàíè÷åñêèå íà-
ãðóæåíèÿ íèçêîé ÷àñòîòû, òî ðåçóëüòàòû, ïðè-
âåäåííûå íà ðèñ. 5, ìîãóò áûòü èñïîëüçîâàíû 
ïðè ðàñ÷åòå äîëãîâå÷íîñòè ÃÖ. Ïðàâîìåðíîñòü 
èñïîëüçîâàíèÿ ýòèõ äàííûõ äëÿ óñëîâèé áû-
ñòðîõîäíûõ äèçåëåé îáîñíîâàíà â ðàáîòå [4].

Ðèñ. 5. Óñòàëîñòíûå êðèâûå äëÿ ñïëàâà ïðè 
öèêëè÷åñêèõ òåðìîìåõàíè÷åñêèõ íàãðóæåíèÿõ 

íèçêîé ÷àñòîòû (1/30 Ãö)

Òàáëèöà 1
Èçìåíåíèå ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ àëþìèíèåâîãî ñïëàâà ÀÊ9÷ (ÀË4)

T, °Ê E, ÌÏà 
â
, ÌÏà 

0,2
, ÌÏà , 1/Ê , Âò/(ì ·°Ê) Ñ, Äæ/(êã ·°Ê)

293,16 72000 317 170 0,0000209 152 714

373,16 66900 307 150 0,0000217 155 755

423,16 66500 292 130 0,0000221 156 776
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Ðàçäåëèì óñëîâíî âñå íàïðÿæåíèÿ, âîçíè-
êàþùèå â ñå÷åíèÿõ ÃÖ îò ñáîðêè äî ðàáîòû 
äâèãàòåëÿ â ýêñïëóàòàöèè íà íàïðÿæåíèÿ, âû-
çâàííûå ìåõàíè÷åñêèì âîçäåéñòâèåì, à òàêæå 
âûçâàííûå ïåðåïàäîì òåìïåðàòóð:

à) íàïðÿæåíèÿ, âûçâàííûå ìåõàíè÷åñêèì 
âîçäåéñòâèåì íà ÃÖ:

– çàïðåññîâêà ñåäåë è âòóëîê êëàïàíîâ;
– çàòÿæêà ãàéêè èëè áîëòà êðåïëåíèÿ ôîð-

ñóíêè;
– çàòÿæêà áîëòîâ èëè øïèëåê êðåïëåíèÿ ÃÖ;
– ãàçîâîé ñèëû;
á) íàïðÿæåíèÿ, âûçâàííûå ïåðåïàäîì òåì-

ïåðàòóð â ñå÷åíèÿõ ÃÖ.
Ðàññìîòðèì áîëåå ïîäðîáíî, êàê îïðåäå-

ëèòü íàïðÿæåíèÿ, âûçâàííûå ìåõàíè÷åñêèì 
âîçäåéñòâèåì íà ÃÖ. 

Ðèñ. 6. Ñîïðÿæåíèå ïðè çàïðåññîâêå äâóõ 
öèëèíäðè÷åñêèõ äåòàëåé: 

1 – âíóòðåííÿÿ äåòàëü; 2 – âíåøíÿÿ äåòàëü

Ïðè çàïðåññîâêå ñåäåë è âòóëîê êëàïàíîâ 
íà ÃÖ îêàçûâàåò êîíòàêòíîå äàâëåíèå, òàê êàê 
îíè ñîåäèíÿþòñÿ ïðè ãîðÿ÷åé ïîñàäêå, ïðè ýòîì 
âíåøíèå äèàìåòðû ñåäåë è âòóëîê êëàïàíîâ 
áîëüøå äèàìåòðà îòâåðñòèÿ â ÃÖ, êóäà óñòà-
íàâëèâàþòñÿ ýòè äåòàëè (ðèñ. 6). Çàïðåññîâêà 
ìîæåò îñóùåñòâëÿòüñÿ ïîä äàâëåíèåì èëè çà 
ñ÷åò ðàçíîñòè òåìïåðàòóð äåòàëåé 1 è 2 (ñì. 
ðèñ. 6). Ïîñëå çàïðåññîâêè íà âíóòðåííåé ïî-
âåðõíîñòè äåòàëè 2 (ÃÖ) âîçíèêàåò êîíòàêòíîå 
äàâëåíèå, âåëè÷èíó êîòîðîãî ìîæíî îïðåäå-
ëèòü, èñïîëüçóÿ ðåøåíèå Ëàìå [5, 6], ïîñêîëüêó 
ñîïðÿãàåìûå äåòàëè èìåþò îäèíàêîâóþ äëèíó. 
Òàê êàê ñåäëà è âòóëêè êëàïàíîâ èçãîòîâëåíû èç 
ñåðîãî ÷óãóíà, à ÃÖ – èç àëþìèíèåâîãî ñïëàâà, 
òî íà êîíòàêòíîé ïîâåðõíîñòè âîçíèêàåò äîïîë-
íèòåëüíîå êîíòàêòíîå äàâëåíèå çà ñ÷åò ðàçíî-
ñòè α

Àë
 è α

Ñ× 
– êîýôôèöèåíòîâ ëèíåéíîãî òåì-

ïåðàòóðíîãî ðàñøèðåíèÿ àëþìèíèåâîãî ñïëàâà 
è ñåðîãî ÷óãóíà ñîîòâåòñòâåííî. Îêîí÷àòåëüíî 
êîíòàêòíîå äàâëåíèå p íà ïîâåðõíîñòè ÃÖ (ñì. 
ðèñ. 6 – äåòàëü 2) ðàâíî [6]: 

 

  2

2 2
1 2

1 22 2
1 21 2

1 11 1
1 1

t d
dp

k k
E Ek k

     


    
             

Àë Ñ×

,  (1)

ãäå  – ðàçíîñòü äèàìåòðîâ äåòàëåé (íàòÿã â 
ñîåäèíåíèè äåòàëåé 1 è 2) (ñì. ðèñ. 6); Àë  è 
Ñ×  – êîýôôèöèåíòû ëèíåéíîãî òåìïåðà-
òóðíîãî ðàñøèðåíèÿ àëþìèíèåâîãî ñïëàâà è 
ñåðîãî ÷óãóíà ñîîòâåòñòâåííî, 1/ãðàä; d – äèà-
ìåòð ïîñàäî÷íîé ïîâåðõíîñòè îòâåðñòèÿ â ÃÖ; 
d

2
 – âíåøíèé äèàìåòð ñåäëà èëè âòóëêè êëà-

ïàíà; E
1 

– ìîäóëü óïðóãîñòè ñåðîãî ÷óãóíà 
(äåòàëè 2), èç êîòîðîãî èçãîòîâëåíû ñåäëà è 
âòóëêè êëàïàíà; k

1
 = d

1
/d – îòíîøåíèå âíóòðåí-

íåãî äèàìåòðà ñåäëà èëè âòóëêè êëàïàíà ê äèà-
ìåòðó ïîñàäî÷íîé ïîâåðõíîñòè ÃÖ;  – êîýôôè-
öèåíò Ïóàññîíà äëÿ ñåðîãî ÷óãóíà; E

2
 – ìîäóëü 

äëÿ àëþìèíèåâîãî ñïëàâà äëÿ ÃÖ; k
2
 = d

2
/d – 

îòíîøåíèå äèàìåòðà ïîñàäî÷íîé ïîâåðõíîñòè 
ÃÖ ê óñëîâíîìó äèàìåòðó d

2
 (ïðèìåì, èñïîëü-

çóÿ ïðèíöèï Ñåí-Âåíàíà [6], ÷òî ñîïðÿãàåìûå 
äåòàëè èìåþò îäèíàêîâóþ òîëùèíó); 

2
 – êî-

ýôôèöèåíò Ïóàññîíà äëÿ ìàòåðèàëà ÃÖ.
Ïðè óñòàíîâêå ôîðñóíêè çàòÿãèâàåòñÿ 

ãàéêà, óñèëèå ïðè ýòîì ïðåäïîëàãàåòñÿ â âèäå 
ðàâíîìåðíî ðàñïðåäåëåííîãî äàâëåíèÿ â ïðå-
äåëàõ êîíóñà äàâëåíèÿ [5] ïî ìåñòó êîíòàêòà 
óïëîòíèòåëüíîé øàéáû ôîðñóíêè ñ îïîðíîé 
ïîâåðõíîñòüþ ÃÖ [5].

Åñëè îáîçíà÷èòü F
f
 – ïëîùàäü ïîâåðõíîñòè 

ôîðñóíêè íà âíóòðåííåé ïîâåðõíîñòè ÃÖ, ì2, 
òî íà ýòîé ïîâåðõíîñòè äåéñòâóåò ðàâíîìåðíî 
ðàñïðåäåëåííàÿ íàãðóçêà: 

 0g zp p p  , (2)

ãäå p
z
 – ìàêñèìàëüíîå äàâëåíèå ñãîðàíèÿ íà 

ðàñ÷åòíîì ðåæèìå, Ïà; p
0
 – àòìîñôåðíîå äàâ-

ëåíèå, Ïà.
Óñèëèÿ îò çàòÿæêè áîëòîâ êðåïëåíèÿ ãîëî-

âîê öèëèíäðîâ (â íàøåì ñëó÷àå ãîëîâêè öè-
ëèíäðîâ èíäèâèäóàëüíûå) îïðåäåëÿþòñÿ â çà-
âèñèìîñòè îò âåëè÷èíû ãàçîâîé ñèëû P

g
:

 0 ( )g z pP p p F   , (3)

ãäå p
z
 – ìàêñèìàëüíîå äàâëåíèå ñãîðàíèÿ íà 

ðàñ÷åòíîì ðåæèìå, Ïà; p
0
 – àòìîñôåðíîå äàâ-

ëåíèå, Ïà; F
p
 – ïëîùàäü ïîðøíÿ, ì2.
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Åñëè ãîëîâêà âûïîëíÿåòñÿ ìíîãîöèëèíäðî-
âîé (ÿâëÿåòñÿ îáùåé äëÿ íåñêîëüêèõ èëè âñåõ 
öèëèíäðîâ), òî Pg óìíîæàåòñÿ íà êîëè÷åñòâî 
öèëèíäðîâ.

Óñèëèå, ïðèõîäÿùåå íà îäèí áîëò, ñîîòâåò-
ñòâåííî ðàâíî:

 

0( )g z p
b

b b

P p p F
P

i i
 

  , (4)

ãäå i
b
 – êîëè÷åñòâî áîëòîâ, óäåðæèâàþùèõ ãî-

ëîâêó öèëèíäðîâ.
Óñèëèå çàòÿæêè áîëòà êðåïëåíèÿ ÃÖ ïðè çà-

äàííîì êîýôôèöèåíòå çàïàñà ïëîòíîñòè ñòûêà 
ν ðàâíî [5]:

 0 (1 ) bQ P      , (5)

ãäå χ – êîýôôèöèåíò îñíîâíîé íàãðóçêè ðåçü-
áîâîãî ñîåäèíåíèÿ (îáû÷íî χ = 0,2…0,4), è ïðè-
ëàãàåòñÿ â ÊÝÌ â âèäå ðàâíîìåðíî ðàñïðåäå-
ëåííîé íàãðóçêè ïî ïîâåðõíîñòè.

Äëÿ îáåñïå÷åíèÿ ïëîòíîñòè ñòûêà ìåæäó ÃÖ 
è áëîêîì öèëèíäðîâ ïðèíèìàþò ν = 1,2…2,5 – 
ïðè ìÿãêèõ ïðîêëàäêàõ; ν = 2,5…3,5 – ïðè ìå-
òàëëè÷åñêèõ ïðîêëàäêàõ; ν = 3,0…4,0 – ïðè 
ïëîñêèõ ìåòàëëè÷åñêèõ ïðîêëàäêàõ.

Êîýôôèöèåíò îñíîâíîé íàãðóçêè ìîæíî 
îïðåäåëèòü ðàñ÷åòíûì ïóòåì ïî ôîðìóëå [5]:

 ( )
d

d b


 

  



, (6)

ãäå d  – ñóììà êîýôôèöèåíòîâ ïîäàòëè-
âîñòè ñòÿãèâàåìûõ äåòàëåé (äåòàëåé ñèñòåìû 
êîðïóñà) [5]; ( )d b   – ñóììà êîýôôèöèåí-
òîâ ïîäàòëèâîñòè ñòÿãèâàåìûõ äåòàëåé è áîëòà 
(ðèñ. 7).

Êîýôôèöèåíò ïîäàòëèâîñòè òîíêîé λ
d
 ïðî-

ìåæóòî÷íîé äåòàëè (ïðîêëàäêè) îïðåäåëÿëèñü 
ïî ôîðìóëå:

 

1

2 2
1 0( )

4

d

d

l

E a l tg d
 

        

,  (7)

çäåñü l
1
 – òîëùèíà ïðîêëàäêè; a – âíåøíèé 

äèàìåòð îïîðíîé ïîâåðõíîñòè ãàéêè (ãîëîâêè 
áîëòà); tgα = 0,4…0,5 (äëÿ êîíóñà äàâëåíèÿ); 
d

0
 – äèàìåòð îòâåðñòèÿ ïîä áîëò; E

d
 – ìîäóëü 

óïðóãîñòè ïðîêëàäêè, Í/ì2.
Äëÿ îïðåäåëåíèÿ ñèëû äàâëåíèÿ ãàçîâ âû-

áèðàëîñü ìàêñèìàëüíîå äàâëåíèå ñãîðàíèÿ p
z
  

íà ðàñ÷åòíîì ðåæèìå ðàáîòû äâèãàòåëÿ. 

Äëÿ îïðåäåëåíèÿ òåìïåðàòóðíûõ íàïðÿæå-
íèé, âîçíèêàþùèõ â ñå÷åíèÿõ ÃÖ ïðè ðàáîòå 
äèçåëÿ íåîáõîäèìî ðåøåíèå íåñòàöèîíàðíîé 
çàäà÷è òåïëîïðîâîäíîñòè ñ âûáîðîì ãðàíè÷-
íûõ óñëîâèé, îïèñûâàþùèõ òåïëîâîå âçàè-
ìîäåéñòâèå ïîâåðõíîñòè ÃÖ è îêðóæàþùåé 
ñðåäîé [1], ÷òî ïîçâîëèò îïðåäåëèòü òåïëîíà-
ïðÿæåííîå ñîñòîÿíèå ÃÖ. Ïîñêîëüêó â ðàáîòå 
[1] ìåòîäèêà ðàñ÷åòà ðàññìîòðåí äîñòàòî÷íî 
ïîäðîáíî, òî â íàñòîÿùåé ðàáîòå ýòîò ðàñ÷åò 
íàìè íå ïðèâîäèòñÿ. 

Îòìåòèì òîëüêî, ÷òî èçìåíåíèå òåìïå-
ðàòóðû â ÃÖ, âûçâàííîå ðàáî÷èì ïðîöåññîì 
(âûñîêî÷àñòîòíûå êîëåáàíèÿ) íå îêàçûâàþò 
ñóùåñòâåííîãî âëèÿíèÿ íà ÍÄÑ ÃÖ. Ðàñ÷åò 
è ìîäåëèðîâàíèå ÍÄÑ ÃÖ ïðîâîäèòñÿ òîëüêî 
ïðè ðàáîòå äèçåëÿ íà ðàçëè÷íûõ ðåæèìàõ. 

Ñëîæíûé òåïëîîáìåí â ÊÑ äèçåëÿ íåñòàöè-
îíàðåí, ÷òî ñâÿçàíî ñ èçìåíåíèåì òåìïåðàòóð 
è äàâëåíèÿ ðàáî÷åãî òåëà íå òîëüêî â òå÷åíèå 
öèêëà, íî è ïðè ðàçëè÷íûõ ðåæèìàõ ðàáîòû. Ê 
òîìó æå òðàíñïîðòíûé äèçåëü 80...90 % âðåìå-
íè ðàáîòàåò íà íåóñòàíîâèâøèõñÿ ðåæèìàõ.

Çàêëþ÷åíèå
Ïðåäëàãàåìàÿ ìåòîäèêà âûáîðà èñõîäíûõ 

äàííûõ ïðè ðàñ÷åòå òåïëîâîãî è íàïðÿæåí-
íî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ãîëîâêè öè-
ëèíäðîâ òðàíñïîðòíîãî äèçåëÿ æèäêîñòíîãî 
îõëàæäåíèÿ ñ ó÷åòîì íàãðóçîê, âîçíèêàþùèõ 
îò çàïðåññîâêè ñåäåë è âòóëîê êëàïàíîâ, óñòà-

Ðèñ. 7. Ñõåìà êðåïëåíèÿ ãîëîâêè öèëèíäðà: 
1 – ÃÖ; 2 – ïðîêëàäêà; 3 – áëîê öèëèíäðîâ
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METHOD OF CALCULATING THE HEAT AND STRESS-DEFORMED STATE 
OF THE CYLINDER HEAD OF A TRANSPORT DIESEL WITH LIQUID COOLING

DSc in Engineering A.N. Gotz, V.S. Klevtsov
Vladimir State University named after Alexander Grigorievich and Nikolai Grigorievich Stoletovs (VlSU), Vladimir, Russia

hotz@mail.ru, ehanic2221@rambler.ru

In an internal combustion engine (ICE), stresses arise from the action of a variable gas force and from a 
variable temperature due to the combustion of fuel in the combustion chamber in the cylinder head and 
piston, while the thermal stresses are much higher than the stresses from the power load. Therefore, at 
the design stage of a new engine design, they are calculating the durability of heat-stressed parts, since 
they limit the reliability of a piston engine. The paper discusses the method of selecting source data 
when calculating the thermal and stress-strain state of the cylinder head of a diesel engine using the 
finite element method and using the Solid Works software package. The stages of creating and preparing 
a solid model of a cylinder head to create a finite element model are described using the example of 
the 8ChN12/13 diesel engine (KAMAZ 740.75-440). The main loads acting on the cylinder head during 
the assembly period are considered: efforts from pressing in valve seats and bushings, as well as from 
tightening the bolts for fastening the head to the crankcase. The shape of the elements for the finite 
element model of the cylinder head was chosen from the condition of reducing the estimated time. This 
condition was suited to the shape of a finite element in the form of a tetrahedron with four nodal points. 
These elements made it possible to reduce the computational grid in cross sections, for example, stress 
concentration. It is shown that high-frequency temperature fluctuations that occur as a result of the flow 
of the working process of a piston engine do not affect the thermal strength of the cylinder head, and 
high-frequency temperature fluctuations due to changes in the engine operating conditions affect. The 
changes in the basic characteristics of the aluminum alloy from which the cylinder head is made with 
temperature and cyclic thermomechanical loading of low frequency are given. It is shown that with in-
creasing temperature, the endurance limit of the material decreases at low frequency loads.

Keywords: cylinder head, thermal state, stress-strain state, diesel, final element, aluminum alloy.

íîâêè ôîðñóíîê, çàêðåïëåíèÿ ãîëîâêè ïðè 
ñáîðêå, à òàêæå ïðè ðàáîòå äèçåëÿ â ýêñïëó-
àòàöèè ïîçâîëÿåò ïðîâåñòè ðàñ÷åò íà ïðî÷-
íîñòü, à òàêæå ïðîãíîçèðîâàòü íàäåæíîñòü ÃÖ 
â ýêñïëóàòàöèè.

Ëèòåðàòóðà
1. Ãîö À.Í., Èâàí÷åíêî À.Á., Ïðûãóíîâ Ì.Ï., 

Ôðàíöóçîâ È.Â. Ìîäåëèðîâàíèå òåïëîíàïðÿæåí-
íîãî ñîñòîÿíèÿ ãîëîâêè öèëèíäðîâ òðàêòîðíîãî 
äèçåëÿ âîçäóøíîãî îõëàæäåíèÿ // Ôóíäàìåíòàëü-
íûå èññëåäîâàíèÿ. 2013. № 6–5. Ñ. 1061–1067. 
URL: http://fundamental-research.ru/ru/article/view 
?id=31686 (äàòà îáðàùåíèÿ: 26.07.2018).

2. Àëÿìîâñ êèé À.À. COSMOSWorks. Îñíîâû ðàñ-
÷åòà êîíñòðóêöèé íà ïðî÷íîñòü â ñðåäå Solid-
Works. Ì.: ÄÌÊ Ïðåññ, 2010. 784 ñ.

3. Àëÿìîâñ êèé À.À. Èíæåíåðíûå ðàñ÷åòû â Solid-
WorksSimulations. Ì.: ÄÌÊ Ïðåññ, 2010. 464 ñ. 

4. Àáðàì ÷ó ê Ô.È., Ìàð÷åíêî À.Ï., Ðàçëåéöåâ Í.Ô. 
è äð. Ñîâðåìåííûå äèçåëè: ïîâûøåíèå òîïëèâíîé 
ýêîíîìè÷íîñòè è äëèòåëüíîé ïðî÷íîñòè: Ïîä ðåä. 
À.Ô. Øåõîâöîâà. Ê.: Òåõíiêà, 1992. 272 ñ.

5. Èîñèëåâ è÷ Ã.Á., Ëåáåäåâ Ï.À., Ñòðåëÿåâ Â.Ñ. 
Ïðèêëàäíàÿ ìåõàíèêà. Ì.: Ìàøèíîñòðîåíèå, 
2013. 576 ñ.

6. Ãîö À.Í . ×èñëåííûå ìåòîäû ðàñ÷åòà â ýíåðãîìà-
øèíîñòðîåíèè: ó÷åáíîå ïîñîáèå. Ì.: ÔÎÐÓÌ: 
ÈÍÔÐÀ-Ì. 3-å èçä., èñïð. è äîï., 2017. 352 ñ.

References
1. Gots A.N., Ivanchenko A.B., Prigunov M.P., French 

I.V. Modeling of thermal stressed state of a cylinder 
head tractor diesel air cooled. Fundamental’nye issle-
dovaniya. 2013. № 6–5, pp. 1061–1067. URL: http://
fundamental-research.ru/ru/article/view?id=31686 
(date accessed: 26.07.2018). (in Russ.).

2. Alyamovsky, A.A. COSMOSWorks. Osnovy ra-
scheta konstrukcij na prochnost’ v srede Solid-
Works. [Fundamentals of structural analysis for 
durability in the environment of SolidWorks]. 
Moscow: DMK Press, 2010. 784 p.

3. Alyamovsky A.A. Inzhenernye raschety v Solid-
WorksSimulations. [Engineering calculations in 
SolidWorksSimulations.] Moscow: DMK Press, 
2010. 464 p.

4. Abramchuk F.I., Marchenko F.P., Razleytsev 
N.F. and other. Sovremennye dizeli: povyshenie 
toplivnoj ekonomichnosti i dlitel’noj prochnosti. 
[Modern diesel engines: improved fuel efficiency 
and a long strongly]. Edited by A. F. Shekhovtsova. 
Kiev: Tehnika, 1992. 272 p. 

5. Iosilevich G.B., Lebedev P.A., Streljaev V.S. 
Prikladnaya mekhanika. [Applied mechanics]. M.: 
Machine-building, 2013. 576 p. 

6. Gots A .N. Chislennye metody rascheta v energomashi-
nostroenii. [Numerical methods of calculation in power 
engineering]: textbook. Moscow: FORUM: INFRA-M. 
3rd edition, revised and expanded. 2017. 352 p.


