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Öèëèíäðîïîðøíåâàÿ ãðóïïà ÿâëÿåòñÿ îñíîâíûì óçëîì òðåíèÿ â äâèãàòåëå, íàêîòîðóþ ïðèõîäèòñÿ îñíîâíàÿ 
÷àñòü ìåõàíè÷åñêèõ ïîòåðü, ïîýòîìó åå ðàáîòà è êîíñòðóêöèÿ äîëæíû ðàññìàòðèâàòüñÿ è ñ òî÷êè çðåíèÿ òðè-
áîëîãèè. Çàäà÷à ïðîåêòèðîâàíèÿ öèëèíäðîïîðøíåâîé ãðóïïû êàê óçëà òðåíèÿ çàêëþ÷àåòñÿ â âûáîðå îñíîâíûõ 
ãåîìåòðè÷åñêèõ ðàçìåðîâ, ïðîôèëÿ íàïðàâëÿþùåé ÷àñòè â ïðîäîëüíîé è ïîïåðå÷íîé ïëîñêîñòÿõ, äèàìåòðàëü-
íîãî çàçîðà, êîîðäèíàò ðàñïîëîæåíèÿ ïîðøíåâîãî ïàëüöà è öåíòðà ìàññ. Ðåøåíèå ýòèõ çàäà÷ íàõîäèòñÿ â ïðÿ-
ìîé çàâèñèìîñòè îò âîçìîæíîñòè èññëåäîâàíèÿ ñëîæíîãî ïëîñêîïàðàëëåëüíîãî äâèæåíèÿ ïîðøíÿ â ïðåäåëàõ 
çàçîðà ïîðøåíü – ãèëüçà öèëèíäðà â ñëîå ñìàçêè. Â íàñòîÿùåå âðåìÿ âñå áîëüøåå ðàñïðîñòðàíåíèå ó ôîðñèðî-
âàííûõ äèçåëåé, èìåþùèõ ïîâûøåííûå íàãðóçêè íà öèëèíäðîïîðøíåâóþ ãðóïïó, ïîëó÷àþò ñîñòàâíûå ïîðø-
íè. Èññëåäîâàíèå äâèæåíèÿ ñîñòàâíîãî ïîðøíÿ äîëæíî âêëþ÷àòü â ñåáÿ ðåøåíèå âçàèìîñâÿçàííûõ çàäà÷: èñ-
ñëåäîâàíèå äâèæåíèÿ ãîëîâêè ïîðøíÿ ñ êîìïëåêòîì ïîðøíåâûõ êîëåö è èññëåäîâàíèå äâèæåíèÿ þáêè ïîðøíÿ 
ñ ó÷åòîì âëèÿíèÿ íà íåãî êà÷àòåëüíîãî äâèæåíèÿ øàòóíà. Â ñòàòüå ïðèâîäèòñÿ âûâîä óðàâíåíèé äâèæåíèÿ âñåõ 
ñîñòàâíûõ ÷àñòåé ïîðøíÿ è øàòóíà. Ñîâìåñòíîå èõ ðåøåíèå è ïîëó÷åííûå ðàñ÷åòíûå óðàâíåíèÿ ïîçâîëÿþò 
èññëåäîâàòü ïîïåðå÷íîå äâèæåíèå ãîëîâêè ñîñòàâíîãî ïîðøíÿ è îöåíèòü ðàáîòó ïîðøíåâûõ êîëåö, à òàêæå 
ñ ó÷åòîì ãèäðîäèíàìè÷åñêîé ñìàçêè þáêè ïðîâîäèòü êîìïëåêñíîå èññëåäîâàíèå ñîñòîÿíèÿ þáêè ñîñòàâíîãî 
ïîðøíÿ è, â ïåðâóþ î÷åðåäü, âûïîëíÿòü èññëåäîâàíèÿ âëèÿíèÿ îñíîâíûõ åå êîíñòðóêòèâíûõ ïàðàìåòðîâ íà 
óñëîâèÿ ãèäðîäèíàìè÷åñêîé ñìàçêè.Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ïîçâîëèò íà îñíîâå êîìïëåêñíîãî 
èññëåäîâàíèÿ âëèÿíèÿ âûøåïåðå÷èñëåííûõ ïàðàìåòðîâ ðàçðàáîòàòü êîíñòðóêöèþ ñîñòàâíîãî ïîðøíÿ, îáåñïå-
÷èâàþùóþ âûñîêèå òåõíèêî-ýêîíîìè÷åñêèå ïîêàçàòåëè äâèãàòåëÿ.
Êëþ÷åâûå ñëîâà: äèçåëü, ñîñòàâíîé ïîðøåíü, ãèäðîäèíàìè÷åñêàÿ ñìàçêà, öèëèíäðîïîðøíåâàÿ ãðóïïà, òðåíèå.

Cylinder piston group is the main part of friction in the engine, where usually mechanical losses appear, that is why 
its work and design should be considered from the point of view of tribology. The task of designing a cylinder – piston 
group as a friction unit is to select the basic geometric dimensions, the profile of the guide part in the longitudinal 
and transverse planes, the diametric gap, the coordinates of the piston pin arrangement and the center of mass. The 
solution of these problems is directly dependent on the possibility of studying the complex plane-parallel motion of 
the piston within the piston-cylinder liner clearance in the lubricant layer. At present, compound pistons are gaining 
traction from forced diesel engines with increased loads on the cylinder-piston group. The study of the movement 
of the compound pis-ton must include the solution of interrelated tasks: the investigation of the motion of the piston 
crown with a set of piston rings and the study of the motion of the piston skirt, taking into account the effect of the 
rocking motion of the connecting rod on it. The derivation of the equations of motion of all components of the piston 
and connecting rod is given in the article. Their combined solution and the resulting equations allow us to investigate 
the transverse motion of the crown of the composite piston and to evaluate the operation of the piston rings, and also 
taking into account the hydrodynamic lubrication of the skirt, to carry out a comprehensive study of the state of the 
skirt of the compound piston and, first and foremost, to investigate the influence of its basic design parameters on 
the conditions of the hydrodynamic grease. The developed mathematical model will allow on the basis of complex 
research the influence of the above parameters to develop a composite piston design that provides high technical and 
economic parameters of the engine.
Keywords: diesel, composite piston, hydrodynamic lubrication, cylinder piston group, friction.
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Ââåäåíèå
Ïîâûøåíèå òåõíèêî-ýêîíîìè÷åñêèõ ïîêàçà-

òåëåé àâòîìîáèëüíûõ è òðàêòîðíûõ äâèãàòåëåé 
â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿåòñÿ ñîâåðøåí-
ñòâîì êîíñòðóêöèè öèëèíäðîïîðøíåâîé ãðóïïû 
è, â ïåðâóþ î÷åðåäü, ïîðøíÿ. Ñîâðåìåííûå òåí-
äåíöèè ðàçâèòèÿ äâèãàòåëåé, à èìåííî, ôîðñèðî-
âàíèå èõ ïî ñðåäíåìó ýôôåêòèâíîìó äàâëåíèþ 
è ÷àñòîòå âðàùåíèÿ ïðè îäíîâðåìåííîì ñòðåì-
ëåíèè óìåíüøèòü óäåëüíóþ ìàññó íà åäèíèöó 
ìîùíîñòè, òðåáóþò òùàòåëüíîé ïðîðàáîòêè êîí-
ñòðóêöèè ïîðøíÿ, îáåñïå÷åíèÿ åãî áîëåå âûñîêèõ 
ïðî÷íîñòíûõ êà÷åñòâ è ýêñïëóàòàöèîííîé íàäåæ-
íîñòè. Â íàñòîÿùåå âðåìÿ óðîâåíü êîíñòðóêòîð-
ñêèõ ðàçðàáîòîê, îïèðàþùèõñÿ íà ñîâðåìåííûå 
ìåòîäû ïðî÷íîñòíûõ ðàñ÷åòîâ, äîñòàòî÷íî âûñîê, 
è äàëüíåéøåå ñîâåðøåíñòâîâàíèå ïîðøíåé âîç-
ìîæíî òîëüêî íà îñíîâå èçó÷åíèÿ è ïîíèìàíèÿ 
âñåãî êîìïëåêñà ôèçè÷åñêèõ ïðîöåññîâ, ïðîèñõî-
äÿùèõ â öèëèíäðîïîðøíåâîé ãðóïïå.

Öèëèíäðîïîðøíåâàÿ ãðóïïà ÿâëÿåòñÿ îñíîâ-
íûì óçëîì òðåíèÿ â äâèãàòåëå, íà êîòîðóþ ïðè-
õîäèòñÿ îñíîâíàÿ ÷àñòü ìåõàíè÷åñêèõ ïîòåðü, è 
ïîýòîìó åå ðàáîòà, êîíñòðóêöèÿ, ýêñïëóàòàöèîí-
íûå õàðàêòåðèñòèêè äîëæíû ðàññìàòðèâàòüñÿ íå 
òîëüêî ñ ïîçèöèè îáåñïå÷åíèÿ ïðî÷íîñòè, òåïëî-
âîãî ñîñòîÿíèÿ, îðãàíèçàöèè ðàáî÷åãî ïðîöåññà, 
íî è ñ òî÷êè çðåíèÿ òðèáîëîãèè. Çàäà÷à ïðîåêòè-
ðîâàíèÿ öèëèíäðîïîðøíåâîé ãðóïïû êàê óçëà 
òðåíèÿ çàêëþ÷àåòñÿ â âûáîðå îñíîâíûõ ãåîìå-
òðè÷åñêèõ ðàçìåðîâ, ïðîôèëÿ íàïðàâëÿþùåé 
÷àñòè â ïðîäîëüíîé è ïîïåðå÷íîé ïëîñêîñòÿõ, 
äèàìåòðàëüíîãî çàçîðà, êîîðäèíàò ðàñïîëîæåíèÿ 
ïîðøíåâîãî ïàëüöà è öåíòðà ìàññ. Ïðè ýòîì, îñî-
áåííîñòüþ ðàáîòû ïîðøíÿ ÿâëÿåòñÿ òî, ÷òî îí 
ðàáîòàåò â ñëîå ñìàçêè, ðàçäåëÿþùåì òðóùèåñÿ 
ïîâåðõíîñòè, è íàõîäèòñÿ íå òîëüêî ïîä äåéñòâè-
åì òåïëîâîé è ìåõàíè÷åñêîé íàãðóçîê, ïðèâîäÿ-
ùèõ ê âîçíèêíîâåíèþ äåôîðìàöèé, èçìåíåíèþ 
çàçîðîâ â ñîïðÿæåíèè ïîðøåíü – ãèëüçà, ñìåùå-
íèþ öåíòðîâ ïðèëîæåíèÿ ãèäðîäèíàìè÷åñêèõ 
ðåàêöèé, íî è äîïîëíèòåëüíîé äåôîðìàöèè þáêè 
ïîðøíÿ îò ýòèõ ðåàêöèé [1–5]. Ðåøåíèå ýòèõ 
çàäà÷ íàõîäèòñÿ â ïðÿìîé çàâèñèìîñòè îò âîç-
ìîæíîñòè èññëåäîâàíèÿ ñëîæíîãî ïëîñêîïàðàë-
ëåëüíîãî äâèæåíèÿ ïîðøíÿ â ïðåäåëàõ çàçîðà 
ïîðøåíü – ãèëüçà [6]. Ýòà çàäà÷à ðåøàëàñü àâ-
òîðàìè â èññëåäîâàíèè [7] äëÿ òðàäèöèîííîãî 
öåëüíîàëþìèíèåâîãî ïîðøíÿ áåíçèíîâîãî äâè-
ãàòåëÿ è ìàòåìàòè÷åñêàÿ ìîäåëü, ïðåäñòàâëåííàÿ 
â ñòàòüå [7], ó÷èòûâàëà áîëüøèíñòâî ôàêòîðîâ, 
âëèÿþùèõ íà ïðîäîëüíîå è ïîïåðå÷íîå ïåðåìå-
ùåíèå ïîðøíÿ â öèëèíäðå.

Öåëü èññëåäîâàíèÿ
Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ ìàòåìàòè÷å-

ñêîå ìîäåëèðîâàíèå äèíàìèêè äâèæåíèÿ ñî-
ñòàâíîãî ïîðøíÿ â öèëèíäðå äâèãàòåëÿ âíó-
òðåííåãî ñãîðàíèÿ.

Ìàòåðèàëû, ìåòîäû èññëåäîâàíèÿ 
è ðåçóëüòàòû
Â íàñòîÿùåå âðåìÿ âñå áîëüøåå ðàñïðîñòðà-

íåíèå ó ôîðñèðîâàííûõ äèçåëåé, èìåþùèõ ïî-
âûøåííûå íàãðóçêè íà öèëèíäðîïîðøíåâóþ 
ãðóïïó, ïîëó÷àþò ñîñòàâíûå ïîðøíè [8]. Ýòè 
ïîðøíè ïðåäñòàâëÿþò ñîñòàâíóþ êîíñòðóê-
öèþ èç òðåõ îñíîâíûõ ýëåìåíòîâ: ãîëîâêè 
ïîðøíÿ, þáêè ïîðøíÿ è ïîðøíåâîãî ïàëüöà. 
Èçîáðàæåíèå ðàññìàòðèâàåìîãî ïîðøíÿ ïðåä-
ñòàâëåíî íà ðèñ. 1.

Èññëåäîâàíèå äâèæåíèÿ ñîñòàâíîãî ïîðøíÿ 
äîëæíî âêëþ÷àòü â ñåáÿ ðåøåíèå âçàèìîñâÿ-
çàííûõ çàäà÷: èññëåäîâàíèå äâèæåíèÿ ãîëîâêè 
ïîðøíÿ ñ êîìïëåêòîì ïîðøíåâûõ êîëåö è èññëå-
äîâàíèå äâèæåíèÿ þáêè ïîðøíÿ ñ ó÷åòîì âëèÿ-
íèÿ íà íåãî êà÷àòåëüíîãî äâèæåíèÿ øàòóíà.

Ñîñòàâèì ñèñòåìû óðàâíåíèé, îïèñûâàþ-
ùèõ äâèæåíèÿ äåòàëåé ïîðøíåâîé ãðóïïû è 
øàòóíà.

Óðàâíåíèÿ, îïèñûâàþùèå äâèæåíèå ãîëîâ-
êè ïîðøíÿ, ïîëó÷èì, èñïîëüçóÿ âòîðîé çàêîí 
Íüþòîíà äëÿ ðàñ÷åòíîé ñõåìû, ïðåäñòàâëåí-
íîé íà ðèñ. 2.

1 1

1 1

1 1

1

cos cos  

sin sin  

( cos ) ( sin )

,

K

K

K

n n
i iÃ

ãàç Ã ÊÃõ ÏÃõ Ã ãàç K jx
i i

n n
i iÃ
ÊÃz ãàç Ã ÏÃz ãàç K jz

i i

n n
i i i i
ÊÃz K Ã Ãx ÊÃx K Ã Ãz

i i

n
i

ÏÃz Ãx ÏÃõ Ãz ãàç Ãz ãàç Ãz Ã Ã
i

F F F G F F

F F F F F

F H R F H R

F R F R F l F l J





 

 

 




      

     


     

     

 

 

 

 












 

 

(1)

Ðèñ. 1. Êîíñòðóêöèÿ ïîðøíÿ
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ãäå ãàçF  – ñèëà äàâëåíèÿ ãàçà íà äíèùå 
ïîðøíÿ; i

ÊÃõF , i
ÊÃzF  – ïðîåêöèÿ íà îñü x è z 

ñîîòâåòñòâåííî ñèëû, äåéñòâóþùåé ñî ñòî-
ðîíû i-ãî ïîðøíåâîãî êîëüöà íà ãîëîâêó 
ïîðøíÿ; ÏÃõF , ÏÃzF  – ïðîåêöèÿ íà îñü x è z, 
ñîîòâåòñòâåííî, ñèëû, äåéñòâóþùåé ñî ñòî-
ðîíû ïîðøíåâîãî ïàëüöà íà ãîëîâêó ïîðøíÿ; 

K

i
ãàçF


 – ñèëà äàâëåíèÿ ãàçà, âîçäåéñòâóþùàÿ 

íà ãîëîâêó ïîðøíÿ ÷åðåç ïîâåðõíîñòü ïîðøíå-
âîé êàíàâêè; Ã

jxF , Ã
jzF  – ñèëû èíåðöèè ãîëîâêè 

ïîðøíÿ ïî îñè x è z; ÃG  – ñèëà òÿæåñòè ãî-
ëîâêè ïîðøíÿ; ÃJ  – ìîìåíò èíåðöèè ãîëîâ-
êè ïîðøíÿ îòíîñèòåëüíî öåíòðà ìàññ ÃO ; 

Ã  – óãîë íàêëîíà ãîëîâêè ïîðøíÿ; Ã  – óãëî-
âîå óñêîðåíèå ãîëîâêè ïîðøíÿ.

Ó÷èòûâàÿ ìàëûå çíà÷åíèÿ óãëîâ íàêëîíà ãî-
ëîâêè ïîðøíÿ (γ < 1°), ìîæíî äîïóñòèòü, ÷òî 
cos 1; sinÃ Ã Ã     .
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ÏÃz ÊÃz ãàç Ã jz ãàç Ã
i i

F F F F G F

F F F F F





 

 

    

     

 

 

Ã

Ã

Ñèëû èíåðöèè ãîëîâêè ïîðøíÿ ïî îñè x è z:

;

,

jx O

jz O

F m x

F m z









Ã

Ã

Ã
Ã

Ã
Ã

ãäå m
Ã
 – ìàññà ãîëîâêè ïîðøíÿ.

2

2

;

,

Ã

Ã

Î Î Ã Ãõ Ã Ãz

Î Î Ã Ãz Ã Ãx

x x R R

z z R R

    

    

   

   

ãäå

2 2

cos( );

sin( );

,

Ãõ Ã Ã Ã

Ãz Ã Ã Ã

Ã Ãõ Ãz

R R

R R

R l l

   
   

 

ãäå Ã  – óãëîâàÿ ñêîðîñòü ãîëîâêè ïîðøíÿ; Ãõl , 

Ãzl , ÃR  – ãåîìåòðè÷åñêèå ðàçìåðû ðàñïîëîæå-
íèÿ öåíòðà ìàññ.

Äëÿ îïðåäåëåíèÿ ñèë, âîçäåéñòâóþùèõ íà 
ãîëîâêó ïîðøíÿ ñî ñòîðîíû êîëüöà, ñîñòàâèì  
ñèñòåìó óðàâíåíèé äëÿ ïîðøíåâîãî êîëüöà ñî-
ãëàñíî âòîðîãî çàêîíà Íüþòîíà äëÿ ðàñ÷åòíîé 
ñõåìû, ïðåäñòàâëåííîé íà ðèñ. 3.

Ïðèíèìàåì, ÷òî êîëüöî ïðèæàòî ê âåðõíåé 
èëè íèæíåé êðîìêå ïðîòî÷êè äëÿ ïîðøíåâîãî 
êîëüöà, äàâëåíèå êîëüöà íà öèëèíäð óïðP  ðàâ-
íîìåðíî ïî âñåé îêðóæíîñòè.
 cos sin ;

cos sin .

K ÖK K

KÃ K

i i i i i Ki
ãàç Ã òð Kx òð K K jõ

i i i Ki
òð ãàç Kz jz

F F F F G F

F F F F

Σ Σ

Σ

⎧ γ − − + γ + =⎪
⎨

γ − γ − =⎪⎩

ÃÃ

Ã Ã Ã

Ó÷èòûâàÿ ìàëûå çíà÷åíèÿ óãëîâ íàêëîíà ãî-
ëîâêè ïîðøíÿ (γ < 1°), ìîæíî äîïóñòèòü, ÷òî 
cos 1; sinÃ Ã Ã     . Ðàñ÷åòíûå âûðàæåíèÿ 
äëÿ îïðåäåëåíèÿ ñèë i

ÃKxF  è i
ÃKzF :

Ðèñ. 2. Ñèëû, äåéñòâóþùèå íà ãîëîâêó ïîðøíÿ

Ðèñ. 3. Ñèëû, äåéñòâóþùèå íà ïîðøíåâîå êîëüöî
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1 2

;

,

K ÖK KÃ

KÃ K ÖK ÖK

i i i i Ki
ÃKõ ãàç òð òð Ã jx K

i i i Ki i i
ÃKz òð ãàç Ã jz ã ã

F F F F F G

F F F F F F

Σ Σ

Σ

⎧ = − + γ − +⎪
⎨

= − γ − + −⎪⎩

ãäå
 ;

,

Ki

Ki

Ki i
jx K Î

Ki i
jz K Î

F m x

F m z

=

=

&&

&&

ãäå i
Km  – ìàññà i-ãî ïîðøíåâîãî êîëüöà.

Óñêîðåíèå OKix  è OKiz  âûðàçèì ÷åðåç óñêî-
ðåíèå â òî÷êå Î (öåíòð âðàùåíèÿ ïîðøíåâîãî 
ïàëüöà) ñ ó÷åòîì âðàùàòåëüíîãî äâèæåíèÿ îò-
íîñèòåëüíî òî÷êè KiO :

 2

2

;

,

i i
OKi O Ã Kx Ã Kz

i i
OKi O Ã Kz Ã Kx

x x R R

z z R R

= −ω +ω

= −ω −ω

&& && &

&& && &

ãäå Ã Ã    – óãëîâàÿ ñêîðîñòü ãîëîâêè 
ïîðøíÿ; Ã Ã     – óãëîâîå óñêîðåíèå ãîëîâêè 
ïîðøíÿ.

Ïðîåêöèè i
KR  íà îñè x è z:

( )cos ;
2

( )sin ,
2

i
i i K
Kx K

i
i i K
Kz K

h
R H

h
R H

  

  

Ã

Ã

ãäå 
K

i
ãàçF


 – ñèëà äàâëåíèÿ ãàçà, íà i-å êîëüöî;

i
ÃKõF  è i

ÃKzF  – ïðîåêöèÿ íà îñü x è z, ñîîò-
âåòñòâåííî ñèëû, äåéñòâóþùåé ñî ñòîðîíû 
ãîëîâêè ïîðøíÿ íà i-å ïîðøíåâîå êîëüöî; 

ÖK

i
òðF


 – ñóììàðíàÿ ñèëà òðåíèÿ â ñîïðÿæåíèè 

i-å ïîðøíåâîå êîëüöî – öèëèíäð; 
KÃ

i
òðF  – ñèëà 

òðåíèÿ â ñîïðÿæåíèè i-å ïîðøíåâîå êîëüöî – 
ãîëîâêà ïîðøíÿ; KG  – ñèëà òÿæåñòè êîëüöà; 

Ki
jxF , Ki

jzF  – ñèëû èíåðöèè i-ãî ïîðøíåâîãî 
êîëüöà ïî îñè x è z.

Ïåðåéäåì ê ðàññìîòðåíèþ óðàâíåíèé, îïè-
ñûâàþùèõ äâèæåíèÿ þáêè ïîðøíÿ, ðàñ÷åòíàÿ 
ñõåìà ïðåäñòàâëåíà íà ðèñ. 4.

Ïî âòîðîìó çàêîíó Íüþòîíà:

1 2

1 2

1 1 2 2

1 2

;

;

( ) ( )

( ) ( )
2 2

,

ÖÞ ÖÞ

ÖÞ ÖÞ

ÖÞ ÖÞ ÖÞ ÖÞ

ÖÞ ÖÞ

Þ
ÏÞõ òð òð Þ jx

Þ
ã ã ÏÞz jz

ã Þõ ã ã Þõ ã ÏÞz Þõ

Þ Þ
ÏÞõ Þz òð Þz òð Þz

Þ Þ

F F F G F

F F F F

F R l F R l F l

D D
F l F l F l

J


   


  


     

     
  

 

(2)
ãäå ÏÞõF , ÏÞzF  – ïðîåêöèè íà îñü x è z, 
ñîîò âåòñòâåííî, ñèë, äåéñòâóþùèõ ñî ñòî-
ðîíû ïîðøíåâîãî ïàëüöà íà þáêó ïîðøíÿ; 

2

ÖÞãF  – ãèäðîäèíàìè÷åñêèå ñèëû ìàñëÿíîãî 

ñëîÿ â ñîïðÿæåíèè þáêà ïîðøíÿ – öèëèíäð ñî 
ñòîðîíû № 1 è 2, ñîîòâåòñòâåííî; ÞG  – ñèëà 
òÿæåñòè þáêè ïîðøíÿ; Þ

jxF , Þ
jzF  – ñèëû èíåð-

öèè þáêè ïî îñè x è z; ÞJ  – ìîìåíò èíåðöèè 
îòíîñèòåëüíî öåíòðà ìàññ þáêè ÞO ; Þ  – 
óãîë íàêëîíà þáêè ïîðøíÿ; Þ  – óãëîâîå óñêî-
ðåíèå þáêè ïîðøíÿ; 1

ÖÞãl , 2

ÖÞãl  – ðàññòîÿíèå îò 
îñè ïîðøíåâîãî ïàëüöà äî ëèíèè äåéñòâèÿ 

2

ÖÞòðF  è 2

ÖÞòðF  (ðèñ. 5); ÞD  – äèàìåòð þáêè 
ïîðøíÿ; Þxl , Þzl , ÞR  – ãåîìåòðè÷åñêèå ðàç-
ìåðû ðàñïîëîæåíèÿ öåíòðà ìàññ þáêè ïîðøíÿ 
îòíîñèòåëüíî òî÷êè Î (ðèñ. 5).

Ñèëû èíåðöèè þáêè ïîðøíÿ ïî îñè x è z:

  ;

,

Þ

Þ

Þ
jx Þ Î

Þ
jz Þ Î

F m õ

F m z

=

=

&&

&&

ãäå 
ÞÎõ  è 

ÞÎz  – óñêîðåíèå þáêè ïî îñè x è z; 

Þm  – ìàññà þáêè.
Äëÿ íàõîæäåíèÿ ðåàêöèé ìàñëÿíîãî ñëîÿ 

1

ÖÞãF  è 2

ÖÞãF  èñïîëüçóåòñÿ ðàçðàáîòàííàÿ àâòî-
ðàìè ìåòîäèêà, èçëîæåííàÿ â ñòàòüå [7].

Ðèñ. 4. Ñèëû, äåéñòâóþùèå íà þáêó ïîðøíÿ

Ðèñ. 5. Ãåîìåòðè÷åñêèå ðàçìåðû ðàñïîëîæåíèÿ 
öåíòðà ìàññ þáêè ïîðøíÿ
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Ðàñ÷åòíûå âûðàæåíèÿ äëÿ âû÷èñëåíèÿ 

ÏÞõF , ÏÞzF :

1 2

1 2

;

.

ÖÞ ÖÞ

ÖÞ ÖÞ

Þ
ÏÞõ òð òð jx Þ

Þ
ÏÞz ã ã jz

F F F F G

F F F F

   

  

Óñêîðåíèå þáêè ïîðøíÿ ïî îñè x è z:
2

2

;

,

ÎÞ Î Þ Þõ Þ Þz

ÎÞ Î Þ Þz Þ Þx

x x R R

z z R R

    

    

   

   

ãäå cos( )Þõ Þ Þ ÞR R    ,  

      sin( )Þz Þ Þ ÞR R    , 2 2
Þ Þõ ÞzR l l  .

Îïðåäåëÿþùåå âëèÿíèå íà ïîïåðå÷íîå äâè-
æåíèå þáêè ïîðøíÿ îêàçûâàåò ïîïåðå÷íàÿ 
ñèëà ÏÞzF  ñî ñòîðîíû ïîðøíåâîãî ïàëüöà. Äëÿ 
îïðåäåëåíèÿ äàííîé ñèëû ðàññìîòðèì ñèñòåìó 
ñèë, äåéñòâóþùèõ íà ïîðøíåâîé ïàëåö, èçî-
áðàæåííóþ íà ðèñ. 6.

 
;
 

,

Ï
ÃÏõ ØÏõ ÞÏõ Ï jx

Ï
ÃÏz ÞÏz ØÏz jz

F F F G F

F F F F

    


  
 (3)

ãäå ÃÏxF  è ÃÏzF  – ïðîåêöèè ñèëû íà îñè x è z, 
äåéñòâóþùåé ñî ñòîðîíû ãîëîâêè ïîðøíÿ; 

ØÏxF  è ØÏzF  – ïðîåêöèè ñèëû íà îñè x è z, 
äåéñòâóþùåé ñî ñòîðîíû øàòóíà; ÏG  – ñèëà 
òÿæåñòè ïîðøíåâîãî ïàëüöà; Ï

jxF  è Ï
jzF  – ñèëû 

èíåðöèè ïîðøíåâîãî ïàëüöà âäîëü îñè x è z.
È, ñëåäîâàòåëüíî:

 .Ï
ÏÞz ÞÏz ØÏz ÃÏz jzF F F F F   

Äëÿ îïðåäåëåíèÿ ïðîåêöèè ñèëû, äåéñòâó-
þùåé ñî ñòîðîíû øàòóíà âäîëü îñè z ØÏzF , 
íåîáõîäèìî ñîñòàâèòü ñèñòåìó óðàâíåíèé, 
îïèñûâàþùèõ åãî äâèæåíèå. Ðàñ÷åòíàÿ ñõåìà 
ïðåäñòàâëåíà íà ðèñ. 7.

;

;

sin cos ( )sin

( ) cos ,

Ø
ÏØõ ÊØõ Ø jx

Ø
ÏØz ÊØz jz

ÏØõ Ø ÏØz Ø ÊØõ Ø Ø

ÊØz Ø Ø Ø

F F G F

F F F

F l F l F L l

F L l J

   


 


   
     

 

ãäå ÏØxF , ÏØzF  – ïðîåêöèÿ íà îñü x è z, ñîîò-
âåòñòâåííî, ñèëû, äåéñòâóþùåé ñî ñòîðîíû 
ïîðøíåâîãî êîëüöà íà øàòóí; ÊØõF , ÊØzF  – 
ïðîåêöèÿ íà x è z ñîîòâåòñòâåííî ñèëû, äåé-
ñòâóþùåé ñî ñòîðîíû êîëåí÷àòîãî âàëà; Ø

jxF , 
Ø
jzF  – ñèëû èíåðöèè øàòóíà ïî îñè x è z; ØG  – 

ñèëà òÿæåñòè øàòóíà; ØJ  – ìîìåíò èíåðöèè 

øàòóíà îòíîñèòåëüíî öåíòðà ìàññ ØÎ ;   – 
óãîë íàêëîíà øàòóíà (ðèñ. 4.);   – óãëîâîå 
óñêîðåíèå êà÷àòåëüíîãî äâèæåíèÿ øàòóíà; ØL , 

Øl  – ãåîìåòðè÷åñêèå ðàçìåðû (ðèñ. 7).
Ïðîâåäåì ïðåîáðàçîâàíèå äëÿ ïîëó÷åíèÿ 

ðàñ÷åòíîãî âûðàæåíèÿ îïðåäåëåíèÿ ñèëû 

ÏØzF :

;

.

Ø
ÊØõ jx ÏØõ Ø

Ø
ÊØz jz ÏØz

F F F G

F F F

  

 

Ðèñ. 6. Ñèëû, äåéñòâóþùèå íà ïîðøíåâîé ïàëåö 
ñîñòàâíîãî ïîðøíÿ

Ðèñ. 7. Ñèëû, äåéñòâóþùèå íà øàòóí
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Ñèëû èíåðöèè øàòóíà ïî îñè x è z â öåíòðå 
ìàññ ØÎ :
 

 ; ,
Ø Ø

Ø Ø
jx Ø Î jz Ø ÎF m õ F m z= =&& &&

ãäå Îõ  – óñêîðåíèå âåðõíåé ãîëîâêè øàòóíà â 
òî÷êå Î âäîëü îñè x; Îz  – óñêîðåíèå âåðõíåé 
ãîëîâêè øàòóíà â òî÷êå Î âäîëü îñè z; Øm  – 
ìàññà øàòóíà;   – óãëîâàÿ ñêîðîñòü êà÷àòåëü-
íîãî äâèæåíèÿ øàòóíà.

Âûïîëíèâ íåîáõîäèìûå ïðåîáðàçîâàíèÿ, 
ïîëó÷èì ðàñ÷åòíîå âûðàæåíèå îïðåäåëåíèÿ 
ñèëû ÏØzF :

( )

( )

 ,
cos

ÂÐ
ÏØz ãàç jx jx òð

Ø Ø
Ï Ø

Ø

Ø Ø Ø Ø
jz

Ø Ø

F F F tg F tg F tg

L l
G G tg

L

L l J
F

L L





       


   

 
 





ãäå ( )ãàç jxF F tg N    – áîêîâàÿ ñèëà â ó÷åáíè-
êàõ ïî äèíàìèêå äâèãàòåëÿ âíóòðåííåãî ñãîðà-
íèÿ; ÂÐ

jxF  – ñèëà èíåðöèè âäîëü îñè x, âûçâàííàÿ 
âðàùàòåëüíûì äâèæåíèåì äåòàëåé ïîðøíå-
âîé ãðóïïû è øàòóíà âîêðóã îñè ïîðøíåâîãî 
ïàëüöà; Ø

jzF  – ñèëà èíåðöèè øàòóíà âäîëü îñè z; 

ÏG


, ØG  – ñèëû òÿæåñòè îò ìàññ äåòàëåé 

ïîðøíåâîé ãðóïïû è øàòóíà; 
cos

Ø Ø
j

Ø

J
F

L







êà÷  – 

ñèëà èíåðöèè, âûçâàííàÿ êà÷àòåëüíûì äâèæå-

íèåì øàòóíà; ØJ  – ìîìåíò èíåðöèè øàòóíà 
îòíîñèòåëüíî öåíòðà ìàññ;   – óãëîâîå óñêî-
ðåíèå øàòóíà; ØL  – äëèíà øàòóíà.

Òàêèì îáðàçîì, îïðåäåëåíû âñå ñîñòàâëÿþ-
ùèå äëÿ íàõîæäåíèÿ ñèëû âäîëü îñè z, äåéñòâó-
þùåé íà þáêó ïîðøíÿ ñî ñòîðîíû ïîðøíåâîãî 
ïàëüöà, è ïîëó÷åííûå ðàñ÷åòíûå óðàâíåíèÿ ïî-
çâîëÿþò ïðîâîäèòü êîìïëåêñíîå èññëåäîâàíèå 
ñîñòîÿíèÿ þáêè ñîñòàâíîãî ïîðøíÿ. Ðåàêöèè 
ìàñëÿíîãî ñëîÿ ìîãóò áûòü îïðåäåëåíû èç ðå-
øåíèÿ óðàâíåíèÿ Ðåéíîëüäñà äëÿ íàãðóæåííîé 
è íåíàãðóæåííîé ñòîðîíû ïîðøíÿ. Ïðè ýòîì 
òîëùèíà ìàñëÿíîãî ñëîÿ áóäåò îïðåäåëÿòüñÿ 
ïðîôèëåì þáêè, ìîíòàæíûì çàçîðîì è äåôîð-
ìàöèÿìè þáêè, âûçâàííûìè êàê òåïëîâûì ðàñ-
øèðåíèåì, òàê è åå äåôîðìàöèÿìè îò äåéñòâèÿ 
ãèäðîäèíàìè÷åñêèõ äàâëåíèé. Ýòî ïîçâîëÿåò 
âûïîëíÿòü èññëåäîâàíèÿ âëèÿíèÿ îñíîâíûõ 
êîíñòðóêòèâíûõ ïàðàìåòðîâ äåòàëåé ïîðøíå-
âîé ãðóïïû è øàòóíà íà óñëîâèÿ ãèäðîäèíà-
ìè÷åñêîé ñìàçêè þáêè ïîðøíÿ. Ñîâìåñòíîå 
ðåøåíèå óðàâíåíèé, îïèñûâàþùèõ äâèæåíèå 

ãîëîâêè ïîðøíÿ (1), þáêè ïîðøíÿ (2) è ïîðø-
íåâîãî ïàëüöà (3) ïîçâîëÿåò îïðåäåëèòü ïîïå-
ðå÷íîå äâèæåíèå ãîëîâêè ñîñòàâíîãî ïîðøíÿ è 
îöåíèòü ðàáîòó ïîðøíåâûõ êîëåö.

Çàêëþ÷åíèå
Â ñòàòüå ïðèâåäåíà ìàòåìàòè÷åñêàÿ ìîäåëü, 

êîòîðàÿ îïèñûâàåò äèíàìèêó äâèæåíèÿ ñî-
ñòàâíîãî ïîðøíÿ ñ ó÷åòîì îñíîâíûõ ôàêòî-
ðîâ, âëèÿþùèõ íà ïðîäîëüíîå è ïîïåðå÷íîå 
ïåðåìåùåíèå ïîðøíÿ â öèëèíäðå: âîçäåéñòâèÿ 
êîëåö íà ïîðøåíü, ðàñïîëîæåíèÿ öåíòðà ìàññ 
è ìîìåíòà èíåðöèè ãîëîâêè ïîðøíÿ, äåôîðìà-
öèé þáêè, âûçâàííûõ åå òåïëîâûì ðàñøèðåíè-
åì è äåéñòâèåì áîêîâîé ñèëû, ãèäðîäèíàìè÷å-
ñêèõ ðåàêöèé ìàñëÿíîãî ñëîÿ, ðàçäåëÿþùåãî 
òðóùèåñÿ ïîâåðõíîñòè þáêè è öèëèíäðà, ñìå-
ùåíèÿ öåíòðîâ èõ ïðèëîæåíèÿ îòíîñèòåëüíî 
îñè ïîðøíåâîãî ïàëüöà ïðè âîçâðàòíî ïîñòóïà-
òåëüíîì äâèæåíèè, à òàêæå îñîáåííîñòåé êîí-
ñòðóêöèè øàòóíà.

Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ïî-
çâîëèò íà îñíîâå êîìïëåêñíîãî èññëåäîâàíèÿ 
âëèÿíèÿ âûøåïåðå÷èñëåííûõ ïàðàìåòðîâ ðàç-
ðàáîòàòü êîíñòðóêöèþ ñîñòàâíîãî ïîðøíÿ, 
îáåñïå÷èâàþùóþ âûñîêèå òåõíèêî-ýêîíîìè÷å-
ñêèå ïîêàçàòåëè äâèãàòåëÿ.
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