
75© Ïàâëîâ Ä.Â., Ïëàòîíîâ Ê.Þ., Õìåëåâ Ð.Í., 2020

ÓÄÊ 621.43
DOI: 10.31992/2074-0530-2020-45-3-75-82

ÌÀÒÅÌÀÒÈ×ÅÑÊÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ ÏÐÎÖÅÑÑÀ 
ÔÓÍÊÖÈÎÍÈÐÎÂÀÍÈß ÎÄÍÎÖÈËÈÍÄÐÎÂÎÃÎ 

ÄÈÇÅËß Ñ ÂÎÇÄÓØÍÛÌ ÎÕËÀÆÄÅÍÈÅÌ 
Ñ Ó×ÅÒÎÌ ÐÀÑÕÎÄÀ ÊÀÐÒÅÐÍÛÕ ÃÀÇÎÂ

Ïàâëîâ Ä.Â., Ïëàòîíîâ Ê.Þ., ä.ò.í. Õìåëåâ Ð.Í.
Òóëüñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò, Òóëà, Ðîññèÿ

aiah@yandex.ru

Â íàñòîÿùåå âðåìÿ íàèáîëåå ýôôåêòèâíûì ìåòîäîì èññëåäîâàíèÿ äâèãàòåëåé âíóòðåííåãî ñãî-
ðàíèÿ (ÄÂÑ) ÿâëÿåòñÿ ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå è âû÷èñëèòåëüíûé ýêñïåðèìåíò. Èñïîëü-
çîâàíèå âû÷èñëèòåëüíîãî ýêñïåðèìåíòà ïîçâîëÿåò ñóùåñòâåííî ñîêðàòèòü ìàòåðèàëüíûå è âðå-
ìåííûå çàòðàòû ïðè èññëåäîâàíèè, ïðîåêòèðîâàíèè è äîâîäêå ÄÂÑ. Â òîæå âðåìÿ, íåñìîòðÿ íà 
âûñîêèé óðîâåíü ïðèìåíÿåìûõ ìàòåìàòè÷åñêèõ ìîäåëåé, ïðàêòè÷åñêè îòñóòñòâóþò èññëåäîâàíèÿ, 
íàïðàâëåííûå íà óñòàíîâëåíèå çàêîíîìåðíîñòåé âëèÿíèÿ ñîñòîÿíèÿ öèëèíäðîïîðøíåâîé ãðóï-
ïû (ÖÏÃ) íà ðàñõîä êàðòåðíûõ ãàçîâ è äðóãèå ïîêàçàòåëè ðàáîòû äâèãàòåëÿ íà óñòàíîâèâøèõñÿ 
è ïåðåõîäíûõ ðåæèìàõ. Íàñòîÿùàÿ ñòàòüÿ ïîñâÿùåíà ðåøåíèþ àêòóàëüíîé çàäà÷è, ñâÿçàííîé ñ 
ðàçðàáîòêîé òåîðåòè÷åñêîé áàçû, îáåñïå÷èâàþùåé êîìïëåêñíîå èìèòàöèîííîå ìîäåëèðîâàíèå 
óñòàíîâèâøèõñÿ è ïåðåõîäíûõ ðåæèìîâ ðàáîòû äèçåëÿ ñ ó÷åòîì ðàñõîäà êàðòåðíûõ ãàçîâ. Â ñòà-
òüå ïðåäñòàâëåíà ìàòåìàòè÷åñêàÿ ìîäåëü äèçåëÿ, áàçèðóþùàÿñÿ íà òåïëîìåõàíèêå, êîòîðàÿ îò-
ðàæàåò îñíîâíûå îñîáåííîñòè äâèãàòåëÿ êàê ñèñòåìû, ïðåîáðàçóþùåé ýíåðãèþ âî âðåìåíè. Ñè-
ñòåìà óðàâíåíèé ìàòåìàòè÷åñêîé ìîäåëè îñíîâûâàåòñÿ íà çàêîíàõ ñîõðàíåíèÿ ýíåðãèè, ìàññû, 
óðàâíåíèÿõ äâèæåíèÿ òâåðäûõ çâåíüåâ è âêëþ÷àåò äèôôåðåíöèàëüíûå óðàâíåíèÿ ñêîðîñòåé èç-
ìåíåíèÿ òåìïåðàòóðû è ïëîòíîñòè ðàáî÷åãî òåëà â öèëèíäðå è â êàðòåðå ÄÂÑ, èäåàëüíî-ãàçîâîå 
óðàâíåíèå ñîñòîÿíèÿ, à òàêæå äèôôåðåíöèàëüíûå óðàâíåíèÿ èçìåíåíèÿ óãëîâîé ñêîðîñòè è óãëà 
ïîâîðîòà âàëà äâèãàòåëÿ. Ìàòåìàòè÷åñêàÿ ìîäåëü àïðîáèðîâàíà íà ïðèìåðå ìàëîðàçìåðíîãî 
îäíîöèëèíäðîâîãî äèçåëÿ 1×9,5/8,0 ñ âîçäóøíûì îõëàæäåíèåì. Äàííûé òèï äâèãàòåëåé øèðîêî 
ïðèìåíÿåòñÿ äëÿ ñðåäñòâ ìàëîé ìåõàíèçàöèè â ñåëüñêîì õîçÿéñòâå, ãåíåðàòîðíûõ óñòàíîâîê è 
ò.ä. Â ñòàòüå ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ ðÿäà ðåæèìîâ ðàáîòû äâèãàòåëÿ â ñðàâíåíèè ñ 
ðåçóëüòàòàìè íàòóðíûõ èñïûòàíèé, ïðîâåäåííûõ íà ñòåíäå.
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 Ââåäåíèå
Øèðîêîå ïðèìåíåíèå ÄÂÑ è ïîñòîÿííîå 

óâåëè÷åíèå èõ êîëè÷åñòâà ñòàâèò âîïðîñ ïî-
âûøåíèÿ ýôôåêòèâíîñòè èõ ýêñïëóàòàöèè 
è äèàãíîñòèðîâàíèÿ. Ñðåäè îñíîâíûõ ýëåìåí-
òîâ ÄÂÑ ñòîèò âûäåëèòü öèëèíäðîïîðøíåâóþ 
ãðóïïó êàê íàèáîëåå îòâåòñòâåííûé ýëåìåíò. 
Â ïðîöåññå ýêñïëóàòàöèè ÖÏÃ äâèãàòåëÿ ïîä-
âåðãàåòñÿ èçíîñó. Ñîñòîÿíèå ÖÏÃ îêàçûâàåò 
íåïîñðåäñòâåííîå âëèÿíèå íà ìîùíîñòíûå, 
ýêîíîìè÷åñêèå è ýêîëîãè÷åñêèå ïîêàçàòåëè 
ðàáîòû äâèãàòåëÿ [1, 2]. Îöåíêà ñîñòîÿíèÿ 
ÖÏÃ ìîæåò ïðîèçâîäèòüñÿ ðàçëè÷íûìè ìåòî-
äàìè. Èçâåñòíû òàêèå ñïîñîáû, êàê ýíäîñêî-
ïèÿ, çàìåð êîìïðåññèè, äèàãíîñòèêà ïíåâìî-
òåñòåðîì, âèáðàöèîííîå äèàãíîñòèðîâàíèå, 
èçìåðåíèå ðàñõîäà ìàñëà íà óãàð, ñïåêòðàëü-
íûé àíàëèç ìàñåë è äð. [3, 4, 5]. 

Ñðåäè íàèáîëåå ïðîñòûõ ñëåäóåò âûäåëèòü 
òàêæå ìåòîä èçìåðåíèÿ ðàñõîäà êàðòåðíûõ 
ãàçîâ (ÐÊÃ) [6]. Äàííûé ïàðàìåòð ïîçâîëÿåò 
ðåãèñòðèðîâàòü ñîñòîÿíèå ÖÏÃ íà ïðîòÿæå-
íèè âñåãî æèçíåííîãî öèêëà. Íà ýòàïå îáêàòêè 
äâèãàòåëÿ íà âåëè÷èíó ÐÊÃ ìîæíî îðèåíòèðî-
âàòüñÿ, êàê íà êîñâåííûé ïîêàçàòåëü ñòåïåíè 
ïðèðàáîòêè äåòàëåé ÖÏÃ. Íà ðèñ. 1 ïðèâåäåíà 
çàâèñèìîñòü âåëè÷èíû ÐÊÃ îò âðåìåíè íàðà-
áîòêè äèçåëÿ 1×9,5/8,0 ñ äâóìÿ íîâûìè öèëèí-
äðàìè. 

Íà ðèñ. 1 ïîêàçàíî, ÷òî êîíñòðóêòèâíî 
èäåíòè÷íûå öèëèíäðû èìåþò ðàçëè÷íûå çíà-
÷åíèÿ ðàñõîäà. Äàííûé ôàêò ãîâîðèò î ãåîìå-
òðè÷åñêîé íåèäåíòè÷íîñòè ÖÏÃ. Èñõîäÿ èç âû-
øåóêàçàííîãî ñðàâíèòåëüíûé àíàëèç çíà÷åíèé 
ÐÊÃ ñåðèè öèëèíäðîâ ïîçâîëÿåò íà ýòàïå îá-
êàòêè âûÿâëÿòü îáðàçöû, êà÷åñòâî èçãîòîâëå-
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ñ âîçäóøíûì îõëàæäåíèåì ñ ó÷åòîì ðàñõîäà êàðòåðíûõ ãàçîâ

íèÿ è ñáîðêè êîòîðûõ çíà÷èòåëüíî îòêëîíÿþò-
ñÿ îò ñðåäíåñòàòèñòè÷åñêèõ çíà÷åíèé.

Â ïðîöåññå ýêñïëóàòàöèè äâèãàòåëÿ ðàñõîä 
êàðòåðíûõ ãàçîâ ìîæåò óâåëè÷èòüñÿ â 2 ðàçà 
è áîëåå [7]. Òàê, Íèêîëàåâ Å.Â. â ñâîåé ðàáîòå 
[8] ïðèâîäèò äàííûå ýêñïåðèìåíòà ñ àâòîìîáè-
ëåì, îáîðóäîâàííûì äâèãàòåëåì ßÌÇ. Ñîãëàñ-
íî åãî ðåçóëüòàòàì, ðàñõîä êàðòåðíûõ ãàçîâ 
íà ïðîòÿæåíèè ïðîáåãà â 380 òûñ. êì èçìåíÿë-
ñÿ ñ 50 ë/ìèí äî 140 ë/ìèí.

Íà âåëè÷èíó ðàñõîäà êàðòåðíûõ ãàçîâ ÄÂÑ 
òàêæå îêàçûâàþò âëèÿíèå òàêèå ôàêòîðû, êàê: 
îñîáåííîñòè êîíñòðóêöèè ÖÏÃ, ñîñòîÿíèå ÖÏÃ, 
íàãðóçêà äâèãàòåëÿ, ÷àñòîòà âðàùåíèÿ êîëåí÷à-
òîãî âàëà, òåïëîâîå ñîñòîÿíèå äâèãàòåëÿ è äð. [9]. 

Èññëåäîâàíèÿì âîïðîñîâ ðàñõîäà êàðòåðíûõ 
ãàçîâ çàíèìàëèñü Êîë÷èí À.Â., Ãàâðèëîâ À.À., 
Ãîö À.Í., Ìîðîçîâ Â.Â., Ñûñîåâ Ñ.Í., Íèêîëàåâ 
Å.Â., Âîëêîâ Ì.Þ. è äð. Äîñòàòî÷íî ïîäðîáíî 
èññëåäîâàí âîïðîñ äèàãíîñòèêè ÄÂÑ ïî ïàðàìå-
òðó ðàñõîäà êàðòåðíûõ ãàçîâ [4, 10, 11]. Òàêæå, 
ïðîáëåìà êàðòåðíûõ ãàçîâ ïîäðîáíî ðàññìàòðè-
âàåòñÿ â ðàáîòàõ, ñâÿçàííûõ ñ ñèñòåìàìè âåíòè-
ëÿöèè êàðòåðà [12, 13, 14]. Îäíàêî íåäîñòàòî÷íî 
âíèìàíèÿ óäåëåíî âîïðîñàì âëèÿíèÿ ÐÊÃ íà ïî-
êàçàòåëè ðàáîòû äâèãàòåëÿ.

Ðàçðàáîòêà ìàòåìàòè÷åñêîé 
ìîäåëè äèçåëÿ 
Â äàííîé ðàáîòå íà ïðèìåðå äèçåëÿ 

1×9,5/8,0 ïðåäëîæåíî êîìïëåêñíîå ìàòåìàòè-
÷åñêîå îïèñàíèå ïðîöåññà ôóíêöèîíèðîâàíèÿ 
ÄÂÑ, êàê åäèíîé äèíàìè÷åñêîé ñèñòåìû [15]. 

Ìàòåìàòè÷åñêàÿ ìîäåëü äèçåëÿ áàçèðóåòñÿ 
íà òåïëîìåõàíèêå [7, 10, 16, 17] è îòðàæàåò îñ-

íîâíûå îñîáåííîñòè äâèãàòåëÿ êàê ñèñòåìû, ïðå-
îáðàçóþùåé ýíåðãèþ âî âðåìåíè. Äëÿ ðàññìà-
òðèâàåìîãî îäíîöèëèíäðîâîãî äèçåëÿ 1×9,5/8,0 
ñèñòåìà óðàâíåíèé ìàòåìàòè÷åñêîé ìîäåëè îñíî-
âûâàåòñÿ íà çàêîíàõ ñîõðàíåíèÿ ýíåðãèè, ìàññû, 
óðàâíåíèÿõ äâèæåíèÿ òâåðäûõ çâåíüåâ è âêëþ÷à-
åò 6 äèôôåðåíöèàëüíûõ óðàâíåíèé.

Ïðè ïîñòðîåíèè ìàòåìàòè÷åñêîé ìîäåëè 
ïðîöåññà ðàáîòû äèçåëÿ áûëè ïðèÿòû ñëåäóþ-
ùèå îñíîâíûå äîïóùåíèÿ:

– ðàáî÷åå òåëî – èäåàëüíûé ãàç;
– ñîñòîÿíèå ðàáî÷åãî òåëà â ðàáî÷åé ïîëî-

ñòè êâàçèðàâíîâåñíîå;
– ïðîöåññ ïîäà÷è òîïëèâà â êàìåðó ñãîðà-

íèÿ, à òàêæå ñìåñåîáðàçîâàíèå ïðîèñõîäèò 
ïðàêòè÷åñêè ìãíîâåííî;

– òå÷åíèå ÷åðåç ïðîõîäíîå ñå÷åíèå âïóñê-
íîãî è âûïóñêíîãî êëàïàíîâ ðàññìàòðèâàåòñÿ 
êàê êâàçèñòàöèîíàðíîå;

– âîçäåéñòâèåì âîëíîâûõ ÿâëåíèé íà ïàðà-
ìåòðû ïîòîêà âî âïóñêíîì è âûïóñêíîì òðóáî-
ïðîâîäàõ ïðåíåáðåãàåì;

– êëàïàííàÿ ñèñòåìà áåçûíåðöèîííà;
– òåìïåðàòóðà ñòåíîê öèëèíäðà, ïîðøíÿ 

è êàìåðû ñãîðàíèÿ ïîñòîÿííà.
Â ÷àñòíîñòè, äèôôåðåíöèàëüíûå óðàâíåíèÿ 

ñêîðîñòåé èçìåíåíèÿ ïëîòíîñòè è òåìïåðàòó-
ðû ðàáî÷åãî òåëà â öèëèíäðå ñ ó÷åòîì óòå÷åê 
÷åðåç çàçîðû â öèëèíäðîïîðøíåâîé ãðóïïå 
(ÖÏÃ) èìåþò âèä:
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, G

ï4
 – ñåêóíäíûé ìàññîâûé 

ïðèõîä ðàáî÷åãî òåëà ÷åðåç âïóñêíîé, âûïóñê-
íîé êëàïàíû, çàçîðû â ÖÏÃ è ñèñòåìó âåíòè-
ëÿöèè êàðòåðà, ñîîòâåòñòâåííî; G

ð1
, G

ð2
, G

ð3
, 

G
ð4

 – ñåêóíäíûé ìàññîâûé ðàñõîä ðàáî÷åãî 
òåëà ÷åðåç âïóñêíîé, âûïóñêíîé êëàïàíû, 
çàçîðû â ÖÏÃ è ñèñòåìó âåíòèëÿöèè êàðòåðà, 
ñîîòâåòñòâåííî; è, i – óäåëüíàÿ âíóòðåííÿÿ 
ýíåðãèÿ è ýíòàëüïèÿ ðàáî÷åãî òåëà â öèëèíäðå; 
u

ê
, i

ê
 – óäåëüíàÿ âíóòðåííÿÿ ýíåðãèÿ è ýíòàëü-

ïèÿ ðàáî÷åãî òåëà â êàðòåðå; Qã   – ñåêóíäíûé 
ïðèõîä ýíåðãèè â ôîðìå òåïëîòû ïðè ãîðåíèè 
ðàáî÷åé ñìåñè; Qò  – ñåêóíäíûé ðàñõîä ýíåð-
ãèè â ôîðìå òåïëîòû â ðåçóëüòàòå òåïëîîáìåíà 
â öèëèíäðå; J – ìîìåíò èíåðöèè; M

ä
 – äâèæó-

ùèé ìîìåíò; M
c
  – ìîìåíò ñîïðîòèâëåíèÿ.

Äâèæóùèé ìîìåíò â óðàâíåíèè (5) äëÿ ðàñ-
ñìàòðèâàåìîãî îäíîöèëèíäðîâîãî äèçåëÿ 
îïðåäåëÿåòñÿ ïî ôîðìóëå:

2
4 0 3 2( ) .dM a p p f F a m a m

dt
        

ä ï òð ï ï

(7)
ãäå p – äàâëåíèå ðàáî÷åãî òåëà â öèëèíäðå; 
p

0
 – äàâëåíèå ðàáî÷åãî òåëà ïîä ïîðøíåì; 

F
òð

  – ñèëà òðåíèÿ â öèëèíäðîïîðøíåâîé 
ãðóïïå; m

ï
 – ïðèâåäåííàÿ ìàññà ÷àñòåé äâèãà-

òåëÿ, ñîâåðøàþùèõ âîçâðàòíî-ïîñòóïàòåëüíîå 
äâèæåíèå.

2 sin sin 2 ;
2

a r       
 

ê  

 3 cos cos2 ;êa r     
 

 
4

cossin 1 ;
1 1 cos2

4

a r

 
  

      
 

ê  ,
r
l

  êð

ø

 

ãäå r
êð

 – ðàäèóñ êðèâîøèïà; l
ø
  – äëèíà øàòóíà.

Ñåêóíäíûé ÐÊÃ èëè óòå÷êè ÷åðåç çàçîðû 
â ÖÏÃ îïðåäåëÿåòñÿ ñëåäóþùèì îáðàçîì:

;G S p     âõ âõ  

ãäå μ – êîýôôèöèåíò ðàñõîäà; p
âõ

 è ρ
âõ

 – ñîîò-
âåòñòâåííî, äàâëåíèå è ïëîòíîñòü ãàçà â ïîëî-
ñòè, èç êîòîðîé ïðîèñõîäèò èñòå÷åíèå; S – ïëî-
ùàäü çàçîðîâ â ÖÏÃ, ÷åðåç êîòîðûå ïðîèñõîäÿò 
óòå÷êè êàðòåðíûõ ãàçîâ; ψ – ôóíêöèÿ, çàâèñÿ-
ùàÿ îò ðåæèìà èñòå÷åíèÿ:

2/( 1)2 2
1 1

kk
k k


      

 

ïðè 
/( 1)2 ;

1

k kp
p k


    

âûõ

âõ

 2/ ( 1)/2 / ( / )
1

k k kk p p p p
k

     âûõ âõ âûõ âõ  

ïðè 
/( 1)2 .

1

k kp
p k


    

âûõ

âõ

ãäå k – ïîêàçàòåëü àäèàáàòû.
Óðàâíåíèÿ (1)–(6) äîïîëíÿëèñü óðàâíåíèåì 

ñîñòîÿíèÿ èäåàëüíîãî ãàçà, à òàêæå èçâåñòíû-
ìè çàâèñèìîñòÿìè [18] äëÿ îïðåäåëåíèÿ G

ï
, G

ð
, 

è, i, F
òð

, Qã , Qò .
Ïðèâåäåííàÿ ñèñòåìà óðàâíåíèé (1)–(6) 

ìîæåò èñïîëüçîâàòüñÿ äëÿ ìîäåëèðîâàíèÿ 
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ðàáîòû ÄÂÑ âî âñåì äèàïàçîíå ñêîðîñòíûõ 
è íàãðóçî÷íûõ ðåæèìîâ ðàáîòû äâèãàòåëÿ [16].

Àïðîáàöèÿ ìàòåìàòè÷åñêîé ìîäåëè
Íà âòîðîì ýòàïå áûëà ïðîâåäåíà ïðîâåðêà 

àäåêâàòíîñòè ðàçðàáîòàííîé ìàòåìàòè÷åñêîé 
ìîäåëè. Ñðàâíåíèå ðåçóëüòàòîâ ìîäåëèðîâà-
íèÿ îñóùåñòâëÿëîñü ñ ðåçóëüòàòàìè ñåðèè èñ-
ïûòàíèé íà ñòåíäå òåõíîëîãè÷åñêîé îáêàòêè 
è èñïûòàíèé äèçåëåé. [19, 20]. 

Ñòåíä îáåñïå÷èâàë èçìåðåíèÿ â ðàáî÷åì 
äèàïàçîíå ñêîðîñòíûõ è íàãðóçî÷íûõ ðåæèìîâ 
ñëåäóþùèõ ïîêàçàòåëåé ðàáîòû äèçåëÿ:

– ÷àñòîòû âðàùåíèÿ êîëåí÷àòîãî âàëà, n;
– íàãðóçêè, M;
– ìãíîâåííîãî ðàñõîäà òîïëèâà, Gt;
– äàâëåíèÿ è òåìïåðàòóðû ìàñëà, p

ì
 è t

ì
;

– òåìïåðàòóðû îòðàáîòàâøèõ ãàçîâ, t
îã

.
– ðàñõîäà êàðòåðíûõ ãàçîâ G

êã
.

Èñïûòûâàëàñü ñåðèÿ íîâûõ öèëèíäðîâ, ïî-
î÷åðåäíî óñòàíàâëèâàåìûõ íà îäèí è òîò æå 
äèçåëü. Ýòî ïîçâîëèëî èçáåæàòü ïîãðåøíîñòåé 
èçìåðåíèÿ, âûçâàííûõ íåèäåíòè÷íîñòüþ ïà-
ðàìåòðîâ êðèâîøèïíî-øàòóííîãî ìåõàíèçìà 
è âñïîìîãàòåëüíûõ ñèñòåì. Öèëèíäðû âûáèðà-
ëèñü èç îäíîé ïëàâêè. Èñïûòàíèÿ ïðîâîäèëèñü 
íà ýòàïå îáêàòêè äèçåëÿ.

Íà ðèñ. 2 è 3 ïðåäñòàâëåíû ñðàâíèòåëü-
íûå ãðàôèêè ðÿäà ïîêàçàòåëåé ðàáîòû äèçåëÿ. 
Äàííûå ïîëó÷åíû íà óñòàíîâèâøåìñÿ ðåæèìå, 
ïðè ÷àñòîòå âðàùåíèÿ êîëåí÷àòîãî âàëà 
3200 îá/ìèí. 

Ðàñõîæäåíèå çíà÷åíèé ðàñõîäà òîïëèâà, 
ðàñõîäà êàðòåðíûõ ãàçîâ è ìîìåíòà ñîïðîòèâ-
ëåíèÿ ïî ñðàâíåíèþ ñ ýêñïåðèìåíòîì íå ïðå-
âûøàåò 10 %.

Îäíèì èç êëþ÷åâûõ ôàêòîðîâ, âëèÿþùèõ 
íà ðàñõîä êàðòåðíûõ ãàçîâ, ÿâëÿåòñÿ çàçîð â ñî-

Ðèñ. 2. Ãðàôèêè çàâèñèìîñòè ðàñõîäà òîïëèâà (G
t
) îò íàãðóçêè (M

c
)

Ðèñ. 3. Ãðàôèêè çàâèñèìîñòè ðàñõîäà êàðòåðíûõ ãàçîâ (G
k
) îò ðàñõîäà òîïëèâà (G

t
)
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ïðÿæåíèè öèëèíäð-êîìïðåññèîííîå êîëüöî. 
Â ñâîþ î÷åðåäü, íà äàííûé ïàðàìåòð îêàçûâàåò 
çíà÷èòåëüíîå âëèÿíèå ãåîìåòðèÿ âíóòðåííåé 
ñòåíêè öèëèíäðà. 

Äëÿ îöåíêè âëèÿíèÿ ãåîìåòðè÷åñêèõ 
äàííûõ öèëèíäðà íà ïîêàçàòåëè ðàáîòû äâè-
ãàòåëÿ ïðîâåäåí ñðàâíèòåëüíûé àíàëèç äâóõ 
öèëèíäðîâ (òàáë. 1). Äëÿ êàæäîãî öèëèíäðà 
îïðåäåëåíî èíòåãðàëüíîå îòêëîíåíèå îò íî-
ìèíàëüíûõ ðàçìåðîâ. Äàííûé ïàðàìåòð îá-
ðàçîâàí ïóòåì íàõîæäåíèÿ ñðåäíåãî çíà÷åíèÿ 
îòêëîíåíèé â ÷åòûðåõ âåðòèêàëüíûõ ñå÷åíè-
ÿõ ïî ñåìè ãîðèçîíòàëüíûì ïîÿñàì, âçÿòûõ 
ïî ìîäóëþ. Çà íîìèíàëüíûé ðàçìåð ïðèíÿòî 
çíà÷åíèå ñåðåäèíû ïîëÿ äîïóñêîâ öèëèíäðà 
â åãî ðàçìåðíîé ãðóïïå. Òàêæå óêàçàíà ðàçíè-
öà çíà÷åíèé ìåæäó äâóìÿ öèëèíäðàìè.

Èç òàáëèöû ñëåäóåò, ÷òî öèëèíäð ñ áîëü-
øèì îòêëîíåíèåì îò íîìèíàëüíûõ ðàçìåðîâ 
èìååò õóäøèå ïîêàçàòåëè ïî ðàñõîäó òîïëèâà 
è ÐÊÃ íà îäèíàêîâîì ðåæèìå. 

Äëÿ óñòàíîâëåíèÿ çàêîíîìåðíîñòåé âëè-
ÿíèÿ ýôôåêòèâíîé ïëîùàäè S çàçîðà, ÷åðåç 
êîòîðûé ïðîèñõîäÿò óòå÷êè êàðòåðíûõ ãàçîâ 
â ÖÏÃ íà ïîêàçàòåëè ðàáîòû äèçåëÿ ïðîâåäåí 
âû÷èñëèòåëüíûé ýêñïåðèìåíò. Îïûòû ïðîâî-

äèëèñü ñ ðàçëè÷íûìè çíà÷åíèÿìè  S ïðè ÷à-
ñòîòå âðàùåíèÿ êîëåí÷àòîãî âàëà 3200 îá/ìèí 
è âíåøíåé íàãðóçêå 15Íì. Ïðè ýòîì ïîäà÷à 
òîïëèâà êîððåêòèðîâàëàñü äëÿ ïîääåðæà-
íèÿ óñòàíîâèâøåãîñÿ ðåæèìà ðàáîòû äèçåëÿ 
(n = 3200 îá/ìèí). Íà ðèñ. 4 ïðåäñòàâëåíû 
ãðàôèêè çàâèñèìîñòè ÐÊÃ è ðàñõîäà òîïëèâà 
îò èçìåíåíèÿ ýôôåêòèâíîé ïëîùàäè óòå÷åê 
êàðòåðíûõ ãàçîâ.

Èç ãðàôèêà ñëåäóåò, ÷òî ïðè óâåëè÷åíèè ýô-
ôåêòèâíîé ïëîùàäè óòå÷åê â 3 ðàçà (ñ 0,095 ìì2 
äî 0,285 ìì2, ÐÊÃ óâåëè÷èëñÿ â 3,42 ðàçà 
(ñ 12 ë/ìèí äî 35 ë/ìèí). 

Çàêëþ÷åíèå
Òàêèì îáðàçîì, ðàçðàáîòàííîå àâòîðàìè ìà-

òåìàòè÷åñêîå è ïðîãðàììíîå îáåñïå÷åíèå ïî-
çâîëÿåò ïîëó÷èòü çàêîíîìåðíîñòè èçìåíåíèÿ 
ïàðàìåòðîâ äèçåëÿ âî âñåì äèàïàçîíå îáîðîòîâ 
è íàãðóçîê ñ ó÷åòîì ðàñõîäà êàðòåðíûõ ãàçîâ. 
Àäåêâàòíîñòü ìîäåëè ïîäòâåðæäåíà ñîïîñòàâ-
ëåíèåì ñ ðåçóëüòàòàìè íàòóðíîãî ýêñïåðèìåíòà 
íà ñòåíäå. Ïîëó÷åííûå ðåçóëüòàòû ìîæíî èñ-
ïîëüçîâàòü äëÿ àíàëèçà è ïðîãíîçèðîâàíèÿ èç-
ìåíåíèÿ ïàðàìåòðîâ äèçåëÿ íà ýòàïàõ æèçíåí-
íîãî öèêëà ñ ó÷åòîì ðàñõîäà êàðòåðíûõ ãàçîâ.

Òàáëèöà 1 
Ñðàâíèòåëüíûé àíàëèç ïàðàìåòðîâ äâóõ öèëèíäðîâ

 Öèëèíäð № 1 Öèëèíäð № 2 Ðàçíèöà çíà÷åíèé, %
Èíòåãðàëüíîå îòêëîíåíèå 
äèàìåòðà öèëèíäðà, ìêì

5,701 4,179 26,29

Ñðåäíèé ÐÊÃ íà íîìèíàëüíîì 
ðåæèìå, ë/ìèí

12,48 9,93 20,43

Ñðåäíèé ðàñõîä òîïëèâà 
íà íîìèíàëüíîì ðåæèìå, êã/÷

2,08 1,52 26,92

Ðèñ. 4. Çàâèñèìîñòü ðàñõîäà êàðòåðíûõ ãàçîâ (G
k
) è ðàñõîäà òîïëèâà (G

t
) 

îò ýôôåêòèâíîé ïëîùàäè óòå÷åê (S)
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At present, the most effective method for studying internal combustion engines (ICE) is mathematical 
modeling and computational experiment. The use of a computational experiment can significantly reduce 
material and time costs in the research, design and refinement of the internal combustion engine. At the 
same time, despite the high level of the applied mathematical models, there are practically no studies 
aimed at establishing the regularities of the influence of the state of the cylinder-piston group (CPG) 
on the crankcase gas consumption and other indicators of engine operation at steady-state and transient 
modes. This article is devoted to solving an urgent problem associated with the development of a the-
oretical base that provides a comprehensive simulation of steady-state and transient modes of diesel 
engine operation, taking into account the consumption of crankcase gases. The article presents a math-
ematical model of a diesel engine based on thermal mechanics, which reflects the main features of the 
engine as a system that converts energy in time. The system of equations of the mathematical model is 
based on the laws of conservation of energy, mass, equations of motion of solid links and includes differ-
ential equations for the rates of change in the temperature and density of the working fluid in the cylinder 
and in the crankcase of the internal combustion engine, the ideal gas equation of state, as well as differ-
ential equations for the change in the angular speed and angle of motor shaft rotation. The mathematical 
model is tested on the example of a small-sized single-cylinder diesel engine 1Ch9,5/8,0 with air cooling. 
This type of engine is widely used for small-scale mechanization in agriculture, generator sets, etc. The 
article presents the results of calculations of a number of engine operating modes in comparison with the 
results of field tests carried out at the test bench.
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