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Ïóñê õîëîäíîãî äèçåëÿ â óñëîâèÿõ Àðêòèêè ñ ìèíèìàëüíûìè òåìïåðàòóðàìè íèæå -60 Ñ ïðåä-
ñòàâëÿåò ñóùåñòâåííûå òðóäíîñòè âñëåäñòâèå íèçêîé òåìïåðàòóðû âîçäóøíîãî çàðÿäà, ïîâûøåí-
íîãî ñîïðîòèâëåíèÿ ïðîâîðà÷èâàíèþ êîëåí÷àòîãî âàëà è ïåðåìåùåíèþ äðóãèõ, êèíåìàòè÷åñêè ñ 
íèì ñâÿçàííûõ äåòàëåé (ïîðøíè, äåòàëè ìåõàíèçìà ãàçîðàñïðåäåëåíèÿ; è ò.ä.) èç-çà óâåëè÷åííîé 
âÿçêîñòè ìàñëà, óõóäøåíèÿ óñëîâèé ðàñïûëèâàíèÿ òîïëèâà, óñèëåííîé òåïëîîòäà÷è â ñòåíêè öè-
ëèíäðà, ïîòåðè ÷àñòè âîçäóøíîãî çàðÿäà. Íàñòîÿùàÿ ñòàòüÿ ïîñâÿùåíà ðåøåíèþ àêòóàëüíîé çà-
äà÷è, ñâÿçàííîé ñ ðàçðàáîòêîé òåîðåòè÷åñêîé áàçû, îáåñïå÷èâàþùåé êîìïëåêñíîå èìèòàöèîííîå 
ìîäåëèðîâàíèå ïðåäïóñêîâîãî ðåæèìà ðàáîòû äèçåëÿ â óñëîâèÿõ íèçêèõ òåìïåðàòóð îêðóæàþùåé 
ñðåäû ïðè èñïîëüçîâàíèè ñðåäñòâ îáëåã÷åíèÿ ïóñêà. Â ñòàòüå ïðåäëàãàåòñÿ ìàòåìàòè÷åñêàÿ ìî-
äåëü äèçåëÿ, áàçèðóþùàÿñÿ íà òåïëîìåõàíèêå (òåðìîäèíàìèêå îòêðûòûõ ñèñòåì), êîòîðàÿ îòðà-
æàåò îñíîâíûå îñîáåííîñòè äâèãàòåëÿ âíóòðåííåãî ñãîðàíèÿ (ÄÂÑ) êàê ñèñòåìû, ïðåîáðàçóþùåé 
ýíåðãèþ âî âðåìåíè. Ñèñòåìà óðàâíåíèé ìàòåìàòè÷åñêîé ìîäåëè îñíîâûâàåòñÿ íà çàêîíàõ ñî-
õðàíåíèÿ ýíåðãèè, ìàññû, óðàâíåíèÿõ äâèæåíèÿ òâåðäûõ çâåíüåâ è âêëþ÷àåò äèôôåðåíöèàëüíûå 
óðàâíåíèÿ ñêîðîñòåé èçìåíåíèÿ 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 ïðè-
ìåðå äèçåëÿ 1×9,5/8,0. Â ñòàòüå ïðåäñòàâëåíû ãðàôèêè èçìåíåíèÿ óãëîâîé ñêîðîñòè, äàâëåíèÿ è 
òåìïåðàòóðû â öèëèíäðå, à òàêæå ðåçóëüòàòû ðàñ÷åòîâ ïðåäïóñêîâîãî ðåæèìà ðàáîòû äâèãàòåëÿ 
ïðè ðàçëè÷íûõ íèçêèõ òåìïåðàòóðàõ îêðóæàþùåé ñðåäû â ñðàâíåíèè ñ ðåçóëüòàòàìè íàòóðíûõ 
ýêñïåðèìåíòîâ, ïðîâåäåííûõ â õîëîäèëüíîé êàìåðå.

Êëþ÷åâûå ñëîâà: äèçåëü, íèçêèå òåìïåðàòóðû, ïðåäïóñêîâîé ðåæèì, ìàòåìàòè÷åñêîå ìîäåëè-
ðîâàíèå.

Ââåäåíèå
Â íàñòîÿùåå âðåìÿ àêòóàëüíàÿ çàäà÷à îñ-

âîåíèÿ Àðêòèêè íå ìîæåò áûòü ðåøåíà áåç èñ-
ïîëüçîâàíèÿ ìíîãîöåëåâûõ äèçåëüíûõ äâèãà-
òåëåé âíóòðåííåãî ñãîðàíèÿ, êîòîðûå øèðîêî 
ïðèìåíÿþòñÿ äëÿ ïðèâîäà ýëåêòðîàãðåãàòîâ, 
áóðîâûõ óñòàíîâîê, êîìïðåññîðîâ, êîììó-
íàëüíîé è ñòðîèòåëüíîé òåõíèêè, òðàêòîðîâ, 
à òàêæå àâòîíîìíûõ àãðåãàòîâ ñ êðóãëîñóòî÷-
íûì ðåæèìîì ýêñïëóàòàöèè. Â ðàññìàòðèâàå-
ìûõ óñëîâèÿõ ñâåðõíèçêèõ òåìïåðàòóð àâòî-
íîìíîå ôóíêöèîíèðîâàíèå äàæå ñïåöèàëüíî 
àäàïòèðîâàííûõ ê Àðêòèêå äèçåëåé ïðåä-
ñòàâëÿåò ñóùåñòâåííûå òðóäíîñòè. Â ïåðâóþ 
î÷åðåäü, ýòî êàñàåòñÿ ïðåäïóñêîâîãî ðåæèìà 
ðàáîòû äèçåëÿ, îò êîòîðîãî çàâèñèò âîçìîæ-
íîñòü åãî çàïóñêà.

Ñóùåñòâóþùèå ïðîáëåìû ïóñêà 
äèçåëÿ ïðè íèçêèõ òåìïåðàòóðàõ 
îêðóæàþùåé ñðåäû
Ïóñêîâûå êà÷åñòâà äèçåëåé îöåíèâàþò 

ïî ìèíèìàëüíîé òåìïåðàòóðå íàäåæíîãî 
ïóñêà, âðåìåíè ïîäãîòîâêè äâèãàòåëÿ ê ïðèíÿ-
òèþ íàãðóçêè, ìèíèìàëüíîé ïóñêîâîé ÷àñòîòå 
n

min
 è óñëîâíîé âåëè÷èíû – ñðåäíèì äàâëåíèåì 

òðåíèÿ Ð
òð

 (îòíîøåíèå ñèëû òðåíèÿ ê ïëîùàäè 
ïîðøíÿ) [1].

Ïóñê õîëîäíîãî äèçåëÿ ïðåäñòàâëÿåò òðóä-
íîñòè âñëåäñòâèå: íèçêîé òåìïåðàòóðû âîç-
äóøíîãî çàðÿäà; ïîâûøåííîãî ñîïðîòèâëåíèÿ 
ïðîâîðà÷èâàíèþ êîëåí÷àòîãî âàëà è ïåðåìåùå-
íèþ äðóãèõ, êèíåìàòè÷åñêè ñ íèì ñâÿçàííûõ 
äåòàëåé (ïîðøíè, äåòàëè ìåõàíèçìà ãàçîðà-
ñïðåäåëåíèÿ; è ò.ä.) èç-çà óâåëè÷åííîé âÿçêî-
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ñòè ìàñëà; óõóäøåíèÿ óñëîâèé ðàñïûëèâàíèÿ 
òîïëèâà; óñèëåííîé òåïëîîòäà÷è â ñòåíêè öè-
ëèíäðà; ïîòåðè ÷àñòè âîçäóøíîãî çàðÿäà [2, 3].

Íèçêàÿ òåìïåðàòóðà âîçäóøíîãî çàðÿäà 
íà âïóñêå è óñèëåííûé òåïëîîòâîä â ñòåíêè öè-
ëèíäðà ïðèâîäÿò ê òîìó, ÷òî çíà÷èòåëüíî ñíè-
æàåòñÿ òåìïåðàòóðà è äàâëåíèå ðàáî÷åãî òåëà 
â êîíöå òàêòà ñæàòèÿ. Ñóùåñòâåííîå âëèÿíèå 
íà óìåíüøåíèå òåìïåðàòóðû âîçäóõà â êîíöå 
òàêòà ñæàòèÿ îêàçûâàåò è íåðàâíîìåðíîñòü 
ñêîðîñòè äâèæåíèÿ ïîðøíÿ â öèëèíäðå.

Íàèìåíüøåå çíà÷åíèå ñêîðîñòè ïðèõîäèò-
ñÿ íà êîíåö òàêòà ñæàòèÿ. Â ðåçóëüòàòå óâåëè-
÷èâàåòñÿ íå òîëüêî âðåìÿ, îòâîäèìîå íà ïðî-
öåññ òåïëîîáìåíà ìåæäó âîçäóøíûì çàðÿäîì 
è ñòåíêàìè êàìåðû ñãîðàíèÿ, íî è ïåðåïàä òåì-
ïåðàòóð ìåæäó íèìè, ïîýòîìó ïîòåðè òåïëà 
âîçäóøíûì çàðÿäîì âîçðàñòàþò [2]. 

Ñíèæåíèå ñêîðîñòè äâèæåíèÿ ïîðøíÿ 
è óâåëè÷åííûå çàçîðû â öèëèíäðîïîðøíåâîé 
ãðóïïå âåäóò ê ïîòåðÿì âîçäóøíîãî çàðÿäà, 
ïåðåòåêàþùåãî ÷åðåç çàçîðû â êàðòåð, ÷òî ïðè-
âîäèò ê ñíèæåíèþ äàâëåíèÿ âîçäóõà â êîíöå 
òàêòà ñæàòèÿ, êîòîðîå ìîæåò ñîñòàâëÿòü 
äî 75 % íîìèíàëüíîé âåëè÷èíû, è ñíèæåíèþ 
òåìïåðàòóðû [4].

Íèçêàÿ òåìïåðàòóðà îêðóæàþùåãî âîçäóõà 
îòðèöàòåëüíî ñêàçûâàåòñÿ è íà êà÷åñòâå ðàñ-
ïûëèâàíèÿ òîïëèâà ôîðñóíêàìè, ÷òî òàêæå 
çàòðóäíÿåò ïóñê äèçåëÿ. Ïðîèñõîäèò ýòî 
èç-çà ïîâûøåíèÿ âÿçêîñòè äèçåëüíîãî òîïëèâà 
è âîçðàñòàíèÿ ñèë åãî ïîâåðõíîñòíîãî íàòÿæå-
íèÿ, óìåíüøåíèÿ ÷àñòîòû âðàùåíèÿ êóëà÷êîâî-
ãî âàëà òîïëèâíîãî íàñîñà âûñîêîãî äàâëåíèÿ 
è ñêîðîñòè ïëóíæåðîâ íàãíåòàòåëüíûõ ñåêöèé, 
÷òî âåäåò ê ñíèæåíèþ äàâëåíèÿ íàãíåòàåìîãî 
â ôîðñóíêè òîïëèâà è óìåíüøåíèþ ñêîðîñòè 
èñòå÷åíèÿ òîïëèâà èç ðàñïûëèòåëÿ. Ïðîèñõîäÿ-
ùåå ïðè ýòîì ñíèæåíèå êà÷åñòâà ðàñïûëèâàíèÿ 
òîïëèâà â ñî÷åòàíèè ñî ñíèæåíèåì òåìïåðàòó-
ðû âîçäóõà â êîíöå òàêòà ñæàòèÿ óâåëè÷èâàþò 
ïåðèîä çàäåðæêè ñàìîâîñïëàìåíåíèÿ òîïëèâà, 
òàêæå çàòðóäíÿÿ ïóñê äèçåëÿ.

Èíîãäà ñî÷åòàíèå ýòèõ ôàêòîðîâ âîîáùå 
íå îáåñïå÷èâàåò ñàìîâîñïëàìåíåíèÿ äèçåëüíî-
ãî òîïëèâà, è ïóñê äèçåëÿ ñòàíîâèòñÿ íåâîçìîæ-
íûì. Ïðàêòèêîé óñòàíîâëåíî, ÷òî íàäåæíûé 
ïóñê äèçåëåé ïî óñëîâèÿì âîñïëàìåíÿåìîñòè 
è ïðîêà÷èâàåìîñòè òîïëèâà ìîæíî ïðîèçâåñòè 
ïðè òåìïåðàòóðå îêðóæàþùåãî âîçäóõà íå íèæå 
–15 °Ñ. Ïðè áîëåå íèçêèõ òåìïåðàòóðàõ íåîáõî-
äèìî ïðèìåíÿòü ñðåäñòâà îáëåã÷åíèÿ ïóñêà äè-
çåëüíîãî äâèãàòåëÿ [4–8].

Â ýòîé ñâÿçè àêòóàëüíîé çàäà÷åé ÿâëÿåòñÿ 
ðàçðàáîòêà òåîðåòè÷åñêîé áàçû, îáåñïå÷èâàþ-
ùåé êîìïëåêñíîå èìèòàöèîííîå ìîäåëèðîâà-
íèå ïðåäïóñêîâîãî ðåæèìà ðàáîòû äèçåëÿ â óñ-
ëîâèÿõ ñâåðõíèçêèõ òåìïåðàòóð îêðóæàþùåé 
ñðåäû ïðè èñïîëüçîâàíèè ñðåäñòâ îáëåã÷åíèÿ 
ïóñêà.

Ðàçðàáîòêà ìàòåìàòè÷åñêîé 
ìîäåëè äèçåëÿ 
Ñóùåñòâóþùèå ïîäõîäû [9−14] ê ìàòåìà-

òè÷åñêîìó îïèñàíèþ ïðåäïóñêîâîãî ðåæèìà 
ðàáîòû äèçåëÿ â îñíîâíîì îðèåíòèðîâàíû 
íà èññëåäîâàíèå ëîêàëüíûõ àñïåêòîâ ïîäãîòîâ-
êè ÄÂÑ ê ïóñêó. Â äàííîé ðàáîòå íà ïðèìåðå 
äèçåëÿ 1×9,5/8,0 àâòîðàìè ïðåäëîæåíî êîì-
ïëåêñíîå ìàòåìàòè÷åñêîå îïèñàíèå ïðîöåññà 
ôóíêöèîíèðîâàíèÿ ÄÂÑ êàê åäèíîé äèíàìè÷å-
ñêîé ñèñòåìû [15−17] äëÿ ïðåäïóñêîâîãî ðåæèìà 
â óñëîâèÿõ ñâåðõíèçêèõ òåìïåðàòóð îêðóæàþ-
ùåé ñðåäû (äî –60 Ñ). Ïðåäëàãàåìûé ïîäõîä 
ïîçâîëÿåò ñïðîãíîçèðîâàòü óðîâåíü òåìïåðàòó-
ðû ðàáî÷åãî òåëà â öèëèíäðå ïðè ñâåðõíèçêèõ 
òåìïåðàòóðàõ îêðóæàþùåé ñðåäû ñ ó÷åòîì èç-
ìåíåíèÿ îñíîâíûõ êîíñòðóêòèâíûõ è ýêñïëóà-
òàöèîííûõ ïàðàìåòðîâ, òàêèõ êàê êîìïðåññèÿ 
äèçåëÿ, ïóñêîâàÿ ÷àñòîòà è äð. 

Ìàòåìàòè÷åñêàÿ ìîäåëü äèçåëÿ áàçèðóåòñÿ 
íà òåïëîìåõàíèêå (òåðìîäèíàìèêå îòêðûòûõ 
ñèñòåì) [15−17] è îòðàæàåò îñíîâíûå îñîáåí-
íîñòè äâèãàòåëÿ êàê ñèñòåìû, ïðåîáðàçóþùåé 
ýíåðãèþ âî âðåìåíè. Äëÿ ðàññìàòðèâàåìîãî 
îäíîöèëèíäðîâîãî äèçåëÿ 1×9,5/8,0 ñèñòåìà 
óðàâíåíèé ìàòåìàòè÷åñêîé ìîäåëè îñíîâûâà-
åòñÿ íà çàêîíàõ ñîõðàíåíèÿ ýíåðãèè, ìàññû, 
óðàâíåíèÿõ äâèæåíèÿ òâåðäûõ çâåíüåâ è âêëþ-
÷àåò 6 äèôôåðåíöèàëüíûõ óðàâíåíèé.

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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Äëÿ îïèñàíèÿ èçìåíåíèÿ ñîñòîÿíèÿ ãàçà 
â êàðòåðå ÄÂÑ, êîòîðûé ìîäåëèðîâàëñÿ êàê ïî-
ëîñòü ïåðåìåííîãî îáúåìà W

k
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Óãëîâàÿ ñêîðîñòü è óãîë ïîâîðîòà êîëåí÷àòî-
ãî âàëà äâèãàòåëÿ îïðåäåëÿëèñü èç óðàâíåíèé:

 
 1 ;d n c

d M M M
d J

   


 (5)

 

d
d

 


. (6)

Â óðàâíåíèÿõ (1–6) èñïîëüçîâàëèñü ñëå-
äóþùèå óñëîâíûå îáîçíà÷åíèÿ:  – âðåìÿ; 
T,  – òåìïåðàòóðà è ïëîòíîñòü ðàáî÷åãî òåëà 
â öèëèíäðå; T

k
, 

k
 – òåìïåðàòóðà è ïëîòíîñòü 

ðàáî÷åãî òåëà â êàðòåðå; c
v
, c

vk
 – óäåëüíàÿ èçî-

õîðíàÿ òåïëîåìêîñòü ðàáî÷åãî òåëà â öèëèíäðå 
è êàðòåðå ñîîòâåòñòâåííî; W, W

k – òåêóùèé 
îáúåì ðàáî÷åãî òåëà â öèëèíäðå è êàðòåðå; 
f
n
 – ïëîùàäü ïîðøíÿ;  è  – óãëîâàÿ ñêîðîñòü 

è óãîë ïîâîðîòà êîëåí÷àòîãî âàëà; G
n1

, G
n2

, 
G

n3
, G

n4 
– ñåêóíäíûé ìàññîâûé ïðèõîä ðàáî÷å-

ãî òåëà ÷åðåç âïóñêíîé, âûïóñêíîé êëàïàíû, 
çàçîðû â ÖÏÃ è ñèñòåìó âåíòèëÿöèè êàðòåðà, 
ñîîòâåòñòâåííî; G

p1
, G

p2
, G

p3
, G

p4
 – ñåêóíäíûé 

ìàññîâûé ðàñõîä ðàáî÷åãî òåëà ÷åðåç âïóñê-
íîé, âûïóñêíîé êëàïàíû, çàçîðû â ÖÏÃ è ñè-
ñòåìó âåíòèëÿöèè êàðòåðà, ñîîòâåòñòâåííî; u, 
i – óäåëüíàÿ âíóòðåííÿÿ ýíåðãèÿ è ýíòàëüïèÿ 
ðàáî÷åãî òåëà â öèëèíäðå; u

k
, i

k
 – óäåëüíàÿ âíó-

òðåííÿÿ ýíåðãèÿ è ýíòàëüïèÿ ðàáî÷åãî òåëà 
â êàðòåðå; gQ  – ñåêóíäíûé ïðèõîä ýíåðãèè 
â ôîðìå òåïëîòû ïðè ãîðåíèè ðàáî÷åé ñìåñè; 

tQ  – ñåêóíäíûé ðàñõîä ýíåðãèè â ôîðìå òåïëî-
òû â ðåçóëüòàòå òåïëîîáìåíà â öèëèíäðå; J – 
ìîìåíò èíåðöèè; M

d
 – äâèæóùèé ìîìåíò; M

n
 – 

ïóñêîâîé ìîìåíò; Mc
 – ìîìåíò ñîïðîòèâëåíèÿ.

Äâèæóùèé ìîìåíò â óðàâíåíèè (5) äëÿ ðàñ-
ñìàòðèâàåìîãî îäíîöèëèíäðîâîãî äèçåëÿ îï-
ðåäåëÿåòñÿ ñëåäóþùèì îáðàçîì:

4 0

2
3 2

( )

,

d n tr

n n

M a p p f F

da m a m
dt

     

      

ãäå p – äàâëåíèå ðàáî÷åãî òåëà â öèëèíäðå; 
p

0
 – äàâëåíèå ðàáî÷åãî òåëà ïîä ïîðøíåì; 

F
tr
 – ñèëà òðåíèÿ â öèëèíäðîïîðøíåâîé ãðóïïå; 

m
n
 – ïðèâåäåííàÿ ìàññà ÷àñòåé äâèãàòåëÿ, 

ñîâåðøàþùèõ âîçâðàòíî-ïîñòóïàòåëüíîå äâè-
æåíèå; 

2 sin sin 2 ;
2ka r        

 

 3 cos cos2 ;ka r        

 
4

cossin 1
1 1 cos2

4

ka r

 
   

         
 

; k

sh

r
l

  ,

ãäå r
k
 – ðàäèóñ êðèâîøèïà; l

sh
 – äëèíà øàòóíà.

Ìîìåíò ñîïðîòèâëåíèÿ cM  äâèãàòåëÿ 
íà ðåæèìå åãî ïðîêðóòêè ñòàðòåðîì îïðåäå-
ëÿëñÿ ïî ýìïèðè÷åñêîé ôîðìóëå [1]:

0,390,875 0,11 0,022 ,
100c h
nM V         

 
ãäå n – ÷àñòîòà âðàùåíèÿ êîëåí÷àòîãî âàëà, 
ìèí–1;  – âÿçêîñòü ìîòîðíîãî ìàñëà, ñÑò; 
V

h 
–

 
ðàáî÷èé îáúåì äâèãàòåëÿ.

Äëÿ ðàñ÷åòà êîýôôèöèåíòà òåïëîîòäà÷è  
ìåæäó ðàáî÷èì òåëîì è ñòåíêàìè äâèãàòåëÿ 
èñïîëüçîâàëàñü ôîðìóëà Ýéõåëüáåðãà [16].

0,3332,1 mp T c     , 

ãäå c
m
 – ñðåäíÿÿ ñêîðîñòü ïîðøíÿ.

Óðàâíåíèÿ (1–6) äîïîëíÿëèñü óðàâíåíèåì 
ñîñòîÿíèÿ èäåàëüíîãî ãàçà, à òàêæå èçâåñòíû-
ìè çàâèñèìîñòÿìè [17] äëÿ îïðåäåëåíèÿ G

n
, G

p
, 

u, i, F
tr
, gQ , tQ

Ïðèâåäåííàÿ ñèñòåìà óðàâíåíèé (1–6) 
ìîæåò èñïîëüçîâàòüñÿ äëÿ ìîäåëèðîâàíèÿ 
ðàáîòû ÄÂÑ êàê íà ðåæèìå ïðåäïóñêîâîé ïîä-
ãîòîâêè ñ ïîñëåäóþùèì ïóñêîì, òàê è âî âñåì 
äèàïàçîíå ñêîðîñòíûõ è íàãðóçî÷íûõ ðåæèìîâ 
ðàáîòû äâèãàòåëÿ [18].

Íà ðèñ. 1−3 ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòà 
ïðåäïóñêîâîãî ðåæèìà ðàáîòû äèçåëÿ 1×9,5/8,0 
ïðè òåìïåðàòóðå îêðóæàþùåé ñðåäû −60 Ñ.

Àïðîáàöèÿ ìàòåìàòè÷åñêîé ìîäåëè
Íà âòîðîì ýòàïå áûëà ïðîâåäåíà ïðîâåðêà 

àäåêâàòíîñòè ðàçðàáîòàííîé ìàòåìàòè÷åñêîé 
ìîäåëè. Ñðàâíåíèå ðåçóëüòàòîâ ìîäåëèðîâàíèÿ 
îñóùåñòâëÿëîñü ñ ðåçóëüòàòàìè ýêñïåðèìåíòà 
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Ðèñ. 1. Èçìåíåíèå óãëîâîé ñêîðîñòè êîëåí÷àòîãî âàëà äèçåëÿ

Ðèñ. 2. Èçìåíåíèå äàâëåíèÿ â öèëèíäðå

Ðèñ. 3. Èçìåíåíèå òåìïåðàòóðû â öèëèíäðå äèçåëÿ
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â õîëîäèëüíîé êàìåðå (ðèñ. 4). Ïðè òåìïåðàòó-
ðàõ â õîëîäèëüíîé êàìåðå îò −20 Ñ äî −60 Ñ 
äâèãàòåëü òðåìÿ ïîïûòêàìè ïðîêðó÷èâàëñÿ 
ñòàðòåðîì â òå÷åíèå 10 ñåêóíä ñ èíòåðâàëîì 
ìåæäó ïîïûòêàìè 30 ñ. 

Ðèñ. 4. Õîëîäèëüíàÿ êàìåðà ñ äèçåëåì 1×9,5/8,0 
ïðè òåìïåðàòóðå −60 Ñ

Èçìåðåíèå òåìïåðàòóðû ðàáî÷åãî òåëà 
â êàìåðå ñãîðàíèÿ îñóùåñòâëÿëîñü äàò÷èêîì 
ñ õðîìåëü-êîïåëåâîé òåðìîïàðîé ñ ïîñëåäóþ-
ùèì îñðåäíåíèåì.

Â òàáë. 1 ïðèâåäåíû ðàñ÷åòíûå è ýêñïåðè-
ìåíòàëüíûå çíà÷åíèÿ ñðåäíèõ òåìïåðàòóð ðà-
áî÷åãî òåëà â êàìåðå ñãîðàíèÿ äèçåëÿ 1×9,5/8,0.

Òàáëèöà 1

Ðàñ÷åòíûå è ýêñïåðèìåíòàëüíûå ñðåäíèå çíà÷åíèÿ 
òåìïåðàòóðû ðàáî÷åãî òåëà â êàìåðå ñãîðàíèÿ 

äèçåëÿ 1×9,5/8,0

№ ï/ï t0 (С) tрасч (С) tэксп (С)
1 -20 69,0 70,7
2 -30 56,2 61,3
3 -40 43,8 47,7
4 -50 28,0 30,7
5 -60 15,3 16,0

Èç òàáë. 1 âèäíî, ÷òî ðàñõîæäåíèÿ â îïðå-
äåëåíèè ïî ìàòåìàòè÷åñêîé ìîäåëè ñðåäíèõ 
çíà÷åíèé òåìïåðàòóðû t

ðàñ÷
 íå ïðåâûøàþò 10 % 

ïî ñðàâíåíèþ ñ ýêñïåðèìåíòàëüíûìè äàííûìè 
t
ýêñï

. 

Çàêëþ÷åíèå
Òàêèì îáðàçîì, ðàçðàáîòàííîå àâòîðàìè ìà-

òåìàòè÷åñêîå è ïðîãðàììíîå îáåñïå÷åíèå ïî-
çâîëÿåò ïîëó÷èòü äëÿ ïðåäïóñêîâîãî ðåæèìà 
ðàáîòû äèçåëÿ çàêîíîìåðíîñòè èçìåíåíèÿ ïà-
ðàìåòðîâ ñîñòîÿíèÿ ðàáî÷åãî òåëà â öèëèíäðå 
ïðè íèçêèõ òåìïåðàòóðàõ îêðóæàþùåé ñðåäû. 
Ïîãðåøíîñòü â îïðåäåëåíèè ñðåäíåé òåìïåðà-
òóðû ðàáî÷åãî òåëà â öèëèíäðå ïî ñðàâíåíèþ 

ñ ýêñïåðèìåíòîì íå ïðåâûøàåò 10%. Ïîëó÷åí-
íûå ðåçóëüòàòû ìîæíî èñïîëüçîâàòü äëÿ àíà-
ëèçà ñîîòâåòñòâèÿ òåìïåðàòóðû â öèëèíäðå 
òåìïåðàòóðå ñàìîâîñïëàìåíåíèÿ òîïëèâîâîç-
äóøíîé ñìåñè ñ ó÷åòîì èçìåíåíèÿ êîìïðåññèè 
äèçåëÿ. 
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DEVELOPMENT AND TESTING OF A MATHEMATICAL MODEL 
OF THE ENGINE PRE-START OPERATION AT LOW AMBIENT TEMPERATURES

DSc in Engineering M.YU. Yelagin, D.V. Pavlov, DSc in Engineering R.N. Khmelev
Tula State University, Tula, Russia
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Starting a cold diesel engine, in the Arctic, with minimum temperatures below -60 C, presents significant 
difficulties due to: low temperature of the air charge; increased resistance to cranking the crankshaft 
and moving other kinematically related parts (pistons, parts of the gas distribution mechanism; etc.) due 
to the increased viscosity of the oil, deterioration of fuel atomization conditions, enhanced heat transfer 
to the cylinder wall, loss of part of the air charge. This article is devoted to solving the urgent problem 
associated with the development of a theoretical framework that provides comprehensive simulation of 
the starting mode of a diesel engine at low ambient temperatures when using start-up facilitators. The ar-
ticle proposes a mathematical model of a diesel engine, based on thermal mechanics (thermodynamics 
of open systems), which reflects the main features of an internal combustion engine (ICE) as a system 
that converts energy over 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 differential equations 
of the rate of change of temperature and density of the working fluid in the cylinder and in the engine 
crankcase, ideal gas equation of state, as well as differential equations of change of angular velocity 
and angle of rotation of engine shaft. The mathematical model is tested on the example of a 1CH9.5/8.0 
diesel engine. The article presents graphs of changes in the angular velocity, pressure and temperature 
in the cylinder, as well as the results of calculating the engine pre-start operation at various low ambient 
temperatures in comparison with the results of full-scale experiments conducted in the refrigerating 
chamber.

Keywords: diesel, low temperatures, prestart mode, mathematical modeling.


