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Ïðîâåäåí àíàëèç ñòðóêòóðû ìàòåìàòè÷åñêîé ìîäåëè öèêëà ïîðøíåâîãî äâèãàòåëÿ è ïðåäëîæåí 
ìîäèôèöèðîâàííûé åå âàðèàíò, êîòîðûé ïîçâîëÿåò îïðåäåëèòü îïòèìàëüíîå äàâëåíèå p â öèëèí-
äðå. Ïðè àíàëèçå áûëè èñïîëüçîâàíû îïóáëèêîâàííûå ðåçóëüòàòû èññëåäîâàíèé ðàáî÷èõ ïðîöåñ-
ñîâ äëÿ ïîðøíåâûõ äâèãàòåëåé, ðàáîòàþùèõ íà æèäêîì òîïëèâå, äðóãèõ àâòîðîâ è äàíû ðåêîìåí-
äàöèè ïî èñïîëüçîâàíèþ ìîäåëåé ïðè ðàñ÷åòå è äîâîäêå äâèãàòåëåé.
Â ðàññìàòðèâàåìîé ìàòåìàòè÷åñêîé ìîäåëè öèêëà èñïîëüçóþòñÿ óðàâíåíèÿ: òåðìîäèíàìè÷åñêèõ 
ïðîöåññîâ, áàëàíñà ýíåðãèè, ñîõðàíåíèÿ ìàññû, ñîñòîÿíèÿ è èçâåñòíûå ýìïèðè÷åñêèå çàâèñè-
ìîñòè. Ïîêàçàíî, ÷òî íà èçìåíåíèå âåëè÷èíû äàâëåíèÿ p îêàçûâàþò îñíîâíîå âëèÿíèå ÷åòûðå 
ôàêòîðà: òåêóùèé îáúåì öèëèíäðà V; ìàññà ðàáî÷åãî òåëà ïðè ãàçîîáìåíå M; ïîäâîä òåïëîòû, âû-
äåëèâøåéñÿ ïðè ñãîðàíèè òîïëèâà Q

x
, è òåïëîîáìåí ñî ñòåíêàìè âíóòðèöèëèíäðîâîãî ïðîñòðàí-

ñòâà Q
w
. Ïðîàíàëèçèðîâàíî âëèÿíèå êàæäîãî èç ýòèõ ôàêòîðîâ íà èçìåíåíèå äàâëåíèÿ â öèëèíäðå 

ïîðøíåâîãî äâèãàòåëÿ. Åñëè îïðåäåëèòü âêëàä êàæäîãî èç ýòèõ ôàêòîðîâ íà èçìåíåíèå äàâëåíèÿ 
ðàáî÷åãî òåëà â öèëèíäðå, òî ýòî ïîçâîëèò öåëåíàïðàâëåííî ñîâåðøåíñòâîâàòü ïðîöåññû â ïîðø-
íåâîì äâèãàòåëå, îáåñïå÷èâàÿ íå òîëüêî ýêîëîãè÷åñêèå, íî è ýêîíîìè÷åñêèå ïîêàçàòåëè. Õîòÿ ìà-
òåìàòè÷åñêàÿ ìîäåëü ïðåäñòàâëåíà â êâàçèñòàöèîíàðíîé ïîñòàíîâêå, îíà ïîçâîëÿåò îáåñïå÷èòü 
ïîëó÷åíèå òðåáóåìûõ ðåçóëüòàòîâ â ðàñ÷åòíûõ èññëåäîâàíèÿõ, îñîáåííî ïðè äîâîäêå äâèãàòåëÿ 
äî òðåáóåìûõ ïîêàçàòåëåé. Ïðè ðàñ÷åòå öèêëà âàæíîå çíà÷åíèå èìååò òî÷íîñòü îïðåäåëåíèÿ íà-
÷àëà âèäèìîãî ãîðåíèÿ (íà÷àëà ïîäâîäà òåïëîòû ê ðàáî÷åìó òåëó ïî óãëó ïîâîðîòà êîëåí÷àòîãî 
âàëà 

f
), à òàêæå îïðåäåëåíèå âðåìåíè çàäåðæêè âîñïëàìåíåíèÿ ñìåñè (ÇÂÑ) 

i
. Ðàñïîëîæåíèå 

òî÷êè ïî óãëó ïîâîðîòà êîëåí÷àòîãî âàëà 
f
 îòíîñèòåëüíî ÂÌÒ ñóùåñòâåííî âëèÿåò íà èíäèêà-

òîðíóþ ðàáîòó è ÊÏÄ öèêëà. Óãîë 
f
 ÿâëÿåòñÿ ðåãóëèðîâî÷íûì ïàðàìåòðîì, ïîýòîìó ïðè ðàñ÷åòå 

öèêëà ïðèíÿòîå çíà÷åíèå åãî âêëþ÷àåòñÿ â èñõîäíûå äàííûå.
Ñëîæíîñòü ó÷åòà âëèÿíèÿ ðàçëè÷íûõ ôàêòîðîâ íà ïðîäîëæèòåëüíîñòü çàäåðæêè âîñïëàìåíåíèÿ 
ñìåñè (ÇÂÑ) îáóñëîâèëà áîëüøîå ðàçíîîáðàçèå ýìïèðè÷åñêèõ èëè ïîëóýìïèðè÷åñêèõ ôîðìóë äëÿ 
ðàñ÷åòà âðåìåíè ÇÂÑ 

i
 , êîòîðîå ñóùåñòâåííî óñëîæíÿåò èõ âûáîð äëÿ êîíêðåòíîé ìîäåëè. Ïðî-

âåäåí àíàëèç ñòðóêòóðû, óñëîâèé è ñïîñîáîâ ïîëó÷åíèÿ ôîðìóë äëÿ îïðåäåëåíèÿ 
i
 (àíàëèçèðóåò-

ñÿ 19 ïîëóýìïèðè÷åñêèõ è ýêñïåðèìåíòàëüíûõ ôîðìóë ðàçëè÷íûõ àâòîðîâ).
Òåïëîòà, ó÷àñòâóþùàÿ â òåïëîîáìåíå ìåæäó ðàáî÷èì òåëîì è ñòåíêàìè âíóòðèöèëèíäðîâîãî ïðî-
ñòðàíñòâà, âû÷èñëÿåòñÿ ïî ôîðìóëå Íüþòîíà-Ðèõìàíà. Ïðèðàùåíèÿ äàâëåíèé è òåìïåðàòóð â òðó-
áîïðîâîäàõ âû÷èñëÿþòñÿ â âûïóñêíîì è âïóñêíîì òðóáîïðîâîäàõ.
Îïèñàííàÿ ìîäåëü öèêëà ïîðøíåâîãî äâèãàòåëÿ ðåàëèçîâàíà â ïàêåòå ïðîãðàìì ðàñ÷åòà ïîðøíå-
âûõ äâèãàòåëåé è èñïîëüçóåòñÿ â íàó÷íî-èññëåäîâàòåëüñêîé ðàáîòå è ó÷åáíîì ïðîöåññå.
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âîñïëàìåíåíèÿ, çàäåðæêà âîñïëàìåíåíèÿ ñìåñè 
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Ââåäåíèå
Êà÷åñòâî ïðîòåêàíèÿ ïðîöåññîâ â öèêëàõ 

ïîðøíåâîãî äâèãàòåëÿ (ÏÄ) îöåíèâàåòñÿ ïî èç-
ìåíåíèþ äàâëåíèÿ ðàáî÷åãî òåëà â öèëèíäðå 
îò óãëà ïîâîðîòà êîëåí÷àòîãî âàëà (º ÏÊÂ) 

  p f . Ñðàâíåíèå òåîðåòè÷åñêîé è ýêñ-
ïåðèìåíòàëüíîé èíäèêàòîðíîé äèàãðàìì 

  p f  ïîçâîëÿåò ñóäèòü îá àäåêâàòíîñòè 
ìàòåìàòè÷åñêîé ìîäåëè öèêëà â ÏÄ. Íà âåëè-
÷èíó äàâëåíèÿ p îêàçûâàþò îñíîâíîå âëèÿíèå 
÷åòûðå ôàêòîðà [1, 2, 3, 4, 5]: èçìåíåíèå òåêó-
ùåãî îáúåìà öèëèíäðà V, èçìåíåíèå ìàññû ðà-

áî÷åãî òåëà ïðè ãàçîîáìåíå M, ïîäâîä òåïëî-
òû, âûäåëèâøåéñÿ ïðè ñãîðàíèè òîïëèâà Q

x
, 

è íàëè÷èå òåïëîîáìåíà ñî ñòåíêàìè âíóòðè-
öèëèíäðîâîãî ïðîñòðàíñòâà Q

w
. Åñëè îöåíèòü 

âêëàä êàæäîãî èç ýòèõ ôàêòîðîâ íà èçìåíåíèå 
äàâëåíèÿ ðàáî÷åãî òåëà â öèëèíäðå, òî ýòî ïî-
çâîëèò öåëåíàïðàâëåííî ñîâåðøåíñòâîâàòü 
ïðîöåññû â ÏÄ. Íåñìîòðÿ íà ïðîñòîòó, ïðåäëà-
ãàåìàÿ â êâàçèñòàöèîíàðíîé ïîñòàíîâêå ìàòå-
ìàòè÷åñêàÿ ìîäåëü ïðîöåññîâ â ÏÄ âî ìíîãèõ 
ñëó÷àÿõ îáåñïå÷èâàåò ïîëó÷åíèå òðåáóåìûõ 
ðåçóëüòàòîâ â ðàñ÷åòíûõ èññëåäîâàíèÿõ. Äëÿ 
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îðèåíòèðîâêè â õàðàêòåðíûõ ó÷àñòêàõ öèêëà 
÷åòûðåõòàêòíîãî äâèãàòåëÿ íà ðèñ. 1 ïðèâåäå-
íà ñõåìà èíäèêàòîðíîé äèàãðàììû öèêëà ÷å-
òûðåõòàêòíîãî äâèãàòåëÿ ñ âûäåëåíèåì òî÷åê 
íà÷àëà è êîíöà òàêòîâ.

Â ðàññìàòðèâàåìîé ìîäåëè öèêëà èñïîëü-
çóþòñÿ óðàâíåíèÿ: òåðìîäèíàìè÷åñêèõ ïðî-
öåññîâ, áàëàíñà ýíåðãèè, ñîõðàíåíèÿ ìàññû, 
ñîñòîÿíèÿ è ýìïèðè÷åñêèå çàâèñèìîñòè. Ïðè 
îïèñàíèè ìàññîâûõ è òåïëîâûõ ïîòîêîâ ïðèíÿ-
òû èíäåêñû: ñ – öèëèíäð; s – âïóñêíîé, p – âû-
ïóñêíîé òðóáîïðîâîäû; cs – ïåðåòåêàíèå ãàçà 
èç öèëèíäðà âî âïóñêíîé ðåñèâåð. Öåëüþ äàí-
íîãî èññëåäîâàíèÿ ÿâëÿåòñÿ ïðîâåäåíèå àíàëè-
çà îïóáëèêîâàííûõ ðåçóëüòàòîâ èññëåäîâàíèé 
ïî ìàòåìàòè÷åñêèì ìîäåëÿì öèêëîâ äëÿ ÏÄ, 
ðàáîòàþùèõ íà æèäêîì òîïëèâå, è äàòü ðåêî-
ìåíäàöèè ïî èñïîëüçîâàíèþ ýòèõ ìîäåëåé ïðè 
ðàñ÷åòå.

Ðåçóëüòàòû èññëåäîâàíèÿ è èõ îáñóæäåíèå
Çàâèñèìîñòü äàâëåíèÿ ðàáî÷åãî òåëà â öè-

ëèíäðå îò óêàçàííûõ âûøå ôàêòîðîâ îïèñûâà-
åòñÿ íåêîòîðîé ôóíêöèåé   , , ,x wp f V M Q Q  
[1, 6, 7, 8], ïðîèçâîäíóþ ïî âðåìåíè d  êîòî-
ðîé ìîæíî ïðåäñòàâèòü êàê ñóììó ÷àñòíûõ 
ïðîèçâîäíûõ:

   
   

        
wx

x w

dQdQdp p dV p dM p p

d V d M d Q d Q d .  
  (1) 

Äëÿ âûâîäà óðàâíåíèÿ, ó÷èòûâàþùåãî èç-
ìåíåíèå äàâëåíèÿ â öèëèíäðå îò îáúåìà V â 

òå÷åíèå öèêëà, 
                  

varV

dp p dV

d V d
, âîñ-

ïîëüçóåìñÿ óðàâíåíèì  constkpV , ãäå çíà÷å-
íèå ïîêàçàòåëÿ k  çàâèñèò îò ñîñòàâà è ïðîöåñ-
ñà èçìåíåíèÿ ñîñòîÿíèÿ ðàáî÷åãî òåëà. 

Îïðåäåëèì èçìåíåíèå äàâëåíèÿ p òîëüêî 
ïðè èçìåíåíèè îáúåìà (ïðè ïîñòîÿííîé ìàññå 
M è   0x wQ Q ): 

 
       

varV

dp k p dV

d V d
, (2)

ãäå 
 

 

p k p

V V
, 

          
sin sin2

2p

dV
F R

d ,      – óãëîâàÿ 
ñêîðîñòü; pF  – ïëîùàäü ïîðøíÿ;     /R L ;
R  – ðàäèóñ êðèâîøèïà; L  – äëèíà øàòóíà.

Óðàâíåíèå (2) ÿâëÿåòñÿ îñíîâíûì ïðè ìî-
äåëèðîâàíèè ïðîöåññîâ ñæàòèÿ è ðàñøèðåíèÿ. 
Òåêóùàÿ òåìïåðàòóðà âû÷èñëÿåòñÿ ïî óðàâíå-
íèþ ñîñòîÿíèÿ. 

Âòîðîå ñëàãàåìîå â (1) ó÷èòûâàåò çàâè-
ñèìîñòü äàâëåíèÿ â öèëèíäðå îò èçìåíåíèÿ 
ìàññû ðàáî÷åãî òåëà â ïðîöåññå ãàçîîáìåíà 
(ó÷àñòêè b u  è r a  íà ðèñ. 1) ïðè óñëîâèè 
V =const è   0x wQ Q , òî åñòü èçìåíåíèå äàâ-
ëåíèÿ îáóñëîâëåíî òîëüêî ïåðåìåùåíèåì ìàññ 
ãàçîâ ìåæäó öèëèíäðîì è òðóáîïðîâîäàìè:

 
                  

varM

dp p dM

d M d
.  (3)

Ñîìíîæèòåëü 
dM G
d


  ïðåäñòàâëÿåò 

ðàñõîä ïðîäóêòîâ ñãîðàíèÿ èëè ñâåæåãî çàðÿäà 

1G  ïðè ìàññîîáìåíå ìåæäó ñèñòåìàìè. Äëÿ 

îïðåäåëåíèÿ ÷àñòíîé ïðîèçâîäíàÿ 


p

M
 èñ-

ïîëüçîâàëèñü óðàâíåíèÿ: áàëàíñà ïðèðàùå-

íèé âíóòðåííèõ ýíåðãèé p sdU dUdU
d d d

 
  

; 

  vU C T M  è p V R T M    , ãäå 


dU

d
 – ïðè-

ðàùåíèå âíóòðåííåé ýíåðãèè ðàáî÷åãî òåëà â 

öèëèíäðå; 

pdU

d
 è sd U

d
 – ïðèðàùåíèÿ îò âíó-

òðåííèõ ýíåðãèé ãàçîâ, ó÷àñòâóþùèõ â ìàññî-
îáìåíå ìåæäó âûïóñêíûì (èíäåêñ p) è âïóñê-
íûì (s) òðóáîïðîâîäàìè. 

Òåìïåðàòóðû T  è òåïëîåìêîñòè vC  çàâè-
ñÿò îò íàïðàâëåíèÿ ïåðåòåêàíèÿ ðàáî÷åãî òåëà 
ìåæäó öèëèíäðîì è òðóáîïðîâîäàìè. Ïîñëå 

Ðèñ. 1. Ñõåìà èíäèêàòîðíîé äèàãðàììû   p f : 
,u a  – íà÷àëî è êîíåö ïðîöåññà âïóñêà; 

,b r  – íà÷àëî è îêîí÷àíèå ïðîöåññà âûïóñêà;
 f  – ìîìåíò ïîäà÷è èñêðû â äâèãàòåëå ñ ïðèíóäè-
òåëüíûì çàæèãàíèåì èëè íà÷àëà âïðûñêà òîïëèâà 
â äâèãàòåëÿõ ñ âîñïëàìåíåíèåì ñìåñè îò ñæàòèÿ; 

2f  – íà÷àëî ðåçêîãî ïîâûøåíèÿ äàâëåíèÿ 
ïðè ñãîðàíèè òîïëèâà (âèäèìîãî ãîðåíèÿ);

 c  – âåðõíÿÿ ìåðòâàÿ òî÷êà (ÂÌÒ); z  – ìàêñèìàëü-
íîå äàâëåíèå ïðè ñãîðàíèè òîïëèâà; 

3f  – óñëîâíûé 
ìîìåíò îêîí÷àíèÿ ïðîöåññà ñãîðàíèÿ òîïëèâà
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ïðåîáðàçîâàíèé ïîëó÷åíî çíà÷åíèå ñîìíîæè-

òåëÿ â (3) 
 


 v

p R T

M C V
, à 


 

 v

U
C T

M
. 

Òàêèì îáðàçîì, óðàâíåíèÿ äëÿ ðàñ÷åòà ïðî-
öåññà ãàçîîáìåíà, ó÷èòûâàþùèå âñå âîçìîæ-
íûå ïåðåòåêàíèÿ ðàáî÷åãî òåëà ìåæäó öèëèí-
äðîì è òðóáîïðîâîäàìè, èìåþò âèä:
• ïðèðàùåíèå ìàññû ðàáî÷åãî òåëà â öèëèíäðå:

      
 1 1cp pc cs sc sc cs

dM
G G G G G G

d
;  (4)

• ïðèðàùåíèå äàâëåíèÿ â öèëèíäðå:

 

 
   

 

var

1

1 ,

v cp v p
M v

p pc v s sc sc vs

sc sc

dp R
C T G C

d C V

T G C T G G C

T G G

           

       

    (5)

ãäå ,cp pcG G  – ðàñõîäû ãàçîâ ïðè èõ èñòå÷åíèè 
â âûïóñêíîé òðóáîïðîâîä è èõ âîçìîæíîì ïðè 

p cp p  âîçâðàòå â öèëèíäð; ,cs scG G  – ðàñõîäû 
ãàçîâ ïðè c Sp p  çàáðîñå âî âïóñêíîé òðóáî-
ïðîâîä ïðè ïåðåêðûòèè êëàïàíîâ è âîçâðàòå â 
öèëèíäð; 

1 1,sc csG G  – ðàñõîäû ñâåæåãî çàðÿäà 
ïðè âïóñêå è îáðàòíîì âûáðîñå ïðè c Sp p  
ðàáî÷åãî òåëà èç öèëèíäðà âî âïóñêíîé òðó-
áîïðîâîä â òàêòå ñæàòèÿ; vC ,  v p

C  è  v s
C  

– èçîõîðíûå òåïëîåìêîñòè ðàáî÷åãî òåëà â öè-
ëèíäðå, âûïóñêíîì è âïóñêíîì òðóáîïðîâîäàõ, 
ñîîòâåòñòâóþùèå òåìïåðàòóðàì T , pT  è sT .

Ñãîðàíèå òîïëèâîâîçäóøíîé ñìåñè â öè-
ëèíäðå äâèãàòåëÿ – ñëîæíûé ïðîöåññ. Ïîïûò-
êè îïèñàòü åãî ñ ïîìîùüþ ìàòåìàòè÷åñêîãî 
àïïàðàòà ñ âûñîêîé ñòåïåíüþ äîñòîâåðíîñòè 
ïðèâîäÿò ê ñóùåñòâåííîìó óñëîæíåíèþ ìî-
äåëåé è ïðîãðàìì ðàñ÷åòà öèêëîâ. Âî ìíîãèõ 
ñëó÷àÿõ ìîæíî èñïîëüçîâàòü áîëåå ïðîñòûå 
ìîäåëè ïðîöåññà ñãîðàíèÿ òîïëèâà, îáåñïå÷è-
âàþùèå ïðè ïðèíèìàåìûõ äîïóùåíèÿõ ðåçóëü-
òàòû, óäîâëåòâîðÿþùèå öåëÿì èññëåäîâàíèÿ.

Ïðè ðàñ÷åòå öèêëà âàæíîå çíà÷åíèå èìååò 
òî÷íîñòü îïðåäåëåíèÿ íà÷àëà âèäèìîãî ãîðå-
íèÿ (íà÷àëà ïîäâîäà òåïëîòû ê ðàáî÷åìó òåëó 
– òî÷êà 2f  íà ðèñ. 1). Ðàñïîëîæåíèå òî÷êè 2f  
îòíîñèòåëüíî ÂÌÒ ñóùåñòâåííî âëèÿåò íà èí-
äèêàòîðíóþ ðàáîòó è ÊÏÄ öèêëà [9, 10].

Ïîëîæåíèå òî÷êè f
2
 çàâèñèò îò ìîìåíòà 

ïîäà÷è èñêðû â äâèãàòåëå ñ ïðèíóäèòåëüíûì 
çàæèãàíèåì èëè íà÷àëà âïðûñêà òîïëèâà â 
äâèãàòåëå ñ âîñïëàìåíåíèåì îò ñæàòèÿ (òî÷êà 
f è ñîîòâåòñòâóþùèé ýòîé òî÷êå íà èíäèêà-
òîðíîé äèàãðàììå óãîë ÏÊÂ 

f
) è óãëîâîãî 

   
2i f f  èëè âðåìåííîãî 

i
 ïðîìåæóòêà 

ÏÊÂ ìåæäó òî÷êàìè f  è 2f . Ýòîò ïðîìåæó-
òîê íàçûâàþò çàäåðæêîé âîñïëàìåíåíèÿ ñìåñè 
(ÇÂÑ) 

i
. Â ïðàêòèêå ïîëîæåíèå òî÷åê f, f

2
 è z 

îáû÷íî îïðåäåëÿåòñÿ îòíîñèòåëüíî ÂÌÒ. 
Óãîë 

f
 ÿâëÿåòñÿ ðåãóëèðîâî÷íûì ïàðàìå-

òðîì, ïîýòîìó ïðè ðàñ÷åòå öèêëà ïðèíÿòîå 
çíà÷åíèå åãî âêëþ÷àåòñÿ â èñõîäíûå äàííûå.

Ñëîæíîñòü ó÷åòà âëèÿíèÿ ðàçëè÷íûõ ôàê-
òîðîâ íà ïðîäîëæèòåëüíîñòü ÇÂÑ îáóñëîâèëà 
áîëüøîå ðàçíîîáðàçèå ýìïèðè÷åñêèõ èëè ïî-
ëóýìïèðè÷åñêèõ ôîðìóë äëÿ ðàñ÷åòà âðåìåíè 

i
 , êîòîðîå ñóùåñòâåííî óñëîæíÿåò èõ âûáîð 

äëÿ êîíêðåòíîé ìîäåëè. Â ðàáîòå [1] ïðèâåäåí 
àíàëèç ñòðóêòóðû, óñëîâèé è ñïîñîáîâ ïîëó÷å-
íèÿ ôîðìóë äëÿ îïðåäåëåíèÿ 

i
 (àíàëèçèðóåòñÿ 

19 ïîëóýìïèðè÷åñêèõ è ýêñïåðèìåíòàëüíûõ 
çàâèñèìîñòåé ðàçëè÷íûõ àâòîðîâ), èìåþùèõ â 
îñíîâíîì ñëåäóþùóþ ñòðóêòóðó:

n m
i B p T     ,

ãäå B = const – íåêîòîðàÿ ïîñòîÿííàÿ âåëè-
÷èíà; p, T – äàâëåíèå è òåìïåðàòóðà â ìîìåíò 
âïðûñêèâàíèÿ òîïëèâà èëè ïîäà÷è èñêðû.

Àíàëèçèðóÿ ïðèâåäåííóþ çàâèñèìîñòü, îò-
ìåòèì ñëåäóþùåå:
• ãëàâíûìè ôàêòîðàìè, âëèÿþùèìè íà ïðî-

äîëæèòåëüíîñòü ÇÂÑ 
i
, ÿâëÿþòñÿ çíà÷åíèÿ 

äàâëåíèÿ fp  è òåìïåðàòóðû fT  â òî÷êå f , 
òàê êàê îíè ïðèñóòñòâóþò â áîëüøèíñòâå 
çàâèñèìîñòåé; 

• îöåíèòü âêëàä fp  è fT  â ÷èñëåííîå çíà÷å-
íèå i  çàòðóäíÿåò çíà÷èòåëüíûé ðàçáðîñ â 
ôîðìóëàõ âåëè÷èí ñîìíîæèòåëåé;

• èñïîëüçîâàíèå áîëüøèíñòâà ôîðìóë, ïðè-
âåäåííûõ â [1, 6-10], äàåò ðåçóëüòàòû íåðå-
àëüíûå äëÿ äâèãàòåëåé ñ ÷àñòîòîé âðàùåíèÿ 

n
e 
> 2000 ìèí

1
.

Ó÷èòûâàÿ èçëîæåííîå, â ðàáîòàõ [11, 12, 13] 
áûëè âûïîëíåíû èññëåäîâàíèÿ è îïðåäåëåíû 
âêëàäû ðàçëè÷íûõ ôàêòîðîâ â çíà÷åíèå âðåìå-
íè ÇÂÑ 

i
 íà äèçåëå è áåíçèíîâîì äâèãàòåëå, ÷òî 

ïîçâîëèëî ñôîðìèðîâàòü ñòðóêòóðó íîâîé ôîð-
ìóëû äëÿ ðàñ÷åòà ïðîäîëæèòåëüíîñòè ÇÂÑ 

i
 :

      k n m
i i p f fB w p T ,  (6)

ãäå iB  = 1.0 – ñîìíîæèòåëü, êîòîðûé ïðè 
êîððåêòèðîâêå 

i 
ïî ýêñïåðèìåíòàëüíûì 

äàííûì èëè ó÷åòå äîïîëíèòåëüíûõ ôàêòîðîâ 
ìîæåò èìåòü çíà÷åíèå îòëè÷íîå îò åäèíèöû; 

fp , T
f
 – äàâëåíèå â Ïà è òåìïåðàòóðà â°Ê 
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â òî÷êå f (ðèñ. 1); w
p
 – ñðåäíÿÿ ñêîðîñòü 

ïîðøíÿ, ì/ñ; k = 0,754; n = 0,242; m = 0,270.
Âêëàä îïðåäåëÿþùèõ ôàêòîðîâ â ïðî-

äîëæèòåëüíîñòü ÇÂÑ ñîñòàâëÿåò: äàâëåíèå

fp  – p
  50%; òåìïåðàòóðà fT  – T

  25 %; 
ñðåäíÿÿ ñêîðîñòü ïîðøíÿ pw  – w   20 %; 
îñòàëüíûå ôàêòîðû  5 %.

Ïîêàçàòåëè ñòåïåíè â ôîðìóëå (6) ïðèíèìà-
þò çíà÷åíèå:

n = 0,236…0,242; m = 0,267…0,270; k = 0,754. 

Óòî÷íåíèå ïîêàçàòåëåé â ôîðìóëå (6) öåëå-
ñîîáðàçíî âûïîëíÿòü òîëüêî ïðè íàëè÷èè ýêñ-
ïåðèìåíòàëüíîé èíäèêàòîðíîé äèàãðàììû èëè 
äàííûõ ñ ïðîòîòèïà äâèãàòåëÿ.

Äëÿ îïðåäåëåíèÿ òðåòüåãî ñëàãàåìîãî â (1) 
               varx

c c x

Q x

dp p dQ

d Q d
 èñïîëüçóåòñÿ óðàâ-

íåíèå áàëàíñà ýíåðãèè: 

      
2x x f wQ U U p V Q ,  (7)

ãäå  x zQ x Q  – òåêóùåå êîëè÷åñòâî òåïëî-
òû, âûäåëèâøåéñÿ ïðè ñãîðàíèè òîïëèâà; x 
– õàðàêòåðèñòèêà òåïëîâûäåëåíèÿ (âûãîðà-
íèÿ òîïëèâà) [1, 5]; zQ  – êîëè÷åñòâî òåïëîòû, 
âûäåëèâøåéñÿ ïðè ñãîðàíèè öèêëîâîé äîçû 
òîïëèâà; 

2f
U  è xU  – âíóòðåííèå ýíåðãèè ðà-

áî÷åãî òåëà â öèëèíäðå â íà÷àëå è â äàííûé 
ìîìåíò ïðîöåññà ñãîðàíèÿ, wQ  – êîëè÷åñòâî 
òåïëîòû, âûäåëèâøåéñÿ â ðåçóëüòàòå òåïëîîá-
ìåíà ìåæäó ðàáî÷èì òåëîì è ñòåíêàìè âíóòðè 
öèëèíäðîâîãî ïðîñòðàíñòâà. 

Ïðèðàùåíèå ýòîãî êîëè÷åñòâà òåïëîòû:

  
 
x

z

dQ dx
Q

d d
.  (8)

Ïðèðàùåíèå âíóòðåííåé ýíåðãèè 
2x fU U  

ïðîèñõîäèò òàêæå â ñîîòâåòñòâèè ñ õàðàêòåðè-
ñòèêîé òåïëîâûäåëåíèÿ, à èìåííî: 

  
  

 
2

2

( )x f

x f

d U U dx
U U

d d
.  (9)

Â íà÷àëå ïðîöåññà ñãîðàíèÿ  0xQ , à â 

êîíöå        c
x z u u

m
Q Q H H

M
. 

Çäåñü   – êîýôôèöèåíò èñïîëüçîâàíèÿ 
òåïëîòû; uH  – íèçøàÿ òåïëîòà ñãîðàíèÿ òî-
ïëèâà, Äæ/êã; cm  – öèêëîâàÿ ìàññà òîïëèâà, 
êã; M  – ìàññà ñâåæåãî çàðÿäà, êã;  uH  – íå-
ïîëíîòà âûãîðàíèÿ òîïëèâà (â áåíçèíîâîì è 
ãàçîâîì äâèãàòåëÿõ ïðè  1, à â äèçåëå ïðè 
1,3 ) â Äæ/êã.

Òàêèì îáðàçîì, ïðîèçâîäíàÿ äëÿ òðåòüå-
ãî ñëàãàåìîãî â óðàâíåíèÿõ (2) è (3) ñ ó÷åòîì 
óðàâíåíèé (8) è (9) ïðèíèìàåò âèä:

            2

var

1

x

z x f
Q

dp dx
Q U U

d V d
,  (10)

ãäå dx d  – ñêîðîñòü âûäåëåíèÿ òåïëîòû â 
ïðîöåññå ñãîðàíèÿ òîïëèâà.

Äîñòîâåðíûå õàðàêòåðèñòèêè òåïëîâûäå-
ëåíèÿ ïîëó÷àþò ïðè îáðàáîòêå ýêñïåðèìåí-
òàëüíûõ èíäèêàòîðíûõ äèàãðàìì. Ïðè ìàòå-
ìàòè÷åñêîì ìîäåëèðîâàíèè ïðîöåññà ñãîðàíèÿ 
îáû÷íî èñïîëüçóþò õàðàêòåðèñòèêó òåïëî-
âûäåëåíèÿ x, êîòîðàÿ îïèñûâàåòñÿ â ñîîòâåò-
ñòâèè ñ [1 – 5] ýêñïîíåíòîé:

   
 

   
1

2 31
m

x x f fK

x zx Q Q e ,  (11)

ãäå zQ  – êîëè÷åñòâî òåïëîòû, âûäåëèâøå-
åñÿ ïðè ñãîðàíèè öèêëîâîé äîçû òîïëèâà; 
 xQ  – êîëè÷åñòâî òåïëîòû, âûäåëèâøååñÿ 
ê ðàñ÷åòíîìó ïðîìåæóòêó âðåìåíè (ñóììå 
øàãîâ ðàñ÷åòà);  maxln 1xK x   – êîýôôèöè-
åíò, çàâèñÿùèé îò îòíîñèòåëüíîãî êîëè÷åñòâà 
ñãîðåâøåãî òîïëèâà, ïðè ïðàêòè÷åñêè ïîëíîì 
âûãîðàíèè max 0,999x   6,908xK , à åñëè 

max 0,95x   2,99xK ; 
2 3f f  è x  – ïðîäîë-

æèòåëüíîñòü ñãîðàíèÿ â ãðàäóñàõ ïîâîðîòà 
êîëåí÷àòîãî âàëà (ãðàä. ÏÊÂ) è òåêóùèé óãîë 
îò íà÷àëà ñãîðàíèÿ; m  – ïîêàçàòåëü õàðàêòåðà 
ñãîðàíèÿ.

Äîëÿ òîïëèâà, âûãîðåâøàÿ çà âðåìÿ, ñîîò-
âåòñòâóþùåå øàãó ðàñ÷åòà  , âû÷èñëÿåòñÿ 
ïî óðàâíåíèþ:

 

 
         
        

1 1

2 3 2 3

6,908 6,908

m m

x x

f f f fdx e e .  (12).

Â äâèãàòåëÿõ ñ âîñïëàìåíåíèåì îò ñæàòèÿ 
ðàçëè÷àþò äâå ôàçû ñãîðàíèÿ òîïëèâà: âçðûâ-
íîé è äèôôóçèîííûé, ïîýòîìó âûãîðàíèå 
òîïëèâà èìååò ñóùåñòâåííóþ íåðàâíîìåð-
íîñòü. Âñëåäñòâèå ðàçëè÷íîãî õàðàêòåðà âû-
ãîðàíèÿ òîïëèâà êðèâàÿ ñêîðîñòè òåïëîâûäå-
ëåíèÿ áóäåò èìåòü äâà ìàêñèìóìà. Äëÿ ó÷åòà 
ýòîé îñîáåííîñòè ïðè ðàñ÷åòå öèêëà äèçåëÿ 
öèêëîâóþ äîçó òîïëèâà äåëÿò íà äâå ñîîò-
âåòñòâóþùèå ÷àñòè  1 2z z zQ Q Q , ïðèíèìà-
þò íà êàæäîì ó÷àñòêå ðàçëè÷íûå ïîêàçàòå-
ëè õàðàêòåðà ñãîðàíèÿ òîïëèâà 1m  è 2m , à â 
ïðåäëàãàåìîé ìåòîäèêå ðàñ÷åòà, êðîìå òîãî, 
îòíîøåíèå óãëîâ  

2 3x f f  çàìåíÿåòñÿ îòíîøå-
íèÿìè x zQ Q , â êîòîðîì êîëè÷åñòâî òîïëè-
âà íà êàæäîì øàãå  xQ  âûãîðàåò ïî ñâîåìó 
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çàêîíó: íà ïåðâîì ó÷àñòêå 1zQ  – íèñïàäàþùàÿ 
âåòâü ñèíóñîèäû, íà âòîðîì (äèôôóçèîííîå 
ñãîðàíèå) 2zQ  – ñèíóñîèäà. Òàêîå ïðåäïîëîæå-
íèå îáîñíîâàíî òåì, ÷òî â ìîìåíò íà÷àëà ñãî-
ðàíèÿ âîñïëàìåíÿåòñÿ íå âñå òîïëèâî, ïîñòó-
ïèâøåå çà ïåðèîä çàäåðæêè âîñïëàìåíåíèÿ, à 
òîëüêî òî, êîòîðîå ïåðåìåøàëîñü ñ âîçäóõîì.

Ñ ó÷åòîì óêàçàííûõ ïðåäïîëîæåíèé óðàâ-
íåíèå äëÿ âû÷èñëåíèÿ êîýôôèöèåíòà òåïëîâû-
äåëåíèÿ ïðèíèìàåò âèä:

 

         
      

1 11 2
1 2

1 21

m m
x x

x
z z

Q Q
K

Q Q
x e .  (13)

ãäå 1 2,x xQ Q  – êîëè÷åñòâî òåïëîòû, âûäåëèâ-
øåéñÿ ïðè âçðûâíîì è äèôôóçèîííîì ñãîðà-
íèè òîïëèâà ê òåêóùåìó ìîìåíòó âðåìåíè, à 

1 2,m m  – ñîîòâåòñòâóþùèå ïîêàçàòåëè õàðàêòå-
ðà ñãîðàíèÿ.

Â êîíöå ïðîöåññà ñãîðàíèÿ 1 1x zQ Q  è 
2 2x zQ Q , ãäå 1 2,z zQ Q  – êîëè÷åñòâà òåïëîòû, 

âûäåëèâøèåñÿ ïðè âçðûâíîì è äèôôóçèîííîì 
ñãîðàíèè òîïëèâà â öèêëå.

Ñêîðîñòü òåïëîâûäåëåíèÿ ìîæíî îïðåäå-
ëèòü ÷èñëåííûì äèôôåðåíöèðîâàíèåì êðèâîé 
èçìåíåíèÿ   ,xx f Q m  íà ó÷àñòêå 

2 3f f .
Ïðèðàùåíèÿ îòíîñèòåëüíîãî òåïëîâûäåëå-

íèÿ íà êàæäîì øàãå ðàñ÷åòà âû÷èñëÿþòñÿ ïî 
óðàâíåíèÿì:

 
   
   
     

1 11 1
1 1 1

1 1

1

m m
x x x

x x
z z

Q Q Q
K K

Q Qx e e ; 
 

   
   
     

1 12 2
2 2 2

2 2

2

m m
x x x

x x
z z

Q Q Q
K K

Q Qx e e .

Çíà÷åíèå     1 2x x x  èñïîëüçóåòñÿ ïðè 
ðàñ÷åòå òåêóùåãî äàâëåíèÿ â ïðîöåññå ñãîðà-
íèÿ òîïëèâà. 

Â óðàâíåíèè (13) ïðè èçâåñòíûõ Q
z
, m

1
, m

2
 

íåîáõîäèìî óñòàíîâèòü ñîîòíîøåíèå ìåæäó 
êîëè÷åñòâàìè òåïëîòû 1zQ  è 2zQ , òî åñòü óñòà-
íîâèòü èõ çíà÷åíèÿ â ðàâåíñòâå: 

  1 2z z zQ Q Q .  (14)

Äëÿ ýòîãî ïðåäâàðèòåëüíî ïðèíèìàåòñÿ 
çíà÷åíèå òåïëîòû 1zQ  ñ ó÷åòîì îòíîøåíèÿ 
ïåðèîäà çàäåðæêè âîñïëàìåíåíèÿ ñìåñè i  
ê ïðîäîëæèòåëüíîñòè vp  âïðûñêà òîïëèâà 

1z z i vpQ Q   , çàòåì ïîêàçàòåëü ñòåïåíè 
â êâàäðàòíûõ ñêîáêàõ â çàâèñèìîñòè (13) ïî 
îêîí÷àíèè ñãîðàíèÿ ïðèðàâíèâàåòñÿ ê åäèíè-

öå 
 

   
    

   

1 21 1

1 2 1
m m

z z

z z

Q Q

Q Q
 è ðåøàåòñÿ îòíîñè-

òåëüíî 2zQ . Ïî ïîëó÷åííûì ðåçóëüòàòàì êîð-
ðåêòèðóåòñÿ óðàâíåíèå (14).

Äëÿ äâèãàòåëåé ñ ïðèíóäèòåëüíûì çàæèãà-
íèåì òîïëèâî-âîçäóøíîé ñìåñè óðàâíåíèå (13) 
ïðèíèìàåò âèä:


 

  
  

1

6,908
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m
x

z

Q

Qx e .

Ïðè ìîäåëèðîâàíèè òåïëîîáìåíà ìåæäó 
ðàáî÷èì òåëîì è ñòåíêàìè âíóòðè öèëèí-
äðîâîãî ïðîñòðàíñòâà ïðåäïîëàãàåòñÿ, ÷òî 
ïðè ýòîì èçìåíÿåòñÿ òîëüêî âíóòðåííÿÿ 
ýíåðãèÿ ðàáî÷åãî òåëà. Èñõîäíîå óðàâíåíèå 

     [ ] [ ( / )]w v vQ U C T M C p V R  ïîñëå 
äèôôåðåíöèðîâàíèÿ ïðåîáðàçóåòñÿ ê âèäó:

  

var
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w

w w

Q w v

w

dQ dQdp p R

d Q d C V d

dQk

V d

             


  


. (15)

Òåïëîòà, ó÷àñòâóþùàÿ â òåïëîîáìåíå 
ìåæäó ðàáî÷èì òåëîì è ñòåíêàìè âíóòðèöè-
ëèíäðîâîãî ïðîñòðàíñòâà, âû÷èñëÿåòñÿ ïî 
ôîðìóëå Íüþòîíà-Ðèõìàíà:

 w w x xQ F T T     ,

ãäå w  – êîýôôèöèåíò òåïëîîòäà÷è; xF  – ïëî-
ùàäü ïîâåðõíîñòåé ïîðøíÿ, êðûøêè öèëèíäðà è 
ïîâåðõíîñòè çåðêàëà öèëèíäðà â äàííûé ìîìåíò 
âðåìåíè; T  – òåêóùàÿ òåìïåðàòóðà ðàáî÷åãî 
òåëà; xT  – òåìïåðàòóðû ñîîòâåòñòâóþùåé ïîâåðõ-
íîñòè âíóòðèöèëèíäðîâîãî ïðîñòðàíñòâà.

Òåìïåðàòóðà ðàáî÷åãî òåëà â öèëèíäðå íà 
êàæäîì ýëåìåíòàðíîì ïðîìåæóòêå âðåìåíè 
îïðåäåëÿåòñÿ ïî óðàâíåíèþ ñîñòîÿíèÿ: 

 





p V
T

R M
.  (16)

Ïðèðàùåíèÿ äàâëåíèé è òåìïåðàòóð â òðó-
áîïðîâîäàõ âû÷èñëÿþòñÿ ïî óðàâíåíèÿì:
• âûïóñêíîé òðóáîïðîâîä: 

 ;  (17)

• âïóñêíîé òðóáîïðîâîä: 
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ãäå pC ,  p s
C  – èçîáàðíûå òåïëîåìêîñòè 

ãàçîâ è ñâåæåãî çàðÿäà â öèëèíäðå è òðóáî-
ïðîâîäàõ; ,p sV V  – îáúåìû òðóáîïðîâîäîâ; 

,k kG T  – ðàñõîä è òåìïåðàòóðà, â ñîîòâåòñòâèè 
ñ óðàâíåíèÿìè (4) è (5).

Ïðèðàùåíèå òåìïåðàòóð ðàáî÷åãî òåëà â 
òðóáîïðîâîäàõ âû÷èñëÿåòñÿ ïî óðàâíåíèÿì:

  (19)

Äëÿ ïåðåõîäà ê ïðîèçâîäíîé ïî óãëó ïîâî-
ðîòà êîëåí÷àòîãî âàëà /dp d  (áîëåå óäîá-
íîé ïðè ìîäåëèðîâàíèè ïðîöåññîâ â ïîðø-
íåâîì äâèãàòåëå) èñïîëüçóåòñÿ çàâèñèìîñòü 
     6 ed d n d , ãäå     6 ed d n  – óãëî-

âàÿ ñêîðîñòü,°ÏÊÂ/ñ; en  – ÷àñòîòà âðàùåíèÿ 

âàëà, ìèí
1

. 
Ìîäåëèðîâàíèå íàääóâà èçëîæåíî â ðàáîòå 

[11], à âûâîä óðàâíåíèé äëÿ ðàñ÷åòà ïàðàìåòðîâ 
ðàáî÷åãî òåëà â òðóáîïðîâîäàõ – â [12].

Çàêëþ÷åíèå
Îïèñàííàÿ ìîäåëü öèêëà ðåàëèçîâàíà â 

ïàêåòå ïðîãðàìì ðàñ÷åòà ïîðøíåâûõ äâèãàòå-
ëåé è èñïîëüçóåòñÿ â íàó÷íî-èññëåäîâàòåëü-
ñêîé ðàáîòå è ó÷åáíîì ïðîöåññå.
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ANALYSIS OF THE STRUCTURE OF A MATHEMATICAL MODEL 
OF A PISTON ENGINE CYCLE
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The paper analyzes the structure of the mathematical model of a piston engine cycle and proposes a mod-
ified version of it, allowing determination of the optimum pressure p in the cylinder. For the analysis the 
authors used published results of other authors’ studies of work processes for piston engines, working on 
liquid fuels, and gave recommendations on usage of models for calculation and development of engines.
In the considered mathematical model there are used cycle equations of: thermodynamic processes, ener-
gy balance, mass conservation, state and known empirical relationships. It is shown that four factors have 
major impact on changes of pressures p: current volume of the cylinder V; mass of the working body at gas 
exchange M; supply of heat released during combustion Qx and heat exchange with walls of intracylinder 
space Qw. The authors analyzed the influence of each of these factors on the change of pressure in a pis-
ton engine cylinder. Defining contribution of each of these factors on the pressure change of the working 
body in the cylinder will purposefully improve processes in a piston engine, providing not only environmental 
but also efficiency performance. Although the mathematical model is presented in quasi-stationary for-
mulation, it provides the desired results in design studies, especially in fine-tuning engine to the required 
performance. When calculating the cycle the most important is accuracy of determination of the start of 
visible combustion (the beginning of heat supply to the working body by the crank angle �f), as well as de-
termination of mixture ignition time delay (MID) �i. Position of the point by crankshaft angle �f relative to the 
TDC significantly affects indicator performance and cycle efficiency. Angle �f is an adjustment parameter, 
so its accepted value is included in the original data for calculation of the cycle.
The complexity of considering of influence of various factors on the duration of mixture ignition delay led to a 
wide variety of empirical or semi-empirical formulas for calculation of MID �i, which significantly complicates their 
selection for a particular model. The analysis made for the structure, conditions and methods for the preparation 
of formulas for determination of �i (analyzed 19 semi-empirical and experimental formulas of various authors).
The heat involved in the heat exchange between the working body and the walls of intracylinder space is 
calculated by the formula of Newton-Richman. Increments of pressure and temperature in the pipes are 
calculated in the exhaust and intake pipes.
The described model of piston engine cycle was implemented in a package of piston engines and calcu-
lation softwares used in scientific research and educational process.

Keywords: piston engine, working body, pressure, gas exchange, combustion, ignition delay, mixture 
ignition delay


