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Îñíîâíàÿ çàäà÷à ïðè ñîçäàíèè äâèãàòåëÿ — ýòî
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Ïðîâåäåíà îöåíêà ýôôåêòèâíîñòè àâèàöèîííîãî ïîðøíåâîãî äâèãàòåëÿ (ÀÏÄ), èñïîëüçóþùåãî òóðáîêîìïà-
óíäíóþ ñõåìó, â ñðàâíåíèè ñ áàçîâûì ÀÏÄ ñ âîñïëàìåíåíèåì îò ñæàòèÿ è ìîùíîñòüþ 300 ë.ñ. Âåðèôèêàöèÿ
ðàñ÷åòíîé ìàòåìàòè÷åñêîé ìîäåëè áàçîâîãî ÀÏÄ îñóùåñòâëÿëàñü ïî ýêñïåðèìåíòàëüíûì äàííûì, ïîëó÷åííûì
ïðè ðåãèñòðàöèè âíåøíåé ñêîðîñòíîé õàðàêòåðèñòèêè. Ìîäåëèðîâàíèå ïðîâîäèëîñü ïóòåì 0-ìåðíûõ è 1-ìåð-
íûõ ðàñ÷åòîâ â ïðîãðàììíîì êîìïëåêñå AVL BOOST. Íà îñíîâå ìîäåëè áàçîâîãî äâèãàòåëÿ áûëà ñîçäàíà ìàòå-
ìàòè÷åñêàÿ ìîäåëü òóðáîêîìïàóíäíîãî ïîðøíåâîãî äâèãàòåëÿ (ÒÊ ÀÏÄ); îïðåäåëåíû ïàðàìåòðû, îáåñïå÷èâàþ-
ùèå íàèëó÷øèå ýôôåêòèâíûå ïîêàçàòåëè. Ïðîâåäåí ñðàâíèòåëüíûé àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ.

Êëþ÷åâûå ñëîâà: òóðáîíàääóâ, òóðáîêîìïàóíä, äèçåëüíûå äâèãàòåëè, ÷åòûðåõòàêòíûå äâèãàòåëè, àâèàöèîííûå
äâèãàòåëè.

ïðèáëèçèòåëüíî â ðàâíûõ äîëÿõ ïåðåõîäèò â ïîëåç-
íóþ ýíåðãèþ, ðåàëèçóåìóþ â âèäå êðóòÿùåãî ìî-
ìåíòà íà âûâîäíîì âàëó äâèãàòåëÿ, ýíåðãèþ, îò-
âîäèìóþ ñ âûõëîïíûìè ãàçàìè, è òåïëîâóþ ýíåð-
ãèþ, óòèëèçèðóåìóþ â ñèñòåìó îõëàæäåíèÿ, âêëþ-
÷àþùóþ â ñåáÿ ìåõàíè÷åñêèå ïîòåðè [1]. Ïîâûøå-
íèå ïîëåçíîé ðàáîòû âîçìîæíî ëèøü çà ñ÷åò ñíè-
æåíèÿ ïîòåðü ýíåðãèè ñ âûõëîïíûìè ãàçàìè è
ñèñòåìîé îõëàæäåíèÿ (ðèñ. 1). Î÷åâèäíî, ÷òî
ïðèíöèïèàëüíûì ðåøåíèåì äàííîé ïðîáëåìû ÿâ-
ëÿåòñÿ äàëüíåéøåå ïðåîáðàçîâàíèå îòâîäèìîé òåï-
ëîòû â ïîëåçíóþ ðàáîòó.

Ðèñ. 1. Òåïëîâîé áàëàíñ ïîðøíåâîãî äâèãàòåëÿ
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Ýêñïåðèìåíòû, íàïðàâëåííûå íà ðåàëèçàöèþ
òåïëà, îòâîäèìîãî â ñèñòåìó îõëàæäåíèÿ, â ÷àñò-
íîñòè ðàáîòû ïî «àäèàáàòíîìó» äâèãàòåëþ, ïîêà-
çàëè íåóäîâëåòâîðèòåëüíûå ðåçóëüòàòû [2]. Äëÿ
äâèãàòåëåé, ðàáîòàþùèõ áîëüøóþ ÷àñòü âðåìåíè
íà âûñîêèõ ÷àñòîòàõ ïðè çíà÷èòåëüíîé ìîùíîñòè,
íàèáîëåå ïåðñïåêòèâíûì ïðåäñòàâëÿåòñÿ èñïîëü-
çîâàíèå ýíåðãèè âûõëîïíûõ ãàçîâ.

Ñóùåñòâóåò öåëûé ðÿä èññëåäîâàíèé, ïîñâÿ-
ùåííûõ èñïîëüçîâàíèþ ýíåðãèè âûõëîïíûõ ãàçîâ.
Êàê ïðàâèëî, äàííûå èññëåäîâàíèÿ ñâÿçàíû ñ äàëü-
íåìàãèñòðàëüíûìè ãðóçîâèêàìè è óñòàíîâëåííû-
ìè íà íèõ äèçåëüíûìè äâèãàòåëÿìè. Äëÿ ìåõàíè-
÷åñêèõ òóðáîêîìïàóíäíûõ äâèãàòåëåé ðàññìàòðè-
âàþòñÿ ðàçëè÷íûå âàðèàíòû êîìïîíîâêè – ñ âà-
ðèàòîðíîé ïåðåäà÷åé íà òóðáîêîìïðåññîðå [3], ñî
ñâîáîäíîé ñèëîâîé òóðáèíîé [4], à òàêæå ñ ýëåêò-
ðîïðèâîäîì [5].

Ïðîâîäÿòñÿ è àëüòåðíàòèâíûå èññëåäîâàíèÿ,
ñâÿçàííûå ñ ðåàëèçàöèåé òåïëà îòðàáîòàâøèõ ãà-
çîâ â òåðìîýëåêòðè÷åñêèõ ãåíåðàòîðàõ [6] è ïðè
ïîìîùè ìîäèôèêàöèé öèêëà Ðåíêèíà [7].

Èññëåäîâàíèÿ ïî ðåàëèçàöèè òåïëîâîé ýíåð-
ãèè, òåðÿåìîé ñ âûõëîïíûìè ãàçàìè, ñóùåñòâóþò
è äëÿ ÃÒÄ [8].

Íàèëó÷øåå ðåøåíèå äëÿ ÀÏÄ — ýòî èñïîëüçî-
âàíèå ñâîáîäíîé ñèëîâîé òóðáèíû, îáåñïå÷èâàþ-
ùåå íàèëó÷øåå ñîîòíîøåíèå ìàññîãàáàðèòíûõ
ïîêàçàòåëåé è ïîëó÷àåìîé ìîùíîñòè.

Èñòîðè÷åñêè êîíöåïöèÿ òóðáîêîìïàóíäíûõ
äâèãàòåëåé ÿâëÿåòñÿ íàñëåäíèöåé òóðáîíàääóâà.
Èäåÿ íàääóâà ÀÏÄ çàðîäèëàñü â íà÷àëå ÕÕ âåêà.
Ïåðâîíà÷àëüíî çàäà÷åé áûëî ïîâûøåíèå âûñîòíî-
ñòè äëÿ àâèàöèîííûõ äâèãàòåëåé. Îäíàêî äîâîëü-

íî ñêîðî ïðèâîäíûå êîìïðåññîðû ñòàëè èñïîëü-
çîâàòüñÿ è äëÿ ïîâûøåíèÿ ìîùíîñòè íàçåìíûõ
äâèãàòåëåé. Äàëüíåéøèì ðàçâèòèåì ñòàë òóðáîíàä-
äóâ. Âìåñòî ìåõàíè÷åñêîãî ïðèâîäà, ðàñõîäóþùåãî
ìåõàíè÷åñêóþ ýíåðãèþ, ñòàëà èñïîëüçîâàòüñÿ òóð-
áèíà, ÷òî îáåñïå÷èëî ïðèðîñò ÊÏÄ. Íàêîíåö, âåð-
øèíîé ðàçâèòèÿ àâèàöèîííûõ ïîðøíåâûõ äâèãà-
òåëåé ñòàë òóðáîêîìïàóíäíûé äâèãàòåëü, ïîçâîëÿâ-
øèé ìàêñèìàëüíî èñïîëüçîâàòü ýíåðãèþ âûõëîï-
íûõ ãàçîâ. Ïðèìåðàìè ïîäîáíûõ äâèãàòåëåé ÿâëÿ-
þòñÿ: ÂÄ-4Ê (ðèñ. 2) äëÿ ñàìîëåòà Òó-85, äåìîí-
ñòðèðîâàâøèé áåñïðåöåäåíòíûé äëÿ ñâîåãî âðåìå-
íè ïîêàçàòåëü óäåëüíîãî ýôôåêòèâíîãî ðàñõîäà
òîïëèâà — 0,200 êã/(êÂò·÷) [9], è Napier Nomad —
äâóõòàêòíûé äâèãàòåëü ñ îñåâûì êîìïðåññîðîì è
îñåâîé òóðáèíîé [10].

Â òàáë. 1 ïðåäñòàâëåíû õàðàêòåðèñòèêè äâèãà-
òåëÿ ÂÄ-4Ê.

Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ öåëåñîîáðàç-
íîñòü èñïîëüçîâàíèÿ êîìïàóíäíîé ñõåìû íà ñîâðå-

Ðèñ. 2. Äâèãàòåëü ÂÄ-4Ê

Òàáëèöà 1

Ïàðàìåòðû äâèãàòåëÿ ÂÄ-4Ê

Ïàðàìåòð Зíà÷åíèå 

Ìîùíîñòü (íà êðåéñåðñêîì/âçëåòíîì 
ðåæèìå), êÂò 

2400/3310 

Óäåëüíûé ýôôåêòèâíûé ðàñõîä 
òîïëèâà íà êðåéñåðñêîì ðåæèìå, 
ã/(êÂò⋅÷) 

200 

Ñòåïåíü ñæàòèÿ 7.0 

Ìàññà, êã 2065 

Óäåëüíûé âåñ 0,62 
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ìåííîì àâèàöèîííîì äèçåëüíîì äâèãàòåëå ñ òóð-
áîíàääóâîì. Îïðåäåëÿþùèì ôàêòîðîì äëÿ âûáî-
ðà äèçåëüíîãî äâèãàòåëÿ ÿâëÿþòñÿ áîëüøèé êîýô-
ôèöèåíò èçáûòêà âîçäóõà α  (ïðèìåðíî â äâà ðàçà)
ïî ñðàâíåíèþ ñ áåíçèíîâûìè äâèãàòåëÿìè. Ìîù-
íîñòü òóðáèíû îïðåäåëÿåòñÿ êàê

 ,TN G L=

ãäå NT  — ýôôåêòèâíàÿ ìîùíîñòü; G — ðàñõîä ðà-
áî÷åãî òåëà ÷åðåç òóðáèíó; L — óäåëüíàÿ ðàáîòà
òóðáèíû.

Ïîñêîëüêó ðàñõîä ðàáî÷åãî òåëà ïðàêòè÷åñêè
íàïðÿìóþ çàâèñèò îò ðàñõîäà âîçäóõà, êîòîðûé, â
ñâîþ î÷åðåäü, îïðåäåëÿåòñÿ êîýôôèöèåíòîì èç-
áûòêà âîçäóõà, ìîæíî ñäåëàòü âûâîä, ÷òî ïðè ðàâ-
íûõ çíà÷åíèÿõ ìîùíîñòè äâèãàòåëÿ ìîùíîñòü,
ñîçäàâàåìàÿ íà êîìïàóíäíîé òóðáèíå, áóäåò ïðàê-
òè÷åñêè âäâîå âûøå.

Öåëüþ äàííîãî èññëåäîâàíèÿ ÿâëÿåòñÿ îöåíêà
ïåðñïåêòèâíîñòè èñïîëüçîâàíèÿ òóðáîêîìïàóíä-
íîé ñõåìû íà ñîâðåìåííûõ àâèàöèîííûõ ïîðøíå-
âûõ äèçåëüíûõ äâèãàòåëÿõ. Ïðè ýòîì ðåøàëèñü
ñëåäóþùèå çàäà÷è:

1) ñîçäàíèå íóëü-ìåðíîé ìàòåìàòè÷åñêîé ìî-
äåëè áàçîâîãî äâèãàòåëÿ è ïðîâåäåíèå åå èäåíòè-
ôèêàöèè;

2) ðàçðàáîòêà è âåðèôèêàöèÿ ìàòåìàòè÷åñêîé
ìîäåëè òóðáîêîìïàóíäíîãî äâèãàòåëÿ íà îñíîâå
áàçîâîé ìîäåëè;

3) ïîèñê ïàðàìåòðîâ, îáåñïå÷èâàþùèõ íàèëó÷-
øèå ïîêàçàòåëè òóðáîêîìïàóíäíîãî äâèãàòåëÿ ïðè
çàäàííûõ îãðàíè÷åíèÿõ;

4) ñðàâíåíèå õàðàêòåðèñòèê áàçîâîãî è ìîäè-
ôèöèðîâàííîãî äâèãàòåëÿ, îöåíêà ýôôåêòèâíîñòè
èñïîëüçîâàíèÿ êîìïàóíäíîé ñõåìû.

Äàëåå ïðåäñòàâëåíû õàðàêòåðèñòèêè áàçîâîãî
äâèãàòåëÿ, îñíîâíûå èñïîëüçóåìûå ìàòåìàòè÷åñ-
êèå ìîäåëè è íåêîòîðûå ðåçóëüòàòû ðåøåíèÿ óêà-
çàííûõ çàäà÷.

Êðàòêàÿ õàðàêòåðèñòèêà èññëåäóåìîãî äâèãàòåëÿ

Îáúåêòîì èññëåäîâàíèÿ ÿâëÿåòñÿ îïïîçèòíûé
÷åòûðåõòàêòíûé øåñòèöèëèíäðîâûé àâèàöèîííûé
äâèãàòåëü æèäêîñòíîãî îõëàæäåíèÿ ñ âîñïëàìåíå-
íèåì îò ñæàòèÿ, ðàáîòàþùèé íà äèçåëüíîì òîïëè-
âå. Îáëèê äâèãàòåëÿ áûë îïðåäåëåí â èññëåäîâàíèè
[11]. Îñíîâíûå òåõíè÷åñêèå äàííûå äâèãàòåëÿ
ïðèâåäåíû â òàáë. 2.

Èñïîëüçóåìûå ìàòåìàòè÷åñêèå ìîäåëè
ïîðøíåâîãî äâèãàòåëÿ

Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ðàáî÷åãî ïðî-
öåññà ÀÏÄ ïðîèçâîäèëîñü â ïðîãðàììíîì êîìï-
ëåêñå «AVL BOOST» [12]. Äàííûé ïðîãðàììíûé
êîìïëåêñ îáåñïå÷èâàåò ðàñ÷åò ðàçëè÷íûõ ýëåìåí-
òîâ ïîðøíåâîãî äâèãàòåëÿ ñ ïîñëåäóþùèì îáúåäè-
íåíèåì ýëåìåíòîâ â öåëüíóþ ñèñòåìó. Òàêæå â
äàííîé ðàáîòå ïðîâîäèëèñü ïðîâåðî÷íûå ðàñ÷åòû
â ïðîãðàììíîì êîìïëåêñå «Äèçåëü-ÐÊ», ðàçðàáî-
òàííîì â ÌÃÒÓ èì. Í.Ý. Áàóìàíà [13].

Â êà÷åñòâå îñíîâíîé ìîäåëè òðåíèÿ èñïîëüçî-
âàëàñü ìîäåëü Patton, Nitschke, Heywood (PNH)
[14], ïîçâîëÿþùàÿ îïðåäåëÿòü ïîòåðè òðåíèÿ íà
îñíîâå äàííûõ î êîìïîíîâêå è ãåîìåòðèè äâèãà-
òåëÿ. Äàëåå ïðåäñòàâëåíà ôîðìóëà, êîòîðàÿ ïîçâî-
ëÿåò ðàññ÷èòàòü ïîòåðè òðåíèÿ â âèäå äàâëåíèÿ
ìåõàíè÷åñêèõ ïîòåðü (Friction Mean Effective
Pressure, FMEP).

Îáùåå äàâëåíèå ìåõàíè÷åñêèõ ïîòåðü
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Òàáëèöà 2

Îñíîâíûå òåõíè÷åñêèå äàííûå

Ïàðàìåòð Çíà÷åíèå 

Äèàìåòð öèëèíäðà D, ìì 87 

Õîä ïîðøíÿ S, ìì 94 

Чèñëî öèëèíäðîâ 6 

Ñòåïåíü ñæàòèÿ (ãåîìåòðè÷åñêàÿ) ε 17 

Âçëåòíàÿ ìîùíîñòü Ne, êÂò, ïðè ÷àñòîòå âðàùåíèÿ n, ìèí-1 221/4000 

Ìàêñèìàëüíàÿ êðåéñåðñêàÿ ìîùíîñòü, Ne, êÂò, ïðè ÷àñòîòå âðàùåíèÿ n, ìèí-1 150/3750 

Óäåëüíûé ðàñõîä òîïëèâà íà êðåéñåðñêîì ðåæèìå ge, ã/(êÂò·÷) 207 

Ñóõîé âåñ äâèãàòåëÿ m, êã 220 
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FMEPêâ — äàâëåíèå â ïîäøèïíèêàõ êîëåí÷à-
òîãî âàëà,

3 2 2

2

êâ

2
,b b b b b b

cb c t
cc c

FMEP

ND L n D N D n
С C s C d

nB Sn B Sn

Ê ˆ
Á ˜

=

Ê ˆ Ê ˆ
= + +Á ˜ Á ˜

Ë ¯ Ë ¯Ë ¯
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ãäå B – äèàìåòð ïîðøíÿ; S – õîä ïîðøíÿ; Db –
äèàìåòð ïîäøèïíèêîâ; Lb – äëèíà ïîäøèïíèêà;
nb — ÷èñëî ïîäøèïíèêîâ; nc – ÷èñëî öèëèíäðîâ;
N – ÷àñòîòà âðàùåíèÿ êîëåí÷àòîãî âàëà; Ñcb – êî-
ýôôèöèåíò ãèäðîäèíàìè÷åñêèõ ïîòåðü â ïîäøèï-
íèêàõ; Ccs – êîýôôèöèåíò ïîòåðü òðåíèÿ â ïîä-
øèïíèêàõ; Ctd – êîýôôèöèåíò ïîòåðü òðåíèÿ çà
ñ÷åò âÿçêîé äèññèïàöèè;

FMEPïã — äàâëåíèå â ïîðøíåâîé ãðóïïå,

ïã
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(3)

ãäå Cpb – êîýôôèöèåíò ãèäðîäèíàìè÷åñêîãî ñî-
ïðîòèâëåíèÿ øàòóííîãî ïîäøèïíèêà; Cps – êîýô-
ôèöèåíò ãèäðîäèíàìè÷åñêîãî ñîïðîòèâëåíèÿ â
ïàðå þáêà—öèëèíäð; Cpr — êîýôôèöèåíò ãèäðî-
äèíàìè÷åñêîãî ñîïðîòèâëåíèÿ â ïàðå ïîðøíåâîå
êîëüöî—öèëèíäð; C0 – êîýôôèöèåíò ñîïðîòèâëå-
íèÿ îò äàâëåíèÿ ãàçà; Vp – ñðåäíÿÿ ñêîðîñòü ïîð-
øíÿ;

FMEPãðì — äàâëåíèå â ãàçîðàñïðåäåëèòåëüíîì
ìåõàíèçìå,

1.5 0.5

ãðì 2    
b v v

vb vo vh
cc

Nn L N n
FMEP Ñ Ñ C

B S nB S n

Ê ˆ Ê ˆ
= + + +Á ˜ Á ˜

Ë ¯ Ë ¯
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Ê ˆ Ê ˆ
+ + + + +Á ˜ Á ˜Ë ¯ Ë ¯     (4)

ãäå Ñvb – êîýôôèöèåíò ãèäðîäèíàìèêè ïîäøèï-
íèêîâ êîëåí÷àòîãî âàëà; Cvh – êîíñòàíòà îñöèëëè-
ðóþùåãî ãèäðîäèíàìè÷åñêîãî ñìàçûâàíèÿ; Ñvm –
êîíñòàíòà îñöèëëèðóþùåãî ñìåøàííîãî ñìàçûâà-
íèÿ; Ñvo – êîíñòàíòà ãðàíè÷íîãî ñìàçûâàíèÿ;
Lv – ïîäúåì êëàïàíîâ; nv – êîëè÷åñòâî êëàïàíîâ;
Cvf – êîíñòàíòà ïëîñêîãî òîëêàòåëÿ;

FMEPïà — äàâëåíèå â ïðèâîäíûõ àãðåãàòàõ,

3 4 2
ïà 6,2310 5,22 1,7910 ;FMEP N N-= + -

FMEPòí — äàâëåíèå â òîïëèâíîì íàñîñå,

5
5 8 2

òí

10
(0,0785 4,0210 1,0610

0,0025
DV

FMEP N N- -= + + +

8 104,6410 2,1710  ,IMEP N IMEP- -+ +       (5)

ãäå VD – ðàáî÷èé îáúåì; IMEP – ñðåäíåå èíäèêà-
òîðíîå äàâëåíèå.

Äëÿ ðàñ÷åòà òåïëîîáìåíà â öèëèíäðå èñïîëü-
çîâàëàñü ìîäåëü Âîøíè (1978) [2], îòëè÷èòåëüíîé
÷åðòîé êîòîðîé ÿâëÿåòñÿ åå óíèâåðñàëüíîñòü. Ôîð-
ìóëà Âîøíè îïèñûâàåò òåïëîîáìåí ïî äâóì ñî-
ñòàâëÿþùèì – äâèæåíèþ ïîðøíÿ è ïåðåïàäó äàâ-
ëåíèé. Íåäîñòàòîê — íèçêàÿ òî÷íîñòü ðàñ÷åòà íà
÷àñòè÷íûõ ðåæèìàõ, îäíàêî äëÿ çàäà÷ àâèàöèîí-
íûõ äâèãàòåëåé, ãäå âñå ðàáî÷èå ðåæèìû áëèçêè ê
ìàêñèìàëüíîìó, ýòî íåñóùåñòâåííî.

Äàëåå ïðåäñòàâëåíà ôîðìóëà äëÿ êîýôôèöèåí-
òà òåïëîïåðåäà÷è:

( )

0,2 0,8 0,53

0,8

1
0

1 1

 130

2,28 0,308 0,0324 ,

w c c

u D c
c c

m c c

D p T

c V T
p p

c V p

α - -=

È ˘
+ + -Í ˙

˙̊

¥

ÍÎ
¥   (6)

ãäå wα  – êîýôôèöèåíò òåïëîïåðåäà÷è; D – äèà-

ìåòð öèëèíäðà; pc – äàâëåíèå â öèëèíäðå; Tc –
òåìïåðàòóðà â öèëèíäðå; cu – ñêîðîñòü ïîðøíÿ;
ñm – ñðåäíÿÿ ñêîðîñòü ïîðøíÿ; VD – ðàáî÷èé
îáúåì; pc0 – äàâëåíèå â äâèãàòåëå áåç ñãîðàíèÿ;
pc1 – äàâëåíèå ïðè çàêðûòèè âïóñêíûõ êëàïàíîâ;
Tc1 – òåìïåðàòóðà ïðè çàêðûòèè âïóñêíûõ êëàïà-
íîâ.

Ðàñ÷åò ñãîðàíèÿ â êàìåðå ñãîðàíèÿ ÀÏÄ îñó-
ùåñòâëÿëñÿ ïî îäèíàðíîé ìîäåëè Âèáå [15], ñî-
çäàííîé äëÿ ðàñ÷åòà ãîðåíèÿ óãëåâîäîðîäíûõ òîï-
ëèâ, ïðîòåêàþùåãî ïî ìåõàíèçìó ðàçâåòâëåííûõ
öåïíûõ ðåàêöèé. Ìîäåëü Âèáå ïîçâîëÿåò ìîäåëè-
ðîâàòü ïðàêòè÷åñêè ëþáîé ïðîöåññ ãîðåíèÿ çà ñ÷åò
âàðüèðîâàíèÿ ïàðàìåòðîâ, õàðàêòåðèçóþùèõ íà÷à-
ëî è ïðîäîëæèòåëüíîñòü ñãîðàíèÿ, åãî ïîëíîòó, à
òàêæå ôîðìó. Íåäîñòàòîê äàííîé ìîäåëè, ÿðêî
ïðîÿâëÿþùèéñÿ â äèçåëüíûõ äâèãàòåëÿõ, — íåâîç-
ìîæíîñòü òî÷íî îïðåäåëèòü ìîìåíò íà÷àëà ñãîðà-
íèÿ, êîòîðûé ìîæåò ñóùåñòâåííî îòëè÷àòüñÿ îò
ìîìåíòà íà÷àëà âïðûñêèâàíèÿ
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ãäå Q – ïîëíàÿ ïîäâåäåííàÿ òåïëîòà; α  – óãîë

ïîâîðîòà êîëåí÷àòîãî âàëà; 0α  – óãîë íà÷àëà ñãî-

ðàíèÿ; cΔα  – ïðîäîëæèòåëüíîñòü ñãîðàíèÿ; m –

ïàðàìåòð ôîðìû; à – ïàðàìåòð ïîëíîòû ñãîðàíèÿ.
Íî äëÿ äàííîãî ñëó÷àÿ ïðè ðàññìîòðåíèè ñðàâ-

íèòåëüíûõ õàðàêòåðèñòèê òàêàÿ ìîäåëü äîïóñòèìà.

Îñîáåííîñòè ìîäåëèðîâàíèÿ
òóðáîêîìïðåññîðà ÀÏÄ

Î÷åâèäíî, ÷òî îäèí èç íàèáîëåå âàæíûõ ôàê-
òîðîâ â äàííîé ðàáîòå — ìîäåëèðîâàíèå ñèëîâîé
òóðáèíû. Èìåííî îò ïàðàìåòðîâ òóðáèíû âî ìíî-
ãîì çàâèñÿò ïîëó÷åííûå ðåçóëüòàòû ðàñ÷åòà õàðàê-
òåðèñòèê ÀÏÄ. Êëþ÷åâûì ïàðàìåòðîì ïðè ðàñ÷åòå
ÿâëÿåòñÿ ìîùíîñòü – â òóðáîêîìïðåññîðå îíà
îöåíèâàåòñÿ èç óñëîâèÿ áàëàíñà ýíåðãèè òóðáèíû
è êîìïðåññîðà, à â ñèëîâîé òóðáèíå îíà ÿâëÿåòñÿ
öåëåâûì ïàðàìåòðîì, êîòîðûé â äàëüíåéøåì è
îïðåäåëÿåò âûãîäó îò èñïîëüçîâàíèÿ òóðáîêîìïà-
óíäíîé ñõåìû.

Äëÿ îïðåäåëåíèÿ ìîùíîñòè èñïîëüçîâàëàñü
ñëåäóþùàÿ ôîðìóëà:

η η π
1

T ì èý 3 1 ,
k

k
pP G c T

-Ê ˆ
= -Á ˜Á ˜Ë ¯

             (8)

ãäå PT – ìîùíîñòü òóðáèíû; G – ìàññîâûé ðàñõîä

ãàçà; ìη  – ìåõàíè÷åñêèé ÊÏÄ; èýη  – èçîýíòðî-

ïè÷åñêèé ÊÏÄ; ñð – óäåëüíàÿ òåïëîåìêîñòü ïðè

ïîñòîÿííîì äàâëåíèè; T3 – òåìïåðàòóðà ïåðåä òóð-
áèíîé; π  – ñòåïåíü ïîíèæåíèÿ äàâëåíèÿ â òóðáè-
íå; k – ïîêàçàòåëü èçîýíòðîïû.

Êàê ìîæíî âèäåòü èç ôîðìóëû (8), áîëüøèí-
ñòâî ïàðàìåòðîâ â íåé îïðåäåëÿåòñÿ äâèãàòåëåì.
Ñòåïåíü ïîíèæåíèÿ äàâëåíèÿ â òóðáèíå π  ÿâëÿ-
åòñÿ ïîèñêîâûì ïàðàìåòðîì, âàðüèðóåìûì äëÿ äî-
ñòèæåíèÿ îïòèìàëüíûõ ñîîòíîøåíèé ìåæäó ìîù-
íîñòüþ òóðáèíû è äâèãàòåëÿ.

Îñíîâíàÿ ñëîæíîñòü — ðàñ÷åò ÊÏÄ òóðáèíû,
êîòîðûé îïðåäåëÿåòñÿ åå êîíñòðóêòèâíûìè îñî-
áåííîñòÿìè. Ìåõàíè÷åñêèé ÊÏÄ â öåëîì ïðèáëè-
çèòåëüíî îäèíàêîâ äëÿ áîëüøèíñòâà òóðáèí è ñî-
ñòàâëÿåò ~98% [16], îäíàêî èçîýíòðîïè÷åñêèé
ÊÏÄ òóðáèí ïîäîáíîé ðàçìåðíîñòè ìîæåò êîëå-
áàòüñÿ â øèðîêèõ ïðåäåëàõ. Òåîðåòè÷åñêè äîñòè-
æèìû çíà÷åíèÿ ïîðÿäêà 90% [16], ðîññèéñêèå
ïðîèçâîäèòåëè îáåñïå÷èâàþò ÊÏÄ 65% (òóðáèíà
ÒÊÐ-80 ïðîèçâîäñòâà ÍÏÎ «Òóðáîòåõíèêà») [17],
çàïàäíûå îáðàçöû òóðáèí ïîðøíåâûõ äâèãàòåëåé
îáåñïå÷èâàþò ÊÏÄ äî 72% (òóðáèíû Garret,
GTX3071R GEN II) [18]. Íåîáõîäèìî óòî÷íèòü,
÷òî ðå÷ü èäåò î ñåðèéíûõ îáðàçöàõ àâòîìîáèëüíûõ
òóðáèí, èçíà÷àëüíî íå ïðåäíàçíà÷åííûõ äëÿ èñ-
ïîëüçîâàíèÿ â òóðáîêîìïàóíäíîé ñõåìå ñ ÀÏÄ. Íà
îñíîâàíèè ýòîãî ìîæíî ïðåäïîëîæèòü, ÷òî ÊÏÄ
ñïåöèàëèçèðîâàííîé òóðáèíû â áëèæàéøåé ïåð-
ñïåêòèâå ìîæåò ñîñòàâèòü 80%. Â êà÷åñòâå ðàñ-
÷åòíûõ â äàííîé ðàáîòå ïðèíÿòû ÊÏÄ òóðáèíû
70% è 80%.

Ïðîöåññ ìîäåëèðîâàíèÿ

Íà ðèñ. 3 ïðåäñòàâëåíà ñòðóêòóðíàÿ ñõåìà ìà-
òåìàòè÷åñêîé ìîäåëè áàçîâîãî ïîðøíåâîãî äâèãà-
òåëÿ.

Ðèñ. 3. Ñòðóêòóðíàÿ ñõåìà ìàòåìàòè÷åñêîé ìîäåëè áàçîâîãî ïîðøíåâîãî äâèãàòåëÿ
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Â õîäå ðàñ÷åòà áàçîâîãî ÀÏÄ áûëà ïðîèçâåäå-
íà èäåíòèôèêàöèÿ åãî ìàòåìàòè÷åñêîé ìîäåëè.
Ðàñ÷åòíûì ïóòåì ïîëó÷åíû îñíîâíûå ïàðàìåòðû
(ìîùíîñòü, óäåëüíûé ýôôåêòèâíûé ðàñõîä) ïðè
çàäàííûõ îãðàíè÷åíèÿõ (ìàêñèìàëüíîå äàâëåíèå â
öèëèíäðå, êîýôôèöèåíò èçáûòêà âîçäóõà) è ïðè
êîíòðîëå îñòàëüíûõ ïàðàìåòðîâ, õàðàêòåðèçóþùèõ
ðàáîòó äâèãàòåëÿ íà îñíîâíûõ ðàáî÷èõ ðåæèìàõ
äâèãàòåëÿ. Îòêëîíåíèå îò ýêñïåðèìåíòàëüíûõ ïà-
ðàìåòðîâ íå ïðåâûøàëî 1,3%.

Ñëåäóåò îòìåòèòü, ÷òî îñíîâíûå ðàáî÷èå ðåæè-
ìû («êðåéñåðñêèé», «ìàêñèìàëüíî ïðîäîëæèòåëü-
íûé» è «âçëåòíûé») íàõîäÿòñÿ â äèàïàçîíå ÷àñòîò
âðàùåíèÿ êîëåí÷àòîãî âàëà ÀÏÄ îò 3500 äî 4000
îá/ìèí. Ðåæèì «ìàëîãî ãàçà» (àíàëîã «õîëîñòîãî
õîäà» â íàçåìíûõ äâèãàòåëÿõ) ñîîòâåòñòâóåò 1500
îá/ìèí. Ïîñêîëüêó è ðåæèì «ìàëîãî ãàçà», è ïðî-
ìåæóòî÷íûå ðåæèìû äî «êðåéñåðñêîãî» ñîñòàâ-
ëÿþò ïðåíåáðåæèìî ìàëóþ ÷àñòü îò ïîëåòíîãî
öèêëà, îñíîâíûå ðàñ÷åòû ïðèøëèñü íà äèàïàçîí
îñíîâíûõ ðàáî÷èõ ðåæèìîâ.

Äëÿ ñîçäàíèÿ ìàòåìàòè÷åñêîé ìîäåëè òóðáî-
êîìïàóíäíîãî (ÒÊ) äâèãàòåëÿ â èìåþùóþñÿ ìî-
äåëü ÀÏÄ (ñì. ðèñ. 3) áûëà èíòåãðèðîâàíà ñèëî-
âàÿ òóðáèíà, ó÷òåíà ìåõàíè÷åñêàÿ ñâÿçü òóðáèíû
è äâèãàòåëÿ, ïåðåôîðìèðîâàíû âïóñêíûå è âûïóñ-
êíûå ïàòðóáêè. Ñòðóêòóðíàÿ ñõåìà ïîëó÷åííîé ìà-
òåìàòè÷åñêîé ìîäåëè ÒÊ ÀÏÄ ïðåäñòàâëåíà íà
ðèñ. 4.

Ïðîâåäåíû ðàñ÷åòíûå èññëåäîâàíèÿ ïî âûáî-
ðó îïòèìàëüíûõ ïàðàìåòðîâ ÒÊ ÀÏÄ. Â êà÷åñòâå
âàðüèðóåìûõ ïàðàìåòðîâ áûëè âûáðàíû: ôàçû ãà-
çîðàñïðåäåëåíèÿ (óãëû îòêðûòèÿ è çàêðûòèÿ âïóñ-
êíûõ è âûïóñêíûõ êëàïàíîâ), óãîë íà÷àëà ñãîðà-
íèÿ, ñòåïåíè ïîíèæåíèÿ äàâëåíèÿ â òóðáèíå òóð-
áîêîìïðåññîðà è ñèëîâîé òóðáèíå, äàâëåíèå íàä-
äóâà. Â êà÷åñòâå îïòèìèçèðóåìîãî ïàðàìåòðà òàê-
æå ðàññìàòðèâàëñÿ êîýôôèöèåíò èçáûòêà âîçäóõà
α . Îäíàêî, òàê êàê íà âçëåòíîì ðåæèìå α = 1,5,
÷òî äîñòàòî÷íî áëèçêî ê ãðàíèöå äûìíîñòè, áûëî
ïðèíÿòî ðåøåíèå îáîãàùàòü ñìåñü ëèøü íà êðåé-
ñåðñêîì ðåæèìå, ãäå êîýôôèöèåíò èçáûòêà âîçäóõà
èñõîäíîãî äâèãàòåëÿ ñîñòàâëÿë 2.

Ñðàâíåíèå áàçîâîãî è òóðáîêîìïàóíäíîãî ÀÏÄ

Äàëåå ïðåäñòàâëåí ñðàâíèòåëüíûé àíàëèç ðå-
çóëüòàòîâ ìîäåëèðîâàíèÿ áàçîâîãî ÀÏÄ è ÒÊ
ÀÏÄ. Â òàáë. 3 ïðèâåäåíû îñíîâíûå ïîêàçàòåëè
òðåõ âàðèàíòîâ äâèãàòåëåé íà âçëåòíîì ðåæèìå ïðè
ðàçëè÷íûõ êîìïîíîâêàõ è ÊÏÄ òóðáèí.

Íà ðèñ. 5 èçîáðàæåíû ãðàôèêè ìîùíîñòè ñðàâ-
íèâàåìûõ äâèãàòåëåé, íà ðèñ. 6 — ãðàôèêè óäåëü-
íîãî ýôôåêòèâíîãî ðàñõîäà äâèãàòåëåé.

Â òàáë. 4 ïðåäñòàâëåíî ñðàâíåíèå äîïîëíèòåëü-
íûõ ïàðàìåòðîâ, õàðàêòåðèçóþùèõ ðàáî÷èé öèêë
äâèãàòåëåé ïðè ðàçëè÷íûõ êîìïîíîâêàõ è ÊÏÄ
òóðáèí.

Ðèñ. 4. Ñòðóêòóðíàÿ ñõåìà ìàòåìàòè÷åñêîé ìîäåëè òóðáîêîìïàóíäíîãî äâèãàòåëÿ

Òàáëèöà 3

Ïîêàçàòåëè íà âçëåòíîì ðåæèìå

Ïàðàìåòð Áàçîâûé Êîìïàóíä, ÊÏÄ=70% Êîìïàóíä, ÊÏÄ=80% 

Ìîùíîñòü, êÂò 220 230 242 

Óäåëüíûé ýôôåêòèâíûé ðàñõîä, ã/(êÂò·÷) 237 217 211 
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Ðèñ. 5. Ñðàâíåíèå ïîêàçàòåëåé ìîùíîñòè íà ðàçëè÷íûõ ðåæèìàõ

Ðèñ. 6. Ñðàâíåíèå ïîêàçàòåëåé óäåëüíîãî ýôôåêòèâíîãî ðàñõîäà íà ðàçëè÷íûõ ðåæèìàõ

Ìîæíî îòìåòèòü, ÷òî ðåçóëüòàòû äîñòàòî÷íî
òî÷íî ñîîòâåòñòâóþò òåîðåòè÷åñêèì ïðåäïîëîæå-
íèÿì. Êîýôôèöèåíò íàïîëíåíèÿ ñíèæàåòñÿ çà ñ÷åò
âîçíèêíîâåíèÿ ïîäïîðà ñî ñòîðîíû âûõëîïà. Ìàê-
ñèìàëüíûå òåìïåðàòóðû è äàâëåíèÿ öèêëà â öåëîì

ñõîæè è íàõîäÿòñÿ â ïðåäåëàõ ïîãðåøíîñòè ðàñ÷åòà
(1,1% ïðè òèïè÷íûõ ïîãðåøíîñòÿõ äî 2—5%).

Íåîæèäàííûì ÿâëÿåòñÿ ñíèæåíèå òåìïåðàòó-
ðû ãàçîâ íà âûïóñêå. Èçíà÷àëüíî ïðåäïîëàãàëîñü,
÷òî ñ óñòàíîâêîé òóðáèíû áóäåò ïîâûøàòüñÿ óðî-
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âåíü òåìïåðàòóð ïåðåä òóðáèíîé. Îäíàêî îáùåå
ñíèæåíèå ïîêàçàòåëåé öèêëà çà ñ÷åò ñíèæåíèÿ
íàïîëíåíèÿ, à òàêæå èçìåíåíèÿ ôàç ãàçîðàñïðåäå-
ëåíèÿ ïðèâîäÿò ê ñðàâíèòåëüíî áîëåå íèçêèì òåì-
ïåðàòóðàì âûïóñêíûõ ãàçîâ. Ïðè ýòîì äàííûå ðå-
çóëüòàòû äîñòàòî÷íî òî÷íî ñîîòâåòñòâóþò ðåçóëü-
òàòàì, äîñòèãíóòûì â ðàáîòå [19].

Âûâîäû

1. Ïî ðåçóëüòàòàì ìîäåëèðîâàíèÿ ìîæíî ñäå-
ëàòü âûâîä îá ýôôåêòèâíîñòè èñïîëüçîâàíèÿ òóð-
áîêîìïàóíäíûõ ïîðøíåâûõ äâèãàòåëåé:

– äîñòèãíóò ïðèðîñò ìîùíîñòè íà âçëåòíîì
ðåæèìå â 22 êÂò, ÷òî ñîîòâåòñòâóåò 10%;

– óäåëüíûé ýôôåêòèâíûé ðàñõîä òîïëèâà ñíè-
æåí íà ~25 ã/(êÂò·÷) íà âñåõ îñíîâíûõ ðàáî÷èõ
ðåæèìàõ, ÷òî ñîñòàâëÿåò 11,1% äëÿ ìàêñèìàëüíî
ïðîäîëæèòåëüíîãî ðåæèìà;

– ïðè ðåæèìå ìèíèìàëüíîãî ðàñõîäà (ìàêñè-
ìàëüíî ïðîäîëæèòåëüíîì) äîñòèãàåòñÿ ýôôåêòèâ-
íûé ÊÏÄ äâèãàòåëÿ 42%.

2. Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ íåîá-
õîäèìî ðàññìîòðåòü äàëüíåéøèå íàïðàâëåíèÿ ðàç-
âèòèÿ êîíöåïöèè. Â èõ ÷èñëå:

– îöåíêà ýôôåêòèâíîñòè êîìïàóíäíîé ñõåìû
äëÿ àâèàöèîííûõ ïîðøíåâûõ äâèãàòåëåé ñ èñêðî-
âûì çàæèãàíèåì è ðîòîðíî-ïîðøíåâûõ äâèãàòå-
ëåé;

– îöåíêà ìàññîãàáàðèòíûõ ïîêàçàòåëåé òóðáî-
êîìïàóíäíîãî àãðåãàòà.

Èñïîëüçîâàíèå ðîòîðíîãî-ïîðøíåâîãî òóðáî-
êîìïàóíäíîãî äâèãàòåëÿ ïðåäñòàâëÿåò îñîáûé èí-
òåðåñ, ïîñêîëüêó ðîòîðíî-ïîðøíåâûå äâèãàòåëè
íàðàâíå ñ òóðáîêîïàóíäîì ÿâëÿþòñÿ îäíèì èç îñ-
íîâíûõ ïåðñïåêòèâíûõ íàïðàâëåíèé ðàçâèòèÿ
ÀÏÄ [20].

Ðàáîòà ïðîâîäèëàñü ïðè ôèíàíñîâîì ñîäåéñòâèè
Ìèíïðîìòîðãà ÐÔ â ðàìêàõ ðàáîò «Ïåðñïåêòèâà

2016» è «Ïåðñïåêòèâíûå ÌÃÒÄ è ÀÏÄ».

Áèáëèîãðàôè÷åñêèé ñïèñîê

Òàáëèöà 4

Äîïîëíèòåëüíûå ïîêàçàòåëè íà âçëåòíîì ðåæèìå

Ïàðàìåòð Áàçîâûé Êîìïàóíä, ÊÏÄ=70% Êîìïàóíä, ÊÏÄ=80% 

Êîýôôèöèåíò íàïîëíåíèÿ 0,96 0,92 0,92 

Ìàêñèìàëüíàÿ òåìïåðàòóðà öèêëà, Ê 1773 1760 1767 

Òåìïåðàòóðà âûõëîïíûõ ãàçîâ, Ê 712 687 673 

Ìàêñèìàëüíîå äàâëåíèå öèêëà, áàð 178 178 182 
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Abstract

The goal of the presented work consisted in
improvement of the engine basic indicators – specific
power and effective specific fuel consumption (ESFC).
This goal achieving is possible though three methods,
based on a heat balance equation, namely, effective
power increasing, as well as heat emission decreasing
into cooling system and exhaust energy utilization.
Effective power increase seems to be a conservative
method that ensures relatively low performance
increase, and is the main research trendHeat removal
limitation to the cooling system was actively studied
in 90-s, and currently considered unworkable. Thus,
the best way to increase the engine indicators radically
is the exhaust gases energy utilization.

There are many ways realization, including
mechanical and electric compounding, the Renkin
cycle application, thermoelectrical generators.
However, the most efficient way from the niewpoint
of specific parameters is mechanical compound.

Historically, turbo-compounding is a logical
continuation of turbocharging. Turbo-compound
engines are the pinnacle of aviation piston engines.
VD-4K and Napier Nomad engines represent the
examples of such engines, demonstrating at that time
the unsurpassed fuel efficiency levels.

EFFECTIVENESS ESTIMATION OF TURBO-COMPOUND SCHEME
APPLICATION ON PURPOSE OF INDICATORS INCREASING

OF AIRCRAFT PISTON DIESEL ENGINE OF 300 H.P.

Baryshnikov S.I.*, Kostyuchenkov A.N., Zelentsov A.A., Lukovnikov A.V.

Central Institute of Aviation Motors named after P.I. Baranov,
CIAM, 2, Aviamotornaya str., Moscow 111116, Russia

* e-mail: stanislawish@ya.ru

A six-cylinder boxer four-stroke turbocharged CI
water-cooled engine was selected for the purpose of this
study. The key factor for the diesel engine selection was
the high air to fuel ratio, which was about two times
higher than this for the gasoline engine. Owing to this,
other things being equal the compound turbine will
ensure twice as much power.

In this work, identification of the basic engine was
being performed with the AVL BOOST software. The
Patton, Nitschke, Heywood friction model, allowing
determine friction losses based on the engine
arrangement; Vibe combustion model, and Woschni
1978 heat exchange model were employed. Based on
the obtained model a turbo-compound modification
was developed. Optimization of basic parameters, such
as charge pressure, pressure drop on both power and
compressor turbines, gas distribution phases and
ignition advance angle.

Based on the obtained results, a comparison of
three variants of the engine, such as basic one; with the
Garret turbine, which roughly corresponds to domestic
prospective turbines; and the one with reference turbine
was performed.

As a whole, the achieved results fit theoretical
estimations with high degree of precision, with the
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exception of the exhaust gases temperature: contrary
to the initial expectations, the temperature decreased.
However, this result fits the pattern, established in other
authors’ works.

The results of the comparison revealed that the
power increment in the turbo-compound engine could
achieve 10%, and ESFC reduction could achieve 11%.

Keywords: turbocharging, turbo-compound, diesel
engines, four-stroke engines, aviation engines.
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