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Àäåêâàòíîå ìîäåëèðîâàíèå ñèñòåìû îõëàæäåíèÿ òóðáèíû èìååò ñóùåñòâåííîå çíà÷åíèå ïðè îïòèìèçàöèè
ïàðàìåòðîâ äâèãàòåëÿ íà ýòàïå êîíöåïòóàëüíîãî ïðîåêòèðîâàíèÿ, ïîñêîëüêó íà äàííîì ýòàïå çàêëàäûâàþòñÿ
ïàðàìåòðû è õàðàêòåðèñòèêè, îïðåäåëÿþùèå áóäóùíîñòü ïðîåêòà â öåëîì. Â äàííîé ñòàòüå ïðèâåäåíû ðåçóëüòà-
òû àíàëèçà è îáîáùåíèÿ îïóáëèêîâàííûõ ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ äàííûõ ïî êîíâåêòèâíîìó, ïëå-
íî÷íîìó è ïîðèñòîìó îõëàæäåíèþ ëîïàòîê òóðáèí àâèàöèîííûõ ãàçîòóðáèííûõ äâèãàòåëåé (ÃÒÄ). Ðåçóëüòàòîì
ðàáîòû ÿâëÿþòñÿ ïîëó÷åííûå îáîáùåííûå çàâèñèìîñòè îòíîñèòåëüíîãî ïîòðåáíîãî ðàñõîäà îõëàæäàþùåãî âîç-
äóõà ïî êàæäîìó òèïó îõëàæäåíèÿ ëîïàòîê òóðáèí àâèàöèîííûõ ÃÒÄ, à òàêæå óíèâåðñàëüíàÿ çàâèñèìîñòü, îáîá-
ùàþùàÿ äàííûå ïî âñåì òèïàì îõëàæäåíèÿ ðàáî÷èõ ëîïàòîê è ñîïëîâûõ àïïàðàòîâ, ïðèãîäíàÿ ïðè ðåøåíèè çàäà÷
îïòèìèçàöèè ïàðàìåòðîâ äâèãàòåëÿ ïðè ïðîåêòèðîâàíèè. Êðîìå òîãî, â ðàáîòå ïðèâåäåíû äàííûå î çàâèñèìîñ-
òè êîëè÷åñòâà âîçäóõà íà îõëàæäåíèå äèñêîâ òóðáèí è óòå÷åê îõëàæäàþùåãî âîçäóõà îò ìàêñèìàëüíîé òåìïåðà-
òóðû ãàçà ïåðåä òóðáèíîé, à òàêæå äàííûå î âëèÿíèè îòíîñèòåëüíîãî ñóììàðíîãî êîëè÷åñòâà âîçäóõà, îõëàæäà-
þùåãî ñîïëîâîé àïïàðàò è ðàáî÷åå êîëåñî, íà ñíèæåíèå èçîýíòðîïè÷åñêîãî ÊÏÄ òóðáèíû.

Êëþ÷åâûå ñëîâà: ãàçîòóðáèííûé äâèãàòåëü, êîíöåïòóàëüíîå ïðîåêòèðîâàíèå, îõëàæäåíèå òóðáèíû, îïòèìè-
çàöèÿ ïàðàìåòðîâ ðàáî÷åãî ïðîöåññà, ïîòðåáíûé ðàñõîä âîçäóõà íà îõëàæäåíèå, îõëàæäåíèå ëîïàòêè, îõëàæäå-
íèå äèñêà, ÊÏÄ òóðáèíû.

ïðîèñõîäèò áûñòðåå, ÷åì ïðèðàùåíèå äîïóñòèìîé
òåìïåðàòóðû ëîïàòêè, ÷òî íàãëÿäíî ïîêàçàíî â [1, 2].
Òàêèì îáðàçîì, îáåñïå÷åíèå òðåáóåìîãî ðåñóðñà
äâèãàòåëÿ ïðè òàêèõ òåìïåðàòóðàõ ãàçà ïåðåä òóð-
áèíîé âîçìîæíî òîëüêî çà ñ÷åò îõëàæäåíèÿ ñî-
ïëîâûõ è ðàáî÷èõ ëîïàòîê òóðáèí èëè ïðèìåíå-
íèÿ ìàòåðèàëîâ ëîïàòîê, íå òðåáóþùèõ îõëàæäå-
íèÿ, íàïðèìåð êåðàìèêè.

Îõëàæäåíèå òóðáèíû îêàçûâàåò áîëüøîå âëè-
ÿíèå íà ÊÏÄ äâèãàòåëÿ, ñðàâíèìîå ñ âëèÿíèåì
àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê òóðáèíû [3—9],
è äîëæíî ó÷èòûâàòüñÿ ïðè îïòèìèçàöèè ðàáî÷å-
ãî ïðîöåññà ãàçîòóðáèííîãî äâèãàòåëÿ.

Îäíà èç ïåðâûõ ìîäåëåé äëÿ ïðîãíîçèðîâàíèÿ
ïîòðåáíîãî ðàñõîäà âîçäóõà íà îõëàæäåíèå áûëà
ðàçðàáîòàíà Holland è Thake â 1980 ãîäó [10]. Ñâîé
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âêëàä â ðàçðàáîòêó òàêèõ ìîäåëåé âíåñëè Ainley
[11], Consonni [12], Torbidoni è Horlock [13, 14],
Vadlamudi, Kommineni è Katuru [15, 16], Jordal
[17], Jiang è Chen [18]. Ýòè ìîäåëè ïîñòîÿííî
ðàçâèâàþòñÿ è ñòàíîâÿòñÿ âñå áîëåå äåòàëèçèðî-
âàííûìè.

Ðåçóëüòàòû, îñíîâàííûå íà òàêèõ ìîäåëÿõ,
äåìîíñòðèðóþò ëèíåéíóþ çàâèñèìîñòü ìåæäó òåì-
ïåðàòóðîé íà âõîäå â òóðáèíó è ðàñõîäîì îõëàæ-
äàþùåãî âîçäóõà. Êàê ïîêàçàë àíàëèç, ïðè ýòîì
êîëè÷åñòâî ïîòðåáíîãî ðàñõîäà âîçäóõà íà îõëàæ-
äåíèå òóðáèí çàíèæàåòñÿ, à ýôôåêòèâíîñòü äâè-
ãàòåëÿ çàâûøàåòñÿ. Ïîýòîìó ðàçðàáàòûâàþòñÿ áî-
ëåå ñëîæíûå ìîäåëè, ê êîòîðûì îòíîñÿòñÿ ðàáî-
òû Yin, Tiemstra è Rao [1, 19, 20], Êîïåëåâà [2],
Øâåöà è Äûáàíà [21], Li è Liu [22], Li, Gu è Song
[23, 24].

Áîëåå ñëîæíûå è îñíîâàííûå íà ôèçèêå ìî-
äåëè, ê ñîæàëåíèþ, òðåáóþò áîëåå äåòàëüíîé èí-
ôîðìàöèè î ãåîìåòðèè òóðáèíû, êîòîðàÿ îáû÷íî
íåäîñòóïíà íà íà÷àëüíûõ ýòàïàõ ïðîåêòèðîâàíèÿ
äâèãàòåëÿ.

Ñëåäóåò îòìåòèòü, ÷òî ïóáëèêàöèé ïî ïðîåê-
òèðîâàíèþ è ðàçðàáîòêå ñèñòåì îõëàæäåíèÿ òóð-
áèí äëÿ íà÷àëüíûõ ýòàïîâ ïðîåêòèðîâàíèÿ äâè-
ãàòåëÿ êðàéíå ìàëî, è ýòî ñâèäåòåëüñòâóåò î íå-
îáõîäèìîñòè ïðîâåäåíèÿ äîïîëíèòåëüíûõ èññëå-
äîâàíèé â ýòîé îáëàñòè.

Øèðîêî èñïîëüçóåìûì àëãîðèòìîì ðàñ÷åòà
ïîòðåáíîãî ðàñõîäà âîçäóõà íà îõëàæäåíèå ëîïà-
òîê òóðáèí ÿâëÿåòñÿ àëãîðèòì, îñíîâàííûé íà
îïðåäåëåíèè ðàñõîäà îõëàæäàþùåãî âîçäóõà â çà-

âèñèìîñòè îò ãëóáèíû îõëàæäåíèÿ θ . Îäíàêî â
îòêðûòîé ëèòåðàòóðå ñóùåñòâóåò áîëüøîå êîëè÷å-
ñòâî ýìïèðè÷åñêèõ çàâèñèìîñòåé, ñâÿçûâàþùèõ
ãëóáèíó îõëàæäåíèÿ è îòíîñèòåëüíûé ðàñõîä âîç-
äóõà íà îõëàæäåíèå [21, 25—31], ïîýòîìó ðåçóëü-
òàòû ðàñ÷åòîâ, áàçèðóþùèõñÿ íà èíôîðìàöèè èç
ðàçëè÷íûõ èñòî÷íèêîâ è èññëåäóþùèõ êîíêðåò-
íûå òèïû îõëàæäåíèÿ, ìîãóò ðàçëè÷àòüñÿ (äî
3,5%). Èçâåñòíî, ÷òî óâåëè÷åíèå ðàñõîäà âîçäóõà
íà îõëàæäåíèå òóðáèí âñåãäà âëå÷åò çà ñîáîé ðîñò
óäåëüíîãî ðàñõîäà òîïëèâà è ñíèæåíèå óäåëüíîé
òÿãè (ìîùíîñòè) äâèãàòåëÿ [32]. Óäåëüíûå ïàðà-
ìåòðû äâèãàòåëÿ îïðåäåëÿþùèì îáðàçîì âëèÿþò
íà ïîêàçàòåëè ýôôåêòèâíîñòè äâèãàòåëÿ è, ñëåäî-
âàòåëüíî, íà êðèòåðèè îïòèìèçàöèè åãî ïàðàìåò-
ðîâ íà ýòàïå êîíöåïòóàëüíîãî ïðîåêòèðîâàíèÿ.

Â ñâÿçè ñ ýòèì ïîÿâèëàñü íåîáõîäèìîñòü ïðî-
àíàëèçèðîâàòü è îáîáùèòü èçâåñòíûå çàâèñèìî-
ñòè îòíîñèòåëüíîãî ðàñõîäà âîçäóõà íà îõëàæäå-
íèå òóðáèí.

1. Àíàëèç è îáîáùåíèå îïóáëèêîâàííûõ äàííûõ
ïî ýôôåêòèâíîñòè îõëàæäåíèÿ òóðáèí
àâèàöèîííûõ ÃÒÄ

Â íàñòîÿùåå âðåìÿ ïðèìåíÿþòñÿ ñëåäóþùèå
òèïû îõëàæäåíèÿ ëîïàòîê òóðáèí ÃÒÄ:

— êîíâåêòèâíîå;
— êîíâåêòèâíî-ïëåíî÷íîå;
— ïîðèñòîå.
Ðàñõîä âîçäóõà, íåîáõîäèìîãî äëÿ îõëàæäåíèÿ

òóðáèíû, ñêëàäûâàåòñÿ èç ñëåäóþùèõ ñîñòàâëÿþ-
ùèõ:

îõë. îõë. ÑÀ îõë. ÐÊ îõë.äèñê îõë. óò ,G G G G GΣ = + + +   (1)

ãäå Gîõë. ÑÀ – ðàñõîä âîçäóõà íà îõëàæäåíèå ëîïà-
òîê ñîïëîâîãî àïïàðàòà òóðáèíû, êã/ñ;

Gîõë. ÐÊ – ðàñõîä âîçäóõà íà îõëàæäåíèå ëîïà-
òîê ðàáî÷åãî êîëåñà òóðáèíû, êã/ñ;

Gîõë. äèñê – ðàñõîä âîçäóõà íà îõëàæäåíèå äèñ-
êà ðàáî÷åãî êîëåñà òóðáèíû, êã/ñ;

Gîõë. óò – óòå÷êè îõëàæäàþùåãî âîçäóõà â êà-
íàëàõ ïîäâîäà, êã/ñ.

Ïîòðåáíîå êîëè÷åñòâî îõëàæäàþùåãî âîçäóõà
îïðåäåëÿåòñÿ òèïîì îõëàæäåíèÿ è ãëóáèíîé

îõëàæäåíèÿ θ :

*
ã ë
* *

ã îõë

,
T T

T T
θ

-
=

-                      (2)

ãäå *
ãT  – ïîëíàÿ òåìïåðàòóðà ãàçà çà êàìåðîé ñãî-

ðàíèÿ, Ê;
Të – òåìïåðàòóðà ëîïàòêè, Ê;

*
îõëT  – ïîëíàÿ òåìïåðàòóðà îõëàæäàþùåãî âîç-

äóõà, Ê.
Ðàñ÷åòíàÿ ñõåìà ïîäâîäà îõëàæäàþùåãî âîç-

äóõà ïðåäñòàâëåíà íà ðèñ. 1.
Íà îñíîâå îïóáëèêîâàííûõ ðàáîò áûëè ïðî-

àíàëèçèðîâàíû è îáîáùåíû äàííûå ïî ýôôåêòèâ-
íîñòè ðàçëè÷íûõ òèïîâ îõëàæäåíèÿ òóðáèí. Îíè
ïðåäñòàâëåíû íà ðèñ. 2—4 â âèäå çàâèñèìîñòåé
ãëóáèíû îõëàæäåíèÿ îò îòíîñèòåëüíîãî ðàñõîäà

îõëàæäàþùåãî âîçäóõà îõëG , %:

îõë
îõë

ã 

 ,
i

G
G

G
=

ãäå Gã i – ðàñõîä ðàáî÷åãî òåëà íà âõîäå â ñîïëî-
âîé àïïàðàò, ëèáî ïåðåä ðàáî÷èì êîëåñîì òóðáè-
íû.

Êðèâûå 8, 9 (ðèñ. 2) è 5 (ðèñ. 3) ïðåäñòàâëÿ-
þò ýôôåêòèâíîñòü îõëàæäåíèÿ ñîïëîâîãî àïïàðà-
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òà. Íà îñòàëüíûõ êðèâûõ ëèáî ïðåäñòàâëåíà ýô-
ôåêòèâíîñòü îõëàæäåíèÿ ðàáî÷åãî êîëåñà, ëèáî
àâòîðû íå äåëàëè ðàçëè÷èé â ýôôåêòèâíîñòè îõ-
ëàæäåíèÿ ðàáî÷åãî êîëåñà è ñîïëîâîãî àïïàðàòà.

Ïðåäñòàâëåííûå êðèâûå, áåçóñëîâíî, ñâÿçàíû
ñ îïðåäåëåííîé êîíñòðóêöèåé òóðáèíû èëè ñèñ-
òåìîé îõëàæäåíèÿ, îäíàêî íà÷àëî ýòàïà êîíöåï-
òóàëüíîãî ïðîåêòèðîâàíèÿ õàðàêòåðèçóåòñÿ íà-
ñòîëüêî âûñîêèì óðîâíåì íåîïðåäåëåííîñòè, ÷òî
âûáðàòü êðèâóþ îõëàæäåíèÿ â çàâèñèìîñòè îò

Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà îõëàæäåíèÿ òóðáèíû:
1 — Gîõë. êîíâ-ïëåí ÑÀ – ðàñõîä âîçäóõà íà êîíâåêòèâíî-
ïëåíî÷íîå îõëàæäåíèå ñîïëîâîãî àïïàðàòà;
2 — Gîõë. ïëåí ÑÀ – ðàñõîä âîçäóõà íà ïëåíî÷íîå îõëàæ-
äåíèå ñîïëîâîãî àïïàðàòà;
3 — Gîõë. êîíâ ÑÀ – ðàñõîä âîçäóõà íà êîíâåêòèâíîå îõ-
ëàæäåíèå ñîïëîâîãî àïïàðàòà;
4 — Gîõë. äèñê – ðàñõîä âîçäóõà íà îõëàæäåíèå äèñêà;
5 — Gîõë. ïëåí ÐÊ – ðàñõîä âîçäóõà íà ïëåíî÷íîå îõëàæ-
äåíèå ðàáî÷åãî êîëåñà;
6 — Gîõë. êîíâ ÐÊ – ðàñõîä âîçäóõà íà êîíâåêòèâíîå îõ-
ëàæäåíèå ðàáî÷åãî êîëåñà

Ðèñ. 2. Ýôôåêòèâíîñòü êîíâåêòèâíîãî îõëàæäåíèÿ
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êîíñòðóêöèè ïîïðîñòó íå ïðåäñòàâëÿåòñÿ âîçìîæ-
íûì. Ïîýòîìó äëÿ êàæäîãî òèïà îõëàæäåíèÿ
(ðèñ. 2—4) áûëà ïîñòðîåíà îáîáùåííàÿ îãèáàþ-
ùàÿ êðèâàÿ. Îíè ïðåäñòàâëåíû íà ðèñ. 5. Ïîñëå
ýòîãî áûëà ïîñòðîåíà óíèâåðñàëüíàÿ êðèâàÿ, êî-
òîðàÿ ÿâëÿåòñÿ îáîáùåíèåì âñåõ òèïîâ îõëàæäå-
íèÿ (ðèñ. 5). Äëÿ ìàòåìàòè÷åñêîãî îïèñàíèÿ êðè-
âûõ âûáðàíû ïîëèíîìû 2-é è 3-é ñòåïåíè êàê
îáåñïå÷èâàþùèå íåîáõîäèìóþ òî÷íîñòü ïðè îò-
ñóòñòâèè íåäîïóñòèìûõ îñöèëëÿöèé.

Ïîñêîëüêó ïðè êîíâåêòèâíî-ïëåíî÷íîì îõ-
ëàæäåíèè ðàáî÷åå òåëî, ðàñõîäóåìîå íà ïëåíî÷-
íîå è íà êîíâåêòèâíîå îõëàæäåíèå, ïîäàåòñÿ â

ðàçíûõ ñå÷åíèÿõ ïðîòî÷íîé ÷àñòè, íåîáõîäèìî
îïðåäåëèòü, êàêóþ äîëþ ñîñòàâëÿåò ïëåíî÷íîå
îõëàæäåíèå. Â òàáë. 1—3 ïîêàçàíû äîëè ïëåíî÷-
íîãî îõëàæäåíèÿ â çàâèñèìîñòè îò òåìïåðàòóðû
ãàçà ïåðåä òóðáèíîé èëè ãëóáèíû îõëàæäåíèÿ ïî
ðàçëè÷íûì èñòî÷íèêàì äàííûõ.

Íà îñíîâàíèè ïðèâåäåííûõ â òàáëèöàõ äàííûõ
äëÿ ýòàïà êîíöåïòóàëüíîãî ïðîåêòèðîâàíèÿ ÃÒÄ

ìîæíî ïðèíÿòü îõë.ïë îõë / 0,70.G G Σ =

Íà ðèñ. 6 ïðåäñòàâëåíà çàâèñèìîñòü ðàñõîäà
âîçäóõà íà îõëàæäåíèå äèñêà òóðáèíû [29].

Ðèñ. 3. Ýôôåêòèâíîñòü êîíâåêòèâíî-ïëåíî÷íîãî îõëàæäåíèÿ

Ðèñ. 4. Ýôôåêòèâíîñòü ïîðèñòîãî îõëàæäåíèÿ
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Ðèñ. 5. Îáîáùåíèå ýôôåêòèâíîñòè ðàçëè÷íûõ âèäîâ îõëàæäåíèÿ

Òàáëèöà 1

Äîëÿ îòíîñèòåëüíîãî ðàñõîäà âîçäóõà íà ïëåíî÷íîå îõëàæäåíèå [25]

Òàáëèöà 2

Äîëÿ îòíîñèòåëüíîãî ðàñõîäà âîçäóõà íà ïëåíî÷íîå îõëàæäåíèå [33]

Âèä îõëàæäåíèÿ 

îõë, %G   

Òåìïåðàòóðà ãàçà ïåðåä òóðáèíîé *
ã maxT , Ê  

1300 1400 1600 1800 

Êîíâåêòèâíîå 0,5 1,0 2,0 3,0 

Ïëåíî÷íîå 0,0 2,0 4,5 8,0 

Êîíâåêòèâíî-ïëåíî÷íîå 0,5 3,0 6,5 11,0 

Äîëÿ ïëåíî÷íîãî îõëàæäåíèÿ 0,00 0,67 0,69 0,72 

Âèä îõëàæäåíèÿ 

îõë, %G  

Òåìïåðàòóðà ãàçà ïåðåä òóðáèíîé *
ã maxT , Ê 

1680 1720 1850 1950 2000 

Ïëåíî÷íîå 0,00 1,60 2,80 4,00 4,00 

Êîíâåêòèâíî-ïëåíî÷íîå 2,50 3,50 4,50 6,00 5,80 

Äîëÿ ïëåíî÷íîãî îõëàæäåíèÿ 0,00 0,46 0,62 0, 67 0,69 
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Òàáëèöà 3

Äîëÿ îòíîñèòåëüíîãî ðàñõîäà âîçäóõà íà ïëåíî÷íîå îõëàæäåíèå [34]

Âèä îõëàæäåíèÿ 

îõë, %G   

Ãëóáèíà îõëàæäåíèÿ, Θ 

0,1 0,2 0,3 

Êîíâåêòèâíîå 1,00 2,00 3,00 

Ïëåíî÷íîå 2,00 4,00 7,00 

Êîíâåêòèâíî-ïëåíî÷íîå 3,00 6,00 10,00 

Äîëÿ ïëåíî÷íîãî îõëàæäåíèÿ 0,67 0,67 0,70 

Ðèñ. 6. Çàâèñèìîñòü îòíîñèòåëüíîãî ðàñõîäà âîçäóõà íà îõëàæäåíèå äèñêà òóðáèíû îò ìàêñèìàëüíîé òåìïåðàòó-
ðû ãàçà ïåðåä òóðáèíîé

Íà ðèñ. 7 ïðåäñòàâëåíà çàâèñèìîñòü êîëè÷å-
ñòâà óòå÷åê îõëàæäàþùåãî âîçäóõà îò ìàêñèìàëü-
íîé òåìïåðàòóðû ãàçà ïåðåä òóðáèíîé.

Çàâèñèìîñòè ñíèæåíèÿ ÊÏÄ òóðáèíû îò ñóì-
ìàðíîãî îòíîñèòåëüíîãî ðàñõîäà âîçäóõà íà îõ-
ëàæäåíèå ñîïëîâîãî àïïàðàòà (ÑÀ) è ðàáî÷åãî
êîëåñà (ÐÊ) ïðèâåäåíû íà ðèñ. 8.

2. Àëãîðèòì îïðåäåëåíèÿ ðàñõîäà âîçäóõà
íà îõëàæäåíèå òóðáèí íà ýòàïå êîíöåïòóàëüíîãî
ïðîåêòèðîâàíèÿ àâèàöèîííûõ ÃÒÄ

Ñóììàðíûé ðàñõîä âîçäóõà íà îõëàæäåíèå âñåõ
òóðáèí äâèãàòåëÿ îïðåäåëÿåòñÿ ñëåäóþùèì îáðà-
çîì:

îõë Σ îõë 
1

,
n

i
i

G G
=

= Â

ãäå i = 1, n – êîëè÷åñòâî òóðáèí â äâèãàòåëå;
Gîõë i – ðàñõîä âîçäóõà íà îõëàæäåíèå êàæäîé

òóðáèíû, ðàññ÷èòûâàåìûé ïî óðàâíåíèþ (1).

2.1. Ïàðàìåòðè÷åñêèå èññëåäîâàíèÿ ïðè çàäàííîé

òåìïåðàòóðå ãàçà ïåðåä òóðáèíîé *
ã( const)T =

1. Îïðåäåëÿåòñÿ ãëóáèíà îõëàæäåíèÿ äëÿ ñî-
ïëîâîãî àïïàðàòà ïî óðàâíåíèþ (2).

2. Â çàâèñèìîñòè îò çíà÷åíèÿ *
ãT  çàäàåòñÿ òèï

îõëàæäåíèÿ ñîïëîâîãî àïïàðàòà:

 *
ãT = 1300…1600 Ê – êîíâåêòèâíîå îõëàæäå-

íèå;
*

ãT = 1600…1850 Ê – êîíâåêòèâíî-ïëåíî÷íîå

îõëàæäåíèå;

*
ãT = 1850…2100 Ê – ïîðèñòîå îõëàæäåíèå.
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3. Îïðåäåëÿåòñÿ îòíîñèòåëüíûé ïîòðåáíûé
ðàñõîä âîçäóõà íà îõëàæäåíèå ÑÀ (ñì. ðèñ. 5). Äëÿ
ýòîãî èíâåðòèðîâàíû îñè íà ðèñ. 5 è âûðàæåí
îòíîñèòåëüíûé ïîòðåáíûé ðàñõîä âîçäóõà â çàâè-
ñèìîñòè îò ãëóáèíû îõëàæäåíèÿ:

3 2
îõë.êîíâ 48,52 21 5,377 0,023;G θ θ θ= - + -

2
îõë. êîíâ.-ïë 56,568 47,418 11,952;G θ θ= - +     (3)

2
îõë.ïîð 212,55 290,63 102,41.G θ θ= - +

4. Îïðåäåëÿåòñÿ ðàñõîä âîçäóõà íà îõëàæäåíèå
ÑÀ:

îõë. ÑÀ  îõë â ã / 100, êã/ñ.G G G=

5. Îïðåäåëÿåòñÿ ãëóáèíà îõëàæäåíèÿ ëîïàòîê
ðàáî÷åãî êîëåñà:

*
ã ÐÊ ë
* *

ã ÐÊ îõë

.
T T

T T
θ

-
=

-

6. Îïðåäåëÿåòñÿ ïîòðåáíûé îòíîñèòåëüíûé

ðàñõîä âîçäóõà íà îõëàæäåíèå ÐÊ îõëG  ïî çàâèñè-

Ðèñ. 7. Çàâèñèìîñòü êîëè÷åñòâà óòå÷åê îõëàæäàþùåãî âîçäóõà îò ìàêñèìàëüíîé òåìïåðàòóðû ãàçà ïåðåä òóðáè-
íîé

Ðèñ. 8. Ñíèæåíèå ÊÏÄ òóðáèí â çàâèñèìîñòè îò îòíîñèòåëüíîãî ñóììàðíîãî êîëè÷åñòâà âîçäóõà, îõëàæäàþùåãî
ñîïëîâîé àïïàðàò è ðàáî÷åå êîëåñî òóðáèíû
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ìîñòÿì (3). Êàê ïîêàçàë ïðîâåäåííûé àíàëèç, íà
ýòàïå êîíöåïòóàëüíîãî ïðîåêòèðîâàíèÿ äîïóñòè-
ìî îïðåäåëÿòü îòíîñèòåëüíûé ðàñõîä îõëàæäàþ-
ùåãî âîçäóõà äëÿ ÑÀ è ÐÊ ïî îäíèì è òåì æå
çàâèñèìîñòÿì.

7. Îïðåäåëÿåòñÿ ðàñõîä âîçäóõà íà îõëàæäåíèå
ÐÊ:

îõë. ÐÊ  îõë â ã.ÐÊ /100, êã/ñ,G G G=

ãäå Gâ ã. ÐÊ = Gâ ã + Gîõë. ÑÀ.
8. Îïðåäåëÿåòñÿ ðàñõîä âîçäóõà íà îõëàæäåíèå

äèñêà ÐÊ (ñì. ðèñ. 6):

6 *2 *
îõë.äèñê ã ã

îõë.äèñê îõë.äèñê â ã.ÐÊ

3 10 0,0063 3,4643;

.

G T T

G G G

- ◊ - ◊ +

◊

= ◊

=

9. Ïî ôîðìóëå (1) îïðåäåëÿåòñÿ ðàñõîä âîçäóõà
íà îõëàæäåíèå òóðáèíû Gîõë i.

2.2. Ïàðàìåòðè÷åñêèå èññëåäîâàíèÿ
ïðè îïòèìèçàöèè òåìïåðàòóðû ãàçà

ïåðåä òóðáèíîé *
ã( var)T =

Àëãîðèòì îïðåäåëåíèÿ ïîòðåáíîãî ðàñõîäà
âîçäóõà íà îõëàæäåíèå òóðáèí àíàëîãè÷åí àëãî-
ðèòìó, ïðèâåäåííîìó â ðàçä. 2.1, òîëüêî âìåñòî
çàâèñèìîñòåé (3) èñïîëüçóåòñÿ óíèâåðñàëüíàÿ çà-
âèñèìîñòü îò ãëóáèíû îõëàæäåíèÿ, îáúåäèíÿþùàÿ
ðàçëè÷íûå òèïû îõëàæäåíèÿ ñîïëîâûõ è ðàáî÷èõ
ëîïàòîê (ñì. ðèñ. 5). Òàê êàê â ïðîöåññå îïòèìè-

çàöèè òåìïåðàòóðà ãàçà ïåðåä òóðáèíîé ÿâëÿåòñÿ
íåçàâèñèìîé ïåðåìåííîé è, ñëåäîâàòåëüíî, ìîæåò
èçìåíÿòüñÿ â øèðîêîì äèàïàçîíå, òî ïðèâÿçêà ê
òåìïåðàòóðå êîíêðåòíîãî òèïà îõëàæäåíèÿ ïðè-
âåäåò ê ðàçðûâó öåëåâîé ôóíêöèè ïðè ïåðåõîäå îò
îäíîãî òèïà îõëàæäåíèÿ ê äðóãîìó. Ïðè ýòîì
öåëåâàÿ ôóíêöèÿ ïåðåñòàåò áûòü óíèìîäàëüíîé,
÷òî ñóùåñòâåííî îñëîæíÿåò ïðîöåññ îïòèìèçàöèè.
Ïî ýòîé ïðè÷èíå áûëà ïîñòðîåíà óíèâåðñàëüíàÿ
ìîäåëü, îáîáùàþùàÿ âñå òèïû îõëàæäåíèÿ äëÿ
øèðîêîãî äèàïàçîíà òåìïåðàòóð ãàçà ïåðåä òóð-
áèíîé:

3 2
îõë 12,423 6,378 4,273 0,0225.G Θ Θ Θ= - + -

Óíèâåðñàëüíàÿ ìîäåëü ÿâëÿåòñÿ ìåíåå òî÷íîé,
÷åì äàííûå ïî êîíêðåòíûì òèïàì îõëàæäåíèé,
îäíàêî åå ìàêñèìàëüíàÿ ïîãðåøíîñòü íå ïðåâû-

øàåò îõë 1,5%,GΔ =  ÷òî íà êîíöåïòóàëüíîì ýòàïå

ïðîåêòèðîâàíèÿ äîïóñòèìî.
Íà ðèñ. 9 â êà÷åñòâå ïðèìåðà ïîêàçàíî èçìå-

íåíèå óäåëüíîãî ðàñõîäà òîïëèâà ÒÐÄÄ ïðè èç-
ìåíåíèè â ïðîöåññå îïòèìèçàöèè òåìïåðàòóðû
ãàçà ïåðåä òóðáèíîé â äèàïàçîíå 1300—2100 Ê.

Èç ðèñóíêà âèäíî, ÷òî èñïîëüçîâàíèå óíèâåð-
ñàëüíîé çàâèñèìîñòè ïîçâîëÿåò ñäåëàòü öåëåâûå
ôóíêöèè ïðè îïòèìèçàöèè óíèìîäàëüíûìè.

Âûâîäû

Ïîñòîÿííîå ñîâåðøåíñòâîâàíèå êîíñòðóêöèè
è ìàòåðèàëîâ ëîïàòîê òóðáèí ïðèâîäèò ê óìåíü-

Ðèñ. 9. Çàâèñèìîñòü óäåëüíîãî ðàñõîäà òîïëèâà îò òåìïåðàòóðû ãàçà ïåðåä òóðáèíîé
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øåíèþ ïîòðåáíîãî ðàñõîäà âîçäóõà íà îõëàæäåíèå
òóðáèí, ïîýòîìó ýêñïåðèìåíòàëüíûå è òåîðåòè-
÷åñêèå äàííûå ïî îõëàæäåíèþ òóðáèí àâèàöèîí-
íûõ ÃÒÄ òðåáóþò ðåãóëÿðíîãî àíàëèçà è îáîáùå-
íèÿ. Â ðåçóëüòàòå ïðîâåäåííûõ èññëåäîâàíèé
áûëè ïðîàíàëèçèðîâàíû è îáîáùåíû îïóáëèêî-
âàííûå òåîðåòè÷åñêèå è ýêñïåðèìåíòàëüíûå äàí-
íûå ïî îõëàæäåíèþ òóðáèí àâèàöèîííûõ ÃÒÄ.
Îáîáùåííûå ãðàôè÷åñêèå çàâèñèìîñòè ïîçâîëèëè
ïîëó÷èòü ìîäåëè, íà îñíîâå êîòîðûõ ðàçðàáîòà-
íû àëãîðèòìû îïðåäåëåíèÿ ïîòðåáíîãî ðàñõîäà
âîçäóõà íà îõëàæäåíèå òóðáèí àâèàöèîííûõ ÃÒÄ
â çàâèñèìîñòè îò òåìïåðàòóðû ãàçà ïåðåä òóðáè-
íîé, êîòîðûå ìîãóò èñïîëüçîâàòüñÿ ïðè ðåøåíèè
ðàçëè÷íûõ çàäà÷ íà ýòàïå êîíöåïòóàëüíîãî ïðî-
åêòèðîâàíèÿ äâèãàòåëÿ. Â ÷àñòíîñòè, ðàçðàáîòà-
íà óíèâåðñàëüíàÿ ìîäåëü, ïîçâîëÿþùàÿ îïðåäå-
ëÿòü ïîòðåáíûé ðàñõîä âîçäóõà íà îõëàæäåíèå â
çàâèñèìîñòè îò ãëóáèíû îõëàæäåíèÿ â øèðîêîì
äèàïàçîíå òåìïåðàòóð ãàçà ïåðåä òóðáèíîé, îáåñ-
ïå÷èâàþùàÿ óíèìîäàëüíîñòü öåëåâûõ ôóíêöèé
ïðè ðåøåíèè çàäà÷ îïòèìèçàöèè.

Ïðîäîëæåíèå èññëåäîâàíèÿ áóäåò çàêëþ÷àòüñÿ
â ðàçðàáîòêå áîëåå òî÷íûõ ìîäåëåé îõëàæäàåìûõ
òóðáèí àâèàöèîííûõ ÃÒÄ äëÿ ýòàïà êîíöåïòóàëü-
íîãî ïðîåêòèðîâàíèÿ, â òîì ÷èñëå áëàãîäàðÿ ó÷åòó
íîâûõ êîíñòðóêòèâíûõ ðåøåíèé, êàê, íàïðèìåð,
â ðàáîòàõ [36—39].
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Abstract

The primary trend in effectiveness improving of
gas turbine engines consists in coordinated increase
of the working process parameters, such as turbine
inlet temperature (TIT) and overall pressure ratio
(OPR), bypass ratio (BPR) together with efficiency
increasing of engine subassemblies. Alongside with
that, the requirements on the engine reliability and life
enhancement are being put forward.

Ensuring the required engine life at high gas
temperatures prior to the turbine is possible only by
turbine blades and vanes cooling, or switching to the
blades materials, which do not require cooling, such
as ceramics. The turbine cooling strongly affects the
engine efficiency, comparable to the turbine
aerodynamic characteristics, and should be accounted
for while the gas turbine engine working process
optimization.

The turbine blades’ design and materials
permanent improvement leads to decreasing the air
flow volume required for the turbines cooling. Thus,
the experimental and theoretical data on the aircraft
gas turbine engine turbines cooling require regular
analysis and generalization.

One of the first models for predicting the required
air flow rate for cooling was developed by Holland and
Thake in 1980. Ever since these models are
permanently developing and become more and more
detailed.

It is well-known that the increased air flow rate
for turbines cooling always entails the specific fuel
consumption increase and the engine specific thrust
(power) decrease. The engine specific parameters exert
determinative affect the engine efficiency figures and,
hence, its parameters optimization criteria at the
conceptual design stage.

In this respect, the necessity to analyze and
generalize the well-known dependencies of relative air
flow rate on the turbine cooling aroused.

As consequence of the performed studies, the
published theoretical and experimental data on the

DETERMINING REQUIRED TURBINE COOLING AIR FLOW RATE
AT THE CONCEPTUAL DESIGN STAGE OF GAS TURBINE ENGINE
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aviation gas turbine engines’ turbines cooling was
analyzed. The generalized graphical dependencies
allowed obtaining the models, on which basis the
algorithms for determining the required air flow rate
of the aviation gas turbine engines’ turbines cooling
dependence on the gas temperature prior to the
turbine. These dependencies can be employed while
various tasks solving at the engine conceptual design
stage. Particularly, the universal model, allowing
determine the required air flow rate for cooling
depending on the cooling depth in the wide range of
gas temperatures prior to the turbine, ensuring goal
functions unimodelity while solving optimization
problems.

The studies continuation will consist in developing
more accurate models of the aviation gas turbine
engines’ turbines being cooled for conceptual design
stage, in particular by accounting for the new structural
solutions.

Keywords: gas turbine engine, conceptual design,
turbine cooling, working process parameters
optimization, required cooling air flow rate, blade
cooling, vane cooling, disk cooling, turbine efficiency.
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