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Ââåäåíèå

Îõëàæäåíèå ñòåíîê æàðîâîé òðóáû (ÆÒ) ÿâëÿ-
åòñÿ îäíîé èç âàæíåéøèõ ñîñòàâëÿþùèõ îðãàíè-
çàöèè ïðîöåññîâ â êàìåðå ñãîðàíèÿ ÃÒÄ. Îò ýô-
ôåêòèâíîñòè ñèñòåìû îõëàæäåíèÿ ñòåíîê æàðîâîé
òðóáû çàâèñèò íàäåæíîñòü êàìåðû ñãîðàíèÿ è ðå-
ñóðñ äâèãàòåëÿ â öåëîì. Îäíîé èç íàèáîëåå ðàñ-
ïðîñòðàíåííûõ ñèñòåì îõëàæäåíèÿ ÿâëÿåòñÿ êîí-
âåêòèâíî-ïëåíî÷íàÿ, êîòîðàÿ ïðåäóñìàòðèâàåò ñî-
çäàíèå âîçäóøíîé ïëåíêè, íå ïîçâîëÿþùåé ãîðÿ-

ÓÄÊ 621.43.056

ÝÊÑÏÅÐÈÌÅÍÒÀËÜÍÎÅ ÈÑÑËÅÄÎÂÀÍÈÅ ÒÅÌÏÅÐÀÒÓÐÍÎÃÎ ÑÎÑÒÎßÍÈß
ÑÒÅÍÎÊ ÆÀÐÎÂÎÉ ÒÐÓÁÛ ÌÍÎÃÎÔÎÐÑÓÍÎ×ÍÎÉ ÊÀÌÅÐÛ ÑÃÎÐÀÍÈß

ÃÀÇÎÒÓÐÁÈÍÍÎÃÎ ÄÂÈÃÀÒÅËß

Áàêëàíîâ À.Â.

Êàçàíñêîå ìîòîðîñòðîèòåëüíîå ïðîèçâîäñòâåííîå îáúåäèíåíèå,
óë. Äåìåíòüåâà, 1, Êàçàíü, 420036, Ðîññèÿ

e-mail: andreybaklanov@bk.ru

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 22.01.2019

Ðàññìàòðèâàåòñÿ êîíñòðóêöèÿ êàìåðû ñãîðàíèÿ êîíâåðòèðîâàííîãî àâèàöèîííîãî ãàçîòóðáèííîãî äâèãàòåëÿ
(ÃÒÄ), ñëóæàùåãî äëÿ ïðèâîäà íàãíåòàòåëÿ ãàçîïåðåêà÷èâàþùåãî àãðåãàòà. Ðàññìîòðåíû îñîáåííîñòè êîíñòðóê-
öèè ñèñòåìû îõëàæäåíèÿ ñòåíîê æàðîâîé òðóáû è ïðèíöèï îðãàíèçàöèè îõëàæäåíèÿ. Ïðîâåäåíî èñïûòàíèå êà-
ìåðû ñãîðàíèÿ â ñîñòàâå ãàçîòóðáèííîãî äâèãàòåëÿ, è ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèÿ òåìïåðàòóðû ñòåíîê
æàðîâîé òðóáû íà äâóõ ðåæèìàõ ðàáîòû ãàçîòóðáèííîé óñòàíîâêè (ÃÒÓ), ñîîòâåòñòâóþùèõ 16 è 18 ÌÂò. Ïðåä-
ñòàâëåíà ìåòîäèêà ðàñ÷åòà òåìïåðàòóðû ñòåíêè, è ïðîâåäåíî ñðàâíåíèå ðåçóëüòàòîâ ðàñ÷åòà è ýêñïåðèìåíòà. Âû-
ïîëíåí àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ.

Êëþ÷åâûå ñëîâà: êàìåðà ñãîðàíèÿ, ñèñòåìà îõëàæäåíèÿ ñòåíîê, ïðåïàðèðîâàíèå ñòåíîê.

÷åìó ãàçó âçàèìîäåéñòâîâàòü ñ ìåòàëëîì, à òàêæå
çà ñ÷åò êîíâåêöèè îáåñïå÷èâàåò îòâîä òåïëà ñ
îáðàòíîé ñòîðîíû ñòåíêè [1].

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ âûáðàíà
ìíîãîôîðñóíî÷íàÿ êàìåðà ñãîðàíèÿ äâèãàòåëÿ
ÍÊ-16-18ÑÒ (ðèñ. 1).

Êàìåðà ñîñòîèò èç êîðïóñà 6, æàðîâîé òðóáû 3
è ãàçîâîãî êîëëåêòîðà 1 äëÿ ïîäà÷è ãàçà ê ôîðñóí-
êàì 2. Æàðîâàÿ òðóáà — êîëüöåâàÿ, ìíîãîñåêöè-

Ðèñ. 1. Êàìåðà ñãîðàíèÿ ÃÒÄ ÍÊ-16-18ÑÒ (à) è ôðîíòîâàÿ ïëèòà (á)

à) á)
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îííàÿ. Ìåæäó ñåêöèÿìè óñòàíîâëåíû äèñòàíöè-
îííûå ïëàñòèíêè 5 èëè ãîôðèðîâàííûå ëåíòû 4
äëÿ ñîçäàíèÿ ùåëåé, îáåñïå÷èâàþùèõ ïëåíî÷íîå
âîçäóøíîå îõëàæäåíèå. Æàðîâàÿ òðóáà ñ ïåðåäíåé
ñòîðîíû ïîäâåøèâàåòñÿ ñ ïîìîùüþ ôèêñàòîðîâ 7.
Ê çàäíåé ÷àñòè íàðóæíîãî è âíóòðåííåãî êîæóõîâ
ïðèâàðåíû êîëüöà 8, êîòîðûìè îíè îïèðàþòñÿ íà
ñîîòâåòñòâóþùèå êîëüöåâûå ïîâåðõíîñòè ñîïëî-
âîãî àïïàðàòà òóðáèíû. Ïðèíöèïèàëüíîé êîíñò-
ðóêòèâíîé îñîáåííîñòüþ êàìåðû ñãîðàíèÿ ýòîé
ñõåìû ÿâëÿåòñÿ ìíîãîôîðñóíî÷íàÿ ôðîíòîâàÿ
ïëèòà (ðèñ. 1,á). Îíà ñîñòîèò èç êîðïóñà, â êîòî-
ðîì ðàñïîëîæåíû ïîëîñòè òîïëèâíûõ êîëëåêòî-
ðîâ 9, ñîåäèíåííûå ðàäèàëüíûìè êàíàëàìè 10 ñ
òîïëèâíûìè ôîðñóíêàìè: 136 òîïëèâíûõ ôîðñó-
íîê óñòàíîâëåíû â êîðïóñå ãîëîâêè â äâà ðÿäà â
øàõìàòíîì ïîðÿäêå. Ôîðñóíêè ðàñïîëàãàþòñÿ â
îòâåðñòèÿõ ïëèòû, âîêðóã êàæäîé ôîðñóíêè â
ïëèòå âûïîëíåíû ôèãóðíûå îêíà 11 äëÿ ïîäâîäà
âîçäóõà ê çàâèõðèòåëÿì. Òîïëèâî èç ñòðóéíûõ
ôîðñóíîê ïîäàåòñÿ âî âíóòðåííþþ ïîëîñòü êîíóñà
ôîðñóíêè [1]. Íà íàðóæíîì è âíóòðåííåì êîæó-
õàõ óñòàíîâëåíû ñìåñèòåëüíûå ïàòðóáêè 12, êîòî-
ðûå ñïîñîáñòâóþò ýôôåêòèâíîìó ïåðåìåøèâàíèþ
âòîðè÷íîãî ïîòîêà âîçäóõà è ãàçà äëÿ îáåñïå÷åíèÿ
äîïóñòèìîé òåìïåðàòóðû ãàçîâ ïåðåä òóðáèíîé.
Íàðóæíûé è âíóòðåííèé êîðïóñû ÿâëÿþòñÿ ñâàð-
íûìè óçëàìè, âûïîëíåííûìè èç æàðîïðî÷íîãî
ñïëàâà [2—4].

Äëÿ èçìåðåíèÿ òåìïåðàòóðû êîæóõîâ æàðîâîé
òðóáû êàìåðà ñãîðàíèÿ ïðåïàðèðóåòñÿ è íà åå
ñòåíêàõ óñòàíàâëèâàþòñÿ øåñòü õðîìåëü-àëþìåëå-
âûõ òåðìîïàð íà íàðóæíîì è âíóòðåííåì êîæó-
õàõ, îáðàçóþùèõ êîíòðîëüíûå ïîÿñà, â êîòîðûõ
îïðåäåëÿåòñÿ òåìïåðàòóðà (ðèñ. 2 è 3) [5].

Ïðåïàðèïîâàíèå îñóùåñòâëÿåòñÿ ñëåäóþùèì
îáðàçîì. Â âûáðàííûõ òî÷êàõ íà ñòåíêàõ âûïîë-
íÿþòñÿ îòâåðñòèÿ, â êîòîðûå óñòàíàâëèâàþòñÿ

òåðìîïàðû. Òåðìîýëåêòðîäû óêëàäûâàþòñÿ â íà-
ïðàâëåíèè âûõîäà ïî òðàññå ïðîêëàäêè. Íà òåð-
ìîýëåêòðîäû íàêëàäûâàþòñÿ ñêîáû èç ôîëüãè è
ïðèâàðèâàþòñÿ ê íèì òî÷å÷íîé ñâàðêîé. Íà ãî-
ëîâêó ïðèâàðåííîé òåðìîïàðû íàêëàäûâàåòñÿ òåï-
ëîèçîëÿöèÿ (ðèñ. 4).

Èçìåðåíèå òåìïåðàòóð îñóùåñòâëÿåòñÿ â äèà-
ïàçîíå 0…1100°Ñ ñ ïîãðåøíîñòüþ ±1% ïðè äîâå-
ðèòåëüíîé âåðîÿòíîñòè Ð = 0,95.

Ïîñëå ïðåïàðèðîâàíèÿ êàìåðà ñãîðàíèÿ áûëà
óñòàíîâëåíà íà äâèãàòåëü. Çàòåì, âî âðåìÿ ïðîâå-
äåíèÿ åãî èñïûòàíèé, îïðåäåëÿëàñü òåìïåðàòóðà
ñòåíîê íà êàæäîé èç øåñòè òåðìîïàð íàðóæíîãî
è âíóòðåííåãî êîæóõîâ â ñîîòâåòñòâóþùèõ ñå÷å-
íèÿõ.

Ïî ðåçóëüòàòàì èñïûòàíèé âèäíî (òàáë. 1), ÷òî
ñ óâåëè÷åíèåì ìîùíîñòè óñòàíîâêè ñ 16 äî
18 ÌÂò òåìïåðàòóðà ñòåíîê íåñóùåñòâåííî âîçðà-
ñòàåò.

Òåìïåðàòóðà ñòåíîê íà ðàññìîòðåííûõ ðåæè-
ìàõ íå ïðåâûøàåò 800°Ñ, ÷òî ñâèäåòåëüñòâóåò î
äîñòàòî÷íîì îõëàæäåíèè æàðîâîé òðóáû.

Òåìïåðàòóðà ñòåíîê íà íàðóæíîì êîæóõå æà-
ðîâîé òðóáû â ñðåäíåì íèæå, ÷åì íà âíóòðåííåì.
Ýòî ñâÿçàíî ñ óãëîì ðàñïîëîæåíèÿ ñòåíîê îòíî-

Ðèñ. 2. Ñõåìà ðàñïîëîæåíèÿ ñå÷åíèé, â êîòîðûõ ïðîèç-
âåäåíî ïðåïàðèðîâàíèå

Ðèñ. 3. Ñõåìà ðàñïîëîæåíèÿ øåñòè òåðìîïàð â ñå÷åíèÿõ

Ðèñ. 4. Ñõåìà óñòàíîâêè òåðìîïàð
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Òàáëèöà 1

Òåìïåðàòóðíîå ñîñòîÿíèå ñòåíîê æàðîâîé òðóáû

Ðàñïðåäåëåíèå òåìïåðàòóð ïðè Nå:  —16 ÌÂò,  — 18 ÌÂò,  — ðàñ÷åò.
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ñèòåëüíî ôðîíòîâîé ïëèòû. Ñòåíêè íàðóæíîãî
êîæóõà óñòàíàâëèâàåòñÿ ïîä óãëîì 24°, à âíóòðåí-
íåãî — ïîä óãëîì 18°, ÷òî ãåîìåòðè÷åñêè áëèæå ê
çîíå ãîðåíèÿ.

Íà êîçûðüêå ôðîíòîâîé ïëèòû, â îòäåëüíûõ
îáëàñòÿõ, íàáëþäàåòñÿ âûñîêàÿ òåìïåðàòóðà. Îíà
ïðîÿâëÿåòñÿ âñëåäñòâèå êîíñòðóêòèâíûõ îñîáåí-
íîñòåé êàìåðû ñãîðàíèÿ, â êîòîðîé èç-çà âûñîêîé

ñêîðîñòè èñòå÷åíèÿ òîïëèâíî-âîçäóøíîé ñìåñè
âîçëå ôîðñóíêè îáðàçóåòñÿ âèõðü, ôîðìèðóþùèé-
ñÿ ìåæäó êîçûðüêîì ôðîíòîâîé ïëèòû è ñîïëà-
ìè ôîðñóíîê.

Òåìïåðàòóðà íà òåðìîïàðå ¹1 íå ïðåâûøàåò
500°Ñ è ëåæèò â ïðåäåëàõ îò 300 äî 500°Ñ. Ýòî
ñâÿçàíî ñ òåì, â êàêîì ìåñòå óñòàíîâëåíû òåðìî-
ïàðû — ìåæäó ôîðñóíêàìè èëè íàä íèìè. Â îä-

Îêîí÷àíèå òàáë. 1
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íîì ñëó÷àå âîçäóõ, âûõîäÿ èç ïîä ôîðñóíêè, îìû-
âàåò ôðîíòîâóþ ïëèòó, à â äðóãîì ñëó÷àå — íåò.

 Â ñå÷åíèÿõ Á, Ã íà òåðìîïàðå ¹2 íàáëþäà-
åòñÿ âûñîêàÿ òåìïåðàòóðà ïîðÿäêà 700—750°Ñ, à
â ñå÷åíèè À òåìïåðàòóðà êîçûðüêà íå ïðåâûøàåò
400°Ñ. Ýòî ñâÿçàíî ñ òåì, ÷òî â äàííîé îáëàñòè âî
ôðîíòîâîé ïëèòå íå óñòàíàâëèâàåòñÿ òîïëèâíàÿ
ôîðñóíêà ïî ïðè÷èíå êîíñòðóêòèâíûõ îñîáåííî-
ñòåé ïîäâîäà òîïëèâà âî âíóòðåííèå ïîëîñòè òîï-
ëèâíûõ êîëëåêòîðîâ. Âìåñòî îòñóòñòâóþùåé ôîð-
ñóíêè âûïîëíåíû ñêâîçíûå îòâåðñòèÿ (ñì.
ðèñ. 1,á), â ñâÿçè ñ ÷åì êîçûðåê äîïîëíèòåëüíî
îìûâàåòñÿ îõëàæäàþùèì âîçäóõîì.

Íà òåðìîïàðå ¹3, êîòîðàÿ óñòàíîâëåíà íåïîñ-
ðåäñòâåííî â ùåëåâîé êàíàë âûäóâà âîçäóõà, íà-
áëþäàåòñÿ íèçêàÿ òåìïåðàòóðà, íå ïðåâûøàþùàÿ
650°Ñ. Ýòî ñâÿçàíî ñ òåì, ÷òî òåðìîïàðà óñòàíîâ-
ëåíà â ìåñòå ôîðìèðîâàíèÿ îõëàæäàþùåé çàâåñû,
ýôôåêòèâíî îáåñïå÷èâàþùåé íèçêóþ òåìïåðàòóðó
ñòåíêè. Èñêëþ÷åíèå ñîñòàâëÿåò ñå÷åíèå Â, â êî-
òîðîì òåìïåðàòóðà íà òåðìîïàðå ¹3 äîñòèãàåò
800°Ñ. Ýòî îáúÿñíÿåòñÿ òåì, ÷òî òåðìîïàðà íàõî-
äèòñÿ âîçëå ùåëè, ïðåäíàçíà÷åííîé äëÿ êîìïåí-
ñàöèè òåìïåðàòóðíûõ ðàñøèðåíèé ñòåíêè æàðî-
âîé òðóáû ïðè âîçäåéñòâèè ðàáî÷èõ òåìïåðàòóð.
×åðåç äàííóþ ùåëü âîçäóõ ïîñòóïàåò â æàðîâóþ
òðóáó, ðàçáèâàÿ îñíîâíóþ îõëàæäàþùóþ ïëåíêó.
Ïðîøåäøèé ÷åðåç íåå âîçäóõ ïðîáèâàåòñÿ âî âíóò-
ðåííþþ ÷àñòü æàðîâîé òðóáû è íà÷èíàåò ó÷àñòâî-
âàòü â ïðîöåññå ãîðåíèÿ.

Ìîæíî çàìåòèòü, ÷òî õàðàêòåð ðàñïðåäåëåíèÿ
òåìïåðàòóð â ðàçëè÷íûõ ñå÷åíèÿõ ðàçíûé. Ê ïðè-
ìåðó, â ñå÷åíèè À íà òåðìîïàðå ¹4, óñòàíîâëåííîé
íà êðîìêå ïåðâîãî êîëüöà, íàáëþäàåòñÿ ìàêñèìàëü-
íàÿ òåìïåðàòóðà, â òî âðåìÿ êàê â ñå÷åíèè Á, íà
òåðìîïàðå, ðàñïîëîæåííîé â òîì æå ìåñòå, òåì-
ïåðàòóðà íå ïîâûøåíà. Èç àíàëèçà êîíñòðóêöèè
æàðîâîé òðóáû ìîæíî óâèäåòü, ÷òî òåðìîïàðà, íà
êîòîðîé îïðåäåëåíà ïîâûøåííàÿ òåìïåðàòóðà,
ðàñïîëîæåíà íà ñòåíêå çà îòâåðñòèåì, èìåþùèì
îòáîðòîâêó è ïðåäíàçíà÷åííûì äëÿ ïîäâîäà âîç-
äóõà â æàðîâóþ òðóáó, à òåðìîïàðà ¹4 ñå÷åíèÿ Á

ðàñïîëàãàåòñÿ ìåæäó îòâåðñòèÿìè ïîäâîäà âîçäóõà
(ðèñ. 5).

Äëÿ îáúÿñíåíèÿ ïîíèæåííîé òåìïåðàòóðû
ñòåíêè ìåæäó îòâåðñòèÿìè ïîäâîäà âîçäóõà, ïî
ñðàâíåíèþ ñ òåìïåðàòóðîé çà îòâåðñòèåì, íåîáõî-
äèìî îöåíèòü òðàåêòîðèþ ñòðóè, âòåêàþùåé ÷å-
ðåç ýòî îòâåðñòèå, êîòîðàÿ îïðåäåëÿåòñÿ ïðè ïî-
ìîùè çàâèñèìîñòè [6]

0.63
0

11

0.3 0.415 ,
W l

H d
W d

È ˘Ê ˆ Ê ˆ= +Í ˙ Á ˜Á ˜ Ë ¯Ë ¯Í ˙Î ˚
          (1)

ãäå H — òåêóùàÿ ãëóáèíà ïðîíèêíîâåíèÿ ñòðóè;
l — êîîðäèíàòû ïî îñè àáñöèññ; d — äèàìåòð
îòâåðñòèÿ; W0 è W11 – ñîîòâåòñòâåííî ñêîðîñòü
ãàçà â îòâåðñòèè è ñêîðîñòü ñíîñÿùåãî ïîòîêà.

Ñêîðîñòè ãàçà â îòâåðñòèè è ñêîðîñòü ñíîñÿ-
ùåãî ïîòîêà îïðåäåëÿþòñÿ ïî ôîðìóëàì:
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Ê ˆ
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=                      (3)

ãäå Fæ – ïëîùàäü æàðîâîé òðóáû; Fêê — ïëîùàäü
ïîëîñòè ìåæäó êîðïóñîì è æàðîâîé òðóáîé; Fô —
ïëîùàäü ôðîíòîâîãî óñòðîéñòâà; F0 — ïëîùàäü
îòâåðñòèé â æàðîâîé òðóáå

Äëÿ âûïîëíåíèÿ ðàñ÷åòà ïî ôîðìóëàì (2) è (3)
ïðèíèìàþòñÿ ñëåäóþùèå äîïóùåíèÿ: 1) ñêîðîñòü
âîçäóõà â îòâåðñòèè ïðèíèìàåòñÿ ðàâíîé ñðåäíå-
ðàñõîäíîé ñêîðîñòè âîçäóõà ÷åðåç âñå îòâåðñòèÿ;
2) ñêîðîñòü ñíîñÿùåãî ïîòîêà ïðèíèìàåòñÿ ðàâ-
íîé ñðåäíåðàñõîäíîé ñêîðîñòè ñíîñÿùåãî ïîòî-
êà ãàçà ÷åðåç ìèäåëåâîå ñå÷åíèå â æàðîâîé òðóáå.

Íà ãðàôèêå (ðèñ. 6) ïîêàçàíû êîîðäèíàòû ðàñ-
ïðîñòðàíåíèÿ ñòðóè. Ó÷èòûâàÿ, ÷òî â êàìåðàõ ñãî-

Ðèñ. 5. Ñõåìà òå÷åíèÿ îõëàæäàþùåãî âîçäóõà
Ðèñ. 6. Òðàåêòîðèÿ ñòðóè ïðè âòåêàíèè âîçäóõà ÷åðåç
îòâåðñòèå
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ðàíèÿ ïîäîáíîãî òèïà äèôôóçèîííîå ãîðåíèå
âîçíèêàåò íà ñòðóÿõ, â ðåçóëüòàòå ðàñøèðåíèÿ è
ñìûêàíèÿ ñîñåäíèõ ñòðóé íà ðàññòîÿíèè l/d = 4
îáðàçóåòñÿ âûñîêîòåìïåðàòóðíàÿ êîëüöåâàÿ çîíà
[6, 7]. Íåñìîòðÿ íà ýòî, îõëàæäàþùèé âîçäóõ â
ñå÷åíèè Á â ðàéîíå òåðìîïàðû ¹4 îáåñïå÷èâàåò
îïòèìàëüíóþ òåìïåðàòóðó ñòåíêè, à â ñå÷åíèè À
íåò. Ýòî òàêæå îáúÿñíÿåòñÿ òåì, ÷òî âîçäóõ, ïðî-
øåäøèé ÷åðåç ùåëåâîé îõëàæäàþùèé êàíàë, ðàç-
áèâàåòñÿ îá îòáîðòîâêó îòâåðñòèÿ îáðàçóÿ âèõðè-
âîå òå÷åíèå (ñì. ðèñ. 5), êîòîðîå òåðÿåò ýôôåêòèâ-
íîñòü îõëàæäåíèÿ, â ðåçóëüòàòå ÷åãî òåìïåðàòóðà
ñòåíêè çà îòâåðñòèåì áóäåò âîçðàñòàòü.

Äëÿ îöåíêè ýôôåêòèâíîñòè ïëåíî÷íîãî îõ-
ëàæäåíèÿ ìîæíî âîñïîëüçîâàòüñÿ çàâèñèìîñòüþ
[9]

( )
( )

ñò ã
ïë *

ê ã

  ,
T T

T T
η

-
=

-                     (4)

ãäå Tñò — òåìïåðàòóðà ñòåíêè; Tã – òåìïåðàòóðà
ãàçà âîëå ñòåíêè, Tê

* – òåìïåðàòóðà îõëàæäàþùåãî
âîçäóõà.

Â ñîîòâåòñòâèè ñ çàâèñèìîñòüþ (4) îïðåäåëå-
íî, ÷òî íà ðàññòîÿíèè õ/s =10 , ãäå s — âûñîòà
ùåëè; x – òåêóùàÿ êîîðäèíàòà (ðèñ. 7), ýôôåêòèâ-

íîñòü ïëåíî÷íîãî îõëàæäåíèÿ ñîñòàâëÿåò ïë  η = 0,89.

Ïðè ýòîì çà îòâåðñòèåì, èìåþùèì îòáîðòîâêó
(ñì. ðèñ. 5), íà òîì æå ðàññòîÿíèè ýôôåêòèâíîñòü

ïëåíî÷íîãî îõëàæäåíèÿ ñîñòàâëÿåò ïë  η = 0,778.

Íà òåðìîïàðàõ ¹5,6, êàê ïðàâèëî, òåìïåðàòó-
ðà ñòåíêè íåâûñîêàÿ, òàê êàê îíè íàõîäÿòñÿ â òîé
îáëàñòè æàðîâîé òðóáû, â êîòîðîé ïðîöåññ ãîðå-
íèÿ ïðåêðàùàåòñÿ è äâèæóòñÿ ãàçû ìåíüøåé, ÷åì
â çîíå ãîðåíèÿ, òåìïåðàòóðû. Èñêëþ÷åíèå ñîñòàâ-
ëÿåò ñå÷åíèå À, â êîòîðîì íàáëþäàåòñÿ âûñîêàÿ
òåìïåðàòóðà ñòåíîê íà ïðîòÿæåíèè äëèííîãî ó÷à-
ñòêà, ÷òî îáúÿñíÿåòñÿ ðàññìîòðåííûìè âûøå ôàê-
òîðàìè ðàñïðîñòðàíåíèÿ âòåêàþùåé â æàðîâóþ
òðóáó ñòðóè.

Â ñîîòâåòñòâèè ñ òåì, ÷òî â ðàññìàòðèâàåìîé
æàðîâîé òðóáå ñèñòåìà îõëàæäåíèÿ îáåñïå÷èâàåò-
ñÿ ôîðìèðîâàíèåì òåïëîâîé çàâåñû ïðè ïîìîùè
ùåëåâûõ êàíàëîâ, îáðàçîâàííûõ íàëîæåíèåì îò-
äåëüíûõ ñåêöèé (ðèñ. 7), äëÿ äàííîãî ó÷àñòêà ðàç-
ðàáîòàíà ìåòîäèêà ðàñ÷åòà òåìïåðàòóðû ñòåíîê ñ
òðàêòîâîé ñòîðîíû [10—15].

Ðàñ÷åò òåìïåðàòóðû ñòåíêè ñ òðàêòîâîé ñòîðî-
íû æàðîâîé òðóáû ïðîèçâîäèòñÿ â ñëåäóþùèé
ïîñëåäîâàòåëüíîñòè:

1. Êîýôôèöèåíò òåïëîîòäà÷è ñî ñòîðîíû
ïëåíêè

ïë ã .
i i imKα α=                        (5)

2. Êîýôôèöèåíò òåïëîîòäà÷è ñî ñòîðîíû ãàçà
[16]

0.8 0.43
ã 0,0296Re Pr ,

i ixα =                  (6)
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ν
=  — ÷èñëî Ðåéíîëüäñà;

ãν  — êèíåìàòè÷åñêàÿ âÿçêîñòü, ì2/ñ;

wã – ñêîðîñòü ãàçà â êàìåðå ñãîðàíèÿ, ì/ñ;

ê

 Pr pCην
α χ

= =  — ÷èñëî Ïðàíäëÿ;

ê α — êîýôôèöèåíò òåìïåðàòóðîïðîâîäíîñòè.

3. Ìíîæèòåëü — ïîïðàâêà íà âëèÿíèå âäóâà

îõë

ã
2

1 ,
im

i

w
w

K
x

s

Ê ˆ
Á ˜Ë ¯

= +                  (7)

ãäå wîõë – ñêîðîñòü îõëàæäàþùåãî âîçäóõà.
4. Òåìïåðàòóðà ïëåíêè

* * * *
ïë ã ïë ã îõë( ),

i i i
T T T Tη= - -             (8)

ãäå ïëi
η  — ýôôåêòèâíîñòü ïëåíî÷íîãî îõëàæäå-

íèÿ.
Èç ðàáîòû [17] èçâåñòíî, ÷òî ïàðàìåòð À, õà-

ðàêòåðèçóþùèé îñîáåííîñòè òå÷åíèÿ âîçäóõà, ïðè

çíà÷åíèè 3À £  îáåñïå÷èâàåò ýôôåêòèâíîñòü îõ-

ëàæäåíèÿ ïë 1
i

η = :

0,25 1,3Re ,s

x
A m

s
- - Ê ˆ= Á ˜Ë ¯                 (9)

Ðèñ. 7. Ñõåìà òåïëîâîé çàâåñû ïðè âäóâå âîçäóõà ÷åðåç
ùåëåâîé êàíàë
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ãäå m — ïàðàìåòð âäóâà,

îõë îõë

ã ã

.
w

m
w

ρ
ρ

=                       (10)

Â ñîîòâåòñòâèè ñ òåì, ÷òî ùåëåâîé êàíàë æà-
ðîâîé òðóáû èìååò â ðàçíûõ ñå÷åíèÿõ âûñîòó îò
1,5 äî 3 ìì è â íåì ôîðìèðóåòñÿ âûñîêàÿ ñêîðîñòü
ïîòîêà, òî è ÷èñëî Ðåéíîëüäñà ïðèíèìàåò áîëü-
øèå çíà÷åíèÿ. Â ñâÿçè ñ ýòèì ïàðàìåòð À áóäåò ãà-
ðàíòèðîâàííî ìåíüøå 3, ïîýòîìó ýôôåêòèâíîñòü
ïëåíî÷íîãî îõëàæäåíèÿ áóäåò áëèçêà ê åäèíèöå.
Îäíàêî, çíàÿ, ÷òî íà ïóòè îõëàæäàþùåé ïëåíêè
áóäåò íàõîäèòüñÿ ïðåïÿòñòâèå â âèäå îòáîðòîâêè
îòâåðñòèÿ, ìîæíî èñïîëüçîâàòü ïîëó÷åííûå ðàíåå

ýêñïåðèìåíòàëüíûå çíà÷åíèÿ 
ïëη  äëÿ ó÷åòà â ðàñ-

÷åòå òåìïåðàòóðû ïëåíêè â óðàâíåíèè (8).
5. Ïëîòíîñòü òåïëîâîãî ïîòîêà [18]

* *
ïë îõë

ÑÒ

ïë ÑÒ îõë

,
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T Ò
q
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=

+ +                 
(11)

ãäå ÑÒδ  — òîëùèíà ñòåíêè; ÑÒλ  — òåïëîïðîâîä-

íîñòü ñòåíêè; îõëα  — êîýôôèöèåíò òåïëîîòäà÷è

ñî ñòîðîíû âîçäóõà.
6. Òåìïåðàòóðà ñòåíêè ñ òðàêòîâîé ñòîðîíû

æàðîâîé òðóáû

*
ÑÒ ïë

ïë

.
q

Ò Ò
α

= -                  (12)

Äëÿ âûïîëíåíèÿ ïðåäñòàâëåííîãî âûøå ðàñ÷å-
òà íåîáõîäèìî çíàòü ãðàíè÷íûå óñëîâèÿ, òî åñòü
òåìïåðàòóðó ãàçîâîãî ïîòîêà â æàðîâîé òðóáå, ÷òî
òðåáóåò ïðåäâàðèòåëüíîãî óïðîùåííîãî ðàñ÷åòà
êàìåðû ñãîðàíèÿ.

Èçâåñòíî, ÷òî ïî äëèíå æàðîâîé òðóáû ïðîèñ-
õîäèò ðàñïðåäåëåíèå ïîäâîäèìîãî âîçäóõà â ñîîò-
âåòñòâèè ñ ðàñïðåäåëåíèåì ïëîùàäåé îòâåðñòèé,
êîòîðîå îïðåäåëÿåòñÿ ñîîòíîøåíèåì (ðèñ. 8) [19—
22]:

( )
( ) ,i

i

F x
F x

FΣ

=                     (13)

ãäå FΣ  – ñóììàðíàÿ ïëîùàäü âñåõ îòâåðñòèé â ÆÒ;

( )iF x — ïëîùàäü îòâåðñòèé â i-ì ïîÿñå.

Èçìåíåíèå êîýôôèöèåíòà èçáûòêà âîçäóõà ïî
äëèíå æàðîâîé òðóáû ìîæíî îöåíèòü ñëåäóþùèì
îáðàçîì:
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Δ
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◊
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◊                       (14)

ãäå â
â ;

G
G

FΣ

Δ =

GÒ , Gâ — ðàñõîä òîïëèâà è âîçäóõà, èçâåñòíûå
ïàðàìåòðû äâèãàòåëÿ.

Ñðåäíÿÿ òåìïåðàòóðà â ðàññìàòðèâàåìîé îáëà-
ñòè ãîðåíèÿ îïðåäåëÿåòñÿ èç óðàâíåíèÿ òåïëîâî-
ãî áàëàíñà:
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*
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;
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ãäå Hu — òåïëîòâîðíàÿ ñïîñîáíîñòü òîïëèâà; η  —

ïîëíîòà ñãîðàíèÿ òîïëèâà; L0 — ñòåõèîìåòðè÷åñ-
êèé êîýôôèöèåíò; α  — êîýôôèöèåíò èçáûòêà
âîçäóõà; Cp — ñðåäíÿÿ òåïëîåìêîñòü ïðîäóêòîâ

ñãîðàíèÿ; *
êT  — òåìïåðàòóðà íà âõîäå â êàìåðó

ñãîðàíèÿ.
Ïðîâåäåííûå â ñîîòâåòñòâèè ñ ðàçðàáîòàííîé

ìåòîäèêîé ðàñ÷åòû, ó÷èòûâàþùèå ýêñïåðèìåí-
òàëüíûå äàííûå ïî âûÿâëåííûì çíà÷åíèÿì ýô-

ôåêòèâíîñòè ïëåíî÷íîãî îõëàæäåíèÿ 
ïëη , ïîêà-

Ðèñ. 8. Ðàñïðåäåëåíèå îòíîñèòåëüíûõ ïëîùàäåé îòâåð-
ñòèé ïî äëèíå êàìåðû ñãîðàíèÿ ÍÊ 16-18ÑÒ
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çàëè õîðîøóþ ñõîäèìîñòü (òàáë. 2) è ìîãóò áûòü
ïðèìåíåíû äëÿ ïðîåêòèðîâàíèÿ ïîäîáíûõ ñèñòåì
îõëàæäåíèÿ.

Âûâîäû

Ïðîâåäåíû èññëåäîâàíèÿ òåìïåðàòóðû ñòåíîê
æàðîâîé òðóáû â óñëîâèÿõ èçìåíåíèÿ ðåæèìà ðà-
áîòû äâèãàòåëÿ.

Âûÿâëåíî, ÷òî ïîâûøåííàÿ òåìïåðàòóðà íà-
áëþäàåòñÿ â îáëàñòè çà îòáîðòîâêîé âîçäóõîïîä-
âîäÿùåãî îòâåðñòèÿ. Ïðè îáòåêàíèè îòáîðòîâêè
ôîðìèðóåòñÿ âèõðåâîé ñëåä, êîòîðûé óõóäøàåò
ýôôåêòèâíîñòü îõëàæäåíèÿ ñòåíêè.

Îïðåäåëåíî çíà÷åíèå ïàðàìåòðà ýôôåêòèâíî-
ñòè ïëåíî÷íîãî îõëàæäåíèÿ çà îòáîðòîâêîé âîç-
äóõîïîäâîäÿùèõ îòâåðñòèé.

Ïðåäñòàâëåí ðàñ÷åò òåìïåðàòóðû ñòåíîê æàðî-
âîé òðóáû êàìåðû ñãîðàíèÿ ÃÒÄ äëÿ ñèñòåìû îõ-
ëàæäåíèÿ, ïðåäóñìàòðèâàþùåé ùåëåâûå îõëàæäà-
þùèå êàíàëû.
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Àbstract

The flame tube walls cooling is one of the
important components while organizing processes in
the gas turbine combustion chamber. The combustion
chamber operation reliability and engine endurance as
a whole depend on the effective flame tube walls
cooling. Convective-film cooling is one of the most
widespread cooling systems. It includes the air film
forming, which does not allow the hot gas interaction
with metal and drawing heat from the backside of the
wall due to the convection. The article presents the
results of the studies on the flame tube walls
temperature determining of the gas turbine engine
operating on the gaseous fuel.

EXPERIMENTAL STUDY OF THE FLAME TUBE TEMPERATURE STATE
OF A GAS TURBINE ENGINE MULTI-NOZZLE COMBUSTION CHAMBER

Baklanov A.V.

Kazan Motor Production Association,
1, Dementyeva str., Kazan, 420036, Russia

e-mail: andreybaklanov@bk.ru

The article presents the combustion chamber
structure of the converted aviation gas turbine engine
serving as the gas pumping unit supercharger drive.
The combustion chamber walls preparation and its
testing as a part of a gas turbine engine were
performed. The article presents the results on the flame
tube walls temperature for the two operation modes
of the gas turbine installation corresponding to 16 and
18 MW. The analysis of the obtained results allowed
revealing that with the gas turbine installation power
increase from 16 to 18 MW the temperature state of
the wall did not drastically change. The walls
temperature at the considered modes does not exceed
800°Ñ, which indicates the flame tube sufficient
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cooling. However, the temperature distribution in
various cross-sections was not of the similar nature.
In some cross-sections maximum compared to the
other cross-sections temperature was observed. It can
be explained by the fact that the air passed through the
conduit is split upon the hole flanging forming a vortex
flow. As a result, the film-cooling loses its
effectiveness, and the wall temperature behind the hole
increases. The film-cooling effectiveness was
determined at various sections on the flame tube walls.
A technique for the wall temperature computing was
developed, and comparison of computational and
experimental results was performed.

Keywords: combustion chamber, walls cooling
system, walls preparation.
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