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Àííîòàöèÿ. Ðåøàåòñÿ ïðîáëåìà ñíèæåíèÿ òåìïåðàòóðû ñòåíîê æàðîâîé òðóáû â çîíå ãîðåíèÿ.
Ðàññìîòðåíû äâà âàðèàíòà ãîðåëîê, ðàçëè÷àþùèõñÿ êîíñòðóêöèåé ñîïëîâîãî íàñàäêà, ïðè ýòîì ãåî-
ìåòðèÿ çàâèõðèòåëÿ è ðàñïûëèòåëÿ îñòàåòñÿ íåèçìåííîé. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé
îãíåâûõ èñïûòàíèé äâóõ ãîðåëîê ñ ðàçëè÷íûìè ñîïëîâûìè íàñàäêàìè. Ïðîèçâåäåíî ñðàâíåíèå
ñòðóêòóðû ïëàìåíè. Âûïîëíåíî ïðåïàðèðîâàíèå ñòåíîê êàìåðû ñãîðàíèÿ è ïðîèçâåäåíî èñïûòà-
íèå êàìåðû ñãîðàíèÿ â ñîñòàâå ãàçîòóðáèííîãî äâèãàòåëÿ. Ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèÿ
òåìïåðàòóðû ñòåíîê æàðîâîé òðóáû íà íåñêîëüêèõ ðåæèìàõ ðàáîòû ãàçîòóðáèííîé óñòàíîâêè â
êàìåðàõ ñãîðàíèÿ ñ äâóìÿ òèïàìè ãîðåëîê.

Ïî ðåçóëüòàòàì ïðîâåäåííûõ ðàáîò ñäåëàíû âûâîäû î íàèáîëåå ïðèåìëåìîì äëÿ èñïîëüçîâà-
íèÿ íà äâèãàòåëå âàðèàíòå ãîðåëêè, îáåñïå÷èâàþùåì ñíèæåíèå òåìïåðàòóðû ñòåíîê.
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Abstract

The presented article recounts the results of the studies on the flame tube walls temperature determining
of the gas turbine engine (GTE) running on the gaseous fuel.

The flame tube walls cooling is one of the essential components of the processes organizing in the GTE
combustion chamber. The combustion chamber operation reliability and the engine lifetime in the aggregate
are fully dependent on the effective cooling of the flame tube walls. One of the most widespread cooling
systems is convective-film one, consisting in the air film forming, which does not allow the heated gas interact
with metal and removes the heat from the opposite side of the wall due to the convection.

The article presents the description of the test bench equipment. It considers thee options of burners
that differ by the nozzle attachment design, the geometry of the swirler and atomizer herewith remains
unchanged. The results of fire tests studies of three burners with various nozzle attachments are presented.
Comparison of the flame structure of the two burners was made.

The article presents the combustion chamber design of converted aircraft gas turbine engine, meant for
the supercharger drive of the gas-pumping unit. Dissection of the combustion chamber walls in its various
cross-sections was performed, and combustion chamber testing as a part of gas turbine engine was conducted.

Temperature of the walls at the modes being considered does not exceed 800°C, which is indicative of
the ample flame tube cooling.

Based on the results of the work being conducted, the inferences were drawn on the most acceptable
option of the burner for implementation with the engine.

Keywords: combustion chamber, diffusion combustion, burner, combustion chamber wall temperature
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Ââåäåíèå

Â êàìåðàõ ñãîðàíèÿ ãàçîòóðáèííûõ äâèãàòå-
ëåé àýðîäèíàìè÷åñêîé îñíîâîé ñòàáèëèçàöèè
ïëàìåíè ÿâëÿþòñÿ çàêðó÷åííûå ñòðóè, ôîðìèðó-
åìûå âèõðåâûìè ãîðåëêàìè. Îíè âêëþ÷àþò â
ñåáÿ êîëüöåâûå ëîïàòî÷íûå çàâèõðèòåëè è ôîð-
ñóíêàìè, ðàñïîëàãàåìûìè â öåíòðå çàâèõðèòåëÿ.
Òàêèå ãîðåëêè íàøëè øèðîêîå ïðèìåíåíèå â
ðàçëè÷íûõ ãîðåëî÷íûõ óñòðîéñòâàõ áëàãîäàðÿ
ðàçâèòîé çîíå öèðêóëÿöèè â ïðèîñåâîé ÷àñòè,
âûñîêîé èíòåíñèâíîñòè òóðáóëåíòíîñòè, ìåíü-
øåé îñåâîé äàëüíîáîéíîñòè è áîëüøåìó óãëó
ðàñøèðåíèÿ çàêðó÷åííîé ñòðóè. Ïðè ýòîì ñëå-
äóåò ó÷èòûâàòü, ÷òî ôîðìèðîâàíèå ñòðóêòóðû
òå÷åíèÿ â ïåðâè÷íîé çîíå êàìåðû ñãî-
ðàíèÿ âëèÿåò íà òåìïåðàòóðíîå ñîñòî-
ÿíèå ñòåíîê è, êàê ñëåäñòâèå, íà ðå-
ñóðñ êàìåðû ñãîðàíèÿ. Ïîýòîìó ðàáî-
òû, íàïðàâëåííûå íà èçó÷åíèå âëèÿ-
íèÿ êîíñòðóêöèè ãîðåëêè íà òåìïåðà-
òóðíîå ñîñòîÿíèå ñòåíîê æàðîâîé òðó-
áû, ÿâëÿþòñÿ àêòóàëüíûìè [1—3].

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ
èñïîëüçóåòñÿ ãîðåëêà êàìåðû ñãîðàíèÿ
ãàçîòóðáèííîãî äâèãàòåëÿ ÍÊ-16ÑÒ,
ðàáîòàþùåãî íà ãàçîîáðàçíîì òîïëè-
âå. Â äàííîé êàìåðå ñãîðàíèÿ ïðèìå-

íÿåòñÿ îäíà èç ñàìûõ ðàñïðîñòðàíåííûõ ñèñòåì
îõëàæäåíèÿ — êîíâåêòèâíî-ïëåíî÷íîå îõëàæäå-
íèå: ñîçäàåòñÿ âîçäóøíàÿ ïëåíêà, êîòîðàÿ íå ïî-
çâîëÿåò ãîðÿ÷åìó ãàçó âçàèìîäåéñòâîâàòü ñ ìåòàë-
ëîì, à òàêæå çà ñ÷åò êîíâåêöèè îòáèðàòü òåïëî
ñ îáðàòíîé ñòîðîíû ñòåíêè [4].

Èññëåäîâàëèñü äâà âàðèàíòà ãîðåëîê, ðàçëè-
÷àþùèõñÿ ãåîìåòðèåé ñîïëîâîãî íàñàäêà. Ãîðåë-
êà ¹1 âêëþ÷àåò â ñåáÿ ëîïàòî÷íûé çàâèõðèòåëü
ñ óãëîì óñòàíîâêè ëîïàòîê 45° è äèôôóçîðíûì
íàñàäêîì íà âûõîäå èç çàâèõðèòåëÿ. Ãîðåëêà ¹2
èìååò êîíôóçîðíóûé íàñàäîê ñ äèàìåòðîì âû-
õîäíîãî ñîïëà 27 ìì. Â öåíòðå çàâèõðèòåëÿ êàæ-

Ðèñ.1 Êîíñòðóêöèÿ ãîðåëêè: à — ãîðåëêà ¹1; á — ãîðåëêà ¹2

à) á)
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äîé ãîðåëêè óñòàíîâëåíà ôîðñóíêà, îáåñïå÷èâà-
þùàÿ ñòðóéíûé ðàñïûë òîïëèâà (ðèñ. 1) [5].

Ïðîâåäåíèå èññëåäîâàíèé

Ïåðâûé ýòàï èññëåäîâàíèé çàêëþ÷àëñÿ â îï-
ðåäåëåíèè òåìïåðàòóðû ïëàìåíè âäîëü ôàêåëà
ãîðåëêè.

Òåìïåðàòóðà ïëàìåíè èçìåðÿåòñÿ âûñîêîòåì-
ïåðàòóðíîé ïëàòèíîðîäèåâîé îäíîòî÷å÷íîé ãðå-
á¸íêîé ñ êàìåðîé òîðìîæåíèÿ èç êðèñòàëëè÷åñ-
êîãî äèîêñèäà öèðêîíèÿ [6].

Â ðåçóëüòàòå ïðîâåäåíèÿ ýêñïåðèìåíòà óñòà-
íîâëåíî, ÷òî ïðè ðàáîòå ãîðåëêè ¹1 ñ äèôôóçîð-
íûì íàñàäêîì ôðîíò ïëàìåíè ñòàáèëèçèðóåòñÿ
âíóòðè äèôôóçîðà ñ âèäèìûì ïóñòîòåëûì ÿäðîì,
ïðåäñòàâëÿþùèì çîíó îáðàòíûõ òîêîâ. Çà ãîðåë-
êîé ¹2 ôàêåë îòîäâèíóò îò ñðåçà êîíôóçîðíî-
ãî íàñàäêà (ðèñ. 2) [7].

Öâåò ïëàìåíè îáåèõ ãîðåëîê áëåäíî-ãîëóáîé,
÷òî ñâèäåòåëüñòâóåò î êà÷åñòâåííîì ïåðåìåøè-
âàíèè òîïëèâà è âîçäóõà, ïîäâîäèìûõ â ãîðåëêó.

Èçìåðåíèå òåìïåðàòóðû ïëàìåíè âäîëü îñè
ãîðåëêè ïîêàçàëî, ÷òî ó ãîðåëîê ¹1 è 2 ðàçíûé
õàðàêòåð è ðàçëè÷íûå óðîâíè ðàñïðåäåëåíèÿ òåì-

ïåðàòóðû. Îòìå÷àåòñÿ ñíèæåíèå óðîâíÿ òåìïåðà-
òóðû ïðè óäàëåíèè îò ãîðåëêè ñ ìàêñèìóìîì òåì-
ïåðàòóð â äèàïàçîíå îò 0 äî 50 ìì (ðèñ. 3). Ó ãî-
ðåëêè ¹2 íàáëþäàåòñÿ íèçêàÿ òåìïåðàòóðà ó
ñðåçà ñîïëà è åå âîçðàñòàíèå â äèàïàçîíå îò 40
äî 100 ìì [8].

Ïîëó÷åííûå äàííûå ïîçâîëÿþò ïðåäïîëî-
æèòü, ÷òî ãîðåëêà ¹2 ñïîñîáñòâóåò ñíèæåíèþ
òåìïåðàòóðû â çîíå ãîðåíèÿ êàìåðû ñãîðàíèÿ, è
ýòî äîëæíî îáåñïå÷èòü ñíèæåíèå òåìïåðàòóðû
ñòåíîê æàðîâîé òðóáû â ýòîé çîíå. Äëÿ ïîäòâåð-
æäåíèÿ äàííîãî ïðåäïîëîæåíèÿ íåîáõîäèìî èç-
ìåðèòü òåìïåðàòóðó êîæóõîâ æàðîâîé òðóáû. Äëÿ
ýòîãî êàìåðà ñãîðàíèÿ ïðåïàðèðóåòñÿ è íà åå
ñòåíêàõ óñòàíàâëèâàþòñÿ õðîìåëü-àëþìåëåâûå
òåðìîïàðû, îáðàçóþùèå êîíòðîëüíûå ïîÿñà, â
êîòîðûõ îïðåäåëÿåòñÿ òåìïåðàòóðà [9].

Äëÿ ïðåïàðèïîâàíèÿ â âûáðàííûõ òî÷êàõ íà
ñòåíêàõ âûïîëíÿþòñÿ îòâåðñòèÿ, â êîòîðûå óñ-
òàíàâëèâàþòñÿ òåðìîïàðû. Òåðìîýëåêòðîäû óê-
ëàäûâàþòñÿ â íàïðàâëåíèè âûõîäà ïî òðàññå
ïðîêëàäêè. Íà òåðìîýëåêòðîäû íàêëàäûâàþòñÿ
ñêîáû èç ôîëüãè è ïðèâàðèâàþòñÿ òî÷å÷íîé ñâàð-
êîé. Íà ãîëîâêó ïðèâàðåííîé òåðìîïàðû íàêëà-
äûâàåòñÿ òåïëîèçîëÿöèÿ (ðèñ. 4).

Òåìïåðàòóðà èçìåðÿåòñÿ â äèàïàçîíå
0…1100°Ñ ñ ïîãðåøíîñòüþ ±1% ïðè äîâåðèòåëü-
íîé âåðîÿòíîñòè Ð = 0,95 [10].

Ïîñëå ïðåïàðèðîâàíèÿ êàìåðà ñãîðàíèÿ áûëà
óñòàíîâëåíà íà äâèãàòåëü. Çàòåì, âî âðåìÿ åãî
èñïûòàíèé, îïðåäåëÿëàñü òåìïåðàòóðà ñòåíîê íà
ðàçëè÷íûõ ðåæèìàõ ðàáîòû äâèãàòåëÿ [11].

Ïî ðåçóëüòàòàì èñïûòàíèé âèäíî, ÷òî ñ óâå-
ëè÷åíèåì ðåæèìà ðàáîòû äâèãàòåëÿ òåìïåðàòó-
ðà ñòåíîê âîçðàñòàåò íà 150°Ñ. Òåìïåðàòóðà ñòå-

Ðèñ. 2. Ôàêåë ïëàìåíè çà ãîðåëêîé: à — ãîðåëêà ¹1;
á — ãîðåëêà ¹2

à)

á)

Ðèñ. 3. Ðàñïðåäåëåíèå òåìïåðàòóðû âäîëü îñè ãîðåë-

êè ïðè α  = 0,8: ◆ — ãîðåëêà ¹1; ▲ — ãîðåëêà ¹2
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íîê íà ðàññìîòðåííûõ ðåæèìàõ íå ïðåâûøàåò
800°Ñ, ÷òî ñâèäåòåëüñòâóåò î äîñòàòî÷íîì îõëàæ-
äåíèè æàðîâîé òðóáû [12].

Òåìïåðàòóðà ñòåíîê â çîíå ãîðåíèÿ íà íàðóæ-
íîì êîæóõå æàðîâîé òðóáû â ñðåäíåì âûøå, ÷åì
íà âíóòðåííåì (ðèñ. 6). Ýòî çàâèñèò îò óãëà ðàñ-
ïîëîæåíèÿ ñòåíêè îòíîñèòåëüíî ôðîíòîâîé ïëè-
òû. Ñòåíêà íàðóæíîãî êîæóõà óñòàíàâëèâàåòñÿ
ïîä óãëîì 24°, à âíóòðåííåãî — ïîä óãëîì 18°, ÷òî
ôîðìèðóåò îòêðûòîå ïðîñòðàíñòâî ìåæäó îñå-
ñèììåòðè÷íûì äèôôóçîðîì ãîðåëêè è ñòåíêîé
æàðîâîé òðóáû, êîòîðàÿ îñòàåòñÿ íå çàùèùåííîé
îò âîçäåéñòâèÿ âûñîêèõ òåìïåðàòóð.

Íà òåðìîïàðàõ, óñòàíîâëåííûõ âîçëå ùåëåâî-
ãî êàíàëû âäóâà âîçäóõà, íàáëþäàåòñÿ íèçêàÿ
òåìïåðàòóðà, íå ïðåâûøàþùàÿ 650°Ñ. Ýòî ñâÿçà-
íî ñ òåì, ÷òî òåðìîïàðà óñòàíîâëåíà â ìåñòå ôîð-
ìèðîâàíèÿ îõëàæäàþùåé çàâåñû, ýôôåêòèâíî
îáåñïå÷èâàþùåé íèçêóþ òåìïåðàòóðó ñòåíêè
[13—15].

Â êàìåðå ñãîðàíèÿ ñ ãîðåëêàìè, èìåþùèìè
êîíôóçîðíûé íàñàäîê, òåìïåðàòóðà ñòåíîê íà
íàðóæíîì è âíóòðåííåì êîæóõå æàðîâîé òðóáû
â ñðåäíåì îäèíàêîâà.

Òåìïåðàòóðà ñòåíîê êàìåðû ñãîðàíèÿ, â êî-
òîðóþ óñòàíîâëåíû ãîðåëêè ñ êîíôóçîðíûì íà-
ñàäêîì, íèæå, ÷åì â êàìåðå ñãîðàíèÿ ñ ãîðåëêà-

Ðèñ. 4. Ñõåìà óñòàíîâêè òåðìîïàð

Ðèñ. 5. Òåìïåðàòóðû ñòåíîê (êîæóõ âíóòðåííèé):
• — 3 ÌÂò;  — 6,5 ÌÂò; ×  — 8 ÌÂò;  — 10 ÌÂò;
Õ — 13 ÌÂò; ×  — 15 ÌÂò;  — 17 ÌÂò

Ðèñ. 6. Òåìïåðàòóðû ñòåíîê (êîæóõ íàðóæíûé):
• — 3 ÌÂò;  — 6,5 ÌÂò; ×  — 8 ÌÂò;  — 10 ÌÂò;
Õ — 13 ÌÂò; ×  — 15 ÌÂò;  — 17 ÌÂò
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ìè, èìåþùèìè äèôôóçîðíûé íàñàäîê. Íà êî-
çûðüêå ôðîíòîâîãî óñòðîéñòâà êàìåðû ñ êîíôó-
çîðíîé ãîðåëêîé â îòäåëüíûõ îáëàñòÿõ íàáëþäà-

åòñÿ óâåëè÷åíèå òåìïåðàòóðû äî 700°Ñ âñëåäñòâèå
ãàçîäèíàìè÷åñêèõ îñîáåííîñòåé ïîòîêà, ôîðìè-
ðóåìîãî íà âûõîäå èç ãîðåëêè [16—18].

Ïðè ïîìîùè ãðàôè÷åñêîé âèçóàëèçàöèè ïðî-
èçâåäåíà îöåíêà îáúåìà çîíû îáðàòíûõ òîêîâ
(ÇÎÒ) íà âûõîäå èç ãîðåëîê (ðèñ. 9,à,á), îòêóäà
ñëåäóåò, ÷òî ãîðåëêà ñ äèôôóçîíûì íàñàäêîì
ôîðìèðóåò îáúåì çîíû îáðàòíûõ òîêîâ
V = 7,67·10-4 ì3, à ãîðåëêà ñ êîíôóçîðíûì íàñàä-
êîì ôîðìèðóåò îáúåì ÇÎÒ V = 1,4·10-4 ì3. Ïðè
ýòîì âðåìÿ ïðåáûâàíèÿ â ÇÎÒ ïåðâîé ãîðåëêè

ñîñòàâëÿåò 0,15 ìñ, à âòîðîé — 0,025 ìñ, ÷òî â
øåñòü ðàç ìåíüøå [19, 20]. Î÷åâèäíî, ÷òî ñ
óìåíüøåíèåì ïðîõîäíîãî ñå÷åíèÿ ñîïëîâîãî
íàñàäêà ãîðåëêè óâåëè÷èëàñü ñêîðîñòü èñòå÷åíèÿ
ñòðóè è òåì ñàìûì óìåíüøèëîñü âðåìÿ ïðåáûâà-
íèÿ âòîðîé ãîðåëêè â ÇÎÒ. Èç-çà âûñîêîé ñêî-
ðîñòè èñòå÷åíèÿ òîïëèâîâîçäóøíîé ñìåñè âîç-
ëå êîíóñà ñîïëîâîãî íàñàäêà îáðàçóåòñÿ âîçâðàò-
íûé âèõðü, ôîðìèðóþùèéñÿ ìåæäó êîçûðüêîì
ôðîíòîâîé ïëèòû è ñîïëàìè ãîðåëîê.

Âûâîäû

1. Èçìåíåíèå êîíñòðóêöèè ãîðåëî÷íîãî óñò-
ðîéñòâà ÿâëÿåòñÿ ýôôåêòèâíûì ñïîñîáîì ñíèæå-
íèÿ òåìïåðàòóðû ñòåíîê â çîíå ãîðåíèÿ æàðîâîé
òðóáû, ÷òî ìîæåò ñïîñîáñòâîâàòü óëó÷øåíèþ
ðåñóðñíûõ õàðàêòåðèñòèê êàìåðû ñãîðàíèÿ.

2. Ãîðåëêè ñ êîíôóçîðíûì íàñàäêîì ïîçâî-
ëÿþò îòîäâèíóòü ôðîíò ïëàìåíè îò ñðåçà ñîïëà,
÷òî îáåñïå÷èâàåò ñíèæåíèå òåìïåðàòóðû ñòåíîê
ïî ñðàâíåíèþ ñ ãîðåëêàìè, èìåþùèìè äèôôó-
çîðíûé íàñàäîê.

Ðèñ. 7. Òåìïåðàòóðû ñòåíîê (êîæóõ íàðóæíûé) ïðè
ìîùíîñòè Nå: • — 6,5 ÌÂò; * — 8 ÌÂò; × — 10 ÌÂò;

 — 13ÌÂò;  — 15 ÌÂò;  — 17 ÌÂò

Ðèñ. 8. Òåìïåðàòóðû ñòåíîê (êîæóõ âíóòðåííèé) ïðè
ìîùíîñòè Nå: • — 8 ÌÂò; * — 9 ÌÂò; ×  — 10 ÌÂò; 
— 12 ÌÂò;  — 14 ÌÂò;   — 17 ÌÂò

Ðèñ. 9. Îáúåì ÇÎÒ íà âûõîäå èç ãîðåëîê:
à — ãîðåëêà ¹1; á — ãîðåëêà ¹2

à)

á)
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