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Àííîòàöèÿ. Ðàññìîòðåíà êîíñòðóêöèÿ äâóõêîíòóðíîãî ãîðåëî÷íîãî óñòðîéñòâà ìàëîýìèññèîí-
íîé êàìåðû ñãîðàíèÿ ãàçîòóðáèííîãî äâèãàòåëÿ (ÃÒÄ), ðàáîòàþùåãî íà ïðèðîäíîì ãàçå. Ïðèâåäå-
íû ðåçóëüòàòû èññëåäîâàíèÿ äâóõ ãîðåëî÷íûõ óñòðîéñòâ, îòëè÷àþùèõñÿ ïëîùàäüþ ïðîõîäíîãî ñå-
÷åíèÿ çàâèõðèòåëÿ. Ïðåäñòàâëåíî ñòåíäîâîå îáîðóäîâàíèå, è îïèñàíû îñîáåííîñòè ïðîâåäåíèÿ ýê-
ñïåðèìåíòàëüíîãî èññëåäîâàíèÿ. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé ïî èçìåðåíèþ êîíöåíò-
ðàöèè êîìïîíåíòîâ êîíå÷íîé ãàçîâîé ñìåñè ïî äëèíå ôàêåëà äâóõ ãîðåëîê. Âûïîëíåíà äîðàáîòêà
æàðîâîé òðóáû êàìåðû ñãîðàíèÿ ïóòåì îðãàíèçàöèè äîïîëíèòåëüíîãî ïîäâîäà âîçäóõà íà ñòåíêàõ
ïîñðåäñòâîì âûïîëíåíèÿ äîïîëíèòåëüíîãî ðÿäà îòâåðñòèé. Îïðåäåëåíî òåìïåðàòóðíîå ïîëå íà âûõîäå
èç ñåðèéíîé è ìîäåðíèçèðîâàííîé êàìåðû ñãîðàíèÿ. Îïðåäåëåíî âëèÿíèå èçìåíåíèÿ êëèìàòè÷åñêèõ
óñëîâèé íà ïàðàìåòðû ìîäåðíèçèðîâàííîé êàìåðû ñãîðàíèÿ.
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Abstract

The article considers a bypass burner device design for a low-emission combustion chamber of a gas
turbine engine running on natural gas. The results of the two burners differing in the swirler flow area studying
are presented.

The burner device modification consisted in changing its design by installing a cowling on a swirler,
which allowed reducing its flow passage area. As the result of the cowling installation, the swirler channels
overlap by 38% occurred compared to the original option. The basic idea of such modernization consisted
in forming an expanding channel from the swirler inlet to the nozzle outlet.

The article presents the bench equipment and specifics of the experimental study. The results of the
studies on the final gas mixture concentration measuring along the length of the flame of the two burners
are presented as well. The said studies revealed that the modernized burner device allowed twofold CH level
reduction, i.e. the fuel underburning reduction. Thus, the discussed burning device has been selected for
installation into the combustion chamber.

The combustion chamber fire tube refining was performed by organizing an extra air feeding on the walls
through elaborating an extra number of orifices. Pressure losses in the combustion chamber, as well as
temperature field at the outlet of both stock and modernized combustion chamber were determined. As the
result of computation, the excess air ratio behind the flame tube head in nominal rating mode for the NK-
38ST gas turbine engine was 2.1 for the for the stock combustion chamber, while it was 1.8 for the modernized
one

The results of the tests revealed that efficiency increase in the whole range of the ambient temperature
was being traced for the engine with modernized combustion chamber.

Keywords: bypass burner, low-emission combustion chamber, combustion completeness, noxious emissions
For citation: Baklanov A.V. Fuel ñombustion efficiency ensuring in low-emission combustion chamber

of gas turbine engine under various climate conditions. Aerospace MAI Journal, 2022, vol. 29, no. 1,
pp. 144-155. DOI: 10.34759/vst-2022-1-144-155

Ââåäåíèå

Ê îñíîâíûì ïðèíöèïàì îðãàíèçàöèè ìàëî-
ýìèññèîííîãî ãîðåíèÿ ïî ñõåìå “LPP” (Lean
Prevaporized Premixed) îòíîñÿòñÿ [1, 2]:

— «áåäíîå» ñæèãàíèå òîïëèâîâîçäóøíîé ñìå-
ñè (ÒÂÑ);

— ïðåäâàðèòåëüíîå ïåðåìåøèâàíèå âîçäóõà è
òîïëèâà ïåðåä ïîäà÷åé ÒÂÑ â çîíó ãîðåíèÿ;

— ñòàáèëèçàöèÿ ïëàìåíè ïóòåì ôîðìèðîâà-
íèÿ îäíîé èëè íåñêîëüêèõ çîí îáðàòíûõ òîêîâ
â îáëàñòè ïîäà÷è ÒÂÑ, ÷òî ïîçâîëÿåò îáåñïå÷èòü
ïîñòîÿííîå âîñïëàìåíåíèå ñâåæåé ñìåñè ïîñðåä-
ñòâîì òåïëîìàññîîáìåíà;

— îáåñïå÷åíèå âûãîðàíèÿ óãëåâîäîðîäîâ òîï-
ëèâà è ÑÎ ïóòåì èñêëþ÷åíèÿ “çàìîðàæèâàíèÿ”
ðåàêöèé îêèñëåíèÿ âî âñåì îáúåìå æàðîâîé òðó-
áû è âîçëå ñòåíîê.

Îäíîé èç ïðîáëåì, âîçíèêàþùèõ ïðè ðàáî-
òå äâèãàòåëÿ ñ òàêèìè êàìåðàìè ñãîðàíèÿ, ÿâëÿ-
åòñÿ ÷óâñòâèòåëüíîñòü äâèãàòåëÿ ê èçìåíåíèþ
êëèìàòè÷åñêèõ óñëîâèé, ò. å. ïðîèñõîäÿùåå ñî

ñíèæåíèåì òåìïåðàòóðû îêðóæàþùåé ñðåäû ðåç-
êîå óâåëè÷åíèå óðîâíÿ êîíöåíòðàöèè ÑÎ, îáóñ-
ëîâëåííîå íåäîæîãîì òîïëèâà ïðèâîäÿùèì ê
ñíèæåíèþ ÊÏÄ äâèãàòåëÿ [3, 4].

Êàìåðà ñãîðàíèÿ ÿâëÿåòñÿ îñíîâíûì ýëåìåí-
òîì äâèãàòåëÿ, âëèÿþùèì íà óðîâåíü âðåäíûõ
âûáðîñîâ, òàê êàê â íåé ïðîèñõîäÿò ïðîöåññû ãî-
ðåíèÿ è îáðàçóþòñÿ ïðîäóêòû ñãîðàíèÿ.

Îñíîâíûì êîíñòðóêòèâíûì ýëåìåíòîì êàìå-
ðû ñãîðàíèÿ (ðèñ. 1,à), êîòîðûé ñëóæèò äëÿ ïîä-
ãîòîâêè òîïëèâîâîçäóøíîé ñìåñè, ñòàáèëèçàöèè
ïëàìåíè è ôîðìèðîâàíèÿ ñîñòàâà ñìåñè, ÿâëÿåò-
ñÿ ãîðåëî÷íîå óñòðîéñòâî (ðèñ. 1,á) [5].

Äëÿ ðåàëèçàöèè óñòîé÷èâîé ðàáîòû êàìåðû
ñãîðàíèÿ âî âñ¸ì äèàïàçîíå ðàáî÷èõ ðåæèìîâ
ÃÒÄ, ãîðåëî÷íîå óñòðîéñòâî èìååò äâà êîíòóðà.
Òîïëèâíûé ãàç ÷åðåç îòâåðñòèÿ â ëîïàòêàõ çàâèõ-
ðèòåëÿ ïîäàåòñÿ â ïîòîê âîçäóõà, èäóùèé ïî
ìåæëîïàòî÷íûì êàíàëàì, è îáðàçóåò íà âûõîäå
èç ãîðåëî÷íîãî óñòðîéñòâà ÒÂÑ.
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Äëÿ óñòîé÷èâîé ðàáîòû êàìåðû íà íèçêèõ
ðåæèìàõ, à òàêæå ïðè ðîçæèãå â ãîðåëî÷íîì óñ-
òðîéñòâå çà öåíòðàëüíûì òåëîì ðàçìåùàåòñÿ
«äåæóðíàÿ çîíà», âîçäóõ è òîïëèâî â êîòîðóþ
ïîäàþòñÿ ðàçäåëüíî, ÷òî îáåñïå÷èâàåò ëîêàëüíîå
äèôôóçèîííîå ãîðåíèå.

Ñõåìà êîìáèíèðîâàííîé ñòàáèëèçàöèè ïëà-
ìåíè îñíîâàíà íà èñïîëüçîâàíèè ìåõàíèçìîâ [6]:

1) ôîðìèðîâàíèÿ ðàäèàëüíîãî ãðàäèåíòà ñòà-
òè÷åñêîãî äàâëåíèÿ, âîçíèêàþùåãî â çàêðó÷åí-
íîì ïîòîêå è ïðèâîäÿùåãî ê åãî ïðèîñåâîìó
ðàñïàäó;

2) âîçíèêíîâåíèÿ ãðàäèåíòà äàâëåíèÿ çà öåí-
òðàëüíûì òåëîì (ðàçâèòîé âòóëêè çàâèõðèòåëÿ);

3) ñòðóéíîé ñòàáèëèçàöèè âîçäóõîì, ïîäàâà-
åìûì ÷åðåç ôîðñóíêó öåíòðàëüíîãî òåëà ïîä óã-
ëîì ïî êàñàòåëüíîé ê ëèíèè òîêà.

Îäíîé èç êëþ÷åâûõ çàäà÷ ïðè ïðîåêòèðîâà-
íèè ìàëîýìèññèîííûõ êàìåð ñãîðàíèÿ ÿâëÿåòñÿ
îáåñïå÷åíèå ýôôåêòèâíîãî ïðîöåññà ãîðåíèÿ âî
âðåìÿ ðàáîòû äâèãàòåëÿ ïðè îòðèöàòåëüíûõ òåì-
ïåðàòóðàõ îêðóæàþùåãî âîçäóõà. Òî åñòü íåîáõî-
äèìî ìèíèìèçèðîâàòü ïàäåíèå ïîëíîòû ñãîðàíèÿ
è êàê ñëåäñòâèå ñíèæåíèå ÊÏÄ äâèãàòåëÿ ïðè
ïîíèæåíèè òåìïåðàòóðû îêðóæàþùåé ñðåäû.

Ñëåäóåò îòìåòèòü, ÷òî ïðè ïîñòàíîâêå íà äâè-
ãàòåëü ÍÊ-38ÑÒ ìàëîýìèññèîííîé êàìåðû ñãî-
ðàíèÿ, âûïîëíåííîé â ðàìêàõ êîíöåïöèè “LPP”,
òàêæå áûëî îáíàðóæåíî ñíèæåíèå ÊÏÄ ïðè îò-
ðèöàòåëüíûõ òåìïåðàòóðàõ âîçäóõà [7, 8].

Äëÿ ðåøåíèÿ îáîçíà÷åííîé ïðîáëåìû ïðîâå-
äåíû ðàáîòû ïî ìîäåðíèçàöèè êîíñòðóêöèè ãî-

ðåëî÷íîãî óñòðîéñòâà è äîðàáîòêå æàðîâîé òðó-
áû êàìåðû ñãîðàíèÿ.

Ìîäåðíèçàöèÿ ãîðåëî÷íîãî óñòðîéñòâà çàê-
ëþ÷àëàñü â èçìåíåíèè åãî êîíñòðóêöèè ïóòåì
óñòàíîâêè îáòåêàòåëÿ íà çàâèõðèòåëü, ÷òî ïîçâî-
ëèëî óìåíüøèòü ïëîùàäü åãî ïðîõîäíîãî ñå÷å-
íèÿ äëÿ âîçäóõà.

Â ðåçóëüòàòå óñòàíîâêè îáòåêàòåëÿ ïðîèçîøëî
ïåðåêðûòèå êàíàëîâ çàâèõðèòåëÿ íà 38% ïî ñðàâ-
íåíèþ ñ èñõîäíûì âàðèàíòîì. Îñíîâíàÿ èäåÿ
òàêîé ìîäåðíèçàöèè çàêëþ÷àëàñü â ôîðìèðîâà-
íèè ðàñøèðÿþùåãîñÿ êàíàëà îò âõîäà â çàâèõðè-
òåëü ê âûõîäó èç ñîïëà, ÷òî ïîäòâåðæäàåòñÿ èç-
ìåíåíèåì ïëîùàäåé â êîíòðîëüíûõ ïëîñêîñòÿõ
(ðèñ. 2). Â ïëîñêîñòè À-À ïëîùàäü ïðîõîäíîãî
ñå÷åíèÿ ñîñòàâèëà ïðè óñòàíîâêå îáòåêàòåëÿ
735,4 ìì2, áåç îáòåêàòåëÿ 1193,3 ìì2, â ïëîñêî-
ñòè Á-Á — 1104 ìì2, à â âûõîäíîì ñå÷åíèè Â-Â
— 1193,8 ìì2.

Èçìåðåíèå ïðîïóñêíîé ñïîñîáíîñòè ãîðåëî÷-
íûõ óñòðîéñòâ ïðîâîäèëîñü íà ñòåíäîâîé óñòà-
íîâêå (ðèñ. 3), êîòîðàÿ ñîñòîèò èç âëàãîîòäåëè-
òåëÿ, íåîáõîäèìîãî äëÿ îñóøåíèÿ âîçäóõà, ïîä-
âîäèìîãî ê ãîðåëî÷íîìó óñòðîéñòâó; ýëåêòðîìàã-
íèòíîãî êëàïàíà äëÿ ðåãóëèðîâêè ðàñõîäà âîçäó-
õà; ðàñõîäîìåðà äëÿ îïðåäåëåíèÿ ðàñõîäà âîçäó-
õà; ðåñèâåðà äëÿ ðàçìåùåíèÿ ãîðåëî÷íîãî óñòðîé-
ñòâà, êîòîðûé ïðåäíàçíà÷åí äëÿ âûðàâíèâàíèÿ
ïîëÿ ñêîðîñòåé è äàâëåíèé íà âõîäå â çàâèõðè-
òåëü [9, 10].

Ïðîïóñêíàÿ ñïîñîáíîñòü ïðåäñòàâëåíà ñëåäó-
þùèì âûðàæåíèåì [11]:

Ðèñ. 1. Êàìåðà ñãîðàíèÿ LPP (à); ñõåìà ãîðåëî÷íîãî óñòðîéñòâà è êàðòèíà òå÷åíèÿ ïîòîêà (á)

à)

á)



147Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 1 Aerospace MAI Journal, vol. 29, no. 1

À.Â. Áàêëàíîâ A.V. Baklanov

* *
â â âõ

* *
âõ Í

, ,
G Т р

Â
р р

π= =                (1)

ãäå * * *
â â âõ Í, , ,G Т р р  — ñîîòâåòñòâåííî âåñîâîé

ðàñõîä âîçäóõà, åãî òåìïåðàòóðà, ïîëíîå äàâëå-
íèå íà âõîäå â ãîðåëî÷íîå óñòðîéñòâî è áàðîìåò-
ðè÷åñêîå äàâëåíèå.

Ïðîïóñêíàÿ ñïîñîáíîñòü îïðåäåëÿëàñü ïðè
ðàçëè÷íûõ ñîîòíîøåíèÿõ * *

âõ Í .р р
Çíà÷åíèÿ ïðîïóñêíîé ñïîñîáíîñòè ãîðåëî÷-

íîãî óñòðîéñòâà, äëÿ îò÷¸òíîãî ðåæèìà ñîîòâåò-
ñòâóþùåãî ïåðåïàäó äàâëåíèÿ â 3%, ñëåäóþùèå:

— äëÿ ñåðèéíîãî ãîðåëî÷íîãî óñòðîéñòâà

Â3% = 1,75 
2cì
ñ
К

;

— äëÿ ìîäåðíèçèðîâàííîãî ãîðåëî÷íîãî óñ-

òðîéñòâà Â3% = 1,25 
2cì
ñ
К

.

Èç ðèñ. 4 âèäíî, ÷òî óñòàíîâêà îáòåêàòåëÿ
ïðèâåëà ê óìåíüøåíèþ ïðîïóñêíîé ñïîñîáíîñ-

òè ìîäåðíèçèðîâàííîãî ãîðåëî÷íîãî óñòðîéñòâà
íà 28,6% ïî ñðàâíåíèþ ñ ñåðèéíûì.

Äëÿ îöåíêè êîíöåíòðàöèè êîìïîíåíòîâ ïðî-
äóêòîâ ñãîðàíèÿ â ôàêåëå ïëàìåíè èññëåäîâàíèå
ïðîâîäèëîñü íà ñòåíäå (ðèñ. 5), ðàáîòàþùåì ïî
ñëåäóþùåìó ïðèíöèïó: âîçäóõ ïðè ïîìîùè íà-
ãíåòàþùåãî íàñîñà ïîäàåòñÿ â ðàñõîäîìåðíûé

Ðèñ. 2. Ñõåìà ïðîõîäíûõ ñå÷åíèé ãîðåëî÷íîãî óñòðîéñòâà

Ðèñ. 3. Ñòåíäîâàÿ óñòàíîâêà

Ðèñ. 4. Ïðîïóñêíàÿ ñïîñîáíîñòü ãîðåëî÷íûõ óñòðîéñòâ:

■— ñåðèéíîå; ♦ — ìîäåðíèçèðîâàííîå



À.Â. Áàêëàíîâ A.V. Baklanov

148Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò. 29. ¹ 1 Aerospace MAI Journal, vol. 29, no. 1

ó÷àñòîê. Äàëåå âîçäóõ ïîñòóïàåò â íàãðåâàòåëüíûé
ýëåìåíò, ãäå ïîâûøàåòñÿ åãî òåìïåðàòóðà, ïîñ-
ëå ÷åãî ïîäàåòñÿ ê ãîðåëî÷íîìó óñòðîéñòâó, óñ-
òàíîâëåííîìó â ðåñèâåð. Ê ãîðåëî÷íîìó óñòðîé-
ñòâó ïîäñîåäèíåí èìèòàòîð æàðîâîé òðóáû. Ê
êàæäîìó êàíàëó ãîðåëî÷íîãî óñòðîéñòâà òîïëè-
âî ïîäàåòñÿ îòäåëüíî.

Ñòåíä îñíàùåí îáîðóäîâàíèåì, ïîçâîëÿþ-
ùèì âûïîëíèòü èçìåðåíèå ïàðàìåòðîâ, èõ ðåãè-
ñòðàöèþ, à òàêæå ïðîèçâîäèòü ðåãóëèðîâàíèå
ðåæèìîâ ïîäà÷è âîçäóõà è òîïëèâà [12, 13].

Äëÿ èçìåðåíèÿ êîíöåíòðàöèè CO è ÑÍ â
ïðîäóêòàõ ñãîðàíèÿ èñïîëüçîâàëñÿ ãàçîàíàëèçà-
òîð Testo 350. Äëÿ âûïîëíåíèÿ îòáîðà ïðîá ïðè-
ìåíÿëñÿ ïðîáîîòáîðíèê, êîòîðûé óñòàíàâëèâà-
åòñÿ íà êîîðäèíàòíîì ñòîëå è ïåðåìåùàåòñÿ â çà-
äàííûõ êîîðäèíàòàõ âäîëü îñè ïëàìåíè [14, 15].

Ïðè ïðîâåäåíèè èñïûòàíèé ïàðàìåòðû íà
âõîäå â ãîðåëî÷íîå óñòðîéñòâî ñëåäóþùèå: ð3 –
èçáûòî÷íîå äàâëåíèå âîçäóõà ïåðåä ãîðåëî÷íûì
óñòðîéñòâîì 3,2 ÊÏà; ðàñõîä âîçäóõà (âûñòàâëÿë-

ñÿ ïî ïåðåïàäó äàâëåíèÿ) 0,04—0,05 êã/ñ; GÂ, T3
– òåìïåðàòóðà âîçäóõà ïåðåä ãîðåëî÷íûì óñòðîé-
ñòâîì 278 °Ñ; Gòðó1ê – ðàñõîä ãàçà 1-ãî êîíòóðà
1,55 êã/÷; Gòðó2ê – ðàñõîä ãàçà 2-ãî êîíòóðà 3,45êã/÷.

Èññëåäîâàíèÿ ïîêàçàëè, ÷òî ìîäåðíèçèðî-
âàííîå ãîðåëî÷íîå óñòðîéñòâî ïîçâîëèëî â äâà
ðàçà ñíèçèòü óðîâåíü íåñãîðåâøèõ óãëåâîäîðîäîâ
ÑÍ (ðèñ. 6,à), íåñêîëüêî ïîâûñèâ óðîâåíü NOõ
(ðèñ. 6,á), ÷òî ñâèäåòåëüñòâóåò îá îáåñïå÷åíèè
áîëåå âûñîêîé ïîëíîòû ñãîðàíèÿ ïî ñðàâíåíèþ
ñ ñåðèéíûì ãîðåëî÷íûì óñòðîéñòâîì. Ïîýòîìó
äàííîå ãîðåëî÷íîå óñòðîéñòâî âûáðàíî äëÿ óñ-
òàíîâêè â êàìåðó ñãîðàíèÿ.

Äëÿ îáåñïå÷åíèÿ ïðîïóñêíîé ñïîñîáíîñòè
êàìåðû ñãîðàíèÿ è ñîõðàíåíèÿ ïîòåðè äàâëåíèÿ
íà óðîâíå ñåðèéíîé æàðîâàÿ òðóáà áûëà äîðàáî-
òàíà ïóòåì íàíåñåíèÿ äîïîëíèòåëüíîãî ïîÿñà
îòâåðñòèé íà íàðóæíîì è âíóòðåííåì êîæóõàõ:
70 îòâåðñòèé äèàìåòðîì 3 ìì è 70 îòâåðñòèé
äèàìåòðîì 7 ìì (ðèñ. 7). Òàêèì îáðàçîì, áûëà
ðåàëèçîâàíà êîíöåïöèÿ âíóòèêàìåðíîãî ðàñïðå-

Ðèñ. 5. Ñòåíä îãíåâûõ èñïûòàíèé ãîðåëî÷íûõ óñòðîéñòâ: 1 – ýëåêòðîìàãíèòíûé êëàïàí; 2 – íàãðåâàòåëü; 3 –
ðåñèâåð; 4 – ãîðåëêà; 5 – âîñïëàìåíèòåëü; 6 – ãàçîàíàëèçàòîð; 7 – êîîðäèíàòíûé ñòîë; 8 – òðîéíèê; 9 – ðàñõî-
äîìåð; 10 – êëàïàí; 3TΔ  – äàò÷èê ïåðåïàäà òåìïåðàòóð íà âõîäå â ñòåíä è ïîñëå íàãðåâàòåëÿ; Ð1, Ð2, Ò1, Ò2 –
äàò÷èêè àáñîëþòíîãî äàâëåíèÿ è òåìïåðàòóðû ãàçà, óñòàíîâëåííûå ïåðåä ðàñõîäîìåðîì (êðèòè÷åñêèì ñîïëîì);

1 2Ð , ÐΔ Δ – äàò÷èêè èçìåðåíèÿ ïåðåïàäà äàâëåíèÿ ãàçîâîé ìàãèñòðàëè (1-é è 2-é êîíòóðû); Ð3, Ò3 – äàò÷èêè àá-
ñîëþòíîãî äàâëåíèÿ è òåìïåðàòóðû âîçäóõà, óñòàíîâëåííûå ïåðåä ðàñõîäîìåðîì; 3ÐΔ – äàò÷èê èçìåðåíèÿ ïå-
ðåïàäà äàâëåíèÿ âîçäóõà, óñòàíîâëåííûé ïåðåä ðåñèâåðîì
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äåëåíèÿ âîçäóõà, ïîçâîëÿþùàÿ ïå-
ðåðàñïðåäåëèòü ðàñõîä âîçäóõà ìåæ-
äó çîíîé ãîðåíèÿ è çîíîé ñìåøå-
íèÿ.

Äàííûå ìåðîïðèÿòèÿ áûëè íà-
ïðàâëåíû íà óâåëè÷åíèå îáúåìà
çîíû ãîðåíèÿ çà ñ÷åò óìåíüøåíèÿ
ñêîðîñòè èñòå÷åíèÿ òîïëèâîâîç-
äóøíîé ñìåñè íà âûõîäå èç ãîðå-
ëî÷íîãî óñòðîéñòâà, ÷òî ïîäòâåðæ-
äåíî âèçóàëèçàöèåé ïîòîêà â æàðî-
âîé òðóáå (ðèñ. 8).

Ñåðèéíàÿ è ìîäåðíèçèðîâàííàÿ
êàìåðû ñãîðàíèÿ áûëè èñïûòàíû
íà ñòåíäå (ðèñ. 9), êîòîðûé îáîðó-
äîâàí íåîáõîäèìûìè ñèñòåìàìè èç-

Ðèñ. 6. Ñðàâíåíèå ñîñòàâà ïðîäóêòîâ ñãîðàíèÿ ïî äëèíå ôàêåëà ãîðåëî÷íîãî óñòðîéñòâà ïðè α = 2, 1 0,1 :T ê ТG G
Σ
=

▲– ìîäåðíèçèðîâàííîå ãîðåëî÷íîå óñòðîéñòâî;  ■ – ñåðèéíîå ãîðåëî÷íîå óñòðîéñòâî

à)

á)

Ðèñ. 7. Ñõåìà äîðàáîòêè æàðîâîé òðóáû
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ìåðåíèÿ ïàðàìåòðîâ è èõ ðåãèñòðàöèè. Â ñîñòàâ
ñòåíäà âõîäèò èñòî÷íèê ñæàòîãî âîçäóõà, ïîäà-
þùåãî åãî ê èñïûòûâàåìîé êàìåðå ñãîðàíèÿ.
Ðàñõîä âîçäóõà èçìåðÿåòñÿ ðàñõîäîìåðíûì óñò-
ðîéñòâîì (òðóáà Âåíòóðè). Òîïëèâíûé ãàç ïîäà-
¸òñÿ ïî äâóì ëèíèÿì òîïëèâíîé ñèñòåìû ñòåíäà
ê òîïëèâíûì êîëëåêòîðàì êàìåðû ñãîðàíèÿ [16,
17].

Èñïûòàíèå êàìåðû ñãîðàíèÿ íà ñòåíäå ïðî-
âîäèòñÿ â äâà ýòàïà. Ïåðâûé ýòàï çàêëþ÷àåòñÿ â
îïðåäåëåíèè ïîòåðü ïîëíîãî äàâëåíèÿ â æàðîâîé
òðóáå ïðè ðàçíûõ ïðèâåäåííûõ ñêîðîñòÿõ âîçäóõà
è ïîñòðîåíèè ðàñõîäíûõ õàðàêòåðèñòèê êàìåðû
ñãîðàíèÿ. Äëÿ ýòîãî íà âûõîäå èç êàìåðû óñòà-
íàâëèâàåòñÿ ãðåá¸íêà ïîëíîãî äàâëåíèÿ, à â íà-
ðóæíîì è âíóòðåííåì êàíàëàõ ìåæäó êîðïóñîì
è æàðîâîé òðóáîé óñòàíàâëèâàþòñÿ òðè ðàâíîðàñ-
ïîëîæåííûõ ïðèåìíèêà ïîëíîãî äàâëåíèÿ.

 Ïî ðåçóëüòàòàì èçìåðåíèé íà êàæäîì ðåæè-
ìå ðàññ÷èòûâàþòñÿ ïîòåðè ïîëíîãî äàâëåíèÿ â
êàìåðå ñãîðàíèÿ:

* **
2ñð 4ñð

* *
2àáñ 2ñð í

p pp
p

p p p

ΔΔ
-

= =
+                  (2)

è ïåðåïàä äàâëåíèÿ íà ñòåíêàõ æàðîâîé òðóáû:

* *
ñò.ñð 4ñð

ñð *
2ñð í

,
p p

p
p p

Δ
-

=
+                  (3)

ãäå * * *
ñò.ñð 2ñð 4ñð, ,p p p  — ñðåäíåàðèôìåòè÷åñêèå çíà-

÷åíèÿ äàâëåíèé, êãñ/ñì2; ðí — àòìîñôåðíîå äàâ-
ëåíèå â óñëîâèÿõ ïðîäóâîê, êãñ/ñì2.

Ðåçóëüòàòû èñïûòàíèé ïîêàçàëè, ÷òî ãèäðàâ-
ëè÷åñêèå õàðàêòåðèñòèêè êàìåð ñãîðàíèÿ èäåí-
òè÷íû. Ïðè çíà÷åíèè ïðèâåäåííîé ñêîðîñòè

Ðèñ. 8. Êàðòèíà ðàñïðåäåëåíèÿ ëèíèé òîêà â ñåðèéíîé (à) è ìîäåðíèçèðîâàííîé (á) êàìåðàõ ñãîðàíèÿ
à)                                                                            á)

Ðèñ. 9. Ñõåìà ñòåíäà äëÿ èñïûòàíèé ïîëíîðàçìåðíûõ êàìåð ñãîðàíèÿ
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0,26λ = , ñîîòâåòñòâóþùåé çíà÷åíèþ íà äâèãàòå-

ëå, ïîòåðè ïîëíîãî äàâëåíèÿ â êàìåðå è ïåðåïàä
äàâëåíèé íà ñòåíêàõ æàðîâîé òðóáû ëåæàò â çà-
äàííîì äèàïàçîíå (ðèñ. 10):

ñò

4,7% 6%;

2,8% 3,6%.

p

p

Δ

Δ

£ £

£ £                 (4)

Äëÿ íàõîæäåíèÿ êîýôôèöèåíòà èçáûòêà âîç-
äóõà íà âûõîäå èç ãîðåëî÷íîãî óñòðîéñòâà áûëà
îïðåäåëåíà ïðîïóñêíàÿ ñïîñîáíîñòü êàìåðû ñãî-
ðàíèÿ ÂÊÑ [18, 19]. Äëÿ ôðîíòîâîãî óñòðîéñòâà
äàííûé ïàðàìåòð îïðåäåëÿëñÿ ïóòåì ïðîèçâåäå-

íèÿ ïðîïóñêíîé ñïîñîáíîñòè îäíîãî ãîðåëî÷íîãî
óñòðîéñòâà íà êîëè÷åñòâî ãîðåëî÷íûõ óñòðîéñòâ
âî ôðîíòîâîì óñòðîéñòâå êàìåðû ñãîðàíèÿ:

ô ,Â n B= ◊

ãäå n — êîëè÷åñòâî ãîðåëî÷íûõ óñòðîéñòâ âî
ôðîíòîâîì óñòðîéñòâå; B — ïðîïóñêíàÿ ñïîñîá-
íîñòü ãîðåëî÷íîãî óñòðîéñòâà.

Äîëÿ âîçäóõà, ïîñòóïèâøàÿ â çîíó ãîðåíèÿ,
îïðåäåëÿåòñÿ ñ ïîìîùüþ îòíîøåíèÿ ïðîïóñêíîé
ñïîñîáíîñòè ôðîíòîâîãî óñòðîéñòâà ê ïðîïóñê-
íîé ñïîñîáíîñòè êàìåðû ñãîðàíèÿ, äëÿ íóæíî-
ãî ïåðåïàäà äàâëåíèé (ðèñ. 11).

Ðèñ. 10. Ãèäðàâëè÷åñêèå õàðàêòåðèñòèêè êàìåð ñãîðàíèÿ: ïîòåðè äàâëåíèÿ íà ñòåíêàõ æàðîâîé òðóáû (♦ — ñå-
ðèéíàÿ êàìåðà ñãîðàíèÿ; ■ — ìîäåðíèçèðîâàííàÿ êàìåðà ñãîðàíèÿ); ïîòåðè â êàìåðå ñãîðàíèÿ (▲— ñåðèé-
íàÿ êàìåðà ñãîðàíèÿ; Δ  — ìîäåðíèçèðîâàííàÿ êàìåðà ñãîðàíèÿ) (▲ è Δ  ñîâïàëè)

Ðèñ. 11. Ïðîïóñêíàÿ ñïîñîáíîñòü ôðîíòîâîãî óñòðîéñòâà: ♦ — ìîäåðíèçèðîâàííîå ãîðåëî÷íîå óñòðîéñòâî;
 ■ — ñåðèéíîå ãîðåëî÷íîå óñòðîéñòâî;  — êàìåðà ñãîðàíèÿ
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Êîýôôèöèåíò èçáûòêà âîçäóõà â çîíå ãîðå-
íèÿ:

ÊÑ ô ÊÑ

ãîð
0 Ò

( )
,

( )

ÂG Â Â

L G
α

◊
=

◊               (5)

ãäå Âô — ïðîïóñêíàÿ ñïîñîáíîñòü ôðîíòîâîãî
óñòðîéñòâà; ÂÊÑ — ïðîïóñêíàÿ ñïîñîáíîñòü êà-
ìåðû ñãîðàíèÿ.

Â ðåçóëüòàòå ðàñ÷åòà êîýôôèöèåíò èçáûòêà
âîçäóõà çà ôðîíòîâûì óñòðîéñòâîì äëÿ êàìåð
ñãîðàíèÿ ñ ðàññìîòðåííûìè ãîðåëî÷íûìè óñò-
ðîéñòâàìè íà íîìèíàëüíîì ðåæèìå ðàáîòû ãà-
çîòóðáèííîãî äâèãàòåëÿ ÍÊ-38ÑÒ ñîñòàâèë: äëÿ

ñåðèéíîé êàìåðû ñãîðàíèÿ ãîð 2,1,α =  äëÿ ìîäåð-
íèçèðîâàííîé êàìåðû ñãîðàíèÿ ãîð 1,8.α =

Âòîðîé ýòàï çàêëþ÷àëñÿ â îïðåäåëåíèè òåì-
ïåðàòóðíîé íåðàâíîìåðíîñòè íà âûõîäå èç êàìå-
ðû ñãîðàíèÿ. Äëÿ ýòîãî íà âûõîäå èç æàðîâîé
òðóáû óñòàíàâëèâàåòñÿ ïîäâèæíàÿ ãðåáåíêà òåð-
ìîïàð.

Ïî ðåçóëüòàòàì èçìåðåíèÿ òåìïåðàòóð íà
âûõîäå èç êàìåðû ñãîðàíèÿ âèäíî (ðèñ. 12), ÷òî
ìîäåðíèçèðîâàííàÿ êàìåðà ñãîðàíèÿ èìååò áî-
ëåå ðàâíîìåðíîå ïîëå òåìïåðàòóð. Äàííîå ïðî-
ÿâëåíèå ñâÿçàíî ñ íàëè÷èåì äîïîëíèòåëüíûõ îò-
âåðñòèé íà ñòåíêàõ æàðîâîé òðóáû, êîòîðûå ñïî-
ñîáñòâóþò ðàâíîìåðíîìó ðàçáàâëåíèþ òåïëîâîãî
ïîòîêà âòåêàþùèìè ñòðóÿìè âîçäóõà. Ïðè ýòîì â
ñåðèéíîé êàìåðå ñãîðàíèÿ ïîñòóïëåíèå âòîðè÷-
íîãî âîçäóõà â æàðîâóþ òðóáó îòñóòñòâóåò è íåðàâ-
íîìåðíîñòü òåìïåðàòóðíîãî ïîëÿ ôîðìèðóåòñÿ
èñêëþ÷èòåëüíî êîýôôèöèåíòîì èçáûòêà âîçäóõà,

ôîðìèðóåìîãî êàæäûì îòäåëüíî ñòîÿùèì ãîðå-
ëî÷íûì óñòðîéñòâîì [20, 21].

Ðàäèàëüíîå ðàñïðåäåëåíèå íîñèò ñõîæèé õà-
ðàêòåð, çà èñêëþ÷åíèåì êîðíåâîãî ñå÷åíèÿ, â
êîòîðîì ó ìîäåðíèçèðîâàííîé êàìåðû ñãîðàíèÿ
òåìïåðàòóðà íåñêîëüêî âûøå (ðèñ. 13).

Äëÿ ïðîâåðêè ýôôåêòèâíîñòè ðàáîòû ìîäåð-
íèçèðîâàííóþ êàìåðó ñãîðàíèÿ óñòàíîâèëè íà
äâèãàòåëü, êîòîðûé èñïûòûâàëñÿ ïðè ðàçëè÷íûõ
êëèìàòè÷åñêèõ óñëîâèÿõ.

Èç ãðàôèêà (ðèñ. 14) âèäíî, ÷òî íà äâèãàòå-
ëå ñ ìîäåðíèçèðîâàííîé êàìåðîé ñãîðàíèÿ ïðî-
ñëåæèâàåòñÿ ïðèáàâêà ÊÏÄ âî âñåì äèàïàçîíå
òåìïåðàòóð îêðóæàþùåé ñðåäû. Òî÷êè, îòìå÷åí-

Ðèñ. 12. Îêðóæíàÿ íåðàâíîìåðíîñòü òåìïåðàòóðíîãî ïîëÿ: ♦ — ñåðèéíàÿ êàìåðà ñãîðàíèÿ; ■ — ìîäåðíèçè-
ðîâàííàÿ êàìåðà ñãîðàíèÿ

Ðèñ. 13. Ðàäèàëüíàÿ ýïþðà òåìïåðàòóðíîãî ïîëÿ: ♦ —
ñåðèéíàÿ êàìåðà ñãîðàíèÿ; ■ — ìîäåðíèçèðîâàííàÿ
êàìåðà ñãîðàíèÿ
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íûå êðóãîì, — ýòî ÊÏÄ äâèãàòåëåé ñ âíåäðåí-
íîé ìîäåðíèçèðîâàííîé êàìåðîé ñãîðàíèÿ.

Âûâîäû

1. Ôîðìèðîâàíèå êàíàëà äèôôóçîðíîé ôîð-
ìû â ãîðåëî÷íîì óñòðîéñòâå íà âûõîäå èç ñîïëà
ïîçâîëèëî ñíèçèòü ñêîðîñòü èñòå÷åíèÿ çàêðó÷åí-
íîé òîïëèâîâîçäóøíîé ñòðóè, â ðåçóëüòàòå ÷åãî
ïðîèçîøëî ðàñêðûòèå ñòðóè è óâåëè÷åíèå âðåìå-
íè ïðåáûâàíèÿ â æàðîâîé òðóáå, ÷òî ïîçâîëèëî
ïîâûñèòü ïîëíîòó ñãîðàíèÿ òîïëèâà.

2. Êîíöåïöèÿ âíóòèêàìåðíîãî ðàñïðåäåëåíèÿ
âîçäóõà ïîçâîëèëà îáåñïå÷èòü ýôôåêòèâíîñòü
ñæèãàíèÿ òîïëèâà â ìàëîýìèññèîííîé êàìåðå
ñãîðàíèÿ ãàçîòóðáèííîé óñòàíîâêè ïðè ðàçëè÷-
íûõ êëèìàòè÷åñêèõ óñëîâèÿõ è ïîääåðæèâàòü
óðîâåíü ÊÏÄ äâèãàòåëÿ â äèàïàçîíå îò 34,67 äî
36%.
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