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Ââåäåíèå

Ñîâðåìåííûå ìàëîýìèññèîííûå êàìåðû ñãî-
ðàíèÿ ãàçîòóðáèííûõ äâèãàòåëåé âûïîëíÿþòñÿ â
ðàìêàõ êîíöåïöèè LÐÐ (Lean — premixed and
prevaporized), êîòîðàÿ îñíîâàíà íà íèçêîòåìïåðà-

òóðíîì (Òïë ≤ 1800...1900 Ê) ñæèãàíèè ïðåäâàðè-
òåëüíî ïåðåìåøàííîé «îáåäíåííîé» òîïëèâîâîç-
äóøíîé ñìåñè (ÒÂÑ) [1—3]. Äàííàÿ êîíöåïöèÿ
ïðåäóñìàòðèâàåò òùàòåëüíîå ïåðåìåøèâàíèå òîï-
ëèâà ñ âîçäóõîì âíóòðè ãîðåëêè ïåðåä ïîäà÷åé â
çîíó ãîðåíèÿ. Èçâåñòíî, ÷òî òåõíè÷åñêîå ñîâåð-
øåíñòâî òàêèõ ãîðåëîê îáåñïå÷èâàåò óñïåøíîå
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Ðàññìîòðåíà êîíñòðóêöèÿ äâóõêîíòóðíîé ãîðåëêè ìàëîýìèññèîííîé êàìåðû ñãîðàíèÿ ãàçîòóðáèííîãî äâè-
ãàòåëÿ, ðàáîòàþùåãî íà ïðèðîäíîì ãàçå. Ïðîâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ òðåõ ãîðåëîê, îòëè÷àþùèõñÿ äèà-
ìåòðîì âûõîäíîé ÷àñòè ðàçâèòîé âòóëêè çàâèõðèòåëÿ. Îïèñàíî ñòåíäîâîå îáîðóäîâàíèå, ïåðå÷èñëåíû îñîáåí-
íîñòè ïðîâåäåíèÿ ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé ïî èçìåðåíèþ êîí-
öåíòðàöèè êîìïîíåíòîâ êîíå÷íîé ãàçîâîé ñìåñè, â ÷àñòíîñòè îêñèäà óãëåðîäà CO, îêñèäîâ àçîòà NO è íåñãîðåâøèõ
óãëåâîäîðîäîâ ÑÍ, â ïðîäóêòàõ ñãîðàíèÿ. Âûïîëíåí ðàñ÷åò ïîëíîòû ñãîðàíèÿ òîïëèâà. Ïðîèçâåäåí âûáîð ãî-
ðåëêè, ïîêàçàâøåé ìèíèìàëüíîå çíà÷åíèå êîíöåíòðàöèè îêñèäîâ àçîòà è ìàêñèìàëüíûé óðîâåíü ïîëíîòû ñãî-
ðàíèÿ â îòáèðàåìûõ ïðîáàõ.

Êëþ÷åâûå ñëîâà: äâóõêîíòóðíàÿ ãîðåëêà, ìàëîýìèññèîííàÿ êàìåðà ñãîðàíèÿ, ýêñïåðèìåíò, ïîëíîòà ñãîðàíèÿ,
ýêîëîãèÿ.

ðåøåíèå çàäà÷è ñíèæåíèÿ âûáðîñîâ îêñèäîâ àçîòà
è îêñèäà óãëåðîäà ñ ñîõðàíåíèåì âûñîêîé ýôôåê-
òèâíîñòè è óñòîé÷èâîñòè ïðîöåññà ãîðåíèÿ. Ïî-
ýòîìó èññëåäîâàíèÿ, íàïðàâëåííûå íà èçó÷åíèå
âëèÿíèÿ êîíñòðóêöèè òàêèõ ãîðåëîê íà ýìèññè-
îííûå õàðàêòåðèñòèêè ïëàìåíè, ÿâëÿþòñÿ íåîá-
õîäèìûìè ïðè ñîçäàíèè è äîâîäêå êàìåð ñãîðà-
íèÿ ãàçîòóðáèííûõ äâèãàòåëåé, âûïîëíåííûõ â
ðàìêàõ îïèñàííîé âûøå êîíöåïöèè [4—6].

Íà ðèñ. 1 ïðèâåäåíà ñõåìà ãîðåëêè è êàðòèíà
òå÷åíèÿ â îáëàñòè ïîäãîòîâêè, ñòàáèëèçàöèè ÒÂÑ,
à òàêæå íà âûõîäå èç ãîðåëêè. Äëÿ îáåñïå÷åíèÿ

Ðèñ. 1. Ñõåìà ãîðåëêè è êàðòèíà òå÷åíèÿ ïîòîêà
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ðåãóëèðîâàíèÿ ðàñõîäà òîïëèâà è óïðàâëåíèÿ ïðî-
öåññîì ãîðåíèÿ â êàìåðå ñãîðàíèÿ ãîðåëêà èìååò
äâà êàíàëà ïîäâîäà òîïëèâà. Òîïëèâíûé ãàç ÷åðåç
ïåðôîðèðîâàííûå ëîïàòêè çàâèõðèòåëÿ (îñíîâíîé
êîíòóð) ïîñòóïàåò â âîçäóøíûé ïîòîê, èäóùèé ïî
ìåæëîïàòî÷íûì êàíàëàì, è îáðàçóåò íà âûõîäå èç
ãîðåëêè ïåðåìåøàííóþ ÒÂÑ. Äëÿ îáåñïå÷åíèÿ
óñòîé÷èâîé ðàáîòû êàìåðû íà íèçêèõ ðåæèìàõ, à
òàêæå äëÿ îðãàíèçàöèè íàäåæíîãî ðîçæèãà â öåíòð
ãîðåëêè ïîäâîäèòñÿ âòîðîé êàíàë òîïëèâà, îáðà-
çóÿ äåæóðíóþ çîíó, ðàáîòàþùóþ ïî äèôôóçèîí-
íîìó ïðèíöèïó [7, 8]. Âîçäóõ è òîïëèâî â íåå
ïîäàþòñÿ ðàçäåëüíî ÷åðåç ñïåöèàëüíûå êàíàëû â
çàäíåé ñòåíêå âòóëî÷íîé ÷àñòè çàâèõðèòåëÿ.

Ñõåìà êîìáèíèðîâàííîé ñòàáèëèçàöèè ïëàìå-
íè îñíîâàíà íà èñïîëüçîâàíèè òð¸õ ìåõàíèçìîâ
[9, 10]:

1) ôîðìèðîâàíèÿ ðàäèàëüíîãî ãðàäèåíòà ñòà-
òè÷åñêîãî äàâëåíèÿ ïðè çàêðóòêå, ñïîñîáñòâóþùå-
ãî ïðèîñåâîìó ðàñïàäó çàêðó÷åííîãî ïîòîêà;

2) äåéñòâèÿ ãðàäèåíòà íà ñðåçå öåíòðàëüíîãî
òåëà (ðàçâèòîé âòóëêè çàâèõðèòåëÿ);

3) ãàçîäèíàìè÷åñêîé ñòàáèëèçàöèè íà ñòðóÿõ
âîçäóõà, âäóâàåìîãî èç îòâåðñòèé öåíòðàëüíîé
ôîðñóíêè.

Èññëåäîâàíèå ïðîöåññîâ ïðîâîäèëîñü äëÿ òð¸õ
ãîðåëîê ñ ðàçëè÷íûì äèàìåòðîì âûõîäíîé ÷àñòè
öåíòðàëüíîãî òåëà â äâà ýòàïà:

1) îïðåäåëåíèå ñîñòàâà ïðîäóêòîâ ñãîðàíèÿ;
2) îïðåäåëåíèå ïîëíîòû ñãîðàíèÿ âäîëü îñè

ãîðåëêè.
Òðè ãîðåëêè âûïîëíåíû ñ ðàçíûì ñîîòíîøå-

íèåì äèàìåòðà öåíòðàëüíîãî òåëà À ê äèàìåòðó
âûõîäíîãî ñîïëà ãîðåëêè Â:

¹1 À/Â = 0,5;
¹2 À/Â = 0,62;
¹3 À/Â = 0,71.
Îïðåäåëåíèå ñîñòàâà ïðîäóêòîâ ñãîðàíèÿ ïðî-

âîäèëîñü íà ñòåíäå (ðèñ. 2), ðàáîòàþùåì ïî ñëå-
äóþùåìó ïðèíöèïó: âîçäóõ ñ ïîìîùüþ íàãíåòà-

Ðèñ. 2. Ñòåíä äëÿ ïðîâåäåíèÿ ãàçîäèíàìè÷åñêèõ è îãíåâûõ èñïûòàíèé ãîðåëîê: 1 — ýëåêòðîìàãíèòíûé êëàïàí;
2 — íàãðåâàòåëü; 3 — ðåñèâåð; 4 — ãîðåëêà; 5 — âîñïëàìåíèòåëü; 6 — ãàçîàíàëèçàòîð; 7 — êîîðäèíàòíûé ñòîë;
8 — òðîéíèê; 9 — ðàñõîäîìåð; 10 — êëàïàí; 3TΔ  — äàò÷èê ïåðåïàäà òåìïåðàòóð íà âõîäå â ñòåíä è ïîñëå íàãðå-
âàòåëÿ; Ð1, Ò1 — äàò÷èêè àáñîëþòíîãî äàâëåíèÿ è òåìïåðàòóðû ãàçà ìàãèñòðàëè ïåðâîãî êîíòóðà ïîäà÷è òîïëè-
âà; Ð2, Ò2 — äàò÷èêè àáñîëþòíîãî äàâëåíèÿ è òåìïåðàòóðû ãàçà ìàãèñòðàëè âòîðîãî êîíòóðà ïîäà÷è òîïëèâà;

1 2Ð , ÐΔ Δ  — äàò÷èêè èçìåðåíèÿ ïåðåïàäà äàâëåíèÿ ãàçîâîé ìàãèñòðàëè; Ð3, Ò3 — äàò÷èêè àáñîëþòíîãî äàâëåíèÿ
è òåìïåðàòóðû âîçäóõà, óñòàíîâëåííûå ïåðåä ðàñõîäîìåðîì; 3ÐΔ  — äàò÷èê èçìåðåíèÿ ïåðåïàäà äàâëåíèÿ âîçäó-
õà, óñòàíîâëåííûé ïåðåä ðåñèâåðîì
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òåëÿ ïîäàåòñÿ íà âõîä ðàñõîäîìåðíîãî ó÷àñòêà,
ïðåäñòàâëÿþùåãî ñîáîé öèëèíäðè÷åñêèé êàíàë ñ
óñòàíîâëåííûì â íåì êðèòè÷åñêèì ñîïëîì. Äàëåå
âîçäóõ ïîñòóïàåò â ýëåêòðè÷åñêóþ ïå÷ü (ïîäîãðå-
âàòåëü), à çàòåì òðàíñïîðòèðóåòñÿ ê ãîðåëêå, óñ-
òàíîâëåííîé â ðåñèâåð, ê êîòîðîìó ïîäñîåäèíåí
èìèòàòîð æàðîâîé òðóáû (ðèñ. 3). Òîïëèâî ê êà-
íàëàì ãîðåëêè ïîäàåòñÿ ïî òîïëèâíîé ìàãèñòðà-
ëè, èìåþùåé äâà êîíòóðà.

Ñòåíä îñíàùåí îáîðóäîâàíèåì, îáåñïå÷èâàþ-
ùèì èçìåðåíèå è ðåãèñòðàöèþ ïàðàìåòðîâ, ðåãó-
ëèðîâàíèå ðåæèìîâ [11].

Äëÿ èçìåðåíèÿ êîíöåíòðàöèè CO, NO è ÑÍ
â ïðîäóêòàõ ñãîðàíèÿ èñïîëüçîâàëñÿ ãàçîàíàëèçà-
òîð Testo 350. Äëÿ âûïîëíåíèÿ îòáîðà ïðîá èñ-
ïîëüçóåòñÿ ïðîáîîòáîðíèê, êîòîðûé óñòàíàâëèâà-
åòñÿ íà êîîðäèíàòíîì ñòîëå è ïåðåìåùàåòñÿ â
çàäàííûõ êîîðäèíàòàõ âäîëü îñè ïëàìåíè [12—14].

Èñïûòàíèÿ ïðîâîäèëèñü ïðè êîýôôèöèåíòå
èçáûòêà âîçäóõà α = 2, ÷òî ñîîòâåòñòâóåò ðàáî÷åìó
çíà÷åíèþ âî âðåìÿ ðàáîòû â ñîñòàâå äâèãàòåëÿ.
Ïðè ýòîì â ïåðâûé êîíòóð ïîäàâàëîñü 30% ãàçà,
èäóùåãî â ãîðåëêó [15—17].

Pè3 — èçáûòî÷íîå äàâëåíèå âîçäóõà ïåðåä ãî-
ðåëêîé (ôîðñóíêîé), 3,2 ÊÏà;

T3 — òåìïåðàòóðà âîçäóõà ïåðåä ãîðåëêîé
(ôîðñóíêîé), 278°Ñ;

Gòðó1ê — ðàñõîä ãàçà 1-ãî êîíòóðà,1,55 êã/÷;
Gòðó2ê — ðàñõîä ãàçà 2-ãî êîíòóðà, 3,45 êã/÷,
Gâ —ðàñõîä âîçäóõà, 0,05 êã/ñ;
Èç ðèñ. 4 ñëåäóåò, ÷òî óðîâåíü ÑÍ â ïðîäóê-

òàõ ñãîðàíèÿ óìåíüøàåòñÿ ñ óâåëè÷åíèåì äèàìåòðà
öåíòðàëüíîãî òåëà, ïðè ýòîì óðîâåíü NO òàêæå

âîçðàñòàåò, ÷òî îáúÿñíÿåòñÿ óâåëè÷åíèåì òåìïå-
ðàòóðû â çîíå äèôôóçèîííîãî ôàêåëà, êîòîðàÿ
ïðèâîäèò ê ñíèæåíèþ êîíöåíòðàöèè ÑÎ. Óâåëè-
÷åíèå äèàìåòðà öåíòðàëüíîãî òåëà ïðàêòè÷åñêè íå
âëèÿåò íà óðîâåíü êîíöåíòðàöèè ÑÎ âäîëü îñè
ôàêåëà ïëàìåíè. Ðàñïðåäåëåíèå êîíöåíòðàöèé
íîñèò ñõîæèé õàðàêòåð.

Óâåëè÷åíèå äèàìåòðà öåíòðàëüíîãî òåëà äî
çíà÷åíèÿ À/Â = 0,62 ïðèâîäèò ê ñíèæåíèþ óðîâíÿ

NOx â òðè ðàçà, íî ïðè óâåëè÷åíèè äî çíà÷åíèÿ
À/Â = 0,71 îí âîçðàñòàåò.

Â ñîîòâåòñòâèè ñ ïîëó÷åííûìè äàííûìè íà
çàäàâàåìûõ ðåæèìàõ áûëà ðàññ÷èòàíà ïîëíîòà
ñãîðàíèÿ [18—20].

Äëÿ îïðåäåëåíèÿ ïîëíîòû ñãîðàíèÿ òîïëèâà,
ó÷èòûâàþùåé òîëüêî õèìè÷åñêèé íåäîæîã ìåòà-
íà, â çàâèñèìîñòè îò êîýôôèöèåíòà èçáûòêà âîç-
äóõà α  èñïîëüçîâàëîñü âûðàæåíèå [21]:

4

3
ã CO CH1 (0,20175 ) 10 ,EI EIη -= - ◊ + ◊       (1)

ãäå EICO, EICH4
 — èíäåêñû ýìèññèè îêèñè óãëå-

ðîäà è ìåòàíà; êîýôôèöèåíò 0,20175 ó÷èòûâàåò
îòíîøåíèå íèçøåé òåïëîòû ñãîðàíèÿ îêèñè óãëå-

ðîäà CO
HQ = 10096 êÄæ/êã ê íèçøåé òåïëîòå ñãî-

ðàíèÿ ìåòàíà 4CH
HQ = 50042 êÄæ/êã ïðè ñòàíäàð-

òíûõ óñëîâèÿõ.
Èíäåêñû ýìèññèè EIi äëÿ îêèñè óãëåðîäà,

îêèñëîâ àçîòà è íåñãîðåâøèõ óãëåâîäîðîäîâ (ìå-
òàíà) ðàññ÷èòûâàëèñü ïî óðàâíåíèþ:
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Ðèñ. 3. Ðàçìåùåíèå ãîðåëêè â èìèòàòîðå æàðîâîé òðóáû
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Ðèñ. 4. Ñðàâíåíèå ñîñòàâà ïðîäóêòîâ ñãîðàíèÿ ãîðåëîê ¹ 1, 2, 3 ïðè α = 2 è 1ê 0,3 :T ÒG G
Σ
=      — ãîðåëêà ¹ 1;

    — ãîðåëêà ¹ 2;    — ãîðåëêà ¹ 3
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ãäå L0 = 17,1971 — ñòåõèîìåòðè÷åñêèé êîýôôèöè-
åíò ñãîðàíèÿ ìåòàíà, êã âîçäóõà/êã òîïëèâà;

iα  — ñóììàðíûé èëè ìåñòíûé êîýôôèöèåíò
èçáûòêà âîçäóõà;

iμ  — ìîëÿðíàÿ ìàññà îïðåäåëÿåìîãî òîêñè÷-
íîãî âåùåñòâà (CO, NOX è CH4);

âμ  — ìîëÿðíàÿ ìàññà âîçäóõà;

iχ  — îáúåìíàÿ äîëÿ òîêñè÷íîãî âåùåñòâà,
ppm.

Èç ãðàôèêà (ðèñ. 5) âèäíî, ÷òî ó ãîðåëêè ¹ 1
ïîëíîòà ñãîðàíèÿ çíà÷èòåëüíî íèæå, ÷åì ó äâóõ
äðóãèõ ãîðåëîê. Â ñâÿçè ñ ýòèì ãîðåëêà ¹ 1, êî-
òîðàÿ èìååò ñîîòíîøåíèå äèàìåòðà âûõîäíîé ÷à-
ñòè ðàçâèòîé âòóëêè çàâèõðèòåëÿ ê äèàìåòðó âû-
õîäíîãî ñîïëà ãîðåëêè À/Â = 0,5, íå îáåñïå÷èâà-
åò íåîáõîäèìîé ýôôåêòèâíîñòè ñæèãàíèÿ òîïëè-
âà. Íàèáîëåå ïðèåìëåìîå ñîîòíîøåíèå äèàìåòðîâ
À/Â = 0,62, òàê êàê â ýòîì ñëó÷àå íàáëþäàþòñÿ
âûñîêèå çíà÷åíèÿ ïîëíîòû ñãîðàíèÿ è ìèíèìàëü-
íûå çíà÷åíèÿ CO, NO è ÑÍ.

Âûâîäû

1. Â äâóõêîíòóðíîé ãîðåëêå ñîîòíîøåíèå äè-
àìåòðà öåíòðàëüíîãî òåëà ê äèàìåòðó ñîïëà ÿâëÿ-
åòñÿ âàæíûì ïàðàìåòðîì, âëèÿþùèì íà îðãàíè-
çàöèþ ïðîöåññà ãîðåíèÿ.

2. Äëÿ ðàññìîòðåííîãî òèïà ãîðåëîê îïðåäå-
ëåíî îïòèìàëüíîå ñîîòíîøåíèå À/Â = 0,62, ïðè
êîòîðîì äîñòèãàåòñÿ íàèáîëåå ýôôåêòèâíîå ñæè-
ãàíèå òîïëèâà.
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Abstract

At present, the LPP (Lean-Premixed and Pre-
vaporised) concept is one of the most effective concepts
of the low-emission fuel combustion, which is based on
the low-temperature (Tflame =1800–1900 K) combustion
of pre-mixed “poor” fuel-air mixture (FAM). This
concept foresees thorough mixing of the fuel with air
in the burner prior to feeding to the combustion zone.
It is well-known that technical perfection of these
burners ensures successful problem solving of nitrogen
oxides and carbon monoxide release reduction while

THE EFFECT OF THE CENTRAL BODY DIAMETER OF A DUAL-CIRCUIT
BURNER ON THE HAZARDOUS SUBSTANCES RELEASE
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maintaining high efficiency and stability of the
combustion process. Thus, the efforts aimed at
studying these burners design impact on the emission
characteristics of the flame are necessary while
development and adjustment of combustion chambers
of gas turbine engines, accomplished within the
framework of the LPP concept.

The presented article considers the structure of the
dual-circuit burner of the low-emission combustion
chamber of the gas turbine engine, operating on the
natural gas. The results of the studies of the three
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burners differing by the size of the outlet part of the
developed swirler hub are presented. The article
presents also the results of the components
concentration measuring of the final gas mixture, in
particular carbon monoxide CO, nitrogen oxides NO
and unburned hydrocarbons CH in the combustion
products. Computation of the fuel combustion
efficiency was performed. Selection of a burner, which
demonstrated minimum of value of nitrogen
concentration and maximum combustion efficiency
level and carbon monoxide in the samples being drawn
was conducted. The best appeared to be a burner
having a structure with the central body diameter to
the outlet nozzle diameter ratio of A/B = 0.62.

Keywords: dual-circuit burner, low-emission
combustion chamber, experiment, combustion
efficiency, ecology.
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