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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ñóùåñòâóåò áîëüøîå êîëè-
÷åñòâî ðàñ÷åòíûõ ïðîãðàìì, ïîçâîëÿþùèõ âûïîë-
íèòü ìîäåëèðîâàíèå âíóòðèêàìåðíûõ ïðîöåññîâ,
îäíàêî ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ îñòàþò-
ñÿ íåîòúåìëåìîé ÷àñòüþ ñîçäàíèÿ è äîâîäêè êà-
ìåð ñãîðàíèÿ ÃÒÄ [1, 2]. Îäíèì èç íàèáîëåå âàæ-
íûõ òðåáîâàíèé ïðè ðàáîòå êàìåðû ÿâëÿåòñÿ îáåñ-
ïå÷åíèå âûñîêîé ïîëíîòû ñãîðàíèÿ òîïëèâà, òàê
êàê îò íåå çàâèñÿò òîïëèâíàÿ ýêîíîìè÷íîñòü è
ÊÏÄ äâèãàòåëÿ, óðîâåíü âûáðîñîâ çàãðÿçíÿþùèõ
âåùåñòâ (îêñèäà óãëåðîäà ÑÎ). Â ñâÿçè ñ ýòèì
ïîâûøåíèå ýôôåêòèâíîñòè ñæèãàíèÿ óãëåâîäî-
ðîäíûõ òîïëèâ — ýòî îäíî èç íåîáõîäèìûõ óñëî-
âèé ñîâåðøåíñòâîâàíèÿ ãàçîòóðáèííîé òåõíèêè
[3, 4].

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ èñïîëüçóåòñÿ
ãîðåëêà êàìåðû ñãîðàíèÿ ãàçîòóðáèííîãî äâèãà-
òåëÿ ÍÊ-16ÑÒ, ðàáîòàþùàÿ íà ãàçîîáðàçíîì òîï-
ëèâå.

Íà ïåðâîì ýòàïå èññëåäîâàëîñü òðè âàðèàíòà
ãîðåëîê, ðàçëè÷àþùèõñÿ ãåîìåòðèåé ñîïëîâîãî
íàñàäêà. Ãîðåëêà ¹1 âêëþ÷àåò â ñåáÿ ëîïàòî÷íûé
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Ýêñïåðèìåíòàëüíî ðåøàåòñÿ ïðîáëåìà ñíèæåíèÿ âûáðîñîâ âðåäíûõ çàãðÿçíÿþùèõ âåùåñòâ íà âûõîäå èç êàìåðû
ñãîðàíèÿ. Ïðåäñòàâëåíî îïèñàíèå ñòåíäîâîãî îáîðóäîâàíèÿ. Ðàññìîòðåíû òðè âàðèàíòà ãîðåëîê, ðàçëè÷àþùèõ-
ñÿ êîíñòðóêöèåé ñîïëîâîãî íàñàäêà, ïðè ýòîì ãåîìåòðèÿ çàâèõðèòåëÿ è ðàñïûëèòåëÿ îñòàåòñÿ íåèçìåííîé. Ïðåä-
ñòàâëåíû ðåçóëüòàòû îãíåâûõ èñïûòàíèé òðåõ ãîðåëîê ñ ðàçëè÷íûìè ñîïëîâûìè íàñàäêàìè. Ïðîèçâåäåíî ñðàâ-
íåíèå ñòðóêòóðû ïëàìåíè. Âûïîëíåíà îöåíêà ïàðàìåòðîâ ãîðåëîê, è âûáðàíà ãîðåëêà, èìåþùàÿ ìèíèìàëüíîå
çíà÷åíèå êîíöåíòðàöèè îêñèäîâ àçîòà è îêñèäîâ óãëåðîäà â ïðîáàõ ïðîäóêòîâ ñãîðàíèÿ. Èññëåäîâàíî òåìïåðà-
òóðíîå ïîëå íà âûõîäå èç îòñåêà êàìåðû ñãîðàíèÿ ñ òðåìÿ âèäàìè ãîðåëîê. Ïðåäñòàâëåíû ðåçóëüòàòû èçìåðåíèÿ
âûáðîñîâ âðåäíûõ çàãðÿçíÿþùèõ âåùåñòâ íà âûõîäå èç îòñåêà ñ ãîðåëêàìè ðàçëè÷íîãî êîíñòðóêòèâíîãî èñïîë-
íåíèÿ. Îïðåäåëåíà ïîëíîòà ñãîðàíèÿ. Ïî ðåçóëüòàòàì ïðîâåäåííûõ ðàáîò ñäåëàíû âûâîäû î íàèáîëåå ïðèåìëå-
ìîì äëÿ èñïîëüçîâàíèÿ íà äâèãàòåëå âàðèàíòå ãîðåëêè.

Êëþ÷åâûå ñëîâà: êàìåðà ñãîðàíèÿ, äèôôóçèîííîå ãîðåíèå, ýêñïåðèìåíò, ôîðñóíêà, ãîðåëêà, ýêîëîãèÿ.

çàâèõðèòåëü ñ óãëîì óñòàíîâêè ëîïàòîê â 45° è
äèôôóçîðíûì íàñàäêîì íà âûõîäå èç çàâèõðèòå-
ëÿ. Ãîðåëêà ¹2 èìååò öèëèíäðè÷åñêèé íàñàäîê,
ñîîòâåòñòâóþùèé äèàìåòðó çàâèõðèòåëÿ, à ãîðåëêà
¹3 èìååò êîíôóçîðíóûé íàñàäîê ñ äèàìåòðîì âû-
õîäíîãî ñîïëà 27 ìì. Â öåíòðå çàâèõðèòåëÿ êàæ-
äîé ãîðåëêè óñòàíîâëåíà ôîðñóíêà, îáåñïå÷èâà-
þùàÿ ñòðóéíûé ðàñïûë òîïëèâà (ðèñ. 1).

Ïåðâûé ýòàï èññëåäîâàíèé çàêëþ÷àëñÿ â îï-
ðåäåëåíèè òåìïåðàòóðû ïëàìåíè âäîëü ôàêåëà ãî-
ðåëêè. Èññëåäîâàíèÿ ïðîâîäèëèñü íà ñòåíäå (ðèñ. 2).
Ðàáîòà ñòåíäà îñóùåñòâëÿåòñÿ ñëåäóþùèì îáðà-
çîì. Âîçäóõ ïðè ïîìîùè âîçäóøíîãî íàñîñà ïî-
ñòóïàåò íà âõîä â ðàñõîäîìåðíûé ó÷àñòîê, ïðåä-
ñòàâëÿþùèé ñîáîé öèëèíäðè÷åñêèé êàíàë ñ óñòà-
íîâëåííûì â íåì êðèòè÷åñêèì ñîïëîì. Äàëåå âîç-
äóõ ïðîõîäèò â ïîäîãðåâàòåëü (ýëåêòðè÷åñêóþ
ïå÷ü), à çàòåì íàïðàâëÿåòñÿ ê ãîðåëêå. Ïðè ýòîì
â âîçäóøíîé ìàãèñòðàëè, ïî êîòîðîé äâèæåòñÿ
âîçäóõ, îñóùåñòâëÿåòñÿ èçìåðåíèå òåìïåðàòóðû è
äàâëåíèÿ. Òîïëèâî ê ôîðñóíêàì ïîäàåòñÿ ïî òîï-
ëèâíîé ìàãèñòðàëè ñòåíäà.
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Äëÿ îáåñïå÷åíèÿ ðåãóëèðîâàíèÿ, èçìåðåíèÿ
ïàðàìåòðîâ è èõ ðåãèñòðàöèè ñòåíä îáîðóäîâàí
ñîîòâåòñòâóþùèìè ñèñòåìàìè. Óïðàâëåíèå ðàáî-
òîé ñòåíäà îñóùåñòâëÿåòñÿ ñ ïóëüòà, íàõîäÿùåãîñÿ
çà ïðåäåëàìè ïîìåùåíèÿ, â êîòîðîì óñòàíîâëåí
ñòåíä.

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

Â ðåçóëüòàòå ïðîâåäåíèÿ ýêñïåðèìåíòà âûÿâ-
ëåíî (ðèñ. 3), ÷òî ïðè ðàáîòå ãîðåëêè ¹1 ñ äèô-
ôóçîðíûì íàñàäêîì ôðîíò ïëàìåíè ñòàáèëèçèðó-

Ðèñ. 1. Êîíñòðóêöèÿ ãîðåëêè: à — ãîðåëêà ¹1; á — ãîðåëêà ¹2; â — ãîðåëêà ¹3

à)                                               á)                                                 â)

Ðèñ. 2. Ñòåíä èñïûòàíèé ãîðåëîê (à) è ãîðåëêà (á)

à)

á)
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åòñÿ âíóòðè äèôôóçîðà ñ âèäèìûì ïóñòîòåëûì
ÿäðîì, ïðåäñòàâëÿþùèì çîíó îáðàòíûõ òîêîâ.

Çà ãîðåëêîé ¹2 ôàêåë ôîðìèðóåòñÿ â âèäå
êîíóñà ñ çîíîé îáðàòíûõ òîêîâ, îòîäâèíóòîé îò
ñðåçà öèëèíäðè÷åñêîãî íàñàäêà.

â)

á)

Ðèñ. 3. Ôàêåë ïëàìåíè çà ãîðåëêîé: à — ãîðåë-
êà ¹1; á — ãîðåëêà ¹2; â — ãîðåëêà ¹3

à)

Çà ãîðåëêîé ¹3 ôàêåë îòîäâèíóò îò ñðåçà
êîíôóçîðíîãî íàñàäêà.

Öâåò ïëàìåíè òðåõ ãîðåëîê áëåäíî-ãîëóáîé,
÷òî ñâèäåòåëüñòâóåò î êà÷åñòâåííîì ïåðåìåøèâà-
íèè òîïëèâà è âîçäóõà, ïîäâîäèìûõ â ãîðåëêó [5].

Èçìåðåíèå òåìïåðàòóðû ïëàìåíè âäîëü îñè
ãîðåëêè ïîêàçàë, ÷òî ó ãîðåëîê ¹1 è 2 îáùèé
õàðàêòåð ðàñïðåäåëåíèÿ, íî ðàçëè÷íûå óðîâíè
òåìïåðàòóð. Îòìå÷àåòñÿ ñíèæåíèå óðîâíÿ òåìïå-
ðàòóðû ïðè óäàëåíèè îò ãîðåëêè ñ ìàêñèìóìîì
òåìïåðàòóð â äèàïàçîíå îò 0 äî 50 ìì (ðèñ. 4). Ó
ãîðåëêè ¹3 íàáëþäàåòñÿ íèçêàÿ òåìïåðàòóðà ó
ñðåçà ñîïëà è åå âîçðàñòàíèå â äèàïàçîíå îò 40 äî
100 ìì.

Äëÿ ïðîâåðêè ïàðàìåòðîâ â óñëîâèÿõ, ñîîòâåò-
ñòâóþùèõ ãåîìåòðèè êàìåðû ñãîðàíèÿ, äàëüíåé-
øèå èññëåäîâàíèÿ áûëè ïðîâåäåíû â îòñåêå êà-
ìåðû ñãîðàíèÿ.

Îòñåê, ïðåäñòàâëÿþùèé ñîáîé 1/8 ÷àñòü ïîë-
íîðàçìåðíîé êàìåðû ñãîðàíèÿ, ðàññ÷èòàí íà ðàç-
ìåùåíèå ÷åòûðåõ ãîðåëîê, îí ñîñòîèò èç íàðóæíî-
ãî è âíóòðåííåãî êîðïóñîâ è æàðîâîé òðóáû ñ
ôðîíòîâûì óñòðîéñòâîì, â êîòîðîì óñòàíàâëèâàþò-
ñÿ ôîðñóíêè. Æàðîâàÿ òðóáà îãðàíè÷åíà ñ îáåèõ ñòî-
ðîí áîêîâûìè îõëàæäàåìûìè ñòåíêàìè (ðèñ. 5).

Íà âûõîäå èç îòñåêà îïðåäåëÿëàñü ïîëíîòà
ñãîðàíèÿ, âûáðîñû îêñèäîâ àçîòà è îêñèäà óãëå-
ðîäà, à òàêæå ñíèìàëèñü ïàðàìåòðû òåìïåðàòóð-
íîãî ïîëÿ [6].

Èññëåäîâàíèå îòñåêîâ êàìåðû ñãîðàíèÿ ïðî-
èçâîäèëèñü íà ñòåíäå (ðèñ. 6), îáîðóäîâàííîì
íåîáõîäèìûìè ñèñòåìàìè èçìåðåíèÿ ïàðàìåòðîâ
è èõ ðåãèñòðàöèè. Â ñîñòàâ ñòåíäà âõîäèò íàãíå-
òàòåëü âîçäóõà, êîòîðûé ñëóæèò äëÿ ïîäâîäà ñæà-
òîãî âîçäóõà ê èñïûòóåìîìó îòñåêó êàìåðû ñãî-
ðàíèÿ 3. Âîçäóõ íàïðàâëÿåòñÿ íàãíåòàòåëåì ïî
òðóáîïðîâîäó â öåíòðàëüíóþ ìàãèñòðàëü 1. Ðàñõîä
âîçäóõà èçìåðÿåòñÿ ðàñõîäîìåðíûì óñòðîéñòâîì.
Ñòåíä îñíàùåí èçìåðèòåëüíûì ó÷àñòêîì 2 ñ ðå-
ãèñòðàöèåé ïîêàçàíèé äàò÷èêîâ äàâëåíèÿ 4, 5,
òåìïåðàòóðà âîçäóõà êîíòðîëèðóåòñÿ òåðìîïàðîé
ãðóïïû õðîìåëü-àëþìåëü 6. Òîïëèâî (ïðèðîäíûé
ãàç) ïîäà¸òñÿ ïî òîïëèâíîé ñèñòåìå 7 ê òîïëèâ-
íîìó êîëëåêòîðó 8 îòñåêà êàìåðû ñãîðàíèÿ, à
çàòåì ïîïàäàåò âî ôðîíòîâîå óñòðîéñòâî è ôîð-
ñóíêè [7—10].

Èññëåäîâàíèÿ ïðîâîäèëèñü íà ÷åòûðåõ ðåæè-
ìàõ, ñîîòâåòñòâóþùèõ èçìåíåíèþ êîýôôèöèåí-
òà èçáûòêà âîçäóõà α  îò 4 äî 7.

Ïðè èçìåðåíèÿõ ñîñòàâà ïðîäóêòîâ ñãîðàíèÿ
ÑÎ è NOx è CxHy èñïîëüçîâàëñÿ «îäíîòî÷å÷íûé»
ãàçîîòáîðíûé çîíä 9, êîòîðûé ðàçìåùàëñÿ íà
âûõîäå èç îòñåêà. Òðàíñïîðòèðîâêà ïðîáû ïðî-
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äóêòîâ ñãîðàíèÿ îò çîíäà äî àíàëèçèðóþùåãî
îáîðóäîâàíèÿ îñóùåñòâëÿëàñü ïî ãåðìåòè÷íîé ìà-
ãèñòðàëè 10 çà ñ÷¸ò ñêîðîñòíîãî íàïîðà ãàçîâîãî
ïîòîêà íà âûõîäå èç êàìåðû è íàñîñà, âñòðîåííîãî
â ãàçîàíàëèçàòîð 11 testo 350 [11—14].

Äëÿ îïðåäåëåíèÿ ðàäèàëüíîé íåðàâíîìåðíî-
ñòè òåìïåðàòóðíîãî ïîëÿ â âûõîäíîì ñå÷åíèè
îòñåêà óñòàíàâëèâàåòñÿ øåñòèòî÷å÷íàÿ ãðåáåíêà
òåðìîïàð 12 (ðèñ. 7), äàííûå ñ êîòîðîé íàïðàâ-

ëÿþòñÿ íà ðåãèñòðèðóþùåå îáîðóäîâàíèå 13 (ñì.
ðèñ. 6)

Ðåçóëüòàòû èçìåðåíèÿ êîíöåíòðàöèé òîêñè÷-
íûõ âåùåñòâ è íåñãîðåâøèõ óãëåâîäîðîäîâ â ïðî-
äóêòàõ ñãîðàíèÿ çàíåñåíû â òàáëèöó.

Èç òàáëèöû âèäíî, ÷òî ó ãîðåëêè ¹1 íàáëþ-
äàåòñÿ ñàìûé âûñîêèé óðîâåíü êîíöåíòðàöèè
NOx, CO, à òàêæå âûñîêèé óðîâåíü íåäîæîãà òîï-
ëèâà CxHy [15—18].

Ðèñ. 4. Ðàñïðåäåëåíèå òåìïåðàòóðû âäîëü îñè ãîðåëêè ïðè α = 0,8

Ðèñ. 5. Îòñåê êàìåðû ñãîðàíèÿ, óñòàíîâëåííûé íà ñòåíäå (à), æàðîâàÿ ÷àñòü îòñåêà (á)
à) á)
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Äëÿ îïðåäåëåíèÿ ïîëíîòû ñãîðàíèÿ òîïëèâà,
ó÷èòûâàþùåé òîëüêî õèìè÷åñêèé íåäîæîã ìåòà-
íà, â çàâèñèìîñòè îò êîýôôèöèåíòà èçáûòêà âîç-
äóõà α  èñïîëüçîâàëàñü çàâèñèìîñòü [19]:

4

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

ãäå EICO, EICH — èíäåêñû ýìèññèè îêèñè óãëåðîäà
è ìåòàíà; êîýôôèöèåíò 0,20175 ó÷èòûâàåò îòíî-
øåíèå íèçøåé òåïëîòû ñãîðàíèÿ îêèñè óãëåðîäà

CO
H 10096Q = êÄæ/êã ê íèçøåé òåïëîòå ñãîðàíèÿ

ìåòàíà 4CH
H 50042Q = êÄæ/êã ïðè ñòàíäàðòíûõ óñ-

ëîâèÿõ.

Ðèñ. 6. Ñòåíä äëÿ èññëåäîâàíèÿ îòñåêîâ êàìåðû ñãîðàíèÿ

Ðèñ. 7. Ñõåìà óñòàíîâêè: à — ãàçîîòáîðíûé çîíä;
á — ãðåáåíêà òåðìîïàð

à)

á)

Èíäåêñû ýìèññèè EIi äëÿ îêèñè óãëåðîäà,
îêèñëîâ àçîòà è íåñãîðåâøèõ óãëåâîäîðîäîâ (ìå-
òàíà) ðàññ÷èòûâàëèñü ïî óðàâíåíèþ

3
0

â

(1 ) 10 ,i
i i iEI L

μ
α χ

μ
-= - ◊ ◊ ◊             (2)

ãäå 0 17,1971L =  – ñòåõèîìåòðè÷åñêèé êîýôôèöè-

åíò ñãîðàíèÿ ìåòàíà (êã âîçäóõà / êã òîïëèâà);

iα  – ñóììàðíûé èëè ìåñòíûé êîýôôèöèåíò èç-
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áûòêà âîçäóõà; iμ  – ìîëÿðíàÿ ìàññà îïðåäåëÿå-

ìîãî òîêñè÷íîãî âåùåñòâà (CO, NOx è CH4);

âμ  — ìîëÿðíàÿ ìàññà âîçäóõà; iχ  — îáúåìíàÿ

äîëÿ òîêñè÷íîãî âåùåñòâà (ppm).
Èç ðèñ. 8 âèäíî, ÷òî ñ óâåëè÷åíèåì êîýôôè-

öèåíòà èçáûòêà âîçäóõà α  ïîëíîòà ñãîðàíèÿ η  â

îòñåêàõ ñ äâóìÿ òèïàìè ãîðåëîê ¹ 1 è 2 óìåíü-
øàåòñÿ, îäíàêî ó îòñåêà ñ ãîðåëêîé ¹3 ïîëíîòà
ñãîðàíèÿ ñ óâåëè÷åíèåì êîýôôèöèåíòà èçáûòêà
âîçäóõà α  íà÷èíàåò âîçðàñòàòü.

Ðåçóëüòàòû îïðåäåëåíèÿ òåìïåðàòóðû íà âû-
õîäå èç îòñåêà ïîêàçàëè, ÷òî ãîðåëêè ¹2 è 3 ôîð-

Ãîðåëêà ¹1 

α 4 5 6 7 

CO, ppm 158 459 690 760 

NOx, ppm 32 27 22 18 

CxHy, ppm 400 260 220 310 

Ãîðåëêà ¹2 

CO, ppm 357 270 195 193 

NOx, ppm 25 21 18 15 

CxHy, ppm 250 230 240 230 

Ãîðåëêà ¹3 

CO, ppm 187 294 221 187 

NOx, ppm 11 16 13 11 

CxHy, ppm 160 250 210 160 

Ðèñ. 8. Ïîëíîòà ñãîðàíèÿ òîïëèâà
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ìèðóþò áîëåå ãîðÿ÷åå ÿäðî ïîòîêà, ïðè α = 4

âûøå 1200 °Ñ, ÷òî îòðàæàåòñÿ â âèäå ìàêñèìóìà
òåìïåðàòóðû íà òðåòüåì è ÷åòâåðòîì ïîÿñàõ
(ðèñ. 9,á,â). Ïðè ýòîì â ïåðâîì è øåñòîìì ïîÿñàõ
òåìïåðàòóðà íèæå, ÷òî ÿâëÿåòñÿ êëàññè÷åñêèì
ðàñïðåäåëåíèåì, îáåñïå÷èâàþùèì íàäåæíóþ ðà-
áîòó òóðáèíû [20].

Ãîðåëêà ¹1 ôîðìèðóåò áîëåå øèðîêîå ÿäðî
ïîòîêà, â ñâÿçè ñ ÷åì íà ÷åòâåðòîì è øåñòîìì ïî-
ÿñàõ óðîâåíü òåìïåðàòóð èìååò ïðàêòè÷åñêè ðàâ-
íûå çíà÷åíèÿ. Òåìïåðàòóðà ïðè α = 4 íå ïðåâû-

øàåò 1160 °Ñ, ÷òî ñîãëàñóåòñÿ ñ äàííûìè, ïîëó-
÷åííûìè ïðè îïðåäåëåíèè ïîëíîòû ñãîðàíèÿ.

à)

á)
Ðèñ. 9 (íà÷àëî)
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Abstract

Fuel burning in the combustion chamber is being
accompanied by toxic substances formation. Carbon
oxides, having deleterious effect on both human and
environment, represent a particular danger among
them. In this regard, the article solves an actual
problem of determining the optimal combustion
chamber gaseous fuel supply to ensure low carbon
oxide emission.

The article presents the experimental solution of
the emission reduction of the deleterious and polluting

BURNER GEOMETRY IMPACT ON GAS TURBINE ENGINE COMBUSTION
CHAMBER CHARACTERISTICS

Baklanov A.V.

Kazan Motor Production Association,
1, Dementyeva str., Kazan, 420036, Russia
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substances at the combustion chamber outlet, and the
test bench equipment description. It considers three
options of burners, differing by the nozzle extension
design. The atomizer geometry remains unchanged.
The article presents the results of firing test of the three
burners with different nozzle extensions. The flame
structure comparison of the three burners was
performed. Parameters estimation of the burners was
carried out, and the burner with minimum value of
nitrogen oxide and carbon oxide in the combustion
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products samples was selected. Temperature field at
the outlet of the combustion chamber bay with three
types of burners was studied. The article presents the
results of deleterious and polluting substances
emissions measurements from the bay with the burners
of various design. Combustion efficiency was
determined as well.

Inferences on the burner option most acceptable
for implementation with the engine were drawn by the
results of the performed work.

Keywords: combustion chamber, diffusion
combustion, experiment, nozzle, burner, ecology.
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