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Àííîòàöèÿ. Ðàññìîòðåíà êîíñòðóêöèÿ äâóõ êàìåð ñãîðàíèÿ ãàçîòóðáèííîãî äâèãàòåëÿ, ðàáîòà-
þùåãî íà ïðèðîäíîì ãàçå. Ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ äâóõ êàìåð ñãîðàíèÿ ðàçëè÷àþùèõñÿ
êîíñòðóêöèåé ôðîíòîâîãî óñòðîéñòâà. Âî ôðîíòîâîì óñòðîéñòâå îäíîé êàìåðû ñãîðàíèÿ ðàçìåùå-
íû 32 ãîðåëêè, â äðóãîé — 136 ôîðñóíîê, ðàñïîëîæåííûõ â äâà ÿðóñà. Äàåòñÿ òåîðåòè÷åñêîå îáúÿñ-
íåíèå îñîáåííîñòè îðãàíèçàöèè ãîðåíèÿ â êàìåðå ñ ôðîíòîâûì óñòðîéñòâîì, â êîòîðîì ãîðåëêè
ðàñïîëîæåíû â äâà ÿðóñà. Ïðåäñòàâëåíî îáîðóäîâàíèå, íà êîòîðîì ïðîâåäåíû ýêñïåðèìåíòû. Ïðè-
âåäåíû ðåçóëüòàòû èññëåäîâàíèé ïî èçìåðåíèþ êîíöåíòðàöèè êîìïîíåíòîâ ïðîäóêòîâ ñãîðàíèÿ íà
âûõîäå èç äâóõ êàìåð ñãîðàíèÿ. Îïðåäåëåíà ïîëíîòà ñãîðàíèÿ òîïëèâà, è ñäåëàí âûâîä î íàèáîëåå
ïðèåìëåìîé êîíñòðóêöèè ôðîíòîâîãî óñòðîéñòâà äëÿ îáåñïå÷åíèÿ ìàêñèìàëüíîé ïîëíîòû ñãîðà-
íèÿ è ìèíèìàëüíîé êîíöåíòðàöèè îêèñëîâ óãëåðîäà [1].
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Abstract

The presented article considers the design of two gas turbine engine combustion chambers running on
natural gas. There are 32 burners in the first combustion chamber, while the second one contains 136 nozzles
placed in two rows in the flame tube head.

In accordance with the fact that carbon dioxide is being formed as an intermediate substance in the process
of carbon-bearing fuels oxidizing, the CO emissions control is being reduced not to this substance forming
prevention, but to the problem of completing reaction of its oxidation by ensuring maximum combustion
efficiency.

Technical substantiation for the multi-flame fuel combustion application was set forth. If assume that
the torch length is proportional to the nozzle diameter, including the number of nozzles, which equals 136,
into the calculation, the torch length will be half the length of the torch length with the number of 32 pieces.

The article adduces the results of studying two combustion chambers differing by the design of the flame
tube head, presents the test-bench equipment, and describes the experimental research specifics. The results
of the studies on concentration measuring of the final gas mixture components at the outlet of both combustion
chambers are presented. The fuel combustion completeness was determined, and inference was drawn on
most acceptable flame tube head design, which ensures maximum combustion completeness and minimum
concentration of carbon oxides. This design represents the multi-nozzle combustion chamber.

The inference was drawn that the combustion efficiency growth with the combustion sources increase
was associated with bothr chemical reacting acceleration and substantial improving of the air-and-fuel mixture
preparation prior to its feeding to the combustion zone.

Keywords: gas-turbine engine combustion chamber, multi-flame burning of fuel, combustion efficiency,
pollution

For citation: Baklanov A.V. Application of Multi-Flame Combustion in Combustion Chamber to Increase
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Ââåäåíèå

Îáåñïå÷åíèå ýôôåêòèâíîñòè ñæèãàíèÿ òîï-
ëèâà ÿâëÿåòñÿ âàæíîé çàäà÷åé ïðè ïðîåêòèðîâà-
íèè êàìåð ñãîðàíèÿ ãàçîòóðáèííûõ äâèãàòåëåé.
Êîýôôèöèåíò ïîëíîòû ñãîðàíèÿ îïðåäåëÿåòñÿ
êàê îòíîøåíèå ñãîðåâøåãî òîïëèâà êî âñåìó
òîïëèâó, ïîñòóïèâøåìó â êàìåðó ñãîðàíèÿ. Ïðè
ñæèãàíèè ãàçîîáðàçíîãî òîïëèâà äàííûé êîýô-
ôèöèåíò äîëæåí áûòü ðàâåí 0,995. Ïðè òàêîì
ïîêàçàòåëå îáåñïå÷èâàåòñÿ ìàêñèìàëüíàÿ ýôôåê-
òèâíîñòü ñæèãàíèÿ òîïëèâà. Îò íåãî çàâèñÿò òîï-
ëèâíàÿ ýêîíîìè÷íîñòü è ÊÏÄ äâèãàòåëÿ, à òàê-
æå óðîâåíü âûáðîñîâ çàãðÿçíÿþùèõ âåùåñòâ (îê-
ñèäà óãëåðîäà ÑÎ). Ïî ýòîé ïðè÷èíå ïîâûøåíèå
ýôôåêòèâíîñòè ñæèãàíèÿ óãëåâîäîðîäíûõ òîïëèâ
ÿâëÿåòñÿ îäíîé èç íàèáîëåå àêòóàëüíûõ çàäà÷ â
ïðîöåññå ñîâåðøåíñòâîâàíèÿ ãàçîòóðáèííîé òåõ-
íèêè [2, 3], òðåáóþùèõ îò ðàçðàáîò÷èêîâ íîâûõ
ñïîñîáîâ îðãàíèçàöèè ãîðåíèÿ.

Îðãàíèçàöèÿ ïðîöåññîâ â êàìåðå ñãîðàíèÿ

Â ïðîöåññå îêèñëåíèÿ óãëåðîäíîãî òîïëèâà
îêèñü óãëåðîäà îáðàçóåòñÿ êàê ïðîìåæóòî÷íîå âå-

ùåñòâî. Ïðåâðàùåíèå ÑÎ â ÑÎ2 ïðàêòè÷åñêè
ïîëíîñòüþ îïðåäåëÿåòñÿ ýëåìåíòàðíîé ðåàêöè-
åé [4]:

ÑÎ + ÎÍ →  ÑÎ2 + Í

Òàê êàê ýòà ðåàêöèÿ ÿâëÿåòñÿ åäèíñòâåííîé,
îïðåäåëÿþùåé ïðåâðàùåíèå ÑÎ â ÑÎ2, òî ìîæ-
íî ñäåëàòü âûâîä î òîì, ÷òî âåñü óãëåðîä, ïåðâî-
íà÷àëüíî ñîäåðæàùèéñÿ â òîïëèâå, ïðåâðàùàåòñÿ
â ÑÎ2. Èñõîäÿ èç ýòîãî, ìîæíî çàêëþ÷èòü, ÷òî
äëÿ ñíèæåíèÿ óðîâíÿ ÑÎ íåîáõîäèìî çàâåðøèòü
ðåàêöèþ åãî îêèñëåíèÿ ïóòåì îáåñïå÷åíèÿ ìàê-
ñèìàëüíîé ïîëíîòû ñãîðàíèÿ òîïëèâà [5].

Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ ïðåäñòàâëå-
íà ñåðèéíàÿ êàìåðà ñãîðàíèÿ, óñòàíàâëèâàåìàÿ
â ãàçîòóðáèííîì äâèãàòåëå ÍÊ-16ÑÒ. Äàííûé
äâèãàòåëü íàçåìíîãî ïðèìåíåíèÿ ðàáîòàåò íà
ïðèðîäíîì ãàçå, îí íåîáõîäèì äëÿ ïðèâåäåíèÿ âî
âðàùåíèå íàãíåòàòåëÿ ãàçîïåðåêà÷èâàþùåãî àã-
ðåãàòà.

Êàìåðà ñãîðàíèÿ ÃÒÄ ÍÊ-16ÑÒ (ðèñ. 1) ñî-
ñòîèò èç êîðïóñà íàðóæíîãî 1, ñëóæàùåãî ñèëî-
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âûì ýëåìåíòîì äâèãàòåëÿ, è âíóòðåííåãî 2, âû-
ïîëíåííûõ â âèäå ïëàâíûõ ëèíèé, ôîðìèðóþùèõ
áåçîòðûâíûé äèôôóçîð. Äëÿ ïîäâîäà ãàçîîáðàç-
íîãî òîïëèâà ê ôîðñóíêàì 5 êàìåðà ñãîðàíèÿ
îáîðóäîâàíà ãàçîâûì êîëëåêòîðîì 3 è 32 òðóáî-
ïðîâîäàìè 4. Ïðîöåññû ãîðåíèÿ ôîðìèðóþòñÿ â
æàðîâîé òðóáå 6, ñîäåðæàùåé íàðóæíûé è âíóò-
ðåííèé êîæóõè 7 ñ íàíåñåííûìè îòâåðñòèÿìè 8
è ïàòðóáêàìè ñìåñèòåëåé 9 äëÿ âûðàâíèâàíèÿ
òåìïåðàòóðíîãî ïîëÿ. Ôðîíòîâîå óñòðîéñòâî 10
ñîäåðæèò 32 ãîðåëêè 11 ñî ñòðóéíîé ïîäà÷åé òîï-
ëèâà. Æàðîâàÿ òðóáà êîëüöåâîãî òèïà ñîñòîèò èç
íåñêîëüêèõ ñåêöèé. Îõëàæäåíèå ñòåíîê êîíâåê-
òèâíî-ïëåíî÷íîå [6, 7]. Äàííàÿ êàìåðà ñãîðàíèÿ
ðàáîòàåò ïî ïðèíöèïó äèôôóçèîííîãî ñæèãàíèÿ
òîïëèâà. Ñèñòåìà ïîäà÷è òîïëèâà îäíîêîíòóðíàÿ
ñ îäíîâðåìåííûì ðàñïðåäåëåíèåì ïî 32 ãîðåë-
êàì.

Ñóùåñòâóåò òàêæå êîíöåïöèÿ ìíîãîïëàìåí-
íîãî ñæèãàíèÿ òîïëèâà. Îíà çàêëþ÷àåòñÿ â ôîð-
ìèðîâàíèè äâóõ è áîëåå ðÿäîâ ôîðñóíîê (ãîðå-
ëîê), çà êàæäîé èç êîòîðûõ ôîðìèðóþòñÿ î÷àãè
ïëàìåíè.

Åñëè óñëîâíî ðàçäåëèòü ôîðñóíêó äèàìåòðîì

ôîðD  íà îïðåäåëåííîå êîëè÷åñòâî z ôîðñóíîê ñ
ìåíüøèì äèàìåòðîì ôîðd  òàê, ÷òî ïëîùàäü ïðî-
õîäíîãî ñå÷åíèÿ áîëüøîé ôîðñóíêè áóäåò ðàâíà
ïëîùàäè ïðîõîäíûõ ñå÷åíèé âñåõ ìàëûõ ôîðñó-
íîê (ðèñ. 2), òî êîëè÷åñòâî ìàëûõ ôîðñóíîê ñî-
ñòàâèò [8]
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 Åñëè ïðåäïîëîæèòü, ÷òî äëèíà ôàêåëà ïðî-
ïîðöèîíàëüíà äèàìåòðó ôîðñóíêè, òî ñïðàâåäëè-
âûì îêàçûâàåòñÿ ðàâåíñòâî:

ôàê ôîð ôàê ôîð .L D l d z=                (2)
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Â íàøåì ñëó÷àå, åñëè âêëþ÷èòü â ðàñ÷åò êî-
ëè÷åñòâî ôîðñóíîê z = 136, òî ïîëó÷èì äëèíó ôà-
êåëà â äâà ðàçà ìåíüøóþ, ÷åì äëèíà ôàêåëà ïðè
êîëè÷åñòâå ôîðñóíîê z = 32 [9,10].

Ýòèì îáóñëîâëåíî ðåøåíèå îá èçìåíåíèè
ôðîíòîâîé ÷àñòè êàìåðû ñãîðàíèÿ ñ óñòàíîâêîé
ôîðñóíîê ìåíüøåãî äèàìåòðà è ðàçìåùåíèè èõ
â äâà ÿðóñà (ðèñ. 3). Òàêèì îáðàçîì, â îòëè÷èå îò
ñåðèéíîé êàìåðû ñãîðàíèÿ, ðàçðàáîòàíà ìíîãî-
ôîðñóíî÷íàÿ êàìåðà ñ êîëè÷åñòâîì ôîðñóíîê,
ðàâíûì 136.

Èññëåäîâàíèå êàìåð ñãîðàíèÿ ïðîèçâîäèëèñü
íà ñòåíäå (ðèñ. 4), ïîçâîëÿþùåì îñóùåñòâèòü îã-
íåâûå èñïûòàíèÿ êàìåðû ñ âûïîëíåíèåì îòáî-
ðà ïðîá ïðîäóêòîâ ñãîðàíèÿ. Ñòåíä âêëþ÷àåò â

Ðèñ. 1. Êàìåðà ñãîðàíèÿ ÃÒÄ ÍÊ-16ÑÒ

Ðèñ. 2. Ñõåìà ðàñïðåäåëåíèÿ ïëîùàäè îäíîé ãîðåëêè
íà áîëüøåå êîëè÷åñòâî ìàëåíüêèõ ãîðåëîê

Ðèñ. 3. Ôðîíòîâîå óñòðîéñòâî ìíîãîôîðñóíî÷íîé êà-
ìåðû ñãîðàíèÿ
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ñåáÿ ñèñòåìó, ïîçâîëÿþùóþ èçìåðÿòü ïàðàìåò-
ðû â êîíòðîëüíûõ ñå÷åíèÿõ, à òàêæå ðåãèñòðèðî-
âàòü èõ. Âîçäóõ ïîäâîäèòñÿ ê èñïûòóåìîé êàìå-
ðå ñãîðàíèÿ ïðè ïîìîùè íàãíåòàòåëÿ, êîòîðûé
ïîäàåò ñæàòûé âîçäóõ ÷åðåç êàíàë ñ ðàñõîäîìåð-
íûì óñòðîéñòâîì (òðóáà Âåíòóðè), ÷òî ïîçâîëÿ-
åò îïðåäåëèòü åãî ðàñõîä.

Ñòåíä îñíàùåí èçìåðèòåëüíûì ó÷àñòêîì, íà
êîòîðîì ïðîèçâîäèòñÿ îïðåäåëåíèå äàâëåíèÿ è
òåìïåðàòóðû. Òîïëèâíàÿ ìàãèñòðàëü îáåñïå÷èâà-
åò ïîäà÷ó ïðèðîäíîãî ãàçà ê êîëëåêòîðó êàìåðû
ñãîðàíèÿ, ñ äàëüíåéøèì ðàñïðåäåëåíèåì ïî ôîð-
ñóíêàì [11—15].

Èññëåäîâàíèÿ ïðîâîäèëèñü íà ðåæèìàõ, ñî-
îòâåòñòâóþùèõ òðåì êîýôôèöèåíòàì èçáûòêà
âîçäóõà α , ðàâíûì 4 ,5, 6, íà êàæäîì èç êîòîðûõ
âûïîëíÿëñÿ îòáîð ïðîá ïðîäóêòîâ ñãîðàíèÿ è
îïðåäåëÿëèñü êîíöåíòðàöèè îñíîâíûõ êîìïî-
íåíòîâ, òàêèõ êàê îêñèäû àçîòà NOx, îêèñëû
óãëåðîäà ÑÎ è íåñãîðåâøèå óãëåâîäîðîäû CxHy
(ðåçóëüòàòû ïðèâåäåíû â òàáëèöå).

Äëÿ èçìåðåíèÿ ñîäåðæàíèÿ êîìïîíåíòîâ ÑÎ,
NOx è CxHy â ïðîäóêòàõ ñãîðàíèÿ èñïîëüçîâàë-
ñÿ ãàçîîòáîðíûé çîíä, êîòîðûé ðàçìåùàëñÿ íà
âûõîäå èç êàìåðû (ðèñ. 5). Îò ãàçîîòáîðíîãî
çîíäà ïðîáû ïðîäóêòîâ ñãîðàíèÿ íàïðàâëÿþòñÿ
ê àíàëèçèðóþùìó óñòðîéñòâó ïî ãåðìåòè÷íîìó
òðóáîïðîâîäó ïðè ïîìîùè íàñîñà, âñòðîåííîãî
â êîíñòðóêöèþ ãàçîàíàëèçàòîðà Testo 350 [17, 18].

Èç òàáëèöû âèäíî, ÷òî ó ñåðèéíîé êàìåðû
ñãîðàíèÿ íàáëþäàåòñÿ ñàìûé âûñîêèé óðîâåíü
êîíöåíòðàöèè ÑÎ, à òàêæå âûñîêèé óðîâåíü

íåñãîðåâøèõ óãëåâîäîðîäîâ, ÷òî îáóñëîâëåíî
íåïîëíûì ñãîðàíèåì òîïëèâà, — íåäîæîã òîïëè-
âà (ðèñ. 6).

Êîíöåíòðàöèÿ NOx â îáîèõ ñëó÷àÿõ óìåíüøà-
åòñÿ ñ óâåëè÷åíèåì êîýôôèöèåíòà èçáûòêà âîç-
äóõà, ýòî ñâÿçàíî ñî ñíèæåíèåì òåìïåðàòóðû â
êàìåðå ñãîðàíèÿ çà ñ÷åò «îáåäíåíèÿ» òîïëèâîâîç-
äóøíîé ñìåñè. Ïðè ýòîì â ñåðèéíîé êàìåðå ýòîò
óðîâåíü íà 7,5% íèæå, ÷åì â ìíîãîôîðñóíî÷íîé.

Õàðàêòåð èçìåíåíèÿ êîíöåíòðàöèè ÑÎ â ðàñ-
ñìîòðåííûõ êàìåðàõ íå îäèíàêîâ. Ïðè ýòîì ñà-
ìîå ìèíèìàëüíîå ðàñõîæäåíèå — â äâà ðàçà, à
ìàêñèìàëüíîå — â 6,5 ðàç.

Ðèñ. 4. Ñõåìà ñòåíäà äëÿ èñïûòàíèé ïîëíîðàçìåðíûõ êàìåð ñãîðàíèÿ

Ðèñ. 5. Ðàñïîëîæåíèå ãàçîîòáîðíîãî çîíäà íà âûõîäå
èç êàìåðû ñãîðàíèÿ
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Ñåðèéíàÿ êàìåðà ñãîðàíèÿ 

α 4 5 6 

O2% 14,79 16,29 17,21 

CO, ppm 1291 837 863 

NOx, ppm 21 14 11 

NO2, ppm 15,2 9,3 7,9 

CxHy, ppm 390 800 1000 

NO, ppm 5 4 3 

Ìíîãîôîðñóíî÷íàÿ êàìåðà ñãîðàíèÿ 

α  4 5 6 

O2% 14,86 16,03 16,9 

CO, ppm 232 480 352 

NOx, ppm 26 22 18 

NO2, ppm 5,7 9,4 9 

CxHy, ppm 50 80 100 

NO, ppm 20 12 9 

Äëÿ îïðåäåëåíèÿ ïîëíîòû ñãîðàíèÿ òîïëèâà,
ó÷èòûâàþùåé òîëüêî õèìè÷åñêèé íåäîæîã ìåòà-
íà, â çàâèñèìîñòè îò êîýôôèöèåíòà èçáûòêà
âîçäóõà α  èñïîëüçîâàëàñü çàâèñèìîñòü [19]

4

3
ã CO CH1 (0,20175 ) 10 ,EI EIη -= - ◊ + ◊      (4)

ãäå EICO, EICH4
 — èíäåêñû ýìèññèè îêèñè óãëå-

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

CO = 10096 êÄæ/êã ê íèçøåé òåïëîòå
ñãîðàíèÿ ìåòàíà QH

CH4 = 50042 êÄæ/êã ïðè ñòàí-
äàðòíûõ óñëîâèÿõ.

Ðàñ÷åò èíäåêñîâ ýìèññèè EIi îêèñè óãëåðîäà,
íåñãîðåâøèõ óãëåâîäîðîäîâ âûïîëíÿëñÿ ïðè
ïîìîùè çàâèñèìîñòè

3
0

â

(1 ) 10 ,i
i i iEI L

μ
α χ

μ
-= - ◊ ◊ ◊           (5)

ãäå L0 – ñòåõèîìåòðè÷åñêèé êîýôôèöèåíò ñãîðà-

íèÿ ìåòàíà (1 êã âîçäóõà íà 1 êã òîïëèâà); iα  –

êîýôôèöèåíò èçáûòêà âîçäóõà; iμ  – ìîëÿðíàÿ

ìàññà âåùåñòâà (CO è CH4); âμ  – ìîëÿðíàÿ ìàññà

âîçäóõà; iχ  — îáúåìíàÿ äîëÿ âåùåñòâà, îïðåäå-

ëåííàÿ ãàçîàíàëèçàòîðîì (ppm) [20].

Èç ðèñ. 7 âèäíî, ÷òî ïî ìåðå óâåëè÷åíèÿ êî-
ýôôèöèåíòà èçáûòêà âîçäóõà ïîëíîòà ñãîðàíèÿ
çàêîíîìåðíî ïàäàåò. Óðîâåíü ïîëíîòû ñãîðàíèÿ
òîïëèâà â ìíîãîôîðñóíî÷íîé êàìåðå ñãîðàíèÿ
áîëåå âûñîêèé ïî ñðàâíåíèþ ñ ñåðèéíîé êàìå-
ðîé ñãîðàíèÿ.

Î÷åâèäíî, ðîñò ïîëíîòû ñãîðàíèÿ ñ óâåëè÷å-
íèåì î÷àãîâ ãîðåíèÿ ñâÿçàí êàê ñ óñêîðåíèåì

Êîíöåíòðàöèè òîêñè÷íûõ âåùåñòâ

â ïðîäóêòàõ ñãîðàíèÿ 

 

Ðèñ. 6. Çàâèñèìîñòü êîíöåíòðàöèè âûáðîñîâ NOx (à)

è CO (á) îò α : ■ — ñåðèéíàÿ êàìåðà ñãîðàíèÿ;

 ▲ — ìíîãîôîðñóíî÷íàÿ êàìåðà ñãîðàíèÿ

Ðèñ. 7. Ïîëíîòà ñãîðàíèÿ òîïëèâà â êàìåðå ñãîðàíèÿ:

♦  — ìíîãîôîðñóíî÷íàÿ êàìåðà ñãîðàíèÿ; ■ — ñåðèé-

íàÿ êàìåðà ñãîðàíèÿ

à)

á)
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õèìè÷åñêîãî ðåàãèðîâàíèÿ, òàê è ñî çíà÷èòåëü-
íûì óëó÷øåíèåì ïîäãîòîâêè òîïëèâíî-âîçäóø-
íîé ñìåñè ïåðåä ïîäà÷åé â çîíó ãîðåíèÿ.

Âûâîäû

Èññëåäîâàíèÿ, ïðîâåäåííûå ñ ìíîãîôîðñó-
íî÷íîé êàìåðîé ñãîðàíèÿ, ïîêàçàëè áîëåå âûñî-
êîå çíà÷åíèå ïîëíîòû ñãîðàíèÿ òîïëèâà è ìèíè-
ìàëüíûå êîíöåíòðàöèè ÑÎ ïî ñðàâíåíèþ ñ ñå-
ðèéíîé êàìåðîé. Ïðèìåíåíèå ìíîãîïëàìåííî-
ãî ãîðåíèÿ â êàìåðå ñãîðàíèÿ ÿâëÿåòñÿ ýêñïåðè-
ìåíòàëüíî äîêàçàííûì ñïîñîáîì ïîâûøåíèÿ ýô-
ôåêòèâíîñòè ñæèãàíèÿ ãàçà.
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