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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Çàêðó÷åííûé ïîòîê èñïîëüçóåòñÿ â áîëüøèí-
ñòâå ñîâðåìåííûõ êàìåð ñãîðàíèÿ (ÊÑ) ãàçîòóð-
áèííûõ äâèãàòåëåé (ÃÒÄ) è ãàçîòóðáèííûõ óñòà-
íîâîê (ÃÒÓ) äëÿ ôîðìèðîâàíèÿ òîïëèâîâîçäóø-
íîé ñìåñè è ñòàáèëèçàöèè ïëàìåíè â øèðîêîì
äèàïàçîíå ðåæèìîâ ðàáîòû äâèãàòåëÿ [1—3]. Â
ñèëüíî çàêðó÷åííîì ïîòîêå îáðàçóåòñÿ çîíà îá-
ðàòíûõ òîêîâ (ÇÎÒ), ïðåäñòàâëÿþùàÿ ñîáîé îá-
ëàñòü â ïðîñòðàíñòâå, â êîòîðîé ñêîðîñòü ïîòîêà
íàïðàâëåíà ïðîòèâ äâèæåíèÿ îñíîâíîé ìàññû ãàçà
(ïðîòèâ ïðÿìîãî òîêà) [4]. Çîíà îáðàòíûõ òîêîâ
îáðàçóåòñÿ â ïðèîñåâîé îáëàñòè è, êàê ïðàâèëî,
èìååò ôîðìó òåëà âðàùåíèÿ. Ïîñêîëüêó â ñîâðå-
ìåííûõ íèçêîýìèññèîííûõ êàìåðàõ ñãîðàíèÿ, èñ-
ïîëüçóþùèõ òåõíîëîãèþ áåäíîãî ãîðåíèÿ [5], îñ-
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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ ïðîöåññîâ ãîðåíèÿ íà ñòðóêòóðó çàêðó÷åííîãî ïîòîêà çà
ãîðåëî÷íûì óñòðîéñòâîì êàìåðû ñãîðàíèÿ ãàçîòóðáèííîé óñòàíîâêè ñ öåíòðàëüíûì òåëîì. Ýêñïåðèìåíòàëüíî
îïðåäåëåíû ñêîðîñòè ïîòîêà ñ ïîìîùüþ ëàçåðíîãî äîïëåðîâñêîãî àíåìîìåòðà, ñîñòàâ ïðîäóêòîâ ñãîðàíèÿ ñ ïî-
ìîùüþ ìåòîäà îòáîðà ïðîá ñ ïîñëåäóþùèì õðîìàòîãðàôè÷åñêèì àíàëèçîì. Ïðîâåäåíî ìîäåëèðîâàíèå òå÷åíèÿ
è ïðîöåññîâ ãîðåíèÿ â òð¸õìåðíîé íåñòàöèîíàðíîé ïîñòàíîâêå ñ ïîìîùüþ ìåòîäà ìîäåëèðîâàíèÿ êðóïíûõ âèõ-
ðåé (Large Eddy Simulation, LES). Ïîêàçàíî, ÷òî ðåçóëüòàòû ìîäåëèðîâàíèÿ õîðîøî ñîãëàñóþòñÿ ñ ýêñïåðèìåí-
òàëüíûìè äàííûìè, êðîìå êîíöåíòðàöèè ïðîìåæóòî÷íûõ ïðîäóêòîâ ñãîðàíèÿ, íàïðèìåð ÑÎ, âî ôðîíòå ïëàìå-
íè. Äëÿ âàðèàíòà áåç ãîðåíèÿ ìàêñèìàëüíîå çíà÷åíèå ïóëüñàöèîííîé ñîñòàâëÿþùåé ñêîðîñòè ðàñïîëîæåíî çà êðîì-
êîé öåíòðàëüíîãî òåëà â îáëàñòè îáðàçîâàíèÿ êðóïíûõ êîãåðåíòíûõ ñòðóêòóð. Â ñëó÷àå ñ ãîðåíèåì ìàêñèìàëüíîå
çíà÷åíèå ïóëüñàöèîííîé ñîñòàâëÿþùåé ñêîðîñòè ñìåùàåòñÿ â îáëàñòü âçàèìîäåéñòâèÿ çîíû îáðàòíûõ òîêîâ è îñ-
íîâíîãî çàêðó÷åííîãî ïîòîêà.

Êëþ÷åâûå ñëîâà: ãàçîòóðáèííàÿ óñòàíîâêà, êàìåðà ñãîðàíèÿ, ìîäåëèðîâàíèå êðóïíûõ âèõðåé, ýêñïåðèìåíòàëü-
íûå èçìåðåíèÿ.

íîâíàÿ ÷àñòü âîçäóõà ïðîõîäèò ÷åðåç ãîðåëî÷íîå
óñòðîéñòâî, òî çîíà îáðàòíûõ òîêîâ îêàçûâàåò
ñóùåñòâåííîå âëèÿíèå íà èõ õàðàêòåðèñòèêè. Îä-
íèì èç ñâîéñòâ çàêðó÷åííîé ñòðóè ÿâëÿåòñÿ âîç-
íèêíîâåíèå ïðè îïðåäåë¸ííûõ óñëîâèÿõ ïðåöåñ-
ñèðóþùåãî âèõðåâîãî ÿäðà (ÏÂß) [4—7]. Äàííîå
âèõðåâîå ÿäðî ìîæåò ÿâëÿòüñÿ èñòî÷íèêîì ïóëü-
ñàöèé äàâëåíèÿ â ñèñòåìå, ÷òî ïðèâîäèò ê íåæå-
ëàòåëüíîìó ïóëüñàöèîííîìó ãîðåíèþ. Îäíàêî â
ðÿäå ðàáîò îòìå÷åíî, ÷òî íàëè÷èå ïðîöåññà ãîðå-
íèÿ èëè ïèëîòíîãî î÷àãà äèôôóçèîííîãî ïëàìå-
íè ìîæåò ïîäàâëÿòü âîçíèêíîâåíèå ÏÂß [5, 8, 9].

Çà÷àñòóþ èññëåäîâàíèå ñòðóêòóðû ïîòîêà è
ïðîöåññîâ â çàêðó÷åííîì ïîòîêå ïðîâîäèëîñü äëÿ
ìîäåëüíûõ êîíñòðóêöèé èëè óïðîù¸ííûõ àíàëî-
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ãîâ ïðîìûøëåííûõ ãîðåëîê [5, 8]. Øèðîêîå ðàç-
íîîáðàçèå êîíñòðóêòèâíîãî èñïîëíåíèÿ ãîðåëîê
ÊÑ ïðîìûøëåííûõ ÃÒÄ çàòðóäíÿåò îáîáùåíèå
ðåçóëüòàòîâ èõ èññëåäîâàíèÿ. Ïîýòîìó äëÿ êàæäîé
êîíñòðóêöèè ïðîìûøëåííîãî ãîðåëî÷íîãî óñò-
ðîéñòâà èññëåäîâàíèå òå÷åíèé íóæíî âûïîëíÿòü
èíäèâèäóàëüíî [10]. Â ñâîþ î÷åðåäü, îñíîâíàÿ
÷àñòü ýêñïåðèìåíòàëüíûõ ðàáîò ïðîâîäèòñÿ äëÿ
õîëîäíîãî ïîòîêà, ïîñêîëüêó èññëåäîâàòü ñòðóê-
òóðó ïîòîêà ïðè ãîðåíèè ñëîæíî èç-çà íàëè÷èÿ
çîí ñ âûñîêîé òåìïåðàòóðîé.

Öåëü äàííîé ðàáîòû — èññëåäîâàíèå ñòðóêòóðû
ïîòîêà çà ãîðåëî÷íûì óñòðîéñòâîì ÊÑ ýíåðãåòè÷åñ-
êîé óñòàíîâêè è ñîïîñòàâëåíèå ñòðóêòóðû õîëîäíîãî
ïîòîêà ñî ñòðóêòóðîé ïîòîêà ïðè ãîðåíèè.

Ìåòîäû è èíñòðóìåíòû

Îáúåêò èññëåäîâàíèÿ

Ñõåìà îðãàíèçàöèè ðàáî÷åãî ïðîöåññà â èññëå-
äóåìîì ãîðåëî÷íîì óñòðîéñòâå [11] ïðåäñòàâëåíà
íà ðèñ. 1.

Ãîðåëî÷íîå óñòðîéñòâî ïðåäíàçíà÷åíî äëÿ
ïîäãîòîâêè è ñæèãàíèÿ ÷àñòè÷íî çàðàíåå ïåðåìå-
øàííîé ñìåñè ãàçîîáðàçíîãî òîïëèâà ñ âîçäóõîì
â êàìåðå ñãîðàíèÿ ÃÒÄ è ÃÒÓ. Îñíîâíàÿ ÷àñòü
òîïëèâà ïîäà¸òñÿ â ìåæëîïàòî÷íûé êàíàë çàâèõ-
ðèòåëÿ. Îñòàëüíàÿ ÷àñòü òîïëèâà ïîäà¸òñÿ ÷åðåç
öåíòðàëüíîå òåëî è ñëóæèò äëÿ îðãàíèçàöèè ïè-
ëîòíîãî î÷àãà ïëàìåíè. Â êà÷åñòâå òîïëèâà èñ-
ïîëüçóåòñÿ ïðèðîäíûé ãàç.

Ýêñïåðèìåíòàëüíûå èçìåðåíèÿ

Ýêñïåðèìåíòàëüíûå èçìåðåíèÿ ñêîðîñòåé îñó-
ùåñòâëÿëèñü ñ ïîìîùüþ ëàçåðíîãî äîïëåðîâñêî-
ãî èçìåðèòåëÿ ñêîðîñòè ÷àñòèö ËÀÄ-056Ñ ïðîèç-
âîäñòâà ÎÀÎ «ÈÎÈÒ», ã. Íîâîñèáèðñê [12]. Äëÿ
ïðîâåäåíèÿ èçìåðåíèé â ïîòîê ïîäàâàëèñü òâ¸ð-

äûå òðàññåðíûå ÷àñòèöû. Èññëåäîâàíèÿ ïðîâîäè-
ëèñü êàê äëÿ ðåàãèðóþùåãî, òàê è äëÿ íåðåàãèðó-
þùåãî ïîòîêà. Èçìåðåíèå õèìè÷åñêîãî ñîñòàâà
ïðîäóêòîâ ñãîðàíèÿ ïðîâîäèëîñü ñ ïîìîùüþ ìå-
òîäà îòáîðà ïðîá ñ ïîñëåäóþùèì õðîìàòîãðàôè-
÷åñêèì àíàëèçîì.

Òåìïåðàòóðà âîçäóõà íà âõîäå çàäàâàëàñü ïî-
ñòîÿííîé è ðàâíîé 330 Ê. Ïîëíîå äàâëåíèå âîç-
äóõà íà âõîäå â ãîðåëî÷íîå óñòðîéñòâî íà

*ðΔ ª 3,3% áîëüøå àòìîñôåðíîãî äàâëåíèÿ íà
âûõîäå, ÷òî ñîîòâåòñòâóåò ðåæèìó åãî ðàáîòû â
ñîñòàâå ÊÑ. ×èñëî Ðåéíîëüäñà, ðàññ÷èòàííîå ïî
ïàðàìåòðàì ïîòîêà è äèàìåòðó íà âûõîäå ãîðåëî÷-
íîãî óñòðîéñòâà, áûëî ðàâíî Re ≈ 12000. Ðàñõîä
òîïëèâà â äåæóðíóþ çîíó ñîñòàâëÿë 11,5% îò ñóì-
ìàðíîãî ðàñõîäà òîïëèâà. Êîýôôèöèåíò èçáûòêà
âîçäóõà äëÿ ñëó÷àÿ ñìåøåíèÿ òîïëèâà áåç ãîðåíèÿ
ðàâíÿëñÿ α = 2,08, à äëÿ ñëó÷àÿ ñ ãîðåíèåì
α = 1,8. Ðàçëè÷èå â çíà÷åíèÿõ ñâÿçàíî ñ ðàçëè÷-
íûìè ðàñõîäàìè âîçäóõà íà âõîäå èç-çà ïîâûøåí-

íîãî ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ ïðè ãîðå-
íèè.

Âñå ýêñïåðèìåíòàëüíûå èçìåðåíèÿ õàðàêòåðè-
ñòèê ïîòîêà (ñêîðîñòü, ñîñòàâ) ïðîâîäèëèñü äëÿ
îòêðûòîãî ïðîñòðàíñòâà çà ãîðåëî÷íûì óñòðîé-
ñòâîì â ïðîäîëüíîé ïëîñêîñòè âíèç ïî ïîòîêó îò
âûõîäà èç íåãî.

Ðåçóëüòàòû êàê ýêñïåðèìåíòà, òàê è ìîäåëè-
ðîâàíèÿ ñ ãîðåíèåì è áåç ïðåäñòàâëåíû äëÿ ÷åòû-
ðåõ ñå÷åíèé îò x/D = 0.33 äî x/D = 1.33 íà ðèñ. 2,
ãäå Då = 60 ìì äèàìåòð ãîðåëêè íà âûõîäå (ñì.
ðèñ. 1).

Ìîäåëèðîâàíèå â òð¸õìåðíîé ïîñòàíîâêå

Ðàñ÷åòíûìè ìåòîäàìè èññëåäîâàëèñü òðè ñëó-
÷àÿ: äâà ïîâòîðÿþò ýêñïåðèìåíòàëüíûå óñëîâèÿ

Ðèñ. 1. Ñõåìà îðãàíèçàöèè ðàáî÷åãî ïðîöåññà â ãîðåëî÷íîì óñòðîéñòâå
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(ñ ãîðåíèåì òîïëèâà è õîëîäíàÿ ïðîäóâêà), è äî-
ïîëíèòåëüíî èññëåäîâàëñÿ ñëó÷àé ñ ïîäà÷åé òîï-
ëèâà, íî áåç ãîðåíèÿ. Ðàñ÷åò ïðîâîäèëñÿ â ïðî-
ãðàììíîì êîìïëåêñå Ansys Fluent 18.2. Äëÿ ðàñ-
÷åòà èñïîëüçîâàëñÿ ïîäõîä ìîäåëèðîâàíèÿ êðóï-
íûõ âèõðåé (Large Eddy Simulation, LES) [13].
Ïîäñåòî÷íàÿ ìîäåëü – äèíàìè÷åñêàÿ ìîäåëü Ñìà-
ãîðèíñêîãî—Ëèëëè [14]. Ðàñ÷åò ïðîöåññîâ ãîðå-
íèÿ îñóùåñòâëÿëñÿ ñ ïîìîùüþ ïîäõîäà Flamelet
Generated Manifold [15, 16], ðåàëèçîâàííîãî â
Ansys Fluent. Â êà÷åñòâå êèíåòè÷åñêîãî ìåõàíèç-
ìà õèìè÷åñêèõ ðåàêöèé ïðèíÿò ìåõàíèçì GRI 3.0
[17]. Ñêîðîñòü ïëàìåíè îïðåäåëÿëàñü çàâèñèìîñ-
òüþ, ïîëó÷åííîé â ðàáîòå [18]. Ïàðàìåòðû ïîòîêà
íà âõîäå çàäàâàëèñü â âèäå ðàâíîìåðíîãî ðàñïðå-
äåëåíèÿ ïî ñå÷åíèþ. Âðåìåííîé øàã ðàâåí 10-5 ñ,
ïðè ýòîì ìàêñèìàëüíîå çíà÷åíèå ÷èñëà Êóðàíòà
ðàâíî 5. Íà÷àëüíûìè óñëîâèÿìè äëÿ LES ÿâëÿë-
ñÿ ðàñ÷åò íà áàçå RANS. Ðàñ÷åò ïðîâîäèëñÿ íà ñó-
ïåðêîìïüþòåðå «Ñåðãåé Êîðîëåâ» [19].

Ãåîìåòðèÿ ãîðåëêè

Ðàñ÷åòíàÿ îáëàñòü âêëþ÷àåò â ñåáÿ ÷àñòü ó÷à-
ñòêà ïîäà÷è âîçäóõà ïåðåä ãîðåëî÷íûì óñòðîé-
ñòâîì, êàíàëû ïîäà÷è òîïëèâíîãî ãàçà â ëîïàòêàõ
çàâèõðèòåëÿ è öåíòðàëüíîãî òåëà, âîçäóøíûå êà-
íàëû âíóòðè ãîðåëî÷íîãî óñòðîéñòâà è ÷àñòü àò-
ìîñôåðû çà íèì.

Ðàñ÷åòíàÿ ñåòêà

Ðàñ÷åòíàÿ ñåòêà íåñòðóêòóðèðîâàííàÿ. Èç-
ìåëü÷åíèå ñåòêè ïðîâîäèëîñü íà âûõîäå èç îòâåð-

ñòèé ïîäà÷è òîïëèâà è âíèç ïî ïîòîêó îò öåíò-
ðàëüíîãî òåëà. Îáùåå êîëè÷åñòâî ýëåìåíòîâ ñî-
ñòàâëÿëî 6,5 ìëí øòóê. Îáùèé âèä ðàñ÷åòíîé ñåò-
êè íà ñòåíêàõ öåíòðàëüíîãî òåëà è ëîïàòêàõ çàâèõ-
ðèòåëÿ âíóòðè ãîðåëî÷íîãî óñòðîéñòâà ïðåäñòàâ-
ëåí íà ðèñ. 3.

Ðåçóëüòàòû è îáñóæäåíèå

Ñêîðîñòü ïîòîêà

Íà ðèñ. 4 ïðåäñòàâëåíû èçìåíåíèÿ îñåâîé
ñêîðîñòè ïîòîêà âäîëü ðàäèóñà. Áåç ãîðåíèÿ îñå-
âàÿ ñêîðîñòü ïîòîêà âáëèçè ãîðåëî÷íîãî óñòðîé-
ñòâà ïðàêòè÷åñêè ëèíåéíî èçìåíÿåòñÿ îò îñè ïî-
òîêà äî r = 30 ìì, ÷òî ñîîòâåòñòâóåò âûõîäíîìó
ðàäèóñó ãîðåëêè, òîãäà êàê ñ ãîðåíèåì òîïëèâà
ôîðìà çàêðó÷åííîãî ïîòîêà ìåíÿåòñÿ èç-çà ïîä-
âîäà äîïîëíèòåëüíîé òåïëîâîé ýíåðãèè âíóòðè
íåãî ïðè ñãîðàíèè òîïëèâà. Ïðè óäàëåíèè îò ãî-
ðåëêè ïðîèñõîäèò ïåðåðàñïðåäåëåíèå îñåâîé ñêî-
ðîñòè îò çàêðó÷åííîé ñòðóè â ñâîáîäíûé ïîòîê è

Ðèñ. 2. Ñõåìà ïðîäîëüíîé ïëîñêîñòè ãîðåëêè è ïîëîæåíèå ñå÷åíèé èçìåðåíèé

Ðèñ. 3. Îáùèé âèä ðàñ÷åòíîé ñåòêè íà ñòåíêàõ ëîïàòîê
è öåíòðàëüíîãî òåëà
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ñãëàæèâàíèå ïðîôèëÿ îñåâîé ñêîðîñòè. Ìîæíî
îòìåòèòü, ÷òî ïîäà÷à òîïëèâíîãî ãàçà íå îêàçûâàåò
ñóùåñòâåííîãî âëèÿíèÿ íà ðàñïðåäåëåíèå îñåâîé
ñêîðîñòè â çàêðó÷åííîé ñòðóå. Ñ ãîðåíèåì ìàêñè-
ìàëüíàÿ îñåâàÿ ñêîðîñòü ïîòîêà âûøå, ÷åì áåç
ãîðåíèÿ. Ïðè ãîðåíèè íà ðàññòîÿíèè äî 40 ìì îò
ñðåçà ãîðåëêè îñåâàÿ ñêîðîñòü ïîòîêà â çîíå îá-
ðàòíûõ òîêîâ (ÇÎÒ) ïðàêòè÷åñêè íå ìåíÿåòñÿ íè
ïî ðàäèóñó, íè ïî äëèíå ÇÎÒ. Ìàêñèìàëüíàÿ òåì-
ïåðàòóðà ïîòîêà íàõîäèòñÿ âíóòðè çîíû îáðàòíûõ
òîêîâ â îáëàñòè ïîäà÷è ïèëîòíîãî òîïëèâà
(ðèñ. 5), ÷òî ñâÿçàíî ñ îáðàçîâàíèåì äèôôóçèîí-
íîãî ôðîíòà ïëàìåíè. Â öåëîì èñïîëüçóåìàÿ ìî-
äåëü ïîçâîëÿåò ïîëó÷èòü êàê êà÷åñòâåííîå, òàê è
êîëè÷åñòâåííîå ðàñïðåäåëåíèå îñåâîé ñêîðîñòè â
çàêðó÷åííîì ïîòîêå.

Òàíãåíöèàëüíàÿ ñêîðîñòü ïîòîêà ïðåäñòàâëå-
íà íà ðèñ. 6. Áåç ãîðåíèÿ ðàñïðåäåëåíèå òàíãåí-
öèàëüíîé ñêîðîñòè ïîòîêà ñîîòâåòñòâóåò ôîðìå

êîìáèíèðîâàííîãî âèõðÿ Ðàíêèíà [4]: îáëàñòü ñ
ïîñòîÿííîé óãëîâîé ñêîðîñòüþ (forced vortex)
âáëèçè îñè (äî r ≈ 20 ìì) è îáëàñòü ñ ïîñòîÿííîé
çàêðóòêîé ïîòîêà (free vortex) íà ïåðèôåðèè. Ïðè
óäàëåíèè îò ãîðåëêè ïðîèñõîäèò óìåíüøåíèå ìàê-

Ðèñ. 4. Îñåâàÿ ñêîðîñòü ïîòîêà: à — íà ðåæèìå õîëîäíîé ïðîäóâêè; á — íà ðåæèìå ñ ãîðåíèåì òîïëèâà

Ðèñ. 5. Êîíòóðû òåìïåðàòóðû ïîòîêà â îáëàñòè çîíû
îáðàòíûõ òîêîâ
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ñèìàëüíîé òàíãåíöèàëüíîé ñêîðîñòè. Êàê è â
ñëó÷àå ñ îñåâîé ñêîðîñòüþ, ïîäà÷à òîïëèâà íå
îêàçûâàåò ñóùåñòâåííîãî âëèÿíèÿ íà ïðîôèëü
òàíãåíöèàëüíîé ñêîðîñòè ïîòîêà.

Ïðè ãîðåíèè òîïëèâà ïîòîê ñ ïîñòîÿííîé òàí-
ãåíöèàëüíîé ñêîðîñòüþ çàíèìàåò ìåíüøóþ îá-

ëàñòü (r ≤ 5 ìì). Â áëèæíåì ñëåäå çà ãîðåëêîé
èìååòñÿ îáëàñòü ñ ïîñòîÿííîé òàíãåíöèàëüíîé

ñêîðîñòüþ (5 ≤ r ≤ 25 ìì). Ñòîèò îòìåòèòü, ÷òî ïðè
ãîðåíèè òàíãåíöèàëüíàÿ ñêîðîñòü ïîòîêà â ïðè-

îñåâîé îáëàñòè ïðè (r ≤ 5 ìì) ðàâíà òàíãåíöèàëü-
íîé ñêîðîñòè ïîòîêà áåç ãîðåíèÿ. Ïðè ýòîì äàí-
íàÿ îáëàñòü íå èçìåíÿåòñÿ ïðè óäàëåíèè îò ãîðåë-
êè ïðàêòè÷åñêè ïî âñåé äëèíå ÇÎÒ. Íà ðàññòîÿ-
íèè îò ãîðåëêè áîëåå 60 ìì ðàñïðåäåëåíèå òàíãåí-
öèàëüíîé ñêîðîñòè áëèçêî ê ðàñïðåäåëåíèþ â
âèõðå Ðàíêèíà.

Â öåëîì ðåçóëüòàòû ðàñ÷åòà õîðîøî ñîãëàñó-
þòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè, çà èñêëþ-
÷åíèåì îáëàñòè âáëèçè ãðàíèöû çîíû îáðàòíûõ

òîêîâ ïðè ãîðåíèè äëÿ x/D = 0.67 è x/D = 1.00, ãäå
ðàñ÷åò çàâûøàåò çíà÷åíèå îêðóæíîé ñîñòàâëÿþ-
ùåé ñêîðîñòè. Êàê áóäåò ïîêàçàíî äàëåå, â ýòîé
îáëàñòè ðàñïîëîæåí ôðîíò ïëàìåíè.

Ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå ñêîðîñòè ïîòîêà

Íà ðèñ. 7 è 8 ïðåäñòàâëåíû ãðàôèêè èçìåíå-
íèÿ ñðåäíåêâàäðàòè÷íîãî îòêëîíåíèÿ (root mean
square, RMS) îñåâîé è òàíãåíöèàëüíîé ñêîðîñòåé
ïîòîêà. Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èçìåðå-
íèé ñîïîñòàâëÿþòñÿ ñ ðàçðåøåííîé â LES (íàä-
ñåòî÷íîé) ÷àñòüþ RMS ñêîðîñòè ïîòîêà. Áåç ãî-
ðåíèÿ ïîëîæåíèå ìàêñèìàëüíîãî çíà÷åíèÿ ïóëü-
ñàöèè îñåâîé ñêîðîñòè ñîîòâåòñòâóåò ïîëîæåíèþ
íàèáîëüøåãî ãðàäèåíòà ñðåäíåé ïî âðåìåíè îê-
ðóæíîé ñêîðîñòè. Ïðè ãîðåíèè ïóëüñàöèè îñåâîé
ñêîðîñòè â ÇÎÒ èìåþò ïðàêòè÷åñêè ïîñòîÿííîå
çíà÷åíèå âäîëü ðàäèóñà. Ïðè ýòîì îáùèé óðîâåíü
ïóëüñàöèé íèæå, ÷åì â ñëó÷àå õîëîäíîãî ïîòîêà.
Ïóëüñàöèÿ îñåâîé ñêîðîñòè äëÿ ñëó÷àÿ ñ ãîðåíè-
åì èìååò ìàêñèìàëüíîå çíà÷åíèå íà ãðàíèöå çîíû

Ðèñ. 6. Òàíãåíöèàëüíàÿ ñêîðîñòü ïîòîêà: à — íà ðåæèìå õîëîäíîé ïðîäóâêè; á — íà ðåæèìå ñ ãîðåíèåì òîïëèâà
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îáðàòíûõ òîêîâ. Â öåëîì ðåçóëüòàòû ðàñ÷åòà ïóëü-
ñàöèé îñåâîé ñêîðîñòè ïîòîêà õîðîøî ñîãëàñóþò-
ñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè, çà èñêëþ÷å-
íèåì îáëàñòè âíóòðè çîíû îáðàòíûõ òîêîâ â
áëèæíåì ñëåäå çà ãîðåëêîé (ïðè x/D = 0.33—0.67),
ãäå ðàñ÷åò íåçíà÷èòåëüíî çàâûøàåò çíà÷åíèå RMS
îñåâîé ñêîðîñòè ïî ñðàâíåíèþ ñ ýêñïåðèìåíòîì.

Êàê è ïóëüñàöèè îñåâîé ñêîðîñòè ïîòîêà,
ïóëüñàöèè òàíãåíöèàëüíîé ñêîðîñòè ïîòîêà ïðè
ãîðåíèè íèæå, ÷åì áåç ãîðåíèÿ. Ïîäà÷à òîïëèâà
íåìíîãî óâåëè÷èëà RMS òàíãåíöèàëüíîé ñêîðî-
ñòè ïîòîêà ïî ñðàâíåíèþ ñ õîëîäíûì òå÷åíèåì
áåç òîïëèâà. Òàêæå ñòîèò îòìåòèòü, ÷òî â èññëå-
äóåìîé îáëàñòè ñðåäíåå ïî ñå÷åíèþ çíà÷åíèå
RMS êàê òàíãåíöèàëüíîé, òàê è îñåâîé ñêîðîñòè
ïîòîêà ïðè óäàëåíèè îò ãîðåëêè â ñëó÷àå ñ ãîðå-
íèåì óâåëè÷èâàåòñÿ, à â ñëó÷àå áåç ãîðåíèÿ óìåíü-
øàåòñÿ.

Õèìè÷åñêèé ñîñòàâ

Íà ðèñ. 9 ïðåäñòàâëåíî ñðàâíåíèå ðåçóëüòàòîâ
ðàñ÷åòà ñ ýêñïåðèìåíòàëüíûìè äàííûìè ïî õèìè-

÷åñêîìó ñîñòàâó ðàáî÷åãî òåëà. Ñîïîñòàâëåíèå
ïðîâîäèëîñü ïî âîññòàíîâëåííîé êîíöåíòðàöèè
òîïëèâà f, CO è CO2. Ýêñïåðèìåíòàëüíîå èçìåðå-
íèå f ïðîâîäèëîñü òîëüêî äëÿ ñëó÷àÿ ñ ãîðåíèåì.
Ðåçóëüòàòû ïîêàçûâàþò, ÷òî áåç ãîðåíèÿ ñìåñü â
ÇÎÒ ñòàíîâèòñÿ áåäíåå ïðè óäàëåíèè îò ãîðåëêè.
Â ñâîþ î÷åðåäü, ñ ãîðåíèåì â çîíå îáðàòíûõ òî-
êîâ âîññòàíîâëåííàÿ êîíöåíòðàöèÿ òîïëèâà ïðàê-
òè÷åñêè íå èçìåíÿåòñÿ íè ïî ðàäèóñó, íè ïî äëè-
íå. Òàêèì îáðàçîì, êîýôôèöèåíò èçáûòêà âîçäóõà
â çîíå îáðàòíûõ òîêîâ ìîæíî ïðèíÿòü ïîñòîÿí-
íûì è ðàññìàòðèâàòü ÇÎÒ êàê ãîìîãåííûé ðåàê-
òîð. Â öåëîì ïðè ãîðåíèè çîíà îáðàòíûõ òîêîâ áî-
ãà÷å ïî ñîñòàâó, ÷åì áåç ãîðåíèÿ. Êàê ïîêàçàíî
íèæå, ýòî ñâÿçàíî ñ òåì, ÷òî â çîíó îáðàòíûõ òî-
êîâ âîâëåêàåòñÿ ìåíüøåå êîëè÷åñòâî ãàçîâîçäóø-
íîé ñìåñè îò îñíîâíîãî ïîòîêà çà ëîïàòî÷íûì
çàâèõðèòåëåì ïîòîêà, ÷åì ïðè õîëîäíûõ ïðîäóâ-
êàõ. Òàêæå ñòîèò îòìåòèòü õîðîøåå ñîãëàñîâàíèå
ðåçóëüòàòîâ ðàñ÷åòà âîññòàíîâëåííîé êîíöåíòðà-
öèè òîïëèâà ñ ýêñïåðèìåíòàëüíûìè äàííûìè, ÷òî

Ðèñ. 7. Ïóëüñàöèè îñåâîé ñêîðîñòè ïîòîêà: à — íà ðåæèìå õîëîäíîé ïðîäóâêè; á — íà ðåæèìå ñ ãîðåíèåì òîïëèâà
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Ðèñ. 8. Ïóëüñàöèè òàíãåíöèàëüíîé ñêîðîñòè ïîòîêà: à — íà ðåæèìå õîëîäíîé ïðîäóâêè; á — íà ðåæèìå ñ ãîðå-
íèåì òîïëèâà

ñâèäåòåëüñòâóåò îá àäåêâàòíîñòè èñïîëüçóåìîé
ìàòåìàòè÷åñêîé ìîäåëè ïðè ðàñ÷¸òå ïðîöåññîâ
ñìåøåíèÿ òîïëèâà ñ âîçäóõîì.

Ñîïîñòàâëåíèå ïî îêñèäó óãëåðîäà ïîêàçûâà-
åò, ÷òî ïîëîæåíèå ìàêñèìóìà êîíöåíòðàöèè CO
ñìîäåëèðîâàíî âåðíî, îäíàêî àáñîëþòíîå çíà÷å-
íèå ìåíüøå, ÷åì ïîëó÷åííîå ýêñïåðèìåíòàëüíî,
îñîáåííî â áëèæíåì ñëåäå çà ãîðåëêîé
(x/D = 0.33…0.67). Ïîñêîëüêó êîíöåíòðàöèè êî-
íå÷íûõ ïðîäóêòîâ ñãîðàíèÿ, íàïðèìåð òàêèõ, êàê
ÑO2, ïîëó÷åííûå ðàñ÷åòíûì ïóò¸ì, õîðîøî ñîãëà-
ñóþòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè, òî âîç-
ìîæíîå ðàñõîæäåíèå ïî CO ñâÿçàíî ñ îñîáåííî-
ñòÿìè èñïîëüçóåìîãî êèíåòè÷åñêîãî ìåõàíèçìà
õèìè÷åñêèõ ðåàêöèé ïðè ðàñ÷åòå ïðîìåæóòî÷íûõ
êîìïîíåíòîâ èëè ñ îñîáåííîñòÿìè ìîäåëè. Ðàñ-
ñ÷èòàííîå çíà÷åíèå áëèæå ê ðàâíîâåñíîìó äëÿ
äàííîãî ñîñòàâà, ÷åì ïîëó÷åííîå ýêñïåðèìåíòàëü-
íî. Ïîýòîìó äëÿ ðàñ÷åòà ýìèññèè ÑÎ íåîáõîäè-
ìî èñïîëüçîâàòü ïîäõîäû, êîòîðûå ó÷èòûâàþò íå-

ðàâíîâåñíûå ïðîöåññû, íàïðèìåð ñåòü èäåàëüíûõ
ðåàêòîðîâ [20].

Íà ðèñ. 10 ïðåäñòàâëåíû ïîëó÷åííûå â ðåçóëü-
òàòå ðàñ÷åòà õàðàêòåðèñòèêè çîíû îáðàòíûõ òîêîâ:
èçìåíåíèå îòíîñèòåëüíîãî ìàññîâîãî ðàñõîäà
ãàçà G, îòíîñèòåëüíîãî îáúåìíîãî ðàñõîä ãàçà Q è
ðàäèóñà çîíû îáðàòíûõ òîêîâ R âäîëü å¸ äëèíû.
Îòíîñèòåëüíûå âåëè÷èíû ðàñõîäîâ ïðèâåäåíû ê
ðàñõîäó âîçäóõà ÷åðåç ãîðåëî÷íîå óñòðîéñòâî.
Ïîëó÷åíî, ÷òî ïîäà÷à òîïëèâà âëèÿåò íà ðàñõîä
ãàçà è ôîðìó îáðàòíûõ òîêîâ íåçíà÷èòåëüíî, áîëü-
øåå âëèÿíèå îêàçûâàþò ïðîöåññû ãîðåíèÿ. Îòíî-
ñèòåëüíûé ìàññîâûé ðàñõîä ïðè ãîðåíèè ïðèáëè-
çèòåëüíî â òðè ðàçà ìåíüøå, ÷åì ïðè õîëîäíûõ
ïðîäóâêàõ, è ñîñòàâëÿåò ìàêñèìóì 2 % îò îáùåãî
ðàñõîäà ÷åðåç ãîðåëî÷íîå óñòðîéñòâî. Íàðÿäó ñ
ýòèì îáúåìíûé ðàñõîä ïðè ãîðåíèè â ïîëòîðà ðàçà
âûøå, ÷åì ïðè õîëîäíûõ ïðîäóâêàõ, ÷òî ñâÿçàíî
ñ ïîâûøåííûì çíà÷åíèåì òåìïåðàòóðû ïðè ãîðå-
íèè. Ãîðåíèå òàêæå èçìåíÿåò ôîðìó ÇÎÒ è óâå-
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ëè÷èâàåò å¸ îáúåì. Ïðè õîëîäíûõ ïðîäóâêàõ ÇÎÒ
èìååò äâà õàðàêòåðíûõ «ãîðáà»: îäèí íåïîñðåä-
ñòâåííî çà öåíòðàëüíûì òåëîì, äðóãîé â îòêðû-
òîì ïðîñòðàíñòâå. Ïðè ãîðåíèè ôîðìà ÇÎÒ ñòà-
íîâèòñÿ áîëåå îâàëüíîé, è èìååòñÿ òîëüêî îäèí
«ãîðá» íåïîñðåäñòâåííî çà âûõîäîì èç ãîðåëêè.

Íà ðèñ. 11 ïðåäñòàâëåíû ñïåêòðû ïóëüñàöèé
äàâëåíèÿ â äâóõ òî÷êàõ (òî÷êà 1 è òî÷êà 2 íà
ðèñ. 2). Ïîëó÷åíî, ÷òî ÷èñëî Còðóõàëÿ ðàâíî 0,74
è 0,77 äëÿ õîëîäíîé ïðîäóâêè áåç ïîäà÷è è ñ ïî-
äà÷åé òîïëèâà ñîîòâåòñòâåííî.

Ðèñ. 9. Õèìè÷åñêèé ñîñòàâ ãàçà: à — êîíöåíòðàöèÿ òîïëèâà f ; á — ìîíîîêñèä óãëåðîäà CO; â — äèîêñèä óãëåðîäà CO2



132 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹3

Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

×èñëî Ñòðóõàëÿ îïðåäåëÿëîñü ïî âûðàæåíèÿì:

cold
coldSt ;

b

f D

u
=

mixing
mixingSt ,

b

f D

u
=

ãäå D – äèàìåòð ãîðåëêè íà âûõîäå, ðàâíûé
0,06 ìì;

Stcold – ÷èñëî Ñòðóõàëÿ ïðè õîëîäíîé ïðîäóâ-
êå;

Stmixing – ÷èñëî Ñòðóõàëÿ ïðè ïîäà÷å òîïëèâà;
fñold – õàðàêòåðèñòè÷åñêàÿ ÷àñòîòà ïðè õîëîä-

íûõ ïðîäóâêàõ, 468 Ãö;

fmixing – õàðàêòåðèñòè÷åñêàÿ ÷àñòîòà ïðè ïîäà÷å
òîïëèâà;

ub – ñðåäíåìàññîâàÿ ñêîðîñòü íà âûõîäå èç
ãîðåëî÷íîãî óñòðîéñòâà, 38 ì/ñ.

Ïóëüñàöèîííàÿ ñîñòàâëÿþùàÿ ñòàòè÷åñêîãî
äàâëåíèÿ ñ ÷àñòîòîé 468 Ãö â òî÷êå 1 ïðè õîëîä-
íûõ ïðîäóâêàõ áåç òîïëèâà — 63% îò ñóììàðíîé
ïóëüñàöèîííîé ñîñòàâëÿþùåé, â òî÷êå 2 — 41%,
ïðèòîì ÷òî àìïëèòóäà ïóëüñàöèè íà äàííîé ÷àñ-
òîòå óâåëè÷èëàñü â 2,4 ðàçà. Äëÿ õîëîäíîé ïðîäóâ-
êè ñ ïîäà÷åé òîïëèâà ïóëüñàöèîííàÿ ñîñòàâëÿþ-
ùàÿ ñòàòè÷åñêîãî äàâëåíèÿ ñ ÷àñòîòîé 482 Ãö â
òî÷êå 1 — 47% îò ñóììàðíîé ïóëüñàöèîííîé ñî-

Ðèñ. 10. Ïàðàìåòðû çîíû îáðàòíûõ òîêîâ: à — îòíîñèòåëüíûé ìàññîâûé ðàñõîä ãàçà G; á — îòíîñèòåëüíûé îáúåì-
íûé ðàñõîä ãàçà Q; â — ðàäèóñ çîíû îáðàòíûõ òîêîâ R âäîëü å¸ äëèíû
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ñòàâëÿþùåé, â òî÷êå 2 óæå 36%, òîãäà êàê àìïëè-
òóäà ïóëüñàöèé óâåëè÷èëàñü â 2,1 ðàçà.

Â èññëåäóåìûõ òî÷êàõ õàðàêòåðíûõ ÷àñòîò
ïóëüñàöèé äàâëåíèÿ ïðè ãîðåíèè îáíàðóæåíî íå
áûëî. Òàêèì îáðàçîì, äëÿ äàííûõ óñëîâèé ïðî-
öåññ ãîðåíèÿ ïîçâîëÿåò ñíèçèòü âåðîÿòíîñòü âîç-
íèêíîâåíèÿ ïóëüñàöèé äàâëåíèÿ çà ãîðåëî÷íûì
óñòðîéñòâîì. Ïîëó÷åíî, ÷òî ôðîíò ïëàìåíè îêðó-
æàåò çîíó îáðàòíûõ òîêîâ, â êîòîðîé íàõîäÿòñÿ
ãîðÿ÷èå ãàçû (ðèñ. 12). Òàêèì îáðàçîì, ìîæíî
ñäåëàòü âûâîä, ÷òî îñíîâíûå õèìè÷åñêèå ðåàêöèè

Ðèñ. 11. Ñïåêòðû ïóëüñàöèè äàâëåíèÿ, ïîëó÷åííûå â ðåçóëüòàòå LES: à — íà ðåæèìå õîëîäíîé ïðîäóâêè áåç ïî-
äà÷è òîïëèâà; á — íà ðåæèìå õîëîäíîé ïðîäóâêè ñ ïîäà÷åé òîïëèâà; â — íà ðåæèìå ñ ãîðåíèåì òîïëèâà

ïðîòåêàþò íà ãðàíèöå çîíû îáðàòíûõ òîêîâ è
âàæíûì ÿâëÿåòñÿ âçàèìîäåéñòâèå çîíû îáðàòíûõ
òîêîâ ñ îñíîâíûì ïîòîêîì ãàçîâîçäóøíîé ñìåñè
çà ãîðåëî÷íûì óñòðîéñòâîì.

Âûâîäû

Ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòíî-ýêñïåðèìåí-
òàëüíîãî èññëåäîâàíèÿ ñòðóêòóðû çàêðó÷åííîãî
ïîòîêà ñòðóè çà ãîðåëî÷íûì óñòðîéñòâîì ïðî-
ìûøëåííîé ãàçîòóðáèííîé óñòàíîâêè. Èññëåäî-
âàíèå ïðîâîäèëîñü ïðè àòìîñôåðíûõ óñëîâèÿõ â
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îòêðûòîì ïðîñòðàíñòâå. Ýêñïåðèìåíòàëüíûå èç-
ìåðåíèÿ îñóùåñòâëÿëèñü ñ ïîìîùüþ LDA êàê äëÿ
õîëîäíîãî ïîòîêà, òàê è äëÿ ñëó÷àÿ ñ ãîðåíèåì.
Òàêæå ýêñïåðèìåíòàëüíî îïðåäåëÿëñÿ ñîñòàâ ïðî-
äóêòîâ ñãîðàíèÿ ñ ïîìîùüþ ìåòîäà îòáîðà ïðîá.
Ðàñ÷åò ïðîâîäèëñÿ ñ ïîìîùüþ LES â ñî÷åòàíèè ñ
ìîäåëüþ Flamelet Generated Manifolds äëÿ ìîäå-
ëèðîâàíèÿ ïðîöåññîâ ãîðåíèÿ. Äîïîëíèòåëüíî
ìîäåëèðîâàëñÿ ñëó÷àé ñ ïîäà÷åé òîïëèâà, íî áåç
ãîðåíèÿ. Óñòàíîâëåíî, ÷òî ðåçóëüòàòû ìîäåëèðî-
âàíèÿ õîðîøî ñîãëàñóþòñÿ ñ ýêñïåðèìåíòàëüíû-
ìè äàííûìè ïî ñêîðîñòè ïîòîêà, åãî ïóëüñàöèîí-
íîé ñîñòàâëÿþùåé, à òàêæå õèìè÷åñêîìó ñîñòàâó
è äàííûé ïîäõîä ìîæåò áûòü èñïîëüçîâàí äëÿ ðàñ-
÷åòíîãî èññëåäîâàíèÿ ïðîöåññîâ ãîðåíèÿ ãàçîîá-
ðàçíîãî òîïëèâà â çàêðó÷åííîì ïîòîêå. Èñêëþ÷å-
íèå ñîñòàâëÿåò îêñèä óãëåðîäà, äëÿ ìîäåëèðîâà-
íèÿ êîòîðîãî íåîáõîäèìî èñïîëüçîâàòü ïîäõîäû,
ó÷èòûâàþùèå íåðàâíîâåñíûå õèìè÷åñêèå ïðîöåñ-
ñû ãîðåíèÿ, íàïðèìåð ñåòü èäåàëüíûõ ðåàêòîðîâ.
Ïîäðîáíî èññëåäîâàíà ñòðóêòóðà ïîòîêà çà ãîðå-
ëî÷íûì óñòðîéñòâîì, è ïîëó÷åíû õàðàêòåðèñòè-
êè çîíû îáðàòíûõ òîêîâ. Ïîêàçàíî, ÷òî ïîäà÷à
òîïëèâà íåñóùåñòâåííî âëèÿåò íà ñòðóêòóðó ïî-
òîêà. Îáíàðóæåíî, ÷òî ïðîöåññ ãîðåíèÿ èçìåíÿ-
åò ôîðìó çîíû îáðàòíûõ òîêîâ, óâåëè÷èâ å¸ â äè-
àìåòðå. Ìàññîâûé ðàñõîä ïðè ãîðåíèè ñóùåñòâåí-
íî íèæå, ÷åì â ñëó÷àå õîëîäíîãî ïîòîêà. Èç-çà íå-
áîëüøîãî ðàñõîäà òîïëèâîâîçäóøíîé ñìåñè ÷åðåç
çîíó îáðàòíûõ òîêîâ äëÿ äàííîãî ãîðåëî÷íîãî óñ-
òðîéñòâà îñíîâíîå âëèÿíèå íà õàðàêòåðèñòèêè
ïðîöåññà ãîðåíèÿ îêàçûâàåò âçàèìîäåéñòâèå çîíû
îáðàòíûõ òîêîâ è îñíîâíîãî ïîòîêà. Ïóëüñàöèè
äàâëåíèÿ, ñâÿçàííûå ñ ïðåöåññèåé âèõðåâîãî ÿäðà,
îáíàðóæåííûå ïðè õîëîäíûõ ïðîäóâêàõ, ïðè ãî-
ðåíèè îòñóòñòâóþò.
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Abstract

The article presents the results of computational
and experimental study of the swirling flow structure
of a swirling jet behind the burner unit of an industrial
gas turbine installation. The burner unit being studied
in this work is intended for burning poor pre-prepared
mixtures. The burner consists of an axial vane swirler
with hollow blades through which the main part of the
fuel enters, and a “central body”, functioning as a
stabilizer with a pilot flame. Natural gas is employed
as a fuel. The studies were performed by applied
methods of computational gas dynamics and
experimental methods. Experimental velocity
measurements were performed with a laser Doppler
particle velocity meter LAD-056S. Combustion
products composition measurements were performed
by sampling with subsequent chromatographic analysis.
Experimental studies were conducted under the
following conditions:

- The inlet temperature Òê = 330 Ê;

COMBUSTION PROCESS EFFECT ON THE SWIRLED FLOW STRUCTURE
BEHIND A BURNER OF THE GAS TURBINE ENGINE COMBUSTION CHAMBER
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- Differential pressure *PΔ ª 3,3%;
- Reynolds number at the burner outlet

Re ≈ 12000;
- The proportion of fuel consumption in the

standby zone is 11.5% of the total fuel consumption;
- The excess-air factor for the case of mixing fuel

without combustion was α = 2.08, and for the case
without combustion α = 1.8.

The flow and combustion processes modelling was
performed in three-dimensional unsteady formulation
using Large Eddy Simulation (LES) method.
Combustion processes were being described with the
Flamelet Generated Manifold model. The GRI 3.0
mechanism was selected as the kinetic mechanism of
chemical reactions. As a result, a comparison of time-
averaged velocity fields and turbulence characteristics
was being performed for the case of fuel combustion
and without combustion. The obtained simulation
results are well agreed with the experimental data on
the flow velocity, its fluctuation components, as well
as chemical composition. Thus, the employed
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approach may be applied for calculation study of the
combustion processes of the gaseous fuel in swirling
flows. An exception is carbon monoxide, which needs
to be modeled using approaches accounting for non-
equilibrium chemical combustion processes, such as
a network of ideal reactors. The flow structure behind
the burner was studied in detail, and the characteristics
of the recirculation mixing zone were obtained. It was
shown, that the fuel supply does not significantly affect
the flow structure. It was found, that the combustion
process changes the shape of the reverse streams,
increasing it in diameter. Mass flow while combustion
is significantly lower than in the so-called “cold” case.
Due to the air-fuel mixture low consumption through
the recirculation mixing zone for the given burner unit,
the combustion process characteristics are mainly
affected by the interaction between the recirculation
mixing zone and the main flow. Pressure fluctuations
associated with the vortex core precession, detected
while cold purges, were not found during combustion.

Keywords: gas turbine power plant, combustion
chamber, large eddy simulation, experimental
measurements.
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