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

Ââåäåíèå

Íåñìîòðÿ íà ìíîãîîáðàçèå ñóùåñòâóþùèõ
ïîäõîäîâ, íà ñåãîäíÿøíèé äåíü íå âûðàáîòàíà
óíèâåðñàëüíàÿ ìåòîäèêà, ïîçâîëÿþùàÿ ó÷èòûâàòü
ñîâîêóïíîñòü ñëîæíûõ õèìè÷åñêèõ è ãàçîäèíàìè-
÷åñêèõ ïðîöåññîâ ïðè ïðîåêòèðîâàíèè è ìîäåëè-
ðîâàíèè ìàëîýìèñèîííûõ êàìåð ñãîðàíèÿ ãàçî-
òóðáèííûõ äâèãàòåëåé (ÃÒÄ), âûïîëíåííûõ â ðàì-
êàõ êîíöåïöèè LPP (Lean Prevaporized Premixed).
Ðàáîòà LPP-êàìåð îñíîâàíà íà íèçêîòåìïåðàòóð-
íîì ñæèãàíèè ïðåäâàðèòåëüíî ïîäãîòîâëåííîé
«áåäíîé» òîïëèâîâîçäóøíîé ñìåñè (ÒÂÑ), ñ êî-
ýôôèöèåíòîì èçáûòêà âîçäóõà 1,8-2 [1, 2]. Ìíî-
ãîóðîâíåâîå ìîäåëèðîâàíèå òàêèõ êàìåð âêëþ÷àåò
â ñåáÿ èñïîëüçîâàíèå ìîäåëåé ðàçëè÷íîãî óðîâ-
íÿ ñëîæíîñòè ñ öåëüþ ïîâûøåíèÿ äîñòîâåðíîñ-
òè îïèñàíèÿ âíóòðèêàìåðíûõ ïðîöåññîâ [3].

Äëÿ ðàçðàáîòêè è ïðîåêòèðîâàíèÿ òàêèõ êàìåð
ñãîðàíèÿ íåîáõîäèìî ñôîðìèðîâàòü è âûïîëíèòü
òðè ñòàäèè ðàñ÷åòà:

1. Ïðîåêòèðîâî÷íûé – ïîçâîëÿþùèé ñôîðìè-
ðîâàòü îáëèê êàìåðû ñãîðàíèÿ.

2. Îäíîìåðíîå ìîäåëèðîâàíèå, êîòîðîå îñíî-
âàíî íà èñïîëüçîâàíèè ïðîñòûõ äëÿ ïðàêòè÷åñêî-
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Ïðåäëîæåí ñïîñîá ïðèìåíåíèÿ ìíîãîóðîâíåâîãî ìîäåëèðîâàíèÿ â ïðîöåññå ïðîåêòèðîâàíèÿ ìàëîýìèññèîííûõ
êàìåð ñãîðàíèÿ (ÊÑ) ãàçîòóðáèííûõ äâèãàòåëåé (ÃÒÄ). Â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ âûáðàíà êàìåðà ñãîðà-
íèÿ, âûïîëíåííàÿ â ðàìêàõ êîíöåïöèè LPP. Äàííàÿ êîíöåïöèÿ îñíîâàíà íà ñæèãàíèè ïðåäâàðèòåëüíî ïîäãî-
òîâëåííîé «áåäíîé» òîïëèâîâîçäóøíîé ñìåñè. Ìíîãîóðîâíåâîå ìîäåëèðîâàíèå âêëþ÷àåò â ñåáÿ âûïîëíåíèå òðåõ
ñòàäèé ðàñ÷åòà: ïðîåêòèðîâî÷íûé ðàñ÷åò, îäíîìåðíîå ìîäåëèðîâàíèå, ìîäåëèðîâàíèå ãàçîäèíàìè÷åñêèõ ïðîöåññîâ.
Â ñòàòüå â ñîîòâåòñòâèè ñ ïðåäëîæåííîé ìåòîäèêîé ïðîèçâåäåí ðàñ÷åò ïàðàìåòðîâ ïî äëèíå æàðîâîé òðóáû òðåõ
êàìåð, â êîòîðûõ óñòàíîâëåíû ãîðåëî÷íûå óñòðîéñòâà ñ ðàçëè÷íûìè óãëàìè çàêðóòêè ëîïàòîê çàâèõðèòåëÿ.

Êëþ÷åâûå ñëîâà: ãàçîòóðáèííûé äâèãàòåëü, êàìåðà ñãîðàíèÿ, ìîäåëèðîâàíèå âíóòðèêàìåðíûõ ïðîöåññîâ,
ìàëîýìèññèîííîå ãîðåíèå, ãîðåëî÷íîå óñòðîéñòâî.

ãî ïðèìåíåíèÿ, ôèçè÷åñêè îáîñíîâàííûõ ðàñ÷åò-
íûõ ìåòîäèê è ìîäåëåé, èìåþùèõ ïðèâÿçêó ê êîí-
êðåòíîé ïðîåêòèðóåìîé êîíñòðóêöèè, ñôîðìèðî-
âàííîé íà ïåðâîì ýòàïå [4].

3. Ìîäåëèðîâàíèå ãàçîäèíàìè÷åñêèõ ïðîöåñ-
ñîâ, ïðîöåññîâ ñìåñåîáðàçîâàíèÿ è ãîðåíèÿ, êî-
òîðîå ïðîâîäèòñÿ ñ ïîìîùüþ ÷èñëåííîãî ðåøå-
íèÿ ñèñòåìû óðàâíåíèé, äëÿ ÷åãî âåñü îáúåì êà-
ìåðû ñãîðàíèÿ äèñêðåòèçèðóåòñÿ ðàñ÷åòíîé ñåò-
êîé.

Îïèñàííûå âûøå ýòàïû ïðåäñòàâëåíû â âèäå
ñõåìû ïðîåêòèðîâàíèÿ êàìåðû ñãîðàíèÿ (ðèñ. 1).

Êàìåðû ñãîðàíèÿ, âûïîëíåííûå â ðàìêàõ êîí-
öåïöèè LPP, íàøëè øèðîêîå ïðèìåíåíèå â ýíåð-
ãåòè÷åñêèõ óñòàíîâêàõ, ãàçîïåðåêà÷èâàþùèõ àã-
ðåãàòàõ è äàæå â àâèàöèîííûõ äâèãàòåëÿõ (ðèñ. 2).

Îñíîâíûì îòëè÷èåì òàêèõ êàìåð îò òðàäèöè-
îííûõ ÿâëÿåòñÿ ãîðåëî÷íîå óñòðîéñòâî, â êîòîðîì
ïðîèñõîäèò îñíîâíàÿ ïîäãîòîâêà òîïëèâîâîçäóø-
íîé ñìåñè. Îíî æå îòâå÷àåò çà ôîðìèðîâàíèå
ñîñòàâà ñìåñè, êîìáèíèðîâàííóþ ñòàáèëèçàöèþ
ïëàìåíè è ðàçäà÷ó òîïëèâà ïî êîíòóðàì [5].
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Ðèñ. 1. Ñõåìà ïðîåêòèðîâàíèÿ êàìåðû ñãîðàíèÿ

Ðèñ. 2. Ñõåìà êàìåðû ñãîðàíèÿ ñ ïðåäâàðèòåëüíîé ïîäãîòîâêîé òîïëèâîâîçäóøíîé ñìåñè
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Ïðîåêòèðîâî÷íûé ðàñ÷åò

Äëÿ îïðåäåëåíèÿ ñîñòàâà ñìåñè íà âûõîäå èç
ãîðåëî÷íîãî óñòðîéñòâà â êà÷åñòâå êðèòåðèÿ èñ-
ïîëüçîâàëñÿ ïðèâåäåííûé ðàñõîä êàìåðû ñãîðà-
íèÿ [6]
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âõð — ñîîòâåòñòâåííî ðàñõîä âîçäóõà,

åãî òåìïåðàòóðà, ïîëíîå äàâëåíèå íà âõîäå â êà-
ìåðó ñãîðàíèÿ.

Äëÿ ôðîíòîâîãî óñòðîéñòâà ïðèâåäåííûé ðàñ-
õîä ðàññ÷èòûâàëñÿ ïóòåì ïðîèçâåäåíèÿ ïðèâåäåí-
íîãî ðàñõîäà îäíîãî ãîðåëî÷íîãî óñòðîéñòâà íà
êîëè÷åñòâî òàêèõ óñòðîéñòâ âî ôðîíòîâîì óñòðîé-
ñòâå êàìåðû ñãîðàíèÿ:

ô ã,В n B= ◊                          (2)

ãäå n — êîëè÷åñòâî ãîðåëî÷íûõ óñòðîéñòâ âî
ôðîíòîâîì óñòðîéñòâå;

ãB  — ïðèâåäåííûé ðàñõîä ãîðåëî÷íîãî óñò-

ðîéñòâà.
Äîëÿ âîçäóõà, ïîñòóïèâøàÿ â çîíó ãîðåíèÿ,

ðàññ÷èòûâàëàñü ñ ïîìîùüþ îòíîøåíèÿ ïðîïóñê-
íîé ñïîñîáíîñòè ôðîíòîâîãî óñòðîéñòâà ê ïðî-
ïóñêíîé ñïîñîáíîñòè êàìåðû ñãîðàíèÿ, ïðè çà-
äàííîì ïåðåïàäå äàâëåíèÿ, îáåñïå÷åííîãî ðàñ-
êðûòèåì æàðîâîé òðóáû (ÆÒ).

Êîýôôèöèåíò èçáûòêà âîçäóõà â çîíå ãîðåíèÿ:
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ãäå ôВ  — ïðèâåäåííûé ðàñõîä ôðîíòîâîãî óñò-

ðîéñòâà;

ÊÑВ  — ïðèâåäåííûé ðàñõîä êàìåðû ñãîðàíèÿ.

Äëÿ îïðåäåëåíèÿ ïðèâåäåííîãî ðàñõîäà ÷åðåç
ôðîíòîâîå óñòðîéñòâî çàäàâàëñÿ êîýôôèöèåíò
èçáûòêà âîçäóõà. Òàê êàê êàìåðû ñãîðàíèÿ, ðåà-
ëèçîâàííûå â ðàìêàõ êîíöåïöèè LPP, èìåþò â
çîíå ãîðåíèÿ α = 1,8 ÷ 2, âûðàæåíèå (3) ïðèìåò
âèä
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Òàêèì îáðàçîì, ïîòðåáíûé ðàñõîä âîçäóõà
÷åðåç îäíî ãîðåëî÷íîå óñòðîéñòâî áóäåò ñîñòàâ-
ëÿòü
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Äëÿ äàííîãî ðàñõîäà ïîòðåáíàÿ ïëîùàäü ñî-
ñòàâèò
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Çäåñü êρ  — ïëîòíîñòü ïîòîêà;

æðΔ  — ïåðåïàä äàâëåíèÿ íà ñòåíêàõ ÆÒ,

*
æ æ êð ðΔ σ= ◊

ãäå æσ  — ïîòåðè äàâëåíèÿ íà æàðîâîé òðóáå (äëÿ

ñîâðåìåííûõ êàìåð ñãîðàíèÿ îáû÷íî æσ = 3%).

Çíàÿ ïîòðåáíóþ ïëîùàäü, íåîáõîäèìî îáåñïå-
÷èòü îïòèìàëüíûå ãåîìåòðè÷åñêèå õàðàêòåðèñòèêè

çàâèõðèòåëÿ ñ äàííîé ïëîùàäüþ çàâF .

Äëÿ îïðåäåëåíèÿ ïëîùàäè ìåæëîïàòî÷íîãî
êàíàëà çàâèõðèòåëÿ èñïîëüçóåòñÿ ôîðìóëà

2 2
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ãäå δ  – òîëùèíà ëîïàòêè çàâèõðèòåëÿ; n – ÷èñ-

ëî ëîïàòîê; ϕ  — óãîë óñòàíîâêè ëîïàòîê; Dçàâ, dâò

– íàðóæíûé è âíóòðåííèé äèàìåòðû çàâèõðèòå-
ëÿ (ðèñ. 3).

Ðèñ. 3. Ñõåìà ãîðåëî÷íîãî óñòðîéñòâà
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Ó÷èòûâàÿ, ÷òî â ãîðåëî÷íûõ óñòðîéñòâàõ ñ
ðàçâèòîé âòóëêîé çàâèõðèòåëÿ îòíîøåíèå

âò

çàâ

d

D
μ =  äîëæíî ëåæàòü â äèàïàçîíå 0,4—0,45,

ïîëó÷èì çàâèñèìîñòü äëÿ îïðåäåëåíèÿ äèàìåòðà
çàâèõðèòåëÿ ñ ó÷åòîì äàííîãî ñîîòíîøåíèÿ [7]:
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Ñðåäíåå âðåìÿ ïðåáûâàíèÿ ãàçà â æàðîâîé
òðóáå îïðåäåëÿåòñÿ çàâèñèìîñòüþ
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ãäå Râ — óíèâåðñàëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ;

*
ê â,T G  —òåìïåðàòóðà è ðàñõîä âîçäóõà íà âõîäå â

êàìåðó.
Îáúåì æàðîâîé òðóáû ÊÑ îïðåäåëÿåòñÿ âûðà-

æåíèåì

æ ñð æ æ,V d H Lπ=                    (10)

ãäå dñð — ñðåäíèé äèàìåòð ÆÒ; Íæ — âûñîòà êîëü-
öåâîé ÆÒ; Læ — äëèíà ÆÒ.

Èñõîäÿ èç îñîáåííîñòåé ãàçîäèíàìè÷åñêèõ
ïðîöåññîâ â çîíå ãîðåíèÿ, âûÿâëåíî, ÷òî ðàçìåð
çàêðó÷åííîé ñòðóè â ïîïåðå÷íîì ñå÷åíèè ñîñòàâ-
ëÿåò 2,55Da, ïîýòîìó âûñîòà ñå÷åíèÿ æàðîâîé
òðóáû äîëæíà áûòü íå ìåíåå

æ 2,55 .aH D= ◊                    (11)

Èçâåñòíî, ÷òî äëÿ îáåñïå÷åíèÿ íèçêîãî âûáðî-
ñà îêñèäîâ àçîòà â ïðîäóêòàõ ñãîðàíèÿ âðåìÿ ïðå-

áûâàíèÿ ïðτ  äîëæíî ëåæàòü â ïðåäåëàõ 5—7 ìñ.

Çàäàâøèñü âðåìåíåì ïðåáûâàíèÿ, ìîæíî îïðåäå-
ëèòü äëèíó êàìåðû ñãîðàíèÿ:
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Äëÿ îáåñïå÷åíèÿ ñîñòàâà ñìåñè íà âûõîäå èç
ôðîíòîâîãî óñòðîéñòâà α ≈ 2, â ñîîòâåòñòâèè ñ
ïðåäñòàâëåííîé âûøå ìåòîäèêîé, âûáðàíî êîëè-
÷åñòâî ãîðåëî÷íûõ óñòðîéñòâ, ðàâíîå 34.

Ïðîôèëèðîâàíèå äèôôóçîðà âûïîëíåíî â ñî-
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ãäå iL  è iF  — òåêóùèå äëèíà è ïëîùàäü äèôôó-

çîðà; äF  — ïëîùàäü âûõîäíîãî ñå÷åíèÿ äèôôó-

çîðà; êF  — ïëîùàäü ñå÷åíèÿ íà âõîäå â êàìåðó

ñãîðàíèÿ; äL  —äëèíà äèôôóçîðà.
Â ðåçóëüòàòå ñïðîåêòèðîâàí îòðûâíîé èçîãðà-

äèåíòíûé äèôôóçîð, ïîçâîëèâøèé îáåñïå÷èòü
íåîáõîäèìîå ðàñïðåäåëåíèå ïîëåé ñêîðîñòåé è
äàâëåíèé íà âõîäå âî ôðîíòîâîå óñòðîéñòâî êàìå-
ðû ñãîðàíèÿ.

Äëÿ îïðåäåëåíèÿ ñóììàðíûõ ïîòåðü â êàìåðå
ñãîðàíèÿ âîñïîëüçóåìñÿ çàâèñèìîñòüþ
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ãäå 0ς  — êîýôôèöèåíò, ó÷èòûâàþùèé ñîïðîòèâ-

ëåíèå ôðîíòîâîãî óñòðîéñòâà è ïåðåòåêàíèå âîç-

äóõà ÷åðåç îòâåðñòèÿ æàðîâîé òðóáû; 2
ä

1

F
n

F
=  —

ñòåïåíü äèôôóçîðíîñòè; ïðα γ β= -  — ïðèâåäåí-

íûé óãîë äèôôóçîðà; Fê — ïëîùàäü ñå÷åíèÿ íà
âõîäå â êàìåðó; F0 — ñóììàðíàÿ ïëîùàäü îòâåð-
ñòèé íà ñòåíêàõ æàðîâîé òðóáû.

Òàê êàê îáùèé êîýôôèöèåíò èçáûòêà âîçäó-

õà â êàìåðå ñãîðàíèÿ 5Σα = , òî ïîÿâëÿåòñÿ çàäà-

÷à ôîðìèðîâàíèÿ çàêîíà îïòèìàëüíîãî ðàñïðåäå-
ëåíèÿ âîçäóõà ÷åðåç ôðîíòîâîå óñòðîéñòâî è ïî
äëèíå æàðîâîé òðóáû.

Â ïåðâîé ÷àñòè ðàñ÷åòà îïðåäåëåíî êîëè÷åñòâî
è äèàìåòð çàâèõðèòåëåé, íàõîäÿùèõñÿ âî ôðîíòî-
âîì óñòðîéñòâå, êîòîðûå ôîðìèðóþò â çîíå ãîðå-
íèÿ êîýôôèöèåíò èçáûòêà âîçäóõà α =2.

Ãðàíèöà çîíû îáðàòíûõ òîêîâ, ôîðìèðóåìîé
ýòèìè çàâèõðèòåëÿìè, îïðåäåëÿåòñÿ èñõîäÿ èç
óñëîâèÿ:

0,56
ÇÎÒ ê(1,31 0,8) ,aL n D= +              (15)
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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

ãäå nê — ïàðàìåòðîì êðóòêè; Da — äèàìåòð ñîïëà
ãîðåëêè.

Â ñîîòâåòñòâèè ñ òåì, ÷òî êîíöåïöèÿ LPP
ïðåäóñìàòðèâàåò ïîäà÷ó âîçäóõà â çîíó ãîðåíèÿ
òîëüêî ÷åðåç ôðîíòîâîå óñòðîéñòâî, ïîäâîä âîçäóõà
â çîíó ðàçáàâëåíèÿ áûë îðãàíèçîâàí ãàðàíòèðîâàí-
íî äàëüøå LÇÎÒ íà ðàññòîÿíèè õ/L = 0,62, ÷òîáû íå
äîïóñòèòü äîïîëíèòåëüíîãî ïîäìåøèâàíèÿ âîçäó-
õà â çîíó ãîðåíèÿ (ðèñ. 4).

Êîëè÷åñòâî è äëèíû ïðîôèëüíûõ îõëàæäàþ-
ùèõ ñåêöèé íà æàðîâîé òðóáå âûáðàíû èç óñëî-
âèÿ ýôôåêòèâíîñòè ïëåíî÷íîãî îõëàæäåíèÿ ïðè
ïîìîùè ïîëèíîìà [8]:

ïë
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(16)

ãäå dîòâ — äèàìåòð îõëàæäàþùèõ îòâåðñòèé; õ —
ïðîäîëüíàÿ êîîðäèíàòà ðàñïðîñòðàíåíèÿ îõëàæ-

äàþùåé ñòðóè; z — ïîïåðå÷íàÿ êîîðäèíàòà ðàñ-
ïðîñòðàíåíèÿ îõëàæäàþùåé ñòðóè.

Â ðåçóëüòàòå ïðîåêòèðîâàíèÿ ïðîôèëü æàðî-
âîé òðóáû ñîñòîèò èç ÷åòûðåõ ñåêöèé ïî íàðóæ-
íîìó è âíóòðåííåìó êîæóõó. Äëèíà íàðóæíûõ
ñåêöèé 90 ìì, íà íèõ âûïîëíåíû îòâåðñòèÿ äèà-
ìåòðîì 2 ìì â êîëè÷åñòâå 475 øò. Âíóòðåííèå ñåê-
öèè òàêæå èìåþò äëèíó 90 ìì ñ äèàìåòðîì îòâåð-
ñòèé 2 ìì ïî 310 øò.

Â ðåçóëüòàòå ñôîðìèðîâàí îáëèê êàìåðû ñãî-
ðàíèÿ (ðèñ. 5), æàðîâàÿ òðóáà êîòîðîé ìíîãîñåê-
öèîííàÿ, êîëüöåâîãî òèïà, ñ ôðîíòîâûì óñòðîé-
ñòâîì, ñîñòîÿùèì èç ãîðåëî÷íûõ óñòðîéñòâ, ðàç-
ìåùåííûõ ïî îêðóæíîñòè. Êàæäàÿ ñåêöèÿ èìååò
îñîáûé ïðîôèëü ñ èçãèáîì, â êîòîðîì âûïîëíå-
íû îòâåðñòèÿ äëÿ ïîäâîäà îõëàæäàþùåãî âîçäó-
õà. Ñåêöèè ñîåäèíåíû äðóã ñ äðóãîì òî÷å÷íîé
ýëåêòðîñâàðêîé, îáðàçóÿ íàðóæíûé è âíóòðåííèé
êîæóõè æàðîâîé òðóáû. Ïî ðåçóëüòàòàì ðàñ÷åòà
15% âîçäóõà íàïðàâëåíî íà îõëàæäåíèå æàðîâîé
òðóáû, 41,5% ÷åðåç ôðîíòîâîå óñòðîéñòâî, à îñ-
òàâøèåñÿ 43,5% âîçäóõà íàïðàâëåíû âî âòîðè÷íóþ
çîíó (çîíó ðàçáàâëåíèÿ) ïðè ïîìîùè ââàðèâàåìûõ
â ñòåíêè æàðîâîé òðóáû âòóëîê (ðèñ. 5).

Îäíîìåðíîå ìîäåëèðîâàíèå

Çîíà ãîðåíèÿ LÐÐ-êàìåð ñãîðàíèÿ ïî ñâîåìó
ãàçîäèíàìè÷åñêîìó, òåðìîäèíàìè÷åñêîìó è êèíå-
òè÷åñêîìó ñîñòîÿíèþ íàèáîëåå ïîëíî ñîîòâåò-
ñòâóåò ìîäåëè ðåàêòîðà èäåàëüíîãî ñìåøåíèÿ [9].

Ñ÷èòàåì, â ñîîòâåòñòâèè ñ êîíöåïöèåé LÐÐ,
÷òî òîïëèâî è âîçäóõ ñ ïîñòîÿííûì ðàñõîäîì Gò
è Gâ ïîñòóïàþò â íåêîòîðûé îáúåì V, â êîòîðîì
ïðîòåêàåò õèìè÷åñêàÿ ðåàêöèÿ è îáåñïå÷èâàåòñÿ
ìãíîâåííîå ñìåøåíèå è ðåàãèðîâàíèå ñâåæèõ

Ðèñ. 4. Ðàñïðåäåëåíèå êîýôôèöèåíòà èçáûòêà âîçäóõà
ïî äëèíå æàðîâîé òðóáû

Ðèñ. 5. Ñõåìà LÐÐ-êàìåðû ñãîðàíèÿ
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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

ïîðöèé òîïëèâà è âîçäóõà äî ñîñòîÿíèÿ, îïðåäå-
ëÿåìîãî ðåæèìîì ãîðåíèÿ. Òàêæå ïîëàãàåì, ÷òî
êîíöåíòðàöèè ðåàãåíòîâ, ëèìèòèðóþùèõ ñêîðîñòü
õèìè÷åñêèõ ðåàêöèé, íå èçâåñòíû. Íî îíè ïðî-
ïîðöèîíàëüíû ñîîòâåòñòâóþùèì êîíöåíòðàöèÿì
òîïëèâà è âîçäóõà. Âåäóùèì â ýòîé ñèñòåìå óðàâ-
íåíèé ÿâëÿåòñÿ âûðàæåíèå äëÿ ñêîðîñòè õèìè÷åñ-
êîé ðåàêöèè Wõð – êàê êîëè÷åñòâî âåùåñòâà, ðå-
àãèðóþùåãî â åäèíèöå îáúåìà â åäèíèöó âðåìå-
íè [10]:

ñãîð ÇÃ
ò ò ÇÃ â ÇÃ

õð
ÇÃ ÇÃ ÇÃ 0 ÇÃ

,
G G G

W
V V V L

η η
α

◊
= = = ◊

◊         (17)

ãäå ÇÃ
âG  — ðàñõîä âîçäóõà, ïîñòóïàþùèé â êàìå-

ðó ñãîðàíèÿ ÷åðåç ôðîíòîâîå óñòðîéñòâî; ÇÃη  —

ïîëíîòà ñãîðàíèÿ òîïëèâà â çîíå ãîðåíèÿ; Gò —

ðàñõîä òîïëèâà; ÇÃα  – êîýôôèöèåíò èçáûòêà âîç-

äóõà â çîíå ãîðåíèÿ
Ñ äðóãîé ñòîðîíû, ðàññìàòðèâàÿ êèíåòèêó

ãîðåíèÿ êàê õèìè÷åñêóþ áèìîëåêóëÿðíóþ áðóò-
òî-ðåàêöèþ òîïëèâà ñ îêèñëèòåëåì, ìîæíî çàïè-
ñàòü:

2 *
õð ò â ÇÃ ÇÃ *

1 ÇÃ

exp ,
E

W В g g Ò
R T

ρ
È ˘

= Í ˙
Í ˙Î ˚

           (18)

ãäå Â – ýêñïåðèìåíòàëüíûé êîýôôèöèåíò, ó÷è-
òûâàþùèé ÷èñëî ñòîëêíîâåíèé ìîëåêóë, çàâèñÿ-
ùèé îò ïðèðîäû ðåàãèðîâàíèÿ è óñëîâèé ïðîòå-
êàíèÿ ðåàêöèé; R1 – ãàçîâàÿ ïîñòîÿííàÿ; Å –

ýíåðãèÿ àêòèâàöèè; *
ÇÃT  – òåìïåðàòóðà ïðîäóêòîâ

ñãîðàíèÿ.
Îòíîñèòåëüíàÿ âåñîâàÿ êîíöåíòðàöèÿ îñòàâ-

øåãîñÿ òîïëèâà â ðåàãèðóþùèõ ãàçàõ è ïðîäóêòàõ

òg , âûõîäÿùèõ èç çîíû ãîðåíèÿ:
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ãäå îñò
òG  – íå ñãîðåâøàÿ â çîíå ãîðåíèÿ äîëÿ òîï-

ëèâà; GÇÃ – ñóììàðíûé ðàñõîä âîçäóõà è òîïëèâà
÷åðåç çîíó ãîðåíèÿ.

Îòíîñèòåëüíàÿ âåñîâàÿ êîíöåíòðàöèÿ âg îñ-

òàâøåãîñÿ âîçäóõà â ðåàãèðóþùèõ ãàçàõ è ïðîäóê-
òàõ, âûõîäÿùèõ èç çîíû ãîðåíèÿ:

( )
îñò ÇÃ
â â ò ÇÃ 0 ÇÃ ÇÃ

â 0
ÇÃ ÇÃ 0ò ÇÃ 0

.
11

G G G L
g L

G LG L

η α η
αα

- -
= = =

++    (20)

Òåìïåðàòóðà ïðîäóêòîâ ãîðåíèÿ, ïîêèäàþùèõ

çîíó ãîðåíèÿ (ïðè ÇÃα > 1,0):
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ãäå *
êÒ  — òåìïåðàòóðà âîçäóõà çà êîìïðåññîðîì;

òåîð
ÇÃÒ — òåîðåòè÷åñêàÿ òåìïåðàòóðà ãîðåíèÿ â çîíå

ãîðåíèÿ ïðè óñëîâèè ïîëíîãî ñãîðàíèÿ òîïëèâà
(ñïðàâî÷íûå äàííûå); Ñð — óäåëüíàÿ òåïëîåì-

êîñòü, Äæ/(êã·Ê), *
ÇÃ, ÇÃ( ).pC f Òα=

Ïîäñòàâèâ âûðàæåíèÿ (19)—(21) â óðàâíåíèå
(18) è ïðîâåäÿ íåêîòîðûå ïðåîáðàçîâàíèÿ, ïîëó-
÷èì äèôôåðåíöèàëüíîå óðàâíåíèå äëÿ îïðåäåëå-
íèÿ äèíàìèêè âûãîðàíèÿ è óðàâíåíèå äëÿ îïðå-
äåëåíèÿ òåìïåðàòóðû ãîðåíèÿ:
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ãäå L0 – ñòåõèîìåòðè÷åñêèé êîýôôèöèåíò; Hu –
òåïëîòâîðíàÿ ñïîñîáíîñòü òîïëèâà; R0 — óíèâåð-
ñàëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ; Dæ – äèàìåòð ÆÒ;

Fæ – ïëîùàäü ÆÒ; Gâ – ðàñõîä âîçäóõà; ñìμ  – ìî-

ëåêóëÿðíûé âåñ ñìåñè ãàçîâ,

ñì
ò ÇÃ 0 â

1 1
1

L
μ

μ α μ
Ê ˆ

= +Á ˜Ë ¯ ;

xη  – òåêóùåå çíà÷åíèå ñóììàðíîé ïîëíîòû ñãî-

ðàíèÿ òîïëèâà â çîíå ãîðåíèÿ; l = LÇÃ /Dæ – îòíî-

ñèòåëüíàÿ äëèíà ÇÃ; 
ÇÃ

x
x

L
= ; õ – òåêóùåå ðàññòî-

ÿíèå îò íà÷àëà ÇÃ; LÇÃ – äëèíà ÇÃ.
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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Ïðè ýòîì íà÷àëüíûå ïàðàìåòðû íà âõîäå â

çîíó ãîðåíèÿ * * â ò
ÇÃ ê ÇÃ ÇÃ, , ,ð Ò G G  ÿâëÿþòñÿ çàäàííû-

ìè.
Â ðåçóëüòàòå ðåøåíèÿ ñèñòåìû óðàâíåíèé

âû÷èñëÿþòñÿ ñëåäóþùèå ïàðàìåòðû ñìåñè â çîíå
ãîðåíèÿ ïðè ñòàöèîíàðíîì ðåæèìå ãîðåíèÿ:

*
ÇÃ ÇÃ ÇÃ, , .Òα η

Â ñîîòâåòñòâèè ñ òåì, ÷òî ïðè ñæèãàíèè «áåä-
íîé» ÒÂÑ â LÐÐ-êàìåðàõ ñãîðàíèÿ âñå òîïëèâî
ñãîðàåò â çîíå ãîðåíèÿ äî ðÿäà ðàñïîëîæåíèÿ
âîçäóõîïîäâîäÿùèõ îòâåðñòèé èëè ïàòðóáêîâ, çà
äàííûìè îòâåðñòèÿìè ôîðìèðóåòñÿ çîíà ñìåøå-
íèÿ.

Ïîïåðå÷íàÿ ïîäà÷à ñòðóé â æàðîâóþ òðóáó
èñïîëüçóåòñÿ äëÿ ãëóáîêîãî ïðîíèêíîâåíèÿ â
ñíîñÿùèé ïîòîê ïðîäóêòîâ ñãîðàíèÿ, â ðåçóëüòàòå
÷åãî ôîðìèðóåòñÿ ïîëå òåìïåðàòóð íà âûõîäå èç
êàìåðû ñãîðàíèÿ. Ñî÷åòàíèå ãåîìåòðè÷åñêèõ îñî-
áåííîñòåé ñìåñèòåëåé èëè îòâåðñòèé è ñàìîé
æàðîâîé òðóáû îïðåäåëÿåò ðàçâèòèå òðàåêòîðèé
ïðîíèêàþùèõ â íåå ñòðóé (ðèñ. 6).

Äëÿ âû÷èñëåíèÿ ïàðàìåòðîâ â âûõîäíîì ñå÷å-
íèè çîíû ñìåøåíèÿ èñïîëüçóþòñÿ ñèñòåìû óðàâ-
íåíèé ñîõðàíåíèÿ ðàñõîäà, èìïóëüñà è ýíåðãèè,
àíàëîãè÷íûå îïèñûâàþùèì ñïóòíîå âòåêàíèå
ñòðóé. Îäíàêî ïðè ýòîì ïðèíèìàþòñÿ ñëåäóþùèå
äîïóùåíèÿ.

Ðàäèàëüíàÿ êîìïîíåíòà ñêîðîñòè óλ  îïðåäå-
ëÿåòñÿ ïåðåïàäîì ñòàòè÷åñêèõ äàâëåíèé ïîòîêîâ

íà ñòåíêå æàðîâîé òðóáû ( ) æ1

ð1

.ó

ð

ð
π λ =

Ïðîäîëüíàÿ êîìïîíåíòà ñêîðîñòè âòåêàþùèõ
ïðèíèìàåòñÿ ðàâíîé ñêîðîñòè äâèæåíèÿ âîçäóõà
â îáúåìå ñãîðàíèÿ [11].

Ðàñõîä âîçäóõà ÷åðåç îòâåðñòèÿ

( )p1
îòâ p îòâ îòâ

p1

.
ð

G m F q
T

μ λ=          (24)

Äàâëåíèå íà ñòåíêå

( )
( )

( )
( )

1 21* *
ð2 ð1

1 2 1

11* îòâ
ð1

1 æ2

1 .
1

ð pp

Ð ð p

ðp

P ð

q GF
ð ð

F q G

qF G
ð

F Gq

λ

λ

λ

λ

= ◊ =

Ê ˆ
= ◊ ◊ -Á ˜-Ë ¯

            
(25)

Îòíîñèòåëüíûé ðàñõîä âîçäóõà ÷åðåç îòâåðñòèÿ

îòâ1
îòâ

â

.
G

G
G

=                     (26)

Òåìïåðàòóðà ãàçîâ ïîñëå âòåêàíèÿ ñòðóé

*
* æ1
æ

îòâ

*
1 1æ1 1 2

îòâ *
æ2 æ2 æ 0 æ2æ1

1

,ð ð u

Ò
Ò

G

Ò CpCp Í
G

Cp Cp L CpÒ

Δη
α

-

= ¥
+

Ê ˆ◊
¥ + ◊ +Á ˜
Á ˜Ë ¯

    
(27)

ãäå *
æ1Ò  — òåìïåðàòóðà íà âûõîäå èç çîíû ãîðå-

íèÿ; æ1 æ2,Cp Cp  — òåïëîåìêîñòè ãàçîâ äî è ïîñëå

âòåêàíèÿ ñòðóè; *
1ðÒ  — òåìïåðàòóðà âîçäóõà, âäó-

âàåìîãî â æàðîâóþ òðóáó; 1ðCp  — òåïëîåìêîñòü

âîçäóõà âäóâàåìîãî â æàðîâîé òðóáå; æα  — êîýô-

ôèöèåíò èçáûòêà âîçäóõà â æàðîâîé òðóáå.
Â ñîîòâåòñòâèè ñ èçëîæåííîé âûøå ìåòîäèêîé

ïðîèçâåäåí ðàñ÷åò ïàðàìåòðîâ êàìåðû ñãîðàíèÿ
(ðèñ. 7).

Êàìåðà èìååò ñëåäóþùèå ïàðàìåòðû íà âõî-
äå [12]:

1) ðàñõîä âîçäóõà Gâ = 93,8 êã/ñ;

2) òåìïåðàòóðà âîçäóõà *
êÒ = 611,3 Ê;

3) äàâëåíèå âîçäóõà *
êð = 8,95·105 Ïà ;

4) êîýôôèöèåíò èçáûòêà âîçäóõà α = 5;

5) êîýôôèöèåíò âîññòàíîâëåíèÿ ïîëíîãî äàâ-

ëåíèÿ ê1 0,96.σ- =
Â ñîîòâåòñòâèè ñ äàííîé ìåòîäèêîé ïðîèçâå-

äåí ðàñ÷åò ïàðàìåòðîâ ïî äëèíå æàðîâîé òðóáû ñ
ãîðåëî÷íûì óñòðîéñòâîì, â ëîïàòî÷íîì çàâèõðè-
òåëå êîòîðîãî ìåíÿëèñü óãëû óñòàíîâêè ëîïàòîê.

Ðèñ. 6. Ñõåìà âòåêàíèÿ ñòðóè âîçäóõà â æàðîâóþ òðóáó:
1, 2 — âõîäíîå è âûõîäíîå ñå÷åíèÿ çîíû ñìåøèâàíèÿ
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Èç ðèñ. 7,á âèäíî, ÷òî ñàìîå âûñîêîòåìïåðà-
òóðíîå ãîðåíèå äîñòèãàåòñÿ â çàêðó÷åííîé ñòðóå,
ôîðìèðóåìîé çà ãîðåëî÷íûì óñòðîéñòâîì ñ óãëîì

óñòàíîâêè ëîïàòîê ϕ = 60°. Îñîáåííîñòü èçìåíå-
íèÿ òåìïåðàòóðû çäåñü çàêëþ÷àåòñÿ â åå ðîñòå ñ
îòäàëåíèåì îò ñðåçà ñîïëà, äîñòèæåíèè õàðàêòåð-
íîãî ìàêñèìóìà íà îïðåäåëåííîé äëèíå è äàëü-
íåéøåì åå ñíèæåíèè. Äàííàÿ îñîáåííîñòü îáúÿñ-
íÿåòñÿ ôîðìèðîâàíèåì â çîíå ãîðåíèÿ ñîñòàâà ñ
áîëåå «áîãàòûì» ñîñòàâîì ñìåñè, ÷åì çà ãîðåëî÷-

íûì óñòðîéñòâîì ñ ϕ = 45° (ðèñ. 7,à). Äàëüíåéøåå
ñíèæåíèå òåìïåðàòóðû îáúÿñíÿåòñÿ äîïîëíèòåëü-
íûì ïîäìåøèâàíèåì âîçäóõà â îñíîâíîé ïîòîê.

Àíàëîãè÷íàÿ êàðòèíà ôîðìèðóåòñÿ çà ãîðåëî÷-

íûì óñðîéñòâîì ñ óãëîì óñòàíîâêè ëîïàòîê ϕ = 45°,
îäíàêî ñðåäíåìàññîâàÿ òåìïåðàòóðà ïîòîêà íå-
ñêîëüêî íèæå, ÷åì â ïðåäûäóùåì ñëó÷àå, è ìàê-
ñèìóì òåìïåðàòóðû ñäâèíóò áëèæå ê ñðåçó ñîïëà.

×òî êàñàåòñÿ çàâèõðèòåëÿ ñ óãëîì óñòàíîâêè

ëîïàòîê ϕ = 30° (ðèñ. 7,â), òî çäåñü ñîçäàåòñÿ íèç-

Ðèñ. 7. Ðàñïðåäåëåíèå ïàðàìåòðîâ ïî äëèíå æàðîâîé òðóáû, ãîðåëî÷íîå óñòðîéñòâî ñ óãëîì óñòàíîâêè ëîïàòîê:

à — ϕ = 45°; á — ϕ = 60°; â — ϕ = 30°

â)

á)

à)



167Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹4
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êîñêîðîñòíîé íàïîð è óâåëè÷åííûé ðàñõîä âîç-
äóõà ÷åðåç ôðîíòîâîå óñòðîéñòâî, ÷òî ïðèâîäèò ê
îáåäíåíèþ ñîñòàâà ñìåñè â çîíå ãîðåíèÿ. Â ðå-
çóëüòàòå ÷åãî ôîðìèðóåòñÿ îáëàñòü ñî ñíèæåííîé
ïî ñðàâíåíèþ ñ äðóãèìè ðàññìîòðåííûìè âàðè-
àíòàìè òåìïåðàòóðîé [13, 14].

Ïðè ýòîì íàèáîëåå âûñîêàÿ ïîëíîòà ñãîðàíèÿ
íàáëþäàåòñÿ â êàìåðàõ ñãîðàíèÿ ñ ãîðåëî÷íûìè
óñòðîéñòâàìè, èìåþùèìè óãëîì óñòàíîâêè ëîïà-
òîê 45 è 60°.

Ìîäåëèðîâàíèå ãàçîäèíàìè÷åñêèõ ïðîöåññîâ

Äàëåå íà îñíîâå ïîëó÷åííîé îäíîìåðíîé ìî-
äåëè ÊÑ ñ ðàñïðåäåëåííûì âîçäóõîì ïî äëèíå
æàðîâîé òðóáû ñîçäàåòñÿ 3D-ìîäåëü êàìåðû ñãî-
ðàíèÿ, êîòîðàÿ èñïîëüçóåòñÿ äëÿ ïðîâåäåíèÿ ãà-
çîäèíàìè÷åñêîãî àíàëèçà ñîçäàííîé êîíñòðóêöèè.

Ðàñ÷åò ïðîöåññîâ â ñïðîåêòèðîâàííîé êàìåðå
ñãîðàíèÿ âûïîëíÿëñÿ â ñëåäóþùåé ïîñëåäîâàòåëü-
íîñòè. Â êà÷åñòâå ðàñ÷åòíîé îáëàñòè áûë ïðèíÿò
ñåãìåíò 1/34 åå ÷àñòè (ðèñ. 8) ñ îäíèì ãîðåëî÷íûì
óñòðîéñòâîì è ñî âñåìè êîíñòðóêòèâíûìè îñîáåí-
íîñòÿìè.

Ðàñ÷åòû ïðîâîäèëèñü â èäåàëüíîì ãàçîâîì ïðè-
áëèæåíèè íåñæèìàåìîé ãîìîãåííîé ñðåäû â ðàì-
êàõ àäèàáàòíîé ñòàöèîíàðíîé ïîñòàíîâêè çàäà÷è.

Â êà÷åñòâå ìîäåëè òóðáóëåíòíîñòè èñïîëüçî-
âàëàñü äâóõïàðàìåòðè÷åñêàÿ ìîäåëü RNG k- ε  ñî
ñòàíäàðòíûìè ïðèñòåíî÷íûìè ôóíêöèÿìè.

Ãîðåíèå ìîäåëèðîâàëîñü ñîâîêóïíîñòüþ ëàìè-
íàðíûõ î÷àãîâ ïëàìåíè (flamelet) â òóðáóëåíòíîì
ïîòîêå íåïåðåìåøàííûõ êîìïîíåíòîâ. Â êà÷åñòâå
íàáîðà õèìè÷åñêèõ ðåàêöèé îêèñëåíèÿ ìåòàíà
ðàññìàòðèâàëñÿ ìåõàíèçì Êåå58, âêëþ÷àþùèé
18 êîìïîíåíòîâ ñìåñè è 58 õèìè÷åñêèõ ðåàêöèé.

Ìîäåëü ãîðåíèÿ flamelet îñíîâûâàåòñÿ íà äâóõ

ïåðåìåííûõ: 1) ñìåøåíèå ξ , â ôîðìèðîâàíèå êî-

òîðîãî ñóùåñòâåííûé âêëàä âíîñèò ìîäåëü òóðáóëåí-
òíîñòè; 2) ñêîðîñòü ñêàëÿðíîé äèññèïàöèè χ , ïî ñó-

ùåñòâó õàðàêòåðèçóþùàÿñÿ ñòåïåíüþ äåôîðìàöèè
ôðîíòà ïëàìåíè [15].

Âåðîÿòíàÿ äåôîðìàöèÿ ôðîíòà ïëàìåíè âî
âíóòðèêàìåðíîì ïðîñòðàíñòâå êàìåðû ñãîðàíèÿ
òðåáóåò êîððåêòíîãî çàäàíèÿ çíà÷åíèÿ íà÷àëüíîé
ñêîðîñòè äèññèïàöèè χ

0 è äèàïàçîíà åå èçìåíå-

íèÿ â ñâÿçè ñ òåì, ÷òî â ïðåäåëå χ → 0 õèìè÷åñ-
êîå âçàèìîäåéñòâèå ñòðåìèòñÿ ê ðàâíîâåñèþ, à ñ
óâåëè÷åíèåì χ  íåðàâíîâåñíîñòü óâåëè÷èâàåòñÿ

èç-çà àýðîäèíàìè÷åñêîãî äåôîðìèðîâàíèÿ î÷àãà
ïëàìåíè. Ñîîòâåòñòâåííî, íà÷àëüíàÿ ñêîðîñòü
äèññèïàöèè è äèàïàçîí åå èçìåíåíèÿ âî ìíîãîì
îïðåäåëÿþò õàðàêòåð âíóòðèêàìåðíûõ ïðîöåññîâ,
òåìïåðàòóðíîå íåðàâíîâåñèå è ýìèññèîííûå õà-
ðàêòåðèñòèêè [16, 17].

Ðàñ÷åò NOx â ïðîäóêòàõ ñãîðàíèÿ îñíîâûâàë-
ñÿ íà òåðìè÷åñêîì è ñâåðõðàâíîâåñíîì ìåõàíèç-
ìàõ îáðàçîâàíèÿ NOx [18, 19].

Èíòåíñèâíîñòü çàêðóòêè ïîòîêà ìîäåëèðîâà-
ëàñü âåëè÷èíîé óãëà óñòàíîâêè ëîïàòîê çàâèõðè-
òåëÿ ãîðåëî÷íîãî óñòðîéñòâà. Ðàñïðåäåëåíèå ìå-
òàíà ÷åðåç îòâåðñòèÿ ëîïàòîê çàâèõðèòåëÿ (îñíîâ-
íîé ïîäâîä ìåòàíà) è ÷åðåç îòâåðñòèÿ öåíòðàëü-
íîé âòóëêè äåæóðíîãî ïëàìåíè îïðåäåëåíî â ñî-
îòíîøåíèè 0,9/0,1. ×èñëåííûå èññëåäîâàíèÿ ïðî-
âåäåíû äëÿ óñëîâèé íîìèíàëüíîãî ðåæèìà ðàáî-
òû (pí = 895000 Ïà). Ðåçóëüòàòû ðàñ÷åòîâ îò÷åòëè-
âî ïîêàçàëè íàëè÷èå ìîíîòîííûõ çàâèñèìîñòåé
ýìèññèîííûõ õàðàêòåðèñòèê îò èíòåíñèâíîñòè
çàêðóòêè.

Ðèñ. 8. Ãåîìåòðè÷åñêàÿ ìîäåëü ÊÑ è âíåøíèé âèä ãîðåëî÷íîãî óñòðîéñòâà
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Â êà÷åñòâå ïðèìåðà íà ðèñ. 9 îòðàæåíî âëèÿ-
íèå óãëà çàêðóòêè ïîòîêà ãîðåëî÷íûì óñòðîéñòâîì
íà ýìèññèîííûå õàðàêòåðèñòèêè íà âûõîäå èç ÊÑ,
çíà÷åíèÿ êîýôôèöèåíòîâ âîññòàíîâëåíèÿ ïîëíîãî
äàâëåíèÿ σ  è ïîëíîòû ñãîðàíèÿ η . Ïðåäñòàâëåí-

íûå çàâèñèìîñòè ðàññ÷èòàíû ïðè âåëè÷èíå íà-

÷àëüíîé äåôîðìàöèè ôðîíòà ïëàìåíè 0χ = 5 ñ-1 â

ìîäåëè ãîðåíèÿ flamelet äëÿ 80 ïëàìåí ñ øàãîì

Δχ = 0,5 ñ-1 [20]. Çàâèñèìîñòè ïîëó÷åíû íà îñíî-

âàíèè îñðåäíåíèÿ ðàññìàòðèâàåìûõ âåëè÷èí ïî
ìàññîâîìó ðàñõîäó è ïî ÷èñëó èòåðàöèé (> 8000)
äëÿ îáåñïå÷åíèÿ óñòîé÷èâîãî ñðåäíåãî çíà÷åíèÿ.
Ïðåäñòàâëåííûå îñðåäíåííûå ýìèññèîííûå õà-
ðàêòåðèñòèêè ïðèâåäåíû ê 15 % ñîäåðæàíèÿ êèñ-
ëîðîäà ïî ìåòîäèêå [21].

Óìåíüøåíèå óãëà óñòàíîâêè ëîïàòîê çàâèõðè-
òåëÿ ïðèâîäèò ê ïðèíöèïèàëüíûì èçìåíåíèÿì
ñòðóêòóðû ïîòîêà. Õàðàêòåðíûå ðàñïðåäåëåíèÿ
ñòàòè÷åñêîé òåìïåðàòóðû Ts è ïðîäîëüíîé ñîñòàâ-

ëÿþùåé ñêîðîñòè ïîòîêà zυ  â ïðîäîëüíîé ïëîñ-
êîñòè, ïðîõîäÿùåé ÷åðåç îñü ãîðåëî÷íîãî óñòðîé-
ñòâà, â çàâèñèìîñòè îò óãëà çàêðóòêè ïîòîêà ãî-
ðåëî÷íûì óñòðîéñòâîì ïðåäñòàâëåíû íà ðèñ. 10.

Îñíîâàíèå äëÿ êàðäèíàëüíûõ èçìåíåíèé
ñòðóêòóðû ïîòîêà î÷åâèäíî – óìåíüøåíèå ãèäðàâ-
ëè÷åñêîãî ñîïðîòèâëåíèÿ ÷åðåç ãîðåëî÷íîå óñò-
ðîéñòâî [22]. Ñîïóòñòâóþùèå ÿâëåíèÿ èçìåíåíèÿ
ñòðóêòóðû ïîòîêà:

— óâåëè÷åíèå ïðîáèâíîé ñïîñîáíîñòè ñìåñè
ãàçîâ, èñòåêàþùèõ èç ãîðåëî÷íîãî óñòðîéñòâà;

— óìåíüøåíèå âðåìåíè ïðåáûâàíèÿ â ðàáî÷åì
îáúåìå ÊÑ;

— óâåëè÷åíèå òåìïåðàòóðû ïðîäóêòîâ ñãîðà-
íèÿ â áëèæíåì ñëåäå çà ãîðåëî÷íûì óñòðîéñòâîì
(îáëàñòü äåæóðíîãî ôàêåëà);

— óìåíüøåíèå îáúåìà âûñîêîòåìïåðàòóðíîé
îáëàñòè ïî âíóòðèêàìåðíîìó ïðîñòðàíñòâó;

— óâåëè÷åíèå òåìïåðàòóðíîé íåðàâíîìåðíî-
ñòè íà âûõîäå ÊÑ;

— ñóùåñòâåííîå óìåíüøåíèå òåìïåðàòóðû ñòå-
íîê æàðîâîé òðóáû êàê âíóòðåííåãî, òàê è íàðóæ-
íîãî êîæóõà.

Óâåëè÷åíèå óãëà çàêðóòêè ñîîòâåòñòâóåò òåí-
äåíöèÿì ê áîëåå ðàâíîìåðíîìó ðàñïðåäåëåíèþ
âûñîêîòåìïåðàòóðíîé îáëàñòè ïî âñåìó âíóòðè-
êàìåðíîìó ïðîñòðàíñòâó è ïðèâîäèò ê óìåíüøå-
íèþ ìàêñèìàëüíî âîçìîæíîé òåìïåðàòóðû â ëî-
êàëüíûõ çîíàõ ÊÑ, êàê ïðàâèëî, â îáëàñòè çà ãî-
ðåëî÷íûì óñòðîéñòâîì, ò.å. â çîíå äåæóðíîãî
ïëàìåíè. Äàííîå îáñòîÿòåëüñòâî ñïîñîáñòâóåò è
áîëüøåé ðàâíîìåðíîñòè òåìïåðàòóðíîãî ïîëÿ íà
âûõîäå ÊÑ. Â ðåçóëüòàòå óâåëè÷åíèÿ óãëà çàêðóòêè
ëîïàòîê âîçìîæíî ëîêàëüíîå óâåëè÷åíèå ñêîðî-
ñòè â áëèæíåì ñëåäå çà ãîðåëî÷íûì óñòðîéñòâîì,
à ðåöèðêóëÿöèîííàÿ çîíà çà ãîðåëî÷íûì óñòðîé-
ñòâîì ñòàíîâèòñÿ áîëåå èíòåíñèâíîé [23, 24].

Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ ñâèäåòåëüñòâó-
åò, ÷òî óâåëè÷åíèå óãëà óñòàíîâêè ëîïàòîê â çà-
âèõðèòåëå ãîðåëî÷íîãî óñòðîéñòâà ïðèâîäèò ê
ïðèíöèïèàëüíûì èçìåíåíèÿì ñòðóêòóðû ïîòîêà
â ïåðâè÷íîé çîíå êàìåðû ñãîðàíèÿ, ÷òî òàêæå âëè-
ÿåò íà èçìåíåíèå ýìèññèîííûõ õàðàêòåðèñòèê. Íàè-
áîëåå îïòèìàëüíûå ýìèññèîííûå õàðàêòåðèñòèêè
ïî îêñèäàì àçîòà îáåñïå÷èâàåò êàìåðà ñ ãîðåëî÷íûì

óñòðîéñòâîì, èìåþùèì óãîë çàêðóòêè 45°.

Âûâîäû

Ïðåäëîæåííûé â äàííîé ðàáîòå ìíîãîóðîâíå-
âûé ïîäõîä ìîæåò ñïîñîáñòâîâàòü ñîêðàùåíèþ
ìàòåðèàëüíûõ è âðåìåííûõ çàòðàò íà ïðîåêòèðî-
âàíèå êàìåðû ñãîðàíèÿ, âûïîëíåííîé â ðàìêàõ
êîíöåïöèè LPP.

Ïðèìåíåíèå äàííîãî ïîäõîäà ïîçâîëèò ïîëó-
÷èòü ðåêîìåíäàöèè ïî óëó÷øåíèþ ïàðàìåòðîâ
ïðîåêòèðóåìîé êàìåðû ñãîðàíèÿ.

Ðèñ. 9. Çàâèñèìîñòè ýìèññèîííûõ õàðàêòåðèñòèê (à) è
çíà÷åíèé êîýôôèöèåíòîâ âîññòàíîâëåíèÿ ïîëíîãî äàâ-
ëåíèÿ è ïîëíîòû ñãîðàíèÿ (á) îò óãëà çàêðóòêè

á)

à)
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Ðèñ. 10. Ðàñïðåäåëåíèå ñòàòè÷åñêîé òåìïåðàòóðû è ïðîäîëüíîé ñîñòàâëÿþùåé ñêîðîñòè ïîòîêà â

çàâèñèìîñòè îò óãëà çàêðóòêè ïîòîêà:  à — yãîë 30°; á — yãîë 45°; â — yãîë 60°

à)

á)

â)

Íàèáîëåå îïòèìàëüíûå ýìèññèîííûå õàðàêòå-
ðèñòèêè ïî îêñèäàì àçîòà è ïîëíîòå ñãîðàíèÿ
îáåñïå÷èâàåò êàìåðà ñ ãîðåëî÷íûì óñòðîéñòâîì,

èìåþùèì óãîë çàêðóòêè 45°.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå
ãðàíòà ¹03-01-øÃ/2020 ìîëîäûõ ó÷åíûõ

Ðåñïóáëèêè Òàòàðñòàí 2020 ãîäà.
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Abstract

Despite the variety of the existing approaches, as
of today, no universal technique, allowing accounting
for the set of complex chemical and gas dynamic
process while developing and modeling low-emission
combustion chambers of gas turbine engines (GTE)
accomplished in the framework of the LPP (Lean
Prevaporized Premixed) concept has been developed.
The LPP-chamber operation is based on low-
temperature combustion of a pre-prepared “poor” air-
fuel mixture with excess-air factor of 1.8-2.0.

The presented article proposes a method for the
multilevel modelling implementation in the GTE low-
emission combustion chamber design process.
Combustion chamber accomplished in the framework
of the LPP concept was selected as the object of the
study. This concept is based on the combustion of
pre-prepared “poor” air-fuel mixture.

Multilevel modeling includes three stages of
computing: designing calculation, one-dimensional
modelling, and gas dynamic processes modeling. The
article presents the formed appearance of the
combustion chamber and its elements in accordance
with the proposed technique. Parameters computing
along the flame tube length of the three chambers,
where burner devices with different swirl angles of the
swirl vanes were installed, was performed.

The calculations were being performed in the
ideally gas approximation of the incompressible
homogeneous environment in the adiabatic statement
of the stationary problem.

The two-parameter RNG k- ε  model with standard
wall functions was used as the turbulence model.

Combustion was being modelled by the aggregate
of laminar flamelets in the turbulent flow of unmixed
components. The Kee58 mechanism, including
eighteen mixture components and fifty-eight chemical
reactions was considered as a set of methane oxidation
chemical reaction.

The NOx content computing in combustion
products was based on thermal and super equilibrium
mechanisms of NOx formation.

MULTILEVEL MODELLING APPLICATION IN THE GAS TURBINE ENGINE
LOW-EMISSION COMBUSTION CHAMBER DESIGN PROCESS

Baklanov A.V.

Kazan National Research Technical University named after A.N. Tupolev- KAI (KNRTU-KAI),
10, Karl Marks str., Kazan, 420111, Russia

e-mail: andreybaklanov@bk.ru

Analysis of the obtained results revealed that
increasing of the twist angle in the blade swirl of the
burner device leads to fundamental changes in the flow
structure in the primary zone of the combustion
chamber, which affects the change in emission
characteristics as well. The chamber with the burner

device with the twist angle of 45° ensures the best
optimal emission characteristics on nitrogen oxides.

Keywords: gas turbine engine, combustion
chamber, in-chamber processes simulation, low-
emission combustion, burner device.
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