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Ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî è ðàñ÷åòíîãî èññëåäîâàíèÿ â íàãðåòîì çàêðó÷åííîì ïîòîêå ðàñ-
ïðåäåëåíèÿ ïîëåé òåìïåðàòóð è ñìåøåíèÿ òîïëèâà ñ îêðóæàþùèì âîçäóõîì. ×èñëåííûìè ðàñ÷åòàìè âûÿâëåíî
âëèÿíèÿ òèïà è õàðàêòåðíîãî ðàçìåðà ñåòî÷íûõ ýëåìåíòîâ.

Êëþ÷åâûå ñëîâà: êàìåðà ñãîðàíèÿ ÃÒÄ, ÷èñëåííîå ìîäåëèðîâàíèå, çàêðóòêà ïîòîêà, êîýôôèöèåíò ñìåøåíèÿ,
ðàçìåð ñåòî÷íîãî ýëåìåíòà, òèï ðàñ÷¸òíîé ñåòêè.

Ââåäåíèå

Â áîëüøèíñòâå êàìåð ñãîðàíèÿ ñîâðåìåííûõ
ãàçîòóðáèííûõ äâèãàòåëåé (ÃÒÄ) íàçåìíîãî è
àâèàöèîííîãî íàçíà÷åíèÿ íà âõîäå â æàðîâóþ
òðóáó, êîíöåíòðè÷íî ñ òîïëèâíîé ôîðñóíêîé, óñ-
òàíàâëèâàþò ëîïàòî÷íûé çàâèõðèòåëü. Çàâèõðè-
òåëü ñîçäàåò çàêðóòêó âîçäóõà è ñïîñîáñòâóåò
íàèëó÷øåìó ñìåøåíèþ òîïëèâà ñ âîçäóõîì. Ïðè
çàêðóòêå ïîòîêà â åãî ÿäðå îáðàçóåòñÿ çîíà ïîíè-
æåííîãî äàâëåíèÿ, â ðåçóëüòàòå ÷åãî ãàçû ñ ïåðè-
ôåðèè ïîòîêà âîçâðàùàþòñÿ â êîðåíü çàêðó÷åí-

íîé ñòðóè, è îáðàçóåòñÿ çîíà îáðàòíûõ òîêîâ,
áëàãîäàðÿ ÷åìó ñòàáèëèçèðóåòñÿ ãîðåíèå òîïëè-
âà ïî ñðûâíûì õàðàêòåðèñòèêàì. Óâåëè÷åíèå óãëà
óñòàíîâêè ëîïàòîê çàâèõðèòåëÿ ïðèâîäèò ê èíòåí-
ñèôèêàöèè îáðàçîâàíèÿ òîïëèâî-âîçäóøíîé ñìå-
ñè è ðàñøèðåíèþ ãðàíèö çîíû îáðàòíûõ òîêîâ,
îäíàêî ïðè ýòîì óâåëè÷èâàþòñÿ ãèäðàâëè÷åñêèå
ïîòåðè íà ôðîíòîâîì óñòðîéñòâå, ÷òî, â ñâîþ
î÷åðåäü, âíîñèò âêëàä â óìåøåíèå ìîùíîñòè èëè
òÿãè äâèãàòåëÿ.
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Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå
êîýôôèöèåíòà ñìåøåíèÿ

Êà÷åñòâî ñìåøåíèÿ òîïëèâà ñ âîçäóõîì õàðàê-
òåðèçóåò ýôôåêòèâíîñòü ðàáîòû ôðîíòîâîãî óñò-
ðîéñòâà. Â [1—4] (À. Ëåôåâð, Â.À. Êîñòåðèí,
À. Ãóïòà, Ð.Á. Àõìåäîâ è äð.) ïðåäëàãàåòñÿ îöåíè-
âàòü ïðîöåññ ñìåøåíèÿ ñ ïîìîùüþ êîýôôèöèåíòà
ñìåøåíèÿ m, ïðåäñòàâëÿþùåãî ñîáîé îòíîøåíèå
ðàñõîäà ýæåêòèðîâàííîãî âîçäóõà ê ðàñõîäó çàêðó-
÷åííîé ñòðóè:
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ãäå GÝ — ðàñõîä ýæåêòèðîâàííîãî âîçäóõà; GÇ —
ðàñõîä çàêðó÷åííîé ñòðóè.

Äëÿ ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ïðî-
öåññîâ ñìåøåíèÿ ñ ïîìîùüþ òåõíîëîãèè ïîñëîé-
íîãî íàïëàâëåíèÿ FMD (Fused Deposition Modeling)
áûëè ñîçäàíû ðàçëè÷íûå êîíñòðóêöèè ëîïàòî÷-
íûõ çàâèõðèòåëåé, ðàçëè÷àþùèåñÿ óãëàìè óñòà-
íîâêè ëîïàòîê çàâèõðèòåëÿ.

Çàâèõðèòåëè ïîìåùàëèñü íà ýêñïåðèìåíòàëü-
íóþ óñòàíîâêó (ðèñ. 1). Èñòî÷íèêîì íàãíåòàíèÿ
âîçäóõà ÿâëÿëàñü ìèêðîòóðáèíà 1, ïîòîê âîçäóõà
îò êîòîðîé ïðîõîäèë ÷åðåç ýëåêòðè÷åñêèé íàãðå-
âàòåëüíûé ýëåìåíò 3 è íàãðåâàëñÿ â çàâèñèìîñòè

îò ðåæèìà äî 100—120 °Ñ. Íàãðåòûé ïîòîê âîç-
äóõà ïðîõîäèë ÷åðåç êàìåðó 4, â êîòîðîé âûðàâ-
íèâàëèñü ïîëÿ ñêîðîñòåé è òåìïåðàòóðû, è ïðî-
õîäèë ÷åðåç ñìåííûå çàâèõðèòåëè â îòêðûòîå ïðî-
ñòðàíñòâî, â êîòîðîì íàáëþäàëàñü îòíîñèòåëüíî

íèçêàÿ òåìïåðàòóðà 20 °Ñ.
Â ïðîöåññå ýêñïåðèìåíòà, â îñåâîì è ðàäèàëü-

íîì íàïðàâëåíèè, çàìåðÿëèñü ïîëÿ òåìïåðàòóð è
ïîëíîãî äàâëåíèÿ ïîòîêà. Äëÿ âû÷èñ-
ëåíèÿ êîýôôèöèåíòà ñìåøåíèÿ m èñ-

ïîëüçîâàëèñü ðàñïðåäåëåíèÿ òåìïåðàòóðû è íà îñ-
íîâàíèè ýòèõ èçìåðåíèé ðàññ÷èòûâàëñÿ êîýôôè-
öèåíò ïî ôîðìóëå
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ðàòóð ïåðåä çàâèõðèòåëåì, â ñòðóå è îêðóæàþùåì
âîçäóõå.

Íà ðèñ. 2 ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåí-
òàëüíûõ èçìåðåíèé êîýôôèöèåíòà ñìåøåíèÿ â
ñîïîñòàâëåíèè ñ äàííûìè äðóãèõ àâòîðîâ. Äëÿ ñðàâ-
íåíèÿ ðåçóëüòàòîâ èçìåðåíèé ïî ðàçëè÷íûì êîíñò-
ðóêöèÿì çàâèõðèòåëåé âñå çàâèñèìîñòè áûëè ïðè-
âåäåíû ê ñðåäíåìó ìåæëîïàòî÷íîìó ðàäèóñó çàâèõ-

ðèòåëÿ, êîòîðûé îïðåäåëÿëñÿ êàê 0
çàâ.ñð 4

d d
R

+
= .

Âèäíî, ÷òî ïðè îòäàëåíèè îò óñòüÿ è ïðè óâåëè-
÷åíèè óãëà óñòàíîâêè ëîïàòîê çàâèõðèòåëåé ϕ
êîýôôèöèåíò ñìåøåíèÿ m âîçðàñòàåò, ò.å. âîçðà-
ñòàåò êîëè÷åñòâî ýæåêòèðîâàííîãî ê ñòðóå âîçäó-
õà. Àíàëîãè÷íûå çàâèñèìîñòè ïîëó÷åíû äðóãèìè
àâòîðàìè, ÷òî ñâèäåòåëüñòâóåò î äîñòîâåðíîñòè
ðåçóëüòàòîâ ïðîâåäåííûõ èçìåðåíèé.

Òàêèì îáðàçîì, ðåçóëüòàòû ýêñïåðèìåíòàëü-
íîãî èññëåäîâàíèÿ óêàçûâàþò íà îáùóþ çàêîíî-
ìåðíîñòü, õàðàêòåðíóþ äëÿ ñìåøåíèÿ â çàêðó÷åí-
íîé ñòðóå ñ îêðóæàþùèì âîçäóõîì: 1) ñ óâåëè÷å-
íèåì èíòåíñèâíîñòè êðóòêè (óâåëè÷åíèåì óãëà óñ-
òàíîâêè ëîïàòîê), â ïðåäåëàõ èññëåäîâàííûõ óã-
ëîâ ïîâîðîòà ëîïàòîê, âîçðàñòàåò ýæåêöèîííàÿ

Ðèñ. 1. Ñõåìà çàâèõðèòåëÿ ñ àêñèàëüíûì ëîïàòî÷íûì àïïàðàòîì (à) è ýêñïåðèìåíòàëüíîé óñòàíîâêè (á): 1 — íà-
ãíåòàòåëü âîçäóõà; 2 — äûìîîáðàçóþùàÿ ìàøèíà; 3 — íàãðåâàòåëüíûé ýëåìåíò; 4 — êàìåðà ñìåøåíèÿ; 5 — çà-
âèõðèòåëü ïîòîêà; 6 — òðóáêà Ïèòî; 7 — òåðìî÷óâñòâèòåëüíûé ýëåìåíò; 8 — íàïðàâëÿþùàÿ ñî øêàëîé èçìåðå-
íèÿ; d — íàðóæíûé äèàìåòð çàâèõðèòåëÿ; d0 — äèàìåòð öåíòðàëüíîãî òåëà çàâèõðèòåëÿ äëÿ êðåïëåíèÿ ëîïàòîê

à) á)
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ñïîñîáíîñòü ïîòîêà; 2) ñ óäàëåíèåì îò óñòüÿ çà-
âèõðèòåëÿ, â îñåâîì íàïðàâëåíèè çàêðó÷åííîãî
ïîòîêà óâåëè÷èâàåòñÿ äîëÿ ïðèñîåäèíåííîé
(ýæåêòèðîâàííîé) ìàññû âîçäóõà.

Âèçóàëèçàöèÿ ïîòîêà

Äëÿ êà÷åñòâåííîé îöåíêè îáëàñòè âëèÿíèÿ è
ñòðóêòóðû çàêðó÷åííîãî ïîòîêà ïðîèçâîäèëàñü

âèçóàëèçàöèÿ ïóòåì çàäûìëåíèÿ âîçäóõà, ïîäàâà-
åìîãî â çàâèõðèòåëü (ðèñ. 3).

Àíàëèç ïîëó÷åííûõ êàðòèí ïîêàçûâàåò, ÷òî ñ
óâåëè÷åíèåì óãëà óñòàíîâêè ëîïàòîê çàâèõðèòå-
ëÿ âèçóàëüíî óâåëè÷èâàåòñÿ óãîë ðàñêðûòèÿ çà-
äûìëåííîãî ïîòîêà è óìåíüøàåòñÿ äëèíà íà÷àëü-
íîé çîíû, â êîòîðîé åùå íàáëþäàåòñÿ ïðÿìîëè-
íåéíîå äâèæåíèå. Ïðè÷èíîé ýòîãî ñëóæèò çîíà

Ðèñ. 2. Ñîïîñòàâëåíèå ðåçóëüòàòîâ ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ñ èñïîëüçîâàíèåì çàâèõðèòåëåé ñ ðàçíû-

ìè óãëàìè óñòàíîâêè ëîïàòîê ϕ  ïî êîýôôèöèåíòó ñìåøåíèÿ m âäîëü îñè (y = 0). Ýêñïåðèìåíò àâòîðîâ:       —

ïðè ϕ = 15°,       — ïðè ϕ = 30°,      — ïðè ϕ = 45°; ýêñïåðèìåíòû, îïèñàííûå â ðàáîòå [1]: S — ïðè ϕ = 30°,

c — ïðè ϕ = 45°; ýêñïåðèìåíòû, îïèñàííûå â ðàáîòå [2]: - - - — ïðè ϕ = 40°

Ðèñ. 3. Âèçóàëèçàöèÿ ïîòîêà ïóòåì çàäûìëåíèÿ: à — îáùèé âèä; á — óãîë óñòàíîâêè ëîïàòîê 30°; â — óãîë óñòà-

íîâêè ëîïàòîê 45°
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îáðàòíûõ òîêîâ, ðàçìåðû êîòîðîé îïðåäåëÿþòñÿ
òàíãåíöèàëüíîé ñîñòàâëÿþùåé ñêîðîñòè çàêðó-
÷åííîãî ïîòîêà. Ïðè óâåëè÷åíèè çàêðóòêè ïîòî-
êà çîíà îáðàòíûõ òîêîâ ñòàíîâèòñÿ áîëüøå è ïðè-
áëèæàåòñÿ ê óñòüþ çàâèõðèòåëÿ, ÷òî âèçóàëüíî íà
äûìîâûõ êàðòèíàõ ðàñøèðÿåò ñòðóþ ó óñòüÿ çàâèõ-
ðèòåëÿ.

×èñëåííîå èññëåäîâàíèå
êîýôôèöèåíòà ñìåøåíèÿ

Ïîíÿòü âñå òîíêîñòè ïðîöåññà ñìåøåíèÿ ìîæ-
íî íà îñíîâå ÷èñëåííîãî ðàñ÷åòà. Äëÿ ýòîãî áûëà
ñîçäàíà ðàñ÷åòíàÿ îáëàñòü, èìèòèðóþùàÿ îáúåì
æàðîâîé òðóáû êàìåðû ñãîðàíèÿ, â âèäå öèëèí-
äðè÷åñêîãî îáúåìà, â òîðöå êîòîðîãî óñòàíîâëåí
çàâèõðèòåëü. Íà âõîäå â çàâèõðèòåëü çàäàâàëèñü
ïîëíîå äàâëåíèå è òåìïåðàòóðà âîçäóõà ïî äàííûì
ýêñïåðèìåíòà, à íà âûõîäå — àòìîñôåðíîå äàâëå-
íèå è òåìïåðàòóðà îêðóæàþùåé ñðåäû (ðèñ. 4).
Äîïîëíèòåëüíî â ðàñ÷åòíîé îáëàñòè áûëè ñîçäà-
íû òî÷å÷íûå äàò÷èêè äëÿ çàìåðà ïàðàìåòðîâ â
îñåâîì è ðàäèàëüíîì íàïðàâëåíèè ïîòîêà, èìå-
þùèå êîîðäèíàòû y = 0 ÷ 30 ìì.

Êàê èçâåñòíî, ðàñ÷åòíàÿ ñåòêà îêàçûâàåò ñèëü-
íîå âëèÿíèå íà ðåçóëüòàòû ðàñ÷åòà. Îíà õàðàêòå-
ðèçóåòñÿ: òèïîì è êîëè÷åñòâîì ýëåìåíòîâ, õàðàê-
òåðíûì ðàçìåðîì, íàëè÷èåì ïðèñòåíî÷íîãî ñãó-
ùåíèÿ. Äëÿ ðàñ÷åòíîé îáëàñòè áûëè ïðèìåíåíû
ñåòêè òðåõ îñíîâíûõ òèïîâ ýëåìåíòîâ: òåòðàýä-
ðàëüíûå, ãåêñàýäðàëüíûå è ïîëèýäðàëüíûå. Ïî-

ëèýäðàëüíûå ñåòêè ïîëó÷àëè ïóòåì êîíâåðòèðî-
âàíèÿ òåòðàýäðàëüíîé ñåòêè, ïðè ýòîì êîëè÷åñòâî
ýëåìåíòîâ óìåíüøàëîñü ïðèìåðíî â øåñòü ðàç, à
êîëè÷åñòâî óçëîâ óâåëè÷èâàëîñü ïðèìåðíî â ïÿòü
ðàç, ÷òî â òåîðèè ïîçâîëÿåò òî÷íåå ðàññ÷èòûâàòü
ãðàäèåíòû èçìåíåíèÿ ïàðàìåòðîâ ïî ñðàâíåíèþ
ñ òåòðàýäðàëüíîé ñåòêîé çà ñ÷åò òîãî, ÷òî íà îäèí
êîíå÷íûé ýëåìåíò ïðèõîäèòñÿ áîëüøå óçëîâûõ òî-
÷åê. Îäíàêî òàêîå ïðåîáðàçîâàíèå íå ïîçâîëÿåò
òî÷íî êîíòðîëèðîâàòü õàðàêòåðíûé ðàçìåð ýëå-
ìåíòîâ è ìîæåò îêàçûâàòü îòðèöàòåëüíîå âëèÿíèå
íà ðåçóëüòàò èç-çà óâåëè÷åíèÿ õàðàêòåðíîãî ðàç-
ìåðà ñåòî÷íîãî ýëåìåíòà.

Äëÿ ðàñ÷åòà èñïîëüçîâàëàñü êîìáèíèðîâàííàÿ
ìîäåëü òóðáóëåíòíîñòè DES (Detached Eddy
Simulation) â íåñòàöèîíàðíîé ïîñòàíîâêå. Òàêîé
ïîäõîä áûë ïðèíÿò íà îñíîâàíèè ïðåäâàðèòåëü-
íûõ ñðàâíèòåëüíûõ ðàñ÷åòîâ ñ èñïîëüçîâàíèåì
ðàçëè÷íûõ ìîäåëåé òóðáóëåíòíîñòè â ñòàöèîíàð-
íîé è íåñòàöèîíàðíîé ïîñòàíîâêå çàäà÷è. Ïîä-
ðîáíåå ñ ðåçóëüòàòàìè ðàñ÷åòà ìîæíî îçíàêîìèòü-
ñÿ â ðàáîòàõ [6, 7]. Â ðàáîòàõ äðóãèõ àâòîðîâ òàê-
æå îïèñàíû ïîäîáíûå âûâîäû î ïðèìåíèìîñòè
ìîäåëè DES ê ÷èñëåííîìó ðàñ÷åòó ôðîíòîâûõ óñ-
òðîéñòâ êàìåð ñãîðàíèÿ [5, 8—12, 15—17]. Ðàñ÷åò
ïðîâîäèëñÿ â ïðîãðàììå ANSYS Fluent 19.2 ñ àêà-
äåìè÷åñêîé ëèöåíçèåé. Äëÿ óñòðàíåíèÿ ïóëüñàöèé
ïàðàìåòðîâ âñå äàííûå îñðåäíÿëèñü ïî òî÷å÷íûì
äàò÷èêàì, óñòàíîâëåííûì â ðàñ÷åòíîé îáëàñòè, ïî
âðåìåííûì øàãàì.

Ðèñ. 4. Ðàñ÷åòíàÿ ãåîìåòðè÷åñêàÿ ìîäåëü ñ îòìå÷åííûìè ãðàíè÷íûìè óñëîâèÿìè è ïîêàçàííûìè òî÷å÷íûìè äàò-
÷èêàìè äëÿ çàìåðà òåìïåðàòóðû
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Ðåçóëüòàòû ïî òåìïåðàòóðíûì ïîëÿì, â ïðî-
äîëüíîì ñå÷åíèè ïîòîêà, äëÿ çàâèõðèòåëÿ ñ óãëîì

çàêðóòêè ëîïàòîê 30°, ñîïîñòàâèìû ñ ðåçóëüòàòàìè
äûìîâîé âèçóàëèçàöèè (ñì. ðèñ. 3) ïðè èñïîëüçî-
âàíèè ñåòêè ñ ãåêñàýäðàëüíûìè ýëåìåíòàìè ñ õà-
ðàêòåðíûì ðàçìåðîì 1 ìì (ðèñ. 5,à). Äëÿ ñåòêè ñ
òåòðàýäðàëüíûìè ýëåìåíòàìè õàðàêòåðíî ïðîãíî-
çèðîâàíèå õîëîäíîé çîíû â öåíòðå çàêðó÷åíîãî
ïîòîêà, îòñóòñòâóþùåé íà êàðòèíàõ ïðè èñïîëü-
çîâàíèè äðóãèõ ñåòî÷íûõ ìîäåëåé. Íàëè÷èå ýòîé
çîíû ãîâîðèò î ïåðåòåêàíèè õîëîäíîãî îêðóæàþ-
ùåãî âîçäóõà ê öåíòðó ïîòîêà è î âåðîÿòíîñòè
íåïðàâèëüíîãî îïðåäåëåíèÿ îáëàñòè âëèÿíèÿ
çîíû îáðàòíûõ òîêîâ.

Ðåçóëüòàòû ïî òåìïåðàòóðíûì ïîëÿì, â ïðî-
äîëüíîì ñå÷åíèè ïîòîêà, äëÿ çàâèõðèòåëÿ ñ óãëîì

çàêðóòêè ëîïàòîê 45°, íàèáîëåå ñõîæè ñ ðåçóëü-
òàòàìè äûìîâîé âèçóàëèçàöèè (ñì. ðèñ. 3) ïðè èñ-
ïîëüçîâàíèè ñåòêè ñ ãåêñàýäðàëüíûìè ýëåìåíòàìè
ñ õàðàêòåðíûì ðàçìåðîì 1 ìì (ðèñ. 6,à) è ÷óòü
õóæå äëÿ òåòðàýäðàëüíîé ñ òàêèì æå ðàçìåðîì
ýëåìåíòîâ (ðèñ. 6,â). Íóæíî îòìåòèòü, ÷òî âñå
ñåòî÷íûå ìîäåëè ïîêàçàëè íàëè÷èå õîëîäíîé
çîíû â öåíòðå ïîòîêà, íà÷èíàþùåéñÿ îò öåíò-
ðàëüíîãî òåëà çàâèõðèòåëÿ. Îñíîâíûå ðàçëè÷èÿ
íàáëþäàëèñü â ïåðèôåðèéíîé îáëàñòè ïîòîêà è íà
óäàëåíèè îò óñòüÿ çàâèõðèòåëÿ.

Ïðîâåäåííûå ýêñïåðèìåíòàëüíûå èññëåäîâà-
íèÿ ñìåøåíèÿ ïîòîêà çà ëîïàòî÷íûì çàâèõðèòå-

Ðèñ. 5. Ñîïîñòàâëåíèå òåìïåðàòóð â ïðîäîëüíîì ñå÷åíèè ïðè ðàñ÷åòàõ, âûïîëíåííûõ ñ ðàçëè÷íûìè ìîäåëÿìè

ñåòêè è óãëàìè çàêðóòêè ëîïàòîê 30°: à — ãåêñàýäðàëüíàÿ 1 ìì; á — ãåêñàýäðàëüíàÿ 2 ìì; â — òåòðàýäðàëüíàÿ 1 ìì;

ã — òåòðàýäðàëüíàÿ 2 ìì; ä — ïîëèýäðàëüíàÿ 1 ìì; å — ïîëèýäðàëüíàÿ 2 ìì

à) á)

â) ã)

ä) å)
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ëåì áûëè ñîïîñòàâëåíû ñ ÷èñëåííûìè ðàñ÷åòàìè
ñ èñïîëüçîâàíèåì ðàçëè÷íûõ ñåòî÷íûõ ìîäåëåé è
ñâåäåíû íà ãðàôèêè (ðèñ. 7 è 8).

Âûâîäû

Ïðè àíàëèçå çàâèñèìîñòåé êîýôôèöèåíòà
ñìåøåíèÿ m îò îòíîñèòåëüíîãî ðàññòîÿíèÿ
x/Rçàâ.ñð, ïîêàçàííûõ íà ðèñ. 7 è 8, íàèëó÷øèå ðå-
çóëüòàòû ïðè ÷èñëåííîì ìîäåëèðîâàíèè, â ðàç-
ëè÷íûõ ñå÷åíèÿõ ïîòîêà, áûëè ïîëó÷åíû ñ èñ-
ïîëüçîâàíèåì ìîäåëè âÿçêîñòè DES â íåñòàöèî-
íàðíîé ïîñòàíîâêå çàäà÷è è ãåêñàýäðàëüíûõ ñå-
òî÷íûõ ýëåìåíòîâ ñ õàðàêòåðíûì ðàçìåðîì 1 ìì.
Àíàëîãè÷íûå ðåçóëüòàòû è ìîäåëü ãåêñàýäðàëüíîé
ñåòêè èñïîëüçóþòñÿ â ðàáîòàõ [13, 20]. Ïîëèýä-

Ðèñ. 6. Ñîïîñòàâëåíèå òåìïåðàòóð â ïðîäîëüíîì ñå÷åíèè ïðè ðàñ÷åòàõ, âûïîëíåííûõ ñ ðàçëè÷íûìè ìîäåëÿìè

ñåòêè è óãëàìè çàêðóòêè ëîïàòîê 45°: à — ãåêñàýäðàëüíàÿ 1 ìì; á — ãåêñàýäðàëüíàÿ 2 ìì; â — òåòðàýäðàëüíàÿ 1 ìì;

ã — òåòðàýäðàëüíàÿ 2 ìì; ä — ïîëèýäðàëüíàÿ 1 ìì; å — ïîëèýäðàëüíàÿ 2 ìì

ðàëüíàÿ ñåòêà, ïîëó÷åííàÿ ïóòåì êîíâåðòèðîâà-
íèÿ èç òåòðàýäðàëüíûõ ýëåìåíòîâ, íå ïîêàçàëà
õîðîøèõ ðåçóëüòàòîâ, òàê æå êàê è òåðàýäðàëüíàÿ
ñåòêà ñ ôèêñèðîâàííûì ïðè ñîçäàíèè ðàçìåðîì
ýëåìåíòà. Óâåëè÷åíèå õàðàêòåðíîãî ðàçìåðà ýëå-
ìåíòîâ, îòíîñèòåëüíî îïòèìàëüíîãî óêàçàííîãî
çíà÷åíèÿ, ïðèâîäèëî ê áîëüøåìó îòêëîíåíèþ
ðàñ÷åòíûõ äàííûõ îò ýêñïåðèìåíòàëüíûõ. Ïîëó-
÷åííûå ðåçóëüòàòû ñïðàâåäëèâû äëÿ çàâèõðèòåëåé
ñ ðàçëè÷íûìè óãëàìè óñòàíîâêè ëîïàòîê.

à) á)

â) ã)

ä) å)
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Êîíòðîëüíûå ñå÷åíèÿ (ñîãëàñíî ñõåìå íà ðèñ. 4):
à) y=0 (îñü ïîòîêà);
á) y=5;
â) y=10;
ã) y=15;

Ðèñ. 7. Ñîïîñòàâëåíèå ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ
ñ ðåçóëüòàòàìè ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïî êî-
ýôôèöèåíòó ñìåøåíèÿ, óãîë ïîâîðîòà ëîïàòêè çàâèõ-

ðèòåëÿ 30°:  — ýêñïåðèìåíò àâòîðîâ; ÷èñëåííûå

3D-ðàñ÷¸òû, ìîäåëü DES ñ ðàçíûìè ñåòêàìè:       —
ãåêñàýäðàëüíàÿ 1 ìì,   R   — ãåêñàýäðàëüíàÿ 2 ìì,
— · — — òåòðàýäðàëüíàÿ 1 ìì,   S   — òåòðàýäðàëüíàÿ 2 ìì,
�  — ïîëèýäðàëüíàÿ 1 ìì,   c   — ïîëèýäðàëüíàÿ 2 ìì

ä) y=20;
å) y=25;
æ) y=30.

à) á)

â) ã)

ä) å)

æ)
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Êîíòðîëüíûå ñå÷åíèÿ (ñîãëàñíî ñõåìå íà ðèñ. 4):
à) y=0 (îñü ïîòîêà);
á) y=5;
â) y=10;
ã) y=15;

ä) y=20;
å) y=25;
æ) y=30.

Ðèñ. 8. Ñîïîñòàâëåíèå ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ
ñ ðåçóëüòàòàìè ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïî êî-
ýôôèöèåíòó ñìåøåíèÿ, óãîë ïîâîðîòà ëîïàòêè çàâèõ-

ðèòåëÿ 45°:  — ýêñïåðèìåíò àâòîðîâ; ÷èñëåííûå

3D-ðàñ÷¸òû, ìîäåëü DES ñ ðàçíûìè ñåòêàìè:       —
ãåêñàýäðàëüíàÿ 1 ìì,   R   — ãåêñàýäðàëüíàÿ 2 ìì,
— · — — òåòðàýäðàëüíàÿ 1 ìì,   S   — òåòðàýäðàëüíàÿ 2 ìì,
�  — ïîëèýäðàëüíàÿ 1 ìì,   c   — ïîëèýäðàëüíàÿ 2 ìì

à) á)

â) ã)

ä)
å)

æ)
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Abstract

The balanced design of the front-mounted device
ensures combustion chamber efficiency and gas
turbine engine at large. In the majority of modern gas
turbine engines for ground and aviation purposes, a
vane swirler is being installed concentrically with the
fuel nozzle at the flame tube inlet. The swirler forms
a swirl of air, and facilitates the best mixing conditions
for air-fuel mixture. Besides, while the flow swirls in
a low-pressure zone, its core is formed, which allows
return gases from the flow periphery to the core of the
swirled jet, forming thereby a reverse flow zone, and
stabilize the fuel combustion by the stall
characteristics. Increasing the swirler blades
installation angle leads to intensification of the air-
fuel mixture mixing, and a reverse flow zone
boundaries expansion. However, hydraulic losses at the
front-end device are increasing herewith, which, in its
turn, contributes to the engine power or thrust
reduction.

The fuel-air mixture mixing quality characterizes
the efficiency of the front-end device. The majority
of works by Lefebvre A., Kosterin V.A., Gupta A.,
Akhmedov R.B., and others suggest evaluating mixing
process by the mixing coefficient, which represents the
ejected air consumption to the swirled jet consumption
ratio:

e

sw

G
m

G
=                         (1)

where m is mixing coefficient; Ge is the flow rate of
the ejected air; Gsw is the flow rate of the swirling jet.

In our work, an experimental setup was developed
to study the swirler mixing coefficient. Using the FMD
(Fused Deposition Modeling) method of printing,
various designs of the swirl with different blade swirler
installation angles were created, which were blown into
the open space. The flow visualization was realized by
smoke pollution of the air supplied to the swirler. In
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the course of the experiment, both temperature and
total pressure fields of the flow were measured in axial
and radial directions. Temperature distributions were
employed for mixing coefficient (m) computing. Bases
on these measurements the coefficient was computed
by the expression:

* *
0

* *
0

sw

V

T T
m

T T

-
=

-                        (2)

where * * *
0, ,sw VT T T  are the temperatures in front of the

swirl, in the jet and in the ambient air respectively.
A spatial computational domain, simulating the

volume of the combustion chamber flame tube, was
developed for numerical studies of the vane swirler.
It is well known that computational grid strongly
affects computation results. It is characterized by the
type and number of elements; characteristic size, and
the presence of near-wall thickening. The grids of
three basic elements types, such as tetrahedral,
hexahedral, and polyhedral, were employed. The
polyhedral grids were obtained the tetrahedral grid
converting. The number of elements herewith
decreased by six times, and the number of nodes
increased about five times, which allows compute
gradients of parameters variation more accurately
compared to tetrahedral due to the fact that one finite
element has more nodal points. However, such a
transformation does not allow precisely control the
characteristic size of the elements, and a deterioration
of the result due to the increase in the characteristic
size of the grid element can occur.

A combined DES turbulence model (Detached
Eddy Simulation) in a non-stationary setting was used
for computing. The calculation was performed in the
ANSYS Fluent 19.2 software with an academic license.

The performed experimental studies of flow mixing
behind the scapular swirler were compared with



132 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹1

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

numerical calculations using various grid models. The
best results in numerical simulations were obtained
when using the DES viscosity model in an non-
stationary set of calculations, and hexahedral mesh
elements. The polyhedral mesh obtained by converting
from tetrahedral elements did not demonstrate good
results, as the original tetrahedral mesh had. An
increase in characteristic size of the elements led to
a greater deviation of the calculated data from the
experimental ones. The results obtained are valid for
swirlers with various blade angles.

Keyword: GTE combustion chamber, numerical
simulation, flow swirl, mixing coefficient, grid element
size, computational grid type.
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