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

Ââåäåíèå

Â îñíîâå ðàáîòû ãàçîòóðáèííîãî äâèãàòåëÿ
(ÃÒÄ) ëåæèò òåïëîâîé ïðèíöèï. Îäíèì èç ýëå-
ìåíòîâ äâèãàòåëÿ ÿâëÿåòñÿ êàìåðà ñãîðàíèÿ (ÊÑ),
â êîòîðîé çà ñ÷åò ñæèãàíèÿ òîïëèâà ïîâûøàåò-
ñÿ òåìïåðàòóðà ðàáî÷åãî ãàçà, ýíåðãèÿ êîòîðîãî
ïðåîáðàçóåòñÿ â ìåõàíè÷åñêóþ ðàáîòó íà òóðáè-
íå. Ñóùåñòâóåò ìíîæåñòâî ðàçëè÷íûõ êîíöåïöèé
ñæèãàíèÿ òîïëèâà [1]. Â ðàííèõ êîíñòðóêöèÿõ êà-
ìåð ñãîðàíèÿ ÷åðåç ôðîíòîâîå óñòðîéñòâî ïîäà-
âàëîñü ìàëîå êîëè÷åñòâî âîçäóõà, íàãíåòàåìîãî
êîìïðåññîðîì, ïðè÷åì äî ÷åòâåðòè âñåãî âîçäó-
õà òðàòèëîñü íà îõëàæäåíèå ñòåíîê æàðîâîé òðó-
áû [2]. Â îñíîâíîì ïðè òàêîì ïîäõîäå âîçäóõ, ïî-
äàâàåìûé íà îõëàæäåíèå, íå ó÷àñòâîâàë â ïðîöåñ-
ñå ãîðåíèÿ è ñ÷èòàëñÿ ïîòåðÿííûì. Â íàñòîÿùåå
âðåìÿ ñóùåñòâóåò òåíäåíöèÿ ê óâåëè÷åíèþ ðàñ-
õîäà âîçäóõà ÷åðåç ôðîíòîâîå óñòðîéñòâî [1]. Â
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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 22.05.2021

Ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé çàòîïëåííîé çàêðó÷åííîé ñòðóè ñ ðàçëè÷íîé
èíòåíñèâíîñòüþ êðóòêè äëÿ ðàçíûõ òèïîâ ëîïàòî÷íûõ çàâèõðèòåëåé. Îñíîâíûå èññëåäîâàíèÿ ïðè ýòîì áûëè
íàïðàâëåíû íà îïðåäåëåíèå ñìåøåíèÿ çàêðó÷åííîãî ïîòîêà ñ âíåøíåé ñðåäîé. Ïîêàçàí âûâîä óðàâíåíèÿ àíà-
ëèòè÷åñêîé çàâèñèìîñòè äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà ñìåøåíèÿ çàêðó÷åííîãî ïîòîêà ñ îêðóæàþùåé ñðå-
äîé íà îñíîâå êîýôôèöèåíòà òóðáóëåíòíîé äèôôóçèè. Ýêñïåðèìåíòàëüíûå äàííûå ñîïîñòàâëÿþòñÿ ñ ïîëó÷åí-
íûìè àíàëèòè÷åñêèìè ðåøåíèÿìè äëÿ ïðîôèëèðîâàííûõ è ïëîñêèõ ëîïàòîê çàâèõðèòåëåé. Îáîñíîâûâàþòñÿ
ïîëó÷åííûå ðåçóëüòàòû ñ òî÷êè çðåíèÿ ãèäðàâëè÷åñêèõ ïîòåðü äëÿ ðàçíûõ òèïîâ ëîïàòîê çàâèõðèòåëÿ.

Êëþ÷åâûå ñëîâà: êàìåðà ñãîðàíèÿ ÃÒÄ, çàêðóòêà ïîòîêà, êîýôôèöèåíò ñìåøåíèÿ, ïðîôèëü ëîïàòîê çàâèõ-
ðèòåëÿ.

ñâÿçè ñ ýòèì ïðàêòè÷åñêè âñå ïðîöåññû, ïðîòå-
êàþùèå â îáëàñòè æàðîâîé òðóáû, îïðåäåëÿþò-
ñÿ ôðîíòîâûì óñòðîéñòâîì, åãî ýôôåêòèâíîñòüþ
ïî ñîçäàíèþ îäíîðîäíîé òîïëèâî-âîçäóøíîé
ñìåñè è ñòàáèëèçàöèîííûìè õàðàêòåðèñòèêàìè.
Â îñíîâíîì âñå èçâåñòíûå êàìåðû ñãîðàíèÿ ñî-
âðåìåííûõ ãàçîòóðáèííûõ äâèãàòåëåé îñíàùåíû
ëîïàòî÷íûìè çàâèõðèòåëÿìè, ðàñïîëîæåííûìè
íà âõîäå â æàðîâóþ òðóáó. Çàâèõðèòåëè èãðàþò
î÷åíü âàæíóþ ðîëü â àâèàöèîííûõ è íàçåìíûõ
ãàçîòóðáèííûõ äâèãàòåëÿõ. Îíè ñëóæàò äëÿ ñîçäà-
íèÿ òîðîèäàëüíîãî âèõðÿ, êîòîðûé, ñîçäàâàÿ çîíó
íèçêîãî äàâëåíèÿ, ñïîñîáñòâóåò ñòàáèëèçàöèè
ïëàìåíè è ýôôåêòèâíîìó ïåðåìåøèâàíèþ ïîñòó-
ïàþùåãî âîçäóõà ñ òîïëèâîì, îáðàçóÿ ãîðþ÷åþ
ñìåñü. Ïîòîê ñ áîëüøîé òóðáóëåíòíîñòüþ, ïîëó-
÷àåìûé çà çàâèõðèòåëåì, äàåò âîçìîæíîñòü ïî-
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ëó÷èòü ðàâíîìåðíîå ïîëå òåìïåðàòóð ïðè ãîðå-
íèè, ÷òî ïîçâîëÿåò èçáåãàòü ëîêàëüíûõ ïåðåãðå-
òûõ çîí. Íàïðèìåð, â ðàáîòàõ [1, 3, 4] ñäåëàí
âûâîä, ÷òî íàèáîëåå ýôôåêòèâíî ñíèæàþò òåì-
ïåðàòóðíóþ íåðàâíîìåðíîñòü íà âûõîäå èç ÊÑ
ìåðîïðèÿòèÿ, îòâå÷àþùèå çà èçìåíåíèå óãëà
êðóòêè âîçäóõà, ïîäàâàåìîãî íà ôðîíòîâîå óñò-
ðîéñòâî êàìåðû ñãîðàíèÿ. Îïèñàíèå âëèÿíèÿ
ôðîíòîâîãî óñòðîéñòâà íà ñìåøåíèå è íà ïîëíî-
òó ãîðåíèÿ ñîäåðæèòñÿ â ðàáîòå [5]. Íåñìîòðÿ íà
áîëüøîå êîëè÷åñòâî ðàáîò, ïîñâÿùåííûõ ëîïà-
òî÷íûì çàâèõðèòåëÿì [6—11], âñòðå÷àþòñÿ è ýê-
çîòè÷åñêèå ñõåìû ôðîíòîâûõ óñòðîéñòâ, òàêèå,
êàê â ðàáîòàõ îòå÷åñòâåííûõ è çàðóáåæíûõ àâòî-
ðîâ [12, 13], ãäå ðàññìàòðèâàåòñÿ ïðèìåíåíèå â
êà÷åñòâå çàâèõðèòåëÿ ñïëîøíîãî ïëîõîîáòåêàå-
ìîãî òåëà. Îäíàêî â ìèðîâîé ïðàêòèêå ýôôåê-
òèâíîñòü òàêèõ ñõåì â íàñòîÿùåå âðåìÿ åùå íå
ïîäòâåðæäåíà è îíè íå ðåàëèçîâàíû. Â ïîñëåäíåå
âðåìÿ çà ðóáåæîì âñå àêòèâíåå ñòàëî ðàçâèâàòü-
ñÿ íàïðàâëåíèå, ñâÿçàííîå ñ ñîçäàíèåì ìíîãî-
ÿðóñíûõ çàâèõðèòåëåé, òàê íàçûâàåìàÿ ñèñòåìà
TAPS (Twin Annular Premixed Swirler) ñ ïðåäâà-
ðèòåëüíûì ïåðåìåøèâàíèåì òîïëèâà (êîìïàíèÿ
General Electric). Òàêèå çàâèõðèòåëè âûïîëíÿþò-
ñÿ ïî äâóõ- èëè òð¸õúÿðóñíîé ñõåìå ñ òàíãåíöè-
àëüíîé è îñåâîé çàêðóòêîé, îíè ðåàëèçóþòñÿ ïî
êîíöåïöèè ñæèãàíèÿ òîïëèâà LPP (Lean Premixed
Prevaporized) èëè LDI (Lean Direct Injection)
[14—16].

Îñíîâíîå ñîäåðæàíèå ïóáëèêàöèé â çàðóáåæ-
íûõ èçäàíèÿõ ñîñòîèò â îïèñàíèè ýêñïåðèìåí-
òàëüíûõ èññëåäîâàíèé ñ èñïîëüçîâàíèåì îáîðó-
äîâàíèÿ PIV (Particle Image Velocimetry) â ñî÷å-
òàíèè ñ ïðèìåíåíèåì òðåõìåðíûõ íåñòàöèîíàð-
íûõ ìîäåëåé êðóïíûõ âèõðåé LES, DES è èíæå-
íåðíûõ ìîäåëåé URANS [17—20]. Òàêèå èññëå-
äîâàíèÿ äàþò äîñòîâåðíóþ è ïîëíóþ êàðòèíó
ñòðóêòóðû çàêðó÷åííîãî ïîòîêà, íî ÿâëÿþòñÿ äî-
ðîãîñòîÿùèìè è ïðîäîëæèòåëüíûìè. Áîëüøèí-
ñòâî èññëåäîâàòåëåé ïðèìåíÿþò ìåòîäèêó ýêñïå-
ðèìåíòàëüíîãî èññëåäîâàíèÿ ñ âûâîäîì ïîëóýì-
ïèðè÷åñêèõ çàâèñèìîñòåé äëÿ ðàçðàáàòûâàåìîãî
ôðîíòîâîãî óñòðîéñòâà [1, 4, 9, 10, 21, 22].

Ìîæíî ñäåëàòü âûâîä, ÷òî, íåñìîòðÿ íà áîëü-
øîå êîëè÷åñòâî ïðîâåäåííûõ ðàçíûìè àâòîðàìè
èññëåäîâàíèé â îáëàñòè ôðîíòîâûõ óñòðîéñòâ,
èññëåäîâàíèå çàâèõðèòåëåé, ñóäÿ ïî ïóáëèêàöè-
îííîé àêòèâíîñòè, íà ñåãîäíÿøíèé äåíü ÿâëÿåòñÿ
àêòóàëüíûì. Îäíàêî î÷åíü ìàëî ðàáîò ïîñâÿùåíî
ñîçäàíèþ ïðîñòåéøèõ ìåòîäèê ïðîåêòèðîâàíèÿ
è ðàñ÷åòà ôðîíòîâûõ óñòðîéñòâ. Âîñïîëíåíèå

ýòîãî ïðîáåëà â ïóáëèêàöèîííîé ñðåäå è ÿâëÿ-
åòñÿ öåëüþ äàííîãî èññëåäîâàíèÿ.

Ïàðàìåòð ðàáîòû çàâèõðèòåëÿ

Âàæíûì ïàðàìåòðîì, õàðàêòåðèçóþùèì ðàáî-
òó çàâèõðèòåëÿ, ÿâëÿåòñÿ èíòåíñèâíîñòü êðóòêè
ïîòîêà. Èíòåíñèâíîñòü çàêðóòêè îáû÷íî õàðàê-
òåðèçóåòñÿ áåçðàçìåðíûì èíòåãðàëüíûì ïàðàìåò-
ðîì S, êîòîðûé ïðåäñòàâëÿåò ñîáîé îòíîøåíèå
îñåâîé êîìïîíåíòû ïîòîêà ìîìåíòà èìïóëüñà
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Çäåñü u, ω  – êîìïîíåíòû âåêòîðà ñêîðîñòè â îñå-
âîì è îêðóæíîì íàïðàâëåíèÿõ ñîîòâåòñòâåííî;
ρ  – ïëîòíîñòü ñðåäû.

Â ðàáîòå [24] ïðåäëàãàåòñÿ îöåíèâàòü áåçðàç-

ìåðíûé ïàðàìåòð êðóòêè Ên  ïî îòíîøåíèþ ãëàâ-
íîãî ìîìåíòà èìïóëüñà ê ïðîåêöèè ãëàâíîãî
âåêòîðà êîëè÷åñòâà äâèæåíèÿ â ñòðóå:
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Îáû÷íî ïðè çàêðóòêå ïîòîêà â åãî ÿäðå îá-
ðàçóåòñÿ çîíà ïîíèæåííîãî äàâëåíèÿ, â ðåçóëü-
òàòå ÷åãî ãàçû ñ ïåðèôåðèè ïîòîêà âîçâðàùàþò-
ñÿ â êîðåíü çàêðó÷åííîé ñòðóè è òåì ñàìûì îá-
ðàçóåòñÿ çîíà îáðàòíûõ òîêîâ (ðèñ. 1), ÷òî ñòà-
áèëèçèðóåò ãîðåíèå òîïëèâà ïî ñðûâíûì õàðàê-
òåðèñòèêàì. Â çàâèñèìîñòè îò èíòåíñèâíîñòè
çàêðóòêè ìîãóò ðàçâèâàòüñÿ ðàçëè÷íûå ñîáûòèÿ.
Ïðè ñëàáîé êðóòêå ñ ÷èñëîì 0,4NS <  öèðêóëÿ-
öèîííîå òå÷åíèå íå âîçíèêàåò, ïðè óìåðåííîé
êðóòêå 0,4 0,6NS = ∏  íà÷èíàåòñÿ çíà÷èòåëüíîå
ðàñõîæäåíèå ëèíèé òîêà îò îñè, íî öèðêóëÿöèè
åùå íåò. Ïðè ñèëüíîé çàêðóòêå 0,6NS >  îáðàçó-
åòñÿ óñòîé÷èâàÿ çîíà öèðêóëÿöèîííîãî òå÷åíèÿ
[25].

Äëÿ óïðîù¸ííîãî îïèñàíèÿ çàêðóòêè èñïîëü-
çóþòñÿ ïàðàìåòðû, â êîòîðûõ ãëàâíûì ôàêòîðîì
ÿâëÿåòñÿ óãîë óñòàíîâêè ëîïàòîê çàâèõðèòåëÿ.
Íàïðèìåð, â ðàáîòå [21, 22] èñïîëüçóåòñÿ ñòåïåíü
çàêðóòêè NS , ñîäåðæàùàÿ íàðóæíûé è âíóòðåí-
íèé äèàìåòðû ,Í ВÍD D  çàâèõðèòåëÿ è óãîë óñòà-
íîâêè ëîïàòîê çàâèõðèòåëÿ ϕ  (ðèñ. 2).
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Èíòåãðàëüíûé ïàðàìåòð êðóòêè îáû÷íî îï-
ðåäåëÿþò ïî ïîëÿì îñåâûõ è òàíãåíöèàëüíûõ
ñîñòàâëÿþùèõ, ïîëó÷åííûõ ýêñïåðèìåíòàëüíûì
ïóòåì. Íà ïðàêòèêå ÷àùå âñåãî òðåáóåòñÿ îöåíèòü
ïàðàìåòð êðóòêè ïî èçâåñòíûì êîíñòðóêòèâíûì
ðàçìåðàì çàâèõðèòåëÿ. Ïîýòîìó èíòåãðàëüíûå
ôîðìóëû ïðèíèìàþò âèä
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ïàòêè (ñì. ðèñ. 2); 
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Ðèñ. 1. Õàðàêòåðíàÿ êàðòèíà ðàñïðåäåëåíèÿ îñåâûõ ñîñòàâëÿþùèõ ñêîðîñòè â çàêðó÷åííîé ñòðóå

Ðèñ. 2. Ñõåìà îñåâîãî çàâèõðèòåëÿ
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ñòîÿíèå ìåæäó ñåðåäèíàìè ëîïàòîê âî âõîäíîì

ñå÷åíèè; 
2 2

8
Í ВÍ

Í

D D
R

-
=  — ðàäèóñ ïðèëîæåíèÿ

ðàâíîäåéñòâóþùåé ñêîðîñòè ïîòîêà â òàíãåíöè-
àëüíîì íàïðàâëåíèè.

Íàèáîëåå ïðèåìëåìûì, ñ íàøåé òî÷êè çðå-
íèÿ, ÿâëÿåòñÿ ïàðàìåòð nK, ïðåäëîæåííûé â ðà-
áîòå [26], òàê êàê âûðàæåíèå, îïðåäåëÿþùåå äàí-
íûé ïàðàìåòð, ñîäåðæèò â ñåáå, êðîìå çíà÷åíèé
íàðóæíîãî è âíóòðåííåãî äèàìåòðîâ çàâèõðèòå-
ëÿ è óãëà óñòàíîâêè ëîïàòîê, òàêæå èõ êîëè÷å-
ñòâî è òîëùèíó.

Óâåëè÷åíèå óãëà óñòàíîâêè ëîïàòîê çàâèõðè-
òåëÿ ïðèâîäèò ê èíòåíñèôèêàöèè ñìåøåíèÿ òîï-
ëèâî-âîçäóøíîãî ïîòîêà ñ âíåøíåé ñðåäîé è ðàñ-
øèðåíèþ ãðàíèö çîíû îáðàòíûõ òîêîâ, îäíàêî
ïðè ýòîì óâåëè÷èâàþòñÿ ãèäðàâëè÷åñêèå ïîòåðè
íà ôðîíòîâîì óñòðîéñòâå, ÷òî, â ñâîþ î÷åðåäü,
âíîñèò âêëàä â óìåíüøåíèå ìîùíîñòè èëè òÿãè
äâèãàòåëÿ.

Åùå îäíîé îñîáåííîñòüþ çàêðóòêè ïîòîêà ñ
áîëüøèìè óãëàìè óñòàíîâêè ëîïàòîê ÿâëÿåòñÿ
ýôôåêò Êîàíäà, ïðè íàëè÷èè êîòîðîãî çàêðó÷åí-

íàÿ ñòðóÿ âñëåäñòâèå íèçêîãî ñòàòè÷åñêîãî äàâ-
ëåíèÿ ïðèëèïàåò ê áëèçêî ðàñïîëîæåííîé ñòåíêå
æàðîâîé òðóáû. Â ýòîì ñëó÷àå âîçìîæíû ïðîãà-
ðû ñòåíîê âáëèçè ôðîíòîâîãî óñòðîéñòâà.

Ïðîòèâîðå÷èâûå òðåáîâàíèÿ ê êîíñòðóêöèè
ëîïàòî÷íîãî çàâèõðèòåëÿ ñëóæàò ïðåäïîñûëêîé
äëÿ èññëåäîâàíèÿ ýôôåêòèâíîñòè åãî ïî ñìåøå-
íèþ òîïëèâà ñ âîçäóøíûì ïîòîêîì è ãèäðàâëè-
÷åñêèì õàðàêòåðèñòèêàì. Ýòî è ÿâëÿåòñÿ öåëüþ
äàííîé ðàáîòû ïðèìåíèòåëüíî ê ðàçëè÷íûì êîí-
ñòðóêöèÿì ôðîíòîâîãî ñìåñèòåëüíîãî óñòðîé-
ñòâà.

Îïðåäåëåíèå êîýôôèöèåíòà ñìåøåíèÿ
ïî ýêñïåðèìåíòàëüíîìó èññëåäîâàíèþ

Äëÿ ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ïðî-
öåññîâ ñìåøåíèÿ ñ ïîìîùüþ òåõíîëîãèè ïîñëîé-

íîãî íàïëàâëåíèÿ áûëè ñîçäàíû ðàçëè÷íûå êîí-
ñòðóêöèè çàâèõðèòåëåé, ðàçëè÷àþùèõñÿ óãëàìè
óñòàíîâêè ëîïàòîê.

Â ðàáîòå [27] áûëî ïðîâåäåíî èññëåäîâàíèå

çàâèõðèòåëåé ñ óãëàìè óñòàíîâêè ëîïàòîê äî 45°.
Ðàíåå íàì íå óäàâàëîñü ïîëó÷èòü õàðàêòåðèñòè-
êè ðàáîòû çàâèõðèòåëåé ñ áîë́üøèìè óãëàìè óñ-
òàíîâêè ëîïàòêè ââèäó èõ âûñîêîãî ãèäðàâëè÷åñ-
êîãî ñîïðîòèâëåíèÿ è ïåðåãðåâà ïðè ýêñïåðèìåí-
òå. Çàâèõðèòåëè, ñäåëàííûå èç ABS-ïëàñòèêà, íå
âûäåðæèâàëè òåìïåðàòóðû è âûñîêîãî ñêîðîñò-
íîãî íàïîðà è äåôîðìèðîâàëèñü â ïîòîêå. Ïîýòî-
ìó áûë ïîäîáðàí òåïëîñòîéêèé ìàòåðèàë, èç
êîòîðîãî èçãîòîâëåíû íîâûå ìîäåëè. Âûáîð ïàë
íà ïîëèêàðáîíàòíûé ïëàñòèê PC, êîòîðûé âû-

äåðæèâàåò íàãðåâ äî 153°, îáëàäàåò äîñòàòî÷íîé
æåñòêîñòüþ è ïðî÷íîñòüþ. Ïðè èçãîòîâëåíèè ìî-
äåëåé òðåáîâàëñÿ íàãðåâ ýêñòðóäåðà 3D-ïðèíòå-

ðà áîëåå 280°, ïîýòîìó â êà÷åñòâå ïðèíòåðà èñ-
ïîëüçîâàëè Picaso 3D Disigner X ñ âîçìîæíîñòüþ

íàãðåâà ýêñòðóäåðà äî 410°.
Õàðàêòåðèñòèêè èññëåäóåìûõ â ðàáîòå çàâèõ-

ðèòåëåé ïðèâåäåíû â òàáëèöå.

Èçãîòîâëåííûå çàâèõðèòåëè ïðîäóâàëèñü íà
ýêñïåðèìåíòàëüíîì ñòåíäå (ðèñ. 3) íàãðåòûì
âîçäóõîì. Èñòî÷íèêîì íàãíåòàíèÿ âîçäóõà ÿâëÿ-
ëàñü ìèêðîòóðáèíà 1, äàëüøå ïîòîê âîçäóõà ïðî-
õîäèë ÷åðåç ýëåêòðè÷åñêèé íàãðåâàòåëüíûé ýëå-
ìåíò 3 è íàãðåâàëñÿ â çàâèñèìîñòè îò ðåæèìà äî

(100—120) °Ñ. Íàãðåòûé ïîòîê âîçäóõà ïðîõîäèë
÷åðåç êàìåðó ñìåøåíèÿ 4, â êîòîðîé âûðàâíèâà-
ëèñü ïîëÿ ñêîðîñòåé è òåìïåðàòóðû, è ÷åðåç
ñìåííûå çàâèõðèòåëè ïîñòóïàë â îòêðûòîå ïðî-
ñòðàíñòâî, â êîòîðîì íàáëþäàëàñü îòíîñèòåëüíî

íèçêàÿ òåìïåðàòóðà 20 °Ñ [28]. Ïàðàìåòðû âíåø-
íåé ñðåäû êîíòðîëèðîâàëèñü ñ ïîìîùüþ ýëåêò-
ðîííîãî äàò÷èêà, çàïðîãðàììèðîâàííîãî íàìè íà
èçìåðåíèå òåìïåðàòóðû è äàâëåíèÿ. Âñå äàííûå
ïîñòóïàëè â êîìïüþòåð è çàïèñûâàëèñü íà ïðî-
òÿæåíèè âñåãî ýêñïåðèìåíòà. Ââîäèìûé â ïîòîê

Ïàðàìåòð êðóòêè 

Óãîë óñòàíîâêè ëîïàòêè çàâèõðèòåëÿ ϕ , ãðàäóñû 

15 30 45 60 

Ñëàáàÿ  çàêðóòêà  Óìåðåííàÿ  çàêðóòêà  Ñèëüíàÿ çàêðóòêà 

SN 0,21 0,44 0,78 1,34 

nK 0,85 1,78 3,00 4,33 
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çîíä èìåë î÷åíü ìàëûå ðàçìåðû è ïðàêòè÷åñêè
íå ñîçäàâàë âîçìóùåíèÿ â ïîòîêå. Îí ïðåäñòàâ-
ëÿë ñîáîé î÷åíü òîíêóþ òðóáêó Ïèòî ñ áîëüøèì
âûíîñîì çàãíóòîãî êîíöà, êîëëåêòîð êîòîðîé
ïðèñîåäèíåí ê ãåðìåòè÷íîé êàìåðå, â êîòîðîé
ðàñïîëàãàëñÿ äàò÷èê äàâëåíèÿ. Äèàìåòð òðóáêè
ïîäáèðàëñÿ íàèìåíüøèì, ÷òîáû ìèíèìèçèðîâàòü
âíåñåííóþ ïîãðåøíîñòü, íî ïðè ýòîì íå ñëèø-
êîì ìàëûì, ÷òîáû îáåñïå÷èòü íàèìåíüøóþ èíåð-
öèîííîñòü èçìåðåíèé äàâëåíèÿ òîðìîæåíèÿ. Íà
êîíöå çîíäà ðàñïîëàãàëñÿ òåìïåðàòóðíûé äàò÷èê,
0,3 ìì â äèàìåòðå. Ïîêàçàíèÿ ïî òåìïåðàòóðå è
äàâëåíèþ â çàêðó÷åííîì ïîòîêå ñâîäèëèñü è çà-
ïèñûâàëèñü â êîìïüþòåð. Ýêñïåðèìåíò ïðîâî-
äèëñÿ äîâîëüíî äëèòåëüíîå âðåìÿ, òàê êàê äëÿ
êàæäîãî ïîëîæåíèÿ èçìåðèòåëüíîãî çîíäà äîñ-
òèãàëàñü ñòàöèîíàðíîñòü ïîêàçàíèé è â äîïîë-

íèòåëüíîå âðåìÿ íàêàïëèâàëèñü äàííûå äëÿ îñ-
ðåäíåíèÿ ïóëüñàöèîííûõ òóðáóëåíòíûõ ñîñòàâ-
ëÿþùèõ ïîòîêà. Òåìïåðàòóðà ïåðåä çàâèõðèòåëåì
òàêæå ðåãèñòðèðîâàëàñü ýëåêòðîííûì òåðìîäàò-
÷èêîì.

Êà÷åñòâî ñìåøåíèÿ òîïëèâà ñ âîçäóøíûì
ïîòîêîì õàðàêòåðèçóåò ýôôåêòèâíîñòü ðàáîòû
ôðîíòîâîãî óñòðîéñòâà. Â ðàáîòàõ À. Ëåôåâðà,
Â.À. Êîñòåðèíà, À. Ãóïòà, Ð.Á. Àõìåäîâà è äð. [4,
21, 22, 29, 30] ïðåäëàãàåòñÿ îöåíèâàòü ïðîöåññ
ñìåøåíèÿ ñ ïîìîùüþ êîýôôèöèåíòà ñìåøåíèÿ,
ïðåäñòàâëÿþùåãî ñîáîé îòíîøåíèå ðàñõîäîâ
ýæåêòèðîâàííîãî âîçäóõà ê ðàñõîäó çàêðó÷åííîé
ñòðóè:

,Э

З

G
m

G
=                          (5)

Ðèñ. 3. Ñõåìà çàâèõðèòåëÿ ñ àêñèàëüíûì ëîïàòî÷íûì àïïàðàòîì  (à) è ýêñïåðèìåíòàëüíîé óñòàíîâêè (á):
1 — íàãíåòàòåëü âîçäóõà; 2 — äûìîîáðàçóþùàÿ ìàøèíà; 3 — íàãðåâàòåëüíûé ýëåìåíò; 4 — êàìåðà ñìåøåíèÿ;
5 — çàâèõðèòåëü ïîòîêà; 6 — òðóáêà Ïèòî; 7 — òåðìî÷óâñòâèòåëüíûé ýëåìåíò; 8 — ãåðìåòè÷íàÿ êàìåðà ñ óñòà-
íîâëåííûì äàò÷èêîì äàâëåíèÿ; 9 — íàïðàâëÿþùàÿ ñî øêàëîé èçìåðåíèÿ

à)

á)
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ãäå m — êîýôôèöèåíò ñìåøåíèÿ; GÝ — ðàñõîä
ýæåêòèðîâàííîãî âîçäóõà; GÇ — ðàñõîä çàêðó÷åí-
íîé ñòðóè.

Ñîãëàñíî ïðèíöèïàì ìîëåêóëÿðíî-êèíåòè-
÷åñêîé òåîðèè ïðîöåññû äèôôóçèè, âÿçêîñòè è
òåïëîïðîâîäíîñòè èìåþò îäèí è òîò æå ìåõàíèçì
– õàîòè÷åñêîå äâèæåíèå ìîëåêóë. Ïîýòîìó çàêî-
íîìåðíîñòè ýòèõ ÿâëåíèé äîëæíû áûòü ïîõîæè
äðóã íà äðóãà. Â ïðîöåññå äèôôóçèè è âÿçêîñòè
ïðîèñõîäèò ïåðåíîñ âåùåñòâà (çàêîí Ôèêà), à
ïðè òåïëîïðîâîäíîñòè – ïåðåíîñ ýíåðãèè (óðàâ-
íåíèå Ôóðüå). Ïîýòîìó, ïîñêîëüêó ïåðåíîñ ìàñ-
ñû è ïåðåíîñ òåïëà èäåíòè÷íû, òî, èçìåðèâ ðàñ-
ïðåäåëåíèÿ òåìïåðàòóð â ïîòîêå, ìû ìîæåì ñó-
äèòü î ÿâëåíèÿõ äèôôóçèè è ïðîöåññàõ ñìåøå-
íèÿ â çàêðó÷åííîì ïîòîêå.

Ýêñïåðèìåíòàëüíî äëÿ âû÷èñëåíèÿ êîýôôè-
öèåíòà ñìåøåíèÿ m íàìè èñïîëüçîâàëèñü ðàñïðå-
äåëåíèÿ òåìïåðàòóðû è íà îñíîâàíèè ýòèõ èçìå-
ðåíèé ðàññ÷èòûâàëñÿ êîýôôèöèåíò ïî ôîðìóëå
[31]
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ãäå Ò0, ÒÇ, ÒÝ — ñîîòâåòñòâåííî çíà÷åíèÿ òåìïå-
ðàòóð ïåðåä çàâèõðèòåëåì, â ñòðóå è îêðóæàþùåì
âîçäóõå.

Íà ðèñ. 4 ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåí-
òàëüíûõ èçìåðåíèé êîýôôèöèåíòà ñìåøåíèÿ.
Ïðîäîëüíàÿ êîîðäèíàòà çàêðó÷åííîãî ïîòîêà
áûëà îáåçðàçìåðåíà è ïðèâåäåíà ê ñðåäíåìó ìåæ-
ëîïàòî÷íîìó ðàäèóñó çàâèõðèòåëÿ, êîòîðûé îï-
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Âèäíî, ÷òî ïðè îòäàëåíèè îò óñòüÿ è ïðè óâå-
ëè÷åíèè óãëà óñòàíîâêè ëîïàòîê çàâèõðèòåëåé ϕ
êîýôôèöèåíò ñìåøåíèÿ m âîçðàñòàåò, ò.å. âîçðà-
ñòàåò êîëè÷åñòâî ïðèñîåäèíåííîãî (ýæåêòèðî-
âàííîãî) ê ñòðóå âîçäóõà. Àíàëîãè÷íûå çàâèñè-
ìîñòè õàðàêòåðíû äëÿ äàííûõ, ïîëó÷åííûõ äðó-
ãèìè àâòîðàìè [29, 30] è â ðàáîòå [27], ÷òî êà÷å-
ñòâåííî ñâèäåòåëüñòâóåò î äîñòîâåðíîñòè ïðîâå-
äåííûõ èçìåðåíèé.

Òàêèì îáðàçîì, ðåçóëüòàòû ýêñïåðèìåíòàëü-
íîãî èññëåäîâàíèÿ óêàçûâàþò íà îáùóþ çàêîíî-
ìåðíîñòü, õàðàêòåðíóþ äëÿ ñìåøåíèÿ çàêðó÷åí-
íîé ñòðóè ñ îêðóæàþùèì âîçäóõîì: 1) ñ óâåëè-
÷åíèåì èíòåíñèâíîñòè êðóòêè (óâåëè÷åíèå óãëà
óñòàíîâêè ëîïàòîê), â ïðåäåëàõ èññëåäîâàííûõ
óãëîâ ïîâîðîòà ëîïàòîê, âîçðàñòàåò ýæåêöèîííàÿ
ñïîñîáíîñòü ïîòîêà; 2) ñ óäàëåíèåì îò óñòüÿ çà-
âèõðèòåëÿ â îñåâîì íàïðàâëåíèè çàêðó÷åííîãî
ïîòîêà óâåëè÷èâàåòñÿ äîëÿ ïðèñîåäèíåííîé
(ýæåêòèðîâàííîé) ìàññû âîçäóõà.

Ðèñ. 4. Ñîïîñòàâëåíèå ýêñïåðèìåíòàëüíûõ äàííûõ çàâèõðèòåëåé ñ ðàçíûìè óãëàìè óñòàíîâêè ïðîôèëèðîâàí-

íûõ ëîïàòîê ϕ . Ýêñïåðèìåíò àâòîðîâ ñ ÷èñëîì Re=14000:
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Àíàëèòè÷åñêîå ìîäåëèðîâàíèå ïðîöåññà
ñìåøåíèÿ â çàêðó÷åííîì ïîòîêå

Ñ öåëüþ ïîëó÷åíèÿ ðàñ÷åòíûõ àíàëèòè÷åñêèõ
çàâèñèìîñòåé ðàññìîòðèì ïîäõîäû ìîäåëèðîâà-
íèÿ ïðîöåññà ñìåøåíèÿ. Â ëèòåðàòóðå îïèñàíû
ðàçëè÷íûå ïîäõîäû â äàííîì íàïðàâëåíèè [4, 21,
24]. Ñîãëàñíî [24], ïðè îïðåäåëåíèè ñìåøåíèÿ
â çàêðó÷åííîì ïîòîêå, çàâèñÿùåãî â îñíîâíîì îò
ïðîöåññà òóðáóëåíòíîãî ìàññîîáìåíà, ìîæíî èñ-
ïîëüçîâàòü óðàâíåíèå òóðáóëåíòíîé äèôôóçèè:

2

2

1
.

2
TD d ff df

dx W dr dr

Ê ˆ∂
= +Á ˜

Ë ¯
              (7)

Íàèáîëåå ïîäõîäÿùåé, íà íàø âçãëÿä, ÿâëÿ-
åòñÿ ìåòîäèêà ðàñ÷åòà ñìåøåíèÿ, ïðåäëîæåííàÿ
â ðàáîòå [24]. Äëÿ åå ïðèìåíåíèÿ â ðàññìàòðèâà-
åìûõ óñëîâèÿõ èñïîëüçóåòñÿ ÷àñòíîå ðåøåíèå
óðàâíåíèÿ (2.6), ïðèâåäåííîãî â [29] äëÿ ñëó÷àÿ
èñòå÷åíèÿ ãàçà èç êîëüöåâîãî èñòî÷íèêà â òðóáå:

2 2

02 2

( , )

2 exp 1 ,Г ÒÐ
X X X

Ý ÊÊ Ê

f x r

G R r r
Ê I Ê Ê

G RR R

Ê ˆ
Á ˜
Á ˜Á ˜Ë ¯

=

È ˘Ê ˆÈ ˘
Í ˙= - +Í ˙ Á ˜
Í ˙Í ˙ Ë ¯Î ˚ Î ˚

(8)

ãäå ( , )f x r  – ìåñòíîå ñîîòíîøåíèå ãàç–âîçäóõ;

ÒÐR  – ðàäèóñ òðóáû, â êîòîðîé íàõîäèòñÿ êîëü-
öåâîé èñòî÷íèê; ÊR  – ðàäèóñ êîëüöåâîãî èñòî÷-
íèêà; ГG  – ðàñõîä ãàçà ÷åðåç êîëüöåâîé èñòî÷-
íèê; ÝG  – ðàñõîä ýæåêòèðóåìîãî âîçäóõà; 0I  –
ôóíêöèÿ Áåññåëÿ íóëåâîãî ïîðÿäêà; XÊ  — áåç-
ðàçìåðíûé ïàðàìåòð,

2

.
4

Ê
X

Ò

R W
Ê

D x

◊
=

◊                      (9)

Êîýôôèöèåíò òóðáóëåíòíîé äèôôóçèè DT äëÿ
çàêðó÷åííîãî ïîòîêà ìîæíî îïðåäåëèòü èç óðàâ-
íåíèÿ

( )0,52 2
10,003 1 tg ,T ÒÐD W Rκ ϕ= ◊ + ◊ ◊     (10)

ãäå 1κ  – êîýôôèöèåíò, ó÷èòûâàþùèé îñîáåííî-

ñòè êîíñòðóêöèè çàâèõðèòåëÿ, äëÿ îñåâîãî çàâèõ-

ðèòåëÿ ñ èçîãíóòûìè ëîïàòêàìè 
1 10,κ ª  äëÿ çà-

âèõðèòåëÿ ñ ïëîñêèìè ëîïàòêàìè 
1 5κ ª  (ñì.

ðèñ. 3,à).

Çíà÷åíèÿ 1κ  íàìè áûëè ïîëó÷åíû èç ïðîâå-
äåííîãî ýêñïåðèìåíòà, îíî ñïðàâåäëèâî äëÿ ðàç-
ëè÷íûõ ðàçìåðîâ çàâèõðèòåëåé è ðåæèìîâ èõ
ïðîäóâîê.

Äëÿ èñïîëüçîâàíèÿ ïðèâåäåííîé çàâèñèìîñòè
â óñëîâèÿõ òå÷åíèÿ çàêðó÷åííîãî ïîòîêà íàäî
ïðèíÿòü ñëåäóþùèå äîïóùåíèÿ: 1) ñðåäíèé ðà-
äèóñ çàâèõðèòåëÿ RÑÐ ÿâëÿåòñÿ ðàäèóñîì êîëüöå-
âîãî èñòî÷íèêà RK; 2) ñìåñü âîçäóõà è òîïëèâà ÿâ-
ëÿåòñÿ ãàçîì, èñòåêàþùèì èç êîëüöåâîãî èñòî÷-
íèêà; 3) âëèÿíèå çàêðóòêè ïîòîêà îïðåäåëÿåòñÿ
åå âëèÿíèåì íà êîýôôèöèåíò òóðáóëåíòíîé äèô-
ôóçèè.

Èñõîäÿ èç ïðèíÿòûõ äîïóùåíèé, ïðèíèìàÿ,
÷òî êîýôôèöèåíò ñìåøåíèÿ ïðåäñòàâëÿåò ñîáîé
îòíîøåíèå ðàñõîäà ýæåêòèðîâàííîãî (ïðèñîåäè-
íåííîãî) âîçäóõà ê ðàñõîäó çàêðó÷åííîãî ãàçà
(òîãäà ( , ) 1 ( , ))m x r f x r=  è èñïîëüçóÿ ôîðìóëó
ðàñõîäà ,G W Fρ= ◊ ◊  ïîëó÷èì:

( )

2

2

1

0

exp 1
1

, ,

( ) 2

X
ÍÇ В Ý

Ý Г Ç X
X

Í

r
Ê

RÒ R W
m x r A

Ò R W Ê r
I r Ê

R

È ˘Ê ˆ
Í ˙+Á ˜
Í ˙Ë ¯Î ˚=

Ê ˆ
◊ Á ˜
Ë ¯

 
(11)

ãäå A1 — ýêñïåðèìåíòàëüíûé êîýôôèöèåíò,
ñïðàâåäëèâûé äëÿ çàâèõðèòåëåé, ïðèìåíÿåìûõ â
èññëåäîâàíèè; RÂ, RÃ — ãàçîâûå ïîñòîÿííûå äëÿ
âîçäóõà è ãàçà; RH — íàðóæíûé ðàäèóñ çàâèõðè-
òåëÿ; WÇ — ñêîðîñòü ñòðóè èç çàâèõðèòåëÿ; WÝ —
ñêîðîñòü ýæåêòèðóåìîãî âîçäóõà.

Ïðåäëîæåííûé ïîäõîä ïîçâîëÿåò ðàññ÷èòû-
âàòü ïðîôèëè ðàñïðåäåëåíèÿ êîíöåíòðàöèè ãàçà
â ïîòîêå. Ïðè ðàñ÷åòå ïðîöåññîâ ñìåøåíèÿ íà
îñè çàêðó÷åííîãî ïîòîêà r = 0 óðàâíåíèå (11) óï-
ðîùàåòñÿ è ïðèâîäèòñÿ ê âèäó

1

exp
.Ç Â Ý X

Ý Ã Ç X

Ò R W Ê
m A

Ò R W Ê
=            (12)

Íà îñíîâå àíàëèçà ïîëó÷åííûõ ýêñïåðèìåí-
òàëüíûõ äàííûõ è ðàáîò äðóãèõ àâòîðîâ [4, 29],
ïîëó÷èì äëÿ ñëàáîé çàêðóòêè A1 = 1,8, äëÿ ñèëü-
íîé çàêðóòêè A1 = 2 — äîñòàòî÷íî õîðîøåå ñîâïà-
äåíèå ðåçóëüòàòîâ ýêñïåðèìåíòà è àíàëèòè÷åñêî-
ãî ðàñ÷åòà íà îñè çàêðó÷åííîãî ïîòîêà r = 0
(ðèñ. 5 è 6). Íóæíî îòìåòèòü, ÷òî ôîðìóëà äîñ-
òàòî÷íî ðåàëèñòè÷íî ïðîãíîçèðóåò èçìåíåíèå
êîýôôèöèåíòà ñìåøåíèÿ ïðè ðàçíûõ ðåæèìàõ
ðàáîòû ôðîíòîâîãî óñòðîéñòâà ñ ðàçíûìè ñêîðî-
ñòÿìè WÇ. Ýòî áûëî ïðîâåðåíî ýêñïåðèìåíòàëü-
íûì ïóòåì.
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 Ðèñ. 5. Ñîïîñòàâëåíèå ýêñïåðèìåíòàëüíûõ äàííûõ çàâèõðèòåëåé ñ ðàçíûìè óãëàìè óñòàíîâêè ëîïàòîê ϕ .

Ýêñïåðèìåíò àâòîðîâ: Re=14000;

ýêñïåðèìåíò:

àíàëèòè÷åñêèé ðàñ÷åò:

  Ðèñ. 6. Çàâèñèìîñòü êîýôôèöèåíòà ñìåøåíèÿ îò ïðîôèëÿ ëîïàòîê çàâèõðèòåëÿ ïðè óãëå êðóòêè çàâèõðèòåëÿ

ϕ = 60°:

ýêñïåðèìåíò:  — ïðîôèëèðîâàííûå ëîïàòêè,  — ïðÿìûå ëîïàòêè;

àíàëèòè÷åñêèé ðàñ÷åò:  — ïðîôèëèðîâàííûå ëîïàòêè,  — ïðÿìûå ëîïàòêè
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Ãðàôèêè (ðèñ. 5 è 6) äåìîíñòðèðóþò óäîëåò-
âîðèòåëüíóþ êà÷åñòâåííóþ è êîëè÷åñòâåííóþ
ñõîäèìîñòü ðåçóëüòàòîâ ýêñïåðèìåíòà è àíàëè-
òè÷åñêîãî ðàñ÷åòà. Àíàëèòè÷åñêàÿ çàâèñèìîñòü
(12) îïèñûâàåòñÿ ñòåïåííîé ôóíêöèåé, áëèçêîé
ê ëèíåéíîé, è ïîêàçàíà íà ãðàôèêàõ (ðèñ. 5 è 6)
â âèäå ïðÿìûõ ëèíèé.

Êðîìå òîãî, äëÿ ïðàêòèêè ïðåäñòàâëÿåò èí-
òåðåñ âëèÿíèå ôîðìû ëîïàòîê çàâèõðèòåëÿ íà
ïðîöåññ ñìåøåíèÿ. Ïðîôèëèðîâàííûå ëîïàòêè
ïîçâîëÿþò ïîëó÷èòü áîëåå ðàâíîìåðíîå ïîëå
òåìïåðàòóð è íàèáîëüøèå çíà÷åíèÿ ïî êîýôôè-
öèåíòàì ñìåøåíèÿ. Î÷åâèäíî, ýòî ñâÿçàíî ñ òåì,
÷òî ïðèìåíåíèå ïðîôèëüíûõ ëîïàòîê ïîçâîëÿåò
ïîëó÷èòü áîëåå ðàâíîìåðíûé ïîòîê çà ëîïàòêà-
ìè âñëåäñòâèå îòñóòñòâèÿ îòðûâíûõ òå÷åíèé â
ìåæëîïàòî÷íîì êàíàëå çàâèõðèòåëÿ. Â ðåçóëüòàòå
ýòîãî óìåíüøàþòñÿ ïîòåðè äàâëåíèÿ ïðè òå÷åíèè
ïîòîêà ÷åðåç ïðîôèëèðîâàííûå ëîïàòêè è, ñîîò-
âåòñòâåííî, óâåëè÷èâàåòñÿ ýæåêöèîííàÿ ñïîñîá-
íîñòü ñòðóè. Ñëåäóåò îòìåòèòü, ÷òî òàêîé æå ðå-
çóëüòàò áûë ïîëó÷åí â ðàáîòå À. Ëåôåâðà [21], â
êîòîðîé ðàñ÷åò êîýôôèöèåíòà ïîòåðü äàâëåíèÿ

ÇÀÂξ  ïðîèçâîäèëñÿ ïî ôîðìóëå

*

2
,

0,5
ÇÀÂ

ÇÀÂ
Ç

ð

W

Δ
ξ

ρ
=

◊                   (13)

ãäå *
ÇÀÂðΔ  — ðàçíîñòü äàâëåíèé íà âõîäå è íà âû-

õîäå èç çàâèõðèòåëÿ; ïîëó÷åííàÿ ýêñïåðèìåí-
òàëüíàÿ çàâèñèìîñòü êîýôôèöèåíòà ïîòåðü ðàñ-

õîäà ÇÀÂξ  îò óãëà êðóòêè è òèïà ëîïàòîê çàâèõ-

ðèòåëÿ ïðåäñòàâëåíà íà ðèñ. 7 â âèäå ñïëàøíûõ
è ïóíêòèðíûõ ëèíèé, à ìàðêåðàìè íàíåñåíû ïî-
ëó÷åííûå ýêñïåðèìåíòàëüíûå çíà÷åíèÿ ïî èññëå-
äîâàííûì çàâèõðèòåëÿì. Âèäíî, ÷òî ïðîôèëèð-
âàíèå ëîïàòîê çíà÷èòåëüíî ñíèæàåò ïîòåðè äàâ-
ëåíèÿ â çàâèõðèòåëå.

Ìîæíî ñäåëàòü âûâîä, ÷òî óãîë óñòàíîâêè
ëîïàòîê ñóùåñòâåííî âëèÿåò íà ãèäðàâëè÷åñêèå
õàðàêòåðèñòèêè ïðè óñòàíîâêå ïëîñêèõ ëîïàòîê,
à èçìåíåíèå èõ êîëè÷åñòâà âëèÿåò îäèíàêîâî
íåçàâèñèìî îò èõ òèïà. Â îñíîâíîì â ëèòåðàòó-
ðå ðåêîìåíäóåòñÿ èñïîëüçîâàòü ïðîôèëèðîâàí-
íûå ëîïàòêè äëÿ ïíåâìàòè÷åñêèõ ôîðñóíîê òàì,
ãäå âîçìóùåíèÿ â ïîòîêå îò ïëîñêèõ ëîïàòîê
ìîãóò ïîâëèÿòü íà êà÷åñòâî ðàñïûëåíèÿ òîïëè-
âà. Ïðåèìóùåñòâî ïëîñêèõ ëîïàòîê â òîì, ÷òî ðà-
äèàëüíûé ïðîôèëü ñêîðîñòåé ó íèõ áîëåå ðàâíî-
ìåðíûé â îòëè÷èå îò ñìåùåíèÿ ñêîðîñòè ïîòî-

êà ê ïåðèôåðèè ó ïðîôèëèðîâàííûõ ëîïàòîê. Ýòî
äàåò âîçìîæíîñòü îáåñïå÷èòü áîëåå âûñîêèé
ïîäâîä âîçäóõà â îáëàñòü âáëèçè ôîðñóíêè, â
êîòîðîé ìîæåò îáðàçîâûâàòüñÿ ñàæà. Ýòî îáñòî-
ÿòåëüñòâî äàåò âîçìîæíîñòü ïðèìåíÿòü ëîïàòêè
ñ ïðÿìûì ïðîôèëåì äëÿ ôðîíòîâûõ óñòðîéñòâ
êàìåð ñãîðàíèÿ àâèàöèîííîãî íàçíà÷åíèÿ.

Âûâîäû

Ïðîâåäåíû ýêñïåðèìåíò è àíàëèòè÷åñêèé
ðàñ÷åò, íàïðàâëåííûå íà èññëåäîâàíèå èçìåíå-
íèÿ ïàðàìåòðîâ ïîòîêà â çàâèñèìîñòè îò óãëà óñ-
òàíîâêè è ïðîôèëÿ ëîïàòêè. Â ðåçóëüòàòå áûëè
ïîëó÷åíû ñëåäóþùèå îáîáùàþùèå ðåçóëüòàòû. Ñ
óâåëè÷åíèåì óãëà óñòàíîâêè ëîïàòîê â èññëåäî-
âàííîì äèàïàçîíå óãëîâ âîçðàñòàåò ýæåêöèîííàÿ
ñïîñîáíîñòü çàêðó÷åííîãî ïîòîêà. Áîëüøîå âëè-
ÿíèå íà ïîëå òåìïåðàòóð îêàçûâàåò ïðîôèëèðî-
âàíèå ëîïàòêè. Â îòëè÷èå îò ïëîñêèõ, ïðîôèëè-
ðîâàííûå ëîïàòêè ñîçäàþò áîëåå ðàâíîìåðíûé
ïîòîê íà âûõîäå áåç ñóùåñòâåííûõ îòðûâíûõ çîí

Ðèñ. 7. Âëèÿíèå óãëà óñòàíîâêè ëîïàòîê è âàðèàíòîâ
èõ èçãîòîâëåíèÿà íà êîýôôèöèåíò ïîòåðü ïîëíîãî äàâ-
ëåíèÿ:
ýêñïåðèìåíò àâòîðîâ (12 ëîïàòîê):  – ïëîñêèå ëîïàò-
êè;  – ïðîôèëèðîâàííûå ëîïàòêè;
îáîáùåííûå ýêñïåðèìåíòàëüíûå äàííûå [21]:
         – ïëîñêèå ëîïàòêè; - - - - – ïðîôèëèðîâàííûå
ëîïàòêè
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è òåì ñàìûì ñíèæàþò ãèäðàâëè÷åñêèå ïîòåðè íà
ôðîíòîâîì óñòðîéñòâå è îáåñïå÷èâàþò âûñîêèé
êîýôôèöèåíò ñìåøåíèÿ ñî âòîðè÷íûì âîçäóõîì.
Èçìåíåíèå êîëè÷åñòâà ïðîôèëèðîâàííûõ è
ïëîñêèõ ëîïàòîê îêàçûâàåò íåçíà÷èòåëüíîå âîç-
äåéñòâèå íà èçìåíåíèå ãèäðàâëè÷åñêîãî ñîïðî-
òèâëåíèÿ, â îòëè÷èå îò èçìåíåíèÿ óãëà óñòàíîâ-
êè ëîïàòîê. Òàêèì îáðàçîì, ïîëó÷åííûå ðåçóëü-
òàòû ìîãóò áûòü ïîëåçíûìè ïðè ïðîåêòèðîâàíèè
ýôôåêòèâíîãî ôðîíòîâîãî óñòðîéñòâà êàìåðû
ñãîðàíèÿ ãàçîòóðáèííîãî äâèãàòåëÿ.
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Abstract

Various structures of swirlers, differing by the blades
installation angle within the range of 15–60 degrees,
were developed for experimental study of mixing
processes from the vane swirler by the layer-by-layer
deposit welding technology.

The manufactured swirlers were blown-through
on the experimental test bench with heated air.

The experimental study results indicate a general
regularity characteristic for mixing in a swirled jet with
surrounding air, consisting in the fact that:

1) With the swirl intensity increase (the vane
installation angle increase), within the limits of the
studied vane rotation angles, the ejection ability of
the flow increases;

SWIRLER VANES INSTALLATION ANGLE IMPACT ON FLOW MIXING
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2) With moving away from the swirler mouth, the
share attached (ejected) air mass increases in the axial
direction of the swirled flow.

Based on the works of Akhmedov R.B., Lewis B.
and Lefebvre A., mixing in a swirling flow, depending
mainly on the turbulent mass transfer process, can
be represented as a dependence on turbulent
diffusion. It allows forming analytical dependences
for mixing process calculation using the following
assumptions:

1) The average radius of the swirler RAV is the
radius of the annular source RCS;

2) A mixture of air and fuel is a gas flowing out
of an annular source;
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3) The flow swirling effect is being determined by
its impact on the coefficient of turbulent diffusion.

Comparisons of the swirlers experimental data
with various vane installation angles with analytical
calculations reveal satisfactory qualitative and
quantitative convergence. Analytical dependence is
described by a power function close to linear.

In practice, the impact of the swirler vanes shape
on the mixing process is of interest. An experimental
study of the vane shape impact on the mixing ratio
was conducted. The profiled vanes demonstrated a
more uniform temperature field and the highest
mixing ratios. Obviously, this is due to the fact that
the profiled vanes application allows obtaining a more
uniform flow behind the vanes due to the absence of
separated flows in the inter-vane channel of the
swirler. As the result, a pressure losses decrease occurs
during the flow passage through the profiled vanes
and, accordingly, an increase in the ejection ability
of the jet occurs. It is worth noting that the same
result was obtained in the work of Lefebvre A., where
the vanes profiling significantly reduces the pressure
loss in the swirler.

The conducted experiment and analytical
calculation aimed at studying the change in flow
parameters depending on the installation angle and
the vane profile allowed obtaining the following
generalizing results. With an increase in the vane
installation angle in the range of angles under study,
the ejection ability of the swirling flow increases. The
blade profiling strongly affects the temperature field.
Unlike the flat ones, the profiled vanes create more
uniform flow at the outlet without significant
separation zones, reducing thereby hydraulic losses
in the flame tube head and ensuring a high mixing
ratio with secondary air. A change in the number of
profiled and flat vanes has an insignificant impact on
the hydraulic resistance change, in contrast to a
change in the vane installation angle. Thus, the
obtained results of the work may be handy while
designing the effective flame tube head of the gas
turbine engine combustion chamber.

Keywords: gas turbine engine (GTD) combustion
chamber, flow swirl, mixing ratio, swirler vane profile.
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