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Ñîâðåìåííûìè ìåòîäàìè âû÷èñëèòåëüíîé ãèäðîäèíàìèêè ïðîâåäåíû èññëåäîâàíèÿ âëèÿíèÿ èíòåíñèâíîñòè
çàêðó÷åííîãî ïîòîêà íà âõîäå â ñîïëî íà êîýôôèöèåíò ðàñõîäà â çàâèñèìîñòè îò ãåîìåòðè÷åñêèõ ïàðàìåòðîâ
âõîäíîãî ó÷àñòêà. Ðàññìîòðåíû íå óòîïëåííûå â êàìåðó ñãîðàíèÿ ñîïëà ðàêåòíîãî äâèãàòåëÿ ñ ðàçíûì èñïîëíå-
íèåì äíèù. Âëèÿíèå çàêðó÷åííîãî ïîòîêà èññëåäîâàëîñü â äèàïàçîíå ÷èñëà çàêðóòêè Õèãåðà–Áýðà îò 0 äî 0,4.
Ïîêàçàíî âëèÿíèå êîíòóðà âõîäíîé ÷àñòè ñîïëà, è îïðåäåëåíû ãðàíèöû ñíèæåíèÿ êîýôôèöèåíòà ðàñõîäà. Âû-
ÿâëåí ãåîìåòðè÷åñêèé ïàðàìåòð âõîäíîãî ó÷àñòêà ñîïåë, îïðåäåëÿþùèé âëèÿíèå èíòåíñèâíîñòè çàêðóòêè ïîòî-
êà íà êîýôôèöèåíò ðàñõîäà. Ïðåäñòàâëåíû õàðàêòåðíûå èçìåíåíèÿ ïðîôèëÿ ñêîðîñòè â çàâèñèìîñòè îò èíòåí-
ñèâíîñòè çàêðóòêè è êîíòóðà âõîäíîãî ó÷àñòêà ñîïëà. Ïðîâåäåíû ïàðàìåòðè÷åñêèå èññëåäîâàíèÿ âëèÿíèÿ çàêðóò-
êè ïîòîêà ïðè ïîñòîÿííîì çíà÷åíèè ðàñõîäíîãî êîìïëåêñà. Ïðåäñòàâëåíû çàâèñèìîñòè âëèÿíèÿ íåðàâíîìåðíîãî
ðàñïðåäåëåíèÿ çàêðóòêè ïîòîêà íà êîýôôèöèåíò ðàñõîäà.

Êëþ÷åâûå ñëîâà: ðàêåòíûé äâèãàòåëü, èíòåíñèâíîñòü çàêðó÷åííîãî ïîòîêà, äèôôóçîð, ãàçîäèíàìè÷åñêàÿ ñî-
ñòàâëÿþùàÿ êîýôôèöèåíòà ðàñõîäà.

Ââåäåíèå

Îäíà èç àêòóàëüíûõ çàäà÷, êîòîðóþ íåîáõîäè-
ìî ðåøàòü íà ýòàïàõ ïðîåêòèðîâàíèÿ è äîâîäêè
ðàêåòíîãî äâèãàòåëÿ, â ÷àñòíîñòè ðàêåòíîãî äâè-
ãàòåëÿ òâåðäîãî òîïëèâà (ÐÄÒÒ), — ïðîãíîçèðî-
âàíèå ïîÿâëåíèÿ íåóñòîé÷èâûõ ðåæèìîâ ðàáîòû.
Â öåëÿõ èñêëþ÷åíèÿ íåáëàãîïðèÿòíûõ ïîñëåä-

ñòâèé èõ âîçíèêíîâåíèÿ ñëåäóåò ïðèäåðæèâàòüñÿ
â ïðîöåññå ïðîåêòèðîâàíèÿ ÐÄÒÒ íåêîòîðûõ ðå-
êîìåíäàöèé [1, 2]. Âîçìîæíî òàêæå ïðèìåíåíèÿ
ìåõàíè÷åñêèõ ñïîñîáîâ ïîäàâëåíèÿ êîëåáàíèé
äàâëåíèÿ, íî ýòè ñïîñîáû èç-çà ñâîèõ îñîáåííî-
ñòåé èñïîëüçóþòñÿ íå ÷àñòî. Êðîìå ýòîãî, èçâåñ-
òíû òàêèå ñïîñîáû ïîäàâëåíèÿ àêóñòè÷åñêîé íå-
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óñòîé÷èâîñòè, êàê ââîä òàíãåíöèàëüíîãî ïîòîêà
â êàìåðó ñãîðàíèÿ (ÊÑ) [3] èëè îáåñïå÷åíèå çàê-
ðó÷åííîãî òå÷åíèÿ ïðîäóêòîâ ñãîðàíèÿ ïî ðàáî-
÷åìó òðàêòó ÐÄÒÒ [4], ÷òî ïîçâîëÿåò óìåíüøèòü
àêóñòè÷åñêóþ íåóñòîé÷èâîñòü çà ñ÷åò äèññèïàöèè
ýíåðãèè çâóêîâîé âîëíû íà ïðåîäîëåíèå ãèäðàâ-
ëè÷åñêèõ ïîòåðü.

Ñ îäíîé ñòîðîíû, ñ óâåëè÷åíèåì èíòåíñèâíî-
ñòè çàêðóòêè ïîòîêà ðàñòåò äèññèïàöèÿ êîëåáà-
òåëüíîé ýíåðãèè çâóêîâîé âîëíû, ñ äðóãîé — çà-
êðóòêà ïîòîêà ñïîñîáñòâóåò ïåðåìåøèâàíèþ êîì-
ïîíåíòîâ ðàáî÷åé ñìåñè, óâåëè÷åíèþ âðåìåíè
ïðåáûâàíèÿ õèìè÷åñêè àêòèâíûõ ïðîäóêòîâ ãîðå-
íèÿ â ÊÑ è, ñîîòâåòñòâåííî, óâåëè÷åíèþ ïîëíî-
òû ñãîðàíèÿ. Îäíàêî ñïîñîá ïîäàâëåíèÿ êîëåáà-
íèé äàâëåíèÿ çà ñ÷åò çàêðóòêè ïîòîêà ìîæåò íå-
ãàòèâíî âëèÿòü íà ñîâåðøåíñòâî ïðîöåññîâ â ÊÑ,
÷òî îòðàæàåòñÿ íà äåéñòâèòåëüíîé âåëè÷èíå ðàñ-
õîäíîãî êîìïëåêñà. Âñå ôàêòîðû, ñâÿçàííûå ñ ïðî-
ñòðàíñòâåííûì õàðàêòåðîì òå÷åíèÿ, ïîòåðÿìè
ïîëíîãî äàâëåíèÿ è äðóãèìè îñîáåííîñòÿìè äâè-
æåíèÿ ðàáî÷åãî òåëà ïî òðàêòó äî ìèíèìàëüíîãî
ñå÷åíèÿ, ó÷èòûâàþòñÿ êîýôôèöèåíòîì ðàñõîäà [5]:

0c min ,
p F

m μ
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ãäå μÂ  – ñóììàðíûé êîýôôèöèåíò ðàñõîäà [5];

p0c – äàâëåíèå òîðìîæåíèÿ íà âõîäå â ñîïëî;
Fmin – ïëîùàäü ìèíèìàëüíîãî ñå÷åíèÿ ñîïëà;

β  – ðàñõîäíûé êîìïëåêñ.

Â ñâîþ î÷åðåäü, ñóììàðíûé êîýôôèöèåíò
ðàñõîäà ïðåäñòàâëÿåò ñîáîé ïðîèçâåäåíèå ðàçëè÷-
íûõ åãî ñîñòàâëÿþùèõ [5], ñðåäè êîòîðûõ ãàçîäè-
íàìè÷åñêàÿ, äâóõôàçíàÿ è äð. Íåñìîòðÿ íà òî ÷òî
ãàçîäèíàìè÷åñêàÿ ñîñòàâëÿþùàÿ êîýôôèöèåíòà
ðàñõîäà ÐÄÒÒ ïî àáñîëþòíîé âåëè÷èíå ìåíüøå
çíà÷åíèé äðóãèõ ñîñòàâëÿþùèõ [5], åå ðîëü â èõ
ôîðìèðîâàíèè ÿâëÿåòñÿ îïðåäåëÿþùåé. Ñëåäóåò
ïîëàãàòü, ÷òî ãàçîäèíàìè÷åñêàÿ ñòðóêòóðà ñ ó÷å-
òîì íåðàâíîìåðíîé èíòåíñèâíîñòè çàêðóòêè ïî-
òîêà â ïîïåðå÷íîì ñå÷åíèè íà âõîäå â ñîïëî áó-
äåò îêàçûâàòü äîìèíèðóþùåå âëèÿíèå íà âñå ñî-
ñòàâëÿþùèå ïîòåðü, âûðàæåííûå ÷åðåç êîýôôè-
öèåíò ðàñõîäà â çàâèñèìîñòè îò ôîðìû è ãåîìåò-
ðè÷åñêèõ ïàðàìåòðîâ âõîäíûõ äîçâóêîâûõ ó÷àñò-
êîâ.

Ìîäåëèðîâàíèþ çàêðó÷åííûõ ïîòîêîâ óäåëÿ-
åòñÿ äîñòàòî÷íî ìíîãî âíèìàíèÿ â ñâÿçè ñ òåì, ÷òî
îíè èñïîëüçóþòñÿ â ðàáî÷èõ òðàêòàõ ðàçëè÷íûõ
ýíåðãîñèëîâûõ óñòàíîâîê äëÿ èíòåíñèôèêàöèè òåõ
èëè èíûõ ïðîöåññîâ è âûäåëåíû â îòäåëüíûé

êëàññ òå÷åíèé. Îñíîâîïîëàãàþùèå ðåçóëüòàòû ïî
çàêðó÷åííûì ïîòîêàì ïðåäñòàâëåíû â òðóäàõ
À.À. Õàëàòîâà, À. Ãóïòà, Þ.À. Ãîñòèíöåâà, Í.Í. Ñëà-
âÿíîâà è äð.

Â ðàáîòàõ [6, 7] ïîêàçàíî, ÷òî â ãàçîòóðáèííûõ
äâèãàòåëÿõ çàêðóòêà ïîòîêà ïîñëå òóðáèíû îêàçû-
âàåò ñóùåñòâåííîå âîçäåéñòâèå íà êîýôôèöèåíò
ðàñõîäà ðåàêòèâíîãî ñîïëà, íå èìåþùåãî âíóòðåí-
íèõ êîíñòðóêòèâíûõ ýëåìåíòîâ. Âëèÿíèå çàêðóòêè
íà êîýôôèöèåíò ðàñõîäà äëÿ ñîïåë, èìåþùèõ
öåíòðàëüíîå òåëî, ñòîéêè è äðóãèå êîíñòðóêòèâ-
íûå ýëåìåíòû, îòðàæåíî â ðàáîòå [8]. Ïðèìåíè-
òåëüíî ê òðàêòàì ðàêåòíûõ äâèãàòåëåé íåêîòîðûå
çàêîíîìåðíîñòè òå÷åíèÿ çàêðó÷åííîãî âÿçêîãî
ïîòîêà îäíîêîìïîíåíòíîãî ðàáî÷åãî òåëà, ïîëó-
÷åííûå íà îñíîâå ðåøåíèÿ ñèñòåìû óðàâíåíèé
Íàâüå—Ñòîêñà, ïðåäñòàâëåíû â ðàáîòå [9]. Â óêà-
çàííûõ ðàáîòàõ îòðàæåíû çàêîíîìåðíîñòè óìåíü-
øåíèÿ êîýôôèöèåíòà ðàñõîäà ïðè çàêðóòêå ïîòî-
êà. Äëÿ ñîïåë Ëàâàëÿ îòìå÷åíà òåíäåíöèÿ ðîñòà
óäåëüíîãî èìïóëüñà ñ óâåëè÷åíèåì èíòåíñèâíî-
ñòè çàêðóòêè ïîòîêà [9]. Òàêèì îáðàçîì, ïðè ñòà-
áèëèçèðóþùåì âîçäåéñòâèè çàêðóòêè ïîòîêà â
òðàêòàõ ÐÄÒÒ äîìèíèðóþùèì ôàêòîðîì, íåãàòèâ-
íî âëèÿþùèì íà òÿãîâûå õàðàêòåðèñòèêè, ÿâëÿ-
åòñÿ ãàçîäèíàìè÷åñêàÿ ñîñòàâëÿþùàÿ êîýôôèöè-
åíòà ðàñõîäà.

Â äàííîé ðàáîòå îáúåêòîì èññëåäîâàíèÿ ÿâëÿ-
þòñÿ êëàññè÷åñêèå íåóòîïëåííûå ñîïëà, èìåþùèå
ðàçëè÷íûå êîíòóðû âõîäíûõ äîçâóêîâûõ ó÷àñòêîâ
(ðèñ. 1). Îáùèì äëÿ ïðåäñòàâëåííûõ ó÷àñòêîâ, çà
èñêëþ÷åíèåì êîíòóðà, ïîñòðîåííîãî ñ ïðèìåíå-
íèåì ñîîòíîøåíèÿ Âèòîøèíñêîãî, ÿâëÿåòñÿ íà-
ëè÷èå ðàäèóñíîãî âõîäà â ãîðëî ìèíèìàëüíîãî
ñå÷åíèÿ, çíà÷åíèå êîòîðîãî óäîáíî âûðàçèòü â îò-

íîñèòåëüíîì âèäå 2 2 ì/R R R= . Óêàçàííûå êîíòó-

ðû îòëè÷àþòñÿ ïåðåõîäíîé ïîâåðõíîñòüþ îò öè-
ëèíäðè÷åñêîé ôîðìû ÊÑ ê ðàäèóñíîìó âõîäó â
ìèíèìàëüíîå ñå÷åíèå. Êîíè÷åñêèé êîíòóð
(ðèñ. 1,à) èñïîëüçóåòñÿ â ðàêåòíûõ äâèãàòåëÿõ íà
æèäêîì òîïëèâå. Äíèùà ýëëèïòè÷åñêîé (ðèñ. 1,á)
è òîðîñôåðè÷åñêîé (ðèñ. 1,â) ôîðìû ñâîéñòâåí-
íû ÐÄÒÒ [2]. Ðàññìîòðåíî òàêæå ãèïîòåòè÷åñêîå
ïëîñêîå äíèùå ÊÑ (ðèñ. 1,ã), ñîïðÿæåííîå ñ óêà-
çàííûì ðàäèóñíûì âõîäîì â ãîðëîâèíó ñîïëà è ñ
öèëèíäðè÷åñêîé ñòåíêîé ÊÑ ïî ðàäèóñó

3 3 ì/R R R= . Êîíòóð, ïîñòðîåííûì ñ èñïîëüçîâà-

íèåì ôîðìóëû Âèòîøèíñêîãî (ðèñ. 1,ä), ïîëó÷åí
ñîïðÿæåíèåì ñôåðè÷åñêîé ôîðìû âõîäíîãî ó÷à-
ñòêà è óêîðî÷åííîãî êîíòóðà Âèòîøèíñêîãî.
Ïîñëåäíèé, êàê ïðàâèëî, â ðàêåòíîì äâèãàòåëå-
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ñòðîåíèè íå èñïîëüçóåòñÿ èç-çà çíà÷èòåëüíûõ ãåî-
ìåòðè÷åñêèõ ðàçìåðîâ è íåóäîâëåòâîðèòåëüíûõ
ìàññîâûõ õàðàêòåðèñòèê.

Ïðè ïîñòðîåíèè ãåîìåòðè÷åñêèõ ìîäåëåé âñåõ
ñîïåë çíà÷åíèÿ ðàäèóñîâ Rì è Rê íå èçìåíÿëèñü,
è ðåàëèçîâàíî îòíîøåíèå Rê /Rì = 7,12. Ê îòëè-
÷èòåëüíûì ãåîìåòðè÷åñêèì ïàðàìåòðàì ðàññìàò-
ðèâàåìûõ ñîïåë îòíîñèòñÿ ïðîòÿæåííîñòü âõîä-
íîãî ó÷àñòêà îò âõîäà â ñîïëî äî ìèíèìàëüíîãî
ñå÷åíèÿ L. Ïîâåðõíîñòü ïîäâîäà ðàáî÷åãî òåëà
óêàçàíà íà ðèñóíêàõ. Ãåîìåòðè÷åñêèå ïàðàìåòðû
ñâåðõçâóêîâîãî ïðîôèëÿ ñîïëà äëÿ âñåõ äîçâóêî-
âûõ ó÷àñòêîâ îñòàâàëèñü íåèçìåííûìè.

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ ÷èñëåííàÿ
îöåíêà âëèÿíèÿ íà êîýôôèöèåíò ðàñõîäà èíòåí-
ñèâíîñòè è íåðàâíîìåðíîñòè çàêðóòêè ïîòîêà íà
âõîäå â ñîïëî â çàâèñèìîñòè îò ôîðìû êîíòóðà
äîçâóêîâîãî ó÷àñòêà. Â êà÷åñòâå êîýôôèöèåíòà
ðàñõîäà ðàññìàòðèâàåòñÿ åãî ãàçîäèíàìè÷åñêàÿ
ñîñòàâëÿþùàÿ.

Ìåòîäèêà ìîäåëèðîâàíèÿ è ïîñòàíîâêà çàäà÷è

Ìîäåëèðîâàíèå ïðîâîäèëîñü ñðåäñòâàìè ïðî-
ãðàììíîãî ïðîäóêòà ANSYS Fluent â ðàìêàõ îñå-
ñèììåòðè÷íîãî ïðèáëèæåíèÿ â èäåàëüíî ãàçîâîé
àäèàáàòíîé ïîñòàíîâêå ñòàöèîíàðíîé çàäà÷è.

Ñîãëàñíî äàííûì ÷èñëåííîãî ìîäåëèðîâàíèÿ
çàêðó÷åííûõ òóðáóëåíòíûõ ïîòîêîâ [10], óäîâëåò-
âîðèòåëüíîå ñîîòâåòñòâèå ñ ýêñïåðèìåíòàëüíûìè
äàííûìè è ðåçóëüòàòàìè ïðÿìîãî ÷èñëåííîãî
ìîäåëèðîâàíèÿ ïîëó÷åíî ïðè èñïîëüçîâàíèè
êëàññè÷åñêèõ ìîäåëåé, îñíîâàííûõ íà îñðåäíåí-
íûõ ïî Ðåéíîëüäñó óðàâíåíèÿõ Íàâüå—Ñòîêñà
(RANS). Ðàñïðîñòðàíåííîñòü RANS-ïîäõîäà
îáóñëîâëåíà îïòèìàëüíûì ñîîòíîøåíèåì òî÷íî-
ñòè ïîëó÷àåìûõ ðåçóëüòàòîâ è ðåñóðñîåìêîñòè
[11—13]. Ïðè ìîäåëèðîâàíèè çàêðó÷åííûõ òå÷å-
íèé ñ ó÷åòîì òåïëîìàññîîáìåíà óäîâëåòâîðèòåëü-
íûå ðåçóëüòàòû ïîëó÷åíû ïðè çàìûêàíèè îñðåä-
íåííûõ óðàâíåíèé Íàâüå–Ñòîêñà äâóõïàðàìåòðè-
÷åñêîé ìîäåëüþ òóðáóëåíòíîñòè RNG k–ε  [11, 12].
Ðåçóëüòàòû âåðèôèêàöèè ïðèìåíåíèÿ ìîäåëè
RNG k– ε  äëÿ ðàñ÷åòà êîýôôèöèåíòà ðàñõîäà
êëàññè÷åñêèõ ñîïåë ïðåäñòàâëåíû â ðàáîòå [14].
Êðîìå ýòîãî, óêàçàííàÿ ìîäåëü òóðáóëåíòíîñòè
îáåñïå÷èâàåò óäîâëåòâîðèòåëüíóþ òî÷íîñòü ðàñ-
÷åòà ïîòåðü óäåëüíîãî èìïóëüñà óòîïëåííîãî ñî-
ïëà [15]. Â äàííîé ðàáîòå èñïîëüçîâàëàñü òóðáó-
ëåíòíàÿ ìîäåëü RNG k– ε  ñ òèïîâûì íàáîðîì
ìîäåëüíûõ êîíñòàíò, ñïîñîáíàÿ îáåñïå÷èòü òðå-
áóåìóþ òî÷íîñòü ñîãëàñíî çàÿâëåííîé öåëè è
óêàçàííûì äîïóùåíèÿì.
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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Äëÿ èñêëþ÷åíèÿ íåîáõîäèìîñòè îïðåäåëåíèÿ
ãðàíè÷íûõ óñëîâèé íà âûõîäå èç ñîïëà, ãåîìåò-
ðè÷åñêèå ìîäåëè ðàñ÷åòíîé ñõåìû âêëþ÷àëè äî-
ïîëíèòåëüíûé îáúåì, ïîçâîëÿþùèé ïðîãíîçèðî-
âàòü èñòå÷åíèå ñâåðõçâóêîâîé ñòðóè â ñâîáîäíîå
ïðîñòðàíñòâî. Ðàñ÷åòíûå ìîäåëè ÊÑ è ñîïëà îñ-
íîâàíû íà ñòðóêòóðèðîâàííîé ñåòêå. Ïðè èçìå-
íåíèè ãåîìåòðè÷åñêèõ ïàðàìåòðîâ ñîïåë êà÷åñòâî
ñåòêè ïîääåðæèâàëîñü ïîñòîÿííûì. Äëÿ îïèñàíèÿ
õàðàêòåðèñòèê ïîãðàíè÷íîãî ñëîÿ ïðèìåíÿëàñü
ñòàíäàðòíàÿ ïðèñòåíî÷íàÿ ôóíêöèÿ. Â öåëîì, äëÿ
âñåõ ðàññìàòðèâàåìûõ âõîäíûõ ó÷àñòêîâ ñîïåë
ïàðàìåòð y+ îò âõîäà äî ìèíèìàëüíîãî ñå÷åíèÿ
èçìåíÿëñÿ â äèàïàçîíå îò 25 äî 60.

Ãðàíè÷íûå óñëîâèÿ ìîäåëèðîâàíèÿ:
— íà âõîäå ñîïëî (ñì. ðèñ. 1) çàäàâàëèñü ïà-

ðàìåòðû ïîòîêà ðàáî÷åãî òåëà è äîëÿ îêðóæíîé
ñîñòàâëÿþùåé ñêîðîñòè, îáåñïå÷èâàþùàÿ òðåáó-
åìóþ èíòåíñèâíîñòü çàêðóòêè;

— ñòåíêè ñîïëà ãëàäêèå ñ óñëîâèÿìè ïðèëè-
ïàíèÿ è íåïðîòåêàíèÿ ðàáî÷åãî òåëà;

— íà âûõîäå äîïîëíèòåëüíîãî îáúåìà çàäàâà-
ëîñü ïîñòîÿíñòâî àòìîñôåðíîãî äàâëåíèÿ â ïîïå-
ðå÷íîì ñå÷åíèè.

Â êà÷åñòâå ãèïîòåòè÷åñêîãî ðàáî÷åãî òåëà ðàñ-
ñìàòðèâàëñÿ âîçäóõ ñ ïàðàìåòðàìè òîðìîæåíèÿ íà
âõîäå èññëåäóåìûõ ñîïåë p0c = 7 ÌÏà è

T0c = 3170 Ê. Íåèçìåííîñòü çíà÷åíèé p0c, Fmin è m
ïðè ìîäåëèðîâàíèè â èäåàëüíîì ïðèáëèæåíèè
îáåñïå÷èâàþò ïîñòîÿíñòâî ðàñõîäíîãî êîìïëåê-
ñà (1), ÷òî îïðåäåëÿåò êîððåêòíîñòü ñîïîñòàâëå-
íèÿ êîýôôèöèåíòà ðàñõîäà. Èíòåíñèâíîñòü çà-
êðó÷åííîãî ïîòîêà ïðèíÿòî îïðåäåëÿòü ñ ïîìî-
ùüþ ÷èñëà çàêðóòêè Õèãåðà—Áýðà [16]:

,n
n

M
S

RJ
=                           (2)

ãäå 2

0

2
R

nM ur drπ ρω= Ú  – ìîìåíò êîëè÷åñòâà äâèæå-

íèÿ; 2

0

2
R

J u rdrπ ρ= Ú  – ïðîåêöèÿ êîëè÷åñòâà äâèæå-

íèÿ íà ïðîäîëüíóþ îñü; R – õàðàêòåðíûé ðàäè-
óñ; u, ω  – ñîñòàâëÿþùèå âåêòîðà ñêîðîñòè â îñå-

âîì è îêðóæíîì íàïðàâëåíèÿõ; ρ  – ïëîòíîñòü

ñðåäû.
Èçâåñòíî, ÷òî åñëè ïàðàìåòðû êðóòêè â ïîòîêå

áîëüøå íåêîòîðîãî êðèòè÷åñêîãî çíà÷åíèÿ, òî
óâåëè÷åíèå èíòåíñèâíîñòè çàêðóòêè îêàçûâàåò
ñòàáèëèçèðóþùåå âëèÿíèå. Ïî äàííûì [17] îïòè-
ìàëüíûì äèàïàçîíîì áåçðàçìåðíîãî ÷èñëà çàêðóò-
êè ÿâëÿåòñÿ Sn = 0 ÷ 0,3, òàê êàê ïðè Sn > 0,6 ïðî-

èñõîäèò ïðåöåññèÿ ÿäðà ïîòîêà, ÷òî, ïî ìíåíèþ
ìíîãèõ àâòîðîâ, ñîçäàåò óñëîâèÿ, ïðè êîòîðûõ
ðåæèì òå÷åíèÿ ñòàíîâèòñÿ ìåíåå óñòîé÷èâûì. Ê
òîìó æå ïðèìåíåíèå çàêðó÷åííûõ ïîòîêîâ ñ èí-
òåíñèâíîñòüþ Sn > 0,4 óõóäøàåò ìàññîâûå, ãàáà-
ðèòíûå õàðàêòåðèñòèêè è ñóæàåò òåõíîëîãè÷åñêèå
âîçìîæíîñòè îáåñïå÷åíèÿ çàêðóòêè. Â äàííîé ðà-
áîòå ðàññìàòðèâàëñÿ äèàïàçîí Sn = 0 ÷ 0,4.

Ïî ðåçóëüòàòàì ìîäåëèðîâàíèÿ ãàçîäèíàìè-
÷åñêàÿ ñîñòàâëÿþùàÿ êîýôôèöèåíòà ðàñõîäà ðàñ-
ñ÷èòûâàëàñü ïî ñîîòíîøåíèþ

( ) 0 min 0

,
/c c

m

A k p F RT
μ =               (3)

ãäå m  – çíà÷åíèå äåéñòâèòåëüíîãî ðàñõîäà, ïî-
ëó÷åííîå â ðåçóëüòàòå ÷èñëåííîãî ðåøåíèÿ;

( ) ( )
1

2 12
1

;

k
k

A k k
k

+
-Ê ˆ= Á ˜Ë ¯+

 k è R – îòíîøåíèå òåïëî-

åìêîñòåé è ðàâíîâåñíîå çíà÷åíèå ãàçîâîé ïîñòî-
ÿííîé.

Ðåçóëüòàòû ðàñ÷åòîâ

Ïðè ðàâíîìåðíî ðàñïðåäåëåííûõ ïàðàìåòðàõ
ïîòîêà íà âõîäå â ñîïëî (ñì. ðèñ. 1), âêëþ÷àÿ îê-
ðóæíóþ ñîñòàâëÿþùóþ ñêîðîñòè, âëèÿíèå çàêðóò-
êè ïîòîêà íà àáñîëþòíûé è îòíîñèòåëüíûé êîýô-
ôèöèåíòû ðàñõîäà îòðàæåíî íà ðèñ. 2, ãäå îòíî-
ñèòåëüíûé êîýôôèöèåíò ðàñõîäà ïðåäñòàâëÿåò ñî-
áîé îòíîøåíèå êîýôôèöèåíòîâ ðàñõîäà çàêðó÷åí-

íîãî è íåçàêðó÷åííîãî ïîòîêîâ /sμ μ μ= . Â ïðåä-

ñòàâëåííûõ çàâèñèìîñòÿõ âñå âõîäíûå ó÷àñòêè,
êðîìå ñïðîôèëèðîâàííîãî ñ ïðèìåíåíèåì ôîð-
ìóëû Âèòîøèíñêîãî, âûïîëíåíû ñ ðàäèóñîì

2R = 1,6. Ïîêàçàíî, ÷òî íàèáîëüøèé êîýôôèöè-

åíò ðàñõîäà ñîîòâåòñòâóåò êîíòóðó Âèòîøèíñêî-
ãî (ðèñ. 2,à). Äëÿ êîíè÷åñêîãî è ýëëèïòè÷åñêîãî
êîíòóðîâ äíèù ÊÑ ïðîãíîçèðîâàëèñü ïðàêòè÷åñ-
êè îäèíàêîâûå çíà÷åíèÿ êîýôôèöèåíòîâ ðàñõî-
äà, ÷òî ñîîòâåòñòâóåò äàííûì [18] î íåçíà÷èòåëü-
íîì ðàçëè÷èè çíà÷åíèé êîýôôèöèåíòîâ ðàñõîäà
áåç çàêðóòêè ïîòîêà. Äëÿ ïëîñêîãî äíèùà, êàê
áóäåò ïîêàçàíî äàëüøå, çíà÷åíèå êîýôôèöèåíòà
ðàñõîäà ñóùåñòâåííî ìåíüøå óêàçàííîãî äèàïà-
çîíà.

Ñ óâåëè÷åíèåì èíòåíñèâíîñòè çàêðóòêè êîýô-
ôèöèåíò ðàñõîäà ïðàêòè÷åñêè îäèíàêîâî óìåíü-
øàåòñÿ äëÿ âñåõ ðàññìàòðèâàåìûõ äîçâóêîâûõ
êîíòóðîâ (ðèñ. 2,á). Â óêàçàííîì äèàïàçîíå êîýô-
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ôèöèåíòà Õèãåðà—Áýðà èçìåíåíèÿ êîýôôèöèåíòà
ðàñõîäà äëÿ êîíòóðà, ïîñòðîåííîãî ïî ôîðìóëå
Âèòîøèíñêîãî, ñîñòàâëÿåò

0,4
0,4 100% 0,12%,S

S

μ μ
Δμ

μ
=

=

-
= ◊ =

à äëÿ äíèù òîðîñôåðè÷åñêîãî, ýëëèïòè÷åñêîãî,
êîíè÷åñêîãî è ïëîñêîãî – 0,14 %. Ìîæíî îòìå-
òèòü, ÷òî äëÿ êîíòóðà Âèòîøèíñêîãî â äèàïàçî-
íå Sn = 0,2 ÷ 0,4 õàðàêòåð èçìåíåíèÿ êîýôôèöèåí-
òà ðàñõîäà áëèçîê ê ëèíåéíîìó.

Çíà÷åíèå êîýôôèöèåíòà ðàñõîäà è åãî çàâèñè-
ìîñòü îò èíòåíñèâíîñòè çàêðóòêè ïîòîêà îïðåäå-
ëÿþòñÿ ãåîìåòðè÷åñêèì ïðîôèëåì âñåãî äîçâóêî-

âîãî ó÷àñòêà ñîïëà. Ïðåäñòàâëåííûå èëëþñòðàöèè
(ðèñ. 2) îòðàæàþò òîò ôàêò, ÷òî ïîâåðõíîñòü ïå-
ðåõîäà îò öèëèíäðè÷åñêîé ôîðìû ÊÑ ê ðàäèóñ-
íîìó âõîäó â ìèíèìàëüíîå ñå÷åíèå ñóùåñòâåííî
íå âëèÿåò íà çàâèñèìîñòü êîýôôèöèåíòà ðàñõîäà
îò èíòåíñèâíîñòè çàêðóòêè ïîòîêà. Âëèÿíèå ðà-
äèóñà âõîäà â ìèíèìàëüíîå ñå÷åíèå íà èçìåíåíèÿ
àáñîëþòíîãî è îòíîñèòåëüíîãî çíà÷åíèé êîýôôè-
öèåíòîâ ðàñõîäà â çàâèñèìîñòè îò èíòåíñèâíîñ-
òè ðàâíîìåðíî çàêðó÷åííîãî ïîòîêà íà ïðèìåðàõ
ÊÑ ñ òîðîñôåðè÷åñêèì è ïëîñêèì äíèùàìè ñ ïðå-
æíèìè ãåîìåòðè÷åñêèìè ïàðàìåòðàìè ïîêàçàíî
íà ðèñ. 3. Îò÷åòëèâî âèäíî, ÷òî ñ óìåíüøåíèåì

2R  çíà÷åíèå êîýôôèöèåíòà ðàñõîäà, êàê ïðè íà-

ëè÷èè, òàê è ïðè îòñóòñòâèè çàêðóòêè, ñóùåñòâåí-
íî ïàäàåò. Íàïðèìåð, ïðè ìàêñèìàëüíîé ðàññìîò-
ðåííîé èíòåíñèâíîñòè çàêðóòêè äëÿ ÊÑ ñ òîðîñôå-
ðè÷åñêèì è ïëîñêèì äíèùàìè èçìåíåíèÿ êîýôôè-
öèåíòà ðàñõîäà ñîîòâåòñòâåííî ñîñòàâëÿþò

0,4 SΔμ = = 0,019 %  è 0,011 % (ðèñ. 3,á). Òàêèì îá-

ðàçîì, îïðåäåëÿþùèì ïàðàìåòðîì, âëèÿþùèì íà
êîýôôèöèåíò ðàñõîäà â çàâèñèìîñòè îò èíòåíñèâ-
íîñòè çàêðóòêè, ÿâëÿåòñÿ ðàäèóñ âõîäà â ìèíè-
ìàëüíîå ñå÷åíèå, ïðè óâåëè÷åíèè êîòîðîãî âèõ-
ðåâûå ïîòåðè ïðàêòè÷åñêè îòñóòñòâóþò è ïðåâà-
ëèðóþò òîëüêî ñèëû òðåíèÿ [19].

Âëèÿíèå îòíîñèòåëüíîãî ðàäèóñà ñîïðÿæåíèÿ
öèëèíäðè÷åñêîé îáå÷àéêè ÊÑ ñ ïëîñêèì äíèùåì

3R  (ñì. ðèñ. 1,ã) ïðè ïîñòîÿííîì çíà÷åíèè 2R  íà

îòíîñèòåëüíûé êîýôôèöèåíò ðàñõîäà â çàâèñèìî-
ñòè îò èíòåíñèâíîñòè ðàâíîìåðíî çàêðó÷åííîãî
ïîòîêà ïðåäñòàâëåíî íà ðèñ. 4. Ïîêàçàíî, ÷òî îò-
íîñèòåëüíûé êîýôôèöèåíò ðàñõîäà ïðàêòè÷åñêè

íå çàâèñèò îò 3R . Î÷åâèäíî, ÷òî ñ óìåíüøåíèåì

3R  íàáëþäàåòñÿ òåíäåíöèÿ óâåëè÷åíèÿ òîðîñôå-

ðè÷åñêîãî âèõðÿ, ðàñïîëîæåííîãî â óãëîâîé çîíå
ïåðåä ïëîñêèì äíèùåì, è, ñîîòâåòñòâåííî, ðîñ-
òà ïîòåðü ïîëíîãî äàâëåíèÿ íà ó÷àñòêå âõîäà â
ìèíèìàëüíîå ñå÷åíèå è óìåíüøåíèÿ êîýôôèöè-
åíòà ðàñõîäà (ñì. ðèñ. 3). Ðàâíîìåðíîå ðàñïðåäå-
ëåíèå çàêðóòêè ïîòîêà è îòíîñèòåëüíî ìàëûå ðàç-
ìåðû óãëîâûõ âèõðåâûõ ñòðóêòóð ïåðåä ïëîñêèì
äíèùåì îïðåäåëÿþò âåñüìà íåçíà÷èòåëüíûå ïî-
òåðè, ñîïðÿæåííûå ñ äèññèïàöèåé ýíåðãèè çàêðó-
÷åííîãî ïîòîêà òîðîñôåðè÷åñêèì âèõðåì.

Ñîâåðøåíñòâî ïðîöåññà èñòå÷åíèÿ, êàê è çíà-
÷åíèå êîýôôèöèåíòà ðàñõîäà, îïðåäåëÿåòñÿ ïðî-
ôèëåì ñêîðîñòè â ìèíèìàëüíîì ñå÷åíèè ñîïëà,
ôîðìèðóåìûì äîçâóêîâûì ó÷àñòêîì. Íà ðèñ. 5

Ðèñ. 2. Âëèÿíèå ðàâíîìåðíî ðàñïðåäåëåííîé èíòåíñèâ-
íîñòè çàêðóòêè ïîòîêà íà âõîäå â ñîïëî íà àáñîëþòíûé
(à)  è îòíîñèòåëüíûé (á) êîýôôèöèåíòû ðàñõîäà:   –
äîçâóêîâîé êîíòóð, ïîñòðîåííûé ñ ïðèìåíåíèåì ôîð-
ìóëû Âèòîøèíñêîãî;  – òîðîñôåðè÷åñêîå äíèùå;  –
ýëëèïòè÷åñêîå äíèùå; ---- – ïëîñêîå äíèùå ñ 3R = 0,2

à)

á)
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ïðåäñòàâëåíû ïðîôèëè îñåâîé ñîñòàâëÿþùåé îò-
íîñèòåëüíîé ñêîðîñòè íà âõîäå â ãîðëîâèíó ìè-
íèìàëüíîãî ñå÷åíèÿ ïðè Sn = 0,4. Â ðàññìàòðèâà-
åìîì äèàïàçîíå ÷èñåë Sn îñåâàÿ ñîñòàâëÿþùàÿ
ñêîðîñòè ïðàêòè÷åñêè íå çàâèñèò îò èíòåíñèâíî-
ñòè çàêðóòêè ïðè ðàâíîìåðíîì åå ðàñïðåäåëåíèè,
ò.å. ïðåäñòàâëåííûå ïðîôèëè ïðàêòè÷åñêè ñîîò-
âåòñòâóþò âñåìó äèàïàçîíó èíòåíñèâíîñòè çàêðóò-
êè. Îò÷åòëèâî ïîêàçàíî âëèÿíèå ðàäèóñà âõîäà â
ãîðëî ìèíèìàëüíîãî ñå÷åíèÿ 2R . Ñ óìåíüøåíè-
åì ðàäèóñà âõîäà â ìèíèìàëüíîå ñå÷åíèå ïðîôèëü
ñêîðîñòè ñòàíîâèòñÿ áîëåå íàïîëíåííûì è ðàâ-

íîìåðíûì. Ïðîôèëè îñåâîé è îêðóæíîé ñîñòàâ-
ëÿþùèõ ñêîðîñòè äëÿ ÊÑ ñ òîðîñôåðè÷åñêèì,
ýëëèïòè÷åñêèì è êîíè÷åñêèìè äíèùàìè ïðàêòè-
÷åñêè íå ðàçëè÷àþòñÿ ìåæäó ñîáîé è ïî ñðàâíå-
íèþ ñ ïëîñêèìè äíèùàìè áîëåå íàïîëíåíû, ÷òî
è îòðàæàþò êîýôôèöèåíòû ðàñõîäà äëÿ äàííûõ
äíèù.

Õàðàêòåðíûå ïðîôèëè îòíîñèòåëüíîé ñêîðî-
ñòè â ìèíèìàëüíîì ñå÷åíèè ñîïëà ñ ðàçíûìè äî-
çâóêîâûìè ó÷àñòêàìè ïðè çàäàííîì çíà÷åíèè
Sn = 0,4 ïðåäñòàâëåíû íà ðèñ. 6. Îòíîñèòåëüíûé
ðàäèóñ âõîäà â ãîðëîâèíó ñîïëà ÊÑ ñ ýëëèïòè÷åñ-

à) á)

Ðèñ. 4. Èçìåíåíèÿ îòíîñèòåëüíîãî êîýôôèöèåíòà ðàñ-
õîäà ÊÑ ïðè ðàâíîìåðíî ðàñïðåäåëåííîé èíòåíñèâíî-
ñòè çàêðóòêè ïîòîêà â çàâèñèìîñòè îò ðàäèóñà ñîïðÿ-
æåíèÿ ïëîñêîãî äíèùà ñ öèëèíäðè÷åñêîé îáå÷àéêîé
ïðè 2R =1,6:  3R = 4,5; .... 3R = 1,7;     = 0,2

Ðèñ. 5. Ïðîôèëè îñåâîé ñîñòàâëÿþùåé îòíîñèòåëüíîé
ñêîðîñòè (÷èñëî Ìàõà) íà âõîäå â ãîðëîâèíó ìèíèìàëü-
íîãî ñå÷åíèÿ ÊÑ ñ òîðîñôåðè÷åñêèì (- - -) è ïëîñêèì
(     ) äíèùàìè ïðè ðàâíîìåðíî ðàñïðåäåëåííîé èí-
òåíñèâíîñòè çàêðóòêè ïîòîêà

Ðèñ. 3. Âëèÿíèå ðàâíîìåðíî ðàñïðåäåëåííîé èíòåíñèâíîñòè çàêðóòêè ïîòîêà íà âõîäå â ÊÑ ñ òîðîñôåðè÷åñêèì ( )
è ïëîñêèì (- - -) äíèùàìè íà àáñîëþòíûé (à) è îòíîñèòåëüíûé (á) êîýôôèöèåíòû ðàñõîäà

3R
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êèì, òîðîñôåðè÷åñêèì è ïëîñêèì äíèùàìè ñîîò-
âåòñòâóåò çíà÷åíèþ 2R = 1,6. Ïîêàçàíî, ÷òî ïðî-
ôèëü ñêîðîñòè, ïîëó÷åííûé äëÿ êîíòóðà Âèòî-
øèíñêîãî, êà÷åñòâåííî îòëè÷àåòñÿ îò äðóãèõ ïðî-
ôèëåé è ÿâëÿåòñÿ áîëåå ðàâíîìåðíûì è áîëåå íà-
ïîëíåííûì. Ñëåäóåò îòìåòèòü, ÷òî äëÿ íåãî èí-
òåãðàëüíîå çíà÷åíèå îêðóæíîé ñêîðîñòè ïî ïðî-
ôèëþ ìåíüøå, ÷åì äëÿ äðóãèõ äîçâóêîâûõ êîíòó-
ðîâ, à â ïðèñòåíî÷íîé îáëàñòè îñåâàÿ ñîñòàâëÿ-
þùàÿ ñóùåñòâåííî ìåíüøå. Ðàñïðåäåëåíèå ñêî-
ðîñòè â ìèíèìàëüíîì ñå÷åíèè ñîîòâåòñòâóåò ýïþ-
ðàì äàâëåíèÿ è îáóñëîâëåíî ïîäæàòèåì öåíòðàëü-
íûõ îáëàñòåé ïîòîêà çà ñ÷åò ïîâîðîòà ïîòîêà â íà-
ïðàâëåíèè ê îñè â äîêðèòè÷åñêîé ÷àñòè ñîïëà
[20], ò.å. ðàäèàëüíàÿ ñîñòàâëÿþùàÿ ñêîðîñòè ïî
òðàêòó äîçâóêîâîãî ó÷àñòêà íå ïîçâîëÿåò òàíãåí-
öèàëüíîé ñîñòàâëÿþùåé ñóùåñòâåííî âëèÿòü íà
ïðîôèëü àáñîëþòíîé ñêîðîñòè â ìèíèìàëüíîì

ñå÷åíèè. Ïðè Sn ≤ 0,2 ïðîôèëü îñåâîé ñêîðîñòè â
ìèíèìàëüíîì ñå÷åíèè èçìåíÿåòñÿ âåñüìà íåçíà-
÷èòåëüíî, è äàííûé äèàïàçîí èíòåíñèâíîñòè çàê-
ðóòêè îáåñïå÷èâàåò ìèíèìàëüíîå óõóäøåíèå òÿ-
ãîâûõ õàðàêòåðèñòèê.

Ðàâíîìåðíîå ðàñïðåäåëåíèå çàêðóòêè ïîòîêà
íà âõîäå â ñîïëî — ýòî âîçìîæíûé, ãèïîòåòè÷åñ-
êèé âàðèàíò, â ñâÿçè ñ ÷åì ïðîâåäåíà îöåíêà çà-
âèñèìîñòè êîýôôèöèåíòà ðàñõîäà îò èíòåíñèâíî-
ñòè çàêðóòêè ïîòîêà ñ ó÷åòîì âîçìîæíîé åå íå-
ðàâíîìåðíîñòè. Îáúåêòàìè èññëåäîâàíèÿ â äàí-
íîì àñïåêòå ÿâëÿëàñü ÊÑ ñ òîðîñôåðè÷åñêèì
äíèùåì è ðàäèóñîì âõîäà â ìèíèìàëüíîå ñå÷åíèå.

Ðèñ. 6. Ïðîôèëè îñåâîé ñîñòàâëÿþùåé îòíîñèòåëüíîé
ñêîðîñòè â ìèíèìàëüíîì ñå÷åíèè ñîïëà c ðàçëè÷íûìè
äîçâóêîâûìè ó÷àñòêàìè: êîíòóð Âèòîøèíñêîãî (       );
ýëëèïòè÷åñêîå äíèùå (- - -); òîðîñôåðè÷åñêîå äíèùå
(- - - -); ïëîñêîå äíèùå (.....)

Ôîðìèðîâàíèå íåðàâíîìåðíîñòè çàêðóòêè ïîòî-
êà îáåñïå÷èâàëîñü ãðàíè÷íûìè óñëîâèÿìè, ïðî-
èëëþñòðèðîâàííûìè íà ðèñ. 7, ñîãëàñíî êîòîðûì
ïî ïëîùàäè ñ ðàäèóñîì R0 ââîäèòñÿ îñåâàÿ ñîñòàâ-
ëÿþùàÿ ñêîðîñòè áåç çàêðóòêè, à çàêðóòêà çàäà-
åòñÿ ïî ïëîùàäè Rçàê – R0 òàê, ÷òîáû åå èíòåãðàëü-
íàÿ âåëè÷èíà, ñîãëàñíî óðàâíåíèþ (2), ñîîòâåò-
ñòâîâàëà ðàíåå ðàññìîòðåííîé ðàâíîìåðíîé çà-
êðóòêå äëÿ ñîïîñòàâëåíèÿ. Ãåîìåòðè÷åñêèå ïàðà-
ìåòðû çàäàâàåìûõ óñëîâèé íåðàâíîìåðíîé çàêðóò-
êè: Rçàê/R0 = 1,43; Rê/Rçàê – var.

Ñîïîñòàâëåíèå èçìåíåíèé êîýôôèöèåíòà ðàñ-
õîäà â çàâèñèìîñòè îò íåðàâíîìåðíîñòè çàêðóò-
êè ïîòîêà ïðè Sn = 0,4 ïðèâåäåíî íà ðèñ. 8. Íå-
ðàâíîìåðíîå ðàñïðåäåëåíèå çàêðóòêè ïðèâîäèò ê

Ðèñ. 7. Ñõåìà ìîäåëüíîãî ôîðìèðîâàíèÿ íåðàâíîìåð-
íîé çàêðóòêè

Ðèñ. 8. Çàâèñèìîñòè îòíîñèòåëüíîãî êîýôôèöèåíòà ðàñ-
õîäà îò èíòåíñèâíîñòè çàêðóòêè: • – ðàâíîìåðíîå ðàñ-
ïðåäåëåíèå çàêðóòêè ïî âñåìó ðàäèóñó êàìåðû;  – íå-
ðàâíîìåðíîå ðàñïðåäåëåíèå çàêðóòêè ïî ðàäèóñó êàìåðû
Rê/Rçàê = 1; - - - – íåðàâíîìåðíîå ðàñïðåäåëåíèå çàê-
ðóòêè ïðè Rê/Rçàê = 1,85;  – íåðàâíîìåðíîå ðàñïðåäå-
ëåíèå ïðè Rê/Rçàê = 2,7
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ñóùåñòâåííîìó ïàäåíèþ êîýôôèöèåíòà ðàñõîäà
ïî ñðàâíåíèþ ñ ðàâíîìåðíûì. Ïî ñðàâíåíèþ ñ
ðàâíîìåðíîé çàêðóòêîé ïîòîêà íåðàâíîìåðíàÿ
îáåñïå÷èâàåò íàèáîëåå âûïóêëûé ïðîôèëü àáñî-
ëþòíîé ñêîðîñòè â ìèíèìàëüíîì ñå÷åíèè è åãî
áîëüøóþ äåôîðìàöèþ â ïðèñòåíî÷íîé îáëàñòè
(ðèñ. 9).

Âûâîäû

Äëÿ êëàññè÷åñêèõ íå óòîïëåííûõ â ÊÑ ñîïåë
ñ ðàçíûì èñïîëíåíèåì äíèù ðàâíîìåðíî ðàñïðå-
äåëåííàÿ çàêðóòêà ãîìîãåííîãî ïîòîêà íà âõîäå â
ñîïëî â äèàïàçîíå êîýôôèöèåíòà Õèãåðà – Áýðà
îò 0 äî 0,4 ïðèâîäèò ê ñíèæåíèþ êîýôôèöèåíòà
ðàñõîäà íå áîëåå ÷åì íà 0,14 %.

Îïðåäåëÿþùèì ãåîìåòðè÷åñêèì ôàêòîðîì,
îòðàæàþùèì âëèÿíèå èíòåíñèâíîñòè çàêðóòêè
ïîòîêà íà êîýôôèöèåíò ðàñõîäà, ÿâëÿåòñÿ ðàäè-
óñ âõîäà â ìèíèìàëüíîå ñå÷åíèå.

Íåðàâíîìåðíîå ðàñïðåäåëåíèå çàêðó÷åííîãî
ïîòîêà íà âõîäå â ñîïëî â áîëüøåé ñòåïåíè ñïî-
ñîáñòâóåò ïàäåíèþ êîýôôèöèåíòà ðàñõîäà, ÷åì
ðàâíîìåðíîå.
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Abstract

The main issue while rocket engine design,
particularly the solid propellant rocket engine (SPRE),
is ensuring indispensable engine characteristics, during
which operation the probability of acoustic instability
occurrence at various modes cannot be excluded.
Application of various shapes of the solid propellant
channel, grooves as well as combustion products flow
swirling inside the engine, which, in turn, may both
reduce the probability of the acoustic instability
occurrence and increase it, facilitates this. The
presented article considers the SPRE, which distinctive
feature consists in the presence of the controlled flow
swirling inside the combustion chamber.

The purpose of the work was studying impact of
the swirled flow and various shapes of the classical inlet
subsonic sections of the nozzle on the flow coefficient
and forming recommendations for their application.

The state-of-the-art techniques of computational
aero dynamics were employed for studying the flow
coefficient of classical subsonic nozzle sections under
the swirled flow impact. Numerical modelling was
being performed employing classical models based on
averaged Reynolds Navier-Stokes equations (RANS),
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which ensure optimal relationship between the
obtained results accuracy and resource intensiveness.
The RNG k– ε  turbulent model with typical set of
model constants, able to ensure the required accuracy
according to declared goal and adopted assumptions,
namely quasi-stationary axisymmetric adiabatic
approximation of the ideal-gas formulation was being
employed in the presented work.

Geometry of the computational model supposed
application of classical subsonic nozzle sectors
(bottoms) with variable parameters of the subsonic jet
narrowing, inlet section, from which the swirled flow
boundary conditions were being set, unchanged
geometry of the supersonic part of the nozzle and extra
volume behind the nozzle cutoff. The grid quality was
being maintained constant when the computational
model geometry changing.

Classical bottoms with conical, elliptical and flat
shapes of the nozzle subsonic part, as well as the
contour designed with Vitoshinsky formula were being
studied in this work. The swirled flow intensity,
characterized by the Higher-Baer coefficient Sn, was
the boundary condition for the combustion products
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flow at the nozzle subsonic part inlet. The
dependencies of the flow coefficient on the swirled
flow intensity at various shapes of the nozzle subsonic
part were obtained.

The results of flow characteristics of the subsonic
sectors contours under study are being compared with
each other at the same swirled flow intensity. The
article shows that the swirled flow intensity increasing
at the nozzle subsonic part inlet up to Sn = 0.4 leads
to the flow coefficient decrease by no more than
0.14%. The largest flow coefficient and more uniform
velocity profile in the minimum section when the
swirled flow feeding corresponds to the Vitoshinsky
contour due to the smoother contour to the minimum
nozzle section inlet. Recommendations on the
parameters of the transitional sector from the
cylindrical part of the chamber to the bottom contour
and throat section of the inlet to the minimum section
for various bottom shapes are presented. Radius of the
inlet to the throat section minimum section has the
greatest impact on the flow coefficient.

Keywords: rocket engine, swirled flow intensity,
diffuser, gas dynamic component of the flow
coefficient.
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