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

Ñëîæíîñòü ïðîöåññîâ, ïðîèñõîäÿùèõ â êàìåðå
ðàêåòíîãî äâèãàòåëÿ òâåðäîãî òîïëèâà [1], îïðå-
äåëèëà ïîäõîä ê ïðîåêòèðîâàíèþ ñ îðèåíòàöèåé
íà óïðîùåííûå è èíæåíåðíûå ìåòîäèêè.

Ñ ïîÿâëåíèåì ñîâðåìåííûõ ìåòîäîâ âû÷èñëè-
òåëüíîé ãèäðîäèíàìèêè âîëíà èññëåäîâàíèé âíóò-
ðèêàìåðíûõ ïðîöåññîâ íàáðàëà íîâóþ ñèëó [2—
5]. Â ðàêåòíûõ äâèãàòåëÿõ òâåðäîãî òîïëèâà
(ÐÄÒÒ) äëÿ îáåñïå÷åíèÿ òðåáóåìûõ ãàáàðèòíûõ
ðàçìåðîâ è óïðîùåíèÿ ðåàëèçàöèè ìåõàíèçìà
óïðàâëåíèÿ âåêòîðîì òÿãè èñïîëüçóþòñÿ óòîïëåí-
íûå â êàìåðó äâèãàòåëÿ ñîïëà. Â ðàìêàõ ñîâðåìåí-
íîãî âåêòîðà ðàçâèòèÿ òåõíèêè è òåõíîëîãèé îä-
íîé èç âàæíûõ çàäà÷ ñ÷èòàåòñÿ ïîâûøåíèå ýíåð-
ãîýôôåêòèâíîñòè ðàçðàáàòûâàåìûõ èçäåëèé [6—
8], â ÷àñòíîñòè, ó÷åò ïîòåðü, âíîñèìûõ èñïîëüçî-
âàíèåì óòîïëåííûõ ñîïåë. Èíòåðåñ ïðåäñòàâëÿåò
ôîðìà âõîäíîãî ó÷àñòêà ñîïëà, ðåêîìåíäàöèè ïî
ïðîåêòèðîâàíèþ êîòîðîé ìàëî÷èñëåííû è ïðîòè-
âîðå÷èâû [1, 9], à òàêæå ñòåïåíü óòîïëåííîñòè. Ê
äîïîëíèòåëüíîé ïðîáëåìå îòíîñèòñÿ ñîçäàíèå íî-
âûõ òåïëîçàùèòíûõ ìàòåðèàëîâ, ñïîñîáíûõ âû-
äåðæèâàòü òåïëîâûå ïîòîêè ñ òåìïåðàòóðàìè ïî-
ðÿäêà 3700 Ê è âûøå ïðè äàâëåíèè îêîëî 20 ÌÏà.
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Ñîâðåìåííûìè ìåòîäàìè âû÷èñëèòåëüíîé ãèäðîäèíàìèêè ðåàëèçîâàíà îöåíêà âëèÿíèÿ ãåîìåòðè÷åñêèõ ïà-
ðàìåòðîâ âõîäíîãî ó÷àñòêà óòîïëåííîãî ñîïëà íà ñîâåðøåíñòâî ïðîöåññîâ èñòå÷åíèÿ. Ðàññìîòðåíû ýëëèïñîèä-
íàÿ ôîðìà âõîäíîãî ó÷àñòêà è ôîðìà, îáðàçîâàííàÿ ñ èñïîëüçîâàíèåì ñîîòíîøåíèÿ Âèòîøèíñêîãî, ñ ðàçëè÷-
íûìè ãåîìåòðè÷åñêèìè ïàðàìåòðàìè è ðàçíîé ñòåïåíüþ óòîïëåííîñòè. Ïîëó÷åíû çàâèñèìîñòè ãàçîäèíàìè÷åñ-
êîé ñîñòàâëÿþùåé êîýôôèöèåíòà ðàñõîäà îò ãåîìåòðè÷åñêèõ ïàðàìåòðîâ óòîïëåííîé ÷àñòè ñîïëà. Ïî ðåçóëüòàòàì
÷èñëåííîãî ìîäåëèðîâàíèÿ ñôîðìóëèðîâàíû íåêîòîðûå ðåêîìåíäàöèè äëÿ ïðîåêòèðîâàíèÿ âõîäíîãî ó÷àñòêà
óòîïëåííûõ ñîïåë.

Êëþ÷åâûå ñëîâà: ÐÄÒÒ, óòîïëåííîå ñîïëî, ãàçîäèíàìè÷åñêàÿ ñîñòàâëÿþùàÿ êîýôôèöèåíòà ðàñõîäà, ôîðìà
óòîïëåííîé ÷àñòè ñîïëà, ÷èñëåííîå ìîäåëèðîâàíèå.

Âîïðîñ ìàêñèìàëüíîãî èñïîëüçîâàíèÿ ðåñóðñà
òîïëèâà áåç ïîâûøåíèÿ òåìïåðàòóðû è äàâëåíèÿ
îïðåäåëèë íåîáõîäèìîñòü ñíèæåíèÿ ïîòåðü òÿãî-
âûõ õàðàêòåðèñòèê äâèãàòåëÿ, âûçâàííûõ êîíñò-
ðóêòèâíûì èñïîëíåíèåì óòîïëåííûõ ñîïåë.

Îñíîâíóþ ðîëü â ïðåîáðàçîâàíèè ýíåðãèè
òîïëèâà â òÿãó èãðàåò ñîïëî, è ïîòåðè, ñâÿçàííûå
ñ ãåîìåòðèåé ñîïëà, èññëåäóþòñÿ ïîâñåìåñòíî
[10—12]; îäíàêî êîíñòðóêöèÿ óòîïëåííîãî ñîïëà,
õàðàêòåðíàÿ äëÿ ÐÄÒÒ, ïðîåêòèðóåòñÿ ïî àíàëî-
ãèè ñ íåóòîïëåííûì áåç ó÷åòà ãàçîäèíàìè÷åñêèõ
ïîòåðü êîíñòðóêòèâíîãî ðàçìåùåíèÿ ñîïëà. Ñó-
ùåñòâóþùèå ìåòîäû îðãàíèçàöèè çàâåñû èç ïðî-
äóêòîâ íèçêîòåìïåðàòóðíîãî ìåäëåííî ãîðÿùåãî
òîïëèâà [13] èç-çà ãàáàðèòíûõ èëè äðóãèõ îãðàíè-
÷åíèé çàñòàâëÿþò âåðíóòüñÿ ê âîïðîñó ýôôåêòèâ-
íîãî êîíñòðóèðîâàíèÿ ñîïëà äâèãàòåëÿ ñ ó÷åòîì
ïîòåðü, îïðåäåëÿåìûõ åãî ãåîìåòðè÷åñêèìè ïàðà-
ìåòðàìè. Êàê îòìå÷àëîñü â ðàáîòå [14], äëÿ êëàñ-
ñè÷åñêèõ ñîïåë ìåæêîíòèíåíòàëüíîé áàëëèñòè-
÷åñêîé ðàêåòû ñ äàëüíîñòüþ ïîëåòà ïîðÿäêà
10 000 êì è óäåëüíûì èìïóëüñîì 310 ñ óìåíüøå-
íèå åãî íà 1 % ïðèâîäèò ê óìåíüøåíèþ äàëüíî-
ñòè ïîëåòà íà 500 êì, ò.å. íà 5 %. Ïîòåðè, ñâÿçàí-
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íûå ñ óòîïëåííîñòüþ ñîïëà, êàê ïðåäñòàâëåíî â
ðàáîòå [15], äëÿ óäåëüíîãî èìïóëüñà ìîãóò äîñòè-
ãàòü 4%, ïðè ýòîì ïîòåðè êîýôôèöèåíòà ðàñõî-
äà, ñâÿçàííûå ñ ãåîìåòðèåé âõîäíîé ÷àñòè óòîï-
ëåííîãî ñîïëà, ìîãóò áûòü áîëåå 7% [16].

Âûáîð êîýôôèöèåíòà ðàñõîäà êàê ïîêàçàòåëÿ
ñîâåðøåíñòâà ðàñõîäíûõ õàðàêòåðèñòèê îñòàåòñÿ
àêòóàëüíûì äëÿ äâèãàòåëåé, òàê êàê òÿãà íåïîñ-
ðåäñòâåííî çàâèñèò îò ðàñõîäà è èñïîëüçóåòñÿ ïî-
âñåìåñòíî [1, 10, 14, 15, 17, 18].

Ôîðìà âõîäíîãî ó÷àñòêà óòîïëåííîãî ñîïëà
ìîæåò áûòü ðàçëè÷íîé. Âûáîð ôîðìû îñíîâûâà-
åòñÿ íà íàêîïëåííîì îïûòå, óäîáñòâå ïðîèçâîä-
ñòâà è òåõíîëîãè÷íîñòè. Íåìàëîâàæíóþ ðîëü ïðè
âûáîðå ôîðìû âõîäíîãî ó÷àñòêà èãðàþò ñïîñîá
îðãàíèçàöèè óïðàâëåíèÿ âåêòîðîì òÿãè [19, 20],
à òàêæå òåïëîâûå ïðîöåññû [21]. Íàïðèìåð, íå-
çàâèñèìî îò ôîðìû âõîäíîãî ó÷àñòêà óòîïëåííîãî
ñîïëà ïîâîðîòíî-óïðàâëÿþùèå ñîïëîâûå áëîêè
ïðè íàëè÷èè çíà÷èòåëüíîãî ðàäèóñà âõîäà â ìè-
íèìàëüíîå ñå÷åíèå ïîëó÷àþòñÿ äîñòàòî÷íî ãðî-
ìîçäêèìè.

Â ðàáîòå [16] ðàññìîòðåíû âàðèàíòû óòîïëåí-
íûõ ñîïåë ñ ðàäèóñíûì âõîäíûì ó÷àñòêîì. Âûÿâ-
ëåíî, ÷òî äëÿ äâèãàòåëåé ñ óòîïëåííûìè ñîïëàìè
èçìåíåíèå ðàñõîäíûõ õàðàêòåðèñòèê âî ìíîãîì
îïðåäåëÿåòñÿ ãåîìåòðè÷åñêèìè ïàðàìåòðàìè âõîä-
íîé ÷àñòè óòîïëåííîãî ñîïëà, à íå òîëüêî ñòåïå-
íüþ óòîïëåííîñòè è ñîäåðæàíèåì êîíäåíñèðîâàí-
íîé ôàçû â ïðîäóêòàõ ñãîðàíèÿ, êàê ýòî èçëîæå-
íî â ðàáîòàõ [1, 15]. Â ðàáîòå [16] ïðåäñòàâëåíû
ðåêîìåíäàöèè ïî ïðîåêòèðîâàíèþ óòîïëåííûõ
ñîïåë, îñíîâàííûå íà àíàëèçå ãàçîäèíàìè÷åñêîé
ñîñòàâëÿþùåé êîýôôèöèåíòà ðàñõîäà.

Ñðåäè èçâåñòíûõ ôîðì âõîäíûõ ó÷àñòêîâ óòîï-
ëåííûõ ñîïåë êðîìå ðàäèóñíîé ìîæíî âûäåëèòü
ýëëèïñîèäíóþ [1] (ðèñ. 1,à) è ôîðìó, îáðàçîâàí-
íóþ ñ èñïîëüçîâàíèåì ôîðìóëû Âèòîøèíñêîãî

(ðèñ.1,á). Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëå-
äîâàíèå âëèÿíèÿ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ
óòîïëåííîé ÷àñòè ñîïëà è ñòåïåíè åãî óòîïëåííî-
ñòè íà ñîâåðøåíñòâî ïðîöåññîâ èñòå÷åíèÿ.

Ìîäåëèðîâàíèå âëèÿíèÿ ãåîìåòðè÷åñêèõ ïà-
ðàìåòðîâ âõîäíîãî ó÷àñòêà óòîïëåííîãî ñîïëà
ïðîâîäèëîñü ñðåäñòâàìè ïðîãðàììíîãî ïðîäóêòà
ANSYS-Fluent. Ðàññìàòðèâàëàñü êâàçèñòàöèîíàð-
íàÿ çàäà÷à â îñåñèììåòðè÷íîì ïðèáëèæåíèè èäå-
àëüíî-ãàçîâîé àäèàáàòíîé ïîñòàíîâêè.

Ñîâðåìåííûå ìåòîäû âû÷èñëèòåëüíîé ãèäðî-
äèíàìèêè ïðîäåìîíñòðèðîâàëè òðåáóåìóþ òî÷-
íîñòü ïðè ðàñ÷åòå ãàçîäèíàìè÷åñêîé ñîñòàâëÿþ-
ùåé êîýôôèöèåíòà ðàñõîäà êëàññè÷åñêèõ ñîïåë
[22]. Ãàçîäèíàìè÷åñêàÿ ñîñòàâëÿþùàÿ êîýôôèöè-
åíòà ðàñõîäà ó÷èòûâàåò ïîòåðè äàâëåíèÿ ïî òðàê-
òó, íåðàâíîìåðíîñòü ïàðàìåòðîâ ïî ñîïëó, òðåíèå
â äîçâóêîâîé åãî ÷àñòè [1] è ïðåäîïðåäåëÿåò äðó-
ãèå ñîñòàâëÿþùèå êîýôôèöèåíòà ðàñõîäà.

Â èñïîëüçóåìîì ïðîãðàììíîì ïðîäóêòå òóð-
áóëåíòíûå òå÷åíèÿ âÿçêîé ñæèìàåìîé æèäêîñòè
îïèñûâàþòñÿ ñèñòåìîé óðàâíåíèé Íàâüå—Ñòîêñà,
äëÿ çàìûêàíèÿ êîòîðîé îïðåäåëåíà äâóõïàðàìåò-
ðè÷åñêàÿ ìîäåëü òóðáóëåíòíîñòè RNG k- ε , ÷óâ-
ñòâèòåëüíàÿ ê ýôôåêòàì áûñòðîé äåôîðìàöèè
ïîòîêà è èçìåíåíèþ êðèâèçíû îáòåêàåìîãî
îáúåêòà. Äëÿ ðàññìàòðèâàåìîé çàäà÷è ïðèìåíÿëñÿ
ðåøàòåëü Pressure-based Copled, ïîçâîëÿþùèé
ïîëó÷àòü óñòîé÷èâûå ðåøåíèÿ ñèñòåìû óðàâíåíèé
ãàçîäèíàìèêè çà ñ÷åò èõ ñîâìåñòíîãî ðåøåíèÿ.
Èñïîëüçîâàëñÿ âòîðîé ïîðÿäîê äèñêðåòèçàöèè
óðàâíåíèé. Â ðàáîòå [22] ïðåäñòàâëåíû ðåçóëüòà-
òû âåðèôèêàöèè ïðèìåíåíèÿ ìîäåëè RNG k ε —
ñ òèïîâûì íàáîðîì ìîäåëüíûõ êîíñòàíò äëÿ ðàñ-
÷åòà êîýôôèöèåíòà ðàñõîäà êëàññè÷åñêèõ ñîïåë.
Äàííàÿ ìîäåëü òóðáóëåíòíîñòè ïîêàçàëà óäîâëåò-
âîðèòåëüíûå ðåçóëüòàòû ïðè ðàñ÷åòå ïîòåðü óäåëü-
íîãî èìïóëüñà óòîïëåííîãî ñîïëà [16] è òåì ñà-

Ðèñ. 1. Ñõåìû èññëåäóåìûõ âõîäíûõ ó÷àñòêîâ óòîïëåííûõ ñîïåë
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ìûì ïîäòâåðäèëà ñâîþ ïðèìåíèìîñòü äëÿ èññëå-
äîâàíèÿ óòîïëåííûõ ñîïåë ÐÄÒÒ â óêàçàííûõ
öåëÿõ.

Ãåîìåòðè÷åñêàÿ ìîäåëü ðàñ÷åòà âêëþ÷àëà äî-
ïîëíèòåëüíûé îáúåì çà ñðåçîì ñîïëà, ïîçâîëÿþ-
ùèé ìîäåëèðîâàòü èñòå÷åíèå ñòðóè â ñâîáîäíîå
ïðîñòðàíñòâî è èñêëþ÷àòü íåîáõîäèìîñòü îïðå-
äåëåíèÿ ïàðàìåòðîâ íà ñðåçå ñîïëà. Ðàñ÷åòíàÿ
îáëàñòü â ñðåäíåì â çàâèñèìîñòè îò èññëåäóåìîé
ãåîìåòðèè ñîñòàâëÿëà ïîðÿäêà 60 òûñÿ÷ ÿ÷ååê.
Ïðè èçìåíåíèè ðàçìåðîâ óòîïëåííîé ÷àñòè è
ñòåïåíè óòîïëåííîñòè ñîïëà ïîääåðæèâàëîñü ïî-
ñòîÿííîå êà÷åñòâî ñåòêè, îáåñïå÷èâàëàñü ñåòî÷-
íàÿ íåçàâèñèìîñòü ðåøåíèÿ. Äëÿ îïèñàíèÿ õàðàê-
òåðèñòèê òóðáóëåíòíîãî ïîòîêà â ïîãðàíè÷íîì
ñëîå ïðèìåíÿëàñü ñòàíäàðòíàÿ ïðèñòåíî÷íàÿ ôóí-
êöèÿ. Â çîíå âõîäíîãî ó÷àñòêà íà ïîâåðõíîñòè
ñîïëà ïàðàìåòð y+ âàðüèðîâàëñÿ â äèàïàçîíå îò 20
äî 60.

Ïðè ôîðìèðîâàíèè ìàòåìàòè÷åñêîé ìîäåëè
ðàñ÷åòà ãðàíè÷íûå óñëîâèÿ ñîîòâåòñòâîâàëè ðàíåå
îïèñàííûì [16]: íà âõîäå â êàìåðó ñãîðàíèÿ, ò.å.
íà ïîâåðõíîñòè ãèïîòåòè÷åñêîãî çàðÿäà, çàäàâà-
ëèñü ðàâíîìåðíûå ðàñïðåäåëåíèÿ ðàñõîäà, òåìïå-
ðàòóðû è ïàðàìåòðîâ òóðáóëåíòíîñòè ñ èíòåíñèâ-
íîñòüþ 5 % è ãèäðàâëè÷åñêèì äèàìåòðîì, ñîîò-
âåòñòâóþùèì äèàìåòðó êàíàëà çàðÿäà; íà âûõîäå
äîïîëíèòåëüíîãî îáúåìà çàäàâàëîñü ïîñòîÿíñòâî
àòìîñôåðíîãî äàâëåíèÿ â ïîïåðå÷íîì ñå÷åíèè;
ñòåíêè êàìåðû ñãîðàíèÿ è ñîïëà ãëàäêèå ñ óñëî-
âèÿìè ïðèëèïàíèÿ è íåïðîòåêàíèÿ ðàáî÷åãî òåëà.
Â êà÷åñòâå ðàáî÷åãî òåëà ðàññìàòðèâàëñÿ âîçäóõ,
èäåàëüíûé ðàñõîä êîòîðîãî ñîîòâåòñòâîâàë äàâëå-
íèþ â êàìåðå 4 ÌÏà ñ òåìïåðàòóðîé 2932 Ê.

Ïî ðåçóëüòàòàì ìîäåëèðîâàíèÿ êîýôôèöèåíò
ðàñõîäà, îïðåäåëÿåìûé ãàçîäèíàìè÷åñêîé ñîñòàâ-
ëÿþùåé, ðàññ÷èòûâàëñÿ ïî ñîîòíîøåíèþ:

( ) 0c ì 0c

,
/

m

A k p F RT
μ =



ãäå m  – äåéñòâèòåëüíûé ðàñõîä, ïîëó÷åííûé â ðå-
çóëüòàòå ÷èñëåííîãî ðåøåíèÿ; p0ñ – äàâëåíèå òîð-
ìîæåíèÿ íà âõîäå â ñîïëî, ñîîòâåòñòâóþùåå çà-
äàííîìó ðàñõîäó; T0c, k, R – òåìïåðàòóðà òîðìî-
æåíèÿ, îòíîøåíèå òåïëîåìêîñòåé, ðàâíîâåñíîå
çíà÷åíèå ãàçîâîé ïîñòîÿííîé â ìèíèìàëüíîì
ñå÷åíèè ñîïëà ñîîòâåòñòâåííî; Fì – ïëîùàäü ìè-

íèìàëüíîãî ñå÷åíèÿ ñîïëà; ( ) ( )
1

2 12
1

.

k
k

A k k
k

+
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Âëèÿíèå èññëåäóåìîãî ãåîìåòðè÷åñêîãî ïàðà-
ìåòðà âõîäíîãî ó÷àñòêà èëè ñòåïåíè óòîïëåííî-

ñòè íà êîýôôèöèåíò ðàñõîäà îïðåäåëÿëîñü ñîîò-
íîøåíèåì:

0

0

·100%,iμ μ
Δμ

μ
-

=

ãäå 0, iμ μ  – êîýôôèöèåíò ðàñõîäà ïðè íà÷àëüíîì

è òåêóùåì çíà÷åíèÿõ èññëåäóåìîãî ïàðàìåòðà ñî-
îòâåòñòâåííî.

Äîïîëíèòåëüíûå èññëåäîâàíèÿ âëèÿíèÿ äàâëå-
íèÿ â êàìåðå ñãîðàíèÿ íà êîýôôèöèåíò ðàñõîäà
â çàïåðòîì ðåæèìå ïðè èçìåíåíèè îò 4 äî 12 ÌÏà
ïîêàçàëè âëèÿíèå, íå ïðåâûøàþùåå 0,1 %, à èç-
ìåíåíèå òåìïåðàòóðû îò 300 äî 2932 Ê ïðè ïîñòî-
ÿííîì äàâëåíèè ñîîòâåòñòâóåò èçìåíåíèþ êîýô-
ôèöèåíòà ðàñõîäà íà 1,6%.

Èññëåäóåìàÿ ýëëèïñîèäíàÿ ôîðìà âõîäíîãî
ó÷àñòêà îáðàçîâàíà ñ èñïîëüçîâàíèåì òðåõ ïàðà-
ìåòðîâ: îòíîñèòåëüíîãî ðàäèóñà âõîäà âíåøíåé

êðîìêè óòîïëåííîé ÷àñòè 3 3 ì/R R R= , îñòàâàâ-

øåãîñÿ â ïðîöåññå ìîäåëèðîâàíèÿ ïîñòîÿííûì

3R = 0,25 (âëèÿíèå 3R   íà êîýôôèöèåíò ðàñõîäà

íà ïðèìåðå óòîïëåííîãî ñîïëà ñ ðàäèóñíûì âõî-
äîì ïðåäñòàâëåíî â ðàáîòå [3]); îòíîñèòåëüíîãî
ðàäèóñà âõîäà óòîïëåííîãî ñîïëà â ìèíèìàëüíîå

ñå÷åíèå 2 2 ì/R R R= ; îòíîñèòåëüíîãî ðàäèóñà âû-

òÿãèâàíèÿ âõîäíîé ÷àñòè óòîïëåííîãî ñîïëà

4 2 4/R R R= . Äèàïàçîí èçìåíåíèÿ ïàðàìåòðîâ: îò-

íîñèòåëüíûé ðàäèóñ 2R  âàðüèðîâàëñÿ îò 0,1 äî 1,

è äëÿ êàæäîãî 2R  îòíîñèòåëüíûé ðàäèóñ 4R  èç-

ìåíÿëñÿ îò 1 äî 0,29.
Âûÿâëåíî, ÷òî äëÿ èññëåäóåìûõ âàðèàíòîâ

óòîïëåííûõ ñîïåë ñ ýëëèïñîèäíîé ôîðìîé ïðî-
ñëåæèâàåòñÿ îáùàÿ òåíäåíöèÿ óëó÷øåíèÿ êîýô-

ôèöèåíòà ðàñõîäà ñ óâåëè÷åíèåì 2R  è óìåíüøå-

íèåì 4R  (ðèñ. 2). Îäíàêî ñ óìåíüøåíèåì ðàäèó-

ñà 2R  âëèÿíèå 4R  ñóùåñòâåííî âîçðàñòàåò. Ïîêà-

çàíî, ÷òî èçìåíåíèå îòíîñèòåëüíîãî ðàäèóñà âû-
òÿãèâàíèÿ âõîäíîé ÷àñòè â ïðåäåëàõ îò 1 äî 0,29

ïðè çíà÷åíèÿõ 2R > 0,7 ïðèâîäèò ê èçìåíåíèþ êî-

ýôôèöèåíòà ðàñõîäà íå áîëåå ÷åì íà 1,1%, à ïðè

2R = 0,1 Δμ  óæå ñîñòàâëÿåò áîëåå 7%. Ñëåäóåò îò-

ìåòèòü, ÷òî äëÿ ðàäèóñíûõ ñîïåë èçìåíåíèå 2R  îò
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0,1 äî 1 ïðîãíîçèðóåò Δμ  ïîðÿäêà 7,2% [16]. Ðà-

äèóñíîå ñîïëî ÿâëÿåòñÿ êðàéíèì ñëó÷àåì ýëëèï-

ñîèäíîãî ñ ïàðàìåòðîì 4R = 1.

Ðàññìàòðèâàÿ èçìåíåíèå 2R  îò 0,1 äî 1 äëÿ

ðàçëè÷íûõ ïîñòîÿííûõ çíà÷åíèé 4R , ïîëó÷àåì,

÷òî ïðè 4R = 0,5 èçìåíåíèå êîýôôèöèåíòà ðàñõîäà

ñîñòàâëÿåò ïîðÿäêà 4%, à ïðè 4R = 0,29 Δμ < 1%.

Äàííûå ðåçóëüòàòû ïîçâîëÿþò ãîâîðèòü î ïðèîðè-

òåòíîì âûáîðå ýëëèïñîèäíîé ôîðìû âõîäíîãî

ó÷àñòêà îòíîñèòåëüíî ðàäèóñíîãî, ÷òî îñîáåííî

àêòóàëüíî äëÿ ñîïåë ñ ìàëûìè îòíîñèòåëüíûìè

ðàäèóñàìè 2R .
Èññëåäîâàíèå âëèÿíèÿ ñòåïåíè óòîïëåííîñòè

ñîïëà ñ ýëëèïñîèäíûì âõîäíûì ó÷àñòêîì íà êî-
ýôôèöèåíò ðàñõîäà ïðîâåäåíî ïðè çíà÷åíèè

2R = 0,1 è âñåãî ðàññìàòðèâàåìîãî äèàïàçîíà èç-

ìåíåíèé 4R  äëÿ óòL = 0, 0,15 è 0,35 (ðèñ. 3), ïðè

ýòîì ñòåïåíü óòîïëåííîñòè ðàññìàòðèâàåòñÿ êàê
îòíîøåíèå äëèíû óòîïëåííîé ÷àñòè ê äëèíå çà-

ðÿäà óòL = Lóò / Lç. Èçìåíåíèÿ âëèÿíèÿ ñòåïåíè

óòîïëåííîñòè ñ ðîñòîì 4R  âåñüìà íåçíà÷èòåëü-

íûå. Ñðåäíåå Δμ  ïðè óâåëè÷åíèè óòL  îò 0 äî 0,15

ñîñòàâëÿåò ïîðÿäêà 0,3%, à ïðè èçìåíåíèè óòL  îò

0 äî 0,35 – 0,7%.

Äëÿ óòL = 0 è 0,35 ðàññìîòðåíû âñå âàðèàíòû

ñîïåë ñ ýëëèïñîèäíûì âõîäíûì ó÷àñòêîì. Ïîëó-
÷åíî, ÷òî çíà÷èòåëüíîå âëèÿíèå ñîîòâåòñòâóåò

íèçêèì îòíîñèòåëüíûì ðàäèóñàì 2R  è Δμ  ìàê-

ñèìàëüíî ñîñòàâëÿåò 0,85%. Ñîïëà ñî çíà÷åíèÿ-
ìè 2R > 0,3 ìîæíî ïðîåêòèðîâàòü ñ áîëåå âûñî-
êîé ñòåïåíüþ óòîïëåííîñòè áåç ñåðüåçíîãî ñíè-
æåíèÿ ðàñõîäíûõ õàðàêòåðèñòèê.

Èñïîëüçîâàíèå êîíòóðà Âèòîøèíñêîãî ïðè
ïðîåêòèðîâàíèè óòîïëåííûõ ñîïåë âñòðå÷àåòñÿ íå
÷àñòî, ÷òî îáúÿñíÿåòñÿ óêðóïíåíèåì ñîïëà, à çíà-
÷èò è ñíèæåíèåì ìàññîâîãî ñîâåðøåíñòâà êîíñò-

Ðèñ. 2. Èçìåíåíèå êîýôôèöèåíòà ðàñõîäà óòîïëåííîãî ñîïëà ñ ýëëèïñîèäíîé âõîäíîé ÷àñòüþ â çàâèñèìîñòè îò
îòíîñèòåëüíûõ ðàäèóñîâ âûòÿãèâàíèÿ âõîäíîé ÷àñòè è âõîäà â ìèíèìàëüíîå ñå÷åíèå

Ðèñ. 3. Âëèÿíèå ñòåïåíè óòîïëåííîñòè äëÿ ñîïåë ñ ýë-
ëèïñîèäíîé âõîäíîé ÷àñòüþ
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ðóêöèè. Îäíàêî äàííàÿ êîíñòðóêòèâíàÿ ñõåìà
ìîæåò íàéòè äîñòîéíîå ïðèìåíåíèå â êà÷åñòâå
îðãàíà óïðàâëåíèÿ âåêòîðîì òÿãè â âèäå êà÷àþ-
ùåãîñÿ ñîïëà [1], è â ðåçóëüòàòå îïòèìàëüíîãî
êîíñòðóèðîâàíèÿ âõîäíîé ÷àñòè íå ïðîèçîéäåò
ñåðüåçíîãî ñíèæåíèÿ ìàññîâîãî ñîâåðøåíñòâà
êîíñòðóêöèè.

Ïðåäñòàâëåííûå ðåçóëüòàòû ïî ìîäåëèðîâà-
íèþ ðàñõîäíûõ õàðàêòåðèñòèê óòîïëåííûõ ñîïåë
ñ ýëëèïñîèäíûìè è ðàäèóñíûìè [16] âõîäíûìè
ó÷àñòêàìè ñîîòâåòñòâóþò ïðåäñòàâëåíèþ î òîì,
÷òî ïëàâíàÿ ôîðìà ïðèáëèæàåò ðàñïðåäåëåíèå
ñêîðîñòåé ïîòîêà â ìèíèìàëüíîì ñå÷åíèè ê ðàâ-
íîìåðíîìó, ÷òî è ïðèâîäèò ê óâåëè÷åíèþ êîýô-
ôèöèåíòà ðàñõîäà. Ïëàâíûé âõîä â ñîïëî, ïðè
êîòîðîì ïîâåðõíîñòü êðèòè÷åñêîé ñêîðîñòè ìî-
æåò ïðèáëèæàòüñÿ ê ïëîñêîé, îáåñïå÷èâàåò êîí-
òóð äîçâóêîâîé ÷àñòè (ñì. ðèñ. 1,á), ïîñòðîåííûé
ïî ôîðìóëå Âèòîøèíñêîãî [23], â ôîðìå çàïèñè,
ïðåäñòàâëåííîé â ðàáîòå [24]:
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ãäå R(x) – òåêóùèé ðàäèóñ ñîïëà; Rì – ðàäèóñ
ìèíèìàëüíîãî ñå÷åíèÿ ñîïëà; R * – ðàäèóñ âõîäà
â ñîïëî; l – äëèíà âõîäíîãî ó÷àñòêà; x – òåêóùàÿ
êîîðäèíàòà.

Äëÿ óòîïëåííûõ ñîïåë, ñïðîåêòèðîâàííûõ ñ
âõîäíûì ó÷àñòêîì ïî ôîðìóëå Âèòîøèíñêîãî,
èññëåäîâàëîñü âëèÿíèå ñëåäóþùèõ ïàðàìåòðîâ:

îòíîñèòåëüíûé ïàðàìåòð äëèíû X = l/Rì; îòíî-

ñèòåëüíàÿ âûñîòà âõîäà R =R */Rì.
Ñóùåñòâóþò ðåêîìåíäàöèè ïî ïðîåêòèðîâà-

íèþ ñîïåë Âèòîøèíñêîãî ñ R > 1,5 [6]. Â äàííîé
ðàáîòå áûëè ðàññìîòðåíû ñëåäóþùèå âàðèàíòû

ãåîìåòðèè (ðèñ. 4): 3R = const = 0,15; ïðè ïîñòîÿí-

íîì çíà÷åíèè R = 2 îòíîñèòåëüíûé ïàðàìåòð X

ïðèíèìàë çíà÷åíèÿ 0,75, 1 è 1,5; ïðè X = 1,5  –

R = 2,5 è 2. Ñòåïåíü óòîïëåííîñòè èññëåäóåìûõ
ñîïåë: 0,025; 0,15; 0,25 è 0,35.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ ïîêàçàëè, ÷òî ïðè
ïîñòîÿííûõ ãåîìåòðè÷åñêèõ ïàðàìåòðàõ óòîïëåí-
íîé ÷àñòè èçìåíåíèå ñòåïåíè óòîïëåííîñòè âåñü-
ìà ìàëî âëèÿåò íà êîýôôèöèåíò ðàñõîäà (ðèñ. 5,à).
Ìàêñèìàëüíîå èçìåíåíèå êîýôôèöèåíòà ðàñõî-
äà íå ïðåâûøàåò 0,13%. Èçìåíåíèå îòíîñèòåëü-

íîé äëèíû X îò 0,75 äî 1,5 (R3 = const, Rì = const,

Ðèñ. 4. Èññëåäóåìûå âàðèàíòû óòîïëåííûõ ñîïåë, ñïðîåêòèðîâàííûõ ñ âõîäíûì ó÷àñòêîì ïî ôîðìóëå Âèòîøèí-
ñêîãî

Ðèñ. 5. Âëèÿíèå ñòåïåíè óòîïëåííîñòè äëÿ ñîïåë ñ âõîäíîé ÷àñòüþ, ñïðîåêòèðîâàííîé ïî ôîðìóëå Âèòîøèíñ-
êîãî
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R = const, X = var) ïðèâîäèò ê óâåëè÷åíèþ êîýô-
ôèöèåíòà ðàñõîäà äî 3% (ðèñ. 5,á), à èçìåíåíèå

îòíîñèòåëüíîé âûñîòû âõîäà  R  îò 2 äî 2,5

(R3 = const, Rì = const, R = var, X = const) ñîîò-
âåòñòâóåò óìåíüøåíèþ μ  äî 0,35% (ðèñ. 5,à).

Ïîëó÷åííûå ðåçóëüòàòû îáúÿñíÿþòñÿ òåì, ÷òî
ãàçîäèíàìè÷åñêèé ïðîôèëü ïðè èñïîëüçîâàíèè
ñîïëà Âèòîøèíñêîãî ñòðåìèòñÿ ê èäåàëüíîìó ïðè
îïðåäåëåííîì ñîîòíîøåíèè âûñîòû è äëèíû
âõîäíîãî ó÷àñòêà. Òàê, â äàííîì èññëåäîâàíèè

íàèëó÷øèå ðåçóëüòàòû ïîêàçàëî ñîïëî ñ R = 2 è

X = 1,5, ïðîôèëü êîòîðîãî èìååò áîëåå âûòÿíó-
òóþ ôîðìó (ñì. ðèñ. 4). Äàííûé ïðîôèëü îáåñïå-
÷èâàåò íàèáîëüøèé êîýôôèöèåíò ðàñõîäà ïî
ñðàâíåíèþ ñ ðàäèóñíûìè è ýëëèïñîèäíûìè âõîä-
íûìè ó÷àñòêàìè, íåçàâèñèìî îò ñòåïåíè óòîïëåí-
íîñòè.

Â ðàìêàõ äàííîé ðàáîòû ïî àíàëîãèè ñ èññëå-
äîâàíèÿìè äëÿ ñîïëà ñ ðàäèóñíûì âõîäîì [16]
ïðîâåäåíû èññëåäîâàíèÿ âëèÿíèÿ îòíîñèòåëüíîãî

ðàäèóñà âõîäà óòîïëåííîé ÷àñòè ñîïëà âR = Rì/R *

äëÿ êîíòóðà, îáðàçîâàííîãî ñ èñïîëüçîâàíèåì
ôîðìóëû Âèòîøèíñêîãî. Ðàññìàòðèâàëèñü èçìå-

íåíèÿ âR  â äèàïàçîíå îò 1 äî 0,5 ïðè R3 = const

è Rì = const äëÿ çíà÷åíèé R = 2 è X = 1,5. Õàðàê-
òåðíûå èçìåíåíèÿ êîýôôèöèåíòà ðàñõîäà â ðå-
çóëüòàòå èçìåíåíèé îòíîñèòåëüíîé âûñîòû âõîäà
ïðè ñîõðàíåíèè ïàðàìåòðîâ êîíòóðà íàáëþäàþòñÿ

òîëüêî â îêðåñòíîñòè  âR ≈ 1 (ðèñ. 6). Ïðåäñòàâ-

ëåííîå ïðåäåëüíîå çíà÷åíèå âîçìîæíîãî óõóäøå-
íèÿ êîýôôèöèåíòà ðàñõîäà äîñòèãàåò 3,5%, à äëÿ
ðàäèóñíûõ ñîïåë ìàêñèìàëüíî âîçìîæíîå óìåíü-

Ðèñ. 6. Âëèÿíèå îòíîñèòåëüíîãî ðàäèóñà âõîäà â óòîï-
ëåííóþ ÷àñòü, ñïðîåêòèðîâàííóþ ïî ôîðìóëå Âèòîøèí-
ñêîãî

øåíèå Δμ  â èññëåäóåìîì äèàïàçîíå ñîñòàâèëî

13,2% [16].
Äàííûé ðåçóëüòàò ïîçâîëÿåò èñïîëüçîâàòü óñå-

÷åííûé êîíòóð, ïîñòðîåííûé ñ ïðèìåíåíèåì
ôîðìóëû Âèòîøèíñêîãî, ïðè íàëè÷èè âíåøíåãî

ðàäèóñà 3R  äî çíà÷åíèé âR = 0,92 è íå îïàñàòüñÿ

óõóäøåíèÿ ìàññîâîãî ñîâåðøåíñòâà êîíñòðóêöèè.
Ñëåäóåò îòìåòèòü, ÷òî äëÿ óòîïëåííîãî ñîïëà ñ
ðàäèóñíûì âõîäîì óñëîâèå ñîõðàíåíèÿ ñîâåðøåí-
ñòâà ïðîöåññà èñòå÷åíèÿ íà òîì æå óðîâíå ïðè
óñå÷åíèè êîíòóðà îáåñïå÷èâàåòñÿ áîëåå êðóïíûì

âõîäíûì ó÷àñòêîì âR ≤ 0,75 [16].

Âûâîäû

Ïðîâåäåííûå èññëåäîâàíèÿ âëèÿíèÿ ãåîìåòðè-
÷åñêèõ ïàðàìåòðîâ óòîïëåííûõ ñîïåë è ñòåïåíè èõ
óòîïëåííîñòè ñ ýëëèïñîèäíûì âõîäíûì ó÷àñòêîì
è ó÷àñòêîì, îáðàçîâàííûì ñ èñïîëüçîâàíèåì ôîð-
ìóëû Âèòîøèíñêîãî, íà êîýôôèöèåíò ðàñõîäà êàê
ïîêàçàòåëÿ ñîâåðøåíñòâà ðàñõîäíûõ õàðàêòåðèñ-
òèê äâèãàòåëÿ ïðîäåìîíñòðèðîâàëè, ÷òî óêàçàí-
íûå âõîäíûå ó÷àñòêè ýôôåêòèâíåå, ÷åì ðàäèóñ-
íûå [16]. Ñôîðìóëèðîâàíû íåêîòîðûå ðåêîìåí-
äàöèè äëÿ îïòèìàëüíîãî âûáîðà ãåîìåòðè÷åñêèõ
ïàðàìåòðîâ óêàçàííûõ âõîäíûõ ó÷àñòêîâ. Ïðè
ïðîåêòèðîâàíèè óòîïëåííûõ ñîïåë ðåêîìåíäóåòñÿ
èñïîëüçîâàòü ýëëèïñîèäíûå âõîäíûå ó÷àñòêè,
îäíàêî ïðè îïðåäåëåííûõ óñëîâèÿõ öåëåñîîáðàçíî
ðåêîìåíäîâàòü ïðèìåíåíèå è óñå÷åííûõ âõîäíûõ
ó÷àñòêîâ, âûïîëíåííûõ ïî ôîðìóëå Âèòîøèíñêî-
ãî. Âõîäíîé ó÷àñòîê óòîïëåííîãî ñîïëà ñ èñïîëü-
çîâàíèåì êîíòóðà Âèòîøèíñêîãî ïðè ñîîòâåòñòâó-
þùèõ ãåîìåòðè÷åñêèõ ïàðàìåòðàõ îáåñïå÷èâàåò
ñòàáèëüíûå è âûñîêèå ðàñõîäíûå õàðàêòåðèñòè-
êè, ïðàêòè÷åñêè íå çàâèñÿùèå îò ñòåïåíè óòîï-
ëåííîñòè. Îñîáåííî ýòî àêòóàëüíî äëÿ ñîïëîâûõ
áëîêîâ ñ ïîâîðîòíî-óïðàâëÿþùèì óòîïëåííûì
ñîïëîì.
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Àbstract

Rocket engine energy performance improvement
is an actual task for modern researchers. The article
considers rocket solid propellant engines, which
distinctive feature consists in the recessed nozzle.

Recommendations on designing the inlet sections
geometry of the recessed nozzles are few and
inconsistent. The purpose of the presented work is
studying the nozzle inlet shape effect on the flow-rate
characteristics and developing appropriate
recommendations on nozzle designing.

The flow coefficient is one of perfection indicators
of the flow processes. Advanced methods of
computational fluid dynamics (CFD) were employed
for studying the flow coefficient of the recessed
nozzles. The problem was being considered in quasi-
stationary axisymmetric adiabatic approximation of the
ideal gaseous setting. The RNG k- ε  two-parameter
turbulence model with standard set of model constants,
being passed verification while computing classic
nozzles consumption and the specific impulse losses
of the recessed nozzle, was employed for the flow
structure modelling.

The computational geometrical model contained:
- combustion chamber;
- charging duct, from which surface the working

medium was being supplied;
- various options of the nozzle recessed part

shapes;
- the conical expanding part;
- as well as extra volume behind the nozzle cut.
The grid quality maintained constant while varying

the recessed part sizes, and the nozzle degree of
submergence.

The gas dynamic component of the flow
coefficient was being studied. Nozzle inlet geometry
formed by ellipse and by Vitoshinsky curve were being
examined. The dependences of the flow coefficient on
the nozzle inlet shape and degree of submergence
coefficient were obtained.

GEOMETRICAL PARAMETERS EFFECT OF RECESSED NOZZLE INLET
SECTION ON THE FLOW COEFFICIENT

Sabirzyanov A.N.*, Kirillova A.N.**, Khamatnurova Ch.B.***

Kazan National Research Technical University named after A.N. Tupolev – KAI (KNRTU-KAI),
10, K. Marx str., Kazan, Tatarstan, 420111, Russia

* å-mail: ANSabirzyanov@kai.ru
** å-mail: Anya_pand@mail.ru

*** å-mail: Chulpan100@mail.ru

The results of the flow characteristics of the inlet
sections under study are being compared with the
previously obtained results for the radius inlet. It was
demonstrated that the best values of the flow
coefficient corresponded to the inlet section formed
by the Vitoshinsky curve. The distinctive feature of the
inlet section designed by the Vitoshinsky equation is
high stability of the gas-dynamic losses irrespective of
its geometrical parameters changes.

Elliptical inlet nozzles allow improving flow
coefficients indicators even for the worst option of the
radius nozzles by 7%. The article presents
recommendations on designing the inlet section of the
recessed nozzle.

Keywords: solid propellant rocket engine, recessed
nozzle, gas-dynamic component of the flow
coefficient, nozzle recessed part shape, numerical
modelling.
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