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

Àíàëèç òåíäåíöèé ðàçâèòèÿ ËÀ áëèæíåé çîíû
ñ àêòèâíûì ñòàðòîì ïîêàçûâàåò, ÷òî îäíèì èç
ãëàâíûõ íàïðàâëåíèé èõ ñîâåðøåíñòâîâàíèÿ ÿâ-
ëÿåòñÿ óâåëè÷åíèå äàëüíîñòè ïîëåòà [1]. Ïðè ýòîì
ãàáàðèòíî-ìàññîâûå õàðàêòåðèñòèêè (ÃÌÕ) ËÀ
îñòàþòñÿ íà ïðåæíåì óðîâíå, ÷òî íå ïîçâîëÿåò èñ-
ïîëüçîâàòü ýêñòåíñèâíûå ïóòè ðàçâèòèÿ, ñâÿçàí-
íûå ñ óâåëè÷åíèåì ñòàðòîâîé è áîðòîâîé ýíåðãå-
òèêè çà ñ÷åò ìàññû òîïëèâà [13]. Â äàííûõ óñëî-
âèÿõ âàæíîå ìåñòî çàíèìàåò íàïðàâëåíèå, ñâÿçàí-
íîå ñ ðàöèîíàëüíûì èñïîëüçîâàíèåì áîðòîâîé
ýíåðãåòèêè, â ðàìêàõ êîòîðîãî ïðèìåíÿþòñÿ óæå
êëàññè÷åñêèå ðåøåíèÿ: óëó÷øåíèå àýðîäèíàìè-
÷åñêîé ôîðìû ñíàðÿäà, óñîâåðøåíñòâîâàíèå ìå-
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Ïðèâåäåíû ðåçóëüòàòû òåîðåòèêî-ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé õàðàêòåðèñòèê êàëèáåðíûõ âîçäóõîçàáîð-
íûõ óñòðîéñòâ (ÂÇÓ) äëÿ ëåòàòåëüíîãî àïïàðàòà (ËÀ) ñ ðàêåòíî-ïðÿìîòî÷íûì äâèãàòåëåì (ÐÏÄ), äâèæóùåãîñÿ â
ïëîòíûõ ñëîÿõ àòìîñôåðû. Ïîëó÷åíû äðîññåëüíûå õàðàêòåðèñòèêè äëÿ êàëèáåðíîãî ÷åòûðåõêàíàëüíîãî ÂÇÓ. Ïðî-
àíàëèçèðîâàíû äàëüíîñòè ïîëåòà óïðàâëÿåìûõ àðòèëëåðèéñêèõ ñíàðÿäîâ ñ ÐÏÄ.

Êëþ÷åâûå ñëîâà: âîçäóõîçàáîðíîå óñòðîéñòâî, ðàêåòíî-ïðÿìîòî÷íûé äâèãàòåëü.

òàòåëüíûõ çàðÿäîâ, èñïîëüçîâàíèå ðàêåòíîãî äâè-
ãàòåëÿ íà òâåðäîì òîïëèâå (ÐÄÒÒ) è äîííîãî ãà-
çîãåíåðàòîðà (ÄÃÃ) [11]. Îäíàêî ïîòåíöèàë äàí-
íûõ ðåøåíèé â íàñòîÿùåå âðåìÿ âî ìíîãîì áëè-
çîê ê ñâîåìó ïðåäåëó.

Â ñâÿçè ñ ýòèì îñîáîå âíèìàíèå ñòàëè óäåëÿòü
äâèãàòåëüíûì óñòàíîâêàì (ÄÓ), ýíåðãåòè÷åñêèå
âîçìîæíîñòè êîòîðûõ ìîãóò áûòü óëó÷øåíû çà
ñ÷åò èñïîëüçîâàíèÿ àòìîñôåðíîãî âîçäóõà. Â ÷à-
ñòíîñòè, ðå÷ü èäåò î ðàêåòíî-ïðÿìîòî÷íîì äâè-
ãàòåëå [2].

Â íàñòîÿùåå âðåìÿ ïåðñïåêòèâíûì ÿâëÿåòñÿ
ðàñïðîñòðàíåíèå äîñòèæåíèé â îáëàñòè ñîçäàíèÿ
ÐÏÄ íà ËÀ ðàçëè÷íûõ êëàññîâ, äâèæóùèõñÿ â
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ïëîòíûõ ñëîÿõ àòìîñôåðû, â òîì ÷èñëå è íà óï-
ðàâëÿåìûå àðòèëëåðèéñêèå ñíàðÿäû (ÓÀÑ) [9]. Â
÷àñòíîñòè, íà ïåðñïåêòèâíûõ ÓÀÑ âîçìîæíî óâå-
ëè÷åíèå äàëüíîñòè ïîëåòà äî 50 % ïî ñðàâíåíèþ
ñ äàëüíîñòÿìè, êîòîðûå ìîãóò áûòü äîñòèãíóòû
ïðè èñïîëüçîâàíèè õîðîøî èçâåñòíûõ òåõíè÷åñ-
êèõ ðåøåíèé (ÐÄÒÒ è ÄÃÃ) [3].

Îáúåêòèâíûìè ïðåäïîñûëêàìè èñïîëüçîâàíèÿ
ÐÏÄ íà ÓÀÑ ÿâëÿþòñÿ âûñîêèå ñòàðòîâûå ñêîðî-
ñòè è äâèæåíèå â ïëîòíûõ ñëîÿõ àòìîñôåðû, ÷òî
ïîçâîëÿåò ðåàëèçîâàòü ýíåðãåòè÷åñêèå ïðåèìóùå-
ñòâà ÐÏÄ ïî ñðàâíåíèþ ñ ÐÄÒÒ [7].

Îäíèì èç êëþ÷åâûõ ýëåìåíòîâ, â çíà÷èòåëü-
íîé ñòåïåíè îïðåäåëÿþùèõ ýôôåêòèâíîñòü ÐÏÄ
â öåëîì, ÿâëÿåòñÿ âîçäóõîçàáîðíîå óñòðîéñòâî
(ÂÇÓ) [19].

 Ýôôåêòèâíîñòü ÂÇÓ îöåíèâàåòñÿ êîëè÷å-
ñòâîì ïðîõîäÿùåãî ÷åðåç íåãî âîçäóõà è äàâëåíè-
åì íà âõîäå â êàìåðó äîæèãàíèÿ íà ëþáîì ðåæè-
ìå ïîëåòà â ïðåäåëàõ ðàáî÷åãî äèàïàçîíà [14].

Ïðè ðàçìåùåíèè ÐÏÄ íà áîðòó ÓÀÑ ïðèíöè-
ïèàëüíûì ÿâëÿåòñÿ âûáîð ìåæäó íîñîâûì è êîð-
ìîâûì ðàñïîëîæåíèåì íåðåãóëèðóåìîãî ÂÇÓ
(ðèñ. 1), âî ìíîãîì îïðåäåëÿþùèì îáëèê ñíàðÿ-
äà â öåëîì [20]. Èñïîëüçîâàíèå íåðåãóëèðóåìîãî
ÂÇÓ îáóñëîâëåíî òðåáîâàíèÿìè ê íàäåæíîñòè è
ïðîñòîòå êîíñòðóêöèè ÄÓ [12]. Ýòèìè æå òðåáî-
âàíèÿìè îáóñëîâëåíà íåîáõîäèìîñòü âûïîëíåíèÿ
ÂÇÓ â êàëèáðå ÓÀÑ áåç äîïîëíèòåëüíûõ âûäâèæ-
íûõ ýëåìåíòîâ [16].

Â èçâåñòíûõ âàðèàíòàõ ðàçìåùåíèÿ ÐÏÄ â
ñîñòàâå àðòèëëåðèéñêèõ ñíàðÿäîâ èìåþò ìåñòî äâà
ðàäèêàëüíî ðàçëè÷àþùèõñÿ ïîäõîäà ê ïðîåêòèðî-
âàíèþ, õîðîøî ïðîèëëþñòðèðîâàííûõ íà ðèñ. 1
[18]. Â ïåðâîì ñëó÷àå (ðèñ. 1,à) ïðèîðèòåò îòäàí
ÐÏÄ, à âî ìíîãîì îäíîìó èç åãî êëþ÷åâûõ ýëå-
ìåíòîâ – ÂÇÓ, â òî âðåìÿ êàê ñàì ñíàðÿä ðàññìàò-
ðèâàåòñÿ ïî îñòàòî÷íîìó ïðèíöèïó. Âî âòîðîì

ñëó÷àå (ðèñ. 1,á) ñíàðÿäó óäåëåíî îñíîâíîå âíè-
ìàíèå, à ýíåðãîóñòàíîâêà, â ÷àñòíîñòè òàêèå åå
êëþ÷åâûå ýëåìåíòû, êàê ÂÇÓ è êàìåðà äîæèãàíèÿ,
âûïîëíåíà ñ èñïîëüçîâàíèåì ðåøåíèé, îáëàäàþ-
ùèõ êðàéíå íèçêîé ýôôåêòèâíîñòüþ ñ òî÷êè çðå-
íèÿ ðàáîòû ÐÏÄ [5].

Íîâèçíà ïðåäëàãàåìîé ðàáîòû çàêëþ÷àåòñÿ â
òîì, ÷òî â êà÷åñòâå îáúåêòà èññëåäîâàíèÿ ðàññìàò-
ðèâàåòñÿ ÓÀÑ è ïðîèçâîäèòñÿ ïîèñê ðàçóìíîãî
êîìïðîìèññà ìåæäó òðåáîâàíèÿìè ê ÄÓ è ñíàðÿäó
â öåëîì, ÷òî ôîðìàëèçîâàíî â âèäå íàëîæåííûõ
îãðàíè÷åíèé íà ãàáàðèòû, ìàññó ñíàðÿäà è ìàññó
áîåâîé ÷àñòè (Á×) ïðè ìàêñèìèçàöèè öåëåâîé
ôóíêöèè – äàëüíîñòè ïîëåòà.

Ñ ó÷åòîì âûøåèçëîæåííîãî öåëü ðàáîòû ìî-
æåò áûòü ñôîðìóëèðîâàíà ñëåäóþùèì îáðàçîì:
îïðåäåëåíèå íàèáîëåå ðàöèîíàëüíîé êîíôèãóðà-
öèè êîðìîâîãî êàëèáåðíîãî ÂÇÓ íà ÓÀÑ ñ ÐÏÄ.

Öåëü èññëåäîâàíèÿ äîñòèãàåòñÿ ïîñòàíîâêîé è
ðåøåíèåì ñëåäóþùèõ îñíîâíûõ çàäà÷:

– èññëåäîâàíèå ðàçëè÷íûõ âàðèàíòîâ ðåàëèçà-
öèè ÂÇÓ ñ èñïîëüçîâàíèåì ìåòîäîâ âû÷èñëèòåëü-
íîé ãàçîâîé äèíàìèêè (ÂÃÄ);

– èññëåäîâàíèå ñèíòåçèðîâàííûõ ðåøåíèé â
ðàìêàõ ïðîäóâîê â àýðîäèíàìè÷åñêîé òðóáå;

– àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ àýðîäèíàìè-
÷åñêèõ èñïûòàíèé ñ ôîðìóëèðîâàíèåì äàëüíåé-
øèõ ðåêîìåíäàöèé ïî ðåàëèçàöèè íåðåãóëèðóåìî-
ãî êîðìîâîãî ÂÇÓ íà ÓÀÑ ñ ÐÏÄ.

Íàèáîëåå ïðîñòîé èíñòðóìåíòàðèé èññëåäîâà-
íèÿ äëÿ ïîñòðîåíèÿ ÂÇÓ îñíîâûâàåòñÿ íà òåîðèè
êîíè÷åñêèõ òå÷åíèé, êîñûõ ñêà÷êîâ óïëîòíåíèÿ è
âîëí ðàçðÿæåíèÿ [10]. Ìåòîäû ÂÃÄ ñóùåñòâåííî
áîëåå ñëîæíûå è ðåñóðñîåìêèå, íî ïðè ýòîì äàþò
âîçìîæíîñòü ïðîâîäèòü áîëåå òî÷íîå ìîäåëèðî-
âàíèå ñëîæíûõ òå÷åíèé. Òàê, ïðîãðàììíûé êîì-
ïëåêñ SolidWorks Flow Simulation, â êîòîðîì çàëî-
æåíà ñèñòåìà óðàâíåíèé Ðåéíîëüäñà, ÷èñëåííî

Ðèñ. 1. Âàðèàíòû ðàñïîëîæåíèÿ ÂÇÓ íà ÓÀÑ: à – ëîáîâîå; á – êîðìîâîå
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ðåàëèçóåìàÿ ñ èñïîëüçîâàíèåì ìåòîäà êîíå÷íûõ
îáúåìîâ è çàìêíóòàÿ  k – ε  ìîäåëüþ òóðáóëåíò-
íîñòè, ïðèìåíÿåòñÿ äëÿ îïèñàíèÿ ïðîñòðàíñòâåí-
íûõ òå÷åíèé ñ ó÷åòîì íàëè÷èÿ ïîãðàíè÷íîãî ñëîÿ
è îòðûâíûõ ÿâëåíèé [4]. Ïðèìåíåíèå ïåðâîãî ìå-
òîäà äàåò çàâûøåííûå, áîëåå ÷åì íà 25 %, ðåçóëü-
òàòû è îòðàæàåò èäåàëèçèðîâàííóþ êàðòèíó (ñëó-
÷àé ìèíèìàëüíîãî âëèÿíèÿ íà òå÷åíèå âÿçêèõ
ÿâëåíèé). Ýòîò ïîäõîä äîïóñòèì ëèøü ïðè ïåðâîì
ïðèáëèæåíèè ñ ïîñëåäóþùèìè óòî÷íåííûìè ðàñ-
÷åòàìè ìåòîäîì ÂÃÄ. Áîëåå îáúåêòèâíûå îöåíêè
ñ ó÷åòîì ïðîñòðàíñòâåííûõ îñîáåííîñòåé ãåîìåò-
ðèè ÂÇÓ è îñîáåííîñòåé èçãîòîâëåíèÿ ìîãóò áûòü
ïîëó÷åíû íà áàçå âòîðîãî ïîäõîäà ïðè óñëîâèè
ïîñëåäóþùåãî óòî÷íåíèÿ ðåçóëüòàòîâ â ðàìêàõ
èñïûòàíèé â àýðîäèíàìè÷åñêîé òðóáå.

Â õîäå ïîëåòà ÓÀÑ îáòåêàåòñÿ ñâåðõçâóêîâûì
ïîòîêîì, ïðè ýòîì ïî âñåé äëèíå ïëàíåðà ïîñòå-
ïåííî íà÷èíàåò íàðàñòàòü ïîãðàíè÷íûé ñëîé ñ
ïîñëåäóþùèì ïåðåõîäîì â êàíàëû ÂÇÓ, ÷òî íå-
áëàãîïðèÿòíûì îáðàçîì âëèÿåò íà åãî îñíîâíûå
õàðàêòåðèñòèêè (êîýôôèöèåíò âîññòàíîâëåíèÿ
ïîëíîãî äàâëåíèÿ σ  è êîýôôèöèåíò ðàñõîäà âîç-
äóõà ϕ ), à ñëåäîâàòåëüíî, è íà ðàáîòîñïîñîáíîñòü

âñåãî ÐÏÄ â öåëîì [17].
Ðàáîòîñïîñîáíîñòü ÂÇÓ õàðàêòåðèçóåòñÿ äðîñ-

ñåëüíûìè õàðàêòåðèñòèêàìè – çàâèñèìîñòüþ σ  îò
ϕ  [15].

Èçâåñòíû äâà òèïà ÂÇÓ: ñî ñëèâîì ïîãðàíè÷-
íîãî ñëîÿ è áåç íåãî (ðèñ. 2).

Ïðîâåäåííûå ïðåäâàðèòåëüíûå ðàñ÷åòû ïîêà-
çàëè íèçêóþ ýôôåêòèâíîñòü êîíôèãóðàöèè ÂÇÓ
áåç ñëèâà ïîãðàíè÷íîãî ñëîÿ, ÷òî äåëàåò àêòóàëü-
íîé áîëåå äåòàëüíóþ ïðîðàáîòêó âàðèàíòîâ ÂÇÓ
ñ ñèñòåìàìè ñëèâà ïîãðàíè÷íîãî ñëîÿ.

Äëÿ íà÷àëüíûõ èññëåäîâàíèé áûë ñïðîåêòèðî-
âàí èñõîäíûé âàðèàíò 12-ïàòðóáêîâîãî êàëèáåð-
íîãî ÂÇÓ, îñîáåííîñòüþ êîòîðîãî ÿâëÿåòñÿ íàëè-
÷èå ïåðåä âõîäîì â êàíàë ñóæàþùåãîñÿ ó÷àñòêà

êîðïóñà. ÂÇÓ ñíàáæåíî 12 óçêèìè ðàäèàëüíûìè
êàíàëàìè äëÿ ñëèâà ïîãðàíè÷íîãî ñëîÿ. Ýòà ìî-
äåëü èìååò äâå êîíôèãóðàöèè, â êîòîðûõ ÂÇÓ
ðàçëè÷àþòñÿ íàëè÷èåì ëèáî îòñóòñòâèåì ïåðåä êà-
íàëàìè 12 ïðîäîëüíûõ ðåáåð. Â ñëó÷àå ñî ñëèâîì
ïîãðàíè÷íîãî ñëîÿ ìîæíî íàáëþäàòü îòðûâíûå
ýôôåêòû íà âõîäå â ÂÇÓ. Â çíà÷èòåëüíîé ìåðå ýòî
ñâÿçàíî ñ ìàëûìè ðàçìåðàìè ñëèâíûõ êàíàëîâ,
îáóñëîâëåííûìè æåñòêèìè ãàáàðèòíûìè îãðàíè-
÷åíèÿìè. Óëó÷øèòü êàðòèíó îáòåêàíèÿ ÓÀÑ óäà-
ëîñü áëàãîäàðÿ ââåäåíèþ ðàçäåëÿþùèõ ïîòîêè
ïèëîíîâ (ðèñ. 3).

Ìîäåëèðîâàíèå ôóíêöèîíèðîâàíèÿ ÐÏÄ ñ
12-ïàòðóáêîâûì êîðìîâûì êàëèáåðíûì ÂÇÓ â ñî-
ñòàâå ÓÀÑ ïîêàçàëî âîçìîæíîñòü óâåëè÷åíèÿ
äàëüíîñòè ïîëåòà íà 20–50 % ïî ñðàâíåíèþ ñ áà-
çîâûì îáðàçöîì ÄÓ áåç ÐÏÄ [3].

Äëÿ íàãëÿäíîãî ïðåäñòàâëåíèÿ êîíñòðóêöèè
12-ïàòðóáêîâîãî ÂÇÓ áûë èçãîòîâëåí åãî ìàêåò
ìåòîäàìè 3D-ïðîòîòèïèðîâàíèÿ (ðèñ. 4).

Äëÿ óòî÷íåíèÿ ðàáî÷èõ ïàðàìåòðîâ êàëèáåð-
íîãî êîðìîâîãî ÂÇÓ è ÐÏÄ â öåëîì ðàçðàáîòàí
è çàïàòåíòîâàí ìàêåò ïëàíåðà ËÀ ñ ÐÏÄ. Ïðè
ïðîåêòèðîâàíèè ìîäåëè èçíà÷àëüíî ó÷èòûâàëàñü
íåîáõîäèìîñòü ïîäêëþ÷åíèÿ èçìåðèòåëüíîé àï-
ïàðàòóðû äëÿ äàëüíåéøèõ ðàáîò è çàêëàäûâàëñÿ
ïðèíöèï ìîäóëüíîñòè, ïîçâîëÿþùèé íà îäíîé
ìîäåëè ðàññìàòðèâàòü íåñêîëüêî ðàçëè÷íûõ âàðè-

Ðèñ. 2. Âàðèàíòû ÂÇÓ êàëèáåðíîãî êîðìîâîãî èñïîëíå-
íèÿ: à – áåç ñëèâà ïîãðàíè÷íîãî ñëîÿ; á – ñî ñëèâîì ïî-
ãðàíè÷íîãî ñëîÿ

Ðèñ. 3. Äâèæåíèå ïîòîêà â âèäå ëèíèé òîêà â îáëàñòè ÂÇÓ: à – ÂÇÓ áåç ïðîäîëüíûõ ðåáåð; á – ÂÇÓ ñ ïðîäîëüíû-
ìè ðåáðàìè

                  à)                                      á)
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àíòîâ ðåàëèçàöèè. Êðîìå òîãî, ïðèíèìàëîñü âî
âíèìàíèå òðåáîâàíèå îáåñïå÷åíèÿ êîýôôèöèåí-
òà çàïàñà ïðî÷íîñòè áîëåå 5 è âûïîëíÿëèñü ñîîò-
âåòñòâóþùèå ïðî÷íîñòíûå ðàñ÷åòû. Ïî äëèíå
âíóòðåííåãî êàíàëà ÂÇÓ ïðåäóñìîòðåíî ðàçìåùå-
íèå ïðèåìíèêîâ ñòàòè÷åñêîãî è ïîëíîãî äàâëå-
íèÿ, à íà âûõîäå èç ÂÇÓ – ïðèåìíèêîâ ïîëíîãî
äàâëåíèÿ (ðèñ. 5) [6].

Ðàáîòû ïðîâîäèëèñü ñîâìåñòíî ÔÃÁÎÓ ÂÎ
«ÒóëÃÓ» è ÀÎ «ÊÁÏ». Ýêñïåðèìåíòàëüíàÿ ÷àñòü
âûïîëíÿëàñü íà áàçå ÔÃÓÏ «ÖÀÃÈ».

ÔÃÁÎÓ ÂÎ «ÒóëÃÓ» è ÔÃÓÏ «ÖÀÃÈ» ïðîâå-
ëè èññëåäîâàíèÿ ïî îïðåäåëåíèþ õàðàêòåðèñòèê
ÂÇÓ: êîýôôèöèåíòà âîññòàíîâëåíèÿ ïîëíîãî äàâ-
ëåíèÿ σ  è êîýôôèöèåíòà ðàñõîäà ϕ . Äðîññåëü-

íûå õàðàêòåðèñòèêè ìîäåëè îïðåäåëÿëèñü äëÿ
âàðèàíòîâ ñ ïèëîíàìè è áåç íèõ ïðè ðàçëè÷íûõ
÷èñëàõ Ìàõà íàáåãàþùåãî ïîòîêà (ðèñ. 6).

Äëÿ äàííîãî âàðèàíòà ìîäåëè áûëî ïðîâåäå-
íî ñðàâíåíèå ðåçóëüòàòîâ ïðîäóâîê â àýðîäèíàìè-
÷åñêîé òðóáå è ðàñ÷åòîâ ñ ïîìîùüþ ìåòîäîâ ÂÃÄ.
Ðåçóëüòàòû èñïûòàíèé ïîêàçàëè, ÷òî ðàñõîæäåíèå

ìåæäó ðàñ÷åòíûìè è ýêñïåðèìåíòàëüíûìè äàííû-
ìè â êîýôôèöèåíòå âîññòàíîâëåíèÿ äàâëåíèÿ
ñîñòàâëÿåò 7–10 %, à â êîýôôèöèåíòå ðàñõîäà
âîçäóõà – 10–20 %.

Îäíîé èç êëþ÷åâûõ îñîáåííîñòåé èñõîäíîãî
âàðèàíòà ÂÇÓ ÿâèëàñü íèçêàÿ ýôôåêòèâíîñòü ñè-
ñòåìû ñëèâà ïîãðàíè÷íîãî ñëîÿ, ÷òî íåãàòèâíî
ñêàçûâàëîñü íà åãî õàðàêòåðèñòèêàõ. Â ñâÿçè ñ
ýòèì èñõîäíàÿ ìîäåëü áûëà äîðàáîòàíà äî âòîðîãî
è â ïîñëåäóþùåì äî òðåòüåãî âàðèàíòà.

Âòîðàÿ ìîäåëü ÂÇÓ ïðåäíàçíà÷åíà äëÿ ïðîâåð-
êè âëèÿíèÿ óìåíüøåíèÿ äèàìåòðà ó÷àñòêà êîðïóñà
èçäåëèÿ, ðàñïîëîæåííîãî ïåðåä âõîäîì ÂÇÓ, íà
õàðàêòåðèñòèêè âîçäóõîçàáîðíèêà. Äàííàÿ ìîäåëü
òàêæå ïðåäñòàâëÿåò ñîáîé 12-ïàòðóáêîâîå êàëè-
áåðíîå ÂÇÓ ñ ñóæàþùèìñÿ ó÷àñòêîì êîðïóñà,
äèàìåòð êîòîðîãî íà 16 % ìåíüøå äèàìåòðà ñóæà-
þùåéñÿ ÷àñòè ïåðâîé ìîäåëè (ðèñ. 7).

 Òðåòèé âàðèàíò ìîäåëè ïðåäíàçíà÷åí äëÿ îï-
ðåäåëåíèÿ âîçìîæíîñòè ïîâûøåíèÿ õàðàêòåðèñ-
òèê êîðìîâîãî ÂÇÓ çà ñ÷åò óâåëè÷åíèÿ ùåëåé äëÿ
ñëèâà ïîãðàíè÷íîãî ñëîÿ ñ ïîâåðõíîñòè êîðïóñà

Ðèñ. 5. Ìîäåëü ÓÀÑ ñ êîðìîâûì êàëèáåðíûì ÂÇÓ äëÿ ïðîâåäåíèÿ àýðîäèíàìè÷åñêèõ èñïûòàíèé: 1 – íîñîâàÿ ÷àñòü;
2 – èìèòàòîð ïîëåçíîé íàãðóçêè; 3 – ïðîäîëüíûå ïèëîíû; 4 – èìèòàòîð ãàçîãåíåðàòîðà; 5 – êîëüöåâîå ñåêòîðíîå
ÂÇÓ; 6 – îáå÷àéêà ÂÇÓ; 7 – ïðèåìíèêè äëÿ èçìåðåíèÿ ñòàòè÷åñêîãî äàâëåíèÿ; 8, 9 – ãðåáåíêè ñ ïðèåìíèêàìè
äëÿ èçìåðåíèÿ ïîëíîãî äàâëåíèÿ; 10 – îáå÷àéêà êàìåðû äîæèãàíèÿ; 11 – ïåðåõîäíèê äëÿ ñòûêîâêè ñ àýðîäèíà-
ìè÷åñêîé òðóáîé

Ðèñ. 4. Ìîäåëü 12-ïàòðóáêîâîãî ÂÇÓ, íàïå÷àòàííîãî íà 3D-ïðèíòåðå
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ìîäåëè ïåðåä ÂÇÓ. Äëÿ ýòîãî êîëè÷åñòâî ïàòðóá-
êîâ ìîäåëè áûëî óìåíüøåíî äî 6, ñëèâ áûë îðãà-
íèçîâàí çà ñ÷åò ìåñòà, îñâîáîäèâøåãîñÿ ïîñëå
óäàëåíèÿ ïàòðóáêîâ. Ìåæäó ñîáîé âàðèàíòû ìî-

äåëåé ðàçëè÷àþòñÿ ëèøü íàëè÷èåì ëèáî îòñóò-
ñòâèåì ïðîäîëüíûõ ðåáåð (ðèñ. 8).

Â îáùåì, ïî äâóì äîðàáîòàííûì êîíôèãóðà-
öèÿì èñõîäíîãî âàðèàíòà 12-ïàòðóáêîâîãî ÂÇÓ

Ðèñ. 7. Âòîðàÿ ìîäåëü 12-ïàòðóáêîâîãî êàëèáåðíîãî ÂÇÓ

Ðèñ. 8. Òðåòüÿ ìîäåëü 6-ïàòðóáêîâîãî ÂÇÓ: à – ñ 12 ïðîäîëüíûìè ðåáðàìè; á – áåç ïðîäîëüíûõ ðåáåð

Ðèñ. 6. Èñõîäíûé âàðèàíò 12-ïàòðóáêîâîãî ÂÇÓ: à – ñ ïðîäîëüíûìè ðåáðàìè, á – áåç ïðîäîëüíûõ ðåáåð
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ìîæíî îòìåòèòü ñëåäóþùåå: äëÿ âòîðîãî âàðèàí-
òà, ïî ñðàâíåíèþ ñ èñõîäíûì, áûë ïîëó÷åí êîýô-
ôèöèåíò âîññòàíîâëåíèÿ ïîëíîãî äàâëåíèÿ,
óìåíüøåííûé íà 25–32 % â çàâèñèìîñòè îò ÷èñ-
ëà Ìàõà (÷åì áîëüøå ÷èñëî Ìàõà, òåì áîëüøå
ïîòåðè), à ìàêñèìàëüíûé êîýôôèöèåíò ðàñõîäà
âîçäóõà ñíèçèëñÿ íà 18–27 %. Äëÿ òðåòüåé äîðà-
áîòêè êîýôôèöèåíò âîññòàíîâëåíèÿ ïîëíîãî äàâ-
ëåíèÿ óâåëè÷èëñÿ íà 14–20 %, êîýôôèöèåíò ðàñ-
õîäà âîçäóõà — íà 11–27 %. Òðåòüÿ äîðàáîòêà äàëà
ïîëîæèòåëüíûé ðåçóëüòàò ïî ðàáîòå ÂÇÓ. Òàêæå
ñòîèò îòìåòèòü, ÷òî ïîëîæèòåëüíîå âëèÿíèå íà
êîýôôèöèåíò âîññòàíîâëåíèÿ ïîëíîãî äàâëåíèÿ
ìîæåò îêàçàòü èçìåíåíèå îðãàíèçàöèè ñæàòèÿ
ïîòîêà íà âõîäå â êàíàëû ÂÇÓ.

Ñ ó÷åòîì âûøåñêàçàííîãî ðàçðàáîòàíà ïîñëå-
äóþùàÿ êîíôèãóðàöèÿ êîðìîâîãî êàëèáåðíîãî
ÂÇÓ, ïîêàçàííàÿ íà ðèñ. 9 è ñîäåðæàùàÿ øåñòü çà-
áîðíèêîâ êîðîá÷àòîãî òèïà. Áûë èçãîòîâëåí ìà-
êåò è ïðîâåäåíû àýðîäèíàìè÷åñêèå èñïûòàíèÿ â
ÔÃÓÏ «ÖÀÃÈ».

Â ðåçóëüòàòå àíàëèçà èòîãîâ ÷èñëåííîãî ìîäå-
ëèðîâàíèÿ ïðîöåññîâ ôóíêöèîíèðîâàíèÿ äëÿ ÂÇÓ
êîðîá÷àòîãî òèïà ñòàëè î÷åâèäíû ñëåäóþùèå ðå-
çóëüòàòû:

– ÂÇÓ êîðîá÷àòîãî òèïà â äèàïàçîíå ÷èñåë
Ìàõà Ì = 2 2,5 îáåñïå÷èâàåò ïîëíûé ñëèâ äîçâó-
êîâîé ÷àñòè ïîãðàíè÷íîãî ñëîÿ, à ïðè Ì = 1,5–
1,7 ãðàíèöà ñâåðõçâóêîâîé è äîçâóêîâîé îáëàñòåé
ïîãðàíè÷íîãî ñëîÿ íàõîäèòñÿ âñå æå íåñêîëüêî
âûøå, ÷åì íèæíÿÿ êðîìêà ÂÇÓ;

– ïî ñðàâíåíèþ ñ ðàññìàòðèâàåìûìè ðàíåå
âàðèàíòàìè ÂÇÓ áåç îáëàñòè âíåøíåãî ñæàòèÿ
óäàðíî-âîëíîâàÿ ñòðóêòóðà òå÷åíèÿ â åãî êàíàëàõ
ÿâëÿåòñÿ áîëåå ÷åòêîé è ñòàáèëüíîé, à ïîòåðè
ïîëíîãî äàâëåíèÿ – ìåíüøèìè áëàãîäàðÿ áîëåå
êà÷åñòâåííîìó ñëèâó ïîãðàíè÷íîãî ñëîÿ è ïðåä-

âàðèòåëüíîìó òîðìîæåíèþ ïîòîêà â ñèñòåìå êî-
ñûõ ñêà÷êîâ óïëîòíåíèÿ â îáëàñòè âíåøíåãî ñæà-
òèÿ;

– îáåñïå÷åíèå ïîñòóïëåíèÿ â êàìåðó äîæèãà-
íèÿ âîçäóøíîãî ïîòîêà ñ óìåðåííûìè ïîòåðÿìè
ïîëíîãî äàâëåíèÿ ïðè ñîõðàíåíèè êîðìîâîãî ðàñ-
ïîëîæåíèÿ êàëèáåðíîãî ÂÇÓ è ñèëîâîé óñòàíîâ-
êè ïðèâîäèò ê íåîáõîäèìîñòè çàòðàòèòü íà ñèñ-
òåìó ñëèâà ïîãðàíè÷íîãî ñëîÿ áîëåå 50% îò ïî-
òåíöèàëüíî âîçìîæíîãî êîýôôèöèåíòà ðàñõîäà
âîçäóõà, ÷òî ìîòèâèðóåò ê äàëüíåéøåìó ïîèñêó
òåõíè÷åñêèõ êîíñòðóêòèâíûõ ðåøåíèé, ïîçâîëÿ-
þùèõ óìåíüøèòü äàííûé íåäîñòàòîê.

Íà ïóòè äàëüíåéøåãî ñîâåðøåíñòâîâàíèÿ êà-
ëèáåðíîãî ÂÇÓ ïðåäïîëàãàåòñÿ èñïîëüçîâàíèå
îáúåìíîãî ïðîôèëèðîâàíèÿ êàíàëîâ [21]. Ïðè
ýòîì ñëåäóåò íå äîïóñêàòü ñìåøèâàíèÿ â ñëèâíûõ
êàíàëàõ ñáðàñûâàåìîãî âîçäóõà ïîãðàíè÷íûõ ñëî-
åâ ñ âûñîêîñêîðîñòíûì ïîòîêîì è ñòðåìèòüñÿ
çàáèðàòü â ÂÇÓ âûñîêîñêîðîñòíîé ïîòîê ïîëíî-
ñòüþ. Ïðîöåññ ñëèâà ïîãðàíè÷íîãî ñëîÿ òðåáóåò-
ñÿ èíòåíñèôèöèðîâàòü ýôôåêòîì ýæåêöèè, âîçíè-
êàþùèì ïðè îáòåêàíèè ðàäèàëüíûõ êàíàëîâ ñëèâà
âíåøíèì íàáåãàþùèì ïîòîêîì.

Ñ ó÷åòîì óêàçàííûõ âûøå ðåêîìåíäàöèé ïðåä-
ëîæåí âàðèàíò ÓÀÑ ñ ÐÏÄ, îñíàùåííûé êîëüöå-
âûì ÂÇÓ ñî ñáðîñîì ïîãðàíè÷íîãî ñëîÿ ÷åðåç
ðàäèàëüíûå ïèëîíû (ðèñ. 10).

Äëÿ äàííîé êîíôèãóðàöèè ÂÇÓ áûëè ïðîâåäå-
íû ÷èñëåííûå ðàñ÷åòû â ïðîãðàììíîì êîìïëåê-
ñå SolidWorks Flow Simulation, ðåçóëüòàòû êîòîðûõ
îáîáùåíû â ôîðìå äðîññåëüíûõ õàðàêòåðèñòèê. Â
çàâèñèìîñòè îò ðàçìåðîâ êîëüöåâîãî ÂÇÓ äðîñ-
ñåëüíûå õàðàêòåðèñòèêè èìåþò ëèáî ÿðêî âûðà-
æåííóþ ãîðèçîíòàëüíóþ (ðèñ. 11,à), ëèáî ðàçâè-
òóþ âåðòèêàëüíóþ âåòâü (ðèñ. 11,á). Äëÿ ïåðâîãî
ñëó÷àÿ õàðàêòåðíû áîëåå âûñîêèå çíà÷åíèÿ êîýô-

Ðèñ. 9. Ìîäåëü êîðîá÷àòîãî ÂÇÓ
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ôèöèåíòà âîññòàíîâëåíèÿ ïîëíîãî äàâëåíèÿ, à äëÿ
âòîðîãî – áîëüøàÿ ñòàáèëüíîñòü ðàáîòû ÂÇÓ è ÄÓ
â öåëîì.

Èñïîëüçîâàíèå ðàçëè÷íûõ ðåøåíèé â ÷àñòè
îðãàíèçàöèè ïðîöåññîâ â êàìåðå äîæèãàíèÿ, âû-
áîð òîïëèâíîé êîìïîçèöèè, ïðîñòðàíñòâåííîé
îðèåíòàöèè è êîëè÷åñòâà ðàñõîäíûõ îòâåðñòèé ãà-
çîãåíåðàòîðà, óäëèíåíèÿ êàìåðû äîæèãàíèÿ, â òîì
÷èñëå è ñ ó÷åòîì âîçìîæíîñòè èñïîëüçîâàíèÿ
ïðèíöèïà ïîëåòíîé òðàíñôîðìàöèè è ò.ä., ïîçâî-
ëÿåò ïîëó÷àòü ðàçëè÷íûå êîýôôèöèåíòû ïîëíî-
òû äîæèãàíèÿ [12].

Âûâîäû

Àíàëèç ðàçëè÷íûõ âàðèàíòîâ êàëèáåðíûõ ÂÇÓ,
ðàçìåùåííûõ íà ÓÀÑ, ïîçâîëÿåò ñôîðìóëèðîâàòü
ñëåäóþùèå ÷àñòíûå âûâîäû êàê ïî ðàáîòå ÂÇÓ,
òàê è ïî íàèáîëåå ïðåäïî÷òèòåëüíîé äëÿ äàëüíåé-
øåãî èñïîëüçîâàíèÿ ñõåìå âîçäóõîçàáîðíèêà:

1. Ïîêàçàíî, ÷òî, â îòëè÷èå îò ÂÇÓ íîñîâîãî
ðàñïîëîæåíèÿ, äëÿ êîðìîâûõ êàëèáåðíûõ ÂÇÓ,
ãäå çíà÷èòåëüíî âëèÿíèå ïîãðàíè÷íîãî ñëîÿ, ðà-
öèîíàëüíî èñïîëüçîâàòü ìåòîäû âû÷èñëèòåëüíîé
ãàçîâîé äèíàìèêè è ïðîãðàììíûå ñðåäñòâà, èõ
ðåàëèçóþùèå, íàïðèìåð ïðîãðàììíûé ìîäóëü
Flow Simulation, ðåçóëüòàòû ìîäåëèðîâàíèÿ â êî-
òîðîì ïîêàçàëè óäîâëåòâîðèòåëüíóþ ñõîäèìîñòü
ñ ïðîäóâêàìè â àýðîäèíàìè÷åñêîé òðóáå (ðàñõîæ-
äåíèå ïî êîýôôèöèåíòó âîññòàíîâëåíèÿ ïîëíîãî
äàâëåíèÿ 7–10 %).

2. Ñ èñïîëüçîâàíèåì ìåòîäîâ ÷èñëåííîãî ìî-
äåëèðîâàíèÿ ïðîâåäåí àíàëèç ðÿäà êîíôèãóðàöèé
ÂÇÓ, âêëþ÷àÿ âàðèàíòû áåç ñëèâà è ñî ñëèâîì
ïîãðàíè÷íîãî ñëîÿ, 12-, 6- è 4-êàíàëüíûå, êîðîá-
÷àòûå, ñåêòîðíûå, êîëüöåâûå. Ïî êîìïëåêñó ôàê-

òîðîâ (êîýôôèöèåíòû ðàñõîäà âîçäóõà è âîññòà-
íîâëåíèÿ ïîëíîãî äàâëåíèÿ, ôîðìà äðîññåëüíîé
õàðàêòåðèñòèêè, ñòàáèëüíîñòü ðàáîòû) íàèáîëåå
ïðåäïî÷òèòåëüíûì ÿâëÿåòñÿ 4-ïàòðóáêîâîå êîëü-
öåâîå ÂÇÓ ñåêòîðíîãî òèïà.

3. Äëÿ ðÿäà âàðèàíòîâ ÂÇÓ ïðîâåäåíû èñïû-
òàíèÿ â àýðîäèíàìè÷åñêîé òðóáå, êîòîðûå ïîêà-
çàëè õîðîøåå ñîãëàñîâàíèå ðàñ÷åòíûõ è ýêñïåðè-
ìåíòàëüíûõ äàííûõ è ïîçâîëèëè îáîñíîâàííî
âûéòè íà íàèáîëåå ðàöèîíàëüíûé âàðèàíò êîíñò-
ðóêöèè íåðåãóëèðóåìîãî êàëèáåðíîãî ÂÇÓ äëÿ
ÐÏÄ êîðìîâîãî ðàñïîëîæåíèÿ, èíòåãðèðîâàííî-
ãî â ñîñòàâ ÓÀÑ.

4. Ïî ïðåäâàðèòåëüíûì îöåíêàì, äàëüíîñòü
ïîëåòà ÓÀÑ ñ êîëüöåâûì 4-êàíàëüíûì ÂÇÓ, ðàñ-
ïîëîæåííûì íà êîðìîâîì ÐÏÄ, íà 25 % ïðåâîñ-
õîäèò ïî äàëüíîñòü ÓÀÑ ñ ÐÄÒÒ è ÄÃÃ.
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Abstract

The work is devoted to the caliber air-intake device
development for an aircraft with a rocket-ramjet
engine moving in the dense layers of the atmosphere.

Analysis of the trends in the near-range aircraft
with active start development demonstrates  that one
of the main directions of their improvement is the
flight range increase The mass-size characteristics of
the aircraft herewith remain at the same level, which
does not allow employ the extensional development
trends. Under these conditions, an important place is
ranked by the trend related to the rational onboard
energy utilization, within which framework the already
classical solution are employed. However, the potential
of these solutions is currently close to its limit.

In this regard, special attention is paid to
propulsion systems (PS), which energy capabilities can
be improved through the atmospheric air employing,
and to a rocket-ramjet engine (RRE) in particular.

One of the key elements that largely determines the
rocket-ramjet engine efficiency in total is the air-intake
device (AID).

The proposed work novelty lies in the fact that the
guided artillery shell (GAS) with its specific layout and
functional features is considered as the object of study,
and the search for a reasonable compromise between
the requirements for the propulsion system and the
shell as a whole is performed.

The problem of the AID rational configuration is
being solved complexly based on the combination of
numerical modelling methods and wind tunnel tests.

The initial variant of the twelve-nozzles caliber
AID was developed for the pilot studies.

The works aimed at obtaining the throttle
characteristics were performed.

One of the key features of the AID initial version
was low efficiency of the boundary layer drainage
system, which negatively affected its characteristics. In
this regard, the initial model was modified to the
second and later to the third option, characterized by
an increased area of drain channels.

A positive result, manifested in an increase in the
coefficient of the total pressure restoration by 14-20%,
and the coefficient of air consumption by 11-27% for
the third option, allowed form priorities for the
subsequent AID configuration with a modified
boundary layer discharge system and boxlike nozzles

This solution allowed maintaining the aft location
of the caliber non-regulated AID and the power plant
with moderate total pressure losses and more stable air
intake operation.

The performed studies allowed soundly obtain the
most rational option of the caliber four-nozzle non-
regulated AID for aft located RRE, integrated into the
GAS structure. According to the preliminary estimates,
this solution ensures provides a flight range increase
by 25% compared to the GAS, equipped with the solid
engine and bottom gas generator.

Keywords: air-intake device, rocket-ramjet engine.
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