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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 27.05.2021

Êîðîòêî ðàññìîòðåíà âîçìîæíîñòü óñîâåðøåíñòâîâàíèÿ õàðàêòåðèñòèê òóðáîðåàêòèâíûõ äâóõêîíòóðíûõ
äâèãàòåëåé ñ ôîðñàæíîé êàìåðîé (ÒÐÄÄÔ) ñ ïîìîùüþ èíæåêöèè âîäû âî âõîäíîå óñòðîéñòâî. Òàêæå îöåíåíà
âåðîÿòíîñòü âíåäðåíèÿ äàííîé ñèëîâîé óñòàíîâêè â òðàíñïîðòíî-êîñìè÷åñêóþ ñèñòåìó âìåñòî ïåðâîé ñòóïå-
íè ïðè ñêîðîñòÿõ ïîëåòà äî 6 Ì. Âûïîëíåí ýêñïåðòíûé àíàëèç ñóùåñòâóþùèõ èññëåäîâàòåëüñêèõ ðåøåíèé.
Îïèñàíû è ðàçúÿñíåíû èòîãè ðàñ÷åòà íåîáõîäèìîãî êîëè÷åñòâà âîäû, ïðèìåíÿåìîé äëÿ îõëàæäåíèÿ. Ðåàëèçà-
öèÿ äàííîé òåõíîëîãèè ðåøàåò ïðîáëåìû òðàíñïîðòèðîâêè ãðóçîâ íà ìåæäóíàðîäíóþ êîñìè÷åñêóþ ñòàíöèþ
(ÌÊÑ), â ïåðñïåêòèâå ñóùåñòâóåò âîçìîæíîñòü ñîçäàíèÿ ïàññàæèðñêîãî ëåòàòåëüíîãî àïïàðàòà ñ îãðîìíûìè
ñêîðîñòÿìè ïîëåòà.

Êëþ÷åâûå ñëîâà: ïîâûøåíèå ìîùíîñòè òóðáîðåàêòèâíîãî äâèãàòåëÿ, ôîðñàæíàÿ êàìåðà, îõëàæäåíèå âõîä-
íîãî óñòðîéñòâà, ñâåðõçâóêîâûå ñàìîëåòû.

Ââåäåíèå

Òóðáîðåàêòèâíûå äâóõêîíòóðíûå äâèãàòåëè ñ
ôîðñàæíîé êàìåðîé ñãîðàíèÿ ïîëó÷èëè áîëüøîå
ðàñïðîñòðàíåíèå íà ñâåðõçâóêîâûõ ñàìîëåòàõ. Íà
äàííûé ìîìåíò çíà÷åíèÿ èõ ìàêñèìàëüíîé ñêî-
ðîñòè îãðàíè÷åíû ÷èñëîì Ìàõà, ðàâíûì 2—3
[1—4]. Óëó÷øåíèå ñêîðîñòíûõ õàðàêòåðèñòèê
ÒÐÄÄÔ ïîçâîëèò ÷åëîâå÷åñòâó âûéòè íà íîâóþ
ñòóïåíü â ðàçâèòèè àâèàöèè.

Ðå÷ü èäåò î òîì, ÷òîáû ïðåäëîæèòü ñîâåðøåí-
íî íîâûå ëåòàòåëüíûå àïïàðàòû (ËÀ), êîòîðûå
ìîãëè áû ðåøèòü òàêèå çàäà÷è, êàê ñêîðîñòíûå
ïàññàæèðñêèå ïåðåëåòû ïî âñåìó ìèðó. Ýòà çà-
äà÷à íà ñåãîäíÿøíèé äåíü ÿâëÿåòñÿ î÷åíü àêòó-
àëüíîé, âåäü ïîïûòêè ñîçäàòü ñâåðõçâóêîâîé ïàñ-
ñàæèðñêèé ëåòàòåëüíûé àïïàðàò çàêàí÷èâàëèñü
ïðîâàëîì êàê â Ðîññèè, òàê è ìèðå: íà ñåãîäíÿø-
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íèé äåíü ýòî ýêîíîìè÷åñêè íåâûãîäíî. ×òîáû
îáåñïå÷èòü ýôôåêòèâíûé ïîëåò íà ñâåðõçâóêîâîé
ñêîðîñòè, òðåáóåòñÿ íå ïðîñòî óâåëè÷èòü ìîù-
íîñòü äâèãàòåëÿ, íåîáõîäèìî âíåäðèòü íîâûå
êîíñòðóêòîðñêèå ðåøåíèÿ [5—8].

Ïîìèìî ïàññàæèðñêèõ ïåðåâîçîê, íîâûå ËÀ
ìîãóò îáåñïå÷èòü íåîáõîäèìûå ïîñòàâêè íà îêî-
ëîçåìíóþ îðáèòó. Êîìáèíèðîâàííàÿ ñèëîâàÿ
óñòàíîâêà, èñïîëüçóåìàÿ â òðàíñïîðòíîé êîñìè-
÷åñêîé ñèñòåìå, ïîçâîëèò âûñîêîýôôåêòèâíî
âûâîäèòü ìàëûå èñêóññòâåííûå ñïóòíèêè Çåìëè,
âûâåñòè òàêóþ êàòåãîðèþ ëåòàòåëüíûõ àïïàðàòîâ,
êàê èñòðåáèòåëè, íà íîâûé óðîâåíü [9—13].

Ïðåèìóùåñòâà òàêèõ ËÀ îïðåäåëåííî ïðèâëå-
êàòåëüíû, îäíàêî äëÿ èõ ñîçäàíèÿ òðåáóåòñÿ ðå-
øèòü ñëîæíûå çàäà÷è. Îäíîé èç òàêèõ ïðîáëåì
ÿâëÿåòñÿ áîëüøàÿ ïîòåðÿ ïîëíîãî äàâëåíèÿ èç-çà
îãðîìíûõ ñêîðîñòåé âîçäóøíîãî ïîòîêà [14—16].
Ýòî íàïðÿìóþ âëèÿåò íà ðàñõîä òîïëèâà è, ðà-
çóìååòñÿ, íà äàëüíîñòü ïîëåòà. Íå ìåíåå âàæíàÿ
ïðîáëåìà — ïîâûøåíèå òåìïåðàòóðû âî âõîäíîì
óñòðîéñòâå, ÷òî âëèÿåò íà òåïëîâîå ñîñòîÿíèå
äâèãàòåëÿ. Âîçìîæíîå ðåøåíèå ýòèõ ïðîáëåì è
ïðîáëåìû ýêñïëóàòàöèè ÒÐÄÄÔ íà ãèïåðçâóêî-
âûõ ñêîðîñòÿõ — â ïðèìåíåíèè âïðûñêà âîäû íà
âõîäå â äâèãàòåëü [17].

Èäåÿ ïðèìåíåíèÿ âîäû äëÿ àïãðåéäà òóðáî-
ðåàêòèâíûõ äâèãàòåëåé êàæåòñÿ âåñüìà ïåðñïåê-
òèâíîé, âåäü âîäà íå áóäåò òðåáîâàòü äîïîëíè-
òåëüíûõ áîëüøèõ ðàñõîäîâ íà èçãîòîâëåíèå, åå
âñåãäà ìîæíî êóïèòü, ïðè÷åì î÷åíü íåäîðîãî. Òå-
îðåòè÷åñêè âïðûñêèâàíèå âîäû äîëæíî ïîâëè-
ÿòü íà ïðîïóñêíóþ ñïîñîáíîñòü äâèãàòåëÿ, ñòå-
ïåíü ñæàòèÿ, ïîâûøåíèå äàâëåíèÿ çàòîðìîæåí-
íîãî ïîòîêà, òàê êàê ñ âïðûñêèâàíèåì îõëàæäà-
åòñÿ âîçäóøíûé ïîòîê. Âåäü åñëè âûñîêîãî çíà-
÷åíèÿ ñòåïåíè ïîâûøåíèÿ äàâëåíèÿ â êîìïðåñ-
ñîðå ìîæíî äîñòè÷ü êîíñòðóêòèâíî, òî òåìïåðà-

òóðà ãàçà ïåðåä òóðáèíîé îãðàíè÷åíà ïî ñâîåé
ïðèðîäå àäèàáàòè÷åñêîé òåìïåðàòóðîé ñãîðàíèÿ
ñòåõèîìåòðè÷åñêîé òîïëèâîâîçäóøíîé ñìåñè
[18—20]. Ýòî ñïîñîáñòâóåò ñíèæåíèþ òåìïåðàòó-
ðû ãàçà, óâåëè÷åíèþ ðàñõîäà âîçäóõà è, ñîîòâåò-
ñòâåííî, òîïëèâà, ÷òî ïîëîæèòåëüíî ñêàæåòñÿ íà
òÿãå äâèãàòåëÿ. Â äàííîé ñòàòüå ìû áóäåì ðàñ-
ñìàòðèâàòü èñïîëüçîâàíèå âïðûñêèâàíèÿ âîäû âî
âõîäíîå óñòðîéñòâî, ïåðñïåêòèâû ýòîé ðàçðàáîò-
êè è ðàöèîíàëüíîñòü åå èñïîëüçîâàíèÿ.

Îöåíêà ñóùåñòâóþùèõ ðåøåíèé

Àêòèâíîå ðàçâèòèå òóðáîðåàêòèâíûõ äâèãàòå-
ëåé îñòàíîâèëîñü â ñåðåäèíå ïîçàïðîøëîãî äå-
ñÿòèëåòèÿ, ñ òåõ ïîð îíî çàìåäëèëîñü, è ìû ìî-
æåì íàáëþäàòü ëèøü ìàëûå èçìåíåíèÿ â íîâûõ
ïîêîëåíèÿõ ñèëîâûõ óñòàíîâîê. Òåõíèêî-ýêîíî-
ìè÷åñêèé àíàëèç õàðàêòåðèñòèê òóðáîðåàêòèâíûõ
äâèãàòåëåé (ÒÐÄ) ïîêàçàë, ÷òî äî òðåòüåãî ïîêî-
ëåíèÿ äâèãàòåëåé ðàçâèòèå øëî ðàöèîíàëüíî, ò. å.
óäåëüíûå ìàññà, ðàñõîä òîïëèâà ñíèæàëèñü â çíà-
÷èòåëüíîé ìåðå áîëüøå, ÷åì âîçðàñòàëà óäåëüíàÿ
ñòîèìîñòü íîâîãî àãðåãàòà. Ïîñëå ýòîãî ñèòóàöèÿ
èçìåíèëàñü. Ñîçäàíèå ðåàêòèâíîãî äâèãàòåëÿ ïÿ-
òîãî ïîêîëåíèÿ çàòÿãèâàåòñÿ äîâîëüíî íàäîëãî.
Â òî æå âðåìÿ ïðèäóìûâàþòñÿ ñïîñîáû óâåëè÷å-
íèÿ ñêîðîñòíûõ õàðàêòåðèñòèê òóðáîðåàêòèâíûõ
äâèãàòåëåé. Âåñüìà óäà÷íûì ïîëó÷èëñÿ äâèãàòåëü
SteamJet. Ýòî îáû÷íûé òóðáîðåàêòèâíûé äâèãà-
òåëü ñ âíåäðåííîé ñèñòåìîé âïðûñêà (ðèñ. 1),
ðåàëèçóþùåé ïîäà÷ó âîäû ñ ïîìîùüþ ôîðñóíîê,
æèäêîãî âîçäóõà èëè êèñëîðîäà â âîçäóøíûé
êàíàë âîçäóõîçàáîðíèêà. Ïîäà÷à êàêîãî-ëèáî
êîìïîíåíòà ïîçâîëÿåò ïîíèçèòü òåìïåðàòóðó
òîðìîæåíèÿ ïîòîêà, à òàêæå ïîâûñèòü ÊÏÄ êîì-
ïðåññîðà.

Öèôðîâàÿ èìèòàöèÿ ðàáîòû äâèãàòåëÿ
SteamJet, âûïîëíåííàÿ â Èññëåäîâàòåëüñêîé ëà-

Ðèñ. 1. Ïðèíöèïèàëüíàÿ ñõåìà äâèãàòåëÿ ñ ñèñòåìîé âïðûñêà âîäÿíîãî ïàðà
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áîðàòîðèè Air Force Research Laboratory, ïîêàçàëà
ñòàáèëüíóþ ðàáîòó àãðåãàòà ñ ìîìåíòà âçëåòà äî
ñêîðîñòåé, ðàâíûõ 6 Ì, ïðè ýòîì ðàñõîä òîïëè-
âà ñòàë ìåíüøèì, ÷åì ó êîìáèíèðîâàííûõ ñèëî-
âûõ óñòàíîâîê (ÊÑÓ), à òÿãîâîîðóæåííîñòü ñðàâ-
íèìà ñ òÿãîâîîðóæåííîñòüþ ïðÿìîòî÷íûõ âîç-
äóøíûõ ðåàêòèâíûõ äâèãàòåëåé. Èçîáðåòàòåëè
äàííîé ñèëîâîé óñòàíîâêè ñ÷èòàþò, ÷òî ñïåêòð
åå ïðèìåíåíèÿ î÷åíü øèðîê, âîçìîæíî èñïîëü-
çîâàíèå êàê íà êðûëàòûõ ðàêåòàõ, òàê è íà ýêñ-
ïåðèìåíòàëüíûõ ãèïåðçâóêîâûõ àïïàðàòàõ. Íà-
ïðèìåð, òàêîé äâèãàòåëü ïðåäëàãàþò óñòàíàâëè-
âàòü êàê ïåðâóþ ñòóïåíü ìíîãîðàçîâîé òðàíñïîð-
òíîé ñèñòåìû, íàçíà÷åíèåì êîòîðîé ÿâëÿåòñÿ çà-
ïóñê ñïóòíèêîâ ìàññîé äî 100 êã. Ýòà íîâàÿ ðàç-
ðàáîòêà ïðåäñòàâëåíà ñïåöèàëèñòàìè DARPA
(Óïðàâëåíèå ïåðñïåêòèâíûõ èññëåäîâàòåëüñêèõ
ïðîåêòîâ ÑØÀ) êàê ëåòàòåëüíûé àïïàðàò, ñîñòî-
ÿùèé èç äâóõ ðàêåòíûõ îäíîðàçîâûõ ñòóïåíåé, è
â êà÷åñòâå ïåðâîé ñòóïåíè ïðåäëàãàåòñÿ óñòàíî-
âèòü ìíîãîðàçîâóþ ñòóïåíü ñàìîëåòíîãî òèïà.

Ïîñòàíîâêà çàäà÷è

Òðåáóåòñÿ íàéòè ðåøåíèå, ïðè êîòîðîì ñêî-
ðîñòíûå õàðàêòåðèñòèêè òóðáîðåàêòèâíîãî äâóõ-
êîíòóðíîãî äâèãàòåëÿ ñ ôîðñàæíîé êàìåðîé ñ
âïðûñêîì âîäû áûëè áû íà ïîðÿäîê âûøå, ÷åì
áåç íåãî; îïðåäåëèòü êîëè÷åñòâî âîäû, íåîáõî-
äèìîå äëÿ îõëàæäåíèÿ âîçäóõà íà âõîäå â äâèãà-
òåëü äî 120 è 300 °Ñ.

Ãëàâíûìè òðåáîâàíèÿìè, ïðåäúÿâëÿåìûìè ê
äâèãàòåëþ, ÿâëÿþòñÿ ìàëàÿ ìàññà è ñòîèìîñòü
ïðè ñðàâíèòåëüíî âûñîêîé ìîùíîñòè. Ñîîòâåò-
ñòâåííî, ñèëîâàÿ óñòàíîâêà äîëæíà áûòü ðàáîòîñ-
ïîñîáíîé íà âñåõ ñêîðîñòÿõ äî 6 Ì, à òàêæå íà
âûñîòàõ â ïðåäåëàõ 25—40 êì, ïðè ýêñïëóàòàöèè
äîëæíû âûïîëíÿòüñÿ âñå íåîáõîäèìûå óñëîâèÿ
äëÿ îñóùåñòâëåíèÿ ïîëíîãî öèêëà ïîëåòà. Ïðè
ýòîì óäåëüíûé ðàñõîä òîïëèâà äîëæåí áûòü ìè-
íèìàëüíî âîçìîæíûì. Îáñëóæèâàíèå íå äîëæ-
íî áûòü çàòðóäíåíî, òîãäà êîëè÷åñòâî àýðîïîð-
òîâ, íà êîòîðûõ äàííûé ëåòàòåëüíûé àïïàðàò
ìîæåò áàçèðîâàòüñÿ, óâåëè÷èâàåòñÿ è òåì ñàìûì
ðàñøèðèòñÿ ïåðå÷åíü åãî ïîëåòíûõ ìàðøðóòîâ.

Ðåøåíèå çàäà÷è

Â õîäå èçó÷åíèÿ ïðîöåññà âïðûñêà âîäû âî
âõîäíîå óñòðîéñòâî ÒÐÄÄÔ áûëà ðàññìîòðåíà
ñèñòåìà âïðûñêà îõëàäèòåëÿ, ðàçðàáîòàííàÿ
ïðåäïðèÿòèåì «Èâ÷åíêî-Ïðîãðåññ». Îõëàäèòåëåì
áûëà âûáðàíà âîäà, êàê ñàìîå ëåãêîäîñòóïíîå è
ïðàêòè÷åñêè áåñïëàòíîå âåùåñòâî.

Âïðûñê æèäêîñòè íà äîçâóêîâûõ ñêîðîñòÿõ
ïîëåòà ïîçâîëÿåò óâåëè÷èòü òÿãó, íî âìåñòå ñ
óâåëè÷åíèåì òÿãè óâåëè÷èâàåòñÿ ðàñõîä òîïëèâà
è òåì ñàìûì ñíèæàåòñÿ ýêîíîìè÷íîñòü äâèãàòå-
ëÿ. Âïðûñêèâàíèå âîäû íà ñêîðîñòÿõ íèæå 1 Ì
ðàöèîíàëüíî èñïîëüçîâàòü íà âçëåòå, à òàêæå â
ýêñòðåííûõ ñèòóàöèÿõ, êîãäà òðåáóåòñÿ ïèêîâàÿ
òÿãà. Òàêæå îíî ìîæåò ïðèìåíÿòñÿ â íåáëàãî-
ïðèÿòíûõ äëÿ ðàáîòû äâèãàòåëÿ óñëîâèÿõ, íàïðè-
ìåð äëÿ âîññòàíîâëåíèÿ òÿãè â æàðêóþ ïîãîäó
èëè ïðè íèçêîì äàâëåíèè âîçäóõà. Èñïîëüçîâà-
íèå îõëàäèòåëÿ íà ñâåðõçâóêîâûõ ñêîðîñòÿõ ïî-
çâîëÿåò îáåñïå÷èòü íèçêèé ðàñõîä òîïëèâà, ìàê-
ñèìàëüíóþ òÿãîâîîðóæåííîñòü, áëèçêóþ ê òÿãî-
âîîðóæåííîñòè êîìáèíèðîâàííûõ ñèëîâûõ óñòà-
íîâîê, à òàêæå ñòàáèëüíîñòü ðàáîòû ïðè ñêîðî-
ñòÿõ 3,5—6 Ì. È íå ñòîèò óïóñêàòü èç âèäó, ÷òî
âïðûñê ñíèæàåò òåìïåðàòóðó äåòàëåé, à òàêæå
òåìïåðàòóðó òîïëèâîâîçäóøíîé ñìåñè, ÷òî ïîëî-
æèòåëüíî âëèÿåò íà ÊÏÄ äâèãàòåëÿ.

Âïðûñê âîäû ðåàëèçóåòñÿ ïåðåä êîìïðåññî-
ðîì âíóòðåííåãî êîíòóðà, ýòî îáúÿñíÿåòñÿ òåì,
÷òî ïîäà÷à âîäû ïåðåä âåíòèëÿòîðîì ñíèæàåò
ýôôåêòèâíîñòü äâèãàòåëÿ èç-çà ïîïàäàíèÿ âîäû
âî âíåøíèé êîíòóð. Ïðè÷èíû, ïî êîòîðûì âîç-
ðàñòàåò òÿãà äâèãàòåëÿ:

— óâåëè÷èâàåòñÿ îáúåì ðàáî÷åãî òåëà, âîçðà-
ñòàåò ïðîèçâîäèòåëüíîñòü êîìïðåññîðà, óâåëè÷è-
âàþòñÿ ðàñõîä âîçäóõà è òîïëèâà;

— âîçðàñòàåò ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ,
ñîîòâåòñòâåííî, ïîâûøàåòñÿ ñâîáîäíàÿ ýíåðãèÿ.

Òåì íå ìåíåå ãëàâíàÿ öåëü íàøåé ðàáîòû –
ýòî ïîíèæåíèå òåìïåðàòóðû âîçäóõà íà âõîäå â
äâèãàòåëü, ÷òî ïîçâîëÿëî áû ñíèçèòü òåïëîíà-
ãðóæåííîñòü äâèãàòåëÿ. Êàê óæå íå ðàç óïîìèíà-
ëîñü, âïðûñê âîäû ðåàëèçóåòñÿ íà âõîäå â äâèãà-
òåëü, ïðè ýòîì îí äîëæåí îáåñïå÷èòü îõëàæäå-
íèå âîçäóõà äî 120 è 300 °Ñ ïðè ðàçíûõ íà÷àëü-
íûõ òåìïåðàòóðàõ âîäû, êîòîðûå ñîñòàâëÿþò 20
è 60 °Ñ, ñ ó÷åòîì ïîòåðü â âîçäóõîçàáîðíèêå
(ðèñ. 2).

Ðåçóëüòàòû îòîáðàæåíû ãðàôè÷åñêè íà ðèñ. 3—5.
Ïðèâåäåííûå ãðàôèêè áûëè ïîñòðîåíû äëÿ

1 êã âîçäóõà. Ýòî îçíà÷àåò, ÷òî â ãðàôèêàõ îòî-
áðàæåíî êîëè÷åñòâî âîäû, íóæíîå äëÿ îõëàæäå-
íèÿ 1 êã âîçäóõà äî òåìïåðàòóð 120 è 300 °Ñ ïðè
çàäàííûõ óñëîâèÿõ ïîëåòà ëåòàòåëüíîãî àïïàðà-
òà.

Èç äàííûõ ãðàôèêîâ ìîæíî óâèäåòü, ÷òî äè-
àïàçîí ïðèìåíåíèÿ âîäû â îñíîâíîì îïðåäå-
ëÿåòñÿ òåìïåðàòóðîé, äî êîòîðîé íåîáõîäèìî
îõëàäèòü âîçäóõ â ïðîòî÷íîé ÷àñòè äâèãàòåëÿ.
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Èç ãðàôèêîâ ìîæíî ñäåëàòü âûâîä, ÷òî ïðè
ðîñòå ñêîðîñòè è âûñîòû ïîëåòà óìåíüøàåòñÿ
òåìïåðàòóðà êèïåíèÿ âîäû, âñëåäñòâèå óìåíüøå-
íèÿ äàâëåíèÿ, è äèàïàçîí ýêñïëóàòàöèè çàìåòíî
óìåíüøàåòñÿ. Íà íåêîòîðûõ ðåæèìàõ ðàáîòû

äâèãàòåëÿ íåâîçìîæíî èñïàðèòü âîäó, òàê êàê åå
òåìïåðàòóðà êèïåíèÿ ñòàíîâèòñÿ î÷åíü íèçêîé.

Ïîìèìî ýòîãî, ñ óâåëè÷åíèåì âûñîòû è ñêî-
ðîñòè, î÷åíü ñèëüíî âîçðàñòàåò ðàñõîä âîäû, íà
íåêîòîðûõ ðåæèìàõ îí íàñòîëüêî îãðîìåí, ÷òî

Ðèñ. 2. Õàðàêòåðèñòèêà âîçäóõîçàáîðíèêà

Ðèñ. 3. Ãðàôèêè çàâèñèìîñòè êîëè÷åñòâà âîäû ñ íà÷àëüíîé òåìïåðàòóðîé 20 °Ñ (à) è 60 °Ñ (á) îò ñêîðîñòè è

âûñîòû (îõëàæäåíèå äî 120 °Ñ)

à) á)
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Ðèñ. 4. Ãðàôèêè çàâèñèìîñòè êîëè÷åñòâà âîäû ñ íà÷àëüíîé òåìïåðàòóðîé 20 °Ñ (à) è 60 °Ñ (á) îò ñêîðîñòè è

âûñîòû (îõëàæäåíèå äî 300 °Ñ)

à) á)

Ðèñ. 5. Ðàâíîâåñíîå ñîñòîÿíèå âîäû â çàâèñèìîñòè îò òåìïåðàòóðû è äàâëåíèÿ
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ñðàâíèì ñ ðàñõîäîì ãîðþ÷åãî. Ýòî ïðèâîäèò ê
îòðèöàòåëüíîìó ýôôåêòó — óâåëè÷åíèþ âçëåòíîé
ìàññû. Íà ãðàôèêàõ òàêæå âèäíî, ÷òî ïîòåðè îõ-
ëàäèòåëÿ â âîçäóõîçàáîðíèêå ïðèâîäÿò ê ïîâû-
øåíèþ ðàñõîäà îõëàäèòåëÿ, ÷òî â ïðèíöèïå ëî-
ãè÷íî.

Âñëåäñòâèå ïðèìåíåíèÿ âïðûñêà îõëàäèòåëÿ
âîçäóõ ñìåøèâàåòñÿ ñ âîäÿíûì ïàðîì, îáðàçóÿ
ïàðîâîçäóøíóþ ñìåñü, êîòîðàÿ â äàëüíåéøåì
çàìåíÿåò âîçäóõ êàê ðàáî÷åå òåëî è ñàìà èì ñòà-
íîâèòñÿ. Òàêîé ýôôåêò òðåáóåò äîðàáîòîê è èç-
ìåíåíèÿ êîíñòðóêöèè äâèãàòåëÿ, ÷òî, â ñâîþ
î÷åðåäü, âåäåò ê óñëîæíåíèþ ïðîèçâîäñòâà è
äàëüíåéøåé ýêñïëóàòàöèè ñèëîâîé óñòàíîâêè.

Íåîáõîäèìûå äîðàáîòêè, êîòîðûå íóæíî
âíåäðèòü äëÿ ñòàáèëüíîé ðàáîòû äâèãàòåëÿ:

— äâîéíàÿ ñèñòåìà ïèòàíèÿ ñî ñïåöèàëüíûì
óñòðîéñòâîì äëÿ âïðûñêà îõëàäèòåëÿ;

— îïòèìèçàöèÿ ïðîôèëÿ ëîïàòîê êîìïðåññî-
ðà è òóðáèíû;

— ìîäèôèêàöèÿ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ
ïðîòî÷íîé ÷àñòè äâèãàòåëÿ;

— óïðî÷íåíèå êîíñòðóêöèè;
— ïðèìåíåíèå íîâûõ ìàòåðèàëîâ.
Âïîëíå î÷åâèäíî, ÷òî îõëàäèòåëü íóæíî îáÿ-

çàòåëüíî ñîõðàíÿòü â æèäêîì ñîñòîÿíèè, ñîîòâåò-
ñòâåííî áàê äëÿ âîäû äîëæåí áûòü ñ êàêèì-ëèáî
íàãðåâàòåëüíûì ýëåìåíòîì èëè æå ñëåäóåò ïî-
ïðîáîâàòü ïðèìåíèòü ñìåñü âîäû ñî ñïèðòîì.
Âìåñòå ñ òåì åñòü íåáîëüøîé íåäîñòàòîê èñïîëü-
çîâàíèÿ âïðûñêà âîäû âî âõîäíîå óñòðîéñòâî:
íåçíà÷èòåëüíîå âîçðàñòàíèå êîíöåíòðàöèè óãëå-
âîäîðîäîâ â îòðàáîòàâøèõ ãàçàõ.

Êà÷åñòâî âîäû èãðàåò ñóùåñòâåííóþ ðîëü, òàê
êàê â âîäå ñîäåðæàòüñÿ ðàçíîîáðàçíûå ñîëè â
íåáîëüøèõ êîëè÷åñòâàõ. Ñî âðåìåíåì ñîëè ïðè-
âîäÿò ê ýðîçèè ìåòàëëîâ â ïðîòî÷íîé ÷àñòè äâè-
ãàòåëÿ, òàêæå ïðè íåêîòîðîé íàðàáîòêå íà÷íóò
çàñîðÿòüñÿ êàíàëû, ïî êîòîðûì ïîñòóïàåò âîäà,
è ïîòðåáóåòñÿ çàìåíà èëè áîëåå òùàòåëüíîå îá-
ñëóæèâàíèå îáîðóäîâàíèÿ.

Âûâîäû

1. Ïðè ðîñòå ñêîðîñòè è âûñîòû ïîëåòà
óìåíüøàåòñÿ òåìïåðàòóðà êèïåíèÿ âîäû, âñëåä-
ñòâèå óìåíüøåíèÿ äàâëåíèÿ, è äèàïàçîí ýêñïëó-
àòàöèè çàìåòíî óìåíüøàåòñÿ. Íà íåêîòîðûõ ðå-
æèìàõ ðàáîòû äâèãàòåëÿ íåâîçìîæíî èñïàðèòü
âîäó, òàê êàê åå òåìïåðàòóðà êèïåíèÿ ñòàíîâèò-
ñÿ î÷åíü íèçêîé.

2. Äëÿ ïîñòîÿííîãî ïîääåðæàíèÿ íóæíîé òåì-
ïåðàòóðû âïðûñêèâàåìîãî îõëàäèòåëÿ òðåáóåòñÿ

óñòàíîâêà òåïëîîáìåííèêà, íî ýòî îòðèöàòåëü-
íî ïîâëèÿåò íà ìàññó ëåòàëüíîãî àïïàðàòà, òàê-
æå íå ñòîèò çàáûâàòü î òåìïåðàòóðå â áàêå è î
òîì, ÷òî âîäà òàì ìîæåò çàìåðçíóòü.

3. Óâåëè÷åíèå âûñîòû è ñêîðîñòè ïîëåòà ïðè-
âîäèò ê î÷åíü ñèëüíîìó âîçðàñòàíèþ ðàñõîäà
âîäû, íà íåêîòîðûõ ðåæèìàõ îí íàñòîëüêî îãðî-
ìåí, ÷òî ñðàâíèì ñ ðàñõîäîì ãîðþ÷åãî. Ýòî ïðè-
âîäèò ê îòðèöàòåëüíîìó ýôôåêòó – óâåëè÷åíèþ
âçëåòíîé ìàññû.

4. Âñëåäñòâèå ïðèìåíåíèÿ âïðûñêà îõëàäèòå-
ëÿ óñëîæíÿåòñÿ óñòðîéñòâî ñèëîâîé óñòàíîâêè,
÷òî âåäåò ê óñëîæíåíèþ âñåõ òåõíîëîãè÷åñêèõ
îïåðàöèé, îò èçãîòîâëåíèÿ äî íàñòðîéêè àãðåãà-
òà.

5. Âïðûñêèâàíèå âîäû â ïðîòî÷íóþ ÷àñòü
ñïîñîáñòâóåò óâåëè÷åíèþ ñêîðîñòíûõ õàðàêòåðè-
ñòèê äâèãàòåëÿ è äàåò âîçìîæíîñòü èñïîëüçîâàòü
åãî íà ñêîðîñòÿõ äî 6 Ì, íî ýòà òåõíîëîãèÿ íå ëè-
øåíà íåäîñòàòêîâ: óâåëè÷åíèå âçëåòíîé ìàññû,
óñëîæíåíèå êîíñòðóêöèè íåãàòèâíî âëèÿþò íà
äàëüíîñòü ïîëåòà, óñëîæíÿþò ýêñïëóàòàöèþ. Òåì
íå ìåíåå èäåÿ î÷åíü ïåðñïåêòèâíà â ïðàêòè÷åñ-
êîì èñïîëüçîâàíèè, íî òðåáóåò òùàòåëüíîé äå-
òàëüíîé äîâîäêè êàê ñàìîãî ñèëîâîãî àãðåãàòà,
òàê è ëåòàòåëüíîãî àïïàðàòà.

Áèáëèîãðàôè÷åñêèé ñïèñîê

1. Trefhy Ñ.J. Hypersonic engine technology. NASA
Lewis Research Center, October 10, 1996, ð. 679.

2. Ñêîðîñòíûå ñàìîëåòû. — Ì.: ÀÑÒ Àñòðåëü, 2017.
— 426 c.

3. Ôðîëîâ Ê.Â. (ãë. ðåä.) Ìàøèíîñòðîåíèå: Ýíöèê-
ëîïåäèÿ. Ñàìîëåòû è âåðòîëåòû. Ò. IV-21. Àâèà-
öèîííûå äâèãàòåëè. Êí. 3 / Â.À. Ñêèáèí, Â.È. Ñî-
ëîíèí, Þ.Ì. Òåìèñ. — Ì.: Ìàøèíîñòðîåíèå.
2010. — 720 ñ.

4. Ñêëÿðîâà À.Ï., Ãîðáóíîâ À.À., Çèíåíêîâ Þ.Â., Àãóëü-
íèê À.Á., Âîâê Ì.Þ. Ïîèñê îïòèìàëüíîé ñèëîâîé
óñòàíîâêè äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè ìàíåâ-
ðåííîãî ñàìîë¸òà // Âåñòíèê Ìîñêîâñêîãî àâèà-
öèîííîãî èíñòèòóòà. 2020. Ò. 27. ¹ 4. Ñ. 181-191.
DOI: 10.34759/vst-2020-4-181-191

5. Îìàð Õ.Õ., Êóçüìè÷¸â Â.Ñ., Òêà÷åíêî À.Þ. Ïîâû-
øåíèå ýôôåêòèâíîñòè àâèàöèîííûõ äâóõêîíòóð-
íûõ òóðáîðåàêòèâíûõ äâèãàòåëåé çà ñ÷¸ò ïðèìå-
íåíèÿ ðåêóïåðàòîðà // Âåñòíèê Ìîñêîâñêîãî àâèà-
öèîííîãî èíñòèòóòà. 2020. Ò. 27. ¹ 4. Ñ. 133-146.
DOI: 10.34759/vst-2020-4-133-146

6. Ñòàðöåâ Í.È. Êîíñòðóêöèÿ è ïðîåêòèðîâàíèå îñ-
íîâíûõ óçëîâ è ñèñòåì àâèàöèîííûõ äâèãàòåëåé
è ýíåðãåòè÷åñêèõ óñòàíîâîê: Ó÷åá. ïîñîáèå. — Ñà-
ìàðà: Èçä-âî Ñàìàð. ãîñ. àýðîêîñì. óí-òà, 2013. —
 774 ñ.



136 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹3

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

7. Association of European Airlines: Short-Medium
Range Aircraft AEA Requirements. — Brussel: AEA,
1989. G(T)5656.

8. Zhang C., Gu �mmer V. High temperature heat
exchangers for recuperated rotorcraft powerplants //
Applied Thermal Engineering. 2019. Vol. 154,
pp. 548–561. DOI: 10.1016/j.applthermaleng.2019.03.119

9. Kim M., Ha M.Y., Min J.K. et al. Numerical study on
the cross-corrugated primary surface heat exchanger
having asymmetric cross-sectional profiles for
advanced intercooled-cycle aero engines //
International Journal of Heat and Mass Transfer. 2013.
Vol. 66, pp. 139–153. DOI: 10.1016/j.
ijheatmasstransfer.2013.07.017

10. Ëîõòèí Î.È., Ðàçíîñ÷èêîâ Â.Â., Àâåðüêîâ È.Ñ.
Ìåòîäèêà ñîçäàíèÿ 3D-ìîäåëè ëåòàòåëüíîãî àï-
ïàðàòà ñ ðàêåòíî-ïðÿìîòî÷íûì äâèãàòåëåì // Âå-
ñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2020.
Ò. 27. ¹ 2. Ñ. 131-139. DOI: 10.34759/vst-2020-2-
131-139

11. Xie G.N., Sunde ´n B., Wang Q.W. Optimization of
compact heat exchangers by a genetic algorithm //
Applied Thermal Engineering. 2008. Vol. 28. No. 8-9,
pp. 895–906. DOI: 10.1016/j.applthermaleng. 2007.
07.008

12. Îñèïîâ Å.Â., Ïðèïàä÷åâ À.Ä., Áåëîâ Ñ.Â., Ãîðáóíîâ À.À.,
Êðèâîøååâ È.À. Õàðàêòåðèñòèêè ïðÿìîòî÷íûõ âîç-
äóøíî-ðåàêòèâíûõ äâèãàòåëåé: Ó÷åá. ïîñîáèå. –
Îðåíáóðã: ÎÃÓ, 2018.  - 128 ñ.

13. Ôîêèí Ä.Á., Ëóêîâíèêîâ À.Â., Ñóíöîâ Ï.Ñ. Îñîáåí-
íîñòè ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ðàáî÷åãî
ïðîöåññà äâóõðåæèìíûõ ãèïåðçâóêîâûõ ïðÿìîòî÷-
íûõ âîçäóøíî-ðåàêòèâíûõ äâèãàòåëåé // Âåñòíèê
Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. 2011. Ò. 18.
¹ 2. Ñ. 137-145.

14. Egorov I.N., Kretinin G.V., Kostiuk S.S., Leshschenko I.A.,
Babi U.I. The Methodology of stochastic optimization
of parameters and control laws for the aircraft
gasturbine engines flow passage components // Journal
of Engineering for Gas Turbines and Power. 2001.
Vol. 123. No. 3, pp. 495-501. DOI: 10.1115/1.1285841

15. Ãîðáóíîâ À.À., Ïðèïàä÷åâ À.Ä. Èìèòàöèîííîå ìî-
äåëèðîâàíèå â àâòîìàòèçèðîâàííîì ïðîåêòèðîâà-
íèè âîçäóøíûõ ñóäîâ: Ó÷åá. ïîñîáèå. – Îðåíáóðã:
ÎÃÓ, 2014. – 103 ñ.

16. Ýçðîõè Þ.À., Ôîêèí Ä.Á., Íÿãèí Ï.Â. Ïðèìåíåíèå
ìåòîäîâ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ äëÿ
îöåíêè õàðàêòåðèñòèê äâóõêîíòóðíîãî òóðáîðå-
àêòèâíîãî äâèãàòåëÿ ñ îáùåé ôîðñàæíîé êàìåðîé
// Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòó-
òà. 2020. Ò. 27. ¹ 2. Ñ. 99-111. DOI: 10.34759/vst-
2020-2-99-111

17. Filinov E., Tkachenko A., Omar H.H.O., Rybakov V.
Increase the Efficiency of a Gas Turbine Unit for Gas
Turbine Locomotives by Means of Steam Injection
into the Flow Section // The 2nd International
Conference on Mechanical, System and Control
Engineering (ICMSC 2018). Vol. 220. DOI: 10.1051/
matecconf/ 201822003010

18. Áîãäàíîâ Â.È. Èññëåäîâàíèÿ ïî ðåàëèçàöèè ïóëü-
ñèðóþùèõ ðàáî÷èõ ïðîöåññîâ â ðåàêòèâíûõ äâè-
ãàòåëÿõ // Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî
èíñòèòóòà. 2017. Ò. 24. ¹ 4. Ñ. 100-109.

19. Bowman C.L., Marien T.V., Felder J.L. Turbo- and
hybrid-electrified aircraft propulsion for commercial
transport // AIAA/IEEE Electric Aircraft
Technologies Symposium EATS’2018 (09-11 July
2018; Cincinnati, Ohio, United States). AIAA 2018-
4984. DOI: 10.2514/6.2018-4984

20. Egorov I.N., Kretinin G.V., Leshchenko I.A. Optimal
design and control of gas-turbine engine components:
a multicriteria approach // Aircraft Engineering and
Aerospace Technology. 1997. Vol. 69. No. 6, pp. 518-
526. DOI: 10.1108/00022669710185977



137Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹3

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

Àbstract

This publication briefly discusses the possibility
of high-quality improvement of the power plant
performance, built on the turbofan basis, by injecting
water into the inlet device. The probability of this
power plant introducing into the space transport
system, instead of the first stage at the flight speeds
up to six Mach, was considered as well. The expert
analysis of the existing research solutions was
performed. This technology realization solves the
problems of cargo transportation to the International
Space Station (ISS). There is a possibility of creating
a passenger spacecraft with an immense flight speed
in the future.

It is necessary to find a solution, with which the
speed characteristics of a turbojet bypass engine with
an afterburner are an order of magnitude higher with
water injection than without it, and find out the
required amount of water necessary for air-cooling
to 120°C and 300°C at the engine inlet.

The basic requirements placed for the engine are
the low weight and cost at a comparatively high
power. Accordingly, the power plant should be
operational at all speeds up to six Mach, as well as
its operation must meet all the necessary conditions
at altitudes within 25-40 km to implement a full flight
cycle. The engine herewith should be of the lowest
possible specific fuel consumption. Maintenance
should not be impeded, since it is necessary to expand
the number of airports at which this aircraft can be
based, expanding thereby its flight routes.

Water injection of into the flow part increases the
engine speed characteristics and its application at the
speeds up to six Mach. However, this technology has
its minuses as well. Takeoff weight increase and
complication of the design negatively affect the flight
range and the ease of operation. Due to the cooler
injection application, the the power plant device
becomes more complicated, which leads to the
complication of all technological operations, from
manufacturing to setting up the unit.

TURBOJET ENGINE POWER INCREASING BY AIR-COOLING
AT THE INLET DEVICE

Nikitin I.S.*, Magdin A.G.**, Pripadchev A.D.***, Gorbunov A.A.****
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Nevertheless, the idea is rather promising in
practical application, but it requires an utmost high-
quality detailed refinement of both the power unit
itself and the aircraft.

Keywords: turbojet engine power increasing,
afterburner, inlet device cooling, supersonic aircraft.
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