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Âñòóï

Ðîçòàøóâàííÿ äâèãóí³â ó õâîñòîâ³é ÷àñòèí³ 
ôþçåëÿæó çàáåçïå÷óº  ì³í³ìàëüíèé äîäàòêîâèé 
îï³ð ³ íåâåëèêèé âïëèâ íà ñò³éê³ñòü ³ êåðîâàí³ñòü 
ë³òàëüíîãî àïàðàòà. Ñë³ä ï³äêðåñëèòè,  ùî â 
öüîìó âèïàäêó â³äñóòí³é âïëèâ íà õâîñòîâå 
îïåðåííÿ ãàðÿ÷èõ ãàç³â,  ÿê³ âèò³êàþòü ç ðåàê-
òèâíîãî ñîïëà äâèãóíà. Ìàñà êîíñòðóêö³¿ âóçë³â 
êð³ïëåííÿ äâèãóíà ç òàêîþ êîìïîíîâêîþ º  
òàêîæ íåçíà÷íîþ [1].

Ðîçòàøóâàííÿ äâîêîíòóðíèõ äâèãóí³â ç òóð-
áîâåíòèëÿòîðíîþ ïðèñòàâêîþ íà ï³ëîíàõ íàä 
êðèëîì ë³òàêà (ðèñ. 1)  àáî ï³ä êðèëîì ë³òàêà 
(ðèñ. 2)  çàáåçïå÷óº:

- âèñîêó àåðîäèíàì³÷íó ÿê³ñòü êðèëà;

-íåçíà÷í³ âòðàòè ó âõ³äíîìó êàíàë³ 
ïîâ³òðîçàáèðà÷à;

- ï³äâèùåííÿ êðèòè÷íî¿ øâèäêîñò³ ôëàòå-
ðà çàâäÿêè ïåðåñóâàííþ âïåðåä öåíòð³â âàãè 
ïåðåð³ç³â êðèëà,  â ÿêèõ ðîçòàøîâàí³ äâèãóíè;

- çðó÷íèé äîñòóï äî äâèãóí³â.

Ðèñ. 1. Ñõåìà ðîçòàøóâàííÿ ãàçîòóðá³ííèõ äâèãóí³â ç 
òóðáîâåíòèëÿòîðíîþ ïðèñòàâêîþ íà êðèë³ ë³òàêà
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АЕРОДИНАМІЧНИЙ ОПІР АВІАЦІЙНОЇ СИЛОВОЇ 
УСТАНОВКИ З ТУРБОВЕНТИЛЯТОРНОЮ ПРИСТАВКОЮ
Åôåêòèâí³ñòü ï³ëîòîâàíèõ ³ áåçï³ëîòíèõ ë³òàëüíèõ àïàðàò³â ³ñòîòíî çàëåæèòü â³ä 

ïàðàìåòð³â ³ õàðàêòåðèñòèê ñèëîâèõ óñòàíîâîê. Åôåêòèâíà òÿãà ñèëîâî¿ óñòàíîâêè 
â³äð³çíÿºòüñÿ â³ä âíóòð³øíüî¿ òÿãè ³çîëüîâàíîãî äâèãóíà íà âåëè÷èíó âòðàò, çóìîâëåíèõ 
çîâí³øí³ì îïîðîì ñèëîâî¿ óñòàíîâêè â ïîëüîò³. Ãàçîòóðá³ííèé äâèãóí (ÃÒÄ) ç òóðáîâåíòè-
ëÿòîðíîþ ïðèñòàâêîþ ìàº ðÿä ïåðåâàã ó ïîð³âíÿíí³ ç äâîêîíòóðíèìè äâèãóíàìè. Ïî-ïåðøå, 
ñòâîðåííÿ äâèãóíà íà îñíîâ³ óí³âåðñàëüíîãî áàçîâîãî ãàçîãåíåðàòîðà äîçâîëÿº ç íàéìåíøèìè 
åêîíîì³÷íèìè âèòðàòàìè ðåàë³çóâàòè íà ïðàêòèö³ ïðèíöèï ìîäóëüíîñò³ ïðè ñòâîðåíí³ 
ñ³ìåéñòâà ÃÒÄ. Ïî-äðóãå, çà ðàõóíîê óñóíåííÿ íåãàòèâíîãî âïëèâó ìîäóëÿ âåíòèëÿòîðà 
íà ïîò³ê ïåðåä êîìïðåñîðîì ãàçîãåíåðàòîðíîãî ìîäóëÿ ïîë³ïøóþòüñÿ òÿãîâî-åêîíîì³÷í³ 
õàðàêòåðèñòèêè àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè ç ÃÒÄ. Òóðáîâåíòèëÿòîðíà ïðèñòàâêà 
âèêîíóºòüñÿ ó âèãëÿä³ äâîÿðóñíîãî ðîáî÷îãî êîëåñà, âíóòð³øíÿ ÷àñòèíà ÿêîãî ïðàöþº â 
òóðá³ííîìó ðåæèì³, çîâí³øíÿ ÷àñòèíà âèêîíóº ôóíêö³¿ âåíòèëÿòîðà. Ïîòóæí³ñòü, ÿêó 
ðîçâèâàº âíóòð³øí³é òóðá³ííèé êîíòóð òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè, ïåðåäàºòüñÿ â 
çîâí³øí³é âåíòèëÿòîðíèé êîíòóð òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè. Åôåêòèâíà ñèëà òÿãè 
àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè ç òóðáîâåíòèëÿòîðíîþ ïðèñòàâêîþ ïîâèííà âðàõîâóâàòè 
îñîáëèâîñò³ àåðîäèíàì³÷íèõ õàðàêòåðèñòèê ñòóï³í÷àñòî¿ ìîòîãîíäîëè ãàçîãåíåðàòîð-
íîãî ìîäóëÿ ³ ìîäóëÿ òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè. Âèçíà÷åííÿ åôåêòèâíî¿ òÿãè 
ðîçãëÿäàºòüñÿ ïðè íàñòóïíèõ ïðèïóùåííÿõ: ñèëîâà óñòàíîâêà îáò³êàºòüñÿ çîâí³øí³ì 
ïîòîêîì ïîâ³òðÿ ïðè íóëüîâîìó êóò³ àòàêè; çîâí³øí³é ïîò³ê óñòàëåíèé, ð³âíîì³ðíèé; 
ìîòîãîíäîëà ãàçîãåíåðàòîðà ñêëàäàºòüñÿ ç ãîëîâíî¿ ÷àñòèíè (îáè÷àéêè ïîâ³òðîçàá³ðíèêà), 
öåíòðàëüíî¿ öèë³íäðè÷íî¿ ³ êîðìîâî¿ ÷àñòèí; ìîòîãîíäîëà òóðáîâåíòèëÿòîðíî¿ ïðè-
ñòàâêè ñêëàäàºòüñÿ ç ãîëîâíî¿ ÷àñòèíè (îáè÷àéêè), öåíòðàëüíî¿ öèë³íäðè÷íî¿ ³ êîðìîâî¿ 
÷àñòèí. Â ðîáîò³ çàïðîïîíîâàíî ìåòîäèêó ðîçðàõóíêó åôåêòèâíî¿ ñèëè òÿãè àâ³àö³éíî¿ 
ñèëîâî¿ óñòàíîâêè ç òóðáîâåíòèëÿòîðíîþ ïðèñòàâêîþ ç óðàõóâàííÿì îñîáëèâîñòåé 
àåðîäèíàì³÷íèõ õàðàêòåðèñòèê ñòóï³í÷àñòî¿ ìîòîãîíäîëè àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè 
äëÿ îäíîêîíòóðíîãî ³ äâîêîíòóðíîãî ãàçîãåíåðàòîð³â.

Êëþ÷îâ³ ñëîâà: åôåêòèâíà òÿãà, çîâí³øí³é îï³ð, ãàçîãåíåðàòîð, ñòóï³í÷àñòà ìîòî-
ãîíäîëà, òóðáîâåíòèëÿòîðíà ïðèñòàâêà.
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Ðèñ. 2. Ñõåìà ðîçòàøóâàííÿ ãàçîòóðá³ííèõ äâèãóí³â ç 
òóðáîâåíòèëÿòîðíîþ ïðèñòàâêîþ íà ï³ëîíàõ ï³ä êðèëîì

Ïðîòå ðîçòàøóâàííÿ ÃÒÄ íà ï³ëîíàõ ìàº  ³ 
îêðåì³ íåäîë³êè:

- çðîñòàº  àåðîäèíàì³÷íèé îï³ð ë³òàêà;
- òÿãà äâèãóí³â âïëèâàº  íå ò³ëüêè íà øëÿõî-

âó,  àëå ³ íà ïîçäîâæíþ ñò³éêîñò³ ë³òàêà;
- çá³ëüøóºòüñÿ âèñîòà øàñ³,  îñîáëèâî íà 

ë³òàêàõ,  ÿê³ ìàþòü ñòð³ëîïîä³áíå êðèëî àáî 
â³ä’ºìíó ïîïåðå÷íó øâèäê³ñòü ïîëüîòó;

- çðîñòàº  â ³ðîã³äí³ñòü ïîïàäàííÿ ó 
ïîâ³òðîçàáèðà÷ ÷àñòèíîê ³ ïðåäìåò³â ç ïîâåðõí³ 
àåðîäðîìó ³,  ÿê íàñë³äîê,  ïîøêîäæåííÿ äâè-
ãóíà.

Ñë³ä çàçíà÷èòè òåõíîëîã³÷í³ ³ åêñïëóàòàö³éí³ 
ïåðåâàãè òàêîãî ðîçòàøóâàííÿ äâèãóí³â. Çîêðå-
ìà,  âîíî äàº  ìîæëèâ³ñòü çä³éñíþâàòè ïîâóçëîâå 
ðîçáèðàííÿ äâèãóíà áåç éîãî çíÿòòÿ.

Ñòâîðåííÿ ñåð³¿ ãàçîòóðá³ííèõ äâèãóí³â íà 
áàç³ óí³âåðñàëüíîãî ãàçîãåíåðàòîðà äëÿ ïåð-
ñïåêòèâíèõ ë³òàëüíèõ àïàðàò³â º  íàäçâè÷àéíî 
ñêëàäíîþ íàóêîâî-òåõí³÷íîþ ïðîáëåìîþ 
[2,  3]. Óí³âåðñàëüíèé áàçîâèé ãàçîãåíåðàòîð 
çàáåçïå÷óº  ñòâîðåííÿ ãàçîòóðá³ííèõ äâèãóí³â 
(ÃÒÄ)  ç ð³çíèìè ïàðàìåòðàìè é õàðàêòåðè-
ñòèêàìè. 

Ïðîáëåì³ ðîçðîáêè óí³âåðñàëüíîãî ãàçî-
ãåíåðàòîðà ïðèñâÿ÷åíî ðîáîòó [4]. Àâòîðàìè 
àíàë³çóþòüñÿ øëÿõè ïîêðàùåííÿ òÿãîâèõ ³ 
åêîëîã³÷íèõ ïàðàìåòð³â óí³âåðñàëüíîãî ãàçîãå-
íåðàòîðà äëÿ ïåðñïåêòèâíèõ äâèãóí³â. Ó ðîáîò³ 
[5] îáµðóíòîâàíî êîíöåïö³þ ïðîåêòóâàííÿ íî-
âèõ äâèãóí³â ç âèêîðèñòàííÿì óí³âåðñàëüíîãî 
ãàçîãåíåðàòîðà.

Îäíà ç ïðîáëåì,  ÿêà ïîâ’ÿçàíà ³ç ñòâîðåííÿì 
ÃÒÄ íà îñíîâ³ áàçîâîãî ãàçîãåíåðàòîðà,  ïîëÿãàº  
â ³ñòîòíîìó âïëèâ³ ìîäóëÿ âåíòèëÿòîðà,  ÿêèé 
ðîçòàøîâóºòüñÿ ïåðåä ìîäóëåì ãàçîãåíåðàòîðà,  
íà ïàðàìåòðè é õàðàêòåðèñòèêè êîìïðåñîðà 
ãàçîãåíåðàòîðà [6,  7].

Òóðáîðåàêòèâíèé äâîêîíòóðíèé äâè-
ãóí (ÒÐÄÄ) ³ç çàäí³ì ðîçòàøóâàííÿì 
òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè äîçâîëÿº 
âèð³øèòè äâ³ ãîëîâí³ çàäà÷³, ùî ñòîÿòü 
ïðè ñòâîðåíí³ ãàçîòóðá³ííèõ äâèãóí³â ç 
óí³âåðñàëüíèì ãàçîãåíåðàòîðîì [8]. Ïî-ïåðøå, 
ç ÿêíàéìåíøèìè åêîíîì³÷íèìè âèòðàòàìè 
ðåàë³çóâàòè íà ïðàêòèö³ ïðèíöèï ìîäóëüíîñò³ 
ïðè ñòâîðåíí³ ñ³ìåéñòâà ÃÒÄ íà îñíîâ³ áà-
çîâîãî ãàçîãåíåðàòîðà. Ïî-äðóãå, ïîêðàùèòè 
òÿãîâî-åêîíîì³÷í³ õàðàêòåðèñòèêè àâ³àö³éíî¿ 
ñèëîâî¿ óñòàíîâêè ç ÃÒÄ çà ðàõóíîê óñóíåí-

íÿ íåãàòèâíîãî âïëèâó ìîäóëÿ âåíòèëÿòîðà 
íà ïîò³ê ïåðåä êîìïðåñîðîì ãàçîãåíåðàòîð-
íîãî ìîäóëÿ. Çá³ëüøåííÿ ìàñè ³ îäíî÷àñíå 
çìåíøåííÿ øâèäêîñò³ ãàçîâîãî ñòðóìåíÿ 
ñïðèÿº ï³äâèùåííþ òÿãîâîãî ÊÊÄ äâèãóíà 
øëÿõîì çìåíøåííÿ âòðàò åíåðã³¿ ç âèõ³äíîþ 
øâèäê³ñòþ.

Åôåêòèâí³ñòü ï³ëîòîâàíèõ ³ áåçï³ëîòíèõ 
ë³òàëüíèõ àïàðàò³â ñóòòºâèì ÷èíîì çàëåæèòü 
â³ä ïàðàìåòð³â ³ õàðàêòåðèñòèê ñèëîâèõ óñòà-
íîâîê, ùî âèêîðèñòîâóþòüñÿ. Åôåêòèâíà òÿãà 
Råô. áåçïîñåðåäíüî âèêîðèñòîâóºòüñÿ äëÿ âèêî-
íàííÿ òÿãîâî¿ ðîáîòè ç ïåðåì³ùåííÿ ë³òàëüíîãî 
àïàðàòó â ïðîñòîð³. 

Ïðîáëåìà ï³äâèùåííÿ åôåêòèâíî¿ òÿãè 
àâ³àö³éíèõ ÃÒÄ º  àêòóàëüíîþ. Íàïðèêëàä,  
ó ðîáîò³ [9] ðîçðîáëåíî óäîñêîíàëåíèé ìå-
òîä ìîäåëþâàííÿ ïîëüîòó ë³òàëüíîãî àïàðà-
òó,  ÿêèé äîçâîëÿº  á³ëüø òî÷íî îö³íþâàòè 
êðèòåð³¿ åôåêòèâíîñò³ ³ äîñë³äæóâàòè âïëèâ 
íà íèõ ïàðàìåòð³â ðîáî÷îãî ïðîöåñó ³ ôóíêö³¿ 
óïðàâë³ííÿ ÃÒÄ.

Ó ðîáîò³ [10] ï³äâèùåííÿ åôåêòèâíî¿ òÿãè 
ðîçãëÿäàºòüñÿ íà îñíîâ³ àíàë³çó äîñÿãíåíü 
òåðìîõ³ì³¿ ³ âäîñêîíàëåííÿ ç ¿¿ âèêîðèñòàííÿì 
ìåòîä³â ñèíòåçó êîìá³íîâàíèõ äâèãóí³â á³ëüø 
äîñêîíàëèõ òåðìîäèíàì³÷íèõ öèêë³â,  í³æ 
òðàäèö³éíî ðåàë³çîâàíèé ó ÃÒÄ öèêë Áðàéòîíà,  
ðîçãëÿäàþòüñÿ ìîæëèâîñò³ âèêîðèñòàííÿ õëàäî-
ðåñóðñó ³ ïðàöåçäàòíîñò³ åíäîòåðì³÷íèõ ïàëèâ.

Îäíàê ïèòàííÿ åôåêòèâíî¿ òÿãè ÒÐÄÄ ³ç 
çàäí³ì ðîçòàøóâàííÿì òóðáîâåíòèëÿòîðíî¿ ïðè-
ñòàâêè äî òåïåð³øíüîãî ÷àñó íå ðîçãëÿäàëîñü.

Ìåòîþ äàíî¿ ðîáîòè º  ñòâîðåííÿ ìåòîäèêè 
äëÿ ðîçðàõóíêó åôåêòèâíî¿ òÿãè äâîêîíòóðíîãî 
òóðáîðåàêòèâíîãî äâèãóíà ç òóðáîâåíòèëÿòîð-
íîþ ïðèñòàâêîþ ç óðàõóâàííÿì îñîáëèâîñòåé 
àåðîäèíàì³÷íèõ õàðàêòåðèñòèê ñòóï³í÷àñòî¿ 
ìîòîãîíäîëè.

1. Ïîñòàíîâêà çàäà÷³

Åôåêòèâíà òÿ ãà ñè ëîâî¿ óñòàíîâêè 
â³äð³çíÿºòüñÿ â³ä âíóòð³øíüî¿ òÿãè ³çîëüîâàíîãî 
äâèãóíà íà âåëè÷èíó âòðàò, îáóìîâëåíèõ 
çîâí³øí³ì îïîðîì ñèëîâî¿ óñòàíîâêè â ïðîöåñ³ 
ïîëüîòó Õçîâí. Åôåêòèâíó òÿãó ñèëîâî¿ óñòàíîâ-
êè áóäåìî ðîçãëÿäàòè ÿê ð³âíîä³þ÷ó ñèë òèñêó ³ 
òåðòÿ, ïðèêëàäåíèõ  äî âíóòð³øíüî¿ ³ çîâí³øíüî¿ 
ïîâåðõîíü äâèãóíà ç óðàõóâàííÿì çîâí³øíüîãî 
îïîðó åëåìåíò³â ñèëîâî¿ óñòàíîâêè.

Âèçíà÷åííÿ åôåêòèâíî¿ òÿãè àâ³àö³éíî¿ 
ñèëîâî¿ óñòàíîâêè ç òóðáîâåíòèëÿòîðíîþ ïðè-
ñòàâêîþ, ùî ðîçòàøîâàíà â îêðåì³é ìîòîãîíäîë³, 
áóäåìî ïðîâîäèòè çà òàêèõ ïðèïóùåíü:

- äâèãóí îáò³êàºòüñÿ çîâí³øí³ì ïîòîêîì 
ïîâ³òðÿ ïðè íóëüîâîìó êóò³ àòàêè;

- ïîò³ê,  îòî÷óþ÷èé äâèãóí,  óñòàëåíèé,  
ð³âíîì³ðíèé;
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- ìîòîãîíäîëà ãàçîãåíåðàòîðà ñêëàäàºòüñÿ ç 
ãîëîâíî¿ ÷àñòèíè (îáè÷àéêè ïîâ³òðîçàáèðà÷à),  
öåíòðàëüíî¿ öèë³íäðè÷íî¿ ³ êîðìîâî¿ ÷àñòèí.

- ìîòîãîíäîëà òóðáîâåíòèëÿòîðíî¿ ïðèñòàâ-
êè ñêëàäàºòüñÿ ç ãîëîâíî¿ ÷àñòèíè (îáè÷àéêè),  
öåíòðàëüíî¿ öèë³íäðè÷íî¿ ³ êîðìîâî¿ ÷àñòèí.

Ðîçðàõóíêîâà ñõåìà îáò³êàííÿ ìîòîãîíäîëè 
ñèëîâî¿ óñòàíîâêè ç òóðáîâåíòèëÿòîðíîþ ïðè-
ñòàâêîþ çîâí³øí³ì ïîòîêîì íàâåäåíà íà ðèñ. 3.

Ðèñ.3. Ðîçðàõóíêîâà ñõåìà îáò³êàííÿ ìîòîãîíäîëè 
àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè ç òóðáîâåíòèëÿòîðíîþ ïðè-

ñòàâêîþ çîâí³øí³ì ïîòîêîì

Âèä³ëèìî êîíòðîëüíîþ ïîâåðõíåþ (øòðè-
õîâà ë³í³ÿ)  îá'ºì,  ÿêèé îáìåæóºòüñÿ ïåðåð³çîì 
í-í íà âõîä³ (ó íåçáóðåíîìó ïîòîö³),  íà âèõîä³ 
ïåðåð³çîì ñ-ñ ³ êîðïóñîì ìîòîãîíäîëè. Òîä³ 
ïîò³ê ïîâ³òðÿ,  ùî íàá³ãàº  íà ñèëîâó óñòàíîâ-
êó,  ä³ëèòüñÿ íà çîâí³øí³é,  ùî îáò³êàº  ñèëîâó 
óñòàíîâêó ççîâí³,  ³ âíóòð³øí³é,  ùî ïðîõîäèòü 
÷åðåç ÃÒÄ.

Ôîðìóëà äëÿ âèçíà÷åííÿ åôåêòèâíî¿ òÿãè 
ñèëîâî¿ óñòàíîâêè ìàº  âèãëÿä:  

 Råô  = R – Õçîâí,  

äå R – ïðîåêö³ÿ íà â³ñü äâèãóíà ð³âíîä³þ÷î¿ ñèë 
òèñêó ³ òåðòÿ,  ÿê³ ä³þòü íà âíóòð³øí³ ïîâåðõí³ 
äâèãóíà; Õçîâí – ïðîåêö³ÿ íà â³ñü äâèãóíà 
ð³âíîä³þ÷îþ ñèë òèñêó ³ òåðòÿ,  ÿê³ ä³þòü íà 
çîâí³øíþ ïîâåðõíþ ìîòîãîíäîëè.

Âèçíà÷èìî âíóòð³øíþ ñèëó òÿãè R äâèãóíà 
ç òóðáîâåíòèëÿòîðíîþ ïðèñòàâêîþ,  êîðè-
ñòóþ÷èñü ð³âíÿííÿì Åéëåðà ïðî ê³ëüê³ñòü ðóõó 
äëÿ ïîòîêó,  ÿêèé ïðîõîäèòü ÷åðåç êîíòðîëüí³ 
ïîâåðõí³ âíóòð³øíüîãî òà çîâí³øíüîãî êîíòóð³â,  
â ïðîåêö³¿ íà â³ñü äâèãóíà. 

2. Ìåòîäèêà ðîçðàõóíêó åôåêòèâíî¿ òÿãè 
àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè ç òóðáîâåíòèëÿ-
òîðíîþ ïðèñòàâêîþ

Òóðáîâåíòèëÿòîðíà ïðèñòàâêà âèêîíóºòüñÿ ó 
âèãëÿä³ äâîÿðóñíîãî ðîáî÷îãî êîëåñà, âíóòð³øíÿ 
÷àñòèíà ÿêîãî ïðàöþº  â òóðá³ííîìó ðåæèì³,  
çîâí³øíÿ ÷àñòèíà âèêîíóº  ôóíêö³¿ âåíòèëÿòîðà. 
Ïîòóæí³ñòü, ÿêó ðîçâèâàº  òóðá³íà âåíòèëÿòîðíî¿ 
ïðèñòàâêè,  ïåðåäàºòüñÿ ó çîâí³øí³é êîíòóð äëÿ 
ï³äâèùåííÿ åíåðã³¿ ïîâ³òðÿ,  ÿêå ïðîõîäèòü ÷åðåç 
çîâí³øí³é êîíòóð.

Âèòðàòà ïîâ³òðÿ ÷åðåç âíóòð³øí³é (ãàçîãåíå-
ðàòîðíèé) êîíòóð – , âèòðàòà ïîâ³òðÿ ÷åðåç 
âåíòèëÿòîðíèé êîíòóð òóðáîâåíòèëÿòîðíî¿ 
ïðèñòàâêè – GâII. Â³äíîøåííÿ âèòðàòè 
ïîâ³òðÿ ÷åðåç âåíòèëÿòîðíèé êîíòóð  
äî âèòðàòè ïîâ³òðÿ ÷åðåç âíóòð³øí³é êîí-
òóð  õàðàêòåðèçóº òåîðåòè÷íèé ñòóï³íü 
äâîêîíòóðíîñò³ äâèãóíà:

  Òÿãà äâèãóíà âèçíà÷àºòüñÿ ÿê ñóìà òÿã éîãî 
âíóòð³øíüîãî (ãàçîãåíåðàòîðíîãî – )  
³ çîâí³øíüîãî (âåíòèëÿòîðíîãî –  )  
êîíòóð³â:

 . 

Ïðè ïîâíîìó ðîçøèðåíí³ ãàçó òÿãà êîæíîãî 
êîíòóðó âèçíà÷àºòüñÿ âèðàçàìè:

 
; 

 
,  

à ïèòîì³ òÿãè êîæíîãî êîíòóðó – âèðàçàìè:

 
; 

 
,  

äå  – â³äíîñíà âèòðàòà ïàëèâà.
Ñóìàðíà ïèòîìà òÿãà äâîêîíòóðíîãî äâèãó-

íà ç òóðáîâåíòèëÿòîðíîþ ïðèñòàâêîþ ³ îäíî-
êîíòóðíèì ãàçîãåíåðàòîðîì âèçíà÷àºòüñÿ çà 
ôîðìóëîþ:

  

Ïèòîìà âèòðàòà ïàëèâà äâîêîíòóðíîãî äâè-
ãóíà ç òóðáîâåíòèëÿòîðíîþ ïðèñòàâêîþ ³ îäíî-
êîíòóðíèì ãàçîãåíåðàòîðîì çàïèøåòüñÿ ÿê

  

Ñóìàðíó ïèòîìó òÿãó òðèêîíòóðíîãî äâèãóíà 
ç òóðáîâåíòèëÿòîðíîþ ïðèñòàâêîþ ç äâîêîíòóð-
íèì ãàçîãåíåðàòîðîì:
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äå .

Ïèòîìà âèòðàòà ïàëèâà:

   

 
 

Äëÿ âíóòð³øíüîãî êîíòóðà òÿãà äâèãóíà 
âèçíà÷àºòüñÿ íàñòóïíèì âèðàçîì:

 
,  

äå  – ð³âíîä³þ÷à ñèë òèñêó ³ òåðòÿ,  ÿê³ 
ä³þòü íà âèä³ëåíèé êîíòðîëüíèé îá'ºì ãàçó ç 
áîêó âíóòð³øí³õ åëåìåíò³â àâ³àö³éíî¿ ñèëîâî¿ 
óñòàíîâêè; 

 ³  – ñèëè òèñêó,  ïðèêëàäåí³ äî 
òîðöeâèõ ïîâåðõîíü êîíòðîëüíîãî îá'ºìó ãàçó â 
ïåðåð³çàõ ñ-c ³ í-í; 

 – ð³âíîä³þ÷à ñèë òèñêó,  ÿê³ ä³þòü íà 
êîíòðîëüíèé îá'ºì ç³ ñòîðîíè çîâí³øíüîãî ïî-
òîêó íà ä³ëÿíö³ ì³æ ïåðåð³çàìè í-í ³ âõ-âõ; 

– ñåðåäíÿ øâèäê³ñòü ïîòîêó ãàçó â 
ïåðåòèí³ ñ-ñ â ãàçîãåíåðàòîðí³é ÷àñòèí³; 

 – øâèäê³ñòü ïîëüîòó ë³òàëüíîãî àïàðàòó.
Äëÿ çîâí³øíüîãî êîíòóðó (òóðáîâåíòèëÿòîðíî¿ 

ïðèñòàâêè):

 
,  

äå  – ð³âíîä³þ÷à ñèë òèñêó ³ òåðòÿ,  ÿê³ 
ä³þòü íà âèä³ëåíèé êîíòðîëüíèé îá'ºì ãàçó ç 
áîêó âåíòèëÿòîðíîãî êîíòóðó;

 ³  – ñèëè òèñêó,  ïðèêëàäåí³ äî 
òîðöåâèõ ïîâåðõîíü êîíòðîëüíîãî îá'ºìó ãàçó ó 
âåíòèëÿòîðíîìó êîíòóð³ â ïåðåð³çàõ ñ-c ³ à-à; 

 – ð³âíîä³þ÷à ñèë òèñêó,  ÿê³ ä³þòü íà 
êîíòðîëüíèé îá'ºì ç³ ñòîðîíè çîâí³øíüîãî ïî-
òîêó íà ä³ëÿíö³ ì³æ ïåðåð³çàìè í-í ³ âõ-âõ;

 – ñåðåäíÿ øâèäê³ñòü ïîòîêó ãàçó íà âèõîä³ 
ç âåíòèëÿòîðíîãî êîíòóðó òóðáîâåíòèëÿòîðíî¿ 
ïðèñòàâêè.

Çîâí³øí³é îï³ð ñèëîâî¿ óñòàíîâêè ñêëàäàºòüñÿ 
³ç çîâí³øíüîãî îïîðó ìîòîãîíäîëè ãàçîãåíå-
ðàòîðà òà çîâí³øíüîãî îïîðó ìîòîãîíäîëè 
òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè.

Çîâí³øí³é îï³ð ìîòîãîíäîëè ãàçîãåíåðàòîðà 
º  íàñë³äêîì ä³¿ íà ¿¿ çîâí³øíþ ïîâåðõíþ ñèë 
òèñêó ³ òåðòÿ çîâí³øíüîãî ïîòîêó ïîâ³òðÿ,  ùî 
ïðîõîäèòü ÷åðåç çîâí³øí³é êîíòóð ( ÷åðåç òóð-
áîâåíòèëÿòîðíó ïðèñòàâêó):

 ,  

äå  – ð³âíîä³þ÷à ñèë òèñêó íà çîâí³øíþ 
ïîâåðõíþ ìîòîãîíäîëè ãàçîãåíåðàòîðà â 
ïðîåêö³¿ íà â³ñü äâèãóíà; 

 
 — ñèëà òåðòÿ çîâí³øíüîãî ïîòîêó ïîâ³òðÿ 

îá ïîâåðõíþ ìîòîãîíäîëè ãàçîãåíåðàòîðà.
Çîâí³øí³é îï³ð ìîòîãîíäîëè òóðáî âåíòèëÿ-

òîðíî¿ ïðèñòàâêè º  íàñë³äêîì ä³¿ íà ¿¿ çîâí³øíþ 
ïîâåðõíþ ñèë  òèñêó ³ òåðòÿ çîâí³øíüîãî 
ïîòîêó ïîâ³òðÿ îá çîâí³øíþ ïîâåðõíþ 
òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè:

 ,  

äå  – ð³âíîä³þ÷à ñèë òèñêó íà çîâí³øíþ 
ïîâåðõíþ ìîòîãîíäîëè òóðáîâåíòèëÿòîðíî¿ 
ïðèñòàâêè â ïðîåêö³¿ íà â³ñü äâèãóíà; 

 – ñèëà òåðòÿ çîâí³øíüîãî ïîòîêó ïîâ³òðÿ 
îá ïîâåðõíþ ìîòîãîíäîëè òóðáîâåíòèëÿòîðíî¿ 
ïðèñòàâêè.

Åôåêòèâíà òÿãà àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè 
ñêëàäàºòüñÿ ç âíóòð³øíüî¿ òÿãè äâèãóíà: 

  
³ çîâí³øíüîãî îïîðó ñèëîâî¿ óñòàíîâêè

  . (1)

Âðàõîâóþ÷è,  ùî âèòðàòà ãàçó ÷åðåç ãàçîãå-

íåðàòîð äâèãóíà ,  äå  – 

â³äíîñíà âèòðàòà ïàëèâà,  âíóòð³øíÿ ñèëà òÿãè 

âèçíà÷àºòüñÿ çà ôîðìóëîþ:

 
 
  (2)

ßê çàçíà÷àëîñÿ,  îáò³êàííÿ àâ³àö³éíî¿ ñèëîâî¿ 
óñòàíîâêè ïîòîêîì ïîâ³òðÿ ó ïîëüîò³ âåäå äî 
ïîÿâè çîâí³øíüîãî îïîðó. Ðîçãëÿíåìî çàäà÷ó 
âèçíà÷åííÿ ñóìàðíîãî çîâí³øíüîãî îïîðó 
àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè äîçâóêîâèì ïî-



Òåîðèÿ è  ðàáî÷èå ïðîöåññû

               ISSN 1727-0219     Âåñòíèê äâèãàòåëåñòðîåíèÿ ¹ 2/2019 – 11 –

òîêîì (ðèñ.1)  ç äâèãóíîì,  ðîçòàøîâàíèì â 
îêðåì³é ìîòîãîíäîë³. 

Ôîðìóëà (1)  äëÿ ðîçðàõóíêó çîâí³øíüîãî 
îïîðó ï³ñëÿ ïðîñòèõ ïåðåòâîðåíü ìàº  òàêèé 
âèãëÿä:

  ,  

äå  – îï³ð îáè÷àéêè ïîâ³òðîçàáèðà÷à 
ãàçîãåíåðàòîðà,  îáóìîâëåíèé ä³ºþ ñèë òèñêó 
íà çîâí³øíþ ïîâåðõíþ ãîëîâíî¿ ÷àñòèíè ìî-
òîãîíäîëè (íà ä³ëÿíö³ âõ-ì); 

 – îï³ð öåíòðàëüíî¿ ÷àñòèíè ìîòî-
ãîíäîëè ãàçîãåíåðàòîðà,  îáóìîâëåíèé ä³ºþ ñèë 
òèñêó íà ä³ëÿíö³ m-n;

 – îï³ð îáè÷àéêè ïîâ³òðîçàáèðà÷à 
ãàçîãåíåðàòîðà,  îáóìîâëåíèé ä³ºþ ñèë òåðòÿ 
íà çîâí³øíþ ïîâåðõíþ ãîëîâíî¿ ÷àñòèíè ìî-
òîãîíäîëè (íà ä³ëÿíö³ âõ-m); 

 – îï³ð öåíòðàëüíî¿ ÷àñòèíè ìîòîãîí-
äîëè ãàçîãåíåðàòîðà,  îáóìîâëåíèé ä³ºþ ñèë 
òåðòÿ (íà ä³ëÿíö³ m-n); 

 – îï³ð îáè÷àéêè ïîâ³òðîçàáèðà÷à 
òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè,  îáóìîâëåíèé 
ä³ºþ ñèë òèñêó íà çîâí³øíþ ïîâåðõíþ ãîëîâíî¿ 
÷àñòèíè ìîòîãîíäîëè (íà ä³ëÿíö³ a-b); 

 – îï³ð îáè÷àéêè ïîâ³òðîçàáèðà÷à 
òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè,  îáóìîâëåíèé 
ä³ºþ ñèë òåðòÿ íà çîâí³øíþ ïîâåðõíþ ãîëîâíî¿ 
÷àñòèíè ìîòîãîíäîëè (íà ä³ëÿíö³ a-b); 

 – îï³ð öåíòðàëüíî¿ ÷àñòèíè ìîòîãîí-
äîëè òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè,  îáóìîâëå-
íèé ä³ºþ ñèë òèñêó íà ä³ëÿíö³ b-d; 

 – îï³ð öåíòðàëüíî¿ ÷àñòèíè ìîòîãîí-
äîëè òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè,  îáóìîâëå-
íèé ä³ºþ ñèë òåðòÿ íà ä³ëÿíö³ b-d; 

 – êîðìîâèé îï³ð ñèë òèñêó íà ä³ëÿíö³ 
ìîòîãîíäîëè òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè 
d-c.

Ïðè ðîçðàõóíêàõ çà ôîðìóëîþ (2)  ñèëè,  
ùî ä³þòü ó íàïðÿì³ ïîëüîòó,  º  äîäàòí³ìè,  à 
ñèëè,  ùî ä³þòü â ïðîòèëåæíîìó íàïðÿì³,  – 
â³ä’ºìíèìè. 

Îï³ð òåðòÿ ïîâ³òðÿ,  îáóìîâëåíèé ñèëàìè 
â'ÿçêîñò³ íà ìåæ³ ïîòîêó ç çîâí³øí³ì êîðïóñîì 
àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè,  âèçíà÷àºòüñÿ 
ðîçïîä³ëîì äîòè÷íîãî íàïðóæåííÿ òåðòÿ íà 
ïîâåðõí³ ìîòîãîíäîëè. 

Íà ðèñ. 4 ïîêàçàíî ãðàô³÷í³ çàëåæíîñò³ 
êîåô³ö³ºíòà ñóìàðíîãî ïðîô³ëüíîãî îïîðó 
öèë³íäðè÷íèõ ìîòîãîíäîë â³ä ÷èñëà Ìàõà.

Ðèñ. 4. Çàëåæíîñò³ êîåô³ö³ºíòà ñóìàðíîãî ïðîô³ëüíîãî 
îïîðó  öèë³íäðè÷íèõ ìîòîãîíäîë â³ä ÷èñëà Ìàõà

Àíàë³ç ðåçóëüòàò³â äîñë³äæåíü ïîêàçàâ,  ùî 
ïðè íóëüîâîìó êóò³ àòàêè ñèëîâî¿ óñòàíîâêè 
çíà÷åííÿ êîåô³ö³ºíò³â çîâí³øíüîãî îïîðó 
ìîòîãîíäîëè òðèêîíòóðíîãî ãàçîòóðá³ííîãî 
äâèãóíà ç òóðáîâåíòèëÿòîðíîþ ïðèñòàâêîþ (ç³ 
ñòóïåíåì òðèêîíòóðíîñò³ m=5)  â³äð³çíÿþòüñÿ 
â³ä çíà÷åíü êîåô³ö³ºíò³â çîâí³øíüîãî îïîðó 
ìîòîãîíäîëè äâîêîíòóðíîãî ãàçîòóðá³ííîãî 
äâèãóíà òðàäèö³éíî¿ êîìïîíîâêè (ç³ ñòóïå-
íåì äâîêîíòóðíîñò³ m=5)  íà 1..3% ó âñüîìó 
äîñë³äæóâàíîìó ä³àïàçîí³ ÷èñåë Ìàõà.

Íà äîçâóêîâèõ øâèäêîñòÿõ ïîëüîòó 
çîâí³øí³é îï³ð àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè 
ïîð³âíÿíî íåâåëèêèé, îñíîâíó éîãî ÷àñòèíó 
ñêëàäàº îï³ð òåðòÿ.

Ï³äâèùåííÿ åôåêòèâíîñò³ òà çíèæåííÿ 
âàðòîñò³ æèòòºâîãî öèêëó ë³òàëüíîãî àïàðàòó 
ìîæå áóòè çàáåçïå÷åíî íà îñíîâ³ êîìïëåêñíîãî 
ðîçãëÿäó âñ³õ çàäà÷,  ùî âèçíà÷àþòü ïàðàìåòðè 
³ õàðàêòåðèñòèêè àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè 
òà ë³òàëüíîãî àïàðàòó.

Âèñíîâîê

Ó ðîáîò³ çàïðîïîíîâàíî ìåòîäèêó ðîçðà-
õóíêó åôåêòèâíî¿ ñèëè òÿãè àâ³àö³éíî¿ ñèëîâî¿ 
óñòàíîâêè ç òóðáîâåíòèëÿòîðíî¿ ïðèñòàâêè 
ç óðàõóâàííÿì îñîáëèâîñòåé àåðîäèíàì³÷íèõ 
õàðàêòåðèñòèê ñòóï³í÷àñòî¿ ìîòîãîíäîëè 
àâ³àö³éíî¿ ñèëîâî¿ óñòàíîâêè äëÿ îäíîêîíòóð-
íîãî òà äâîêîíòóðíîãî ãàçîãåíåðàòîðà.
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Þ. Þ. Òåðåùåíêî, Þ. Ì. Òåðåùåíêî, È. À. Ëàñòèâêà. Àýðîäèíàìè÷åñêîå ñîïðî-
òèâëåíèå àâèàöèîííîé ñèëîâîé óñòàíîâêè ñ òóðáîâåíòèëÿòîðíîé ïðèñòàâêîé

Ýôôåêòèâíîñòü ïèëîòèðóåìûõ è áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòîâ ñóùåñòâåííûì 
îáðàçîì çàâèñèò îò ïàðàìåòðîâ è õàðàêòåðèñòèê ñèëîâûõ óñòàíîâîê. Ýôôåêòèâíàÿ 
òÿãà ñèëîâîé óñòàíîâêè îòëè÷àåòñÿ îò âíóòðåííåé òÿãè èçîëèðîâàííîãî äâèãàòåëÿ íà 
âåëè÷èíó ïîòåðü, îáóñëîâëåííûõ âíåøíèì ñîïðîòèâëåíèåì ñèëîâîé óñòàíîâêè â ïîëåòå. 
Ãàçîòóðáèííûé äâèãàòåëü ñ òóðáîâåíòèëÿòîðíîé ïðèñòàâêîé èìååò ðÿä äîñòîèíñòâ 
â ñðàâíåíèè ñ äâóõêîíòóðíûìè äâèãàòåëÿìè. Âî-ïåðâûõ, ñîçäàíèå äâèãàòåëÿ íà îñíîâå 
óíèâåðñàëüíîãî áàçîâîãî ãàçîãåíåðàòîðà ïîçâîëÿåò ñ íàèìåíüøèìè ýêîíîìè÷åñêèìè çà-
òðàòàìè ðåàëèçîâàòü íà ïðàêòèêå ïðèíöèï ìîäóëüíîñòè ïðè ñîçäàíèè ñåìåéñòâà ÃÒÄ. 
Âî-âòîðûõ, çà ñ÷åò óñòðàíåíèÿ íåãàòèâíîãî âëèÿíèÿ ìîäóëÿ âåíòèëÿòîðà íà ïîòîê 
ïåðåä êîìïðåññîðîì ãàçîãåíåðàòîðíîãî ìîäóëÿ óëó÷øàþòñÿ òÿãîâî-ýêîíîìè÷åñêèå õà-
ðàêòåðèñòèêè àâèàöèîííîé ñèëîâîé óñòàíîâêè ñ ÃÒÄ. Òóðáîâåíòèëÿòîðíàÿ ïðèñòàâêà 
âûïîëíÿåòñÿ â âèäå äâóõúÿðóñíîãî ðàáî÷åãî êîëåñà, âíóòðåííÿÿ ÷àñòü êîòîðîãî ðàáîòàåò â 
òóðáèííîì ðåæèìå, âíåøíÿÿ ÷àñòü âûïîëíÿåò ôóíêöèè âåíòèëÿòîðà. Ìîùíîñòü, êîòîðóþ 
ðàçâèâàåò âíóòðåííèé òóðáèííûé êîíòóð òóðáîâåíòèëÿòîðíîé ïðèñòàâêè, ïåðåäàåòñÿ 
âî âíåøíèé âåíòèëÿòîðíûé êîíòóð òóðáîâåíòèëÿòîðíîé ïðèñòàâêè. Ýôôåêòèâíàÿ 
ñèëà òÿãè àâèàöèîííîé ñèëîâîé óñòàíîâêè ñ òóðáîâåíòèëÿòîðíîé ïðèñòàâêîé äîëæíà 
ó÷èòûâàòü îñîáåííîñòè àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèêè ñòóïåí÷àòîé ìîòîãîíäî-
ëû ãàçîãåíåðàòîðíîãî ìîäóëÿ è ìîäóëÿ òóðáîâåíòèëÿòîðíîé ïðèñòàâêè. Îïðåäåëåíèå 
ýôôåêòèâíîé òÿãè ðàññìàòðèâàåòñÿ ïðè ñëåäóþùèõ äîïóùåíèÿõ: ñèëîâàÿ óñòàíîâêà 
îáòåêàåòñÿ âíåøíèì ïîòîêîì âîçäóõà ïðè íóëåâîì óãëå àòàêè; âíåøíèé ïîòîê óñòàíî-
âèâøèéñÿ, ðàâíîìåðíûé; ìîòîãîíäîëà ãàçîãåíåðàòîðà ñîñòîèò èç ãîëîâíîé ÷àñòè (îáå-
÷àéêè âîçäóõîçàáîðíèêà), öåíòðàëüíîé öèëèíäðè÷åñêîé è êîðìîâîé ÷àñòåé; ìîòîãîíäîëà 
òóðáîâåíòèëÿòîðíîé ïðèñòàâêè ñîñòîèò èç ãîëîâíîé ÷àñòè (îáå÷àéêè), öåíòðàëüíîé 
öèëèíäðè÷åñêîé è êîðìîâîé ÷àñòåé. Â ðàáîòå ïðåäëîæåíà ìåòîäèêà ðàñ÷åòà ýôôåêòèâíîé 
ñèëû òÿãè àâèàöèîííîé ñèëîâîé óñòàíîâêè ñ òóðáîâåíòèëÿòîðíîé ïðèñòàâêîé ñ ó÷åòîì 
îñîáåííîñòåé àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê ñòóïåí÷àòîé ìîòîãîíäîëû àâèàöèîííîé 
ñèëîâîé óñòàíîâêè äëÿ îäíîêîíòóðíîãî è äâóõêîíòóðíîãî ãàçîãåíåðàòîðà.

Êëþ÷åâûå ñëîâà: òóðáîâåíòèëÿòîðíàÿ ïðèñòàâêà; óíèâåðñàëüíûé ãàçîãåíåðàòîð; 
ýôôåêòèâíàÿ òÿãà; ìåòîäèêà.
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Yu. Yu. Tereschenko, Yu. M. Tereschenko, I. O. Lastivka. Aerodynamic resistance of 
an aircraft power plant with a turbofan attachment

The effectiveness of manned and unmanned aerial vehicles significantly depends on the 
parameters and characteristics of power plants. The effective thrust of a power plant differs from 
the internal thrust of an isolated engine by the amount of losses due to the external resistance 
of the power plant in flight. Gas turbine engine with a turbofan attachment has a number of 
advantages compared with dual engine. Firstly, the creation of an engine based on a universal 
basic gas generator makes it possible to put into practice the principle of modularity in creating 
a gas turbine engine family with the lowest economic costs. Secondly, by eliminating the negative 
impact of the fan module on the flow before the compressor of the gas generator module, the thrust 
and efficiency characteristics of the aircraft power plant with gas turbine engine are improved. 
Turbofan attachment is performed in the form of a bunk impeller, the inner part of which operates 
in turbine mode, the outer part serves as a fan. The power developed by the internal turbine circuit 
of the turbofan attachment is transmitted to the external fan circuit of the turbofan attachment. 
The effective thrust force of the aircraft power plant with a turbofan attachment must take into 
account the specifics of the aerodynamic characteristics of the stepped engine nacelle of the gas 
generator module and the turbofan attachment module. The determination of effective thrust is 
considered under the following assumptions: the power plant is streamlined by external air flow 
at zero angle of attack; external flow is steady, uniform; the gas generator nacelle consists of the 
head (air intake shell), the central cylindrical and the aft parts; the turbofan attachment nacelle 
consists of the head part (shell), the central cylindrical and aft parts. The paper proposes a method 
for calculating the effective thrust force of an aircraft power plant with a turbofan attachment, 
taking into account the specifics of the aerodynamic characteristics of a stepped engine nacelle 
of an aircraft power plant for a turbojet and bypass gas generator. The value of the external 
drag coefficient of a nacelle of a gas turbine engine with a turbofan attachment is less by 1 ... 
3% than the value of the external drag coefficient of a turbofan engine nacelle over the entire 
Mach range under investigation.

Key words: effective thrust, external resistance, gas generator, stepped engine nacelle, turbofan 
attachment.
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