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Èññëåäóåòñÿ âîçìîæíîñòü ïðèìåíåíèÿ îòêëîíÿåìîãî âåêòîðà òÿãè äâèãàòåëåé ãðàæäàíñêîãî ñàìîëåòà c öåëüþ
óëó÷øåíèÿ åãî  óïðàâëÿåìîñòè, õàðàêòåðèñòèê âçëåòà è êðåéñåðñêîãî ïîëåòà.

Êëþ÷åâûå ñëîâà: îòêëîíÿåìûé âåêòîð òÿãè, ïîëåçíûå ýôôåêòû, ñèñòåìà óïðàâëåíèÿ, õàðàêòåðèñòèêè ñàìî-
ëåòà.

Ââåäåíèå

Öåëü ðàáîòû — èññëåäîâàíèå âîçìîæíîñòåé
ïðèìåíåíèÿ îòêëîíÿåìîãî âåêòîðà òÿãè (ÎÂÒ) äëÿ
ãðàæäàíñêîãî ñàìîëåòà. Ñóùåñòâóåò ïðîáëåìà áå-
çîïàñíîãî óïðàâëåíèÿ ñàìîë¸òîì íà ñêîðîñòÿõ,
ìåíüøèõ êðåéñåðñêîé, â òîì ÷èñëå íà âçë¸òå, ïî-
ñàäêå è ïåðåõîäíûõ ðåæèìàõ, íà êîòîðûå ïðèõî-
äèòñÿ áîëüøàÿ ÷àñòü àâàðèéíûõ ñèòóàöèé. Ýòî
ñâÿçàíî ñ îãðàíè÷åííîé ýôôåêòèâíîñòüþ àýðîäè-
íàìè÷åñêèõ îðãàíîâ óïðàâëåíèÿ â ýòîì äèàïàçî-
íå ñêîðîñòåé (ðèñ. 1).

Òåõíè÷åñêîå ðåøåíèå ýòîé ïðîáëåìû íàéäåíî
äëÿ âîåííûõ ñàìîë¸òîâ òèïà ÌèÃ-29 ÑÌÒ è

Ðèñ. 1. Ñîîòíîøåíèå òÿãè äâèãàòåëåé è àýðîäèíàìè÷åñ-
êîé ñèëû ãîðèçîíòàëüíîãî îïåðåíèÿ
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Ñó-30 ÌÊÈ, ìàíåâðåííîñòü êîòîðûõ ñóùåñòâåí-
íî óëó÷øåíà áëàãîäàðÿ ïðèìåíåíèþ ÎÂÒ [1, 21].
Èõ âûñîêàÿ òÿãîâîîðóæåííîñòü îáåñïå÷èâàåòñÿ
òóðáîðåàêòèâíûìè äâèãàòåëÿìè ñ ôîðñàæíîé êà-
ìåðîé ñ ìàëîé ñòåïåíüþ äâóõêîíòóðíîñòè. Â òî æå
âðåìÿ íå ñóùåñòâóåò àíàëîãè÷íîé ïðàêòèêè äëÿ ñî-
âðåìåííûõ íåìàíåâðåííûõ ñàìîë¸òîâ òðàíñïîðò-
íîé êàòåãîðèè (ãðóçîâûõ è ïàññàæèðñêèõ), òÿãî-
âîîðóæåííîñòü êîòîðûõ îáåñïå÷èâàåòñÿ òóðáîðå-
àêòèâíûìè äâèãàòåëÿìè ñ áîëüøîé ñòåïåíüþ äâóõ-
êîíòóðíîñòè (ÒÐÄÄ).

 Â ÖÀÃÈ è ÖÈÀÌ âåäóòñÿ èññëåäîâàíèÿ òåõ-
íè÷åñêèõ ñðåäñòâ, îáåñïå÷èâàþùèõ ïðèìåíåíèå
ÎÂÒ [2—7] ãðàæäàíñêèõ ñàìîëåòîâ. Â íàñòîÿùåé
ðàáîòå ïîêàçàíà âîçìîæíàÿ ðîëü ÎÂÒ â óëó÷øå-
íèè èõ óïðàâëÿåìîñòè, õàðàêòåðèñòèê âçëåòà è
êðåéñåðñêîãî ïîëåòà. Ðåçóëüòàòû ýòîãî èññëåäîâà-
íèÿ ñîñòàâèëè èäåîëîãè÷åñêóþ îñíîâó äëÿ óïîìÿ-
íóòûõ òåõíè÷åñêèõ ðàçðàáîòîê.

Áàçîâûé ñàìîëåò

Èññëåäîâàíèå âûïîëíåíî íà ïðèìåðå äàëüíå-
ãî ìàãèñòðàëüíîãî ñàìîë¸òà, ïðåäíàçíà÷åííîãî
äëÿ ïåðåâîçêè 200 ïàññàæèðîâ íà äàëüíîñòü ïîëåòà
îêîëî 11000 êì.

Êðåéñåðñêèé ïîëåò âûïîëíÿåòñÿ ñî ñêîðîñòüþ,
ñîîòâåòñòâóþùåé ÷èñëó Ì = 0,82. Ðàññìàòðèâàåòñÿ
ñàìîë¸ò ñ äâóìÿ ÒÐÄÄ, èìåþùèìè ñòåïåíü äâóõ-
êîíòóðíîñòè m = 4 ÷ 6 è ñìåøåíèå ãàçîâ â ñîïëå.
Â ïðîñòåéøåì ñëó÷àå îòêëîíåíèå âåêòîðà òÿãè ìî-
æåò áûòü îáåñïå÷åíî ïîâîðîòîì ñîïåë ÒÐÄÄ [13—
15]. Äâèãàòåëü îáëàäàåò âûñîêèì óðîâíåì ïàðà-
ìåòðîâ è õàðàêòåðèñòèê [12] è ðàññ÷èòàí íà òÿãó
21—21,5 òñ, äîñòàòî÷íóþ ïî óñëîâèÿì áåçîïàñíîãî
âçë¸òà ñ ðàñ÷åòíîé ÂÏÏ. Ñ ó÷åòîì ýòèõ ïàðàìåò-
ðîâ ñôîðìèðîâàí îáùèé âèä ñàìîë¸òà ñ ïëîùà-
äüþ êðûëà îêîëî S = 230 ì2 (ðèñ. 2).

Ïîëó÷åíî, ÷òî â ðàñ÷åòíîì ñëó÷àå íîðìàëüíûé
âçë¸òíûé âåñ ñàìîë¸òà ñîñòàâëÿåò 142 òñ, âåñ ñíà-
ðÿæåííîãî ñàìîë¸òà îêîëî 68 òñ, à äèàïàçîí ýêñ-

ïëóàòàöèîííûõ öåíòðîâîê cgx  ñîñòàâèò (20-40%)bA,

ãäå bA – ñðåäíÿÿ àýðîäèíàìè÷åñêàÿ õîðäà êðûëà.

Áàëàíñèðîâêà è îïåðåíèå

Äëÿ ðàññìàòðèâàåìîé êîìïîíîâêè ñàìîëåòà
îòíîñèòåëüíàÿ ïëîùàäü ãîðèçîíòàëüíîãî îïåðå-

íèÿ (ÃÎ) /HT HTS S S=  âûáèðàåòñÿ ïóòåì ïîñòðî-

Ðèñ. 2. Îáùèé âèä ñàìîë¸òà
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åíèÿ äèàãðàìì  ( , )ÍТ cg FA õ x  – çàâèñèìîñòåé, ñâÿ-

çûâàþùèõ ñòàòè÷åñêèé ìîìåíò ïëîùàäè ÃÎ

ÍТ HT HTA S L=  (ãäå îòíîñèòåëüíàÿ âåëè÷èíà ïëå-

÷à ÃÎ HT HT AL L b= ) ñ ïðåäåëüíûìè ïîëîæåíè-

ÿì öåíòðîâêè  cg cg Aõ x b=  è ïîëîæåíèåì àýðîäè-

íàìè÷åñêîãî ôîêóñà F F Aõ x b=  äëÿ ðÿäà ðàñ÷åò-

íûõ ñëó÷àåâ (ðèñ. 3). Ïîëó÷åíî, ÷òî áåç ïðèìåíå-
íèÿ ÎÂÒ äèàïàçîí èçìåíåíèÿ ýêñïëóàòàöèîííûõ

öåíòðîâîê ñàìîëåòà cgxΔ = 0,20 îáåñïå÷èâàåòñÿ

ïðè HTS = 0,193. Ïðèìåíåíèå ÎÂÒ íà âçë¸òå

(ïîäúåì ïåðåäíåé ñòîéêè) ïîçâîëÿåò ñîçäàòü äî-
ïîëíèòåëüíóþ âåðòèêàëüíóþ ñîñòàâëÿþùóþ òÿãè
äâèãàòåëÿ è ñîîòâåòñòâóþùèé êàáðèðóþùèé ìî-
ìåíò, ÷òî îáëåã÷àåò ðàáîòó ÃÎ. Áëàãîäàðÿ ïðèìå-
íåíèþ ÎÂÒ, íàïðèìåð ïðè îòêëîíåíèè âåêòîðà

òÿãè íà óãîë 20ðδ ∞= , ïîòðåáíàÿ ïëîùàäü ÃÎ ñà-

ìîëåòà ìîæåò áûòü óìåíüøåíà äî çíà÷åíèÿ HTS =

= 0,173, ò.å íà 11%.

Â ñëó÷àå îòêàçà äâèãàòåëÿ íà ðàçáåãå ÎÂÒ ïî-
çâîëÿåò ñîçäàòü âîññòàíàâëèâàþùèé ìîìåíò ðûñ-
êàíèÿ è òåì ñàìûì ñíèçèòü òðåáîâàíèÿ ê ðàçìå-
ðàì âåðòèêàëüíîãî îïåðåíèÿ (ÂÎ). Ïî îöåíêàì
ïëîùàäü ÂÎ ñàìîëåòà ïðè èñïîëüçîâàíèè ÎÂÒ

( 20ðδ ∞= ) ìîæåò áûòü óìåíüøåíà íà 8%.

Áàëàíñèðîâêà ñàìîë¸òà ñ ÎÂÒ ìîæåò áûòü
áîëåå ýôôåêòèâíîé â êîìïîíîâêå ñ ðàçìåùåíè-
åì äâèãàòåëåé íà õâîñòîâîé ÷àñòè ôþçåëÿæà. Áî-
ëåå áëèçêîå, ÷åì íà ðèñ. 2, ðàñïîëîæåíèå äâèãà-
òåëåé ê ïëîñêîñòè ñèììåòðèè óìåíüøàåò âîçìó-
ùàþùèé ìîìåíò ðûñêàíèÿ ïðè îòêàçå, è ýòîò ìî-
ìåíò ìîæåò áûòü ïîëíîñòüþ ïàðèðîâàí ïîâîðîòîì
âåêòîðà òÿãè. Ïîëó÷åíî, ÷òî ïðè óñëîâèè ïðèìå-
íåíèÿ ÎÂÒ â òàêîé êîìïîíîâêå ïëîùàäü ÂÎ ìî-
æåò áûòü óìåíüøåíà íà 13—20%.

Óïðàâëåíèå ñàìîë¸òîì

Êàê îòìå÷àëîñü (ñì. ðèñ. 1), ïðè ìàëûõ ñêî-
ðîñòÿõ ïîë¸òà íà ðåæèìàõ âçë¸òà è ïîñàäêè ñàìî-
ë¸òà òÿãà ðàáîòàþùèõ äâèãàòåëåé áîëüøå àýðîäè-
íàìè÷åñêèõ ñèë îò îðãàíîâ óïðàâëåíèÿ ñàìîë¸òîì
èëè ñîèçìåðèìà ñ íèìè. Ïîýòîìó ïðèìåíåíèå
ÎÂÒ, ñîãëàñîâàííîãî ñ îòêëîíåíèåì àýðîäèíàìè-

Ðèñ. 3. Îïðåäåëåíèå ïîòðåáíîãî ñòàòè÷åñêîãî ìîìåíòà ïëîùàäè ÃÎ ñàìîëåòà áåç ÎÂÒ (ñëåâà) è ñ ïðèìåíåíèåì
ÎÂÒ (ñïðàâà)
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÷åñêèõ îðãàíîâ óïðàâëåíèÿ, ïîçâîëÿåò ñóùåñòâåí-
íî óëó÷øèòü õàðàêòåðèñòèêè óïðàâëÿåìîñòè ñàìî-
ë¸òà. Â ÷àñòíîñòè, äëÿ ðàçëè÷íûõ êîìïîíîâîê ñà-
ìîëåòà ìîæåò áûòü ñóùåñòâåííî óâåëè÷åíà ýôôåê-
òèâíîñòü óïðàâëåíèÿ ïî êðåíó (óñòàíîâèâøàÿñÿ

óãëîâàÿ ñêîðîñòü êðåíà maxxω ), òàíãàæó è ðûñêà-
íèþ, óìåíüøåíî âðåìÿ âûõîäà ñàìîëåòà íà óñòà-

íîâèâøóþñÿ ïåðåãðóçêó tα  (ðèñ. 4).

Áåçîïàñíîñòü ïîëåòà

Èñïîëüçîâàíèå ÎÂÒ â êà÷åñòâå ðåçåðâíîãî
îðãàíà óïðàâëåíèÿ ïðè îòêàçàõ îñíîâíîãî óïðàâ-
ëåíèÿ, à òàêæå åãî èñïîëüçîâàíèå â êà÷åñòâå äî-
ïîëíèòåëüíîãî îðãàíà óïðàâëåíèÿ ïðè âûõîäå
ñàìîë¸òà íà êðèòè÷åñêèå ðåæèìû ïîëåòà, áåçóñ-
ëîâíî, ñïîñîáñòâîâàëî áû ïîâûøåíèþ áåçîïàñíî-
ñòè ïîëåòà. Ïðè ýòîì èñïîëüçîâàíèå ÎÂÒ, íàïðè-
ìåð â êëàññè÷åñêîé êîìïîíîâêå (ñì. ðèñ. 2), â
êà÷åñòâå ðåçåðâíîãî îðãàíà óïðàâëåíèÿ ïî òàíãà-
æó îãðàíè÷åíî. Âñëåäñòâèå íåäîñòàòî÷íûõ çíà÷å-
íèé óïðàâëÿþùåãî ìîìåíòà ÎÂÒ äâèãàòåëåé ïîä
êðûëîì íå ìîæåò áûòü èñïîëüçîâàí äëÿ áàëàíñè-
ðîâêè âìåñòî ñòàáèëèçàòîðà, îäíàêî ÎÂÒ ìîæåò
áûòü èñïîëüçîâàí âìåñòî ðóëÿ âûñîòû íà âçë¸ò-
íî-ïîñàäî÷íûõ ðåæèìàõ ïîëåòà. Èñïîëüçîâàíèå
ÎÂÒ âìåñòî ðóëÿ íàïðàâëåíèÿ âîçìîæíî êàê íà
âçë¸òíî-ïîñàäî÷íûõ ðåæèìàõ ïîëåòà, òàê è íà
êðåéñåðñêèõ ðåæèìàõ ïîëåòà.

Ïðè ïîñòðîåíèè ñèñòåìû óïðàâëåíèÿ ñîâðå-
ìåííûõ ñàìîë¸òîâ èñïîëüçóþòñÿ ïðèíöèïû ìíî-

ãîêðàòíîãî ðåçåðâèðîâàíèÿ êîíòóðîâ óïðàâëåíèÿ
è ñåêöèîíèðîâàíèÿ îðãàíîâ óïðàâëåíèÿ. Ïðèìå-
íÿåòñÿ íåñêîëüêî ïðèâîäîâ äëÿ îòêëîíåíèÿ îðãàíà
óïðàâëåíèÿ, îáåñïå÷èâàåòñÿ ïðèìåíåíèå íàäåæ-
íûõ â ýêñïëóàòàöèè ïðèâîäîâ óïðàâëåíèÿ è äð.
Ïîýòîìó âåñüìà ìàëà âåðîÿòíîñòü ñëó÷àÿ (íà îäèí
÷àñ ïîëåòà), êîãäà íåâîçìîæíî óïðàâëåíèå îäíèì
èç îðãàíîâ óïðàâëåíèÿ (ðóëÿìè âûñîòû, ýëåðîíà-

ìè, ðóëåì íàïðàâëåíèÿ) âñëåäñòâèå îòêàçîâ, îíà
ñîñòàâëÿåò ïðèìåðíî 10-13–10-16.

Â òî æå âðåìÿ âåðîÿòíîñòü çàêëèíèâàíèÿ îä-
íîé ñåêöèè ðóëÿ âûñîòû, îäíîãî ýëåðîíà èëè îä-
íîé ñåêöèè ðóëÿ íàïðàâëåíèÿ çàìåòíî áîëüøå,
îíà ñîñòàâëÿåò ïðèìåðíî 10-7–10-8 íà îäèí ÷àñ ïî-
ë¸òà. Êðîìå òîãî, ñòàòèñòèêà ëåòíûõ ïðîèñøå-
ñòâèé äà¸ò ïðèìåðû ðàçðóøåíèÿ îðãàíîâ óïðàâëå-
íèÿ. Ïîýòîìó èñïîëüçîâàíèå ÎÂÒ â êà÷åñòâå ðå-
çåðâíîãî îðãàíà óïðàâëåíèÿ äëÿ ïîâûøåíèÿ áåçî-
ïàñíîñòè ïîëåòà ìîæåò áûòü ïîëåçíûì.

Êðåéñåðñêèé ïîëåò

Ïðåíåáðåãàÿ öåíòðîáåæíûìè ñèëàìè îò âðà-
ùåíèÿ Çåìëè,  ïîëàãàÿ óãîë íàêëîíà òðàåêòîðèè

ïîñòîÿííîé è ìàëîé âåëè÷èíîé ( 0,   0PI
IP

d

dt

θ
θ = = )

è ïðèíèìàÿ ñêîðîñòü ïîëåòà ïîñòîÿííîé ( 0
dV
dt

= ),

ïîëó÷àåì ñèñòåìó óðàâíåíèé óñòàíîâèâøåãîñÿ
ïîëåòà â ñêîðîñòíîé ñèñòåìå êîîðäèíàò:

Ðèñ. 4. Õàðàêòåðèñòèêè óïðàâëÿåìîñòè ñàìîëåòà ñ ÎÂÒ
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)sin( 0;eng PP L Gθ δ =+ + -                (1)

)cos( 0;eng PP Dθ δ =+ -                 (2)

;FdL
V

dt
=                           (3)

,F

dG
PC

dt
= -                        (4)

ãäå Ð – òÿãà; engθ  — óãîë ìåæäó âåêòîðîì ñêîðî-

ñòè è îñüþ äâèãàòåëÿ; Pδ  – óãîë îòêëîíåíèÿ âåê-

òîðà òÿãè; L – àýðîäèíàìè÷åñêàÿ ïîäúåìíàÿ ñèëà;
G – âåñ; D – àýðîäèíàìè÷åñêàÿ ñèëà ëîáîâîãî
ñîïðîòèâëåíèÿ; LF – äàëüíîñòü ïîë¸òà; V – ñêî-
ðîñòü ïîë¸òà; CF – óäåëüíûé ðàñõîä òîïëèâà; t –
âðåìÿ ïîë¸òà.

Ïóòåì ïðåîáðàçîâàíèé ñèñòåìû óðàâíåíèé
óñòàíîâèâøåãîñÿ ïîë¸òà ïîëó÷åíî âûðàæåíèå äëÿ
îïðåäåëåíèÿ äàëüíîñòè êðåéñåðñêîãî ïîëåòà:

sin( ) cos( )

1
ln ,

1

F eng P eng P
F

F

V L
L

C D

G

θ δ θ δ

Δ

È ˘= + + + ¥Í ˙Î ˚

¥
-

   (5)

ãäå 
0 0

1 t

F FG PC dt
G

Δ = Ú  — îòíîñèòåëüíûé çàïàñ òîï-

ëèâà; G0 – âçë¸òíûé âåñ.
Òîãäà îïòèìàëüíûé óãîë îòêëîíåíèÿ âåêòîðà

òÿãè, ìàêñèìèçèðóþùèé äàëüíîñòü ïîë¸òà, ñîñòà-
âèò

)( arctg .P opt eng

D
L

δ θ= -                (6)

Ïðè ìàëûõ óãëàõ engθ  è áåç èñïîëüçîâàíèÿ

ÎÂÒ íà ñàìîëåòå ôîðìóëà (5) ïðèîáðåòåò îáû÷-
íûé âèä [22]:

1
ln .

1F
F F

LV
L

DC GΔ
=

-

Ïðîâåäåíû ïàðàìåòðè÷åñêèå èññëåäîâàíèÿ äëÿ
àíàëèçà âëèÿíèÿ ÎÂÒ íà õàðàêòåðèñòèêè äàëüíî-
ñòè ïîë¸òà ñ èñïîëüçîâàíèåì ìåòîäà ìîäèôèêàöèè
àýðîäèíàìè÷åñêèõ ïîëÿð. Ðàññìàòðèâàëèñü òðè
âîçìîæíûõ òèïà ðàñïîëîæåíèÿ äâèãàòåëåé â êîì-

ïîíîâêå ñàìîë¸òà: 1 — íà ïèëîíàõ ïîä êðûëîì
(ñì. ðèñ. 2), 2  — íà ôþçåëÿæå â íîñîâîé ÷àñòè è
3 — â õâîñòîâîé ÷àñòè ôþçåëÿæà. Ñîîòâåòñòâóþ-
ùèå ýòèì ñëó÷àÿì êîîðäèíàòû òî÷êè ïðèëîæåíèÿ
(äëèíà ïëå÷à) âåêòîðà òÿãè îòíîñèòåëüíî öåíòðà
òÿæåñòè ñàìîë¸òà ïðèâåäåíû â òàáëèöå.

Â îáùåì ñëó÷àå, êîãäà äîïîëíèòåëüíûé ìî-
ìåíò îò  ÎÂÒ  «ïîìîãàåò» ðàáîòå îïåðåíèÿ, íà-
áëþäàåòñÿ óâåëè÷åíèå ìàêñèìàëüíîãî àýðîäèíà-
ìè÷åñêîãî êà÷åñòâà ñàìîëåòà.

Íà ðèñ. 5—7 ïîêàçàíî èçìåíåíèå àýðîäèíàìè-
÷åñêîãî êà÷åñòâà ñàìîëåòà â çàâèñèìîñòè îò ïî-
ëîæåíèÿ äâèãàòåëåé íà ñàìîëåòå è óãëà îòêëîíå-
íèÿ âåêòîðà òÿãè. Íàèáîëüøåå óâåëè÷åíèå ìàêñè-
ìàëüíîãî êà÷åñòâà (ðèñ. 6) ðåàëèçóåòñÿ ïðè ðàñ-
ïîëîæåíèè äâèãàòåëåé â ïåðåäíåé ÷àñòè ôþçåëÿ-
æà è îòêëîíåíèè âåêòîðà òÿãè ââåðõ. Â ðàññìîò-
ðåííîì äèàïàçîíå èçìåíåíèÿ óãëîâ îòêëîíåíèÿ

âåêòîðà òÿãè (îò 0° äî ± 10°), óâåëè÷åíèå àýðîäè-
íàìè÷åñêîãî êà÷åñòâà ñîñòàâèëî îêîëî 2%.

Ñ ó÷åòîì âëèÿíèÿ ÎÂÒ íà àýðîäèíàìè÷åñêîå
êà÷åñòâî ïðîâåäåíû ðàñ÷åòû äàëüíîñòè ïîëåòà, ðå-
çóëüòàòû êîòîðûõ ïðè öåíòðîâêå xcg = 40%bA ïî-
êàçàíû íà ðèñ. 8. Ïîëó÷åíî, ÷òî âîçìîæíîå óâå-
ëè÷åíèå äàëüíîñòè ïîëåòà (óìåíüøåíèå ðàñõîäà
òîïëèâà) ïîñðåäñòâîì ïîâîðîòà âåêòîðà òÿãè ìî-
æåò ñîñòàâèòü îêîëî 1% . Ïðè÷åì íàèáîëüøèé
ýôôåêò ðåàëèçóåòñÿ ïðè ðàñïîëîæåíèè äâèãàòåëåé
ïåðåä êðûëîì (ñëó÷àé 2) ñ ïîâîðîòîì âåêòîðà òÿãè
íà óãîë  6—8°. Â ñëó÷àå 1 (äâèãàòåëè ïîä êðûëîì)

îïòèìàëüíàÿ âåëè÷èíà Pδ = 0 ÷ 2°.

Âèäíî, ÷òî â êðåéñåðñêîì ïîëåòå ÎÂÒ ìîæíî
èñïîëüçîâàòü â øèðîêîì äèàïàçîíå óãëîâ ïîâîðî-
òà âåêòîðà òÿãè [–3°; +15°] áåç óõóäøåíèÿ äàëüíî-
ñòè ïîëåòà è ðàñõîäà òîïëèâà. Ýòî âàæíî äëÿ ïðè-
ìåíåíèÿ ÎÂÒ ñ öåëüþ óëó÷øåíèÿ óïðàâëÿåìîñòè
ñàìîëåòà.

Ñîâîêóïíîå âëèÿíèå íåñêîëüêèõ ôàêòîðîâ

(îïòèìàëüíûé Pδ , óìåíüøåíèå îïåðåíèÿ, ñäâèã

öåíòðîâêè ïðè ïîâûøåíèè íàäåæíîñòè ñèñòåìû
óïðàâëåíèÿ) ìîæåò, ïî ïðåäâàðèòåëüíûì îöåíêàì,
îáåñïå÷èòü ïðèìåðíî 3—4%-íîå óìåíüøåíèå ðàñ-
õîäà òîïëèâà è, ñëåäîâàòåëüíî, ýìèññèè ÑÎ2
(ðèñ. 9).

Ñëó÷àé 1 2 3 

xp, ì -2 -18 18 

yp, ì -2.3 0 0 



37Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹3

Ïðîåêòèðîâàíèå, êîíñòðóêöèÿ è ïðîèçâîäñòâî ëåòàòåëüíûõ àïïàðàòîâ Design, construction and manufacturing of flying vehicles

Ðèñ. 5. Àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè â ñëó÷àå 1

Ðèñ. 6. Àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè â ñëó÷àå 2
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Òðàåêòîðèÿ âçë¸òà

Âîçìîæíîñòü óìåíüøåíèÿ ñêîðîñòè îòðûâà
ñàìîëåòà ÿâëÿåòñÿ ïîëîæèòåëüíûì ôàêòîðîì è
ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ ïîçâîëÿåò óìåíüøèòü
âçëåòíóþ äèñòàíöèþ ñàìîëåòà.

Äëÿ îïðåäåëåíèÿ ãðàäèåíòà íàáîðà âûñîòû

ïîëåòà tg PIη θ=  ñ èñïîëüçîâàíèåì ÎÂÒ ìîæåò

áûòü ïîëó÷åíî àíàëèòè÷åñêîå âûðàæåíèå. Òàê, â

Ðèñ. 7. Àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè â ñëó÷àå 3

Ðèñ. 8. Äàëüíîñòü ïîëåòà ïðè ÎÂÒ

Ðèñ. 9. Îöåíêà âëèÿíèÿ ÎÂÒ íà äàëüíîñòü ïîëåòà è
ðàñõîä òîïëèâà
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ñêîðîñòíîé ñèñòåìå êîîðäèíàò (ðèñ. 10) óðàâíå-
íèÿ äâèæåíèÿ ñàìîëåòà èìåþò âèä:

sin( ) cos ;Peng PI

dV
P L G

dt
θ δ θ= + + -       (7)

cos( ) sin .PI
eng P PI

d
mV P D G

dt

θ
θ δ θ= + - -    (8)

Íà ó÷àñòêå òðàåêòîðèè óñòàíîâèâøåãîñÿ ïîë¸-

òà ñ ïîñòîÿííûì óãëîì íàêëîíà 0,
V
t

∂
=

∂
 0.

PI

t
θ∂

=
∂

Òîãäà, ñëîæèâ (7) è (8), ïîëó÷èì:

)

cos( )
tg .

sin(
eng

eng

P

PI
P

P D

P L

θ δ
θ

θ δ

+ -
@

+ +               (9)

Åñëè çíà÷åíèÿ óãëîâ ( )eng Pθ δ+  ìàëû è ñîáëþ-

äàåòñÿ ðàâíîâåñèå ñèë G = L , òî èç (9) ìîæíî ïî-
ëó÷èòü õîðîøî èçâåñòíîå âûðàæåíèå  äëÿ îïðåäå-
ëåíèÿ óãëà íàêëîíà òðàåêòîðèè:

tg .a
PI

a

XP
G Y

θ = -                     (10)

Â äàííîé ðàáîòå îïòèìàëüíûå çíà÷åíèÿ óãëîâ
ïîâîðîòà âåêòîðà òÿãè îïðåäåëåíû ñ èñïîëüçîâà-
íèåì ÷èñëåííûõ ìåòîäîâ ðåøåíèÿ óðàâíåíèÿ (9)
ñ ó÷åòîì âëèÿíèÿ  ÎÂÒ íà àýðîäèíàìèêó ñáàëàí-
ñèðîâàííîãî ñàìîëåòà.

Ïîìèìî èçìåíåíèÿ àýðîäèíàìè÷åñêîãî êà÷å-
ñòâà, îòêëîíåíèå âåêòîðà òÿãè ïðèâîäèò ê èçìåíå-
íèþ ïîòðåáíîãî çíà÷åíèÿ êîýôôèöèåíòà ïîäúåì-

Ðèñ. 10. Âåêòîðû ñèë â ðàçëè÷íûõ ñèñòåìàõ êîîðäèíàò,
â òîì ÷èñëå â ñâÿçàííîé (x, y), ñêîðîñòíîé (xa, ya), çåì-
íîé (xg, yg)

íîé ñèëû, ñîîòâåòñòâóþùåãî ïîëåòó íà áåçîïàñ-
íîé ñêîðîñòè V2. Ýòî ñâÿçàíî ñ ïîÿâëåíèåì âåð-
òèêàëüíîé ñîñòàâëÿþùåé òÿãè äâèãàòåëåé è ñëå-
äóåò èç óðàâíåíèÿ

2 2
2

2[ cos sin( )]
( ) ,eng

PPI
L

G P
С V

V S

θ θ δ

ρ

- +
=      (11)

ãäå ρ  – ïëîòíîñòü âîçäóõà.

Òàê êàê îáû÷íî çíà÷åíèå ÑL(V2) áîëüøå, ÷åì
êîýôôèöèåíò ïîäúåìíîé ñèëû, ñîîòâåòñòâóþùèé
ïîëåòó ïðè ìàêñèìàëüíîì àýðîäèíàìè÷åñêîì êà-
÷åñòâå, òî íåêîòîðîå óìåíüøåíèå ÑL(V2) ïðè íà-
ëè÷èè íîðìàëüíîé òÿãè äâèãàòåëåé ÿâëÿåòñÿ ïî-
ëîæèòåëüíûì ôàêòîðîì.

Ñóììàðíîå âëèÿíèå îòêëîíåíèÿ âåêòîðà òÿãè
è ïîëîæåíèÿ äâèãàòåëåé íà ñàìîëåòå íà ãðàäèåíò
íàáîðà âûñîòû ñî âñåìè ðàáîòàþùèìè äâèãàòåëÿ-
ìè è ñ îòêàçîì îäíîãî äâèãàòåëÿ ïîêàçàíî íà
ðèñ. 11. Âèäíî, ÷òî èìååòñÿ âûèãðûø 1—2% â âå-
ëè÷èíå ãðàäèåíòà ïðè îïòèìàëüíûõ óãëàõ îòêëî-
íåíèÿ âåêòîðà òÿãè, êîòîðûå ñîñòàâëÿþò –7° ïðè
çàäíåì ðàñïîëîæåíèè äâèãàòåëåé  íà ôþçåëÿæå
(ñëó÷àé 3), + 4° ïðè ïåðåäíåì ðàñïîëîæåíèè äâè-
ãàòåëåé íà ôþçåëÿæå (ñëó÷àé 2).

Òàêèì îáðàçîì, îòêëîíåíèå âåêòîðà òÿãè â
øèðîêîì äèàïàçîíå ±10° äëÿ ñëó÷àåâ 2 è 3 ïðàê-
òè÷åñêè íå ïðèâîäèò ê èçìåíåíèþ òðàåêòîðèè
âçëåòà. Îòêëîíåíèå âåêòîðà òÿãè â ýòîì äèàïàçî-
íå óãëîâ íå ïðèâåäåò òàêæå ê óõóäøåíèþ õàðàê-
òåðèñòèê ñàìîë¸òà íà òðàåêòîðèè âçë¸òà è â êðåé-
ñåðñêîì ïîëåòå.

Âûâîäû

Ïðåäâàðèòåëüíûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî
ïðèìåíåíèå ÎÂÒ èìååò ïîòåíöèàë óëó÷øåíèÿ
ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê ãðàæäàíñêîãî
ñàìîë¸òà.

Ïîëó÷åíî, ÷òî ñóùåñòâåííûì ïîëåçíûì ýô-
ôåêòîì ïðèìåíåíèÿ ÎÂÒ ÿâëÿåòñÿ âîçìîæíîñòü
óëó÷øèòü äèíàìèêó óïðàâëåíèÿ ñàìîë¸òîì ïî
êðåíó, òàíãàæó è ðûñêàíèþ. Íåçàâèñèìàÿ ñèñòå-
ìà ÎÂÒ ïîçâîëèò ñîçäàòü äîïîëíèòåëüíîå ðåçåð-
âèðîâàíèå, ïîâûñèòü íàäåæíîñòü êîìïëåêñíîé
ñèñòåìû óïðàâëåíèÿ ñàìîë¸òîì è óëó÷øèòü áåçî-
ïàñíîñòü ïîë¸òà íà ðåæèìàõ âçë¸òà/ïîñàäêè è
íàáîðà âûñîòû, äëÿ êîòîðûõ ïî ñòàòèñòèêå õàðàê-
òåðíî íàèáîëüøåå ÷èñëî àâàðèéíûõ ñèòóàöèé.
Êðîìå òîãî, âîçìîæíî íåêîòîðîå óìåíüøåíèå
ðàñõîäà òîïëèâà è ýìèññèè ÑÎ2.
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Ðèñ. 11. Íàêëîí òðàåêòîðèè âçë¸òà ñ ÎÂÒ
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Abstract

The study focuses on the engine deflectable thrust
vector (DTV) application on the civil aircraft to
improve its controllability, as well as take-off and
cruising-flight characteristics.

Thrust vector deflection is achieved through the
movable nozzles. Three options of the engines location
in the aircraft layout, namely, on the pylons under the
wing, as well as on the pylons of the fuselage nose and
tail parts were considered. Esteems of the DVT
application as an additional element to the
aerodynamic control elements were obtained.

The DVT application as an additional balancing
element of pitch and/or yow control leads to the
possible reduction of the horizontal tail (HT) and/or
vertical tail (VT). Thus, for the aircraft layout with the
engines under the wing, the HT area reduction may
be of 11%, and VT area reduction of 8%. For the
aircraft layout with the engines in the fuselage tail part,
the VT area reduction may be of 13–20%. The DVT
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application along with the aircraft aerodynamic
control elements allows increase the effectiveness of
the lateral, pitch and yow control, as well as reduce
the aircraft response time to the steady-state overload.

The aircraft cruising aerodynamic quality changing
depending on the engines position on the aircraft and
thrust vector deflection was considered. The largest
increase in maximum quality was realized with the
engines location in the front part of the fuselage and
upward thrust vector deflection. It was revealed, that
aerodynamic quality increases about 2% within the
angles range of 0° to ±10°. According to the
preliminary estimates, the aggregate impact of several
factors may ensure the fuel consumption reduction in
the cruising flight by approximately 3–4%.

While studying the takeoff trajectory, it was found
that the largest trajectory slope angle at the safe takeoff
speed was possible with the DVT engines application
in the taili part of the fuselage.
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According to the preliminary data, the DVT
application bears a potential to improve a civil aircraft
operational characteristics. The DVT significant useful
effects are the possibility of aircraft control dynamics
improvement and flight safety enhancement at the
takeoff/landing and climbing modes.

Keywords: deflectable thrust vector, advantageous
effects, control system, aircraft characteristics.
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