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Ââåäåíèå

Îòðûâ ëîïàòêè äâèãàòåëÿ ñàìîëåòà â ïîëåòå –
èçâåñòíîå, íî äîñòàòî÷íî ðåäêîå ÿâëåíèå. Îíî îò-
íîñèòñÿ ê çàäà÷àì ïðî÷íîñòè ñàìîëåòà, â ïåðâóþ
î÷åðåäü ê çàäà÷àì äèíàìè÷åñêîé àýðîóïðóãîñòè.
Ïîÿâëåíèå ïðè ýòîì áîëüøèõ èíåðöèîííûõ ñèë,
ïðèëîæåííûõ ê ðîòîðó ïîâðåæäåííîãî äâèãàòåëÿ,
âûçûâàåò âûíóæäåííûå êîëåáàíèÿ âñåãî ñàìîëå-
òà. Íàãðóçêè ïîñëå ïîòåðè ëîïàòêè ìîãóò áûòü ñó-
ùåñòâåííûìè ïî óñëîâèÿì ïðî÷íîñòè è ïîâëèÿòü
íà ðåñóðñ êîíñòðóêöèè

Âàæíîñòü ïðîáëåìû, ñâÿçàííîé ñ îòðûâîì
ëîïàòêè äâèãàòåëÿ, ñóùåñòâåííî âîçðîñëà ïîñëå
ïîÿâëåíèÿ çàðóáåæíûõ è îòå÷åñòâåííûõ äâóõêîí-
òóðíûõ äâèãàòåëåé áîëüøîãî äèàìåòðà.

Â ðàáîòå [1] ïðèâåäåí îáçîð îòå÷åñòâåííîé è
çàðóáåæíîé íîðìàòèâíîé äîêóìåíòàöèè [2—8]. Â
÷àñòíîñòè, â Åâðîïåéñêèõ àâèàöèîííûõ ïðàâèëàõ
ðàññìîòðåíû âàðèàíòû íàãðóæåíèÿ ïðè àâòîðîòà-
öèè äâèãàòåëÿ ïîñëå ïîòåðè ëîïàòêè. Èçâåñòåí ðÿä
ðàñ÷åòíûõ ðàáîò [9—12], à òàêæå îòëàäî÷íûõ ýê-
ñïåðèìåíòàëüíûõ [13, 14]. Îäíàêî èñïûòàíèÿ íà-
òóðíîãî ñàìîëåòà, íåîáõîäèìûå äëÿ êîððåêòèðî-
âàíèÿ ðàñ÷åòà, ïðîâåäåíû îòíîñèòåëüíî íåäàâíî
[15—17].

Íèæå ðàññìîòðåíû âîïðîñû, ñâÿçàííûå ñ ðàñ-
÷åòîì è íàçåìíûì ýêñïåðèìåíòîì. Äåòàëüíàÿ
îöåíêà àìïëèòóä, ÷àñòîò êîëåáàíèé è ñâÿçàííûõ
ñ íèìè íàãðóçîê âîçìîæíà ëèøü ðàñ÷åòíûìè ñïî-
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ñàìîëåò, îöåíêè äîñòîâåðíîñòè è ïðèìåðû ðåçóëüòàòîâ ýêñïåðèìåíòà ñ èçìåðåíèåì ÷àñòîòíûõ õàðàêòåðèñòèê â
ðåæèìå àâòîðîòàöèè.

Êëþ÷åâûå ñëîâà: êîëåáàíèÿ ñàìîëåòà, ïîòåðÿ ëîïàòêè, äèñáàëàíñ äâèãàòåëÿ, ýêñïåðèìåíòàëüíîå èññëåäîâàíèå.

ñîáàìè. Âåðèôèêàöèÿ ðàñ÷åòíîé äèíàìè÷åñêîé
ñõåìû ñàìîëåòà ïðîâîäèòñÿ ïî äàííûì íàçåìíî-
ãî ýêñïåðèìåíòà – ðåçîíàíñíûõ (èíà÷å ìîäàëü-
íûõ) èñïûòàíèé â ÷àñòíîñòè îáÿçàòåëüíûõ ïåðåä
ïåðâûì âûëåòîì îïûòíîãî ñàìîëåòà. Òîé æå öåëè
ñëóæèò íàçåìíûé ýêñïåðèìåíò ñ ìîäåëèðîâàíè-
åì âðàùàþùåéñÿ ñèëû, ïðèëîæåííîé ê êîíñòðóê-
öèè ñàìîëåòà ïðè íåïîäâèæíîì ðîòîðå äâèãàòå-
ëÿ. Ðåçóëüòàòû èçìåðåíèé âûíóæäåííûõ êîëåáà-
íèé ñàìîëåòà ïðè äèñáàëàíñå äâèãàòåëÿ ïîçâîëÿ-
þò êîððåêòèðîâàòü äàííûå ñîîòâåòñòâóþùåãî ðàñ-
÷åòà, êàê ïðàâèëî, ëèíåéíîãî. Â ýêñïåðèìåíòå
ó÷èòûâàþòñÿ òàêèå ñâîéñòâà êîíñòðóêöèè, êàê
íåëèíåéíîñòü óïðóãèõ õàðàêòåðèñòèê è äåìïôè-
ðîâàíèÿ, ïîäàòëèâîñòü êðåïëåíèÿ äâèãàòåëÿ è
äðóãèå, êîòîðûå ïðàêòè÷åñêè íåâîçìîæíî ïðåä-
ñêàçàòü çàðàíåå.

Ïðåäìåòîì íàñòîÿùåé ïóáëèêàöèè ÿâëÿþòñÿ
îñîáåííîñòè ìåòîäèêè íàçåìíûõ èñïûòàíèé ñ ìî-
äåëèðîâàíèåì äèñáàëàíñà äâèãàòåëÿ, âûçâàííîãî
ïîòåðåé ëîïàòêè. Âàæíîé öåëüþ ýêñïåðèìåíòîâ
áûëî òàêæå ïîäòâåðæäåíèå âîçìîæíîñòè âîñïðî-
èçâåäåíèÿ ñèë, ìîäåëèðóþùèõ äèñáàëàíñ, â ïðî-
öåññå øòàòíûõ íàçåìíûõ ðåçîíàíñíûõ (ìîäàëü-
íûõ) èñïûòàíèé îïûòíûõ ñàìîëåòîâ.

Êðàòêàÿ èñòîðèÿ

Íå çàòðàãèâàÿ èñòîðèè ñ íîðìàòèâíûìè äîêó-
ìåíòàìè, ÷àñòè÷íî ðàññìîòðåííîé â [1], ïðåäøå-
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ñòâóþùèå ðàáîòû ìîæíî êðàòêî ïðåäñòàâèòü â
ñëåäóþùåì âèäå.

Ïåðâûìè ïóáëèêàöèÿìè ñ èäååé íàçåìíîãî
ìîäåëèðîâàíèÿ ñèëîâûõ âîçäåéñòâèé ïðè äèñáà-
ëàíñå áûëè ðàáîòû [13, 14], çà êîòîðûìè ïîñëå-
äîâàëè ýêñïåðèìåíòû íà êîíñîëüíî çàêðåïëåííîé
ìîäåëè ïèëîíà ñ ýëåêòðîäâèãàòåëåì. Òîãäà æå è
â ïîñëåäóþùèõ ïóáëèêàöèÿõ ïðåäëàãàëîñü ïðîâî-
äèòü ìîäåëèðîâàíèå äèñáàëàíñà â ïðîöåññå øòàò-
íûõ íàçåìíûõ èñïûòàíèé íàòóðíûõ îïûòíûõ ñà-
ìîëåòîâ.

Èñïûòàíèÿ äèíàìè÷åñêè ïîäîáíûõ ìîäåëåé
(ÄÏÌ) ïðîâîäèëèñü â ÖÀÃÈ: â 2003 ã. — êîíñîëü-
íî çàêðåïëåííîãî êðûëà ñ äâèãàòåëåì íà ïèëîíå
(ðèñ. 1,à), â 2006 ã. – èñïûòàíèÿ ÄÏÌ öåëîãî ñà-
ìîëåòà (ðèñ. 1,á).

Ñâåäåíèé î ïîäîáíûõ çàðóáåæíûõ ýêñïåðè-
ìåíòàõ íåò. Â 2003 ã. ïîÿâèëàñü ïóáëèêàöèÿ
ÎÍÅÐÀ (Ôðàíöèÿ) [15] ñ äàííûìè îá èñïûòàíè-
ÿõ íàòóðíîãî ñàìîëåòà ñ ìîäåëèðîâàíèåì âðàùà-
þùåéñÿ èíåðöèîííîé ñèëû, ïåðâûõ â ìèðîâîé
àâèàöèîííîé ïðàêòèêå (ðèñ. 2,à). Ðàñ÷åòíûå èñ-
ñëåäîâàíèÿ äèàìè÷åñêèõ íàãðóçîê, âêëþ÷àÿ âûç-
âàííûå äèñáàëàíñîì äâèãàòåëÿ, â îñíîâíîì ïðî-
âåäåíû ïîçæå [10—12].

Îòå÷åñòâåííûå èñïûòàíèÿ ñàìîëåòà ñ ìîäåëè-
ðîâàíèåì âðàùàþùåéñÿ èíåðöèîííîé ñèëû âïåð-
âûå ïðîâåäåíû (ðèñ. 2,á) íà ñàìîëåòàõ ñ äâóìÿ
(2011ã.) è ÷åòûðüìÿ (2012 ã.) äâèãàòåëÿìè [16].
Ïðèìåðû ðåçóëüòàòîâ îòå÷åñòâåííûõ èñïûòàíèé
íà íàòóðíîì ñàìîëåòå äàíû â [17] è â íàñòîÿùåé
ðàáîòå. Íèæå ðàññìîòðåíû äåòàëè ìåòîäèêè èñ-
ïûòàíèé ñ ìîäåëèðîâàíèåì âðàùàþùèõñÿ ñèë ïðè
íåïîäâèæíîì ðîòîðå äâèãàòåëÿ. Ïðèâåäåííûé
àíàëèç ìåòîäèêè ñóùåñòâåííî äîïîëíÿåò è ðàñøè-
ðÿåò äàííûå ïóáëèêàöèé [1, 17].

Ðèñ. 1. Ìîäåëèðîâàíèå äèñáàëàíñà íà ÄÏÌ: à — êîí-
ñîëè; á — öåëîãî ñàìîëåòà

à)

á) Ðèñ. 2. Èñïûòàíèÿ ñ ìîäåëèðîâàíèåì äèñáàëàíñà:
à — ñàìîëåò À340, ÎÍÅÐÀ [18]; á — îòå÷åñòâåííûå èñ-
ïûòàíèÿ ñ âîñïðîèçâåäåíèåì âðàùàþùåéñÿ ñèëû

á)

à)
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Ïîñòàíîâêà çàäà÷è

Ðàññìàòðèâàåòñÿ ïîòåðÿ ëîïàòêè ñ íàèáîëüøåé
ìàññîé è ìàêñèìàëüíûì ðàññòîÿíèåì äî îñè ðî-
òîðà, ÷òî îòíîñèòñÿ ê ïåðâîé ñòóïåíè âåíòèëÿòî-
ðà ÒÐÄ, ãäå èíåðöèîííàÿ ñèëà òàêîé âðàùàþùåé-
ñÿ ëîïàòêè íàèáîëüøàÿ.

Ïðè îòðûâå ëîïàòêè ïîÿâëÿåòñÿ äèñáàëàíñ
ðîòîðà è âðàùàþùàÿñÿ âìåñòå ñ íèì ñèëà çíà÷è-
òåëüíîé âåëè÷èíû. Äâèãàòåëü âûêëþ÷àåòñÿ, îáî-
ðîòû íà÷èíàþò ïàäàòü. Ýòîò ïðîöåññ ïðîäîëæàåò-
ñÿ â òå÷åíèå íåñêîëüêèõ ñåêóíä, ïðè ýòîì ñèëà
óìåíüøàåòñÿ ïðèìåðíî íà ïîðÿäîê, êàê ïîêàçàíî
íà ðèñ. 3.

Äàëåå èäåò ïðîäîëæèòåëüíûé, äî íåñêîëüêèõ
÷àñîâ, óñòàíîâèâøèéñÿ ïðîöåññ, èìåíóåìûé àâòî-
ðîòàöèåé. Ïîä äåéñòâèåì ñêîðîñòíîãî íàïîðà
ðîòîð âðàùàåòñÿ ñ íåáîëüøèì ÷èñëîì îáîðîòîâ,
ïðèáëèæåííî ïîñòîÿííûì (ðèñ. 4 äëÿ òîãî æå
ïðèìåðà). Ïîýòîìó çàäà÷à âîñïðîèçâåäåíèÿ äèñ-
áàëàíñà ñîñòîèò, âî-ïåðâûõ, â ìîäåëèðîâàíèè ïå-
ðåõîäíîãî ïðîöåññà (íåïðåðûâíîå èçìåíåíèå ÷à-
ñòîòû àìïëèòóäû ñèë âîçáóæäåíèÿ) â ðåàëüíîì
âðåìåíè, âî-âòîðûõ, â ìîäåëèðîâàíèè óñòàíîâèâ-
øèõñÿ êîëåáàíèé (ïîñòîÿííûé ñêîðîñòíîé íà-
ïîð).

Ìàòåìàòè÷åñêîå îïèñàíèå

Êîëåáàíèÿ ñàìîëåòà ñ íåâðàùàþùèìèñÿ äâè-
ãàòåëÿìè ïðè âîñïðîèçâåäåíèè äèñáàëàíñà îïèñû-
âàþòñÿ óðàâíåíèåì:

.Сq Hq Êq L+ + =                    (1)

Çäåñü C, H, Ê — ìàòðèöû ñîîòâåòñòâåííî ìàññ,
êîíñòðóêöèîííîãî äåìïôèðîâàíèÿ è æåñòêîñòè
êîíñòðóêöèè; q — âåêòîð êîîðäèíàò, (q1,..., qn)ò;
ò – çíàê òðàíñïîíèðîâàíèÿ; L – ñèëîâûå âîçäåé-
ñòâèÿ äâèãàòåëÿ ñ óòðà÷åííîé ëîïàòêîé, êîòîðûå,
â îáùåì ñëó÷àå, íåîáõîäèìî âîñïðîèçâîäèòü (îíè
ïðåäñòàâëåíû èíåðöèîííîé ñèëîé F è è ãèðîñêî-
ïè÷åñêèì ìîìåíòîì Ì ã):

è ã, , /( ) ( ) ,L F t q Ì t q l= +                 (2)

ãäå l — õàðàêòåðíûé ðàçìåð.
Â ðåæèìå àâòîðîòàöèè ïðîåêöèè èíåðöèîííîé

ñèëû, âðàùàþùèåñÿ â ïëîñêîñòè, íîðìàëüíîé ê
îñè ðîòîðà, íà âåðòèêàëüíóþ Îy è ãîðèçîíòàëüíóþ
Îz îñè êîîðäèíàò, èìåþò âèä:

1 2
1

1 2
2

[ cos sin( )];

[ cos( / 2) cos( )],

y

z

F m r t y t

F m r t z t

Ω Ω Ω ϕ

Ω Ω π Ω ϕ

= - +

= + + +
   (3)

ãäå Ω  — óãëîâàÿ ñêîðîñòü âðàùåíèÿ ðîòîðà; m –
ìàññà ëîïàòêè; r – ðàññòîÿíèå îò îñè ðîòîðà äî

öåíòðà ìàññ ëîïàòêè; ó, z è 1 2,ϕ ϕ  – ñîîòâåòñòâåí-

íî àìïëèòóäû è ôàçîâûå ñäâèãè âûíóæäåííûõ êî-
ëåáàíèé â ïîâðåæäåííîì ñå÷åíèè äâèãàòåëÿ.

Ãèðîñêîïè÷åñêèå êîìïîíåíòû âîçäåéñòâèé
ïîâðåæäåííîãî äâèãàòåëÿ âîçíèêàþò ïðè åãî âû-

íóæäåííûõ óãëîâûõ êîëåáàíèÿõ ïî òàíãàæó (óãîë θ )

è ðûñêàíèþ (óãîë ψ ). Ãèðîñêîïè÷åñêèå ìîìåí-

Ðèñ. 3. Èíåðöèîííàÿ ñèëà â ïåðåõîäíîì ïðîöåññå: à —
çàâèñèìîñòü îò âðåìåíè; á — çàâèñèìîñòü îò îáîðîòîâ
äâèãàòåëÿ

á)

à)

Ðèñ. 4. Çàâèñèìîñòü èíåðöèîííîé ñèëû ïðè àâòîðîòà-
öèè îò ñêîðîñòíîãî íàïîðà
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òû ñèë Mz è Mó îòíîñèòåëüíî ãîðèçîíòàëüíîé z è
âåðòèêàëüíîé y îñåé ðàâíû ïðîèçâåäåíèÿì:

( ) ; ( ) ,z x y xM I M IΩ ψ Ω θ= =              (4)

ãäå ( )xI Ω  — ìîìåíò êîëè÷åñòâà äâèæåíèÿ ðîòî-

ðà.
Â ïðîöåññå íàçåìíûõ èñïûòàíèé àìïëèòóäà óã-

ëîâûõ êîëåáàíèé äâèãàòåëÿ ñîñòàâëÿåò, â îòëè÷èå
îò ðàñ÷åòîâ êîëåáàíèé â ïîëåòå, ïîðÿäêà 0,01 ðàä.
Ïîýòîìó ïðè ñòîëü ìàëûõ ãàðìîíè÷åñêèõ êîëåáà-

íèÿõ äâèãàòåëÿ ñïðàâåäëèâû ñîîòíîøåíèÿ θ << 1,
ψ << 1. Îòñþäà ñëåäóåò, ÷òî ñïðàâåäëèâû íåðàâåí-

ñòâà, ÿâëÿþùèåñÿ èñõîäíûìè â ïðèáëèæåííîé
òåîðèè ãèðîñêîïà [19-21]:

| | | |, | | |,Ω θ Ω ψ>> >>                  (5à)

è ãèðîñêîïè÷åñêèé ìîìåíò ïðîïîðöèîíàëåí âåê-
òîðíîìó ïðîèçâåäåíèþ óãëîâûõ ñêîðîñòåé, êîëå-

áàíèé äâèãàòåëÿ ω  è âðàùåíèÿ ðîòîðà Ω :

ò[ ], ( ),G
xM I ω Ω ω θ ψ= ¥ =              (5á)

ãäå Iõ — îñåâîé ìîìåíò èíåðöèè ðîòîðà.

Ñðåäñòâà ýêñïåðèìåíòà

Â ñëó÷àå êîãäà ýêñïåðèìåíò ñ ìîäåëèðîâàíè-
åì ïîòåðè ëîïàòêè äâèãàòåëÿ íà ñàìîëåòå ïðîâî-
äèòñÿ â ïðîöåññå «øòàòíûõ» ðåçîíàíñíûõ (ìîäàëü-
íûõ èëè «÷àñòîòíûõ») èñïûòàíèé, îñíîâíîé îáúåì
îáîðóäîâàíèÿ ÿâëÿåòñÿ îäèíàêîâûì. Ê íåìó îòíî-
ñÿòñÿ äàò÷èêè è ñèñòåìà ñáîðà äàííûõ, ñðåäñòâà
âîçáóæäåíèÿ ñ ýëåêòðîäèíàìè÷åñêèìè âîçáóäèòå-
ëÿìè è ñèñòåìà ïîäâåñà [22—26].

Â ñëó÷àå îòëàäî÷íîãî ýêñïåðèìåíòà íà ÄÏÌ
(ñì. ðèñ. 1) íåîáõîäèìî ñïåöèàëüíîå îáåñïå÷åíèå
òàêèì æå, ïî ôóíêöèÿì, îáîðóäîâàíèåì. Ïîìèìî
óêàçàííîãî âûøå, äîïîëíèòåëüíûìè ÿâëÿþòñÿ
èñòî÷íèê óïðàâëÿåìîãî âîçáóæäåíèÿ è ñîîòâåò-
ñòâóþùåå ìàòåìàòè÷åñêîå îáåñïå÷åíèå.

Ñðåäñòâà èçìåðåíèÿ âêëþ÷àþò ïüåçîàêñåëåðî-
ìåòðû, ñèñòåìó ñáîðà äàííûõ è ñòàíäàðòíîå óï-
ðàâëåíèå âîçáóæäåíèåì – îáû÷íî ìíîãîêàíàëü-
íîå îáîðóäîâàíèå Ïðîäåðà [18], èëè ËÌÑ [27].
Âòîðîå â ïîñëåäíåå âðåìÿ èñïîëüçóåòñÿ ÷àùå, â
êîìáèíàöèè ñî ñðåäñòâàìè âîçáóæäåíèÿ Ïðîäå-
ðà.

Ñðåäñòâàìè âîçáóæäåíèÿ âåðòèêàëüíûõ è ãî-
ðèçîíòàëüíûõ êîëåáàíèé äâèãàòåëÿ ñëóæàò ñïåöè-
àëüíûå ýëåêòðîäèíàìè÷åñêèå âîçáóäèòåëè, «ìî-
äàëüíûå», ñ óñèëèòåëÿìè ìîùíîñòè – ãåíåðàòîðà-
ìè òîêà. Îíè âûáèðàþòñÿ ñ ó÷åòîì îïûòà ïðåä-

øåñòâóþùèõ èñïûòàíèé ñàìîëåòîâ ïîäîáíîãî
òèïà è ðàññ÷èòàíû íà ñèëû äî 500–1000 Í ïðè
èñïûòàíèÿõ ñàìîëåòà è íà ïîðÿäîê ìåíüøå — ïðè
èñïûòàíèÿõ ÄÏÌ.

Îòäåëüíûé âîïðîñ — óïðàâëåíèå âîçáóæäåíè-
åì, îíî ñâÿçàíî ñ óïîìÿíóòûìè âûøå ñïåöèàëü-
íûìè òðåáîâàíèÿìè. Èçìåðåíèå ïåðåõîäíûõ ïðî-

öåññîâ ñ äâóìÿ ïåðåìåííûìè ( ), ( )It F tΩ  âîçìîæ-

íî ëèøü ñ ïîìîùüþ ñïåöèàëüíîé ïðîãðàììû ñ ñî-
õðàíåíèåì ôàçîâîãî ñäâèãà ñèë íà ÷åòâåðòü ïåðè-
îäà, â òî âðåìÿ êàê èçìåðåíèå ÷àñòîòíûõ õàðàê-
òåðèñòèê â óñòàíîâèâøåìñÿ ðåæèìå ñ îäíîé ïå-

ðåìåííîé Ω  äîïóñêàåò è ðó÷íîå óïðàâëåíèå. Ïî-
ñêîëüêó îáîðîòû ïðè àâòîðîòàöèè îïðåäåëÿþòñÿ
âåëè÷èíîé ñêîðîñòíîãî íàïîðà (ñì. ðèñ. 4), äëÿ
êàæäîãî åãî çíà÷åíèÿ (èëè äëÿ êàæäîé ïàðû ñî-
îòâåòñòâóþùèõ çíà÷åíèé Í, Ì) çàäàþòñÿ ÷àñòîòà
è ñèëà âîçáóæäåíèÿ. ×àñòîòíûå õàðàêòåðèñòèêè
èçìåðÿþòñÿ ñòàíäàðòíûì ïóòåì: ïîøàãîâûì èçìå-
íåíèåì ÷àñòîòû ñ íåîáõîäèìûìè óðîâíÿìè âîç-
áóæäåíèÿ. Ïðîãðàììíûì ïóòåì ìåíÿþòñÿ ÷àñòî-
òà è äëèòåëüíîñòü ïàóçû íà âðåìÿ óñòàíîâëåíèÿ
êîëåáàíèé.

Ñêàçàííîå íå ó÷èòûâàåò ïðîãðàììíóþ îáðà-
áîòêó ñèãíàëîâ äàò÷èêîâ â ñëó÷àå êîìïåíñàöèè
âëèÿíèÿ âîçáóäèòåëåé. Ýòà îáðàáîòêà òðåáóåòñÿ
ïðè èçìåðåíèè êàê ïåðåõîäíûõ ïðîöåññîâ, òàê è
óñòàíîâèâøèõñÿ.

Òàêèì îáðàçîì, âîñïðîèçâåäåíèå ñèë îò äèñ-
áàëàíñà òðåáóåò, ïîìèìî îäíîâðåìåííîé ðàáîòû
äâóõ âîçáóäèòåëåé â óêàçàííûõ ðåæèìàõ, èñïîëü-
çîâàíèÿ ñïåöèàëüíûõ àïïàðàòíûõ è ïðîãðàììíûõ
ñðåäñòâ óïðàâëåíèÿ âîçáóæäåíèåì.

Ìåòîäèêà èñïûòàíèé

Êàê ñëåäóåò èç îáùåãî ðàññìîòðåíèÿ ñèëîâûõ
âîçäåéñòâèé íà ïîâðåæäåííûé äâèãàòåëü, èõ ìî-
äåëèðîâàíèå äîëæíî âêëþ÷àòü ñèëîâóþ è ìîìåí-
òíóþ ñîñòàâëÿþùèå.

Îäíèì èç ñóùåñòâåííûõ îãðàíè÷åíèé ìîäåëè-
ðîâàíèÿ ïåðåõîäíûõ ïðîöåññîâ ÿâëÿåòñÿ íåâîç-
ìîæíîñòü ðåàëèçàöèè ñèëîâîãî âîñïðîèçâåäåíèÿ
äëÿ êîðîòêîãî íà÷àëüíîãî îòðåçêà âðåìåíè íåïîñ-
ðåäñòâåííî ïîñëå îòðûâà ëîïàòêè èç-çà îòíîñè-
òåëüíî áîëüøèõ äèíàìè÷åñêèõ íàãðóçîê. Îíè íå-
äîïóñòèìî âåëèêè â ïðîöåññå íàçåìíûõ èñïûòà-
íèé ñàìîëåòà ñ ìîäåëèðîâàíèåì ïåðåõîäíûõ ïðî-
öåññîâ.

Âîñïðîèçâåäåíèå ãèðîñêîïè÷åñêîãî ìîìåíòà
òðåáóåò íàëè÷èÿ äâóõ ðàâíîäåéñòâóþùèõ ñèë, òåì
ñàìûì – óäâîåíèÿ ðåñóðñîâ çà ñ÷åò âòîðîé ïàðû
íåïîäâèæíûõ ñèë. Ìîäåëèðîâàíèå ìîìåíòà ñóùå-
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ñòâåííî óñëîæíÿåò ýêñïåðèìåíò çà ñ÷åò óâåëè÷å-
íèÿ îáúåìà îáîðóäîâàíèÿ è âîçðàñòàíèÿ ïðîäîë-
æèòåëüíîñòè èñïûòàíèé, ïîñêîëüêó íåîáõîäèìû
äîïîëíèòåëüíûå óñòàíîâêà è ïåðåìåùåíèå ñðåäñòâ
âîçáóæäåíèÿ. Â óñëîâèÿõ äåôèöèòà âðåìåíè ïðè
íàçåìíûõ èñïûòàíèÿõ ñàìîëåòà òàêîå óñëîæíåíèå
îêàçûâàåòñÿ çà÷àñòóþ íåäîïóñòèìûì.

Â äàííîé ðàáîòå áûëî öåëåñîîáðàçíî îãðàíè-
÷èòüñÿ ìîäåëèðîâàíèåì ëèøü âðàùàþùåéñÿ ñèëû
â îäíîì ñå÷åíèè äâèãàòåëÿ, à âëèÿíèå ãèðîñêîïè-
÷åñêîãî ìîìåíòà îöåíèâàòü ðàñ÷åòîì.

Äëèòåëüíîñòü èçìåðåíèé óñòàíîâèâøèõñÿ ïðî-
öåññîâ äîëæíà âêëþ÷àòü â ñåáÿ âðåìÿ óñòàíîâëå-
íèÿ êîëåáàíèé ñàìîëåòà, êîòîðîå íà íèçêèõ ÷àñ-
òîòàõ ïîðÿäêà 5—10 Ãö ñîñòàâëÿåò äåñÿòêè ñåêóíä.
Èçìåðåíèå ÷àñòîòíûõ õàðàêòåðèñòèê æåëàòåëüíî
ïðîâîäèòü íà ìàêñèìàëüíî äîïóñòèìûõ óðîâíÿõ
âîçáóæäåíèÿ. Âåëè÷èíû ìàêñèìàëüíî äîïóñòèìûõ
àìïëèòóä êîëåáàíèé îïðåäåëÿþòñÿ çíà÷åíèÿìè,
ïîëó÷åííûìè ïðåäâàðèòåëüíî, â ïðîöåññå îïðåäå-
ëåíèÿ ñîáñòâåííûõ ÷àñòîò è ôîðì äâèãàòåëåé.

Äëèòåëüíîñòü ðàññìàòðèâàåìûõ èçìåðåíèé –
íåáîëüøàÿ, íåñêîëüêî ÷àñîâ. Òðóäîåìêîñòü ýêñ-
ïåðèìåíòà ñîñòîèò â ïîäãîòîâêå ê íà÷àëó èñïû-
òàíèé, êîòîðàÿ âêëþ÷àåò ðàçðàáîòêó íåîáõîäèìûõ
âñïîìîãàòåëüíûõ ïðîãðàìì, èõ îòëàäêó (âîçìîæ-
íî, è íà ÄÏÌ), ðàáîòû ïî êàëèáðîâêå âîçáóäè-
òåëåé, äàò÷èêîâ è äðóãèå.

Ê ÷èñëó âàæíûõ ýëåìåíòîâ ìåòîäèêè èñïûòà-
íèé îòíîñÿòñÿ ôîðìèðîâàíèå è ðåàëèçàöèÿ âðà-
ùàþùåéñÿ ñèëû ïðè íåâðàùàþùåìñÿ ðîòîðå.
Òàêàÿ ñèëà ìîæåò ðåàëèçîâàòüñÿ ñ ïîìîùüþ äâóõ
ïðîåêöèé F1 è F2 íà íåïîäâèæíûå îñè êîîðäèíàò
ïîä óãëîì ϕ  ìåæäó íèìè. Èõ àìïëèòóäû äîëæíû

ðàçëè÷àòüñÿ â cos ϕ  ðàç è, ñîîòâåòñòâåííî, ôàçî-

âûå ñäâèãè — íà âåëè÷èíó ϕ , â ÷àñòíîñòè äëÿ

ϕ = 45° ðàçíèöà â àìïëèòóäàõ ñîñòàâèò 40%, âñå
ýòî âïîëíå ðåàëèçóåìî ñîâðåìåííûìè òåõíè÷åñ-
êèìè ñðåäñòâàìè.

Îäíàêî ïðåäïî÷òèòåëüíîé ÿâëÿåòñÿ âåëè÷èíà

óãëà ϕ = 90° ñ ñèëàìè ðàâíîé àìïëèòóäû, ïîñêîëü-
êó â ïðîöåññå ïðåäøåñòâóþùèõ ìîäåëüíûõ èñïû-
òàíèé ïðåäóñìîòðåíî âîçáóæäåíèå êîëåáàíèé â
ãîðèçîíòàëüíîì è âåðòèêàëüíîì íàïðàâëåíèè.

Ðåàëèçàöèÿ âðàùàþùåéñÿ ñèëû

Äëÿ âîñïðîèçâåäåíèÿ âðàùàþùåéñÿ ðàâíîäåé-
ñòâóþùåé ñèëû äîñòàòî÷íî, â ïåðâîì ïðèáëèæå-
íèè, ïðèëîæèòü äâå åå ïðîåêöèè – íåïîäâèæíûå
â ïðîñòðàíñòâå — ê äâèãàòåëþ, â îäíîì èç åãî
ñå÷åíèé ïîëàãàÿ îñü ðîòîðà è ñå÷åíèå íåäåôîðìè-
ðóåìûìè. Äëÿ èçìåíåíèÿ âûáðàííîãî ñå÷åíèÿ
íåîáõîäèìî ïåðåìåùåíèå ñèë âäîëü îñè äâèãàòå-

ëÿ. Íàèáîëåå ïðîñòîé è ïðàêòè÷íûé âàðèàíò ìî-
äåëèðîâàíèÿ èíåðöèîííîé ñèëû ïðè äèñáàëàíñå
ñâÿçàí, â ïåðâîì ïðèáëèæåíèè (áåç ó÷åòà êîëåáà-
íèé äâèãàòåëÿ), ñ ïðèìåíåíèåì ïàðû íåïîäâèæ-
íî óñòàíîâëåííûõ ýëåêòðîäèíàìè÷åñêèõ âîçáóäè-
òåëåé, óïðàâëÿåìûõ ñèãíàëàìè ñèíóñîèäàëüíîãî
ãåíåðàòîðà, ñäâèíóòûìè ïî ôàçå íà π /2 (ðèñ. 5).

Êîìáèíàöèÿ âîçáóäèòåëåé ñî ñïåöèàëüíûìè –
ìîäàëüíûìè – óñèëèòåëÿìè ìîùíîñòè ïðåîáðà-
çóåò óïðàâëÿþùèå âõîäíûå íàïðÿæåíèÿ U1, U2 â
ïðîïîðöèîíàëüíûå èì ìåõàíè÷åñêèå ñèëû F1, F2,
ïðèëîæåííûå ê ïîäâèæíûì ñèñòåìàì âîçáóäèòå-
ëåé [1, 17], â ÷àñòíîñòè:

2
1 1 1

2
2 2 1

cos ; cos / ;

sin ; sin / ,

F EU t U rm t E

F EU t U rm t E

Ω Ω Ω

Ω Ω Ω

= =

= =
      (6)

ãäå Å – êàëèáðîâî÷íûé êîýôôèöèåíò ïàðû óñè-
ëèòåëü—âîçáóäèòåëü.

Ïðèíöèïèàëüíî âïîëíå ðåàëüíûì ÿâëÿåòñÿ
óñòðàíåíèå, ïðè íåîáõîäèìîñòè, ïîãðåøíîñòè
ìîäåëèðîâàíèÿ äèñáàëàíñà â ñîîòíîøåíèè (6).
Äëÿ ýòîãî äîñòàòî÷íî ïðèëîæèòü â òî÷êàõ âîçáóæ-
äåíèÿ (ãîðèçîíòàëüíîé è âåðòèêàëüíîé ñèëû)

äîïîëíèòåëüíûå èíåðöèîííûå ñèëû ,y zF FΔ Δ , ïðî-

ïîðöèîíàëüíûå ïåðåìåùåíèÿì:

2
1

2
2

sin( )] ;

cos( ) ,

y

z

F my t my

F mz t mz

Δ

Δ

Ω Ω ϕ

Ω Ω ϕ
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ãäå óñêîðåíèÿ èçìåðÿþòñÿ â òî÷êàõ âîçáóæäåíèÿ.

Îöåíêè äîñòîâåðíîñòè

Äàëåå äàíû îöåíêè ëèøü äëÿ ýêñïåðèìåíòà ñ
ìîäåëèðîâàíèåì èíåðöèîííîé ñèëû îò ïîòåðÿí-
íîé ëîïàòêè. ×èñëåííûå ïðèìåðû îöåíîê ïî-

Ðèñ. 5. Ôîðìèðîâàíèå âðàùàþùåéñÿ ñèëû:

1 2,I I
y zF F F F= =  —íåïîäâèæíûå ñèëû; F — âðàùàþùà-

ÿñÿ ðàâíîäåéñòâóþùàÿ; ïóíêòèð — ãîäîãðàô ðàâíîäåé-
ñòâóþùåé ñèëû
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ãðåøíîñòè ìîäåëèðîâàíèÿ ñèë ïðè äèñáàëàíñå
ïðèâåäåíû íèæå. Ïîãðåøíîñòè âîñïðîèçâåäåíèÿ
ñèëîâûõ âîçäåéñòâèé çà ñ÷åò íåëèíåéíîñòè õàðàê-
òåðèñòèê íåïîñðåäñòâåííî âîçáóäèòåëåé çäåñü íå
ðàññìîòðåíû, îíè â ýòîì ñëó÷àå îòíîñèòåëüíî
ìàëû, ïîðÿäêà 1—2%. Ñîîòâåòñòâóþùèå äàííûå
ïðèâåäåíû, â ÷àñòíîñòè, â ïóáëèêàöèè ðàçðàáîò-
÷èêà âîçáóäèòåëåé [18], à òàêæå â [28].

Ïåðâîå óòî÷íåíèå ñâÿçàíî ñ êîëåáàíèÿìè äâè-
ãàòåëÿ, âëèÿíèå êîòîðûõ òàêæå îáû÷íî íå ó÷èòû-
âàåòñÿ â ðàñ÷åòàõ ïî âëèÿíèþ äèñáàëàíñà. Ñîîò-
íîøåíèÿ (6) îòíîñÿòñÿ ê äâèãàòåëþ ñ âðàùàþ-
ùèìñÿ ðîòîðîì, íî íåïîäâèæíîìó â ïðîñòðàíñòâå,
â ñâÿçàííîé ñ íèì ñèñòåìå êîîðäèíàò (ïåðåíîñ-
íîé). Ïðè âûíóæäåííûõ êîëåáàíèÿõ ñàìîëåòà ïîä
äåéñòâèåì èíåðöèîííîé ñèëû ê ðîòîðó äâèãàòå-
ëÿ ïðèêëàäûâàþòñÿ ñèëû, âûçâàííûå ñóììàðíûì
óñêîðåíèåì ëîïàòêè, â àáñîëþòíîé ñèñòåìå êîîð-
äèíàò, ñì. ñîîòíîøåíèÿ (3).

Ðàçíèöà ñèë â (3) è (6) îïðåäåëÿåòñÿ ðàçëè÷è-
åì óñêîðåíèé â óêàçàííûõ êîîðäèíàòàõ. Ïðàêòè-
÷åñêàÿ îöåíêà ïîãðåøíîñòè ìîäåëèðîâàíèÿ ñâî-
äèòñÿ â ýòîì ñëó÷àå ê âåëè÷èíå îòíîøåíèÿ ìàê-
ñèìàëüíîé àìïëèòóäû êîëåáàíèé (íà ðåçîíàíñíûõ
÷àñòîòàõ), ê ðàññòîÿíèþ îò öåíòðà ìàññ ëîïàòêè
äî îñè ðîòîðà. Â óêàçàííîì ïðèìåðå èñïûòàíèé
ýòè îòíîøåíèÿ ñîñòàâëÿþò: ó/r ≈ 0,01, z/r ≈ 0,01.

Ïðè òàêîé ðàçíèöå, â äâà ïîðÿäêà, îøèáêà
ìîäåëèðîâàíèÿ íå ïðåâûñèò 1% äëÿ ìàêñèìàëüíîé
àìïëèòóäû êîëåáàíèé äâèãàòåëÿ â òî÷êå âîçáóæ-
äåíèÿ, ïðèòîì íåçàâèñèìî îò íàïðàâëåíèÿ êîëå-
áàíèé. Îäíàêî ýòè îöåíêè ñïðàâåäëèâû ëèøü äëÿ
íàçåìíûõ èñïûòàíèé ñ ìîäåëèðîâàíèåì äèñáà-
ëàíñà.

Ñëåäóåò îòìåòèòü, ÷òî ïðè ðàñ÷åòàõ êîëåáà-
íèé ñ äèñáàëàíñîì â ïîëåòå îãðàíè÷èâàòüñÿ ó÷å-
òîì ñèë ëèøü â ñâÿçàííîé ñèñòåìå êîîðäèíàò íå-
äîïóñòèìî.

Äðóãîå óòî÷íåíèå îòíîñèòñÿ ê âëèÿíèþ ïîä-
âèæíîé ñèñòåìû âîçáóäèòåëÿ. Åñëè ïîäâèæíàÿ
ñèñòåìà âîçáóäèòåëÿ ñîåäèíåíà ñ òî÷êîé âîçáóæ-
äåíèÿ äâèãàòåëÿ ïîñðåäñòâîì æåñòêîé (â íàïðàâ-
ëåíèè ñèëû) òÿãè ñ äàò÷èêîì ñèëû â òî÷êå âîçáóæ-
äåíèÿ, òî åãî ñèãíàë Fäñ áóäåò ñîîòâåòñòâîâàòü
èíîé ñèëå, ÷åì â ñîîòíîøåíèè (6):
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ãäå mñ – ïðèâåäåííàÿ ìàññà ïîäâèæíîé ñèñòåìû

ñ òÿãîé; cω  – åå ñîáñòâåííàÿ ÷àñòîòà ïðè ñâîáîä-

íîì âîçáóäèòåëå; h – êîýôôèöèåíò òðåíèÿ ïîä-
âèæíîé ñèñòåìû.

 Ýòîé âåêòîðíîé ðàçíîñòüþ îïðåäåëÿåòñÿ îò-
ëè÷èå ñèëû â òî÷êå âîçáóæäåíèÿ îò çàäàâàåìîé
óïðàâëÿþùèì ñèãíàëîì (äëÿ âàðèàíòà êîíñòðóê-

öèè âîçáóäèòåëÿ ñî ñêîëüçÿùèì ïîäâåñîì cω = 0).

Íà íèçêèõ ÷àñòîòàõ îñíîâíûì âû÷èòàåìûì ÿâëÿ-
åòñÿ óïðóãàÿ ñèëà, íà âûñîêèõ – èíåðöèîííàÿ, íà
ñîáñòâåííîé ÷àñòîòå cω  îíè êîìïåíñèðóþò äðóã
äðóãà.

Îáû÷íîå ðàññìîòðåíèå [1, 15] íåÿâíî îñíîâà-
íî (èç-çà èãíîðèðîâàíèÿ âëèÿíèÿ ñèëû Fñ) íà
ïðåäïîëîæåíèè, ÷òî èñïûòûâàåòñÿ «ïåðåòÿæåëåí-
íàÿ» êîíñòðóêöèÿ ñ äîáàâëåíèåì ÷àñòîòíî-çàâè-
ñèìûõ ñèë â òî÷êàõ âîçáóæäåíèÿ è äåìïôåðîâ,
ñîåäèíåííûõ ñ íåïîäâèæíûì îñíîâàíèåì. Ñîîò-
âåòñòâóþùèå ïîïðàâêè ìîãóò áûòü ââåäåíû â ðàñ-
÷åòíóþ ñõåìó. Òàêîå ïåðåòÿæåëåíèå ìîæåò áûòü
äîïóñòèìî ïðè áîëüøîé âåëè÷èíå ïðèâåäåííîé
ìàññû äâèãàòåëÿ Ìäâ è âûïîëíåíèè óñëîâèÿ:

2
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ãäå ω  îòíîñèòñÿ ê ðàáî÷åìó äèàïàçîíó ÷àñòîò.
Â îáùåì ñëó÷àå äèíàìè÷åñêàÿ æåñòêîñòü Êäèí,

äîáàâëåííàÿ â òî÷êå âîçáóæäåíèÿ ïîäâèæíîé ñè-
ñòåìîé âîçáóäèòåëÿ, çàâèñèò (ïðåíåáðåãàÿ òðåíè-
åì) îò ÷àñòîòû:

äèí c.K k mω=

Â ÷àñòíîì ñëó÷àå îòíîøåíèå ïðèâåäåííûõ
ìàññ êîíñòðóêöèè â òî÷êå âîçáóæäåíèÿ è ïîäâèæ-
íîé ñèñòåìû âîçáóäèòåëÿ ñîñòàâëÿåò, íàïðèìåð,
äëÿ äâèãàòåëÿ ÏÑ-90 è âîçáóäèòåëÿ Ïðîäåðà íà
1000 Í, äâà ïîðÿäêà, ïîãðåøíîñòü ñîñòàâëÿåò ïî-
ðÿäêà 1—2%. Â äðóãèõ ñëó÷àÿõ, à îñîáåííî ïðè èñ-
ïûòàíèÿõ ÄÏÌ, ýòî íå èìååò ìåñòà.

Ïðèíöèïèàëüíî âîçìîæíà êîìïåíñàöèÿ âëè-
ÿíèÿ âîçáóäèòåëåé, ò.å. ýêñïåðèìåíò ñ «èäåàëèçè-
ðîâàííûì» âîçáóæäåíèåì êîëåáàíèé, áåç èñêàæå-
íèÿ óïðóãî-ìàññîâûõ ñâîéñòâ è õàðàêòåðèñòèê
äåìïôèðîâàíèÿ èñïûòûâàåìîé êîíñòðóêöèè [17].
Ýòî îñîáåííî âàæíî â èñïûòàíèÿõ ëåãêèõ äèíà-
ìè÷åñêè ïîäîáíûõ ìîäåëåé. Ðåàëèçàöèÿ òàêîãî
âàðèàíòà èñïûòàíèé âîçìîæíà ïðè óñëîâèè èçìå-
ðåíèÿ êîëåáàíèé â òî÷êàõ âîçáóæäåíèÿ è ïîñëå-
äóþùåãî ïðåîáðàçîâàíèÿ ñèãíàëîâ âîçáóæäåíèÿ ñ
ïîìîùüþ âû÷èñëèòåëüíîãî óñòðîéñòâà. Â ýòîì
âàðèàíòå èñõîäíûå óïðàâëÿþùèå ñèãíàëû ìîãóò
ôîðìèðîâàòüñÿ êàê ïðè óñòàíîâèâøèõñÿ êîëåáà-
íèÿõ, òàê è ïðè ïåðåõîäíûõ ïðîöåññàõ. Ïðè ýòîì
ïðåäïîëàãàåòñÿ èäåàëüíîå, â çàäàííîì äèàïàçîíå
÷àñòîò, ïðåîáðàçîâàíèå ñèãíàëîâ â ìåõàíè÷åñêèå
ñèëû, ïðèëîæåííûå ê äâèãàòåëþ. Äëÿ îäíîé òî÷-
êè âîçáóæäåíèÿ è ïðè èñïîëüçîâàíèè äàò÷èêà
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ñèëû ðåçîíàíñ ñ «íåâåñîìûì» âîçáóäèòåëåì îïðå-
äåëÿåòñÿ íà ÷àñòîòå íóëåâîãî ôàçîâîãî ñäâèãà ìåæ-
äó ñèëîé è ñêîðîñòüþ â òî÷êå âîçáóæäåíèÿ, èëè,

ðàâíîçíà÷íî, 90° ìåæäó ñèëîé è óñêîðåíèåì.
Ïðèìåð ñðàâíèòåëüíî äåòàëüíîãî àíàëèçà ïî-

ãðåøíîñòåé ïðè ìîäàëüíûõ èñïûòàíèÿõ ñàìîëå-
òîâ ïðèâåäåí â ðàáîòå [28], õîòÿ ñàì àíàëèç íóæ-
äàåòñÿ â îáíîâëåíèè ïðèìåíèòåëüíî ê ñîâðåìåí-
íûì ñðåäñòâàì âîçáóæäåíèÿ êîëåáàíèé, èõ èçìå-
ðåíèÿ è ñáîðà äàííûõ. Èíòåãðàëüíî ìîæíî ïîëà-
ãàòü ñóììàðíóþ ñðåäíþþ êâàäðàòè÷åñêóþ ïî-
ãðåøíîñòü â ïðåäåëàõ 3—5%, ýòî çíà÷åíèå ìîæ-
íî ïîëàãàòü óäîâëåòâîðèòåëüíûì.

Ïðèìåðû ðåçóëüòàòîâ

Íèæå ïðåäñòàâëåíû äàííûå, ïîëó÷åííûå íà ñà-
ìîëåòå ñ äâóìÿ äâèãàòåëÿìè Òó204 ÑÌ. Ñõåìà èñ-
ïûòàíèé ïðåäñòàâëåíà íà ðèñ. 2,á, äîïîëíèòåëüíûå
ñèëû ïî ñîîòíîøåíèÿì (7) íå âîñïðîèçâîäèëèñü.

Ñõåìà èñïûòàíèé ñàìîëåòà îòëè÷àëàñü áîëü-
øèì ÷èñëîì àêñåëåðîìåòðîâ [17], èçìåðåíèÿ ïðî-
âîäèëèñü â õîäå øòàòíûõ ðåçîíàíñíûõ èñïûòàíèé.

×àñòîòíûå õàðàêòåðèñòèêè ñàìîëåòà èçìåðåíû
êàê ïðè ïîî÷åðåäíîì ãàðìîíè÷åñêîì âîçáóæäå-
íèè êîëåáàíèé âåðòèêàëüíîé èëè ãîðèçîíòàëüíîé
ñèëàìè, òàê è äâóìÿ, ò.å. âðàùàþùåéñÿ ñèëîé,
âîñïðîèçâîäÿùåé èíåðöèîííóþ ñèëó.

Íà ðèñ. 6 ïðåäñòàâëåíû ÷àñòîòíûå õàðàêòåðè-
ñòèêè âåðòèêàëüíûõ óñêîðåíèé äâèãàòåëÿ âáëèçè
òî÷êè âîçáóæäåíèÿ â âèäå àìïëèòóä Re y , ñèíôàç-
íîãî ñ âîçáóæäåíèåì, è Im y , êâàäðàòóðíîãî
(ñäâèíóòîãî íà 90°) êîìïîíåíòîâ.

Ìàêñèìóìû óñêîðåíèé ïî÷òè îäèíàêîâû, íî
ïåðåìåùåíèÿ íà áîëüøåé ÷àñòîòå îêàçûâàþòñÿ
âòðîå ìåíüøå.

Êîëåáàíèÿ ÿâëÿþòñÿ ñóììîé ñèììåòðè÷íîãî è
àíòèñèììåòðè÷íîãî ñïåêòðà äëÿ ñàìîëåòà, ïî-

ñêîëüêó ñèëà ïðèëîæåíà ëèøü ê îäíîìó äâèãàòå-
ëþ. Ñîáñòâåííûå ÷àñòîòû ñèììåòðè÷íûõ è àíòè-
ñèììåòðè÷íûõ êîëåáàíèé äâèãàòåëåé ñîñòàâèëè
ñîîòâåòñòâåííî 2,55 è 2,77 Ãö äëÿ ãîðèçîíòàëüíûõ
êîëåáàíèé è 3,84 è 3,89 Ãö — äëÿ âåðòèêàëüíûõ,
ìàêñèìàëüíûå àìïëèòóäû ïåðåìåùåíèé íå ïðåâû-
øàëè 1 ìì.

Óñêîðåíèÿ, èçìåðåííûå ïðè ìîäåëèðîâàíèè
äèñáàëàíñà — ñ îäíîâðåìåííîì âîçáóæäåíèè êî-
ëåáàíèé âåðòèêàëüíîé è ãîðèçîíòàëüíîé ñèëàìè,
ïðåäñòàâëåíû íà ðèñ. 7.

Èçìåðåíèÿ ïðîâåäåíû íà äâèãàòåëå, äîãðóæåí-
íîì ìàññàìè ïîäâèæíûõ ñèñòåì âîçáóäèòåëåé,
ïîýòîìó àìïëèòóäû ñèë, ïðèëîæåííûõ íåïîñðåä-
ñòâåííî â òî÷êàõ âîçáóæäåíèÿ, ñóùåñòâåííî ìå-
íÿþòñÿ âáëèçè ðåçîíàíñíûõ ÷àñòîò. Ýòî èëëþñò-
ðèðóåòñÿ íà ðèñ. 8, àíàëîãè÷íîì, ïî ñóùåñòâó,
ïðåäñòàâëåííîìó â ðàáîòå [17], ãäå áûëè äàíû
÷àñòîòíûå õàðàêòåðèñòèêè â âèäå ìîäóëåé è ôà-
çîâûõ ñäâèãîâ ñèë âîçáóæäåíèÿ, èçìåðåííûõ äàò-
÷èêîì ñèëû â òî÷êà âîçáóæäåíèÿ äâèãàòåëåé. Èç-
ìåíåíèÿ ñèë äîñòèãàëè 10% ïðè ïîñòîÿííîé àì-
ïëèòóäå ñèëû, ïðèëîæåííîé ê ïîäâèæíîé ÷àñòÿì
âîçáóäèòåëÿ (íà ðèñ. 8 – äî 50%).

Ðèñ. 6. ×àñòîòíûå õàðàêòåðèñòèêè óñêîðåíèé äâèãàòåëÿ
ïðè âåðòèêàëüíîì âîçáóæäåíèè

Ðèñ. 7. ×àñòîòíûå õàðàêòåðèñòèêè óñêîðåíèé
äâèãàòåëÿ ïðè ìîäåëèðîâàíèè âðàùàþùåéñÿ ñèëû

Ðèñ. 8. ×àñòîòíàÿ õàðàêòåðèñòèêà ñèãíàëà
äàò÷èêà ñèëû
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Â ðàáîòå [17] ïðèâåäåíî òàêæå ñðàâíåíèå ÷à-
ñòîòíûõ õàðàêòåðèñòèê, ïîëó÷åííûõ êàê ïðè âîç-
áóæäåíèè êîëåáàíèé ñèëàìè, ìîäåëèðóþùèìè
äèñáàëàíñ ïðè îòðûâå ëîïàòêè, òàê è ñóììîé îä-
íîíàïðàâëåííûõ ñèëàìè âäîëü îñåé ó èëè z. Ìàê-
ñèìàëüíîå ðàñõîæäåíèå ÷àñòîòíûõ õàðàêòåðèñòèê
äîñòèãàëî ïî ìîäóëþ 60%. Â ïåðâóþ î÷åðåäü ýòî
ñâÿçàíî ñ íåëèíåéíîñòÿìè æåñòêîñòíûõ õàðàêòå-
ðèñòèê è ñâîéñòâ äåìïôèðîâàíèÿ êîíñòðóêöèè ñà-
ìîëåòà.

Îïûò ïîêàçàë, ÷òî âðåìÿ èçìåðåíèé âûíóæ-
äåííûõ êîëåáàíèé ñàìîëåòà ñ ìîäåëèðîâàíèåì
äèñáàëàíñà ñîñòàâëÿåò ïðàêòè÷åñêè íå áîëåå îä-
íîé ðàáî÷åé ñìåíû, ïðè óñëîâèè ïîëíîé ðàññòà-
íîâêè îáîðóäîâàíèÿ. Ýòî óñëîâèå èìååò ìåñòî ïðè
íàçåìíûõ ðåçîíàíñíûõ èñïûòàíèÿõ, êîòîðûå ÿâ-
ëÿþòñÿ îáÿçàòåëüíûìè äëÿ îïûòíûõ ñàìîëåòîâ.

Âûâîäû

1. Àíàëèç áåçîïàñíîñòè ïîëåòà ñàìîëåòà ïðè
îòðûâå ëîïàòêè äâèãàòåëÿ ïðîâîäèòñÿ ïî ðåçóëü-
òàòàì ðàñ÷åòà, êîòîðûé íóæäàåòñÿ â êîððåêòèðî-
âàíèè ïî äàííûì íàçåìíûõ èñïûòàíèé..

2. Ìåòîäèêà íàçåìíûõ èñïûòàíèé ñ ìîäåëèðî-
âàíèåì ñèë ïðè äèñáàëàíñå äâèãàòåëÿ ïîçâîëÿåò
âîñïðîèçâåñòè âûíóæäåííûå êîëåáàíèÿ ñàìîëåòà.
Îíè îòíîñÿòñÿ, â ÷àñòíîñòè, ê óñòàíîâèâøåìóñÿ
ðåæèìó ïîëåòà ñ âûêëþ÷åííûì äâèãàòåëåì, íî
âðàùàþùèìñÿ (ïîä äåéñòâèåì ñêîðîñòíîãî íàïî-
ðà) ðîòîðîì – ðåæèìó àâòîðîòàöèè.

3. Ðàññìîòðåíû: îñîáåííîñòè âîñïðîèçâåäåíèÿ
âðàùàþùåéñÿ èíåðöèîííîé ñèëû ïðè äèñáàëàí-
ñå ñðåäñòâ ýêñïåðèìåíòà, îñíîâíûå ñîîòíîøåíèÿ
è ãðàíèöû èõ ïðèìåíåíèÿ.

4. Îöåíêè äîñòîâåðíîñòè ìîäåëèðîâàíèÿ äèñ-
áàëàíñà ïîêàçàëè ïîãðåøíîñòè íàçåìíûõ èñïûòà-
íèé â ïðåäåëàõ 5%

5. Ìåòîäèêà àïðîáèðîâàíà ýêñïåðèìåíòàìè íà
ÄÏÌ è íàòóðíûõ ñàìîëåòàõ, äàíû ðåêîìåíäàöèè
åå äàëüíåéøåãî èñïîëüçîâàíèÿ.
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Abstract

The presented article is a generalization of works
relating to the ground reproduction of the force
impacts on the aircraft structure, on the part of the
engine with imbalance in case of the blade loss.

While ground testing the engine rotor does not
rotate, and rotating force is formed by the fixedly
installed vibration exciters. The immediate purpose of
the experiment consists in frequency characteristics
measuring, which associate the aircraft vibrations with
the excitation force from the engine rotor imbalance.
These characteristics are necessary for the
computational dynamic scheme correction of the
structure employed in loads computing in flight,
possibly prolonged, while the blade break-away over
the water surface. These computations are used for the
aircraft safety evaluation while the blade loss.

The article presents the testing technique and
facilities. The estimates of the modelling method
applicability and its trustworthiness are given for the
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first time. The text is supplemented by the examples
of real data of the tests.

The quantitative confirmation for the case of the
ground experiment is given in the applicability esteems
of the rotating inertial force reproduction by the
harmonic forces stationary in space. At the same time,
it was noted that the loads calculation while flight
fluctuations, with a high level of the engine
overloading, can not be based on either use of only
relative acceleration of the blade, or the approximate
theory of the gyroscope.

The circumstance of the experiment performing
while the compulsory routine tests prior to its first
flight was considered separately as practically the only
possible for the experiment under consideration. The
domestic tests on the aircraft with the engine blade loss
modelling performed for the first time revealed the
feasibility and possibility of their realization in
conditions of dire time deficit prior to the first flight.



60 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹2

Ïðî÷íîñòü è òåïëîâûå ðåæèìû ëåòàòåëüíûõ àïïàðàòîâ Strength and thermal conditions of flying vehicles

The presented details and features of the technique
allow apply them in the future in the practice of such
tests by the design bureau itself.

The main result is substantiation and practical
confirmation of the possibility of reproducing on the
ground the forced oscillations of an airplane after the
blade loss, and while the mandatory regular modal
tests.

Keywords: aircraft vibrarions, blade loss, engine
imbalance, experimental study.

References

1. Kuznetsov O.A., Smyslov V.I. Trudy TsAGI, issue 2714,
Moscow, Izdatel’skii otdel TsAGI, 2013, 34 p.

2. Aviatsionnye pravila. Chast’ 33. Normy letnoi godnosti
dvigatelei vozdushnykh sudov (Aviation regulations.
Part 33. Airworthiness standards of aircraft engines),
Moscow, Aviaizdat, 2004, 48 p.

3. Normy letnoi godnosti grazhdanskikh samoletov SSSR
(Airworthiness standards of the USSR civil aircraft),
Moscow, Mezhduved. komis. po normam letnoi
godnosti grazhd. samoletov i vertoletov SSSR, 1984,
464 p.

4. Aviatsionnye pravila. Chast’ 25. Normy letnoi godnosti
samoletov transportnoi kategorii (Aviation regulations.
Part 25. Airworthiness standards of transport category
aircraft), Moscow, Aviaizdat, 1994, 267 p.

5. Engine Windmilling Imbalance Loads - Final Report,
dated 1 July 1997. Aviation Rulemaking Advisory
Committee (ARAC) recommendations to the FAA.

6. Certification Specifications and Acceptable Means of
Compliance for Large Aeroplanes CS-25. Amendment 8,
18 December 2009.

7. JAA NPA 25E-306: Sustained Engine Imbalance,
published for consultation from 1 February – 1 May
2002NPA 2007-15 24 Oct 2007 Engine & Auxiliary
Power Unit (APU) failure loads and sustained engine
windmilling, 157 p.

8. Vibratsiya i udar. Izmerenie obshchei vibratsii i otsenka
ee vozdeistviya na cheloveka. Chast’ 1. Obshchie
trebovaniya. GOST 31191.1-2004. ISO 2631-1:1997
(Vibration and shock. Measurement and evaluation of
human exposure to whole-body vibration. Part 1.
General requirements. State Standard 31191.1-2004.
ISO 2631-1:1997), Moscow, Standartinform, 2008,
28 p.

9. Ivanteev V.I., Kuznetsov O.A., Emel’yanov V.I.,
Politov V.V., Steba M.A. Rukovodstvo dlya
konstruktorov, vol. 3, book 1, issue 7. Moscow, RDK
TsAGI, 1980, p. 73.

10. Kuznetsov O.A., Orlova T.I. Trudy TsAGI, issue 2675.
Moscow, TsAGI, 2007, pp. 85-90 (351 ð.).

11. Kuznetsov O.A. Dinamicheskie nagruzki na samolet
(Dynamic loads on the aircraft), Moscow, Fizmatlit,
2008, 264 p.

12. Kuznetsov O.A., Leontieva R.V. Dynamic loads on
aircraft due to engine imbalance at blade off. Report
IF-S5B. International Forum on Aeroelasticity and
Structural Dynamics IFASD-2013 (Bristol, United
Kingdom, 24-27 June 2013). Curran Associates, Inc.
2014, vol. 1, pp. 326-338.

13. Kuznetsov O.A., Smyslov V.I. Tekhnika Vozdushnogo
Flota, 1996, no. 3-4, pp. 18-24.

14. Kuznetsov O.A., Smyslov V.I. Uchenye zapiski TsAGI,
1999, vol. 30, no. 3-4, pp. 139-150.

15. Lubrina P. Ground vibration experiments on large civil
aircraft for engine imbalance purpose. International
Forum on Aeroelasticity and Structural Dynamics IFASD-
2003 (24-27 June 2003, Amsterdam).

16. Leont’eva R.V. Procedure of ground vibration
experiments on aircraft with simulating forces due to
engine imbalance at blade loss. 29th Congress of the
International Council of the Aeronautical Sciences,
St. Petersburg, September 7-12, 2014. Paper 0859.

17. Leont’eva R.V., Smyslov V.I. Uchenye zapiski TsAGI,
2016, vol. 47, no. 6, pp. 61-74.

18. Prodera modal analysis systems and software. Technical
articles. URL: http://www.prodera.com/uk/prodera_
articles.htm

19. Lur’e A.I. Analiticheskaya dinamika (Analytical
dynamics), Moscow, GIFML, 1961, 824 p.

20. Strelkov S.P. Mekhanika (Mechanics), Moscow,
Nauka, 1975, 560 p.

21. Kolesnikov K.S. (ed.) Kurs teoreticheskoi mekhaniki
(The course of theoretical mechanics), Moscow,
MGTU im. N.E. Baumana, 2002, 736 p.

22. Vibratsii v tekhnike. T. 5 “Izmereniya i ispytaniya”
(Vibrations in engineering. Vol. 5 “Measurements and
testing”), Moscow, Mashinostroenie, 1981, pp. 330-348.

23. Entsiklopediya “Mashinostroenie”. T. IV-21 “Samolety
i vertolety”, kn. 1 “Aerodinamika, dinamika poleta i
prochnost’”” (Encyclopedia “Machine building”. Vol.
IV-21 “Planes and helicopters”, book 1
“Aerodynamics, flight dynamics and strength”),
Moscow, Mashinostroenie, 2004, 800 p.

24. Heylen W., Lammens S., Sas P.  Modal Analysis. Theory
and Testing. Leuven, Belgium, KUL Press, 1997.

25. Bykov A.V. III Nauchno-prakticheskaya konferentsiya
molodykh uchenykh i spetsialistov “Issledovaniya i
perspektivnye razrabotki v aviatsionnoi promyshlennosti”.
Sbornik statei, Moscow, OKB Sukhogo, 2005, p. 527.

26. Bykov A.V., Parafes S.G., Smyslov V.I. Hardware and
software tools for computational and experimental
investigations of aircraft aeroelastic stability. Aerospace
MAI Journal, 2009, vol. 16, no. 5, pp. 56-63.

27. LMS International, http://www.lmsintl.com/
28. Zharov E.A., Smyslov V.I. Trudy TsAGI, issue 2219,

Moscow, TsAGI, 1984, pp. 60-74.


