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Ââåäåíèå

Îäíî èç îñíîâíûõ òðåáîâàíèé ê àâèàöèîí-
íûì ïðèâîäàì ñî ñòîðîíû ÎÀÎ «ÃÀÇÏÐÎÌ» –
ýòî ïîâûøåííûé ðåñóðñ. Çíà÷èìûì ôàêòîðîì,
âëèÿþùèì íà  ðåñóðñ ÃÏÀ, ÿâëÿåòñÿ óðîâåíü âèá-
ðàöèè, êîòîðûé îïðåäåëÿåòñÿ äåìïôèðîâàíèåì â
îïîðàõ. Ïîýòîìó äëÿ ïåðåäíåé îïîðû ðîòîðà ñâî-
áîäíîé òóðáèíû (ÑÒ) áûëà ðàçðàáîòàíà êîíñò-
ðóêöèÿ ãèäðîäèíàìè÷åñêîãî äåìïôåðà (ÃÄÄ) [1].
ÃÄÄ èìåþò ìàëóþ ìàññó è ãàáàðèòû, ïðîñòû â
èçãîòîâëåíèè, íàäåæíû è ýôôåêòèâíû ïðè ðà-
áîòå, èìåþò íåñêîëüêî êîíñòðóêòèâíûõ èñïîë-
íåíèé ñ ðàçíèöåé äåìïôèðóþùåé ñïîñîáíîñòè â
ñîòíè ðàç – âñå ýòî ïîçâîëÿåò ãèáêî ïðèìåíÿòü
èõ äëÿ êîíêðåòíûõ óñëîâèé ýêñïëóàòàöèè.

Ðàíåå èññëåäîâàëèñü êîëåáàíèÿ æåñòêîãî ðî-
òîðà â îïîðàõ ñ ÃÄÄ, îäíàêî, ðîòîð ðàññìàòðèâàëñÿ
ôàêòè÷åñêè êàê ìàòåðèàëüíàÿ òî÷êà [2].  Èññëåäî-
âàíèå äèíàìèêè æåñòêîãî ðîòîðà ÑÒ íà ïîäøèï-
íèêàõ êà÷åíèÿ ñ ÃÄÄ ñ ó÷åòîì ðåàëüíîé ãåîìåò-
ðèè ïîçâîëÿåò  âûáðàòü îïòèìàëüíóþ êîíñòðóê-
öèþ äåìïôåðà, ñïðîãíîçèðîâàòü ïîâåäåíèå ñèñòå-
ìû «ðîòîð-ïîäøèïíèêè» ïðè ýêñïëóàòàöèè è ÿâ-
ëÿåòñÿ âàæíîé çàäà÷åé óâåëè÷åíèÿ ðåñóðñà ÃÏÀ.

Äëÿ ðàññìîòðåíèÿ áûëà ïðèíÿòà ÑÒ äâèãàòå-
ëÿ ÍÊ-14ÑÒ-10, â îïîðû êîòîðîé âîçìîæíî óñ-
òàíîâèòü ÃÄÄ ñ ìèíèìàëüíûìè äîðàáîòêàìè
êîðïóñà ïîäøèïíèêîâ.

Ðàñ÷åòíàÿ ìîäåëü

Â îáùåì ñëó÷àå âûíóæäåííûå êîëåáàíèÿ çà-
âèñÿò îò ñòàòè÷åñêîé (ñìåùåíèå öåíòðà òÿæåñòè
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íåëèíåéíûõ òðàíñöåíäåíòíûõ óðàâíåíèé îòíîñèòåëüíî àìïëèòóä êîëåáàíèé â îáåèõ îïî-
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îò îñè âðàùåíèÿ) è äèíàìè÷åñêîé (íåñîâïàäå-
íèå ãëàâíîé öåíòðàëüíîé îñè èíåðöèè ñ îñüþ
âðàùåíèÿ) íåóðàâíîâåøåííîñòåé. Ðàññìîòðèì
ìàëûå êîëåáàíèÿ  ðîòîðà (ðèñ. 1) îêîëî ïîëîæå-
íèÿ ðàâíîâåñèÿ. Íåïîäâèæíóþ ñèñòåìó êîîðäè-
íàò OXYZ âûáèðàåì òàê, ÷òîáû åå íà÷àëî ñîâïàëî
ñ öåíòðîì ëåâîé êîðïóñíîé âòóëêè äåìïôåðà.

Ââîäèì äîïóùåíèÿ: óãëîâàÿ ñêîðîñòü ðîòîðà
ïîñòîÿííà è ðîòîð íå èìååò îñåâûõ ïåðåìåùåíèé.
Äàäèì ðîòîðó ïðîèçâîëüíîå ñìåùåíèå. Êîîðäè-
íàòû öåíòðà ìàññ ïðàâîé îïîðû îáîçíà÷èì  x1 è
y1, à ëåâîé - x2 è y2, êîîðäèíàòû öåíòðà ìàññ ðîòî-
ðà - õñ è óñ. Âàë ðàññìàòðèâàåòñÿ êàê àáñîëþòíî
æåñòêîå òåëî [3], ÷òî îñíîâàíî íà îïûòå ýêñïëóà-
òàöèè äàííîé ìàøèíû. Óãîë ìåæäó ïðîåêöèåé îñè
ðîòîðà íà ïëîñêîñòü yz è îñüþ OZ íàçîâåì α2;
óãîë ìåæäó îñüþ ðîòîðà è åå ïðîåêöèåé íà ïëîñ-
êîñòü xz îáîçíà÷èì α1. Ïîëîæåíèå îïîð îïðåäå-
ëÿåòñÿ ðàññòîÿíèÿìè L  ìåæäó íèìè è l1, l2  - îò
ñîîòâåòñòâóþùåé îïîðû äî öåíòðà ìàññ.

Åñëè  îáîçíà÷èòü  ÷åðåç õ è ó êîîðäèíàòû
òî÷êè ãåîìåòðè÷åñêîé îñè ðîòîðà, ëåæàùåé íà
ïåðåñå÷åíèè  ýòîé îñè ñ ïëîñêîñòüþ, ïåðïåíäè-
êóëÿðíîé ê îñè âðàùåíèÿ  è ïðîõîäÿùåé  ÷åðåç
öåíòð ìàññ ðîòîðà, òî êîîðäèíàòû öåíòðà ìàññ
áóäóò:

txxC ωcos⋅∆+=

tyyC ωsin⋅∆+= ,

ãäå ∆ - ñìåùåíèå öåíòðà ìàññ îòíîñèòåëüíî
ãåîìåòðè÷åñêîãî öåíòðà, ω – ÷àñòîòà âðàùåíèÿ,
t - âðåìÿ.
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Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà ðîòîðà ÑÒ

Âûðàçèì êîîðäèíàòû öåíòðà ìàññ è óãëû ÷å-
ðåç íåçàâèñèìûå êîîðäèíàòû x1,  y1, x2,  y2:
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èíåðöèè [4] ìîæíî íàïèñàòü äâà äèôôåðåíöè-
àëüíûõ óðàâíåíèÿ:
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öèàëüíûå ñîñòàâëÿþùèå óñèëèÿ â äåìïôåðàõ
ïîäøèïíèêîâ 1-é è 2-é îïîð; C1, C2 - æåñòêîñ-
òè óïðóãèõ ýëåìåíòîâ äåìïôåðîâ 1-é è 2-é îïîð;
m - ìàññà ðîòîðà ÑÒ.

Óñèëèÿ â ÃÄÄ ÿâëÿþòñÿ ñëîæíûìè íåëèíåé-
íûìè ôóíêöèÿìè îò ïåðåìåùåíèÿ è îïðåäåëÿ-
ëèñü ñ ó÷åòîì êîíâåêòèâíûõ ñèë èíåðöèè ñìà-
çî÷íîãî ñëîÿ ïî ìåòîäèêå, èçëîæåííîé â ðàáîòå
[5]. Ïîäñòàâèâ íàéäåííûå çíà÷åíèÿ  õñ è óñ â
äèôôåðåíöèàëüíûå óðàâíåíèÿ, ïîëó÷èì:
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Ïåðåõîäèì ê ñîñòàâëåíèþ  äèôôåðåíöèàëü-
íûõ óðàâíåíèé  ìàëûõ êîëåáàíèé ðîòîðà âîêðóã
ãëàâíûõ öåíòðàëüíûõ îñåé èíåðöèè. Ãëàâíûå
ìîìåíòû êîëè÷åñòâà äâèæåíèÿ ñèñòåìû ñ òî÷íî-
ñòüþ äî ìàëûõ âåëè÷èí  ïåðâîãî ïîðÿäêà ìàëî-
ñòè âêëþ÷èòåëüíî áóäóò:

21 ωαα PTX IIL += & ;

12 ωαα PTY IIL −= & ;

ωPZ IL = ,
ãäå Ip è  IT - ñîîòâåòñòâåííî ïîëÿðíûé è

ïîïåðå÷íûé ìîìåíòû èíåðöèè îòíîñèòåëüíî öåí-
òðà ìàññ ðîòîðà.

Èñïîëüçóÿ òåîðåìó îá èçìåíåíèè ãëàâíîãî
ìîìåíòà êîëè÷åñòâà äâèæåíèÿ  â îòíîñèòåëüíîì
äâèæåíèè ê öåíòðó èíåðöèè [4] è ïîäñòàâëÿÿ
âûðàæåíèå (1) ïîëó÷àåì:
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Äëÿ ðåøåíèÿ óðàâíåíèé (2) – (5), êîòîðûå ïðåä-
ñòàâëÿþò ìàëûå êîëåáàíèÿ ðîòîðà, óäîáíî ïåðåéòè
ê ïîëÿðíûì êîîðäèíàòàì (å, ϕ), êîòîðûå ñâÿçàíû ñ
äåêàðòîâûìè êîîðäèíàòàìè ñîîòíîøåíèÿìè:
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Äèôôåðåíöèðóÿ âûðàæåíèÿ (6) äâàæäû ïî
âðåìåíè è ïîäñòàâëÿÿ ðåçóëüòàòû â óðàâíåíèÿ
(2) – (5), ïîëó÷èì ñèñòåìó èç 4-õ íåëèíåéíûõ
óðàâíåíèé äâèæåíèÿ æåñòêîãî ðîòîðà ñ ÷åòûðü-
ìÿ ñòåïåíÿìè ñâîáîäû íà îïîðàõ ñ ÃÄÄ. Ðàñ-
ñìîòðèì ñëó÷àé ïðÿìîé ñèíõðîííîé ïðåöåññèè:

0

2121

;0;
;0;0

ϕωϕϕωϕ +===
====
t

eeee
&&&

&&&&&&

,

ãäå 0ϕ  – ïîñòîÿííàÿ èíòåãðèðîâàíèÿ, îïðåäå-

ëÿþùàÿ ñäâèã ôàç ìåæäó âîçáóæäàþùåé ñèëîé
Fö=Ì∆ω2 è âûçûâàåìûì åþ ïåðåìåùåíèÿì âèá-
ðàòîðà e. Ñ ó÷åòîì ýòèõ äîïóùåíèé óðàâíåíèÿ
(2) – (5) ïðèìóò âèä:
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Ñèñòåìà (7) ÿâëÿåòñÿ ñèñòåìîé äâóõ íåëèíåé-
íûõ òðàíñöåíäåíòíûõ óðàâíåíèé îòíîñèòåëüíî
èñêîìûõ àìïëèòóä êîëåáàíèé å1 è å2. Àíàëèòè-
÷åñêè ðåøèòü åå íåâîçìîæíî, ïîýòîìó âîñïîëüçó-
åìñÿ ìåòîäîì ÷èñëåííîãî ðåøåíèÿ â ñðåäå ìàòå-
ìàòè÷åñêîãî ïàêåòà MATLAB. Ñîñòàâëåííàÿ ïðî-
ãðàììà ïîçâîëÿåò îñóùåñòâëÿòü ïîèñê âñåõ êîð-
íåé â çàäàííîì äèàïàçîíå èçìåíåíèÿ èññëåäóå-
ìûõ ïàðàìåòðîâ. Íà÷àëüíûå ïàðàìåòðû çàäàâàëèñü
èç ðåøåíèÿ çàäà÷è î êîëåáàíèÿõ æåñòêîãî ðîòîðà
ÑÒ íà ÃÄÄ êàê ìàòåðèàëüíîé òî÷êè èç ðàáîòû [2].

Àíàëèç ðåçóëüòàòîâ

Ïî èçëîæåííîé ìåòîäèêå áûëè îïðåäåëåíû
àìïëèòóäíî-÷àñòîòíûå õàðàêòåðèñòèêè (À×Õ)
ðîòîðà ÑÒ (ðèñ. 1). Èñõîäíûå äàííûå äëÿ ðàñ÷åòà:

кгm 255= , 9
21 10== CC , мL 465,0= , мl 036,01 = ,

мl 501,02 = , 2489,5 мкгIP = , ðàáî÷àÿ ÷àñòîòà âðà-

ùåíèÿ секрадРАБ /860=ω , 2291,19 мкгIТ = . Ìîìåíòû
èíåðöèè è ìàññà ïîëó÷åíû ïî òðåõìåðíîé ìîäå-
ëè ðîòîðà, îñòàëüíûå ïàðàìåòðû âçÿòû èç ÷åðòå-
æåé ñåðèéíîé ÑÒ.

Ðåçóëüòàòû ðàñ÷åòîâ ïðåäñòàâëåíû íà  ðèñ. 2, à, á,
ãäå   âåðõíèé ðèñóíîê (à) - ýòî À×Õ æåñòêîãî
ðîòîðà ñ ÃÄÄ,  à íèæíèé (á) - çàâèñèìîñòü êî-
ýôôèöèåíòà ïåðåäà÷è µ, ïîêàçûâàþùåãî, âî ñêîëü-
êî ðàç óñèëèå, ïåðåäàâàåìîå íà  êîðïóñ ÷åðåç äåì-
ïôåð, áîëüøå ñòàòè÷åñêîé íåóðàâíîâåøåííîñòè
ðîòîðà îò áåçðàçìåðíîé ÷àñòîòû âðàùåíèÿ

РАБωωω = .  Ïî îñè îðäèíàò äëÿ âñåõ âåðõíèõ
ãðàôèêîâ ïîêàçàíà áåçðàçìåðíàÿ àìïëèòóäà êî-
ëåáàíèé ε = å/δ0, ãäå δ0  - çàçîð â äåìïôåðå.
Ñïëîøíîé ëèíèåé ïîêàçàíû ðåçóëüòàòû ðàñ÷åòà
äëÿ ïåðâîé îïîðû, à øòðèõîâîé ëèíèåé äëÿ  âòî-
ðîé îïîðû.  Ðàñ÷åò ïðîèçâåäåí áåç ó÷åòà âëèÿíèÿ
èíåðöèè æèäêîñòè (ïàðàìåòð èíåðöèè

0
2
0 / µρωδ=σ , ãäå µ0 - äèíàìè÷åñêàÿ âÿçêîñòü

æèäêîñòè, ρ  - ïëîòíîñòü æèäêîñòè) è ïðè îò-
íîñèòåëüíîì äèñáàëàíñå  U = ∆δ0 = 0,3. Ïðè ðàñ-
÷åòàõ âàðüèðîâàëñÿ òîëüêî  ïàðàìåòð äåìïôèðî-
âàíèÿ

3

0

0

4 







=

δω
µ B

РАБ

L
m
DB ,

ãäå D - äèàìåòð âèáðàòîðà, LÂ  - äëèíà âèáðàòîðà.
Àíàëèç ðèñ. 2 ïîêàçûâàåò, ÷òî êàê íà À×Õ (ðèñ. 2, à),

òàê è íà  çàâèñèìîñòè êîýôôèöèåíòà ïåðåäà÷è îò
÷àñòîòû (ðèñ. 2,9) èìåþòñÿ ó÷àñòêè, êîòîðûå ìîæíî
òðàêòîâàòü êàê ñðûâû, èëè èçëîìû õàðàêòåðèñòèê.
Ýòè ó÷àñòêè ïîÿâëÿþòñÿ òîëüêî ïðè áîëüøèõ çíà-
÷åíèÿõ îòíîñèòåëüíîãî äèñáàëàíñà U  = 0,3 è ìàëûõ
çíà÷åíèÿõ ïàðàìåòðà äåìïôèðîâàíèÿ Â = 0,005. Ðå-
çóëüòàòû ðàñ÷åòîâ ïðè äðóãèõ çíà÷åíèÿõ çäåñü íå
ïðèâåäåíû â ñèëó îãðàíè÷åííîñòè îáúåìà ñòàòüè.

à

á

Ðèñ.  2.  Ðåçóëüòàò ðàñ÷åòà ðîòîðà ÑÒ äëÿ êîðîòêîãî ÃÄÄ

ïðè ïîëíîì îõâàòå 3.0;005.0;0 ===σ UB
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Êîíñòðóêöèÿ è ïðî÷íîñòü

Ïîäáîðîì âåëè÷èíû äåìïôèðîâàíèÿ ìîæíî
äëÿ çàäàííîãî óðîâíÿ äèñáàëàíñà ñïðîåêòèðîâàòü
ÃÄÄ, îáåñïå÷èâàþùèé òðåáóåìóþ âåëè÷èíó àì-
ïëèòóäû êîëåáàíèé è êîýôôèöèåíòà ïåðåäà÷è.
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Ä.Ê. Íîâ³êîâ, Ê.Í. ×ààäàºâ. Äèíàì³êà ðîòîðà ÃÒÄ ç óðàõóâàííÿì íåë³í³éíîñò³ äåìï-
ôåð³â îïîð

Ðîçãëÿíóòî çàâäàííÿ çá³ëüøåííÿ ðåñóðñó â³ëüíî¿ òóðá³íè çà ðàõóíîê âïðîâàäæåííÿ ã³äðî-
äèíàì³÷íèõ äåìïôåð³â â øòàòíó êîíñòðóêö³þ îïîðè. Ñêëàäåí³ äèôåðåíö³àëüí³ ð³âíÿííÿ
ðóõó ðîòîðà ç óðàõóâàííÿì éîãî êîíñòðóêòèâíèõ îñîáëèâîñòåé. Ã³äðîäèíàì³÷í³ ñèëè â
äåìïôåð³ çàïèñàí³ â íåë³í³éíîìó âèãëÿä³ ùîäî ïåðåì³ùåíü. Ð³øåííÿ âåëîñÿ â ïðèïóùåíí³
ïðÿì³é ñèíõðîíí³é ïðåöåñ³¿ ðîòîðà. Â ðåçóëüòàò³ îòðèìàíî ñèñòåìó äâîõ íåë³í³éíèõ òðàíñ-
öåíäåíòíèõ ð³âíÿíü ùîäî àìïë³òóä êîëèâàíü â îáîõ îïîðàõ. Ñèñòåìà âèð³øóâàëàñÿ ÷èñåëü-
íî çàñîáàìè ïàêåòà MATLAB. Îòðèìàíî, ùî íà ïåâíèõ ÷àñòîòíèõ ðåæèìàõ ìîæóòü
âèíèêàòè íåë³í³éí³ åôåêòè, ùî âèðàæàþòüñÿ â ÿâèù³ çðèâà  àìïë³òóäíî-÷àñòîòíî¿ õàðàê-
òåðèñòèêè. Îñíîâíèì ôàêòîðîì, ùî âïëèâàº íà ö³ åôåêòè, º âåëè÷èíà äèñáàëàíñó, ùî ä³º â
ñèñòåì³, ³ äåìïô³ðóâàííÿ. Íàâåäåíî ðåçóëüòàòè ðîçðàõóíêó âèìóøåíèõ êîëèâàíü ñèñòåìè ³
äàíî àíàë³ç äîö³ëüíîñò³ ìîäåðí³çàö³¿ îïîð òóðá³íè.

Êëþ÷îâ³ ñëîâà: àïàðàò ãàçîïåðåêà÷óâàëüíèé, äåìïôåð ã³äðîäèíàì³÷íèé, äèíàì³êà,
íåë³í³éí³ñòü, îïòèì³çàö³ÿ, ðåñóðñ, ðîòîð, òóðá³íà â³ëüíà.

D.K. Novikov, K.N. Chaadaev. GTE rotor dynamics with accounting for nonlinear damper
supports

The problem of increasing the share of the power turbine due to the introduction of the
hydrodynamic design of dampers in a full-time support. Made differential equations of motion of
the rotor based on its design features. Hydrodynamic forces in the damper are written in the form
of relatively non-linear displacements. The solution was carried out under the assumption of
direct synchronous precession of the rotor. The result is a system of two nonlinear transcendental
equations for the amplitudes of the oscillations in both poles. The system was solved numerically
by means of MATLAB. It was found that in certain frequency regimes can arise nonlinear effects
lead to the phenomenon of failure of the amplitude-frequency characteristics. The main factor
influencing these effects is the magnitude of the imbalance, the current system, and damping. The
results of calculation of forced vibrations of the system and analyzes the feasibility of upgrading
the power turbine towers.

Key words: gas compressor unit, the hydrodynamic damping, dynamic, nonlinear, optimization,
resource, rotor, power  turbine.




