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Ââåäåíèå

Ìîùíûå ýíåðãîäâèãàòåëüíûå óñòàíîâêè îò-
ëè÷àþòñÿ îò ïðî÷èõ, êàê ïðàâèëî, íàëè÷èåì â
ñâî¸ì ñîñòàâå ýëåìåíòîâ, óçëîâ è êîíñòðóêöèé,
ñâÿçàííûõ ñ ìîùíûìè òóðáîìàøèíàìè è ãàçî-
ãåíåðàòîðàìè. Äëÿ âûðàáîòêè ýëåêòðè÷åñòâà –
ýòî òóðáîãåíåðàòîðû, äëÿ óòèëèçàöèè âðåäíûõ
îòõîäîâ – ýòî ìîùíûå ïëàçìîòðîíû è ðàêåòíûå
äâèãàòåëè, äëÿ ñèñòåì âåíòèëÿöèè – âîçäóøíî-
ðåàêòèâíûå äâèãàòåëè.

Òàêèå ýíåðãåòè÷åñêèå óñòàíîâêè âûñîêî íà-
ãðóæåíû êàê â ìåõàíè÷åñêîì, òàê è â òåïëîâîì
îòíîøåíèè. Îãðîìíûå îáîðîòû âàëîâ òóðáèí,
ñâåðõâûñîêèå òåìïåðàòóðû, ñâåðõ-, à ïîðîé è
ãèïåðçâóêîâûå ñêîðîñòè èñòå÷åíèÿ. Ýòè óñëîâèÿ
î÷åíü æ¸ñòêî âîçäåéñòâóþò íà êîíñòðóêöèþ,
èñïûòûâàÿ åå íà ïðî÷íîñòü, óñòîé÷èâîñòü è äîë-
ãîâå÷íîñòü. Ðàçëè÷íûå ôîðìû âîçäåéñòâèÿ ìî-
ãóò ïðèâîäèòü ê ðàçðóøåíèþ êîíñòðóêöèè. Îä-
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Ðàññìîòðåíû âîïðîñû, ñâÿçàííûå ñ èññëåäîâàíèåì äîïîëíèòåëüíîé âîçìîæíîñòè ïîâûøåíèÿ êà÷åñòâà
ìîùíûõ ýíåðãîäâèãàòåëüíûõ óñòàíîâîê. Öåëü èññëåäîâàíèÿ – ïîñòàíîâêà çàäà÷è ïðîãíîçà âûñîêî÷àñòîòíîé
íåóñòîé÷èâîñòè òàêèõ óñòàíîâîê íà ïðèìåðå òóðáîíàñîñíîãî àãðåãàòà æèäêîñòíîãî ðàêåòíîãî äâèãàòåëÿ, îïðå-
äåëåíèå ïàðàìåòðîâ íåóñòîé÷èâîñòè â ýòîì óçëå è òðåáóåìîãî ñîîòíîøåíèÿ ïàðàìåòðîâ òóðáóëåíòíîãî ãàçîâî-
ãî ïîëÿ, à òàêæå ôîðìàëèçàöèÿ óñëîâèÿ àâòîìàòè÷åñêîãî êîíòðîëÿ âèáðàöèé öèôðîâûìè ìåòîäàìè ìíîãîñòó-
ïåí÷àòîãî äèñêðåòíîãî ïðåîáðàçîâàíèÿ Ôóðüå áåç âûïîëíåíèÿ àïïàðàòíî çàòðàòíûõ îïåðàöèé óìíîæåíèÿ.
Îïðåäåëåíû ïàðàìåòðû íåóñòîé÷èâîñòè è òðåáóåìîå ñîîòíîøåíèå ïàðàìåòðîâ òóðáóëåíòíîãî ãàçîâîãî ïîëÿ.
Îïèñàíû ïðèíöèïû äèàãíîñòèêè âèáðàöèé æèäêîñòíûõ ðàêåòíûõ äâèãàòåëåé íà ïðèìåðå òóðáîíàñîñíîãî àã-
ðåãàòà öèôðîâûìè ìåòîäàìè ìíîãîñòóïåí÷àòîãî äèñêðåòíîãî ïðåîáðàçîâàíèÿ Ôóðüå. Ïðèâåäåíû ôîðìóëû ýòîãî
ïðåîáðàçîâàíèÿ ðàçíîñòíûìè öèôðîâûìè ôèëüòðàìè.

Êëþ÷åâûå ñëîâà: òóðáîíàñîñíûé àãðåãàò, âûñîêî÷àñòîòíàÿ íåóñòîé÷èâîñòü, äèàãíîñòèêà âèáðàöèé, ðàçíî-
ñòíàÿ ôèëüòðàöèÿ, òóðáóëåíòíûé ïîòîê, öèôðîâîé ñèãíàë.

íèì èç íàèáîëåå îïàñíûõ âèäîâ íàãðóæåíèÿ ÿâ-
ëÿåòñÿ âèáðàöèÿ. Îíà ñïîñîáíà ëîìàòü êîíñòðóê-
öèè, ðàçðóøàòü ñâàðíûå øâû, íàðóøàòü ãåðìå-
òè÷íîñòü áîëòîâûõ è ôëàíöåâûõ ñîåäèíåíèé.
Âèáðàöèÿ ìîæåò ïðîñòî ðàçðóøàòü ìàòåðèàë, åãî
êðèñòàëëè÷åñêóþ ðåø¸òêó, òåì ñàìûì äåëàòü
êîíñòðóêöèþ íåðàáîòîñïîñîáíîé. Îñîáåííî
îïàñíû âûñîêî÷àñòîòíûå (Â×) âèáðàöèè.

Âèáðàöèè ìîãóò ïîÿâëÿòüñÿ â ñâÿçè ñ ðàçëè÷-
íûìè ïðè÷èíàìè. Ýòî ìîæåò áûòü ìåæëîïàòî÷-
íàÿ ñêâàæíîñòü â òóðáèíàõ è ëîïàòî÷íûõ íàñî-
ñàõ, ýêñöåíòðèêè, ïåðèîäè÷åñêè âîçäåéñòâóþùèå
íà êîíñòðóêöèþ, íî ñàìîå îïàñíîå – âîçíèêíî-
âåíèå Â×-íåóñòîé÷èâîñòè âíóòðè ðàáî÷åé ïîëî-
ñòè àïïàðàòîâ, ïðîêà÷èâàþùèõ ÷åðåç ñåáÿ ðàáî-
÷åå òåëî: ãàç, æèäêîñòü, äâóõôàçíóþ ñóáñòàíöèþ
ñ êàïëÿìè èëè òâ¸ðäûìè ÷àñòèöàìè. Â×-íåóñòîé-
÷èâîñòü ìîæåò âîçíèêíóòü âíóòðè òóðáîíàñîñíî-
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ãî àãðåãàòà (ÒÍÀ), âíóòðè ãåíåðàòîðîâ õîëîäà
Ðàíêà—Õèëøà, ãàçîãåíåðàòîðîâ è ïðî÷.

Íàèáîëåå ÷àñòî Â×-íåóñòîé÷èâîñòü ïðîÿâëÿ-
åòñÿ ïðè îòðàáîòêå íîâûõ è ïåðñïåêòèâíûõ ðà-
êåòíûõ äâèãàòåëåé. Ýòî ïåðâàÿ è îñíîâíàÿ ïðî-
áëåìà â æèäêîñòíîì ðàêåòíîì äâèãàòåëå (ÆÐÄ).
Â ðàêåòíîì äâèãàòåëå òâ¸ðäîãî òîïëèâà (ÐÄÒÒ)
òàêîé ïðîáëåìû íåò â ñèëó ïåðåìåííîñòè ñâîáîä-
íîãî îáú¸ìà êàìåðû. Äëÿ Â×-óñòîé÷èâîñòè íå-
îáõîäèìî íàëè÷èå ïîñòîÿííîãî ñâîáîäíîãî îáú¸-
ìà äëÿ óñòàíîâëåíèÿ ïîñòîÿííîãî óñòîé÷èâîãî
ðåæèìà òóðáóëåíòíîñòè. Ýòî àêòóàëèçèðóåò èñ-
ñëåäîâàíèå äîïîëíèòåëüíîé âîçìîæíîñòè óñòà-
íîâëåíèÿ ïîñòîÿííîãî óñòîé÷èâîãî ðåæèìà òóð-
áóëåíòíîñòè ïðè óâåëè÷åíèè ñêîðîñòè òå÷åíèÿ
æèäêîñòè èëè ãàçà, êîãäà îáðàçóþòñÿ íåëèíåéíûå
ôðàêòàëüíûå âîëíû [1—4]. Äëÿ ðàñ÷¸òà ïîäîáíûõ
òå÷åíèé áûëè ñîçäàíû ðàçëè÷íûå ïðîãðàììíûå
êîìïëåêñû òóðáóëåíòíîñòè [5—7]. Èìåííî òóð-
áóëåíòíîñòü îòâå÷àåò çà Â×-íåóñòîé÷èâîñòü, à
çíà÷èò è çà âîçíèêíîâåíèå âèáðàöèé. Ïîýòîìó
èçó÷åíèå ïðè÷èí âîçíèêíîâåíèÿ âèáðàöèé ñëå-
äóåò íà÷èíàòü ñ ôèçèêè ïîÿâëåíèÿ Â×-íåóñòîé-
÷èâîñòè [8—11].

Àíàëîãè÷íàÿ ñèòóàöèÿ ñîçäàåòñÿ â ÒÍÀ. Íà-
ëèöî ïðèñóòñòâèå âñåõ àòðèáóòîâ ïîÿâëåíèÿ Â×-
íåóñòîé÷èâîñòè. Ýòî âîçìîæíîñòü ïðåâûøåíèÿ
êðèòåðèÿ óñòîé÷èâîñòè Ôèëèíà—Çåíèíà, îïðå-
äåëÿþùåãî ïîÿâëåíèå íåóñòîé÷èâîñòè è ïîñòî-
ÿíñòâî ñâîáîäíîãî îáúåìà âíóòðè ÒÍÀ. Êîñâåí-
íûì ïðèçíàêîì ìîæíî ñ÷èòàòü, ÷òî â ÒÍÀ ÷àñ-
òî âîçíèêàåò òóðáóëåíòíîå òå÷åíèå.

Âèáðîäèàãíîñòèêó ìîùíûõ ýíåðãîäâèãà-
òåëüíûõ óñòàíîâîê ìîæíî è äîëæíî îáåñïå÷èòü
ïðîãðàììíî-àïïàðàòíûìè ñðåäñòâàìè öèôðîâîé
îáðàáîòêè ñèãíàëîâ ñ äàò÷èêîâ-ñèãíàëèçàòîðîâ
ìåòîäàìè öèôðîâîé ôèëüòðàöèè è äèñêðåòíîãî
ïðåîáðàçîâàíèÿ Ôóðüå (ÄÏÔ) òàêèõ ñèãíàëîâ
[12—14]. Ñîâðåìåííûé óðîâåíü ýëåìåíòíîé áàçû
ìèêðîýëåêòðîíèêè ïîçâîëÿåò ðåàëèçîâàòü ýòè
ìåòîäû íà öèôðîâûõ ñèãíàëüíûõ ïðîöåññîðàõ è
ïðîãðàììèðóåìûõ ëîãè÷åñêèõ èíòåãðàëüíûõ ñõå-
ìàõ (ÏËÈÑ) [15—18]. Ïðèìåíåíèå ÏËÈÑ äëÿ
ïðîãðàììíî-àïïàðàòíîãî îáåñïå÷åíèÿ âèáðîäè-
àãíîñòèêè ñïîñîáñòâóåò àíýððîðèêå ñïåêòðàëü-
íîãî àíàëèçà âèáðàöèé ðåêóððåíòíûìè ìåòîäà-
ìè äåäóêòèâíîé îáðàáîòêè öèôðîâûõ ñèãíàëîâ
íà îñíîâå ìíîãîñòóïåí÷àòîãî ÄÏÔ [19, 20]. Òåð-
ìèíîì «àíýððîðèêà» (îò ëàò. «errare») ïðèìåíè-
òåëüíî ê òàêîé äåäóêòèâíîé îáðàáîòêå öèôðîâûõ
ñèãíàëîâ îïðåäåëÿåòñÿ àêòèâíûé ïðîöåññ ñíèæå-
íèÿ óðîâíÿ îøèáîê öèôðîâîé îáðàáîòêè ñèãíà-

ëîâ ïðè çàäàíèè ðàçëè÷íûõ çíà÷åíèé öåëî÷èñ-
ëåííûõ ðàçíîñòíûõ êîýôôèöèåíòîâ öèôðîâûõ
ðàçíîñòíûõ ôèëüòðîâ, ïðèìåíÿåìûõ äëÿ ìíîãî-
ñòóïåí÷àòîãî ÄÏÔ [21]. Òàêàÿ àíýððîðèêà ñíè-
æàåò ïîãðåøíîñòü àâòîìàòè÷åñêîãî êîíòðîëÿ
âèáðàöèé ïðè ýêîíîìèè âû÷èñëèòåëüíîãî ðåñóð-
ñà ÏËÈÑ-ðåàëèçàöèè àïïàðàòíî-ïðîãðàììíîãî
îáåñïå÷åíèÿ âèáðîäèàãíîñòèêè [13].

Öåëü è ìåòîäû

Öåëü íàñòîÿùåãî èññëåäîâàíèÿ – ïîñòàíîâ-
êà çàäà÷è ïðîãíîçà Â×-íåóñòîé÷èâîñòè ìîùíûõ
ýíåðãîäâèãàòåëüíûõ óñòàíîâîê íà ïðèìåðå ÒÍÀ
ÆÐÄ, îïðåäåëåíèå ïàðàìåòðîâ íåóñòîé÷èâîñòè
ýòîãî àïïàðàòà è òðåáóåìîãî ñîîòíîøåíèÿ ïàðà-
ìåòðîâ òóðáóëåíòíîãî ãàçîâîãî ïîëÿ, à òàêæå
ôîðìàëèçàöèÿ óñëîâèÿ àâòîìàòè÷åñêîãî êîíòðî-
ëÿ âèáðàöèé òàêèõ äâèãàòåëåé öèôðîâûìè ìåòî-
äàìè ìíîãîñòóïåí÷àòîãî ÄÏÔ áåç âûïîëíåíèÿ
àïïàðàòíî çàòðàòíûõ îïåðàöèé óìíîæåíèÿ. Èñ-
ñëåäîâàíèå ïðîâîäèëîñü ìåòîäàìè ïðîãðàììíîãî
ìîäåëèðîâàíèÿ àëãîðèòìà êîíòðîëÿ óðîâíÿ âèá-
ðàöèé ÆÐÄ öèôðîâûìè ìåòîäàìè ìíîãîñòóïåí-
÷àòîãî ÄÏÔ. Ñóùíîñòü ìîäåëèðîâàíèÿ çàêëþ÷à-
åòñÿ â ïðîãðàììíîé ðåàëèçàöèè ìåòîäîâ îöåíêè
óðîâíåé ãàðìîíèê öèôðîâûõ ñèãíàëîâ ñ äàò÷è-
êà àìïëèòóäû êîëåáàíèé ïóò¸ì èõ ìíîãîñòóïåí-
÷àòîãî ÄÏÔ ìíîãîïîëîñíîé ôèëüòðàöèåé ðàçíî-
ñòíûìè öèôðîâûìè ôèëüòðàìè (ÖÔ).

Ïîñòàíîâêà çàäà÷è ïðîãíîçà Â×-íåóñòîé÷èâîñòè
íà ïðèìåðå ÒÍÀ ÆÐÄ

Îñíîâíàÿ ïðîáëåìà ÆÐÄ ñòèìóëèðîâàëà ïðî-
ãðåññ â åå ðåøåíèè [2, 3]. Áûëî óñòàíîâëåíî, ÷òî
Â×-íåóñòîé÷èâîñòü – ýòî àâòîêîëåáàòåëüíûé
ïðîöåññ, êîòîðûé õàðàêòåðèçóåòñÿ áàëàíñîì äèñ-
ñèïàòèâíûõ è äèñïåðñíûõ ñèë â êîëåáàòåëüíîé
ñèñòåìå, à ñàì àâòîêîëåáàòåëüíûé ïðîöåññ ïðåä-
ñòàâëÿåò ñîáîé âûíóæäåííûå ãàðìîíè÷åñêèå êî-
ëåáàíèÿ. Ýòîò ïðîöåññ íåëèíåéíûé è ìîæåò ðå-
àëèçîâàòüñÿ òîëüêî â íåãàìèëüòîíîâûõ ñèñòåìàõ.

Î÷åíü ñåðüåçíîé îøèáêîé ÿâëÿåòñÿ ïîíÿòèå
ëèíåéíîé íåóñòîé÷èâîñòè. Â ðàáîòå [22] äàåòñÿ
òî÷íîå îïðåäåëåíèå ïîíÿòèÿ àâòîêîëåáàíèÿ.
«Àâòîêîëåáàíèÿ — ýòî íåçàòóõàþùèå êîëåáàíèÿ,
ïîääåðæèâàåìûå âíåøíèìè èñòî÷íèêàìè ýíåð-
ãèè â íåëèíåéíîé äèññèïàòèâíîé ñèñòåìå, âèä è
ñâîéñòâà êîòîðûõ îïðåäåëÿþòñÿ ñàìîé ñèñòåìîé
è íå çàâèñÿò îò íà÷àëüíûõ óñëîâèé.

Â ëèíåéíîé ñèñòåìå àâòîêîëåáàíèé áûòü íå
ìîæåò, äàæå åñëè â íåé èìååò ìåñòî îòðèöàòåëü-
íîå çàòóõàíèå.
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Äëÿ àâòîêîëåáàíèé ñâÿçü ìåæäó èñòî÷íèêîì
ýíåðãèè è êîëåáàòåëüíûì ýëåìåíòîì äîëæíà
áûòü íåëèíåéíîé».

Âåðíåìñÿ ê ïîñòàíîâêå çàäà÷è î Â×-íåóñòîé-
÷èâîñòè â ÒÍÀ. Îíà îñíîâûâàåòñÿ íà ðåøåíèè
óðàâíåíèé Íàâüå—Ñòîêñà â ïîëíîé ïîñòàíîâêå.
Íî íå íàïðÿìóþ, òàê êàê ýòà çàäà÷à íà ñåãîäíÿø-
íèé äåíü íåïîäúåìíàÿ, îíà ðåøàåòñÿ ñ ïîìîùüþ
ïðåäâàðèòåëüíûõ âåêòîðíûõ ïðåîáðàçîâàíèé [23].

Óðàâíåíèå [24]
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ïðåîáðàçóåòñÿ â ãëàâíîå óðàâíåíèå âÿçêîóïðó-
ãîãî êîëåáàòåëüíîãî çâåíà. Â ïðîöåññå ïðåîáðà-
çîâàíèé èñïîëüçóþòñÿ óðàâíåíèÿ ñîõðàíåíèÿ
ìàññû è ýíåðãèè. Êîíêðåòíî äëÿ êàæäîé ôèê-
ñèðîâàííîé òî÷êè ýòî óðàâíåíèå çàïèñûâàåòñÿ
ïî òèïó [25]:
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Ââîäÿ áåçðàçìåðíûå êðèòåðèè, ïîëó÷àåì:
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Çäåñü Ð  — äàâëåíèå â êîëåáàòåëüíîì êîíòóðå;

0,ω ω  — óãëîâàÿ ñêîðîñòü âèõðÿ è ñîáñòâåííàÿ

÷àñòîòà. Ñïðàâà ñîñðåäîòî÷åíà â ïðåîáðàçîâàí-
íîì âèäå âíåøíÿÿ ýíåðãèÿ, ïîñòóïàþùàÿ èç çîíû
ãîðåíèÿ.

Ïîñëå ðåøåíèÿ õàðàêòåðèñòè÷åñêîãî óðàâíå-
íèÿ ïîëó÷àåì åäèíñòâåííîå óñëîâèå âîçíèêíîâå-
íèÿ êîëåáàíèé:
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Êðèòåðèé Be õàðàêòåðèçóåò äèññèïàöèþ, êðè-
òåðèé Me — óïðóãîñòü.

Áîëåå èíôîðìàòèâíûì ïðè ðàñ÷åòàõ ÿâëÿåò-
ñÿ îáúåäèíåííûé êðèòåðèé
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4
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d

êv v
da τυ

= >

ïîêàçûâàþùèé îáëàñòè íåóñòîé÷èâîñòè è ïîä-
òâåðæäàþùèé èäåþ êðèòåðèÿ Ðåëåÿ.

Òàêèì îáðàçîì, äëÿ ðåøåíèÿ óñòîé÷èâîñòè
òðåáóåòñÿ ðåøåíèå óðàâíåíèÿ äëÿ ãëàâíîãî êîëå-
áàòåëüíîãî çâåíà ïðè íà÷àëüíûõ óñëîâèÿõ. Ýòè-
ìè óñëîâèÿìè ìîãóò áûòü óñëîâèÿ ìÿãêîãî èëè
æåñòêîãî âîçáóæäåíèÿ:

0 0
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Äëÿ ðàñ÷åòà êðèòåðèåâ òðåáóåòñÿ ãàçîâîå ïîëå
v(õ, y, z). Îíî ðàññ÷èòûâàåòñÿ ñ ïîìîùüþ óðàâ-
íåíèÿ [26]

( )2 2 1
rot 1 gradv M M v p

μ
= ± -
 

ïðè ãðàíè÷íûõ óñëîâèÿõ ïðèëèïàíèÿ è ñîïðî-
âîæäåíèÿ [27]:

0, 0.w
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= =


 осн

Ïåðâîå è âòîðîå óðàâíåíèÿ ñ ñîîòâåòñòâóþ-
ùèìè íà÷àëüíûìè ãðàíè÷íûìè óñëîâèÿìè ÿâëÿ-
þòñÿ ìàòåìàòè÷åñêîé ïîñòàíîâêîé çàäà÷è î Â×-
óñòîé÷èâîñòè.

Âîïðîñ î ìåõàíèçìå íåóñòîé÷èâîñòè â ëèòå-
ðàòóðå èçëîæåí âåñüìà ïðèìèòèâíî. Ïîíÿòíî,
÷òî ýòî ïåðåõîä îò óñëîâèé ðàâíîâåñèÿ ê êîëå-
áàíèÿì âÿçêîóïðóãîé ñðåäû âíóòðè êàìåðû ñãî-
ðàíèÿ. Åñëè êîíñòðóêöèÿ ñïðîåêòèðîâàíà ïðà-
âèëüíî ñ òî÷êè çðåíèÿ Â×, òî ðàáîòàòü îíà áó-
äåò óñòîé÷èâî; åñëè íåïðàâèëüíî — âîçíèêíóò
àâòîêîëåáàíèÿ, òàêèå íåçàòóõàþùèå êîëåáàíèÿ,
ïðè êîòîðûõ óñòàíàâëèâàåòñÿ áàëàíñ äèññèïàòèâ-
íûõ è äèñïåðñíûõ ñèë.

Â ëèòåðàòóðå íàçûâàåòñÿ äâàäöàòü ïðè÷èí
âîçíèêíîâåíèÿ íåóñòîé÷èâîñòè â ÆÐÄ (â [28] äàí
èõ îáçîð), ýòî ãîâîðèò î òîì, ÷òî êàæäàÿ íåóäà-
÷à ïî ïðè÷èíå Â× îðèãèíàëüíà è íè÷åãî íåâîç-
ìîæíî ïðåäñêàçàòü. Âñå ýòè ïðè÷èíû òàê èëè
èíà÷å ôîðìèðóþò òóðáóëåíòíîå ãàçîâîå ïîëå, è



57Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.28. ¹3

Ê 100-ëåòèþ Á.Â. Îâñÿííèêîâà To the 100 th anniversary of B.V. Ovsyannikov

íóæíî íàéòè ëèøü ñîîòíîøåíèå ìåæäó ïàðàìåò-
ðàìè ýòîãî ïîëÿ è îáúåäèíèòü èõ â êðèòåðèé
íåóñòîé÷èâîñòè:

.≥ 1ФZ
4

Íî äëÿ ýòîãî íóæíî ïðàâèëüíî ïîñ÷èòàòü
òóðáóëåíòíîå ãàçîâîå ïîëå, ÷åãî ñåãîäíÿ íå ìî-
æåò íè îäíà ñîâðåìåííàÿ ïðîãðàììà.

Ïàðàìåòðû íåóñòîé÷èâîñòè.
Ñîáñòâåííàÿ ÷àñòîòà è äåêðåìåíò çàòóõàíèÿ

Èç óðàâíåíèÿ ãëàâíîãî êîëåáàòåëüíîãî çâåíà
ñëåäóåò, ÷òî â ñëó÷àå âîçíèêíîâåíèÿ àâòîêîëåáà-
íèé ýòî óðàâíåíèå áóäåò çàïèñàíî â âèäå, ïîõî-
æåì íà óðàâíåíèå äëÿ ëèíåéíîãî îñöèëëÿòîðà:
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åñòü êâàäðàò ÷àñòîòû ñîáñòâåííûõ êîëåáàíèé ñè-
ñòåìû:
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Èç ïîñëåäíåé ôîðìóëû ñëåäóåò, ÷òî ýòà ÷àñ-
òîòà íàïðÿìóþ ñâÿçàíà ñ óãëîâîé ñêîðîñòüþ âèõ-
ðåâîãî äâèæåíèÿ.

Èñïîëüçóÿ äîñòàòî÷íîå óñëîâèå ω = const è

âûíîñÿ 2ω  çà çíàê äèôôåðåíöèàëà, ïîëó÷èì
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Òåïåðü íàãëÿäíî âèäíà çàâèñèìîñòü 0ω  îò ω ,

ïðè÷åì â êà÷åñòâå êîýôôèöèåíòîâ ïåðåä óãëîâîé
ñêîðîñòüþ ñòîÿò ïàðàìåòðû âÿçêîñòè ν  è ñæè-
ìàåìîñòè à2 ñðåäû.

Èíòåðïðåòèðîâàòü ýòîò ðåçóëüòàò ìîæíî òà-
êèì îáðàçîì, ÷òî ïðîñòðàíñòâåííàÿ öèêëèêà â
âèäå óãëîâîé ñêîðîñòè âèõðÿ ïðè îïðåäåëåííûõ
óñëîâèÿõ ïåðåõîäèò âî âðåìåííóþ 0ω , à ïðèðî-
äà ñîáñòâåííûõ êîëåáàíèé ñðåäû çàâèñèò ñòðî-
ãî îò òóðáóëåíòíûõ êîíôèãóðàöèé.

Èçâåñòíî, ÷òî ðåøåíèåì äèôôåðåíöèàëüíî-
ãî ãàðìîíè÷åñêîãî óðàâíåíèÿ ÿâëÿåòñÿ ñèíóñ.
Èìåííî ñèíóñ — åäèíñòâåííàÿ ôóíêöèÿ, êîòî-
ðàÿ ìîæåò îïèñûâàòü êîëåáàòåëüíûé ïðîöåññ.

Óðàâíåíèå ãëàâíîãî êîëåáàòåëüíîãî çâåíà,
çàïèñàííîå áåç ïðàâîé ÷àñòè, îïèñûâàåò çàòóõà-

þùèé êîëåáàòåëüíûé ïðîöåññ. Ýòî — ñâîáîäíûå
êîëåáàíèÿ, îíè ìîãóò áûòü îïèñàíû óðàâíåíèåì:
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Òîãäà, ââîäÿ ïðèíÿòûå â ëèòåðàòóðå îáîçíà-
÷åíèÿ, çàïèøåì:
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Ðåøåíèåì òàêîãî óðàâíåíèÿ áóäåò
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Çäåñü δ  — ëîãàðèôìè÷åñêèé äåêðåìåíò çàòóõà-
íèÿ — ìåðà óìåíüøåíèÿ àìïëèòóäû êîëåáàíèé
çà ïåðèîä Ò :
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Èñõîäÿ èç ãëàâíîãî óðàâíåíèÿ êîëåáàòåëüíîãî
çâåíà, ïîëó÷èì
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Òóðáóëåíòíîñòü – ïðè÷èíà âèáðàöèé ÒÍÀ

Âîçíèêàþùàÿ Â×-íåóñòîé÷èâîñòü ïðîöåññà,
ñîïðîâîæäàþùàÿñÿ êîëåáàíèåì ÷àñòèö ðàáî÷å-
ãî òåëà âíóòðè ýíåðãåòè÷åñêîé óñòàíîâêè (ÒÍÀ),
âîçäåéñòâóåò íà ñòåíêè àïïàðàòà, îãðàíè÷èâàþ-
ùåãî ðàáî÷èé îáúåì. Ñòåíêè ýòîãî àïïàðàòà íà-
÷èíàþò ðåàãèðîâàòü íà ñèëîâûå âîçäåéñòâèÿ ãàçà
è åñòåñòâåííî ïðåïÿòñòâîâàòü åìó, ïîðîæäàÿ
âèáðàöèè êîíñòðóêöèè. Âîçäåéñòâèå íà ñèñòåìó
ïðîèñõîäèò êàê âîçäåéñòâèå âûíóæäåííîé ñèëû
â âèäå ãàðìîíè÷åñêîé ñîñòàâëÿþùåé, èäóùåé îò
ãàçà. Óðàâíåíèå êîëåáàòåëüíîãî çâåíà, òåïåðü óæå
äëÿ êîíñòðóêöèè, áóäåò âûãëÿäåòü êàê äèôôåðåí-
öèàëüíîå óðàâíåíèå âòîðîãî ïîðÿäêà îòíîñèòåëü-
íî ïåðåìåùåíèé ñòåíîê:

( )0 max 0 02 sin .S Sx x x P e fδτδ ω ω τ-+ + = +  
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Çäåñü δ  è 0ω  – äåêðåìåíò çàòóõàíèÿ è ñîáñòâåí-

íàÿ ÷àñòîòà; èíäåêñ «s» — ïðèíàäëåæíîñòü ê
êîíñòðóêöèè.

Â äàííîé ñèòóàöèè êîëè÷åñòâåííîå çíà÷åíèå

0Sω  ìîæåò áûòü îïðåäåëåíî êàê ñâîéñòâî òâ¸ð-

äîãî òåëà, îáëàäàþùåãî ñâîåé ñêîðîñòüþ çâóêà,
ìîäóëåì óïðóãîñòè è çàâèñÿùåå îò æ¸ñòêîñòè è
ìàññû êîíñòðóêöèè. Òàê, íàïðèìåð, åñëè
ðàñcìàòðèâàòü êàìåðó ñãîðàíèÿ êàê êîðîòêèé
öèëèíäð ñ äâóìÿ çàäåëêàìè ñëåâà è ñïðàâà, òî
ïðèáëèæ¸ííî ìîæíî íàïèñàòü:
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ãäå A – ïîñòîÿííûé êîýôôèöèåíò, çàâèñÿùèé îò
âèäà çàêðåïëåíèÿ; ïîä êîðíåì æ¸ñòêîñòü è ìàñ-

ñà êîíñòðóêöèè; âåëè÷èíà 
E
ρ

 – ñêîðîñòü çâó-

êà â ìàòåðèàëå êîíñòðóêöèè (aS).
Äëÿ ñëó÷àÿ öèëèíäðè÷åñêîé îáîëî÷êè, êîãäà
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ñîáñòâåííàÿ ÷àñòîòà ìîæåò áûòü ðàññ÷èòàíà ïî
ôîðìóëå:
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ãäå D, d, L – âíåøíèé, âíóòðåííèé äèàìåòð è
äëèíà òðóáû (êàìåðà ñãîðàíèÿ) ñîîòâåòñòâåííî.

Îïðåäåëèâøèñü ñ ïàðàìåòðàìè êîëåáàòåëü-
íûõ ïðîöåññîâ, ïîéì¸ì, êîãäà íàñòóïàþò èõ êðè-
òè÷åñêèå ñèòóàöèè.

Ïåðâàÿ èç íèõ – ýòî ñîâïàäåíèå ÷àñòîò âû-
íóæäåííûõ êîëåáàíèé (âîçäåéñòâèå ãàçà íà ñòåí-
êó) è ñîáñòâåííûõ ÷àñòîò êîíñòðóêöèé, ò. å. ñè-

òóàöèÿ âîçíèêíîâåíèÿ ðåçîíàíñà 0 0Sω ω= .

Ýòîò ñëó÷àé, ïî-âèäèìîìó, ìàëîðåàëèçóåì â ñèëó
áîëüøîãî ðàçëè÷èÿ çâóêîâûõ ñêîðîñòåé. Âòîðîé
ñëó÷àé àâòîêîëåáàíèé áóäåò íàèáîëåå âåðîÿòíûì
è ïðèâåä¸ò ê âèáðàöèÿì êîíñòðóêöèè. Ýòî —
ñëó÷àé, êîãäà äèññèïàòèâíûé ÷ëåí â óðàâíåíèè

2 S xδ   ðàâåí ïðàâîé ÷àñòè óðàâíåíèÿ – ñëó÷àé àâ-

òîêîëåáàíèé.

Äèàãíîñòèêà âèáðàöèé öèôðîâûìè ìåòîäàìè
ïðåîáðàçîâàíèÿ Ôóðüå

Âèáðàöèè óçëîâ ÆÐÄ, â ÷àñòíîñòè ÒÍÀ, ñíè-
æàþò íàä¸æíîñòü äâèãàòåëüíûõ óñòàíîâîê [13,
29]. Âîçíèêíîâåíèå âèáðàöèé ÆÐÄ â ïîë¸òå
ïðèâîäèò ê óñóãóáëåíèþ ïðî÷íîñòíîãî ñîñòîÿíèÿ
êîíñòðóêöèè äâèãàòåëüíûõ óñòàíîâîê è, ñëåäî-
âàòåëüíî, ê ðàçðóøåíèþ ñàìèõ óñòàíîâîê è äå-
òàëåé êîðïóñîâ ðàêåò, òàê êàê ñ ïîâûøåíèåì
óðîâíÿ âèáðàöèé ÆÐÄ óõóäøàåòñÿ òåïëîâîå ñî-
ñòîÿíèå ñ ïîñëåäóþùèìè ïðîãàðàìè ñòåíîê óç-
ëîâ ÒÍÀ, êàìåð ñãîðàíèÿ è ñîïåë ÆÐÄ. Ýòî îáóñ-
ëîâëèâàåò àêòóàëüíîñòü ïîâûøåíèÿ êà÷åñòâà äè-
àãíîñòèêè âèáðàöèé ÆÐÄ è óâåëè÷åíèÿ èíôîð-
ìàòèâíîñòè èñïîëüçóåìûõ ìåòîäîâ êîíòðîëÿ
óðîâíÿ ýòèõ âèáðàöèé.

Òàêîé êîíòðîëü ìîæíî îáåñïå÷èòü öèôðîâû-
ìè ìåòîäàìè ìíîãîñòóïå÷àòîãî ÄÏÔ. Ìåòîäû
òàêîãî ÄÏÔ íà îñíîâå àëãîðèòìîâ ðàçíîñòíîé
öèôðîâîé ôèëüòðàöèè è CORDIC (Coordinate
Rotation Digital Computer) óñïåøíî ðåàëèçóþòñÿ
íà ÏËÈÑ è áûëè âåðèôèöèðîâàíû è àïðîáèðî-
âàíû â ðàäèîòåõíè÷åñêèõ ñèñòåìàõ [19]. Ýòè ìå-
òîäû ïðåäëàãàåòñÿ èñïîëüçîâàòü äëÿ ðåøåíèÿ
çàäà÷ êîíòðîëÿ óðîâíÿ âèáðàöèé ÆÐÄ, ïîñêîëüêó
òàêèå âèáðàöèè ÿâëÿþòñÿ ñëîæíûìè êîëåáàíè-
ÿìè, êîòîðûå ìîãóò áûòü ïðåäñòàâëåíû ñóììîé
ãàðìîíè÷åñêèõ êîëåáàíèé (ãàðìîíèê).

Íà áàçå ÏËÈÑ áûë ðàçðàáîòàí è èññëåäîâàí
ìîäèôèöèðîâàííûé àëãîðèòì ìíîãîñòóïåí÷àòîãî
ÄÏÔ, â îñíîâó êîòîðîãî ïîëîæåí àíàëèç çàìå-
ðîâ ïàðàìåòðîâ àìïëèòóäíî-÷àñòîòíûõ õàðàêòå-
ðèñòèê âèáðàöèé â ïðîöåññå ðàáîòû äâèãàòåëü-
íîé óñòàíîâêè. Ïðè ýòîì àíàëèçèðóþòñÿ ïîêà-
çàíèÿ äàò÷èêà.

Ðåçóëüòàòû èññëåäîâàíèÿ ïîäòâåðäèëè âîç-
ìîæíîñòü èñïîëüçîâàíèÿ ìåòîäîâ ìíîãîñòóïåí-
÷àòîãî ÄÏÔ öèôðîâîãî ñèãíàëà ñ äàò÷èêà-ñèã-
íàëèçàòîðà õ(nT) ñ ïåðèîäîì äèñêðåòèçàöèè T
ìåòîäîì åãî L-ïîëîñíîé ôèëüòðàöèè ðàçíîñòíû-
ìè öèôðîâûìè ôèëüòðàìè K+M-ãî ïîðÿäêà ñ kM-
ìè ðàçíîñòíûìè êîýôôèöèåíòàìè M-ãî ïîðÿä-
êà ðàçíîñòè hð(M,kM,l) äëÿ ðàñ÷¸òà ñòàòèñòèê
(îöåíîê) yl(nT) óðîâíåé l-õ ãàðìîíèê ýòîãî ñèã-
íàëà ïðè kM = 0, 1, 2,…, K+M–1; l = 1, 2, 3,…,L;
m = 1, 2, 3,…, M; n = 0, 1, 2,…, N–1:

0 1 2 1

0 1 1

1

0 0 0 0 0 0

( )

... ... ( , , ) ( ).
m M M

m M M

l

k k k kK M k

ð M
k k k k k k

y nT

h M k l x nT
- - -

-

+ -

= = = = = =

=

= Â Â Â Â Â Â
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Ïðè÷¸ì k-å êîýôôèöèåíòû l-é ïîëîñîâîé
ôèëüòðàöèè h(k,l) ïðè k = 0,1, 2,…, K–1 è
l = 1, 2, 3,…, L ôîðìèðóþòñÿ íà îñíîâå km-õ ðàç-
íîñòíûõ êîýôôèöèåíòîâ m-õ ïîðÿäêîâ ðàçíîñòè
hð(m,km,l) ïðè km = 0, 1, 2,…, K+m–1 è
m = 1, 2, 3,…, M [18]:

0 1 2 1

0 1 10 0 0 0 0

( , ) ... ... ( , , ).
m M M

m M M

k k k kk

ð M
k k k k k

h k l h M k l
- - -

-= = = = =
= Â Â Â Â Â

Ïîýòîìó óñëîâèåì âûïîëíåíèÿ ìíîãîñòóïåí-
÷àòîãî ÄÏÔ òàêîãî ñèãíàëà òîëüêî ñëîæåíèÿìè
åãî âðåìåííûõ îòñ÷¸òîâ ÿâëÿåòñÿ òðèâèàëüíîñòü
ðàçíîñòíûõ êîýôôèöèåíòîâ hð(M,kM,l), ïîñêîëü-
êó ïðè l = 1, 2, 3,…, L:

( , , ) ( )

( ) ïðè ( , , ) 1;

0 ïðè ( , , ) 0;

( ) ïðè ( , , ) 1.

ð M

ð M

ð M

ð M

h M k l x nT

x nT h M k l

h M k l

x nT h M k l

◊ =

Ï =
Ô
Ô= =Ì
Ô
Ô- = -Ó

Òàêàÿ ôîðìàëèçàöèÿ óñëîâèÿ àâòîìàòè÷åñêî-
ãî êîíòðîëÿ âèáðàöèé ÆÐÄ öèôðîâûìè ìåòîäà-
ìè ìíîãîñòóïåí÷àòîãî ÄÏÔ áåç âûïîëíåíèÿ
îïåðàöèé óìíîæåíèÿ ïîçâîëÿåò ñíèæàòü àïïà-
ðàòíûå çàòðàòû íà ÏËÈÑ-ðåàëèçàöèþ âû÷èñëè-
òåëüíûõ àëãîðèòìîâ òàêîãî êîíòðîëÿ [16].

Ïîñòåïåííîå óæåñòî÷åíèå òðåáîâàíèé ê íà-
äåæíîñòè ÆÐÄ ñïîñîáñòâóåò àêòóàëèçàöèè ïðî-
áëåìû äèàãíîñòèêè âèáðàöèé òàêèõ äâèãàòåëåé
â óñëîâèÿõ èõ ñåðèéíîãî ïðîèçâîäñòâà [13].

Âûâîäû

1. Àíàëèòè÷åñêèìè ìåòîäàìè äîêàçàíà ãàçî-
äèíàìè÷åñêàÿ ïðè÷èíà âîçíèêíîâåíèÿ Â×-íåóñ-
òîé÷èâîñòè â ÒÍÀ ÆÐÄ è, êàê ñëåäñòâèå, âèá-
ðàöèé ñòåíîê åãî êîíñòðóêöèè.

2. Èññëåäîâàíû ïðè÷èíû è âîçìîæíîñòè äè-
àãíîñòèêè âèáðàöèé â ÒÍÀ ÆÐÄ, ÷òî ïîçâîëè-
ëî îïðåäåëèòü çàâèñèìîñòü ñîáñòâåííîé ÷àñòîòû
àâòîêîëåáàíèé (Â×-íåóñòîé÷èâîñòè) îò õàðàêòå-
ðèñòèê òóðáóëåíòíîãî ïîòîêà è ïîêàçàòü, ÷òî â
ëàìèíàðíûõ ïîòîêàõ àâòîêîëåáàíèÿ âîçíèêíóòü
íå ìîãóò.

3. Ïîëó÷åíû ñîîòíîøåíèÿ îñíîâíûõ ïàðàìåò-
ðîâ êîëåáàíèé â âÿçêîóïðóãîì êîíòóðå âíóòðè
ÒÍÀ ÆÐÄ â çàâèñèìîñòè îò ãàçîäèíàìè÷åñêèõ
ïàðàìåòðîâ (ñîáñòâåííàÿ ÷àñòîòà è äåêðåìåíò
çàòóõàíèÿ).

4. Àíàëèç ïîëó÷åííûõ ñîîòíîøåíèé îáåñïå-
÷èë âîçìîæíîñòü îöåíêè óðîâíÿ âèáðàöèé ÆÐÄ
öèôðîâûìè ìåòîäàìè ìíîãîñòóïåí÷àòîãî ÄÏÔ
ñ ïîìîùüþ ðàçíîñòíûõ öèôðîâûõ ôèëüòðîâ.
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Abstract

Powerful energy-propulsion units differ from the
others by the elements, subassemblies and structures
associated with powerful turbo-machines and gas
generators as a part of them. The high rpm of the
turbines shafts rigidly affects the structure, which may
lead to its destruction. High-frequency vibrations,
which occurrence is possible in the turbopump units
of liquid propellant rocket engines, are of especial
danger.

The purpose of the study consists in the following:
- the problem setting of high-frequency instability

prediction in powerful energy propulsion units on the
example of the turbopump unit of a liquid propellant
rocket engine, determining instability parameters in
this subassembly and required ratio of the turbulent
gas field parameters;

- formalization of vibrations automatic
monitoring condition by the digital methods of multi-
step discreet Fourier transform without performing
hardware-consuming multiplication operators.

The presence of constant free volume is necessary
for setting constant stable turbulence mode for the
high frequency stability ensuring. This fact actualizes
the study of the additional possibility of setting
constant stable turbulence mode with the gas or liquid
flow velocity increase. Namely turbulence is in charge
of high-frequency instability, and, hence, vibrations
occurrence. Turbulent flow originates practically
always in turbopump units.

The occurring high-frequency instability of the
process, accompanied by the oscillation of the
working fluid particles inside the turbopump unit,
impacts the walls of the apparatus that restrains the
working volume. The walls of this apparatus begin
reacting to the force impacts of the gas and naturally
impede it, generating vibrations of the structure. The
effect on the system occurs as the impact of a
compelled force in the form of a harmonic
component coming from the gas. The equation of the
oscillating link for the structure will look like a

GAS-DYNAMIC REASONS FOR VIBRATIONS ORIGINATION
IN TURBOPUMP UNITS
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second-order differential equation with respect to the
walls displacements.

The study employed the principles of vibrations
diagnostics of liquid propellant rocket engines on the
example of a turbopump unit by digital methods of
a multi-stage discrete Fourier transform.

An increase in the vibration level of liquid
propellant rocket engines may lead to the increased
thermal loads with subsequent possible burnouts of
the walls of the turbopump assembly units. This
requires quality improving of the vibrations
diagnostics of liquid propellant rocket engines and
increasing the information content of methods
employed for the level control of these vibrations.

Vibration diagnostics may and should be ensured
with the software and hardware for digital signal
processing from signaling sensors using digital filtering
and discrete Fourier transform of such signals. The
term “unerroric” (from the Latin “errare”) in relation
to such digital signals deductive processing defines an
active process of the errors level reducing in digital
signal processing when setting various values of
integer difference coefficients of digital difference
filters applied for multi-stage discrete Fourier
transform. Such unerroric reduces the error of
automatic vibration control.

Gradual tightening of the requirements for the
liquid rocket propellant engines reliability contributes
to the problem actualization of such engines
vibrations diagnosing under conditions of their mass
production.

Keywords: turbopump unit, high-frequency
instability, vibration diagnostics, difference filtering,
turbulent flow, digital signal.
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