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ÓÄÊ 621.671 
 

×ÈÑËÅÍÍÛÉ ÀÍÀËÈÇ ÄÈÍÀÌÈ×ÅÑÊÈÕ ÊÎÝÔÔÈÖÈÅÍÒÎÂ 
ÁÅÑÊÎÍÒÀÊÒÍÎÃÎ ÒÎÐÖÎÂÎÃÎ ÓÏËÎÒÍÅÍÈß 

 
×. Êóíäåðà1, Ñ. Áëàñÿê 2  
 

Â ïðåäñòàâëåííîé ðàáîòå ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòà äèíàìè÷åñêèõ 
êîýôôèöèåíòîâ ñëîÿ æèäêîñòè â çàçîðå áåñêîíòàêòíîãî òîðöîâîãî óïëîòíåíèÿ ñ 
ìîäèôèöèðîâàííîé ïîâåðõíîñòüþ óïëîòíèòåëüíîãî êîëüöà. Ïðåäñòàâëåíî 
ìàòåìàòè÷åñêóþ ìîäåëü, íà îñíîâå êîòîðîé ïðîâåäåí ïàðàìåòðè÷åñêèé àíàëèç. 
Ðàñ÷åòû âûïîëíåíû ñ èñïîëüçîâàíèåì ìåòîäà âîçìóùåíèé, êîòîðûé ïðèìåíåí ê 
óðàâíåíèþ Ðåéíîëüäñà. Ïîëó÷åííûå ðåçóëüòàòû ÷èñëåííîãî ðåøåíèÿ 
äèôôåðåíöèàëüíûõ óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ ïîçâîëÿþò îïðåäåëèòü 
âëèÿíèå ïàðàìåòðîâ, ñâÿçàííûõ ñ ãåîìåòðèåé ìîäèôèöèðîâàííîé ïîâåðõíîñòè, íà 
äèíàìè÷åñêèå õàðàêòåðèñòèêè áåñêîíòàêòíîãî òîðöîâîãî óïëîòíåíèÿ. 

 
ÂÂÅÄÅÍÈÅ 

Âàæíîé çàäà÷åé ïðè ïðîåêòèðîâàíèè óïëîòíèòåëüíûõ óçëîâ 
öåíòðîáåæíûõ ìàøèí ÿâëÿåòñÿ îáåñïå÷åíèå èõ íàäåæíîñòè è âûñîêîãî 
óðîâíÿ ãåðìåòè÷íîñòè, ÷òî îïðåäåëÿåòñÿ òðåáîâàíèÿìè áåçîïàñíîñòè è 
îáóñëîâëåíî ýêîíîìè÷åñêè. Óäîâëåòâîðèòü ýòèì òðåáîâàíèÿì âîçìîæíî 
áëàãîäàðÿ èñïîëüçîâàíèþ â âûñîêîîáîðîòíûõ öåíòðîáåæíûõ ìàøèíàõ 
áåñêîíòàêòíûõ òîðöîâûõ óïëîòíåíèé ñ ðàáî÷èì êîëüöåâûì ïîÿñêîì [1,2]. 
Èñïîëüçîâàíèå ìèêðîñòðóêòóð îïðåäåëåííîé ãåîìåòðèè íà îäíîì èç 
ðàáî÷èõ êîëåö âûçûâàåò ðîñò âåëè÷èíû ñèëû, ñãåíåðèðîâàííîé â çàçîðå 
óïëîòíåíèÿ (ãèäðîäèíàìè÷åñêîé ñèëû), êîòîðàÿ ïîçâîëÿåò ïîääåðæèâàòü 
óñòîé÷èâûé ñëîé ñðåäû â çàçîðå è íå äîïóñòèòü êîíòàêò êîëåö 
óïëîòíåíèÿ âî âðåìÿ ðàáîòû. Áëàãîäàðÿ ýòîìó îáåñïå÷èâàåòñÿ âûñîêèé 
ðåñóðñ óïëîòíèòåëüíûõ êîëåö ïðè îäíîâðåìåííîì ñâåäåíèè ê ìèíèìóìó 
ïðîòå÷åê. 

 
1 ÏÐÅÄÌÅÒ ÈÑÑËÅÄÎÂÀÍÈÉ 

Ñõåìà áåñêîíòàêòíîãî òîðöîâîãî óïëîòíåíèÿ òèïà FMS [2] ñ 
ìîäèôèöèðîâàííîé ïîâåðõíîñòüþ àêñèàëüíî-ïîäâèæíîãî óïëîòíèòåëüíîãî 
êîëüöà, óñòàíîâëåííîãî â êîðïóñå, ïðåäñòàâëåíà íà ðèñóíêå 1. 

 

 

 

 

 

 
 

Ðèñóíîê 1 - Ñõåìà 
óïëîòíåíèÿ ñ ìîäèôèöèðîâàííîé 
òîðöîâîé ïîâåðõíîñòüþ îäíîãî 

èç ðàáî÷èõ êîëåö 

                                         
1 Äîêòîð òåõí. íàóê, ïðîôåññîð Òåõíîëîãè÷åñêîãî óíèâåðñèòåòà, ã. Êåëüöå, 

Ïîëüøà 
2 Ìàãèñòð, èíæåíåð Òåõíîëîãè÷åñêîãî  óíèâåðñèòåòà, ã. Êåëüöå, Ïîëüøà 
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Ïðîâåäåí ÷èñëåííûé àíàëèç òðåõ âûáðàííûõ âèäîâ ìîäèôèöèðîâàííîé 
ïîâåðõíîñòè òîðöîâûõ êîëåö, âûïîëíåííûõ ñ ðàçëè÷íîé òîïîãðàôèåé 
ìèêðîñòðóêòóð (ðèñ. 2). 

 
a) 

 

б) 

 

c) 

 
 

Ðèñóíîê 2 - Èññëåäóåìûå ïîâåðõíîñòè: a) Ï1; á) Ï2; c) Ï3 

Ïðîâåäåí ïàðàìåòðè÷åñêèé àíàëèç, ãëàâíîé öåëüþ êîòîðîãî áûëî 
îïðåäåëåíèå âëèÿíèÿ ãåîìåòðè÷åñêèõ ïàðàìåòðîâ (ìîäèôèêàöèé 
ïîâåðõíîñòè) íà äèíàìè÷åñêèå õàðàêòåðèñòèêè ñëîÿ ñðåäû â òîðöîâîì 
çàçîðå óïëîòíåíèÿ. Â ÷èñëåííûõ èññëåäîâàíèÿõ âàðüèðîâàëèñü 
ñëåäóþùèå âåëè÷èíû, òàêèå, êàê grh  – ãëóáèíà ìèêðîêàíàëîâ; gN  – 

êîëè÷åñòâî ìèêðîêàíàëîâ; gr  – ðàäèóñ ìèêðîêàíàëîâ. 

 
2. ÐÀÑÏÐÅÄÅËÅÍÈÅ ÄÀÂËÅÍÈß Â ÓÏËÎÒÍÅÍÈÈ 

Âûïîëíåíî ÷èñëåííîå èññëåäîâàíèå óïëîòíåíèÿ, â êà÷åñòâå 
ìàòåìàòè÷åñêîé ìîäåëè êîòîðîãî ðàññìàòðèâàëîñü òå÷åíèå âÿçêîé, 
íåñæèìàåìîé æèäêîñòè, ïðè óñëîâèè èçîòåðìè÷íîñòè ïðîöåññà. 
Ðàñïðåäåëåíèå äàâëåíèÿ â óïëîòíåíèè îïèñûâàåòñÿ óðàâíåíèåì 
Ðåéíîëüäñà [2,3,5]: 
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Äëÿ îïðåäåëåíèÿ äèíàìè÷åñêèõ êîýôôèöèåíòîâ ïðèìåíÿëñÿ ìåòîä 

âîçìóùåíèé [7], êîòîðûé çàêëþ÷àåòñÿ â ðàçëîæåíèè â ðÿä Òåéëîðà îêîëî 
ñîñòîÿíèÿ ñòàòè÷åñêîãî ðàâíîâåñèÿ âûðàæåíèé, îïèñûâàþùèõ äàâëåíèå è 
âûñîòó òîðöîâîé ùåëè óïëîòíåíèÿ: 
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Îñòàëüíûå ñëàãàåìûå, âõîäÿùèå â óðàâíåíèÿ Ðåéíîëüäñà (1), çàïèñàíû 
çäåñü â âèäå ðÿäà Òåéëîðà. Ïîñëå çàïèñè ïîëó÷åííûõ óðàâíåíèé, 
ïðîâåäåíèÿ àëãåáðàè÷åñêèõ äåéñòâèé è óïîðÿäî÷åíèÿ âûðàæåíèÿ ñ 
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ó÷åòîì ñëàãàåìûõ ,z z∆ ∆ & , ,x xα α∆ ∆ & , ,y yα α∆ ∆ &  ïîëó÷åíî ñèñòåìó øåñòè 

äèôôåðåíöèàëüíûõ óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ, âêëþ÷àþùèõ 
âîçìóùåíèÿ, êîòîðûå â îáùåì ñëó÷àå ìîæíî çàïèñàòü â âèäå 
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Ðåøåíèå ñèñòåìû óðàâíåíèé (4), (5) ïîçâîëÿåò îïðåäåëèòü èñêîìûå 
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3 ÄÈÍÀÌÈ×ÅÑÊÈÅ ÊÎÝÔÔÈÖÈÅÍÒÛ 

Îïðåäåëåíèå äèíàìè÷åñêèõ êîýôôèöèåíòîâ ñëîÿ æèäêîñòè ïðîâåäåíî â 
ïðåäïîëîæåíèè, ÷òî óïðóãî óñòàíîâëåííîå êîëüöî ñîâåðøàåò ìàëûå 
êîëåáàíèÿ îêîëî ñîñòîÿíèÿ ñòàòè÷åñêîãî ðàâíîâåñèÿ. Ðàñ÷åò ïî ïëîùàäè 
êîëüöà ïðåäñòàâëåí âûøå â âèäå ïðîèçâîäíûõ. Ïîëó÷åíî äåâÿòü 
êîýôôèöèåíòîâ æåñòêîñòè è äåâÿòü êîýôôèöèåíòîâ äèññèïàöèè 
(äåìïôèðîâàíèÿ), êîòîðûå îäíîçíà÷íî îïèñûâàþò äèíàìè÷åñêèå 
õàðàêòåðèñòèêè ñëîÿ æèäêîñòè, ðàçäåëÿþùåãî óïëîòíèòåëüíûå êîëüöà. 
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Ðàñ÷åòû âûïîëíåíû äëÿ óïðóãî óñòàíîâëåííîãî êîëüöà ïðè ñëåäóþùèõ 
åãî ãåîìåòðè÷åñêèõ ðàçìåðàõ: âíóòðåííèé ðàäèóñ - 0,04 ìir =   , âíåøíèé 

ðàäèóñ - 0 0,045 ìr =    , ÷èñëî ìèêðîêàíàëîâ - 6gN =  è óñëîâèÿ ðàáîòû: 
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ðàáî÷åå äàâëåíèå íà âíåøíåì ðàäèóñå - 5
0 4 10 Ïàp = ⋅    , íîìèíàëüíûé 

çàçîð ìåæäó óïëîòíèòåëüíûìè êîëüöàìè 5
0 2 10 ìh −= ⋅    . Âûíóæäàþùåå 

êèíåìàòè÷åñêîå âîçáóæäåíèå ðåàëèçîâàíî â âèäå óãëîâûõ ãàðìîíè÷åñêèõ 
êîëåáàíèé êîëüöà, êîòîðîå ñâÿçàíî ñ âàëîì ìàøèíû (ðîòîðîì), ñ 

àìïëèòóäîé 55 10r radα −= ⋅   . 
 

4 ÏÀÐÀÌÅÒÐÈ×ÅÑÊÈÉ ÀÍÀËÈÇ 
Íèæå ïðåäñòàâëåíû ðåçóëüòàòû âû÷èñëåíèé, êîòîðûå ïîëó÷åíû ïðè 

ðåøåíèè ïðåäñòàâëåííîé ìàòåìàòè÷åñêîé ìîäåëè áåñêîíòàêòíîãî 
òîðöîâîãî óïëîòíåíèÿ (òèïà FMS). 

 

a) б) 

 
Ðèñóíîê 3 - Êîýôôèöèåíòû îñåâîé æåñòêîñòè è äåìïôèðîâàíèÿ ïðè 

ðàçëè÷íîì êîëè÷åñòâå ìèêðîêàíàëîâ gN  

Íà ãðàôèêàõ (ðèñ. 3) âèäíî, ÷òî äëÿ ïîâåðõíîñòè Ï1 êîýôôèöèåíò 

îñåâîé æåñòêîñòè èçìåíÿåòñÿ â äèàïàçîíå ( 6 73 10 1,2 10 Í ì⋅ − ⋅   ), à ïðè 

îïðåäåëåííîì êîëè÷åñòâå ìèêðîêàíàëîâ 24gN = , êîýôôèöèåíò zzK  

äîñòèãàåò ìàêñèìàëüíîãî çíà÷åíèÿ. Ìîæíî çàìåòèòü, ÷òî íàèìåíüøåå 
âëèÿíèå ÷èñëà ìèêðîêàíàëîâ íà çíà÷åíèÿ äèíàìè÷åñêèõ êîýôôèöèåíòîâ 
îêàçûâàåòñÿ äëÿ ïîâåðõíîñòè Ï2. 

Èññëåäîâàíèå âëèÿíèÿ ãëóáèíû ìèêðîêàíàëîâ íà âåëè÷èíó îñåâûõ 
äèíàìè÷åñêèõ êîýôôèöèåíòîâ ïðîâåäåíî äëÿ ïîâåðõíîñòåé Ï1 è Ï3 (ñ 
êàìåðàìè). Ïîëó÷åííûå ðåçóëüòàòû îáîáùåíû è ïðåäñòàâëåíû â âèäå 
ãðàôèêîâ (ðèñ. 4). 

a) 
б) 

 

Ðèñóíîê 4 - Êîýôôèöèåíòû îñåâîé æåñòêîñòè è äåìïôèðîâàíèÿ 
äëÿ ðàçëè÷íîé âåëè÷èíû grh  

Ï1 
Ï2 
Ï3 

Ï1 
Ï2 
Ï3 

 

 

 

Ï1 
Ï3 Ï1 

Ï3 
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Ðàññìàòðèâàåòñÿ âëèÿíèå èçìåíåíèÿ ãëóáèíû ìèêðîêàíàëîâ, 
âûïîëíåííûõ íà ïîâåðõíîñòè óïðóãî óñòàíîâëåííîãî òîðöîâîãî êîëüöà 
(ïîâåðõíîñòü Ï1 è Ï3). Ìîæíî çàìåòèòü, êàê îíè âëèÿþò íà 
äèíàìè÷åñêèå õàðàêòåðèñòèêè ñëîÿ ñðåäû. Îñîáåííî ýòî âëèÿíèå 
ïðîÿâëÿåòñÿ äëÿ ìèêðîêàíàâîê ñ îòêðûòûì ïðîôèëåì (ìèêðîêàíàëû). 
Äëÿ çàìêíóòûõ ìèêðîêàíàâîê (ðèñ. 1c) âåëè÷èíà êîýôôèöèåíòà îñåâîé 
æåñòêîñòè â ïîëîâèíó ìåíüøå, ÷åì äëÿ ïîâåðõíîñòè Ï1, ïðè òîé æå 

ñàìîé âåëè÷èíå 52,6 10 ìgrh −= ⋅   . 
Åùå îäèí ãåîìåòðè÷åñêèé ïàðàìåòð, âëèÿíèå êîòîðîãî áûëî 

èññëåäîâàíî, ýòî äëèíà ìèêðîêàíàëîâ (ïîâåðõíîñòü Ï1, ðèñ. 1a). Îí 
õàðàêòåðèçóåòñÿ ðàäèóñîì gr . Âû÷èñëåíèÿ ïðîâåäåíû äëÿ âåëè÷èíû 

ðàäèóñà gr , èçìåíÿþùåãîñÿ â äèàïàçîíå 0,04025 0,04475 [ì]gr< < . Íà 

îñíîâå ïîëó÷åííûõ ðåçóëüòàòîâ áûëî îáíàðóæåíî, ÷òî äëÿ ðàäèóñà 
0,04175 ìgr =     êîýôôèöèåíò zzK  äîñòèãàåò ìàêñèìàëüíîé âåëè÷èíû, 

ðèñóíîê 5a. 

a) 
б) 

 
 

Ðèñóíîê 5 - Êîýôôèöèåíòû îñåâîé æåñòêîñòè è äåìïôèðîâàíèÿ 
ïðè ðàçëè÷íûõ çíà÷åíèÿõ gr  

 
Êîýôôèöèåíò îñåâîãî äåìïôèðîâàíèÿ äîñòèãàåò íàèáîëüøåé âåëè÷èíû 

ïðè 0gr r≈ , ò.å. äëÿ ïîâåðõíîñòåé êîëåö áåç ìèêðîêàíàâîê (ðèñ. 5 á). 

 
5 ÂÛÂÎÄÛ 

Ïî ðåçóëüòàòàì ïðîâåäåííûõ èññëåäîâàíèé ìîæíî óòâåðæäàòü, ÷òî 
ãåîìåòðèÿ ìèêðîñòðóêòóð èìååò íåïîñðåäñòâåííîå âëèÿíèå íà âåëè÷èíó 
äèíàìè÷åñêèõ êîýôôèöèåíòîâ. Ïàðàìåòðè÷åñêèé àíàëèç ïîçâîëèë 
îïðåäåëèòü îïòèìàëüíûå âåëè÷èíû îòäåëüíûõ ïàðàìåòðîâ, ôîðìèðóþùèõ 
ïîâåðõíîñòü. Ïðåäëîæåííûé ÷èñëåííûé ýêñïåðèìåíò ïîêàçàë, ÷òî 
áåñêîíòàêòíàÿ ðàáîòà òîðöîâîãî óïëîòíåíèÿ â áîëüøåé ñòåïåíè çàâèñèò 
îò òùàòåëüíîãî âûáîðà è ïðàâèëüíîãî ïðîåêòèðîâàíèÿ ìèêðîñòðóêòóð 
äëÿ óêàçàííûõ óñëîâèé ýêñïëóàòàöèè. 

 

SUMMARY 

Non-contacting fluid lubricated face seals offer the potential of low leakage, low friction and 
face wear in high speed and high pressure turbomachinery. The grooves upon rotation would 
generate large hydrodynamic presser, which would help to separate the two faces and maintain a 
steady fluid film thickness. The fluid film stiffness and damping, which characterize the 
dynamic force response of the fluid film to the seal motion, can be obtained by the lubrication 
analysis. 

Ï1 Ï1 
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In this paper, a simplified method to solve the steady-state tracking motion of non-contacting 
face seal is developed. The fluid dynamic coefficients are calculated by the perturbation method 
and the finite volume method. 
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