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Àííîòàöèÿ

Â ðàáîòå ïðîâîäèòñÿ èññëåäîâàíèå âîïðîñîâ î ñòðóêòóðå ãèäðîäèíàìè÷åñêîé ñè-

ëû ñîïðîòèâëåíèÿ, âîçíèêàþùåé ïðè ïåðèîäè÷åñêîì äâèæåíèè ñ�åðè÷åñêîãî âèáðî-

ðîáîòà â æèäêîñòè, è âëèÿíèè ðàçëè÷íûõ åå ñîñòàâëÿþùèõ íà ïðîöåññ è ý��åêòèâ-

íîñòü äâèæåíèÿ. Â òîì ÷èñëå, âûÿâëÿåòñÿ ðîëü íàñëåäñòâåííîé ñèëû ñîïðîòèâëåíèÿ

â äèíàìèêå äâèæåíèÿ ðîáîòà. Èñëåäîâàíèå ïðîâîäèòñÿ â ðàìêàõ ïðÿìîãî ÷èñëåííîãî

ìîäåëèðîâàíèÿ ñ èñïîëüçîâàíèåì ïðîãðàììíîãî ïàêåòà OpenFoam. Ïîêàçàíî, ÷òî íà-

ñëåäñòâåííàÿ ñîñòàâëÿþùàÿ ñèëû â ñëó÷àå êîíå÷íûõ ïåðèîäîâ äâèæåíèÿ äàåò âêëàä â

ñóììàðíóþ ñèëó ñðàâíèìûé ñ êâàçèñòàöèîíàðíûì. Åå âëèÿíèå ñóùåñòâåííî ñíèæàåò

ý��åêòèâíîñòü ðàññìàòðèâàåìîãî ìåõàíèçìà äâèæåíèÿ äëÿ ñëó÷àÿ âûñîêî÷àñòîòíûõ

êîëåáàíèé.

Êëþ÷åâûå ñëîâà: âèáðîðîáîò, ãèäðîäèíàìè÷åñêîå ñîïðîòèâëåíèå, âÿçêàÿ æèäêîñòü, ñàìî-

äâèæóùååñÿ óñòðîéñòâî, íàñëåäñòâåííûå ñèëû, ñèëû ïðèñîåäèíåííûõ ìàññ, êâàçèñòàöèî-

íàðíûå ñèëû.

Îïðåäåëåíèå ãèäðîäèíàìè÷åñêèõ ñèë, âîçíèêàþùèõ ïðè äâèæåíèè ñ�åðè÷åñêîãî òå-

ëà â æèäêîñòè îòíîñèòñÿ ê êëàññè÷åñêèì ïðîáëåìàì ãèäðîìåõàíèêè. Â äàííîé ðàáîòå

îíà ðàññìàòðèâàåòñÿ ïðèìåíèòåëüíî ê çàäà÷å î ïîñòóïàòåëüíîì äâèæåíèè ñ�åðè÷åñêîãî

âèáðîðîáîòà � ñàìîäâèæóùåãîñÿ óñòðîéñòâà, ñîñòîÿùåãî èç òâåðäîãî ãåðìåòè÷íîãî ñ�å-

ðè÷åñêîãî êîðïóñà, ïîìåùåííîãî â âÿçêóþ æèäêîñòü, è ïîäâèæíîé âíóòðåííåé ìàññû, ñî-

âåðøàþùåé ïåðèîäè÷åñêèå êîëåáàíèÿ âíóòðè íåãî. Âîçìîæíîñòü íàïðàâëåííîãî äâèæåíèÿ

òàêîé ñèñòåìû îáåñïå÷èâàåò íåëèíåéíîå ñîïðîòèâëåíèå æèäêîñòè. Âîïðîñû î ñòðóêòóðå,

âåëè÷èíå åå ñîñòàâëÿþùèõ è èõ âëèÿíèè íà äâèæåíèè âèáðîðîáîòà ðàññìàòðèâàþòñÿ â

íàñòîÿùåé ðàáîòå.

Ñîâðåìåííûå ìîäåëè ãèäðîäèíàìè÷åñêèõ ñèë (ñì. íàïðèìåð [1℄), îïèñûâàþùèõ âîç-

äåéñòâèå âÿçêîé æèäêîñòè íà ñ�åðó ïðè íåñòàöèîíàðíîì ïîñòóïàòåëüíîì äâèæåíèè, îñ-

íîâûâàþòñÿ (êàê è â ñëó÷àå ìàëûõ ÷èñåë �åéíîëüäñà [2℄) íà âûäåëåíèè òðåõ îñíîâûõ

ý��åêòîâ: êâàçèñòàöèîíàðíîãî ñîïðîòèâëåíèÿ (Fst),ñèë ïðèñîåäèíåííûõ ìàññ (Fa) è ñèë

íàñëåäñòâåííîãî ñîïðîòèâëåíèÿ (Fh):

F = Fst + Fa + Fh (1)

Òåîðåòè÷åñêàÿ ìîäåëü, èññëåäóþùàÿ âîçìîæíîñòè äâèæåíèÿ âèáðîðîáîòà çà ñ÷åò êâàçè-

ñòàöèîíàðíîãî ñîïðîòèâëåíèÿ, áûëà ïðåäñòàâëåíà â ðàáîòå [3℄. Ïðè òàêèõ óñëîâèÿõ ý�-

�åêòèâíîñòü äâèæåíèÿ ñèñòåìû â äèàïàçîíå ÷èñåë �åéíîëüäñà Reav ≤ 103 ìîãëà áû äî-

ñòèãàòü 7.9% (ãäå Reav � ÷èñëî �åéíîëüäñà, âû÷èñëåííîå ïî ñðåäíåé ñêîðîñòè äâèæåíèÿ).

Îïòèìàëüíûìè äëÿ ýòîãî ñëó÷àÿ ÿâëÿþòñÿ äâóõ�àçíûå ïåðèîäè÷åñêèå çàêîíû äâèæåíèÿ
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âíóòðåííåé ìàññû, ãäå äëèííûå �àçû ìåäëåííîãî ïîñòóïàòåëüíîãî äâèæåíèÿ, íà êîòîðûõ

ñ�åðà èñïûòûâàåò ìàëîå ñîïðîòèâëåíèå, ñìåíÿþòñÿ êîðîòêèìè �àçàìè áûñòðîãî âîçâðàò-

íîãî äâèæåíèÿ, ïîçâîëÿþùèìè çà ñ÷åò âûñîêîãî ñîïðîòèâëåíèÿ ñ ìèíèìàëüíûì îòêàòîì

êîðïóñà âåðíóòü âíóòðåííèé ãðóç íà íà÷àëüíîå ïîëîæåíèå. Èìåííî ýòè ðåçóëüòàòû áû-

ëè âûáðàíû â êà÷åñòâå îòïðàâíîé òî÷êè â íàñòîÿùåé ðàáîòå. Ñ èñïîëüçîâàíèåì ìåòîäîâ

÷èñëåííîãî ìîäåëèðîâàíèÿ â ðàìêàõ íàñòîÿùåãî èññëåäîâàíèÿ áûëî ðàññìîòðåíî äâèæå-

íèå âèáðîðîáîòà ïî ïîäîáíûì äâóõ�àçíûì çàêîíàì â äèàïàçîíå îòíîñèòåëüíî íåáîëüøèõ

çíà÷åíèé ÷èñëà �åéíîëüäñà Reav ≤ 102. Ôðàãìåíò çàêîíà äâèæåíèÿ uM ñ ïåðèîäîì τ = 1
èçîáðàæåí íà ðèñ 1.
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�èñ. 1: Ôðàãìåíò ïåðèîäè÷åñêîãî çàêîíà äâèæåíèÿ êîðïóñà uM(τ)

Ïðè ðàñ÷åòå ãèäðîäèíàìè÷åñêîãî âçàèìîäåéñòâèÿ ïðîâîäèëèñü ðåøåíèå ïîëíîé ñèñòå-

ìû óðàâíåíèé Íàâüå-Ñòîêñà(íà îñíîâå ÷èñëåííîé ìîäåëè [4℄) è ïîêîìïîíåíòíàÿ îöåíêà

ñîñòàâëÿþùèõ ñîïðîòèâëåíèÿ äëÿ êàæäîãî ìîäåëèðóåìîãî ñëó÷àÿ â ñîîòâåòñòâèè ñ (1).

Áûëî ïîêàçàíî, ÷òî ñèëà íà äâóõ îòðåçêàõ óñêîðåíèÿ ( ñì. îáëàñòè II íà �èñ.1) ïðàêòè÷å-

ñêè ïîëíîñòüþ îïðåäåëÿåòñÿ ñèëîé ïðèñîåäèíåííûõ ìàññ ïðîïîðöèîíàëüíîé óñêîðåíèþ.

Êîý��èöèåíò ïðèñîåäèíåííûõ ìàññ ïðè ýòîì ÿâëÿåòñÿ êîíñòàíòîé Ca = 0.5 , ÷òî ñîãëà-

ñóåòñÿ ñ ðåçóëüòàòàìè ìíîãèõ èññëåäîâàíèé, ïðîâåäåííûõ äëÿ ñ�åðû [5℄. Òàêèì îáðàçîì,

ñóììàðíûé âêëàä ñèë íà îòðåçêàõ óñêîðåíèÿ â ðàìêàõ ïîëíîãî ïåðèîäà äâèæåíèÿ ïðè-

áëèçèòåëüíî ðàâåí íóëþ, à, ñëåäîâàòåëüíî, íàïðàâëåííîå äâèæåíèå âèáðîðîáîòà ÿâëÿåòñÿ

ðåçóëüòàòîì ñèë, äåéñòâóþùèõ íà ïðÿìîé è âîçâðàòíîé �àçàõ äâèæåíèÿ (ñì. îáëàñòè I, III

íà �èñ.1). Íà îáåèõ �àçàõ ñîãëàñíî ïðåäñòàâëåíèþ (1) â îòñóòñòâèå óñêîðåíèÿ ñèëà îïðå-

äåëÿåòñÿ íàñëåäñòâåííîé è êâàñòàöèîíàðíîé ñîñòàâëÿþùèìè, êîý��èöèåíòû ýòèõ ñèë íà

�àçàõ îïðåäåëÿþòñÿ ñëåäóþùèìè �îðìóëàìè:
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Çäåñü òðåóãîëüíûìè ñêîáêàìè ñ èíäåêñîì "+"èëè "�"îáîçíà÷åíî îñðåäíåíèå ñèë íà

ïðÿìîé è âîçâðàòíîé �àçå ñîîòâåòñòâåííî. Íà ðèñ. 2 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ,

âûïîëíåííûõ ïðè �èêñèðîâàííîé ñðåäíåé ñêîðîñòè Reav è ïåðèîäå äâèæåíèÿ κ ñ ïåðåìåí-

íîé îòíîñèòåëüíîé ïðîäîëæèòåëüíîñòüþ �àç b. Èçìåíåíèå b íàïðÿìóþ âëèÿåò íà ñêîðîñòè

äâèæåíèÿ íà �àçàõ u+, u−
, ïî êîòîðûì âû÷èñëÿþòñÿ ìãíîâåííûå ÷èñëà �åéíîëüäñà Re+

è Re
−
ñîîòâåòñòâåííî. Âêëàä îò êâàçèñòàöèîíàðíîé ñîñòàâëÿþùåé â ñðåäíþþ ñèëó â çà-

âèñèìîñòè îò ìãíîâåííîãî ÷èñëà �åéíîëüäñà ïðåäñòàâëåí íà ãðà�èêå ñïëîøíîé ëèíèåé.

Êàê âèäíî íàñëåäñòâåííàÿ ñîñòàâëÿþùàÿ ñèëû â ñëó÷àå êîíå÷íûõ ïåðèîäîâ äâèæåíèÿ

äàåò âêëàä â ñóììàðíóþ ñèëó ñðàâíèìûé ñ êâàçèñòàöèîíàðíûì. Åå âëèÿíèå ñóùåñòâåííî

ñíèæàåò ý��åêòèâíîñòü ðàññìàòðèâàåìîãî ìåõàíèçìà äâèæåíèÿ äëÿ ñëó÷àÿ âûñîêî÷à-

ñòîòíûõ êîëåáàíèé ïî ñðàâíåíèþ ñ ïðåäåëüíûìè îöåíêàìè êâàçèñòàöèîíàðíîé ìîäåëè [3℄.

�àáîòà âûïîëíåíà ïðè �èíàíñîâîé ïîääåðæêå �ÔÔÈ (ïðîåêò 16-31-00462)
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�èñ. 2: �åçóëüòàòû èçìåðåíèé îñðåäíåííûõ çíà÷åíèé êîý��èöèåíòà ñèëû íà ïðÿìîé è

âîçâðàòíîé �àçàõ äëÿ ðàçëè÷íûõ b
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About the role of the history component of the hydrodynamic force

during the motion of a spherical vibration-driven robot in a viscous

fluid

O.S. Zhuchkova, A.N. Nuriev

Abstract

The paper studies the problems of the structure of the hydrodynamic drag force that

arises during the periodic motion of a spherical vibration-driven robot in a fluid and the

influence of its various components on the process and efficiency of motion. In particular,

the role of the history force of resistance in the movement dynamics of the robot is
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revealed. The research is carried out in the framework of direct numerical simulation

using the OpenFoam software package. It is shown that the history component of the

force in the case of finite periods of motion contributes to the total force comparable to

the quasistationary force. Its influence significantly reduces the efficiency of the considered

motion mechanism for the case of high-frequency oscillations.

Keywords: vibration-driven robot, hydrodynamic resistance, viscous fluid, self-propulsion
device, history force, added-mass force, quasistationary force.
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