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Ââîäíàÿ ÷àñòü ðàáîòû ñîäåðæèò êðàòêèå ñâåäåíèÿ î ñóùåñòâóþùèõ ïåðèñòàëüòè÷åñêèõ íàñîñàõ 
è îáëàñòÿõ èõ ïðèìåíåíèÿ. Îòäåëüíîå âíèìàíèå óäåëåíî ïðèìåíåíèþ ìèíèàòþðíûõ ïåðèñòàëü-
òè÷åñêèõ íàñîñîâ ñ ëèíåéíî ðàñïîëîæåííîé òðóáêîé. Äëÿ òàêèõ íàñîñîâ ñóùåñòâóåò äîñòàòî÷íîå 
êîëè÷åñòâî ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé, íî âåñüìà îãðàíè÷åííîå ÷èñëî ðàáîò ïîñâÿùåíî 
ìîäåëèðîâàíèþ òå÷åíèÿ â òàêèõ íàñîñàõ. Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà ìåòîäèêè ðàñ÷å-
òà õàðàêòåðèñòèêè ïåðèñòàëüòè÷åñêîãî íàñîñà ñ ëèíåéíî ðàñïîëîæåííîé òðóáêîé è íåñêîëüêèìè 
âûæèìíûìè ýëåìåíòàìè, êîòîðûå ñæèìàþò åå â ïîïåðå÷íîì íàïðàâëåíèè íå ïîëíîñòüþ, íà îñ-
íîâå êâàçèñòàöèîíàðíîé ìîäåëè è ïðîâåðêà ïðèìåíèìîñòè ðàçðàáîòàííîé ìîäåëè ÷èñëåííûì 
ìîäåëèðîâàíèåì. Êâàçèñòàöèîíàðíàÿ ìîäåëü ïîëó÷åíà ïóòåì ñîñòàâëåíèÿ óðàâíåíèÿ Áåðíóëëè 
äëÿ ìãíîâåííûõ çíà÷åíèé ñêîðîñòåé è äàâëåíèé äëÿ òåêóùèõ äâèæåíèé âûæèìíîãî ýëåìåíòà. Äëÿ 
îöåíêè îãðàíè÷åíèé ïðèìåíèìîñòè êâàçèñòàöèîíàðíîé ìîäåëè áûëè âûïîëíåíû ÷èñëåííûå ýêñ-
ïåðèìåíòû â ïðîãðàììå STAR-CCM+ ñ ó÷åòîì âîçìîæíîñòè âîçíèêíîâåíèÿ êàâèòàöèè, äëÿ ÷åãî 
áûëà èñïîëüçîâàíà ìîäåëü «Ýéëåðîâîé ìíîãîôàçíîñòè». ×èñëåííûå ýêñïåðèìåíòû ïîêàçàëè, ÷òî 
êàâèòàöèÿ èìååò ìåñòî â èíòåðâàëû âðåìåíè, êîãäà âûæèìíîé ýëåìåíò íàñîñà âîçâðàùàåòñÿ â 
íà÷àëüíîå ïîëîæåíèå è äàâëåíèå â îáëàñòè ñæàòèÿ óìåíüøàåòñÿ. Èç ñðàâíåíèÿ ðàñ÷åòîâ ñ ðàç-
íîé ïðîäîëæèòåëüíîñòüþ öèêëîâ ðàáîòû íàñîñà óñòàíîâëåíî, ÷òî êàâèòàöèÿ ñóùåñòâåííà, òîëüêî 
åñëè âûæèìíûå ýëåìåíòû äâèãàþòñÿ ñëèøêîì áûñòðî è âðåìÿ öèêëà íàñîñà äîñòàòî÷íî ìàëî. 
Òàêæå áûëî óñòàíîâëåíî, ÷òî êîëåáàíèÿ ñêîðîñòè æèäêîñòè âíóòðè íàñîñà íàáëþäàþòñÿ ïðè òåõ 
æå óñëîâèÿõ, ÷òî è êàâèòàöèÿ. Ñðàâíåíèå ðåçóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ è ðàñ÷åòîâ ïî 
êâàçèñòàöèîíàðíîé ìîäåëè ïîêàçàëî, ÷òî ðàñ÷åòû äàþò ïîãðåøíîñòü â èíòåðâàëàõ âðåìåíè, êîã-
äà åñòü îäíîâðåìåííîå äâèæåíèå âûæèìíûõ ýëåìåíòîâ íàñîñà. Â ðåçóëüòàòå ïðîâåäåíèÿ àíàëè-
çà ïîëó÷åííûõ ðåçóëüòàòîâ ñäåëàí âûâîä, ÷òî ðàçðàáîòàííàÿ êâàçèñòàöèîíàðíàÿ ìîäåëü ìîæåò 
ïðèìåíÿòüñÿ äëÿ ðàñ÷åòîâ, åñëè âÿçêîñòü ïåðåêà÷èâàåìîé æèäêîñòè íå ìåíüøå 40 ìÏàñ è åñëè 
÷àñòîòà ðàáîòû íàñîñà äîñòàòî÷íî ìàëà, ÷òîáû â íàñîñå íå âîçíèêàëè óêàçàííûå êàâèòàöèÿ è êî-
ëåáàíèÿ ñêîðîñòè.

Êëþ÷åâûå ñëîâà: ïåðèñòàëüòè÷åñêèé íàñîñ, óðàâíåíèå Áåðíóëëè, ëàìèíàðíîå òå÷åíèå, êàâèòàöèÿ.
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 Ââåäåíèå
Ïåðèñòàëüòè÷åñêèé íàñîñ îòíîñèòñÿ ê îáú-

åìíûì ãèäðîìàøèíàì è ñîñòîèò èç óïðóãîãî 
ðàáî÷åãî îðãàíà è îäíîãî èëè íåñêîëüêèõ âû-
æèìíûõ ýëåìåíòîâ. Â êà÷åñòâå óïðóãîãî ðà-
áî÷åãî îðãàíà ìîæåò ïðèìåíÿòüñÿ ìåìáðàíà 
èëè ãèáêàÿ òðóáêà, äëÿ èçãîòîâëåíèÿ êîòîðîé 
ïðèìåíÿþò òàêèå ìàòåðèàëû, êàê ñèëèêîí, íå-
îïðåí, áèîïðåí, ìàðïðåí, ïîëèâèíèëõëîðèä, 
âèòîí, ïîëèóðåòàí è äð. Ïðèìåíÿåìûå âû-
æèìíûå ýëåìåíòû îòëè÷àþòñÿ áîëüøèì ðàç-
íîîáðàçèåì: ýòî ìîãóò áûòü òîëêàòåëè, ïðè-
âîäèìûå â äâèæåíèå êðèâîøèïíî-øàòóííûì 
ìåõàíèçìîì, ðîëèêè, áàøìàêè, ïüåçîýëåêòðè-
÷åñêèå êðèñòàëëû, ãèäðîïðèâîä è ò.ä. Ñðåäè 
íàñîñîâ ïðîìûøëåííîãî íàçíà÷åíèÿ íàèáîëü-
øåå ðàñïðîñòðàíåíèå ïîëó÷èëè êîíñòðóêöèè 

íàñîñîâ ñ òðóáêîé, ðàñïîëîæåííîé ïî êðóãó 
è ñ ðîëèêàìè èëè áàøìàêàìè â êà÷åñòâå âû-
æèìíûõ ýëåìåíòîâ. Êîíñòðóêöèè ñ ðîëèêà-
ìè ìîãóò ðàáîòàòü ñ äàâëåíèåì äî 1,2 ÌÏà, è 
îíè ýêîíîìè÷íåå êîíñòðóêöèé ñ áàøìàêàìè, 
òàê êàê ñîïðîâîæäàþòñÿ ìåíüøèì òåïëîâûäå-
ëåíèåì è ïîòîìó òðåáóþò ìåíüøå ñìàçêè, íî 
íàñîñû ñ áàøìàêàìè ìîãóò ðàáîòàòü ñ äàâëåíè-
åì äî 1,6 ÌÏà [1], ïîýòîìó èõ âñå åùå ïðîèç-
âîäÿò. Äèàìåòð òðóáêè òàêèõ íàñîñîâ îáû÷íî 
ñîñòàâëÿåò îò 10 äî 125 ìì. Ïîäà÷à òàêèõ íàñî-
ñîâ ìîæåò äîñòèãàòü äî 80 ì3/÷.

Áëàãîäàðÿ òàêèì ïðåèìóùåñòâàì, êàê ãåð-
ìåòè÷íîñòü, ïðîñòîòà êîíñòðóêöèè, âîçìîæ-
íîñòü ïåðåêà÷êè æèäêîñòåé ñ áîëüøèì êîëè÷å-
ñòâîì òâåðäûõ âêëþ÷åíèé ïåðèñòàëüòè÷åñêèå 
íàñîñû íàøëè ïðèìåíåíèå âî ìíîãèõ îáëà-
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ñòÿõ. Èõ ïðèìåíÿþò â ïèùåâîé, õèìè÷åñêîé, 
íåôòÿíîé è ãîðíîäîáûâàþùåé ïðîìûøëåí-
íîñòÿõ, äëÿ ïåðåêà÷êè ñòî÷íûõ âîä, êðàñÿùèõ 
âåùåñòâ è äð.

Êðîìå êðóïíîãàáàðèòíûõ íàñîñîâ, ðàñ-
ñìîòðåííûõ âûøå, ñóùåñòâóþò òàêæå ìèíèà-
òþðíûå ïåðèñòàëüòè÷åñêèå íàñîñû, â êîòîðûõ 
äèàìåòð òðóáêè ìîæåò áûòü îò 0,15 äî 10 ìì, 
ðàáî÷åå äàâëåíèå äî 0,2 ÌÏà, à ñîçäàâàåìàÿ 
ïîäà÷à 0,3–2000 ìêë/ìèí [2]. Òàêèå íàñîñû 
ïðèìåíÿþò â ìåäèöèíå äëÿ òðàíñïîðòèðîâêè 
áèîëîãè÷åñêèõ æèäêîñòåé è äîçèðîâêè ëåêàð-
ñòâåííûõ ïðåïàðàòîâ. Òàêæå èõ ïðèìåíÿþò â 
ñòðóéíûõ ïðèíòåðàõ, â íàñòîëüíûõ áèîðåàê-
òîðàõ è äðóãîì ëàáîðàòîðíîì îáîðóäîâàíèè. 
Îäíî èç ïåðñïåêòèâíûõ íàïðàâëåíèé ïðèìåíå-
íèÿ òàêèõ íàñîñîâ – áèîïðèíòåðû äëÿ ïå÷àòè 
ìîäåëåé íà îñíîâå êëåòîê, ñîõðàíÿþùèõ ñâîþ 
æèçíåñïîñîáíîñòü, ãäå â íàñòîÿùåå âðåìÿ ïðè-
ìåíÿþò øïðèöåâûå äîçàòîðû, ïîõîæèå ïî ïðèí-
öèïó äåéñòâèÿ íà ìèíèàòþðíûå ïîðøíåâûå 
íàñîñû. Â òàêèõ îáëàñòÿõ ñòåðèëüíîñòü è òî÷-
íîñòü ãîðàçäî âàæíåå ýíåðãîýôôåêòèâíîñòè, ïî-
ýòîìó êîíñòðóêöèÿ ïåðèñòàëüòè÷åñêîãî íàñîñà 
ñ ëèíåéíî ðàñïîëîæåííîé òðóáêîé è íåñêîëüêè-
ìè ñæèìàþùèìè åå â ïîïåðå÷íîì íàïðàâëåíèè 
âûæèìíûìè ýëåìåíòàìè çäåñü áóäåò ïðåäïî-
÷òèòåëüíåå, ÷åì íàñîñ ñ U-îáðàçíî ðàñïîëîæåí-
íîé òðóáêîé è ðîëèêàìè.

Â òî âðåìÿ êàê íàñîñû ñ òðóáêîé, ðàñïîëî-
æåííîé ïî êðóãó, è ðîëèêàìè õîðîøî èçó÷åíû 
è äëÿ íèõ ñîçäàí ðÿä ìåòîäèê ðàñ÷åòà (íàïðè-
ìåð, ðàáîòû [3–5]), íàñîñàì ëèíåéíîãî òèïà 
ïîñâÿùåíî ìåíüøåå êîëè÷åñòâî ðàáîò. Â íèõ, 

êàê ïðàâèëî, ïðèâîäèòñÿ ðåçóëüòàòû ýêñïåðè-
ìåíòàëüíûõ èññëåäîâàíèé ðàçðàáîòàííîé êîí-
ñòðóêöèè íàñîñà [6, 7].

Äàííàÿ ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì èñ-
ñëåäîâàíèé, ïðîâåäåííûõ â ðàáîòàõ [8] è [9]. 
Â ðàáîòå [8] ïðåäñòàâëåíà ìåòîäèêà àíàëè-
òè÷åñêîãî ðàñ÷åòà ïîäà÷è ïåðèñòàëüòè÷åñêî-
ãî íàñîñà ëèíåéíîãî òèïà c ïîëíûì ñæàòèåì 
òðóáêè è ñðàâíåíèå ðåçóëüòàòîâ ñ äàííûìè 
ýêñïåðèìåíòà. ×èñëåííîå ìîäåëèðîâàíèå, ïðî-
âåäåííîå â ðàáîòå [9], ïîêàçàëî íàëè÷èå êî-
ëåáàòåëüíûõ ïðîöåññîâ è âîçìîæíîñòü âîç-
íèêíîâåíèÿ êàâèòàöèè âñëåäñòâèå ïîíèæåíèÿ 
äàâëåíèÿ, êîòîðûå ïðè àíàëèòè÷åñêîì ðàñ÷åòå 
ó÷òåíû íå áûëè. 

Öåëü ðàáîòû 
Äîðàáîòêà ïðåäëîæåííîé â ðàáîòå [8] ìå-

òîäèêè äëÿ ðàñ÷åòà õàðàêòåðèñòèêè íàñîñà â 
ñëó÷àå íåïîëíîãî ñæàòèÿ òðóáêè è ïðîâåäåíèÿ 
ñåðèè ÷èñëåííûõ ýêñïåðèìåíòîâ äëÿ óñòàíîâëå-
íèÿ îãðàíè÷åíèé ïðèìåíåíèÿ äàííîé ìåòîäèêè.

Ðàñ÷åò õàðàêòåðèñòèêè íàñîñà 
êâàçèñòàöèîíàðíûì ìåòîäîì
Äëÿ ïîëó÷åíèÿ õàðàêòåðèñòèêè ïåðèñòàëü-

òè÷åñêîãî íàñîñà îïðåäåëèì ñíà÷àëà, êàê èçìå-
íÿåòñÿ ñðåäíÿÿ ñêîðîñòü æèäêîñòè â âûõîäíîì 
åãî ñå÷åíèè. Âûæèìíûå ýëåìåíòû ñæèìàþò 
òðóáêó ïî î÷åðåäè â ñîîòâåòñòâèè ñ àëãîðèò-
ìîì, ïîêàçàííûì íà ðèñ. 1.

Íà ðèñ. 2 ïîêàçàíà ðàñ÷åòíàÿ ñõåìà, õà-
ðàêòåðèçóþùàÿ ðàáîòó ïåðèñòàëüòè÷åñêîãî 
íàñîñà â ìîìåíò ñðàáàòûâàíèÿ ïåðâîãî âû-

Ðèñ. 1. Ïîðÿäîê ñðàáàòûâàíèÿ âûæèìíûõ ýëåìåíòîâ ïåðèñòàëüòè÷åñêîãî íàñîñà
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æèìíîãî ýëåìåíòà. Ó÷àñòîê äëèíîé l
5
 íà ñõåìå 

âûäåëåí øòðèõîâêîé, òàê êàê îí íå ÿâëÿåòñÿ 
÷àñòüþ íàñîñà è äîáàâëåí äëÿ èìèòàöèè íà-
ãðóçêè. Ïðè èññëåäîâàíèè ðàñ÷åò ïðîâîäèëñÿ 
íåñêîëüêî ðàç ñ ðàçíûìè çíà÷åíèÿìè l

5
, ÷òîáû 

ïîëó÷èòü äîñòàòî÷íî òî÷åê äëÿ ïîñòðîåíèÿ õà-
ðàêòåðèñòèêè íàñîñà.

Ðàññìîòðèì ñæàòèå òðóáêè íàñîñà ïåðâûì âû-
æèìíûì ýëåìåíòîì. Ïðè ýòîì æèäêîñòü áóäåò 
âûòåñíÿòüñÿ íå òîëüêî ïî íàïðàâëåíèþ ê âûõîä-
íîìó ñå÷åíèþ, íî òàêæå è ê âõîäíîìó ñå÷åíèþ. 
Ñóììà îáúåìîâ æèäêîñòè, ïåðåòåêàþùèõ ÷åðåç 
âõîäíîå è âûõîäíîå ñå÷åíèÿ òðóáêè íàñîñà â åäè-
íèöó âðåìåíè, áóäåò ðàâíà îáúåìó, êîòîðûé âû-
òåñíÿåò âûæèìíîé ýëåìåíò çà òî æå âðåìÿ:

 ( ) hv S v S dt a dS   âõ âõ âûõ âûõ , (1)

ãäå dS
h
 – èçìåíåíèå ïëîùàäè ïîïåðå÷íîãî ñå-

÷åíèÿ â îáëàñòè ñæàòèÿ çà èíòåðâàë âðåìå-
íè dt, ì2; a – äëèíà âûæèìíîãî ýëåìåíòà, ì; 
v

âõ
 è v

âûõ
 – ìãíîâåííûå çíà÷åíèÿ ñðåäíèõ ñêî-

ðîñòåé âî âõîäíîì è âûõîäíîì ñå÷åíèÿõ, êî-
òîðûå ÿâëÿþòñÿ ôóíêöèÿìè îò âðåìåíè, ò.å. 
v

âûõ
 = v

âûõ
(t) è v

âõ
 = v

âõ
(t), ì/ñ; S

âõ
 è S

âûõ
 – ïëîùà-

äè âõîäíîãî è âûõîäíîãî ñå÷åíèé, ì2.
Â îáëàñòè ñæàòèÿ áóäåò ñîçäàâàòüñÿ íå-

êîòîðîå äàâëåíèå p
ñæ

 è ïëîùàäü ïîïåðå÷íîãî 
ñå÷åíèÿ S

h
, ìåíÿþùàÿñÿ ñî âðåìåíåì. Îáðà-

òèì âíèìàíèå, ÷òî â îáùåì ñëó÷àå ïîïåðå÷íîå 
ñå÷åíèå òðóáêè â îáëàñòè ñæàòèÿ íå ÿâëÿåòñÿ 
êðóãëûì â òîì ÷èñëå è òîãäà, êîãäà âûæèìíûå 
ýëåìåíòû íàõîäÿòñÿ â âåðõíåì ïîëîæåíèè (äëÿ 
ýòîãî ïëîùàäü ñå÷åíèÿ îáîçíà÷åíà S

hm
). 

Â ñîîòâåòñòâèè ñî ñõåìîé ñîñòàâëåíû óðàâ-
íåíèå Áåðíóëëè äëÿ ñå÷åíèÿ 1-1 è âõîäíîãî ñå-
÷åíèÿ, à òàêæå óðàâíåíèå Áåðíóëëè äëÿ ñå÷å-
íèÿ 2-2 è âûõîäíîãî ñå÷åíèÿ:
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1

1
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2
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p v p v h
g g g g
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ñæ âõ âõ
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ñæ âûõ âûõ
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(2)

ãäå p
ñæ

 – äàâëåíèå â îáëàñòè ñæàòèÿ, Ïà; 
p

âõ
 – äàâëåíèå íà âõîäå â íàñîñ, Ïà; p

âûõ
 – äàâ-

ëåíèå íà âûõîäå ïîñëå ó÷àñòêà äëèíîé l
5
, Ïà; 

v
1
 – ñðåäíÿÿ ñêîðîñòü æèäêîñòè â ñå÷åíèè 1-1, 

ì/ñ; v
2
 – ñðåäíÿÿ ñêîðîñòü æèäêîñòè â ñå÷åíèè 

2-2, ì/ñ; g – óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, 
ì/ñ2; ρ – ïëîòíîñòü æèäêîñòè, êã/ì3; α

âõ
, α

âûõ
, 

α
1
, α

2
 – êîýôôèöèåíòû Êîðèîëèñà â ñîîò-

âåòñòâóþùèõ ÷àñòÿõ òðóáêè, ïðè÷åì α
âõ

 = 2, 
α

âûõ
 = 2, α

1
 = 1, α

2
 = 1.

Äëÿ íåñæèìàåìîé æèäêîñòè î÷åâèäíî, ÷òî:

 

2 2

3 4 2

2 2

1 2

; ;
4

; ,
4 4

hm

h h

d dv v v v
S d

d dv v v v
S S


 

 
 

âûõ âûõ
âûõ âûõ

âûõ
âõ âûõ

 (3)

ãäå v
3
 – ñêîðîñòü æèäêîñòè â îáëàñòè, ãäå ðàñ-

ïîëîæåíû âòîðàÿ è òðåòüÿ ïëàñòèíû, ñ ïëî-
ùàäüþ ïîïåðå÷íîãî ñå÷åíèÿ S

hm
, ì/ñ; d – âíó-

òðåííèé äèàìåòð òðóáêè íà ó÷àñòêàõ l
1
 è l

4
, ì; 

d
âûõ

 – âíóòðåííèé äèàìåòð ó÷àñòêà l
5
, ì.

Åñëè ïðåíåáðå÷ü ìåñòíûìè ñîïðîòèâëåíèÿ-
ìè, òî ïîòåðè íàïîðà áóäóò ñîñòîÿòü òîëüêî èç 
ïîòåðü íà òðåíèå, êîòîðûå ìîæíî îïðåäåëèòü 
ïî ôîðìóëå Äàðñè [10]:

2
1

2
l vh
d g

   âõ
âõ âõ ;

2 2 2
3 3 54 4

3 3 44 2 2 2
hm

hm

l P v ll v vh k
S g d g d g

       âûõ
âûõ âûõ

âûõ

,
 

(4)
ãäå λ

3
 – êîýôôèöèåíò ïîòåðü íà òðåíèå ïî 

äëèíå â îáëàñòè ðàñïîëîæåíèÿ âòîðîé è òðå-
òüåé ïëàñòèíû; λ

4
 – êîýôôèöèåíò ïîòåðü íà 

òðåíèå ïî äëèíå â îáëàñòè ïîñëå ïëàñòèí ïåðåä 
ñóæåíèåì; λ

âõ
 è λ

âûõ
 – êîýôôèöèåíòû ïîòåðü íà 

òðåíèå ïî äëèíå â íà÷àëå è â êîíöå òðóáêè, 
ñîîòâåòñòâåííî; P

hm
 – ñìî÷åííûé ïåðèìåòð â 

îáëàñòè ñæàòèÿ, êîãäà ïëàñòèíà íàõîäèòñÿ â 
âåðõíåì ïîëîæåíèè, ì, k

3
 – êîýôôèöèåíò, ó÷è-

òûâàþùèé âëèÿíèå ôîðìû íåêðóãëîãî ñå÷åíèÿ 

Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà ðàáîòû ïåðèñòàëüòè÷åñêîãî íàñîñà 
âî âðåìÿ ñæàòèÿ òðóáêè ïåðâûì âûæèìíûì ýëåìåíòîì
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íà ïîòåðè [11]. Äëÿ ëàìèíàðíîãî ðåæèìà òå÷å-
íèÿ ïðèíèìàåì:

64
v d


 

âõ
âõ

; 3
3

64
4
hm

hm

P
v S


 


; 

 
4

4

64
v d


 


; 

64
v d


 

âûõ
âûõ âûõ

, (5)

ãäå μ – êîýôôèöèåíò äèíàìè÷åñêîé âÿçêîñòè 
æèäêîñòè, Ïà·ñ. 

Ïîñëå ïîäñòàíîâêè âûðàæåíèé (1), (3), (4) è 
(5) â ñèñòåìó (2) ïîëó÷èì:
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âûõ âûõ âõ âûõ
âûõ

âûõ âûõ

âûõ

âûõ

âûõâõ

âõ 1
2 2 4

432 .
)

ha dSl
t d dt




 

 

(6)
Âûðàæåíèå (6) ÿâëÿåòñÿ êâàäðàòíûì óðàâ-

íåíèåì ñ äâóìÿ êîðíÿìè, îäèí èç êîòîðûõ 
áóäåò ðåøåíèåì, à âòîðîé îòáðàñûâàåòñÿ èç-çà 
íåïðàâäîïîäîáíîãî çíà÷åíèÿ. 

Ïðîâåäÿ àíàëîãè÷íûå ðàññóæäåíèÿ, ïîëó-
÷èì âûðàæåíèÿ äëÿ ñæàòèÿ òðóáêè âòîðûì è 
òðåòüèì âûæèìíûìè ýëåìåíòàìè, à òàêæå äëÿ 
âîçâðàùåíèÿ âûæèìíûõ ýëåìåíòîâ â íà÷àëü-
íîå ïîëîæåíèå. 

Ñõåìà íàñîñà ïðè ñæàòèè òðóáêè âòîðûì 
âûæèìíûì ýëåìåíòîì ïîêàçàíà íà ðèñ. 3.

Ñõåìà èäåíòè÷íà ïðåäûäóùåé ñ òîé ëèøü 
ðàçíèöåé, ÷òî ó÷àñòîê äëèíîé l

3
 ñòàë ìåíüøå è 

äîáàâèëñÿ ñæàòûé ó÷àñòîê äëèíîé l
ñæ

 è ïëîùà-
äüþ ïîïåðå÷íîãî ñå÷åíèÿ S

ñæ
. Ñ èñïîëüçîâàíè-

åì ýòîé ñõåìû áûëî ïîëó÷åíî âûðàæåíèå:
2 4 4
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ñæ ñæ âûõ
âûõ ñæ
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2 22

1
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2
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432 .
2

h

h

h

a dS
d S dt

l P a dSl k
d S dt

   
    

  
    

ñæ ñæ
ñæ

ñæ

 

(7)
Â âûðàæåíèè (7) ïîÿâèëñÿ åùå îäèí êîýô-

ôèöèåíò k
ñæ

, êîòîðûé àíàëîãè÷åí ââåäåííîìó 
ðàíåå êîýôôèöèåíòó k

3
, íî îòíîñèòñÿ ê ñæàòî-

ìó ó÷àñòêó òðóáêè. 
Äëÿ ñæàòèÿ òðóáêè òðåòüèì âûæèìíûì 

ýëåìåíòîì ïîëó÷èì ñõåìó, èçîáðàæåííóþ íà 
ðèñ. 4. Çäåñü ñäåëàíî äîïóùåíèå, ÷òî ê ýòîìó 
ìîìåíòó ïåðâûé âûæèìíîé ýëåìåíò ìîæíî 
ñ÷èòàòü ïîëíîñòüþ âåðíóâøèìñÿ â íà÷àëüíîå 
ïîëîæåíèå.

Ðèñ. 3. Ðàñ÷åòíàÿ ñõåìà ñæàòèÿ òðóáêè âòîðûì âûæèìíûì ýëåìåíòîì

Ðèñ. 4. Ðàñ÷åòíàÿ ñõåìà ñæàòèÿ òðóáêè òðåòüèì âûæèìíûì ýëåìåíòîì
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Äëÿ ñõåìû íà ðèñ. 4 ïîëó÷åíî âûðàæåíèå:
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(8)

ãäå l
hm

 – äëèíà îáëàñòè ñæàòèÿ ïåðâûì âûæèì-
íûì ýëåìåíòîì, ì; v

hm
 – ñðåäíÿÿ ñêîðîñòü â 

ýòîé îáëàñòè, ì/ñ; k
hm

 – êîýôôèöèåíò, ó÷èòûâà-
þùèé âëèÿíèå ôîðìû ñå÷åíèÿ íà ïîòåðè.

Äàëåå ðàññìîòðèì òå÷åíèå æèäêîñòè â 
íàñîñå, êîãäà âûæèìíûå ýëåìåíòû âîçâðàùà-
þòñÿ â íà÷àëüíîå ïîëîæåíèå è òðóáêà âîññòà-
íàâëèâàåò ñâîþ ôîðìó. Ïðè ýòîì íàïðàâëåíèå 

òå÷åíèÿ æèäêîñòè áóäåò ïðîòèâîïîëîæíûì 
ðàññìîòðåííîìó ðàíåå: æèäêîñòü áóäåò çàïîë-
íÿòü îáðàçóþùóþñÿ ïðè ðàçæèìàíèè òðóáêè 
ïîëîñòü, â êîòîðîé áóäåò ïîíèæåííîå äàâëåíèå 
p

ðàçð
. Ñõåìà âîçâðàùåíèÿ ïåðâîãî âûæèìíîãî 

ýëåìåíòà ñ äîïóùåíèåì, ÷òî òðåòèé âûæèìíîé 
ýëåìåíò åùå íå ñæàë òðóáêó, ïîêàçàíà íà ðèñ. 5.

Äëÿ ñõåìû íà ðèñ. 5 áûëî ïîëó÷åíî âûðà-
æåíèå:
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(9)
Ñõåìû âîçâðàùåíèÿ âòîðîãî è òðåòüåãî âû-

æèìíûõ ýëåìåíòîâ â íà÷àëüíîå ïîëîæåíèå ïî-
êàçàíû íà ðèñ. 6 è ðèñ. 7, ñîîòâåòñòâåííî.

Ðèñ. 5. Ðàñ÷åòíàÿ ñõåìà âîçâðàùåíèÿ ïåðâîãî âûæèìíîãî ýëåìåíòà â íà÷àëüíîå ïîëîæåíèå

Ðèñ. 6. Ðàñ÷åòíàÿ ñõåìà âîçâðàùåíèÿ âòîðîãî âûæèìíîãî ýëåìåíòà â íà÷àëüíîå ïîëîæåíèå
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Äëÿ ñõåìû íà ðèñ. 6 ïîëó÷åíî:
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Àíàëîãè÷íî, äëÿ ñõåìû íà ðèñ. 7: 
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(11)
Äëÿ ïîñòðîåíèÿ õàðàêòåðèñòèêè íàñîñà 

íåîáõîäèìî íàéòè çíà÷åíèå äàâëåíèÿ, ñîçäà-
âàåìîãî íàñîñîì. Äëÿ ýòîãî óäîáíåå ñíà÷àëà 
íàéòè äàâëåíèå â âûõîäíîì ñå÷åíèè íàñîñà, 
òî åñòü â ñå÷åíèè ìåæäó ó÷àñòêîì äëèíîé l

4
 

è ó÷àñòêîì äëèíîé l
5
. Îáîçíà÷èì åãî êàê p

45
 

è áóäåì ñ÷èòàòü, ÷òî íà âûõîäå èç ó÷àñòêà l
5
 

äàâëåíèå ðàâíî àòìîñôåðíîìó, òàê æå êàê è íà 
âõîäå â íàñîñ. Òîãäà ïîëó÷èì:

5
45 2

32 l vp
d


 âûõ

âûõ

.

Òàê êàê âõîäíîå è âûõîäíîå ñå÷åíèÿ ìîãóò 
èìåòü ðàçíóþ ïëîùàäü, òî äàâëåíèå, ñîçäàâàå-
ìîå íàñîñîì ìîæíî îïðåäåëèòü êàê:
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 (12)

Ïîäà÷à íàñîñà îïðåäåëÿëàñü ïî ôîðìóëå: 

 

2

4
dQ v 

 âûõ
âûõ . (13)

Îñðåäíåííûå ïî âðåìåíè çíà÷åíèÿ äàâëå-
íèÿ (12) è ïîäà÷è (13) çàòåì èñïîëüçîâàëèñü 
äëÿ ïîñòðîåíèÿ õàðàêòåðèñòèêè íàñîñà.

×èñëåííîå ìîäåëèðîâàíèå
Äëÿ ïðîâåäåíèÿ ÷èñëåííîãî ìîäåëèðîâà-

íèÿ èñïîëüçîâàëñÿ ïðîãðàììíûé êîìïëåêñ 
Star-CCM+. Äëÿ ðàñ÷åòîâ èñïîëüçîâàëàñü òà 
æå ìîäåëü, ÷òî è â ðàáîòå [9], íî ñ äîáàâëåíè-
åì â íåå ìîäóëÿ «Ìíîãîôàçíîñòü Ýéëåðà», ïðè 
ïîìîùè êîòîðîãî ìîæíî ìîäåëèðîâàòü êàâèòà-
öèþ. Äàâëåíèå íàñûùåííûõ ïàðîâ áûëî ïðè-
íÿòî ðàâíûì 3170 Ïà.

Ñæàòèå òðóáêè çàäàâàëîñü ñèëîé, äåéñòâóþ-
ùåé íà îáëàñòü òðóáêè, ãäå åå äîëæåí ñæèìàòü 
âûæèìíîé ýëåìåíò. Çàäàííûå çàâèñèìîñòè 
çíà÷åíèé ñèëû îò âðåìåíè ïîêàçàíû íà ðèñ. 8. 
Ïðèâåäåííûå íà ðèñ. 8 ãðàôèêè ñîîòâåòñòâóþò 
âðåìåíè öèêëà ðàáîòû íàñîñà, ðàâíîì 0,1 ñ. 
Ðàñ÷åòû ïðîâîäèëèñü è äëÿ äðóãèõ ÷àñòîò; 
â òàêîì ñëó÷àå èçìåíåíèå ñèëû çàäàâàëîñü 
òî÷íî òàê æå, íî âðåìÿ ñðàáàòûâàíèÿ âûæèì-
íûõ ýëåìåíòîâ, èíòåðâàë ìåæäó èõ ñðàáàòûâà-
íèåì è ò.ä. óâåëè÷èâàëèñü ïðîïîðöèîíàëüíî â 
ñîîòâåòñòâèè ñ äëèòåëüíîñòüþ öèêëà.

Ðèñ. 7. Ðàñ÷åòíàÿ ñõåìà âîçâðàùåíèÿ òðåòüåãî âûæèìíîãî ýëåìåíòà â íà÷àëüíîå ïîëîæåíèå
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Ðàñ÷åòû, ðåçóëüòàòû êîòîðûõ ïðèâåäåíû â 
ðàáîòå [11], ïîêàçàëè, ÷òî ïðè ïåðåêà÷êå ìà-
ëîâÿçêîé æèäêîñòè (âîäû) íàñîñ âûõîäèò íà 
ðåæèì, íà÷èíàÿ ñ 3–4 öèêëà, â òî âðåìÿ êàê äëÿ 
áîëåå âÿçêîé æèäêîñòè öèêëû ðàáîòû íàñîñà 
äðóã íà äðóãà íå âëèÿþò. Â ðàçðàáîòàííîé êâà-
çèñòàöèîíàðíîé ìîäåëè âëèÿíèå öèêëîâ äðóã 
íà äðóãà íå ó÷òåíî, òàêæå êàê è âîçìîæíîñòü 
âîçíèêíîâåíèÿ êàâèòàöèè. Íà îñíîâå ýòèõ 
äàííûõ áûëà ïðîâåäåíà ñåðèÿ ÷èñëåííûõ ýêñ-
ïåðèìåíòîâ äëÿ ðàçëè÷íûõ çíà÷åíèé âÿçêîñòè 
ïåðåêà÷èâàåìîé æèäêîñòè, ïðîäîëæèòåëü-
íîñòè öèêëà ðàáîòû íàñîñà è ãåîìåòðè÷åñêèõ 
ïàðàìåòðîâ êîíå÷íîãî ó÷àñòêà òðóáêè, èìèòè-
ðóþùåãî íàãðóçêó. Íà âõîäå è íà âûõîäå äàâëå-
íèå áûëî ïðèíÿòî ðàâíûì àòìîñôåðíîìó. 

Ðåçóëüòàòû è èõ îáñóæäåíèå
Ãðàôèêè èçìåíåíèÿ ñðåäíåé ñêîðîñòè â âû-

õîäíîì ñå÷åíèè íàñîñà â çàâèñèìîñòè îò âðåìåíè, 
êîãäà d

âûõ
 = 2 ìì è l

5
 = 4 ñì, ïîêàçàíû íà ðèñ. 9 äëÿ 

ïðîäîëæèòåëüíîñòè öèêëà 0,2 ñ è íà ðèñ. 10 – äëÿ 
ïðîäîëæèòåëüíîñòè öèêëà 0,1 ñ. Â îáîèõ ñëó÷àÿõ 
ðàññìîòðåíî íåñêîëüêî çíà÷åíèé âÿçêîñòè.

Öèêë ðàáîòû íàñîñà áóäåò âëèÿòü íà ñëåäó-
þùèé öèêë, åñëè ñêîðîñòü æèäêîñòè íå óñïååò 
îïóñòèòüñÿ äî íóëÿ ê êîíöó öèêëà. Íà ðèñ. 9 
ýòîãî âëèÿíèÿ íåò óæå ïðè μ = 20 ìÏà·ñ, â òî 
âðåìÿ êàê ïðè ðàáîòå íà áîëüøåé ÷àñòîòå âëè-
ÿíèå ïðåêðàùàåòñÿ òîëüêî ïðè μ = 40 ìÏà·ñ. 
Âèäíî, ÷òî âëèÿíèå öèêëîâ ðàáîòû íàñîñà íà 
ïîñëåäóþùèå öèêëû çàâèñèò êàê îò âÿçêîñòè 
æèäêîñòè, òàê è îò ïðîäîëæèòåëüíîñòè öèêëà. 
Â öåëîì ìîæíî ñäåëàòü âûâîä, ÷òî åñëè íàñîñ 
íå áóäåò ðàáîòàòü ñ åùå áîëüøåé ÷àñòîòîé, òî 
ïðè äèíàìè÷åñêîé âÿçêîñòè áîëåå 40 ìÏà·ñ òå-
÷åíèå â êîíöå öèêëà óñïåâàåò âåðíóòüñÿ ê òîìó 
ñîñòîÿíèþ, â êîòîðîì áûëî äî ñðàáàòûâàíèÿ 
âûæèìíûõ ýëåìåíòîâ. 

Íà ðèñ. 11 ïîñòðîåíû ãðàôèêè èçìåíåíèÿ 
îòíîñèòåëüíîé îáúåìíîé äîëè ïàðîâ æèäêî-
ñòè ïî ïðè÷èíå âîçíèêíîâåíèÿ êàâèòàöèè, îñ-
ðåäíåííîé ïî âñåìó îáúåìó, â çàâèñèìîñòè îò 
âðåìåíè. Â êà÷åñòâå ðàáî÷åé æèäêîñòè çäåñü 
è äàëåå áûë âçÿò æèäêèé ïàðàôèí (ïëîòíîñòü 
855 êã/ì3, êîýôôèöèåíò äèíàìè÷åñêîé âÿçêîñòè 
0,088 Ïà·ñ). Êàê âèäíî, êàâèòàöèÿ âîçíèêàåò â 
èíòåðâàëû âðåìåíè, êîãäà âûæèìíûå ýëåìåí-
òû âîçâðàùàþòñÿ â íà÷àëüíîå ïîëîæåíèå. Ñ 
óâåëè÷åíèåì ïðîäîëæèòåëüíîñòè öèêëà îòíî-
ñèòåëüíàÿ îáúåìíàÿ äîëÿ ïàðîâ óìåíüøàåòñÿ 
è ïðè ïðîäîëæèòåëüíîñòè öèêëà 0,3 ñ è áîëåå 
ñòàíîâèòñÿ äîñòàòî÷íî ìàëîé, ÷òîáû êàâèòàöè-
åé ìîæíî áûëî ïðåíåáðå÷ü. Âðåìÿ âîçâðàùå-
íèÿ âûæèìíîãî ýëåìåíòà â èñõîäíîå ïîëîæå-
íèå ñîñòàâëÿåò 33 ìñ ïðè âðåìåíè öèêëà 0,3 ñ. 

Òåïåðü ïðîâåäåì ñðàâíåíèå ðåçóëüòàòîâ, 
ïîëó÷åííûõ ñ èñïîëüçîâàíèåì ðàçðàáîòàííîé 
êâàçèñòàöèîíàðíîé ìîäåëè ïî âûðàæåíèÿì 
(6)–(11) ñ ðåçóëüòàòàìè ÷èñëåííûõ ýêñïåðè-
ìåíòîâ. Â îáîèõ ñëó÷àÿõ ðàñ÷åòû ïðîâîäèëèñü 
ñ ó÷åòîì ñëåäóþùèõ âåëè÷èí: äëèíà âûæèì-
íûõ ýëåìåíòîâ a = 14 ìì, ðàññòîÿíèå ìåæäó 
âûæèìíûìè ýëåìåíòàìè – 4 ìì, l

1
 = 5,5 ñì, 

l
4
 = 1,5 ñì, d = 3 ìì, d

âûõ
 = 2 ìì, l

5
 = 8 ñì, 

Ðèñ. 8. Èçìåíåíèå ñæèìàþùåé ñèëû îò âðåìåíè: 
1 – â îáëàñòè ñæàòèÿ ïåðâûì âûæèìíûì 
ýëåìåíòîì; 2 – â îáëàñòè ñæàòèÿ âòîðûì 

âûæèìíûì ýëåìåíòîì; 3 – â îáëàñòè ñæàòèÿ 
òðåòüèì âûæèìíûì ýëåìåíòîì

Ðèñ. 9. Èçìåíåíèå ñðåäíåé ñêîðîñòè â âûõîäíîì 
ñå÷åíèè ïðè ïðîäîëæèòåëüíîñòè öèêëà 0,2 ñ: 

1 – μ = 10 ìÏà·ñ; 2 – μ = 20 ìÏà·ñ; 3 – μ = 30 ìÏà·ñ

Ðèñ. 10. Èçìåíåíèå ñðåäíåé ñêîðîñòè â âûõîäíîì 
ñå÷åíèè ïðè ïðîäîëæèòåëüíîñòè öèêëà 0,1 ñ: 

1 – μ = 20 ìÏà·ñ; 2 – μ = 30 ìÏà·ñ; 3 – μ = 40 ìÏà·ñ
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S
hm

 = πd2/4, ρ = 855 êã/ì3, μ = 0,088 Ïà·ñ. Èçìå-
íåíèå ïëîùàäè ïîïåðå÷íîãî ñå÷åíèÿ S

h
 è çíà-

÷åíèå ïåðèìåòðà P
ñæ

 äëÿ êâàçèñòàöèîíàðíîé 
ìîäåëè áûëè âçÿòû èç ðåçóëüòàòîâ ÷èñëåííîãî 
ìîäåëèðîâàíèÿ.

Íà ðèñ. 12 âèäíî, ÷òî â ðàñ÷åòàõ ïî ðàçðà-
áîòàííîé êâàçèñòàöèîíàðíîé ìîäåëè íåò êî-
ëåáàíèé ñêîðîñòè, ïîëó÷åííûõ â ÷èñëåííîì 
ìîäåëèðîâàíèè, ïðè÷åì ãðàôèê, ïîëó÷åííûé 
ïî íåé, ïðåäñòàâëÿåò ñîáîé íåêîå îñðåäíåíèå 
ýòèõ êîëåáàíèé. Íà ðèñ. 13 ïîêàçàíû ðåçóëüòà-

òû ÷èñëåííûõ ýêñïåðèìåíòîâ äëÿ âðåìåíè ïðî-
äîëæèòåëüíîñòè öèêëà 0,2 ñ è 0,3 ñ. Ïðè âðå-
ìåíè öèêëà 0,2 ñ êîëåáàíèÿ íåçíà÷èòåëüíû, à 
ïðè 0,3 ñ èõ ïðàêòè÷åñêè íåò. Òàêèì îáðàçîì, 
ðàçðàáîòàííóþ êâàçèñòàöèîíàðíóþ ìîäåëü 
ìîæíî ïðèìåíÿòü, êîãäà íåò ñëèøêîì áûñòðî-
ãî äâèæåíèÿ âûæèìíûõ ýëåìåíòîâ, êîòîðîå 
ïðèâîäèò ê âîçíèêíîâåíèþ êîëåáàíèé è êàâè-
òàöèè. Â ðàññìàòðèâàåìîì ñëó÷àå êâàçèñòàöè-
îíàðíóþ ìîäåëü ìîæíî ïðèìåíÿòü, åñëè âðåìÿ 
öèêëà íå ìåíüøå 0,3 ñ. Ìîæíî ïðåäïîëîæèòü, 

       

Ðèñ. 11. Îòíîñèòåëüíàÿ îáúåìíàÿ äîëÿ ïàðîâ æèäêîñòè â çàâèñèìîñòè îò ïðîäîëæèòåëüíîñòè öèêëà

Ðèñ. 12. Ñðàâíåíèå ðåçóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ (1) è ðàñ÷åòîâ 
ïî êâàçèñòàöèîíàðíîé ìîäåëè (2) äëÿ ïðîäîëæèòåëüíîñòè öèêëà 0,1 ñ
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÷òî ïîëó÷àþùèåñÿ êîëåáàíèÿ çíà÷åíèé ñêîðî-
ñòè è êàâèòàöèÿ ñâÿçàíû ìåæäó ñîáîé è âîçíè-
êàþò ïðè îäíèõ è òåõ æå óñëîâèÿõ. 

Íà ðèñ. 14 ïîêàçàíî ñðàâíåíèå ðåçóëüòàòîâ 
ðàñ÷åòîâ äëÿ âðåìåíè öèêëà 0,4 ñ, êîãäà îòñóò-
ñòâóþò êàâèòàöèÿ è êîëåáàíèÿ ñêîðîñòè. Ðàñ÷å-
òû ïî êâàçèñòàöèîíàðíîé ìîäåëè õîðîøî ñîâïà-
äàþò ñ ðåçóëüòàòàìè ÷èñëåííîãî ìîäåëèðîâàíèÿ, 
êðîìå ïðîìåæóòêîâ âðåìåíè, â êîòîðûå âûæèì-
íûå ýëåìåíòû äâèãàþòñÿ îäíîâðåìåííî, ÷òî ñâÿ-

çàíî ñ ïðèíÿòûìè â ðàçðàáîòàííîé êâàçèñòàöèî-
íàðíîé ìîäåëè äîïóùåíèÿìè. 

Íà ðèñ. 15 ïðåäñòàâëåíî ñðàâíåíèå ïîëó-
÷åííûõ äëÿ ýòîãî ñëó÷àÿ ðàñ÷åòíûõ íàïîðíûõ 
õàðàêòåðèñòèê ðàññìàòðèâàåìîãî ïåðèñòàëü-
òè÷åñêîãî íàñîñà. Âñëåäñòâèå ïîëó÷àþùèõñÿ 
áîëüøèõ îñðåäíåííûõ ïî âðåìåíè ñêîðîñòåé è 
äàâëåíèé õàðàêòåðèñòèêà, ïîñòðîåííàÿ ïî êâà-
çèñòàöèîíàðíîé ìîäåëè, ëåæèò âûøå ïîëó÷åí-
íîé ïðè ÷èñëåííîì ìîäåëèðîâàíèè.

   

Ðèñ. 13. Ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ äëÿ âðåìåíè öèêëà 0,2 ñ è 0,3 ñ

Ðèñ. 14. Ñðàâíåíèå ðåçóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ (1) 
è ðàñ÷åòîâ ïî êâàçèñòàöèîíàðíîé ìîäåëè (2) äëÿ âðåìåíè öèêëà 0,4 ñ

Ðèñ. 15. Íàïîðíàÿ õàðàêòåðèñòèêà 
ïåðèñòàëüòè÷åñêîãî íàñîñà: 

1 – ïî ðåçóëüòàòàì ÷èñëåííîãî ìîäåëèðîâàíèÿ; 
2 – â ðåçóëüòàòå ðàñ÷åòà 

ïî êâàçèñòàöèîíàðíîé ìîäåëè

Âûâîäû
Íà îñíîâå ïîëó÷åííûõ ðåçóëüòàòîâ ìîæíî 

ïðèéòè ê çàêëþ÷åíèþ, ÷òî ðàçðàáîòàííàÿ êâà-
çèñòàöèîíàðíàÿ ìîäåëü ðàñ÷åòà õàðàêòåðèñòè-
êè ïåðèñòàëüòè÷åñêîãî íàñîñà ëèíåéíîãî òèïà 
ìîæåò ïðèìåíÿòüñÿ íà ïðàêòèêå, íî ñ íåêîòî-
ðûìè îãðàíè÷åíèÿìè. ×àñòîòà ñðàáàòûâàíèÿ 
âûæèìíûõ ýëåìåíòîâ è ñêîðîñòü èõ äâèæåíèÿ 
äîëæíû áûòü äîñòàòî÷íî ìàëû, ÷òîáû â íàñîñå 
íå âîçíèêàëî êàâèòàöèè è êîëåáàíèé ñêîðîñòåé 
è äàâëåíèé, à âÿçêîñòü ïåðåêà÷èâàåìîé æèäêî-
ñòè äîëæíà áûòü íå ìåíåå 40 ìÏà·ñ. 

Êðîìå òîãî, ðàçðàáîòàííàÿ êâàçèñòàöèîíàð-
íàÿ ìîäåëü äàåò ïîãðåøíîñòü â ñëó÷àÿõ, êîãäà 
åñòü äâèæåíèå ñðàçó äâóõ âûæèìíûõ ýëåìåíòîâ. 
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Â äàëüíåéøåì ïëàíèðóåòñÿ ïðîâåñòè 
îöåíêó ïðè÷èí ðàñõîæäåíèÿ íàïîðíûõ õàðàê-
òåðèñòèê, ïîëó÷åííûõ ïî êâàçèñòàöèîíàðíîé 
ìîäåëè è â ðåçóëüòàòå ÷èñëåííîãî ìîäåëèðî-
âàíèÿ, à òàêæå ðàçðàáîòàòü ñïîñîáû ìèíèìèçà-
öèè ýòîãî ðàñõîæäåíèÿ.
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METHOD FOR CALCULATING THE CHARACTERISTICS 
OF A LINEAR TYPE PERISTALTIC PUMP WITH INCOMPLETE COMPRESSION 

OF THE WORKING MEMBER

A.I. Grishin
Moscow Polytechnic University, Moscow, Russia 
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The introductory part of the work contains brief information about the existing peristaltic pumps and their 
application areas. Special attention is paid to the use of miniature peristaltic pumps with a linear located 
tube. For such pumps, there is a sufficient number of experimental studies, but a very limited number of 
studies are devoted to modeling the flow in such pumps. The aim of the work is to develop a technique 
for calculating the characteristics of a peristaltic pump with a linear located tube and several squeezing 
elements that not completely compress it in the transverse direction, based on a quasi-stationary model 
and verifying the applicability of the developed model by numerical modeling. A quasistationary model is 
obtained by compiling the Bernoulli equation for the instantaneous velocities and pressures for the cur-
rent movements of the squeeze element. To evaluate the limitations of the applicability of the quasi-sta-
tionary model, numerical experiments were performed in the STAR-CCM + program taking into account 
the possibility of cavitation, for which the Eulerian polyphase model was used. Numerical experiments 
have shown that cavitation takes place at intervals when the pump discharge member returns to its initial 
position and the pressure in the compression area decreases. From a comparison of calculations with 
different pump cycle times, it is established that cavitation is essential only if the squeeze elements move 
too fast and the pump cycle time is sufficiently short. It was also found that fluctuations in fluid velocity 
within the pump are observed under the same conditions as cavitation. Comparison of the results of nu-
merical simulation and calculations using a quasi-stationary model has shown that the calculations give 
an error in the time intervals when there is a simultaneous movement of pump squeeze elements. As a 
result of the analysis of the obtained results, it is concluded that the developed quasi-stationary model 
can be used for calculations if the viscosity of the pumped liquid is not less than 40 mPa •s and if the 
pump operating frequency is sufficiently small that the pump does not experience the specified cavitation 
and speed fluctuations.

Keywords: peristaltic pump, Bernoulli equation, laminar flow, cavitation.


