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Â îáçîðíîé ÷àñòè ðàáîòû êðàòêî ïðåäñòàâëåíû íàèáîëåå ðàñïðîñòðàíåííûå ñóùåñòâóþùèå êîí-
ñòðóêöèè íàñîñîâ ïåðèñòàëüòè÷åñêîãî ïðèíöèïà äåéñòâèÿ, à òàêæå îñíîâíûå îáëàñòè èõ ïðèìå-
íåíèÿ. Îñíîâíàÿ ÷àñòü èññëåäîâàíèÿ ïîñâÿùåíà èçó÷åíèþ âëèÿíèÿ íà ðàáîòó ïåðèñòàëüòè÷åñêîãî 
íàñîñà ñ ëèíåéíî ðàñïîëîæåííîé òðóáêîé ôîðìû ïîïåðå÷íîãî ñå÷åíèÿ òðóáêè â îáëàñòè ñæèìà-
åìûõ ó÷àñòêîâ, à òàêæå ñîîòíîøåíèÿ ðàçìåðîâ âûæèìíûõ ýëåìåíòîâ, ïåðèîäè÷åñêè ñæèìàþùèõ 
òðóáêó íàñîñà â ïîïåðå÷íîì íàïðàâëåíèè. Èññëåäîâàíèÿ ïðîâîäèëèñü ïîñðåäñòâîì ÷èñëåííûõ 
ýêñïåðèìåíòîâ â ïðîãðàììå STAR-CCM+, êîòîðàÿ îñíîâàíà íà ìåòîäå êîíòðîëüíîãî îáúåìà. 
Â ðåçóëüòàòå ïðîâåäåííûõ âû÷èñëåíèé áûëî óñòàíîâëåíî, ÷òî ïðèìåíåíèå âûñòóïîâ íà âíóòðåí-
íåé ïîâåðõíîñòè òðóáêè äàåò ïîëîæèòåëüíûé ýôôåêò, åñëè âûñòóïû èìåþò îñîáóþ êðèâîëèíåéíóþ 
ôîðìó ñ ïëàâíûì ïåðåõîäîì îêîëî âíóòðåííåé ïîâåðõíîñòè òðóáêè, ïðè÷åì óâåëè÷åíèå ñîçäàâà-
åìîãî äàâëåíèÿ è ïîäà÷è áîëüøå â òîì ñëó÷àå, êîãäà âûñòóïû ïðèñóòñòâóþò òîëüêî â îáëàñòè ñæà-
òèÿ òðóáêè ïåðâûì âûæèìíûì ýëåìåíòîì. Ïðè ýòîì óãîë íàêëîíà õàðàêòåðèñòèêè íàñîñà ìåíÿåòñÿ 
òàê, ÷òî ïîëîæèòåëüíûé ýôôåêò íå íàáëþäàåòñÿ â îáëàñòè ìàëûõ çíà÷åíèé ñîçäàâàåìîãî äàâëå-
íèÿ. Èçó÷åíèå âëèÿíèÿ ðàçëè÷íûõ ñîîòíîøåíèé äëèí ñæèìàåìûõ ó÷àñòêîâ òðóáêè íà ñîçäàâàåìûå 
íàñîñîì ïîäà÷ó è äàâëåíèå ïîêàçàëî, ÷òî äëÿ èññëåäóåìîãî â ðàáîòå íåïîëíîãî ñæàòèÿ òðóáêè íà-
ñîñà íàèáîëåå áëàãîïðèÿòíûì ÿâëÿåòñÿ èñïîëüçîâàíèå âûæèìíûõ ýëåìåíòîâ îäèíàêîâîé äëèíû. 
Êàê äëÿ òðóáêè áåç âûñòóïîâ, òàê è äëÿ òðóáêè ñ âûñòóïàìè ïðèìåíåíèå âòîðîãî âûæèìíîãî ýëå-
ìåíòà áîëüøåé èëè ìåíüøåé äëèíû, ÷åì äëèíà îñòàëüíûõ âûæèìíûõ ýëåìåíòîâ ïðè îäíîé è òîé 
æå ñóììàðíîé äëèíå âñåõ òðåõ ñæèìàåìûõ ó÷àñòêîâ, ïðèâîäèò ê óâåëè÷åíèþ óòå÷åê ïðè íåïîëíîì 
ñæàòèè òðóáêè è òàêèì îáðàçîì ñíèæàåò ïîäà÷ó íàñîñà.
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 Ââåäåíèå 
Ïåðèñòàëüòè÷åñêèé íàñîñ ïðåäñòàâëÿåò 

ñîáîé ãèäðàâëè÷åñêóþ ìàøèíó îáúåìíîãî 
ïðèíöèïà äåéñòâèÿ, â êîòîðîé ðàáî÷àÿ êàìåðà 
îáðàçóåòñÿ âñëåäñòâèå ñæàòèÿ óïðóãîãî ðàáî-
÷åãî îðãàíà îäíèì èëè íåñêîëüêèìè âûæèìíû-
ìè ýëåìåíòàìè [1]. Ïåðåêà÷êà æèäêîñòè â ïåðè-
ñòàëüòè÷åñêîì íàñîñå îñóùåñòâëÿåòñÿ çà ñ÷åò 
äâèæåíèÿ âûæèìíûõ ýëåìåíòîâ: æèäêîñòü âû-
òåñíÿåòñÿ â íàïîðíûé òðóáîïðîâîä âî âðåìÿ 
ñæàòèÿ óïðóãîãî ðàáî÷åãî îðãàíà, à òàêæå ïî-
ñòóïàåò â íàñîñ èç âñàñûâàþùåãî òðóáîïðîâî-
äà âî âðåìÿ ïðèíÿòèÿ óïðóãèì ðàáî÷èì îðãà-
íîì ñâîåé ïåðâîíà÷àëüíîé ôîðìû. ×àùå âñåãî 
âñòðå÷àþòñÿ êîíñòðóêöèè ïåðèñòàëüòè÷åñêèõ 
íàñîñîâ, â êîòîðûõ èñïîëüçóåòñÿ ðàñïîëîæåí-

íàÿ U-îáðàçíî òðóáêà (èëè øëàíã), à â êà÷åñòâå 
âûæèìíûõ ýëåìåíòîâ èñïîëüçóþòñÿ ðîëèêè 
[2]. Ïåðèñòàëüòè÷åñêèå íàñîñû òàêîé êîíñòðóê-
öèè ñïîñîáíû ñîçäàâàòü äàâëåíèÿ äî 12 áàð 
è îáåñïå÷èâàòü ïîäà÷ó äî 22 ë/ñ. Ðåæå â òàêîé 
êîíñòðóêöèè âìåñòî ðîëèêîâ ïðèìåíÿþò áàø-
ìàêè. Ýòî ïîçâîëÿåò ïîâûñèòü ñîçäàâàåìîå 
äàâëåíèå äî 16 áàð, íî, â îòëè÷èå îò ðîëèêîâ, 
ýêñïëóàòàöèÿ íàñîñà ñ áàøìàêàìè ñîïðîâîæäà-
åòñÿ çíà÷èòåëüíûì âûäåëåíèåì òåïëà, ÷òî ïðè-
âîäèò ê íåîáõîäèìîñòè äîïîëíèòåëüíûõ çàòðàò 
íà ñìàçî÷íóþ îõëàæäàþùóþ æèäêîñòü [3]. 
Êðóïíîãàáàðèòíûå íàñîñû òàêîé êîíñòðóêöèè, 
äèàìåòð óïðóãîé òðóáêè (èëè øëàíãà, âûïîë-
íåííîãî èç íåñêîëüêèõ ñëîåâ) êîòîðûõ ñîñòàâ-
ëÿåò 10…125 ìì, ïðèìåíÿþò â õèìè÷åñêîé ïðî-
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ìûøëåííîñòè äëÿ òðàíñïîðòèðîâêè ùåëî÷åé 
è äðóãèõ àãðåññèâíûõ ñðåä, â ïèùåâîé îòðàñëè 
äëÿ òðàíñïîðòèðîâêè ñîêîâ, îòõîäîâ ïðîèç-
âîäñòâà ïðîäóêòîâ, êðåìîâ, òåñòà. Áëàãîäàðÿ 
ãåðìåòè÷íîñòè è âîçìîæíîñòè ïåðåêà÷èâàòü 
ýìóëüñèè, ïåðèñòàëüòè÷åñêèå íàñîñû ïðèìå-
íÿþò â ãîðíîäîáûâàþùåé ïðîìûøëåííîñòè 
è äëÿ îòâîäà ñòî÷íûõ âîä.

Îòäåëüíîãî óïîìèíàíèÿ çàñëóæèâàþò êîì-
ïàêòíûå ïåðèñòàëüòè÷åñêèå íàñîñû, ó êîòîðûõ 
äèàìåòð óïðóãîé ðàáî÷åé òðóáêè ñîñòàâëÿåò 
íå áîëåå 10 ìì, ñîçäàâàåìîå äàâëåíèå íå áîëåå 
2 áàð, à ïîäà÷à – äî 2 ìë/ìèí [4]. Ïåðèñòàëü-
òè÷åñêèå íàñîñû òàêèõ êîìïàêòíûõ ðàçìå-
ðîâ íàøëè ïðèìåíåíèå â òåõíèêå äëÿ ñòðóé-
íîé ïå÷àòè ïî òêàíÿì, â áûòîâûõ ïðèíòåðàõ. 
Èõ òàêæå ïðèìåíÿþò â ëàáîðàòîðíîì îáîðó-
äîâàíèè è â ìåäèöèíå, íàïðèìåð, äëÿ òðàíñ-
ïîðòèðîâêè áèîëîãè÷åñêèõ æèäêîñòåé è â ñè-
ñòåìàõ î÷èñòêè êðîâè. Òî÷íîñòü äîçèðîâàíèÿ 
â òàêèõ íàñîñàõ ìîæåò ñîñòàâëÿòü äî 0,5 % 
[5, 6]. Â îòëè÷èå îò êðóïíîãàáàðèòíûõ íàñîñîâ 
êîíñòðóêöèè êîìïàêòíûõ ïåðèñòàëüòè÷åñêèõ 
ìàøèí îòëè÷àþòñÿ áîëüøèì ðàçíîîáðàçèåì. 
Â íåêîòîðûõ ýêñïåðèìåíòàëüíûõ êîíñòðóê-
öèÿõ âìåñòî òðóáêè èñïîëüçóåòñÿ ìåìáðàíà 
[7], à â êà÷åñòâå âûæèìíûõ ýëåìåíòîâ âìåñòî 
ðîëèêîâ ìîãóò áûòü èñïîëüçîâàíû òîëêàòå-
ëè, ïüåçîýëåìåíòû, ýëåêòðîìàãíèòû è äð. 
Òåì íå ìåíåå, ÷àùå âñåãî â êîíñòðóêöèÿõ êîì-
ïàêòíûõ ïåðèñòàëüòè÷åñêèõ íàñîñàõ òðóáêà 
òàêæå ðàñïîëîæåíà U-îáðàçíî, à â êà÷åñòâå 
âûæèìíûõ ýëåìåíòîâ èñïîëüçóþòñÿ ðîëèêè. 
Êîíñòðóêöèÿ íàñîñà ñ ëèíåéíî ðàñïîëîæåííîé 
òðóáêîé è ñ âûæèìíûìè ýëåìåíòàìè, êîòîðûå 
ñæèìàþò åå â ïîïåðå÷íîì íàïðàâëåíèè, èìååò 
íå òîëüêî ìåíüøèé êîýôôèöèåíò ïîëåçíîãî 
äåéñòâèÿ, íî è ñâîè ïðåèìóùåñòâà: òàêîé íàñîñ 
áîëåå êîìïàêòåí, à èç-çà îòñóòñòâèÿ ïðîäîëü-
íîãî òðåíèÿ òðóáêà íàñîñà ìåíüøå èçíàøèâà-
åòñÿ. Êðîìå òîãî, êàê ïîêàçûâàþò èìåþùèåñÿ 
èññëåäîâàíèÿ, â ïåðèñòàëüòè÷åñêîì íàñîñå 
ëèíåéíîãî òèïà ïåðåêà÷èâàåìàÿ ñðåäà ìåíüøå 
ïîäâåðãàåòñÿ ïîâðåæäåíèÿì. Â ðàáîòå [8], â êî-
òîðîé ïðè ïîìîùè ðàçðàáîòàííîé àâòîðàìè 
ñïåöèàëüíîé ìîäåëè íàïðÿæåíèé ñäâèãà ïðîâå-
äåíî èññëåäîâàíèå ðàçðóøåíèÿ ïðîòåèíîâ â çà-
âèñèìîñòè îò èñïîëüçóåìîé äëÿ äîçèðîâàíèÿ 
ãèäðàâëè÷åñêîé ìàøèíû, ïðèõîäÿò ê âûâîäó, 
÷òî ïî ïîëó÷àþùåìóñÿ óðîâíþ ñäâèãà ïåðè-
ñòàëüòè÷åñêèé íàñîñ ñ ëèíåéíî ðàñïîëîæåí-
íûì ðàáî÷èì îðãàíàì èìååò ïðåèìóùåñòâî 
ïî ñðàâíåíèþ ñ ïîðøíåâûì íàñîñîì è ñ ïåðè-

ñòàëüòè÷åñêèì íàñîñîì, òðóáêà êîòîðîãî ðàñ-
ïîëîæåíà U-îáðàçíî.

Ñðåäè ñóùåñòâóþùèõ êîíñòðóêöèîííûõ 
ðåøåíèé èìåþòñÿ ðàçðàáîòêè, ñâÿçàííûå íå-
ïîñðåäñòâåííî ñ ðàáî÷èì îðãàíîì íàñîñà. 
Òàê, äëÿ óìåíüøåíèÿ âåëè÷èíû âîçíèêàþùèõ 
â òðóáêå íàïðÿæåíèé áûëè ðàçðàáîòàíû òðóáêà 
îñîáîé ôîðìû ñ äâóìÿ êëèíîâèäíûìè óòîëùå-
íèÿìè ïî áîêàì [9], à òàêæå òðóáêà ñ ïðîäîëü-
íûìè ñêëàäêàìè [10]. Ïðèìåíåíèå ïîäîáíîãî 
ðîäà èëè ïîõîæèõ óòîëùåíèé (èëè âûñòóïîâ), 
âåðîÿòíî, ìîæåò ïîâëèÿòü íå òîëüêî íà âîç-
íèêàþùèå íàïðÿæåíèÿ, íî è íà ñîçäàâàåìûå 
ïîäà÷ó è äàâëåíèå.

Äðóãèì ôàêòîðîì, âëèÿþùèì íà ðàáîòó 
íàñîñà, î÷åâèäíî, áóäåò ïðîïîðöèîíàëüíîñòü 
äëèí ñæèìàåìûõ ó÷àñòêîâ – ñæèìàåìûå 
ó÷àñòêè ìîãóò áûòü ðàâíûìè ïî äëèíå ëèáî 
èìåòü ðàçíóþ âåëè÷èíó ïðè îäíîé è òîé æå 
äëèíå ñæèìàåìîé òðóáêè. Íàïðèìåð, â ðàáîòå 
[11] èìååòñÿ âñåãî îäèí âûæèìíîé ýëåìåíò, 
íî îñîáîé ôîðìû, çà ñ÷åò ÷åãî ó òðóáêè èìååò-
ñÿ òðè ñæèìàåìûõ ó÷àñòêà, ïðè÷åì äâà èç íèõ 
èìåþò ìèíèìàëüíóþ äëèíó è ôóíêöèè êëà-
ïàíîâ, èñêëþ÷àþùèõ îáðàòíûé òîê æèäêîñòè 
âî âðåìÿ ðàáîòû íàñîñà.

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ ïðîäîëæå-
íèå èññëåäîâàíèé, ïðîâåäåííûõ â ðàáîòå [12], 
ãäå áûëî èçó÷åíî âëèÿíèå íà õàðàêòåðèñòè-
êó ïåðèñòàëüòè÷åñêîãî íàñîñà c ëèíåéíî ðàñ-
ïîëîæåííîé òðóáêîé ðàçëè÷íûõ àëãîðèòìîâ 
ñðàáàòûâàíèÿ âûæèìíûõ ýëåìåíòîâ, íàëè÷èÿ 
íåðîâíîñòåé âíóòðåííåé ïîâåðõíîñòè òðóáêè 
äî è ïîñëå ñæèìàåìûõó÷àñòêîâ, à òàêæå èñ-
ïîëüçóåìîãî ìàòåðèàëà ðàáî÷åãî îðãàíà.

Ìåòîäèêà èññëåäîâàíèÿ
Òå÷åíèå æèäêîñòè â ïåðèñòàëüòè÷åñêîì 

íàñîñå ïðåäñòàâëÿåò ñîáîé çàäà÷ó âçàèìîäåé-
ñòâèÿ æèäêîñòè ñ òâåðäûì äåôîðìèðóåìûì 
òåëîì, ïîýòîìó äëÿ ïðîâåäåíèÿ ÷èñëåííûõ 
ýêñïåðèìåíòîâ íåîáõîäèìî ìîäåëèðîâàíèå 
êàê ñîáñòâåííî òå÷åíèÿ æèäêîñòè, òàê è äåôîð-
ìàöèè óïðóãîé ðàáî÷åé òðóáêè. Äëÿ ÷èñëåííî-
ãî ðåøåíèÿ äàííîé çàäà÷è áûëî èñïîëüçîâàíî 
ïðîãðàììíîå îáåñïå÷åíèå STAR-CCM+, îñíî-
âàííîå íà ìåòîäå êîíòðîëüíîãî îáúåìà.

Òàê êàê çàäà÷à ñèììåòðè÷íà îòíîñèòåëüíî 
âåðòèêàëüíîé è ãîðèçîíòàëüíîé ïëîñêîñòåé, 
òî äëÿ ÷èñëåííûõ ýêñïåðèìåíòîâ íåîáõîäè-
ìî ìîäåëèðîâàíèå òîëüêî ÷åòâåðòè òðóáêè. 
Ñãåíåðèðîâàííàÿ ñåòî÷íàÿ ìîäåëü ïîêàçàíà 
íà ðèñ. 1. Âíóòðåííèé äèàìåòð òðóáêè ñîñòàâ-
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ëÿåò 3 ìì, âíåøíèé äèàìåòð – 4,8 ìì. Ïîñëå 
âûõîäíîãî ñå÷åíèÿ ñòðîèëñÿ äîïîëíèòåëüíûé 
ó÷àñòîê ïåðåìåííîé äëèíû, èìèòèðóþùèé 
íàãðóçêó, íà êîòîðóþ ðàáîòàåò íàñîñ. Âûõîä-
íîå ñå÷åíèå áûëî ñäåëàíî ìåíüøåãî äèàìåòðà 
(2 ìì), ÷òîáû óâåëè÷èòü ñîïðîòèâëåíèå ýòîãî 
äîïîëíèòåëüíîãî ó÷àñòêà. Ïëîòíîñòü æèäêî-
ñòè áûëà çàäàíà ðàâíîé 855 êã/ì3, à äèíàìè÷å-
ñêàÿ âÿçêîñòü – 88 · 10–3 Ïà·ñ.

×òîáû âûïîëíèòü ñåðèþ ÷èñëåííûõ ýêñ-
ïåðèìåíòîâ äëÿ ðàçëè÷íûõ äëèí ñæèìàå-
ìûõ ó÷àñòêîâ áûëà ââåäåíà âåëè÷èíà ∆a òàê, 
÷òî äëèíà ïåðâîãî è ïîñëåäíåãî ñæèìàåìûõ 
ó÷àñòêîâ çàäàâàëàñü êàê 14 ìì – ∆a, à âòîðîãî 
ñæèìàåìîãî ó÷àñòêà 14 ìì + 2 · ∆a. Òàêèì îá-
ðàçîì, ïðè ∆a = 0 äëèíû ñæèìàåìûõ ó÷àñòêîâ 
ðàâíû, ñ óâåëè÷åíèåì ∆a äëèíû ïåðâîãî è òðå-
òüåãî ó÷àñòêîâ óìåíüøàþòñÿ, à äëèíà âòîðî-
ãî – óâåëè÷èâàåòñÿ. 

Ñæàòèå òðóáêè ìîäåëèðîâàëîñü çàäàíèåì 
îáëàñòåé, íà êîòîðûå äåéñòâóåò ðàñïðåäåëåí-
íàÿ ïî ïîâåðõíîñòè ñèëà. Èçìåíåíèå ñèëû 
ïî âðåìåíè äëÿ êàæäîãî ñæèìàåìîãî ó÷àñòêà 
ïîêàçàíî íà ðèñ. 2. Èñïîëüçóåìîå ïðîãðàììíîå 
îáåñïå÷åíèå ïîçâîëÿåò ìîäåëèðîâàòü òîëüêî 
íåïîëíîå ñæàòèå òðóáêè, òàê êàê ïðè ïîëíîì 
ñæàòèè íåèçáåæíî âîçíèêàþò äåôîðìàöèè ðàñ-
÷åòíîé ñåòêè, ïðè êîòîðûõ ÷àñòü ÿ÷ååê èìååò 
íóëåâîé èëè îòðèöàòåëüíûé îáúåì è äàëüíåé-
øèå âû÷èñëåíèÿ ñòàíîâÿòñÿ íåâîçìîæíûìè. 
Ïîýòîìó ìàêñèìàëüíîå çíà÷åíèå ñæèìàþùåé 
ñèëû çàäàåòñÿ òàê, ÷òî ïëîùàäü ïîïåðå÷íîãî 
ñå÷åíèÿ ñæàòîãî ó÷àñòêà òðóáêè ñîñòàâëÿåò 
35 % îò èçíà÷àëüíîé ïëîùàäè ïîïåðå÷íîãî ñå-
÷åíèÿ. Ïðè ýòîì ìàêñèìàëüíûå âåëè÷èíû ïðè-
ëàãàåìûõ ê ñæèìàåìûì ó÷àñòêàì ñèë êîððåê-
òèðóþòñÿ ïðîïîðöèîíàëüíî èçìåíåíèþ äëèí 
ó÷àñòêîâ ïðè ∆a ≠ 0.

Íà ñàìîì äåëå, íà ïðàêòèêå ïðè ðàáîòå ïå-
ðèñòàëüòè÷åñêîãî íàñîñà åñòü ñìûñë èñïîëü-
çîâàòü èìåííî íåïîëíîå ñæàòèå òðóáêè. Äåëî 
â òîì, ÷òî äëÿ ïîëíîãî ñæàòèÿ íåîáõîäèìî 
ïðèëîæèòü íàìíîãî áîëüøåå çíà÷åíèå ñæè-

ìàþùåé ñèëû. Ìîäåëèðîâàíèå òîëüêî óïðó-
ãèõ äåôîðìàöèé òðóáêè áåç ó÷åòà âçàèìîäåé-
ñòâèÿ æèäêîñòè ñ òâåðäûì òåëîì ïîêàçûâàåò, 
÷òî äëÿ ïîëíîãî ñæàòèÿ òðóáêè ïðèëîæåííàÿ 
ñèëà äîëæíà áûòü áîëåå ÷åì â 3 ðàçà áîëüøå, 
÷åì äëÿ ñæàòèÿ òðóáêè íà 65 % îò èçíà÷àëüíîé 
ïëîùàäè ïîïåðå÷íîãî ñå÷åíèÿ. Ãðàôèê èçìåíå-
íèÿ ïëîùàäè ñå÷åíèÿ îò âåëè÷èíû ïðèëîæåí-
íîé ñèëû ïîêàçàí íà ðèñ. 3, ãäå A – ïëîùàäü ñå-

Ðèñ. 1. Òðåõìåðíàÿ ìîäåëü ïåðèñòàëüòè÷åñêîãî íàñîñà

Fig. 1. 3D model of a peristaltic pump

Ðèñ. 2. Ñèëà, ïðèëàãàåìàÿ 
ê ñîîòâåòñòâåííîé îáëàñòè ñæàòèÿ: 

1 – ïåðâûé ñæèìàåìûé ó÷àñòîê; 2 – âòîðîé 
ñæèìàåìûé ó÷àñòîê; 3 – òðåòèé ñæèìàåìûé ó÷àñòîê

Fig. 2. Force applied to the respective compression 
area: 1 – first compressible area; 2 – second 

compressible area; 3 – third compressible area

Ðèñ. 3. Çàâèñèìîñòü ïëîùàäè ïîïåðå÷íîãî ñå÷åíèÿ 
òðóáêè îò ïðèëîæåííîé ñèëû

Fig. 3. Dependence of the cross-sectional area 
of the tube on the applied force
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÷åíèÿ òðóáêè ïðè âåëè÷èíå ñæèìàþùåé ñèëû 
F, A

max
 – ïëîùàäü ñå÷åíèÿ íåñæàòîé òðóáêè, 

F
0
 – ñèëà, íåîáõîäèìàÿ äëÿ ïîëíîãî ñæàòèÿ.
Ïðèìåíåíèå âûñòóïîâ íà âíóòðåííåé ïî-

âåðõíîñòè òðóáêè ìîæåò ïîâûñèòü ñòåïåíü 
ñæàòèÿ òðóáêè ïðè òîé æå âåëè÷èíå ñæèìàþ-
ùåé ñèëû (åñëè ïðåíåáðå÷ü âëèÿíèåì äàâëå-
íèÿ æèäêîñòè íà ñòåïåíü ñæàòèÿ), íî, î÷åâèä-
íî, óâåëè÷èò ãèäðàâëè÷åñêîå ñîïðîòèâëåíèå 
òðóáêè.

Â ñâîþ î÷åðåäü, îò âåëè÷èíû ñîïðîòèâ-
ëåíèÿ ó÷àñòêîâ òðóáêè áóäåò çàâèñåòü äîëÿ 
îáúåìà æèäêîñòè, âûòåñíÿåìîãî âûæèìíûìè 
ýëåìåíòàìè ïî íàïðàâëåíèþ ê òðóáîïðîâîäó 
íàãíåòàíèÿ. Âëèÿíèå íà ñîçäàâàåìûå ïîäà÷ó 
è äàâëåíèå íàëè÷èÿ âûñòóïîâ íà âíóòðåííåé 
ïîâåðõíîñòè óïðóãîãî ðàáî÷åãî îðãàíà íàñîñà 
èçó÷àëîñü ñ èñïîëüçîâàíèåì ôîðì ïîïåðå÷íûõ 
ñå÷åíèé òðóáêè, ïîêàçàííûõ íà ðèñ. 4. Ïðè ïðî-
âåäåíèè ÷èñëåííûõ ýêñïåðèìåíòîâ áûëè ðàñ-
ñìîòðåíû ñëåäóþùèå âàðèàíòû ðàñïîëîæåíèÿ 
âûñòóïîâ: 1) âûñòóïû åñòü íà ïðîòÿæåíèè âñåé 
ñæèìàåìîé îáëàñòè òðóáêè; 2) âûñòóïû åñòü 
òîëüêî â îáëàñòè ïåðâîãî ñæèìàåìîãî ó÷àñòêà.

Ðåçóëüòàòû èññëåäîâàíèé 
è èõ îáñóæäåíèå
Ôîðìà ñæàòîé òðóáêè è âåëè÷èíû ñðåäíèõ 

íàïðÿæåíèé ïîêàçàíû íà ðèñ. 5. Íàèáîëüøåå 
çíà÷åíèå íàïðÿæåíèé íàáëþäàåòñÿ äëÿ òðóáêè 
ñ ïëîñêèìè âûñòóïàìè, â òî âðåìÿ êàê â ñëó÷àå 
êðèâîëèíåéíûõ âûñòóïîâ âåëè÷èíà íàïðÿæå-
íèé ñîïîñòàâèìà ñ ðåçóëüòàòàìè, ïîëó÷åííûìè 
äëÿ òðóáêè áåç âûñòóïîâ. Ïîâûøåííîå çíà÷åíèå 

íàïðÿæåíèé â ñëó÷àå ïëîñêèõ âûñòóïîâ îáúÿñ-
íÿåòñÿ ðåçêèì ïåðåõîäîì ìåæäó ïîâåðõíîñòüþ 
âûñòóïà è ïîâåðõíîñòüþ òðóáêè. Êðîìå òîãî, 
ìîæíî çàìåòèòü, ÷òî èç-çà ýòîãî òðóáêà ñ ïëî-
ñêèìè âûñòóïàìè ñæèìàåòñÿ íåñêîëüêî ìåíüøå. 

Ñðàâíåíèå ïîëó÷åííûõ ÷èñëåííûìè ðàñ-
÷åòàìè ãðàôèêîâ èçìåíåíèÿ ñêîðîñòè òå÷å-
íèÿ æèäêîñòè â âûõîäíîì ñå÷åíèè íàñîñà v

âûõ
 

îò âðåìåíè äëÿ òðóáêè ñ ïëîñêèìè âûñòóïàìè 
ïîêàçàíî íà ðèñ. 6, à äëÿ òðóáêè ñ êðèâîëèíåé-
íûìè âûñòóïàìè – íà ðèñ. 7. 

Êàê âèäíî èç ïîëó÷åííûõ ðåçóëüòàòîâ, ïðè-
ìåíåíèå ïëîñêèõ âûñòóïîâ âäîëü âñåé òðóáêè 
ïðèâîäèò ê óìåíüøåíèþ âûòåñíÿåìîãî âòîðûì 
è òðåòüèì âûæèìíûìè ýëåìåíòàìè îáúåìà 
æèäêîñòè ïî íàïðàâëåíèþ ê âûõîäíîìó ñå÷å-
íèþ íàñîñà. Ïðèìåíåíèå ïëîñêèõ âûñòóïîâ 
âäîëü òîëüêî ïåðâîãî ñæèìàåìîãî ó÷àñòêà îáå-
ñïå÷èâàåò âûòåñíåíèå ïðàêòè÷åñêè òàêîãî æå 
îáúåìà, êàê ó òðóáêè áåç òàêèõ ó÷àñòêîâ, 

Ðèñ. 5. Ñðåäíèå íàïðÿæåíèÿ â îáëàñòè ñæàòîé òðóáêè: 
a – òðóáêà áåç âûñòóïîâ; b – òðóáêà ñ ïëîñêèì âûñòóïîì; c – òðóáêà ñ êðèâîëèíåéíûì âûñòóïîì

Fig. 5. Average stresses in the area of the compressed tube: a – tube without protrusions; 
b – flat-ribbed tube; c – curved-ribbed tube

Ðèñ. 4. Èññëåäóåìûå ïîïåðå÷íûå ñå÷åíèÿ òðóáêè: 
a – òðóáêà áåç âûñòóïîâ; b – òðóáêà ñ ïëîñêèì 

âûñòóïîì, c – òðóáêà ñ êðèâîëèíåéíûì âûñòóïîì

Fig. 4. Test tube cross-sections: a – tube 
without protrusions; b – flat-ribbed tube; 

c – curved-ribbed tube
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íî âî âðåìÿ âîçâðàùåíèÿ âûæèìíûõ ýëåìåí-
òîâ â èñõîäíîå ïîëîæåíèå èìååò ìåñòî áîëü-
øèé îáðàòíûé òîê.

Ïðèìåíåíèå êðèâîëèíåéíûõ âûñòóïîâ, íà-
ïðîòèâ, óâåëè÷èâàåò âûòåñíÿåìûé ê âûõîäó 
îáúåì æèäêîñòè. Ïðè÷åì â òîì ñëó÷àå, êîãäà 
âûñòóïû åñòü òîëüêî íà ïåðâîì ñæèìàåìîì 
ó÷àñòêå, âûòåñíÿåìûé ê âûõîäó îáúåì áîëüøå, 
à îáðàòíûé òîê ïîëó÷àåòñÿ ìåíüøå, ÷åì êîãäà 
âûñòóïû ðàñïîëîæåíû âäîëü âñåé òðóáêè. 
Ñðàâíåíèå õàðàêòåðèñòèê íàñîñà äëÿ âñåõ èç-
ó÷åííûõ âàðèàíòîâ ðàñïîëîæåíèÿ âûñòóïîâ 
(ðèñ. 8) òàêæå ïîêàçûâàåò, ÷òî èñïîëüçîâàíèå 
êðèâîëèíåéíûõ âûñòóïîâ íà ïåðâîì ñæèìàå-
ìîì ó÷àñòêå äàåò çíà÷èòåëüíîå ïðåèìóùåñòâî 
ïî ñðàâíåíèþ ñ òðóáêîé áåç âûñòóïîâ, çà èñ-
êëþ÷åíèåì ó÷àñòêîâ õàðàêòåðèñòèê ñ ïîäà÷åé 
áîëåå 0,14 ìë/ñ. Òàê, íàñîñ, òðóáêà êîòîðîãî 
èìååò êðèâîëèíåéíûå âûñòóïû íà ïåðâîì ñæè-
ìàåìîì ó÷àñòêå ïðè âåëè÷èíå ïîäà÷è 0,1 ìë/ñ, 
ñîçäàåò äàâëåíèå âäâîå áîëüøå, ÷åì â ñëó÷àå 

Ðèñ. 6. Èçìåíåíèå ñêîðîñòè òå÷åíèÿ â âûõîäíîì ñå÷åíèè íàñîñà ïî âðåìåíè: 
1 – òðóáêà áåç âûñòóïîâ; 2 – ïëîñêèå âûñòóïû âäîëü âñåé òðóáêè; 

3 – ïëîñêèå âûñòóïû âäîëü òîëüêî ïåðâîé ñæèìàåìîé îáëàñòè

Fig. 6. Change in the flow rate in the outlet section of the pump over time: 1 − tube without protrusions; 
2 − flat projections along the entire tube; 3 − flat protrusions along only the first compressible area

Ðèñ. 7. Èçìåíåíèå ñêîðîñòè òå÷åíèÿ â âûõîäíîì ñå÷åíèè íàñîñà ïî âðåìåíè: 
1 – òðóáêà áåç âûñòóïîâ; 2 – êðèâîëèíåéíûå âûñòóïû âäîëü âñåé òðóáêè; 

3 – êðèâîëèíåéíûå âûñòóïû âäîëü òîëüêî ïåðâîé ñæèìàåìîé îáëàñòè

Fig. 7. Change in the flow rate in the outlet section of the pump over time: 1 − tube without protrusions; 
2 − flat projections along the entire tube; 3 − flat protrusions along only the first compressible area

Ðèñ. 8. Õàðàêòåðèñòèêà íàñîñà: 
1 – òðóáêà áåç âûñòóïîâ; 2 – ïëîñêèå âûñòóïû 

òîëüêî âäîëü òîëüêî ïåðâîé ñæèìàåìîé îáëàñòè; 
3 – ïëîñêèå âûñòóïû âäîëü âñåé òðóáêè; 

4 – êðèâîëèíåéíûå âûñòóïû âäîëü âñåé òðóáêè; 
5 – êðèâîëèíåéíûå âûñòóïû âäîëü òîëüêî ïåðâîé 

ñæèìàåìîé îáëàñòè

Fig. 8. Pump characteristic: 1 − tube without 
protrusions; 2 − flat projections only along only 
the first compressible area; 3 − flat projections 

along the entire tube; 4 − curved projections along 
the entire tube; 5 − curved projections along only 

the first compressible area
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îòñóòñòâèÿ âûñòóïîâ. Çàìåòèì òàêæå, ÷òî èñ-
ñëåäóåìûå â äàííîé ðàáîòå êðèâîëèíåéíûå 
âûñòóïû çàíèìàþò áîëüøåå çíà÷åíèå ïëîùàäè 
ñå÷åíèÿ, ÷åì ïëîñêèå âûñòóïû.

Äðóãîé óãîë íàêëîíà õàðàêòåðèñòèêè 
ïî ñðàâíåíèþ ñ òðóáêîé áåç âûñòóïîâ ìîæíî 
îáúÿñíèòü ñëåäóþùèì îáðàçîì. Íàëè÷èå 
âûñòóïîâ íà ïåðâîì ñæèìàåìîì ó÷àñòêå 
óâåëè÷èâàåò êîëè÷åñòâî æèäêîñòè, âûòåñ-
íÿåìîé âòîðûì è òðåòüèì âûæèìíûìè ýëåìåí-
òàìè ïî íàïðàâëåíèþ ê âûõîäíîìó ñå÷åíèþ, 
íî òàêæå óâåëè÷èâàåò îáðàòíûé òîê âî âðåìÿ 
âîçâðàùåíèÿ ýòèõ âûæèìíûõ ýëåìåíòîâ â èñ-
õîäíîå ïîëîæåíèå. 

Â îáëàñòè ìàëûõ äàâëåíèé, êîãäà ñîïðî-
òèâëåíèå íàïîðíîãî òðóáîïðîâîäà ìàëî, ïðå-
îáëàäàþùèì ýôôåêòîì îò âûñòóïîâ íà ïåðâîì 
ñæèìàåìîì ó÷àñòêå ÿâëÿåòñÿ óâåëè÷åíèå îá-
ðàòíîãî òîêà, ïîýòîìó õàðàêòåðèñòèêà ëåæèò 
íèæå, ÷åì ãðàôèê èçìåíåíèÿ ñîçäàâàåìîãî 
äàâëåíèÿ îò ïîäà÷è äëÿ òðóáêè áåç âûñòóïîâ. 
Â îáëàñòè áîëüøèõ äàâëåíèé, êîãäà ãèäðàâëè-
÷åñêîå ñîïðîòèâëåíèå íàïîðíîãî òðóáîïðîâîäà 
áîëüøå, íàïðîòèâ, ïðåîáëàäàþùèì ýôôåêòîì 
îò èñïîëüçîâàíèÿ êðèâîëèíåéíûõ âûñòóïîâ 
ïîâåðõíîñòè òðóáêè íà ïåðâîì ñæèìàåìîì 
ó÷àñòêå ñòàíîâèòñÿ óâåëè÷åíèå ïîäà÷è íàñîñà.

Â ñëó÷àå ïîëíîãî ñæàòèÿ òðóáêè, âåðîÿò-
íî, íàèáîëüøàÿ ïîäà÷à äîëæíà ïîëó÷àòüñÿ 
â òîì ñëó÷àå, êîãäà ïåðâûé è òðåòèé ñæèìà-
åìûå ó÷àñòêè èìåþò ìèíèìàëüíóþ äëèíó 

è ïðè ðàáîòå íàñîñà âûïîëíÿþò ôóíêöèè êëà-
ïàíîâ. Â ðåàëüíûõ óñëîâèÿõ ïîëíîå ñæàòèå íå-
äîñòèæèìî, òàê êàê áóäóò îñòàâàòüñÿ çàçîðû, 
÷åðåç êîòîðûå áóäóò èìåòü ìåñòî óòå÷êè æèäêî-
ñòè. Â ýòîì ñëó÷àå îò äëèíû ñæèìàåìûõ ó÷àñò-
êîâ áóäåò çàâèñåòü èõ ñîïðîòèâëåíèå, êîòîðîå 
áóäåò îêàçûâàòü âëèÿíèå íà âåëè÷èíó óòå÷åê è, 
òàêèì îáðàçîì, íà âåëè÷èíó ïîäà÷è íàñîñà.

Ðåçóëüòàòû âû÷èñëåíèé íàïîðíîé õàðàêòå-
ðèñòèêè ïåðèñòàëüòè÷åñêîãî íàñîñà â çàâèñè-
ìîñòè îò èçìåíåíèÿ äëèíû ñæèìàåìûõ ó÷àñò-
êîâ ïîêàçàíî íà ðèñ. 9. Ñðàâíåíèå ïîëó÷åííûõ 
ãðàôèêîâ ïîêàçûâàåò, ÷òî äëÿ ðàññìàòðèâàå-
ìîãî íåïîëíîãî ñæàòèÿ òðóáêè íàèáîëåå îïòè-
ìàëüíûì ÿâëÿåòñÿ âàðèàíò, ïðè êîòîðîì äëèíû 
âñåõ òðåõ ñæèìàåìûõ ó÷àñòêîâ ðàâíû. Èçìåíå-
íèå ñîîòíîøåíèÿ äëèí ó÷àñòêîâ êàê â ñëó÷àå, 
êîãäà ïåðâûé è òðåòèé ñæèìàåìûå ó÷àñòêè 
ìåíüøå âòîðîãî, òàê è äëÿ ñëó÷àÿ, êîãäà îíè 
áîëüøå, ïðèâîäèò ê óìåíüøåíèþ ñîçäàâàåìûõ 
ïîäà÷è è äàâëåíèÿ.

Àíàëîãè÷íûé ðåçóëüòàò áûë ïîëó÷åí 
äëÿ òðóáêè íàñîñà, ó êîòîðîé ïðèñóòñòâóþò 
êðèâîëèíåéíûå âûñòóïû ïîâåðõíîñòè â îáëàñòè 
ñæàòèÿ ïåðâûì âûæèìíûì ýëåìåíòîì (ðèñ. 10). 
Íàèáîëüøèå çíà÷åíèÿ ïîäà÷è è äàâëåíèÿ ïîëó-
÷àþòñÿ ïðè ∆a = 0 ìì, òî åñòü êîãäà äëèíû âñåõ 
òðåõ ñæèìàåìûõ ó÷àñòêîâ ðàâíû. Ïðè ýòîì 
èç-çà íàëè÷èÿ âûñòóïîâ ïëîùàäü ïîïåðå÷íîãî 
ñå÷åíèÿ ïåðâîãî ñæàòîãî ó÷àñòêà òðóáêè ñîñòàâ-
ëÿåò 22 % îò èçíà÷àëüíîãî çíà÷åíèÿ.

Ðèñ. 9. Õàðàêòåðèñòèêà íàñîñà â çàâèñèìîñòè îò ñîîòíîøåíèÿ äëèíû ñæèìàåìûõ ó÷àñòêîâ: 
1 – ∆a = -5 ìì; 2 – ∆a = -3 ìì; 3 – ∆a = -1 ìì; 4 – ∆a = 0 ìì; 5 – ∆a = 1 ìì; 

6 – ∆a = 3 ìì; 7 – ∆a = 5 ìì; 8 – ∆a = 7 ìì

Fig. 9. Pump characteristic depending on the ratio of the length of the compressible sections: 
1 – ∆a = -5 mm; 2 – ∆a = -3 mm; 3 – ∆a = -1 mm; 4 – ∆a = 0 mm; 5 – ∆a = 1 mm; 

6 – ∆a = 3 mm; 7 – ∆a = 5 mm; 8 – ∆a = 7 mm



15Izvestiya MGTU «MAMI», ¹ 2(48), 2021

Grishin A.I.
Influence of the cross-sectional shape and length of the compressible sections 

on the characteristics of a linear peristaltic pump

Âûâîäû
Â ðåçóëüòàòå âûïîëíåííîé ñåðèè ÷èñëåí-

íûõ ýêñïåðèìåíòîâ áûëî ïîëó÷åíî, ÷òî â ïåðè-
ñòàëüòè÷åñêîì íàñîñå ñ ëèíåéíî ðàñïîëîæåí-
íîé òðóáêîé è íåñêîëüêèìè ñæèìàþùèìè åå 
â ïîïåðå÷íîì íàïðàâëåíèè âûæèìíûìè ýëå-
ìåíòàìè ñîçäàâàåìîå äàâëåíèå è ïîäà÷ó ìîæíî 
ïîâûñèòü çà ñ÷åò íàëè÷èÿ íà âíóòðåííåé ïî-
âåðõíîñòè òðóáêè âûñòóïîâ. Ïðè ýòîì ïîëîæè-
òåëüíûé ýôôåêò äîñòèãàåòñÿ ïðè âûïîëíåíèè 
íåñêîëüêèõ óñëîâèé. Âî-ïåðâûõ, ïîâåðõíîñòü 
âûñòóïîâ äîëæíà èìåòü ïëàâíûé ïåðåõîä 
ê âíóòðåííåé ïîâåðõíîñòè òðóáêè íàñîñà, òàê 
êàê â ïðîòèâíîì ñëó÷àå èìååò ìåñòî ðîñò âåëè-
÷èíû íàïðÿæåíèé, âîçíèêàþùèõ ïðè ñæàòèè 
òðóáêè. Âî-âòîðûõ, íàëè÷èå âûñòóïîâ òîëüêî 
â îáëàñòè ñæàòèÿ òðóáêè ïåðâûì âûæèìíûì 
ýëåìåíòîì îáåñïå÷èâàåò áîëüøèå âåëè÷èíû 
ïîäà÷è è äàâëåíèÿ, ÷åì â ñëó÷àå ðàñïîëîæå-
íèÿ âûñòóïîâ âäîëü âñåé òðóáêè íàñîñà. Êðîìå 
òîãî, ïîëîæèòåëüíûé ýôôåêò ó âûñòóïîâ êðè-
âîëèíåéíîé ôîðìû ïî ñðàâíåíèþ ñ èññëåäî-
âàííûìè â äàííîé ðàáîòå ïëîñêèìè âûñòóïà-
ìè, î÷åâèäíî, äîñòèãàåòñÿ òàêæå çà ñ÷åò òîãî, 
÷òî îíè èìåþò áîëüøóþ äëèíó è äîïîëíèòåëü-
íîå óòîëùåíèå, òåì ñàìûì ïåðåêðûâàÿ áîëü-
øóþ ïëîùàäü òðóáêè.

Ñðàâíåíèå ðåçóëüòàòîâ âû÷èñëåíèé äëÿ ðàç-
ëè÷íûõ ñîîòíîøåíèé äëèí âûæèìíûõ ýëå-
ìåíòîâ ïîêàçàëî, ÷òî äëÿ ðàññìàòðèâàåìîãî 
â äàííîé ðàáîòå íåïîëíîãî ñæàòèÿ òðóáêè 

îïòèìàëüíûì ÿâëÿåòñÿ âàðèàíò, ïðè êîòî-
ðîì äëèíû âñåõ òðåõ âûæèìíûõ ýëåìåíòîâ 
ðàâíû. Ïðè ýòîì òàêîé ðåçóëüòàò áûë ïîëó÷åí 
êàê äëÿ ñëó÷àÿ òðóáêè íàñîñà áåç âûñòóïîâ, 
òàê è äëÿ ñëó÷àÿ, êîãäà íà ïåðâîì ñæèìàåìîì 
ó÷àñòêå òðóáêè ïðèñóòñòâóþò êðèâîëèíåéíûå 
âûñòóïû ïîâåðõíîñòè.
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In the overview part of the work, the most common existing designs of pumps of the peristaltic princi-
ple of operation, as well as the main areas of their application, are briefly presented. The main part of 
the work is devoted to the study of the influence on the operation of a peristaltic pump with a linearly 
arranged tube of the shape of the cross-section of the tube in the region of the compressible sections, 
as well as the ratio of the sizes of the release elements periodically compressing the pump tube in the 
transverse direction. The studies were carried out through numerical experiments in the STAR-CCM 
+ program, which is based on the control volume method. As a result of the carried out calculations, 
it was found that the use of protrusions on the inner surface of the tube gives a positive effect if the 
protrusions have a special curvilinear shape with a smooth transition near the inner surface of the tube, 
and the increase in the generated pressure and feed is greater if the protrusions are present only in the 
compression region tube with the first squeeze element. In this case, the discharge angle of the pump 
characteristic changes so that a positive effect is not observed in the region of small values of the gen-
erated pressure. The study of the influence of different ratios of the lengths of the compressible sections 
of the tube on the flow and pressure created by the pump showed that for the incomplete compression 
of the pump tube investigated in the work, the use of squeeze elements of the same length is favorable. 
Both for a tube without protrusions and for a tube with protrusions, the use of a second squeeze element 
of greater or lesser length than the length of the remaining squeeze elements with the same total length 
of all three compressible sections leads to an increase in leakage when the tube is not fully compressed, 
and thus reduces the pump flow.
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