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Âî ââåäåíèè ðàáîòû ïðåäñòàâëåí êðàòêèé îáçîð ëèòåðàòóðû, ïîñâÿùåííîé ìèíèàòþðíûì ïåðè-
ñòàëüòè÷åñêèì íàñîñàì, à òàêæå èññëåäîâàíèÿì âëèÿíèÿ øåðîõîâàòîñòè ïðè ëàìèíàðíîì ðåæèìå 
òå÷åíèÿ â ìèêðîêàíàëàõ. Ïðåäñòàâëåííàÿ ìåòîäèêà ðàñ÷åòà õàðàêòåðèñòèêè íàñîñà îñíîâàíà íà 
èñïîëüçîâàíèè óðàâíåíèÿ Áåðíóëëè è ïðåäñòàâëåíèè ó÷àñòêîâ ðàáî÷åãî îðãàíà íàñîñà ñ íåðîâíî-
ñòÿìè êàê ìåñòíûõ ãèäðàâëè÷åñêèõ ñîïðîòèâëåíèé. Ïîòåðè â ýòèõ ó÷àñòêàõ âûðàæåíû ÷åðåç ýêâè-
âàëåíòíóþ äëèíó, êîòîðàÿ áûëà ðàññ÷èòàíà ïðîâåäåíèåì ÷èñëåííûõ ýêñïåðèìåíòîâ â ïðîãðàììå 
STAR-CCM+. Êàê ïîêàçàëè ÷èñëåííûå ýêñïåðèìåíòû, ýêâèâàëåíòíàÿ äëèíà òàêèõ ó÷àñòêîâ ÿâëÿåòñÿ 
ôóíêöèåé ÷èñëà Ðåéíîëüäñà è ãåîìåòðè÷åñêèõ ïàðàìåòðîâ íåðîâíîñòåé ïîâåðõíîñòè ðàáî÷åãî îð-
ãàíà íàñîñà. Äëÿ ðàñ÷åòîâ áûëè âûáðàíû îñåñèììåòðè÷íûå íåðîâíîñòè, ïðîôèëü êîòîðûõ èìååò 
ôîðìó ðàâíîáåäðåííûõ òðåóãîëüíèêîâ è ïðÿìîóãîëüíûõ òðåóãîëüíèêîâ. Ðàñ÷åò äëÿ íåðîâíîñòåé 
â ôîðìå ïðÿìîóãîëüíûõ òðåóãîëüíèêîâ ïðîâîäèëñÿ òàêèì îáðàçîì, ÷òî ïðè òå÷åíèè æèäêîñòè â 
ñòîðîíó íàïîðíîãî òðóáîïðîâîäà îíè ïðåäñòàâëÿëè ñîáîé ïîâòîðÿþùèåñÿ êîíôóçîðû è âíåçàï-
íûå ðàñøèðåíèÿ, à ïðè òå÷åíèè â îáðàòíîì íàïðàâëåíèè – äèôôóçîðû è âíåçàïíûå ñóæåíèÿ. 
×èñëåííûé ðàñ÷åò ïîêàçàë, ÷òî â òàêîì ñëó÷àå ïîòåðè ýíåðãèè ïðè òå÷åíèè â îáðàòíîì íàïðàâëå-
íèè ïîëó÷àþòñÿ áîëüøå, íî òîëüêî ïðè îïðåäåëåííûõ ãåîìåòðè÷åñêèõ ïàðàìåòðàõ íåðîâíîñòåé. 
Ñ÷èòàëîñü, ÷òî íåðîâíîñòè åñòü òîëüêî â íà÷àëå è â êîíöå ðàáî÷åãî îðãàíà íàñîñà (òðóáêè), à â 
îáëàñòè ñæàòèÿ ïîâåðõíîñòü ãëàäêàÿ. Â ðåçóëüòàòå ðàñ÷åòîâ áûëè ïîñòðîåíû íàïîðíûå õàðàêòå-
ðèñòèêè êàê äëÿ òðóáêè íàñîñà áåç ó÷àñòêîâ ñ íåðîâíîñòÿìè, òàê è ñ ýòèìè ó÷àñòêàìè. Ïîëó÷åííûå 
ñ èñïîëüçîâàíèåì ïðåäëîæåííîé ìåòîäèêè ðåçóëüòàòû ïîêàçàëè äîñòàòî÷íî õîðîøåå ñîâïàäåíèå 
ñ ðåçóëüòàòàìè ÷èñëåííûõ ýêñïåðèìåíòîâ. 

Êëþ÷åâûå ñëîâà: ïåðèñòàëüòè÷åñêèé íàñîñ, ëàìèíàðíîå òå÷åíèå, âû÷èñëèòåëüíàÿ ãèäðîäèíàìè-
êà, ìåñòíûå ãèäðàâëè÷åñêèå ñîïðîòèâëåíèÿ.

 Ââåäåíèå 
Â íàñòîÿùåå âðåìÿ íàáëþäàåòñÿ ñòðåìè-

òåëüíûé ðîñò ïðèìåíåíèÿ â ðàçëè÷íûõ îáëà-
ñòÿõ ìèíèàòþðíûõ ãèäðàâëè÷åñêèõ ìàøèí, 
îáëàäàþùèõ òàêèìè êà÷åñòâàìè, êàê íèçêîå 
ýíåðãîïîòðåáëåíèå è âûñîêàÿ íàäåæíîñòü. 
Ìèêðîíàñîñû øèðîêî ïðèìåíÿþò â ìåäèöèíå, 
õèìè÷åñêîé ïðîìûøëåííîñòè, êîñìè÷åñêîé 
òåõíèêå è ìèêðîñèñòåìàõ ïîëíîãî àíàëèçà äëÿ 
ïåðåêà÷êè æèäêîñòåé è ãàçîâ ÷åðåç ìèêðîêà-
íàëû. Êàê ïðàâèëî, ìèêðîêàíàëàìè íàçûâàþò 
êàíàëû ñ ðàçìåðàìè îò 1 ìêì äî 1 ìì [1].

Ïåðèñòàëüòè÷åñêèå íàñîñû ïðåäñòàâëÿ-
þò ñîáîé ãèäðàâëè÷åñêèå ìàøèíû, â êîòîðûõ 
æèäêîñòü ïåðåêà÷èâàåòñÿ çà ñ÷åò ïåðåæàòèÿ 
óïðóãîãî ðàáî÷åãî îðãàíà òåì èëè èíûì ñïîñî-
áîì. Òàêèå íàñîñû, â îòëè÷èå îò äðóãèõ ãèäðàâ-
ëè÷åñêèõ ìàøèí, íå èìåþò ïîäâèæíûõ ÷àñòåé 
èëè êëàïàíîâ â ïðîòî÷íîé ÷àñòè, ãåðìåòè÷íû, 
ìîãóò ïåðåêà÷èâàòü ýìóëüñèè è ñóñïåíçèè. Èõ 
ëåãêî îáñëóæèâàòü, à ïðè ðàáîòå â êà÷åñòâå äî-

çàòîðà îíè ìîãóò îáåñïå÷èâàòü ïîäà÷ó ñ òî÷íî-
ñòüþ äî 0,5 % [2, 3]. Âûøåïåðå÷èñëåííûå ïðå-
èìóùåñòâà äåëàþò ïåðèñòàëüòè÷åñêèå íàñîñû 
ïåðñïåêòèâíûìè äëÿ ïðèìåíåíèÿ â îáëàñòÿõ, 
ãäå òðåáóþòñÿ ìàëûå ïîäà÷è.

Ñóùåñòâóåò ðÿä ðàáîò, ïîñâÿùåííûõ èçó÷å-
íèþ ìèêðîíàñîñîâ ïåðèñòàëüòè÷åñêîãî òèïà. Â 
ðàáîòå [4] àâòîðû ïðîâîäÿò ýêñïåðèìåíòàëüíîå 
èññëåäîâàíèå è ÷èñëåííîå ìîäåëèðîâàíèå ïðè 
ïîìîùè ïàêåòà Ansys êîíñòðóêöèè ïåðèñòàëü-
òè÷åñêîãî íàñîñà, â êîòîðîì ñæàòèå óïðóãîãî 
ðàáî÷åãî ýëåìåíòà äîñòèãàåòñÿ ïðè ïîìîùè ïüå-
çîýëåìåíòîâ, ñæèìàþùèõñÿ è ðàñøèðÿþùèõñÿ 
ïîä âîçäåéñòâèåì ïåðåìåííîãî ýëåêòðè÷åñêîãî 
òîêà. Àâòîðû ðàáîòû [5] ïðåäëàãàþò êîíñòðóê-
öèþ ïåðèñòàëüòè÷åñêîãî íàñîñà, â êîòîðîì 
â êà÷åñòâå ðàáî÷èõ ýëåìåíòîâ èñïîëüçóþòñÿ 
ìåìáðàíû, òàêæå ïåðåæèìàåìûå ïüåçîýëåìåí-
òàìè. Â ðàáîòå [6] ïðåäëîæåíà êîíñòðóêöèÿ ïå-
ðèñòàëüòè÷åñêîãî íàñîñà ñ ìåìáðàíîé, ïåðåæè-
ìàåìîé ñòàëüíûìè øàðèêàìè, ïðèâîäèìûìè â 
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äâèæåíèå âíåøíèì ìàãíèòíûì ïîëåì. Â ðàáîòå 
[7] ïðîâîäÿò ýêñïåðèìåíòû äëÿ ìèíèàòþðíîãî 
ïåðèñòàëüòè÷åñêîãî íàñîñà ñ òðóáêîé, ïåðåæè-
ìàåìîé íà îäíîì è òîì æå ó÷àñòêå ïëóíæåðîì â 
ïîïåðå÷íîì íàïðàâëåíèè.

Òåì íå ìåíåå, îñòàåòñÿ íåîñâåùåííûì âëè-
ÿíèå øåðîõîâàòîñòè ïîâåðõíîñòè óïðóãîãî ðà-
áî÷åãî îðãàíà íà ïîäà÷ó ïåðèñòàëüòè÷åñêîãî 
ìèêðîíàñîñà. Ïðîèçâîäèòåëüíîñòü ìèêðîíàñî-
ñîâ ñîñòàâëÿåò 0,3–2000 ìêë/ìèí [8], ïîýòîìó 
ðåæèì òå÷åíèÿ æèäêîñòè â ìèêðîíàñîñàõ, êàê 
ïðàâèëî, ëàìèíàðíûé. Ñ îäíîé ñòîðîíû, ñî-
ãëàñíî òåîðèè ãèäðîìåõàíèêè, øåðîõîâàòîñòü 
âëèÿåò íà çíà÷åíèå ïîòåðü íàïîðà òîëüêî ïðè 
òóðáóëåíòíîì ðåæèìå òå÷åíèÿ [9]. Íî, ñ äðóãîé 
ñòîðîíû, ìíîãèå ïîñëåäíèå èññëåäîâàíèÿ ïî-
êàçûâàþò, ÷òî äëÿ ñëó÷àÿ òå÷åíèÿ æèäêîñòè â 
ìèêðîêàíàëàõ êîýôôèöèåíò òðåíèÿ ìîæåò ñó-
ùåñòâåííî çàâèñåòü îò øåðîõîâàòîñòè ïîâåðõ-
íîñòè òàêæå è ïðè ëàìèíàðíîì ðåæèìå òå÷å-
íèÿ. Íàïðèìåð, â ðàáîòå [10] ÷èñëî Ïóàçåéëÿ, 
ïîëó÷åííîå ýêñïåðèìåíòàëüíî äëÿ òå÷åíèÿ â 
øåðîõîâàòîì êàíàëå, îòëè÷àåòñÿ íà 11 % îò 
÷èñëà Ïóàçåéëÿ äëÿ êàíàëà ñ ãëàäêèìè ñòåíêà-
ìè, ïîëó÷åííîãî ÷èñëåííûì ìîäåëèðîâàíèåì. 
Àâòîðû ðàáîòû [11] íà îñíîâå ðåçóëüòàòîâ ýêñ-
ïåðèìåíòîâ, ïðîâåäåííûõ ñ èñïîëüçîâàíèåì 
ñòàëüíûõ òðóá äèàìåòðîì 119–300 ìêì, ñäå-
ëàëè âûâîä î íåîáõîäèìîñòè ó÷åòà âëèÿíèÿ 
øåðîõîâàòîñòè, åñëè îòíîñèòåëüíàÿ øåðîõîâà-
òîñòü áîëüøå 1 %. ×èñëåííîå èññëåäîâàíèå ëà-
ìèíàðíîãî òå÷åíèÿ â òðóáàõ äèàìåòðîì âïëîòü 
äî 700 ìêì [12] ïîêàçàëî, ÷òî êîýôôèöèåíò 
òðåíèÿ çàâèñèò îò âûñîòû è ôîðìû íåðîâ-
íîñòåé. Àâòîð îáçîðíîé ñòàòüè [13] íà îñíîâå 
àíàëèçà ëèòåðàòóðû òàêæå ïðèõîäèò ê âûâîäó, 
÷òî øåðîõîâàòîñòü âëèÿåò íà çíà÷åíèå êîýôôè-
öèåíòà òðåíèÿ ïðè ëàìèíàðíîì òå÷åíèè ÷åðåç 
ìèêðîêàíàëû. Â ìîíîãðàôèè [14] ïðåäñòàâëåíû 
ìàòåìàòè÷åñêèå ìîäåëè ëàìèíàðíîãî òå÷åíèÿ 
æèäêîñòè â ùåëåâûõ êàíàëàõ ñ ó÷åòîì âëè-
ÿíèÿ ìèêðîòîïîãðàôèè ïîâåðõíîñòè ñòåíîê 
êàíàëà íà õàðàêòåð òå÷åíèÿ. Âåðîÿòíî, â êà-

íàëàõ ìàëûõ ðàçìåðîâ øåðîõîâàòîñòü ïîâåðõ-
íîñòè áóäåò ïðåäñòàâëÿòü ñîáîé ìåñòíûå ãè-
äðàâëè÷åñêèå ñîïðîòèâëåíèÿ, êîòîðûå ìîãóò 
çíà÷èòåëüíî âëèÿòü íà òå÷åíèå ïåðåêà÷èâàå-
ìîé æèäêîñòè. 

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ìîäåëèðî-
âàíèå òå÷åíèÿ æèäêîñòè ÷åðåç ïðîòî÷íóþ ÷àñòü 
ïåðèñòàëüòè÷åñêîãî íàñîñà ñ ó÷åòîì íåðîâíî-
ñòåé ïîâåðõíîñòè óïðóãîãî ðàáî÷åãî îðãàíà.

Ìåòîäèêà ðàñ÷åòà
Â ðàáîòå [15] áûëà ðàññìîòðåíà ìåòîäèêà 

ðàñ÷åòà õàðàêòåðèñòèêè ïåðèñòàëüòè÷åñêîãî 
íàñîñà ñ èñïîëüçîâàíèåì óðàâíåíèÿ Áåðíóëëè, 
è áûëî ïîêàçàíî, ÷òî îíà äàåò ïîãðåøíîñòü â 
èíòåðâàëû âðåìåíè îäíîâðåìåííîãî äâèæåíèÿ 
âûæèìíûõ ýëåìåíòîâ. 

Â íàñòîÿùåé ðàáîòå ðàññìîòðèì àëãîðèòì 
ðàáîòû íàñîñà, êîãäà íåò îäíîâðåìåííîãî äâè-
æåíèÿ âûæèìíûõ ýëåìåíòîâ. Òàêîé àëãîðèòì 
ðàáîòû ïåðèñòàëüòè÷åñêîãî íàñîñà ñ ëèíåé-
íî ðàñïîëîæåííîé òðóáêîé ïîêàçàí íà ðèñ. 1. 
Ñíà÷àëà ïåðâûé âûæèìíîé ýëåìåíò ñæèìàåò 
òðóáêó (ðèñ. 1, á), çàòåì ïîêà ïåðâûé âûæèì-
íîé ýëåìåíò äåðæèò òðóáêó â ñæàòîì ñîñòîÿ-
íèè, åå ñæèìàåò âòîðîé âûæèìíîé ýëåìåíò 
(ðèñ. 1, â). Äàëåå, êîãäà òðóáêà ñæàòà ïåðâûìè 
äâóìÿ âûæèìíûìè ýëåìåíòàìè, åå ñæèìàåò 
òðåòèé âûæèìíîé ýëåìåíò (ðèñ. 1, ã). Ïîñëå 
ýòîãî âûæèìíûå ýëåìåíòû âîçâðàùàþòñÿ â 
èñõîäíîå ïîëîæåíèå ïî î÷åðåäè â òàêîì æå ïî-
ðÿäêå (ðèñ. 1, ä–æ).

Äëÿ ìîäåëèðîâàíèÿ òå÷åíèÿ â íàñîñå ìîæíî 
âîñïîëüçîâàòüñÿ ôîðìóëàìè, ïîëó÷åííûìè â 
ðàáîòå [15], çà èñêëþ÷åíèåì ïðîìåæóòêîâ âðå-
ìåíè, â êîòîðûå òðóáêà ñæèìàåòñÿ òðåòüèì 
âûæèìíûì ýëåìåíòîì (ðèñ. 2) è êîãäà ïåðâûé 
âûæèìíîé ýëåìåíò âîçâðàùàåòñÿ â èñõîäíîå 
ïîëîæåíèå (ðèñ. 3).

Ñ ó÷åòîì ðàçëè÷èé, ïîêàçàííûõ íà ðèñ. 2 è 
ðèñ. 3, çàïèøåì âûðàæåíèÿ, èç êîòîðûõ ìîæíî 
ïîëó÷èòü ñðåäíþþ ñêîðîñòü òå÷åíèÿ æèäêîñòè 
÷åðåç âûõîäíîå ñå÷åíèå íàñîñà.
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Ðèñ. 1. Ïîðÿäîê ñðàáàòûâàíèÿ âûæèìíûõ ýëåìåíòîâ â íàñîñå, êîãäà íåò èõ îäíîâðåìåííîãî äâèæåíèÿ

Ðèñ. 2. Ñõåìà ñæàòèÿ òðóáêè òðåòüèì âûæèìíûì ýëåìåíòîì, 
êîãäà ïåðâûé âûæèìíîé ýëåìåíò âñå åùå ñæèìàåò òðóáêó

Ðèñ. 3. Âîçâðàùåíèå ïåðâîãî âûæèìíîãî ýëåìåíòà äëÿ ñëó÷àÿ, 
êîãäà òðåòèé ýëåìåíò óæå ñæàë òðóáêó
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32 432( )
2 2 16

2 32

h

hm h

hm h

h

d dv
S d

d P l l P d l a dS dl l dv k k
dtS d S d S d

p
d S

       
   

 
          

            
     

   
   

âûõ âûõ âõ âûõ
âûõ

âûõ ñæ ñæ âûõ âûõâûõ âûõ
âûõ ñæ

ñæ âûõ

âõ
2 2 2

1
2 2 4 3

16 432 .
( ) 2

h ha dS l P a dSl k
dtdt d S

    
         

ñæ ñæ
ñæ

ñæ  
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Äëÿ ñæàòèÿ òðóáêè òðåòüèì âûæèìíûì ýëåìåíòîì:

4 2 4
2

2 14 2

2 2 22 2
51 1 4

2 4 3 2 4

2 2
1

2 4 2 2

( )
2 232

32 32 ( )4
4 2

16 ( ) 32
2 32 ( )

h

h

h

h

h

d dv
d S

a d dS k l P d l d l lv
dtS d S d d

a dS l
d S dt

     
     

 
       

              
    

   
 

âõ âûõ âûõ âûõ
âûõ

âûõ ñæ ñæ ñæ âûõ âûõ
âûõ âõ

ñæ âûõ

âõ
2

1
4 3

4 0.hl P a dSk p
dtd S

  
     

 
ñæ ñæ

ñæ
ñæ

 (3)

Äëÿ âîçâðàùåíèÿ ïåðâîãî âûæèìíîãî ýëåìåíòà â èñõîäíîå ïîëîæåíèå:

2 4 4
2

1 22 4

2 22 2
2 51 1 4

4 2 4 4 4 3

1 1
4 2

( )
216

4 32
4 2

8128
2

h

h

h

h h h

h

d d v
S d

a dS l k P l dd d l ld v
dt d S d d d S

a dS a dS a dSl
dt dtd S dt

  
      

 
         

               

     
  

 

âûõ âûõ
âõ âûõ âûõ

ñæ ñæ ñæâõ âûõ âûõ
âûõ âûõ

âûõ ñæ

âõ
2 4 0.p
d

 
   

 

 (4)

Äëÿ âîçâðàùåíèÿ âòîðîãî âûæèìíîãî ýëåìåíòà â èñõîäíîå ïîëîæåíèå:

4 2 4
2 1 2

2 4

2 2 2 22 2 2
3 51 1 4

4 2 4 3 3 2

2 2

2

( )
2 232

324 32 ( )
4 2 2

( ) 16
2( )

h

h hm hm
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h hm

h

d dv
S d

adS P l d P l d ld d l l dv k k
dt d S d S S d

dS ap
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âûõ âûõ âõ âûõ
âûõ

âûõ ñæ âûõâõ âûõ âûõ âûõ
âûõ ñæ

ñæ âûõ

2
1

12 4 2 3 4
2 432 .hm hm h h

hm
h hm

P l a dS a dSk l
dtd S S dt d

    
       

âõ

 

(5)

Äëÿ âîçâðàùåíèÿ òðåòüåãî âûæèìíîãî ýëåìåíòà â èñõîäíîå ïîëîæåíèå:

4 2 4
2

1 22 4

22 2
2 3 3 51 1 4

4 2 4 3 4 4

2
3 31 1

4 3 2 2 4

( )
2 16

4 32
4 64

2 64 4
4

h

h hm

h hm

h hm

hm h

d dv
S d

adS k P l ld d l lv d
dt d S d S d d

adS k P ll
dt d S S d

 
       
 
       

                

   
   

  

âûõ âûõ
âûõ âûõ âõ

âõ âûõ âûõ
âûõ âûõ

âûõ

âõ 0,ha dS p
dt

  
   

  

 (6)

çäåñü dS
h
 – èçìåíåíèå ïëîùàäè ïîïåðå÷íîãî ñå÷åíèÿ â îáëàñòè ñæàòèÿ çà èíòåðâàë âðåìåíè dt, ì2; 

a – äëèíà âûæèìíîãî ýëåìåíòà, ì; v
âûõ

 – ìãíîâåííûå çíà÷åíèÿ ñðåäíåé ñêîðîñòè â âûõîäíîì ñå÷å-
íèè, ì/ñ; g – óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, ì/ñ2; ρ – ïëîòíîñòü æèäêîñòè, êã/ì3; α

âõ
, α

âûõ
, α

1
, α

2
 – 

êîýôôèöèåíòû Êîðèîëèñà â ñîîòâåòñòâóþùèõ ÷àñòÿõ òðóáêè; l
1
, l

3
, l

4
, l

5
 – äëèíû ñîîòâåòñòâóþùèõ 

ó÷àñòêîâ òðóáêè, ì; d – âíóòðåííèé äèàìåòð òðóáêè íà ó÷àñòêàõ l
1
 è l

4
, ì; d

âûõ
 – âíóòðåííèé äèà-

ìåòð ó÷àñòêà l
5
, ì; P

hm
 è P

ñæ
 – ñìî÷åííûå ïåðèìåòðû â îáëàñòè ñæàòèÿ, êîãäà ïëàñòèíà íàõîäèò-

ñÿ â âåðõíåì è íèæíåì ïîëîæåíèÿõ ñîîòâåòñòâåííî, ì; k
3
 è k

ñæ
 – êîýôôèöèåíòû, ó÷èòûâàþùèå 

âëèÿíèå ôîðìû íåêðóãëîãî ñå÷åíèÿ íà ïîòåðè; μ – êîýôôèöèåíò äèíàìè÷åñêîé âÿçêîñòè, Ïà·ñ; 
Δp – ïåðåïàä äàâëåíèÿ ìåæäó ñå÷åíèåì â êîíöå ó÷àñòêà l

5
 è âõîäîì â òðóáêó, Ïà; S

ñæ
 è S

hm
 – ïëî-

ùàäè ïîïåðå÷íîãî ñå÷åíèÿõ â ñîîòâåòñòâóþùèõ ÷àñòÿõ òðóáêè, ì2 [15]. Ïðè ýòîì ó÷àñòîê l
5
 íå 

ÿâëÿåòñÿ ÷àñòüþ íàñîñà, à èñïîëüçóåòñÿ äëÿ èìèòàöèè íàãðóçêè.
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Òåïåðü äîáàâèì â ñõåìó ó÷àñòêè òðóáêè, íà âíóòðåííåé ïîâåðõíîñòè êîòîðîé åñòü íåðîâíîñòè. 
Ïîëó÷åííàÿ ñõåìà äëÿ ñæàòèÿ òðóáêè ïåðâûì âûæèìíûì ýëåìåíòîì ïîêàçàíà íà ðèñ. 4.

Ðèñ. 4. Ñõåìà ïåðèñòàëüòè÷åñêîãî íàñîñà, óïðóãàÿ òðóáêà êîòîðîãî 
èìååò ó÷àñòêè ñ íåðîâíîñòÿìè íà âõîäå è íà âûõîäå

Ñîãëàñíî ñõåìå íàñîñà, ïîêàçàííîé íà ðèñ. 4, â âûðàæåíèÿõ ïîòåðü íà òðåíèå ïîÿâÿòñÿ äîïîë-
íèòåëüíûå ñëàãàåìûå, ñîîòâåòñòâóþùèå ó÷àñòêàì òðóáêè ñ íåðîâíîñòÿìè:

2
1

12
l vh h
d g

    âõ
âõ âõ í ; 

2 2 2
3 3 54 4

3 3 4 24 2 2 2
hm

hm

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

         âûõ
âûõ í âûõ

âûõ

, (7)

ãäå ∆h
í1

 – ïîòåðè íà ó÷àñòêå äëèíîé l
í1

, ì; ∆h
í2

 – ïîòåðè íà ó÷àñòêå äëèíîé l
í2

, ì. 
Ââåäåì ýêâèâàëåíòíûå äëèíû l

1íý
 è l

2íý
 òàêèå, ÷òî ïîòåðè ∆h

í1
 ÷èñëåííî ðàâíû ïîòåðÿì ïðè òå-

÷åíèè æèäêîñòè ïî òðóáêå áåç íåðîâíîñòåé äëèíîé l
1íý

, à ïîòåðè ∆h
í2

 – ïî òðóáêå äëèíîé l
2íý

. Ïðåä-
ñòàâèì ýòè ïîòåðè â ñëåäóþùåé ôîðìå:

2
1

1 12
3264

2
l v vh l
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í í ý
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2
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4
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í í íý .

Òàêèì îáðàçîì, âûðàæåíèÿ (7) ìîæíî çàïèñàòü â âèäå:
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Òîãäà èñõîäíîå âûðàæåíèå (1) ïðèìåò âèä:
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âûõ âûõ âõ âûõ
âûõ

âûõ í í ý âûõ âûõâõ
âûõ

âûõ

âõ
2

1 1
2 2 4

32 ( ) 4 .
( )

hl l a dS
dtdt d

  



í ý

 (9)

×òîáû ìîæíî áûëî ðåøèòü ïîëó÷åííîå 
óðàâíåíèå, íóæíî, ñîîòâåòñòâåííî, îïðåäå-
ëèòü çíà÷åíèÿ ýêâèâàëåíòíûõ äëèí l

1íý
 è l

2íý
. 

Äëÿ èõ îïðåäåëåíèÿ áûë èñïîëüçîâàí ïðî-
ãðàììíûé êîìïëåêñ Star-CCM+. Â íåì áûëè 
ïîñòðîåíû ñåòî÷íûå ìîäåëè òðóáêè ñ íåðîâ-
íîñòÿìè â ôîðìå òðåóãîëüíèêîâ, êàê ïîêàçàíî 
íà ðèñ. 5. Òàê êàê äëÿ èññëåäîâàíèÿ áûëè âçÿòû 
íåðîâíîñòè, ñèììåòðè÷íûå îòíîñèòåëüíî îñè 
òðóáêè, ïîýòîìó äëÿ ñîêðàùåíèÿ ÷èñëà ðàñ-
÷åòíûõ ÿ÷ååê è, òàêèì îáðàçîì, âðåìåíè ðàñ-
÷åòà, áûëà ïîñòðîåíà òîëüêî ÷åòâåðòü òðóáêè. 
Çàìåòèì, ÷òî ïðè ïîñòðîåíèè ìîäåëè òðóáêè 
ìåíüøå åå ÷åòâåðòè â ìîäåëè ïîëó÷àåòñÿ 
îñòðûé óãîë, â êîòîðîì íåèçáåæíî ñîçäàþòñÿ 

ðàñ÷åòíûå ÿ÷åéêè ìåíüøèõ ðàçìåðîâ, ÷òî â 
èòîãå íå äàåò äàëüíåéøåãî âûèãðûøà âî âðå-
ìåíè ðàñ÷åòà. Äëèíà ó÷àñòêà ñ íåðîâíîñòÿìè 
ñîñòàâëÿëà 3 ñì. Â êà÷åñòâå ãðàíè÷íûõ óñëî-
âèé íà âõîäå çàäàâàëàñü ñêîðîñòü òå÷åíèÿ, à íà 
âûõîäå – äàâëåíèå. Òàê êàê ñêîðîñòü çàäàâà-
ëàñü ïîñòîÿííîé ïî âñåìó âõîäíîìó ñå÷åíèþ, 
òî, ÷òîáû ðàñïðåäåëåíèå ñêîðîñòåé ïðèíÿëî 
õàðàêòåðíûé äëÿ ëàìèíàðíîãî òå÷åíèÿ âèä 
ïàðàáîëîèäà âðàùåíèÿ, íåîáõîäèì äîïîëíè-
òåëüíûé íà÷àëüíûé ó÷àñòîê òðóáû. Íà÷àëüíûé 
ó÷àñòîê ëàìèíàðíîãî òå÷åíèÿ îïðåäåëÿåòñÿ 
ïî âûðàæåíèþ l

íà÷
 = 0,029 Re·d [16]. Ïîýòîìó â 

ñëó÷àå ðàñ÷åòà, êîãäà â êà÷åñòâå ðàáî÷åé æèä-
êîñòè èñïîëüçîâàëàñü âîäà, ðàññòîÿíèå ìåæäó 
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âõîäíûì ñå÷åíèåì è ó÷àñòêîì ñ íåðîâíîñòÿ-
ìè áûëî âçÿòî 20 ñì, à êîãäà äëÿ ðàñ÷åòà áûëî 
âçÿòî ìàñëî (μ = 0,088 Ïà·ñ, ρ = 855 êã/ì3) – 
4 ñì. Ïîëó÷åííûé â ðåçóëüòàòå ðàñ÷åòîâ ïåðå-
ïàä äàâëåíèÿ ìåæäó êîíöîì è íà÷àëîì ó÷àñòêà 
ñ íåðîâíîñòÿìè çàòåì èñïîëüçîâàëñÿ äëÿ ïîëó-
÷åíèÿ åãî ýêâèâàëåíòíîé äëèíû:

 

2

' 32
pdl
v




ý . (10)

Â ðåçóëüòàòå ÷èñëåííûõ ðàñ÷åòîâ ñ íåðîâ-
íîñòÿìè â âèäå ñèììåòðè÷íûõ òðåóãîëüíè-
êîâ áûëè ïîëó÷åíû ãðàôèêè èçìåíåíèÿ ýê-
âèâàëåíòíîé äëèíû îò ñêîðîñòè è îò ÷èñëà 
Ðåéíîëüäñà (ðèñ. 6). Äëÿ íåðîâíîñòåé â âèäå 
ïðÿìîóãîëüíûõ òðåóãîëüíèêîâ ðàñ÷åòû áûëè 
ïðîâåäåíû äëÿ òå÷åíèÿ â ðàçíûõ íàïðàâëåíè-
ÿõ. Ïðè òå÷åíèè â ïðÿìîì íàïðàâëåíèè ýòè 
íåðîâíîñòè ïðåäñòàâëÿþò ñîáîé ÷åðåäóþùèå-
ñÿ êîíôóçîðû è âíåçàïíûå ðàñøèðåíèÿ, à â îá-
ðàòíîì íàïðàâëåíèè – äèôôóçîðû è âíåçàïíûå 
ñóæåíèÿ. 

Ðåçóëüòàòû ðàñ÷åòîâ ñ ïðÿìîóãîëüíûìè 
òðåóãîëüíèêàìè ïîêàçàíû íà ðèñ. 7. Êàê è 
ïðåäïîëàãàëîñü, ñîãëàñíî òåîðèè ãèäðîäèíà-
ìè÷åñêîãî ïîäîáèÿ, ïðè îäíèõ è òåõ æå ãåîìå-
òðè÷åñêèõ ïàðàìåòðàõ ãðàôèêè çàâèñèìîñòè 
ýêâèâàëåíòíîé äëèíû îò ÷èñëà Ðåéíîëüäñà, ïî-
ëó÷åííûå ïðè ðàñ÷åòàõ ñ âîäîé è ñ ìàñëîì, ñõî-
äÿòñÿ â îäíó ëèíèþ. Â òî æå âðåìÿ ïðè îäíîé 
è òîé æå îòíîñèòåëüíîé âûñîòå íåðîâíîñòåé 
∆

í
/d, íî ðàçíûõ íîìèíàëüíûõ äèàìåòðàõ ãðà-

ôèêè íå ñîâïàäàþò, ÷òî, ïî-âèäèìîìó, ñâÿçàíî 
ñ òåì, ÷òî äëèíà ó÷àñòêîâ ñ íåðîâíîñòÿìè è èõ 
øàã áûëè âåçäå âçÿòû îäèíàêîâûìè è ïîòîìó 
íå ñîáëþäàåòñÿ ãåîìåòðè÷åñêîå ïîäîáèå.

Ýêâèâàëåíòíàÿ äëèíà ó÷àñòêîâ ñ íåðîâ-
íîñòÿìè â âèäå ïðÿìîóãîëüíûõ òðåóãîëüíè-
êîâ ïîëó÷èëàñü ðàçíîé â çàâèñèìîñòè îò íà-
ïðàâëåíèÿ òå÷åíèÿ. Â ÷àñòíîñòè, äëÿ òðóáêè 
ñ íîìèíàëüíûì âíóòðåííèì äèàìåòðîì 3 ìì 
áîëüøèå çíà÷åíèÿ ýêâèâàëåíòíîé äëèíû ñîîò-
âåòñòâóþò îáðàòíîìó òå÷åíèþ æèäêîñòè, â òî 
âðåìÿ êàê äëÿ ìåíüøèõ äèàìåòðîâ, íàîáîðîò, 
äëÿ ïðÿìîãî òå÷åíèÿ.

      

Ðèñ. 5. Ñåòî÷íûå ìîäåëè äëÿ îïðåäåëåíèÿ çíà÷åíèé ýêâèâàëåíòíûõ äëèí l1íý è l2íý

       

Ðèñ. 6. Ãðàôèêè çàâèñèìîñòåé ýêâèâàëåíòíîé äëèíû ó÷àñòêà òðóáêè ñ íåðîâíîñòÿìè 
â ôîðìå ñèììåòðè÷íûõ òðåóãîëüíèêîâ îò ñêîðîñòè òå÷åíèÿ è îò ÷èñëà Ðåéíîëüäñà: 

1 – d = 3 ìì, ∆
í
/d = 8,33 %, âîäà; 2 – d = 3 ìì, ∆

í
/d = 6,67 %, âîäà; 3 – d = 3 ìì, ∆

í
/d = 5 %, âîäà; 

4 – d = 1 ìì, ∆
í
/d = 5 %, âîäà; 5 – d = 3 ìì, ∆

í
/d = 8,33 %, ìàñëî; 6 – d = 3 ìì, ∆

í
/d = 6,67 %, ìàñëî; 

7 – d = 2 ìì, ∆
í
/d = 10 %, âîäà; 8 – d = 1 ìì, ∆

í
/d = 10 %, âîäà
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Ïðîàíàëèçèðîâàâ ãðàôèêè, ìîæíî ïðèéòè 
ê âûâîäó, ÷òî â îáùåì ñëó÷àå ýêâèâàëåíòíàÿ 
äëèíà ÿâëÿåòñÿ ôóíêöèåé îò ÷èñëà Ðåéíîëüäñà, 
äëèíû ó÷àñòêà ñ íåðîâíîñòÿìè, îòíîñèòåëüíîé 
âûñîòû íåðîâíîñòåé è äðóãèõ ãåîìåòðè÷åñêèõ 
ïàðàìåòðîâ. Äëÿ ïîäñòàíîâêè ýêâèâàëåíòíîé 
äëèíû â âûðàæåíèå (9) ãåîìåòðè÷åñêèå ïàðà-
ìåòðû ìîæíî ñ÷èòàòü ïîñòîÿííûìè, è òîãäà 
ýêâèâàëåíòíàÿ äëèíà ó÷àñòêà ñ íåðîâíîñòÿìè 
áóäåò çàâèñåòü òîëüêî îò ÷èñëà Ðåéíîëüäñà. 
Ïóñòü ïîëó÷åííûå ãðàôèêè ìîæíî àïïðîêñè-
ìèðîâàòü ìíîãî÷ëåíàìè âèäà:

2
1 11 12 13Re Rel      í ý âõ âõ ;

 2
2 21 22 4 23 4Re Rel      í ý , (11)

ãäå θ
ij
 – êîýôôèöèåíòû ðåãðåññèè, ì. 

Ïîäñòàâèâ (11) â (9), ìîæíî ïîëó÷èòü íîâûå 
óðàâíåíèÿ, êîòîðûå áóäóò èñïîëüçîâàòüñÿ äëÿ 
îïðåäåëåíèÿ ñêîðîñòè. Âìåñòî ýòîãî ãîðàçäî 
óäîáíåå âûðàçèòü íîâûå ñëàãàåìûå îòäåëüíî, à 
ïîòîì ïðèáàâèòü èõ ê ëåâîé ÷àñòè óðàâíåíèÿ 
(1). Èñïîëüçóÿ âûðàæåíèÿ (11) ïîëó÷èì ñëåäó-
þùèå íîâûå ñëàãàåìûå:

       

Ðèñ. 7. Ãðàôèêè çàâèñèìîñòåé ýêâèâàëåíòíîé äëèíû ó÷àñòêà òðóáêè ñ íåðîâíîñòÿìè â ôîðìå íåñèììåòðè÷íûõ 
òðåóãîëüíèêîâ îò ÷èñëà Ðåéíîëüäñà ïðè òå÷åíèè â ïðÿìîì (ñëåâà) è â îáðàòíîì (ñïðàâà) íàïðàâëåíèÿõ: 

1 – d = 3 ìì, ∆
í
/d = 8,33 %, âîäà; 2 – d = 3 ìì, ∆

í
/d = 6,67 %, âîäà; 3 – d = 3 ìì, ∆

í
/d = 5 %, âîäà; 

4 – d = 3 ìì, ∆
í
/d = 1,67 %, âîäà; 5 – d = 3 ìì, ∆

í
/d = 8,33 %, ìàñëî; 6 – d = 1 ìì, ∆

í
/d = 10 %, âîäà; 

7 – d = 2 ìì, ∆
í
/d = 10 %, âîäà

6 2
3

13 236
32 ( )dv
d


  


âûõ

âûõ +
4

2
22 12 135

1232 ha dSdv
dt dd
   

       
âûõ

âûõ +

2 2 22

11 12 21 134 2 2 2
8 48 ( )32

( )
h ha dS a dSdv

dt dd dt d
    
          

âûõ
âûõ –

2 2 2

11 12 134 2 2 2 2
4 4 16 ( )32 ( ( ) ( ) )

( )
h h ha dS a dS a dS

dt dt dd dt d
    

     
    

. (12)

Äëÿ ðàññìîòðåííûõ íåðîâíîñòåé çàâèñèìîñòè ïîëó÷èëèñü ëèíåéíûìè, ïîýòîìó 
13

 = 
23

 = 0 è 
ñëàãàåìûå (12) çíà÷èòåëüíî óïðîñòÿòñÿ:

 
4

2
22 125

32 dv
d


  âûõ
âûõ +

2

11 12 214
832 ha dSdv
dt dd
        

âûõ
âûõ –

11 124
4 432 ( ( ) )h ha dS a dS
dt dt dd
  

   
  

.  (13)
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Àíàëèç óðàâíåíèé (2)–(6) ïîêàçûâàåò, ÷òî 
äëÿ ó÷åòà ó÷àñòêîâ ñ íåðîâíîñòÿìè ê íèì íàäî 
äîáàâèòü òî÷íî òàêèå æå ñëàãàåìûå: â óðàâíå-
íèÿ (2) è (3) ñëàãàåìûå äîáàâëÿþòñÿ ñ òåì æå 
çíàêîì, à â óðàâíåíèÿõ (4)–(6) çíàê âñåõ ñëà-
ãàåìûõ (13) ìåíÿåòñÿ íà ïðîòèâîïîëîæíûé. 
Êðîìå òîãî, òàê êàê íåîáõîäèìî ó÷èòûâàòü 
íàïðàâëåíèå òå÷åíèÿ â ñëó÷àå íåðîâíîñòåé â 
âèäå ïðÿìîóãîëüíûõ òðåóãîëüíèêîâ, òî êîýô-
ôèöèåíòû 

11
, 

12
, 

21
, 

22
 äëÿ óðàâíåíèé (4)–(6) 

áóäóò äðóãèìè.

Ðåçóëüòàòû è èõ îáñóæäåíèå
Íà ðèñ. 8 ïîêàçàíî ñðàâíåíèå ðåçóëüòàòîâ 

ðàñ÷åòîâ ïî ðàçðàáîòàííîé ìåòîäèêå è ðåçóëü-
òàòîâ ÷èñëåííîãî ýêñïåðèìåíòà äëÿ òðóáêè áåç 
ó÷àñòêîâ ñ íåðîâíîñòÿìè ñ ãåîìåòðè÷åñêèìè 
ïàðàìåòðàìè a = 14 ìì, l

1
 = 15 ìì, l

4
 = 15 ìì, 

d = 3 ìì, d
âûõ

 = 2 ìì, ðàññòîÿíèå ìåæäó âû-
æèìíûìè ýëåìåíòàìè – 4 ìì. Â êà÷åñòâå ðàáî-
÷åé æèäêîñòè âçÿòî ìàñëî. 

Íà ðèñ. 9 ïîêàçàíî ñðàâíåíèå äëÿ òðóáêè 
ñ ó÷àñòêàìè, íà êîòîðûõ åñòü íåðîâíîñòè 

â ôîðìå ñèììåòðè÷íûõ òðåóãîëüíèêîâ ñ îò-
íîñèòåëüíîé âûñîòîé íåðîâíîñòåé 0,25 ìì 
è øàãîì 0,5 ìì. Ðåãðåññèîííûì àíàëèçîì 
ãðàôèêîâ áûëî ïîëó÷åíî 

11
 = θ

21
 = 5,60·10-2 ì, 

θ
12

 = θ
22

 = 1,19·10-4 ì.
Ñðàâíåíèå ãðàôèêîâ íà ðèñ. 8 è ðèñ. 9 ïî-

êàçûâàåò, ÷òî ðàñ÷åò ïî ðàçðàáîòàííîé ìåòî-
äèêå äàåò õîðîøåå ñîâïàäåíèå ñ ÷èñëåííûìè 
ýêñïåðèìåíòàìè äëÿ àëãîðèòìà ðàáîòû íàñîñà 
áåç îäíîâðåìåííîãî äâèæåíèÿ âûæèìíûõ ýëå-
ìåíòîâ. Äëÿ ñëó÷àÿ ñ ñèììåòðè÷íûìè òðåó-
ãîëüíèêàìè ñêîðîñòü ïðè ñæàòèè òðóáêè âû-
æèìíûìè ýëåìåíòàìè ïîëó÷àåòñÿ áîëüøå, íî 
òàêæå óâåëè÷èâàåòñÿ è îáðàòíûé òîê âî âðåìÿ 
âîçâðàùåíèÿ âûæèìíûõ ýëåìåíòîâ â èñõîäíîå 
ïîëîæåíèå è ðåçóëüòèðóþùàÿ ïîäà÷à òàêæå ïî-
ëó÷àåòñÿ ìåíüøå (ðèñ. 10).

Íà ðèñ. 10 òàêæå ïîêàçàíà íàïîðíàÿ õà-
ðàêòåðèñòèêà äëÿ ñëó÷àÿ, êîãäà åñòü ó÷àñò-
êè ñ íåðîâíîñòÿìè â âèäå ïðÿìîóãîëüíûõ 
òðåóãîëüíèêîâ, äëÿ êîòîðûõ áûëî ïîëó÷åíî 


21
 = 5,36·10-2 ì, 

22
 = 1,37·10-5 ì, 

11
 = 5,29·10-2 ì, 


12

 = 7,79·10-5 ì ïðè ñæàòèè òðóáêè. Ðàñ÷åò ïî 

Ðèñ. 8. Èçìåíåíèå ñðåäíåé ñêîðîñòè â âûõîäíîì ñå÷åíèè íàñîñà äëÿ òðóáêè áåç ó÷àñòêîâ ñ íåðîâíîñòÿìè: 
1 – ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ, 2 – ðåçóëüòàòû ðàñ÷åòîâ ïî ðàçðàáîòàííîé ìåòîäèêå

Ðèñ. 9. Èçìåíåíèå ñðåäíåé ñêîðîñòè â âûõîäíîì ñå÷åíèè íàñîñà äëÿ òðóáêè ñ ó÷àñòêîâ, 
íà êîòîðûõ åñòü íåðîâíîñòè â ôîðìå ñèììåòðè÷íûõ òðåóãîëüíèêîâ: 

1 – ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ, 2 – ðåçóëüòàòû ðàñ÷åòîâ ïî ðàçðàáîòàííîé ìåòîäèêå
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ðàçðàáîòàííîé ìåòîäèêå ïîêàçûâàåò, ÷òî ñ ïî-
âûøåíèåì äàâëåíèÿ íàñîñà åãî ïîäà÷à ïîëó-
÷àåòñÿ áîëüøå, ÷åì äëÿ ñëó÷àÿ íåðîâíîñòåé â 
ôîðìå ñèììåòðè÷íûõ òðåóãîëüíèêîâ, ÷òî äî-
ñòèãàåòñÿ çà ñ÷åò ðàçíîãî ãèäðàâëè÷åñêîãî ñî-
ïðîòèâëåíèÿ â ýòèõ ó÷àñòêàõ â çàâèñèìîñòè îò 
íàïðàâëåíèÿ òå÷åíèÿ. Ïðè ìåíüøåì äàâëåíèè, 
íàïðîòèâ, ïîäà÷à ïîëó÷àåòñÿ ìåíüøå. ×èñëåí-
íûå ýêñïåðèìåíòû, îäíàêî, íå ïîêàçûâàþò ýòîé 
ðàçíèöû, ÷òî ìîæåò áûòü îáóñëîâëåíî íåäîñòà-
òî÷íûì êîëè÷åñòâîì ðàñ÷åòíûõ ÿ÷ååê âáëèçè 
ñòåíîê ñ íåðîâíîñòÿìè. Ñðàâíåíèå ïîñòðîåí-
íûõ õàðàêòåðèñòèê ïîêàçàëî, ÷òî äëÿ íåðîâ-
íîñòåé â ôîðìå ïðÿìîóãîëüíûõ òðåóãîëüíè-
êîâ ðàñ÷åòíàÿ õàðàêòåðèñòèêà ïîëó÷èëàñü ïîä 
äðóãèì óãëîì, ÷åì äëÿ òðóáêè áåç ó÷àñòêîâ ñ 
íåðîâíîñòÿìè è äëÿ íåðîâíîñòåé â ôîðìå ñèì-
ìåòðè÷íûõ òðåóãîëüíèêîâ, êîòîðûå ïðàêòè÷å-
ñêè ïàðàëëåëüíû.

Çàìåòèì, ÷òî äëÿ ïîëó÷åíèÿ îäíîé òî÷êè 
íàïîðíîé õàðàêòåðèñòèêè äëèòåëüíîñòü îäíîãî 
÷èñëåííîãî ýêñïåðèìåíòà, â êîòîðîì ïðîâî-
äèòñÿ ñîâìåñòíûé ðàñ÷åò òå÷åíèÿ æèäêîñòè 
è äåôîðìàöèè òðóáêè íàñîñà, â çàâèñèìîñòè 
îò âèäà íåðîâíîñòåé, ñîñòàâëÿë 25–30 ÷àñîâ. 
Äëÿ ñðàâíåíèÿ, ÷èñëåííûé ðàñ÷åò çàâèñèìî-
ñòè ýêâèâàëåíòíîé äëèíû îò ÷èñëà Ðåéíîëüäñà 
íà òîì æå êîìïüþòåðå ñîñòàâèë îêîëî 1 ÷àñà, 
ïîñëå ÷åãî ñ èñïîëüçîâàíèåì ðàçðàáîòàííîé 

ìåòîäèêè ðàñ÷åòà áûëà ïîñòðîåíà ñðàçó âñÿ 
íàïîðíàÿ õàðàêòåðèñòèêà. Ðàçðàáîòàííàÿ ìå-
òîäèêà, òàêèì îáðàçîì, ïîçâîëÿåò ïîëó÷èòü õà-
ðàêòåðèñòèêó ñ ãîðàçäî ìåíüøèìè çàòðàòàìè 
âðåìåíè è âû÷èñëèòåëüíûõ ðåñóðñîâ.

Âûâîäû
Ñðàâíåíèå ðåçóëüòàòîâ ðàñ÷åòîâ ïîêàçàëî, 

÷òî ðàçðàáîòàííàÿ ìåòîäèêà ðàñ÷åòà íàïîð-
íîé õàðàêòåðèòèêè ïåðèñòàëüòè÷åñêîãî íàñîñà 
ñ ó÷åòîì íåðîâíîñòåé ïîâåðõíîñòè ðàáî÷åãî 
îðãàíà äàåò õîðîøåå ñîâïàäåíèå ñ ÷èñëåííû-
ìè ýêñïåðèìåíòàìè, åñëè íåò îäíîâðåìåííîãî 
äâèæåíèÿ âûæèìíûõ ýëåìåíòîâ. Ïðè ýòîì, 
õîòÿ äëÿ ýòîé ìåòîäèêè íåîáõîäèìû çàâèñè-
ìîñòè ýêâèâàëåíòíûõ äëèí ó÷àñòêîâ ñ íåðîâ-
íîñòÿìè, êîòîðûå òàêæå ïîëó÷àþòñÿ ÷èñëåííî, 
îíà òðåáóåò ãîðàçäî ìåíüøå çàòðàò âðåìåíè ïî 
ñðàâíåíèþ ñ ïîëíûì ÷èñëåííûì ìîäåëèðîâà-
íèåì. Ñðàâíåíèå ïîñòðîåííûõ õàðàêòåðèñòèê 
òàêæå ïîêàçàëî, ÷òî äëÿ ó÷àñòêîâ ñ íåñèì-
ìåòðè÷íûìè íåðîâíîñòÿìè, êîòîðûå èìåþò 
ðàçíóþ ýêâèâàëåíòíóþ äëèíó â çàâèñèìîñòè 
îò íàïðàâëåíèÿ òå÷åíèÿ, õàðàêòåðèñòèêà ïî-
ëó÷àåòñÿ ïîä äðóãèì óãëîì ïî ñðàâíåíèþ ñ 
õàðàêòåðèñòèêàìè, ïîëó÷åííûìè äëÿ òðóáêè ñ 
ñèììåòðè÷íûìè íåðîâíîñòÿìè èëè áåç íåðîâ-
íîñòåé.
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THE CALCULATION OF THE PERISTALTIC PUMP CHARACTERISTICS TAKING 
INTO ACCOUNT THE ROUGHNESSES ON THE INTERNAL SURFACE 

OF THE WORKING MEMBER

A.I. Grishin
Moscow Polytechnic University,Moscow, Russia

foxmccloud@rambler.ru

In the introduction of the work the short review of the literature, devoted to the miniature peristaltic 
pumps and also to the studies of the influence of the roughness in the microchannels with the laminar 
flow, is presented. The presented calculation procedure of the pump characteristics is based on the 
usage of the Bernoulli equation and the interpretation of the pump working member sections with the 
roughness as the local hydraulic resistances. The losses in these sections are expressed in the equivalent 
length which has been counted by performing the numerical experiments in the program STAR-CCM+. 
As have shown by the numerical experiments, the equivalent length of such sections is the function of a 
Reynolds number and the geometrical parameters of the roughness of the surface of the pump working 
member. For calculations the axisymmetric roughness with the profiles is in the form of the isosceles 
triangles and the rectangular triangles have been chosen. The calculation for the roughness in the form 
of rectangular triangles was performed in such a manner that when the fluid flows in the direction of the 
pressure pipeline it represented the repeating confusers and the sudden enlargements, and when flow 
takes place in the opposite direction – diffusors and sudden contractions. The numerical calculation has 
shown that in such case an energy loss with the flow in the opposite direction is bigger, but only with 
the certain geometrical parameters of the roughness. It was considered, that the roughness are only in 
the beginning and in the end of the pump working member (tube), and in the compression region the 
surface is smooth. As a calculations result the pump’s pressure characteristics for both tube without the 
sections with the roughness and the tube with these sections were constructed. The results gained with 
the offered technique have shown good enough coincidence to the results of the numerical experiments

Keywords: peristaltic pump, laminar flow, computational hydrodynamics, ìåñòíûå ãèäðàâëè÷åñêèå 
ñîïðîòèâëåíèÿ.


