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Ñòðóéíûå àïïàðàòû – óñòðîéñòâà, â êîòîðûõ
ïðîèñõîäèò ïåðåäà÷à êèíåòè÷åñêîé ýíåðãèè îò
îäíîé ñðåäû, äâèæóùåéñÿ ñ áîëüøåé ñêîðîñòüþ,
ê äðóãîé. Ýæåêòîð, ðàáîòàÿ ïî çàêîíó Áåðíóëëè,
ñîçäàåò â ñóæàþùåìñÿ ñå÷åíèè ïîíèæåííîå äàâ-
ëåíèå îäíîé ñðåäû, ÷òî âçûâàåò ïîäñîñ äðóãîé ñðå-
äû, êîòîðàÿ çàòåì ïåðåíîñèòñÿ è óäàëÿåòñÿ îò ìåñ-
òà âñàñûâàíèÿ ýíåðãèåé ïåðâîé ñðåäû (ðèñ. 1, 2).

Ñòðóéíûå àïïàðàòû — ýòî óñòðîéñòâà, èñïîëü-
çóåìûå äëÿ ýæåêöèè âòîðè÷íîé æèäêîñòè èìïóëü-
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Ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòîâ äëÿ ýæåêòîðîâ ñ êðèâîëèíåéíûì è ïîñëåäóþùèì ïðÿìîëèíåéíûì ó÷àñòêà-
ìè êàìåðû ñìåøåíèÿ. Îöåíèâàåòñÿ âëèÿíèå ãåîìåòðè÷åñêèõ ïàðàìåòðîâ ýæåêòîðà íà åãî êîýôôèöèåíò ýæåêöèè.
Äàíî îáîñíîâàíèå âûáîðà ãåîìåòðè÷åñêèõ ïàðàìåòðîâ ýæåêòîðîâ ñ êðèâîëèíåéíûì ó÷àñòêîì êàìåðû ñìåøåíèÿ.

Êëþ÷åâûå ñëîâà: ýæåêòîð, êðèâîëèíåéíûé ó÷àñòîê êàìåðû ñìåøåíèÿ, ãåîìåòðè÷åñêèå ïàðàìåòðû, êîýôôèöèåíò
ýæåêöèè.

ñîì è ïåðåäà÷åé ýíåðãèè îò âûñîêîñêîðîñòíîé
ïåðâè÷íîé ñòðóè [1—3]. Îíè ìîãóò ðàáîòàòü ñ íå-
ñæèìàåìûìè æèäêîñòÿìè è â ýòîì ñëó÷àå îáû÷-
íî óïîìèíàþòñÿ êàê ñòðóéíûå íàñîñû.

Ñìåøèâàåìûå ïîòîêè ìîãóò íàõîäèòüñÿ â îä-
íîé è òîé æå ôàçå (æèäêîé, ïàðîâîé, ãàçîâîé) èëè
â ðàçíûõ ôàçàõ (íàïðèìåð, ïàð è æèäêîñòü, ãàç è
òâåðäîå òåëî è äð.). Â ïðîöåññå ñìåøåíèÿ ôàçîâîå
ñîñòîÿíèå ñìåøèâàåìûõ ïîòîêîâ ìîæåò îñòàâàòüñÿ
íåèçìåííûì èëè æå èçìåíÿòüñÿ (íàïðèìåð, ïàð

Ðèñ. 1. Ñõåìà ýæåêòîðà ñ êðèâîëèíåéíûì ó÷àñòêîì êàìåðû ñìåøåíèÿ ïðè 0 2R a = : 1 — ñîïëî âûñîêîíàïîðíîãî

ïîòîêà; 2 — ñîïëî íèçêîíàïîðíîãî ïîòîêà; 3 — íà÷àëüíûé ó÷àñòîê êàìåðû ñìåøåíèÿ; 4 — ïðÿìîëèíåéíûé ó÷à-
ñòîê êàìåðû ñìåøåíèÿ; 5 — äèôôóçîð
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ìîæåò ïðåâðàùàòüñÿ â æèäêîñòü). Ïîòîê, âñòóïà-
þùèé â ïðîöåññ ñìåøåíèÿ ñ áîëüøåé ñêîðîñòüþ,
íàçûâàåòñÿ ðàáî÷èì, à ñ ìåíüøåé ñêîðîñòüþ —
èíæåêòèðóåìûì [3—4].

Ýæåêòîðû (ñòðóéíûå íàñîñû) ðàñïðîñòðàíåíû
âî ìíîãèõ îòðàñëÿõ ïðîìûøëåííîñòè: ýíåðãåòèêå,
ìåòàëëóðãèè, ìàøèíîñòðîåíèè, íåôòÿíîé, õèìè-
÷åñêîé. Øèðîêîå ïðèìåíåíèå ýæåêòîðû ïîëó÷è-
ëè áëàãîäàðÿ èñêëþ÷èòåëüíîé ïðîñòîòå êîíñòðóê-
öèè, îòñóòñòâèþ ïîäâèæíûõ ìåõàíè÷åñêèõ ÷àñòåé,
ïðîñòîòå èõ èçãîòîâëåíèÿ, âûñîêîé íàäåæíîñòè â
ðàáîòå è íèçêîé ñòîèìîñòè [5—9].

Ýôôåêòèâíûé æèäêîñòíîé ýæåêòîð – ýòî ñìå-
ñèòåëü æèäêîñòåé, îòëè÷èòåëüíûì ïðèçíàêîì â êî-
òîðîì ÿâëÿåòñÿ ïðèìåíåíèå êðèâîëèíåéíîãî âõîä-
íîãî ó÷àñòêà êàìåðû ñìåøåíèÿ [10—12], îáåñïå-
÷èâàþùåãî óìåíüøåíèå ïîòåðü äàâëåíèÿ â ýæåê-
òîðå çà ñ÷åò ñíèæåíèÿ ñðåäíåé ñêîðîñòè àêòèâíîãî
ïîòîêà (ðèñ. 1). Êðèâîëèíåéíîå òå÷åíèå øèðîêî
ïðèìåíÿþò â òåõíèêå ñ öåëüþ ïîâûøåíèÿ ýôôåê-
òèâíîñòè ðàçëè÷íûõ óñòðîéñòâ, èõ èññëåäîâàíèþ
ïîñâÿùåíû ðàáîòû [13—16]. Â íàñòîÿùåé ñòàòüå
èññëåäóåòñÿ æèäêîñòíîé ýæåêòîð, ó êîòîðîãî âõîä-
íîé, êðèâîëèíåéíîé ó÷àñòîê êàìåðû ñìåøåíèÿ
îáåñïå÷èâàåò ïåðåðàñïðåäåëåíèå ñêîðîñòè ïî çà-
êîíó ñâîáîäíîãî âèõðÿ, ïðè ýòîì ìàêñèìàëüíîå
çíà÷åíèå ñêîðîñòè îáåñïå÷èâàåòñÿ ó ñîïëà íèçêî-
íàïîðíîãî (ïàññèâíîãî) ïîòîêà. Çà ñ÷åò áîëüøåé
ñêîðîñòè íà ñðåçå ïàññèâíîãî ïîòîêà ïðîèñõîäèò
ýæåêòèðîâàíèå áîëüøåãî êîëè÷åñòâà íèçêîíàïîð-
íîé æèäêîñòè ïî ñðàâíåíèþ ñ ýæåêòîðîì ïðÿìî-
ëèíåéíîé êàìåðû ñìåøåíèÿ ïðè ïðî÷èõ ðàâíûõ
óñëîâèÿõ [10].

Â ýæåêòîðàõ, ðåçóëüòàòû èññëåäîâàíèÿ êîòîðûõ
ïðåäñòàâëåíû â äàííîé ñòàòüå, êðèâîëèíåéíûé
ó÷àñòîê êàìåðû ñìåøåíèÿ ïðåäñòàâëÿåò ñîáîé îò-
âîä.

Îòâîä — ýòî ýëåìåíò àðìàòóðû, ïðåäíàçíà÷åí-
íûé äëÿ èçìåíåíèÿ íàïðàâëåíèÿ ïîòîêà æèäêîñòè

â òðóáîïðîâîäå. Îòâîäû èçãîòàâëèâàþò ïî ðàçëè÷-
íûì òåõíîëîãèÿì, îòñþäà èõ íàçâàíèÿ: êðóòîèçîã-
íóòûå, ãíóòûå èëè ñâàðíûå-ñåêöèîííûå. Ñïîñîá
êðåïëåíèÿ èõ ê òðóáîïðîâîäó îäèí – ïðèâàðêà. Íà
ðèñ. 3 ïîêàçàí êðóòîèçîãíóòûé áåñøîâíûé îòâîä
ñ óãëîì èçãèáà 90° [17].

Ïîòåðè íàïîðà â îòâîäå ñâÿçàíû ñ èçìåíåíè-
åì íàïðàâëåíèÿ ïîòîêà. Ðàññìîòðèì òå÷åíèå æèä-
êîñòè ïðè ïîâîðîòå òðóáîïðîâîäà (ðèñ. 3). Â ðå-
çóëüòàòå èñêðèâëåíèÿ ïîòîêà íà âîãíóòîé ñòîðîíå
ïîâåðõíîñòè òðóáû äàâëåíèå áîëüøå, ÷åì íà âû-
ïóêëîé, à ðàçíèöà â ñêîðîñòè è íàïðàâëåíèè òå÷å-
íèÿ ñïîñîáñòâóåò îòðûâó ïîòîêà îò ñòåíêè, ÷òî
ïðèâîäèò ñíà÷àëà ê ñóæåíèþ ñòðóè, à çàòåì, äàëåå
ïî òå÷åíèþ, ê åå ðàñøèðåíèþ, ïðè ýòîì âîçíèêà-
þò çíà÷èòåëüíûå ïîòåðè íàïîðà [18—19].

Ïðè ïëàâíîì ïîâîðîòå òðóáû (çàêðóãëåííîå
êîëåíî, îòâîä) âèõðåîáðàçîâàíèÿ óìåíüøàþòñÿ è
ïîòåðè íàïîðà áóäóò çíà÷èòåëüíî ìåíüøå. Êîýô-
ôèöèåíò ñîïðîòèâëåíèÿ îòâîäà çàâèñèò îò óãëà ïî-
âîðîòà, à òàêæå îò îòíîøåíèÿ R/a ðàäèóñà çàêðóã-
ëåíèÿ ê äèàìåòðó òðóáû (ðèñ. 4) è îò êîýôôèöè-

åíòà ãèäðàâëè÷åñêîãî òðåíèÿ λ  [19], ò.e

, , .
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Ðèñ. 2. Ñõåìà ýæåêòîðà ñ êðèâîëèíåéíûì ó÷àñòêîì êàìåðû ñìåøåíèÿ ïðè 0 1R a = : 1 — ñîïëî âûñîêîíàïîðíîãî
ïîòîêà; 2 — ñîïëî íèçêîíàïîðíîãî ïîòîêà; 3 — íà÷àëüíûé ó÷àñòîê êàìåðû ñìåøåíèÿ; 4 — ïðÿìîëèíåéíûé ó÷à-
ñòîê êàìåðû ñìåøåíèÿ; 5 — äèôôóçîð

Ðèñ. 3. Ñòðóêòóðà òå÷åíèÿ æèäêîñòè ïðè ïîâîðîòå òðó-
áîïðîâîäà
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Äëÿ îòâîäà êðóãëîãî ñå÷åíèÿ ñ óãëîì α = 90°
êîýôôèöèåíò ñîïðîòèâëåíèÿ îïðåäåëÿåòñÿ ôîðìó-
ëîé [18]:

2.5
2.5

îòâ 2000 0,106
à
R

ζ λ Ê ˆ= + Á ˜Ë ¯

èëè ïðè áîëüøèõ ÷èñëàõ Ðåéíîëüäñà — ôîðìóëîé
Á.Á. Íåêðàñîâà [19]:

îòâ 0,05 0,19 .
d
à

ζ = +

Â êîëåíå ñî ñêðóãëåííîé âíåøíåé ñòåíêîé ïðè
ñîõðàíåíèè âíóòðåííåé êðîìêè îñòðîé R0 = 0
(ðèñ. 7) íå ïðîèñõîäèò çàìåòíîãî ñíèæåíèÿ ñîïðî-
òèâëåíèÿ êîëåíà. Çíà÷èòåëüíîå óâåëè÷åíèå ðàäè-
óñà êðèâèçíû âíåøíåé ñòåíêè äàæå âûçûâàåò ïî-
âûøåíèå ñîïðîòèâëåíèÿ êîëåíà. Ýòî óêàçûâàåò íà
íåðàöèîíàëüíîñòü ñêðóãëåíèÿ îäíîé òîëüêî âíåø-
íåé ñòåíêè (ïðè îñòðîé âíóòðåííåé êðîìêå), òàê
êàê ïðè ýòîì óìåíüøàåòñÿ ïëîùàäü ïîïåðå÷íîãî
ñå÷åíèÿ ïîòîêà â ìåñòå ïîâîðîòà è óâåëè÷èâàþò-

ñÿ äèôôóçîðíûå ïîòåðè [17—20], âîçíèêàþùèå
ïðè ïåðåõîäå îò êîëåíà ê âûõîäíîìó ó÷àñòêó òðó-
áîïðîâîäà (ðèñ. 5).

Êîýôôèöèåíò ñóæåíèÿ ñòðóè yF

F
ε =  (Fy — ïëî-

ùàäü óçêîãî ñå÷åíèå ïîòîêà; F — ïëîùàäü ñå÷åíèÿ

êàíàëà ïåðåä êîëåíîì) çàâèñèò îò óãëà ïîâîðîòà α .

Òàê, íàïðèìåð, ïðè α = 0 ε = 1, à ïðè α = 90° (ïðÿ-
ìîóãîëüíîå êîëåíî) ε = 0,5, ò.å. øèðèíà âèõðÿ ñî-
ñòàâëÿåò îêîëî ïîëîâèíû øèðèíû òðóáû [19].

Èìåþòñÿ òàêæå ôîðìóëû, ñâÿçûâàþùèå êîëζ

íåïîñðåäñòâåííî ñ óãëîì ïîâîðîòà, íàïðèìåð ôîð-
ìóëà Âåéñáàõà [19]:

2 4
êîë 0,94sin 2,049sin .

2 2
α α

ζ = +

Êîýôôèöèåíò ýæåêöèè 2

1

G
n

G
=  — ýòî îòíîñè-

òåëüíûé ðàñõîä æèäêîñòè, êîòîðûé çàâèñèò îò ïëî-
ùàäåé ñîïåë, îò íà÷àëüíûõ äàâëåíèé, îò ðåæèìà
ðàáîòû ýæåêòîðà.

Ðèñ. 4. Ãåîìåòðè÷åñêèå ïàðàìåòðû, îïðåäåëÿþùèå
ó÷àñòîê ïîâîðîòà òðóáîïðîâîäà

Ðèñ. 5. Ñòðóêòóðà òå÷åíèÿ æèäêîñòè íà ó÷àñòêå êîëåíà
ñ îñòðîé êðîìêîé

Ðèñ. 6. Âåêòîðíûå êàðòèíû ñêîðîñòè ïðè 
0 2R a =

è îòíîñèòåëüíîé äëèíå êàìåðû ñìåøåíèÿ 
1 2 1;F F =

10,0;l a = 4 2

1 2
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P P
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* *
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Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ÷èñëåííîãî

ðàñ÷åòà õàðàêòåðèñòèêè 4 2

1 2

( )
P P

f n
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-
=

-
 êðèâîëè-

íåéíûõ ýæåêòîðîâ ñ ãåîìåòðè÷åñêèì ïàðàìåòðîì

1 2 1F F = ïðè îòíîñèòåëüíûõ ðàçìåðàõ êîëåí è îò-

âîäîâ 0 1;2R a = (ðèñ. 6—10). Êàê âèäíî èç ðèñ. 8—

10, ïðè îäèíàêîâûõ êîýôôèöèåíòàõ ýæåêöèè îò-
íîñèòåëüíûé ïåðåïàä äàâëåíèå ïîëó÷àåòñÿ áîëüøå

Ðèñ. 7. Âåêòîðíûå êàðòèíû ñêîðîñòè ïðè 
0 1R a =  è îòíîñèòåëüíîé äëèíå êàìåðû ñìåøåíèÿ 

1 2 1;F F =

10,0;l a = 4 2

1 2

0,57
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* *
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Ðèñ. 8. Ñðàâíåíèå õàðàêòåðèñòèê ýæåêòîðîâ (êðèâîëèíåéíûé ó÷àñòîê êàìåðû ñìåøåíèÿ îòâîä è êîëåíî)

ïðè 
1 2 1;F F =  10,0 :l a =   ïðè R0 = 2;  ïðè R0 = 1

ó êðèâîëèíåéíîãî ýæåêòîðà ñ îòíîñèòåëüíûì ðà-

äèóñîì 0 2.R a =

Äëÿ ÷èñëåííîãî ðàñ÷åòà íà îñíîâå ïðåäâàðè-
òåëüíûõ ðàñ÷åòîâ è àíàëèçà ñåòî÷íîé íåçàâèñèìî-
ñòè ïîëó÷àåìûõ ðåçóëüòàòîâ âûáèðàëèñü ðàçðåøå-
íèÿ ñåòîê è ìîäåëè âÿçêîñòè. Ðàñ÷åò ïðîâîäèëñÿ
â ñòàöèîíàðíîé äâóõìåðíîé ïîñòàíîâêå ñ èñïîëü-
çîâàíèåì ïðîãðàììû Fluent è ìîäåëè òóðáóëåíò-
íîé âÿçêîñòè k-e RNG.
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Íà ðèñ. 11 ïðèâåäåíû ðåçóëüòàòû ðàñ÷åòà õà-

ðàêòåðèñòèêè 4 2

1 2

( )
P P

f n
P P

* *

* *

-
=

-
 êðèâîëèíåéíîãî è

ïðÿìîëèíåéíîãî ýæåêòîðîâ ïðè îäèíàêîâûõ ïàðà-

ìåòðàõ (F1/F2; l/a) è äàíî ñðàâíåííûé ñ ýêñïåðè-
ìåíòîì. Êàê âèäíî íà ðèñ. 11, ïðè îäèíàêîâûõ êî-
ýôôèöèåíòàõ ýæåêöèè îòíîñèòåëüíûé ïåðåïàä
äàâëåíèå ïîëó÷àåòñÿ áîëüøå ó êðèâîëèíåéíîãî

Ðèñ. 9. Ñðàâíåíèå õàðàêòåðèñòèê ýæåêòîðîâ (êðèâîëèíåéíûé ó÷àñòîê êàìåðû ñìåøåíèÿ îòâîä è êîëåíî)

ïðè 
1 2 0,5;F F =  10,0 :l a =  ïðè R0 = 2;  ïðè R0 = 1

Ðèñ. 11. Ñðàâíåíèå õàðàêòåðèñòèê ýæåêòîðîâ ïðè F1/F2 = 0,22 è l/a = 10,0:    ðàñ÷åò äëÿ êðèâîëèíåéíîãî;
• ýêñïåðèìåíò äëÿ ïðÿìîëèíåéíîãî [3];  ðàñ÷åò äëÿ ïðÿìîëèíåéíîãî

Ðèñ. 10. Ñðàâíåíèå õàðàêòåðèñòèê ýæåêòîðîâ (êðèâîëèíåéíûé ó÷àñòîê êàìåðû ñìåøåíèÿ îòâîä è êîëåíî)
ïðè F1/F2 = 0,25; l/a = 10,0:  ïðè R0 = 2;  ïðè R0 = 1
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ýæåêòîðà ïðè îòíîøåíèè ïëîùàäåé F1/F2 = 0,22.
Ýòî ïðåèìóùåñòâî êðèâîëèíåéíîãî ýæåêòîðà çíà-
÷èòåëüíî âîçðàñòàåò ïðè óâåëè÷åíèè îòíîøåíèÿ
ïëîùàäåé F1/F2.

Âûâîäû

1. Ïðè îäèíàêîâûõ êîýôôèöèåíòàõ ýæåêöèè
îòíîñèòåëüíûé ïåðåïàä äàâëåíèé ó êðèâîëèíåéíî-
ãî ýæåêòîðà áîëüøå ïðè îòíîñèòåëüíîì ðàäèóñå

îòâîäà 0 2,R a =  ÷åì ó ïðÿìîëèíåéíîãî ýæåêòîðà

ïðè îòíîñèòåëüíîì ðàäèóñå 0 1R a =  (êîëåíî).

2. Êîýôôèöèåíò ýæåêöèè çàâèñèò îò îòíîøå-
íèÿ ïëîùàäåé F1/F2. ×åì ìåíüøå îòíîøåíèÿ F1/
F2, òåì áîëüøå êîýôôèöèåíò ýæåêöèè.

3. Ïðè îäèíàêîâûõ êîýôôèöèåíòàõ ýæåêöèè
îòíîñèòåëüíûé ïåðåïàä äàâëåíèé ó êðèâîëèíåéíî-
ãî ýæåêòîðà áîëüøå, ÷åì ó ïðÿìîëèíåéíîãî. Ïî-
ýòîìó ýæåêòîðû ñ êðèâîëèíåéíûì ó÷àñòêîì êàìå-
ðû ñìåøåíèÿ ÷àñòî áûâàþò áîëåå ýôôåêòèâíûìè.
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Abstract

Ejector is the simplest device without moving parts
for liquids, gas, and other media moving. Power
transfer from one stream to the other proceeds by their
turbulent mixing. Very often, injector is employed to
maintain continuous airflow in a duct, or a premise,
thus performing a fan role. It is used also for jet engines
testing. The exhaust stream flowing from the jet nozzle
draws in the air from the shaft into the ejector, ensuring
thereby the premise ventilation and engine cooling.

Over the past 60 years, plenty of studies has been
performed on ejectors as a part of jet engines, which
purpose consisted in increasing engine thrust, and
reducing fuel consumption, jet noise and output
temperature.

In modern conditions, these devices are used in
various fields, such as aircraft and machine building,
firefighting equipment, and as pumps, compressors, and
mixers at oil tank farms.

In general, the described ejector structures include
straight-line mixing chambers. Employing a curvilinear
section of mixing chamber, which allows improve the
ejector parameters, may be suggested as an option of
such ejectors. An option of the ejector of this kind
consists of a high-pressure flow nozzle, a low-pressure
flow nozzle, mixing chamber, and diffusor. With this,
the initial section of the mixing chamber is curvilinear.

The disadvantage of this ejector is certain
difficulties in manufacturing curvilinear surfaces of
nozzles and initial section of the mixing chamber. The
advantage of this ejector consists in average velocity
reduction of the active jet at the mixing chamber inlet,
and, as a consequence, mixing losses reduction.

The article presents the results of numerical

calculation of the 4 2

1 2

( )
P P

f n
P P

* *

* *

-
=

-
 characteristics of

curvilinear ejectors with F1/F2 = 1 geometric parameter
(elbows and bends) at relative sizes of R/a = 1; 2. These
results revealed that with the same ejection coefficients,
the relative pressure drop is greater for a curvilinear
ejector with a relative radius of R/a = 2. The numerical

GEOMETRIC PARAMETERS EFFECT OF EJECTOR WITH CURVILINEAR
SECTION OF MIXING CHAMBER ON ITS CHARACTERISTIC

Kartas S.S.K.*, Panchenko V.I.**, Aleksandrov Yu.B.***

Kazan National Research Technical University named after A.N. Tupolev – KAI,
KNRTU-KAI, 10, K. Marx str., Kazan, Tatarstan, 420111, Russia
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calculation was performed in a stationary setting using
the Fluent program and the k-e RNG turbulent
viscosity model. Based on preliminary calculations and
the grid independence analysis of the obtained results,
the grid models were selected.

Keyword: ejector, curvilinear section of mixing
chamber, geometric parameters, ejection coefficient.
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