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Ââåäåíèå

Íàèáîëåå âûñîêèé óðîâåíü àýðîäèíàìè÷åñêîãî
ñîâåðøåíñòâà âåíòèëÿòîðíûõ óñòàíîâîê âîçäóõî-
ïåðåìåùàþùèõ ñèñòåì äîñòèãàåòñÿ çà ñ÷åò óñòà-
íîâêè çà îñåâûìè âåíòèëÿòîðàìè äëèííûõ äèô-
ôóçîðîâ ñ ìàëûìè óãëàìè ðàñøèðåíèÿ [1—3]. Íà
ïðàêòèêå âñå ÷àùå ïðèõîäèòñÿ ñòàëêèâàòüñÿ ñ
ïëîòíûìè êîìïîíîâêàìè òåõíè÷åñêèõ îòñåêîâ, â
êîòîðûõ óñòàíîâêà ãðîìîçäêèõ âîçäóõîâîäîâ íå
ïðåäñòàâëÿåòñÿ âîçìîæíîé. Â ðåçóëüòàòå òðåáîâà-
íèÿ ê ðàñõîäíî-íàïîðíûì õàðàêòåðèñòèêàì âåí-
òèëÿòîðíîé óñòàíîâêè îñòàþòñÿ âûñîêèìè, ïðè
ýòîì ïðèõîäèòñÿ îòêàçûâàòüñÿ îò òðàäèöèîííûõ
ñõåì, êîòîðûå ìîãóò èõ îáåñïå÷èòü [4].

Ïðèìåðîì òàêèõ êîìïîíîâîê ÿâëÿþòñÿ ñèñòå-
ìû îõëàæäåíèÿ è ïîäúåìíûå êîìïëåêñû àïïàðà-
òîâ íà âîçäóøíîé ïîäóøêå, â êîòîðûõ çà îñåâûì
âåíòèëÿòîðîì ðàñïîëàãàåòñÿ ïëîñêàÿ ïðåãðàäà
çíà÷èòåëüíûõ ðàçìåðîâ (ýêðàí, âîçäóõîâîä, ðàäè-
àòîðû).

Ðåçóëüòàòû íàèáîëåå àêòóàëüíûõ ðàáîò ïî èçó-
÷åíèþ àýðîäèíàìè÷åñêîãî âçàèìîäåéñòâèÿ êîëü-
öåâîãî çàêðó÷åííîãî ïîòîêà çà ðàáî÷èì êîëåñîì
îñåâîãî âåíòèëÿòîðà ñ êðóãëûì ýêðàíîì (ðèñ. 1)
îïèñàíû â ðàáîòàõ [5—8].
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Ðàññìîòðåíû îñåâûå âåíòèëÿòîðû, èìåþùèå ðàñïðåäåëåíèå öèðêóëÿöèè ïî äëèíå ëîïàòîê, ïðè êîòîðîì ïîòîê
çà ðàáî÷èì êîëåñîì çàêðó÷èâàåòñÿ ïî çàêîíó òâåðäîãî òåëà. Ïîêàçàíî, ÷òî ðàñïðåäåëåíèå êèíåìàòè÷åñêèõ ïàðà-
ìåòðîâ ïîòîêà çà òàêèìè âåíòèëÿòîðàìè ïîçâîëÿåò çíà÷èòåëüíî ïîâûñèòü ýôôåêòèâíîñòü ðàáîòû âûõîäíûõ ýëå-
ìåíòîâ êîìïàêòíûõ âåíòèëÿòîðíûõ óñòàíîâîê ñ ýêðàíîì è ñóùåñòâåííî óëó÷øàåò èõ îáùèå àýðîäèíàìè÷åñêèå
õàðàêòåðèñòèêè. Âûïîëíåí àýðîäèíàìè÷åñêèé ðàñ÷åò ðàáî÷åãî êîëåñà, èçãîòîâëåíà îïûòíàÿ ìîäåëü, âûïîëíå-
íû åå ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ. Ïîëó÷åííûå ðåçóëüòàòû îòðàçèëè îñíîâíûå ïîëîæåíèÿ, ïðèíÿòûå ïðè
àýðîäèíàìè÷åñêîì ïðîåêòèðîâàíèè îïûòíîé âåíòèëÿòîðíîé óñòàíîâêè.

Êëþ÷åâûå ñëîâà: îñåâîé âåíòèëÿòîð, êîìïàêòíàÿ êîìïîíîâêà, ðàáî÷åå êîëåñî, îñåðàäèàëüíûé äèôôóçîð,
ïåðåìåííàÿ öèðêóëÿöèÿ.

Ðèñ. 1. Êîìïàêòíàÿ âåíòèëÿòîðíàÿ óñòàíîâêà ñ îñåâûì
ðàáî÷èì êîëåñîì è îñåðàäèàëüíûì äèôôóçîðîì, îáðà-
çîâàííûì âûõîäíûì êîëëåêòîðîì è ýêðàíîì
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Â [9] ââîäèòñÿ êîýôôèöèåíò ïîëíûõ ïîòåðü â
îñåðàäèàëüíîì äèôôóçîðå â ñîîòâåòñòâèè ñ ôîð-
ìóëîé:
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ãäå , sψ ψ  — êîýôôèöèåíòû ïîëíîãî è ñòàòè÷åñ-
êîãî äàâëåíèÿ âåíòèëÿòîðà ñî ñâîáîäíûì âûõî-
äîì ïîòîêà; ýsψ  — êîýôôèöèåíò ñòàòè÷åñêîãî
äàâëåíèÿ âåíòèëÿòîðíîé óñòàíîâêè ñ ýêðàíîì;

dψ  — êîýôôèöèåíò ïîëíîãî äèíàìè÷åñêîãî äàâ-
ëåíèÿ çà ðàáî÷èì êîëåñîì âåíòèëÿòîðà, îïðåäå-
ëÿåìûé êàê ñóììà êîýôôèöèåíòîâ äèíàìè÷åñêîãî
äàâëåíèÿ, îïðåäåëåííûõ ïî îñåâîé ñîñòàâëÿþùåé
êîìïîíåíòå ñêîðîñòè ïîòîêà aϕ  è òàíãåíöèàëü-
íîé ñîñòàâëÿþùåé 2uñ :

2.d aωψ ϕψ= +                      (2)

Êàê ïîêàçàëè ýòè èññëåäîâàíèÿ, ýôôåêòèâ-
íîñòü òàêîé âåíòèëÿòîðíîé óñòàíîâêè ìîæåò áûòü
çíà÷èòåëüíî óëó÷øåíà çà ñ÷åò èñïîëüçîâàíèÿ
ýôôåêòà ïîâûøåíèÿ ñòàòè÷åñêîãî äàâëåíèÿ, çà
ñ÷åò íàòåêàíèÿ êîëüöåâîé çàêðó÷åííîé ñòðóè íà
ïëîñêèé ýêðàí [5]. Èíòåíñèâíîñòü çàêðóòêè îáû÷-

íî õàðàêòåðèçóåòñÿ ÷èñëîì Ðîññáè Ro
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ðåäåëÿåìûì êàê îòíîøåíèå ïîòîêà ìîìåíòà êî-
ëè÷åñòâà äâèæåíèÿ M ê ïðîèçâåäåíèþ ïîòîêà
èìïóëüñà â îñåâîì íàïðàâëåíèè K íà ðàäèóñ ñòðóè
r [9]. Îñíîâíûìè ïàðàìåòðàìè, îïðåäåëÿþùèìè

ïîëíóþ ïîòåðþ äàâëåíèÿ ïζ  â îñåðàäèàëüíîì

äèôôóçîðå, ÿâëÿþòñÿ: îòíîñèòåëüíîå ðàññòîÿíèå
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íûé êðèòåðèþ Ðîññáè (ðèñ. 2).
Äëÿ âåíòèëÿòîðà, ëîïàòî÷íûå âåíöû êîòîðî-

ãî ðàññ÷èòàíû ïî çàêîíó ïîñòîÿííîé ïî ðàäèóñó
öèðêóëÿöèè [1, 2], ïàðàìåòð S1 ìîæåò áûòü âûðà-
æåí ÷åðåç ðàñ÷åòíûå ïàðàìåòðû âåíòèëÿòîðà:
êîýôôèöèåíò òåîðåòè÷åñêîãî äàâëåíèÿ òψ  è êî-
ýôôèöèåíò ïðîèçâîäèòåëüíîñòè ϕ , 1 ò/S ϕ ψ= ,
ïðè ýòîì ϕ  ñâÿçàí ñ êîýôôèöèåíòîì îñåâîé ñêî-
ðîñòè âûðàæåíèåì:

( )2 1 – .aa ñϕ ϕ ν= = ¥                  (3)

Î÷åâèäíî, ÷òî ÷åì áîëüøå äîëÿ äèíàìè÷åñêîãî
äàâëåíèÿ ωψ , îïðåäåëåííîãî ïî òàíãåíöèàëüíîé
ñêîðîñòè ïîòîêà çà ðàáî÷èì êîëåñîì 2 ( )uc r  ñî-
ãëàñíî âûðàæåíèþ (4), òåì ìåíüøå ñòàíîâèòñÿ ïà-
ðàìåòð S1 è òåì áîëüøàÿ ÷àñòü äèíàìè÷åñêîãî äàâ-
ëåíèÿ ìîæåò áûòü ïðåîáðàçîâàíà â ñòàòè÷åñêîå çà
ñ÷åò óñòàíîâêè ýêðàíà:

Ðèñ. 2. Çàâèñèìîñòü êîýôôèöèåíòà ïîëíûõ ïîòåðü â îñåðàäèàëüíîì äèôôóçîðå âåíòèëÿòîðíîé óñòàíîâêè îò îñåâîãî

ðàññòîÿíèÿ L  è ïàðàìåòðà çàêðóòêè S1 äëÿ âåíòèëÿòîðà ñ ïîñòîÿííîé öèðêóëÿöèåé ïî äëèíå ëîïàòîê
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Çàêîíîìåðíîñòè òå÷åíèÿ â îñåâîì âåíòèëÿòîðå
îïèñûâàþòñÿ ñèñòåìîé óðàâíåíèé äâèæåíèÿ Ýé-
ëåðà äëÿ èäåàëüíîé íåñæèìàåìîé æèäêîñòè è
óðàâíåíèåì íåðàçðûâíîñòè â òóðáèííîé ôîðìå, èç
ðåøåíèÿ êîòîðîé â îáùåì ñëó÷àå ìîãóò áûòü ïî-
ëó÷åíû ðàçëè÷íûå çàêîíû èçìåíåíèÿ ïî ðàäèóñó

êàê îñåâîé ñêîðîñòè 2ac , òàê è ñêîðîñòè çàêðó÷è-

âàíèÿ ïîòîêà 2uc .

Â ëîïàòî÷íûõ ìàøèíàõ îáû÷íî çàäàþòñÿ èç-

ìåíåíèåì 2uc  âäîëü ðàäèóñà, ò. å. ôóíêöèåé

( )2 .uc f r=  (Òàêèå çàâèñèìîñòè íàçûâàþò çàêîíà-

ìè çàêðóòêè.) Ïðèíÿòûé çàêîí çàêðóòêè îïðåäå-
ëÿåò ðàñïðåäåëåíèå ïàðàìåòðîâ ïîòîêà âäîëü ðà-
äèóñà ëîïàòêè [1, 2].

Ïðè ïðîåêòèðîâàíèè îñåâûõ âåíòèëÿòîðîâ
îáû÷íî èñïîëüçóåòñÿ çàêîí ïîñòîÿíñòâà öèðêóëÿ-
öèè

( )2 1Г const,u ur ñ ñ= - =                 (5)

ãäå 1uc  — òàíãåíöèàëüíàÿ ñêîðîñòü ïîòîêà íà âõî-

äå â ðàáî÷åå êîëåñî âåíòèëÿòîðà.
Òàêîìó ðàñïðåäåëåíèþ öèðêóëÿöèè ïî äëèíå

ëîïàòîê ñîîòâåòñòâóåò è ïîñòîÿíñòâî îñåâûõ ñêî-
ðîñòåé ïî ðàäèóñó (ðèñ. 3):

0 1 2 .a a a añ ñ ñ ñ= = =

Ñ ó÷åòîì ôîðìóë (4) è (5), à òàêæå âûðàæåíèÿ
äëÿ êîýôôèöèåíòà òåîðåòè÷åñêîãî äàâëåíèÿ (ðà-
áîòû) âåíòèëÿòîðà:

( )ò 2 12 ,u ur ñ ñψ = -                      (6)

êîòîðîå ìîæåò áûòü ïîëó÷åíî èç óðàâíåíèÿ ñîõðà-
íåíèÿ ýíåðãèè, ïðèíèìàÿ îñåâîé âõîä ïîòîêà â

ðàáî÷åå êîëåñî 1uc = 0, ìîæíî íàéòè êîýôôèöè-

åíò äèíàìè÷åñêîãî äàâëåíèÿ ïîòîêà ωψ  çà ðàáî-

÷èì êîëåñîì, îïðåäåëåííûé ïî òàíãåíöèàëüíîé

ñîñòàâëÿþùåé êîìïîíåíòå ñêîðîñòè ïîòîêà 2uc :
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Êàê âèäíî èç âûðàæåíèÿ (7), êîýôôèöèåíò ωψ

çàâèñèò îò îòíîñèòåëüíîãî äèàìåòðà âòóëêè âåí-
òèëÿòîðà ν . Åñëè ïðèíÿòü ÊÏÄ ëîïàòî÷íîé ñèñ-

òåìû íà ðàñ÷åòíîì ðåæèìå êη ~ 85%, ñ ó÷åòîì
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ìîæíî ïîëó÷èòü, ÷òî ïðè îòíîñèòåëüíîì äèàìåòðå
âòóëêè ν = 0,35 íà çàêðó÷èâàíèå ñòðóè çà ðàáî÷èì

êîëåñîì ðàñõîäóåòñÿ 26% ïîäâîäèìîé ðàáîòû òψ ,

à ïðè ν = 0,7 — âñåãî 15%; îñòàëüíàÿ ýíåðãèÿ òðà-

òèòñÿ íà îáåñïå÷åíèå ñòàòè÷åñêîãî äàâëåíèÿ sψ

è ïðîèçâîäèòåëüíîñòè ϕ .

Òàêèì îáðàçîì, âåíòèëÿòîðû ñ ïîñòîÿííîé
öèðêóëÿöèåé ïî äëèíå ëîïàòîê ìîãóò ñîçäàâàòü
çíà÷èòåëüíóþ çàêðóòêó ïîòîêà, íåîáõîäèìóþ äëÿ
ñíèæåíèÿ ïîòåðü ïðè óñòàíîâêå ýêðàíà çà ðàáî-
÷èì êîëåñîì òîëüêî íà ðåæèìàõ, ïðè êîòîðûõ
ïðîèçâîäèòåëüíîñòü ϕ  çíà÷èòåëüíî íèæå ðàñ÷åò-

íûõ âåëè÷èí. Òàêèå ðåæèìû ìàëî èíòåðåñíû ñ
ïðàêòè÷åñêîé òî÷êè çðåíèÿ, ïîñêîëüêó äëÿ áîëü-
øèíñòâà âåíòèëÿòîðíûõ óñòàíîâîê îïðåäåëÿþùè-
ìè òðåáîâàíèÿìè ÿâëÿþòñÿ íå òîëüêî âûñîêèå
ïîëíûé ÊÏÄ âåíòèëÿòîðíîé óñòàíîâêè è êîýô-

ôèöèåíò ñòàòè÷åñêîãî äàâëåíèÿ sψ , íî è êîýôôè-

öèåíò ïðîèçâîäèòåëüíîñòè ϕ .

Ðèñ. 3. Ýïþðû ñêîðîñòåé çà âåíòèëÿòîðîì ñ ïîñòîÿí-
íîé öèðêóëÿöèåé ïî äëèíå ëîïàòîê
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Âåíòèëÿòîðû ñ ïåðåìåííîé öèðêóëÿöèåé,
ó êîòîðûõ ïîòîê çà ðàáî÷èì êîëåñîì çàêðó÷åí
ïî çàêîíó òâåðäîãî òåëà

Óðàâíåíèÿ, îïèñûâàþùèå çàêîíîìåðíîñòè
òå÷åíèÿ ïîòîêà â ìåæëîïàòî÷íûõ êàíàëàõ, èìåþò
è äðóãîå ðåøåíèå, ñîãëàñíî êîòîðîìó ïðè ïîñòî-
ÿíñòâå îñåâîé ñêîðîñòè ca(r) = const ðàñïðåäåëå-
íèå ðàáîòû ïî ðàäèóñó, òàíãåíöèàëüíîé ñîñòàâ-
ëÿþùåé ñêîðîñòè è öèðêóëÿöèè, äëÿ âåíòèëÿòî-
ðà áåç âõîäíîãî è ñïðÿìëÿþùåãî àïïàðàòîâ ïîä-
÷èíÿþòñÿ ñëåäóþùåìó çàêîíó:

( )
( )

( )

2
ò

2

2

2 ;

;

Г .

u

r r

c r r

r r

ψÏ =
Ô
Ô =Ì
Ô
Ô =Ó

                    (9)

Òàêîå ðàñïðåäåëåíèå öèðêóëÿöèè ïðèâîäèò ê
òîìó, ÷òî ïîòîê çà ðàáî÷èì êîëåñîì çàêðó÷åí ïî
çàêîíó òâåðäîãî òåëà, ïîñêîëüêó òàíãåíöèàëüíàÿ
ñêîðîñòü çà ðàáî÷èì êîëåñîì ñîâïàäàåò ñî ñêîðî-
ñòüþ âðàùåíèÿ (w — óãëîâàÿ ñêîðîñòü) ðàáî÷åãî
êîëåñà (ðèñ. 4).

Çíà÷åíèå òψ  äëÿ âåíòèëÿòîðà îïðåäåëÿåòñÿ îñ-

ðåäíåíèåì ïî îìåòàåìîé ïëîùàäè:

1

ò

ò 2

2 ( )

.
1

r r d r
ν

ψ
ψ

ν
=

-

Ú
                 (10)

Ïðîèíòåãðèðîâàâ (10), ñ ó÷åòîì (9) ïîëó÷èì:

2
ò 1 .ψ ν= +                        (11)

Ñîãëàñíî (4) è (9):

21
,

2ω
ν

ψ
+

=                      (12)

ò.å. íà çàêðó÷èâàíèå ñòðóè âñåãäà òðàòèòñÿ 50%
ïîòðåáëÿåìîé ìîùíîñòè, áåç ó÷åòà ïîòåðü.

Äëÿ îöåíêè âåëè÷èí êîýôôèöèåíòîâ ïðîèçâî-

äèòåëüíîñòè ϕ  è ñòàòè÷åñêîãî äàâëåíèÿ ýsψ  êîì-

ïàêòíûõ âåíòèëÿòîðíûõ óñòàíîâîê ñ ýêðàíîì ñ
ó÷åòîì âûðàæåíèé (1), (2), (8), (9), (11), (12) è
äàííûõ, ïðèâåäåííûõ íà ðèñ. 2, áûë âûïîëíåí
ðàñ÷åò àýðîäèíàìè÷åñêèõ ïàðàìåòðîâ âåíòèëÿòî-
ðîâ, ó êîòîðûõ ïîòîê çà ðàáî÷èì êîëåñîì çàêðó-
÷åí êàê òâåðäîå òåëî, â øèðîêîì äèàïàçîíå êî-
ýôôèöèåíòîâ ïðîèçâîäèòåëüíîñòè ϕ  è îòíîñè-

òåëüíîãî äèàìåòðà âòóëêè ν  (ðèñ. 5). Â ðàñ÷åòàõ
ïîëàãàëîñü, ÷òî ýêðàí ðàñïîëîæåí íà îïòèìàëü-
íîì îñåâîì ðàññòîÿíèè çà ðàáî÷èì êîëåñîì âåí-

òèëÿòîðà îïòL , ò. å. èñïîëüçîâàëàñü çàâèñèìîñòü

âèäà ï 1( ),f Sζ = îïðåäåëåííàÿ ïî ìèíèìóìàì êðè-

âûõ, ïðèâåäåííûõ íà ðèñ. 2.
Ñîãëàñíî ýòèì ðàñ÷åòàì ìîæíî îæèäàòü çíà-

÷èòåëüíîå âîçðàñòàíèå êîýôôèöèåíòîâ ñòàòè÷åñ-
êîãî äàâëåíèÿ — áîëåå ÷åì â 2.5 ðàçà ïðè óñòàíîâ-
êå ýêðàíà íà âûõîäå çà ðàáî÷èì êîëåñîì âåíòè-
ëÿòîðà, ó êîòîðîãî ïîòîê çà ðàáî÷èì êîëåñîì çà-
êðó÷åí êàê òâåðäîå òåëî, ïî ñðàâíåíèþ ñî ñâîáîä-
íûì âûõîäîì ïîòîêà. Òåì íå ìåíåå òàêèå âåíòè-
ëÿòîðíûå óñòàíîâêè áóäóò îáëàäàòü ñòàòè÷åñêèì

Ðèñ. 4. Ýïþðû ñêîðîñòåé çà âåíòèëÿòîðîì, ñ ðàñïðåäå-
ëåíèåì öèðêóëÿöèè ïî äëèíå ëîïàòêè ïî çàêîíó òâåð-
äîãî òåëà

Ðèñ. 5. Çàâèñèìîñòü êîýôôèöèåíòà ñòàòè÷åñêîãî äàâëå-
íèÿ ý ( , )s fψ ν ϕ=  äëÿ âåíòèëÿòîðîâ ñ ýêðàíîì, ó êîòî-
ðûõ ïîòîê çà ðàáî÷èì êîëåñîì çàêðó÷åí êàê òâåðäîå òåëî
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ÊÏÄ, ìàêñèìàëüíî âîçìîæíàÿ âåëè÷èíà êîòîðîãî
íå ïðåâûñèò 60%. Ïðè ýòîì ñðåäíèé ïîêàçàòåëü
óâåëè÷åíèÿ ÊÏÄ çà ñ÷åò óñòàíîâêè ýêðàíà ñîñòàâ-
ëÿåò 35%.

Îïðåäåëåíèå îïòèìàëüíûõ
ðàñ÷åòíûõ ïàðàìåòðîâ âåíòèëÿòîðà

Êàê èçâåñòíî [10], íà ðàñ÷åòíîì ðåæèìå ìàê-
ñèìàëüíîå äàâëåíèå âåíòèëÿòîðà, åãî ïîëíûé è
îñîáåííî ñòàòè÷åñêèé ÊÏÄ âî ìíîãîì, à íåðåä-
êî — ïîëíîñòüþ çàâèñÿò îò ïðåäåëüíûõ çíà÷åíèé
ðàñ÷åòíûõ ïàðàìåòðîâ. Çíà÷åíèÿìè è ñî÷åòàíè-
åì ðàñ÷åòíûõ ïàðàìåòðîâ — êîýôôèöèåíòîâ òå-

îðåòè÷åñêîãî äàâëåíèÿ òψ  è îñåâîé ñêîðîñòè ïî-

òîêà aϕ , îòíîñèòåëüíîãî äèàìåòðà âòóëêè ν  —

îïðåäåëÿåòñÿ àýðîäèíàìè÷åñêàÿ íàãðóæåííîñòü
ëîïàòî÷íûõ âåíöîâ. Îò ïðåäåëüíîé àýðîäèíàìè-
÷åñêîé íàãðóæåííîñòè, ïðåâûøåíèå êîòîðîé ïðè-
âîäèò ê ðàçâèòûì îòðûâíûì òå÷åíèÿì, çàâèñÿò
ïðåäåëüíûå çíà÷åíèÿ ðàñ÷åòíûõ ïàðàìåòðîâ.

Ñîãëàñíî [10, 11] íàèáîëåå ïîëíî àýðîäèíàìè-
÷åñêóþ íàãðóæåííîñòü îòðàæàåò ïàðàìåòð ýêâè-
âàëåíòíîé äèôôóçîðíîñòè, ââåäåííûé â [12], õà-
ðàêòåðèçóþùèé îòíîøåíèå ìàêñèìàëüíîé ñêîðî-
ñòè íà ïðîôèëå â ðåøåòêå ê ñêîðîñòè âûõîäà
ïîòîêà èç ðåøåòêè:

( )2
2 1

1

sin 0,61
1,12 sin ,

sineqD
β

β β
β τ

= + -           (13)

ãäå 1 2,β β  — óãëû âõîäà ïîòîêà â ðåøåòêó ïðîôè-

ëåé è âûõîäà èç íåå ñîîòâåòñòâåííî; τ  — ãóñòîòà
ðåøåòêè ïðîôèëåé.

Â [13] íà îñíîâå àíàëèçà ðåçóëüòàòîâ ýêñïåðè-
ìåíòàëüíîãî èññëåäîâàíèÿ ñïåöèàëüíî ðàçðàáî-
òàííûõ ìîäåëåé âåíòèëÿòîðîâ ðàçëè÷íûõ ñõåì
áûëà ïîëó÷åíà çàâèñèìîñòü ïðåäåëüíîé âåëè÷è-
íû Deq îò ðàñ÷åòíûõ ïàðàìåòðîâ âåíòèëÿòîðà

( ν , aϕ , òψ ) äëÿ ïåðèôåðèéíîãî ñå÷åíèÿ ëîïàòî÷-

íîãî âåíöà, ñ ó÷åòîì çàïàñà ïî ãàçîäèíàìè÷åñêîé
óñòîé÷èâîñòè ks = 1,3 [14].

Çàäà÷à íàõîæäåíèÿ ïðåäåëüíîãî ñî÷åòàíèÿ
ðàñ÷åòíûõ ïàðàìåòðîâ âåíòèëÿòîðà, êîòîðûé çàê-
ðó÷èâàåò ïîòîê êàê òâåðäîå òåëî, ñâîäèòñÿ ê ðå-
øåíèþ ñèñòåìû óðàâíåíèé, â êîòîðóþ âõîäÿò âû-

ðàæåíèÿ (11), (13), çàâèñèìîñòü âèäà 2,( ),fτ β Δβ=

à òàêæå âûðàæåíèÿ, ñâÿçûâàþùèå ðàñ÷åòíûå ïà-

ðàìåòðû è óãëû 1 2,β β  [1]. Äëÿ ðåøåíèÿ ýòîé çà-

äà÷è áûëà èñïîëüçîâàíà çàâèñèìîñòü ðåêîìåíäî-

âàííîé âåëè÷èíû ãóñòîòû ðåøåòîê ïðîôèëåé

2,( )fτ β Δβ=  [15].

Â ðåçóëüòàòå ðàñ÷åòîâ áûëà îïðåäåëåíà çàâè-
ñèìîñòü ìèíèìàëüíîé âåëè÷èíû êîýôôèöèåíòà

îñåâîé ñêîðîñòè min ( ),a fϕ ν=  äàëüíåéøåå óìåíü-

øåíèå êîòîðîé ïðèâîäèò ê ïðåâûøåíèþ êðèòå-
ðèÿ ïðåäåëüíîé àýðîäèíàìè÷åñêîé íàãðóæåííî-
ñòè Deq è ðàçâèòèþ îòðûâíûõ òå÷åíèé â ïåðèôå-
ðèéíîé ÷àñòè ìåæëîïàòî÷íûõ êàíàëîâ ðàáî÷åãî
êîëåñà âåíòèëÿòîðà. Ñ ïðàêòè÷åñêîé òî÷êè çðåíèÿ

âìåñòî êîýôôèöèåíòîâ îñåâîé ñêîðîñòè aϕ  óäîá-

íåå èñïîëüçîâàòü êîýôôèöèåíòû ïðîèçâîäèòåëü-
íîñòè ϕ , íèæíÿÿ ãðàíèöà êîòîðûõ áûëà ïîëó÷å-

íà äëÿ âåíòèëÿòîðîâ, ó êîòîðûõ ïîòîê çà ðàáî÷èì
êîëåñîì çàêðó÷åí êàê òâåðäîå òåëî (ðèñ. 6, óñëî-
âèå áåçîòðûâíîãî îáòåêàíèÿ), ñ èñïîëüçîâàíèåì
âûðàæåíèÿ (3).

Âåðõíÿÿ ãðàíèöà äîïóñòèìîãî äèàïàçîíà ðàñ-
÷åòíûõ ïàðàìåòðîâ âåíòèëÿòîðà ìîæåò áûòü îï-
ðåäåëåíà èç óñëîâèÿ áàëàíñà ýíåðãèè, ïîäâîäèìîé
ê ïîòîêó ïðèâòóëî÷íûìè ñå÷åíèÿìè ëîïàòîê ðà-
áî÷åãî êîëåñà, è êèíåòè÷åñêîé ýíåðãèè ïîòîêà.
Äëÿ ýòîãî ñëåäóåò ïðîàíàëèçèðîâàòü, êàêèì îáðà-
çîì ðàáîòà, ïîäâîäèìàÿ ìåõàíè÷åñêèì ïðèâîäîì
ê ðàáî÷åìó êîëåñó, ïåðåäàåòñÿ ïîòîêó:

2
ò .s a pωψ ψ ϕ ψ Δ= + + +                 (14)

Ýíåðãèÿ, ïåðåäàâàåìàÿ ïîòîêó ëîïàòêàìè ðà-
áî÷åãî êîëåñà, ðàñõîäóåòñÿ íà îðãàíèçàöèþ ïåðå-
ïàäà ñòàòè÷åñêîãî äàâëåíèÿ ìåæäó âõîäíûì è

Ðèñ. 6. Äèàïàçîí îïòèìàëüíûõ ðàñ÷åòíûõ ïàðàìåòðîâ
âåíòèëÿòîðîâ, ó êîòîðûõ ïîòîê çà ðàáî÷èì êîëåñîì
çàêðó÷åí êàê òâåðäîå òåëî
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âûõîäíûì ñå÷åíèÿìè âåíòèëÿòîðà sψ , ñóììàðíî-

ãî äèíàìè÷åñêîãî äàâëåíèÿ ïîòîêà 2
a ωϕ ψ+  è ïðå-

îäîëåíèÿ ïîòåðü ïîëíîãî äàâëåíèÿ â ìåæëîïàòî÷-

íûõ êàíàëàõ pΔ . Çàïèñàííîå âûðàæåíèå (14)

ñïðàâåäëèâî êàê äëÿ âåíòèëÿòîðà â öåëîì, ñ ó÷å-
òîì îñðåäíåíèé ïî àíàëîãèè ñ âûðàæåíèåì (4),
òàê è äëÿ ëþáîé öèëèíäðè÷åñêîé ñòðóéêè òîêà ñ

ïðåíåáðåæèìî ìàëîé òîëùèíîé d r , â òîì ÷èñëå

â ïðèâòóëî÷íûõ èëè ïåðèôåðèéíûõ ñå÷åíèÿõ.
Õàðàêòåðíîå îòëè÷èå ðàññìàòðèâàåìûõ â äàí-

íîé ðàáîòå âåíòèëÿòîðîâ îò êëàññè÷åñêèõ âåíòè-
ëÿòîðîâ, êîòîðûå ðàññ÷èòûâàþòñÿ íà ïîñòîÿíñòâî
öèðêóëÿöèè: â ðàññìàòðèâàåìûõ âåíòèëÿòîðíûõ
óñòàíîâêàõ ýíåðãèÿ, ïåðåäàâàåìàÿ ïîòîêó ëîïàò-
êàìè ðàáî÷åãî êîëåñà, çíà÷èòåëüíî óìåíüøàåòñÿ
îò ïåðèôåðèéíûõ ñå÷åíèé ê ïðèâòóëî÷íûì (9),

ïîýòîìó ïåðåïàä ñòàòè÷åñêîãî äàâëåíèÿ sψ  îðãà-

íèçóåòñÿ â îñíîâíîì çà ñ÷åò ðàáîòû èìåííî ïå-
ðèôåðèéíûõ ñå÷åíèé, à â ïðèâòóëî÷íûõ ðàáîòà
ðàñõîäóåòñÿ íà ïîääåðæàíèå ëèøü êèíåòè÷åñêîé
ýíåðãèè ïîòîêà.

Òàêèì îáðàçîì, ïðåíåáðåãàÿ ïîòåðÿìè äàâëå-

íèÿ â ïðèâòóëî÷íûõ ñå÷åíèÿõ pΔ = 0, äëÿ ïðåäåëü-

íîãî ñëó÷àÿ, êîãäà â ïðèâòóëî÷íûõ ñå÷åíèÿõ

sψ ≈ 0, èìååì:

2
ò ,aν ων νϕ ψ ψ+ £                    (15)

ãäå èíäåêñ ν  óêàçûâàåò íà òî, ÷òî âûðàæåíèå (15)
çàïèñàíî èìåííî äëÿ êîðíåâûõ ñå÷åíèé ðàáî÷å-
ãî êîëåñà âåíòèëÿòîðà. Ó÷èòûâàÿ, ÷òî ðàñïðåäå-

ëåíèå ωψ ( ( ) 2r rωψ = ) äëÿ âåíòèëÿòîðîâ, ó êîòî-

ðûõ ïîòîê çà ðàáî÷èì êîëåñîì çàêðó÷åí êàê òâåð-
äîå òåëî, èìååò ôèêñèðîâàííûé âèä (9), óñëîâèå
áàëàíñà ýíåðãèè äëÿ òàêèõ âåíòèëÿòîðîâ ìîæíî
çàïèñàòü ñëåäóþùèì îáðàçîì:

( )2
max maxèëè 1 .àϕ ν ϕ ν ν£ £ -         (16)

Ïîëó÷åííàÿ çàâèñèìîñòü ïðèâåäåíà íà ðèñ. 6,
è â ñîâîêóïíîñòè ñ îãðàíè÷åíèåì ïî êðèòåðèþ
ïðåäåëüíîé àýðîäèíàìè÷åñêîé íàãðóæåííîñòè äëÿ
ïåðèôåðèéíûõ ñå÷åíèé îíà îïðåäåëÿåò äèàïàçîí
îïòèìàëüíûõ ñî÷åòàíèé ðàñ÷åòíûõ ïàðàìåòðîâ ν

è ( )aϕ ϕ  äëÿ âåíòèëÿòîðîâ, ó êîòîðûõ ïîòîê çà ðà-

áî÷èì êîëåñîì çàêðó÷åí êàê òâåðäîå òåëî.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ
îïûòíîé âåíòèëÿòîðíîé óñòàíîâêè

Ñ öåëüþ ïðîâåðêè äîñòîâåðíîñòè äèàïàçîíà
ðàñ÷åòíûõ ïàðàìåòðîâ (ðèñ. 6), à òàêæå äëÿ ïîä-
òâåðæäåíèÿ òåîðåòè÷åñêèõ ïàðàìåòðîâ âåíòèëÿ-
òîðíîé óñòàíîâêè ñ ýêðàíîì, ïðèâåäåííûõ íà ðèñ.
5, áûëè âûïîëíåíû ýêñïåðèìåíòàëüíûå èññëåäî-
âàíèÿ âåíòèëÿòîðà ñ ðàñ÷åòíûìè ïàðàìåòðàìè:

ν = 0,7 è aϕ = 0,6 ( ϕ = 0,306) — ýòî ñîîòâåòñòâóåò

ñðåäíåìó çíà÷åíèþ êîýôôèöèåíòà òåîðåòè÷åñêîãî

äàâëåíèÿ òψ = 1,49, çíà÷åíèþ ïàðàìåòðà

S1 = 0,205 è ïðàêòè÷åñêè âäâîå áîëüøåé çàêðóò-
êå ïîòîêà çà ðàáî÷èì êîëåñîì, ïî ñðàâíåíèþ ñ
âåíòèëÿòîðàìè, èññëåäîâàííûìè ðàíåå [5, 7, 8, 10]
íà ïðåäìåò âëèÿíèÿ íàòåêàíèÿ çàêðó÷åííîé ñòðóè
íà ïëîñêèé ýêðàí (âåíòèëÿòîðû ñ ïîñòîÿííîé
öèðêóëÿöèåé).

Ïðè îöåíêå ïîâûøåíèÿ àýðîäèíàìè÷åñêèõ
ïàðàìåòðîâ âåíòèëÿòîðíîé óñòàíîâêè çà ñ÷åò îñå-
ðàäèàëüíîãî äèôôóçîðà áûëà ïðèíÿòà âåëè÷èíà

êîýôôèöèåíòà ïîëíûõ ïîòåðü ïζ = 0,44 (ñì.

ðèñ. 2), ÷òî ñîîòâåòñòâóåò ðîñòó êîýôôèöèåíòà

ñòàòè÷åñêîãî äàâëåíèÿ äî ýsψ ~ 0,725 (ñì. ðèñ. 5).

Òàêîå âûñîêîå çíà÷åíèå êîýôôèöèåíòà ñòàòè÷åñ-
êîãî äàâëåíèÿ â îäíîñòóïåí÷àòûõ îñåâûõ âåíòè-
ëÿòîðàõ ñ ïîñòîÿííîé öèðêóëÿöèåé ìîæíî ïîëó-
÷èòü òîëüêî óñòàíîâêîé äèôôóçîðà íà âûõîäå çà
âåíòèëÿòîðîì, ðàçìåðû êîòîðîãî ïðåâûøàþò ðàç-
ìåðû ñàìîãî âåíòèëÿòîðà, à ëîïàòî÷íàÿ ñèñòåìà
äîëæíà â ñåáÿ âêëþ÷àòü ïî êðàéíåé ìåðå ñïðÿì-
ëÿþùèé àïïàðàò, äîïîëíèòåëüíî óâåëè÷èâàþùèé
îñåâûå ãàáàðèòû âåíòèëÿòîðíîé óñòàíîâêè.

Îòìåòèì, ÷òî ïåðâûé ðàñ÷åòíûé ïàðàìåòð —
îòíîñèòåëüíûé äèàìåòð âòóëêè ν  — áûë âûáðàí
èñêëþ÷èòåëüíî ïî òåõíè÷åñêèì ñîîáðàæåíèÿì. Â
óíèâåðñàëüíóþ îñíàñòêó ñòåíäà ëàáîðàòîðèè äî-
çâóêîâîé âíóòðåííåé àýðîäèíàìèêè ÍÈÌÊ
ÖÀÃÈ Ê–1, íà êîòîðîì ïðîâîäèëèñü èññëåäîâà-
íèÿ, âõîäèò íàáîð óíèâåðñàëüíûõ êîëåö äëÿ êðåï-
ëåíèÿ ëîïàòîê íà âòóëêå âåíòèëÿòîðà, îäíàêî
ñàìîå áîëüøîå êîëüöî èìååò äèàìåòð 490 ìì, ÷òî
ñîîòâåòñòâóåò ìàêñèìàëüíîé êîíñòðóêòèâíîé âå-
ëè÷èíå îòíîñèòåëüíîãî äèàìåòðà âòóëêè ν = 0,7,
ïðè ñòàíäàðòíîì äèàìåòðå ëîïàòî÷íîé ñèñòåìû
Dv = 700 ìì.

Âòîðîé ðàñ÷åòíûé ïàðàìåòð — êîýôôèöèåíò
ïðîèçâîäèòåëüíîñòè ϕ — íåñëó÷àéíî áûë âûáðàí
íåìíîãî çàíèæåííûì, ïî ñðàâíåíèþ ñ ðåêîìåí-
äîâàííîé âåëè÷èíîé minϕ  (ðèñ. 6). Îñíîâíàÿ ïðî-
áëåìà â òîì, ÷òî òî÷íóþ âåëè÷èíó ïîòåðü ïîëíî-
ãî äàâëåíèÿ pΔ  äëÿ ïðèâòóëî÷íûõ ñå÷åíèé ðàáî-



36 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹1

Àýðîäèíàìèêà è ïðîöåññû òåïëîîáìåíà ëåòàòåëüíûõ àïïàðàòîâ Aerodynamics and heat-exchange processes in flying vehicles

÷åãî êîëåñà îñåâîãî âåíòèëÿòîðà îïðåäåëèòü òðóä-
íî [16, 17] è îáû÷íî ýòîò ïàðàìåòð âûáèðàåòñÿ íà
îñíîâå ðåçóëüòàòîâ ýêñïåðèìåíòàëüíûõ èññëåäî-
âàíèé äðóãèõ âåíòèëÿòîðîâ. Ñîãëàñíî èìåþùèìñÿ
äàííûì, çíà÷åíèå pΔ = 0,149 áûëî âûáðàíî ñ íå-
êîòîðûì çàïàñîì, ÷òî ïðèâåëî ê çàíèæåííîìó
êîýôôèöèåíòó ïðîèçâîäèòåëüíîñòè ϕ = 0,306 è
ïîçâîëèëî âûïîëíèòü îãðàíè÷åíèå ïî maxϕ  (16)
ñ ó÷åòîì ïîòåðü ïîëíîãî äàâëåíèÿ pΔ .

Âòîðîå îãðàíè÷åíèå ïî ìèíèìàëüíîé âåëè÷è-
íå êîýôôèöèåíòà ïðîèçâîäèòåëüíîñòè minϕ  áûëî
îïðåäåëåíî ñ ó÷åòîì çàïàñà ïî ãàçîäèíàìè÷åñêîé
óñòîé÷èâîñòè âåíòèëÿòîðà íà ðàñ÷åòíîì ðåæèìå
è íîñèò áîëåå ðåêîìåíäàòåëüíûé õàðàêòåð ïî
ñðàâíåíèþ ñ óñëîâèåì áàëàíñà ýíåðãèè, ïîýòîìó
ïðè íåçíà÷èòåëüíîì îòêëîíåíèè îò îïòèìàëüíîé
âåëè÷èíû minϕ  ñëåäóåò îæèäàòü ëèøü óìåíüøåíèÿ
çàïàñà äî ñðûâà è ñóæåíèÿ äèàïàçîíà ýêñïëóàòà-
öèîííûõ ðåæèìîâ âåíòèëÿòîðíîé óñòàíîâêè.

Âûáðàííûå ðàñ÷åòíûå ïàðàìåòðû îïûòíîãî
âåíòèëÿòîðà ïîëíîñòüþ îïðåäåëÿþò ãåîìåòðèþ
ëîïàòî÷íîé ñèñòåìû, ïîâëèÿòü íà êîòîðóþ ìîæ-
íî ëèøü âûáîðîì òîëùèíû ïðîôèëåé ( ),ñ r  ðàñ-
ïðåäåëåíèåì óãëîâ àòàêè ( )rα  è ãóñòîòû ðåøåòîê
ïðîôèëåé ( )rτ  âäîëü ðàäèóñà, êîëè÷åñòâîì ëîïà-
òîê. Ýòè ïàðàìåòðû ìîæíî íàéòè, èñïîëüçóÿ ðå-
çóëüòàòû ïðîäóâîê íåïîäâèæíûõ è âðàùàþùèõ-
ñÿ ðåøåòîê ïðîôèëåé, ê ïðèìåðó [15, 18], è äð.
Óãëû óñòàíîâêè ( )rθ  è êðèâèçíû ïðîôèëåé ( )f r
îïðåäåëÿëèñü ñ èñïîëüçîâàíèåì ìåòîäà äèñêðåò-
íûõ âèõðåé [19, 20], ïî ìåòîäèêå, ïîäðîáíî îïè-

ñàííîé â [1]. Â èòîãå áûëà îïðåäåëåíà ãåîìåòðèÿ
ïîâåðõíîñòè îïûòíîãî ðàáî÷åãî êîëåñà (ðèñ. 7),
âûïîëíåíî åãî èçãîòîâëåíèå è ìîíòàæ íà èñïû-
òàòåëüíûé ñòåíä.

Îñíîâíûå àýðîäèíàìè÷åñêèå ïàðàìåòðû
îáúåêòîâ èñïûòàíèé îïðåäåëÿëèñü â ñîîòâåòñòâèè
ñ [21]: ðàñõîä âîçäóõà èçìåðÿëñÿ ïî ðàçðåæåíèþ
âî âõîäíîì ðàñõîäîìåðíîì êîëëåêòîðå ñòåíäà, à
ñòàòè÷åñêîå äàâëåíèå — ïî ðàçðåæåíèþ â óñïîêî-
èòåëüíîé êàìåðå ñòåíäà (ðèñ. 8). Çàìåðû äàâëåíèÿ
ïðîâîäèëèñü ìèêðîìàíîìåòðàìè ÖÀÃÈ. Óïðàâëå-
íèå ðàñõîäîì âîçäóõà ÷åðåç êàìåðó îñóùåñòâëÿ-

Ðèñ. 7. Îáùèé âèä îïûòíîé ìîäåëè ðàáî÷åãî êîëåñà
âåíòèëÿòîðà

Ðèñ. 8. Ñõåìà ñòåíäà Ê–1 äëÿ îïðåäåëåíèÿ àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê îñåâûõ âåíòèëÿòîðîâ è âåíòèëÿòîðíûõ
óñòàíîâîê
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ëîñü äðîññåëåì ïóòåì èçìåíåíèÿ ïîëîæåíèÿ åãî
çàñëîíêè è èçìåíåíèÿ ÷àñòîòû âðàùåíèÿ âåíòè-
ëÿòîðà íàääóâà: ìàêñèìàëüíîìó ðàñõîäó ñîîòâåò-
ñòâóþò îòêðûòîå ïîëîæåíèå äðîññåëÿ è ìàêñè-
ìàëüíàÿ ÷àñòîòà âðàùåíèÿ âåíòèëÿòîðà, ìèíè-
ìàëüíîìó ðàñõîäó — äðîññåëüíàÿ çàñëîíêà â ìàê-
ñèìàëüíî çàêðûòîì ïîëîæåíèè, âåíòèëÿòîð íàä-
äóâà ðàáîòàåò íà ìèíèìàëüíûõ îáîðîòàõ.

Ïîãðåøíîñòè îïðåäåëåíèÿ àýðîäèíàìè÷åñêèõ
ïàðàìåòðîâ âåíòèëÿòîðà íàõîäèëèñü â ñîîòâåò-
ñòâèè ñ [21] è íå ïðåâûøàëè 1,5%.

Ìîäåëü âåíòèëÿòîðà äèàìåòðîì 700 ìì, ó êî-
òîðîãî ïîòîê íà âûõîäå çà ðàáî÷èì êîëåñîì çàê-
ðó÷åí êàê òâåðäîå òåëî, èñïûòûâàëàñü â äâóõ âà-
ðèàíòàõ — ñî ñâîáîäíûì âûõîäîì è ñ îñåðàäèàëü-
íûì äèôôóçîðîì, îáðàçîâàííûì âûõîäíûì êîë-
ëåêòîðîì è ïëîñêèì ýêðàíîì (ñì. ðèñ. 1). Íà óñ-
òàíîâêå ñ ýêðàíîì èíòåãðàëüíûå àýðîäèíàìè÷åñ-
êèå õàðàêòåðèñòèêè áûëè ïîëó÷åíû äëÿ øèðîêîãî

äèàïàçîíà îñåâûõ ðàññòîÿíèé [0,09; 0,254]L Œ ,

ïðè ýòîì óêàçûâàÿ íà õàðàêòåðèñòèêàõ L = • ,
èìåëè â âèäó âåíòèëÿòîð ñî ñâîáîäíûì âûõîäîì
ïîòîêà. Õàðàêòåðèñòèêè âåíòèëÿòîðíûõ óñòàíîâîê
ïî ñòàòè÷åñêîìó äàâëåíèþ äëÿ îòíîñèòåëüíûõ

îñåâûõ ðàññòîÿíèé L = 0,09, L = 0,104, L =0,118,

L = 0,176, L = 0,254 è L = •  ïðèâåäåíû íà ðèñ. 9.
Ñëåäóåò îòìåòèòü, ÷òî ìîùíîñòíàÿ õàðàêòåðè-

ñòèêà ( )λ ϕ  íå çàâèñèò îò íàëè÷èÿ ýêðàíà, ðàñòåò

ïðàêòè÷åñêè ëèíåéíî ñ óâåëè÷åíèåì ðàñõîäà âîç-
äóõà è èìååò âèä, êàê ó öåíòðîáåæíûõ âåíòèëÿ-
òîðîâ ñ çàãíóòûìè âïåðåä ëîïàòêàìè. Èñõîäÿ èç
òîãî, ÷òî ýòè õàðàêòåðèñòèêè ïðàêòè÷åñêè ñîâïà-
äàþò äëÿ èñïûòàííûõ âåíòèëÿòîðíûõ óñòàíîâîê,
ìîæíî ñäåëàòü âûâîä, ÷òî âëèÿíèå ýêðàíà íà òå-
÷åíèå â ìåæëîïàòî÷íûõ êàíàëàõ ñêàçûâàåòñÿ íå-
çíà÷èòåëüíî, ò.å. ñòðóêòóðà òå÷åíèÿ â ìåæëîïàòî÷-
íûõ êàíàëàõ ðàáî÷åãî êîëåñà ó âåíòèëÿòîðîâ ñ
ýêðàíîì è áåç íåãî — îäèíàêîâîå.

Äëÿ âåíòèëÿòîðà ñî ñâîáîäíûì âûõîäîì ïðè
ðàñ÷åòíîé âåëè÷èíå êîýôôèöèåíòà ïðîèçâîäè-
òåëüíîñòè ϕ = 0,306 ðàñ÷åòíàÿ òî÷êà íàõîäèòñÿ íà

ðàáî÷åé âåòêå àýðîäèíàìè÷åñêîé õàðàêòåðèñòèêè,
îäíàêî íà ãðàíèöå ñðûâà, ÷òî è ïðåäïîëàãàëîñü.
Â ýòîé òî÷êå ïîëó÷åíû íåâûñîêèå çíà÷åíèÿ êî-

ýôôèöèåíòà ñòàòè÷åñêîãî äàâëåíèÿ sψ  è, ñîîòâåò-

ñòâåííî, ñòàòè÷åñêîãî ÊÏÄ âåíòèëÿòîðà sη .

Î÷åâèäíî, ÷òî îñåðàäèàëüíûé äèôôóçîð ñ
ýêðàíîì çà ðàáî÷èì êîëåñîì âåíòèëÿòîðà çíà÷è-
òåëüíî èçìåíÿåò õàðàêòåðèñòèêè âåíòèëÿòîðíîé

óñòàíîâêè ïî ñòàòè÷åñêîìó äàâëåíèþ. Òàê, ïðè

ìàêñèìàëüíîì ðàññòîÿíèè äî ýêðàíà L = 0,254,
äëÿ êîòîðîãî ïðîâîäèëèñü ýêñïåðèìåíòàëüíûå èñ-
ñëåäîâàíèÿ â äàííîé ðàáîòå, íàáëþäàåòñÿ âîçðà-
ñòàíèå àýðîäèíàìè÷åñêèõ ïàðàìåòðîâ. Óìåíüøå-

íèå ðàññòîÿíèÿ äî ýêðàíà L  äî îïòL = 0,104 ïðè-

âîäèò ê òîìó, ÷òî êîýôôèöèåíò ñòàòè÷åñêîãî äàâ-
ëåíèÿ äîñòèãàåò ñâîåé ìàêñèìàëüíîé âåëè÷èíû

sψ = 0,78, à ñòàòè÷åñêèé ÊÏÄ sη > 50%, ÷òî ñî-

îòâåòñòâóåò îæèäàåìûì çíà÷åíèÿì (ñì. ðèñ. 5). Ñ

óìåíüøåíèåì ðàññòîÿíèÿ äî ýêðàíà L  ðàñòåò âëè-
ÿíèå âûõîäíûõ ýëåìåíòîâ âåíòèëÿòîðíîé óñòàíîâ-
êè íà àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè âåíòè-
ëÿòîðà. Çîíà ãèñòåðåçèñà íà÷èíàåò ñìåùàòüñÿ â
ñòîðîíó áîëüøèõ âåëè÷èí êîýôôèöèåíòîâ ïðîèç-
âîäèòåëüíîñòè ϕ  ñ îäíîâðåìåííûì óâåëè÷åíèåì

åå äèàïàçîíà. Â öåëîì ìîæíî ñ÷èòàòü îïòèìàëü-
íûìè ñëåäóþùèå ýêñïëóàòàöèîííûå ïàðàìåòðû

òàêîé âåíòèëÿòîðíîé óñòàíîâêè: L = 0,104,

ϕ = 0,35, ïðè êîòîðûõ äîñòèãàþòñÿ sψ = 0,7 è sη =

0,5.
Íà ðèñ. 10 ïðèâåäåíî ñðàâíåíèå èíòåãðàëüíûõ

àýðîäèíàìè÷åñêèõ ïàðàìåòðîâ âåíòèëÿòîðíûõ
óñòàíîâîê ñ ýêðàíîì ñ ðàçëè÷íûìè ðàñïðåäåëåíè-
ÿìè öèðêóëÿöèè ïî äëèíå ëîïàòîê (ñì. ðèñ. 3 è 4).
Àýðîäèíàìè÷åñêèå ïàðàìåòðû âåíòèëÿòîðíîé
óñòàíîâêè ñ ïîñòîÿííîé öèðêóëÿöèåé áûëè ïîëó-
÷åíû â [8]. Èç àíàëèçà ðèñ. 10 ñëåäóåò, ÷òî îïûò-
íàÿ âåíòèëÿòîðíàÿ óñòàíîâêà, êîòîðàÿ ìîæåò áûòü
èñïîëüçîâàíà â ñèñòåìàõ îõëàæäåíèÿ ðàçëè÷íîé
òåõíèêè, èìååò ñóùåñòâåííûå ïðåèìóùåñòâà ïî
ñðàâíåíèþ ñ âåíòèëÿòîðíîé óñòàíîâêîé, ðàññ÷è-
òàííîé íà ïîñòîÿííóþ öèðêóëÿöèþ ïî äëèíå ëî-
ïàòîê, à èìåííî:

— ïðè ñîõðàíåíèè îêðóæíîé ñêîðîñòè âðàùå-
íèÿ ðàáî÷åãî êîëåñà Uê è îáúåìíîãî ðàñõîäà âîç-
äóõà ÷åðåç âåíòèëÿòîðíóþ óñòàíîâêó Q âîçìîæíî
óìåíüøåíèå äèàìåòðà âåíòèëÿòîðà Dv íà 40%;

— â ñèñòåìàõ îõëàæäåíèÿ çà ñ÷åò óâåëè÷åíèÿ

êîýôôèöèåíòà äàâëåíèÿ sψ  íà 180% âîçìîæíî

èñïîëüçîâàíèå áîëåå ïëîòíûõ ìàòðèö òåïëîîá-
ìåííèêîâ, ÷òî óìåíüøèò èõ ãàáàðèòû;

— ñ ó÷åòîì òîãî, ÷òî ýíåðãèÿ, ïîòðåáëÿåìàÿ
âåíòèëÿòîðîì ñèñòåìû îõëàæäåíèÿ, ñîñòàâëÿåò
~3% îò ìîùíîñòè ñèëîâîé óñòàíîâêè, ñíèæåíèå
ÊÏÄ íà 20% ÿâëÿåòñÿ íåñóùåñòâåííûì ïî ñðàâ-
íåíèþ ñ ðîñòîì äðóãèõ ïàðàìåòðîâ âåíòèëÿòîðîâ
ñ ðàñïðåäåëåíèåì öèðêóëÿöèè ïî äëèíå ëîïàòîê
ïî çàêîíó òâåðäîãî òåëà.
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Ðèñ. 9. Àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè âåíòèëÿòîðà ïî ñòàòè÷åñêîìó äàâëåíèþ è ìîùíîñòè
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Âûâîäû

Ðàññìîòðåíû ñïîñîáû ïîâûøåíèÿ àýðîäèíà-
ìè÷åñêèõ õàðàêòåðèñòèê âåíòèëÿòîðíûõ óñòàíî-
âîê ïðè ñíèæåíèè îñåâûõ ãàáàðèòîâ âûõîäíûõ
ýëåìåíòîâ. Óìåíüøèòü îñåâûå ãàáàðèòû ïîçâîëÿåò
óñòàíîâêà îñåðàäèàëüíîãî äèôôóçîðà, îáðàçîâàí-
íîãî âûõîäíûì êîëëåêòîðîì âåíòèëÿòîðà è ïëîñ-
êèì ýêðàíîì, óñòàíîâëåííûì çà ðàáî÷èì êîëåñîì,
à ïîâûøåíèå àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê —

ñòàòè÷åñêîãî ÊÏÄ sη  è êîýôôèöèåíòà äàâëåíèÿ

sψ  — ïðîèñõîäèò çà ñ÷åò ýôôåêòà ïðåîáðàçîâà-

íèÿ äèíàìè÷åñêîãî äàâëåíèÿ çàêðó÷åííîé ñòðóè
çà ðàáî÷èì êîëåñîì â ñòàòè÷åñêîå, êîòîðûé ïðî-
ÿâëÿåòñÿ ïðè îïðåäåëåííîì ñî÷åòàíèè ãåîìåòðè-
÷åñêèõ è êèíåìàòè÷åñêèõ ïàðàìåòðîâ ïîäîáíûõ
âåíòèëÿòîðíûõ óñòàíîâîê.

Ïîêàçàíî, ÷òî â âåíòèëÿòîðíûõ óñòàíîâêàõ ñ
ýêðàíîì, â êîòîðûõ ïîòîê çà ðàáî÷èì êîëåñîì
çàêðó÷åí ïî çàêîíó òâåðäîãî òåëà, ìîãóò áûòü
ðåàëèçîâàíû ÷ðåçâû÷àéíî âûñîêèå êîýôôèöèåí-
òû äàâëåíèÿ. Ïðè óñòàíîâêå ýêðàíà ðåøàåòñÿ ïðî-
áëåìà ïðîôèëèðîâàíèÿ ñïðÿìëÿþùåãî àïïàðàòà
äëÿ òàêèõ âåíòèëÿòîðîâ.

Âûïîëíåí ïîäðîáíûé àíàëèç ïàðàìåòðîâ âåí-
òèëÿòîðîâ, ïðè ïðîåêòèðîâàíèè êîòîðûõ ïðèìå-
íÿåòñÿ ïåðåìåííîå ðàñïðåäåëåíèå öèðêóëÿöèè ïî
äëèíå ëîïàòîê ðàáî÷åãî êîëåñà, ÷òî ïîçâîëÿåò
ïîëó÷àòü âûñîêèå àýðîäèíàìè÷åñêèå ïàðàìåòðû
â êîìïàêòíûõ óñòàíîâêàõ. Îïðåäåëåí äèàïàçîí
îïòèìàëüíûõ ðàñ÷åòíûõ ïàðàìåòðîâ äëÿ òàêèõ

âåíòèëÿòîðîâ: êîýôôèöèåíòà ïðîèçâîäèòåëüíîñòè
ϕ , îòíîñèòåëüíîãî äèàìåòðà âòóëêè ν , â êîòîðîì

îáåñïå÷èâàåòñÿ ïðåäåëüíàÿ àýðîäèíàìè÷åñêàÿ
íàãðóæåííîñòü ëîïàòî÷íûõ âåíöîâ è âûïîëíÿåò-
ñÿ óñëîâèå áàëàíñà ýíåðãèè â ïðèâòóëî÷íûõ ñå÷å-
íèÿõ. Íàéäåííûé â ðàáîòå äèàïàçîí îïòèìàëüíûõ
ðàñ÷åòíûõ ïàðàìåòðîâ ìîæåò áûòü èñïîëüçîâàí
ïðè ðàñ÷åòå êîìïàêòíûõ âåíòèëÿòîðíûõ óñòàíî-
âîê ñèñòåì îõëàæäåíèÿ è íàãíåòàòåëåé äëÿ àïïà-
ðàòîâ íà âîçäóøíîé ïîäóøêå.

Òåîðåòè÷åñêèå è àíàëèòè÷åñêèå çàâèñèìîñòè
ïîäòâåðæäåíû ðåçóëüòàòàìè ýêñïåðèìåíòàëüíûõ
èññëåäîâàíèé. Íà îñíîâå ýêñïåðèìåíòàëüíûõ
èññëåäîâàíèé óñòàíîâëåíî, ÷òî èíòåãðàëüíûå
àýðîäèíàìè÷åñêèå ïàðàìåòðû îïûòíîé âåíòèëÿ-
òîðíîé óñòàíîâêè ñ ýêðàíîì çíà÷èòåëüíî âûøå,
÷åì ó àíàëîãè÷íîé óñòàíîâêè, ðàññ÷èòàííîé íà
ïîñòîÿíñòâî öèðêóëÿöèè. Ïðåäëàãàåìàÿ â äàííîé
ðàáîòå îïûòíàÿ âåíòèëÿòîðíàÿ óñòàíîâêà, ñîñòî-
ÿùàÿ èç ðàáî÷åãî êîëåñà è ýêðàíà, ðàçâèâàåò âû-
ñîêèå âåëè÷èíû è êîýôôèöèåíòà ïðîèçâîäèòåëü-
íîñòè ϕ , è êîýôôèöèåíòà ñòàòè÷åñêîãî äàâëåíèÿ

sψ  ïðè ñóùåñòâåííî ìåíüøèõ îñåâûõ ãàáàðèòàõ

ïî ñðàâíåíèþ ñ êëàññè÷åñêèìè ñõåìàìè ñ êîëü-
öåâûìè äèôôóçîðàìè, âõîäíûìè íàïðàâëÿþùè-
ìè è ñïðÿìëÿþùèìè àïïàðàòàìè.

Ïðåäñòàâëåííûå â äàííîé ñòàòüå èññëåäîâàíèÿ
âûïîëíåíû ïðè ôèíàíñîâîé ïîääåðæêå
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Abstract

At present, there is an undeniable demand for
developing new prospective layouts of various cooling
systems and lifting complexes for air-cushion units,
in which a flat barrier of substantial size (a screen, air
duct, radiator) is being placed behind the axial fan.
This problem can be solved by the effect of kinetic
energy conversion of the swirling flow behind the
impeller into the static pressure, observed in axial-

THE STUDY OF COMPACT FAN INSTALLATIONS WITH VARIABLE
CIRCULATION DISTRIBUTION ALONG BLADE LENGTH

Glushkov T.D.

Central Aerohydrodynamic Institute named after N.E. Zhukovsky (TsAGI),
1, Zhukovsky str., Zhukovsky, Moscow Region, 140180, Russia

e-mail: dianno@bk.ru

radial diffusors, formed by the fan outlet manifold and
a flat barrier, upon which the flow is ingoing.
Implementation of such structures of fan installations
allows not only preserving high energy-efficiency of
the fan installations but as a whole, but significantly
reduce their axial size as well.

The main parameter affecting the efficiency of the
swirled flow dynamic pressure into static pressure
conversion is the flow swirl intensity, characterized by
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the Rossby number, since with its increase, the total
pressure loss in the axial radial diffuser decreases. The
article demonstrates that namely fans with the said
circulation distribution along the blades length
implementation, whereby the flow is swirled by the law
of the solid body, is expedient in such kind of fan
installations. These fans swirling intensity can reach
much higher intensity compared to those, for which
classical methodology for the constant circulation is
used while aerodynamic design.

Based on the available experimental data on the
swirling flow total pressure loss in axial radial diffusers,
calculation was performed for aerodynamic parameters
of compact fan installations with variable circulation
in the wide range of calculated parameters such as flow
rate and hub-to-shroud rate, which finally determine
the blade shape geometry. According to the obtained
results, the installations under consideration can
develop rather high for axial fans static pressure rate
at a minimum axial size.

An additional analysis of fans with variable
circulation revealed two limitations that significantly
narrowed the range of design parameters.

The first limitation is stipulated by the criterion
of the aerodynamic load limit of  blades system,
characterized by the value of equivalent diffusion
cascade Deq. Exceeding the Deq maximum value for
peripheral cascades may lead to the high intensive
separated flow path of the rotor. Unlike the classical
fans with constant circulation, the diffusion cascade
criterion for the fans under consideration does not
depend on the design parameters, and, eventually,
determines the minimum value of the axial velocity,
at which this limitation is fulfilled.

The second restriction is determined by the energy
balance condition: the total kinetic energy of the flow
should not exceed the energy transferred to the flow
by the rotor blades. This problem manifests especially
pointedly in the near-hub sections, since unlike the
fans with the constant circulation, the quantity of
energy transferred to the flow by the blades in the fans,
which swirl the flow by the solid body law, reduces
from shroud to the hub. Overall, this limitation
determines the maximum value of the axial velocity
coefficient and the range of optimal design parameters
of considered fans.

With account for the analysis being done, the
aerodynamic designing of the experimental fan was
performed and studied experimentally. The obtained
results reflected the main concepts used in
aerodynamic design. Significantly higher values of
pressure ratio and flow rate were obtained on the
experimental fan installation compared to the similar

compact fan units, designed employing the classical
technique for constant circulation.

Keywords: Axial fan, fan installation, rotor, axial-
radial diffuser, variable circulation.
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