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Àííîòàöèÿ. Â ðåçóëüòàòå ðàñ÷¸òíûõ èññëåäîâàíèé ðàçëè÷íûõ êîíôèãóðàöèé ïðîôèëüíîé ÷àñòè
ëîïàòîê ðàáî÷åãî êîëåñà âûñîêîíàïîðíîãî è âûñîêîîáîðîòíîãî öåíòðîáåæíîãî êîìïðåññîðà (ÖÁÊ),
ïðåäíàçíà÷åííîãî äëÿ óñòàíîâêè â ïåðñïåêòèâíûõ ìàëîðàçìåðíûõ òóðáîâèíòîâûõ (ÒÂÄ) è òóðáî-
âàëüíûõ (ÒÂàÄ) ãàçîòóðáèííûõ äâèãàòåëÿõ ìîùíîñòüþ îò 300 äî 1000 ë.ñ., îïðåäåëåíû ãåîìåòðè-
÷åñêèå õàðàêòåðèñòèêè íàêëîííîé ïåðèôåðèéíîé ÷àñòè â ñòîðîíó åå ñïèíêè. Âûïîëíåíî ÷èñëåí-
íîå èññëåäîâàíèå âëèÿíèÿ óãëà íàêëîíà ðàáî÷åé ëîïàòêè íà ãàçîäèíàìè÷åñêèå ïàðàìåòðû è ïàðà-
ìåòðû ýôôåêòèâíîñòè öåíòðîáåæíûõ êîìïðåññîðîâ ñ ïðèìåíåíèåì óíèâåðñàëüíîé ïðîãðàììíîé
ñèñòåìû êîíå÷íî-ýëåìåíòíîãî (ÌÊÝ) àíàëèçà Ansys. Ïîëó÷åíà çàâèñèìîñòü âëèÿíèÿ óãëà íàêëîíà
ïåðèôåðèéíîé ÷àñòè ïåðà ðàáî÷åé ëîïàòêè íà ÊÏÄ âûñîêîíàïîðíîãî öåíòðîáåæíîãî êîìïðåññî-
ðà. Ýòè ðåçóëüòàòû èìåþò áîëüøîå ïðàêòè÷åñêîå çíà÷åíèå, ïîñêîëüêó ñîâðåìåííûå è ïåðñïåêòèâ-
íûå ìàëîðàçìåðíûå àâèàöèîííûå ãàçîòóðáèííûå äâèãàòåëè, ìîùíîñòüþ îò 300 äî 1000 ë.ñ., ðåêî-
ìåíäóåòñÿ ïðîåêòèðîâàòü ñ îäíîñòóïåí÷àòûì âûñîêîíàïîðíûì öåíòðîáåæíûì êîìïðåññîðîì è ýô-
ôåêòèâíîñòü ýòîãî êîìïðåññîðà âî ìíîãîì îïðåäåëÿåò ýôôåêòèâíîñòü âñåãî äâèãàòåëÿ.
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Abstract

The article being presented proposes the structure of the impeller peripheral part of the high-pressure
single-stage centrifugal compressor with high degree pressure ratio of 0.9kπ* =  and η ≈ 0.78, which allows
reducing gas overflowing from the concave side to the convex side of the blade in its opened radial gap, as
well as efficiency increasing of this compressor stage. With this end in view, the impeller end surface is bent
relative to the radial direction rather than having radial direction.

As is known, the opened gap in the centrifugal compressor is much more meaningful due to its large
outstretch compared to the outstretch of radial gap above the impeller of the axis compressor. This efficiency
reduction is being aggravated also by the fact that pressure difference in the radial gap above the impeller
of the high-pressure compressor under consideration is essentially higher, and, hence, there is larger
overflowing of the air being compressed from the concave side to the convex side of the blade. Installing
covering disk, fixed on the high-pressure compressor impellers end butts does not solve the problem.

Firstly, in the presence of the easily worn-out coating applied on the stator housing above the blades
end butts, the high-pressure impeller runs with small values of the radial gap, which, in itself, reduces the
air overflowing in the radial gap. Secondly, the so-called secondary airflow the concave side to the convex
side of the blade passage appears on the inner side of the covering disk. This unordered secondary airflow
transfers to the reverse convex side of the channel and moves along the height into the depth of the channel,
which distorts significantly the computed trajectory of its flowing as well as computed exit angles from the
impeller and compressed air inlet to the vaned or slot diffusor. The area of variously directed airflows shifting
and their intermixing appears, which leads to the centrifugal compressor efficiency reduction.

Computational studies of seventeen options of the working blades design of a high-pressure centrifugal
compressor with various angles of inclination of the peripheral part of the working blades were conducted.
The inclination angle value varied herewith in the range from rkα = -40 to rkα = +40°. The step value of
the slope changing was 5°. Geometric models of the centrifugal wheel were developed in the Ansys system.
The two-dimensional model was created using the Vista CCD program, and a three-dimensional geometric
model was created based on the results of the two-dimensional calculation and optimized in BladeGen.

The isentropic and polytropic efficiency of this centrifugal compressor demonstrate significant increase
of about 0.2% for every 5° up to the point corresponding to the model with rkα = +35°. Further, the efficiency
growth in the computational domain decreases. Thus, the article demonstrates that there is a range of values
of the inclination angles of the working blades in their end part, where gas flowing in the radial gap is reduced,
and a significant gain in compressor efficiency is obtained.

Keywords: centrifugal compressor, pressure ratio, temperature increase degree, isentropic efficiency,
polytropic efficiency, turboprop engine, turboshaft engine
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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ â ìàëîðàçìåðíûõ òóðáîâèí-
òîâûõ (ÒÂÄ) è òóðáîâàëüíûõ (ÒÂàÄ) ãàçîòóðáèí-
íûõ äâèãàòåëÿõ (ÃÒÄ) ìîùíîñòüþ 300—1000 ë.ñ.
ÿâëÿåòñÿ ïåðñïåêòèâíûì ïðèìåíåíèå âûñîêîíà-
ïîðíûõ è âûñîêîîáîðîòíûõ öåíòðîáåæíûõ êîì-
ïðåññîðîâ (ÖÁÊ). Ýòî îáóñëîâëåíî òåì, ÷òî äàí-
íàÿ êîíñòðóêöèÿ ìàëîðàçìåðíûõ ñàìîëåòíûõ è
âåðòîëåòíûõ ÃÒÄ ïîëíîñòüþ èñêëþ÷àåò ïðèìå-
íåíèå îñåâûõ ñòóïåíåé. Áëàãîäàðÿ èñïîëüçîâà-
íèþ òàêîé ñõåìû ãàçîâîçäóøíîãî òðàêòà óìåíü-
øàþòñÿ ìàññà è ãàáàðèòíûå ðàçìåðû, à òàêæå
ñòîèìîñòü èçãîòîâëåíèÿ è çàòðàòû íà ðåìîíò
ïðîåêòèðóåìîãî äâèãàòåëÿ. Îñåâûå ìíîãîñòóïåí-
÷àòûå êîìïðåññîðû ïðîøëè äëèííûé ïóòü ñîâåð-
øåíñòâîâàíèÿ èõ êîíñòðóêöèè è ïàðàìåòðîâ, è
íà äàííûé ìîìåíò ïåðåä èíæåíåðàìè, ïðîåêòè-
ðóþùèìè êîíñòðóêöèè âûñîêîíàïîðíûõ ÖÁÊ,
ñòîÿò àíàëîãè÷íûå ïðîáëåìû, ðåøåíèå êîòîðûõ
áóäåò ñïîñîáñòâîâàòü ïîâûøåíèþ èõ ýôôåêòèâ-
íîñòè [1—4].

Êàê ïðàâèëî, ñîâðåìåííûå è ïåðñïåêòèâíûå
âûñîêîíàïîðíûå âûñîêîîáîðîòíûå ÖÁÊ ìàëî-
ðàçìåðíûõ ÒÂÄ è ÒÂàÄ èìåþò ñëåäóþùèå ïàðà-
ìåòðû íà âçëåòíîì ðåæèìå ðàáîòû ëåòàòåëüíîãî

àïïàðàòà: ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ *
êπ =

= 6…12; ðàñõîä âîçäóõà Gâ âàðüèðóåòñÿ â äèàïà-
çîíå 2,0…3,5 êã/ñ â çàâèñèìîñòè îò ìîùíîñòè
ïðîåêòèðóåìîãî äâèãàòåëÿ; ÷àñòîòà âðàùåíèå ðî-
òîðà nê = 50000…60000 îá/ìèí. Îêðóæíàÿ ñêî-
ðîñòü ãàçà íà âûõîäå èç ðàáî÷åãî êîëåñà ÖÁÊ —
ïîðÿäêà 600…650 ì/ñ (äàííûé ïàðàìåòð íàèáî-
ëåå âàæåí ñ òî÷êè çðåíèÿ êîíñòðóêöèîííîé ïðî÷-
íîñòè) [5—7].

Â êà÷åñòâå ïðèìåðà òàêèõ äâèãàòåëåé ìîæíî
ïðèâåñòè ñëåäóþùèå ÒÂàÄ: Arrius (ìîäèôèêàöèè
2G1, 2C, 2F), ñïðîåêòèðîâàííûé ôðàíöóçñêèì
êîíöåðíîì Safran; ñåìåéñòâî äâèãàòåëåé ôèðìû
Pratt Whitney PW 200; ÒÂàÄ ÀÈ-450 è ñåìåéñòâî
äâèãàòåëåé ÀÈ-500, ñïðîåêòèðîâàííûõ íà ÎÀÎ
«Ìîòîð Ñè÷»; îòå÷åñòâåííûé ÒÂàÄ ÂÊ-650Â,
êîòîðûé ñïðîåêòèðîâàí íà ïðåäïðèÿòèè ÀÎ
«ÎÄÊ-Êëèìîâ».

Öåëüþ âûïîëíåííîé ðàáîòû ÿâëÿåòñÿ àýðîäè-
íàìè÷åñêîå ñîâåðøåíñòâîâàíèå ïðîôèëÿ ëîïàòîê
ðàáî÷åãî êîëåñà ÖÁÊ è èññëåäîâàíèå êîíñòðóê-
òèâíûõ ìåòîäîâ ïîâûøåíèÿ åãî ýôôåêòèâíîñòè,
ñâÿçàííîãî ñ ýòîé îïòèìèçàöèåé. Èññëåäîâàí
óãîë íàêëîíà êîíöåâîé ÷àñòè ðàáî÷åé ëîïàòêè
öåíòðîáåæíîãî êîëåñà îòíîñèòåëüíî äèñêà [8, 9].
Ýòîò óãîë â çàðóáåæíîé ëèòåðàòóðå íàçûâàåòñÿ

«rake angle» è îáîçíà÷àåòñÿ rkα , ÷òî îçíà÷àåò â

ïåðåâîäå ñ àíãëèéñêîãî «óãîë íàêëîíà» [10—12].
Íà äàííûé ìîìåíò ïðîôèëü ëîïàòêè îòíîñèòåëü-
íî äèñêà èìååò, êàê ïðàâèëî, ðàäèàëüíîå íàïðàâ-

ëåíèå, ò. å. óãîë íàêëîíà rkα rkα = 0°. Â äàííîé

ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ
ðàçëè÷íûõ âàðèàíòîâ èçìåíåíèÿ óãëà íàêëîíà ðà-

áî÷åé ëîïàòêè îòíîñèòåëüíî äèñêà: rkα =

= -40…+40° (ðèñ. 1).

Ðàçðàáîòêà ãåîìåòðè÷åñêèõ ìîäåëåé

Ïðîáëåìà ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ â
äàííîì èññëåäîâàíèè ðåøàëàñü ïðè ïîìîùè
óíèâåðñàëüíîé ïðîãðàììíîé ñèñòåìû êîíå÷íî-
ýëåìåíòíîãî (ÌÊÝ) àíàëèçà Ansys [13—15]. Äëÿ
ðàñ÷åòà áûëî íåîáõîäèìî ñïðîåêòèðîâàòü 17 ãåî-
ìåòðè÷åñêèõ ìîäåëåé ñ ðàçíûìè óãëàìè íàêëî-

íà ðàáî÷èõ ëîïàòîê ( rkα = -40…+40° (ðèñ. 1), øàã

ðàâåí 5°). Äëÿ ïîñòðîåíèÿ ãåîìåòðè÷åñêèõ ìîäå-
ëåé ðàáî÷åãî êîëåñà áûëè âûáðàíû ñëåäóþùèå

ïàðàìåòðû: ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ *
êπ = 9,

ðàñõîä âîçäóõà ÷åðåç äâèãàòåëü Gâ = 2,3êã/ñ (âûá-
ðàí íà îñíîâå ðåçóëüòàòîâ òåðìîãàçîäèíàìè÷åñ-
êîãî ðàñ÷åòà), ÷àñòîòà âðàùåíèÿ êîìïðåññîðà
nê = 55000 îá/ìèí [16]. Îäíà èç òàêèõ ìîäåëåé
ÖÁÊ ïîêàçàíà íà ðèñ. 2.

Äâóõìåðíàÿ ìîäåëü áûëà ñîçäàíà ïðè ïîìî-
ùè Vista CCD, òàê êàê äàííîå ïðèëîæåíèå ñïå-
öèàëèçèðóåòñÿ íà ñîçäàíèè ïðîòî÷íîé ÷àñòè
öåíòðîáåæíîãî êîìïðåññîðà ïî çàäàííûì ïàðà-
ìåòðàì. Òðåõìåðíàÿ ãåîìåòðè÷åñêàÿ ìîäåëü áûëà
ñîçäàíà íà îñíîâå ðåçóëüòàòîâ äâóõìåðíîãî ðàñ-
÷åòà è îïòèìèçèðîâàíà â BladeGen (äàííîå ïðè-
ëîæåíèå ïîçâîëÿåò ñîçäàâàòü è èçìåíÿòü õàðàê-
òåðèñòèêè îáúåìíûõ ìîäåëåé ýëåìåíòîâ êîíñò-
ðóêöèè òóðáîìàøèí).

Â BladeGen óãîë íàêëîíà ëîïàòêè ñ ó÷åòîì
ñòàíäàðòíûõ íàñòðîåê ìîæíî èçìåíÿòü ïî ïÿòè
òî÷êàì, ðàñïîëîæåííûì âäîëü ëèíèè õîðäû, êàê
ýòî ïîêàçàíî íà ðèñ. 3.

Ìîäåëè, ñîçäàííûå äëÿ äàííîãî èññëåäîâà-
íèÿ, èìåþò ðàäèàëüíûé âõîä â öåíòðîáåæíîå
êîëåñî íà ó÷àñòêå 1—2. Èçìåíåíèå íàêëîíà ðà-
áî÷åé ëîïàòêè ïðîèñõîäèò íà ó÷àñòêå 3—5 îò 0°
îòíîñèòåëüíî äèñêà äî óãëà, ñîîòâåòñòâóþùåãî
ñâîåé ìîäåëè ( rkα = -40…+40°).

Ñîçäàíèå ðàñ÷åòíîé ñåòêè
è çàäàíèå ãðàíè÷íûõ óñëîâèé

Ëþáàÿ ìàòåìàòè÷åñêàÿ ìîäåëü âêëþ÷àåò â
ñåáÿ óðàâíåíèÿ, îïèñûâàþùèå òå÷åíèå è ÿâëå-
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íèÿ, êîòîðûå ïðîõîäÿò â äàííîì ñëîæíîì ïðî-
öåññå [17, 18]. Çäåñü çàäàþòñÿ òèï çàäà÷è (â äàí-
íîì ñëó÷àå òðåõìåðíàÿ), ñòàöèîíàðíîñòü, âèä
æèäêîñòè, ñæèìàåìîñòü, òåïëîâîé è ìàññîâûé
îáìåíû, à òàêæå ãðàíè÷íûå óñëîâèÿ. Ïîýòîìó
íåîáõîäèìû êà÷åñòâåííî ïîñòðîåííàÿ âåðèôèöè-

ðîâàííàÿ ñåòêà è ïðàâèëüíî çàäàííûå ãðàíè÷íûõ
óñëîâèÿ [19].

Â Ansys CFX âîçìîæíî ïîñòðîåíèå ðàñ÷¸òíûõ
ñåòîê òðåìÿ ñïîñîáàìè:

1. Ïðèëîæåíèå MESH. Çàäàíèå ïàðàìåòðîâ
ñåòêè ïðîèçâîäèòñÿ «âðó÷íóþ» — íàèáîëåå òðó-
äî¸ìêèé ñïîñîá äëÿ ðåøåíèÿ ïðîáëåì ãàçîäèíà-
ìèêè.

2. Ïðèëîæåíèå ICEM. Çàäàíèå ïàðàìåòðîâ
ñåòêè ïðîèçâîäèòñÿ àâòîìàòè÷åñêè, ïîñòðîåíèå
îñóùåñòâëÿåòñÿ äëÿ òð¸õìåðíîé ìîäåëè ïðîòî÷-
íîé ÷àñòè, ïðåäâàðèòåëüíî ñîçäàííîé â ïðîãðàì-
ìå òð¸õìåðíîãî ìîäåëèðîâàíèÿ. Çíà÷èòåëüíî ìå-
íåå òðóäî¸ìêèé è áîëåå ýôôåêòèâíûé ñïîñîá, ïî
ñðàâíåíèþ ñ ïåðâûì ñïîñîáîì.

3. Ïðèëîæåíèå TurboGrid, ñïåöèàëüíî ñî-
çäàííîå äëÿ ïîñòðîåíèÿ ðàñ÷¸òíûõ ñåòîê â ýëå-
ìåíòàõ òóðáîìàøèí. Îíî îáåñïå÷èâàåò íàèáîëåå
óäîáíûé è ýôôåêòèâíûé ñïîñîá ïîñòðîåíèÿ ñåò-
êè, ïî ñðàâíåíèþ ñ ïåðâûìè äâóìÿ.

Ïîñêîëüêó â äàííîé çàäà÷å íåîáõîäèìî âû-
ïîëíèòü ìîäåëèðîâàíèå ãàçîâîãî ïîòîêà â öåí-
òðîáåæíîì êîëåñå, êîòîðîå ÿâëÿåòñÿ ýëåìåíòîì
òóðáîìàøèíû, òî áûëî âûáðàíî ïðèëîæåíèå
TurboGrid. Íà êà÷åñòâî ñåòêè òàêæå âëèÿåò êî-
ëè÷åñòâî ýëåìåíòîâ. Äëÿ ïðàâèëüíîãî ìîäåëè-

Ðèñ. 1. Ñõåìà èçìåíåíèÿ óãëà íàêëîíà ðàáî÷åé ëîïàòêè rkα

Ðèñ. 2. Ãåîìåòðè÷åñêàÿ ìîäåëü öåíòðîáåæíîãî êîëåñà,
ñîçäàííàÿ â Ansys
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ðîâàíèÿ ïîãðàíè÷íîãî ñëîÿ íåîáõîäèìî äåëàòü
ñãóùåíèå ñåòêè ó ñòåíîê, à òàêæå ó âõîäíûõ è
âûõîäíûõ êðîìîê ëîïàòîê, ÷òî îáåñïå÷èâàåò
êîððåêòíîå ìîäåëèðîâàíèå ïîòîêà ïðè èõ îáòå-
êàíèè, êàê ýòî ïîêàçàíî íà ðèñ. 4.

Ðàñ÷¸òíûå ñåòêè ñòðóêòóðèðîâàííûå. Ýëåìåí-
òàìè ðàñ÷¸òíîé ñåòêè ÿâëÿþòñÿ ãåêñàýäðû. Îíè
èìåþò íàèáîëüøåå êîëè÷åñòâî ãðàíåé, ÷òî ÿâëÿ-
åòñÿ ïðåäïî÷òèòåëüíûì äëÿ ðåøåíèÿ ãàçîäèíà-
ìè÷åñêèõ çàäà÷. Ñåòêà ñîñòîèò èç 1100 òûñ. ýëå-
ìåíòîâ.

Çàäàíèå ãðàíè÷íûõ óñëîâèé è ðàñ÷åò âÿçêî-
ãî òå÷åíèÿ áóäóò îñóùåñòâëÿòüñÿ â ïðèëîæåíèè
CFX. Íà äàííûé ìîìåíò ýòî ñàìîå ðàñïðîñòðà-
íåííîå ïðèëîæåíèå â êîìïëåêñå Ansys, ïîçâîëÿ-
þùåå ðàññ÷èòûâàòü ãàçîäèíàìè÷åñêèå ïðîöåññû
[20, 21].

Ðàñ÷¸ò âÿçêîãî òå÷åíèÿ ïðîèçâîäèòñÿ ïðè
ñëåäóþùèõ óñëîâèÿõ:

1) ðàáî÷àÿ ñðåäà — èäåàëüíûé âîçäóõ;
2) ìîäåëü òóðáóëåíòíîñòè – Shear Stress

Transport;
3) ãðàíè÷íûå óñëîâèÿ: íà âõîäå (Inlet) çàäà-

íû ïîëíîå äàâëåíèå ð* è ïîëíàÿ òåìïåðàòóðà T *;
íà âûõîäå (Outlet) – ðàñõîä âîçäóõà Gâ; ñêîðîñòü
ãàçîâîãî ïîòîêà íà ñòåíêå (wall) ðàâíà íóëþ;

4) âðàùàþùèìèñÿ ýëåìåíòàìè ÿâëÿþòñÿ ïî-
âåðõíîñòè ðàáî÷åé ëîïàòêè è âòóëêè öåíòðîáåæ-
íîãî äèñêà ñ íåáîëüøèì ó÷àñòêîì íà âûõîäå,
ïîâåðõíîñòè îñòàëüíûõ ýëåìåíòîâ íåïîäâèæíû.

Ðåçóëüòàòû ðàñ÷åòà

Ìîäåëèðîâàíèå ãàçîäèíàìè÷åñêîãî ïîòîêà â
ñïðîåêòèðîâàííûõ ãåîìåòðè÷åñêèõ ìîäåëÿõ ïðî-

Ðèñ. 3. Ðàñïðåäåëåíèå óãëà íàêëîíà ïî õîðäå ëîïàòêè

Ðèñ. 4. Ðàñ÷åòíàÿ ñåòêà (à); ïîñòðîåíèå ñåòêè ó ïîâåðõíîñòè ëîïàòîê (á)

à)                                                                           á)
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èçâîäèëîñü íà äâóõ ðåæèìàõ – âçëåòíîì è êðåé-
ñåðñêîì. Ýòî ñâÿçàíî ñ òåì, ÷òî îêîëî 90% âðå-
ìåíè ïîëåòà ëåòàòåëüíîãî àïïàðàòà ïðèõîäèòñÿ
íà êðåéñåðñêèé ðåæèì, òàê êàê ýòîò ðåæèì íàè-
áîëåå îïòèìàëåí ñ òî÷êè çðåíèÿ ýêîíîìèè òîï-
ëèâà.

Ðàñ÷åòû íà ðàçëè÷íûõ ðåæèìàõ ïîëåòà áûëè
òàêæå îïòèìèçèðîâàíû äëÿ ñíèæåíèÿ òðóäîåì-
êîñòè ïðîöåññà. Äëÿ íà÷àëà áûëî âûïîëíåíî
ìîäåëèðîâàíèå ïîòîêà âî âñåõ 17 ãåîìåòðè÷åñêèõ
ìîäåëÿõ íà âçëåòíîì ðåæèìå, à çàòåì, íà îñíîâå
ïîëó÷åííûõ äàííûõ, âûïîëíåí ïåðåñ÷åò ïàðàìåò-
ðîâ íà êðåéñåðñêîì ðåæèìå ïîëåòà ëåòàòåëüíî-
ãî àïïàðàòà.

Â êà÷åñòâå ïàðàìåòðîâ, îïðåäåëÿþùèõ ýô-
ôåêòèâíîñòü ïðèìåíÿåìîãî âûñîêîíàïîðíîãî
âûñîêîîáîðîòíîãî ÖÁÊ, âûáðàíû ïîëèòðîïíûé
è èçîýíòðîïèéíûé êîýôôèöèåíòû ïîëåçíîãî
äåéñòâèÿ. Íà ãðàôèêàõ, èçîáðàæåííûõ íà ðèñ. 5
è 6, ïîêàçàíà çàâèñèìîñòü îñíîâíûõ ïàðàìåòðîâ
ýôôåêòèâíîñòè êîìïðåññîðà îò óãëà íàêëîíà rkα
íà âçëåòíîì è êðåéñåðñêîì ðåæèìàõ ïîëåòà.

Íà îñíîâå ðåçóëüòàòîâ ðàñ÷åòà ìîæíî ñäåëàòü
âûâîä, ÷òî ïðèðîñò ÊÏÄ äëÿ äàííîãî êîìïðåñ-
ñîðà ïðîèñõîäèò ïðè ïîëîæèòåëüíûõ çíà÷åíèÿõ

rkα , à ýòî îçíà÷àåò, ÷òî ïðè ïðîåêòèðîâàíèè

ÖÁÊ íåò íåîáõîäèìîñòè ìîäåëèðîâàòü âÿçêîå

Ðèñ. 5. Çàâèñèìîñòü *η  îò rkα  íà âçëåòíîì ðåæèìå

Ðèñ. 6. Çàâèñèìîñòü *η  îò rkα  íà êðåéñåðñêîì ðåæèìå
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òå÷åíèå â îòðèöàòåëüíûõ îáëàñòÿõ óãëà íàêëîíà
ðàáî÷åé ëîïàòêè, áëàãîäàðÿ ÷åìó ìîæíî ñýêîíî-
ìèòü âðåìÿ è óìåíüøèòü òðóäîçàòðàòû.

Èçîýíòðîïèéíûé è ïîëèòðîïíûé ÊÏÄ äàí-
íîãî ÖÁÊ èìåþò ñóùåñòâåííûé ïðèðîñò (ïîðÿä-
êà 0,2% íà êàæäûå 5°) äî òî÷êè, ñîîòâåòñòâóþ-

ùåé ìîäåëè ñ rkα = +35°. Çàòåì, â ðàñ÷åòíîé îá-

ëàñòè, ðîñò ÊÏÄ çàìåäëÿåòñÿ. Ýòà òåíäåíöèÿ ñî-
õðàíÿåòñÿ è çà îáëàñòüþ âûïîëíåííîãî ðàñ÷åòà.
Ñëåäîâàòåëüíî, ïðèìåíåíèå òàêîé êîíñòðóêöèè
ðàáî÷åãî êîëåñà ÖÁÊ íàèáîëåå ýôôåêòèâíî ñ
òî÷êè çðåíèÿ ïîâûøåíèÿ åãî ÊÏÄ è, êàê ñëåä-
ñòâèå, ïîçâîëÿåò ïîâûñèòü ýêîíîìè÷íîñòü ïðî-
åêòèðóåìîãî èëè ìîäåðíèçèðóåìîãî äâèãàòåëÿ.

Äëÿ òîãî ÷òîáû ðàçîáðàòüñÿ, ïî÷åìó ñ èçìå-
íåíèåì óãëà íàêëîíà ëîïàòêè ðàáî÷åãî êîëåñà
ìåíÿþòñÿ ïàðàìåòðû åãî ýôôåêòèâíîñòè, íàì
íåîáõîäèìî ïîäðîáíåå ðàññìîòðåòü ôîðìóëû
ðàñ÷åòà èçîýíòðîïèéíîãî ÊÏÄ *

iη  è ïîëèòðîï-

íîãî ÊÏÄ pη  öåíòðîáåæíîãî êîìïðåññîðà:
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×èñëèòåëü â äàííûõ ôîðìóëàõ îòâå÷àåò çà
ïîâûøåíèå äàâëåíèÿ, à çíàìåíàòåëü – çà ïîâû-
øåíèå òåìïåðàòóðû. Äðóãèìè ñëîâàìè, çäåñü
ðàññìàòðèâàåòñÿ îòíîøåíèå ñòåïåíè ïîâûøåíèÿ

äàâëåíèÿ *
êπ  ê ñòåïåíè ïîâûøåíèÿ òåìïåðàòóðû

Θ  â êîìïðåññîðå. Î÷åíü âàæíî, êàêîé èç ýòèõ
äâóõ ïàðàìåòðîâ âîçðàñòàåò ÷èñëåííî áîëüøå. Íà
ðèñ. 7 è 8 ïîêàçàíû ãðàôèêè çàâèñèìîñòè èçìå-

íåíèÿ âåëè÷èí *
êπ  è Θ  îò rkα .

Íàïðèìåð, ñòåïåíü ïîâûøåíèÿ òåìïåðàòóðû

ó ìîäåëè ñ rkα = +35° âîçðàñòàåò âñåãî íà 0,9%

íà âçëåòíîì ðåæèìå è íà 1,25% íà êðåéñåðñêîì
ðåæèìå ïîëåòà (ïî ñðàâíåíèþ ñ èñõîäíûìè ïà-

ðàìåòðàìè ìîäåëè ñ rkα = 0°). Ïðè ýòîì ñòåïåíü

ïîâûøåíèÿ äàâëåíèÿ óâåëè÷èëàñü íà 5,29% íà
âçëåòíîì ðåæèìå è íà 5,98% íà êðåéñåðñêîì
ðåæèìå ïîëåòà. Ñëåäîâàòåëüíî, äàâëåíèå íà âû-
õîäå èç ðàáî÷åãî êîëåñà íà ðàñ÷åòíûõ ðåæèìàõ â
ïðîöåíòíîì ñîîòíîøåíèè âîçðàñòàåò áîëüøå,
÷åì òåìïåðàòóðà, ÷òî íåîáõîäèìî äëÿ ïîâûøåíèÿ
èçîýíòðîïèéíîãî è ïîëèòðîïíîãî ÊÏÄ êîìïðåñ-
ñîðà, êîòîðûå óâåëè÷èâàþòñÿ â ñðåäíåì íà 1,5%
ïî ñðàâíåíèþ ñ èñõîäíîé ìîäåëüþ. Ïðè ðàçðà-
áîòêå òóðáîìàøèí ðàçëè÷íîãî òèïà îñíîâíûì
ïðèíöèïîì ÿâëÿåòñÿ óëó÷øåíèå õàðàêòåðèñòèê
äâèæèòåëÿ è òåïëîâîé ìàøèíû.

Êàê óæå áûëî ñêàçàíî âûøå, ïîñëå ïðîõîæ-

äåíèÿ òî÷êè, ñîîòâåòñòâóþùåé ìîäåëè ñ rkα =

= +35°, ðîñò èçîýíòðîïèéíîãî è ïîëèòðîïíîãî
ÊÏÄ çàìåäëÿåòñÿ, ýòî ñâÿçàíî, â ïåðâóþ î÷åðåäü

Ðèñ. 7. Çàâèñèìîñòü *
êπ  îò rkα
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ñ òåì, ÷òî ïðè áîëüøåì óãëå íàêëîíà ïëîùàäü ëî-
ïàòêè óâåëè÷èâàåòñÿ, à ñëåäîâàòåëüíî, óâåëè÷è-
âàåòñÿ è òðåíèå ðàáî÷åãî òåëà î ïîâåðõíîñòü. Âñå
ýòî ïðèâîäèò ê óìåíüøåíèþ ïðîöåíòíîãî ñîîò-
íîøåíèÿ ðîñòà òåìïåðàòóðû è äàâëåíèÿ. Òàêæå
áîëüøèé íàêëîí êîíöåâîé ÷àñòè ðàáî÷èõ ëîïà-
òîê ÖÁÊ îãðàíè÷åí êîíñòðóêòèâíîé ïðî÷íîñòüþ.

Èññëåäîâàííûé êîíñòðóêòèâíûé ôàêòîð —
óãîë íàêëîíà ïåðèôåðèéíîé ÷àñòè ëîïàòêè ÖÁÊ
— ñíèæàåò ïåðåòåêàíèå ðàáî÷åãî òåëà ÷åðåç ðà-
äèàëüíûé çàçîð ìåæäó ñòàòîðîì è ðîòîðîì, ÷òî
ïîëîæèòåëüíî âëèÿåò íà ÊÏÄ êîìïðåññîðà. Ýòî
ïðîèñõîäèò èç-çà òîãî, ÷òî ñî ñòîðîíû ñïèíêè
ðàáî÷åé ëîïàòêè ïîÿâëÿåòñÿ «îáëàñòü», êîòîðàÿ
ïðè âðàùåíèè óäåðæèâàåò â ñåáå ïîòîê è íàïðàâ-
ëÿåò åãî âäîëü ñïèíêè ê âûõîäó èç ðàáî÷åãî êî-
ëåñà. Ïðè îòðèöàòåëüíûõ îáëàñòÿõ rkα  ýòà «îá-
ëàñòü» îòñóòñòâóåò, ïåðåòåêàíèå ðàáî÷åãî òåëà â
ðàäèàëüíûé çàçîð óâåëè÷èâàåòñÿ, è, ñëåäîâàòåëü-
íî, ñíèæàåòñÿ ÊÏÄ. Ðàñïðåäåëåíèå ëèíèé òîêà
è çíà÷åíèé ñêîðîñòåé íà ïîâåðõíîñòè ðàáî÷èõ
ëîïàòîê ÖÁÊ ïîêàçàíû íà ðèñ. 9.

Ïðè ýòîì ïðîèñõîäèò ðàâíîìåðíîå ïåðåðàñ-
ïðåäåëåíèè ïîëåé òåìïåðàòóðû è äàâëåíèÿ, ïî-
ñêîëüêó ðàáî÷åå òåëî «ïðèæèìàåòñÿ» áëèæå ê
âòóëêå ðàáî÷åãî êîëåñà ÖÁÊ, êàê ýòî ïîêàçàíî
íà ðèñ. 10.

Âûâîäû

Âûïîëíåííûå èññëåäîâàíèÿ ðàçëè÷íûõ óãëîâ
íàêëîíà ïåðèôåðèéíîé ÷àñòè ðàáî÷èõ ëîïàòîê
âûñîêîíàïîðíûõ è âûñîêîîáîðîòíûõ öåíòðîáåæ-
íûõ êîìïðåññîðîâ òóðáîâàëüíûõ è òóðáîâèíòî-
âûõ äâèãàòåëåé ìîùíîñòüþ 300—1000 ë.ñ. ïîêà-
çàëè, ÷òî ñóùåñòâóåò îáëàñòü çíà÷åíèé óãëîâ íà-
êëîíà ëîïàòîê â èõ êîíöåâîé ÷àñòè, ãäå ïåðåòå÷êè
ãàçà â ðàäèàëüíîì çàçîðå óìåíüøàþòñÿ è èìååò
ìåñòî óïîðÿäî÷åííîñòü íàïðàâëåíèé ëèíèé òîêà
ãàçà â ìåæëîïàòî÷íîì êàíàëå è íà âûõîäå èç ðà-
áî÷åãî êîëåñà ÖÁÊ, áëàãîäàðÿ ÷åìó ïîëó÷àåòñÿ
çíà÷èìûé âûèãðûø â èõ ýôôåêòèâíîñòè.

Íà îñíîâå ïîëó÷åííûõ ðåçóëüòàòîâ èññëåäî-
âàíèé áûëî ïðåäëîæåíî êîíñòðóêòèâíîå èçìåíå-
íèå ôîðìû êîíöåâîé ÷àñòè ðàáî÷èõ ëîïàòîê
ÖÁÊ, ðàçëè÷àþùèõñÿ çíà÷åíèÿìè óãëà íàêëîíà
îòíîñèòåëüíî ðàäèàëüíîãî íàïðàâëåíèÿ. Äàííîå
ðåøåíèå ïîêàçàëî ýôôåêòèâíîñòü ïðèìåíÿåìîé
êîíñòðóêöèè, êîòîðàÿ îáåñïå÷èâàåò:

1) ïîâûøåíèå ýôôåêòèâíîñòè ïðèìåíÿåìî-
ãî öåíòðîáåæíîãî êîìïðåññîðà;

2) óìåíüøåíèå ïåðåòåêàíèé ðàáî÷åãî òåëà ÷å-
ðåç ðàäèàëüíûé êàíàë;

3) áîëüøóþ óïîðÿäî÷åííîñòü ëèíèé òîêà ãàçà
â ìåæëîïàòî÷íîì êàíàëå íà ïåðèôåðèè ðàáî÷å-
ãî êîëåñà ÖÁÊ è íà âõîäå â äèôôóçîð ÖÁÊ;

4) íåêîòîðîå ïîâûøåíèå äàâëåíèÿ âîçäóõà íà
âûõîäå èç ðàáî÷åãî êîëåñà â ïåðèôåðèéíîé ÷à-
ñòè ëîïàòêè, âñëåäñòâèå ÷åãî âîçìîæíî óâåëè÷å-
íèå ñòåïåíè ñæàòèÿ ñòóïåíè â öåëîì.

Ðèñ. 8. Çàâèñèìîñòü Θ  îò rkα
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Ðèñ. 9. Ðàñïðåäåëåíèå ëèíèé òîêà ñêîðîñòåé:

à — rkα = +35°; á — rkα = 0°; â — rkα = -40°

à)

á)

â)
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