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轴流压气机设计点流动损失的预估和分析

西北工业大学　　张长生3 3 　王小莉

【摘要】　在大量统计数据分析的基础上,采用当量扩散因子D eq求得叶片尾缘的动量厚度与弦长

比Ηöc和形状固子H te,经修正获得叶型损失值。再应用改进了的端壁损失和激波损失模型,最终算

出轴流压气机设计点损失沿叶高的分布规律。验算表明,采用本方法所预估的损失与实测结果十

分接近,而且对各种原始叶型均能应用。根据本方法所编制的计算机程序简单实用,可以满足先进

轴流压气机气动设计和分析的需要,也可以作为子程序插入 S 2流面的计算程序中去。
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1　概　述

　　轴流压气机中的流动损失通常分为 4类:叶型损失、端壁损失、激波损失和减振凸肩损失。

本文只讨论前 3项损失预估。

目前通常用的“叶型损失参数”表达式为:
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式中, Ξ为叶型损失系数; Η和H 为叶片尾迹的动量厚度和形状因子; Ρ和 c为叶栅稠度和弦

长; Β1 和 Β2 分别为叶栅进、出口气流与轴向的夹角。大量试验表明,决定叶型损失参数的Ηöc

和H 值与叶栅的速度扩散程度、进口M a 数、雷诺数R e以及紊流度有关。如果应用到实际压

气机的气动设计和分析中去,还要考虑三元流动和端壁效应的影响,因此需要进行大量的经验

修正,才能得到比较符合实际流场的损失沿径分布规律。常见的经验预估方法有以下两种。其

一,是以扩散因子D 来预估叶型损失参数,对不同的径向位置提供不同的经验曲线 (或公式) ,

以此来考虑端壁损失。这就是在文献中常见的 (Ξθco sΒ2ö2Ρ) = f (D )曲线[1～ 4 ]。应用这些曲线所

提供的经验数据,可以预估出沿整个叶高流动损失的变化。但是,由于叶型损失参数不仅仅是

D 因子的函数,不同文献中所提供的经验曲线,都有很大的局限性,即便是设计参数很相近的

压气机,在相同的径向位置上,可提供的经验曲线之间的差别仍是相当大的,在应用时还需要

加以修正[1～ 4 ]。其二,是以当量扩散因子D eq来预估 Ηöc和H 值,再由 (1)式来求得叶型损失参

数值。这种方法定义了当量扩散因子及其经验计算方法。提供了一套对M a 数、R e,流道收敛

比 h 1öh 2 对 Ηöc和H 值的修正曲线。还考虑到稠度、安装角 Χ(叶弦与轴向的夹角)、叶片弯角

和相对厚度 ( tm axöc)的影响,基本上可以满足近代压气机和风扇的设计需要。但是这种方法在计

算D eq值时需要反复迭代而未提供相应的程序; 多达 20多种修正曲线需要查阅,实用甚感不便; 而

且关键在于只能用修正级平均效率的办法来考虑端壁损失, 因此不能精确预估近端壁处各
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径向位置上损失参数,给压气机三元流场的计算和分析带来一定的困难[5 ]。

综上所述,本文试图吸收国内外预估流动损失方法的长处,结合自己的经验,提供一种比

较实用而精确的预估方法和程序,以满足我国轴流压气机和风扇研制的需要。

2　程序的主要依据

2. 1　叶型损失

　　采用C. C. Koch 所提供的当量扩散因子D eq及 Ηöc～D eq和H～D eq曲线,分别求出 Ηöc和

H 值,然后修正进口M a 数、R e数和实际流道收敛比 h 1öh 2 对Ηöc和H 的影响。计算中还考虑

了叶片厚度对叶栅通道堵塞的影响。所得到的叶型损失系数Ξθ 是比较符合压气机中实际流动
特点的。我们经过大量验算和比较后还发现,对亚音和超、跨音压气机,最终用来计算叶型损失

系数 Ξθ的 Ηöc值,需要加上不同的修正量,而对尾迹形状因子H 值则无须修正[5 ]。

2. 2　端壁损失

　　采用扩散因子D 对叶型损失参数 Ξθco sΒ2ö2Ρ进行加权处理,从而得到近端壁处的叶型损

失系数 Ξθ,既避免了因用D eq求 Ηöc时需要迭代的麻烦,又克服了只能用级平均效率来修正端

壁效应,而难以求得近端壁处实际损失的缺点,比较方便而实用。至于加权修正量的大小,则以

C. C. Koch 修正后的级平均效率为依据,因为这种修正已被大量压气机的实测数据所验证,除

个别外,其误差均落在±0101之内,这样的精度足以满足工程要求了。

2. 3　激波损失

　　经过分析比较,用以下方法来考虑激波损失增量,非常适合于跨音和低超音压气机。

∃Ξθp = A õ û M a1 - M a1crû (2)　

式中,M a1cr为临界马赫数, ∃Ξθp 为激波引起的附加叶型损失系数,A 为经验常数,此处取值为

0103456。M a1cr值由下式计算

M a1cr =
{ (V m axöV 1) 2ö〔c1 + c2 (V m axöV 1) ) 2 - c2〕} (k - 1) ök - 2

k - 1

1ö2

(3)　

式中　　c1 = (k + 1) kö(1- k ) , c2 = 2kö(1- k ) , V m axöV 1 = A 1 + A 2 (co sΒ2öΡ)〔tgΒ1 - ( r2V m 2ör1V m 1 )

tgΒ2〕, k 为绝热指数,A 1= 1103+ 017 ( tm axöc) , A 2= 014+ tm axöc, V m ax是叶型吸力面最大速度, V 1

是叶栅上游气流速度, r1、r2 是叶片进、出口子午流线半径,V m 1、V m 2是叶片进、出口子午流线速度。

3　主要公式

D eq = V m axöV o. te = (V p öV 1) õ (V m axöV p ) õ (V 1öV o. te) (4)　

式中,V p 为叶栅喉部平均流速,该处吸力面速度最大,V o. te为叶栅尾缘自由流速度。
Ηöc和H 与D eq的经验关系式
当 110< D eq≤117时

Ηöc = 01002907877 - 01002353732D eq + 010035701D 2
eq (5)　

H = 21005202 - 11488448D eq + 017643701D 2
eq (6)　

当 117< D eq< 2125时
Ηöc = 01080782341 - 01091265480D eq + 0102899849D 2

eq (7)　
当 117< D eq≤210时
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H = 18161375 - 21123994D eq + 616433071D 2
eq (8)　

当 210 < D eq < 214时 H = 2171 (9)　
　　根据以下经验式修正流道收敛比 h 1öh 2 对 Ηöc和H 的影响

(ΗöΗh1öh2= 1) = 014375 + 015625 (h 1öh 2) (10)　

当D eq = 117时 (H öH h1öh2= 1) = 01841 + 01159 (h 1öh 2) (11)　

当D eq = 115时 (H öH h1öh2= 1) = 01955 + 01045 (h 1öh 2) (12)　

当D eq = 113时 (H öH h1öh2= 1) = 110075 + 010075 (h 1öh 2) (13)　

当D eq = 110时 (H öH h1öh2= 1) = 1102875 + 0102875 (h 1öh 2) (14)　

当D eq为其他值时,利用上述曲线采用内外插法求得。
根据以下公式修正进口M a1 数对 Η和H 的影响
当D eq= 110时

(H öH M a1= 0) = 019928489 + 0109481503M a1 + 013016782M a2
1 (15)　

(ΗöΗM a1= 0) = 110 - 0101131096M a1 - 01047617M a2
1 (16)　

当D eq= 113时
(H öH M a1= 0) = 019949702 + 0108274769M a1 + 011764078M a2

1 (17)　

(ΗöΗM a1= 0) = 01997758 - 01004557785 M a1 - 0109767203M a2
1 (18)　

当D eq= 115时
(H öH M a1= 0) = 019986671 + 0104035605M a1 + 011398818M a2

1 (19)　

(ΗöΗM a1= 0) = 01998849 - 01002518556M a1 - 011149881M a2
1 (20)　

当D eq= 117时
(H öH M a1= 0) = 0199702 + 010364067M a1 + 0108861016M a2

1 (21)　

(ΗöΗM a1= 0) = 019973339 - 0104666825M a1 - 011249989M a2
1 (22)　

　　当R e≠106 时,根据以下公式修正R e数对 Η和H 的影响

log
Η

ΗR e= 106
=

1 - 01166logR e R e≥ 2× 105

217705 - 015logR e R e < 2× 105

log (H öH R e= 106) = 0136 - 0106logR e

注意:叶片表面应有足够的光洁度。根据 (1)式可以计算出叶型损失系数 Ξθ。
端壁损失修正量的经验公式。对压气机转子,采用扩散因子定义

D R = 1 - (w 2öw 1) + (r2V u2 - r1V u1) ö〔Ρr (r1 + r2)W 1〕 (23)　
式中,w 1、w 2 分别为动叶进、出口相对气流速度,V u1、V u1分别为进出、口绝对速度的切向分速,

Ρr 为动叶稠度。
当叶高百分比 Κr> 70◊ 时,修正量为

∃ (Ξθp rco sΒ2ö2Ρr) = 014212D 21326
R 〔Κr - 017〕 (24)　

当叶高百分比 Κr> 10◊ 时,修正量为

∃ (Ξθp rco sΒ2ö2Ρr) = 011263D 21326
R 〔013 - Κr〕　,　Κr = (r2 - r2h) ö(r2t - r2h) (25)　

式中 r2t、r2h分别为动叶出口叶尖和叶根半径, Ξθp r动叶叶型损失系数。

对压气机静子,修正方法如下:

当叶高百分比 Κs> 80◊ 时

∃ (Ξθp rco sΑ3ö2Ρs) = 019225 (Κs - 018〕2109 (26)　

当叶高百分比 Κs< 20◊ 时
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∃ (Ξθp rco sΑ3ö2Ρs) = 019225 (012 - Κs〕2109　,　Κs = (r3 - r3t) ö(r3h - r3t) (27)　

式中, r3t、r3h分别为静叶出口叶尖与叶根半径, Ξθp s为静叶叶型损失系数, Ρs 为静叶稠度。

激波损失的预估公式参阅本文公式 (2)～ (8)。

4　预估结果的比较和讨论

　　应用本程序分别验算了 20多台轴流压气机转子和静子流动损失沿径分布,这些压气机中

有亚音、跨音和超音的,结果都令人满意。从图 1至图 5不难看出,本文预估结果与原设计数

图 1　带串联叶片的单级压气机验算

图 2　压比 1、2的风扇级验算

图 3　 (a)跨音单级压气机转子 (NA SA TM X22645) (b)低稠度跨音压气机转子 (NA SA TM 22536)

据 (预估的)和实测结果三者相比,本文预估的数据与实测结果十分吻合,即使在端壁附近,与
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图 4　两级风扇的第一级 (a)静子 (NA SA T P21314) (b)转子 (NA SA CR 2120859)

图 5　 (a)NA SA TM X22379转子 (b)NA SA T P21338转子

实测结果的差别也比原设计数据改善较多 (22本文预估结果,—原设计数据,×实测结果)。本

文提供的方法在精度上有很大的改善,且适应性也好。程序简单实用,总共只有 200多条语句,

迭代很快收敛,可以作为任何一种压气机或风扇的流场计算程序的子程序参加迭代运算。
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INVEST IGAT ION OF STAT IC PRESSURE F IELD
IN AN S- SHAPED A IR INTAKE

W eng Pe ifen and Guo Rongwe i
(N anj ing A eronau tica l Ins titu te)

ABSTRACT　　　　T he sta t ic p ressu re fields in an s2shaped diffu ser w ith rectangu lar
cro ss2sect ion have been m easu red at d ifferen t incidences. T he resu lts show that the sta t ic
p ressu re field at the duct ex it is non2un ifo rm. T he h igher the angle of a t tack is, the larger the
disto rt ion of the sta t ic p ressu re field. T he p ressu re near the boundaries of the model is h igher
than that near the co re, w h ich is m ain ly cau sed by bo th the disto rted to ta l p ressu re field and
the disto rted flow velocity field. Fu rther invest iga t ion on w h irling flow field demon stra tes
that it is neccessary to take in to seriou s con sidera t ion the devia t ion betw een the experim en ta l
m easu rem en ts and the w eigh ted averages by the u se of the w all sta t ic p ressu res of the model
a t h igh incidence.

RESEARCH OF ONSET OF ROTAT ING STALL
FOR M UL T IPL E BLAD E ROW S

Zhu J iunq iang and L iu Zh iwe i
(N or thwes tern Poly techn ica l U n ivers ity )

ABSTRACT　　　　A n incep t ion criterion of ro ta t ing sta ll in m u lt istage ax ia l f low
comp resso rs is derived fo r the un steady, tw o2dim en sional and incomp ressib le f low model
acco rd ing to the sm all d istu rbance stab ility theo ry. By m ean s of a th ree2vecto r equat ion
system , the co rrela t ive equat ion s of the undeterm ined param eters are thu s deduced w hen the
sm all d istu rbance theo ry is app lied to m u lt ip le b lade row s. T he p redict ion of the ro ta t ing sta ll
on set boundary in the m u lt istage ax ia l f low comp resso rs has been accomp lished w ith the
compu ter p rogram designed by the au tho rs. A theo ret ica l p redict ion app roach is p ropo sed
w ith the aid of the p redict ion m ethod of stab le cascade characterist ics. A good agreem en t
betw een the analyt ica l and experim en ta l resu lts ind ica tes that the theo ret ica l analysis is
believab le. A s compared w ith the calcu la t ion resu lts, the influences of the undeterm ined
param eters, such as sta ll cells and ax ia l d istance betw een tw o stages, on the p redict ion values
are discu ssed.

EST IM AT ION OF FLOW LOSS AT D ESIGN PO INT
IN AN AX IAL -FLOW COM PRESSOR

Zhang Changsheng and W ang X iaol i
(N or thwas tern Poly techn ica l U n ivers ity )

ABSTRACT　 　 　 　O n the basis of sta t ist ica l data and analysis of ax ia l2f low
comp resso rs, the ra t io of t ra iling2edge mom en tum th ickness to cho rd length Ηöc and tra iling2
edge fo rm facto r H are determ ined by the u se of equ ivalen t d iffu sion facto r D eq, and then the
p rofile lo ss of the b lade is ob ta ined after app rop ria te co rrect ion s. F inally, the to ta l lo ss
d ist ribu t ion along the b lade span of the ax ia l2f low comp resso r is est im ated acco rd ing to an
imp roved end2w all lo ss model and a shock lo ss model. A n ex ten sive comparison of the
est im ated lo ss data w ith the o rig inal design and test data show s that the lo ss model p resen ted
here is feasib le fo r no rm al b lade p rofile, doub le2circu lar2arc b lade p rofile and m u lt i2circu lar2
arc b lade p rofile of ax ia l2f low comp resso r, and the accu racy of the est im at ion is imp roved
great ly. A s a part of S 2 f low su rface p rogram , a compu ter subp rogram has been w o rked ou t
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based on th is app roach. It g ives sa t isfacto ry resu lts of the flow field compu ta t ion and is a lso
very simp le and p ract ica l. T he subp rogram can m eet a ll requ irem en ts of aerodynam ic design
and analysis fo r an advanced ax ia l2f low comp resso r.

EXPER IM ENTAL STUDY ON UNSTABL E BEHAV IOR
OF AX IAL COM PRESSION SY STEM

L i Jun (A ir F orce Eng ineer ing College)

L iu Zh iwe i (N or thwes tern Poly techn ia l U n ivers ity )

ABSTRACT　　　　U n stab le behavio r of an ax ia l2f low single2stage comp resso r has
been researched successfu lly by u se of a simp le dynam ic m easu ring system. T he character and
the influence facto rs of the un stab le behavio r have been analyzed from system at ic view. T he
experim en ta l resu lts demon stra te that the un stab le types of the comp resso r cou ld convert
each o ther in certa in condit ion s. T he comp resso r ro to r speed, the con struct ion and size of the
exhau st parts are the m ain facto rs influencing the convert ion. T he su rge occu rs in the
comp resso r on condit ion of h igh ro to r speed o r large exhau st vo lum e, o therw ise the ro ta t ing
sta ll appears. T he decrease of the exhau st vo lum e leads to increm en t of the su rge frequency.
T here is an obviou s difference of the un stab le behavio r betw een the single2stage comp resso r
and the iso la ted ro to r compared. In the condit ion of h igh ro to r speed (nλ> 0185) , a sta ll
phenomona of non recoverab le sta ll appears. It′s character is a lso con sidered.

EXPER IM ENTAL INVEST IGAT ION ON W H IRL FL UTTER
OF PROPELL ER ROTOR SY STEM

L i Zh iwe i, XuM ing, Ren X ingm in
(N or thwes tern Poly techn ica l U n ivers ity )

ABSTRACT　　　　A w h irl f lu t ter of a p ropeller ro to r system has been invest iga ted
experim en ta lly in the w ind tunnel. T he design of w h irl f lu t ter experim en ta l equ ipm en t and a
dynam ic st iffness coeff icien t m easu rem en t m ethod fo r the suppo rt ing system are also
studied. T he experim en ts show that if the suppo rt st iffness of the p ropeller ro to r system is
reduced as a resu lt of fa ilu re of som e elem en ts in the engine fram e o r moun t, the th resho ld
fligh t velocity of on set w h irl f lu t ter w ill be decreased. T he resu lts of its w ind tunnel
experim en ts exh ib it the sam e trends as in its theo ret ica l ca lcu la t ion.

STUDY OF A SUBSON IC COM B INED -L EAN ING TURB INE
GU ID E VANE W ITH T IP ENDW ALL CONTOUR ING

J iang Hongde
( Ins titu te of Eng ineer ing Therm op hys ics, Ch inese A cademy of Sciences)

L u Y ongl iang, Zhou Fanzhen , W ang Songjun
(H a rbine S team Tu rbine W ork)

ABSTRACT　　　　A th ree2dim en sional, m u lt igrid po ten t ia l f low compu ta t ion m ethod
is developed to analyse sub son ic flow in steam tu rb ine nozzle gu ide vane. In o rder to reduce
the large secondary lo sses in the first annu lar nozzle gu ide vane w ith very sm all aspect ra t io
of 0126 in a 300MW steam tu rb ine, bo th t ip endw all con tou ring and com b ined2lean b lades are
u sed in the new design. Experim en ta l invest iga t ion show s that the m ass2w eigh ted lo ss
coeff icien t of the new nozzle gu ide vane is 42 percen t less than trad it ional rad ia l one. T he
agreem en t betw een the m easu red and calcu la ted resu lts of the p ressu re dist ribu t ion on the

29 Journal of A ero space Pow er V o l. 8


