
1995年 7月收到; 1995年 10月收到修改稿。3 3 南京航空航天大学 201教研室　210016

第 11卷　第 3 期 航空动力学报 V o l111 N o13

1996 年 7月 Journa l of Aerospace Power Ju ly　1996

端弯叶片通道出口二次流的研究

南京航空航天大学　　周正贵3 3 　吴国钏　胡　兵

【摘要】　实验并且采用考虑粘性的涡传输方程计算端弯压气机叶片通道出口二次流。给出了 3种

端弯叶片及对应的原始直叶片通道出口气流偏转角的实验值和计算预测值。研究表明: 采用上述

方程能比较准确地预测出口气流偏转角;叶片后缘减弯可减小流向二次涡强度。

　主题词:　叶片　二次流　流场

　分类号:　V 23113　V 23214

1　前　言

　　国内外大量研究表明,采用端弯叶片可明显减小端区流动损失。实施端弯后,叶片通道出

口流场将随之改变。在此主要考察端弯对出口二次流的影响,以及直叶片通道能比较准确地预

测出口气流二次流的涡传输方程对端弯叶片通道的适用性。本文采用有粘的二次涡传输方程

对 3种不同端弯参数以及对应的没有实施端弯的压气机叶片通道出口二次流进行了计算预

测,并且对上述 4种叶片通道出口流场进行了实验测量,分析比较了测量值和计算值。

2　通道二次流计算

　　对于不可压流,且转动角速度为零,根据文献[ 1 ]在 (b
ο, n

ο, s
ϕ)坐标系下 (见图 1) ,可得主流方

向涡量 Ξs和流线副法向涡量 Ξn 的传输方程如下:

(5ö5s) (ΞsöV ) = 2ΞnöR + (1öΘV 2) (52ö5b2) (ΛΞs) (1)

(5ö5s) (ΞnöV ) = - (ΞnV öab) (5abö5s) + (1öΘ) (52ö5b2) (ΛΞn) (2)

Λ= Λl+ Λt, R 为流线的曲率半径, ab为相邻流线间间距。

图 1　坐标系示意图

要通过方程 (1)、(2)求得 Ξs、Ξn 首先要给出主流速度V (s,

b)及流面的坐标。在此假设主流沿叶片中弧线构成曲面流动;用

欧拉方程计算出势流区速度V e (s) ,根据

V (s, b) öV e (s) = (bö∆) 1ö7 (3)

求得V (s, b) , ∆为附面层厚度。
涡粘性系数 Λt采用代数模型方程[2 ]计算。

通常二次涡计算不考虑端壁附面层沿流向发展,即壁面剪

切应力 Σw 和方程 (3)中 ∆沿流向近似假设不变。但对于压气机
叶片通道,尤其是高压比压气机通道,端壁附面层发展较快。在

此本文提出计算附面层发展的近似方法,忽略主流流线弯曲的影响,根据H ead 公式有:



dΗöds = C f ö2 - (ΗöR e) (dV eöds) (2 + H )　,　E = (döds) (V eΗH 1) = F (H 1) (4)

由 (4)式得:

dH 1öds = (1öV eΗ) F (H 1) + (H 1öV e) (dV eöds) (1 + H ) = H 1C f ö2Η (5)

其中, H 1= G (H ) , H = ∆3 öΗ。
F (H 1) = 010306 (H 1 - 310) - 016196 (6)

G (H ) =
018234 (H - 111) - 11287 + 313　　H ≤ 116

115501 (H - 016778) - 31064 + 313　　H > 116
(7)

假设[3 ]:

C f =
Σw

1ö2ΘV 2
e

= 01246 R e- 0126810- 01678H (8)

　　此外,二次流速度和涡量之间存在下列数学关系。假设 u、v 分别为 b
ο、nο方向的二次流速

度,则有:

u = 2(5Ωö5n)　,　v = 2(5Ωö5b)　,　¨ 2Ω= 2Ξs1 (9)

图 2　涡分量之间的关系

Ω为二次流函数。如图 2, Ξs1= Ξsco sΗ- Ξs sinΗ。
△a = tg- 1 (vöV ) (10)

△a 为气流偏转角。

涡量边界条件。进口边界 Ξs0、Ξn0给定,半叶高处 Ξse、Ξne为零,

端壁面 Ξnw = (5V ö5b) ûw = Σw öΛw , Ξsw采用迭代法求得,具体为: 先

给定一个初值,由 (1)式计算出内点值,再由内点值外插求出新的

Ξsw ,反复迭代至收敛。

二次流函数边界条件。在端壁处和叶片表面, Ωw = 0,在半叶

高处 5Ωö5b= 0。

计算过程: (1)由欧拉方程求得V e (s) ; (2)根据给定的通道进口截面 ∆3
o、Ηo,采用四阶龙格

—库塔法求解 (4) - (8) ,得 Η(s)、∆3 (s)、Σw (s) ;根据 (3)式可推得

∆ö∆3 = 1ö01125 (11)

由此计算出 ∆(s) ; (3)由 (3)式计算出V (s, b) ; (4)计算紊流粘性系数 Λt; (5)对方程 (1)、(2)进

行差分离散,采用追赶法沿流向推进求得 Ξs (s, b)、Ξn (s, b) ; (6)由 (9) - (11)式计算出△a 沿壁

面法向分布。

3　计算和实验结果

　　实验设备及实验叶栅几何参数见文献[ 4 ]。3种端弯叶

片参数见表 1。

表 1　叶片的端弯参数及出口涡强度

叶片编号 №0 №1 №2 №3

l tömm

lhömm

Ξθs1ö(1ös)

010

010

33410

411

2010

33111

813

2010

29411

1215

2010

28111

　　№0对应于未实施端弯的直叶片, l t和 lh 见图 3。

图 3　端弯叶片示意图
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　　图 4为在叶栅出口额线平面内实验和计算出的平

图 4　平均气流偏转角△Αλ分布

均气流偏转角△aλ 沿壁面法向分布 (图中○ 实验

值,— 计算值)。由图可知,当端弯程度增加时,在靠

近壁面处,预测值与实验值偏离较大。造成这种偏差

增大的原因可能是,当端弯程度增大时,叶型中弧线

构造的曲面扭曲相应增大,假设主流流面与此曲面重

合与实际存在的偏差也较大。但总体来看,气流偏转

角预测值和实验值吻合较好。

在此引入

Ξθs1 =
∫

h

0
Ξs1V d b

∫
h

0
V d b

(12)

h 为半叶高, Ξs1为出口二次涡平均强度。则由表 1可

看出后缘部份减弯,可减小出口流向二次涡强度。这

是因为后缘部份减弯,使得气流流过叶片通道转折角

减小,进而使得流向二次涡强度减小。

4　结　论
(1)采用有粘二次涡传输方程能够比较准确地预

测端弯叶片通道出口气流偏转角。 (2)叶片后缘部份减弯可减小出口流向二次涡强度。
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very effect ive and app licab le fo r p ract ica l engineering.

Key W ords　Rocket engines　Fau lt detect ion　A u toco rrela t ion funct ion s　R eal t im e

SURVEY PAPERS
APPL ICAT ION AND L IFE RESEARCH

OF POWD ER M ETALL URGY TURB INE D ISKS
Song Y ingdong, W en W e idong, Gao D ep ing

(2nd D ep t. N anj ing U n ivers ity of A eronau tics and A s tronau tics, N anj ing　210016)

ABSTRACT　　　　 Since pow der m eta llu rgy ( PM ) tu rb ine disk s have h igh yield
st rength and excellen t p roperty of resistance to fa t igue and creep , they have been app lied
b roadly in the mo st advanced engines at p ressen t in the w o rld. A s the th ru st- to- w eigh t ra2
t io increases, the PM tu rb ine disk s w ill be developed in ou r coun try. A t first, th is paper
m akes a genera l su rvey of the app lica t ion of the PM tu rb ine disk s. T hen a review is m ade fo r
the m ateria l p ropert ies, fa t igue life, crack p ropagat ion, and stress analysis of PM tu rb ine
disk s. F inally, som e research p ro jects of the PM tu rb ine disk s fa t igue life, w h ich shou ld be
conducted in ou r coun try, are suggested.

Key W ords　Pow der m eta llu rgy　T u rb ines　D iscs　A pp lica t ion　L ifet im es

TECHN ICAL NO TES
RESEARCH ON BLAD E EXC ITAT ION FREQUENCY

D UR ING ROTAT ING STALL OF AX IAL
FLOW COM PRESSOR

L iu Yan and Zhu Junq iang
(7th D ep t. N orthwes tern Polytechn ica l U n ivers ity , X i′an　710072)

ABSTRACT　　　　T h is paper p resen ts an invest iga t ion of b lade excita t ion du ring ro2
ta t ing sta ll in a single stage ax ia l f low comp resso r w ith variou s geom etrica l param eters, such
as b lade stagger and cascade so lid ity a t the m ean radiu s varying from 3219 to 4719 and from
01583 to 11165, respect ively, and the ax ia l d istance betw een ro to r and sta to r from b to 517b.
T he b lade vib ra t ion w as m easu red w ith st ra in gages on the b lade. D u ring ro ta t ing sta ll as the
cau se of b lade excita t ion, the flow field w as sim u ltaneou sly determ ined by fast respon se dy2
nam ic p ressu re tran sducers. T he ro ta t ional speed of the comp resso r varied from 8130 to
12500 rpm. T he characterist ics of un steady flow du ring ro ta t ing sta ll w ere studied in deta il.
T he p redict ion criterion of the b lade excita t ion frequency du ring ro ta t ing sta ll has been set
up. T he agreem en t betw een theo ret ica l and experim en ta l resu lts ind ica tes that the criterion is
feasib le.

Key W ords　Ro tat ion sta ll　B lade vib ra t ion　F requency　P redict ion

INVEST IGAT ION OF OUTL ET SECONDARY FLOW S
IN CASCAD ES W ITH END - BEND BLAD ES

Zhou Zhenggu i, W u Guochuan , Hu B in
(2nd D ep t. N anj ing U n ivers ity of A eronau tics and A s tronau tics, N anj ing　210016)

ABSTRACT　　　　T he ou t let secondary flow s in comp resso r cascades w ith end- bend
b lades have been studied experim en ta lly and num erica lly. T he viscou s secondary vo rt icity e2
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quat ion s are app lied to p redict ion. T he experim en ta l and p redicted data of the ou t let angle
due to the secondary flow are p resen ted fo r th ree cascades w ith end- bend b lades and one
w ith the co rresponding unbended b lades. T he invest iga t ion show s that the change in ou t let
angle can be accu ra tely p redicted by the p resen ted m ethod. R educing cu rvatu re of the b lade
rear part m akes the averaged in ten sity of the st ream line componen t of the ou t let secondary
vo rt icity decrease, bu t does no t change the distance from the cen ter of the vo rt icity to the end
w all.

Key W ords　B lades　Secondary flow　F low fields

Ξ ) A MOD EL TO CORRELATE FLOW SEPARAT ION
W ITH FLOW LOSS IN A TRANSON IC ROTOR

Zhang Yangjun and Chen Na ix iang
(Hyd rau lic D ep t. Ts inghua U n ivers ity , B eij ing　100084)

Zhou Zhenggu i and W u Guochuan
(4th D ep t. B eij ing U n ivers ity of A eronau tics and A s tronau tics, B eij ing　100083)

ABSTRACT　　　　A model co rrela t ing flow separa t ion w ith flow lo ss is p ropo sed fo r
p redict ing the incip ien t locat ion and size of the flow separa t ion in a tran son ic ro to r. T he flow
fields of severa l ro to rs have been invest iga ted w ith the model. T he resu lts show that the flow
separa t ion m ain ly occu rs in the t ip area ow ing to st rong shock boundary in teract ion, and the
incip ien t separa t ion po in t is beh ind the shock locat ion. T he t ip leakage flow vo rtex has a
st rong effect on the in teract ion betw een shock w ave and boundary layer.

Key W ords　F low separa t ion　L o sses　Ro to rs

A PREL IM INARY INVEST IGAT ION ON CONTROLL ING
JET STRUCTURE BY HYD RODY NAM IC EXC ITAT ION

Zhang Qingfan , L i Feng, Zhong Bo, Zhou Huihua
(2nd D ep t. N anj ing U n ivers ity of A eronau tics and A s tronau tics, N anj ing　210016)

ABSTRACT　　　　Jets w ere excited by Karm an V o rtex Streets under th ree condit ion s
of Jet M ach N um ber 01206, 01361 and 01831. T h ree vo rtex genera to rs w ith differen t geom e2
t ries w ere tested. Jet V elocity d ist ribu t ion s w ith and w ithou t excita t ion w ere m easu red by
stagnat ion p resu re p robe. T he tu rbu len t characterist ics in the jet boundary layer w ere detect2
ed by a single ho t w ire p robe. It is show n that excited jet velocity decay faster than that of
unexcited jet, and tu rbu len t energy in jet boundary layer is sign if ican t ly increased by vo tex
excita t ion. T herefo re, jet st ructu re can be effect ively con tro lled by hydrodynam ic excita t ion s.

Key W ords　Excita t ion　Jets　Boundary layer　Karm an vo rtex　Con tro l

A STUDY ON SUPERSON IC 6- NOZZL E
EJECTOR PERFORM ANCE

W ang Suofang and L iL iguo
(2nd D ep t. N anj ing U n ivers ity of A eronau tics and A s tronau tics, N anj ing　210016)

ABSTRACT　　　　T he superson ic 6- nozzle ejecto r perfo rm ance has been invest iga t2
ed experim en ta lly fo r the given geom etric d im en sion s. T he experim en t ranges over 1198≤
P

3
P öP

3
S ≤7146, 01971≤T

3
p ≤T

3
s ≤1102 and L m öD m = 0180. T he en tra inm en t ra t io x varies

from 6196 to 11166 fo r the ejecto r w ith a diffu ser, and its co rrected value x T 3
s öT 3

p varies
from 6188 to 11162; on the o ther hand, the en tra inm en t ra t io varies from 2182 to 6128 fo r the
ejecto r w ithou t the diffu ser, and its co rrected value varies from 2178 to 6124. T he experim en2
ta l resu lts show that the en tra inm en t ra t io and its co rrected value decrease w ith the increase
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