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单晶材料涡轮叶片的循环蠕变分析3

北京航空航天大学　　饶寿期3 3 　孟春玲　吴　斌

【摘要】　对DD 3材料单晶涡轮叶片进行了应力循环和应力、温度同时循环下蠕变计算,得到了叶

片在两种情况下的循环蠕变结果,并对两种结果和静态蠕变作了对比分析,从而为了解叶片在实

际变工况下的循环蠕变行为提供了理论依据。
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1　概　述

　　航空发动机热部件重要结构设计准则之一是要提供足够的蠕变ö应力断裂寿命,即防止过

大的蠕变变形和蠕变应力断裂。在结构完整性的军用标准中,规定为:在金属工作温度下和在

此温度的持续时间内,设计应力不得超过 012%蠕变强度最低许用值[1 ]。由于蠕变是与时间有

关的不可恢复的塑性变形,而叶片的蠕变损伤是累积损伤。发动机是在多种变工况下工作的。

因此,预测发动机涡轮叶片的蠕变寿命时,必须研究发动机在变动温度和变动应力下的循环蠕

变特性。这种蠕变特性与恒定温度和恒定载荷下的静态蠕变特性相比,不同材料,其结论不同。

试验表明,有些材料循环蠕变的断裂寿命会缩短,蠕变量增加;有些材料的寿命反而会增加。针

对我国自行设计的单晶涡轮叶片进行了循环蠕变计算分析,并与静态蠕变作了对比,这对单晶

叶片的设计分析是有参考意义的。

2　DD 3单晶材料的本构方程和屈服准则

　　DD 3材料为正交各向异性材料,其正交各向异性体现在材料特性为方向的函数,若X、Y、

Z 方向与弹性主轴方向一致,则正交各向异性材料的本构方程有 9个独立的弹性常数,而DD 3

单晶材料为面心立方晶体,在 (100) , (010) , (001)三个方向上具有完全相同的力学特性,即有:

E x = E y = E z　　,　　Λx y = Λy z = Λz x　　,　　G x y = G y z = G z x

所以DD 3单晶材料应有 3个独立的弹性常数 E , Λ, G。E , Λ, G 等可由材料手册查得。

非线性循环蠕变分析是在正交各向异性材料热弹性蠕变计算基础上进行的。非线性蠕变

计算是根据希尔理论及其相应的屈服函数和流动法则进行的。其屈服函数为:

Ρλ = [Ρ2
x + Ρ2

y + Ρ2
z - Ρz Ρx - Ρx Ρy - Ρy Ρz + A (Σ2

y z + Σ2
z x + Σ2

z y ) ]1ö2

式中,A = L öF ,可由 (001) , (111)方向的拉伸屈服应力和剪切屈服应力来确定。



3　有限元计算

　　DD 3单晶涡轮叶片,叶高为 24 mm ,本文在对该叶片进行有限元计算时,采用三维 8节点

表 1　DD 3蠕变常数

温度 (℃) A n p

760

850

1000

4196508E- 16

9172280E- 15

2151148E- 14

410588

411382

416491

014047

013573

012782

等参元。

叶片所承受的载荷有转速为 45000 rö

m in 的离心力; 叶片的不均匀温度场引起的

热应力。叶片 1～ 7截面上的温度 (单位:℃)

依次为: 89214, 93116, 94211, 93017, 89718,

82519, 67910。

考虑叶片的实际工作条件,叶片循环蠕变的载荷谱如图 1所示。

图 1　循环载荷谱

经过试验拟合和修正后的DD 3材料的蠕变常数如表 1所示[2 ]。

4　计算结果和分析

　　 (1)叶片在各个时间的最大 Z 向位移见表 2。

表 2　叶片 Z 向最大位移 u zm ax (单位: mm )

时间 (h) 011 110 10 50 100 200 300

应力循环

双重循环

静态蠕变

014176

014178

014183

014183

014184

014194

014204

014204

014215

014222

014222

014248

014232

014232

014260

014245

014245

014291

014254

014254

014309

可以看出,两种循环计算结果完全一致, Z 向位移主要是由静应力产生的,循环蠕变引起

的位移较小。

(2)叶身 1ö3叶高处循环下的应力和蠕变应变计算结果如图 2和图 3所示。

由此可以看出,两种计算结果非常吻合,一旦加载,就会产生蠕变应变和应力松弛现象,卸

载后,蠕变应变随即停止,再加载后的蠕变应变速率明显降低。

(3)图 4和图 5为叶片中截面循环蠕变 300小时的应力松弛和等效应变曲线的包络线。

由此可以看出,节点等效蠕变应变的包络线基本符合蠕变规律,有明显的第 1, 2阶段,开

始蠕变速度较快,之后,蠕变速度明显降低,在蠕变 300小时时,两种循环蠕变应变达到 011%

左右。
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　　图 2　147节点的等效应力—时间曲线 图 3　147节点的等效蠕变应变—时间曲线

图 4　11 5节点在 3种循环情况下 图 5　115节点在 3种蠕变情况下

等效应力—时间曲线 等效蠕变应变—时间曲线

在实际的循环蠕变中,载荷中断和产生蠕变应变的恢复现象,再重复加载,又会观察到蠕

变的加速,即瞬变现象,而在计算中,没有考虑这两种现象,所以,计算结果会有一定的误差,又

由文献[ 3 ]可知,一般情况下,循环试验下的蠕变变形大于计算的蠕变变形,计算结果往往偏

低,这样在进行蠕变寿命分析时,应该增大安全储备系数。
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m easu rem en ts of the overa ll perfo rm ance and elem en t perfo rm ance, especia lly the b lade t ip

flow p rove that the trea ted casings enhance the comp resso r eff iciency, bu t m ake sligh t lo ss of

sta ll m argin. A cco rd ing to analyzing the effects of each structu ra l param eter on the comp res2
so r eff iciency and sta ll m argin, an op t im izat ion of p rim ary geom etric param eters has been

found ou t. T hen the effects of the grooved casing trea tm en ts on the perfo rm ance of the com 2
p resso r ro to r have been revealed and som e valuab le conclu sion s have been reasoned ou t.

Key W ords　Comp resso rs　Cascades　T reatm en t　Efficiency

EXPER IM ENTAL INVEST IGAT ION
OF F ISH SCAL E PATTERNED CASCAD E

M iao Run tian and W ang L iangu i
(D es ign D ep t. Shenyang L IM IN G Eng ine M anuf actu r ing Co. , Shenyang　110043)

Gao Ge (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　　　　Severa l cascades w ith differen t pat tern s have been tested w ith the

pu rpo se of tu rbu lence drag reduct ion in comp resso r cascade, af ter the st ra igh t pat terned cas2
cade ob ta ined no tab le effects. T he fish scale pat terned cascade is the best of them. T he m ain

perfo rm ance comparison is show n as fo llow s:

Cascade M a1cr △Βdesign ∆design (P 2öP 1) 2Dm ax Νi= 015°ö% △i

reference

stra igh t pat tern

fish scale pat tern

01685

01735

01750

4018°
4117°
4111°

617°
518°
614°

111810

111987

112127

517609

314261

310610

1010°
1014°
1014°

　　T he above test data indica te that mo st of perfo rm ance indices of the fish scale pat terned

cascade, such as crit ica lM ach num ber M a1cr, m ax im um tw o- dim en sional sta t ic comp ression

ra t io (P 2öP 1) 2Dm ax and to ta l p ressu re lo ss coeff icien t a t m ax im um attack angle Νi= 015°are im 2
p roved over the st ra igh t pat terned cascade. T he o ther perfo rm ance param eters, nam ely at tack

angle range △i, f low deflect ion angle a t design po in t △Βdesign and co rresponding devia t ion an2
gle at design po in t ∆design, a re superio r to the reference cascade as w ell. It is part icu larly w o rth

to po in t ou t tha t the fish scale pat tern and the st ra igh t pat tern can be together app lied to the

sam e b lade to ob ta in advan tageou s perfo rm ance.

Key W ords　Comp resso rs cascades　D rag reduct ion　Experim en t

CYCL IC CREEP ANALY SIS
OF TURB INE MONOCRY STALL INE BLAD E

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

M eng Chun l ing
(B eij ing Ins titu te of L igh t Indus try , B eij ing　100037)

ABSTRACT　 　 　 　 Stress cycling creep and stress - therm al cycling creep of

monocrycta lline tu rb ine b lade have been analyzed. T he resu lts are compared w ith sta t ic
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creep. T h is w o rk lays the theo ret ica l foundat ion fo r understanding the behaviou rs of the cy2
cling creep s at varying regim es.

Key W ords　M onocrysta l　T u rb ines　B lades　C reep

M EASUREM ENT OF THERM AL RESID UAL STRESS
IN THERM AL BARR IER COAT ING BY M EANS

OF PHASE- SH IFT MO IRE INTERFEROM ETRY
Sh i Xuq ing, N ie J inxu, Zhang Xueren

(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　　　　T here are m any diff icu lt ies in m easu ring therm al residual st ress in

therm al barrier coat ings, becau se of their m icro st ructu re and m icrodefo rm at ion. Phase- sh if t

mo ire in terferom etry is p rovided w h ich can p recisely m easu re the defo rm at ion of so lid bodies

under variou s loading condit ion s. T he fundam en ta l theo ry and experim en ta l techno logy of the

phase- sh if t mo ire im age- p rocessing techn ique are in troduced. By com b in ing it w ith relax2
at ion m ethod, a new techn ique fo r m easu ring therm al residual st ress is p ropo sed. W ith the

aid of h igh temperatu re mo ire gra t ings, the dist ribu t ion s of therm al residual st resses in the

EB - PVD (electron ic beam - physic vapou r depo sit ion) coat ing has been m easu red, and com 2
pared w ith tho se o ther of m ethods.

Key W ords　T herm al barrier　Coat ings　R esidual st ress　Phase- sh if t

M o ire m ethod

ADAPT IVE RECT IF ICAT ION OF PARAM ETERS
IN AEROENGINE SIM ULAT ION MOD EL

X ie Guanghua , Zeng Qingfu, Zhang Yandong
(7th D ep t. N orthwes tern Polytechn ica l U n ivers ity , X i’an　710072)

ABSTRACT　　　　A n adap t ive sim u la t ion model has been developed by m ean s of

modif ica t ion facto rs. A modified con jugate gradien t a lgo rithm is emp loyed fo r so lving the

non linear p rogramm ing p rob lem in the model. A cco rd ing to the param eter m easu rem en ts of

the engine on test rig and in fligh t, the componen t characterist ics of the engine are rect if ied

by the adap t ive model, as a resu lt, ou tpu ts of the model are in acco rdance w ith the m easu re2
m en ts. A s an examp le, the m ethod p rovided w as adop ted to rect ify the param eters in the sim 2
u la t ion model of a given tw in - spoo l reheated tu rbo jet engine, and the sim u la t ion ach ieved

sat isfacto ry accu racy.

Key W ords　A ircraft engines sim u la t ion　 Param eters　N on linear p rogramm ing　

A dap t ive con tro l
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