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离心载荷作用下平板叶片鸟撞击响应计算
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【摘要】　在航空发动机工作状态下发生叶片鸟撞击时,由于离心载荷的作用, 使叶片的局部刚度

与整体刚度都得到加强, 此时的叶片响应不同于不计算离心载荷时静止叶片的响应。本文采用有

限元法, 计算分析了不同离心载荷的作用下的叶片鸟撞击瞬态响应。计算结果表明,离心载荷的大

小对叶片瞬态响应中叶片的局部变形、整体变形及响应特征影响较大。
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在航空发动机叶片鸟撞击损伤研究中, 叶片瞬态响应是大变形几何非线性及高应变率下

的材料非线性问题。在发动机工作状态下发生叶片鸟撞击时,叶片处于旋转工作状态,由于离

心载荷的作用,使叶片的局部刚度与整体刚度都得到加强,此时的叶片瞬态响应不同于不计离

心载荷叶片的响应,这使得工作状态下的叶片鸟撞击瞬态响应计算难度更大。因此在考虑离心

载荷影响下, 对叶片鸟撞击响应计算方法以及离心载荷引起叶片 刚度变化对叶片瞬态响应的

影响规律进行研究是非常必要的。

1　计算方法与计算模型
　　以图 1( a)所示悬臂固支平板叶片,使用 ADINA 程序计算分析了不同转速下平板叶片的

图 1　平板叶片及分网示意图

鸟撞击瞬态响应。叶片的材料性能参数为:弹性模量 E= 2. 0×10
11

Pa,塑性硬化模量 ET = 2. 0

×109
Pa, 屈服应力 �s= 2. 40×108

Pa,泊松比 �= 0. 3,材料密度  = 7. 81×103
kg / m

3。模拟鸟

质量 m= 0. 17 kg, 直径 D= 0. 05 m, 长度 L = 0. 1 m 以 V = 152. 5 m / s的速度撞击在距叶根

0. 11 m 处的中心线上。图1( b)给出了采用 8节点壳元剖分的叶片网格,细化部分为撞击载荷



作用的区域, 共分为 36个单元, 131个节点, 其中节点 A、B 及 C分别为叶尖中心点、撞击载荷

作用中心点及叶根中心点。

撞击载荷的力—时间函数采用三角形形式,空间分布形式为截圆锥形,由上述鸟体参数及

撞击速度,撞击载荷的冲量 I 及加载持续时间 T 分别为 25. 93 N/ s、0. 655 m s
[ 1]
。

由于叶片瞬态响应是一个大变形几何非线性动力响应问题,叶片形状所发生的变化使得

离心载荷的大小也发生明显变化,需要在计算中修正该离心载荷。本文计算叶片在离心载荷作

用下的鸟撞击瞬态响应,采用了等效节点载荷移置的方法, 即计算离心载荷的等效节点载荷,

将其作为作用在叶片上集中载荷处理,进而实现离心载荷作用下的响应计算,这是一种简单有

效的方法。在图 1中, 设叶片以角速度 !绕平行于 x 轴的旋转轴 x
′转动,两轴距离为 R 0,由有

限元法等效节点载荷理论[ 2- 5]可推得单元内节点 i的等效节点载荷为:
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式中: y、z 为节点坐标; N i 为单元形函数; �J �为雅可比行列式; H i、H j、H k 为高斯积分加权系

数,可由相应公式计算
[ 2- 5]
。由上式可求得单元任一节点离心载荷的等效节点载荷,最后可形

成总体载荷列阵,若考虑离心载荷因叶片变形而改变,则在计算叶片响应程序实现时,每隔一

个或几个时间步, 修正离心载荷后,再进行下一个时间步的计算。

本文进行平板叶片鸟正撞击的瞬态响应计算时,选取 n= 0, 2000, 8000, 12000 r/ min,旋转

轴 x
′
距 x 轴的距离 R 0= 0. 14 m ,响应的时间域 t= 20 m s, 时间步长为 20 �s, 共 1000步,响应

的计算方案选择参见文献[ 2]。

2　计算结果与分析

　　由图2给出的不同转速下叶尖 A 点挠度随时间变化的曲线(图2中线1为 12000 r / min, 2

图 2　叶尖A 点挠度随时间变化曲线

为 8000 r/ m in, 3为 3000 r/ min, 4 为 0 r/ m in)

可知:不同转速下,叶片到达最大变形的时间不

同,对应于n= 12000, 8000, 3000与0 r/ min,分

别为 t= 1. 0, 1. 4, 3. 2及 5. 0 ms,且此时挠度值

相差较大,前三者最大挠度值相对于后者的差

别分别为 65. 4%, 55. 9%, 20. 8%。此后,叶片

的反弹时间与程度也不同, 如 n= 12000, 8000

r/ m in 时,很快反弹至撞击前初始位置; 而 n=

3000, 0 r/ m in 时, 基本同时反弹至最小挠度

点,且 n= 3000 r/ m in 时也基本反弹至撞击前

初始位置。叶片在反弹后的振动形式不同, n值

不为零时,因离心载荷“拉直”的影响,叶片在塑性变形后的平衡位置衰减振动, n值愈大,其平

衡位置愈靠近撞击前初始位置, 且振动幅值较小,说明离心载荷起到“阻尼”作用。随着 n值的

增大, 叶片的振动周期缩短, 对应于 n= 12000, 8000, 3000 与 0 r / min,其值分别为 4. 2, 6. 0,

7. 8, 8. 6 ms。

图 3 给出了 t= 0. 6 ms 和最大弯曲不同转速下叶片径向中心线的挠度(图中□为 12000
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r/ min,△为 8000 r / min,◇为 3000 r/ m in, * 为 0 r/ m in)。图 3( a)中,撞击载荷作用尚未结束,

叶片变形以撞击载荷作用区域的局部变形为主,且随着 n 值的增加, 叶片的弯曲变形逐渐减

小; n= 3000, 0 r / min时,两者差别不大。当到达最大弯曲变形时刻,由图 3( b)可知, n= 8000,

12000 r/ min 时,叶片撞击载荷作用区域的局部变形已基本恢复;而 n= 3000, 0 r / min时,在撞

击载荷作用区域, 仍有局部变形,此时绕叶根的弯曲变形随 n值增加而减小。

图 3　叶片径向中心线的挠度

不同转速下载荷作用中心点 B 处的弦向挠度, 在撞击载荷作用期间,小转速下 B 点的弦

向挠度稍有差别; 随着转速值的增加,曲线的弯曲程度加大,而撞击载荷作用结束后,不同转速

的弦向挠度趋于相同(限于篇幅图未列出)。

3　结　论

　　由计算结果可知, 随转速的增加,离心刚度与离心载荷值增大,两者对受到撞击载荷作用

的旋转叶片鸟撞击瞬态响应有较大影响: ( 1)在撞击载荷作用期间,叶片的变形以撞击载荷作

用区域的局部变形为主。转速较大时叶片的局部变形较小,而弦向的局部变形较大。( 2)在撞

击载荷作用结束后,转速较大时,叶片在撞击载荷作用区域的局部变形基本恢复,在离心载荷

作用下,使叶片较快反弹至撞击前初始位置,并在塑性变形后的平衡位置衰减振动, 其振动周

期与幅值随转速的增加而减小。( 3)转速较大时,撞击全过程结束后叶片的残余变形很小;转速

较小时,绕叶片根部及撞击载荷作用区域都将有较大的残余变形。
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FULL- LENGTH PAPERS

SHAPE OPTIMIZATION FOR CONTACT PROBLEMS
WITH BOUNDARY ELEMENT METHOD

Shen Xiuli , Wen Weidong, Gao Deping
( 2nd Dept. Nanj ing University of Aeronautics and Astronautics, Nanj ing　210016)

ABSTRACT　　　　An analyt ical method o f shape opt imizat ion is put fo rw ar d for tw o

- dimensional elast ic contact problems w ith boundary element method. Choice of the design

variables and a method of shape descript ion, as w ell as determ inat ion of target funct ion and

rest rain condit ions in tw o- dimensional elast ic contact problems are consider ed. The num eri-

cal examples are car ried out on the sensit ivity and shape opt imaization. Further more, the

shape optim izat ion analy sis o f the the fir- tr ee tenon/ m ort ise in an aero engine is carried out .

Key Words　Boundary element m ethod　Shapes　Optimizat ion　Contact problems

AN EXACT SOLUTION FOR FREE VIBRATION

OF TOROIDAL THIN SHELL
Li Lin

( 4th Dept. Beij ing University of Aeronautics and Astronautics, Beij ing　100083)

ABSTRACT　　　　A new exact solut ion is developed w hich enables to determine the

fr ee vibrat ion character ist ics of toroidal thin shell w ith homogeneous boundary condit ions.

But the so lut ion r equires numerical ev aluat ion of an eight o rder com plex deter minant to find

its eig envalues. T he results ar e exact in the same sense as the numerical solut ion of the t ran-

scendental fr equency equat ion for a beam yields an exact solution of it s vibr at ion f requency.

The eigenvalues o f cy lindrical shell with the boundary condit ions co rresponding to simple-

sim ple support ( SS) , clam ped- fr ee suppo rt ( CF) and clamped- sim ple support ( CS) have

been calculated and their dependences on the slenderness of the shell have been found out

yet . T he results are compared w ith those obtained by other invest igators using dif ferent

methods and experiments.

Key Words　Ro tary shell　Free vibrat ion　Characteristic values

NUMERICAL ANALYSIS OF BLADE TRANSIENT RESPONSES
TO BIRD IMPACT UNDER CENTRIFUGAL LOADINGS

Chen Wei, Song Yingdong, Yin Jing, Gao Deping
( 2nd Dept. Nanj ing University of Aeronautics and Astronautics, Nanj ing　210016)

ABSTRACT　　　　T he integr at ive rigidity and the lo cal rigidity o f blades are en-

hanced by their cent rifugal loading, so that when a f lying bird impacts on the aeroengine

blades under their ro tat ing states, the responses of the blades ar e different f rom those under

the stat ic states. T he nonlinear t ransient responses of the blades to the bird im pact under the

dif ferent cent rifug al loadings ar e analyzed by using the finite elem ent method. The results



show that the centr ifugal lo ading s have a signif icant ef fect on the local and integr at ive defor-

mat ions o f the blades as w ell as the char acter of the responses.

Key Words　Blades　Numerical analy sis　Bird collision　Responses

DAMAGE MECHANICS DESCRIPTION

OF DUCTILE CRACK GROWTH
Zhou Baizhuo, Yang Shijie, Zhang Xiaoxia

( Shengyang Aeroengine Research Institute, Shenyang　110015)

Schomburg Uwe
(Universitaet der Bundeswehr Hamburg, D- 22043 Germany )

Nie Jingxu
( 4th Dept. Beij ing University of Aeronautics and Astronautics, Beij ing　100083)

ABSTRACT　　　　Damage m odels o f material failur e by microvoid nucleat ion and

gr ow th to coalescence are descr ibed. Approx imate constitutive relat ions are used, to m odel

both the nucleat ion and gr ow th of the m icrovoids. T he Crack grow th has been num erically

analy zed, based on dam age medel o f finite element m ethod and compar ed w ith the experi-

ments of compact tension specim en successfully .

Key Words　Damage　Crack propagat ion　Voids

RESEARCH ON VIBRATION CHARACTERISTICS

OF A CRACKED BLADE
Xu Kejun

(Dept. of Mechanical Engineering, Havy Institute of Aviation Technology , Qingdao　266041)

Liu Qizhou
( 7th Dept . Northwestrn Polytechnical University , Xi'an　710072)

ABSTRACT　　　　A m ethod for calculat ing vibration characteristics o f a cracked

blade has been developed by using a t ransfer matrix analy sis. The ef fects of the crack on st if f-

ness at the crack lo cat ion is equivalent to the flex ibility of an elast ic hinge. A cant ilever beam

w ith rectangular cr oss- sect ion w ith a t ransverse crack extending uniform ly along its w idth

is taken as an example. T he inf luence of parameters, such as depth, posit ion of crack, on natu-

ral f requencies of blade oscillat ion is discussed. It is found that the natural f requencies of the

rotat ing cracked blade increase as the crack moves f rom the ro ot to the t ip of the blade and

decr ease as the exent o f the crack increases o scillat ion and the cr ack in the beam has substan-

tial effects on the natural fr equencies as rotational speed increases. The nonlinear vibration

characterist ics ( f requency spect rum) of the cracked blade are analyzed theoret ically by using

square funct ion to sim ulate cr ack open and clo sure. It is show n that nonlinear vibr at ion char-

acter ist ics become obvious as the ex tent of the crack incr eases. T he exper im ental research on

vibration characterist ics of cracked blade has been carr ied out w ith rectangular cro ss- section

cant ilever beam as a specim en. T he experimental r esults verify the analy sis of the theoret ical

method. Finally, a suggest ion is offered on an on- line diagnostic system of blade crack.

Key Words　Blades　Cracks　Vibrat ion characterist ics
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