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某发动机涡轮故障叶片共振相干分析
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【摘要】　分析了某发动机二级涡轮叶片的振动特性、振型应力,共振特性;并结合内外场大量的频

率统计数据进行了共振相干分析, 分析了叶片故障原因, 并提出采用限频、调频等排故措施。
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某发动机二级涡轮叶片在使用中叶身疲劳断裂故障模式以叶根偏上横向折断, 故障次数

较多,而叶尖后缘掉块,故障次数较少。断裂叶片经断口金相检查与分析,确认为典型的高周疲

劳断裂,属振动疲劳所致,对叶片进行了固有振动特性、共振转速特性分析;同时, 对 30余台发

动机,近 2000片叶片一弯静频测试数据应用威布尔分析方法进行了统计处理,并结合共振转

速分析结果进行共振相干分析与可靠性评估。提出采用限频、调频等排故措施。

1　叶片振动特性计算
[ 1]

　　采用三维 20结点等参元,计算了叶片前

图 1　叶片前五阶振型

五阶模态的静、动频率与相应的振型应力分

布等。静频与发动机常用工况下的动频,见表

1, 叶片前五阶振型见图 1。

叶片一弯模态振型最大振型应力截面位

于距叶根 10～70毫米区间的排气边缘处, 在

叶盆点 A 部位。在这区间内,静强度有一定

的裕度,但振型应力较大,且分布均匀。因此,

只要该段内某一位置上含有原始或使用缺陷,便可构成裂纹的疲劳源,这是叶片一弯断裂分布

表 1　叶片静、动频率值(单位: Hz)

转速( r/ min) 0 4100 4300 6000 8000 9700 10400 11150

一　阶 763 731 732 743 761 773 766 776

二　阶 1850 1748 1749 1756 1769 1764 1720 1728

三　阶 2757 2605 2606 2614 2628 2615 2549 2557

四　阶 3221 3202 3203 3030 3042 3024 2958 2965

五　阶 4118 3887 3888 3899 3916 3893 3795 3805



在一个区间内的原因所在。

叶片一扭模态最大振型应力截面位于叶身两个部位,一是在叶盆靠排气边缘距叶根 2/ 3

处,面积较大, 另一处在叶背尖部靠近排气边缘处(弦长的 3/ 4处) ,构成叶尖纵向裂纹与掉角

的疲劳断裂故障, 其断口走向自叶片纵向向叶根发展然后横向断裂。

2　叶片共振特性[ 2]与叶片共振相干

　　经计算, 叶片在发动机慢车到最大工况转速范围内, 共有 10个共振点,其中有 3个危险转

速;即: n= 9700 r / min时, k= 5(后支板) , 叶片产生一弯共振, 频率为 777 Hz; n= 10400 r/ m in

时, k= 10 (火焰筒) , 叶片产生一扭共振, 频率为 1733 Hz; n= 11650 r/ min 时, (超过额定 n=

11150 r/ min) , k= 4与叶片一弯共振, 略大于最大转速。

发动机叶片分为三齿旧叶、三齿长寿、三齿故障、三齿生产 4种类型来分析。应用威布尔分

析法, 对叶片频率数据进行了分布规律的计算,其相应的参数见表 2,表中也同时给出按正态

分布计算时的相应参数值。

故障机平均频率为最高 f c= 777 Hz,频率分散度也最大�= 12 Hz。构成共振相干条件,产

生共振。长寿命机、旧叶,其平均频率为 f c= 765～761 Hz,频率分散度还较高, �= 9～11 Hz。

表 2　叶片一弯振动频率特性(单位: Hz)

序号 类别 叶片类型 台数 叶片数 △f
威　布　尔 正　　态

�  r2 f c ! � r 2

1 2- B 三齿旧叶 5 317 56 761 90 0. 971 756 756 11 0. 986

2 2- D 三齿故障 7 220 48 782 90 1. 00 777 777 12 0. 980

3 2- E 三齿生产 8 498 51 779 105 0. 538 775 775 10 0. 982

4 3- T3 三齿长寿 4 256 42 764 114 0. 81 760 761 9 0. 991

　　　注: �、 、f c 分别为威布尔特征参数,形状参数和均值;

!和 �分别为正态均值和标准差, r 2 为拟合系数,△f 为最大频率与最小频率差。

动态相干分析,就是在叶片共振转速下,将叶片动频用频率分散度形成的分布区和共振转

速带分布区间两者相干,凡是有相干区, 也就是说叶片的动频值落入转速带中,就有发生共振

的可能,相干面积的大小表征共振发生的大小的程度。

对于n= 9700 r/ min 时,动态频率折合系 k= 0. 706,对于 n= 11150 r/ min 时, 动态频率折

合系数 k= 0. 58,三种叶片的典型动态相干图,见如图 2( a)和( b) ,相干值见表 3。

表 3　共振相干值

序号 类别 叶片类型
n = 9700 r/ min　　k= 5 n= 11150 r / min　　k= 4

f c fDc AI 部位 f c fDc AI 部位

1 2- D 三齿故障 777 792 8 高端 777 784 0 —

2 3- T 3 三齿长寿 761 776 0 — 761 777 0. 7 低端

3 2- B 三齿旧叶 756 771 0 — 756 774 2 低端

　　　　　注: fDc和 AI( % )分别表示动态中心频率和相关面积

相干图表明:对于 n= 9700 r / min, k= 5,一弯共振情况:三齿故障机,在频率分布的高端有
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图 2　典型一弯共振相干

相干,故障机叶片面积约占 8% ,三齿旧叶、长寿命机叶片无相干,因无共振。对于n= 11150 r/

min, k= 4,一弯共振情况:原来中心频率低者, 都可能落入此转速下发生共振, 而原来中心频

率高者,则避开此转速下的共振,也说明故障机叶片不发生在此转速下的共振。

3　结论与提高可靠性措施
　　( 1)叶片疲劳断裂是一弯共振所致,且发生在发动机转速为n= 9700 r / min,为 5次谐波激

励,断裂部位在叶身进排气边处,且相干面积占 8%。由于叶片频率有一定的分散度,发动机转

速也有一定的转速带, 有相干是叶片断裂的原因所在。( 2)长寿命叶片无相干区,说明不会产生

共振。( 3)避开共振可采用限频与调频的方法。限频:仅就 n= 9700 r/ m in,按长寿命机的频率

范围来控制叶片的频率分布值就可行。该叶片的高端限频值不大于 780 H z,对于目前大量生

产的叶片,采用限频最为简便可行。调频:调频的原则是降低叶片的固有频率,使叶片中心频率

下调,其调幅值为在 2%～4%就可行。

参　考　文　献

1　宋兆泓主编.发动机结构强度振动设计.北京航空航天大学出版社, 1988

2　Sh ee H K, CHEN H Y, YANG T W. Failure An alys is and Reliabilit y Improvement of S mal l Turb ine engine blades . Engi-

neering Fracture Mechanics, 1992, 42( 5) : 841- 852

(责任编辑　魏星禄)

257第　3　期 某发动机涡轮故障叶片共振相干分析与可靠性评估



is employed to calculate therm al bending vibration response. T hese methods are verif ied by

therm al bending tests. In g eneral, this num er ical method is simple and applicable to the ther-

mal bending analyses and invest igat ion of it s inf luence on aircr af t engine.

Key Words　Temperature f ield　Deform ation　Finite element methods

TOOTH CONTACT ANALYSIS

OF MODIFIED HELICAL GEARS
Fang Zongde

( 10th Dept. Northwestern Poly tecnical University, Xi'an　710072)

ABSTRACT　　　　An appr oach for calculat ing tooth w or king- sur face contact and

tooth edge contact of modif ied helical gears is proposed. The gener at ion of tooth surface and

Tooth Contact Analy sis( T CA ) of the modified helical gears under various error s can be sim u-

lated on com puter by the aid o f this approach. Then, the tooth modif icat ion by chang ing too th

pr ofile of rack- cutter and by CNC machine is considered. As an example, T CA on pair o f

modified helical gears is com pleted by using above metioned appr oach, and the im pr ovement

fo r contact under er rors is shown. This m ethod can be used for m odif icat ion of helical g ears.

Key Words　Helical g ears　Contact problems　Simulation

LOADED TOOTH CONTACT ANALYSIS

OF MODIFIED HELICAL GEARS
Fang Zongde

( 10th Dept. Northwestern Poly tecnical University, Xi'an　710072)

ABSTRACT　　　　A sim ulat ion appro ach for lo aded too th contact analy sis is present-

ed. Defo rmat ion of the too th, def lect ion of the suppor ting system , backlash betw een the

teeth, gaps on po ints ex cept tem por ar y contact point , manufacturing and assembling error s

are considered. In this procedure, the accurate geometry r esul ted from T CA is foundation o f

w ho le calculat ion, and the f lexibil ity factor m atr ix by using finite elem ent method is adopted.

Besides, the non - linear contact analysis betw een m ult i- pairs o f teeth can be done only

thr ough the mechanical and geometrical analyses o f single- pair of teeth.

Key Words　Helical g ears　Bear ing capacity　Contact problems

RESONANCE INTERFERENCE ANALYSIS

AND RELIABILITY ASSESSMENT

FOR A FAILED TURBINE BLADE
Ou Yangde, Fu Xiaoping, Song Zhaohong

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

ABSTRACT　　　　A series of analy ses for blades of second turbine in a g iven aero-

engine have been accomplished such as vibrat ion analy sis, resonance analysis, modal str ess

analy sis, and stat ist ical analysis for the blade nature f requencies obtained in field and m ass-

pr oduct ion. The failur es of the blades have been invest ig ated by the synthesis of the obtained

results and a resonance interference analysis. In result , the failure sources have been found
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out and som e measures have been proposed for elim inat ion of the failure modes.

Key Words　Eng ines　Blades　Resonance　Reliability est im ation

FLOW VISUALIZATIONS OF FLOW FIELD

IN ENDWALL REGION OF A COMPRESSOR CASCADE
Ma Hongwei and Jiang Haokang

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

ABSTRACT　　　　This paper describes f low visualizat ions of the flow field in the end-

w al l region of a compressor cascade. Within the cascade passage w ithout radial clearance, it

w as found that many low - energ y f luids ex it in the cor ner betw een the suct ion surface and

the endw all , and some vor ticit ies o f the corner vor tex com e from the leading edge ho rse shoe

vor tex . T angent ial mig ration of the pressur e- side ho rse- shoe vortex leads to f low m ixing

among the endw all boundary layer, suct ion surface boundary lay er and the hor se- shoe vor-

tex . Small radial clearance leads to a w eak leakage vortex that is far aw ay f rom the suction

surface, w hile larg e r adial clearance leads to a st rong one closer to the suct ion surface. T he

co rner vortex is not obvious due to blow ing o f the leakage f low . In the endwall region, reac-

tion among the vortexes and the boundary lay ers result in much m ore flow m ixing and un-

steadiness.

Key Words　Cascades　End ef fects　Vortex　Flow visualization

EFFECTS OF BLADE CURVING ON

CLEARANCE FLOW LOSSES
Huang Hongyan, Han Wanjing, Wang Zhongqi

( Power Engineering Dept. Harbin Institute of Technology , Harbin　150001)

ABSTRACT　　　　Detailed experim ental inv est ig at ions of the flow s in the cascades o f

convent ional st raight blades and po sit iv ely curved ones, both w ith 2. 3% tip clearance, w ere

carr ied out in a low speed w ind tunnel. The measuring planes were arranged as 4 before, 11

in 4 after the cascades and 1 in the m iddle of the t ip clearance. Flow s inside the clearance

w er e searched in g reat detail w ith a micro f iv e- hole pitot tube o f 1mm head size and another

of 5 mm head size in the passage. The quite detailed informat ion about the t ip leakage flow s

and the flow s in the cascades has been obtained, such as f low vectors, pressure and loss dist ri-

but ions throughout the clear ance and in the passage. In compar ison w ith the conventional

st raight blades, po sit iv e blade cur ving decreases the f low vectors w ithin the t ip clearance and

also reduces the st reng th of the leakage vortex . As a resul t , the mass f lux cr ossing the t ip

clearance decreased, the inter act ion between leakage vo rtex and passage vortex in the curved

cascade also decreased. T hereby, the to tal flow losses dow nst ream of the curved blade have

been cut dow n by 8%.

Key Words　Cascades　Bending　End ef fects　Leakage　Losses
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