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某型发动机转子热弯曲变形

及其影响数值分析

西北工业大学　　陆　山
* *
　赵　明　任平珍　戚先萍

【摘要】　采用有关文献提出的数值分析方法, 对某型发动机转子的热弯曲变形及其影响进行了定

量分析, 得出了一些可供工程实际参考的有益结果。首次在发动机转子轴对称稳态温度场的基础

上, 借助热弯曲实验器实验结果, 产生一个非轴对称温度场,用三维热弹性有限元法计算其热弯曲

变形, 采用传递矩阵法计算热弯曲振动响应。上述方法在热弯曲试验器分析中均得到了验证。实践

表明这是一种分析航空发动机热弯曲及其影响的简便可行的数值分析方法。

　主题词: 　温度场　变形　有限元法

　分类号: 　O344. 3

航空发动机转子停车后,在冷却过程中因自然对流换热, 使转子发生热弯曲变形。如果在

热弯曲变形过大的情况下再次启动, 会产生很大的振动。我国某型航空发动机曾发生过严重的

热弯曲振动故障, 因此有必要研究转子热弯曲及其对振动的影响。这方面的研究以往在国内外

开展甚少。文献[ 1, 2]曾对转子热弯曲及其对振动的影响的数值分析方法进行了研究。本文则

着重用该方法具体分析某型发动机转子热弯曲及其对振动的影响。

1　双转子系统热弯曲变形数值分析

　　某型发动机双转子结构示意图见图 1。由于目前难以得到发动机停车后转子的瞬态温度

图 1　双转子结构及三维有限元分析模型



场,本文参考热弯曲试验器在冷却过程中温度与温差的变化情况
[ 3]

,在冷却过程中较长的时间

内保持停车瞬时温度的±0. 5%～±1%的温度值,因此本文计算是由给定发动机在工作转速

下稳态轴对称温度场基础上,取轴上、下表面温度 T 的分布见图 2。

图 2　轴上下表面的温度分布 图 3　轴的挠度分布

进行热弯曲变形计算时,采用ADINA程序中三维 8结点单元等参单元
[ 4]
。因结构及温度

前后对称, 因此取各部件一半进行计算。各轴沿周向分为 8层单元, 沿径向分为一层单元, 共

920个等参元, 2034个节点(见图 1)。为了准确地模拟弹性支承对热弯曲的影响, 本文不仅用

三维体元模拟 3个中介支承和 3个外支承, 同时利用单位载荷法确定在给定支承柔度条件下

三维体元等效弹性模量。经计算得到各部件轴心线热弯曲变形挠度 y 的曲线如图 3所示。

2　双转子系统热弯曲振动数值分析

　　由热弯曲变形计算结果,采用多转子系统热弯曲振动响应分析方法 [ 1, 2]计算了该机双转子

的热弯曲振动响应。双转子结构振动分析计算简图如图4所示。本文计算了各种工作转速下,

各级盘处的挠度、轴承受力及弯转角和各转子间的位能分配。

图 4　双转子结构振动分析模型

计算所得地面慢车及最大转速时低压协调进动和高压协调进动的热弯曲响应和位能分配

列于表1。表1中 yr s( 19)及 y rs ( 44)分别表示低压涡轮盘及高压涡轮盘处的热弯曲响应挠度。�
为系统能量, � 1 , � 2, � 3分别为低压轴、高压轴和高压压气机盘鼓子结构的能量占系统能量的

比例。计算结果表明地面慢车时热弯曲响应明显大于其它转速。高压协调进动时地面慢车转

速的热弯曲响应与位能最大。
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表 1　低、高压协调进动时轴的热弯曲响应

转速( 1/ s )
低压 协 调 高 压协 调

391. 66 1168. 25 764. 35 1352. 88

挠　度

( mm )

y rs( 19)

y rs( 44)

0. 12×10- 1

0. 12×10- 1

0. 813×10- 3

0. 269×10- 3

0. 91×10- 1

0. 105×10- 1

0. 33×10- 2

0. 31×10- 2

能量 � ( N·m) 0. 0275 0. 0215 0. 12×103 0. 0616

百分数

� 1

� 2

� 3

46. 9%

46. 7%

6. 4%

90. 5%

6. 64%

2. 83%

19. 4%

56. 7%

23. 9%

10. 2%

66%

23. 8%

计算所得各轴承弯转角列于表 2。表 2中轴承号为图 4中的结点号, 由表 2可见, 高压协

调进动时,地面慢车转速下,低压压气机前滚棒轴承( 2号结点)偏转角达到 0. 0018 r/ m in, 即

该轴承有可能超过轴承偏转角的允许值。航空发动机中热弯曲故障往往是因为热弯曲振动造

成滚棒轴承受力和偏转角过大, 造成轴承抱死。

表 2　低、高压协调进动时轴承转角( r / min)

轴承号 转速( r/ min )
低压协调转速( 1/ s) 高压协调转速( 1/ s )

391. 66 1168. 25 764. 35 1352. 88

2

9

13

16

33

42

转角×104

转角×104

转角×104

转角×104

转角×104

转角×104

0. 56

0. 13

0. 44

0. 28

0. 27

0. 12

0. 48

0. 021

0. 14

0. 25

0. 044

0. 041

18. 0

6. 3

8. 8

4. 8

24

1. 4

0. 12

0. 052

0. 068

0. 20

0. 035

0. 28

计算所得涡轮盘处的热弯曲响应挠度 y rs及系统位能与角速度平方的比值见图 5和图 6。

图 5　涡轮盘处与热弯曲响应 图 6　转子系统的能量与角速度平方的比值

图 6中 E( high)和 E ( low )分别代表高、低压轴协调进动时系统的能量与角速度平方的比值

P s。由图 5, 6可见, 无论是低压还是高压协调进动,一阶临界转速是对热弯曲变形最敏感的转

速。
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3　结　论
　　( 1)转子热弯曲变形与轴上、下表面温度差相对于轴的平均温度的百分比值成正比;在单

个转子热弯曲变形时, 热弯曲振动响应与初始挠度成正比。

( 2)对外支承多于两个的转子系统,应考虑支承刚度对转子热弯曲变形的影响。对本文转

子系统,若不考虑支承刚度对转子热弯曲变形的影响所得的在涡轮盘处热变形结果( 0. 00937

mm )与本文结果( 0. 0188 m m)相差一半以上。

( 3)本文采用的分析方法经过实验与考题的考核,使用方便,计算速度快。如果能够提供准

确的轴表面温度分布, 用本文方法可以得到轴的温度场与热弯曲变形,进而可求得具有较高精

度的热弯曲振动响应。

( 4)发动机设计阶段如果已算得工作转速下稳态温度场, 便可以采用本文方法预估发动机

对热弯曲变形敏感转速及敏感程度, 并可以通过修改转子结构设计,使慢车转速避开一阶临界

转速,并有足够的裕度,而且在地面慢车转速热弯曲响应(包括挠度、轴承受力和弯转角)不大,

同时系统位能不大。

( 5)由表 1可见,哪个转子存在热弯曲而引起该转子协调进动时, 则对应转子能量占总能

量的百分比最大。

( 6)热弯曲响应在低转速区大于不平衡响应
[ 2]

, 叶尖尖隙对于热弯曲特别敏感, 因此评定

热弯曲振动水平首要的是盘处的挠度,其次是滚棒轴承的弯转角和轴承力,再次便是系统位

能。综合以上各种热弯曲造成的影响因素,可用以分析、预防及排除热弯曲故障。
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VIBRATION CHARACTERISTICS ANALYSIS

FOR A SHROUDED TURBINE BLADE

WITH AIR- COOLING HOLES
Ou Yangde, Kong Ruilian, Song Zhaohong

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

Yu shengzhong and Xiao Bo
( Guizhou Aeroengine Research Institute　)

ABSTRACT　　　　A finite elem ent model has been established for analy zing vibration

characterist ics of a shrouded turbine blade w ith air - cooling holes. The ef fects of unifo rm

and nonuniform temper ature dist ribut ion, holes and const raint conditons o f the shr ouds on

the vibr at ion character ist ics are considered. According to the resonant fat igue- damage life

theory , the opt imum clearance betw een neighbo ring shrouds is determ ined to increase the ser-

vice life. The results o f the analysis show that the air - cooling holes have less, but the con-

st raint condit ions and tem perature dist ribut ions have signif icant ef fect on natural f requencies

of the blades.

Key Words　Eng ines　Blade vibration　Finite elements

A SIMPLE METHOD FOR CALCULATION

OF RESIDUAL STRESS IN THERMAL BARRIER COATING
Yang Xiaoguang, , Gen Rui, Xiong Changbing

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

ABSTRACT　　　　T he residual st resses are alway s emerged in plasm a sprayed coat-

ing s due to their spray method. T he accurate calculat ion o f the residual str esses is important

fo r st reng th evaluat ion and ther mal fatigue predict ion of the coat ings, as w el l as for cont rol-

ling and evaluat ing the spraying pro cess. F ir st of all, a main pro cess causing residual str ess

is ident if ied by analyzing plasma spray pr ocess and simpl if ied into a m odel. T he residual

st resses in the coated part is resulted from the differ ence in thermal expansivit ies of the vari-

ous materials invo lved. According to the above ment ioned, authors bring for ward a sim ple

method for calculating residual st resses, w hich can be easily used with finite elem ent method.

Finally, as a demonstr at ion, cylinder- type specim ens ar e cho sen to calculate residual st resses

w ith FEM under various calculating condit ions.

Key Words　Thermal barr ier coat ing s　Residual st ress　Finite elem ent m ethods

A NUMERICAL ANALYSIS OF THERMAL BENDING

DEFORMATION AND ITS INFLUENCE ON ROTOR
Lu Shan, Zhao Ming, Ren Pingzhen, Qi Xianping

( 7th Dep t. Northwestern Polytechnical University , Xi'an　710072)

ABSTRACT　　　　Ther mal bending defor mat ion and its inf luence on an aeroengine's

rotor are analyzed numerically , and some useful resul ts for engineering are obtained. On the

basis of axial symm etrical stat ic temper ture field o f eng ine's rotor , it s ax ial non- symmetrical

tem pertur e f ield is form ed by the aid of thermal bending test data, thr ee- dimension thermal

elast ic FEM is used to calculate the thermal bending deform at ion, and transfer m atr ix method
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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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