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直升机旋翼桨叶截面刚度的有限元计算3
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【摘要】　本文利用线性二维截面分析模型,在方程的建立和推导中综合考虑了直升机旋翼桨叶梁

的变形特点,和梁截面的面内和面外翘曲对梁截面刚度的影响。在此基础上编制了具有多个不同

节点单元可用于计算各向异性材料的旋翼桨叶截面刚度的有限元软件,用复合材料盒形梁作为算

例并与NABSA 的结果比较表明该方法及编制的软件正确可靠。
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1　前　言

　　随着直升机无铰ö无轴承旋翼的出现,桨叶常常处于大弯曲与扭转变形状态,其气动一弹

性耦合亦十分强烈。在复合材料旋翼桨叶结构的气弹剪裁中,为了充分利用桨叶受载状态下拉

—扭耦合达到最佳的气动效果,同时也为了充分利用桨叶的弯—扭耦合等来提高桨叶的气弹

稳定性,正确快速地计算出旋翼桨叶截面刚度显得十分重要。近年来对桨叶梁截面刚度的研究

主要有解析法[1 ]和有限元素法。当单元库足够时,有限元素法可方便地处理任何复杂的截面几

何形状和任意的材料分布。目前国外有用于处理非均匀、各向异性梁截面刚度的软件包NAB2
SA ,但鲜有资料介绍其方法。本文利用线性二维截面分析模型,综合考虑了桨叶梁的变形特

点,及梁截面的面内、面外翘曲对梁截面的影响。在此基础上编制了具有多个不同节点的可用

于复合材料桨叶梁截面刚度计算的有限元软件,并给出了有关考证算例。

2　考虑翘曲变形的分析模型

　　假定模型所描述的梁具有细长、各向异性、不均匀的等截面,同时忽略局部应力效应。梁内

任一点的位移 S i ( i= 1, 2, 3)可用矢量形式{Ε}和{Ρ}表示: {Ε}= {Β, Χ}T , {Ρ}= {f , p }T ; 其中{Β}

= (Ν11, Ν22, 2Ν12) T , {Χ}= (2Ν12, 2Ν23, Ν33) T , {f }= (Ρ11, Ρ22, Ρ12) T , {Ρ}= (Ρ13, Ρ23, Ρ33) T。作用在截面

上的合内力{Η},包括合力{T }和合力偶矩{m }。若定义一位移场{v }= {w }+ [z ]{Υ},其中:

[z ] =

0 0 - x 2

0 0 x 1

x 2 - x 1 0

　　　　
{w } = (w 1 (x 3) ,w 2 (x 3) ,w 3 (x 3) )

{Υ} = (Υ1 (x 3) , Υ2 (x 3) , Υ3 (x 3) )

{w }和{Υ}分别表示位移和转角,则由{v }引起的应变为:



{Β} = 0　,　{r} = [ t ]{Υ} + {w ′}[z ]{Υ′}
式中“′”表示对 x 3 求偏导数 (下同)。因此{v }是保持横截面不变形的位移。若定义应变参数

{ Ω}6×1= {w ′- [ t ]Υ, Υ′}T ,则任一点应变可表示为: {Ε}= [Z ]{Ω},将位移分解成保持横截面形

状不变的位移{v }和翘曲位移{g },则{s}= {v }+ {g },系统在虚位移{∆s}= {∆v}+ {∆g }上所做

的虚功为:

∆3 l = {∆Ω}T {Η} - {∆Ω}T∫A [Z ]T {Ρ}dA +∫A ({Ρ′}T [S ]T {∆g } - {Ρ}T [ &]{∆g }) dA (1)

其中:　　[Z ] =
0　0

I　z
　　[S ] =

0

I
　　[ &] =

5ö5x 1 0 5ö5x 2 0 0 0

0 5ö5x 2 5ö5x 1 0 0 0

0 0 0 5ö5x 1 5ö5x 2 0

　　将翘曲位移在截面上离散,有:

{g } = [N ]{# }　,　{Ε} = [B ]{# } + [S ] [N ]{# } + [Z ]{Ω} (2)

式中[N ]是形函数,此时虚功为:

∆3 l = {∆Ω}T (- [L ]{#′} - [R ]{# } - [A ]{Ω} + {Η}) + {∆# }T ( [M ]{#″}
- [H ]{#″} + [L ]{Ω″} - [E ]{# } - [R ]{Ω}) (3)

式中: [L ] =∫A [N ]T [S ]T [D ] [Z ]dA 　,　[R ] =∫A [B ]T [D ] [Z ]dA

[A ] =∫A [Z ]T [D ] [Z ]dA 　,　[M ] =∫A [N ]T [S ]T [D ] [S ] [N ]dA

[E ] =∫A [B ]T [D ] [B ]dA 　,　[C ] =∫A [B ]T [D ] [S ] [N ]dA 　,　[H ] = [C ] - [C ]T

[D ]为材料的弹性矩阵, [B ]= [L ] [N ],由 ∆3
l= 0,得:

[M ]{#″} - [H ]{#′} + [L ]{Ω′} - [E ]{# } - [R ]{Ω} = 0

- [L ]T {#′} - [R ]T {# } - [A ]{Ω} + {Η} = 0 (4)

上式的解由通解和特解两部分构成,其通解可由下示特征多项式特征向量的线性组合表示:

Κ2 M 　0

0　0
- Κ

H - L

L T 0
-

E R

R T A0
(5)

由特征值的性质证明[5 ]局部解是对应内力为零的解。并且在梁端部一个很小的范围内对位移

有影响,随后位移按 e的指数衰减。因此梁的大部分区域内,位移将由特解构成:

{# } = [X ]{Η}　,　{#′} = [X ′]{Η}　,　{Ω} = {Y }{Η}　,　{Ω′} = {Y′}{Η} (6)

则由平衡时 ∆3
l= 0定义的截面柔度矩阵[F ]具有以下具体形式:

[F ] = [X T　X ′T　Y T ]

E C R

C T M L

R T L T A

X

X ′

Y

(7)

相应截面刚度阵[K ]= [F ]- 1,梁的截面刚度特性反映了梁变形或运动的整体效果,它仅是轴

向座标 x 3 的函数。

3　程序实现与算例

　　直升机桨叶截面具有复杂的几何形状,为此必须开发出足够的有限元单元库。由上述理论

我们编制了包含三节点常应变三角单元、六节点三角单元、四节点、八节点等参单元。其组合可
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方便地计算各向异性材料桨叶截面的刚度。为了验证程序的有效性,我们对文献[ 4 ]介绍的复

合材料盒形梁截面刚度作了计算考证。盒形梁截面为 33153 mm×16167 mm 矩形,壁厚 01838

mm。铺层为[ 20ö- 70ö20- 70ö- 70ö20 ]T ,材料为 T 300ö5208,参数是: E 11= 142 GPa, E 22= E 33

= 918 GPa, G 23= 4183 GPa, v 12= v 13= 0142, v 23= 015。采用本文方法编制的软件计算该截面的

刚度,结果与NABSA 的结果比较列于表 1。

表 1　[20ö- 70ö20ö- 70ö- 70ö20 ]T盒形梁截面刚度与NABSA 结果比较

刚度 NABSA [4 ] 本文方法 刚度 NABSA [4 ] 本文方法

K 11öN

K 22öN

K 33öN

K 14ö(N·m )

K 25ö(N·m )

015157E7

017897E6

013014E6

- 011754E4

018491E3

015162E7

017874E6

013010E6

- 011723E4

018488E3

K 36ö(N·m )

K 44ö(N·m 2)

K 55ö(N·m 2)

K 66ö(N·m 2)

019246E 3

011534E 3

012506E 3

017600E 3

019227E 3

011566E 3

012522E 3

017587E 3

5　结束语

　　本文的分析模型及方法综合考虑了复合材料桨叶的变形特点,解决了梁截面的面内、面外

翘曲对截面刚度的影响;编制的软件经算例考核正确、可靠。为复合材料旋翼桨叶的设计与分

析提供了有效的截面刚度计算工具。
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TECHN ICAL NO TES

NUM ER ICAL SIM ULAT ION OF FLOW F IELD

IN AN A IR PART ICL E SEPARATOR
L in Guohua and Y uan X iugan

(5th 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 genera l d ifferen t ia l equat ion in ob lique cu rvilinear coo rd inates

has been estab lished acco rd ing to the ten so r analysis and has been u sed to sim u la te the 3- D

flow field in a part icle separa to r. Compu ta t ional grid are set up w ith the body- fit ted coo rd i2
nates and a k- Ε tu rbu lence model is adop ted in compu ta t ion. Specia l f lu id phenom ena in a

helico idal p ipe have been sim u la ted. T he part icle t ra jecto ry model has also been estab lished

and has been u sed to analyze the perfo rm ance of the vo rtex tube. T he resu lts are in good a2
greem en t w ith the experim en t.

Key W ords　Part icles separa t ion　T h ree dim en sional f low　N um erica l sim u la t ion

NUM ER ICAL ANALY SIS OF COM PRESSOR CASCAD E

FLOW W ITH NOVEL TURBUL ENCE MOD EL S
L iL ing and L u Ya jun

(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 n exp licit N - S so lver has been w rit ten at the op t ion of one of

th ree tu rbu lence models: Standard K- Εmodel is an imp licit K- Εmodel coup led w ith the ex2
p licit N - S so lver in a novel w ay w h ich takes accoun t of m u lt ip le t im e scales by adding an ex2
t ra term to the dissipat ion equat ion, and tu rbu lence model based on RN G m ethod w h ich takes

accoun t of unbalance effect by adding an ex tra term to the dissipat ion equat ion. T he code has

been app lied to num erica l analysis of the flow in the comp resso r cascade. T h ree so lu t ion s ob2
ta ined w ith the th ree co rresponden t tu rbu lence models are compared w ith the experim en ta l

resu lts by F lo t, R and Papalion, K. It is show n that the resu lts w ith la ter tw o tu rbu lence

models becom e clo ser to the experim en ta l resu lts.

Key W ords　T u rbu lence　V iscou s flow　N um erica l sim u la t ion　Comp resso r

A CALCULAT ION OF CROSS- SECT IONAL ST IFFNESS

OF COM POSITE HEL ICOPTER BLAD E
X iang J inwu and Zhang X iaogu

(5th 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 n app roach is p resen ted fo r calcu la t ion of compo site helicop ter
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b lade cro ss- sect ional st iffnesses w ith fin ite elem en t m ethod on the basis of the tw o- dim en2
sional linear model. T he w arp ing effect and defo rm at ion characterist ics are inco rpo ra ted in

the fo rm u la t ion. A s a resu lt, a softw are w as been developed, w h ich con sists of 3 nodes, 4

nodes, 6 nodes, 8 nodes elem en ts. T he effect iveness of the p rogram has been verif ied by

m ean s of comparison w ith NABSA ’s analyt ica l resu lts.

Key W ords　H elicop ter b lades　C ro ss sect ion　Stiffness　F in ite elem en t m ethods

APPL ICAT ION OF TWO - VAR IABL E SEL F- STUN ING

FUZZY CONTROL BASED ON FUZZY REASON ING

W ITH FOUR INPUTS IN AEROENGINE CONTROL
Fang Zhongx iang, L i Huacong, W u Qihua , Zhang J iazhen , Chen Fuqun

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

ABSTRACT　　　　Self- stun ing techn ica liza t ion w as in troduced in to the fuzzy con tro l

a lgo rithm based on the fuzzy- reason ing w ith fou r inpu ts. A new tw o- variab le self- stun2
ing fuzzy con tro l a lgo rithm w as syn thesized based on the fuzzy- reason ing w ith fou r inpu ts.

T hen a tw o- variab les self- stun ing fuzzy con tro ller w ith fou r inpu ts has been designed. T he

research focu ses on the algo rithm s and the p roperty of th is con tro ller, as w ell as its app lica2
t ion in aeroengine con tro l by compu ter sim u la t ion. T he resu lts show that th is m ethod is feasi2
b le fo r the aeroengine con tro l system.

Key W ords　Fuzzy con tro l theo ry　A ircraft engines　A u tom atic con tro l　Sim u lat ion

EXPER IM ENTAL RESEARCH OF REVERSE

FLOW IN AX IAL - FLOW COM PRESSOR
L i Jun

(1s t D ep t. A ir F orce Eng ineer ing College, X i’an　710038)

Zhu Junq iang, L iu Hong, L iu Zh iwe i
(7th D ep t. N orthwes tern Polytechn ica l U n ivers ity , X i’an　710072)

ABSTRACT　　　　T he experim en ts of reverse flow in a single - stage ax ia l- f low

comp resso rw ere comp leted. T he param eters, such as velocit ies, sta t ic and to ta l p ressu re, inci2
dence and devia t ion, w ere m easu red at th ree sect ion s: the in let sect ion of ro to r, the sect ion

betw een ro to r and sta to r, the ou t let of sta to r. T he p ressu res and temperatu res of the flow are

m easu red w ith a steady acqu isit ion system. T he experim en ta l resu lts show that, un ifo rm flow

param eters are ob ta ined at the ou t let sect ion of sta to r, bu t the param eters in the in let sect ion

of ro to r vary obviou sly at the radia l d irect ion. T he incidences of the reverse flow are very

large, so there ex ists a great lo ss. T herefo re, the tem ep ratu re rises as the gas flow th rough

the comp resso r reversely.

Key W ords　Comp resso rs　A erodynam ic tests　F low param eter m easu rem en t
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