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飞机螺桨声场的数值模拟方法

北京航空航天大学　　周　盛　黄立锡

【摘要】　本文给出了预测飞机螺桨在自由空间内幅射的气动声场的一种数值方法。即时域内进行

延迟时间积分的一类方法。在该方法中使用片条假设, 并考虑厚度声源和负荷声源项作为非紧致

声源。计算与实验结果对比表明, 该方法和相应软件可作为一种工程手段来使用。

一、前　　言

　　因为螺桨是飞机的主噪声源。无论是从满足 CAAR36及 FAR36等国内外有关航空声学

的适航性条例, 还是从舱内声学环境满足乘客舒适性角度出发, 都必须在飞机方案设计阶段

就考虑到螺桨的声学性能。此外, 螺桨所幅射的噪声也可能成为飞机构件声疲劳的元凶, 所

以从安全性和结构完整性角度也应予以关注。为满足我国国民经济对于交通运输进一步发展

的迫切需求, 近年来航空工业对于以螺桨为推进装置的民用飞机发展相当重视。因此, 对螺

桨所幅射噪声如何进行预测就成为民用飞机行业和螺桨行业普遍关心的问题。螺桨噪声的预

测工作可追溯到本世纪四十年代以前, 但基本上属于经验性工程方法, 普遍应用时将具有明

显局限性。1952年Lighthill建立了气动声学基本方程组之后, 气动声学已有长足进展。随着

数字式电子计算机和计算物理的迅速发展, 目前各发达国家广泛使用数值模拟方法来预测螺

桨所幅射的声场。由于国内前几年尚未掌握螺桨噪声的预测方法, 笔者在调查和分析 [ 1、2]的基

础上, 独立发展了一种预测螺桨噪声的数值模拟方法[ 3]。这是一类在时域中通过延迟时间积分

以获取在流场中由于固体运动边界而发生的声场的方法。在方法中把螺旋桨考虑为非紧致声

源, 所以具有计算声近场和声远场的能力。

在使用 Ffow cs Wil liams- Hawkings 方程( FW-H 方程)时将四极子声源项略去,厚度声

源和负荷声源都包括在偶极子项之内。借助常用的片条假设, 可将三维几何形状的螺桨所幅射

的声场考虑为沿展向诸片条基元幅射效应的叠加。在求解声场时, 每个基元沿叶型弦向的压力

分布应为已知, 我们使用一种带有贴体坐标的求解二维可压全速势方程的软件来计算压力分

布。众所周知, 声音乃是在介质中小扰动的传播。因此,在数值模拟过程中,声压的系统误差将

会对于数值结果的精度有一定影响。为此本文进行了一点改进。改进点之一是使用沿桨叶表

面的曲线坐标来代替弦向坐标。这样,在积分过程中在桨叶前缘和后缘处将不会出现奇点。

二、螺旋桨声场数值模拟的模型

　　螺旋桨声场乃是一类流场中运动固体边界发声问题。对于此类问题, 目前广泛使用FW-

H 方程
[ 4]
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式中 p
′—声压; □2—D′Alembert 波动算子; T ij—Lighthill张量; li= p a- p o, 其中 p a为物面

上的空气压力, p o 为未扰动压力; �—Dirac函数; �o—未扰动空气密度; V n—叶片表面法向 n
 

方向的分速; t—观测点处的时刻, 并用方程 f
!

( x
!
, t)= 0来描述叶片表面的运动; f < 0表示外表

面; x
!—位于观测点的向量。
在 FW-H方程中通过引入 Dir ac 函数而把固体边界考虑在内, 于是在求解此方程时就便

于应用波动方程的Green 函数。为简化计算, 通过引入 Isom 公式来将FW- H方程中的厚度

噪声项写成偶极子形式 [ 5、6] :
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当略去 ( 1) 式中的四极子项之后, 可将此波动方程表达为

□2 = Q ( x
!
, t) ��� f � ��( f ) ( 3)　

借助Green函数法, 可得到方程 ( 3) 的解为
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式中  代表待求未知函数; Q代表源项; r
 
为沿声发射方向的一个向量; r 为 r

 
的模; Mar 表

示叶片运动马赫数的 r
 方向分量; 下标 ret 表示延迟时间; ds为沿桨叶表面之微元; y

! 为位于
声源点处的向量。使用卷积公式, 可得
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就可将 ( 5) 式改写为
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式中C—未扰动流的音速; #—螺桨的旋转角速度; Ma i—叶片运动马赫数在 r

 
i 方向的分量;

r
 
i—在 x i 方向的 r

 分量; r
∀
i= r

-
i/ r ; Man—叶片运动马赫数的法向分量; ∃—n

 与 r
 之间的夹角;

Ma—叶片运动马赫数; ∀—声源幅射的时间。
方程 ( 7) 就是由螺旋桨所幅射的厚度噪声和负荷噪声的积分解表达式。

三、数值计算方法简介

　　积分是沿声源表面即桨叶表面进行的。设桨叶表面可表示为 f (y
!
, ∀) = 0。现用 p 来代表在桨

314 航 空 动 力 学 报 第　6　卷



叶表面上的一任意点, 且向量 p
! 与点 p 相对应。在此向量中包含着两个参数, 即经向坐标 x

和沿叶片表面的无量纲曲线长度 l o。对应于 p 点的法向量为N
# = {N 1 , N 2, N 3} , 单位法向

量为n
 
, 面积微元为 ds, 它们可表达为

N
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式中 N = N
2
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2
3。于是可由 x= const 与 l= const 两个曲线族形成差分网格。考虑到

气动声学数值模拟对于系统误差十分敏感, 所以在每个方向上都采用精度与效率都较高的

Gauss-Legendre积分, 即
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式中 &i 为 Legendre 多项式零点位置, &i∈ ( - 1, 1) ; %i 为权系数; m为 Ganss- Legendre 积

分的阶数。对应于给定阶数 m , 数组 {&i } 和 {%i} 均可由数学用表中查得。

在整个数值计算过程中, 如何求解延迟时间 ∀乃是关键所在。延迟时间方程为 ( 8) 式, 对

于 �g/ �∀= 1- Ma r> 0, 在方法中使用N ew ton 叠代法对 ( 6) 式求解。在本文介绍的数值计算

方法中, 积分方程 ( 7) 没有奇性问题。除计算法向量 N
∃
之外, 也无需其它偏导数计算。

四、数 值 举 例

　　应用本方法已做过一些计算, 现将一个算例描述如下。算例取自文献 [ 7] , 此螺桨主要

参数如下: 桨叶数三片; 桨尖直径—2. 6m; 螺桨轴转速 2145rpm; 音速—345m/ s; 飞行速度

—40. 14m/ s。在旋转桨盘面内的观测点与飞机一道运动, 观测点与桨轴之间距离为7. 25m。螺

桨三个主要几何参数沿展向分布如图 1所示。图中的 CH 表示叶型弦长; TH 为叶型最大厚

度; ∋为螺桨之桨叶角, 即弦线与旋转平面之间的夹角。

　　　图 1　三个几何参数沿螺桨展向分布 图 2　数值结果与实测数据对比
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在图 2所示的频谱图中给出了数值结果与实验结果之对比。在此图上同时也给出取自文

献 [ 7、8] 的数值结果。实测频谱分布表明, 对应于桨叶通过频率及其谐波的纯音在宽频背

景噪声之上出现明显的峰值突起, 而且纯音的声压级随谐波数增加呈单调减少。取自文献

[ 7、8] 的数值模拟结果和本文的计算结果都能抓住测量频谱分布的主要特征。

图 3展现了螺桨厚度声源项与负荷声源项分别对于声场的影响。对比图 3 ( a) 与 ( b) 两

图可注意到, 对于厚度声源说来, 相应声压级随谐波数递减的趋势慢于负荷声源项所对应的

声压级变化趋势, 而且厚度声源项所幅射的声压级峰值不在最小谐波数处。

图 3　在每个谐波处计算的声压级 ( a. 厚度纯音; b. 负荷纯音)

总之, 计算与实验结果对比表明, 本文所描述的数值方法和相应软件可作为工程工具来

使用。
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AERODYNAMIC DESIGN OF PROPELLER
BY NUMERICAL OPTIMIZATION
Pan Jieyuan and Qian Huede ( APRDC, BUAA)

ABSTRACT　　　　A numerical optim ization method is presented for aerodynamic de-
sign o f propeller. A s the basis o f opt imizat ion, the st rip theory based on Goldstein theory is
applied to predict ion of the propeller aerodynamic per formance. T he comparison of calculated
results w ith experimental data show s that , the st rip theory is appropriate to the optimizat ion.
The m ixed penalty funct ion method is used for the opt im ization. By the means of the method
pr esented her e, tw o propeller s have been designed and redesigned under ident ical f light condi-
tions. T he calculated r esults indicate that the variat ion of eff iciency w ith geometry parame-
ters is mo re gradual in the vicinity of ef ficiency maximum . It is also show n, if both chords and
tw ists in dif ferent sect ions are taken as design var iables, the blade o f the optim ized pr opeller
w ould be more narr ow than that if only the tw ists are taken as design var iables. Therefore
the opt imized pr opeller would be lighter and mor e ef ficient at cruise conditions.

AERODYNAMIC MODIFICATION OF A PROPELLER
Zeng Ming and Gu Gaochi ( APRDC, BUAA)

ABSTRACT　　　　The aerodynamic design featur es of the propeller have been anal-
ysed at first . Accor ding to the analyt ical results and the modern advancements in pr opeller
technology , the specif icat ions of it s expected modif icat ion have been proposed. In it s overall
design the impo rtant parameters have been determined. The pr inciples of opt im ization and
the version select ion are out lined. From the compar ison betw een the w ind tunnel test ing r e-
sults o f both scaled models of the propel ler and its modif icat ion, it is concluded that the modi-
ficat ion is a g reat success. Its stat ic thrust and takeof f climb ef ficiency are increased by
13. 8% and 8. 76% r espect ively. It s cr uise ef f iciency and noise level are also slight ly im-
proved. A ll they exceed the expected ones.

SURFACE FLOW VISUALIZATION OF ROTATING PROPELLER
Mao Xichang, Zeng Ming, Gao Chunfeng ( APRDC, BUAA)

ABSTRACT　　　　Surface flow visualizat ion has been carr ied out w ith tuf t s adhered
to the sur faces of the rotat ing propeller blades. Fr om the experimental results it is found that
in part of four f if ths o f blade sur face from hub to t ip, the air f low runs from leading edge to
t railing edge in the outw ar d direction w ith some inclinat ion to cho rd. In the reg ion of one
fif th near the blade t ip, f low separat ion and reverse f low occur at the blade surface, circula-
tion appears even in the serious case, in consequence negat iv e thrust emerges, w hich cuts
down the eff iciency of the propeller obviously.

NUMERICAL PREDICTION OF SOUND FIELD
GENERATED BY PROPELLER

Zhou Sheng and Huang Lixi ( APRDC, BUAA )
ABSTRACT　　　　A fast and accurate numerical method is presented for predict ing

the sound f ield gener ated by subsonic pr opellers. T he f ree space f ield, including the near and
far sound field radiated by noncompact sources, is calculated by means of a retarded t ime in-
teg ration in time domain. T he FW-H equat ion is appl ied to so lving the sound f ield generated
by moving boundar ies of sol id body in the flow f ield, but it s quadrupo le term is neg lected,
thus the noncompact sources mean the thickness source and the lo ad source both included in
the dipo le term . According to the assumpt ion, the sound f ield generated by a 3-D shaped pro-
peller is considered as the sum of the terms radiated by each st rip element located spanw ise.
The pressure chordw ise dist ribut ion at each element should be known before solving the
sound f ield. Fo r this purpose a code solv ing 2-D compressible ful l velocity potent ial equation
w ith body-f itt ing coor dinates is used which has been developed by BU AA previously . Com-
parison of calculated results w ith test data pro ves the present method and the code to be use-
ful engineering to ols. This conclusion has been also test if ied in the design of a propeller.
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AEROACOUSTICAL MODIFICATION OF A PROPELLER
Li Xiaodong, Yang Xiaodong, Hu Zongan ( APRDC, BUAA)

ABSTRACT　　　　An aeroacoust ical modif icat ion o f a propeller is considered with the
aim of gr eat enhancement of it s takeof f eff icioncy and appropriate cutdow n of it s no ise level
w hen its blade number , blade hub and cr uise ef ficiency are kept unchanged. A t ime domain
method is appl ied to predicting near and far the sound field. From iterat ive aero acoust ical and
aer odynamical opt imizat ion an opt imum design scheme has been obtained. And tw o 1/ 3-
scaled model propellers w er e made to simulate the or ig inal and modified propel ler s respec-
tiv ely . The results of comparative g round experiments show that the OASPL ( Overall Sound
Pressure Level ) decreases by 1 to 1. 5 dB while o ther technical spesif icat ions are met .

EXPERIMENTAL CHARACTERISTICS COMPARISON
BETWEEN TWO SCALE-MODEL PROPELLERS
Mao Xichang, Wang Jiebing, Li Hongmin ( APRDC, BUAA)

ABSTRACT　　　　The aerodynam ic and acoust ic charaeterist ics of tw o scale-model
pr opellers are compared experimentally. A-three blades model ( M odel A ) is a scale-model o f
a product ion type. A four -blades model ( Model B) is a scale-model of a new designed pro-
peller. T heir ro tat ional speeds var y betw een 1500 to 3000rpm . Experimental results indicate
that under ident ical operat ional conditions the four-blades pr opeller has higher thr ust co ef fi-
cient but low er no ise level than the three-blades propeller and also has low er noise lev el at
the same pow er coeff icient . T he four-blades propeller, o f course, is superio r to the three-
blades one in the eff iciency and overall performance.

STRESS ANALYSIS OF A PROPELLER BLADE
Xiong Changbing ( APRDC, BUAA)

ABSTRACT　　　　Three-dimensional f inite element method is applied to str ess analy-
sis of the original and the redesigned propeller blade taking the loads, such as centrifugal and
dynam ical loads. In r espect of st ress distr ibut ion, the airfoil of the redesigned propeller blade
is more reasonable. It s st ress dist ribut ion approaches to isost rength, and safety coeff icient al-
so meets the g iven specif icat ion. T herefore, the redesigned propel ler blade is an quite ad-
vanced design.

STRESS ANALYSIS OF A PROPELLER HUB
Xiong Changbing ( APRDC, BUAA)

ABSTRACT　　　　Three-dimensional f inite element method is applied to str ess analy-
sis of a propeller hub taking centrifugal lo ad, aerodynamical moment and blade centrifugal
tension load. Since its const ruct ion is complicated, loads are various and its st ress distr ibution
is hard to analyze, the elast ic st ress plus principle is employed fo r this purpose. T he analyt ical
results show that the blade centrifug al tension load is predom inant and its constr uction has
been opt imized to a certain ex tent due to current improvements during long t ime of it s service
and modificat ions so the st ress distr ibutions of its par ts are quite even and reasonable, mor e-
over safety coef ficients are lar ge enough.

DIGITAL SIMULATION AND EXPERIMENTAL MODAL ANALYSIS
OF DYNAMICCHARACTERISTICS OF A PROPELLER HUB

Li Kedong and Du Binlao ( APRDC, BUAA)
ABSTRACT　　　　The f inite element method w ith 8-nodes three-dimensional isopara-

metr ic elements and subspace iteration is applied to digital simulat ion of dynamic characteris-
tics of a propeller hub. T he sizes of the st if fness matrices [ K] and mass matrices [ M ] in the
equat ions are very large. T he natural frequencies of the first six orders and its corresponding
modes of the hub have been obtained from the experimental modal analy sis. By comparison
the results of the experimental modal analysis and the dig ital simulat ion are o f the same or-
der.

375No. 4 Abst ract s


