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具有无源控制空腔时正激波/湍流

附面层干扰的数值模拟
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德国卡尔斯鲁厄大学　　R.包宁

【摘要】　采用雷诺平均 N- S 方程和 B/ L 代数湍流模型计算了具有无源控制空腔时正激波/湍流

附面层干扰流场。计算与实验结果的比较表明,本文方法可较准确地预测激波结构、激波与附面层

干扰区流动基本特征及波后流动分离状态、激波位置、波前马赫数等参数。
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1　引　言

　　激波前后压力的突然变化,可能使得超临界机翼的阻力增加, 升力下降, 超音速飞行器进

气道出口流场畸变增加,总压恢复系数减小。Bahi
[ 1]
首先通过实验证实了在激波下端开一空

腔,引波后的高压气流吹除波前附面层, 从而减弱激波, 减小波阻的无源控制空腔技术的有效

性。关于激波/附面层干扰的数值模拟, 已有两种方法:一是粘性/无粘耦合方法。近年来,又进

一步发展成三层模型方法。另一方法是 Chen [ 2]等人提出的, 他们采用雷诺平均的薄层 N - S

方程和修正的 B/ L 代数湍流模型成功地计算了 NACA 翼型上有和无空腔控制时正激波/湍

流附面层干扰流场。本文作者也曾用雷诺平均全N- S方程成功地计算了管内正激波/湍流附

面层干扰流场[ 3]。本文则采用了雷诺平均全 N- S 方程和B/ L 湍流模型,计算了二维拉伐尔喷

管内具有无源空腔控制时正激波/湍流附面层干扰流场。

2　基本方程与数值方法

　　为了计算方便,本文采用了曲线坐标系下的雷诺平均 N- S 方程和标准 B/ L 代数湍流模

型
[ 4]
。

图 1给出了本文计算域的几何形状和计算网格。实际上, 它是德国卡尔斯鲁厄大学流体及

流体机械实验室的一个具有无源控制空腔的正激波/湍流附面层干扰实验段, 其喉道高度为

0. 1 m (位于 X = 0. 3113 m 处) , 实验段在垂直于纸面方向的宽度为 0. 05 m, 在 X = 0. 3719-

0. 4418 m (边长 0. 07 m )的下壁为渗透直壁, 渗透壁下为一腔体, 渗透壁的渗透率 �可以根据
需要通过更换渗透直壁而得到。计算网格为 65×289(图示为 33×145) ,网格生成采用了网格

压缩技术,近壁网格很密,其中第一条网格线距壁面之最小值约为 10- 5 m, 其对应的无量纲参

数 y
+

< 1. 0,沿流动方向的网格在可能出现激波的区域也很密,其△x 约为 0. 5 m m。



图 1　计算域及计算网格

由于喉道处音速截面的存在,很难直接给出来流速度或流量, 因此来流物理条件为给定总

温 T o、总压 P o。出流为亚音,其物理条件选定为静压 Pb。因渗透壁上的小孔非常小( � 0. 125

mm )而且很密,直接用 N- S方程求解所需网格数及机时是现有计算机所难承受的。文献[ 2]

的计算是基于 Darcy 定律,假定速度分布规律,根据流量平衡求得垂直于壁面的渗透速度的,

因而有一定的近似性。本文计算则是根据文献[ 5]给出的通过大量实验数据归纳出的经验公

式。根据文献[ 5] ,渗透壁的法向气流速度

vm = f ( P , P inte r , T , �) ( 1)

其中, P 和 T 分别为流场中渗透壁上流体的压力和温度; P inter为渗透壁下空腔内流体的静压

力; �为壁面渗透率。计算中, 先根据流进、流出腔体的流体质量相等迭代求出空腔内压力, 然

后根据式( 1)求出壁面法向速度。本文算例中, 计算所得空腔内压力和壁面法向速度与实验测

得的结果基本一致。

本文的计算采用时间相关法求解定常流动,其中空间采用格心格式的有限体积法,而时间

采用五步龙格—库塔法,其 CFL 数为 5. 0。粘性项的计算采用中心格式,对流项则采用二阶精

度的 Jameson 方法 [ 6]。为了加速收敛,计算中同时采用了当地时间步长,网格加密,多层网格,

隐式残余平均和焓阻尼等加速收敛技术。

3　计算结果与分析
　　图 2和图 3给出了壁面渗透率 �= 0. 053和 0. 040情况下激波分别位于近壁处激波的位

置 X w= 0. 4069和 0. 4169 m 时, 计算所得等密度线图谱与实验测得的纹影图谱的比较。由图

可知, 计算与实验所得图谱基本相似,激波形状也基本一致, “�”波结构清晰可见,表明本文的

关于渗透壁边界条件, 用雷诺平均全 N- S 方程对激波/附面层干扰的计算是成功的。

此外,计算中还比较了激波前后速度分布, 干扰区壁面压力分布。结果显示计算所得波前

速度大小与分布、附面层厚度、壁面压力等参数与实验吻合很好,但波后速度、壁面压力等误差

较大。造成这一误差的主要原因有: ( 1)因网格不够密,计算格式的精度造成计算所得激波厚度

远大于其物理厚度; ( 2)所用 B/ L 湍流模型没有压力梯度,物面法向速度等的影响,因而不能

准确地估计干扰区内附面层的发展; ( 3)实验具有明显的三维效应,尤其是波后侧壁附面层的

迅速加厚较大地影响了核心流速度, 而计算是纯二维的, 没有计及侧壁附面层。

由图 2和图 3还可以看出, 无源控制空腔的存在,产生了很强的“�”形波,使近壁区内形成
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图 2　计算等密度线与实验纹影图谱的比较( �= 0. 040)

图 3　计算等密度线与实验纹影图谱的比较( �= 0. 053)
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图 4　反压与激波位置之间的关系曲线

了一系列的压缩波,从而弱化了激波,减小了波

阻。

图 4给出了有和无无源控制空腔及不同渗

透率下反压变化对激波位置的影响曲线。图中

横坐标为反应 P b 与来流总压 P o 之比,纵坐标

则为中心区激波位置 X s。由图可知,在反压和

来流总压比不变条件下,随着壁面渗透率 �增
加(认为无空腔控制时 �为零) ,激波将前移,因

而波前马赫数下降,波后总压增加。

图 2和图 3还表明,激波位置不变情况下,

壁面渗透率增加, “�”波的前支波加强,而扇形压缩区强度将弱,波阻减小。

4　结束语

　　本文用雷诺平均全 N- S 方程、B/ L 湍流模型和渗透壁经验模型成功地计算了具有无源

控制空腔时正激波/湍流附面层干扰流场,计算与实验结果吻合较好, 从而进一步表明本文方

法可较准确地预测有、无空腔控制措施时激波结构、激波/湍流附面层干扰区流动基本特征。
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agor ithm for the full Nav ier - Stokes so lver in gener alized curvilinear coordinates is applied

to calculate the viscous f low in the IPS. A t last , the part icle t rajectories in the above viscous

flow field and separator ef ficiency are obtained. Good ag reement betw een the experimental da-

ta and predicted results indicates that the presented pro cedure and its prog ram contribute to

development and design of future high perfomance inlet part icle separator.

Key Words　Flow f ields　Separ aters　Numerical Sim ulat ion

AN IMPROVEMENT OF k-  TURBULENT MODEL
Shen Huili

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

Zheng Xiaoqing and Liu Feng
(University of Calif ornia　U. S. A . )

ABSTRACT　　　　The k-  turbulence model fo r predict ing turbulence tr ansit ion at a

local Reyno lds number low er than that observed in experim ents. Wilcox suggested an ap-

proach to predict t ransit io n through modifying the v isco sity in the  equation w ith f iv e more

clo sure coef f icients, but the approach maded the model too com plicated. Here w e int roduce

only one sim ple param eter to im pr ove the model . An inequality is proposed to set a low er lim-

it fo r the specific dissipat ion. In order to make the Navier- Stokes equat ions and k-  equa-

tions st rongly coupled, a staggered finite vo lum e scheme for discretizing the N- S equat ions

and the k-  model equat ions has been developed. The alg orithm w as tested fo r a f lat plate

flow . Com putat ional r esults show s that the present im provem ent o f the k -  turbulence

model to control the t ransit ion posit ion is effect iv e.

Key Words　Turbulent f low s　Mathem atical m odels　Tr ansit ion points　Boundary

layer

NUMERICAL SIMULATION OF NORMAL SHOCK

WAVE/ TURBULENT BOUNDARY LAYER

INTERACTION WITH PASSIVE CAVITY
Liang Dewang

( 2nd Dept. Nanj ing University of Aeronautics and Astronautics, Nanj ing　210016)

R. Bohning
(University of Karlsrube　Germany )

ABSTRACT　　　　A ful l Navier- Stokes pro cedure, coupling w ith a Baldw in/ Lom ax

turbulence m odel, is used to study the normal shock w ave/ turbulent boundary lay er interac-

tion w ith passive cavity. In addit ion, the vent ilat ion velo city prof ile on the porous plate is cal-

culated by a em pirical model form ulated f rom experim ents. The total pressure and to tal tem-

peratur e boundary conditions fo r inflow are given due to the ex istancc o f sonic sect ion in the

channel f low and the static pressure boundary condition for out flow is given as w ell . T he

compar ison betw een num erical and exper im ental r esults show s that the presented procedure

can predict the shape of the shock, the m ach number in front of the shock, the pressure rat io

on the w all and po sit ion of the shock quite w ell.

Key Words　Turbulent boundary layer　Shock w ave interference　Contro l problems　
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Num er ical Simulat ion

PERFORMANCE PREDICTION

OF BOWED VANE AXIAL- FLOW TURBINES
Yu Qing

( 4th Dept. Beij ing University of Aeronautics and Astronautics, Beij ing　210016)

ABSTRACT　　　　A method fo r the per for mance prediction o f ax ial- f low turbines

w ith bow ed and convent ional vanes is presented, w hich uses f low funct ion as control equation

on S2 surface. Prof ile loss is calculated by numerical method on several S1 f low sur faces.

Secondary loss and t ip- leadage lo ss ar e empirically estim ated w ith pitch- w ide average loss-

es along the cascade blades. T he effect of the blade bow ed angle on the secondary lo ss is tak-

en into account . T he com parison o f the pr edicted results w ith experim ental data conf irms the

feasibility of the m ethod.

Key Words　Performance analysis　Predict ion techniques　Turbines

MEASUREMENT AND DETERMINATION

OF AEROENGINE THRUST
Du Heling

(Chinese Gas Turbine Establishment, Jiangyou　610500)

ABSTRACT　　　　It is diff icult to measure the f light thrust of Aeroengine dir ect ly. It

is determined now by calculation w ith mathm at ical relat ionships of the f light thrust to the

physical quant it ies w hich can be m easur ed direct ly. According to the def init ion and the ex-

pression o f the thrust , as w ell as the condit ions derived f rom them , a method of aeroengine

thr ust determ inat ion and its progr am ar e provided on the basis o f engine par t tests, m odel

tests, eng ine ground test , alt itude- simutat ion tests, and flight tests. At the same tim e, the

important funct ion of the alt itude- simulat ion facility is also analyzed in respect of correct

fl ig ht thr ust deter minat ion.

Key Words　Aircraf t eng ines　T hrust　Measurement method

VALIDATION TESTS WITH A SCALE- MODEL

FOR SURFACE SOUND PRESSURE PREDICTION

OF PROPELLER AIRCRAFT
Wang Tongqing

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

ABSTRACT　　　　An experimental resear ch w ith a propeller aircraft scale model has

been completed to obtain reasonably comprehensive data fo r validat ing its impr oved sound

field model . Instead o f the tests in anecho ic w indtunnel as abroad, the scale- model tests w as

accomplished in outdoor conditions. In the pr edicton of propel ler no ise in fr ee f ield w ith the

improved sound f ield m odel, the load data on the propeller blade sur face were obtained fr om

calculat ion of inver se problem. T he measured results of sound pressure on the scale- m odel

have been compared w ith that predicted by the improved sound field model in a reasonable a-
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