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有初始横流的冲击壁面强化
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【摘要】　对初始横流的冲击壁面强化的换热特性进行了实验研究。实验的参数范围: Re j = 5000-

20000, Zn= 1- 3, G c/ G j= 1- 1. 3。实验表明:随着初始横流的增加 (G c/ G j 的增大) ,将改善冲击粗

糙肋靶面的换热特性; Zn 的变化对换热有着明显的影响,存在一个最佳值;实验结果还表明冲击孔

与粗糙肋相对位置对换热有影响。

　主题词: 　冲击　换热　冷却　涡轮
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1　引　言

　　由于冲击冷却和粗糙表面强化换热具有换热效率高的特性,因此吸引了国内外许多学者

对此进行研究。但两者的复合冷却即冲击壁面强化复合冷却研究却较少。文献[ 1, 2]曾研究了

这一复合冷却技术,但没有研究初始横流对该复合冷却的影响。本文根据某型航空发动机高温

涡轮叶片中弦区的冷却问题,模拟实验研究了有初始横流的冲击粗糙肋靶面的复合冷却换热

特性。研究了初始横流、孔靶间距、对换热特性的影响,研究中发现冲击孔与粗糙肋相对位置对

换热也有影响。

2　实验装置、实验数据及处理方法

　　实验装置分为两部分: 主流系统和横流系统。空气经过压缩机压缩, 经气水分离器、储气罐

后,分为两路主流和横流。主流流经孔板流量计或转子流量计、扩散段、稳定段,到实验段,通过

冲击孔形成冲击射流冲击到靶面上。主流流量大时, 用孔板测量,小流量时用转子流量计测量。

图 1　实验段装置示意图

横流空气流经横流转子流量计、稳压罐进入横流矩形

通道后形成初始横流, 横掠过靶面。

实验段由冲击孔板、横流进口、靶板和加热系统组

成(图 1)。靶板由 6块带有方肋的紫铜块组成,各铜块

之间用石棉垫绝热。靶板的划分是由冲击孔决定的,

冲击孔正对各铜块的几何中线上,靶板的温度是由 16

对热电偶测得。16对热电偶分别敷设在 6块铜块上,



热电偶在实验前进行了标定。热电偶穿过 0. 5 mm 的孔与铜板固定。用康铜膜做成发热元件,

其大小一致, 分别对 6块铜块独立加热,由可控硅整流器控制加热量。为了保证冲击孔板与靶

板的平行度, 靶板和冲击板分别埋在钢板中,两者之间由控制孔靶间距的挡块隔开。

主要参数:冲击雷诺数R ej= 4m�/ (��dn) ;每块铜块热流密度 qi= (W - W
′
) / ( 6A f i ) , ( i= 1,

2, ⋯, 6) ;各铜块的平均努谢尔特数N u i= ( qidn) / [ ( T w i- Taw i)  ] ;整块靶板的平均努谢尔特

数N u= �
6

i= 1

N u i

6
, ( i= 1, 2, ⋯, 6)。式中 W 为整流器输出功率,W ′为系统散失热量,测量结果表

明散热率(W - W
′) /W < 5%。为验证加热系统的均匀性及测定热电偶测点误差,在无来流状

态下,对靶板加热, 稳定后测得各铜块上的温度 T w 1为 20. 75, T w2、T w3、T w 4、和 T w 5为 21, T w 6

为 20. 75。实验中各铜块的热电偶温差小于 1℃, 靶面温度均匀。T aw为各个紫铜块的绝热壁温,

T aw是在没有加热下高速射流冲击靶面时测得的靶板温度, 所有热电偶测得温度几乎一致。

3　实验结果讨论

　　本实验模拟了某型发动机涡轮叶片中弦区复合冷却。几何尺寸无量纲 X 方向冲击孔间距

X n 为 10,无量纲 Y 方向冲击孔间距Y n 为10, p / e为 10,靶间距Zn为 1- 3。实验在不同Zn( 1-

3)下改变雷诺数R ej ( 5000- 20000) ,横流密流比 Gc/ G j ( 0- 1. 3)进行了一系列的研究。

图 2是 Gc/ G j= 0( Gc 横流密度, G j 为射流密度)相同雷诺数不同 Zn 下的N ui 的曲线分布

图。由图可见随着无量纲靶间距 Zn的变小,曲线呈上升趋势越来越明显,和文献[ 1, 2]中研究

结果相吻合。在 Zn= 1和 1. 5时曲线上升趋势明显, 而在 Zn= 2. 5和 3时整个曲线相对平缓,

其原因可能是因为前排冲击射流对后排射流形成了横流,由图 2知:一般来讲,对于粗糙靶板

图 2　相同雷诺数不同 Zn 下N ui 的分布曲线

横流的加入总是使N ui 得到了提高。在相同冲击雷诺数下, Zn= 1和1. 5时由于靶间距小,横流

作用明显,而 Zn= 2. 5和 3时则不太明显。此外,曲线都波动呈“W”型,即在1, 3, 4和 6冲击孔

处, N ui 较高,而在 2. 5处Nu i 较低。这主要是由于冲击孔与粗糙肋的相对位置的影响,如图 1

所示冲击孔 1和 6正对肋, 3和 4处于两肋之间,而 2和 5则位于肋边。射流流场分为 3部分,

即自由射流、驻点流和壁面射流。在1, 3, 4和 6处冲击射流到达靶面后所形成的壁面射流得到

了充分的发展。而在位置 2, 5处,由于冲击射流与冲击到肋边上几乎一边的壁面射流受到了肋

的阻拦后被迫与靶面分离, 导致该处换热效果差。

270 航 空 动 力 学 报 第　11　卷



图 3是Re j= 5000, Gc/ G j≥0时,不同Zn下Nu i 的分布曲线。由图可见随着 Gc/ G j 的增加,

图 3　Gc/ G j≥0不同 Zn 下Nu i的分布曲线

换热整体得到改善,其中位于肋边的 2, 5冲击孔处改善情况有较大差异。位置 2处换热情况得

到改善,而位置 5处始终换热差。这是由于位置2冲击孔处于肋后, 位置 5冲击孔处于肋前。而

初始横流的加入使冲击射流驻点位置向后发生了偏移,对位置 2而言,驻点后移使贴壁面的壁

图 4　不同 Zn 下 Gc /G j 与N u的关系曲线 图 5　相同 Gc / Gj 不同雷诺数下 Zn 与N u的关系曲线

面射流增多, 换热增强。位置5射流冲击到肋根处,受肋的阻拦使壁面射流的分离量更大,贴壁
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面气流更小, 同时横流使与横流流向相反的壁面射流受阻,换热更差。为了讨论靶板的整体换

热情况,定义了N u。图 4是Rej= 8000, Gc/ G j≥0不同Zn下N u的分布曲线。由图可见随着横流

的加入, N u不断升高,相比之下,文献[ 3]实验得出的冲击光滑靶面 Gc/ G j > 0时, 随着横流的

加入,靶板整体换热反而比 Gc/ G j= 0时N u低,但当横流很大以致占主导地位时,换热又变好。

这是因为粗糙板使横流在通道内得到了扰动,所以换热效果好。在有初始横流时,冲击粗糙板

的换热效果优于冲击光滑板。

图 6　不同Z n下 m
�/ m�j 与Nu的关系曲线

图 5 是相同 Gc/ G j 不同雷诺数下, Zn与N u的关

系曲线。曲线的形状大体呈钟形, 即随着 Zn的变化,

N u出现了峰值,在所有研究 Zn变化的冲击光滑板冷

却中文献[ 1, 2, 4] ,都指出了 Zn具有最佳值。一般认

为 Zn= 3- 4, 且与实验的几何尺寸有关。在本实验条

件下, 发现冲击粗糙板 Zn的最佳值还与射流的雷诺

数有关。随着R ej 的增大, Zn 的最佳值变小, 5000≤

Rej≤11000时, Zn的最佳值在 2附近,在 15000≤Rej

≤20000时,最佳值在 1. 5附近。图 6是Re j= 8000不

同 Zn下 m�c/m�j 与N u的关系曲线。工程应用中,常在

同一冷气量下评价一个冷却方案的好坏。由图 5、6

知,虽然在 Gc/ G j 相等时, Zn的最佳值在 2附近, 但

从所用冷气量这一角度进行比较, 发现 Zn的最佳值在 1. 5附近, 同时可看出,在小靶间距时,

随着m
�
c/m�j 的增加, 换热效果越好。这是由于相同m

�
c/m�j 下, Zn 越小, 则G c/ G j 越大,即横流速

度越大,使横流掠过靶面的速度梯度变大, 换热加强。

4　结　论

　　( 1)在冲击粗糙靶时,由于初始横流的加入,使N u得到了提高。( 2)在有初始横流时,由于

肋的扰动使粗糙靶换热加强。( 3)随着 Zn的变化整个靶板换热情况变化很大,在不同几何尺寸

和冲击雷诺数下, Zn存在一个最佳值。( 4)冲击孔与粗糙肋的相对位置对换热有影响。
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rotary speeds of the cage and the balls decrease and their skiddings become serious as the
thr ust go es dow n, especially to a small value. So the m inimum thrust preload for prevention

of skidding o f the balls on the inner race can be est imated.

Key Words　rolling bearings　Mechanical drives　Kinet ic analysis

INTERMITTENT AND CHAOTIC PHENOMENA
IN A RUB IMPACT ROTOR SYSTEM

Chu Fulei, Feng Guanping, Zhang Zhengsong
(Dept. of Precision Instruments, Tsinghua University , Beij ing　100084)

ABSTRACT　　　　Vibrat ion characteristics of a rub impact ro to r sy stem supported on
oil f ilm bearings were investig ated. Elast ic impact and the Coulomb type of frictional relat ion-

ship w as assumed. Rotating speed and the system damping were used as control parameter s
to discover routes to and out of chaos and to study var ious fo rms of periodic、quasi- periodic
and chaot ic vibrat ions. Very rich types of chaot ic vibrat ions w ere found for the model dis-
cussed. Also the system mot ion show s tw o dif ferent form s of intermit tent phenomena. One
is the interchange between periodic and quasi- periodic vibrat ions. Ano ther is betw een peri-

odic and chaot ic vibr at ions. Vibrat ion features such as chaot ic vibration, interm ittent phenom-
ena and br oad- band of periodic vibrat ion can be ef fect ively used to diagnose the rub impact
fault w hich o ften happens in a rotor system.

Key Words　Ro to rs　Chaos　Vibrat ion　Damping

EXPERIMENTAL INVESTIGATION
ON ROTOR VIBRATION CONTROL

BY ELECTRORHEOLOGICAL DAMPER
Meng Guang, Ying Dazhang, Yao Guozhi

( Insitute of Vibration Engineering, Northwestern polytechnical University, Xi'an　710072)

ABSTRACT　　　　In this paper the Elect ro rheological ( ER) f luid and its characteris-
tics are int roduced br ief ly and the applicat ion of an ER damper in rotor vibrat ion contr ol is
studied experimentally. It is found that by increasing the applied elect rical f ield str ength, the
damping and st iffness of ER damper are increased, the vibrat ion amplitude of the rotor sy s-
tem suppor ted on ER damper is decreased in the sub- crit ical speed range and at the crit ical
speed, and is increased in the super - cr it ical speed range. T he critical speed o f the r otor sy s-

tem can be changed by means o f the appl ied elect rical field st rength. T he damping pro vided
by the ER damper has the pr opert ies of bo th the Coulomb damping and the v iscous damping .

Experimental r esults show that the ER damper has obv ious ef fect on vibrat ion contro l, and
featur es instantaneous control, litt le energy consumpt ion and broad frequency range. Besides,
it 's st ructure is simple.

Key Words　Ro to rs　Elect ric current　Rheo stats　Vibrat ion　Contro l action

AN EXPERIMENTAL STUDY OF HEAT TRANSFER
BY JET IMPINGEMENT ON ROUGHENED SURFACE

WITH INITIAL CROSSFLOW
Zhang Dal in, Chang Haiping, Han Dong

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

Sheng Rongchang
(Zhuzhou Power Plant Research Institute, Zhuzhou　412002)

ABSTRACT　　　　Impingement heat t ransfer f rom the rib roughened surface w ith
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tw o- dimensional arrays of circular jet has been invest igated in comparison to the jet o rifice
plate. The study cover ed jet at R ej= 5000- 20000; the init ial crossf low r ate Gc/ G j= 0- 1. 3;

and nondimensional jet- to- surface spacing Z n= 1. 5, 2, 2. 5, 3. T he experimental results
show that the impingement heat t ransfer f rom the rib roughened surface w ill be improved by
increasing the init ial cr ossflow rate. T he heat t ransfer characterist ics ar e considerably af fect-
ed by the jet- to- surfaces spacing , and there ex ists an opt imum. T he effect of relative posi-
tion of jet hole to ribs on heat t ransfer has been obser ved.

Key Words　Shocks　Heat tr ansfer　Coo ling　T urbines

EXPERIMENTAL STUDY ON ATOMIZATION
CHARACTERISTICS OF PLAIN ORIFICE

AT SUBATMOSPHERIC PRESSURE
Xu Puqing and Wang Jiahua

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

ABSTRACT　　　　The atomizat ion characterist ics o f a plain or if ice at subatmospheric
pr essure w ere studied by means of pulsed laser holog raphy, and holo gram images of cro ss-
spray downst ream fuel cloud field w ere analysed with computer image system . T he results
obtained show how the mean part icle size and part icle size space distr ibution vary w ith air v e-

locity、ambient pressure and spr ay fuel pr essure. The first , the air velocity is a primar y factor
that af facts the fuel atom izat ion at either normal or subatmospheic pr essure, the mean par ti-
cle sizes monotonically increase as the air velocity decr eases. T he second, as the air density
reduces w ith descending ambient pressure, aerodynamic force and turbulent f luctuat ion are

reduced which force spray fuel sheet to breakup and drop size to fall to a crit ical v alue. As a
result , the penet rat ion is augmented, atomizat ion is retarded, and mean drop diameter is in-
creased, as w el l as fuel density space distr but ion becomes non- um iform and the quality o f
atomizat ion obv iously deterio rates. Therefo re, the ambient pressure is also impo rtant to at-
omizat ion. The last , w hen the nozzle spar y goes across the direct ion of air, at subatmospheric

pr essure spary penet rat ion depth rises mo re rapidly than at atmospheric pressure as the fuel
- inject ion pr essure increases.

Key Words　Low pressure　Plain orif ice　Nozzles　A tomizing　T ests

NUMERICAL SIMULATION OF COMBUSTION PROCESS
IN LRE TEST COMBUSTION CHAMBER

Wang Zhenguo, Zhou Jin, Yan Xiaoqing, Zhuang Fengchen
( 1st Dept. National University of Def ense Technology, Changsha　410073)

ABSTRACT　　　　Tw o- phase turbulent react ing flow model of the inter nal oper at-
ing pr ocesses in Liquid Rocket Engine ( LRE) is set up in non- orthogonal cur vilinear coordi-
nates. By means of this model , numerical simulat ion of the combust ion flow process in LOx /
GH2 test rocket engine has been accomplished. From the simulation, v elo city pat ter ns, contour

maps o f g as species concentrat ion, temperature, pressure, M ach number , combustion eff icien-
cy , and plo ts of wall temper ature and average radiateion temperature, and plot of spray vapor-
ization ar e obtained.

Key Words　Liquid propallant ro cket eng ines　Combustion pro cesses
Numer ical simulation
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