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单孔复合角射流的流场实验研究
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【摘要】　在回流式传热风洞中,用五孔针对单气膜孔射流下游的流场进行了三维测量,观察到了

复合角射流时产生的一对具有明显强度和大小差别的流向耦合双涡结构,并发现 Χ= 15°的扇形孔

较圆孔具有较弱的射流穿透能力和旋涡强度,其射流冷气可更利于贴近壁面。
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1　实验装置与条件

　　实验在回流式传热风洞中进行[1 ] ,坐标系、喷射角及试验件的结构与尺寸以及参数定义均

与文献[ 1 ]中完全一致。Β是喷孔向负 z 方向旋转后其轴线在 x - z 平面上的投影与 x 方向间

的夹角。射流雷诺数R e= ΘjU jD öΛj 均为 20000;对应吹风比M = ΘjU j öΘ∞U ∞为 110和 210,主

流速度U ∞分别为 1211±0110 m ös, 616±0112 m ös。在所有对应无射流工况下,主流湍流度均

为 0124±0103% ,喷孔中心位置在对应两个主流速度的边界层动量厚度雷诺数分别为 720和

54016。本文采用旋转五孔针的方法进行测量。

2　边界层中流向速度U öU ∞等值线的一般特征和流向涡的结构、强度
　　图 1 (a)～ (c)为圆孔射流时U öU ∞的等值线分别在 x öD = 110, 210和 4135截面上分布,

此图较突出地代表了复合角射流时沿流向U 分布的 4个典型特征: (1)射流向负 z 方向偏移,

整体分布不对称; (2)在射流后尾迹区的上方,射流核心区域呈不对称腰子形,具有U öU ∞>

110的超越速度,其最大值偏向正 z 一侧,且这个超越速度区域沿流向逐渐消失; (3)在尾迹区

中速度严重“亏损”,并存在一个沿流向逐渐扩大的尾迹流动核心区域; (4)在射流两侧,边界层

变得很薄,且正 z 侧比负 z 侧更薄。图 1 (a)～ (d)中, Α= 60°, Β= 30°,M = 110, R e= 20000。

图 1 (b)和 (d)反映了Χ对U 分布的影响。当Χ从图 1 (b)中的 0°扩张为图 1 (d)中的 15°时,

射流穿透主流的能力明显减弱,超越速度消失,射流后的尾迹区域明显减小,射流两侧的边界

层明显增厚。这表明由于扇形喷孔出口截面面积的增大,导致了该截面上吹风比和动量比的减

小,从而使得射流冷气能够较好地贴附在壁面上起到保护作用。

图 2 (a～ b)和图 2 (c～ d)分别是圆孔和 Χ= 15°的扇形孔射流下游 x öD = 110和 4135截面

上的V 和W 速度矢量分布 (图 2 (a～ d)中, Α= 60°, Β= 45°,M = 210, R e= 20000) ,从图中可发

现,在复合角射流工况下,产生了一对明显的流向耦合涡,但由于喷孔轴线向负 z 方向偏转,因



而在负 z 的一侧,流向涡受到了抑制,范围很小,非常靠近壁面,其强度较弱,而正 z 一侧的流

图 1　复合角射流时U 分布的一般特征

图 2　V ,W 速度矢量

向大涡则同喷孔未偏转前的情形差不多。此前的研究[1- 4 ]表明,在 Β= 0°的对称射流的下游均
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会产生一对对称流向耦合涡,但这一 Β≠0°时产生的、一对具有明显强度和大小差别的流向耦

合双涡结构,是本文作者在实验中观察到的。

Comp ton 和 John ston [5 ]在与本文近似的实验条件下没有观察到流向小涡,作者认为可能

是以下 3方面的原因: (1)测点设置离壁面太远。他们测量的最靠近壁面的点为 y öD≈ 0179,而

在本文所进行的实验中, y öD 的最小值可达 0113; (2)流向测量截面离喷孔太远。他们设置的

离喷孔最近的截面的 x öD≈ 2014,这样远的距离,流向小涡完全有可能在流程中破裂和消失;

(3)吹风比M 不够大。

图 3　圆孔和扇形孔流向涡度 8 x 的分布比较

图 2 (a～ b)和图 2 (c～ d)反映了Χ对流向涡结构的影响。随着扇形角从 0°增大为 15°,可以

发现涡心更靠近壁面,旋涡强度得到了显著的减弱,其 x öD = 110截面上的流向涡度 8 x (8 x =

5W ö5y - 5V ö5z )的等值线分布如图 3 (a)和 (b)所示 (图中, Α= 60°, Β= 45°,M = 210, x öD = 110,

R e= 20000)。这表明扇形角的增大,将显著减小速度梯度 5W ö5y - 5V ö5z ,无论是流向大涡还是

流向小涡,其强度都将明显下降。因此,复合角射流时, Χ= 15°的扇形孔具有显著降低流向耦合

涡强度的作用。

结论　 (1)作者在实验测量中发现,复合角射流时产生一对具有明显强度和大小差别的流

向耦合双涡结构; (2) Χ= 15°的扇形孔较圆孔具有较弱的射流穿透能力和旋涡强度,其射流冷

气可更利于贴近壁面从而起到保护作用。
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facto rs of d ischarge coeff icien ts are con sidered. T he resu lts show that the mom en tum rat io I1

and R eno lds m um bers of lit t le ho les have impo rtan t effect on discharge coeffcien ts bu t mo2
m en tum rat io I2 has no influence. Param eters of the geom etrica l configu ra t ion PöD , SöD , Α,

Β and L öD have great influence, bu t the row s of ho les has lit t le effect on discharge coeff i2
cien ts.

Key W ords　Com bu st ion cham bers　Coo ling　F low coefficien ts

AN EXPER IM ENTAL INVEST IGAT ION OF AD IABAT IC
EFFECT IVENESS OF INCL INED M UL T IHOL E
W ALL FULL - COVERAGE F ILM COOL ING

W ITH HEAT- M ASS TRANSFER ANALOGY M ETHOD
Fang Ren , L i B in , L in Y uzheng, L iu Gaoen

(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　　　　U sing the m ethod of heat- m ass tran sfer analogy, experim en ta l re2
search w as carried on to invest iga te adiabat ic f ilm effect iveness of inclined m u lt i- ho le fu ll-

coverage film coo ling. T he ho le configu ra t ion s w ere regu lar pat tern s of staggered discrete cir2
cu lar ho les, and ho les inclined at an angle of 30 deg to the su rface of experim en ta l p la te.

Spanw ise ho le- to - ho le spacing range is from 610 mm to 910 mm , streamw ise row - to -

row spacing from 415 mm to 18 mm , and ho le diam eter from 1. 0 to 210 mm. W ith in the range

of b low ing ra t io from 1. 0 to 4. 0, the experim en ta l resu lts of the adiabat ic f ilm effect iveness

d ist ribu t ion fo r f ive p la tes w ere compared and analyzed. F inally, the op t im um num ber of ho le

spacing and row spacing as w ell as the influences of b low ing ra t io on the adiabat ic f ilm effec2
t iveness w ere ob ta ined.

Key W ords　A irfilm coo ling b lades　A diabat ic w all tempera tu re

H eat and m ass tran sfer theo ry　Experim en t

INVEST IGAT ION OF SINGL E F ILM COOL ING HOL E
W ITH COM POUND - ANGL E OR IENTAT ION

Xu Hongzhou and W ang Sangl in
(College of Energy and Power Eng ineer ing , X i’an J iaotong U n ivers ity , X i’an　710049)

L iu Songl ing and Cheng Fuqun
(7th D ep t. N orthwes tern Polytechn ica l U n ivers ity , X i’an　710072)

ABSTRACT　　　　T he effects of b low ing ra t io a t M = 110 and 210 on dow n stream

flow field single film coo ling ho le w ith compound- angle o rien ta t ion s have been invest iga ted

experim en ta lly. It is found that a pair of coun terro ta t ing vo rt ices, one of w h ich is st rong and

ano ther is w eak, w ere ob served in the dow n stream region of jet ex it. T he ho le w ith a fan-

shaped angle of 0°o r 15°w as o rien ted so that its angles w ith respect to the test su rface are

60°in a st ream öno rm al p lane p ro ject ion, and 30°o r 45°in a spanw iseöno rm al p lane p ro jec2
t ion. Con tou rs of longitudinal velocity show asymm etric k idney shape. T he fan- shaped ho le

effect ively decreases the st rength of longitudinal vo rtex and increases the sp reading of jet so
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tha t the film coo ling effect iveness w ou ld be m uch greater than that found in the dow n stream

of a circu lar ho le.

Key W ords　Jet　F low fields　Experim en t

A SURVEY ON PROPELLANT L EAK D ETECT ION
TECHN IQUES FOR L IQU ID ROCKET PROPUL SION SY STEM

W ang J ianbo and Y u Daren
( D ep t. of Energy Eng ineer ing and Con trol, H a rbin Ins titu te of Technology , H a rbin　150001)

ABSTRACT　　　　T he in tegrity test of L iqu id Rocket Engine (L R E) m u st be carried

ou t befo re its launch. T he tests include the leak detect ion of liqu id p ropellan t and o ther liqu id

system s. It is necessary to set up an au tom ated p ropellan t leak detect ion system. T h is paper

summ arizes the leak detect ion techn iques of L R E, w h ich are classif ied in to group s and con sid2
ered in deta ils. F inally, severa l p ro spects of the leak detect ion techn iques are p resen ted.

Key W ords　L iqu id rocket engines　P ropellan ts　L eakage　Fau lt detect ion

“POW ER- LAW”AND“QU ICK”SCHEM ES
IN NUM ER ICAL STUDY OF NONSYMM ETRY D IFFUSER

Xu J ingle i, Shujuan Huang, Xu Zhong
(D ep t. of Energy and Power Eng ineer ing , X i’an J iaotong U n ivers ity , X i’an　710049)

ABSTRACT　　　　Spezia le’s non linear k - Εmodel is u sed to calcu la te the tu rbu len t

f low in non symm etry diffu ser. A t ten t ion is focu sed on effect of the tw o typ ica l convect ive dif2
ference schem es,“Pow er- L aw”and“QU ICK”schem es, on the perfo rm ance of the models
( the standard and non linear k- Εmodels). T he resu lts show that bo th convect ive difference

schem es have lit t le effect on the p redict ion of the models. So it is no longer to puzzle b ra in

abou t cho ice of convect ive difference schem es, w hen app lying to non linear k- Εmodels.

Key W ords　D iffu sers　T u rbu len t f low　M athem atica l models

N um erica l compu ta t ion

APPL ICAT ION OF A SECOND - ORD ER UPW IND
SCHEM E TO P ISO AL GOR ITHM

L in W e idong, W ang Zhenguo, Zhou J in
(1s t D ep t. N a tiona l U n ivers ity of D ef ense Technology, Changsha　410073)

ABSTRACT　　　　N um erica l sim u la t ion of sp ray com bu st ion in liqu id p ropellan t

rocket engine w ith P ISO algo rithm w as imp lem en ted. A second- o rder upw ind schem e devel2
oped by the au tho rs w as com b ined w ith theP ISO algo rithm to en su re the num erica l accu racy.

T he N avier- Stokes equat ion in cylindrica l coo rd inates w as tran sferred in to genera l cu rvilin2
ear coo rd inate system and discret ized by fin ite- vo lum e m ethod w ith non - staggered grid.

T he body- fit ted grid genera ted by T TM m ethod w as u sed in the calcu la t ion. A stochast ic

sp ray model w as emp loyed to determ ine the drop let in it ia l condit ion s, and the chem ical reac2
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