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六喷管超音速引射器性能
的理论分析和实验研究

南京航空航天大学　　王锁芳3 3 李立国

【摘要】　对某一定尺寸的六喷管超音速引射器进行气动性能的实验研究。结果表明: 随着主次流

压比 P 3
p öP 3

s 增加,引射系数及修正引射系数下降; 当引射系数增加时,混合管动量修正系数 K m

下降,但主喷管流量系数 Λ变化不大。对上述工况进行理论计算的结果与实验数据符合良好。
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海湾战争以来,直升机发动机的进气防砂问题日益受到重视。利用进气粒子分离器排除进

气中的砂尘时,必须使用抽气装置。前人的研究结果表明,在同一较短的混合管长径比下,单喷

管引射器的引射系数很小,而多喷管引射器的引射系数则大得多,可以满足砂尘引射排出的要

求。本文进行了一项六喷管超音速引射器的气动性能试验,取得了与理论分析一致的结果。并

对有无扩压器的情况作了比较试验。

1　实验测试

　　实验系统包括主流气源、主流管路、引射器实验段及测试仪表。每个子喷管的喉部直径为

图 1　实验段结构简图

119 mm ,出口直径为 2140 mm ,混合管内径为 6715 mm ,长度为 54 mm ,扩压器出口直径为 92

mm ,长 193 mm。六喷管连接管道内径为 413 mm ,其中一个子喷管位于混合管轴线上,其余 5

个子喷管围绕混合管轴线均布于直径为 45 mm 的圆周上。引射器实验段次流系统由内径为

80 mm 的标准进口流量管及内径为 320 mm ,长为 300 mm 的集气室组成。以上尺寸是由粒子

分离器研制要求而定。实验段结构如图 1所示 (图中中心喷管与另一子喷管重影)。主流喷管



前管路中有测温表、压力计、标准孔板流量计用于气动参数的测量。次流流量由标准进口流量

管测得。为了测量混合管出口处主次流混合均匀程度,用多管测压耙测量该处的速度分布,由

此求得动量修正系数K m。并根据主气流参数和实验测得的主流量,求得主喷管的流量系数Λ。

2　理论分析

　　对图 1所示的多喷管引射系统,在下列假设条件下,建立超音速多喷管引射器性能特性的

数学模型。(1)主流与被引射次流均视为完全气体; (2)气流流动是稳定的; (3)混合管为等截面

圆柱形,在其始端主次流的静压力、速度、温度分布是均匀的,并在混合管末端静压力也是均匀

的; (4)忽略流动势能,主次流在混合管中混合的不均匀程度,用动量修正系数来考虑。

引射系数 x 的计算式是通过主喷管出口截面与混合管出口截面之间的动量方程、连续性

方程、能量方程以及气动函数、状态方程求得的。
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上式中 k 为比热比,即 cp öcv ,计算过程可按下列程序进行。首先假设一个引射系数的初值
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由 q (Κp 2) = A töA p 2求得 Κp 2 (主流为超音速流,取 Κp 2≥110)。将L m öD m 及 K m 等值代入 x

T 3
s öT 3

p 的表达式即可计算 x
(Ê ) ,比较 x

(Ê )与 x
(É ) ,满足精度要求可终止迭代计算, 否则以

x
(Ê )代替 x

(É ) ,重复上述计算过程。

3　理论计算与实验结果的比较分析

　　图 2表示理论计算与实验结果的对比 (图中 P
3
s = 011 M Pa, T

3
s = 299 K, 01971≤T

3
p öT

3
s

≤1102) ,两者符合良好。说明利用实测的动量修正系数主喷管流量系数,运用气体动力学原理

进行理论计算,其方法可行。

为了进一步了解六喷管引射器的性能,对有无扩压器时引射器的气动性能进行了实验研

究,其实验结果由图 3所示 (P
3
s = 011 M Pa, T

3
s = 298 K, 0199≤T

3
p öT

3
s ≤110)。由图可见,有
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扩压器时其引射系数是无扩压器时的 1185- 2147倍,且有无扩压器,m söm p 均随 P
3
p öP

3
s 增加

而下降,这与文献[ 1, 2, 3 ]的结论相一致。

图 2　对比曲线 图 3　引射系数随压比的变化 图 4　Λ、K m 随引射系数的变化　　

图 4 表示实验所测的主喷管流量系数 Λ和引射器混合管动量修正系数 K m 与引射系数

(流量比)的关系曲线 (P
3
s = 011 M Pa, T

3
s = 299 K, 01971≤T

3
p öT

3
s ≤1102, 1198≤P

3
p öP

3
s ≤

7146)。显然,随m söm p 增大, K m 逐渐变小, (由 2135变化至 1164) ,说明引射流量比增大混合

效果渐趋良好。主喷管流量系数变化不大 (由 01917变化至 01932)。

在实验过程中,由于 01971≤T
3
p öT

3
s ≤1102,因此引入温度修正系数 T 3

s öT 3
p 后,修正引

射系数m sö(m p T 3
s öT 3

p )变化不大。本文的工作就六喷管超音速引射器利用气体动力学原理

进行理论计算;限于实验条件,仅文中的工况进行了实验研究。至于多喷管引射器性能的其它

影响因素,尚待进一步研究。

4　结　论

　　 (1)六喷管超音速引射器性能特性的理论计算和实验研究结果符合良好。 (2)带扩压器时

的引射系数为不带扩压器时的引射系数的 1185- 2147倍。 (3)随m söm p 增加, K m 逐渐下降而

Λ变化不大。 (4)有无扩压器时,m söm p 均随 P
3
p öP

3
s 的增加而下降。
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quat ion s are app lied to p redict ion. T he experim en ta l and p redicted data of the ou t let angle
due to the secondary flow are p resen ted fo r th ree cascades w ith end- bend b lades and one
w ith the co rresponding unbended b lades. T he invest iga t ion show s that the change in ou t let
angle can be accu ra tely p redicted by the p resen ted m ethod. R educing cu rvatu re of the b lade
rear part m akes the averaged in ten sity of the st ream line componen t of the ou t let secondary
vo rt icity decrease, bu t does no t change the distance from the cen ter of the vo rt icity to the end
w all.

Key W ords　B lades　Secondary flow　F low fields

Ξ ) A MOD EL TO CORRELATE FLOW SEPARAT ION
W ITH FLOW LOSS IN A TRANSON IC ROTOR

Zhang Yangjun and Chen Na ix iang
(Hyd rau lic D ep t. Ts inghua U n ivers ity , B eij ing　100084)

Zhou Zhenggu i and W u Guochuan
(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 model co rrela t ing flow separa t ion w ith flow lo ss is p ropo sed fo r
p redict ing the incip ien t locat ion and size of the flow separa t ion in a tran son ic ro to r. T he flow
fields of severa l ro to rs have been invest iga ted w ith the model. T he resu lts show that the flow
separa t ion m ain ly occu rs in the t ip area ow ing to st rong shock boundary in teract ion, and the
incip ien t separa t ion po in t is beh ind the shock locat ion. T he t ip leakage flow vo rtex has a
st rong effect on the in teract ion betw een shock w ave and boundary layer.

Key W ords　F low separa t ion　L o sses　Ro to rs

A PREL IM INARY INVEST IGAT ION ON CONTROLL ING
JET STRUCTURE BY HYD RODY NAM IC EXC ITAT ION

Zhang Qingfan , L i Feng, Zhong Bo, Zhou Huihua
(2nd D ep t. N anj ing U n ivers ity of A eronau tics and A s tronau tics, N anj ing　210016)

ABSTRACT　　　　Jets w ere excited by Karm an V o rtex Streets under th ree condit ion s
of Jet M ach N um ber 01206, 01361 and 01831. T h ree vo rtex genera to rs w ith differen t geom e2
t ries w ere tested. Jet V elocity d ist ribu t ion s w ith and w ithou t excita t ion w ere m easu red by
stagnat ion p resu re p robe. T he tu rbu len t characterist ics in the jet boundary layer w ere detect2
ed by a single ho t w ire p robe. It is show n that excited jet velocity decay faster than that of
unexcited jet, and tu rbu len t energy in jet boundary layer is sign if ican t ly increased by vo tex
excita t ion. T herefo re, jet st ructu re can be effect ively con tro lled by hydrodynam ic excita t ion s.

Key W ords　Excita t ion　Jets　Boundary layer　Karm an vo rtex　Con tro l

A STUDY ON SUPERSON IC 6- NOZZL E
EJECTOR PERFORM ANCE

W ang Suofang and L iL iguo
(2nd D ep t. N anj ing U n ivers ity of A eronau tics and A s tronau tics, N anj ing　210016)

ABSTRACT　　　　T he superson ic 6- nozzle ejecto r perfo rm ance has been invest iga t2
ed experim en ta lly fo r the given geom etric d im en sion s. T he experim en t ranges over 1198≤
P

3
P öP

3
S ≤7146, 01971≤T

3
p ≤T

3
s ≤1102 and L m öD m = 0180. T he en tra inm en t ra t io x varies

from 6196 to 11166 fo r the ejecto r w ith a diffu ser, and its co rrected value x T 3
s öT 3

p varies
from 6188 to 11162; on the o ther hand, the en tra inm en t ra t io varies from 2182 to 6128 fo r the
ejecto r w ithou t the diffu ser, and its co rrected value varies from 2178 to 6124. T he experim en2
ta l resu lts show that the en tra inm en t ra t io and its co rrected value decrease w ith the increase
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of P
3
p öP

3
s , bu t the co rrected mom en tum coefficien t K m in the m ix ing p ipe goes up. T he m ass

flow rate coeff icien t Λ of the p rim ary nozzle increases sligh t ly as the en tra inm en t ra t io goes
up . T he theo ret ica l analysis has been done fo r the above condit ion s by app lica t ion of aerody2
nam ics. T he comparison betw een the analysis and the experim en t show s a good agreem en t.

Key W ords　Jet nozzles　E jecto rs　Superson ic velocity　Perfo rm ance　A nalysis

SUBSTRUCTURE ITERAT ION
FOR ANALY Z ING DY NAM IC BEHAV IOUR

OF A CASING- SUPPORT- ROTOR SY STEM
L iao M ingfu, W e i Xudong, L iu Qizhou

(7th D ep t. N orthwes tern Polytechn ica l U n ivers ity , X i′an　710072)

ABSTRACT　　　　 In o rder to invest iga te the dynam ic behaviou r of a casing- suppo rt
- ro to r system , an app roach associa ted w ith sub structu re itera t ion and tran sfer m atrix is de2
veloped. W ith help of the app roach, the dynam ic respon se analysis of a comp lex ro to r system
is simp lif ied and the compu ta t ion t im e is lessened. T he convergence and stab ility of the ap2
p roach are verif ied w ith a simp le model.

Key W ords　Sub structu re　 Itera t ion m ethods　M atrix m ethod　System arch itectu re

STUDY ON RED UCT ION FACTOR OF FAT IGUE STRENGTH
AND D ISPERSION COEFF IC IENT

OF L IFE IN SEAM W ELD ED JO INTS
Fan Y inhe

(2nd D ep t. N anj ing U n ivers ity of A eronau tics and A s tronau tics, N anj ing　210016)

ABSTRACT　　　　T he pu rpo se of th is w o rk is to study low cycle fa t igue life of engine
cases. A w elded test p iece has been designed acco rd ing to reality of cases, u sing m ateria l of
1C r18N i9T i in o rder to get fa t igue funct ion su rvey of seam w elded jo in ts. F rom tests S- N
cu rve and P- S- N cu rve are ob ta ined. T hen the reduet ion facto r of fa t igue strength and dis2
persion coeff icien t of fa t igue life fo r the seam w elded jo in ts are ach ieved w ith sta t ist ics analy2
sis m ethods. Compared w ith a smoo th test p iece, the fa t igue strength of the seam w elded
jo in ts is obviou sly less than smoo th test p iece, bu t d ispersion coeff icien t of fa t igue life is bet2
ter.

Key W ords　W elding jo in ts　Fat igue strength　L ife t im e

A BROKEN F ILM CAL IBRAT ION SY STEM OF
DY NAM IC PRESSURE M EASUREM ENT

J iang Y ong
(M echan ics D ep t. A ir F orce College of Eng ineer ing , X i′an　710003)

ABSTRACT　　　　T he invest iga ted calib ra t ion system of dynam ic p ressu re m easu re2
m en t w ith respon se frequency less than 1 kH z includes tw o parts: a b roken- film dynam ic
p ressu re signal genera to r and an acqu isit ion- analysis system. M any experim en ts w ere car2
ried ou t fo r invest iga t ing frequency componen ts p roduced by the signal genera to r of d ifferen t
length s, w h ich indica ted that the signal genera to r, under f irst- o rder resonan t frequency, can
p roduce suff icien t frequency componen ts (015- 115 kH z) as excit ing resou rces. M o reover,
the calib ra t ion system w as u sed fo r dynam ic calib ra t ion of th ree p ressu re p robes of d ifferen t
length s w ith a p ressu re sen so r respect ively. M eanw h ile a part icu lar w ay is adop ted to ob ta in
p recise frequency respon se characterist ics on ly by m easu ring the p ressu re p robe ou tpu t. It is
show n that the calib ra t ion system is simp le, reliab le, and app licab le.
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