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ElEFECTS A ? ?  PUMPING CKERACTERISTICS 

OF A SHORT  EJECTOR 

By Eugene S . Love and Robert M. 0 'Donnell 

An investigation wes condilcted a t  free-strean Mach nmbers of 1.62, 
1.94, a d  2.41 t o  determine the  external-drag  effects and piurrping charac- 
t e r i s t i c s  of a short  ejector  (spacing  ratio of 0.19) housed within a 
highly  boattailed  afterbody. The t e s t s  covered  secondary to primary 
d imeter   ra t ios  of 1.50 an& 1.33, mass flow ra t ios  r'rm 0 t o  0.20, and 
a sonic and a sugersonic  primary  nozzle;  the  temperature r a t i o  was about 

induced t-xrbulent  bounkry  layer dong  the model. Jet static-pressure 
ratios were varied from the  jet-off  condition t o  aboct 36 for t h e   s o d c  
nozzle and t o  a m a x i m u m  of about 8 for  the supersonic  nozzle. 

- 
w one (cold a i r   j e t ) .  All tests were conducted w i t h  an a r t i f i c i a l l y  

INTRODUCTION 

Zn recent  years  considerable  attention  has been  given t o  the  effects  
t oa t  propulsive j e t  exhausting from the  base of a body may  'have upon 
tine base and afterbody  drag of a body a t  supersonic  speeds. Numerous 
investigations :have been made of these  effects  (see  refs.  1 t o  15, f o r  
exanple),   but  rehtively few hzve &dt with combined primary j e t  flow 
and secondary or coolil?g a i r  flow. The pmping character is t ics  of ejec- 
t o r s  exhausti-ng iGto still air 'have been f a i r l y  w e l l  established  twough 
investigetions of the ty-ge regorted in   re fe remes  16 t o  22. Although 
much of this in?omation  should be directly  applicable,  insoZer as ejec- 
t o r  performace is concerned, t o  the case of supersonic  outer streams of 
varying Mach nmber, there =e  undoubtedly cer ta in   cr i t ical   condi t ions 
of operation and  of ejector and nozzle geometry f o r  which the Mach  number 
of the  external flow would brave some effect .  These cr i t ical   condi t ions 
are, et present,  not  clearly  defined, m d  the  probable  mgnitude or' tne 
efr'ect when it does occur has not been established. 

.. 



Tkte investigations  reported  in  references 10 and 11 are exapples 
of recent   s tudies   in  which al"terbo6y and base gressures, &rag, and 
Suxping cilaracteristics b2ve been xeasured a t  supersonic  speeds for com- 
bined  primary je t  flow and secondzry flow. The present  investigation is  
a continuation of a general  investigation of the  effects of a srimary 
je t  (sonic and sugersonic  nozzle)  with and without  secondary air *flow 
upon the  base ana afterbody drag of a body  of revolution; puroping char- 
acteristics of  the ejector are a lso  being measured. The first par t  of 
this investigation was reported i n  reference 11 for %;?e case of a zero- 
length  ejector or zero spacing ra t io .  (Specfng r a t i o  is  defined as the 
r a t i o  of tne  distance between the  plane or" t l e  primary  nozzle ex i t  and 
the plane of the model base t o  the e x i t  diazxeter of t'he primary  nozzle.) 
T'ne resfits t o  be presented  herein are f o r  the same model but with an 
ejector having a sgacing r a t i o  of about 0.19. Jet s ta t ic-gresswe  ra t io  
w a s  varied from the  jet-off  value  to  abodt 36 fo r  the sonic  nozzle and 
t o  a IT1EtxFmuz;1 of about 8 for the sqersonic  nozzle. As i n  reference 11 
the primary  variables were free-stream Mach number, primary j e t  Mach 
number, secondary ex i t  area, and the r a t i o  of secondary mass flow to 
grimary mass flaw. 
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SYMBOLS 

area 

t o t a l  ar"terbo6y drag  coefficient, CDA + CDB 

diameter 

t o t a l  bo- length 

free -s t r e m  Mach mmber 

pessure  coeff ic ient ,  
P - P, 

8, 

s t a t i c   p e s s u r e  - 
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- 
PO total   pressure 

c 9 dynamic pressure 

W r a t i o  of mass flaw of seconda-ry air t o  mss 
flow of prilnary j e t  

X axial  distance masured from nose of  model 

z a x i d  distance  masured from base of nodel 

Subscripts: 

B base of Eodel 

j prinary  je t  

W free-strean  condition 

S secondary flow 

. A boattail   surface 

N base  annulus of shroud only 

APPARATUS 

Wind Tunnel 

All t e s t s  were conciucted in   the  Langley 9-inch  supersocic tunnel 
which is 2 continuous-operation,  closed-circuit  type i n  which the gressure, 
temperature, a 6  hum5dity of the enclosed eir can be regulated.  DiTferent 
t e s t  Mach nmbers are provided. by interchangeable aozzle blocks which form 
test   sect ions approximately  9-inches  square.  Eleven fine-mesh turbulence 
dzmping screens are fnstal led ahead of the supersonic  nozzle i n  a se t t l i ng  
charaber of relatively  large  area.  A schlieren  optical  system is provided 
for   qual i ta t ive f l m  observations. 

Model 

With the  exception of the change in   e jector   length from 0 to 
0.071 inch,  the model (see f i g .  1) is the same as that employed i n  



reference 11 and described therein. Two interchangeable  afterbodies 
or  slwouds permit a change i n  secondary ascharge area. Both the 
sonic /hI j  = 1) and susersonic ("3 = 3.23) nozzles have essentially  the 
same exit  mea.  Static-pressure  orifices  are  located on the  boattail  
s-uface as sham. in   f i gu re  1, and base-pressme  orifices are located a t  
goc intervals aroun6 the ann;ili of both s'nrouds w i t h  two of the four 
orif ices  i n  l ine  vith  the  support   struts.  

Tests were conducted a t  Mach ambers of 1.62, 1.94, and 2.41 wi th  
a stagnetion  pressure of approxirately 1 stmosghere; the correspondir!! 
Reyr,olds number range, based on  body length, was fron  2.1 x 10 6 t o  
2.9  x 10 . All test ing was done at Oo angle of attack and w i t h  an 
m t i f i c i a l l y  illduced  turbulen-c boundary lsyer  along the model. The 
latter w a s  accomplished by ase of a l/a-inch-wide f ine  salt band placed 
approximately I& inches  fron  the model nose. (See f ig .  1. ) 
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The afterbo6y and base gressures were recorded  for born shrouds fo r  
the  jet-off  condition and up t o   p r i m r y  jet  static-pressure  ratios of 
eoocL 36 for  the  sonic  nazzle and to about 8 or lower, depending on Mach 
nmber,  for the supersonic  aozzle. I n  reference 11, t'ne support s t r u t s  
were found t o  have negligible  effect on the base pressures, hence an 
average  value  obtained from the foLn or i f ices  was used i n  calculatilzg 
base drag. 

Fr iury   to ta l   p ressures  were Illeasured  by  mems of a calibrated  total-  
presswe  txbe  within  the  stagnztion chmioer ehed of the nozzle as 
Oescribed i n  reference 11. J e t   s t a t i c  pressures were calculated frorc the 
measured total   gressures on the basis of the ex i t  Mach nuber  as  deter-  
mined from the masured mea ra t io .  Aux-iliary tests have shown Ynis pro- 
cedure t o  be r e l h b l e .  Primary xass flows f o r  both  nozzles were calcu- 
late5 by using the lreasured total   pressure a d  assuming the  nozzle t o  be 
choked a t  ti.le minima ares.. Secsndary mess flows of C t o  20 percent of 
the primary =ass Zlow were measured a r e c t l y  by =ems of calibrated 
ro tme   t e r s  . 

Trsoughout the t e s t s  the 6ewioin"L of t3e turnel air w a s  kept  suffi- 
ciently low to   ins-ze  negl igible  condensation effects.  The a i r  supply 
for the p r i rmy  jec and secondary had a2proxilrately  the seme dew-point as 
the tunnel air. The s tagnat icn   t eqera twe of the  tunnel air was cbout 
looo F, v-hile th& for  bot'n the p r i m r y   j e t  end secondary air was about 60' F (primary t o  secocdary  tergeratiu-e r a t io  of about 0.96, o r  essen- 
t i a l ly   -mi ty ) .  
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EKECISION 

0. 

MoCiel alillement was maintained  within -1-0.1' of zero pi tch and yaw 
wrth respect  to  the tunnel center  l ine.  Based on past surveys of the 
stream,  the  free-stream Mach  number i s  accurate  to  within fO.01. The 
pressure  coefficients are accurate t o  within  approximately fO.003. 

Seconhry mass-flow ratios are  estimated t o  be within 20.2 percent, 
whereas t o t a l  recorded  pressu-res i n  the jet model  were accurate wi-thin 
fO.O1  inch of Eercury for  gressures less than 50 pomds  per  square  inch 
and fO. 5 inch of mercury for  higher  pressures. 

NXXlLTS AND DISCUSSiON 

The ascuss ion  i s  presented i n  two pasts: the first par t  concerdng 

' the punping clkeracteristics.  Results f o r  tlr-e case of 110 pr i r a ry   j e t  flow 
the  effects of the  primary j e t  and secondmy flow upon drag, and the   l as t ,  

or secondary flaw h v e  been presented i n  reference ll and will not be dis- 

base and boattail   pressures  for  the two shrouds. These differences were 
a t t r ibu ted   to  slightly dlfferent  external shroud cor~tows and or i f ice  

accuracy of shroud duplication and are  not expected t o  affect  tse con- 
clusions drzm from the  resul ts .   In  all &rag r e su l t s   t o  be presented, 
SELL arrows have been placed on the lef t -hnd  ordinates  of the figures 
t o  indcate   the  values  f o r  j e t  ozf and no secondary  flow. 

.. cussed  herein  except t o  niention the  slight  differences irr the  experimental 

- instal la t ions.  These construction  Mfferences were within  the machining 

Base bag.- The values of base-drag  coefficient t o  be presented c?6 
are  the  negative  g?oducts of the average  base gressure  coefficients end 

the retio of base  annulus  area t o  max5m.m body frontal   mea, - * (Nega- 

t i ve  C imglies thrust. Since this area  ra t io  i s  0.100 for  the first 

shroud md 0.1425 for   the second  shroud, l i ke  Val-aes  of CDB do not imply 
liiie  values or" PB. 

) 
Amax' 

?6 

. The vzriation of w i t h  j e t   s ta t ic   p ressure   ra t io   for   the  
p, 

s o d c  nozzle i s  shown in figure 2(a) fo r  the first shroud - = 1.50 G;" ) 
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an& i n  figure 2(b)  for  the second  shroud - = 1.33 . The general  vari- 

ation of with 3 follows what might be emected from previous 

investigations of j e t  effects without  secondary flow (see ref. 7, fo r  
exzzzple). Increasing free-stream Mach rmber apparently does not alter 

significantly the change i n  C w i th  9. With some exceptions a t  the 

lower  Gressure ret ios  a t  M = 1.94, the effect  of mass flow r a t i o  is 
small. 

t )  
PkI 

% PC0 

Figure 3 sresents similar results  for  the  supersonic  nozzle. Over 
a comparable range of j e t  pressure  ratio, t‘ne effects  of increasing mass 
flow ra t io  are greater  for the supersonic  nozzle  than fo r  the sonic 
nozzle at 1.1 = 1.62 and of the same order ai; M = 1.94 and 2.41. The 
sosi t ive peak occurring in   t he  base-drzg cwves a t  the lower pressure 
ra t ios  is  characterist ic of p r i m r y   j e t  effects; t h i s  peak is observed 
t o  OCCUT at a lower pressure ra t fo   for  the supersonic  nozzle and is asso- 
ciated  with the lower pressure r a t i o  for   s ta r t ing  for  this nozzle. (The 
tern “starting” refers t o  the theoretical  j e t  static-pressure  ratio 
required  to  bring a normal shock to tbe nozzle exi t . )  

Comparison of the resul ts  

of t”w effects of secondary t o  

ticular condition of constant 

fo r  the two shrouds  gives an indication 

primary d imeter   ra t io  - ds for  the par- 
d3 

- only since, first, the  difference i n  
!E3 

anrmlus area i s  contained i n  13% an&, second, PB would experience 

sone effect  by the change i n  5. For this condition and taking into  

account the jet-off vallae of C~ (see arrows on ordinates of figicres) 
dB 

tk effect  of decreasing from 1.30 t o  1.33 for  both t’ne sonic and 
dj 

supersonic  nozzle is small and, for  t;he aost part,  negligible. 

In  both  figures 2 and 3 dashed curves have been shown that represent 
based on a comon  base annulus area, AB - Ad, for  the case of  no 

secondary  flow. Some observers  propose tkt the values of C% thus 
obtained  represent roughly the aaxirnum j e t   e f f ec t s  upon base  drag (the 
maximm possible  base area over which the base pressure may ac t  has been 



- 
included) and ere therefore useful i n  preliminary estimates and thrust-  
drag  evaluations. These curves have been  included t o  show their relat ion 

I to  the  other resulks. 

Boattail  pressure &rag.- Examples of the experi_sleni;al pressure  dis- 
tr ibutions over t h e   b o a t t a i l   f r m  which boattail  pressure-drag  coefficients 
were obtained are shown i n   f i g w e  4 f o r  the sonic nozzle and in   f igure  5 
for  the supersonic  nozzle. A l l  of these  resul ts   are   for  M = 1.62. In 
general,  the  effects of the primary j e t  and secondary flaw were greatest  

' a t  this Mach  number and the  indicated  point of flow separation was  far- 

thes t  forward on the  boattail .  The e f fec t  of illcreasing 3 and mass 

flow r a t i o  w are i n  most instances sinilar t o  those  obtained i n  refer- 
ence 11 f o r  the zero-length  ejector, namely a general  positive  increase 
in   the  roagnitude of the  pressures and an incresse  in  extent of the region 

pal 

- 
affected. However, fo r  Sane 
had a negligible or s l igh t ly  

- PJ = 4.05 and f ig .  5, p J =  
I PCQ PCQ 

conditions  increasing w from 0.10 t o  0T20 
reverse  effect  for  exmple,  see fig. 4, ( 
0.81 . ) 

The boattail  gressure-drag  coefficient CD was obtained as the 

sum or' the graphicel  integration of the llieasured pressures from = 0.87 

t o  = 1 plus  tne  Yneoretical  drag fro= the  beginning of the boa t t a i l  

(z  = 0.82) t o  = 0.87. With regard  to tihe l a t t e r ,  the results of ref - 
erence 11 showed  t'nat the  theoretical  pressures over the boa t t a i l  were 
i n  good agreeIoent with  the  experimental  pressures ahead of the point of 
flow separation. In addition, the theoretical  drag coefficient of the 

- A 

L 

L 

L 

initial portion is  small, racging f r o m  &bout 0.0019 

at  M = 1.62 t o  'O.OOl3 at  M = 2 ;41, and therefore  represents a rather 
insignificant  contribution  to the boattail  pressure  drag. Consequently, 
moderate differeEces between the theoretical  and experimental  pressures 
over this in i t ia l   por t ion  would bve   negl ig ib le   e f fec t  upon the  value 
of c . 

DA 

The variation of C with jet pressure  ratio 3- fo r  the  sonic noz- 
DA Pol . zle i s  shown in  f igures   6(a)  and 6(b)  for dimeter ra t ios  of 1.50 and 1.33, 

respectively. With some exceptions i n  the  lmier  range of 9, the  effects 
PCQ 



of the addition of secondary  flow fo r  mass flow ra t ios  up t o  0.20 are, for  
wide ranges of primary j e t  operation,  subordinate t o  the effects  of the 

primary J e t  or varying % For narrow ranges of primary je t  operation 
pal 

i P -  
2 ckmge i n  2 oi' the order of , the effects  of - '15 

and w may 
p, Pm 

be comparable. As is tc be expected, the  variation of C!D~ w i t h  3 is 
p, 

of 3, increasi% 3 ca-ases a decrease i n  C and t'nis decrease i s  
9, PC0 DA 

redaced by increasing Mach number. I n  a l l  instances the addition of 
secondary flow as compared to  the condition  for w = 0 decreases C D ~ .  

For a fixed diameter r a t i o  - % the magcitude of the drag reduction  caused 

by e secondary flow and the  effect  of increasing mss flow r a t i o  depend  upon 
Pj 

t'ne p a r t i c d a r  coxbination of -, w, and M. In the lower r u e  of 3 
pal Pm' 

Increasing Mach  number noticeably  decreases tlie effect  of increasing mass 
flow ra t io .  Asi&e from redwing %his NIach nunjer effect, decreasing the 
dizlneter ra t io   f ron  1.50 t o  1.33 has on ly  smell effect  (proper  account 
being  given t o  t'ne values of C D ~  fo r   j e t   o f f  and I?O secondary flow, 

particularly a t  18 = 1.62; see ref. 11). 

Figwe 7 presents  tne  results  for  the  supersonic  nozzle. For narrow 
ranges of primary je t  oseration,  these kt& show tkt the  effects of mass 

f lm r a t i o  w m y  exceed the  effects of je-k pressure  ratio 'j. - This is 

gmticularly  evident a t  M = 1.62. With increasing Mach number the er"fect 
of w is redwed. T h e r e  are sone effects of decreasing dimeter r a t i o  
fxm 1.50 t o  1.33, b ~ k  w i t h  t ~ e  exclusion of the results at M = 1.62 f o r  

9 near 1 and w = 0.10 t o  0.20, these effects   are  small. Wnen consid- 

eration i s  given t o  the difference in   s ta r t ing   p resswe  ra t ios   the  major 
difference between t3e resul ts  fo r  the sonic and supersor?ic nozzle  appears 
t o  be that tke  effect  of e md.1 amount of secondary air flow is, a t  cm- 

PC0 

pm 

sazable  values of -, generdly  greater  for the supersonic  nozzle. 
Pj 

pal 
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Tot& afterbody &rag.- The t o t d  afterbody drag is defined  as  the 

s m  of the  'boattail  pressure drag an-d the base drag. The resu l t s   a re  

presented i n   f i g w e s  2, 3, 6 and 7 shows that the  total  afterbody  drag 
is detemdned  primarily by the  bozt ta i l  pressure drag and that  the  obser- 
vations  given in   t he  preceding  section on b o a t t a i l  pressure drag also 
apply t o  the t o t a l  after'body  drag. 

- shown in   f igures  8 and 9. Comparison  of these  results w i t h  the   resul ts  

Base drag would eppear t o   con t r ibu te   ve ry   l i t t l e   t o   t he   t o t a l   a f t e r -  
body drag for  fulJ"scale  highly  boattailed  configurations  since the ratio 
of the  area of the base  annulus t o  the m d x u n  bow  f ronta l  area for  ful l -  
scale  configurations is u s u d l y  slraller thazl the  ra t ios  used i n  the 
present  investigation. In comparison with the t o t d  drag of a  complete 
configuration  (wing-body-tail, md so  for th)  having an afterbody of this 
type,  the  pier-on  base  drag md i ts  variation w5th M, -, and w would 

be smdl indeed. The use of t'ne area  regresented by AB - AJ i n  engi- 
Ileering estimates of the contribction of CDB to   the t o t a l  afterbody drag 
would appear generally  conservative f o r  0 5 w 6 0.20, notable  exceptions 
occurrips at M = 1.62 for the SOPLC nozzle a t  high je t   pressure  ra t ios .  
The gresent  results  suggest t h t  equally and gerhaps more sat isfactory 
estimates of t o t a l  aTterbody drw for  afterbodies of this type  havlng 
conpuable mass Slow ra t ios  could be made by assming that C is zero. 

P j  

p, 

- ?E3 

Punping Charscteristics 

The gmqing characterist ics will be presented as the total pressure 

r a t i o  of the secondary eir '3 tht is  required t o  r rah ta in  a given 
Dm 

mss-floTw' r s t i o  w as the Jet   static-pressure r a t i o  - is  varied. 
PCQ 

These resul ts  d s o  show, of course, the   effect  of - upon w at Pj 
P, 

Effect of diemeter ratio.-  The ef fec t  of decreasin4 the diameter 
a 

J 

and in   f igure  11 f o r  the  supersonic  nozzle. In fairing the curves f o r  
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data  points. TIM? 

t iomble  in   these 

w = 0 w h a t  appears t o  be a cut-off  value of - PJ could  not be sharply 

defined by the  custoxzry  abrust change in   s lose  because of insufficient 
Pm 

fa i r ing of the  curves f o r  w = 0 is, therefore, ques- 
P.  

f i g  . lo (a) ,   fo r  example, J = 8 t o  16 
Pm 

Fron s m l e  continuity  considerations,  the  effect of 

decreasing - ds k70uld be e q e c t e d   t o  be significant and in   the  direct ion 
dj  

constant - pJ and w. 
PC0 

Effect of free-streem M~ch nmbers.- The question of the  possible 
effects  of free-stream Mach nmber zpon punging characterist ics and the 
applicabili ty of reszllts fro= studies of ejectors  exhausting  into s t i l l  
a i r  n?ay be resolved t o  SGE degree by a few simple considerations. If 

the vdue  of J is moderztely greater Khan that f o r  which the primary 

j e t   f i r s t  f i l l s  the  ejector ar,d r e su l t s   i n  t"3e combined primary and 
secondary flow being  well su2ersoni.c  throughout a t  the  ejector  exit ,  ewes in   f r ee  stream Mach nunber cannot be expected t o  affect  the 
pmpir?g chrac te r i s t ics   o ther  than throrrgh negligible  effects upon the 
ejector bo-mdaxy layer  new  the  ejector  exit.  Under these  conditions 
changes i n  free-strearc Mach number w i l l  only  affec-i the degree of eman- 
sion, or compression, of the  ejector flow at the  ejector  exit .  (Of 
course - under these assumed conditions is  always greater  than  that 

for  separation of the  supersonic  ejector flow from the ejector w a l l  by 
a coxpression st the  ejector  exit .)  It becomes clear,  therefore,  that 
changes i n  base gressme do not  Ilecessarily man chmges i n  pumping 

charecterist ics.  If, however, the  value of - is l e s s  than that fo r  

the  conditions  just  described,  free-stream Mach  number my  a f fec t   the  
pumping characterist ics.  It i s  obvlom tlmt t'ne pwing   cha rac t e r i s t i c s  
for  a zero-length  ejector w i l l  alvays be affected by base  pressure 
which in   tu rn   i s   a f fec ted  by free-streaa Mach nunber; a t  w = 0 the 

value of - f o r  such an ejector is e q U  t o  5 at d l  values of -. PJ 

P. 

Pm 

'Dj 

'Dm 

"j 

Pm 

30s 

pal Pm Pm 
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Consequently, it is appropriate t o  think of the  possible  effects of free- 

- stream Mach nurker upon - i n   6 e m  of its POS 

pm 

prior  investigations of j e t  efTects upon base 

s t r e m  Mach number, % - is observed t o  be of 
P m  

e f fec ts  upon -. From 

pressure with varying free- 

the  order of 1 and usually 

Pg 
p, 

less ;  t'ne r n a i m u z  er"lect of free-stream Mach Ember ugon - should 
*IOs 

Pm 

therefore be of the same order. 

Figure I 2  presents  exmples of the pumping c-acteristics  for  the 
tests of the model of this investigation w i t h  zero-lel.lg;tkt ejector  reported 
in  reference 11. These results show t'ht except a t  l o w  zmss-flow r s t i o s  
and jet  static-pressure  ratios,  free-stream Mach  number h ~ s  only  secondary 

effects  as compared to the  effects of w znd - 'j. The vzlues of - at  
P m  Pm 

low w (less  than about 0.02) and low - are of the  order of msgnitude 

of 2 and the mexinun ef fec t  of f r e e - s t r e a  Mach nuuber is seen t o  be, 

i n  general, of this order. In  view of these  resul ts   for  the zero-length 
ejector  (spacing  ratio of zero), a f ini te   gosi t ive  spacips   ra t io  would be 
expected t o  show even less   e f fec t  of free-stream Mach nunber, with  the 

gossible  exception of very low values of -. This  is confirned by the 

by  t'ne gresent  results  (spacing  ratio of 0.19) whLch are shown i n   f i g -  
ures 13 uld 14. O n  the  basis of these  results and those of figure 12, 
and i n  view  of the fact   that   these data m e   f o r  con-figurations which 
would  be  prozle t o  accentuate  effects of' f ree   s t rean Mach nmker, it would 
appear permissible t o  conclude that ejectors most l i k e l y  t o  be encountered 
in   fu l l - sca le   ins ta l la t ions  w i l l  experience l F t t l e  e f fec t  of free-stream 
Mach Ilumber upon the i r  pumping characterist ics.  The resu l t s  of reference 10 
fo r  a diameter r a t i o  of 1.2 and a spacing r a t i o  of 0.8 show no ef fec t  of 
free-streem Mach number. 

3'3 
-Dm 

- 
pm 

Pj 

'm 

Tie  present results (f igs .  13 a d  14) show t h a t  the value of 9 at  
p m  

which free-stream Mach  number ceases to   a f f ec t   t he   pwing   cha rac t e r i s t i c s  
tends t o  decrease w i t h  increasing nass-flow ra t io .  In figure 13(bj a 
dzshed cmve is shown f o r  w = 0.10 which was derived  through  intemols- 
tions and extrEpolations t o  %he resu l t s  of reference 21 f o r  ejectors - 



exhausting  into still a i r .  The tendency toward agreement w i t h  t " i  present 
results i s  encouraging frm tine standgoint of the  apglicabflity of results 
fron  ejecTor  tests  in s t i l l  air. For the larger spacing r a t i o  of refer-  . 
ence 10, good agreernent w s s  shown  wit'n the results of reference 21 when 
proaer a c c o a t  was given t o  t'ne vena contracta  effect common t o  the con- 
figxration of reference 10. 

Effect of slsacing ratio.-  A coxparison cf fLgure 12 w i t h  fi&ures 13 
ami 14 reveals that changing the spacing r a t io  from zero t o  0.19 had only 
small e f fec ts  UT)OE the gumpirig characterist ics for  the supersonic  nozzle. 

A t  cmszrable  vslues of 

sonic  nozzle. ilowever, 

nozzle only, the v a P . ~ s  

9 -  2 (less  than  about 8) the same was true f o r  the 
PW 

at the higher  values of - reached with the sonic 
23 

PW 
of - a t  w = 0.02 and st both  diameter  ratios POS 

PW 
were generally  greater  for a spacing r s t i o  of 0.19, and t h i s  difference 

tellded to  increase w i t h  5; at w = 0.10 the sane general  effect  occurred 
P 

CLI 

dj  

dS ds 

d 
at  - = 1.50, -cut a t  2 = 1.33 the effect  of this change i n  spacing 

r a t i o  was minor. 

Effect of  type of primary  nozzle.- A campmison of the results f o r  
the  sonic  nozzle  (fig. 13) with those fo r  - the  supersonic  nozzle  (fig. 14)  
shows that only at low v a h e s  of w and - do these  nozzles have simi- "j 

pa7 
lsr pumping characterist ics.  A t  higher v a h e s  the sugersonic  nozzle 

r 
reqaires several times the value of 0s required by the sonic  nozzle a t  

PW 

equivdent  vslues of w and -. This is a l s o  true for the zero-length 

ejector, a d ,  referrfng xo the preceding  paragraph, one may conclude that 
this  difference between the sonic and supersonic  nozzles is not  signifi-  
cantly  associated with flow  con6itions  within the jector  but is deter- 
mimd primarily by conditions a t  or downstream of the ejector  exit .  Frm 
a consi6eration of only ti& viscous  scavenging effects  of the  Jet  upon the 

P j  
PW 

secondary air, one might 

nozzle. However, i f  the 

?Os 
expect a decrease i n  - for the  supersonic 

conbined effects of je t  Xach  number end nozzle 
Dm 
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- 
geometry (divergence angie of 12O in   per t icu lar )  upon the shage of the 
in i t ia l   por t ion  of the f r ee  jet bomdary as shm- in  reference 23 axe 

a lso  considered, the increase i n  - 'Os for the supersonic  nozzle is not 
pa 

too  surprising. 

Schlieren  observations.-  Figure 15 presents a tmica l   sch l ie ren  
photogrzph i l l u s t r a t ing  the basic  features of the observed  flow and  Eodel 
instal la t ions at M = 1.62, and figure 16 presents a f e w  sequences obtained 

at the smie Msch  number which i l l u s t r a t e  the efTects of 3, w, and -. % 

Comparison  of figures 16(a) and 16(b) would tentatively  indicate tbt 

some of the  increase i n  5 associated w i t h  decreasing - might, at 

the higher rfiss-flow ra t ios ,  be a t t r i bu tab le   t o  the ea r l i e r  appearance of 
shocks within the j e t  other than those  zssociated with n o r d  jet struc- 

ture (see ref. 23), for example, .st w = 0.20 ar?d - 'j = 0.81. Compariso_n_ 

or' figures  16(b) and 1 6 ( ~ )  might lead one t o  suspect tl.la;t a major  cause of 

PC0 dd 

POD aj 

pal 

... 
the  higher  values of - f o r  the supersonic  nozzle, as compared t o  the 

sonic  nozzle, i s  the  presence end strength of the additional shocks fo r  
the  supersonic  cozzle;  for examgle, a t  w = 0.20 the supersonic  nozzle 

shows that z strong additioaal shock is already  present a t  - pJ = 0.81, 

- _D 
OD 

pal 

whereas t22e sonic  nozzle may operate a t  l e a s t  to 9 = 2.02 w i t h  pract i -  
Dm 

c d l y  no abnom-a1 chan-ge i n   j e t   s t r u c t u r e .  These  ghenomena mtght be 
taken to suggest that the  supersonic  nozzle, by induction  effects and 

geoxetry,  succeeds i n  choking the  ejector a t  laver values of - and 

-Lhe;t the  aaditionzl shocks are reguired by the  turning of tlne supersonic 
?lox by the  shroud  surface; the gressme-rise through shocks thus gen- 

ersted would increase - 'Os. However, such am explanation for t i e  increase 

PCQ 

pa3 

i n  - must be invalid,  since E. similar increase  has  elready- been shown 

t o  occur for the  case of the zero-length  ejector. These additional shocks, 
therefore, carmot be consiaered the cause of the  large  differences between 
the  sonic and supersonic  nozzle or to   contr ibute   s ignif icant ly   to   the 

POS 

Pm 

- - 
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i x r e a s e   i n  - 'Os with decreesins 2. They may slay a more important 
pm E j  

role  in  the  variation of - with w, bat  t'nis too  appears  doubtful, 

notvithstanbing  the  effect  that  increasing w i s  observed t o  have i n  
increasing  tne  strerath 03 existing shocks or   in   creat ing  adf i t ional  

shocks. Indications are tha t  at some combinations of low - pJ and 

high w the secondary flaw w i l l  choke the secondary annclus i n   t h e  
plane of the p r i r r y  nozzle ex i t .  UnCer these cor-ditions  the  presence 
of a d a t i o n a l  shocks is  a logical  expectztion. 

i30s 

2, 

p, 

General Remarks 

The asplication of the  results which  have been presented  herein 
s h o d d   t e  confined to  conflgmztions resembling closely t'nose  employed 
i n  this investigation.  Particular care should be exercised i n  applying 
the purnping characteristics.  In  reference 10, the  geoxetry of the 
secondsry  passage was  shown t o  be inportant   to  the gumping characteris- 
t i c s ;   i n  this investigation  nozzle geometry i s  indicated  to be of impor- 
tance. Tne possible  effeclis of these variables, coupled w i t h  the  effects 
of spacing r a t io  and diemeter ra t io ,  deserve  special  attention. 

CONCLUSIONS 

An investigation has been  conducted t o  determine the  external drag 
effects  an0 punping charac4;eristics of a short   ejector having a spacing 
r a t i o  of 0.19 and housed -&thin a highly  boattailed  afterbody. Tests 
were made a t  free-stream Mach numbers of 1.62, l.gk, and 2.41 for  sec- 
ondary t o  primary  diameter ra t ios ,  1.30 end 1.33, and for  a sonic and 
supersonic p r i m y  nozzle. Mass-flow r a t i o  was varied from 0 t o  0.20. 
The following conclusions  are  indicated: 

1. The contribution of the base drag t o  the t o t a l  afterbody drag was 
small at  a l l  mass-flow ra t ios  and jet  static-pressure  ratios,  with minor 
exceptions a t  low Jet   static-pressure  ratios.  The effect  of the  primary 
je t  and  secondary flow upon boattail  pressure drag was  the predominant 
factor i n  determining the effects upon total  afterbody drag. 

2. The vesiation of base drag, boettail  pressure dzag, and t o t a l  
afterbcdy  drag  exhibited  conventional  effects from increasing  Jet  
static-pressure  ratio,  nanely, a decrease with increas i ra   j e t   s ta t ic -  
gresswe  ra t io  except &t low je t   s ta t ic-gressure  ra t ios  where the con- 
verse was true. Tne adCiition of secondary flow caused a decrease i n  



.. these  drags and, w i t h  few exceptions,  the  reductions i n  drag  tended t o  
increase w i t h  increasing m s s  f lov  ra t io .  

c 

3.  In  general,  increasing  free-stream Mach  number reduced the  effects 
of mass-flow r a t i o  and jet   static-pressure r a t i o  upon the  drsg. 

4. When consideration i s  given t o  the  difference  in  the jet s t a t i c -  
pressure r a t i o s  for   s tar t ing,   the  drag results f o r  the  supersonic  nozzle 
and sonic  nozzle were similar. The only mzjor difference was the  tend- 
ency of e. small mount of secondmy air flow t o  heve, i n  general, a 
greater  effect  w i t h  the  supersonic  nozzle. 

5 .  A cursory comparison of the resul ts  of this investigation with 
the resul ts  of NACA FM L54122 (same model employed i n  this investigation 
but  with  a  zero-length  ejector)  indicated that changing the  spacing r a t i o  
fron! 0 t o  0.19 did not   s ignif icmtly  a l ter   the   effects  of the  primary j e t  
or secondary flow uson the drag. 

6 .  In  general,  decreasing  the diarceter r a t i o  fro= 1.50 t o  1.33 had 
only smdl ef fec t  upon  t'ne &ag but, 03 cowse, had sl@l"ican-t e f fec t  
upon the pumping characterist ics,  which  were conventional ZnsoTar as  the 

were cor-cerned. 
- effects  of je t   s ta t ic-pressure  ra t io ,  mss-flaw ra t io ,  and d imeter  r a t i o  

.I 7. The ef fec t  of free-stream Mach  number upon the pumpizg character- 
i s t i c s  was negligible  except at low je t   s ta t ic -pressure   r s t ios  where the 
effect  was generally small. The present  results and a comparison with 
resu l t s  from the  investigation of NACA RM L54I.22 Tor the zero-length 
ejector  tend t o  indicate that vhen free-stream Mach  number does a f fec t  
the  puqing  characterist ics of an ejector,  these  eTfects w i l l  nost l i ke ly  
be small. 

8. A comparison w i t h  the results f o r  the  zero-length  ejector  indi- 
cated Ynat chenging the  spscing ratio from 0 t o  0.19 had only small ef fec t  
on the  pmpiag  characteristics  for  the  supersonic  nozzle and for  the  sonic 
nozzle at comparable jet static-pressure  ratios (up t o  aboGt 8). A t  the 
higher je t   s ta t ic-pressure  ra t ios  reached w i t h  the sollic  nozzle o d y ,  the 
punpil?g cheracterist lcs  vere,   in some instances,   significmtly  affected 
by this change i n  spacing zatio.  

9. The  pumping characterist ics of the  sonic and supersonic  nozzle 
were notably  different. The geometry and ex i t  Mach  number of a super- 
sonic  primary  nozzle  appear t o  be important in determining  the pumping 
charecterist ics.  

Langley Aeronautical  Laboretory, 
Natioml Advisory Comdttee f o r  Aeronautics, 

Langley Field, Va., April 12, 1955. 
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(a) F i r s t  shroud - = 1.50 . c; ) 
Figure 2.- Variation of base-drag coefficient with jet-static  pressure 

ra t io ,  mzss-flow re t io ,  and free-streem &ch nulIjber. Sonic  nozzle. 
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Jet static-pressure ratio, - VJ 

(b ) Second shroud 

Figure 2.- Concluded. 
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Figure 3.- VarFation of base-drag  coefficient with jet-static pressu-re 
ratio, mass-flow ratio, m d  free-stream Mach nmber. Supersonic 
nozzle. 



22 NACA RM ~ 5 5 ~ 2 8  

Jet static-pressure ratio , - P j 
Po0 

(b) Second shroud 

Figure 3 . -  Concluded. 
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(a) First shroud - = 1.50 . t; . >  
Figure 4.- Exwles of pressure  distribution  over boattail  surface at 

M = 1.62. Sonic nozzle. 
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(a) F i r s t  shroud - = 1.50 . 6; ) 
Figwe 5. - Ekamples of pressure d is t r ibu t ioc  over b o s t t a i l  surface a t  

M = 1.62. Supersonic  nozzle. 
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Figure 5.- Concluded. 
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Jet static-pressure ratio, - P i  

(a )  First shroud ( !  = 1.i) 

Figure 6.- Variation of boa t t a i l  pressure-drag  coeI'ficient W i e  j e t -  
static  pressure  ratio,  mess-flow ra t io ,  end free-s-lreen Mach number. 
Sonic oozzle. 
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0 4 8 12 16 20 24 28 32 36 40 
Jet static-pressure ratio , - P j 

(b ) Second s'moud 

Figure 6. - Concluded. - 
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Jet static-pressure ratio, - P i  
P o 0  

(e) First shroud - = 1.50 . ( 2  ) 
Figure 7.- Variation of boattail gressure-&a@; coefficient  with jet- 

static  Dressure  ratio, mss-flow ratio, and free-stream k c h  number. 
Susersonic  nozzle. 
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Figure 7. - Concluded. 
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Figure 8.- %riation of total  afterbody drag coefficient with jet-static 
pressure  ratio,  mzss-flow  ratio,  and  free-stream Mzch rider. Sonic 
nozzle. - 
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0 4 8 12 I 6  20 24 28 32 36 40 
P. 

Jet static-pressure ratio, - 1 

(b ) Second shroud (2 = 1.33). 

FLgure 8. - Concluded.. 
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Jet static-pressure ratio, - P j 
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(a)  First shroud = 1.50 . 
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Figme 9.- Variation of total afterbody drag coefficient with  jet-static 
pressure ra t io ,  mass-flow ratio, and free-stream m c h  nuniber. Super- 
sonic nozzle. 
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Figure 9. - Concluded. - 
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re 10.- Variation of pumping characteristics with jet  static-press 
ratio, mass-flow ratio, and diameter ratio. Sonic nozzle. 



35 

u- 
0 

0 .- e e 

NACA RK ~ 5 5 ~ 2 8  

0 4 8 16 20  24 28 32 36 40 

Pj Jet static-pressure ratio, - 
Po0 

(b) M = 1.94. 

Figure 10.- Continued. 



Jei static-pressure ratio, E 9 

( c )  M = 2.41. 

Figure 10. - Concluded. 

37 



z 0 

e 

0 I 2 3 4 f 
~~ ~ 

pj 

PC0 
Jet static-pressure ratio, - 

( a )  M = 1.62. (b) M = 1.91+. 

Figure 11.- Variation of pumping  characteristics  with  jet-static  pressure 
ratio, mass-flow ratio, a d  diameter  ratio.  Supersonic nozzle. 

I I - 



NACA FM L55D28 -A 39 

0 I 2 3 4 5 6 7 8 9  

Jet  static-pressure ratii, pa0 Pj 

(c) M = 2.41. 

Figure 11.- Concluded. 



40 - NACA IIM ~ 5 5 ~ 2 8  

10 

9 

3 

7 

6 

5 

4 

3 

2 

I 

0 4 8 12 16 20 24 28 32 36 40 

Jet statlc-pressure ratio - PJ 
' Pm 

(a) SorAc nozzle. 

Figure 12.- a p i n g  characterist ics of model of this hvest igat ion wit'n 
a zero-length  ejector. D a h  obtained i n  investigation 05 reference 11. 



41 

u- 
0 
0 .- c e 

Jet  stoiic-prewre ratio, pm 

(b) Supersonic  nozzle. 

Figme 12. - Concluded. - 



42 RACA RM ~ 5 5 ~ 2 8  

IO 

8 9  

7 8  

g! 

$ 1  2 3 
Q 

w =  0.20 
0 1  

w=O.IO 

0 
w = 0.02 

W =  
Pi Jet static-pressure ratio - ' pca 

Figme 13 . -  Effect of free-strem Mzch r,-mber on punping c3arazteristics. 
Sogic nozzle. 



NAC-4 RV ~ 5 5 ~ 2 8  

17 18 

16 17 

15 !6 

14 15 

13 14 

12 13 

I I  i2  

I - 
E 4  5 6 

3 4 5  

2 3 4  

1 2 3  

0 1 2  
w=o 20 

0 1  
w=o IO 

0 
w =  0 02 

w = 4 8 12 IS 20 24 28 32 36 40 

Jet staiic-pressure rcjtio, - 4 
PC0 

(b ) SecoDd  shroud 

Figure 13. - Concluded. - 



6 

i? 
-0 
0 

0 
0 
C 2 3  

% 
cc 
0 1 2 3  
.- 
E 
0 

0 1  
$4.0 20 

!? w=o.io 
m 
9! 

e 2 
0 

w = 0.02 

C w=o 
I I I I I I  

I 2 3  4 5 6  
Pi Jet  static-pressure ratio - 
pm 

I 
Figure 14. - Uf'ect of Free-stream Mach  number  on pumping characteristics. 

Supersonic nozzle. 

b I 



N4CA N4 L55D28 45 

C 
w=o k!i 

Jet  static-pressure ratio, - 
PC0 

16 

15 

14 

13 

12 

IO I I 

Bl2 9 IO 

s 
.- L 8  9 

E 
2 O 7  8 

! 6  7 

= 
0 

0 
0 

0 

0 
" 

E 5 6  

f 
1 4  5 
- e 
g 3 4  

f! 
a 

2 3 4  

1 2 3  

0 1 2  
VI = 0.20 

0 1  
w = o  IO 

0 
VI = 0.02 

Figure 14. - Conchded. - 



46 NACA RM L53D28 

-. . 
5- 

" 

ode1 
!o?l I 

II SE 
.k 
...-I - 

,uncfure 
edge or; 

of junctl 
Ing edge 

of wmg 
id WOII 

ectlon 

r;-88164 
Figure 15.- m i c a 1  full-size schlieren photograph illustrating the tun- 

nel flow st a free-streax hkch a - t e r  of 1.62. 



NACA RM ~ 5 5 ~ 2 8  47 

pi 
p a  
- 

0.40 

.81 

e I .5l 

2.02 

w=o 

(a) First 

w = 0 . 0 2  w=O.lO w.0.20 

Figme 16.- Schlieren  photographs of phenonens.  associated with priwry 
jet and secondary flow at M = 1.62. 



45 NACA NE ~ 5 5 ~ 2 8  

- 

w= 0 w= 0.02 w=O.lO - w.0.20 

.81 

L-88166 
(S) Second shroud (2 = 1.33) ; supersonic  nozzle. 



'T 
NACA E4 ~ 5 5 ~ 2 8  

pj w= 0 - w=0.02 w=O.lO 

49 

w = 0 . 2 0  

24.3 

NACA-Langley - 6-14-55 - 350 



" " -  . 

.. . . 

c 

i 


