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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

THRUST AND PUMPING CHARACTEBISTICS OF A SERIES OF EJECTCB-TYPE 

EXHAUST N0ZZI;ES AT SUBSONIC ANn SUPERSOMC FLIGHT SPEEW 

By  Donald P. Hearth and Alfred S. Valerino 

SUMMARY 

An investigation was conducted in the 8- by  6-foot  supersonic  wind 
tunnel  to  determine  the  thrust  and punrping characteristics  of a series 
of  ejector  exhaust  nozzles.  Data  were  obtained  for vmious ejector diam- 
eter  and  spacing  ratios  at  free-stream  Mach  numbers  of 0.10, 0.63, 1.50, 
and 1.90 over a pressure-ratio  range  of 1 to 10 and  secondary-primary 
weight-flow  ratios  to 0.36. 

* 
Results  of  this  investigation  indicated  that  free-stream Mach number 

had no effect on the  pumping  and  jet-thrust  characteristics  of  the  ejec- 
tors in the  range  for  which  the  secondary  flow was choke&.  The mass-flow 
discharge  coefficient  of  the  primary  nozzle was reduced  as  secondary 
weight  flow was increased  for some of  the shroud configurations. How- 
ever,  the f l o w  coefficient was not  affected  by  primary  pressure  ratio  or 
free-stream  Mach number. 

.. 

IKCRODUCTION 

It has been shown (refs. 1 and 2) that  increases in the  basic thrust 
of a conventional  convergent  nozzle may be  obtained  when  cooling  air  is 
pumped  through an ejector surrounding the  primary  nozzle.  These  ejector- 
type  exhaust  nozzles also represent a form of miable-geometry jet exit 
(ref. 2 1 which  is  desiyable for engine  operation  over a wide  range  of 
pressure  ratios. -row ~nvestigations  (refs. 3 and 4, for  example) 
have  been  made  in  quiescent  air  to  determine  the  thrust and pmging char- 
acteristics  of  various  types  of  ejector  nozzles. 

In order  to fully evaluate  such  exhaust  systems,  determination of 
the  interferences  between  the  internal  and  external flows are  required. 

external  flow  influence on ejector  pumping  performance  and  the  external 
drag characteristics  are  reported in references 5 and 6 .  However,  the 
external  flow  effect on measured  internal  thrust  for  ejector  configura- 
tions has not been  reported. 

. Investigation  of  this  problem has been  initiated;  results  concerning  the 



2 NACA RM E54Hl9 

* 
To provide  Wormation  concerning th33 problem, an investigation 

was conducted i n  the NACA 8- by 6-foot  supersonic wind tunnel on a series. - . . 

of ejector-type  exhaust  nozzles  proposed fGr. me.on superson= a i rpbnes .  
Gross-thrust data, as w e l l  as the pumping characteristics, are presented 
fo r  various ejectors at freerstre-~,dach..m.uhers of 0.10, 0.63, 1.50, and 
1.90 and a t .p rhTj .  pressure ratim-of.1 to 10. The secondary weight  
flow was varied frm zero t o  36 percent. of. the arimary weight flow. The 
priruary  nozzle was set fo r  simulated  afterburner-on  operation.  Analyses .- .. 

of these data were made t o  provide an ~veY-all..c.qmpari6on of the various - 

configurations and - a l s o   t o  ccolrpare.the net-thxust-augmentation  charac$er- 
i s t i c s  -of the  ejectors t o  those ofPrxam3Tt;ional nozzlFs. 

- .  

. .  " 

.-. - . -. ". - . .  

Installation 
." 

The ejector  configuratiom were m a t e d  on ap exit.model which was 
installed in the 8- by 6-foot~~~supersonic~'t_rind t:umel, as ehown in figures 
1 a d  2 .  A i r  preheated t o  250° F was introduced  into the model'by means 
of the  two hollow  support struts shown. Although a can-type  canbustor 
was Fnstalled i n  the exit model (fig. 31, all data were obtained  without - - c 

a hot primary jet. 

.. . 
. "- 

Shown schematically 3.n figure 3 are the in$ernal detai ls  of the exit 
model. For the purposes of the  present  investigation,  the external after- 
body was gradually tapered fram the maximum b d y  diameter of 8.25 Fnches 
at  s ta t ion 49.25 to-  a diameter of 5.86 inchesL& station 70.61. The ex- 
ternal  shrouds  investigated were mounted at' this station. A simulated 
vert ical  fin was mounted m the  afterbody- aS indicated. The cambustor, 
bleed valve ( for  varying the secondary  weight.  flow), and inner liner were - 

attached  internally t o  the  outer shell. A more detailed.  discussion of 
the  basic exit model and its lnstallat ion in  the &mnel is included in 
refereace 7 .  

-.. - 

. " 

- , -" 

Ejector  Configurations 

Presented i n  figme 4 are schematic dramgs-and  tables of internal 
coordinates for the variow external  shroud  -configurations. AL1 the con- 
figurations Were investigated with the same primary  nozzle,  the  throat 
diameter of which waa 3.75 inches. This sonic nozzle  represented  the 
afterburner-on case (nozzle-entrance di&ter, 4.10 W. 1, where the 
collar shown simulated the mechanism for'varghg  the  nozzle-throak area. 

The various  ejectors are designated by two  numbers; the ffrst re- 
fers t o   t he  diameter ra t io ,  while the second refers t u t h e  spacing 
ra t io .  The "basic ConfiguratiUII" had- a dTam&er ra t io  ds/dp of 1.16 

. .  

" 
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and a spacing r a t i o  S/dp of 0.80. Ejector 1.16-0.80-S consisted of 
the  basic  configuration with simulated  st iffener  r ings  installed on the 
inside of the shroud downstream af the primary  nozzle  such that the exit 
shroud diameter was not  restricted.  Cutting  0.98  inch from the  mixing 
length of the basic   e jector  resulted in an ejector  (1.29-0.54)  having a 
larger diameter r a t i o  and a smaller spacing  ratio. The base bleed con- 
figuration,  ejector 1.48-0, was obtained  by  cutting  the  basic  ejector at 
the plane  of the nozzle exit so that the diameter r a t i o  was 1.48. Ejec- 
t o r  1.16-0.38, which had the same diameter r a t io   bu t  a smaller spacing 
rat io   than the basic  configuration, was obtained by increasing  the  boat- 
t a i l i ng  of the external. shroud. 

Data Reduction 

Symbols are  defined in appendix A .  The method of th rus t  measurement 
is described in appendix B. This method differs fram that of reference 7 
in  that the momentum of the entering  nozzle air was measured by the 
strain gage along with the external body drag  and  the internal drag. 
Thus, the balance measured the jet thrust   mbus  external  drag  directly.  

Gross ejector  force Fe is defined as the j e t   t h rus t  minus t o t a l  
external drag  for the given  configuration  plus the jet-off external drag 
of the basic  configuration. This latter value was obtained from the  
balance with no flow  passing  through the basic  configuration. Thus, the 
gross e jec tor   force   for  any givea  configuration  consisted of its j e t  
thrust, the change in external drag due t o  the jet exhaust, and any dif- 
ference in jet-off  external  drag between that of the configuration under 
consideration and the basic  configuration. Such a parameter  permitted 
an over-all comparison of the configuration.  Force data are presented 
in terms of the primary  nozzle- jet  thrust  (fig. 5), which was obtained 
from a thrust   cal ibrat ion with the primary  nozzle only installed on the 
exit model. A check of the force data on a bench test indicated  accuracy 
t o  k2 percent. 

Total weight flow  through  the  nozzle waa obtained from the sharp- 
edged o r i f i ce  shown in figure 1 and a rotameter which measured the pre- 
heater fuel flow.  Prhmy-nozzle weight flow Wp was calculated by 
subtracting the amount of w e i g h t  flow  through the calibrated bleed valve 
Ws from t h e   t o t a l  weight flow.  Primary-nozzle to ta l   p ressure  Pp was 
obtained frcm continuity  relations at the nozzle  entrance where the 
w e i g h t   f l o w ,  the s ta t ic   pressure,   the  area, ELnd the total. temperature 
{measured in the  support s t r u t s  and assumed constant  throughout the 
model) were known. Secondary total   pressure Ps was measured by means 
of the total-pressure rake shown in figure 3. Mass-flow coefficients 
for   the primary nozzle, defined as the r a t i o  of a c t u a l   t o  ideal mass 
flow, were calculated with the equation shown in appendix A and are 
accurate t o  kl percent. 
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DISCUSSION OF RESULTS 

Pr-ry-Nozzle.  Mass-Flow Coefficients 

The effects of fkee-stre2lm Mach  number and pressure r a t io  on the 
primary-nozzle mass-flaw coefficient are indicated i n  figure 6. Data 
are  presented only f o r  the basic  configmatian,  ejector 1.16-0.80-S, 
since the same effects were abtafned  for  the  other  configurations. AB 
noted in reference. 5 for a cylindrical   -ejector and i n  references 7 and 
8 for  other  types of nozzles;.- there was l i t t l e  or no effect  of either 
free-stream Mach nuniber o r   p re s su re . e t io  on the  primary-nozzle mass- 
flow coefficient . .-  

.. . 
. . .. 

- . . . . . . 
. .  

. , . . -. - . " 
~ 

Figure 6 does indicate, however, that there was an effect  of sec- 
ondary weight  flow on the mas@-flow coeff ic ient .   Thb trend, which w a s  
a l s o  noted i n  reference 5, can best be seen Fn figure - 7  in which dah 
for  a l l  five  configurations are presented as a function of anly the 6ec- 

ondazy weight-flow  parameter As indZcated, s;U the configura- 

tions yielded the 6a~ze mass-flo; co&icient, 0.995, for  secondary weight-- 
flow rat ios  .up t o  0.15. Above this Etmouzlt pf bleed, however, the sec- 
ondary flow appeared to  have restr ic ted the pr- nozzle for ejectors 
1.16-0.80, 1.16.;0.80-S, and 1.16-.0.38, the flow coeffici-ent  decreased 
rapidly. No decrease was noted for   e jector  1.48-0 in the range f o r  which 

data were obta'ined up t o  

1.29-0.54 occurred at the  very  high amounts of bleed. - Thus, ejector 
diameter r a t i o  appears t o  have been the govern- cr i ter ion on t h i s  
phenomenon. . .  . 

WS 7E ( wp* 
. A small effect on ejector 

A one-dimensional analysis of this phenomenon has been made i n  ref - 
erence 9 in which it was assumed that equal  static  pressures exist at 
the primary nozzle and the shroud exits, and that isentropic  flow exists 
in the  primary -and secondary  flows. By applying tEese  assumptions to-- - -  

continuity relations, contraction of the prinuwy-nozzle  vena contracta 
due t o  excess  secandary  flow  can  be dete-ed as a function of the var- 
ious  physical areas. The mass-flow- coefficients  obtained by this ana- 
lysis are shown Fn f Q u e  7 for  all c.onfi$urations.  Although very good 
agreement &absolute  values was' obtained, it ie"probabiy &re eignfff-  
cant that the   andys is  adequa%ely predicted  the--&ount of secondary 
weight flow at-;whS;ch further increases in  bleed flow a d  result in 
reduction. a i  the primary-nozzle mass-flow coefficient . 

. .  

e 
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Performance Comparison of  Configurations 

Pumping and gross eJector  force data f o r  all the  configurations are 
presented Fn figure 8 at free-stream Mach numbers  of 0.10, 0.63, 1.50, 
and 1.90. Secondary-primary total-pressure. r a t i o  Ps/Pp and gross 

" . 

P 

e jec tor   force   ra t io  7 are shown as a function of the weight-flow 

Ws 
x j ,p 

parameter for  constant  values of primary  pressure  ratio  pdp0. 
WP-G 

Pumping character is t ics .  - These data indicate that cut t ing back 
the contour of the  basic external shroud to   obtain  e jectors  1.29-0.54 
and 1.48-0 from 1.16-0.80 resulted  generally Fn an improvement in  the 
pumping characterist ics,  that is, for   the  same total-pressure  ratio,  
more secondary  weight flow was obtained. This advantage  increased with 
bleed f l o w  and  primary  pressure  ratio  but m s  l o s t  at the very low values 
of these operating  conditions.  Ejector 1.16-0.38, fo r  which the diameter 
r a t i o  of the basic  configuration was maintained at a smaller W i n g  
length, exhibited e s s ~ t i a l l y  the same pumping Characteristics as the 
basic  ejector.  Thus, the improved punrping for  the  cut-back  configura- 
t ions is bel ieved  to  have  been due t o  the increase i n  minimwn secondary- 
flow area. 

Gross ejector  force  chaxacterist ics.  - A comparison  of the  various 
configurations on an over-all  (thrust minus drag) basis is made i n   f i g -  
ure 8 by the use of the gross ejector   force  ra t lo  Fe/Fj,p. The gross 
ejector   force has been defined as the thrust minus drag  obtained from 
the balance  plus the jet-off  external drag of the  basic  configuration. 
Thus, this parameter  tncludes the j e t  thrust of that conf iguratim, any 
difference between the jet-off  external  drag of the configuration  under 
consideration and that of the  basic  ejector,  and the  change in  external 
drag due t o  the je t  exhaust. 

These data ( f ig .  8) indicate that the gross ejector  force  charac- 
t e r i s t i c s  of the basic  configuration were improved by cutt ing the shroud 
back about  one-third of the mixing length, which resulted in a larger  
diameter r a t io .  This improvement was more noticeable at the high pr i -  
mary pressure  ratios and/or high secondary  weight  flows. Sl ight  improve- 
ment was a l so  obtained  by  reducing the  mixing length of the  basic shroud 
without changFng the diameter r a t i o  (achieved by increasing the amount 
of external boattailing). The simulated s t i f fener   r ings had no effect 
on the basic   e jector  pumping characterist ics and l i t t l e  e f fec t  on the 
force  characterist ics except in - the  very low pressure-ratio  range. 
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The trends  shorn in  figure 8 Sii% iiifluenced-by tlie effect  o f sec -  
ondary weight flow on the primary  nozzle shczwn in  figure 7 .  Because-C a 

ejectors 1.29-0.54 and 1.48-0 did not  have-a  decreasing  primary-nozzle 
mass-flow caefficiknt, it would be-expec-d- tha t  the gross ejector  force 
r a t io  for these  cunfigurations would increase  relative  to the other con- 
figurations :-as secondary weight flow w a s  m d .  

Effect of Free-Streem Mach Number 011 Ejector 1.16-0.80-S 

To determine  the  influence of free-stream Mach number on ejector 
performance, the data far the  various  configurations a s  presented in 
figure 8 have  been cross--plotted-as a function of primary pressure  ratio. 
Presented in  figure 9, a6 an example of these crosB plots, is the  varia- 
t ion of the gross e-jector  force  ratio  for  the bw-ic  copfiguration, 
ejector 1.16-0.80-9, at weight-flow  rat-ios o f  0.05, 0.10, 0.15, and 0.30. 
This figure $pT3Zates that except for  the ~ o + o u s  4.4 pressure-ratio 
data at Mach  number 1.50, there  appears t o  have been no effect  of free- 
stream Mach number, although the gross ejector  force parameter shown 
consisted of external drag changes  (due to   the je t )  as well as the 
nozzle- jet thrust. 

I n  order   to  show effects on only the je t   th rus t ,  it was necessary t o  
subtract-.-the  interference  drag from the gross ejector  force.   Sufficient 
instrumentation was not Installed on the model in the  present fnvestiga- 
t ion   t o  determine  the change Fn drag due t o  the jet,. However, an inves- 
t igat ion of the same external shroud ccxu3guration, but with a smaller 
primary nozzle, has been  conducted for w x c h  changes in external drag 
were obtained. Although the drag characterist ics  for-the two investiga- 
t ions may not have been .exactly the same, as a f irst  approximation,  the 
drag values obtained with the smaller priplary  nozzle (fig.  10) were 
used.  The.resulting jet  thrust rat ios  are shown Ln figure ll and agree 
w i t h b  kt2 percent with thns .@$s  of a .  quiescent air fnvestigation 
(ref. 10) of conical  shroud  ejectors with approximately  the 8ame s p a c m  
ra t io  and diameter ratios.  

Included in flgure 11 are- the pumping characterist ics f o r  ejector 
1.16-0.80-5. obtained- from cross-plotting figure 8. The secondary-to- 
primary total-pressure  ratio Ps/Pp decreased for  increasing primary 
pressure  ratio until the secondary  flow "choked" (reached  sonic  velocity 
i n  the secondary  passage (see r e f .  ll)) . Above this value of primary 
pressure  ratio  (approximately 3-01, the  secondary total   pressure remained 
constant. " . .  . 

Figure 11 indfcates no effect  of free-stream Mach number -on either 
the punping characteristics or the   e jec tor . je t  thrust characterist ics.  
Similar  results were obtained by cross-plotting the data of the  other 
configurations. The absence of free-stream Mach number effects is 
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probably due t o  secondary  flow c h o w  over the pressure  ratio range in- 
vestigated  at  supersonic  free-stream  conditions  (except 1.48-0 f o r  which  
no supersonic data were obtained).  Supersonic external flow  could pos- 
sibly  influence  internal  ejector performance i f  the secondary  flow were 
unchoked, as was noted in reference 1 2  fo r  a base bleed configuration. 

N e t  Thrust Characteristics f o r  Ejector 1.16-0.80-5 

Although figure U indicated a continued  increase of e jector  jet 
thrust with secmda,ry weight flow, the net  effect of bleed, i f  free- 
stream air is u t i l i zed  In the  ejector, can only be shown i f  the inlet 
momentum of the secondary flow is considered.  Therefore,  net thrust 

r a t i o s  2 ( f ig .  12) were calculated in  which the t o t a l  M e t  momentum 

of the primary asd secondary flow was subtracted fran the  ejector jet 
thrust  and the  primary-flow W e t  momentum was s d t r a c t e d  from the pr i -  
mary Jet thrust. "his parameter was ccuuputed from the egector jet  thrust 
r a t i o  as shown Fn appendix C. The following  assuqtions were made: 

Fn e 
*n,P 

(1) Altitude = 35,000 feet 

(3) Tp = 3500° R 

The general results were not jnfluenced by the values assumed. Also 
shown in figure 12 are the maxirmnn secondary weight flows obtahable  f o r  
inlet pressure  recoveries Ps/Po of 1 .OO and 0.50. Since weight flows 
above those shown f o r  100 percent  recovery could not be obtained without 

ressor bleed, calculations of the net thrust r a t i o  were terminated at 

For the supersonic Mach numbers, an opt3nn.m bleed flow is evident. 
As would be  expected, the value of the optimum bleed decreased as Mach 
number m s  increased  because of the increasing inlet momentum penalty 
of the  secondary flow. The maximum bleed flow (Ps/Po = 1 .O 1 increased 
as free-stream Mach  nuniber was increased becauBe of the higher  potential 
ram recovery of the secondary  flow. The maximum obtalnable  pressure 
recovery, of course, muld be less  than 1.0 and would decrease as free- 
stream Mach  n-er was increased,  thereby  influencing the sec- 
ondary flows that could be obtained. 
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Comparison w i t h  Conventional Nozzles 

Presented in  figure 13 is the variation of the  net thrust ra t io  

with primary-nozzle  pressure r a t i o  for ejectors 1.16-0.80-S and 
Fn,P 
1.29-0.54. These curves are f o r  a weight-flow r a t i o  of 0.15, or, if the 
flow were limited by pressure  recovery, fo r  that weight flow at 
P,/Po -1.00. 

Figure 13 indxcates  the  attafnment of net  Jet augmentation  over the 
convergent  primary  nozzle at subsonic-free-stream  conditions. A t  super- 
sonic Mach numbers,  however, ' the  net thrust aug5iMxtion  decreased  and 
Fn some instances a penalty  resulted. This t r e n d m s  a result of the 
larger  penalty  encountered in taking secondmy flow aboard. The be t te r  
performance of the 1.29-0.54 configuration compared with the 1.16-0.80-5 
configuration at the higher pressure  ratios is probably due to   t he  in- 
creased diameter mt;io (ref.  2). 

Reexpansion of the convergent primary .nozzle would a l s o  cause 
thrust augmentation. The maxirmrm net   thrust  augmentation  obtained i n  
this manner  would resul t  from c m l e t e  isentrqpic  expansion of the pri- c 

rnary flow i n  a variable  expansion  ratio  nozzle. Th3.s case is indicated 
in figure 13 by the dashed c w e ,  where the jet thruat W&B obtained by 
addFng t o  the calibrated  primary je t  t h m t  the divergent thrust incre- 
ment fo r  ccorrplete -isentropic  expaasion (rei. 13). It would appear that, 
within the accuracy of the ejector  force-data shown in figure 13, a fixed 
ejector would have net thrust augmentation features comparable with those 
of-a  variable  convergent-divergent  nozzl3. The comparison shown i n  f ig -  
ure 13 could, of course,  be  altered by the matching of an auxiliary in- 
l e t  t o  the  ejectors as w e l l  as the inlet external-drag. 

" 

The amount_of. jet- thruat developed by the ejector is campared in - - 

figure 14 w i t h  the maxirmlm o r  ideal jet  thrust which could  possibly be 
realized by the primary and secondary  flows  inaependently . The ideal 
thrust f o r  each of the two systems is deflned (same as Fn ref. 2) aa the 
product of the mas6 f low and the ideal velocity resultkg from c 

This figure indicates a peak value  ofxppro?+teIy 0.985 at a pressure 
r a t i o  of 4.0 with 10 percent  bleed flow. The parameter shown in figure 
13 may be useful for  comparison with  conventional  nozzles if  the cooling 
air pumped .through the-ejector  was obtained from the  engine rather than 
frm free  stream. The peak obtained  with this ejector was approximately 
the sane as f o r  a convergent-divergent nozzle (ref. 14) . 

isentropic expansion a t .  the given pressure rat.io (PP/po or  



NACA RM E54Hl9 9 

The followhg results  were  obtained  from an investigation  conducted 
on a series  of.  ejector  configurations  with  the primary nozzle in the 
afterburner-on  position  at  free-stream  Mach  nunibers of 0.10, 0.63, 1.50, 
and 1.90 over a pressure-ratio  range  of 1 to 10 and  secondary-to-primary 
weight-flow  ratios  to 0.36: 

L A .  . 

1. Free-stream  Mach  number  had  no  effect on eLther  the  measured  jet 
thrust  or pumping characteristics in the rmge for  which  the  secondary 
flow was choked. 

2. Neither  free-stream  Mach  number nor pr- pressure  ratio  had 
any effect on the mass-flow coefficient of the  primary  nozzle.  For  the 
smaller  diameter  ratio  configurations,  however, a decrease in the  flow 
coefficient  resulted frm aS increase  in  secondary  weight flow. 

Lewis Flight  Propulsipn  I&b.oratory 
National  Advisory  Committee for Aeronautics 

Cleveland, Ohio, August 20, 1954 
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APPENDIX A 

A 

B 

cD 

% ,P 
cf 

DJo 
D' 
30 

- ds 
dP 

'e 

FJ 

Fj  ,P 

Fn, e 

F jJe  

F 
n, P 

SYMBOLS 

The following symbols are used in this  report:  

area, sq f t  

strain-gage-balance  reading, -1b 
Dc. 

boattail drag coefficient, -1 90%1 
r a t io  of measured pr- t o  conputed s m l c  jet  thrust 

mass-flow discharge  coefficient, . . 

. . .  . . . . .. .,". 

. wP 
." . . - 

jet-off external drag, lb 

ejector dimneter . .  r a t i o  " . . . . . . . . ." ." . . . - " - . . . . . 

gross ejector  force,   FjJe, .  + Di + (Dl  - Djo) ,  lb 

jet thrust, mV + AAg, lb  

Jo 

ejector jet thrust, l b  

primary jet thrust; l b  
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0 In 
M M 

acceleration due t o  gravity, 32.2 ft/sec2 

t o t a l  momentum, mV + Ap, l b  

Mach  number 

mass flow, ~ A V ,  slug/sec 

t o t a l  pressure,  lb/sq f t  

secondary-to-primasy  total-pressure r a t i o  

static  pressure,  lb/sq ft 

primary-nozzle  pressure ratio 

dynamic pressure, upM2/2, lb/sq f t  

mixing length, in. 

spacing rat i o  

t o t a l  temperature, 91 

s t a t i c  temperature, OR 

velocity,  ft/sec 

weight flow, lb/sec 

. .  

weight-flow r a t i o  

r a t i o  of specific heats for air 

static  density,  slug/cu ft 

Subscripts : 

i ideal, colnplete  expansion to  free-stream  static  pressure 

m maximum 
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P 

S 

0 

Primary 

secondary 

free stream 
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EVALUATION OF EJECTOR  FORCES FROM BAIANCE 

The strain-gage  balance was connected t o   t h e  model as shown sche- 
mt ica l ly  in the following sketch: 

*l, 1 I 

Station 1 Station 2 

Egector je t   th rus t  is defined as 

5 Y  e = F2 = mv2 f Pzp.2 - P& 

squation (Bl) is equivalent t o  

The momentum a t   s t a t ion  2 is related t o  the momentum at s ta t ion  1 by 

Since 

equation (B2) becomes 

The strain-gage  balance as Fndicated on the  sketch measured the 
following: 
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Substitution of Nle2 from equation (B5) in to  equation (B4) 
yields 

S h c e  A1 + Ab = Ac + A2 

Thus, the  ejector jet thrust minus the- total   external  drag was 
measured by the  balance and Was -calculated.-as shown Fn equation (B7). 

Gross ejector  force is defined 86 

since  for any configuration, " 

Dj,e = DJo - Di 

. .. . 

The gross ejector  force and e jec tor   j e t  thrust are, therefore,  related 
as 

The gross ejector  force and ejector   Jet  thrust have  been presented 88 a 
function of the -calibrated  Jet  thrust of the prfmary nozzle: 



15 

EVALU..ION OF NET THRUST RATIO 

"pvo 
F3,P 

The net thrust r a t i o  can thus be written as: 

The  momentum term can be written as (Mp = 1 .O) : 

c 

r 1 

L 

where cFJ,p is the  calibrated  thrust   coefficient conq?uted sonic 

the primary nozzle and is included so that the momentum term is  based 
on the sa& jet thrust  as the e jec tor   j e t   th rus t  r a t i o .  Thus, the  net 

thrust r a t i o  was calculated for a given %, 3, and  by 
j ,P 

making the following  assumptions: 

(1) Altitude = 35,000 f t  
(2) Tp = 35000 R 

(3) Ts = To 
14) v, = vo 
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Figure 2. - Exit m o b 1  l a  E by &foot tunnel. 
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EJcctor 1.16-0.80 (s- 1.156,.& = Ejector 1.16-0.80-5 (z- 1.156, %= 
Fuselage statlon  Inslde  htameter 

70.61 
5.55 71.66 
5.74 

I 72.72 
73.77 
74.75 4.34 

(a) Ejwtors 1.16-0.80 and 1.16-0.80-5. 

Fuselage station1  Inaide  diameter 
70.61 I 5.74 
71.66 
72.72 

5.55 

4.88 75.77 
5 -26 

(b) Ejector 1.29-0.54 I 1.295,  0.558 . (% 1 
Figure 4. - Sketches and pe&tinent  dimensions of oonfigurations  investigated. (All dimensions a r e  in 

inches. ) 
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70.61 
5.55 71.66 
5.74 

" . . - . . 

Fuselage station 
70.61 
71.15 
71.66 

72.72 
73 . la  

Inside  -diameter 

5.43 

4.75 
4.34 

. .. .. . .. . 

Figure 4 .  - Conciuded.  Qtetchw.@nd  pertinent dimenslone or configurations investigated. (.All 
dimensions are i n  inchee.) 
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(a) Primary-nozzle  Jet thrust cha rac t e r i s t i c s .  
1.1 

1.0 

.9 0 2 4 6 8 
Pr*-nozzle pressure  ratio,   pp/p0 

(b) Comparison of measured t o  computed pr imary   Je t   th rus t .  

Figure 5. - Calibrated  primary-nozzle jet  t h r u s t .  

0 
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.. 
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1.1 

1.0 

I t I I I I I I I 
.9 

1.0 

.9 

. .. . 

c 

.. ". . 

. .. 

(d) Welght-flom r a t i o  s, 0.268. 

Figure 6 .  - Primary-nozzle mass-flow-cmrrlolent  oharaotaristlos. Westor 
1.164.80-5. 
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1.0 

.9 
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(a) EJectora 1.16-0.80 and 1.16-0.80-8. . .  
1.1 

U 
FI 

g 1.0 
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f 
b *9' 

I I I I 

.9 
( c )  EJector 1.484. 
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Figure 0 .  - 

Weight-flow  ratio, GT 
(b) Free-stream  Mach  number, 0.63. 

Continued. Oross ejector force and pumping characteristias. 
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li (a) Weight-flow *at io 

I 

Free-atream Maoh number, 
MO 

(b) Weight-fYow  ratlo 2, w * f l  0.15. 
W P d T  

Primary-nozzle  pressure ratio, -.E 
PO 

P 

( 0 )  Weigtxt-flow ratio - 3 0.10- Wa< (a) Weight-flow ratio 0.30. 

W P 6  G x  
Flgure 9. - Effect of free-stream Mach number on gross ejeator force mt10 foFejector 1.16-0.80-S. 
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.03 
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- .01 
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“I (a) Free-stream Mach number, 0.63. 

a” 
% 

u .05 

0 u 

.01 
(b) Free-stream Mach number, 1.50. 

.03 

.01 
0 .1 .2 .3 .4 .5 

Ws 6 
W P G  

Weight-flow ratio, - 

(c) Free-stream Mach number, 1.90. 

Figure 10. - Estimated boattail drag characteristics. 
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Primary-nozzle.  pressure ratio, 3 
PO 

Figure 11. -..Effect of. free-s.tr.egm. m-ch..ngpber .on. pqi-ng and ejector jet 
thrust  characteristics  for  ejector 1.16-0.8!3-S.. 
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Net thrust  ratio baaed on oa l ibratd  p r h a r y  Jet  thrust f o r  zero a e o m d w y  re.lgt flow 

" ?kuhnn seoondary weight flow obtainable f o r  100 percent  Inlet pressure recovery - p, - l.C 
PO 

-- Maximum aeaondaw weight flow obtainable f o r  50 percent Inlet pressure recovery 2 - 0.5 
P 

PO 

1.1 

1 .o 

k4R 4: 

$ 

3 9  
f! 

0 

(a) Free-utrmn Mach 
: number, 0.10. 

0 1.1 

0 

0 

1.0 

.9 
.2 0 .1 

(b) Wee-atream Hach ( 0 )  nee-stream Haoh number, 1.50. 
number, 0.65. 

0 .1 .2 .s 

(d) Free-atream moh number, 1.90. 

Pi&ure 12. - Net thruat  oharaoteristica for cjeotor 1.16-.80-9. w w 
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Weight-flow ratio, 
we 6 
W P d 5  - 0.05 . l o  

.15 
"- - 

% 

- 

2 4 6 8 .  
Primary-nozzle  pressure ratLo, pp/p0 

Figure 14. - Ideal jet thrust  characteristics  for  ejector 
1.16-0.80-S. 
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