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This report cavers a study conducted by the General E lec t r i c  Company t o  
evaluate new concepts in Remote Augmented L i f t  Systems (&US) t o  improve t h e i r  
i n s t a l l a t  ion charac te r i s t  ics.  The RALS propulsive l i f t  system operates by 
ex t rac t ing  most of the bypass airf low from a turbofan engine and duct ing i t  
forward i n  the a i r c r a f t ,  through a remote augmentor and vectored exhaust noe- 
ele .  This system provides a l i f t  vector forward of the a i r c r a f t  center  of 
gravi ty t o  f a c i l i t a t e  control and balance of the a i r c r a f t  i n  the v e r t i c a l  
(VTO) mode of operation. 

This study explored a var iety of concepts adding e j ec to r s  t o  the remote 
exhaust nozzle t o  cool the  a i r c r a f t  compartmnt, mix and cool the  exhaust 
footprint ,  aad t o  achieve some thrus t  ( l i f t )  enhancement within prac t ica l  gso- 
metric l imitat ions.  A number of e j ec to r  concepts were evaluated and three 
were selected for  detai led study. 

Due t o  the lack of applicable t e s t  data ,  exact performance predict ions 
fo r  the selected concepts were not possible. Using ana ly t ica l  methods devel- 
oped fo r  other e jec tors ,  the c r i t i c a l  performance parameters were ident i f ied ;  
and a sca le  model t e s t  program was recomnended t o  explore the e f f ec t s  of the 
more important parameters on performance of the selected e j ec to r  concepts. 



2 .O INTRODUCTION 

The RALS concept has been proposed by General E lec t r i c  as a means t o  
supply a control lable  forward l i f t  vector i n  a V/STOL a i r c r a f t .  The concept 
has been evaluated under contracts  from the  Naval A i r  Propulsion Center (Ref- 
erences 1, 2, 3, and 4). These s tudies  showed tha t ,  compared t o  propulsion 
systems using dedicated l i f t  engines, the  U S  system can provide about the  
same s i z e  (TOGW) supersonic f i gh te r  a i r c r a f t  t o  complete the specif ied deck- 
launched i n t e r c e ~ t  mission. However, s ince a l l  of the in s t a l l ed  turbo- 
amchinerg is avai lable  t o  provide forward th rus t ,  t he  BBLS-powered a i r c r a f t  
f a r  exceeds other conceots i n  tenas of supersonic accelerat ion and combat spe- 
c i f i c  energy, Ps. It a l s o  results i n  a much lower l i f e  cycle  cos t  because 
only one type of' engine aust be developed, procured, and maintained. 

While these a re  important advantages, the BALS system does have disad- 
vaatages in  tha t  the remote augmentor is located near the p i l o t ' s  cornpartmat 
and e lec t ronics  bay, requiring a means of loca l  cooling, and it r e su l t s  i n  a 
relatively high exhaust gas temperature with poten t ia l  deck heating problems. 

In theory, the use of an e j ec to r  nozzle i n  the remote system could pump 
su f f i c i en t  ambient a i r  t o  cool the surroumliag a i r c r a f t  bay and t o  mix the  
exhaust stream t o  a lower average footprint  temperature. In  addition, some 
degree of l i f t  enhancement might be possible. In  pract ice,  the geometric con- 
s t r a i n t  placed on the e j ec to r  f o r  stowage and f o r  low drag i n  the supersonic 
f l i g h t  mode would make the use of a highly canplex and highly e f f i c i e n t  ejec- 
t c r  qu i t e  d i f f i c u l t .  However, i f  su f f i c i en t  e jec tor  act ion could be provided 
t o  increase the l i f t  vector enough t o  o f f se t  the weight increase, the cooling 
advanf ages could s t i l l  make the concept worthwhile. 

Since the geometric constraints  of the in s t a l l a t i on  were found t o  be a 
s t rong dr iver  i n  the se lec t ion  of desirable  concepts, spec ia l  a t t en t  ion was 
paid t o  es tab l i sh ing  representat ive design requirenents. A number of a i r -  
c r a f t  companies tha t  had studied US-powered a i r c r a f t  designs provided inputs 
as t o  thrus t  s p l i t ,  vectoring and modulation needs, space ava i l ab i l i t y  , and 
i n s t a l l a t  ion constraints .  Because of differences in  the a i r c r a f t  designs, a 
ra ther  wide range of i n s t a l l a t i on  requirements resul ted.  

Concurrent with t h i s  study, General E lec t r i c  was performing contract 
NAS2-10556 from NASA-Ames t o  redesign the i r  large sca le  VEO f igh ter  model 
(Figure 1) t o  simulate a RALS propulsion system. This redesign consisted of 
adding a th i rd  597 engine mounted i n  the fuselage with its exhaust supplying 
a remote exhaust nozzle near the nose of the model. In  consideration of the 
d i f f i c u l t y  encountered i n  developing other  e j ec to r s ,  par t icu lar ly  with respect 
t o  sca l ing ,  it was f e l t  t o  be highly desirable  tha t  the option remein open t o  
t e s t  any a t t r a c t i v e  concept i n  a larger  s ize .  The decision was therefore mede 
t o  configure the selected e jec tors  t o  meet the geometric constraints  of the 
VEO model. Thus, i f  the r e su l t s  of a small-scale model tes ted  with a f a c i l i t y  
a i r  supply prove 20 be su f f i c i en t ly  a t t r a c t i v e ,  a larger  sca le  model could 





subsequent lp be tested in the VEO model at Ames. This decidion narrowed the 
range of installation requirements to  those of a single aircraft concept; and 
although the results of ejector development would be less  generic i n  nature, 
the potential of large scale tesing was f e l t  to outweigh this disadvantage. 



3.0 DESIGN STUDY 

\ 

The i n i t i a l  t a s k  o f  the s tudy  cons i s t ed  of e s t a b l i s h i n g  design require-  
ments. This was followed by a review of  a n a l y t i c a l  methods, the  iden t i f i ca -  
t i o n  of a number of des ign concepts,  and the  s e l e c t i o n  of t h r e e  s p e c i f i c  con- 
c e p t s  w0rtt.y o f  f u r t h e r  d e t a i l e d  study. Layouts were prepared of the  se lec ted  
concepts and model requirements were determined a s  needed t o  i n v e s t i g a t e  the 
e f f e c t  o f  key des ign parameters on performance of  the  se lec ted  concepts.  

REQUIREMENTS AND COALS 

To e s t a b l i s h  meaningful des ign requirements f o r  the  study,  the  following 
a i r c r a f t  companies were contacted:  

General Dynamics, For t  Worth Divis ion 

Grlsnman Aerospace Company 

McDonnell Douglas A i r c r a f t  Company 

Northrop Corporation 

Vought Corporation 

Each o f  the  companies had previous1 y worked with supersonic f i g h t e r  a i r -  
c r a f t  des igns  using RALS propulsion systems. 1n add i t ion ,  Mr. T. M i l l e r  of t h e  
Naval A i r  Development Center provided information from h i s  in-house s t u d i e s .  
The inputs  received from these  sources  d id  not  provide a consensm of  require-  
ments, but d i d  provide a range from which des ign goa l s  could be es tab l i shed .  
Table I s h o w  the p r inc ipa l  parameters a f f e c t i n g  the  des ign of e j e c t o r s  a s  
received from these sources.  

One of the a i r c r a f t '  des igns  was a single-engine conf igurat ion;  o t h e r s  
used two engines. One des ign used two engines supplying a s i n g l e  remote burner 
and nozzle.  In genera l ,  the  des igns  having the  remote nozzle located j u s t  
behind the  p i l o t  required a 4 5 / 5 5  t h r u s t  s p l i t  (remote main nozzle)  and 
those having tbe nozzle ahead of the  p i l o t  required about 3 5 / 6 5  tt .rust s p l i t .  

In terms of  the  fuselage  space a v a i l a b l e  f o r  the remote burner and nozzle ,  
Figure 2 srmrmarizes the geometric requirements. 

&cause of the d i v e r s i t y  i n  requirements among the  d i f f e r e n t  a i r c r a f t  
des igns ,  a  s i n g l e  des ign goal  could not be s e t  f o r  a l l  e j e c t o r s .  l n s ~ e a d ,  
severa l  ca tegor ies  were es tab l i shed  t o  cover the range of . o s s i b l e  des igns .  
Figure 3 i l l u s t r a t e s  the usual  method of p resen ta t ion  of e j e c t o r  performance. 



Table I .  Beaults o f  Iadustry Survey. 

- 
Aircraft  
Company 

A 

B 

C 

D 

E 

NAOC 

I 

Vector 
Angle (X-Y) 

Degree Etsd/Aft 

15 
30 

20 
4 5 

15 
60 

15 
3 5 

20 
30 

0 
90 

Vec tor  
Angle (Side)  

degree 

2 15 

2 15 to 35 

2 10 

2 6 

2 15 

2 10 

Thr ue t Ra t i o  
Front-Rear 

35/65 

35/65 

39 - 61 
41 - 59 

45 - 55 
55 - 45 

40/60 

32/68 

Bay 
Tap 
degree 

42 0 

Cooling Air 
Required 

? 

800 f o r  Ti 
550 f o r  
Composites 

T ~ a y  f a w  
Enough for  
Insulared 

Composites 

Not 
Speci f ied 

Thrust 
Mod., 

X 

Not 
Spec i f  ied 

- + 7 p i t c h  

f 25 landing 
+ 20 T.O. - 

2 10 

2 9 . 2  

_+ 10 







Augmentation r a t i o ,  a, is a measure of pumping capabi l i ty  and is usually plot- 
ted a s  a function of a rea  r a t i o ,  +/&. #ate thgt, t o  achieve augraente 
t i on  r a t i o s  i n  excess of 1.5, a r ea  r a t i o s  in excess of 10:1 a r e  required. 
Area r a t i o s  of t h i s  magnitude a re  probably impractical i n  the space allocated - 
The categories  chosen f o r  the study were as follcnm: 

Area Ratios 1.0 - 1.1 

- No s igni f icant  th rus t  augmentation 

- Provides cooling only 

- Suff ic ien t  augmentation to  o f f s e t  weight 

- Vectorable in two planes 

- Signif icant  thrusc augmentation 

- Longitudinal vectoring only 

Area Ratios 10 - 20 

- High augmentation leve ls  

- Nowcctorable 

- Burner may not be required. 

These categories  a r e  s-rized in  Table 11. 

The decision to u t i l i z e  the hmes VEO model getmetry t o  determine RALS 
design requir-ents delayed t h i s  study fo r  several months while the reconfigura- 
t ion of the VEO 6esign was campleted. It a l so  placed cer ta in  cons t ra in ts  on 
the RALS design. For example, the VEO model simulates an a i r c r a f t  in  which the 
engines a r e  nacel le  mounted. The spec i f ic  planform therefore has a r e l a t i ve ly  
narrow fuselage, and the use of two side-bpside resnote nozzles is inappropriate. 
In an a i r c r a f t  of this type, the ducts would be t ied  together to  feed a coremon 
remote awpentor  and nozzle. 

CONCEPT EVALUATION 

As  described in the requirements sect ion of t h i s  repor t ,  four categories  of 
e j ec to r s  to  be used with the W system were ident i f ied.  Sixteen conceptual 
configurations *re selected to evaluate the potent ial  meri ts  of each of these 
categories.  lhese concepts were sized and sketches were made to i l l u s t r a t e  how 
they could be incorporated in a typical twin engine V/STOL a i r c r a f t .  



Table 11. Ejector Nortle Categories. 

Category 

1 

2 

3 

4 

Cool ~ n g  

Thrust 
Augment at  ion 

4 Eur tier 

Ye 8 1 .O 

Area Ratio 

Yes 

Yes 

Yes 

? 

Yes 

Yes 

Yes 

1.0  - 1.1 

1 .1  - 1.5 

1.5 - 2 . 0  

10 - 20 

1.01 - 1.02 

1.1 - 1 . 2  

1.5 - 2 . 0  



3.2.1 Configurations Studied 

Ejector systesn sizing criteria were obtained from existing ejector test 
data (References 5 through 8). These data provide the relationship of inlet 
area (AT), secondary area (AS), ejector throat area (An), a d  exit area 

to-the nozzle priaarp area ( A ~ )  as shown in Figure 4. This sketch 
is typical of a single BALS nozzle installation. In an installatin where two 
BALS nozzles are used side-by-side (one burner per engine), the area relation- 
ships are to be duplicated on either side af the aircraft centerline. 

Figures 5 through 8 show the Category 1 ejector installati~ns where the 
ejector airflow level is aimed at cooling the BALS bay only. The aircraft 
mold lines, the engine location, and BALS burner locatin w r e  selected by the 
aircralCt manufacturer. The BBLS nozzles, Figures 5, 6, and 7, are capable of 
deflecting the thrust 15' forward to 30' aft and also 15' to either side of the 
centerline. Saall inlet doors on the fuselage admit bay cooling air. The 
lower section of the fuselage, at the plane of the BALS nozzles, is sized to 
provide the required ejector throat area (4). hro bomb bay doors are 
hinged to tae lcwer, outer edges of the bay and are actuated independently 
to maintain the desired ejector exit area at all side deflection angles of the 
BALS nozzle. 

Configuration lA, shown in Figure 5, utilizes inlet doors in the top of 
the aircraft fuselage. The doors are hiaged near the aircraic axial center 
line to permit the ejector cooling air to flow easily between the BALS burners 
as vell as over their outside surfaces adjacent to the aircraft structure. 
Flow between the burners is beneficial to the hydraulic actuation components 
which provide the vectoring and nozzle area variation functions. 

Configuration lB, show in Figure 6, is the srne as Configuration 1A 
except that the inlet doors are located on the sides of the fuselage. This 
design would favor the aircraft structure and provide less cooling air to 
the area between the burners. 

Configuration 1D is shown in Figure 7 and utilizes s single RALS burner 
fed fran the two engines. It is otherwise the same as Configuration 1B. This 
design offers the installation advantage of smaller overall width of the 
burner since the diameter of the burner is as compared to 2-D for 
side-by-side nozzles of the same flow area. Cooling air distribution is 
also somewhat simplified with the single burner configuration. 

Configuration LC, shown in Figure 8, utilizes top-mounted doors and two, 
two-dimensional RAIAD nozzles. The rotating two-dimensional bonnet increases 
the nozzle aft deflection angle £ran 30' aft to 70' aft of vertical at the 
expense of side vectoring capacity. 

Figure 9 shows a single RALS burner installation sized to obtain an aug- 
mentation ratio of about 1.01 as required for the Category 2 studies. This 
configuration, designated 2A, utilizes larger ejector inlet (AI) and exit 



Figure 4 .  Ejector Schematic. 
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Twin RALAD + Top Inlets 

Figure 8. ERALS Category 1 - Design C .  
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a r e a s  (AE) while t h e  e j e c t o r  t h r o a t  a r e a  (AM) i s  smal ler .  The smal le r  e jec-  
t o r  t h r o a t  a rea - ra t io  i s  obta ined by a t t a c h i n g  a con ica l  sh-oud t o  t h e  RALS 
nozzle.  With t h i s  arrangement, t h e  e j e c t o r  t h r o a t  arealpr imary t h r o a t  a r e a  
r a t i o ,  (&/Ap) remains constdint a t  a l l  RALS nozzle d i scharge  ang les ,  t h a t  
is -15' t o  +30° '-n t h e  forward and a f t  d i r e c t i o n  and +15' i n  t h e  s i d e  
d i r e c t i o n s .  The e j e c t o r  shroud moves with the  primary nozzle  dur ing vec to r ing .  
The e x i t  doors a r e  a c t u a t e d  independently s o  t h e  d e s i r e d  e x i t  a r e a  can be 
maintained when t h e  RALS nozzle  is vectored t o  produce s i d e  t h r u s t .  S imi la r  
e j e c t o r  shrouds and increased i n l e t  a r e a  des igns  were configured f o r  t h e  dua l  
RALS (Conf igurat ion 1A) and RALAD (Conf igurat ion 1 C )  des igns .  The sihrouded 
RALAD des ign i s  des ignated 2C and is  shorn i n  Figure  10. I n  t h i s  c a s e ,  t h e  
f o r e  and a f t  vanes p ivo t  f o r  vec to r ing  and wi th  f i x e d  s idewal l s  form t h e  
e j e c t o r  shroud. The shrouded dual  RALS design i s  des ignated 2E and is shown 
i n  Figure  11. This  shroud is d e t r a c t a b l e  and p ivo t s  with the  nozzle  dur ing 
vec to r ing .  Configuration 2F which is shown i n  Figure  12 is  s i m i l a r  to  t h e  
shrouded RALAD design shown i n  Figure  10 except t h a t  small  doors have been 
added t o  s e l e c t i v e l y  block t h e  e j e c t o r  f low near  t h e  e x i t  p lane  of the  BALAD 
nozzles .  The asylrmetry introduced is intended t o  c r e a t e  low pressure  reg ians  
t o  induce a s h i f t  i n  t h e  e f f e c t i v e  t h r u s t  v e c t o r  angle  c f  the  mixed e f f l u x  t o  
achieve some l e v e l  of s i d e  vec to r ing  c a p a b i l i t y .  I n  Conf igurat ion 2B, shown 
i n  Figure  13, t h e  f ixed  e j e c t o r  shroud is replaced by a v a r i a b l e  a rea  t rans-  
l a t i n g  shroud s i m i l a r  t o  t h e  e a r l y  General E l e c t r i c  379 e j e c t o r  exhaust  
nozzles .  The shroud t r a n s l a t i o n  is a l s o  used t o  a c t u a t e  t h e  v a r i a b l e  Ap 
nozzle.  The shroud i s  f u l l y  extended and has  i t s  maximum e x i t  a r e a  a t  the  
f u l l  r ehea t  Ap and is f u l l y  r e t r a c t e d  f o r  stowing a t  the  d r y  minimum Ap 
cond i t ion .  

Configuration 2D shown i n  Figure  14 employe t r ansverse  augmentors c l o s e  
coupled with the  engine bleed p o r t s .  The augmented flow i s  then turned down- 
ward by curved ducts  and forward between a r t i c u l a t e d  doors which s e t  t h e  
v a r i a b l e  d i scharge  t h r o a t  a rea .  The forward flowing j e t  is  then d e f l e c t e d  
downward by a s e t  of t h r e e  doors a t  t h e  appropr ia te  l i f t  l o c a t i o n .  This system 
occupies the  l e a s t  amount of a i r c r a f t  volume of a l l  t h e  conf igura t ions  s tud ied .  

Figure 15 shows a conf igura t ion  which is s i m i l a r  t o  t h e  Categary 1 C  and 2C 
aAlAD designs  which has  been modified t o  s a t i s f y  t h e  augmentation r a t i o  goal  
(1.10 t o  1.15) of Category 3. This  i n s t a l l a t i o n  inc ludes  two side-by-side 
rec tangu la r  (2-D) burners  and RALAD nozzle  assemblies.  The nozzle aspec; r a t i o  
v a s  increased t o  about 5 and i t  v e c t o r s  -15' t o  +30° i n  t h e  f o r e  and a f t  p lane .  
Beceuse of the  h igher  augmentation r a t i o ,  t h e  e j e c t o r  i n l e t  a rea  r a t i o  i s  
h igher  than i n  t h e  previouely  djscueeed nozzles  r equ i r ing  t h e  use of  both side- 
and top-mounted i n l p t  doors .  The e j e c t o r  t h r o a t  area/RALAD nozzle a r e a  r a t i o  
i s  obta ined by surrounding t h e  RALAD nozzles  with rec tangu la r  shrouds.  The 
e j e c t o r  e x i t  a rea  i s  obta ined by a c t u a t i n g  two axial ly-hinged a x i t  doors .  
By a c t u a t i n g  these  e x i t  doors  independently,  some s i d e  f o r c e  Ldr yaw c o n t r o l  
can be obta ined.  

The four  o t h e r  conf igura t ions  s tud ied  i n  Category 3 were a l l  aimed a t  
inc reas ing  the  per iphery  between t h e  RALS nozzle  flow and t h e  e j e c t o r  f low 
f o r  increased e j e c t o r  pumping. Configuration 3B which is shown i n  Figure  16 
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is similar to Ccmfiguration 3A except that the nozzle flaps have been deeply 
corrugated. The flap lobes are indexed to form a long serpentine throat con- 
f iguration. Each of the flap lobes is open to form an ejector chute for the 
secondary air. 

Coofiguration 3C shown in Figure 17 employs a deep lobed folding seal 
star nozzle for the primary variable area nozzle vith an ejector shroud. 

Configurations 3D a d  3E shown in Figures 18 and 19, respectively, are 
three-strecar coa~ular designs with the augmented primary flow in an a ~ u l a r  
iayer with ejected flow down the center, and also in the outer annulus. 
Design 3D eeploys a deep lobed translating daisy nozzle on the inner flowpath 
between the central ejected strecp and the prinmry flow. Translation of 
the daisy nozzle provides the nozzle area variation for the reheat primary 
stream. 

In the Category 3E design shovn in Pilure 10, the i ~ e r  duct, which coa- 
tains the central ejected strer, terminates in seven tubes which are c w  
pletely surrounded by the BhtS flow. The second concentric duct, btrich coa- 
tains the BlllS flow, t e ~ n a t e s  in a variable area flap and seal nozzle. The 
outer duct is fixed in g-try. Fore and aft vectoring is accomplisaed for 
both the Category 3D and 3E nozzles by differential actuation of the forward 
and aft transverse cover doors. 

A dry high ratio ejector configuration configured for Category 4 is shown 
in Figure 20. Fan bleed air is simply ducted to high aspect ratio slots in 
fuselage and canard to satisfy the 30: 1 area ratio objective. The number of 
ejectors/elements would undoubtedly need to be increased and their spacing 
decreased from the particular configuration shown for adequate ejector 
performance. 

3.2.2 Evaluation 

Table 111 supurrizes the basic design parameters including the idealized 
ejector ratio for the 16 initial configurations. This ideal ratio was c m -  
puted using a design analysis developed by P.R. Payne (Reference 5 ) .  In 
general, Payne provides a series of charts to evaluate the performance and 
geometric characteristics of design point ejectors. Thus, beginning with 
kncrrn values of inlet-to-jet area ratio and flow properties, the velocity 
ratio VI/Vp was calculated for assumed values of entrainment ratio, N 
(Figures 21 and 22). By further assuming a diffuser efficiency (for example, 
No = 0.9) a design point ejector entrainment ratio was determined as shown 
for ERALS Desigzl 1A in Figure 23. These values are compared as the "best pos- 
sible" augmentation ratios in Table 111 and exhibit a trend directly opposite 
to that set up by the augmentation goal values. The opposing trends are due 
primarily to the fact that augmentation goals and assigned values reflecting a 
RALS bay cooling requirement for the low end of the spectrum (such as Category 
1) and high performance at the upper end (Category 4). In contrast, the best 







ORIGM
AC PA

C
E IS

 
O

F PO
O

R
 Q

V
A

LITY
 





Table 111. ERALS Con€ igurat ion Summary. 

S y ~ L o l n  def inad i n  Figure 4 

* 

Augmentation 
Coal 

Cooling Only 

Cooling Only 

Cooling Only 

Cooling Oaly 

1.01 t o  1.02 

1.OI t o  1.02 

1.01 to  1.02 

1.01 to  1.02 

1.01 to  1 .O2 

1.01 to  1.02 

1.10 t o  1.15 

1.10 t o  1.15 

1.10 t o  1.15 

1.10 t o  1.15 

1.10 t o  1.15 

2 .0  t o 2 . 1 0  

A ~ / A ~  

0.6 

0.4 

0 .6  

0.4 

2.5 

2 .  h 

3 

.I 

3 

3 

3.6 

4 

2.6 

5 

5 

Uatloe - O , 

Best Possible 

1.7 

1.7 

1.6 

1.6 

1.2 

1.2 

1.4 

1.2 

1.4 

1.2 

1.2 

1.2 

1.2 

1.2 

Nu. 
b e .  

2 

2 

2 

1 

I 

1 

2 

2 

2 

2 

2 

2 

1 

I 

I 

1 

Description 

Current IULS + Top I n l e r  

Current IUL8 + Side I n l e t  

I U U D  + Top I n l e t  

81ngle Current rULS S1de I n l e t r  

Single Current M I S  + Vectoring 
Shroud + Side I n l e t s  

Trana. Vrct .  Shroud + Side Ln le t r  

PAUD + Stde 6 Top I n l e t n  

Open Duct 

PAlS w/Top 6 Side I n l e t s  + Shroud 

RAIAD + Vrc t . Shroud b F l u ~ d r c  
Side Veccorinp 

Vectoring Var iable  Area 
2-D Nozzle Shroud 

Vectoring Var iable  Area Deep Lobed 
2-D lsozzle + Ejec tor  Shroud 

Star Primary + Ejec tor  S h r o d  

Annular Corrugated Truncated Plug 

Annular Truncated Plug + Tube. 

HVlZA Type 

Cat .  

1 

1 

A 

1 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

4 

As/Ap 

5.6 

5.6 

4 .6  

4.4 

1.3 

1.6 

3 

A p / 9 z .  
i n .  

200 

200 

200 

400 

400 

400 

200 

200 

200 

200 

200 

200  

400 

400 

400 

400 

Config. 

A 

B 

C 

D 

A 

B 

C 

D 

E 

P 

A 

B 

C 

D 

8 

A 

AE/Ap 

~ 7 . 4  

7.4 

7.2 

5.6 

5.6 

7.0 

3.5 

A ~ e f l e c t o r / h 8 6 . 5  

1.9 

3 

2.0 

2.0 

2.0 

2.0 

2.0 

.I 

3.5 

5.0 

5.1 

5.7 

5 

5 

30 t o  6 0  



--c---- 

'TP W~ c, w* + WJ) +- - - - - --- 
'E = 'AMB 

Inlet ~-Q- 8ection il Diffuser 

A1 - 
0 

- SECONDARY -TO- JET AREA RATIO 
A~ 

AE - - DIFFUSER AREA RATIG 
AM 

W~ - - SECONDARY-TO-JET WEIGHT FLOW RATIO 

W P  

PTP - --- JET PRESSURE RATIO 
Pa 

QiIE - IDEALIZED EJECTOR AUGMENTATION RATIO 
- MIXED FLOW GRXS THRUST/PRIMARY FLOOIr GROSS THRUST 

Figul e 21 . IdeaL'zed Ejector. 
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poss ib le  augmentation r a t i o s  were determined from i n s t a l l e d  geaaet ry  a r e a  
r a t i o s  and, the re fo re ,  produce t h e  more r e a l i s t i c  t r end .  E a r l i e r  exit-to- 
primary a r e a  r a t i o s  corresponding tc t h e  augmentation g o a l s  were also s i m i -  
l a r l y  developed and have g e n e r a l l y  lower value8 ( h / A p  i n  Table 11)  coepared 
t o  t h e  h igher  va lues  c a l c u l a t e d  f a r  i n s t a l l e d  g e o l e t r i e s  as l i s t e d  i n  Table 
I .  In  genera l ,  t h e  a c t u a l  des ign flowpath d e p a r t s  f r o o  t h e  i d e a l  shape 
necessary f o r  r e a l i c i a g  t h e  b e s t  poss ib le  augmentation r a t i o .  Therefore,  
d e r a t e s  were es tab l i shed  t o  account f o r  nonideal  e j e c t o r  l o s s e s  a d  t o  a r r i v e  
a t  more r e a l i s t i c  performance va lues .  However. a n  accura te  e s t ima te  of these  
l o s s e s  could only be  obtained by e i t h e r  more ex tens ive  a n a l y t i c  eva lua t ion  or 
by t e s t i n g  of  d e t a i l e d  models. 

Since d a t a  from such sources  were lacking,  t h e  p e r f o m a c e  d e r a t e s  were 
determined s u b j e c t i v e l y  . The genera l  approach was t o  v i sw1l .y  n o t e  g a o a e t r i c  
v a r i a t i o n s  from an i d e a l  e j e c t a r  flowpath end t o  then consider  f e a s i b l e  d e ~ i g n  
improvements. The f i n a l i c e d  r e l a t i v e  augmentation r a t i o s  shorn i n  Table IQ 
were c a l c u l a ~ e d  by us iag  Design U sugmentation r a t i o  a s  a base  value .  Rela- 
t i v e  values  of  1.00,  t h e r e f o r e ,  r ep resen t  an a c t u a l  value  t h a t  could be less 
than o r  more than u n i t y  depending on the  des ign flow losses .  

Four o the r  key eva lua t ion  f a c t o r s  a r e  shown i n  Table I V .  The es t imated 
werght of each des ign is  given a s  an inc reacn ta l  weight inc rease  over a con- 
vent ional  RALS system with vec to r ing  ~ a p a b i l i t y  and without secondary flow. 
The iacremental weight inc rease ,  t h e r e f o r e ,  r ep resen t s  the  penal ty  f o r  adding 
hardware t o  provide a secondary flow and enhance e j e c t o r  performance. The 
lone exception t o  t h i s  is the open duct  des ign  2D which is not an e j e c t o r  
and has no augmentation c a p a b i l i t y .  The l a r g e  weight inc rease  represen t s  
s t r u c t u r a l  weight required t o  d e f l e c t  the  reheat  j e t .  

Other parameters of  importance a r e  the  r e l a t i v e  j e t  height-to-equivalent-  
diameter r a t i o  and r e l a t i v e  jet perimeter.  J e t  height  should be small f o r  
reduced ground iapingement v e l o c i t i e s  and reduced a i r c r a f t  suckdown dur ing 
VTO operat ion.  J e t  perimeter should be l a r g e  t o  enhance secondary flow en t ra in -  
ment. Two des igns ,  7D a d  3E, r e q u i r e  increased envelopes f o r  conta ining the  
flowpath volume. Since t h e  l n r g e r  envelope r e s u l t s  i n  increased f r o n t a l  a r e a  
and higher drag during c r u i s e .  ; t  w i l l  r e s u l t  i n  reduced a i r c r a f t  performance 
during c t b i s e  . 

In the  s tudy of  those concepts f a l l i n g  i n  Category 1 ,  i t  was determined 
t h a t  t o  provide adequate bay cool ing i n t e r n a l  guide  vanes and i n l e t  doors 
were required.  In  add i t ion ,  a shroud is very d e s i r a b l e  over the  j e t  t o  pro- 
v ide  a mixing sec t ion  t o  ensure  a secondary a i r f low.  When these  f e a t u r e s  a r e  
added, the  geometry can be adjus ted  t o  provide some t h r u s t  augmentation i n  a l l  
c a s e s .  Thetefore ,  t h e  s impler  concepts were upgraded from Category 1 t o  
Category 2 and Category 1 was dropped from f u r t h e r  ccns ide ra t ion .  

The one e j e c i o r  concept i d e n t i f i e d  :or Category 4 required a ve ry  l a r g e  
secondary-to-primary area  r a t i o  t o  achieve t h e  high augmentation goa l .  This  
concept involved an extended two-dimensional t h r o a t  conf igura t ion  which, 
becauee of Reynold's number and boundary lnyer e f f e c t s ,  would not  lend i t s e l f  





well t o  small sca l e  aodel t es t ing .  I n  addi t ion,  t he  la rge  uncertainty of pump- 
ing c h a r a c t e r i s t i c s  of  such an e j ec to r  r a i s e s  questions of  achieving the  
desired augmentatior, r a t i o .  Since t h i s  configurat ion can m l y  operate  dry, it 
is  unl ikely t h a t  it could provide t h r u s t  comparable t o  t he  augmented systexns 
of Categories 2 and 3. Therefore, the  select ior .  of concepts fo r  Task 3 was 
reduced t o  consideration of Categories i and 3 oaly.  

A n  i q o r t a n t  considerat ion i n  conceFr s e l ec t i on  is  the a b i l i t y  t o  meet 
t h rus t  vector iag requireeents .  These rsquirerrents general ly  f a l l  i n t o  tuc 
categories  : 

(1) 215' s i d e  vector ing fo r  yaw control  

i2; 70' a f t  vector iag f o r  STOL takeoff 

Of the n c u l e s  and e j ec to r  concepts considered, am2 m e e t s  both require- 
reats. l'%erefore, i n  systems designed fo r  SML capab i l i t y ,  same other  means 
fo r  yaw control  aus t  be provide4, such as bleed jets. 

In se lec t ing  e j ec to r  concepts for  fu r the r  p re l in inary  design ana lys i s ,  i t  
is des i r ab l e  t ha t  a t  l e a s t  one concept have s i d e  vectoring capabi l i ty ,  and a t  
l e a s t  one concept have high a f t  vector ing capabi l i ty .  In  addicioa, one concept 
aay be of i n t e r e s t  without regard t o  vectoring capab i l i t y ,  but with maxiaum 
th rus t  augmentation poten t ia l .  With these object ives ,  t he  following concepts 
were selected for  fur ther  evaluation i n  t he  preliminary design phase of t h i s  
study: 

RALS nozzle with four i n l e t  doors aad shroud ( s ide  vector ing) ,  
Concept 2E, reference Figure 11 

8 RAIAD nozzle with e j ec to r  doors ( a f t  vector ing) ,  
Concept 2C, reference Figure 10 

Single seven tube annular e j ec to r  with doors, 
Cmcept 3E, reference Figure 19. 

3.3 ANALYTICAL METHODS 

The ava i lab le  l i t e r a t u r e  was surveyed t o  provide an appropriate metnod- 
o l o g j  for  es tab l i sh ing  ERALS performance a s  well a s  a quant i ta t ive  bas i s  for  
concept select ion.  It was izmediately c l e a r  t ha t  a g rea t  deal  of ana ly t i ca l  
and experimertal work has already been done for  selected groups of configura- 
t i ons .  These analyses as w e l l  a s  the t e s t  da ta  spanned a b r ~ a d  spectrum of 
e j ec to r  p o s s i b i l i t i e s  from simple single-stage configurations t o  hypermixing 
multistage devices.  Unfortunately, the g rea t e r  portion of t h e  ava i lab le  
r e s u l ~ s  did not s a t i s f y  the  geometric requirements o r  flow conditions for  the 
ERALS concepts. However, four selected ana ly t ic  treatments shown i n  Table V 
and References 5 through 8 were judged to  be appl icable  t o  the present Frogram 
and in  addi t ian  produced r e s u l t s  supported by barying amounts of t e s t  da ta .  





In particular, Reference 5 was used to conduct concept evaluations outlined 
in Section 3 -2 -2. References 6 and 7 were used to determine the performance 
of the preliminary design as described la~er. Reference 8 has essentially 
the saae analytical approach as References 5 and 6 but is referenced to docu- 
ment its range of test data. 

Ideal Ejector Analysis 

The "Ideal Ejector Analysis" is based on a methodology developed by 
P.R. Payne (Reference 5). Payne assumes an axisyeptric idealized ejector 
shown schematically in Figure 21. This ejector has three elements: 
(1) an inlet section made up of an axispwtric jet flow, Up, and an annular 
bellmouth which admits secondary flov, US; (2) a mixing section in which 
the primary and secondary flows go through complete mixing; and (3) a diffuser 
section which supports a pressure rise from mked pressure to ambient 
static, P m .  The ability of an ejector to pump secondary flow and produce 
increased thrust (i-e., thrust augmentation, +IE >1.0) is dependent on its 
mixing pressure at Station 1 . Pp is less than eeabient or secondary flov 
total pressure, PTS. Accordingly, to produce thrust augmectation, diffusion 
must take place downstream of Station 1 to bring the l w  mixed flow static 
pressure up to the exit pressure PE which is equal to aahient, P m .  There 
is an optimum mixing pressure PI vhich gives maximum augmentation and is con- 
trolled primarily by the nixed f l w  diffusion process and/or diffuser area 
ratio. 

Payne's analysis was utilized to evaluate idealized ajector augmentation, 
e ~ ,  using ERALS concept operating conditions and geometries. Although this 
analysis assumes incompressible flows, useful pumping characteristics and key 
velo-ity ratio trends are easily determined from a set of curves provided in 
Reference 1 and reproduced on Figures 22 through 24. 

As shown in Figure 22, the analytical procedure is to evaluate ejector 
inlet-to-jet velocity ratio, VI/VJ, by using ERALS primary and secondary flow 
characteristics and assuming values of entrainment ratio, N. The calculated 
velocity ratio is plotted as a function of entrainment ratio, Figure 24, and it 
intersects the analytically determined curve at an assumed value of diffuser 
efficiency, n ~ ,  to determine the design point entrainment ratio, N. The 
evaluated entrainment ratio and diffuser efficiency are then used with Figure 
23 to determine the idealized ejector augmentation ratio, @ .  

In general, the actual design flowpath departs from the ideal shape neces- 
sary for reaiizing the best poscible augmentation ratio. Therefore, derates 
must be established to account for nonideal ejector losses and to arrive at 
more realistic performance values. An accurate estimate of these losses can 
only be obtained by testing of detailed models. 

Since test data were unavailable at this time, the performance derates 
were determined subjectively. The general approach was to visually note 
geometric variations from an ideal ejector flowpath and to them consider 
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feasible design improvements. The finalized relative augmentation ratios 
were calculated by using Design 1A augmentation ratio as a base value. 
Relative values of 1.00, therefore, represent an actual value that could be 
less than or more than unity depending on the flow losses of the design. 

3.3.2 Selected Concept Analysis and Quantitative Losses 

The selected concepts were evaluated using a more detailed analysis based 
on the methodology developed in Reference 7 and more completely outlined in 
Appendix A. As shown in Figure 25, this approach assumes one-dimensional com- 
pressible f l w  and obtains flow solutions for the primary and secondary flows 
in five regions. An ass~nhed range of secondary flows is introduced in the 
inlet section to set the stage for obtaining a static pressure match at the 
end of the accommodation region which has been postulated to simplify the 
analysis. 

The accoumodation region considers only the merged behavior of the un- 
mixed secondary and primary flows. The primary jet expands or contracts 
isentropically while the secondary flow accelerates to its entrainment Mach 
number. These processes take place between Sections 1 and 2 (Figure 25) 
until an accomaodation between streams has been made by matched static 
pressure. The detailed methodology for this calculation is described in 
the Appendix. 

A control volume is then set up in the constant area mixing region and 
mixed flow properties are determined based on enthalpy, momentum, and con- 
tinuity relations. The mixed flow properties are used to calculate mixing 
section friction loss and this establishes the overall total pressure rise 
required by the secondary stream for the assumed conditions. Independent con- 
sideration of total pressure losses for the inlet, mixing, and diffuser sections 
establishes the total pressure rise that is necessary to satisfy loss 
assumptions. 

For ERALS concepts, the mixing sections are short and calculated friction 
losses were negligibly small. The principal total pressure losses are there- 
fore reduced to those associated with the inlet and diffuser sections. Inlet 
losses were simply assumed values of KI (Table VI and Appendix section). 
Diffuser losses are dependent on the diffuser area ratio A E / 4  and entrance 
conditions. The generalized diffuser loss correlation shown in Figure 26 was 
used to establish the diffuser loss factor KD. 

In general, these total pressure losses produce a mixed flow-to-ambient 
static-total pressure difference chat increases parabolically as secondary 
flow increases as typified in Figure 27 for Kodel 2. The point at which this 
loss characteristic intersects with the pressure rise required by the flow 
determines the ERALS operating point. Augmentation ratio also increases as 
secondary flow increases as shown by the bottom graph in Figure 27. The 
operating point secondary flow established the ERALS augmentat ion as indi- 
indicated. 
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Table V I .  ERALS Loss Factors and Performance Fully Muted Flows. 

pTp/PmB ' 3.1 
TTP = 3260' R 

4 

9 

1.06 

1.42 

1.06 

1.23 

1.28 

1.51 

1.56 

1.06 

1.18 

1.19 

1.26 

1.33 

Concept 

1 

1 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

%/AP 

1.89 

1.89 

2-48 

2-48 

2.48 

2.48 

2.48 

2.77 

2.77 

2.77 

2.77 

2.77 

A E / h  

1.0 

1.0 

1.0 

1.0 

1.0 

1.35 

1.35 

1.0 

1.0 

1.0 

1.56 

1.56 

AD, degree 

- 
- 
- 
- 
- 
10 

10 
- 
- 
- 
10 

10 

K~ 

10.0 

1.0 

10.0 

1.0 

0.5 

1.0 

0.5 

10.0 

1.0 

0.5 

1.0 

0.5 

K4 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

%I 
1.08 

1.20 

1.06 

1.33 

1.39 

1.52 

1.53 

1.05 

1.35 

1.36 

1.72 

2.00 

WS/+ 

0.36 

0.72 

0.50 

0.89 

0.95 

1.16 

1.19 

0.56 

0.90 

0.93 

1.05 

1.16 

A P T I P ~ B  

0.92 

0.94 

0.65 

0.59 

0.59 

0.64 

0.66 

0.56 

0.50 

0.5C 

0.50 

0.51 
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EFFECT OF MACH NUMBER 
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Figure 26 .  Loss Coefficients for Straight Conical Diffusers, 
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The greatest augmentation ratio occurs for concepts that encrain the most 
secondary flow. In general, the entrainment process is governed by the mixing 
capability and flowpath losses. The performance analysis described in Appen- 
dix A assumes a fully mixed flow and arbitrarily assigned pressure losses and 
does not constrain mixing in any way. However, the ERALS designs are all 
beverely limited in this respect. Accordingly, to make the performance 
estimates more realistic, the analysis was extended to account for partial 
mixing. 

The gross thrust of the ERALS system is a function of the flow total 
pressure and, therefore, of the pressure rise parameter Pm - Pe/Pmb. 
For the extended methodology, it was assumed that the partially mixed flow 
pressure rise is directly proportional to the fully mixed flow pressure rise. 
The constant of proportionality was furthermore assumed equal to the Frost 
mixing function, Rq, which is actually a thrust ratio and is derived in 
Reference 10. Kq can be determined by the ERA'S geometry and using the 
Frost correlation reprinted as Figure 28. On this basis, Kq values of 
0.15, 0.30, and 0.50 were determined for Concepts 1, 2 and 3, respectively. 

The effect of reduced mixing is t~ chift the pressure rise function 
downward as shown in Figure 29. As a result, the U S  operating point @ 
moves toward laser secondary-to-primary weight flow ratios and reduced 
augmentation rati2 (ZJ . 

Figure 29 also demonscrates the effect of increasing inlet loss from 

KI 1.0 to KI = 10.0. In this case, the loss cerve moves toward the left 
@ and also results in decreased weight flow ratio and augmentation 
ratio . 

These analytic resulca are summarized in Table VI for various loss com- 
binations. Concept 1 ha.. LIO diffuser section as indicated by AE/Ptl. Con- 
cepts 2 and 3 were also evaluated without a diffuser. In addition, they were 
credited with a diffuser having a wall . J f  angle of 10". There were small 
differences in A E / b  due to geometric changes. Up to three KI values, 10 -0 ,  
1.0 and 0.5, were assumed for inlet lo~ses. Limitations in &/Ap pre-lentzd 
the evaluation of a matched pressure rise for Concept 1 vith fully mixed flow. 
Consequently, its operating point was assumed to be at the choked secondary 
flow condition. Its aupentation ratio was estimated on this basis. 

Diffuser geometry also significantly in£ luences diffusion louses and, 
therefore, the operating point positior.. An efficient low loss diffuser per- 
mits the ERALS to produce lower prestiure to initiate mixing and, therefore, 
entrain more secondary flow. Concepts 2 and 3 have adjustable diffuser flaps 
that can be set to provide more efficient diffusion. A flap divergence angle 
8~ = 10" was assumed to be consistent with low diffuser loss. 

The evaluated results are presented in Table VI for fully mixed flows and 
Table VII for partially mixed flows. In general, the highest augmentation 
ratio occurs for t h s  greatest secondary flow, lcwest inlet loss, and most effi- 
cient diffusio~i. The maximum values for fully mixed streams was achieved by 



ORIGINAL P>.S :3 
OF POOR QUAhlw 

Figure 28. Mixing E'uncticn Correlation. 



INCREASED 
INLET 

K4= 
.6 

I 
DECREASED 

/ naw 
MIXING 

/ 
.. 

Figure 29. Effect8 of In le t  Loss and Flow Mixing on EMLS 
Operating Point, Model 2 .  



ORIQ~@,L pi.:; :-' 
OF POOR QuALI~ -  

Table VII. ERALS LOSS Factors an, Perfomnce. 

L 

C m c e ~ t  
, 

1 

2 

3 

L 

h / A p  

1-89 

2.48 

2.77 

- ~- 

&I& 

1 . 0  

1 . 0  

i . 0  

1.35 

1.35 

1 .0  

1 .0  

1.56 

1.56 

- 

eD, degree 

- 
- 
- 
10 

-- 
- 
10 

KI 

1.0 

1.0 

0 .5  

1 .0  

0 .5  

1.0 

0 .5  

1.0 

0 .5  

r6 
1 . 2 0  

1 .33 

1.39 

1 .52  

1.53 

1.35 

1.36 

1 . 7 2  

2.00 

W S ~ P  

0 .77  

0 .89 

0.95 

1.16 

1.19 

0.90 

0.93 

1.05 

1.16 

t@TIpABiB 

0 . 9 4  

0 .59 

0.59 

0 .64  

0 .66 

0.50 

0 .50 

0 .50 

0.51 

* 
1.42 

1.23 

1.28 

1.51 

1.56 

1.18 

1.19 

1.26 

1 .23 



Concept 2 ( @  - 1.56) £011- closely by Concept 1 ( @  - 1.42;. *en partial 
mixing is a s s d ,  this trend is altered in favor of Concept 3 ( @  1.18j which 
has most mixing (Itq - 0.50). Althougtc the partially mixed augmentatior? is 
ccnsiderably teduced when carpard with the fully mix& f l w  vaiues, ths levels 
are still reqpectable und the entrained secondary flow substantial. It is 
clear that SW ejector performance is configuration dependent and sensitive to 
both the t p r ~  of m:iing as well as rount  of pressure loas in the system. In 
sum.:. . thf *-:;rlysis s h o m  that significaot thrust aug.lantacion is possible 
for the E W A  -iesigns but further anclycic and cast evaluation is necessary to 
get more exact. reaults. 

3.4 PRELIPIINARY WSICN AND EVALUATION 

Following concept evaluation, the decision was made to conduct preliminary 
design defirition on the basis that the selected concepts can be installed in 
the M S A - d e s  large-scale VE0 model. This model, Figure 1, will have tuc 
naccllelotx?ted vectorable aorrles and a simulated RAlS system installed in 
the furclage for pitch control. 

Bacn of the three exhaust system will be povtrd bv J97 engines 
mounted in the nacelles and the fuselage. k a result, design parameters such 
as tt:oat area and noxxle pressure ratio are sorewhat different froa those of 
General Dynaics R-104 aircraft design, which is the basis of the Ames M O  
model. The J97 appraach provides a forwmrd/eft thruet split of approximately 
33/67, uh-reas the R-104 requires a thrust ;?plit of 45/55. Since ERALS Con- 
cepts 1 and 2 were sired for twin jet installacions and therefore represent one 
norrle per q i n r  in a two-engine system, they vould require a '9" duct frcm 
the single 597 e w i n e  to spllt the f l ow .  On the other hand, Concept 3 was con- 
ceived as a single norrle tc be powered by merged flows from the tw nacelle 
engines. Its simulation in the VEO model requires c direcr: duct connection 
to the single fuselage mounted 597. To simplify the complex dusting 2eeded 
to accoaodate all these possibilities, the decision was made to inrtail a11 
three BULS concepts as ringle rather than twin and sit~gle exhaust systfmo. 

The preliminary designs were evaluated using the more detailed ejtcror 
analysis described in the previous section and in the Appendix. fhc VlSO 
installed ElULS also served rs the hasis for defining the geometry of small 
scale models for a testing at NASA-Lewis. The program e:emencs are des- 
cribed in more detail in the following scction~. 

Preliminary design of the selected E R U S  cuncepts began by redeiining 
the VEO model fuselage sections. It was found that the ariginal model lines 
required modification to install the fuselage~ounted CE-597 and to duct air 
from the nacelle inlets. Early in this dcrign process, the decision was made 
to generate lryouts using the CE Interactive Graphics Systcn rather than to 
use conventional drafting procedures. There uere sever1 reasons for this 
decisim. Foremo~t, was the fact chat scaling vould eventually be necessary 



to design approopriate seal? models for the NASA-Lewis Test Program. In 
addition, changes in ccniiuuratioa were expected in both the Ames VgO model 
and in the E W  installation. The Zntetactive Graphics System readily lende 
itself to changes in size and configuration. The prelhinary design descrip- 
tions presented herein are portions of layouts developed usiag this approach. 
Duct sizes and envelope requirements were determined as part of the reference 
prcgram. 

Following fuselage definition, trial fits were made of the three E W  
concepts behind the cockpit section of the fuselage. Ticis position corresponds 
with the aftlotmted ZULS test system being desigqed under Contract NAS2-10556. 
A caeon duct was desired for the three selected ERALS concepts. Finalized 
installations were prepared in GE Drawing 4013269-379 and are shown In Figures 
30, 31, and 32. 

Concept 1, Figure 30, is axis-trical in shape with a pivotable jet 
flow nozzle. The scrre pivot is shared by a shroua which is shovn in a side 
view together with tire jet flvo nozzle in its VTOL mode. Area control is 
provided by a pari fo cluhell-type flaps (not indicated) on the nozzle. 
The nozzle and shroud may be pivoted independently 'o provide thrust vectoring 
froe 15' forward to 30' aft. The nozzle is stcved by pivoting both nozzle 
and shroud within the fuselage envelope and closing the lowztr &a bay doors 
and inlet doors. As an ejector, this systa provides a relatively short mixing 
section for all vectored models. The five cross-sectional \iews indicate the 
~oeplex distribution of secondary flow that is necessary to provide uniform 
coaditio?~ in the mixing section. The analysis of this type of ejector has 
shown that the inlet flov distribution will have a dominating influence oa Its 
performance. Similarly, the actual size of the ~ixing sectlon will be m c h  
smaller than desired. This concept has ooly about half of a diffuser (formed 
by the bopb bay doors) and will suffer a dump loss, and therefcre relatively 
low ejector performance. 

Concept 2, Figure 31, has a two-dimensional pivotable aozzlr for vectoring 
flow and a translaeing flap in thc aft section of the nozzle for A6 control. 
Except for change in shape, the inlet section is similar to that of Concept i .  
A corsbined two-dimensional mixing and diffusing section is f~rmed by independ- 
ently iontrolled forward ana aft flaps. This concept has a capability for 
vectoring thru9t from 15' forward to 70' aft. Vectoring of the internal flow, 
however, can occur only at some expense to flow mixing and/or diffusion. 

Concept 3, Figure 32, has a greater pumping capabilty than Coacept 2 or 3 
due to its smaller jet oize and larger secondary flow area, &/Ap. This 
greater secondary flov area is obtained by passing the engine exhaust through 
an annular section approaching the nozzle throat and through a cmplex throat 
formed between the seven centrally positioned tub+s. The secondary flow is 
pumped through the center of the system and through an outer annular Rraa. In 
the VTOL mode, the secondary flow mixing and diffcaion take place over a 
cenrral ly  located def 1-ector vane and between the twc bcmb bay doors. The vane 
is positioned across three secondary flow ports to take advantage of cooling 
by secondary flow. Aft and forward vectoring is obtained by pivotisg the 
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Figure 32. ERALS Selected Concept No. 3 Inetalled i n  NASA-Amee 
VEO A / C  Model. 



deflector. The amount of deflection capability is limited but should exceed 
+ - 15'. These flaps would all be stowed, merging with fuselage l i ~ e s  when 
not in use. 

As previously described, the installed ERALS designs have inlet, mixing, 
and diffuser sections which are cmsiderably different than those usually postu- 
lated for analysis. Consequently, there are no data available for assessing 
EBALS losses and performance. Furthemre, due to the complex three dimen- 
sional asmetric flows that are set up in these systems, a detailed analysis 
would be extremely difficult and could be carried out only by applying arbi- 
trary assumptions. Therefore, model tests are necessary to generate any reli- 
able ERALS performance data. 

An appropriate test philosophy is demonstrated by the scale model layouts 
prepared in GE Drawing 4013269-390 and described in Figures 33, 34, and 35. 
The general test objectives would be to evaluate performance, determine c o w  
ponent losses, and explore possible EgALS design improvements. Models in these 
Layouts were sized for nominal hot gas characteristics supplied by a NASA- 
Lewis facility as follows: 

Max. Flow = 60 lblsec 

Max. Hot Flow Total Pressure = 60 psia 

Max. Hot Flow Total Temperature 1660' R 

Model Throat Area = 79 ins2 

Model Throat Diameter = 10 in. 

% this basis, the ERALS test models would be scaled down to 63% of 
that r2quired by the NASA-Ames VEO model and GE-J79 engine. 

Concept 1 is simulated in the model layout shown in Figure 33. The inlet 
duct flowpath vas exactly simulated for the baseline mode as represented in 
the side view by the solid lines. Additional inlet doors are provided for 
ventilating the secondary flawpath in areas which may be starved or separated. 
An important ejector parameter is the mixing section-to-jet flow area ratio, 

h / X p .  To establish perfc;=xce sensitivity to this area ratio, a smaller 
jet tailpipe and jet area (dash lines) would replace that shown for the base- 
line. In addition, a two-piece mixing section extension (dash lines) may be 
attached to the shroud to determine the effect of constant area mixing length 
on performance. An a x i s ~ e t r i c  conical diffuser is used with or without the 
mixing extension to detewine its influence on ERALS operation. 

Concept 2 model lines are shown in Figure 34. Except for the pivoting 
primary deflector, the model ,,.d full scale system are similrr. The jet flow 
deflection is simulated by turned sections that are attached directly to the 
tailpipe. The baseline model for Concept 2 has pivoting forward and aft 
deflector flaps for simulating variable area ratios and controlling secondary 
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flow during deflection. As an alternate vectoring approach, the jet flow tail- 
pipe could be tested without any pivotable flow deflector with the diffuser 
flaps used for vectoring the mixing and diffusing flow. Additional vents are 
shown for improving inlet flow performance. 

Concept 3 model is shown in Figure 35. The final prr-iminary design for 
this concept uses a single vane for deflecting the flow. It is proposed that 
this modal be tested with forward and aft flaps replacing the cental vane t~ 
establish how important this more complete mixer as3 diffuser section is 
compared to the simpler single vane. In additioil, the flaps could be removed 
and a round conical diffuser attached to the sozele. This would provide a com- 
parison of performance for a round versus square diffuser system. The conical 
diffuser could then te replaced with a round cylindrical mixing section that 
can be tested with and without a conical diffuser thus simulating more nearly 
an idealized ejector. Additional doors are shown at the bottom of the inlet 
duct to relieve pressure loss in this local area. 

The primary figure of merit used for ejector performance is in its augmen- 
cation ratio. This is defined as the total thrust generated by the system 
divided by the thrust of the jet flow alone expanded to ambient pressure. 
Since the augmentation ratio relies on force evaluations, it is desirable to 
have these tests conducted with the models on a force balance. Extensive 
pressure and temperature instrumentation should be supplied to provide de- 
tailed flow information and to cross check force balance results; in addition, 
all three concept models should be calibrated to thoroughly establish their 
secondary flow rates. These calibrations should be carried out at simulated 
operating conditions by pumping secondary flows through the model at below 
atmospheric static pressures. 

System component losses should be established in terms of factors (KI, 
RFR, K ~ )  used in the analytic treatment and defined in the List of Symbols 
and Appendix. In this way, the analysis with its calibrated factors can be 
applied to predict the effects of changes in design and define optimum con- 
figurations as well as their performance possibilities. 



4.0 RESULTS 

This study has  iden t i f ied  th ree  po ten t ia l ly  useful e j ec to r  concepts fo r  
use o . a remote exhaust nozzle. The f i r s t  concept adds a s  e j e c t o r  shroud and 
the n~Lessa ry  i n l e t  and discharge ducts  and doors t o  a var iab le  area,  pivoting 
p r k y  nozzle. This concept has the capabi l i ty  of providing s ide  vectoring 
a s  well a s  l i ~ i t e d  fore  and a f t  vector ing,  providing a means t o  control  yaw 
i n  v e r t i c a l  takeoff o r  hovering f l i g h t  condition. 

The second concept adds the e j ec to r  fea tures  t o  a iaooded RALAD-type vec- 
tori* nozzle, providiag much grea te r  aft-vectoring capabi l i ty  a t  the expense 
of side-vectoring capabi l i ty .  Such a nozzle design is  of g rea t e r  i n t e r e s t  
fo r  a STOL a i r c r a f t  t ha t  uses the aft-vectoring capabi l i ty  t o  enhance i t s  ini-  
t i a l  takeoff accelerat ion.  

The th i rd  concept u t i l i z e s  mult iple  secondary a i r  i n j ec t i on  tubes t o  
achieve a much longer rn te r face  between the primary and secondary streams. 
Although t h i s  nozzle is r e l a t i v e l y  bulky and does not lend i t s e l f  t o  th rus t  
vectoring, i t  is  expected t o  provide a much grea te r  th rus t  augmentatron r a t i o  
than the f i r s t  cwo concepts. 

A search of ex i s t i ng  l i t e r a t u r e  provides a bas i s  for  ana lys i s  of the new 
ejeL'or concepts. However, each of  the concepts involves a complex t h r e e  
dimensional flow f i e l d  and severe geometric cons t ra in t s  on the i n l e t ,  mixing 
sect ion,  and d i f fu se r .  No da ta  could be found tha t  would permit an accurate 
assessment of the pressure losses  rn these c r i t i c a l  components. Consequently, 
model t e s t i ng  i s  necessary t o  determine the augmentation capabi l i ty  of the con- 
cepts  with any degree of accuracy. 

By u t i l i z i n g  the fuselage contours of the NASA-Ames Large Scale VEO 
Fighter Model, r e a l i s r  &c geometric cons t ra in t s  have been applied t o  each of 
the e j ec to r  concepts. By sca l ing  the resu l t ing  i n s t a l l a t i o n s  down to a s ize  
tha t  means NASA-LeRC f a c i l i t y  capabi l i ty ,  a very worthwhile t e s t  progran could 
be conducted a t  reasonable cos t .  Several a l t e r n a t e  pieces of hardware have 
been ident i f ied  fo r  model t e s t i ng  t o  evaluate the e f f ec t  of important param- 
e t e r s  such a s  d i f fu se r  length and mixing length. *del t e s t i ng  would, rn 
addi t ion to  defining the th rus t  augmentation capabi l i ty  of the selected 
e j ec to r  concepts, provide much needed data  on ther r  j e t  mlxing and foo tpr in t  
temperature cha rac t e r i s t i c s .  



5.0 CONCLUSIONS AND RECOMMENDATIONS 

Because of  the  cont inuing i u t e r e s t  i n  V/STOL, p a r t i c u l a r l y  i n  STOL 
f i g h t e r s ,  the  RALS propuls ion concept remains a v i a b l e  contender. Several 
concerns a r i s e  from a9 inadequate d a t a  b.lse. These include the exhaust foot- 
p r i n t  temperature l e v e l  and d i s t r i b u t i o n ,  and the  problems assoc ia ted  wi th  
cooling the  a i r c r a f t  bay ad jacen t  t o  the  p i l o t  and e l e c t r o n i c s  s u i t e .  Propul- 
s i o n  system thrust-to-weight r a t i o  i s  a major d r i v e r  i n  any STOL o r  VTOL sys- 
tem, and any means o f  enhancing l i f t l t h r u s t  is o f  p o t e n t i a l  value .  The t h r e e  
e j e c t o r  concepts se lec ted  i n  t h i s  s tudy a l l  address  the  above problems t o  vary- 
ing degrees.  

Although pas t  e j e c t o r  test and development exper ience  has not  a l l  been 
favorable ,  exhaust  e j e c t o r s  have been used ve ry  s u c c e s s f u l l y  on the 579 and 
o the r  engines. For use on a remote exhaust nozzle ,  h igh augmentation r a t i o s  
may not  be  achievable by e j e c t o r s  meeting the s t r i n g e n t  geometric l i m i t a t i o n s  
imposed by t h e  fuse lage  stowage requirement. But, even modest augmentation 
r a t i o s  could be v e r y  d e s i r a b l e  when accampanied by improvements i n  a i r c r a f t  
cooling and j e t  mixing. 

A problem t h a t  has been concountered i n  previous d e v e l o p e n t s  i s  i n  
sca l ing  the  des ign from model s i z e  t o  a c t u a l  s l z e .  Real to le rances ,  su r fac ,  
f i n i s h e s ,  and f i t s  can adverse ly  a f f e c t  d i f f u s e r  performance. Large s t a b i l l - y  
margins a r e  required t o  avoid s e p a r a t i o n  and t o  ensure  p red ic tab le  performance 
of the f i n a l  des igns .  

Based on the  r e s u l t s  of  t h i s  s tudy,  a s c a l e  d e l  t e s t  program i s  r e c w  
mended. This program could be conducted by NASA o r  under c o n t r a c t  to NASA. 
The primary o b j e c t i v e s  wculd be t o  explore  the performance c h a r a c t e r i s t i c s  of  
the se lec ted  e j e c t o r  concepts and t o  a s s e s s  t h e i r  cooling and j e t  mixing capa- 
b i l i t y .  I f  one o r  more of  the  concepts should prove to  be a t t r a c t i v e  on the 
b a s i s  of the  small  s c a l e  model t e s t ,  a l a r g e r  model could be bu i ld  and t e s t e d  
i n  the NASA-Ames Large-Scale VEO Figh te r  Model. This approach would f i rmi t  
s c a l e  e f f e c t s  t o  be evaluated d i r e c t l y ,  ensuring the a c q u i s i t i o n  of a v a l i d  
d a t a  base  f o r  f u t u r e  a i r c r a f t  use. 
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6.0. LIST OF SYMBOLS, ACRONYMS AND CONVERSIONS 

Area, in.2 

Choked Flow Area, in.2 

Nozzle Flow Coefficient 

Friction Coefficient 

Specific Heat at Constant Pressure, Btu/lb - " F 

Diameter, in. 

FuelIAir Ratio for Mixed Flow 

Fuel/Air Ratio for Primary Flow 

Gravity = 32.174 ft/sec 

Enthalpy, Btdlb 

Jet Reight, in. 

Energy Conversion Factor 778,2 ft-lb/Btu 

Diffuser Loss Factor 

dxing Seci ion Friction Loss - 2 CF LM\IZ 
inlet Duct Loss Factor - i ' ~ 5  - P T ~ l ~ q s i  
Frost Mixing Function 

Length, in. 

Mach Number 

Entrainment Ratio 

Static Pressure, psia 

Jet Parameter, inch 

Spec if ic Excess Energy for Comba~ Maneuverability 

Total Pressure, psia 

9ynamic Pressure, psia 

Gas Constant - L'lh.2 ft2 
sec2-0 R 



T S t a t i c  Temperature, ' R 

T~ To ta l  Temperature, ' R 

v Veloc i ty ,  ft!sec 

W Gas Flov, lb / sec  

7 S p e c i f i c  Beat Rat io  a 1.4 

A To ta l  P r e s s u r e  D i f f e r e n c e ,  p s i a  

6 Vector  Angle frore V e r t i c a l ,  d e g r e e s  

rl E f f i c i e n c y  

a Dif fuse r  Wall Angle, d e g r e e s  

D Densi ty,  l b I f t 3  

0 A u p e n t a t i o n  Ratio = Mixed Flow Gross ~ h r u s t / ~ r i m a r y  Flow Gross Thrust 

S u b s c r i p t s  

A Air 

AMB Ambient 

D D i f fuse r  

E Exit 

F Fue 1 

I I n l e t  

I E  Idea l i zed  E j e c t o r  

H M i  xed 

P Primary Jet 

R e  f Reference 

S Sec ondaty 



Augmented Deflector Exhaust Nozzle 

Ejector BALS 

gALS/ADEN 

Remote Augmented Lift System 

Takeoff Gross Weight 

Vectored Engine Over-Wing 

Ver t icalj  Sho rt Takeoff and Landing 

Vertical Takeoff 



BULB 8 

force 

d i s tance  

dis tance 

a rea  

a r ea  

a r ea  

ve loc i ty  

ve loc i  ty  

Power 

Temperature 

Heat 

Air flow 

thrus t  

He a t  Load 

C0NVRR.S IONS 

English t o  Standard In te rna t iona l  Unit8 

l b  x 0.4536 = kg 

l b  x 4.448 = N 

ft x 0.3048 = m  

mi x 1.852 = km 

In. X 2.54 = cm 

£t2 x 0.0929 = d 

in.2 x 6.4516 = ad 

acres  x 0.04067 = Id 

ur.3 x 16.387 cm3 

f t 3  x 0.0283 = m3 

gal  x 0.0037a5 = d 

f t l s e c  x 0.3048 = d s e c  

knots x 0.51444 = d s e c  

hp x 745.7 = W  

( "  F + 460) x 519 = ' K 

Btu x 1055.9 = J 

lb/sec x 0.4536 = kglsec 

l b  x 4.448 = N 

lb /hr / lb  x 0.0283 = g/sN 

l b l l b  x 9.806 = N/kg 

lblsec l b  x 9.806 = Ns/kg 

l b / f t 2  x 4.877 = kg/& 

Btullb x 2327.8 = J lkg  



Pressure or 
Stress p s i a  x 0.6895 = N l d  

torque in.-lb x 11.3 = CIB N 

torque ft-lb x 1.356 = m N 

Vol F l w  g p  x 63.0 = d l s e c  

Heat Flow Btulnain x 17.6 = Jlsec  

Unit h a d  lb l in .  x 1.75 = N/Q 

Densi ty lbIf t3  x 16.028 = kg/d 



APPENDIX - COllPBESSXBIE F K W  ANALYSIS OF WECTmS 

The ca lcu la t ions  out l ined below e r e  performed on an a s s 4  ana ly t ic  
model shown schematically i n  Figure 25. The colsputatioas provide a complete 
descr ip t ion  of flow proper t ies  a t  the beginning and end s t a t i o w  of  f i ve  flw 
regions. Mixed f l w  c h a r a c t e r i s t i c s  irere tben used t o  determine EBAIS design 
performance m the form of  augmentation r a t i o .  

The following asslmptions have been asstsued to  simplify calculat ions:  

1. Specific heat  r a t i o ,  y ,  vas constant and equal to  1.4 f o r  both jet 
and secoodary flows. It should be noted t h a t  y influences cc l l p r ee  
s i b l e  f l w  r e l a t i o n s  s ign i f ican t ly .  Furthermore, the a s s d  j e t  
temperature of  3260' F i s  a t  a l ever  vhere y can be cimsiderably 
less than 1.4 and can have s ignif icance on augmentation r a t i o .  
& e v e r ,  the  importance of considering y changes was uaived on the 
bas i s  t h a t  a l l  models would be equally affected and therefore  
r e l a t i v e  performance coarparisons would s t i l l  be val id .  

2. No heat is t ransfer red  across  wal ls  of  the EBBLS deslgns. 

3, Mixing takes place 1n an unlimited length constant a rea  sec t ion  
and flows are ccllpletely mixed enter ing tbe d i f fu se r .  W 
design mixing sect ions a r e  shor te r  than required f o r  c a p l e t e  
mixing. Rie a o m t  of mixing and its e f f e c t s  car? only be d e t e r  
mined experimentally. 

A c c d a t i o n  Region Solution 

MS2 i s  de tewined  f r aa  compressible flow and continuity r e i a t ~ o n s  

vhere a l l  t e r a s  a c e p t  MS2 a r e  known constants  o r  assumed valcos. 

and 



!+2 i s  then used to  evaluate jet flow a r e a  dp2 

A test is made to determine i f  tbe caiculated areas a r e  in agre-nt with the 
ERALS geometric 

I f  not,  a new Hs2 is t r i e d  i n  equation (2). The ca lcu la t ions  and test are 
repeated until equation ( 6 )  holds. The l a s t  values of Ms2, np2, P s ~ ,  Pp2 are 
the atatched static pressure c h a r a c t e r i s t i c s  a t  S t a t i on  2. 

W i n g  Region Calculations 

To determine the mixed f l o w  s o l u t i o c  a control  v o l m e  was set up between 
Section 2 and Sec t i s z  M. 

Enthalpy must be evaluated a t  S t a t i on  2 

= 
C  + F A R P C  

5~2 + FARP 



oK;Gki<.:!L F:. 1.: 1 d 

bf POOR Q U A L ~ ~ Y  

where CpA and Cpp are spec i f ic  heats of a i r  and fue l ,  respectively,  and 
their value is depeadent on s t a t i c  teaperatwe 

then 

Similarly for the secondary flow 

where 

for the mixed flow 

FARM = FABP - 
1 + (1 + FARP* 

UP 

the mixed flow eathalpy i s  determined from energy considerations 

where 

C P ~  + FARM C ~ F  
cm = 1 + FARM 



and % is  calculated fram a moment- balaccc between Stat ions 2 and M a s  
out 1 iaed below. 

Since CpY and C p ~  arc? a function of TH, an iterati;*@ process must be ~ - + d  
t o  determine the TH and Cpn t h a t  agree with &. 

The mixed flaw s t a t i c  pressure,  %, i s  based on the equa;<-n of s t a t e  

then is determined fram a maaentm balance between Stat ions 2 and M. 

Reordering terms and subs t i t u t ing  f o r  PM a quadratic equation in  Ppl i s  f o d  

After evaluating %, the res: of the  mixed flow propert ies  are calculated 



mGi:<Af- F: , -  

Of POOR Q,..-~--. ;Y 

The t o t a l  pressure r i s e  required t o  pass the assumed amount of secondary flow 
without any system losses  becomes: 

A P T  - P pm-P AMB 

 PAM^ P~~ 

Definition of Augmentation Ratio 

For purposes of t h i s  program augmentation r a t i o ,  @ is  the t o t a l  momentum 
of the  primat: ~ 2 d  secondary flows normalized by the  ideal  momentum of the 
primary flow 

where the ideal  primary flow ve loc i ty ,  Vp, is 

Determination of Total Pressure Loss 

Inlet duct l o s s  is eefined i n  terms of S ta t ion  1 conditions: 

where AprI K O -  = L'Ts'PTS1 

I qS1 qs1 



and M s ~  is determined from 

then 

Y 

'TS 1 a - T %12 Psl 

where 

?fixing region t. -on  l o s s  is def ined by mixed flow proper t i e s  and assuming 
the  mixed flow passes  through a  s e c t i o n  with a  l eng th ,  LM, equal t o  t h e  
ac tua l  mixing sec t ion .  On t h i s  b a s i s ,  t h e  pressure  l o s s  is 

where 

For ERALS, t h e  mixing s e c t i o n s  a r e  very s h o r t  and ca lcu la ted  f r i c t i o n  l o s s e s  
were small. 

The d i f f u s e r  l o s s  is corabined with the  dynamic head a t  its e x i t  t o  d e f i n e  



where for estimating purposes, i t  was assumed the PE = PAMB and ME = MM. 

Then the overall to ta l  pressure l o s s  for the system i s  calculated by combining 
(261, (301, and (32) .  

This is  a function of secondary-to-primary flow rat io  and i s  used with 
equation (22) to  determine the operating point, FLyure 27. The correspond- 
ing augmentation rat io  is the estimated performance. 
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