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SUMMARY 

S'i A high-speed wind-tunnel investigation was conducted on a series of upper- ! i 
! , . 

surface-blowing nozzles with D-shared exits installed on a represertative ! 
short-haul aircraft model. Both two- and four-engine configurations were in- 

/ :  / vestigated. Pawered engine simulators were used tc properly represent nacelle ' !  . . , flows. Large differences in cruise drag penalties associated with the various ' i  

nozzle designs were seen. Some geometric parameters influencing nozzle cruise 
- ; drag are identified. : 1 .  

z INTRODUCTION 

Upper-surface-blowing (USB) nozzle design requirements ?resent a conflict 
between good low-speed and high-speed performance, as noted in reference 1. At 
low speeds, a relatively wide, thin jet is desired for good flow turning and 
lift augmentation (ref. 2). This is usually accomplished by directing the noz- 
zle jet onto the wing upper surface with a high boattail angle nozzle. Con- 
versely, low boattail angles and minimal jet spreading appear desirable for low 
cruise drag. Previous investigators have reported (ref. 3; that compromising 
all the nozzle design parameters toward favorable low speed flow t~rning in- 
creased the cruise dr2.g by as much as 20 percent of the airplane drag. 

I I 
I i G  

This earlier work involved the development of a USB nozzle ior a configu- ,i ,I  , - ,  , 
ration with twin high-pressure-ratio (low bypass ratio) engines. The present : 
investigation was directed toward cruise nozzles for low-pressure-ratio USB en- .i / '  

, . 
gir~es similar to those being developed under NASA's QCSEE (Quiet, Clean, Short- , I  

Haul Experimental Engine) Program (ref. 4). A later paper by Ciepluch sum- , .  , . 
marizes features of the QCSEE propulsion system. The different cruise nozzle I : :  

exit geometries required for thc different pressure ratio engines are shown in :. 
figure 1. The QCSEE nozzle exit is larger relative to its nacelle, producing a . ., 

lower aspect ratio nozzle with sharper corners. In the present test, all ex- ! i I /  1 :  
perinental nozzles had this D-shaped low-aspect-ratio nozzle exit geometry. I/ : 

Cruise drag was evaluated for both low boattail angle nozzles designed specif- 
ically for good cruise drag and also for high boattail angle nozzles represent- 

1 :  
I * 

ing the QCSEE USB design. Both two- and four-engine configurations were 
tested. 

I 
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A~~ boattail projected area above the wing, ch2 (in2) 

AEXIT nozzle exit area, cm 2 : i 
1 

. :  A~~~ maximum circular cross-sectional area of nacelle, cm2 (id) 

AREXIT exit aspect ratio, widthlheight 

:.I 
drag coefficient, drag/qoS 

- 1 
I C~ lift coefficient, lift/qoS 

C~ pressure coefficient , (o-po)/qoS 

Mo free-stream Mach number 

1 PO free-stream static pressure, N/cm2 ! '! f ree-s tream dynamic pressure, ~ / c m ~  E 
40 Z 1 

F '  S wing Irea, cm2 (in2) 
- < 

. -. \I width, cm (in.) 
i . . . , - , . . , - I  

ETO? external top centerline boattail angle at nozzle exit, deg 

0:; IDE external sidewall boattail angle at nozzle exit, dcg 

, , 
Ah maximum displacement of external boattail corner, cr (in.) . I  . \ !  i 

9~ average of top and bottom centerline flow deflection angles at nozzle 
exit 

MODEL DESCRIPTION 7 2 j i 
j 1 
I (  

Figu~e 2 is a photograph of the half-plane model installed in the Lewis _ : '  . * 

Research Center's 8- by 6-Foot Supersonic Wind Tunnel. The 0.7-111 (27.5-in.) 
i 

< . .  .; 
semispan model was designed for Mach 0.7 cruise and had a cylindrical fuselage . 3 _ L  

, . 
I . - , ,  

and straight supercritical wing. Wing sweep at the quarter chord was 5.6' and , . 

the aspect r~tio was 7.0. The wing had a taper rat20 of 0.3 and an average ! 

section thickness of about 13.5 percent. The entire aerodynamic configuration 
t .  : :  , - 

was rnoti:.ted on a 6-component balance. Powered engine simulators, nominally 
7.6 cm (' in.) in diameter, were used to represent the nacelle flows. Flow- 
throug.1 xa.:el '.es were also used. 1 L 

! I  ' 
i 

A typical nozzle installation on the wing is shown in figure 3. Inboard 

i i 
184 

t 
E 



The experimental nozzle designs are shown in figure 4. A11  ha^! D-shaped 
exits with an aspect ratio (widthheight) of about 2. The reference nozzle, 
designated NREFs had a moderate external to? (crown line) boattail angle of 
about 11' and an external side boattail of about 2'. The QCSEE-type no?zles, 
Ngc, featured a high external tcp boattail angle of ?8O in order to obtal,.~ a 
hlgn kickdown angle and to avoid internal flow restrictions at the larger +xit 
are& rcquired at takeoff. Because of the high kickdown angle (average cent?r- 
line kickdown angle, BKD = 120), this type of nozzle would not require some 
type of flow d9flector for good low-speed powered-lift performance as low-angle 
nozzles like NREF would. The sidewa1.1 boattailing of the QCSEE N nozzles 

QC (17' external, 10' internal) was designed to minimize jet spanwise pluming at 
cruise. Note chat because NREF is mounted lower on the wing than N the 
boattail projected area above the wing is reduced. cc 

There are two versions of the QCSEE nozzle, designated BL (baseline) and 
RC1 (recontoured no. 1). As discussed in an earller paper by Sleeman and 
Phelps, the original baseline QCSEE nozzle was recently changed to the RC1 con- 
tour t~ improve it; low-speed powered-lift characteristics. Note that the ef- 
fect of the change was to flatten the top of the nozzle, increasz the sharpness 
of the corners, and increase the effective boattail angle particularly at the 
corners. The terminal boattail angles on the top, $TOP, 2nd side, BSIDE, re- 
mained unchanged. On the model, the external nozzle contours for (NQC)BL and 
( N Q c ) ~ ~ ~  correspond to the baseline and recontoured QCSEE configurations; how- 
ever. the internal contours for both were for the baseline nozzle. In addition 
to tb.ese configurarions, some inodified versions of the NqC nozzles were also 
tested. 

The model NQC nozzles were not an exact scaled representation of the full- 
scale QCSEE nozzle installation. During model design it became necessarv to 
increase the nacelle maximurn diameter to provide more room for instrumentation 
routing. As shown in figure 5, this added additional area to the forward part 
of the nozile boattail and reduced the local curvature slightly. The hlgh an- 
gle part of ths boattail near the nozzle exit was duplicated exactly. The in- 
fluence of this boattail area difieren>;e on the experiment~l results is ad- 
dressed iacer in this paper. 

POWERE11 SIMULATOR CONSIDERATIONS 

Calibration 

Prior the wind-tunnel test, the propulsion nacelles with engine simu- 
lators were calibrated statically. A plate simulating the wing upper surface 
contour was attached to the nozzle through a separate balance, and its drag 
contribution was deleted. Nozzle thrust in the axial direction was calibrated 
as a function of nozzle pressure ratio for each experimental simulator/nozzle 
combination. 



Drag D e f i n i t i o n  

Cru i se  d rag  r e s u l t s  a r e  presented i n  terms of  a  d r a g  pena l ty  which i s  de- 
s c r i b e d  i n  f i g u r e  6. The d rag  pena l ty  is t h e  d i f f e r e n c e  between t h e  drag of  
~11e combined nacellelwing-body c o n f i g u r a t i o n  minus t h e  s e p a r a t e  i s o l a t e d  d rags  
of the  n a c e l l e  and wing-body. Th? t o t a l  c o n f i g u r a t i o n  d rag  wi th  power c o n s i s t e d  
of the  balance  d rag  f o r c e  c o r r e c t e d  f o r  t h e  n e t  t h r u s t  of  t h e  powered n a c e l l e s .  
The e x t e r n a l  n a c e l l e  drag was es t imated f o r  an  assumed i s o l a t e d  n a c e l l e  a t  
f ree-s t ream Mach number us ing an empi r i ca l  technique based on n a c e l l e  f i n e n e s s  
r a t i o .  This  e s t i m a t e  d i d  not  account f o r  t h e  increased p ressure  drag t h a t  
would be p resen t  on an i s o l a t e d  high b o a t t a i l  nozzle  such a s  t h e  QCSEE nozzle.  

I 
1 The drag of t h e  b a s i c  wing-body wi thout  n a c e l l e s  was measured. This  drag was 

evaluated a t  va lues  of Mach number and l i f t  c o e f f i c i e n t  i d e n t i c a l  t o  those  of  
the  nscel le-oq conf igura t ion .  An a d d i t i o n a l  c o r r e c t i o n  was made t o  account f o r  
the  d rag  increment of t h a t  p o r t i o n  of the  wing coveled by t h e  n a c e l l e .  With 
these  v a r i o u s  drag components deducted from t h e  o r i g i n a l  c o n f i g u r a t i o n  drag,  

j the remaining increment was considered 2 drag pena l ty  which included any un- 
f svorab le  i n t e r f e r e n c e  e f f e c t s .  I t  should be noted t h a t  t h e  scrubbing drag o: I 

I 
t he  j e t  flow on t h e  wing upper s u r f a c e  was not  accounted f o r  and would be in-  I 

I 
cluded a s  p a r t  of the  d rag  pena l ty .  i 

Power E f f e c t s  I 
f 
i 

RESULTS AND DISCUSSION 

Two-Engine Conf igurat ions  

Figure  7  i s  a t y p i c a l  comparison of  d r a g  r e s u l t s  obta ined w i t h  t h e  powered f 
s imula to r s  and wi th  flow-through n a c c l l e s  a t  Mach 0.7. The d e s f z n  point  in-  $ 1 ; 

, . 

d i c a t e s  t h e  des ign l i f t  c o e f f i c i e n t  of t h e  model wing and t h e  c r u i s e  f a n  pres-  
s u r e  r a t i o  of t h e  QCSEE engine.  For r e fe rence ,  a d rag  increment equ iva len t  t o  

i 1 .  
I '  

Experimental drag p e n a l t i e s  f o r  t h e  NREF and (NpC)BL nozzle  i n s t a l l a t i o n s  
a r e  shown i n  f i g u r e  8 f o r  a  two-engine a i r p l a n e  conf gura t ion  ( s i n g l e  n a c e l l e  
i n s t a l l e d  on the  hal f -p lane  wind-tunnel model). The powered n a c e l l e  was l o -  
ca ted  a t  t h e  inboard p o s i t i o n  (23 percent  semispan),  and d a t a  a r e  shown f o r  a  
f an  p ressure  r a t i o  of 1.37 and a l i f t  c o e f f i c i e n t  of 0.4, corresponding t o  Mach 
0.7 c r u i s e  des ign cond i t ions .  A t  t h e s e  cond i t ions ,  t h e  nozz le  p r e s s u r e  r a t i o  
was about 1.9 based on free-stream s t a t i c  p ressure  and ahout 2 . 2  based on l o c a l  
s t a t i c  p ressure .  A t  t h e  des ign Mach number of  0.70, t h e  r e f e r e n c e  nozzle  N R E ~  
had a  smal l  drag pena l ty  of about 1 . 5  percent  of  n e t  t h r u s t  (or  a i r p l a n e  d rag) .  
Most of t h i s  pena l ty  was probably a s s o c i a t e d  w i t h  t h e  a d d i t i o n a l  scrubbing drag 

5 percent  of  c r u i s e  n e t  t h r u s t  ( a i r p l a n e  drag)  i s  i n d i c a t e d ,  and i t  is seen t h s t  

i the  power e f f e c t  can exceed t h i s  value .  Note t h a t  a t  t h e  h igher  l i f t  c o e f f i -  
c i e n t  t h e  jet flow has  a favorab le  e f f e c t  on drag.  However, t h i s  f a v o r a b l e  
e f f e c t  i s  smal l  compared t o  the  h igher  drag l e v e l s  seen a t  t h i s  CL. 

.' 
, 

1 1 :  
I : I. ' 1 . :  
i , t  



of t h e  jet on t h e  wing. The high b o a t t ~ i l  a n g l e  b a s e l i n e  QCSEE nozz le  (NQC)BL 
exh ib i t ed  a considerably  higher  drag p e n i l t y  .'it Mach 0.7, amounting t o  about 
5 percen t  of n e t  t h r u s t .  This  pena l ty  was p a r t l y  a s s o c i a t e d  v i t h  lower pres- 
s u r e s  over t h e  nozzle  b o a t t a i l ,  a s  w i l l  be s scn  l a t e r .  I n  a d d i t i o n ,  an en- 
l a rged  region of s u p e r c r i t i c a l  f low was p;esent on t h e  wing upper s u r f a c e  w i t h  
t h i s  nozzle. The wing shock was s t rengthened and moved a f t  toward t h e  nozz le  
e x i t  from its c l e a n  wing pos i t ion .  

Note t h a t  a s  Mach nuzber increased beyond design,  t h e  r e f e r e n c e  nozz le  de- 

- 
veloped a  favorab le  i n t e r f e r e n c e  e f f e c t  whi le  t h e  drag of t h e  NQC nozz le  con- . . 

7%- t inued t o  inc rease .  Wing pressure  d a t a  i n d i c a t e  t h a t  t h e  r e f e r e n c e  nozz le  a c t -  
+. . 1 ed  t o  r e t a r d  t develcpment of s u p e r c r i t i c a l  flow above t h e  wing a s  t h e  wing 

entered drag r i s e ,  whi le  t h e  higher  ang le  NQC nozzle  d i d  not .  

Four-Engine Configurat ions  1 , i :  

Cruise drag r e s u l t s  a r e  presented i n  f i g u r e  9 f o r  t h e  four-engine config- 
u r a t i o n  wi th  r e f e r e n c e  nozzles  N R E ~ ,  b a s e l i n e  QCSEE nc : z les  (NQC)BL, and re- 
contoured QCSEE nozzles  A l a r g e  d i f f e r e n c e  i n  d rag  l e v e l s  is  ev- 
iden t .  A t  Mach 0.70, t h e  re fe rence  nozzles  again  had a  r e l a t i v e l y  low drag  
penal ty  of l e s s  than 3 percent  of n e t  t h r u s t .  This  is s l i g h t l y  l e s s  than twice  
t h e  two-engine va lue  f o r  t h i s  nozzle ,  i n d i c a t i n g  t h e  absence of any unfavorable  
nacel le- to-nacel le  i n t e r f e r e n c e  e f f e c t s .  The drag pena l ty  wi th  t h e  NQC base- 
l i n e  nozzles  was about 12 percent  of n e t  t h r u s t  a t  Mach 0.7; twice  t h e  twin- 
engine va lue  would be about 9 percent .  Therefore ,  an a d d i t i o n a l  drag pena l ty  
of about 3 percent  i s  ind ica ted  due t o  nacel le- to-nacel le  i n t e r f e r e n c e  f o r  t h i s  
design.  These mutual i n t e r f e r e n c e  e f f e c t s  a r e  a l s o  ev iden t  from t h e  wing pres- 
s u r e  data .  With t h e  NQC nozzles ,  t h e  a d d i t i o n  of t h e  outboard n a c e l l e  r e s u l t e d  
i n  an acce le ra ted  s u p e r c r i t i c a l  flow reg ion  i n  t h e  channel between t h e  nozzles .  

; ; 8 .  

The change i n  e x t e r n a l  contour shape from t h e  ( N Q c ) ~ ~  conf igura t ion  t o  t h e  
(NQC)RC1 conf igura t ion  produced an a d d i t i o n a l  l a r g e  drag i n c r e a s e  (from 12 t o  
18 percent of n e t  t h r u s t  a t  Mach 0.7). This was a s s o c i a t e d  wi th  ex tens ive  flow 
separa t ion  over t h e  a f t  p a r t  of t h e  (N8C)RC1 b o a t t a i l ,  a s  s h o w  i n  f i g u r e  10. 
The c r o m  l i n e  p ressure  d i s t r i b u t i o n s  o r  t h e  t h r e e  nozzlL; a r e  considerably  I 

I ; .  
d i f f e r e n t .  A region of s u p e r c r i t i c a l  flow e x i s t e d  on t h e  ( N Q c ) ~ ~ ~  b o a t t a i l ,  and ! i :  
ex tens ive  separa t ion  was present  on t h e  a f t  b o a t t a i l ,  a s  i n d i c a t e d  by t h e  re-  . /  I : 

.i : 
duced p ressure  recovery a t  t h e  t r a i l i n g  edge and shown on t h e  t u f t  photograph. , i .  
Flow over t h e  ( N Q ~ ) ~ ~  b o a t t a i l  approached t h e  son ic  l e v e l  and only  a  small sep- 1 .  ..I . 

a r a t i o n  region was present .  The NREF boa t t c l i l  flow was a t  a  n e a r l y  cons tan t  I . i : 
! . *  

subsonic l e v e l .  . m 
1 :  

Four-Engine Configurat ions  w i t h  Modified Nozzles 

The r e l a t i v e l y  high drag  level^ observed wi th  t h e  NQC nozzles  l e d  t o  t h e  
development of modified NQC nozzle conf igura t ions  t o  f u r t h e r  i n v e s t i g a t e  drag 
behavior. These modified nozzles ,  shown i n  f i g u r e  11, were f a b r i c a t e d  by add- 

; I -I- 
! 
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i n g  material e x t e r n a l l y  t o  t h e  b o a t t a i l  r eg ion  o f  t h e  NREF nozzles .  The ex- 
t e r n a l  crown l i n e s  of t h e  b a s e l i n e  and RC1 c o n f i g u r a t i o n s  were dup l tca ted  from 
t h e  nozz le  e x i t  forward u n t i l  f a i r i n g  was requ i red  t o  match t h e  maximum he igh t  

3 
of NREF. A s  mentioned e a r l i e r ,  s i n c e  NREF was mounted lower on t h e  wing than 

>s NQC, a  reduced b o a t t a i l  p ro jec ted  a r e a  above t h e  wing r e s u l t e d .  Cross- 1 s e c t i o n a l  contours  were s i m i l a r l y  dup l ica ted  and s h i f t e d  t o  match t h e  ve ry  
shallow s idewal l  b o a t t a i l  ang les  o f  N R ~ F .  The r e s u l t i n g  c o n f i g u r a t i o n s  thus  

3 had e x t e r n a l  b o a t t a i l  tops  and corners  q u i t e  similar t o  t h e  NQC nozzles ,  but  
wi th  reduc t ions  i n  s idewal l  b o a t t a i l i n g ,  b o a t t a i l  p r o j e c t e d  a r e a ,  and flow 
kickdown ang le  on t h e  wing. The modified nozz les  a r e  des ignated a s  MOD(NQC)~= 
and MOD (NQC) R C ~  

- > ,, 4 
The combination of t h e s e  changes produced a s i g n i f i c a n t  r educ t ion  i n  . _ .  i 

c r u i s e  drag a t  a l l  Mach numbers. A s  shown i n  f i g u r e  12 ,  a  s i m i l a r  r educ t ion  ? 

occurs  wi th  t h e  modified nozzles  f o r  both  t h e  RC1 and b a s e l i n e  b o a t t a i l s .  I n  ! 
.4 

both c a s e s  t h e  modif icdt ions  a l l e v i a t e d  t h e  region of s u p e r c r i t i c a l  flow on t h e  - ! i 

wing upper s u r f a c e  near  t h e  nozzles .  Although no t  determined s p e c i f i c a l l y ,  i t  ! , I  
t ' '1 appears  probable t h a t  t h e  mutual i n t e r f e r e n c e  between n a c e l l e s  was reduced w i t h  : . ., I 

. . t h e  modified conf igura t ions .  It is  seen from f i g u r e  12 t h a t  t h e  e x t e r n a l  boat- 
t a i l  change from b a s e l i n e  (BL) t o  t h e  recontoured shape (RC1) produced s i m i l a r  I 

l a r g e  drag i n c r e a s e s  f o r  both  t h e  unmodified and modified nozzles .  Extensive < ,  

1 ' - L 

b o a t t a i l  flow s e p a r a t i o n  s i m i l a r  t o  t h a t  seen p rev ious ly  wi th  (NQC)RC1 was 
again  observed on the  MOD (NQC) RC1 con£ i g u r a t  ion. 

1 
t !  

I 

Gecinetric E f f e c t s  

The d i f f e r e n c e  i n  external .  b o a t t a i l  geometry between b a s e l i n e  and recon- 
toured conf igura t ions  is  predominantly an  increased sharpness  of tile l o c a l  noz- 
z l e  corners .  I n  f i g u r e  1 3  drag is  c o r r e l a t e d  a g a i n s t  a  corner  sharpness  param- 
e t e r  Ah/(W/2), where Ah is  t h e  maximum corner  displacement from a  : ine connect- 
i n g  t h e  i n t e r s e c t i o n s  of t h e  n a c e l l e  c e n t e r l i n e s  wi th  t h e  nozzle  crown l i n e  and 
s i d e ,  and W/2 i s  t h e  l o c a l  nozzle  half-width along the  h o r i z o n t a l  c e n t e r l i n e .  
This parameter was evaluated a t  a  l o c a t i o n  one maximum n a c e l l e  r a d i u s  upstream 
of t h e  nozz le  e x i t ,  where t h e  d i f f e r e n c e  i n  corner  sharpness  is  l a r g e s t .  The 
incremental  drag change wi th  corner  sharpness  f o r  t h e  N aL1d modified NQC noz- 
z l e s  was q u i t e  s i m i l a r .  QC 

( i 

A s  mentioced previously ,  t h e  unmodified NQC nozzles  were n o t  exact  s c a l e  
r e p r e s e n t a t i o n s  of t h e  QCSEE f l i g h t  nozzles  but had a d d i t i o n a l  b o a t t a i l  pro- 
j ec ted  a r e a  p resen t .  The combination of geometr ical  changes inheren t  i n  t h e  

I !  : . !  - 1  

modified NQc nozzles  r e s u l t e d  i n  reduced b o a t t a i l  p ro jec ted  a r e a  above t h e  wing. ! - +  
Rela t ive  va lues  of t h i s  a r e a  and t h e  a s s o c i a t e d  drag l e v e l s  a r e  i n d i c a t e d  i n  - i 

' 1  

f i g u r e  14. It is not  p o s s i b l e  t o  i s o l a t e  t h e  e f f e c t s  of b o a t t a i l  a r e a  from t h e  / 1 
o t h e r  geometric cnanges between t h e  NQC and modified NQC nozzles ,  s o  f i g u r e  14 
only i n d i c a t e s  genera l  t rends .  It is reasonable  t o  assume t h a t  t h e  drag penal- 1 
t y  a s s o c i a t e d  wi th  t h e  c0rrec.t b o a t t a i l  a r e a  would l i e  somewhere between t h e  
f u l l - s c a l e  mark and t h e  NQC p o i n t ,  depending on t h e  r e l a t i v e  e f f e c t  of b o a t t a i l  
a r e a  compared t o  t h e  e f f e c t s  of changes i n  s idewal l  b o a t t a i l  ang le  and flow 1 
kickdown angle .  The proximity of t h e  modified N Q ~  p o i n t s  t o  t h e  geomet r ica l ly  I /  i 



c o r r e c t  b o a t t a i l  a r e a s  is  of i n t e r e s t ,  Th i s  proximity sugges t s  t h a t  t h e  QCSEE 
navies wi th  px te rna l  s i d e w a l l  b o a t t a i l i n g  reduced t o  2O might o b t a i n  a c r u i s e  
drag p e ~ ~ a l t y  somewhere near  t h e s e  l e v e l s  i f  t h e  e f f e c t s  of kickdown ang le  a r e  
n o t  important. This  would amount t o  drag p e n a l t i e s  between 12 and 14 percen t  
of n e t  chrvs t  f o r  t h e  RC1 nozzle  and between 6 and 8 percen t  f o r  t h e  b a s e l i n e  
nozzle.  

d CONCLUDING REMARKS 

4 I n  sunnnary, i t  was found t h a t  USB n a c e l l e s  wi th  moderate nozz le  b o a t t a i l  
ang les  could be i n s t a l l e d  on a high-wing shor t -haul  aircrct:'c conf igura t ion  wi th  
only  a small c r u i s e  drag penal ty .  Th i s  type  of nozz le  would not have good 
low-speed powered-lift performance wi thcut  t h e  development of a f low d e f l e c t o r  
and e x i t  a r e a  v a r i a t i o n  system. A h igh b o a t t a i l  a n g l e  nozzle  r e p r e s e n t i n g  t h e  
QCSEE RC1 conf igura t ion ,  which was designed f o r  good powered-lif t  performance 
without a flow d e f l e c t o r ,  d isplayed l a r g e  c r u i s e  d rag  pe a l t i e s  a s s o c i a t e d  

I 
with  b o a t t a i l  flow s e p a r a t i o n  and reg ions  of a c c e l e r a t e d  s u p e r c r i t i c a l  flow on 
t h e  wing upper su r face .  A s i m i l a r  nozzle  wi th  rounder corners  and reduced 

i powered-lif t  performance, r epresen t ing  t h e  QCSEE b a s e l i n e  nozzle ,  had s i g n i f -  
i c a n t l y  lower c r u i s e  drag.  Addi t ional  t e s t  conf igura t ions  i n d i c a t e d  t h e  pos- 
s i b i l i t y  of improving c r u i s e  drag l e v e l s  of t h e  QCSEE-type nozz les  by reducing 
the  s idewal l  b o a t t a i l  ang les  and t h e  b o a t t a i l  p ro jec ted  a r e a  above t h e  wing. 
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Figure 1.- Comparison of US$ cruise nozzles.  



Figure 3.- Nozzle installation, 
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Figure 4.- Test nozzle configurations, 
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Figure 5.- Comparison of model and QCSEE engine. 
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Figure 13.-  Effect of corner sharpness; Mo = 0.7; 

CL = 0 . 4 :  FPR = 1 . 3 7 .  
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Figure 1 4 . -  N ~ z z l e  geometry ef Eects; Mo = 0.7;  

CL = 0 . 4 ;  ETR = 1 . 3 1 .  




