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RESEARCH MEMORANDUM 

PERFORMANCE OF MULTIPU JET-EXIT INSTALLATIONS* 

By John M. Swihart and William J. Nelson 

SUMMARY 
@535 

This paper presents the results of recent exploratory investiga- 
tions of the performance of clustered jet-exit installations at Mach 
numbers froni 0.60 to 3.05. Data presented herein were obtained with 
tunnel-wall-nounted models with cold-air-jet exhaust. The results indi- 
cate that large base-pressure drag coefficients may be encountered in 
the transonic and low supersonic speed range and that the best configura- 
tion investigated was boattailed between the nacelles, had a cylindrical 
nacelle afterbody, and a divergent nozzle with a design pressure ratio 
of 15. It was also indicated that afterbody terminal fairings or base 
bleed might be used to reduce the performance losses of overexpanded 
nozzles. If the terminal fairings or base bleed were applied to fixed 
ejector geometry, an important saving in weight and complexity would 
result. 

INTl3ODUCTION 

Recent supersonic airplane designs, where the engines are clustered 
along the trailing edge of the wing in a side-by-s de arrangement, have 
raised many questions relative to internacelle and interjet interferences 
on the base and afterbody drag. 
the results of sone recent investigations of clustered exit installations. 
Tests were conducted at Mach numbers from 0.60 to 3.05 with jet total- 
pressure ratios up to 40. 

The purpose of this paper is to discuss 

SYMBOLS 

D drag coefficient, - 
cD ss 

'D,b base-pressure drag coefficient 

* Title, Unclassified. 
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pb - pm 
q 

base pressure coefficient, CP,b 

D drag 

F thrust 

M Mach number 

'b 
base pressure 

ratio of jet total pressure to free-stream static pressure Pt,J 
pa3 

pm free-stream static pressure 

9 dynamic pressure 

S assumed model wing area, 0.37 sq ft 

A ( C ~  - cD) incremental thrust-minus -drag coefficient 

e nozzle divergence angle 

P boattail angle 

APPARATUS 

An exploratory investigation has been conducted in the Langley 
9- by 12-inch blowdown tunnel and in the Langley internal aerodynamics 
laboratory by using wall-mounted models which approximately duplicated half 
of the configuration shown in figure 1. Interchangeable exit configurations 
with different amounts of boattailing, nozzle-divergence angles, and 
afterbody terminal fairings are presented subsequently. The jet exhaust 
was simulated with cold air; numerous test data have shown that this 
simulation is adequate for an ex-ploratory investigation of this type. 
(See refs. 1 and 2.) Base pressures, surface pressures between the 
nacelles, drag, and thrust-minus-drag were measured, and f low-visualization 
studies have been made over the Mach number range. 

. 



RESULTS AND DISCUSSION 

Base Pressures 
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Effect of pressure ratio at transonic speeds.- Figure 2 shows the 
base-pressure coefficients of side-by-side arrangements at transonic 
speeds. The average base-pressure coefficient obtained by averaging 
the pressures over the base is plotted against the ratio of jet total 
pressure to free-stream static pressure at Mach numbers of 0.90 and 1.25. 
Data are for a three-engine configuration with a jet-to-base diameter 
ratio of 0.5 and sonic exits. 
slight. boattailing and a flat base and is not intended as a practical 
configuration; however, configurations with similar lines have been 
proposed where large amounts of secondary flow are available for base 
bleed. Single-engine nacelle data are shown for comparison, inasmuch as 
wide ranges of shape variables have been investigated on single-engine 
nacelles at transonic and supersonic speeds. The data for the single- 
engine configuration are for a cylindrical nacelle with a sonic jet exit 
and the same base-to-diameter ratio as the three-engine clustered config- 
uration. The data indicate that the trends of the single-engine and 
the three-engine configurations are very similar; thus, the single- 
engine nacelle data could probably be applied qualitatively to the 
clustered exit design. The important thing in figure 2, however, is the 
magnitude of the base-pressure coefficient, inasmuch as the peak nega- 
tive values occur near the operating pressure ratios for supersonic 
engines for each Mach number. In fact, at a Mach number of 1.25 for a 
six-engine airplane with 5-foot-diameter nacelles and 6,000 square feet 
of wing area, the base-pressure drag coefficient would be 0.0066. This 
value of C 

the supersonic engine may be a minimum, the base-pressure drag may be 
a maximum; consequently, there would be an increase in acceleration time 
and a loss in airplane range. 

This configuration is a basic model with 

1 1  * I  L _ ^ _ _  <.,. -47 indicates tna-c, in a regiuri  wi1el-e ~ t :  clluuDu ,,lus6LLs 

D,b 

Effect of Mach number.- Figure 3 shows the effect of Mach number 
on base-pressure coefficient. 
is plotted against Mach number at pressure ratios corresponding to the 
schedule of engine-pressure-ratio variation with Mach number shown 
in this figure. This pressure-ratio schedule is considered to be 
typical for the supersonic engine. 
speed range are for the three-engine configuration shown in figure 2 
with sonic jet exits. 
are for a similar flat-base configuration with convergent-divergent 
nozzles with design pressure ratios of 8. 
for all Mach numbers above 1.62; however, this is the design condition 
for some supersonic engine configurations. Expansion ratios greater 
than this value would make Cp,b more negative. The data indicate 

The average base-pressure coefficient 

The data shown in the %ransonic 

The data shown at Mach numbers of 1.62 and above 

The nozzles are underexpanded 
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t h a t  t h e  base-pressure coef f ic ien t  reaches a peak negative value between 
Mach numbers of 1 and 1.5 and then f a l l s  rap id ly  with an increase i n  
Mach number. The value looks smll a t  a Mach number of 3.05; however, 
if  it were applied t o  t h e  six-engine a i rp lane  with a wing a r e a  of 
6,000 square feet  mentioned previously, t h e  base-pressure drag coef f i -  
c i e n t  would be about 0.0010 o r  approximately 7 percent of t h e  expected 
t o t a l  drag of such a configuration. 

z 

Effect of Boat ta i l ing  

The question arises - how much should the  c lus te red  e x i t  configu- 
r a t i o n  be boa t ta i led?  Shown i n  f i g u r e  4 are three configurations with 
various amounts of b o a t t a i l i n g .  All th ree  of these  configurations have 
the  same i n t e r n a l  nozzle contour, namely, convergent-divergent nozzles 
with design pressure r a t i o s  of about 8. 
configuration with zero base a rea  and 6O of b o a t t a i l i n g  on t h e  individual  
nacel le .  It i s  a l s o  b o a t t a i l e d  between the  individual  nacel les .  Con- 
f igura t ion  2 has c y l i n d r i c a l  nacel les ,  a base annulus, and b o a t t a i l i n g  
between the nacel les .  
As  w a s  s t a t e d  previously, consideration has been given t o  configurations 
with f l a t  bases s i m i l a r  t o  configuration 3. 

Configuration 1 i s  an idealized. 

Configuration 3 has no b o a t t a i l i n g  whatsoever. . 

Figure 5 shows t h e  e f f e c t  of b o a t t a i l i n g  on incremental t h r u s t  
minus drag coef f ic ien t .  The incremental thrust minus drag i s  obtained by 
subtract ing the  measured thrust minus drag of the  configuration from 
t h a t  of configuration 1 at  pressure r a t i o s  corresponding t o  the  schedule 
with Mach number a l s o  shown i n  t h e  f i g u r e .  Configuration 1 w i l l  be used 
as t h e  reference configuration i n  a l l  subsequent p l o t s  of 
i n  t h i s  paper. The d a t a  ind ica te  t h a t  progressive b o a t t a i l i n g  from 
configuration 3 t o  configuration 1 r e s u l t s  i n  a reduction of drag i n  
t h a t  same order.  It appears t h a t  the  o v e r a l l  b o a t t a i l i n g  of t h e  configu- 
r a t i o n  may be more h p o r t a n t  than t h a t  of t h e  individual  nacel le ,  s ince 
configuration 2 has reduced t h e  drag so t h a t  it approaches t h a t  of con- 
f i g u r a t i o n  1. Base pressures measured on configurations 2 and 3 a t  a 
Mach number of 3.05 indicate  t h a t  the  j e t  in te r fe rence  due t o  t h e  under- 
expanded j e t  has a more marked b e n e f i c i a l  e f f e c t  on configuration 2 
than on configuration 3, as i s  shown i n  figure 6. 
configuration 3 t h a t  would be obtained by the  addi t ion  of base bleed i s  
unknown, but it i s  expected t h a t  base bleed would provide a small improve- 
ment i n  base-pressure drag coef f ic ien t .  

A CF - ( cD) 

The improvement t o  

Effect  of Afterbody-Nozzle Geometry 

I n  f igure  5 the  e f f e c t  of b o a t t a i l i n g  with fixed nozzle geometry 
w a s  shown. Figure 7 shows three  configurations which represent  a schedule * 
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of afterbody-nozzle geometry over the Mach number range where each s e t t i n g  
i s  designed t o  produce optimum t h r u s t  a t  a p a r t i c u l a r  Mach number. Con- 
f i g u r a t i o n  1 i s  repeated from the  previous f igures  and configuration 4 
represents  a m a x i m u m  af terburner  s e t t i n g  with a c y l i n d r i c a l  nacel le  and 
a convergent-divergent nozzle w i t h  a design pressure r a t i o  of lfs a t  a Mach 
number of 2.4. Configuration 3 represents an intermediate s e t t i n g  w i t h  
a design pressure r a t i o  of 11 and design f l i g h t  Mach number of 1.9. 

The v a r i a t i o n  of incremental thrust-minus-drag coef f ic ien t  w i t h  Mach 
number f o r  these three configurations i s  shown i n  f i g u r e  8. The d a t a  
are presented f o r  the pressure-rat io  schedule a l s o  shown i n  f i g u r e  8. 
It i s  indicated that configuration 4 i s  b e t t e r  than the  other  two con- 
f i g u r a t i o n s  over the  e n t i r e  Mach number range. It would be expected that 
configuration 4 would be t h e  bes t  above a Mach number of 2.4, s ince it 
has a zero pressure drag nacel le  and the nozzle i s  at o r  above i t s  design 
pressure r a t i o .  
t h r u s t  above t h i s  Mach number. The low value of A(CF - CD) of con- 
f i g u r a t i o n  4 suggests the  p o s s i b i l i t y  of even b e t t e r  performance near 
M = 3.0 with a la rger  nacel le  and a nozzle having a higher design pres- 
sure r a t i o .  It i s  surpr is ing t h a t  configuration 4 does not exhibit more 
of the  expected large overexpansion losses  a t  speeds below design. It 
i s  noted that some delay i n  experiencing these losses  has already 
occurred, probably because of ex terna l  stream and separat ion e f f e c t s  i n  
t h e  nozzle. It may a l s o  be caused by t h e  low Reynolds number of t h e  
i n t e r n a l  flow. If the good performance of configuration 4 can be main- 
ta ined  i n t o  the t ransonic  speed range by eliminating the overexpansion 
l o s s e s  which are known t o  occur (see ref .  3), it might be possible  t o  
operate t h e  clustered ex i t  over the Mach number range of this i n v e s t i -  
ga t ion  with f ixed  e.lector fzeometry and thereby m a k e  a larae saving i n  
weight and complexity. 

In other  words, it i s  developing more divergent nozzle 

Terminal Fair ings 

Figure 9 shows photographs of two s p e c i a l  devices which were inves t i -  
gated a t  t ransonic  speeds i n  an attempt t o  reduce the  overexpansion losses  
of f i x e d  e j e c t o r  geometry and t o  improve the  configuration performance. 
To the f i r s t  device, shown i n  the  upper l e f t  of the  f igure ,  six bodies 
have been applied t o  a combination of a l o w d e s i g n p r e s s u r e r a t i o  
convergent-divergent nozzle and a curved-afterbody, and these  f a i r i n g s  
a r e  very carefu l ly  designed t o  increase the  e f f e c t i v e  f ineness  r a t i o  
of the  afterbody and t o  provide surfaces f o r  the  underexpanded j e t  t o  
a c t  upon. 
i s  a v a r i a t i o n  of the  terminal f a i r i n g  idea which looks a l i t t l e  more 
conventional. 
divergent e j e c t o r  designed f o r  a 2ressure r a t i o  of 10 with longi tudinal  
s l o t s  cut  i n t o  the e j e c t o r  t h r o a t  t o  v e n t i l a t e  the  surface at sonic 

The s l o t t e d  afterbody shown i n  the  lower r i g h t  of the  f i g u r e  

It consis ts  of a basic  curved afterbody with a fixed- 
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speeds. Both of these terminal f a i r i n g  models showed s i g n i f i c a n t  improve- 
ment i n  thrust minus drag over t h e i r  bas ic  configurations throughout most 
of t h e  t ransonic  speed range. 

I 

Since some success had been a t ta ined  at  t ransonic  speeds, terminal  
f a i r i n g s  were applied t o  the flat-base configuration (configuration 3) ,  
and f igure  10 shows the complete model used f o r  t h e  supersonic inves t i -  
gat ion with the  terminal f a i r i n g s  i n s t a l l e d .  
the nozzles i s  the same as t h a t  of the flat-base configuration and the  
boa t ta i led  configuration ( configuration 1) t h a t  was shown e a r l i e r .  
r e s u l t s  shown i n  f igure 11, where i s  p l o t t e d  against  Mach 
number f o r  the  pressure-rat io  schedule shown i n  the f igure ,  indicate  that 
t h e  f a i r i n g s  provide a s i g n i f i c a n t  improvement over t h e  f la t -base  config- 
urat ion.  I n  f a c t ,  they reduce the  drag about one-half the way toward 
configuration 4, which was t h e  best studied. The drag of t h e  f a i r i n g  
model was about the same as t h e  b e s t  of t h e  b o a t t a i l  s e r i e s  shown here 
as the  reference.  Obviously, the f a i r i n g s  could have been applied t o  

The i n t e r n a l  contour of 

The 
A(C, - CD) 

- .  

a boat ta i led  design and, of course, the  f a i r i n g  
optimumized i n  the  supersonic speed range. The 
with these terminal f a i r i n g s  ind ica tes  the  need 
t h i s  type of design. 

design has not been 
success gained t o  date  
f o r  f u r t h e r  research on 

CONCLUSIONS 

Recent exploratory invest igat ions of the  performance of c lustered 
j e t - e x i t  i n s t a l l a t i o n s  a t  Mach numbers from 0.60 t o  3.05 indicated the  
following conclusions: 

1. There i s  a large amount of single-engine data ava i lab le  t h a t  
would apply q u a l i t a t i v e l y  t o  the  clustered-exi t  design. 

2. The clustered-exi t  i n s t a l l a t i o n s  may encounter very la rge  base 
pressure drags i n  the  t ransonic  and low supersonic speed range where 
the  e x i t  nozzle is  closed down t o  provide maximum i n t e r n a l  performance. 

3. S igni f icant  e f f e c t s  of configuration geometry were shown with 
the  indication, at l e a s t ,  t h a t  o v e r a l l  b o a t t a i l i n g  may be more powerful 
than t h a t  of t h e  individual nacel le .  

4 .  The b e s t  configuration invest igated was a c y l i n d r i c a l  nacel le  
w i t h  boa t ta i l ing  between the  nacel les  and a convergent-divergent exhaust 
nozzle w i t h  a design pressure r a t i o  of 15. This configuration w a s  
superior well  i n t o  the region where the  nozzle was overexpanded. It 
appears tha t ,  if some method of delaying these adverse overexpansion 
e f f e c t s  can be found, important savings i n  weight and complexity can be * 
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gained by f ixed  

a d  *.a a a a a * *  a. 
a .  a .  

a * *  a 7 

e jec to r  geometry. One possible  method of accomplishing 
t h i s  i s  by the  use of terminal  fairings and another method may be by the  
use of base bleed. 

Langley Aeronautical Laboratory , 
National Advisory Committee f o r  Aeronautics, 

Langley Field,  V a . ,  March 20, 1958. 
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CLUSTERED ENGINE ARRANGEMENT 

Figure 1 
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EFFECT OF MACH NUMBER ON BASE PRESSURE COEFFICIENT 
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AFTER BODY GEOMETRY 
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BOATTAIL AND NOZZLE GEOMETRY 
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Figure 7 

INCREMENTAL THRUST-DRAG 
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TERMINAL FA1 RI NGS 
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TERMINAL FAIRINGS APPLIED TO CLUSTERED EXIT ARRANGEMENT 
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INCREMENTAL THRUST-DRAG 
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