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NAfcIONAL ADVISORY COMMITI'm FOR AERONAUTICS 

PRESSURE RECOVERY> DRAG, AND SlTBCRITICALt STABILITY 

CHARACTERISTICS OF CONICAL SUPERSONIC DIFFUSmS 

WITH BOUNDARY-- RFMOVAL 

BY LeOtmrd J. Obery, Gerald W. Englert, and 

Theodore J. Nussdorfer 

The external and internal  aerodynamic characterist ics of two 
conical i n l e t s  having different  cowl-lip  positions and employing 
boundary-layer bleed on the cone surface w e r e  investigated  in  the Lewis 
E- by  6-foot  supersonic wind tunnel.  Data from a cold-flow investigation 
at zero angle of attack are presented  for a range of mass-flow ratios;  
free-stream Mach  numbers of 1.7, 1.9, and 2.0; and a Reynolds rimer of 
approximately 5XU6 based on inlet diameter. 

The results  indicate that an   in le t  whose source of i n s t ab i l i t y  is 
cone-surface  boundary-layer separation may be  stabil ized by bleeding off 
tha t  boundary layer. The beneficial   effects of the boundary-layer bleed 
were not accompanied by a severe  penalty i n  drag in  the  increased  portion 
of the  stable  range. 

INTRODUCTION 

Previous  studies of supersonic in l e t s  have shown tha t  a severe 
pulsing problem exis t s   in   the   subcr i t ica l  range of diffuser  operation. 
Some resul ts  of an inlet  Fnvestigation  presented  in  references 1 and 2 
indicate  instabil i ty  originating from two sources: (I) a vortex  sheet 
entering  the  inlet ,  and (2)  separation of the cone-surface boundary 
layer. T h i s  sepazation i s  caused  by the magnitude of the  pressure 
gradient in  the  region of the normal shock. Significant improvement i n  
the  subcri t ical   s table  range of operation, where the  source of ins tab i l i ty  
was the  separated boundary layer, i s  reported  for  inlets  incorporating 
boundary-layer removal i n  references 2, 3, and 4 .  I 

L This  investigation w a s  conducted in   t he  NACA Lewis 8- by 6-foot 
supersonic wind tunnel on a 16-inch-diameter  ram-jet  engine  designed 
for  project  Rigel t o  verify  the  effectiveness of boundary-layer removal 
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on a large  scale model and to   ob ta in  an indication of the drag penalty 
imposed on the engine  by a boundary-layer bleed system. Two inlets ,  
both  with  boundary-layer removal on the  conical  portion of the center 
body but  with  different  cowl-lip  positions, were evaluated. These 
i n l e t s  were designed  according t o  the small scale  results of refer-  
ence 4 .  The pressure-recovery and drag characterist ics  for  both con- 
figurations are compared with the results reported i n  reference 1 f o r  
a similar i n l e t  having no cone-boundary-layer  removal. 

The data presented were obtained  with  cold  flow at free-stream Mach 
numbers  of 1.7, 1.9, and 2.0 a t  zero angle of attack. The Reynolds 
number based on the inlet diameter w m  approximately 5X106. 

03 rn 
03 cv 

A diagramatic  sketch of a 16-inch ram-jet engine i s  shown in figure 1. 
Downstream  of the   in le t  attachment  station,  the component parts of the ram- 
jet  engine and the test  apparatus were the same as those  reported i n  ref- 
erence 1. Upstream  of this   s ta t ion,   the  two inlets of this investigation 
were the same except fo r  1/2-inch  difference  In cowl length as shown in  
figure 2. 

.. 

The in l e t s  may be identified by the cone half-angle and the  cowl-lip 
position angle, such as 20-26.2 for the  forward l i p  inlet and 20-26.0 for 
rearward l i p   i n l e t .  Nonaerodymmic considerations  required  the long spike 
proJection shown i n  figure 2 and thereby  forced  the  inlets  to  capture only 
about  one-half the fu l l  free-stream  tube  aefined by the inlet diameters. 
Thus the Lnlets are  essentially of the low mss-flow ratio  type  within  the 
range of this investigation.  Profile  coordinates  for  the two i n l e t s  are 
given in   t ab l e  I and  body dimensions downstream  of the inlet attachment 
station  are  presented  in  table II. The bounfiary-layer bleed  height  for 
both in l e t s  was 0.090 inch, which corresponds t o  a flow  area of approxi- 
mately 3 percent of the max- free-stream  tube  ares. The mass flow 
through the boundary-layer bleed  duct  could be varied by a remotely con- 
trolled  butterfly  valve.  Because of space  limitations,  the  bleed air 
flow could not be  evaluated. 

" 

Preliminary  investigation of the  inlets  Indicated that the  stable 
operating  range was less  than  anticipated. The addition of half-conical 
windshields on the cowl outer  surface over the  exit  of the boundmy-layer 
bleed rfucts increased  the  pressure  ratio  across  the  bleed system and 
exten2ed the stable re.nge to the  expected  values; however, no change i n  
t o t a l  drag of the  configuration was detectable. A l l  data presented were 
therefore  obtained  with  the  windshields. 

A 0.375-inch-diameter pi tot-s ta t ic   tube extended 4k inches upstream 
2 

of the cone apex. The effects of t h i s  tube on the  boundary-layer 
characterist ics of the cone  were neglected  in  the  analysis of the data. 
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As an  indication of the  maximum mass air flow  obtainable  with  each 
I 

inlet, a table of ra t ios  of the maximum free-stream tube area to   the  
combustion-chamber area  for   the three free-stream Mach  numbers is  
included in figure 2. The rearward l i p  inlet spi l led somewht mre air 
supersonically  than  the forward l i p  inlet .  

The method of data reduction are described in  reference 1. 

nJ 
co nJ 
N 

r n L S  

The following symbols are used in   t h i s   r epor t :  

pmax maxFmum cross-sectional area of engine (1.483 sq ft) 

wetted area of spike (1.096 sq f t )  

wetted area of engine (5.74 sq ft) 
s 

% e 

M Mach  number 

m mass flow  (slugs/sec) 

r a t i o  of mass flow t o  maximum mass f low measured at a given 
stream condition 

P total   pressure (l.b/sq f t  absolute) 

P static  pressure  ( lb/sq f t  absolute) 

9 Quamic pressure, IpM? (lb/sq ft) 2 

R radius  (in.) 

V velocity 

Y radial distance  ( in.)  

P r a t i o  of mexFmum mass flow a t  given  condition t o  mass flow 
i n   f r e e  stream having  an area equal t o  cone inlet area 
( PovoAc 1 
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r ratio of specific  heats 

s boundary-layer  height 

P density 

Subscripts : 

a additive drag 

b bouridary-layer  bleed drag 

f friction  drag 

2 local  

P pressure &a& 

0 free  stream 

1 diffuser inlet 
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4 combustion-chamber  station 4 (1.394 sq  ft) 

5 combustion-chamber  outlet 

6 nozzle  outlet 

RESULTS AND DISCUSSION 

The data obtained in this  investigation  are  presented in terms of 
internal  as  well  as  external flow considerations. The internal  flow 
will be  discussed primarily on the  basis of difTuser  pressure-recovery 
characteristics  and  the  external f l o w  will be presented in terms of 
total  and  component d r a g s .  

Pressure-Recovery  Characteristics 

Over-all W W e r  pressure recaqeqr.r:.The variation  of  total- 
pressure  recovery P3/Po for both inlets is sham in  figure 3 as a - .  

function of the mass-flow ratio m / k ,  where  is  the maximum 
measured mass flow at the  given  Mach nmiber. Also presented for 
comparfson purposes is the stable range of a similar inlet wfthout 
boundary-layer  bleed, discussed in reference 1. 

. - . . - . . . . . . -. . . . . . - - - " 
* 
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Removing the  cone-surface boundary layer  considerably  increased 
the  s table   subcri t ical  range of the  diffuser,   especially at the  higher 
Mach numbers. In terme of mass-flow ra t io ,  the  s table   subcri t ical  range 
f o r  both  bleed-type inlets va r i ed   l f t t l e  with free-stream Mach n&er 
over the range investigated. The rear lip  configuration  consistently 
gave a greater  stable  subcrit ical  range. 

An explanation f o r  the effectiveness of a boundary-layer-removal 
system is  contained i n  the  schlieren photographs presented i n  figure 4 .  
The terminal shock for   the  minfmum stable  subcrit ical   points f o r  both 
in l e t s  at % = 1.7 (points A and B of f i g .  3) is located  the same 
distance upstream of the  bleed gap f o r  both  inlets.  The rearward l i p  
inlet, having a greater  distance between the  bleed gap and the cowl 
l ip ,  had a greater  subcrit ical   stable range. The action of the  bleed 
duct was t o  remove a major portion of the  separated boundary lager and 
t o  cause  reattachment of the  remaining part  to the  cone surface down- 
stream of the 'bleed  inlet .  A further  reduction in the  mess f l o w  created 
a larger  separated  region and  allowed  separated f l o w  t o  enter  the dif- 
fuser.  Thus, as the  mass flow was reduced, greater amounts of low- 
energy a i r  entered  the inlet causing  a  decrease in   the  total-pressure 
r a t io  across  the inlet and eventually instability in  the f l o w  (see  ref - 
erence 5) I 

The effect  on diffuser performance of cone  boundary-layer  bleed i s  
presented in  figure 5 as a function of a maas-flow r a t i o  parameter 
(m/&)J3, where p is  the r a t i o  of the maximum mass flow to t h e  mass 
flow i n  a free-stream  tube  having an area  equal to the  cowl-inlet  mea. 
The maxFmum engine m a s s  flow remabed  independent of bleed air f low 
indicating  that  removing the boundary layer changed the  effective cone 
angle and thereby compensated f o r  the lo s s  in mass flow through the  
boundary-layer  bleed. The maxhm pressure recovery w a s  decreased by 
closing  the  bleed  valve and t h e   s t a b l e   s a c r i t i c a l  range was l h i t e d  t o  
the same order of magnitude &8 the comparative inlet of reference 1. 

Throughout this investigation of low mess-flow r a t i o  Fnkts the 
source of instabi l i ty   or iginated from the  intersection of the i n l e t  
temclnal shock with the boundary layer on the cone surface. Refer- 
ence 2 s ta tes  that this intersection forms a lasibda shock pattern from 
the  fork of which a vortex sheet i s  generated. It a lso   s ta tes   tha t  
the  entrance of tbis vortex  sheet i n t o  t he   i n l e t  at a radius slightly 
less than  the  cowl-lip  radius i s  the mechanism by ~ i c h  in s t ab i l i t y  
ar ises .  No vortex sheet was observed, however, on any of the  schlieren 
photographs taken of the   in le t s  of this irrpestigation. It appears t h a t '  
low-energy air entering the  W e t  near the  center-body radius was suf- 
f ic ien t  to cause pulsing. - 

Subsonic pressure  recovery. - The subsonic  pressure  recovery  defined 
as  the  pressure  recovery fram the cowl l i p   ( s t a t ion  1) t o  the combustion- 
chamber in l e t   ( s t a t ion  3 ) is  shown in   f igure  6 as a G c t i o n  of the mass- 
flow ratio m/%. I n  the  stable  operating range the  subsonic 
recoveries were approximately the same f o r  both inlets at any given f l o w  

1. 
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condition. As would  be  expected,  the  subsonic  pressure  recovery  varied 
inversely  with  diffuser-inlet Mach number. At the minlrmrm stable  sub- 
critical  point  for a Mach  number  of 2.0, where  the  inlet  Mach  number to 
the  subsonic  diffuser  was  also a minimum, no measurable  subsonic loss 
was observed. 

Inlet-pressure  profiles. - The  total-pressure  profiles  at  station 1 
are  presented in figure 7 for  the  case  of  the  boundary-layer  bleed  control 
fully  open.  Three f low conditions  are  represented:  critical,  minimum 
stable  subcritical,  and  pulsing  where  applicable.  For all stable flow 
conditions,  the  profiles  were  reasonably  constant  across  the  channel, 
indicating  that  the  separated  boundary-layer  air was being  effectively 
removed. 

N m 
N co 

Pulsing caused a decrease in local  pressure  recovery  but  did  not 
appreciably  change  the  shapes  of  the  profiles. T h i s  indicates  that 
pulsing was accompauied  by  separation  of  the  flow from the  cone  surface, 
which  spread  over  the  entire  inlet  area  rather  than  being  limited  to 
on ly  a restricted  area  near  the  inner  portion  of  the  annulus.  The 
schlieren  photograph  of  the  forward lip inlet  at a free-stream  Mach 
number of 2.0 (fig. 8) shows a portion of the  pulsing  cycle  where  this 
extreme  separation  exists.  The  frequency of pulsations  were  approximately 
9 cycles  per  second  ana  the  static-pressure  fluctuation  at  station 3 in 
percentage  of  the  free-stream  total  pressure  varied from 37 percent  at 
a free-stream  Mach  number  of 1.7 to 54 percent  at a Mach  number of 2 .O. 

Boundary layer on cone. - As part of the  Investigation of the 
forward  lip  inlet,  boundary-layer  total-pressure  rakes  were  mounted 
approximately I inch  upstream of the  bleed.  Measured  boundary-layer 
profiles for several  flow  conditions  (fig. 9) are  compared with profiles 
predicted by the compressible  viscous-radial-flow  theory  of  reference 6. 
The measured Mach nunibers  outside the boundary  layer  were in excellent 
agreement  with  inviscid-conical-flow  theory  and  the  Mach  number distrf- 
bution in the  boundary  layer  was  approximated  .by  radial-flow  theory for 
all free-stream  Mach  numbers.  The  boundary-layer  profiles  predicted 
from  the  theory of reference 6 were in close  agreement H t h  those  pre- 
dicted by  the  incompressible  turbulent  conical-boundary-layer  theory 
of reference 7. 

Calculation of the  friction drag on the  cone surface, based on the 
change in momentum of  the  boundary  layer,  indicates  that  the  friction- 
drag coefficient was approximately 0.0035, based on combustion-chamber 
area, or 0.0047, based on the  wetted  area of the  splke,  at  critical flow 
condftions.  The  theoretical  friction drag of reference 6 based  on 
wetted  area range& from 0.0032 at % = 1.7 to 0.0036 at % = 2.0 as 
compared with a constant  value of 0.0035 calculated  by use of  the  the- 
ory of reference 7. 

Closing the  boyndary-layer  bleed at critical flow conditione 
(fig.  9(b))  caused a general  thickening of the boundary layer on the 
cone  surface.  Inspection of related  schlierenphotographs  shows  this 
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boundary layer t o  pass  over the  bleed system and enter the inlet. This, 
in   par t ,  accounts fo r  the decreased  pressure  recovery in the stable 
subcri t ical  flow range ( f ig .  5 ) .  

Drag Characteristics 

The total-drag  characterist ics were obtained f rqm force meElsurements 
4 .  
b 

w i t h  the wind-tunnel  balance system by  the method described in reference 1, 

F3 
The tare  forces and boa t t a i l  drags w e r e  removed so t h a t   d u e s  f o r  drag 

rs 
coefficient  correspond to an engine  having a cylindrical  constant-mea 
combustion chamber. A l l ,  drag coefficients  are based upon the  maximum 
fSontal  area of  the ram- j e t  engine. No change i n  drag could be measured 
because of the  addition of the  windehields  over the boundary-layer  bleed- 
-duct out le ts .  

Total-drag  coefficient (force measurements) . - The variation of 
- total-drag  coefficient  for both bleed inlets is  presented in figure 10 

as a function of mass-flow ratio parameter (m/%)p a t  free-stream - Mach numbers of 1.7, 1.9,  and 2.0. The drag  coefficients at c r i t i c e l  
conditions were approximately  the same f o r  both inlets and showed only 
slight variations wlth free-stream Mach number. 

I 

Pressure-drag  coefficient. - The cowl pressure-drag  coefficient, 
which is an integration of the pressure coefficients along the external  
cowl surface,  varied  lfnearly with the mass-flow r a t io  m/% i n  the 
s table   subcri t ical  range f o r  both inlds (f ig .  ll) . Free-stream Mach 
number had a negligible  effect upon the value of pressure-drag  coeffi- 
cient i n  the  range from 1.7 to 2.0. The greater drag coefffcient  for 
the forward l i p   i n l e t  was due to the  greater  projected area of the cowl 
compared with t h e   r e m m d  l i p  inlet .  

Additive-drag  coefficient. - The theoretical  (reference 8) and 
experimental variatton of addltive-drag  coefficient with mass-flow r a t io  
i s  presented in  figure 12. The experimental  values of additive drag, 
calculated f r o m  the change i n  momentum of the  engine a i r  f low f r o m  f r e e  
stream to the inlet station,  me  reasonably w e l l  predicted by the theory 
throughout the stable  subcritical  range. 

Friction-drag coefficient. - The friction-dr&g  coefficient CD,f 
w a s  obtained from reference 1 f o r  a similar configuration  without 
boundary-layer remval.  Within the limits of experimental  accuracy 
the friction-drag  coefficient was found to remaAn independent' of f ree-  
stream Mach  number and m a S 6 - f l O W  r a t io  at the value of 0.063, based on 

area resu l ted   in  a value of 0.0016, which  shows good agreement WLth 
compressible flat-plate  theory of reference 9 (0.00158 at = 1.7) .  

- engine frontal   area.  Basing this friction-drag  coefficient on wetted 

- 
Sumnation of drag components. - The summation of the  individual 

drag components is presented i n  figwe 13 together with the measurements 
of the total-drag  coefficient from the  tunnel-balance system. The 
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difference between the summated drag components  and the drag obtained 
from force measurements i s  par t ly   the  contr ibut ion  to   the  total  drag 
imposed by the boundary-layer bleed system and par t ly  experimental error 
i n  the determination of component drags. The drag due t o   t h e  boundary- 
layer  bleed system has been estimated  for  the forward l i p   i n l e t  at 
c r i t i c a l  mass flow by assuming that a l l  the boundary layer on the cone 
as measured  by the cone rakes flowed  through the  bleed gap. The drag 
of the boundary-layer bleed was then  determined from the  condition that 
a l l  t h e  momentum in   t he  drag direction  entering the bleed inlet w a s  
l o s t .  These points are shown summated with the  other component drags 
on figure 13 for   the forward l i p   i n l e t  and, except a t  the  highest Mach 
number, show excellent agreement with the  measured force readings. No 
cone-boundarry-layer meaurements were made on the rearward l i p  inlet 
and hence 110 bleed-drag  data are presented. The convergence of the  
summated and the measured drag curves  indicates  that  in the extended 
stable subcri t ical  range (the  region where the  bleed was  operating 
eff ic ient ly)   the drag of the boundary-layer bleed system becomes small. 

Lu 
N 
CD 
N 

An investigation was conducted with twoelow mass-flow r a t io   i n l e t s  
having different cowl-lip  positions and employing boundary-layer removal 
on the cone surface on a 16-inch ram-jet englne. From operation Over a 
range of mass-flow ra t ios  at z e r o  angle of attack and at Mach numbers of 
1.7, 1.9, and 2.0, the following conclusions may be drawn: 

1. A cone-bounhy-layer bleed is effective  in  increasing  the stable 
rauge of an  i n l e t  when the ins tab i l i ty   a r i ses  from separated bounaa3.y 
layer on the cone surface. . ". 

." 

" 

2.  Irrespective of the  distance of the  bleed gap from the cowl l ip ,  
ins tab i l i ty  results for a given Mach  number  when the normal shock i s  the 
same maxfmum distance from the bleed  gap-for  both inlets. 

3. A boundary-layer bleed system may be empl&ed without  adding a 
severe  penalty i n  drag i n  the increased portion of the stable range. 

Lewis Flight Propuls-ion  .Laboratory . . . . . . . . . . . . . . 
National Advisory C o d t t e e   f o r  Aeronautics 

Cleveland, Ohio 
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Distance 
from cone 

apex 
(in.) 

0 

12.065 
12.565 
13.065 
13.48 
14.35 
15.35 
16.85 
18.35 ' 

21.13 

26.35 
31.49 

T 
0 

conical 
t o  

9.002 

9.980 

ll.040 
u.400 
n.520 
ll. 700 

Constant 
t o  U.. 700 

Forward l i p  inlet  
cowl diameter 

(in.) 

Outer surface 

12.42 
12.81 
$3.13 
13.82 
14.20 
14.44 

Stralght 
taper t o  

15.28 
15.64 

I 

Inner surface Outer surface 

12.420 
12.66 
12 -90 
13.36 
13.70 
13.94 

Straight 
taper  to 

14.78 
15.14 

12.75 
13.05 
13.69 
14.20 
14.44 

Straight 
taper  to 

15.28 
15.64 

Inner surface 

12.75 
12.94 
13.36 
13.70 
13.94 

Straight 
taper t o  

14.78 
15.14 

"%7 
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T m  I I  - COORDlXATES FOR AFTERBODY OF 

16-INCH RA"JE;T ENGENE 

Distance f rom 
attachment  station 

(in.) 

0 
24.75 40.00 
68.39 
74.28 
81.14 
86.82 

100.89 
101.61 

106.61 

159.98 

Inner body 
diameter 
(in. ) 

11.70 
ll. 70 
U. 13 
10.08 
9.78 
8.96 
7.75 

Conical 
to 
3.43 

Outer body 
outside 
diameter 

(in. 1 
15.64 
16.50 

constsnt 

to 

16.500 
Straight 
taper to 
16.250 

Constant 
to 

16.250 

P 
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Figure 3. - Variation of total-pressure recovery with mass-flow ratio; arrow8 
indicate stable range without bleed (reference 1). 
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(a)  Point A in figure 3; forward l i p  inlet, m/* = 0.677. 

Figure 4. - schlieren photographs of the.lnlets for subcrLtical  operation E t  free-stream 
Mach number of 1.7. 
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(c) Free-stream Mach number,  2.0. 

F&ure 5. - Variation of total-preaeure recovery w i t h  mea-flaw ratio 
parameter for forward lip Inlet w i % h  boundary-layer bleed opened and 
closed. 
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(b)  Free-mtreemMaoh mmber, W,, 2.0.  
F m e  7. - Variation of total-pressure profiles acro8s cm1-lip station. 
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Figure 8. - Schlieren photograph of p u l s i n g  condition a€ fYee-stream Mach number of 2.0. 
Exposure, 1 microsecond. 
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