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USE OF SHOCK-TRAP BLEEO TO IMPROVE PRESSURE RECOVERY 

By Roger W. Luidens and Rich& J. Flaherty 

SUMMARY 

Two internal-contraction  inlets  were  investigated  in  the NACA LewLs 
laboratory 1- by 1-foot  block  tunnel.  The  fixed  inlet  was  tested  at Mach 
2.94 with a conventionsl  ram-scoop  bleed and with a "shock-trap"  bleed. 
The shock-trap  bleed  is a scoop  bleed  with an area  expansion  starting  up- 
stream of the leadfng edge of the  scoop. This bleed  system  improved  the 
inlet  pressure  recovery 0.09 at a constant  28-percent  bleed flow. 

At a free-stream  Mach  number of 2.94, the  varisble-capture-area  in- 
let  gave a peak  pressure  recovery of 0.91 at a dlffuser  Mach  number  of 
0.47 and 29-percent  bleed. The pressure  recovery in the  bleed  was  0.62; 
thus  the  bleed drag was estimated, as being 3.5 percent of e a n e  thrust, 
under  favorable  assumptiQns. This inlet  gave  pressure  recoveries  of 0.89 
at  Mach nmbers of 1.98 and 2.43. 

IITJBODUCTION 

The  all-external-compression  inlet  is  theoretically  limlted in its 
pressure-recovery  potential, aa is  discussed in reference 1. This limit- 
ing  pressure  recovery  decreases as the  flight  Mach  nmiber  increases. 
Also, inlets  designed  for  this  potential  recovery  have  large  cowl-pressure 
d r a g s .  The  internal-contraction  inlet on the  other  hand has a pressure- 
recovery  potential of 100 percent  with zero cowl-pressure drag. Reference 
2 reports an investigation of an all-internal-contraction  inlet  which  had 
the  contraction  divided  between a centerbody  and  the  outer walls of  the 
duct.  The  inlets of the  present  report  have  all  internal  contraction  but 
no centerbody. 

A fixed- and a variable-capture-aea  inlet  each  with a design  Mach 
number of 3.0 are reported  herein. The compression  surface for the  fixed- 
capture-area  inlet w a s  a right  circular  truncated  cone. This inlet was 
tested  with a ram  scoop  and a "shock-trap"  bleed.  The  shock-trap  bleed 
is a scoop bleed with an area  expansion  starting  upstream of the leading 
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2 NACA RM E58D24 .. 
edge of the scoop. The function  of this bleed is t o  reduce the  re la t ively 
high pressure  losses  resulting from terminal-shock - boundary-layer inter-  
ac t ion   i n  an all-internal-compression inlet. 

_I 

The variable-capture-area inlet had approximately the same geometry 
as the fixed-capture-area inlet at Mach 3.0.. The airflow  characteristics 
of t h i s  inlet over the range of flight Mach numbers from 0 t o  3.0 would 
be  expected to  match closely  those of a turbojet  engine  operating at 
nearly  constant  corrected  rotational speed (or constant  compressor-inlet 
Mach number). A study of an i n l e t  that i s  similar but has a supersonic 
diffuser of rectangular  cross  section i s  reported i n  reference 3. 

The inveskigation was conducted i n  the NACA Lewis laboratory 1- by 
1-foot  block  tunnel at the following  conditions: 

1 Mach 1 Total I Total 
number pressure, temper- 

The specific humidity w a s  maintained suff ic ient ly  low t o  avoid condensa- 
t ion  effects .  

A general  sketch of the  fixed-capture-area inlet and instrumentation 
is shown i n  figure 1. Further details of the throat bleed systems w e  
a v e n   i n  figure 2. The shock-trap  bleed is distinguished from the ram- 
scoop bleeds by the mea expansion that starts ahead of the leading edge 
of the scoop. A shim could be inserted at the throat section of the 
supersonic diff'user, as shown i n  figure 2. This increased  the  contraction 
of the inlet and decreased  the height of the  bleed gap. 

In  conducting the   t es t s   the   in le t  was star ted by opening and then  clos- 
ing the  "starting door" which controlled the airflow through a l o n g i t g i n a l  
s l o t  f n  the supersonic  diffuser. After the M e t  was started the m a s s -  
flow plug was closed  unti l  maximum pressure  recovery wa8  obtained. The 
mass flow passing  through the sdmonic diffuser waa computed from the to- 
tal head rakes and the assumption of a choked exit =ea. The capture mass 
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f low was determined  from the free-stream  conditions asd the  inlet   capture 
area. The engine mass-flow r a t i o  i s  the   ra t io  of the mass passing  through 
the subsonic diffuser to the  capture mass flaw. The bleed mass-flow r a t i o  
i s  1 minus the  engine mass-flow ra t io .  

A sketch of the  varidle-capture-area  inlet  and instrumentation is 
shown i n  figure 3. One j a w  of the   in le t  could be fixed at a  given  angle 
t o  the subsonic  diffuser. The asgle of the  other j a w  could be remotely 
controlled. A t  each test Mach nuniber trial runs w e r e  made t o  determine 
the &le of the  fixed jaw which resu l ted   in  the a x i s  of the supersonic 
and subsonic  diff’user be- coincident and d i n e d  with the  f ree  stream at 
the m a x i m u m  contraction  ratio. This procedure was found necessary t o  
achieve the highest  pressure  recovery. A shim similar to that of the 
first model could also be used with t h l s  model. The throat  bleed was al- 
ways operated as a. shock-trap  bleed. In conducting this test the inlet 
capture  area was reduced u n t i l  the i n l e t  started (supersonic flow was 
established  in  the  supersonic  diffuser), and then was increased  unti l   the 
inlet   unstarted.  The inlet was then  restarted and the  capture area in- 
creased t o  jus t  less than that which unstarted the W e t .  The exit plug 
w a s  then  closed t o  determine maximum pressure  recovery. 

Pressure  recovery si- measured on two rakes. The front and back  rakes 
were 2 and 17  throat  diameters downstream of the  throat,  respectively (see 
figs. 1 and 3). The bleed+uct  rake was 0.75 of a throat diameter down- 
stream of the  throat (see fig.  3). 

RESULTS AND DISCUSSION 

Fixed-Capture-Area I n l e t  

The longitudinal  distribution of the local   s ta t ic   pressure  as  a frac- 
t ion  of free-stream total pressure  for the supersonic and subsonic diffuser 
i s  shown i n   f i gu re  4 f o r  the ffxed-capture-=ea Wet  at peak pressure re- 
covery with two types of bleed. The estimated  sonic  static-pressure r a t io  
i s  a l s o  shown on the figure. The data  indicate that the terminal shock 
for  the ram-scoop bleed was a shock t ra in   located i n  the subsonic diffuser.  
The marked increase  in  static  .pressure at the entrance to the subsonic dif- 
fuser for the  shock-trap  bleed, on the other .hand, shows that the terminal 
shock t r a i n  w a s  collected i n t o  a single shock and trapped i n  the  bleed gap 
with this type  bleed. Adding- the shim shown i n  figure 2 covered some sta- 
t i c   o r i f i c e s   i n  the 8- to 10-inch axial  distance  region and prevented  the 
collection of these  pressures f o r  two of the inlet  configurations. 

The inlet total-pressure  recoveries  for  the  fixed-capture-area inlet 
are shown i n  figure 5. These recoveries were measured on the  back  rakes 
where the prof i les  were i n  all cases f l a t .  For a31 three  bleed  geometries 
the  capture mass f low was the Same; thus  a  decrease i n  engbe mass f l o w  
resul ts  from a corresponding  increase in bleed flow. 
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The inlets with ram-scoop bleeds would operate on ly  supercrit ically,  
that is, only a t  constant e@ne flow corresponding tm movement ofht.he L. 

terminal shock within the subsonic  diffuser. The decreasing mass flow 
a t  the higher  pressure  recoveries  for the shock-trap bleed resulted from 
increased  spillage through the  bleed  associated with movement of the  ter-  
minal  shock  upstream of the entrance to  the  subsonic  diffuser  but  within 
the  bleed gap. A t  the  identical mass-flow ra t ios  of 0.72 (hence also 
identical  bleed  flows of 28 percent),  the  pressure  recovery  for  the shock- 
trap  bleed w m  0.85 compared M t h  0.76- f o r  the ram-scoop bleed, a 0.09 i m -  
provement. This improvement i n  pressure  recovery and the slight regula- 
t ion of the mass flow a t  high recovery  appear characterist ic of the shock- 5 
trap  bleed. 4 

Several  schlieren photographs  of the  throat  bleed gap are presented 
i n  figure 6. The parts of the  figure  correspnd to the le t te rs   l sbe l ing  
the data  points  in  f igure 5. The terminal shock moves from the dam- 
stream  end to   the upstream end of the bleed gap w i t h  decreasing  engine 
mass flow. 

The following  explanation is offered.for  the f.&vor&ble e f f e c t  o f  &he 
shock-trap  bleed  type on inlet pressure recovery. For the inlet with the 
shock-trap  bleed the s t e p   i n  the bleed foimied a rapidly  diverging area In 
which the terminal shock t r a i n  could collect  and stand without  unstarting 
the inlet. Expansion waves suff ic ient ly  weakened the terminal shock So 
tha t  the boundary layer  entered the bleed  duct  against l i t t l e   o r  no ad- 
verse  pressure  gradient and without the terminal-shock loss i n  total pres- 
sure. When the i n l e t  with the ram-scoop bleed i s  at peak pressure re- 
covery, there i s  a shock t r a i n  i n  the diverging  subsonic  diffuser  Kith a 
concomitant total-presswe loss. Closing  the exit plug fmthe r  causes the 
first leg of the shock t r a i n   t o  move into the converging  supersonic d l f -  
fuser where it i s  unsteble and causes  the in le t   to   uns ta r t .  

" 

f 

. li 

Variable-Capture-Area In le t  

The pressure  recoveries of the i n l e t  at Mach 2.94 fo r  two variations 
i n  the bleed system are shown i n  figure 7 ,  The peak preisure  recovery Wae 
0.91 with a Mffuser Mgch  number of 0.47. The back-rake pressure  recovery 
f o r  this model was Q ..88 c0mp-e.d- t o  Q 85"for the .fixedrar_ea- e d e l - a t  a_ .  

mass-flow ra t io  of 0.71 (29-percent  bleed There was a marked de- 
crease i n  pressure  recovery as the  bleed flow was reduced. 

.. ." 

The front-rake  total-pressure  profiles..  for- the- points  labeled on fig- 
ure 7 are shown in  f igure 8 with corresponding l e t t e r s .  The data  points 
at the walls on figure 8 are w&l s ta t ic-pressures .  The mass-flow rat io ,  
average total-pressure  ratio, and approximate local  Mach-number are  shofi 
on the figure. - 

Profile A is for supersontc  flow  throug&the  entire  subsonic diffuser. 
The data show that the boundmy layer i s  very  thin. This indicates 

t 
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complete o r  nearly complete removal of the boundary layer developed i n  
the  supersonic  diffuser. The dip in  the  prof i le  at the  center could. be 
due t o  the  coalescence of oblique shocks in the supersonic diffuser in to  
a normal shock. This condition can be shown to exist by the method of 
characterist ics  (ref.  4) .  

Profile B is the maxim-distortion  prof'ile. The tubes  next t o   t h e  
w a J l  have large  pressure  defects. This indicates that the boundmy layer 
has  thickened  because of the  adverse  pressure  gradient  caused by throt- 
t l i n g  the subsonic diffuser &t. It is. hypothesized tha t  this prof i le  
i s  stron@;ly fnfluenced by the termid-shock t ra in .  The shock t r a i n  is 
made  up of a series of "lmibda" shocks,  each of which has a pair  of oblique 
shocks near  the w a l l s  and a normd shock near the center of the duct. The 
high-pressure-recovery azlllulus is associated in par t  wLth the  higher ef- 
ficiency of the  oblique shocks. 

Profile C shows that further thrott l ing  increased the recovery and 
also the bounde2y-layer thickness. If all the boundary layer  i n  the super- 
sonic  diffuser has been removed, this could only be due to  the boundary 
layer   that  has  developed in the subsonic d i m e r  interactin@; xith the 
terminal-shock t ra in .  The terminal-shock t r a i n   i n  t h i s  case  occurs far- 
ther upstream i n  the suBsonic diffuser, at a lower  supersonic M a c h  number, 
and is proba;bly of shorter length. 

* 

With further  thrott l ing  the shock train  coalesces  in  the shock-trap 
bleed. Under this circumstance shock - boundmy-layer interaction i s  
avoided and the boundary layer is thinner  (profiles D and E). Based on 
the experimentally  determined maximum-contraction r a t i o  and an estimation 
of the boundary-layer  displacement thiclmess and pressure  recovery, the 
Mach number at the end of the supersonic diffuser is  about 1.45. The 
total-pressure  recovery  across a normal shock at Mach 1.45 i s  0.95. For 
a measured average maximum recovery of 0.91, this leaves 0.04 f o r  oblique- 
shock losses and subsonic f r ic t ion   losses .  

Bleed-duct profilee of s t a t i c  to freestream total pressure,  pitot- 
pressure ratio, and the corresponding  calculated  values of total-pressure 
recovery are presented in  figure 9. Thg f l o w  in  the  bleed  duct waa super- 
sonic. The bleed  pressure  recoveries should be regarded with caution be- 
cause  they depend on static-pressure measurements that w e r e  d i f f i cu l t  to 
make accurately. The high pressure  recoveries are located toward the  in- 
ner  side of the  duct, as would be expected from the  consideration of the 
main-duct  boundary-layer profile  that   enters  the  bleed. The peak to ta l -  
pressure  recovery i n  the bleed  duct at supercr i t ical  main-duct f l o w  is 
0.92, a  value  consistent with the high recoveries observed i n  the m a i n  
duct. The average bleed  recovery i s  0.62. 

From the bleed-duct m a s s  flow and total-pressure  recovery  a  bleed 
drag coefficient may be calculated. The bleed f l o w  was assumed t o  be 
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expanded t o  ambient pressure and discharged in the free-stream  direction. 
For the inlet and the data of prof i le  E ( f ig .  8) the drag coefficient 
based on the cross-sectional  area  of the free-stream tube  of air that en- 
t e r s  the subsonic diffuser (or  engine) had a value  of 0.035. The thrust  
coefficient of a turbojet engine at an afterburner  temperature of 300O0 R, 
based on the same area as the drag coefficient just mentioned, i s  about 
1.0. The bleed drag wa8 thus about 3.5 percent of the engine  thruet. 
Hence, the drag o f t h e  large bleeds need not be excessive  under the m e t  
favorable  conditions. (A discharge angle, o r  over- o r  undereq?ansion, 
would increase  the drag.) This type of inlet could  be  designed fo r  zero- 
cowl-pressure drag at the design Mach  number. 

The performance of the variable-capture-area inlet at other Mach 
nunibers is given  1n.fi-e 10 fo r  peak pressure recovery. Also presented 
me the average  bleed-duct  pressure  recovery, the inlet mass-flow rat io ,  
and a calculated  bleed drag coefficient, which i s  previously  defined. It 
w a s  found that to   ge t  maximum pressure  recovery it was necessary t o  keep 
the axes of the  supersonic and su3sonic diffusers coincident and alined 
with the  free stream. The bleed-duct geometry rat ioe were s/r = h/r = 
1 /r = 0.2 (see f i g .  2) . The inlet gave peds  pressure  recoverlee  of 0.89 
at Mach numbers  of 1.98 and  2.43,  compared with the value of 0.91 a t  Mach 
2.94. 

A schematic drawing of the   in le t  geometries at- a l l  Mach numbers i s  
sham i n  figure 11. It is  evident that far the lower Mach numbers the 
inlet-has more internal  wetted area than  an optimum i n l e t  &sign. AIBO 
shown i n  figure 11 are the experimental maximum geometric inlet  contrac- 
t i on   r a t io  and the isentropic  contraction at each Mach number. The geo- 
metric  contraction  ratio is defined 88 t he   r a t io  of the capture  area of- 
the  supersonic  diffuser t o  i t s  discharge area. The geometric  value i s  
about 82 percent of the  isentropic  value at each Mach number.  The aero- 
dynamic contraction  ratio i s  greater than the geometric contraction  ratio 
by the boundary-layer  displacement area. 

SUMMARY OF RESULTS 

The experiments on internal-contraction  inlets w i t h  several types of 
bleed may be summarized as follows: 

1. The use of a bleed, termed a shock-trap  bleed, which eliminates 
terminal-shock - boundary-layer interaction improved the  recovery of an 
internal-contraction  inlet 'from 0.76 with a throat ram-scoop bleed  to 
0.85 a t  Mach 2.94. The shock-trap bleed also  permitted some regulation 
of the  engine mass flow at high  pressure  recovery. 
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2. A peak gressure  recovery of 0.91 with a diffuser Mach  number of 
0.47 was obtained a t  a free-stream Mach  number of 2.94 on a variable- 
capture-area inlet with a shock-trap  bleed  duct diverting 29 percent of 
the Elir entering  the  supersonic  inlet. This inlet gave pressure re- 
coveries of 0.89 at Mach 1.98 and 2.43. 

3. Although the  bleed flow with  the  shock-trap  bleed was large,  the 
total-pressure  recovery in   t he   b l eed  duct w a s  high (0 .62)~  this resulted 
i n  an estimated drag of 3.5 percent of the engine thrus t  a t  Mach 2.94. 

4. To achieve maximum pressure  recoveries it w88 found necessary t o  
keep the axes of the  subsonic and supersonic difPusers coincident and 
alined  with  the free stream. 
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(a) Rsm-scoop bleed; Z/r, 0; h/r, 0.2;  e/r, 0. 

(b) Ram-scoop bleed; 2/r,  0; h/r, 0.1; ~/r, 0.1. 
L 

( c )  Shock-trap bleed; 2/r, 0.2 ;  h/r, 0.1; s/r, 0.3. 

Figure 2, - Details of the bleed aystem for fixe&capture-area-Fnlet model 
and def Fnit ion of & e m s  far bleed geametry. 
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Bleed-system  Bleed  type 
geometry 

l/r h/r s/r 

Engine mass-flow ratio 

Figure 5. - Back-rake  total-preesure  recovery 
f o r  fixed-capture-area inlet. Mach number, 
2.94. (Letters refer t o  parts of figure 6. ) .. 
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A i r f l o w  

Inlet 
throat 

Figure 6. - Schlieren photographs showing termha1 shock in  bleed gap of 
fixed-capture-area-inlet. Mach number, 2.94. 
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Ehgine mass- 
flow rat Fo 

Figure 7 .  - Pressure recovery f o r  
variable-capture-area inlet 
with shock-trap bleed. Mach 
number, 2.94. (Letters refer 
t o  profiles of fig. 8. ) 
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Figure 8. - Front-reke  profiles for variable-capture-area  inlet.  Mach number, 2.94; 
1/r = h/r - s/r = 0.2 (see fig. 2). - 
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Pressure  divided by free-stream t o t a l  

Figure 9.  - Typical  bleed-duct profiles  for 
area inlet. Mach number, 2.94; Z/r = h/r 
fig. 2 ) .  
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0 
1.6 2.0- ~ 2 -4  2.8 3.2 

Mach number 

Figure 10. - S m r y  of performance of varfable- 
capture-srea inlet  at maximum pressure recovery 
for several test Hsch numbers. 
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(a)  Mach  number, 1.98; inlet contraction  ratios:  experimental, 1.35; 
isentropic, 1.66. 

Supersonic diffuser 
Capture-arw perimeter 1 Discharge-area perlmeter 

J Bubsonio-diff'user  inlet- 
area  perimeter 

(b) Mach  number, 2.43; inlet  contraction  ratios:  experimental, 2.08; 
isentropic , 2.47. 

I 

J 
(c) Mach  number, 2.94; inlet  contraction  ratios: experimental, 3.26; 
isentropic , 4 .OO. 

Figure  11. - Schematic  drawings of variable-capture-ares-inlet model at 
several  test  Mach  numbers.  (Contraction r a t i o  = Capture  area/SupersOniC- 
diffuser-atacharge area. ) 



", . . . . . .  

* b 

. . . .  . . . . . . .  

I . . . . . . .  . . . . . . .  . . . . . . .  

I 

masoriflm 

I Arisystric 

" 
AXimFe 

. . . . . . .  

I U L E T  B I B L I O a R A P H T  S H E E T  

I I 

2 . H  1.s 

1.98 1.3 
2.43 1.6 

2.94 1.3 
2.43 1.6 
1.98 1.1 

2.94 1.5 
E.43 1.6 
1.88 1.3 

Im.& 
of 

attmk 

0 

- 
0 

- 
0 

L b a S - f l W  I barb 


