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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION . 
TECHNICAL MEMORANDUM x-4 

EXPERIMENTAL INVESTIGATION OF A MACH 5 ISENTROPIC 

SPIKE I N L G T  AT AND BELOW DESIGN SPEED* 

By Leonard E.  S t i t t  and Richard J. Flaherty 

SUMMARY 
- -  

An i sen t ropic  spike i n l e t  designed for  maximum externa l  compression 
a t  Mach 5.0 w a s  invest igated over a range of Mach numbers at zero angle 
of a t tack .  A t  t he  design poin t  a peak total-pressure recovery of 43 per- 
cent  w a s  obtained, compared with a theore t ica l  maximum of 50 percent.  
The corresponding cowl pressure drag coef f ic ien t  w a s  0.04, based on maxi- 
mum cross-sect ional  area. A t  Mach numbers lower than 2.5, boundary-layer 
separat ion behind the  bow shock resu l ted  i n  low total-pressure recoveriesj  
f o r  example, 75 percent a t  Mach 1.91 compared with a theo re t i ca l  maximum 

1 

- 

* of 9% percent.  A l s o  near Mach 2.0, t he  cowl-plus-additive-drag coef f i -  

c i e n t  w a s  a t  i t s  maximum, 0.47, based on maximum cross-sect ional  area. 

INTRODUCTION 

A program has been completed at  the  NASA L e w i s  Research Center i n  
which the  performance of various i n l e t  types a t  Mach 5.0 has been obtained. 
The performances of (1) a two-dimensional ex terna l  p lus  i n t e r n a l  compres- 
s ion  i n l e t  and an axisymmetric isentropic-spike i n l e t  with cy l ind r i ca l  
cowl and dump d i f fuser ,  and ( 2 )  an  a l l - i n t e rna l  conical  compression i n l e t  
are presented i n  references 1 and 2, respectively.  

This r epor t  presents  t h e  zero angle-of-attack performance of an 
i sen t ropic  spike i n l e t  designed f o r  maximum externa l  compression a t  Mach 
5.0. 
a t  Mach numbers down t o  1.0 primarily t o  evaluate a n a l y t i c a l  methods f o r  
obtaining off-design performance: mass-flow ra t io ,  total-pressure r e -  
covery, and addi t ive  drag. The i n l e t  featured a low cowl projected a rea  
(AC/& = 0.20) boundary-layer bleed at t h e  throa t ,  and a short  subsonic 

As a fixed-geometry configuration, t h i s  i n l e t  w a s  a l s o  investigated 

d i f fuse r .  -. 

* T i t  le, Unc la s s if i ea. 
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SYMBOLS 

. 

i 

drag coe,,icient 

pressure coef f ic ien t  

Mach number 

mass-flow r a t e  

t o t a l  pressure 

s t a t i c  pressure 

Reynolds number 

radius  

t o t a l  temperature 

a i r f low 

axial dis tance 

dis tance normal t o  i n l e t  axis 

r a t i o  of t o t a l  pressure t o  NASA standard sea- level  pressure,  
P2/2116 lb/Sq ft 

r a t i o  of t o t a l  temperature t o  NASA standard sea-level temperature, 
T2/51g0 R 

Subscripts I 

a addi t ive  

C cowl 

i i n l e t  capture 

max maximum 

S spike 

0 f r e e  stream 

c 

' 4  
I. 

c 



0 0  0.0 0 0 0 0 0  0. 0 0.0 0 0.0 0 0  
0 . 0  0 0 0  0 . 0  0 0 0  0 0  0 0  

0 . 0 0  0 0 0 0  0 0 0 0 0  0 . 0  0 0  

0 0 0  0 . 0 0 0  0 0  
0 0  0 0 0  0 0  . 0 0 0 0 .  0 .  3 

1 i n l e t - l i p  s t a t ion  

2 d i f fuser -ex i t  s t a t i o n  

Per t inent  azeas: 

A i  15.80 sq in.  

AmaX 19.65 sq i n .  

1.68 sq in .  A 1  

A2 4.27 sq in .  

AF'PARATUS AM) PROCEDURE 
- Yne model shown i n  f igure  1 was ciesigneci f o r  39-percent t o t a i -  

pressure recovery through the  i n i t i a l  shock followed by isentropic  com- 
pression t o  an  average Mach number o f  2.52 a t  the  i n l e t  th roa t .  Assuming 
a normal shock a t  Mach 2.52, the  theo re t i ca l  th roa t  total-pressure re -  
covery i s  about 50 percent. Both the  spike contour ( f i g .  2 )  and the 
compression l i m i t  were computed by extending t h e  r e s u l t s  of reference 3 
up t o  Mach 5.0. 
conical  expansion followed by a 1 2 O  conical expansion t o  t h e  survey- 
s t a t i o n  area, which w a s  sized t o  have a Mach number of 0.20 at a f ree-  
stream Mach number of 5.0. 

The subsonic d i f fuse r  had an  i n i t i a l  equivalent lo 

The i n t e r n a l  cowl l i p  angle of 14' was selected t o  keep the  l o c a l  
flow def lec t ion  within 5 O  of the  detachment value.  
w a s  designed so t h a t  no i n t e r n a l  contraction resu l ted .  
l i p  angle of 18' the  projected area of the ex terna l  cowl w a s  a r b i t r a r i l y  
selected as 20 percent of t he  maximum cross-sectional a rea .  
drag coeff ic ient ,  based on m a x i m u m  cross-sectional area, w a s  determined 
t o  be 0.035 from two-dimensional shock-expansion theory. 

The centerbody contour 
With an i n i t i a l  

The cowl 

A boundary-layer bleed w a s  located on t h e  centerbody j u s t  downstream 
of  a l i n e  f h m  the  l i p ,  normal t o  t he  spike surface. This bleed w a s  de- 
signed with a rounded l i p  s ince it would always be i n  subsonic flow with 
the  i n l e t  operating a t  c r i t i c a l  conditions. 
t h e  centerbody ( f i g .  2 (c ) )  and back t o  the f r e e  stream through the  hollow 
support s t r u t s  ( f i g .  2 ( a ) ) .  

The bleed a i r  w a s  ducted in to  

Mass-flow r a t i o  w a s  regulated by a remlz&ely operated plug and w a s  
computed from a measured total-pressure recovery a t  t h e  survey s t a t ion  and 
the assumption o f  i sen t ropic  f low t o  the  choked e x i t  area.  Both spike and 
cowl pressure drag coef f ic ien ts  were obtained by in tegra t ing  s t a t i c  pres- 
sure  d i s t r ibu t ions  on the  surfaces.  
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1- by 1-foot 
var iable  Mach 
number wind 
tunnel  

The performance of t h i s  i n l e t  a t  zero angle of a t t a c k  w a s  obtained 
over the following range of Mach numbers and Reynolds numbers, based on 
an i n l e t  diameter of 4.48 inches: 

Mach number, 
Mo 
4.97 
4.05 
3.43 
2.94 
2.43 

I F a c i l i t y  IFree stream I Eeynolds 

18- by 18-inch 
supersonic 
wind tunnel  

8- by 6-foot 
supersonic 
wind tunnel  

1.91 1.26 

1.98 1.79 
1.48 1.85 
1 .oo 1.72 

number , 
Re, x10-6 

1.07 
1.48 
1.08 
1.57 
1.62 

RFSULTS AND DISCUSSION 

The mass-flow pressure-recovery cha rac t e r i s t i c s  of t he  f ixed Mach 
5.0 design a r e  presented for a range of Mach numbers i n  f igure  3. Signif-  
icant ly ,  an abrupt drop i n  total-pressure recovery occurred from Mach 
2.43 t o  1.98. The schl ieren photographs of f igure  4 ind ica te  t h a t  t h i s  
low recovery r e s u l t s  from flow separation behind the  bow shock on the  
spike surface.  A t  Mach 1 .91  ( f i g .  4 ( d ) )  t h e  separated flow can be seen 
t o  f i l l  t he  e n t i r e  i n l e t  throat ,  r e su l t i ng  i n  a peak recovery of only 

75 percent, compared with a theo re t i ca l  maximum of  99- percent .  A s  the 
Mach number was progressively reduced below 1.91, the peak pressure r e -  
covery increased, but w a s  always l e s s  than the  normal shock value a t  t h e  
lower Mach numbers. 

1 
2 

Some of  t he  more important i n l e t  parameters a r e  summarized and pre- 
sented as a function of Mach number i n  f igure  5. A peak pressure recovery 
of 43 percent w a s  obtained a t  Mach 4.97 compared with a l imi t ing  recovery 
of' 50 percent.  
about Mach 3.0 below which t h e  flow separation on the  spike r e s u l t s  i n  
low recoveries, as discussed previously. 

The peak recovery follows the  t h e o r e t i c a l  curve down t o  

Measured maximum mass-flow r a t i o  ( f i g .  5 ( b ) )  i s  compared with a 
theo re t i ca l  mass flow t h a t  w a s  computed by applying the  cont inui ty  equa- 
t i o n  between the  free-stream and i n l e t  throat,  and hence does not account 

.; 

n 
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f o r  any i n t e r n a l  bleed flow. 
at t h e  th roa t  and the  corresponding Mach number w a s  computed using re- 
verse Prandtl-Meyer flow expansion on t h e  spike surface aft of t h e  i n i t i a l  
shock. 
computed i n  t h e  same manner, assuming a Mach number of 1.0 a t  the  th roa t  
and no l o s s  across  the  detached wave. 
ured and computed mass-flow r a t i o  near Mach 2.0 w a s  pr imari ly  a r e s u l t  
of t he  low throat recovery when t h e  external  flow separated behind the  
bow wave. 

A supersonic recovery of 0.99 w a s  assumed 

When t h e  flow detached f romthe  external spike, t h e  mass flow w a s  

The disagreement between t h e  meas- 

The c r i t i c a l  corrected weight flow of t h i s  i n l e t  increased only 
about 15 percent from Mach 5.0 t o  the t ransonic  range ( f i g .  5 ( c ) ) .  
schedule of t h i s  type would match an engine with near ly  constant weight- 
flow requirements, such as a ramjet. 

A 

Cowl pressure drag, which w a s  computed at  t h e  peak pressure-recovery 
point,  had a value of 0.04 a t  Mach 5.0, compared with a theo re t i ca l  value 
of  0.035 from two-dimensioml shock-expaosloa theory. 
mained constant down t o  Mach 3.0, then decreased with decreasing Mach 
number, becoming a th rus t  below Mach 2.0 because of t h e  leading-edge 
suction. 
ca t e  t h e  l e v e l  of t he  cowl pressure coef f ic ien t  over t h e  Mach number 
range. 

%e cowl drag re- 

Cowl pressure d i s t r ibu t ion  data  ( f i g .  6) a r e  included t o  indi-  

Additive drag w a s  computed by the method presented i n  reference 4; 
t h a t  is, from the  change i n  momentum between t h e  f r e e  stream and t h e  in-  
l e t  th roa t .  
mentally from an in tegra t ion  of t h e  s ta t ic-pressure d i s t r i b u t i o n  on t h e  
spike surface ( f ig .  7 ) .  The cowl-plus-additive-drag coef f ic ien t  peaks a t  
about Mach 1.8 a t  a value of about 0.47, based on maximum cross-sect ional  
area.  A t o t a l  drag coef f ic ien t  o f  0.31 w a s  obtained a t  Mach 1.0, indicat-  
ing t h a t  t he  addi t ive  drag ( C  = 0.47) w a s  only p a r t i a l l y  counterbalanced 

by the  suct ion force on the cowl. Unpublished data  obtained a t  Mach 1.0 
i n  the  NASA Lewis 8- by 6-foot tunnel gave s i m i l a r  r e s u l t s  with a Mach 3.0 
double-cone i n l e t .  

The force on t h e  spike centerbody w a s  determined experi- 

"a 

SUMMARY OFRESULTS 

The following r e s u l t s  were obtained with an a l l - ex te rna l  compression 
i sen t ropic  spike i n l e t  at zero angle of a t t a c k  and Mach numbers from 5.0 
t o  1.0: 

1. A peak total-pressure recovery of 43 percent w a s  obtained a t  Mach 
5.0, compared with a theo re t i ca l  maximum of 50 percent.  A t  t h e  same Mach 
number t h e  cowl pressure drag w a s  0.04, based on maximum cross-sect ional  
a r ea  with a 20 percent cowl projected area. 
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2. A t  Mach numbers l e s s  than 2.50 the  boundary layer  separated be- 

hind t h e  bow wave on the  ex terna l  spike.  
over -a l l  total -pressure recovery; for example, 75 percent a t  Mach 1.91 

compared with a theo re t i ca l  99- percent.  

coeff ic ient  peaked i n  t h i s  region at a value of about 0.47 based on max- 
i m u m  cross-sect ional  area.  

This separation r e su l t ed  i n  l o w  

1 
2 The cowl-plus-additive-dag 

Lewis Research Center 
N a t i o n a l  Aeronautics and Space Administration 

Cleveland, Ohio, March 2, 1959 
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(a )  Free-stream Mach number, %, 4.97. (b) Free-stream Mach number, %, 3.43. 

C-49946 

I 

( c )  Free-stream Mach number, l$,, 2.43. (a) Free-stream Mach number, %, 1.91. 

Figure 4.  - Isentropic spike inlet  shock s t ruc ture .  



( a )  Peak total-pressure reccvery .  
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( c )  C r i t i c a l  c o r r e c t e d  weight  f l o w .  

2 3 4 
Free-s t ream Mach number, MO 

5 

( d )  E x t e r n a l  d r a g .  

Figure 5 .  - Concluded. Performance of i s e n t r o p i c  s p i k e  i n l e t  model over  a range  
3f Mach numbers. 
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Ratio of cowl radius t o  maximum body radius,  r/rmax 

Figure 6. - Cowl pressure d i s t r ibu t ions  for isentropic  spike i n l e t  model. 
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