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SHOCK SHAPES AND PRESSURE DISTRIBUTIONS FOR LARGE-ANGLE 

POINTED CONES I N  HELIUM AT MACH 

NUMBERS OF 8 AND 20 

By David A .  Stewart  and Mamoru Inouye 

Ames Research Center 

S W A R Y  

Bow-wave shapes and s u r f a c e  pressures  were measured i n  helium a t  Mach 
numbers 8 and 20 on poin ted  cones with semivertex angles  from 52" t o  90". 
For l a rge  cone angles  (> 65") t h e  bow wave was nea r ly  s p h e r i c a l ,  t h e  bow-wave 
shape and su r face  p re s su re  d i s t r i b u t i o n  were p red ic t ed  adequately by both t h e  
method of i n t e g r a l  r e l a t i o n s  and t h e  method of  K a a t t a r i ,  and t h e  bow-wave 
shape w a s  no t  inf luenced by cone angle o r  small amount of b lun tness .  For 
cone angles approaching shock attachment (attachment < 6 < 65') where t h e  
bow wave was no longer  s p h e r i c a l ,  t he  method of  i n t e g r a l  r e l a t i o n s  adequately 
p red ic t ed  the  shock shape and su r face  p re s su re  d i s t r i b u t i o n .  
method was not  app l i cab le  f o r  t hese  cond i t ions .  

The Kaattari 

INTRODUCTION 

The conica l  body a t  zero angle  of a t t a c k  has been a b a s i c  shape i n  
supersonic  aerodynamic research  f o r  which much t h e o r e t i c a l  and experimental  
d a t a  has been accumulated over t h e  y e a r s .  

For poin ted  cones with ve r t ex  angles  small enough f o r  an a t t ached  shock 
wave, t he  well-known conica l  flow s o l u t i o n s  a r e  app l i cab le  ( r e f s .  1-4) and 
wel l  s u b s t a n t i a t e d  by experiments.  For l a rge  ve r t ex  angles  where t h e  bow 
wave i s  detached, no exac t  s o l u t i o n s  e x i s t ,  and very l i t t l e  experimental  work 
i s  repor ted  i n  t h e  l i t e r a t u r e .  

For b l u n t  cones,  t h e  bow wave is  always detached. However, f o r  small 
ve r t ex  angles ,  i t  is  p o s s i b l e  t o  so lve  numerical ly  f o r  t h e  flow f i e l d  i n  t h e  
subsonic- t ransonic  region by an inve r se  method and t h e  flow f i e l d  i n  t h e  
supersonic  reg ion  by t h e  method of c h a r a c t e r i s t i c s  ( r e f .  5 ) .  The r e s u l t s  
agree genera l ly  with experimental  r e s u l t s .  For l a rge  v e r t e x  angles  with 
subsonic  flow on the  conica l  s u r f a c e  no exac t  solut ions: .exis t ,  b u t  some 
experimental  r e s u l t s  have been repor ted  ( r e f s .  6 ,  7 ) .  
p r e d i c t i n g  t h e  flow f i e l d s  inc lude  t h e  method of  i n t e g r a l  r e l a t i o n s  ( r e f s .  8,  
9) and t h e  Kaattari method ( r e f s .  10,  11 ) .  

Approximate methods f o r  

The p resen t  i n v e s t i g a t i o n  was i n i t i a t e d  t o  s tudy  t h e  hypersonic  flow of 
helium around poin ted  cones with l a rge  v e r t e x  angles and detached bow waves. i 
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The purpose of t h i s  r e p o r t  i s  t o  p re sen t  t h e  experimental  d a t a  (shadowgraphs 
of t he  bow waves and su r face  p re s su re  d i s t r i b u t i o n s )  and t o  eva lua te  t h e  
ex tens ion  of t h e  aforementioned approximate methods t o  poin ted  cones. 

SYMBOLS 

D 

M 

P 

R 

Re 

S 

T 

X , Y  

A 

6 

d i s t ance  from s o n i c  p o i n t  on body t o  apex of  shock wave, measured 
p a r a l l e l  t o  t he  body ax i s  ( f i g .  1) 

Mach number 

p re s  s u r e  

rad ius  

Reynolds number based on f ree-s t ream condi t ions  

d i s t ance  along s u r f a c e  measured from t h e  apex 

ab s o l u t e  temp e r a  t u re  

c y l i n d r i c a l  coord ina tes  

shock-wave s tandoff  d i s t a n c e ,  measured p a r a l l e l  t o  t h e  body a x i s  

cone semivertex angle  

Subsc r ip t s  

* s o n i c  po in t  

0 c e n t e r l i n e  

t t o t a l  f ree-s t ream condi t ions  

b base  of body 

n nose of  body 

m f ree  s t ream 

t 2  s t agna t ion  condi t ions  behind normal shock 
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TEST APPARATUS AND CONDITIONS 

F a c i l i t y  

The t e s t s  were conducted i n  t h e  Ames hypersonic  helium tunnel ,  which is  
a c l o s e d - c i r c u i t ,  blowdown tunnel  with contoured nozzles  and with run times of 
1 / 2  t o  2 minutes.  The f a c i l i t y  i s  descr ibed  i n  re ference  1 2 .  The shadow- 
graph system i s  o f  t h e  s ing le -pa th  spark-gap type with a 0.004-inch-diameter 
o r i f i c e  a t  t h e  source .  

The tests were performed a t  f ree-s t ream Mach numbers of  8 and 20 under 
the  fol lowing condi t ions :  

O R  Re/in.  - M, P t ,  psis Tt' 

8 150 5 30 2 .  4x105 

20 2000 5 30 7 . 0 ~ 1 0 ~  

Mode 1s 

The shapes t e s t e d  were poin ted  cones with semivertex angles  between 52" 
and 90". 
cal  t e s t  su r f ace  with a s h o r t  c y l i n d r i c a l  a f te rbody 2.25 inches i n  diameter .  

A t y p i c a l  body is  shown i n  f i g u r e  1. The model cons i s t ed  o f  a coni- 

Sur face  pressures  were measured with bonded s t r a in -gage  t ransducers  
connected t o  0.040-inch-diameter o r i f i c e s  a t  t h r e e  loca t ions  ( f i g .  1 ) .  The 
exact  l oca t ions  va r i ed  with the  cone angle ,  as ind ica t ed  i n  t h e  p re s su re  d i s -  
t r i b u t i o n s  shown l a t e r .  The s t agna t ion -po in t  p re s su re  was measured with a 
sepa ra t e  probe i n  t h e  tunnel .  

APPROXIMATE PREDICTION METHODS 

The flow f i e l d  around a b l u n t  cone wi th  subsonic  flow over  t h e  su r face  
may be p red ic t ed  by t h e  method of  i n t e g r a l  r e l a t i o n s  o r  t h e  Kaattari method. 
Both methods a r e  app l i ed  h e r e i n  t o  a poin ted  cone. 

The method of  i n t e g r a l  r e l a t i o n s ,  based on Be lo t se rkovsk i i ' s  work 
( r e f .  S ) ,  so lves  t h e  equat ions of  motion f o r  i n v i s c i d  flow wi th  t h e  assumption 
t h a t  t h e  flow p r o p e r t i e s  across  t h e  shock l a y e r  may be represented  by poly- 
nomials.  For t h e  one - s t r ip  s o l u t i o n s  presented  i n  t h i s  r e p o r t ,  t h e  polynomials 
reduce t o  s t r a i g h t  l i n e s .  A b r i e f  d i scuss ion  of  t h e  method may be found i n  
re ference  9 .  
a t  t h e  c e n t e r l i n e ,  s o l u t i o n s  f o r  a poin ted  cone may be  approximated i f  t h e  
cone i s  considered t o  be  b l u n t  and t o  have a very small nose r a d i u s .  A 
nose-to-base-radius  r a t i o ,  Rn/%, equal t o  0 .01  was used i n  t h e  c a l c u l a t i o n s  
i n  t h i s  r e p o r t .  

S ince  t h e  method r equ i r e s  a rounded nose with a s t agna t ion  p i n t  

3 
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The Kaattari method ( r e f s .  10 and 11) i s  a semiempir ical  approach t h a t  
assumes a s p h e r i c a l  bow wave wi th  s t andof f  d i s t ances  a t  t h e  c e n t e r l i n e  and a t  
t h e  s o n i c  p o i n t  ob ta ined  from empir ica l  c o r r e l a t i o n s .  Sur face  p re s su re  d i s -  
t r i b u t i o n s  are then determined by means o f  con t inu i ty  r e l a t i o n s ,  So lu t ions  
f o r  a poin ted  cone, i n  t h i s  case, may be approximated i f  t h e  cone i s  assumed 
t o  be  a s p h e r i c a l  segment wi th  the  same i n c l i n a t i o n  angle  a t  t h e  s o n i c  p o i n t  
as t h e  poin ted  cone. 
cone wi th  maximum nose b lun tness ;  f o r  example, Rn/Rb = 2 f o r  a 60" semivertex 
angle  cone and 

This conf igura t ion  r ep resen t s  t h e  l i m i t i n g  case  of  a 

f o r  a f l a t - f a c e d  cy l inde r  (90" semivertex cone).  R,/Rb = 00 

RESULTS AND DISCUSSION 

The experimental ly  determined bow-wave shapes and su r face -p res su re  
d i s t r i b u t i o n s  are presented  i n  f i g u r e s  2 through 6 .  These d a t a  are compared . 
with t h e  p red ic t ions  o f  t h e  method of i n t e g r a l  r e l a t i o n s  and t h e  Kaattari 
method. 
d i s t ances  a t  t h e  c e n t e r l i n e  and a t  t h e  s o n i c  p o i n t .  

Bow-wave parameters of  p a r t i c u l a r  i n t e r e s t  a r e  t h e  s t andof f  

Shock-Wave Shape 

Shadowgraphs of t h e  bow wave a r e  shown i n  f i g u r e  2 f o r  52" < 6 < 90" 
and f o r  
angle  between 52" and 55".  
cones a t  
be  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  t e s t e d  cones are of  f i n i t e  length  and thus  
t h e  subsonic  flow behind t h e  bow wave i s  a f f e c t e d  by t h e  corner .  The geometry 
o f  t h e  bow wave f o r  t h e  po in ted  cones can be  d iv ided  i n t o  two regimes from 
f i g u r e  2 :  (1) nonspherical  bow-wave shapes near  t he  attachment angle  
(52"  < 6 < 6 5 " ) ,  and ( 2 )  s p h e r i c a l  bow-wave shapes a t  l a rge  cone angles  
(6  For t he  same cone angle ,  t h e  bow-wave shapes f o r  
are similar, with t h e  bow wave be ing  s l i g h t l y  c l o s e r  t o  t h e  body f o r  t h e  
h ighe r  Mach number. 

M, = 8 and 20 .  Bow-wave detachment appears t o  occur a t a  cone h a l f -  
I n  re ference  4,  t h e  detachment angle  f o r  po in t ed  

M = 20 i s  given as 50.6'. The d i f f e rence  i n  detachment angle  may 

6 5 " ) .  M, = 8 and 20 

Bow-wave coordinates  read  from t h e  shadowgraphs are compared i n  f i g u r e  3 
with p red ic t ions  o f  t h e  i n t e g r a l  and Kaattari methods. 
i n t e g r a l  method f o r  M, = 20 ( so lu t ions  f o r  M, = 8 a r e  e s s e n t i a l l y  i d e n t i c a l )  
agree we l l  with t h e  experimental  d a t a  f o r  55" < 6 < 80". For 6 = go" ,  t h e  
p red ic t ed  bow-wave shape i s  no t i ceab ly  c l o s e r  t o  t h e  body than  t h e  measured 
shape. For 6 = 5 Z 0 ,  no s o l u t i o n  was obta ined  because of  t h e  proximity t o  
shock attachment.  Resul t s  of  t h e  Kaattari method agree we l l  with t h e  
experimental  d a t a  f o r  6 > 6 5 " ,  where t h e  bow wave i s  s p h e r i c a l .  For 
6 < 58", agreement between t h e  Kaattari method and experiment i s  poor because 
t h e  e f f e c t s  of nose geometry are s i g n i f i c a n t  and t h e  body shape can no longer  
be approximated by a s p h e r i c a l  segment. 

Results from t h e  
9. 

The shock s t andof f  d i s t a n c e  a t  t h e  c e n t e r l i n e  i s  shown i n  f i g u r e  4 t o  
inc rease  almost l i n e a r l y  wi th  cone angle .  This  v a r i a t i o n  has  been previous ly  
observed experimental ly  by Johnson (ref.  6) and t h e o r e t i c a l l y  by South 

f .  13) .  The p r e d i c t i o n s  from t h e  method of i n t e g r a l  r e l a t i o n s  and t h e  



Kaattari method a l s o  show t h i s  behavior  except  f o r  
method i s  not  app l i cab le  because of  t h e  d i f f e r e n c e  i n  t h e  nose shape.  

6 < 65", where t h e  l a t t e r  

The shock s t andof f  d i s t ance  oppos i te  t h e  son ic  corner ,  A,,  and t h e  
d i s t ance  from t h e  s o n i c  corner  t o  t h e  apex of  t h e  bow wave, D ,  are shown i n  
f i g u r e  5 as func t ions  o f  cone angle .  These d a t a  show, i n  p a r t i c u l a r ,  t h a t  t h e  
normalized d i s t a n c e ,  A*/Rb,  i s  e s s e n t i a l l y  independent of  This  r e s u l t  i s  
c o n s i s t e n t  with a mass balance a t  t h e  s o n i c  p o i n t  where t h e  f ree-s t ream mass 
e n t e r i n g  through t h e  a rea ,  nRb2, must equal  t h e  shock-layer  mass leaving  
through t h e  area, 2nRbA,. 
near  t h e  s o n i c  p o i n t  are a l s o  nea r ly  s o n i c  and thus  independent of  
fol lows t h a t  A*/Rb should a l s o  be  independent of  6 .  These d a t a  a l s o  show 
t h a t  t h e  normalized d i s t a n c e ,  D/Rb, i s  independent of  6 when t h e  bow wave 
i s  s p h e r i c a l  (6  > 65") ,  b u t  t h a t  it decreases  wi th  6 n e a r  t h e  shock detach- 
ment regime. Vaiues of D/Rb obta ined  by Johnson ( r e f .  6) f o r  b lunted  cones 
with 
r e s u l t s .  I t  can be  concluded from t h e s e  d a t a  ( f i g .  5 )  t h a t  when t h e  bow wave 
becomes s p h e r i c a l  (6  > 65') t h e  shape of t h e  bow wave i s  not  appreciably 
a f f ec t ed  by e i t h e r  cone angle  o r  small amounts of b lun tness .  
p r e d i c t i o n  methods show reasonable  agreement with t h e  experimental  da t a .  

6 .  

Since  t h e  flow condi t ions  w i t h i n  t h e  shock l a y e r  
6 ,  i t  

Rn/Rb = 0 .3  a r e  a l s o  shown i n  f i g u r e  5 and agree w e l l  wi th  t h e  p re sen t  

The two 

Surface  Pressure  D i s t r i b u t i o n s  

Surface p re s su res  measured a t  t h r e e  loca t ions  on t h e  cone a r e  shown i n  
f i g u r e  6 f o r  52" < 6 < 80" and f o r  
i nc reases ,  t h e  suTface  p re s su re  l e v e l  r i s e s  t o  the  s t agna t ion -po in t  va lue .  
The method of  i n t e g r a l  r e l a t i o n s  shows good agreement wi th  t h e  d a t a  f o r  a l l  
cases  i n  which it could be appl ied  ( i . e .  , 6 > 55") , and t h e  Kaattari method 
shows good agreement f o r  6 > 65". 
t h e  t i p  f o r  t h e  method of  i n t e g r a l  r e l a t i o n s  a r e  due t o  t h e  small nose b lun t -  
ness .  Modified Newtonian theory p r e d i c t s  t h e  mean of the  measured values  f o r  
6 = 65" and 70", b u t  i s  low f o r  sma l l e r  cone angles  and high f o r  l a r g e r  cone 
angles .  

M, = 8 and 20 .  A s  t h e  cone angle  

The f l u c t u a t i o n s  i n  t h e  p re s su re  near  

CONCLUSIONS 

Bow-wave shapes and s u r f a c e  p re s su re  d i s t r i b u t i o n s  were measured i n  
helium a t  Mach numbers 8 and 20 on poin ted  cone models wi th  semivertex 
angles  from 52" t o  9 0 " .  
imate p r e d i c t i o n  methods. The i n v e s t i g a t i o n  r e s u l t e d  i n  t h e  fol lowing 
conclusions:  

The d a t a  were compared with r e s u l t s  from two approx- 

1. For l a rge  cone angles  (semivertex angles  65" o r  g r e a t e r )  t h e  bow 
wave was nea r ly  s p h e r i c a l  and only s l i g h t l y  a f f e c t e d  by changes i n  cone 
angle  and nose b lun tness .  For 6 > 65", t h e  bow-wave shapes and s u r f a c e  
p re s su re  d i s t r i b u t i o n s  were p red ic t ed  adequately by both t h e  method of  
i n t e g r a l  r e l a t i o n s  and t h e  Kaattari method. 

5 

L A 



2 .  For cone angles  approaching t h e  cond i t ion  o f  shock attachment 
(semivertex angles  l e s s  than 6S0) ,  t h e  bow wave was no longer  s p h e r i c a l  b u t  
changed appreciably with cone angle .  For  t h e s e  cone angles ,  t h e  bow-wave 
shape and s u r f a c e  p re s su re  d i s t r i b u t i o n  were p r e d i c t e d  adequately by t h e  
method of i n t e g r a l  r e l a t i o n s .  The Kaattari method w a s  no t  app l i cab le  f o r  
t h e s e  cone angles .  

Ames Research Center  
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffett F i e l d ,  C a l i f . ,  94035, Apr. 2 2 ,  1969 
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Figure 1. - Typical model configuration. 
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Figure 2 . - Shadowgraphs of bow wave for conical bodies with semivertex angles 
from 520 to 900 . 
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Figure 2 .- Concluded . 
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