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SUMMARY 

An expe r imen ta l  i n v e s t i g a t i o n  of f low c h a r a c t e r i s t i c s  i n  t h e  Langley expan- 
s i o n  t u b e  h a s  been performed us ing  hel ium as t h e  test gas and a c c e l e r a t i o n  gas. 
The use of helium, which behaves idea l ly  f o r  t h e  c o n d i t i o n s  encountered  i n  t h i s  
study, e l i m i n a t e s  complex real-gas chemis t ry  i n  t h e  comparison of measured and 
p r e d i c t e d  f l o w  q u a n t i t i e s .  The d r i v e r  gas w a s  unheated hel ium a t  a nominal 
p r e s s u r e  of 33 MN/m2. 
were t i m e  h i s t o r i e s  of tube-wall  p r e s s u r e ,  p i t o t  p r e s s u r e ,  and tube-wall  h e a t  
t r a n s f e r :  i n c i d e n t  shock v e l o c i t y  measurements; and p i t o t - p r e s s u r e  prof i les  mea- 
sured  a t  s e v e r a l  l o c a t i o n s  downstream of t h e  tube  e x i t .  The q u i e s c e n t  test-gas 
p r e s s u r e  w a s  v a r i e d  from 0.7 to  50 kN/m2 and q u i e s c e n t  a c c e l e r a t i o n - g a s  p r e s s u r e  
from 2.5 to  53 N/m2. The effects of tube-wall  boundary-layer growth and f i n i t e  
secondary-diaphragm opening t i m e  were examined through t h e  v a r i a t i o n  of t h e  
q u i e s c e n t  g a s  p r e s s u r e s  and secondary-diaphragm th i ckness .  O p t i m u m  o p e r a t i n g  
c o n d i t i o n s  were a lso sought .  

Flow d i a g n o s t i c s  used to  examine f l o w  c h a r a c t e r i s t i c s  

The r e s u l t s  i n d i c a t e  t h a t  t h e  optimum o p e r a t i n g  c o n d i t i o n s  d e f i n e d  for a 
test t i m e  of 300  ps are 3.45 kN/m2 for q u i e s c e n t  t e s t - g a s  pressure and 1 6  N/m2 
for q u i e s c e n t  a c c e l e r a t i o n - g a s  p re s su re .  Pitot-pressure su rveys  i n d i c a t e  t h e  
e x i s t e n c e  of a l a t e r a l l y  and a x i a l l y  uniform t e s t  core having a diameter approx- 
ima te ly  h a l f  t h e  tube  diameter and a l e n g t h  up to  1 6  c m  downstream of t h e  tube 
e x i t .  The tube-wall  boundary-layer growth i n t r o d u c e s  a downstream-facing expan- 
s i o n  wave, which c a u s e s  s i g n i f i c a n t  a t t e n u a t i o n  i n  t h e  i n c i d e n t  shock v e l o c i t y  
and r e d u c t i o n  i n  w a l l  pressure a long  t h e  tube.  Comparisons of  measured w a l l  
p r e s s u r e  a t  s e v e r a l  l o c a t i o n s  a long  t h e  a c c e l e r a t i o n  s e c t i o n  wi th  t h e o r y  which 
w a s  c o r r e c t e d  for t h e  e f f e c t  of f low a t t e n u a t i o n  support  t h e  h y p o t h e s i s  t h a t  t h e  
t es t  g a s  w a s  processed by a r e f l e c t e d  shock from t h e  secondary  diaphragm. The 
theo ry  of Mirels w a s  u sed  to  i n f e r  t h e  t e s t - g a s  v e l o c i t y  from t h e  measured shock 
v e l o c i t y .  The d i p  observed i n  pitot-pressure t i m e  h i s t o r y  appears to  be t h e  
r e s u l t  of t h e  tube-wall  boundary-layer t r a n s i t i o n  and is c l e a r l y  n o t  due to  
nonequi l ibr ium f l o w  chemis t ry .  The effect  of i n v i s c i d  wave i n t e r a c t i o n  n e a r  
t h e  secondary diaphragm due t o  t h e  f i n i t e  secondary-diaphragm opening t i m e  w a s  
found to  be s i g n i f i c a n t .  U s e  of a heavy secondary  diaphragm also caused a 
seve re  d e f i c i t  i n  t h e  measured p i t o t  p r e s s u r e  immediately behind t h e  i n t e r f a c e .  

INTRODUCTION 

With t h e  l aunch  of Spu tn ik  by t h e  U.S.S.R. 2 decades ago came a s e n s e  of 
urgency for ground-based expe r imen ta l  f a c i l i t i e s  t h a t  c o u l d  p r o v i d e  in fo rma t ion  
on t h e  l e v e l  of h e a t i n g  and t h e  aerodynamic performance of v e h i c l e s  e n t e r i n g  
the atmosphere of Ea r th .  Th i s  need s t i m u l a t e d  t h e  development of d i f f e r e n t  
t ypes  of hypersonic ,  high-enthalpy f a c i l i t i e s  which s imula t ed  or duplicated 
c e r t a i n  aspects of t h e  e n t r y  phenomena. 

I n  t h e  e a r l y  1950's, a unique method o f  g e n e r a t i n g  hype r son ic  and hyperve- 
l o c i t y  f l o w  by ene rgy  a d d i t i o n  to  a s u p e r s o n i c  f l o w  w a s  proposed (ref. 1 ) .  The 
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energy-addi t ion  mechanism was an unsteady expansion wave which t r a n s f e r s  energy  
from one par t  of a test g a s  to a n o t h e r  part .  The f i r s t  d e t a i l e d  a n a l y t i c a l  
s t u d y  of such a d e v i c e  w a s  performed by Trimpi  (ref. 21, who named t h i s  d e v i c e  
an expansion tube.  The expansion tube  may be thought  of as t w o  shock tubes i n  
tandem. During t h e  f i r s t  phase of t h e  f l o w  sequence, t h e  test  g a s  is t h e  d r i v e n  
g a s  and is h e a t e d  by a n  i n c i d e n t  shock wave; d u r i n g  t h e  second phase ,  t h e  shock- 
hea ted  test  g a s  becomes t h e  driver gas .  Using e x i s t i n g  shock-tube technology,  
Trimpi demonstrated,  a n a l y t i c a l l y ,  t h e  p o t e n t i a l  of t h e  expansion t u b e  to  d u p l i -  
cate v e l o c i t y  i n  ambient  a tmospher ic  c o n d i t i o n s  for E a r t h  e n t r y  from o r b i t  and 
l u n a r  r e e n t r y .  Advantages and d i s a d v a n t a g e s  or problem areas of t h e  expansion 
tube  are d i s c u s s e d  i n  r e f e r e n c e  2. This  f a c i l i t y  appeared to  c i rcumvent  many 
of t h e  d i f f i c u l t i e s  a s s o c i a t e d  with high-enthalpy f a c i l i t i e s  i n  which energy  is 
added to  t h e  tes t  g a s  a t  s t a g n a t i o n  and t h e n  t h e  g a s  i s  expanded through a noz- 
z l e  to  g e n e r a t e  supersonic or hypersonic  f low c o n d i t i o n s .  The proposed method 
of us ing  a n  unsteady expansion p r o c e s s  to g e n e r a t e  hypersonic-hyperve loc i ty  f low 
w a s  r e c e i v e d  f a v o r a b l y  by t h e  s c i e n t i f i c  community, a s  e v i d e n t  by a number of 
c o n v e r s i o n s  of shock t u b e s  to  expansion t u b e s  i n  t h e  e a r l y  1960's. (For exam- 
ple, see r e f .  3 . )  Experimenters  sought  to  de termine  what r e a l - l i f e  l i m i t a t i o n s  
might res t r ic t  t h e  p r e d i c t e d  performance of t h e  expansion tube.  

The t h e o r e t i c a l  a n a l y s i s  of r e f e r e n c e  2 was i d e a l i z e d ,  i n  t h a t  v i s c o u s  
e f f e c t s ,  f i n i t e  diaphragm opening times, chemical  r e l a x a t i o n  rates,  and depar- 
t u r e  from one-dimensional,  i s e n t r o p i c  f low were n e g l e c t e d .  I n  g e n e r a l ,  rela- 
t i v e l y  poor agreement between p r e d i c t e d  ( ref .  2)  and measured expansion-tube 
performance was observed.  (See r e f .  4 . )  Thus, t h e  e x p e r i m e n t e r s  were con- 
f r o n t e d  w i t h  t h e  problem of uncoupling t h e s e  phenomena to  de termine  t h e  c o n t r i -  
b u t i o n  of each to  t h e  d i f f e r e n c e s  observed between measurement and p r e d i c t i o n .  
One problem area which r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n  was f low chemis t ry .  
Because of t h e  r a p i d  expansion of t h e  f low through t h e  expansion f a n ,  v i b r a -  
t i o n a l  r e l a x a t i o n  and d i s s o c i a t i v e  recombinat ion may l a g  t r a n s l a t i o n ,  r e s u l t i n g  
i n  a nonequi l ibr ium unsteady expansion process. Bounds on t h e  effect  of f l o w  
chemis t ry  on p r e d i c t e d  expansion-tube performance are e s t a b l i s h e d  by c o n s i d e r i n g  
an e q u i l i b r i u m  expansion p r o c e s s  and a f r o z e n  expansion p r o c e s s  (refs. 4 to  6 ) .  
A s  demonstrated i n  r e f e r e n c e s  4 t o  8,  t h e  u n c e r t a i n t y  of t h e  thermochemical 
s ta te  of t h e  t e s t  g a s  d u r i n g  the unsteady expansion p r o c e s s  resu l t s  i n  a l a r g e ,  
corresponding u n c e r t a i n t y  i n  p r e d i c t e d  f low c o n d i t i o n s .  I n  a r e c e n t  s t u d y  
( r e f .  9),  shock shapes  about  b l u n t  bodies  were o b t a i n e d  i n  t h e  Langley expansion 
tube us ing  several  test g a s e s ,  one of which w a s  helium. H e l i u m  was used primar- 
i l y  to p r o v i d e  ( 9 )  a lower l i m i t  to t h e  range of normal-shock d e n s i t y  r a t i o  and 
( 2 )  comparison wi th  p e r f e c t - g a s  f l o w - f i e l d  p r e d i c t i o n s ,  s i n c e  t h e  helium flow 
behaved as a p e r f e c t  gas ( w a s  n o t  i o n i z e d ) .  Thus, t h e  v e r s a t i l i t y  of  t h e  expan- 
s i o n  t u b e  i n  performing aerothermodynamic s t u d i e s  is g r e a t l y  enhanced by us ing  
helium as t h e  t e s t  gas .  To perform such s t u d i e s  requires o p t i m i z a t i o n  of t es t  
f l o w  c o n d i t i o n s  by v a r i a t i o n  of t h e  i n i t i a l  p r e s s u r e s  i n  t h e  i n t e r m e d i a t e  and 
a c c e l e r a t i o n  s e c t i o n s  of t h e  expansion t u b e  €or g i v e n  t u b e  l e n g t h s  and d r i v e r  
c o n d i t i o n .  A l s o ,  us ing  a test  g a s  and a c c e l e r a t i o n  g a s  t h a t  behave a s  a p e r f e c t  
g a s  throughout  t h e  expansion-tube f l o w  sequence e l i m i n a t e s  t h e  complex problem 
of nonequi l ibr ium f low e f f e c t s .  Although o t h e r  n o n i d e a l  f l o w  phenomena are n o t  
uncoupled, u s e  of a p e r f e c t  g a s  as t h e  tes t  g a s  should  p r o v i d e  a n  improved 
understanding of t h e  g a s  dynamics of t h e  expansion-tube f low sequence. 
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The purpose of t h i s  report is to p r e s e n t  resu l t s  ob ta ined  us ing  hel ium as  
t h e  test g a s  and a c c e l e r a t i o n  g a s  i n  t h e  Langley expansion tube.  Comparisons 
of measured flow q u a n t i t i e s  wi th  i d e a l i z e d  p r e d i c t i o n  (ref. 5) are performed, 
and p o s s i b l e  e x p l a n a t i o n s  f o r  d i f f e r e n c e s  observed i n  t h e s e  comparisons are 
d iscussed .  The e f f e c t s  of q u i e s c e n t  t e s t - g a s  p r e s s u r e ,  q u i e s c e n t  a c c e l e r a t i o n -  
g a s  p r e s s u r e ,  secondary-diaphragm t h i c k n e s s ,  and a x i a l  s t a t i o n  downstream of 
t h e  tube  e x i t  on flow c h a r a c t e r i s t i c s  are p resen ted .  Measured time h i s t o r i e s  
of t e s t - s e c t i o n  p i t o t  p r e s s u r e  and tube-wall  p r e s s u r e  are used to  d e f i n e  t h e  
pe r iod  of quas i - s t eady  f low,  and p i t o t - p r e s s u r e  p r o f i l e s  are used to de termine  
t h e  test-core s i z e  and f low uni formi ty .  The v a r i a t i o n  i n  flow v e l o c i t y  a long  
t h e  t u b e  is examined and t h e  flow v e l o c i t y  a t  t h e  test  s e c t i o n  is used i n  con- 
j u n c t i o n  wi th  t h e  p r e s s u r e  measurements to compute t e s t - s e c t i o n  flow c o n d i t i o n s  
accord ing  to t h e  method of  r e f e r e n c e  10. 

U s e  of t r a d e  names or names of manufac turers  i n  t h i s  report does n o t  con- 
s t i t u t e  an  o f f i c i a l  endorsement of such p r o d u c t s  or manufac turers ,  e i t h e r  
expressed  or impl ied ,  by t h e  N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion .  
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SYMBOLS 

speed of sound, m / s  

c o n t a c t  s u r f a c e  between test gas  and d r i v e r  g a s  

d i s t a n c e  between i n c i d e n t  shock i n  a c c e l e r a t i o n  section and 
acceleration-gas/test-gas i n t e r f a c e ,  m 

Mach number 

u n i t  Reynolds number, per meter 

s t a t i c  p r e s s u r e ,  N/m2 

p i t o t  p r e s s u r e ,  N/m2 

heat-  t r a n s f e r  r a t e  , W/m2 

expansion-tube i n s i d e  r a d i u s ,  m 

reflected shock from secondary diaphragm 

p a r t i a l l y  r e f l e c t e d  wave from c o n t a c t  s u r f a c e  between t e s t  g a s  and 
d r i v e r  g a s  

i n c i d e n t  shock i n  tes t  g a s  

i n c i d e n t  shock i n  a c c e l e r a t i o n  g a s  

temperature, K 

t i m e  a f t e r  a r r i v a l  of i n c i d e n t  shock i n t o  a c c e l e r a t i o n  gas ,  s 
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U v e l o c i t y  , m / s  

V o u t p u t  of h e a t - t r a n s f e r  gage,  v o l t s  

W secondary-diaphragm t h i c k n e s s ,  m 

X h o r i z o n t a l  d i s t a n c e  from tube  c e n t e r l i n e ,  m 

Zd d i s t a n c e  measured downstream from diaphragm (secondary diaphragm i n  
expansion tube )  , m 

p o s i t i o n  of survey  rake measured downstream from a c c e l e r a t i o n - s e c t i o n  
e x i t ,  m 

Y r a t io  of s p e c i f i c  h e a t s  

T t i m e  i n t e r v a l  between a r r i v a l  of i n c i d e n t  shock i n t o  a c c e l e r a t i o n  g a s  
and a r r i v a l  of acceleration-gas/test-gas i n t e r f a c e ,  s 

4J time i n t e r v a l  between a r r i v a l  of  acceleration-gas/test-gas i n t e r f a c e  
and t a i l  o f  expansion fan ,  s 

R measured t ime i n t e r v a l  ove r  which test  f low is quas i - s teady ,  s 

Subsc r ip t s :  

Q 

e 

I 

max 

S 

W 

1 

2 

2r 

4 

5 

5, t 

4 

t u b e  c e n t e r l i n e  

a c c e l e r a t i o n - s e c t  ion  e x i t  

i n  t e  r f ac e 

maximum 

i n c i d e n t  shock 

tube  w a l l  

s tate of q u i e s c e n t  test  g a s  i n  f r o n t  of i n c i d e n t  shock i n  
i n t e r m e d i a t e  sect ion  

s ta te  of test  g a s  behind i n c i d e n t  shock i n  i n t e r m e d i a t e  s e c t i o n  

s t a t e  of test g a s  behind t o t a l l y  r e f l e c t e d  shock a t  secondary 
diaphragm 

dr ive r -gas  c o n d i t i o n s  a t  t i m e  of primary-diaphragm r u p t u r e  

s ta te  of t e s t - g a s  f low a t  f ree-s t ream c o n d i t i o n s  

s t a g n a t i o n  c o n d i t i o n s  behind bow shock of model p o s i t i o n e d  a t  
test  s e c t i o n  
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state of quiescent acceleration gas in front of incident shock in 
acceleration section 

state of acceleration gas behind incident shock in acceleration 
section 

FACILITY 

The Langley expansion tube is basically a cylindrical tube divided by two 
diaphragms (primary and secondary) into three sections. The upstream section 
is the driver, or high-pressure, section. This section is pressurized at ambi- 
ent temperature with a gas having a high speed of sound. (Greater operation 
efficiency is realized as driver-gas speed of sound increases.) The intermedi- 
ate section is sometimes referred to as the driven section. This section is 
evacuated and filled with the desired test gas at ambient temperature. The 
driver and intermediate sections are separated by double diaphragms. The down- 
stream section is referred to as the acceleration, or expansion section. A 
weak, low-pressure diaphragm (secondary diaphragm) separates the driven and 
acceleration sections. Test models are positioned at the exit of the accelera- 
tion section. Flow through this section exhausts into a dump tank; hence, 
models are tested in an open jet. A detailed description of the basic compo- 
nents and auxiliary equipment of the Langley expansion tube is presented in 
reference 11. 

For the present tests, the driver section was 2.44 m long and was 16.51 cm 
in diameter. Double-diaphragm mode of operation was employed to reduce random- 
ness in pressure ratio across the primary diaphragm at time of rupture. Stain- 
less steel primary diaphragms were 2.54 mm thick from the driver-section side 
to the bottom of cross-pattern grooves on the driven-section side. The volume 
of the section between the double diaphragms was small compared with that of the 
driver section, with the ratio of double-diaphragm-section volume to driver- 
section volume being 0.07. Intermediate-section length was 7.49 m and 
acceleration-section length was 14.13 m. The inside diameter of these two 
sections was 15.24 cm. 
ness from 3.175 to 25.4 Um. 

The secondary diaphragm was Mylar,l ranging in thick- 

Briefly, the operating sequence for the expansion tube, which is shown 
schematically in figure 1, begins with rupture of the high-pressure primary 
diaphragm. In the double-diaphragm mode of operation, this is achieved by 
pressurizing the driver section and double-diaphragm section with the driver 
gas to a pressure somewhat less than the rupture pressure for a single dia- 
phragm. The double-diaphragm section is then isolated from the driver section 
and high-pressure supply field and the driver section is pressurized to the 
desired pressure. The double-diaphragm section is then vented to atmospheric 
pressure, resulting in the rupture of the upstream diaphragm. Upon rupture of 
this diaphragm, the downstream diaphragm is subjected to a pressure essentially 
that of the driver section. This pressure ruptures the downstream diaphragm, 

'Mylar: Registered trademark of E. I. du Pont de Nemours & Co., Inc. 
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and a n  i n c i d e n t  shock wave is propagated i n t o  t h e  t e s t  gas .  The shock wave 
t h e n  e n c o u n t e r s  and r u p t u r e s  t h e  low-pressure secondary diaphragm. A second- 
ary i n c i d e n t  shock wave p r o p a g a t e s  i n t o  t h e  low-pressure a c c e l e r a t i o n  gas ,  
whi le  a n  upstream expans ion  wave moves in to '  t h e  tes t  gas .  I n  p a s s i n g  through 
t h i s  upstream expans ion  wave, which is be ing  washed downstream s i n c e  t h e  shock- 
hea ted  tes t  g a s  is s u p e r s o n i c ,  t h e  t e s t  g a s  undergoes a n  i s e n t r o p i c  uns teady  
expansion r e s u l t i n g  i n  a n  i n c r e a s e  i n  t h e  f l o w  v e l o c i t y  and Mach number. 

INSTRUMENTATION 

Survey R a k e  

H o r i z o n t a l  p i t o t - p r e s s u r e  p r o f i l e s  a t  t h e  tes t  s e c t i o n  were measured w i t h  
t h e  11-probe survey  rake shown i n  f i g u r e  2 ( a ) .  This  rake had a probe  s p a c i n g  
of 1.78 c m  and t h e  o u t s i d e  d iameter  of each  probe a t  t h e  s e n s i n g  s u r f a c e  was 
0.79 c m  ( f i g .  2 ( b ) ) .  The c e n t e r l i n e  of t h e  c e n t e r  probe was c o i n c i d e n t  w i t h  
t h e  expansion-tube c e n t e r l i n e .  A s  shown i n  f i g u r e  2 ( b ) ,  a p e r f o r a t e d  d i s k  
arrangement was used to  protect t h e  p r e s s u r e  i n s t r u m e n t a t i o n  from part ic le  con- 
tamina t ion  i n  t h e  flow. (Sources  of par t ic le  contaminat ion  were steel  s l i v e r s  
from along the r u p t u r e  l i n e  of t h e  pr imary  diaphragm and Mylar f ragments  from 
t h e  secondary diaphragm. T e s t s  wi th  t h e  secondary diaphragm removed have dem- 
o n s t r a t e d  t h a t  t h i s  diaphragm is t h e  p r i n c i p a l  source of par t ic le  contaminat ion.  
These p a r t i c l e s  are b e l i e v e d  to  a r r i v e  a t  t h e  t e s t  s e c t i o n  a f t e r  t h e  quas i -  
s t e a d y  test p e r i o d . )  For r e s u l t s  p r e s e n t e d  h e r e i n ,  t h e  s e n s i n g  s u r f a c e s  of t h e  
survey-rake p r o b e s  were p o s i t i o n e d  from 0.76 to 21.05 c m  downstream of t h e  t u b e  
( a c c e l e r a t i o n - s e c t  i o n )  e x i t .  

I n c i d e n t  Shock V e l o c i t y  

A c o n v e n t i o n a l  means of de termining  i n c i d e n t  shock v e l o c i t y  is to  p o s i t i o n  
high-frequency-response t r a n s d u c e r s  a l o n g  t h e  l e n g t h  of t h e  t u b e  a t  known i n t e r -  
va ls .  This  procedure  allows a d is tance- t ime h i s t o r y  to be g e n e r a t e d ;  hence,  t h e  
average i n c i d e n t  shock v e l o c i t y  is determined between s u c c e s s i v e  ins t rumented  
s t a t i o n s .  This  is known as t ime-of -ar r iva l  (TOA) measurement. The t i m e  i n t e r -  
v a l  f o r  i n c i d e n t  shock a r r i v a l  between s t a t i o n s  i n  t h e  i n t e r m e d i a t e  s e c t i o n  was 
determined from t h e  response  of p i e z o e l e c t r i c  ( q u a r t z )  pressure t r a n s d u c e r s  
mounted a long  the t u b e  f l u s h  w i t h  t h e  t u b e  w a l l .  P r e s s u r e  t r a n s d u c e r s  and t h i n -  
f i l m  r e s i s t a n c e  h e a t - t r a n s f e r  gages  were used a l o n g  t h e  a c c e l e r a t i o n  s e c t i o n .  
S t a t i o n  l o c a t i o n s  of p r e s s u r e  t r a n s d u c e r s  and th in- f  i lm h e a t - t r a n s f e r  g a g e s  i n  
terms of a x i a l  d i s t a n c e  downstream from the most downstream primary diaphragm 
are p r e s e n t e d  i n  t a b l e  I. Outputs  from t h e s e  i n s t r u m e n t s  s t a r t e d  and s topped  
counter - t imers  and were recorded from a n  oscilloscope w i t h  t h e  a i d  of a camera. 
The t i m e s  f o r  t h e  shock to  t r a v e l  between s t a t i o n s  were o b t a i n e d  from manual 
reading  of t h e  oscilloscope f i l m s  and from counter- t imer  readings .  

To e n a b l e  f a s t  t i m e  sweeps of t h e  oscilloscopes moni tor ing  t h e  t r a n s d u c e r  
o u t p u t s  a long  t h e  e n t i r e  tube ,  o u t p u t  s i g n a l s  from c e r t a i n  t r a n s d u c e r s  were 
used as t r i g g e r  s i g n a l s .  These s i g n a l s  t r i g g e r e d  downstream oscilloscopes 
d i r e c t l y  or through a d i g i t a l  t i m e  d e l a y  g e n e r a t o r .  The c o u n t e r - t i m e r s  were 
a l l  s t a r t e d  by t h e  o u t p u t  of a pressure t r a n s d u c e r  l o c a t e d  3.5 m downstream of 
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t h e  pr imary  diaphragm i n  t h e  i n t e r m e d i a t e  s e c t i o n ,  and each  counter - t imer  w a s  
stopped upon shock a r r i v a l  by t h e  s i g n a l  ou tpu t  from t h e  p r e s s u r e  t r ansduce r  a t  
a g iven  a x i a l  s t a t i o n .  

P i t o t - P r e s s u r  e and Wall-Pressure Measurement 

P i t o t  p r e s s u r e s  and tube-wall  p r e s s u r e s  were measured w i t h  commercially 
a v a i l a b l e  m i n i a t u r e  q u a r t z  p i e z o e l e c t r i c  t r ansduce r s .  These t r a n s d u c e r s  were 
accelerat ion-compensated and  had r ise  t i m e s  of approximate ly  1 t o  3 ps. Each 
t r ansduce r  w a s  used i n  c o n j u n c t i o n  w i t h  a charge  a m p l i f i e r ,  and t h e  o u t p u t  sig- 
n a l  w a s  recorded from an oscilloscope w i t h  t h e  a i d  of a camera. A law-pass 
f i l t e r  w i t h  a n  upper c u t o f f  of 100  kHz w a s  used w i t h  each  t u b e - w a l l  p r e s s u r e  
t r ansduce r ;  s i m i l a r l y ,  a law-pass f i l t e r  w i t h  a c u t o f f  of 50 kHz was used w i t h  
each pitot-probe t r ansduce r .  

Each p r e s s u r e  t r a n s d u c e r  used i n  t h e  su rvey  rake  w a s  c a l i b r a t e d  s t a t i c a l l y  
a f t e r  assembly and p o s i t i o n i n g  i n  t h e  expans ion  t u b e ;  t hus ,  t h e  t r a n s d u c e r ,  
charge a m p l i f i e r ,  connec t ing  c a b l e s ,  and oscilloscope were c a l i b r a t e d  as a s i n -  
g l e  channel  of ou tput .  P i t o t - p r e s s u r e  t r a n s d u c e r s  were c a l i b r a t e d  p e r i o d i c a l l y  
d u r i n g  t h e  t e s t  series. Tube wa l l -p re s su re  t r a n s d u c e r s  and associated charge  
amplifiers were calibrated s t a t i c a l l y  b e f o r e  and a f te r  t h e  t es t  series. 

Because  t h e  p i e z o e l e c t r i c  t ype  of t r ansduce r  i s  s e n s i t i v e  t o  tempera ture ,  
thermal  p r o t e c t i o n  i n  t h e  form of a c i r c u l a r  piece of e lectr ical  tape w a s  
p l aced  over  t h e  s e n s i n g  s u r f a c e  of each t r ansduce r .  Prior t o  i n s t a l l a t i o n  i n  
t h e  pitot-probe t i p  or tube  w a l l ,  vacuum grease w a s  applied ove r  t h e  e lectr ical  
tape on t h e  s e n s i n g  s u r f a c e  and compressed t o  f i l l  any v o i d s  around t h e  c y l i n -  
d r ica l  part of t h e  t r a n s d u c e r  c o n t a i n i n g  t h e  s e n s i n g  s u r f a c e  and t h e  mount f o r  
t h e  t r ansduce r .  The vacuum g r e a s e  was p a r t i a l l y  removed, l e a v i n g  a t h i n  l a y e r  
over t h e  tape. T h i s  simple method f o r  thermal  p r o t e c t i o n  proved t o  be rela- 
t i v e l y  e f f i c i e n t  for t h e  p r e s e n t  tests. However, o c c a s i o n a l  breakdown of such 
p r o t e c t i o n  w a s  detected between r u n s  when a "saddle" appeared i n  wa l l -p re s su re  
t i m e  h i s t o r y .  I n  such  cases, a repeat run was made af ter  rep lacement  of t h e  
thermal  i n s u l a t o r .  

Quiescent  P r e s s u r e  and Temperature  Measurements 

Dr ive r - sec t ion  and double-diaphragm-section p r e s s u r e s  were measured w i t h  
s t r a in -gage  t r a n s d u c e r s  s t a t i c a l l y  c a l i b r a t e d  t o  68.95 MN/m2. 
gas and a c c e l e r a t i o n - g a s  p r e s s u r e s  were measured w i t h  va r i ab le -capac i  t ance  
diaphragm-type t r ansduce r s .  Dr ive r - sec t ion  t empera tu re  w a s  measured w i t h  a 
bare-wire chromel-alumel thermocouple i n s e r t e d  approx ima te ly  6 c m  through t h e  
upstream end plate  of t h e  d r i v e r  s e c t i o n .  The thermocouple  j u n c t i o n  w a s  exposed 
d i r e c t l y  t o  t h e  d r i v e r  gas t o  p rov ide  t h e  f a s t  r e sponse  r e q u i r e d  t o  o b t a i n  t e m -  
perature h i s t o r i e s  d u r i n g  p r e s s u r i z a t i o n  of t h e  d r i v e r  s e c t i o n .  T h i s  thermocou- 
ple o u t p u t  w a s  read from a compensated d i g i t a l  readout  and r eco rded  on  a s t r i p  
c h a r t .  Quiescent  test-gas t empera tu re  w a s  measured w i t h  a chromel-alumel the r -  
mocouple encased  i n  a s t a i n l e s s  steel  shroud and i n s e r t e d  i n t o  t h e  dump tank.  

Quiescent  test- 
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DATA REDUCTION AND UNCERTAINTY 

I n c i d e n t  Shock V e l o c i t y  

An average  shock v e l o c i t y  between s t a t i o n s  w a s  determined by knowing t h e  
d i s t a n c e  between s t a t i o n s  and t h e  time f o r  t h e  shock wave t o  t r a v e l  t h i s  d i s -  
tance.  These times were o b t a i n e d  from t h e  r e sponse  o f  t r a n s d u c e r s  a long  t h e  
w a l l s  of t h e  i n t e r m e d i a t e  and a c c e l e r a t i o n  s e c t i o n s .  The o u t p u t  o f  t h e s e  t r a n s -  
duce r s  was recorded  on o s c i l l o s c o p e  f i l m s  and t h e  times d i s p l a y e d  on counter -  
timers. U n c e r t a i n t i e s  i n  t r a n s d u c e r  response ,  o s c i l l o s c o p e  t i m e  scale, and 
r ead ing  of oscilloscope f i l m  are b e l i e v e d  to  result i n  a cor responding  uncer- 
t a i n t y  i n  time i n t e r v a l  between a r r i v a l  of  t h e  shock wave a t  s u c c e s s i v e  s t a t i o n s  
of less than  +5 vs. Uncer t a in ty  i n  o s c i l l o s c o p e  t i m e  s c a l e  was reduced by us ing  
a t iming  m a r k  g e n e r a t o r  to supply  a known time increment  to t h e  o s c i l l o s c o p e .  
I f  necessa ry ,  a c o r r e c t i o n  was applied to f i l m  read ings .  The p r i n c i p a l  sources 
of error f o r  times o b t a i n e d  from t h e  coun te r - t imers  are response  of  t h e  t r a n s -  
ducers and a s s o c i a t e d  equipment and counter - t imer  s e n s i t i v i t y  to t h i s  response.  
For both  t h e  oscilloscope f i l m s  and t h e  counter - t imer  r ead ings ,  u n c e r t a i n t i e s  i n  
shock v e l o c i t y  depend on  t h e  d i s t a n c e  between s u c c e s s i v e  s t a t i o n s ,  be ing  l a r g e r  
f o r  s t a t i o n s  closer t o g e t h e r .  S ince  t h e  smallest d i s t a n c e  between s u c c e s s i v e  
s t a t i o n s  used i n  t h i s  s t u d y  was 1.88 m, t h e  ave rage  v e l o c i t y  between s t a t i o n s  
is b e l i e v e d  t o  be accurate to wi th in  2.5 percen t .  

A s  d i s c u s s e d  subsequen t ly ,  v a l u e s  of t h e  i n c i d e n t  shock v e l o c i t y  Us!l 
immediately p r i o r  to  shock a r r i v a l  a t  t h e  secondary diaphragm and of  t h e  i n c i -  
d e n t  shock v e l o c i t y  Us,lo 
to  p r e d i c t  expansion-tube f low cond i t ions .  These v a l u e s  of shock v e l o c i t y  were 
ob ta ined  by p l o t t i n g  t h e  shock v e l o c i t y  a s  a f u n c t i o n  of a x i a l  s t a t i o n  and per -  
forming an  e x t r a p o l a t i o n  t o  t h e  secondary-diaphragm l o c a t i o n  or t h e  t u b e  e x i t .  

a t  t h e  e x i t  of t h e  a c c e l e r a t i o n  s e c t i o n  are required 

P i t o t  P r e s s u r e  and Wall Pressure 

A s k e t c h  of t h e  i d e a l  p i t o t  p r e s s u r e  a t  t h e  a c c e l e r a t i o n - s e c t i o n  e x i t ,  
cor responding  to t h e  expansion-tube f low sequence shown i n  f i g u r e  1 ,  is 
shown i n  f i g u r e  3 as a f u n c t i o n  of t h e .  Upon a r r i v a l  of  t h e  i n c i d e n t  shock, 
a s h a r p  i n c r e a s e  i n  p r e s s u r e  occurs. Because of t h e  l o w  v a l u e  of  q u i e s c e n t  
acce le ra t ion -gas  p r e s s u r e  p l o ,  t h e  magnitude of  t h i s  p r e s s u r e  i n c r e a s e  is 
r e l a t i v e l y  small. Fol lowing a pe r iod  o f  c o n s t a n t  pressure, a second s h a r p  
i n c r e a s e  i n  p r e s s u r e  occurs. This  second i n c r e a s e ,  which is much l a r g e r  i n  
magnitude than  t h e  f i r s t ,  cor responds  t o  t h e  a r r i v a l  of  t h e  acce le ra t ion -gas /  
t e s t - g a s  i n t e r f a c e .  Fol lowing t h e  i n t e r f a c e  a r r i v a l ,  t h e  t e s t - g a s  p i t o t  p re s -  
sure is c o n s t a n t  o v e r  t h e  time i n t e r v a l  $. This  pe r iod  of c o n s t a n t  pressure 
r e p r e s e n t s  t h e  u s e f u l  tes t  t i m e  and is t e rmina ted  by t h e  a r r i v a l  o f  t h e  t a i l  o f  
t h e  expansion fan .  

Oscilloscope f i l m s  of p i t o t - p r e s s u r e  and tube-wal l -pressure  traces were 
read manually. U n c e r t a i n t i e s  i n  such p r e s s u r e  measurements are dependent  on 
many f a c t o r s ,  such a s  c a l i b r a t i o n  t echn ique  (s ta t ic  or dynamic),  change i n  
c a l i b r a t i o n  f a c t o r  du r ing  course of tests, t r a n s d u c e r  l i n e a r i t y ,  o s c i l l o s c o p e  
accuracy,  q u a l i t y  of oscilloscope traces wi th  respect to t h e  s igna l - to -no i se  
ratio, and o s c i l l o s c o p e  f i l m  read ing  procedure.  Hence, s p e c i f y i n g  p r e c i s e  
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u n c e r t a i n t i e s  for t h e s e  p r e s s u r e  measurements i s  n o t  possible. On t h e  b a s i s  of 
t h i s  and p r e v i o u s  exper ience ,  t h e  maximum u n c e r t a i n t i e s  i n  p r e s s u r e  measurements 
are b e l i e v e d  t o  be less t h a n  +20 p e r c e n t  for a c c e l e r a t i o n - s e c t i o n  w a l l  p r e s s u r e  
and less than  210 p e r c e n t  for p i to t  pressure .  

P i t o t - p r e s s u r e  t i m e  h i s t o r i e s  were a l so  used t o  de termine  t h e  t i m e  i n t e r v a l  
between a r r i v a l  of t h e  i n c i d e n t  shock i n t o  t h e  a c c e l e r a t i o n  g a s  and a r r i v a l  of 
t h e  acceleration-gas/test-gas i n t e r f a c e  T. (See f i g .  3. ) The s i g n i f i c a n c e  of 
t h i s  measurement i n  i n f e r r i n g  t h e  i n t e r f a c e  v e l o c i t y  
i n c i d e n t  shock v e l o c i t y  Us,lo is d i s c u s s e d  subsequent ly .  Although t h e  v a l u e  
of p i to t  p r e s s u r e  immediately behind t h e  shock 
f u l l y  before t h e  a r r i v a l  of t h e  i n t e r f a c e  because of t h e  l o n g  t i m e  c o n s t a n t  
a s s o c i a t e d  w i t h  t h e  pitot-probe c o n f i g u r a t i o n  shown i n  f i g u r e  2 ( b ) ,  v a l u e s  of 
T 

U s  from t h e  measured 

p t , 2 0  c o u l d  n o t  be o b t a i n e d  

were o b t a i n e d  a c c u r a t e l y  from pitot-pressure t i m e  h i s t o r i e s .  

PREDICTION METHODS 

I s e n t r o p i c  Unsteady Expansion 

The expansion-tube t e s t - f l a w  c o n d i t i o n s  can be p r e d i c t e d  by performing 
an i s e n t r o p i c ,  unsteady expansion from t h e  c o n d i t i o n s  of t h e  t es t  g a s  immedi- 
a t e l y  p r i o r  t o  r u p t u r e  of t h e  secondary  diaphragm to  t h e  t e s t - r e g i o n  v e l o c i t y  
(refs. 2, 4, and 5) .  The program of r e f e r e n c e  5 w a s  used for t h e  p r e s e n t  
s tudy.  The assumed cases for t h e  c o n d i t i o n s  of t h e  t e s t  g a s  prior t o  t h e  
expansion were no shock r e f l e c t i o n ,  a t o t a l l y  r e f l e c t e d  shock, and a s t a n d i n g  
shock a t  t h e  secondary  diaphragm. (The p r e d i c t e d  r e s u l t s  f o r  t h e  p r e s e n t  helium 
tests are e s s e n t i a l l y  t h e  same for t h e  assumed case of a s t a n d i n g  shock as for 
t h e  case of no r e f l e c t e d  shock and  t h u s  o n l y  r e s u l t s  of no shock r e f l e c t i o n  and 
a t o t a l l y  r e f l e c t e d  shock a re  p r e s e n t e d  h e r e i n .  ) 

The importance of measurement accuracy  of t h e  i n c i d e n t  shock v e l o c i t y  i n  
t h e  i n t e r m e d i a t e  s e c t i o n  Us,l w a s  emphasized i n  r e f e r e n c e  12. I n  f i g u r e  4, 
an  example i s  g iven  t o  i l l u s t r a t e  t h a t  a small u n c e r t a i n t y  i n  
a r a t h e r  l a r g e  u n c e r t a i n t y  i n  t h e  predicted free-stream q u a n t i t i e s  f o r  helium 
test gas.  The f ree-s t ream s ta t ic  p r e s s u r e  p5 and p i to t  p r e s s u r e  p t , 5  a re  
shown as f u n c t i o n s  of free-stream v e l o c i t y  U s .  The shaded r e g i o n  i n  f i g u r e  4 
d e n o t e s  t h e  u n c e r t a i n t y  i n  p5 and p t ,5  due t o  an  assumed u n c e r t a i n t y  o f  
+3 p e r c e n t  i n  U s , l .  A t  a v e l o c i t y  of 7.0 km/s, typical of t h e  present tests, 
t h e  u n c e r t a i n t y  i n  p5 i s  approximate ly  +45 p e r c e n t ,  and i n  pt ,5,  +20 p e r c e n t .  
Thus, to minimize u n c e r t a i n t i e s  i n  predicted expansion-tube t e s t - s e c t i o n  f l a w  
q u a n t i t i e s ,  t h e  i n c i d e n t  shock U s , l  must be measured as a c c u r a t e l y  as 
possi b le .  

Us,l results i n  

I n  r e f e r e n c e  4, it w a s  shown t h a t  t h e  acceleration-gas/test-gas i n t e r f a c e  
v e l o c i t y ,  as w e l l  as shock v e l o c i t y ,  a t t e n u a t e s  as t h e  shock t r a v e l s  t h e  l e n g t h  
of t h e  acceleration s e c t i o n ,  and a method for de termining  t h e  effect  of f l a w  

a t t e n u a t i o n  on  thermodynamic q u a n t i t i e s  i n  r e g i o n  @ w a s  d i scussed .  

method, used i n  t h i s  s tudy ,  is based o n  t h e  concept  t h a t  t h e  f l a w  a t t e n u a t i o n  

T h i s  
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is due t o  a downstream-facing expansion wave g e n e r a t e d  by t h e  growing boundary # 
l a y e r  upstream. 3 

"Data Reduct ion Procedure" f o r  Determining Free-Stream Cond i t ions  

S i g n i f i c a n t  d i f f e r e n c e s  between measured t e s t - s e c t i o n  f l o w  q u a n t i t i e s  and 
p r e d i c t e d  ( r e f .  5 )  t e s t - s e c t i o n  flow q u a n t i t i e s  based on  upstream f low condi-  
t i o n s  were observed i n  t h e  Langley p i l o t  model expansion t u b e  ( r e f s .  4,  7, 
and 8) and i n  t h e  Langley expansion t u b e  ( r e f s .  9 and 1 1 ) .  I n  o r d e r  to p rov ide  
a means for o b t a i n i n g  accurate t e s t - s e c t i o n  c o n d i t i o n s ,  computa t iona l  schemes 
f o r  r ea l -gas  mix tu res  ( r e f .  10 )  based on flow p r o p e r t i e s  measured i n  t h e  immedi- 
a te  v i c i n i t y  of t h e  t es t  s e c t i o n  were de r ived .  These schemes e l i m i n a t e  an  
e x p l i c i t  dependence upon measured or calculated upstream f low p r o p e r t i e s  and 
thereby  r e s u l t  i n  a s u b s t a n t i a l  r e d u c t i o n  i n  t h e  u n c e r t a i n t y  i n  p r e d i c t e d  tes t -  
s e c t i o n  f l o w  c o n d i t i o n s .  
eters measured a t  t h e  tes t  s e c t i o n .  The t h r e e  measured expansion-tube f low 
parameters s e r v i n g  as i n p u t  to t h e s e  schemes f o r  t h e  p r e s e n t  s tudy  are p i t o t  
p r e s s u r e  p5, t ,  f ree-s t ream s t a t i c  p r e s s u r e  p5, and f r ee - s t r eam v e l o c i t y  U s .  
The f ree-s t ream s t a t i c  p r e s s u r e  is assumed to  be e q u a l  t o  t h e  expansion-tube- 
w a l l  p r e s s u r e  measured j u s t  upstream of t h e  test s e c t i o n .  Th i s  assumption is 
s u b j e c t  to q u e s t i o n  f o r  a tes t  f low whose f r ee - s t r eam Mach number exceeds 
approximately 8 wi th  a t u r b u l e n t  boundary l a y e r  a long  t h e  t u b e  w a l l  ( r e f s .  13  
and 1 4 ) .  However, t h e  boundary l a y e r  is l amina r  th rough t h e  u s e f u l  t e s t  r eg ion  
f o r  t h e  p r e s e n t  tests, so t h i s  assumption is b e l i e v e d  to  be v a l i d .  The f r e e -  
stream v e l o c i t y  is assumed to be equal to t h e  acceleration-gas/test-gas i n t e r -  
f a c e  v e l o c i t y  UI, which is i n f e r r e d  from t h e  measured i n c i d e n t  shock v e l o c i t y  
Us,1o. The method of i n f e r r i n g  UI  from U s , l o  is p r e s e n t e d  i n  t h e  n e x t  
sect ion. 

They are based on combina t ions  of t h r e e  f l o w  param- 

Test-Gas V e l o c i t y  

The f ree-s t ream v e l o c i t y  U5, a b a s i c  q u a n t i t y  of i n t e r e s t ,  is t h e  flow 
v e l o c i t y  immediately behind t h e  acceleration-gas/test-gas i n t e r f a c e .  The 
i n t e r f a c e  v e l o c i t y  is assumed to  be a good r e p r e s e n t a t i o n  of t h e  flow immedi- 
a t e l y  behind t h e  i n t e r f a c e ;  t h a t  is, UI EJ Us. Although t h e  i n c i d e n t  shock 
v e l o c i t y  i n  t h e  a c c e l e r a t i o n  s e c t i o n  was measured f o r  each test ,  t h e  i n t e r f a c e  
v e l o c i t y  was n o t  measured. To determine f r ee - s t r eam v e l o c i t y  and to  compare 
measured and p r e d i c t e d  expansion-tube flow properties, it is necessa ry  to 
de termine  i n t e r f a c e  v e l o c i t y  a c c u r a t e l y .  

I n t e r f a c e  v e l o c i t y  m u s t  be deduced from t h e  measured i n c i d e n t  shock veloc-  
i t y .  I d e a l  shock-tube t h e o r y  shows t h a t  t h e  s e p a r a t i o n  d i s t a n c e  between t h e  
shock and i n t e r f a c e  i n c r e a s e s  l i n e a r l y  with d i s t a n c e  from t h e  diaphragm s t a t i o n  
( r e f s .  15, 16, and 17). However, tube-wall  boundary-layer growth behind t h e  
i n c i d e n t  shock i n t r o d u c e s  d e p a r t u r e s  from i d e a l  shock-tube flow. The p r e s e n c e  
of t h i s  boundary l a y e r  causes t h e  i n c i d e n t  shock to  d e c e l e r a t e ,  t h e  i n t e r f a c e  
to accelerate, and t h e  flow between t h e  i n c i d e n t  shock and i n t e r f a c e  to be non- 
uniform. The d e v i a t i o n  of s e p a r a t i o n  d i s t a n c e  between t h e  i n c i d e n t  shock and 
i n t e r f a c e  from i d e a l i z e d  ( i n v i s c i d )  shock-tube flow f o r  t h e  case of  a tube-wall  
boundary l a y e r  w a s  s t u d i e d  a n a l y t i c a l l y  by Mirels for a laminar  boundary l a y e r  
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(ref.  1 5 )  and a t u r b u l e n t  boundary l a y e r  (ref. 1 6 ) .  However, no e x t e n s i v e  
exper imenta l  v e r i f i c a t i o n  of t h e s e  a n a l y t i c a l  methods h a s  been performed for 
t h e  r a t h e r  unique ( t h a t  is, hel ium t e s t  g a s )  c o n d i t i o n s  of t h i s  s tudy.  Thus, 
a number of t es t s  were performed w i t h  t h e  secondary diaphragm removed, so t h e  
f a c i l i t y  w a s  operated as a shock t u b e  w i t h  helium test  gas ;  r e s u l t s  a r e  pre- 
s e n t e d  i n  t h e  appendix.  

When t h e  w a l l  boundary-layer t h i c k n e s s  is l a r g e  i n  comparison w i t h  t h e  
tube  d iameter ,  t h e  s e p a r a t i o n  d i s t a n c e  between t h e  i n c i d e n t  shock and t h e  
i n t e r f a c e  & and t h e  cor responding  t i m e  i n t e r v a l  ‘I approach l i m i t i n g  maxi- 
mum values .  The maximum s e p a r a t i o n  d i s t a n c e  Emax estimated by Mirels u s i n g  
t h e  local  s i m i l a r i t y  approximation is given  by e q u a t i o n s  (2) and (17) of r e f e r -  
ence 1 5  for a l a m i n a r  boundary l a y e r  and by e q u a t i o n s  (2)  and (17) of r e f e r -  
ence  16  f o r  a t u r b u l e n t  boundary l a y e r .  With t h e  c a l c u l a t e d  v a l u e  of  Emax, t h e  
s e p a r a t i o n  d i s t a n c e  J?, and t h e  corresponding t i m e  i n t e r v a l  T can b e  found as 
f u n c t i o n s  of t h e  d i s t a n c e  measured downstream f r o m  t h e  diaphragm 
e q u a t i o n s  (20) and (22) of r e f e r e n c e  1 5  for a laminar  boundary l a y e r  and equa- 
t i o n s  (22b) and (23) of r e f e r e n c e  1 6  for a t u r b u l e n t  boundary l a y e r .  The cor- 
responding i n t e r f a c e  v e l o c i t y  UI is then  o b t a i n e d  by d i v i d i n g  & by T. 

Z d  through 

A method for e s t i m a t i n g  f l o w  nonuniformity ( a x i a l  v a r i a t i o n  of  f low quan- 
t i t i e s )  between t h e  i n c i d e n t  s h o c k  and t h e  i n t e r f a c e  a f t e r  maximum s e p a r a t i o n  
d i s t a n c e  is reached was p r e s e n t e d  i n  r e f e r e n c e s  1 5 ,  18,  and 19.  I n  t h e s e  ref- 
e rences ,  t h e  concept  of an e q u i v a l e n t  i n v i s c i d  channel  w a s  employed. The con- 
t i n u i t y  e q u a t i o n ,  i s e n t r o p i c  r e l a t i o n ,  and momentum e q u a t i o n  are used to  s o l v e  
for t h e  d e n s i t y ,  p r e s s u r e ,  and f low v e l o c i t y  a t  a g i v e n  d i s t a n c e  from t h e  i n c i -  
d e n t  shock wi th  known v a l u e s  of t h e  d e n s i t y ,  pressure, and f low v e l o c i t y  imme- 
d i a t e l y  behind t h e  i n c i d e n t  shock. 

Measured f low q u a n t i t i e s  between t h e  i n c i d e n t  shock and t h e  i n t e r f a c e  b o t h  
i n  an  expansion t u b e  and a shock t u b e  (see appendix) are compared w i t h  v a l u e s  
predicted from t h e  e q u a t i o n s  from r e f e r e n c e s  1 5  and 16.  T h i s  comparison pro- 
v i d e s  a b a s i s  for a c c u r a t e l y  de te rmining  the i n t e r f a c e  v e l o c i t y  from t h e  mea- 
sured  i n c i d e n t  s h o c k  v e l o c i t y  i n t o  t h e  q u i e s c e n t  a c c e l e r a t i o n  gas .  The f l o w  
v e l o c i t y  between t h e  i n t e r f a c e  and expansion f a n  ( f i g .  3) i s  assumed to  be con- 
s t a n t .  However, i t  should  be noted t h a t  such a n  assumption is s u b j e c t  to  ques- 
t i o n  (ref. 2 0 ) .  U n c e r t a i n t i e s  i n  c a l c u l a t e d  free-stream and post-normal-shock 
f l o w  c o n d i t i o n s  due t o  u n c e r t a i n t i e s  i n  t h e  e x p e r i m e n t a l  i n p u t  U5, a s  w e l l  as 
i n p u t s  p5 and p t , 5 ,  have been examined for he l ium test g a s  i n  r e f e r e n c e  9. 
The r e s u l t  of r e f e r e n c e  9 r e v e a l s  t h a t  an  u n c e r t a i n t y  of k2.5 p e r c e n t  i n  U5 
causes a n  u n c e r t a i n t y  of + 5  p e r c e n t  a t  m o s t  for a l l  t h e  free-stream and post- 
normal-shock f l o w  q u a n t i t i e s .  

Convent iona l  Shock-Tube Theory 

A simple method f o r  p r e d i c t i n g  t h e  free-stream p r e s s u r e  p5 is to ca lcu-  
l a t e  t h e  s t a t i c  p r e s s u r e  immediately behind t h e  i n c i d e n t  shock a t  t h e  test  sec- 
t i o n  and correct it to  t h e  v a l u e  a t  t h e  test-gas/acceleration-gas i n t e r f a c e  
us ing  t h e  resu l t s  g i v e n  i n  r e f e r e n c e  19. T h i s  c o r r e c t e d  v a l u e  is t h e n  t h e  
p r e d i c t e d  free-stream p r e s s u r e  p5, when p5 is assumed to  be e q u a l  to  p20 
a t  t h e  i n t e r f a c e .  To f i n d  t h e  s t a t i c  p r e s s u r e  immediately behind t h e  i n c i d e n t  

11 



I1 I1 I1 1l1ll111ll1l1ll1ll Ill I I I I 

shock i n  t h e  a c c e l e r a t i o n  gas, conven t iona l  shock-tube t h e o r y  was app l i ed .  That  
is, t h e  shock-tube phase  of t h e  program of r e f e r e n c e  5 was used w i t h  t h e  follow- 
ing  i n p u t s :  (1) i n c i d e n t  shock v e l o c i t y  i n  t h e  a c c e l e r a t i o n  gas, (2)  q u i e s c e n t  
a c c e l e r a t i o n - g a s  p r e s s u r e ,  and (3) q u i e s c e n t  a c c e l e r a t i o n - g a s  tempera ture .  T h i s  
method of p r e d i c t i n g  free-stream p r e s s u r e  p5 is comple t e ly  d i f f e r e n t  from t h a t  
of t h e  uns teady  expans ion  process because of i t s  independence of t h e  upstream 
flow h i s t o r y .  

TESTS 

For t h e  p r e s e n t  tests, t h e  hel ium d r i v e r  g a s  was drawn from a h igh-pressure  
supp ly  f i e l d  a t  ambient  tempera ture ,  and no e x t e r n a l  h e a t  was app l i ed .  
imate d r i v e r  p r e s s u r e  a t  t h e  t i m e  of diaphragm r u p t u r e  p4 w a s  33 MN/m2. High- 
p u r i t y  (99.998 p e r c e n t  p u r e )  helium w a s  employed as t h e  test  gas and accelera- 
t i o n  gas. The i n t e r m e d i a t e  s e c t i o n  w a s  evacuated  to  less t h a n  0.1 N/m2 before 
f i l l i n g  it wi th  the t e s t  gas ,  and t h e  a c c e l e r a t i o n  s e c t i o n  and dump tank  were 
evacuated  to less t h a n  0.01 N/m2 before f i l l i n g  them wi th  t h e  a c c e l e r a t i o n  gas. 
Qu iescen t  test-gas p r e s s u r e  Q was v a r i e d  from 0.7 to  50 kN/m2 and q u i e s c e n t  
a c c e l e r a t i o n - g a s  p r e s s u r e  w a s  v a r i e d  from 2.5 to  53 N/m2. Secondary diaphragm 
t h i c k n e s s e s  of 3.18, 6.35, 12.70, and 25.40 ym were t e s t e d .  A s  a supplement ,  
a number of tests were performed wi thou t  a secondary  diaphragm f o r  hel ium t e s t  
gas and t h e  q u i e s c e n t  test-gas pressure was v a r i e d  from 0.035 to  6.87 kN/m2, as 
d e s c r i b e d  i n  t h e  appendix.  

Approx- 

Driver-gas  pressure p4 and tempera ture  T4 a t  t h e  t i m e  o f  primary- 
diaphragm r u p t u r e ,  q u i e s c e n t  test-gas p r e s s u r e  m ,  q u i e s c e n t  a c c e l e r a t i o n - g a s  
p r e s s u r e  plo, secondary-diaphragm t h i c k n e s s  W, and survey-rake s t a t i o n  ze 
are p r e s e n t e d  i n  t a b l e  I1 for t h e  p r e s e n t  tests. A l s o  p r e s e n t e d  i n  t h i s  t a b l e  
are measured v a l u e s  of t h e  i n c i d e n t  shock v e l o c i t y  i n  t h e  i n t e r m e d i a t e  s e c t i o n  
Us, l  immediately upstream of t h e  secondary  diaphragm, i n c i d e n t  shock v e l o c i t y  
a t  t h e  e x i t  of t h e  a c c e l e r a t i o n  s e c t i o n  
p r e s s u r e  nea r  t h e  e x i t ,  assumed to  be f ree-s t ream s t a t i c  p r e s s u r e  p5, and a n  
average  v a l u e  of  t h e  p i t o t  p r e s s u r e  across t h e  t e s t  core 

U , , ~ O , ~ ,  a c c e l e r a t i o n - s e c t i o n  w a l l  

p 5 , t .  

RESULTS AND DISCUSSION 

E f f e c t  of Qu iescen t  Acce le ra t ion -Gas  P r e s s u r e  

I n c i d e n t  shock ve loc i ty . -  I n  expansion-tube o p e r a t i o n ,  t h e  expans ion  f a n  
which passes through t h e  shocked test  g a s  raises t h e  gas to  a h i g h e r  v e l o c i t y  
wh i l e  expanding it to  a lower temperature and p r e s s u r e .  The f i n a l  s t a t e  a f t e r  
expans ion  depends on a number of factors, one of t h e  more impor t an t  be ing  t h e  
d e n s i t y  of t h e  q u i e s c e n t  a c c e l e r a t i o n  gas.  F igu re  5 (a )  i l l u s t r a t e s  t h e  e f f e c t  
of q u i e s c e n t  a c c e l e r a t i o n - g a s  p r e s s u r e  p10 on t h e  i n c i d e n t  shock v e l o c i t y  
measured a t  t h e  tube  e x i t  U , , ~ O , ~ ,  and f i g u r e  5 (b) i l l u s t r a t e s  t h e  v a r i a t i o n  
of i n c i d e n t  shock v e l o c i t y  a long  the a c c e l e r a t i o n  s e c t i o n  f o r  s e v e r a l  
v a l u e s  of q u i e s c e n t  a c c e l e r a t i o n - g a s  p re s su re .  Values  of Us,! 0 and Us, 10, e 
were o b t a i n e d  wi th  t ime-o f -a r r iva l  (TOA) measurements. The q u i e s c e n t  t e s t - g a s  
p r e s s u r e  w a s  3.45 kN/m2 and t h e  secondary diaphragm was 6.35-ym-thick Mylar. 
The i n c i d e n t  shock v e l o c i t y  a t  the e x i t  d e c r e a s e s  wi th  i n c r e a s i n g  q u i e s c e n t  

Us,lo 
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a c c e l e r a t i o n - g a s  p r e s s u r e  ( f ig .  5 (a )  ) , and t h e  a t t e n u a t i o n  of i n c i d e n t  shock 
v e l o c i t y  a long  t h e  d r i v e n  s e c t i o n  ( f ig .  5 ( b ) )  i n c r e a s e s  wi th  i n c r e a s i n g  qu ie s -  
c e n t  a c c e l e r a t i o n - g a s  p re s su re .  Although t h e r e  is no  TOA measurement w i t h i n  
2 m downstream of t h e  secondary  diaphragm, as shown i n  f i g u r e  5 ( b ) ,  v e l o c i t y  
t r e n d s  i n  t h i s  r e g i o n  were o b t a i n e d  by microwave i n t e r f e r o m e t e r  measurement 
(ref. 4 ) .  Apparent ly ,  t h e  i o n i z a t i o n  l e v e l  i n  t h e  shock f r o n t  was s u f f i c i e n t  
for microwave r e f l e c t i o n  because of contaminat ion  i n  t h e  hel ium a c c e l e r a t i o n  
gas. The microwave r e s u l t s  i n d i c a t e  t h a t  t h e  i n c i d e n t  shock v e l o c i t y  b e g i n s  to 
i n c r e a s e  s h a r p l y  a t  the secondary-diaphragm s t a t i o n  and peaks 1 to 2 m down- 
stream. Therefore ,  the TOA measurement a t  Zd = 2.25 m i n  f i g u r e  5 ( b )  is a 
good r e p r e s e n t a t i o n  of t h e  maximum i n c i d e n t  shock v e l o c i t y  a long  t h e  accelera- 
t i o n  s e c t i o n .  F igu re  5 (c) shows t h e  e f f e c t  of q u i e s c e n t  a c c e l e r a t i o n - g a s  pres- 
s u r e  on t o t a l  a t t e n u a t i o n  of t h e  i n c i d e n t  shock v e l o c i t y  (i.e.,  t h e  d e c r e a s e  of  
t h e  i n c i d e n t  shock v e l o c i t y  from its maximum v a l u e  a long  t h e  a c c e l e r a t i o n  sec- 
t i o n  to  t h e  v a l u e  a t  the t u b e  e x i t ) .  The t o t a l  shock a t t e n u a t i o n  is observed  
to i n c r e a s e  l i n e a r l y  wi th  p10. The p r e s e n t  AUs,lo f o r  p10 = 22 N/m2 is 
larger t h a n  t h a t  observed  i n  r e f e r e n c e  9. 

I n f e r r e d  i n t e r f a c e  v e l o c i t y . -  A s  mentioned i n  t h e  s e c t i o n ,  "Test-Gas 
Ve loc i ty , "  t h e  free-stream v e l o c i t y  U5 is assumed to be equal  to  t h e  
acceleration-gas/test-gas i n t e r f a c e  v e l o c i t y  UI. S i n c e  UI is n o t  measured, 
it m u s t  be i n f e r r e d  from t h e  measured i n c i d e n t  shock v e l o c i t y  i n  t h e  q u i e s c e n t  
a c c e l e r a t i o n  g a s  Us,lo. 
by c o n s i d e r i n g  the t h e o r e t i c a l  r e s u l t s  of  r e f e r e n c e  15. A s  d i s c u s s e d  i n  t h e  
appendix,  t h e  boundary l a y e r  between t h e  i n c i d e n t  shock and t h e  i n t e r f a c e  is 
laminar  f o r  t h e  p r e s e n t  range of p10. For a l amina r  boundary l a y e r ,  t h e  pre- 
d i c t i o n s  of r e f e r e n c e  1 5  r e v e a l  t h a t  a t  t h e  tube  e x i t  t h e  i n t e r f a c e  v e l o c i t y  
UI is e s s e n t i a l l y  e q u a l  t o  t h e  i n c i d e n t  shock v e l o c i t y  US,1o f o r  t h e  p r e s e n t  
l e n g t h  of t h e  a c c e l e r a t i o n  s e c t i o n  and for q u i e s c e n t  a c c e l e r a t i o n - g a s  p r e s s u r e  
p i 0  less than  50 N/m2. Predicted v a l u e s  of U s , l o / U ~  as a f u n c t i o n  of p10 
are shown i n  f i g u r e  6 a t  a d i s t a n c e  of 2.25 m downstream of t h e  secondary  d i a -  
phragm. These resu l t s  demons t r a t e  t h a t  UI is w i t h i n  6 p e r c e n t  of Us,lo a t  
this upstream s t a t i o n  for the range  of p10 examined, and is  w i t h i n  1 p e r c e n t  
for p10 < 20 N/m2. A comparison of p r e d i c t e d  (ref.  1 5 )  and measured t i m e  
i n t e r v a l s  between a r r i v a l  of t h e  i n c i d e n t  shock and a r r i v a l  of t h e  a c c e l e r a t i o n -  
gas / t e s t -gas  i n t e r f a c e  T is shown i n  f i g u r e  7 as a f u n c t i o n  of q u i e s c e n t  
a c c e l e r a t i o n - g a s  p re s su re .  The measured t i m e  i n t e r v a l  T w a s  o b t a i n e d  from 
pitot-pressure t i m e  h i s t o r i e s  measured 5.64 c m  downstream of t h e  t u b e  ex i t .  I n  
g e n e r a l ,  p r e d i c t e d  t i m e  i n t e r v a l s  f o r  a l amina r  boundary l a y e r  are observed  to  
be i n  good agreement  wi th  measured t i m e  i n t e r v a l s ;  hence,  t h e  assumption t h a t  
UI is e q u a l  to  US,1o a t  t h e  tube  e x i t  is  v e r i f i e d .  

T h i s  i n f e r e n c e  of  i n t e r f a c e  v e l o c i t y  may be performed 

C e n t e r l i n e  p i t o t - p r e s s u r e  t i m e  h i s to ry . -  The e f f e c t  of  q u i e s c e n t  
a c c e l e r a t i o n - g a s  pressure on c e n t e r l i n e  p i t o t - p r e s s u r e  t i m e  h i s t o r y  measured 
5.64 c m  downstream of t h e  tube  e x i t  is shown i n  f i gu re  8. The q u i e s c e n t  test- 
g a s  p r e s s u r e  is 3.45 kN/m2 and t h e  secondary  diaphragm is 6.35-llm-thick Mylar. 
A t  t h e  lower v a l u e s  of p10, t h e  p i t o t  p r e s s u r e  i n c r e a s e s  n e a r l y  l i n e a r l y  wi th  
t i m e  and t e n d s  to become more c o n s t a n t  w i th  t i m e  as p10 i n c r e a s e s .  For va l -  
u e s  of p i 0  greater t h a n  approximate ly  10  N/m2, t h e  period of quas i - s t eady  
test  f low R d imin i shes  wi th  i n c r e a s i n g  p10 as a "dip" i n  p i t o t - p r e s s u r e  
t i m e  h i s t o r y  appears. T h i s  d i p  w a s  a lso observed  i n  t h e  Langley p i lo t  model 
expans ion  tube  (ref. 4) w i t h  air  test  gas, and a l t h o u g h  t h e  s u b j e c t  of much 

1 3  



concern,  t h e  c a u s e  of t h i s  d i p  was never clearly determined.  The p r e s e n t  
r e s u l t s  e l i m i n a t e  f l o w  c h e m i s t r y  as a c o n t r i b u t o r .  The spikes appear ing  i n  
f i g u r e  8 are b e l i e v e d  t o  be c h a r a c t e r i s t i c  o f  t h e  f l a w  and n o t  t h e  arrangement  
used t o  protect t h e  p r e s s u r e  t r a n s d u c e r  from solid f low contaminants  i n  t h e  
post-test period. T h i s  belief is based o n  t h e  absence of s p i k e s  for tes ts  run 
wi thout  a secondary  diaphragm (shock-tube mode of operation), f o r  which t h e  
f law about  t h e  p i to t  probes was s u p e r s o n i c  and  t h e  pressure magnitude similar 
t o  t h a t  p r e s e n t e d  i n  f i g u r e  8. The v a l u e  of no which g e n e r a t e s  t h e  best 
f law c o n d i t i o n s ,  from t h e  viewpoint  of a compromise between c o n s t a n t  p i t o t  
p r e s s u r e  w i t h  t i m e  and d u r a t i o n  of quas i - s teady  f low,  is b e l i e v e d  t o  be around 
1 6 N/m2. 

L a t e r  a1 v a r i a t i o n  of pi t o t - p r e s s u r  e t i m e  h i s t o r y .  - P i t o t - p r e s s u r  e t i m e  
h i s t o r i e s  measured w i t h  t h e  11-probe survey  r a k e  5.64 c m  downstream of t h e  
t u b e  e x i t  are shown i n  f i g u r e  9 f o r  s e v e r a l  v a l u e s  of T ime  h i s t o r i e s  f o r  
p i t o t  probes p o s i t i o n e d  t h e  same d i s t a n c e  on  b o t h  s i d e s  of t h e  c e n t e r  probe a r e  
shown on t h e  same plot. For a l l  v a l u e s  of no, t h e  results of f igure  9 imply 
t h e  absence of asymmetric f low s i n c e  t h e  t i m e  h i s t o r i e s  f o r  cor responding  p i t o t  
probes are quite similar. A s  expected,  t h e  o u t e r m o s t  probes, which were o u t s i d e  
t h e  bore  of t h e  tube ,  r e g i s t e r e d  v e r y  l i t t l e  p r e s s u r e .  The probes a d j a c e n t  t o  
t h e s e  outermost  probes exper ienced  a lower l e v e l  of p i to t  p r e s s u r e  t h a n  t h e  
seven innermost  probes.  

no. 

A t  t h e  l o w e s t  v a l u e  of p10 (fig.  9 ( a ) ) ,  a quas i - s teady  f l o w  p e r i o d ,  - 

i n  terms of p i t o t  p r e s s u r e ,  i s  not  achieved. For qo e q u a l  to  26.45 and 
52.60 N/m2 ( f i g s .  9 ( b )  and 9 ( c ) ) ,  t h e  t i m e  c h a r a c t e r i s t i c s  of p i to t  p r e s s u r e  
f o r  t h e  c e n t e r  f i v e  probes  are similar. Although t h e  p i t o t  p r e s s u r e  d u r i n g  
t h e  quas i - s teady  f low p e r i o d  of  t h e  probes a d j a c e n t  t o  t h e  c e n t e r  f i v e  probes  
i s  similar t o  t h a t  of t h e s e  f i v e  probes, t h e  decrease i n  p r e s s u r e  f o l l o w i n g  
t h i s  quas i - s teady  period a p p e a r s  t o  a r r i v e  ear l ie r ;  t h a t  is, t h e  d i p  c o n d i t i o n  
for t h e  c e n t e r  f i v e  probes a r r i v e s  around 230 Us after i n c i d e n t  shock a r r i v a l ,  
whereas for t h e  a d j a c e n t  probes it a r r i v e s  around 160 lls. T h i s  phenomenon of 
earlier d i p  a r r i v a l  f o r  t h e  probes closer t o  t h e  t u b e  w a l l  has a lso been 
r e p o r t e d  i n  r e f e r e n c e  21. Coinc id ing  w i t h  t h e  d ip  i n  p i t o t  p r e s s u r e  a r e  l a r g e r  
o s c i l l a t i o n s  i n  p i t o t  p r e s s u r e .  A t  t h e  h i g h e s t  v a l u e  of  p10 ( f i g .  9 ( c ) ) ,  
t h e r e  is sane i n d i c a t i o n  t h a t  t h e  c e n t e r  f i v e  probes detect i n t e r f a c e  a r r i v a l  
somewhat e a r l i e r  t h a n  a d j a c e n t  probes; t h i s  implies t h a t  t h e  i n t e r f a c e  is n o t  
one-dimens i o n a l .  

T r a n s i t i o n  phenomenon and pitot-pressure di_p.- I n  r e f e r e n c e  4, it w a s  
hypothesized t h a t  t h e - d i p  i n  p i t o t  pressure is  t h e  r e s u l t  of t r a n s i t i o n  of 
t h e  tube-wall  boundary l a y e r .  R e p r e s e n t a t i v e  t i m e  h i s t o r i e s  of a c c e l e r a t i o n -  
s e c t i o n  w a l l  h e a t - t r a n s f e r  ra te  a r e  shown i n  f i g u r e  1 0  for several v a l u e s  of 
no. These measurements were made 1.88 m upstream of t h e  t u b e  e x i t .  The heat-  
t r a n s f e r  r a t e  i n c r e a s e s  markedly upon a r r i v a l  of t h e  i n c i d e n t  shock, decays 
monotonica l ly  t o  an e s s e n t i a l l y  c o n s t a n t  v a l u e  w i t h  t i m e ,  and t h e n  e x p e r i e n c e s  
a second pronounced i n c r e a s e .  The t i m e  i n t e r v a l  between t h e  i n c i d e n t  shock and 
t h e  second i n c r e a s e  i n  h e a t - t r a n s f e r  r a t e  d i m i n i s h e s  w i t h  i n c r e a s i n g  p10, being 
approximate ly  650 Us for t h e  lowest v a l u e  of 
value.  I f  t h i s  i n c r e a s e  i n  h e a t - t r a n s f e r  r a t e  i s  i n f e r r e d  as t h e  s t a r t  of t ran-  
s i t i o n ,  then t h e  l o c a t i o n  of t r a n s i t i o n  becomes closer t o  t h e  i n c i d e n t  shock 
w i t h  i n c r e a s i n g  p10 j u s t  as t h e  l o c a t i o n  of t h e  pitot-pressure d i p  does i n  

no and 250 I-cs for t h e  h i g h e s t  
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f i g u r e  8. I n  f i g u r e  11, t i m e  h i s t o r i e s  of h e a t - t r a n s f e r  r a t e  are shown for 
s e v e r a l  s t a t i o n s  downstream of t h e  secondary  diaphragm for t h e  h i g h e s t  v a l u e  of 
p10 examined. The t i m e  i n t e r v a l  between shock-wave a r r i v a l  and t h e  second 
i n c r e a s e  i n  h e a t - t r a n s f e r  r a t e ,  i n  g e n e r a l ,  d e c r e a s e s  w i t h  i n c r e a s i n g  d i s t a n c e  
from t h e  diaphragm. T h i s  phenomenon, being i n  agreement w i t h  t h e  o b s e r v a t i o n  
r e p o r t e d  i n  r e f e r e n c e  21, i n d i c a t e s  t h a t  t h e  d i p  is t h e  r e s u l t  of t r a n s i t i o n  of 
t h e  t u b e - w a l l  boundary layer. 

Wall-pressure t i m e  h i s t o r y  near  _ -  tes t  - sec t ion . -  Time h i s t o r i e s  of t h e  
a c c e l e r a t i o n - s e c t i o n  w a l l  pressure measured 2.54 cm upstream of the  t u b e  e x i t  
are shown i n  f i g u r e  1 2  for v a r i o u s  v a l u e s  of 
v a l u e s  of s t a t i c  p r e s s u r e  behind t h e  i n c i d e n t  shock i n t o  t h e  a c c e l e r a t i o n  gas. 
These p r e d i c t i o n s  were o b t a i n e d  from c o n v e n t i o n a l  shock-tube t h e o r y  c o r r e c t e d  
to  t h e  v a l u e  a t  t h e  i n t e r f a c e  us ing  t h e  method of  r e f e r e n c e  19 .  I n  g e n e r a l ,  t h e  
measured tube-wall  p r e s s u r e  i s  c h a r a c t e r i z e d  by a s h a r p  i n c r e a s e  upon i n c i d e n t  
shock a r r i v a l  fo l lowed by a s l i g h t  d e c r e a s e  t o  a r e l a t i v e l y  c o n s t a n t  p r e s s u r e  
and t h e n  a g r a d u a l  i n c r e a s e  due t o  t h e  a r r i v a l  of t h e  expans ion  fan .  A t  t h e  
l o w e s t  va lue  of p10, t he  tube-wall  p r e s s u r e  i n c r e a s e s  l i n e a r l y  w i t h  t i m e .  The 
i n i t i a l  s p i k e  o c c u r r i n g  upon shock  a r r i v a l  becomes more pronounced w i t h  i n c r e a s -  
ing p10. A second s h a r p  i n c r e a s e  i n  p r e s s u r e ,  which i s  e x p l a i n e d  i n  a subse- 
q u e n t  s e c t i o n  as t h e  r e s u l t  of i n t e r a c t i o n  between t h e  reflected shock and t h e  
c o n t a c t  s u r f a c e  near  t h e  secondary  diaphragm, is o b s e r v a b l e  w i t h i n  t h e  g iven  
t i m e  frame f o r  a number of v a l u e s  of p10. These  measured tube-wall  p r e s s u r e s  
are, i n  g e n e r a l ,  i n  f a i r l y  good agreement w i t h  t h e  predicted v a l u e s  b u t  are 
s l i g h t l y  h igher  t h a n  p r e d i c t e d  for low v a l u e s  of p10. For ~0 = 10.61 N/m2, 
agreement i s  poorest. Outgass ing  from t h e  a c c e l e r a t i o n - s e c t i o n  and t h e  dump- 
tank w a l l s  is b e l i e v e d  to  be t h e  main cause  f o r  h igher  measured va lues .  The 
minimal r a t e  of o u t g a s s i n g  w a s  measured t o  be 600 (r.lN/m2)/s. 
roughly 300 s e l a p s e d  between i n i t i a t i o n  of  f i l l i n g  t h e  a c c e l e r a t i o n  s e c t i o n  
w i t h  helium and t h e  r u p t u r e  of t h e  pr imary diaphragm to  begin  t h e  f low sequence. 
Hence, contaminat ion  by water as high as 8 p e r c e n t  may have e x i s t e d  f o r  the  
l a w e s t  va lue  of p10. A computat ion based on 2-percent water contaminat ion  
i n  he l ium w a s  performed for 
14-percent  i n c r e a s e  i n  p20 over  t h e  p r e d i c t i o n  f o r  p u r e  helium. 

~ 1 0 .  A l s o  shown are p r e d i c t e d  

A nominal t i m e  of 

p10 = 10.61 N/m2, and t h e  r e s u l t  i n d i c a t e d  a 

Wall-pressure t i m e  h i s t o r y  a t  v a r i o u s  _- s t a t i o n s .  __- - T i m e  his tor ies  of 
a c c e l e r a t i o n - s e c t i o n  w a l l  p r e s s u r e  a t  v a r i o u s  s t a t i o n s  downstream of t h e  second- 
a r y  diaphragm a r e  shown i n  f i g u r e  1 3  €or a q u i e s c e n t  a c c e l e r a t i o n - g a s  p r e s s u r e  
e q u a l  t o  16 .00  N/m2. A t  a d i s t a n c e  o n l y  0.07 m downstream of t h e  secondary  d i a -  
phragm, t h e  t u b e - w a l l  p r e s s u r e  i s  of t h e  same o r d e r  of magnitude as t h e  tube- 
w a l l  p r e s s u r e  i n  t h e  i n t e r m e d i a t e  s e c t i o n .  By t h e  t i m e  t h e  f low has t r a v e l e d  
3.43  m downstream of t h e  secondary  diaphragm, it has expanded, so t h a t  t h e  tube- 
w a l l  p r e s s u r e  i s  approximate ly  0.03 t i m e s  t h a t  i n  t h e  i n t e r m e d i a t e  s e c t i o n .  The 
a c c e l e r a t i o n - s e c t i o n  w a l l  p r e s s u r e  i n c r e a s e s  r a p i d l y  upon i n c i d e n t  shock a r r iva l ,  
remains n e a r l y  c o n s t a n t ,  then  i n c r e a s e s .  The ra te  of t h e  second i n c r e a s e  i n  
pressure w i t h  t i m e ,  which i s  o f t e n  due t o  t h e  a r r i v a l  of t h e  expans ion  f a n ,  
d e c r e a s e s  with d i s t a n c e  downstream and t h e  p e r i o d  of  n e a r l y  c o n s t a n t  p r e s s u r e  
i n c r e a s e s .  The v a l u e  of c o n s t a n t  p r e s s u r e  decreases w i t h  d i s t a n c e  downstream of 
t h e  secondary diaphragm by about  30 p e r c e n t  f o r  t h e  p r e s e n t  c o n d i t i o n s .  

To account  for such  d e c r e a s e  i n  w a l l  p r e s s u r e  w i t h  d i s t a n c e  downstream of 
t h e  secondary diaphragm, comparison i s  made i n  f i g u r e  1 4  between measurements 
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8 I and p r e d i c t i o n s  (ref. 5) which i n c l u d e  t h e  c o r r e c t i o n  for flow a t t e n u a t i o n  
sugges ted  i n  r e f e r e n c e  4. The d a t a  shown cor respond t o  t h e  measured tube-wall  
p r e s s u r e  and i n t e r f a c e  v e l o c i t y  which is assumed equal to t h e  f low v e l o c i t y  i n  

r eg ion  0, 
axia l  s t a t i o n .  

p5 as a f u n c t i o n  of U5 
t i o n  from t h e  secondary  diaphragm. The maximum value of  i n f e r r e d  i n t e r f a c e  
v e l o c i t y  (or maximum va lue  of U s )  a long  t h e  a c c e l e r a t i o n  section was found 
t o  be 7180 m/s.  The dashed l i n e s ,  which are  o b t a i n e d  by a r e f l e c t i o n  of s o l i d  
l i n e s  a t  maximum va lue  of to  account  f o r  a downstream-facing expans ion  
wave which produces t h e  decay i n  i n t e r f a c e  v e l o c i t y ,  r e p r e s e n t  t h e  p r e d i c t i o n  
c o r r e c t e d  f o r  f l aw  a t t e n u a t i o n .  Such r e f l e c t i o n  i s  e q u i v a l e n t  t o  s h i f t i n g  from 
p o i n t  ( P ~ , U ~ , ~ ~ ~ + A U ~ )  t o  p o i n t  ( p ~ j , U 5 , ~ ~ ~ - & J g ) .  The p r e d i c t i o n s  were gene ra t ed  
us ing  t h e  method of r e f e r e n c e  5 where t h e  basic i n p u t  was Although t h e  
d a t a  are i n  very  good agreement wi th  t h e  p r e d i c t i o n  f o r  r e f l e c t e d  shock, it is 
impor tan t  t o  n o t e  t h a t  a s y s t e m a t i c  error of 3.5 p e r c e n t  i n  would cause 
t h e  o v e r l a p  between p r e d i c t i o n s  f o r  r e f l e c t e d  shock and for no shock (see t h e  
example i n  f i g .  4 ) .  

( 
U s )  i n f e r r e d  from t h e  measured i n c i d e n t  shock v e l o c i t y  a t  each 

The s o l i d  l i n e s  are t h e  p r e d i c t e d  s ta t ic  p r e s s u r e  i n  r e g i o n  @ 
for t h e  cases of r e f l e c t e d  shock and no shock r e f l e c -  

U5 

U s , l .  

U s , l  

Test-core gi-q-e-tey. - A major c o n s i d e r a t i o n  i n  expansion-tube flow charac- 
teristics i s  t h e  e x i s t e n c e  of a uniform test core. H o r i z o n t a l  p i t o t - p r e s s u r e  
p r o f i l e s  are shown i n  f i g u r e  1 5  f o r  v a r i o u s  va lues  of ~ 0 .  These p r o f i l e s  
were measured 150 Ps a f t e r  i n c i d e n t  shock a r r i v a l  a t  t h e  p i t o t - p r e s s u r e  probes.  
The resul ts  of f i g u r e  1 5  demonst ra te  t h e  e x i s t e n c e  of a r e g i o n  of c o n s t a n t  p i t o t  
p r e s s u r e  about  t h e  tube c e n t e r l i n e  f o r  a l l  va lues  of The test-core diam- 
eter was d e f i n e d  as t h e  d iameter  of t h e  r e g i o n  abou t  t h e  tube  c e n t e r l i n e  f o r  
which t h e  p i t o t  p r e s s u r e  i s  w i t h i n  1 0  p e r c e n t  of t h e  average of t h e  c e n t e r  t h r e e  
p i t o t - p r e s s u r e  probes.  Because of the  r e l a t i v e l y  l a r g e  probe spac ing  and n a t u r e  
of t h e  p i t o t - p r e s s u r e  d i s t r i b u t i o n s ,  t he  boundar ies  of t h e  t e s t  core cannot  be 
determined a c c u r a t e l y .  The core d iameter  i n c r e a s e d  from 3 .6  cm a t  t h e  lowest 
value of p10 t o  8.9 c m  a t  t h e  h i g h e s t  value.  Except f o r  t h e  lowest va lue  of  
p10, t h e  test-core diameter  was approximate ly  h a l f  t h e  t u b e  d iameter .  For t h e  
p r e s e n t  tests, the  f ree-s t ream Reynolds number based on  p i to t -p robe  sens ing-  
s u r f a c e  diameter  is g r e a t e r  than  2 x l o 3 .  
measurements w i t h i n  t h e  t es t  core should  be e s s e n t i a l l y  f r e e  from r a r e f i e d  f l aw  
effects (ref. 22). 

q o .  

Thus, t h e  p r e s e n t  p i t o t - p r e s s u r e  

F ree - s t r egn  parameters.- The f ree-s t ream Mach number and u n i t  free-stream 
Reynolds number f o r  t h e  range of are shown i n  f i g u r e  1 6 .  These f r e e -  
stream parameters  were determined us ing  t h e  method of  r e f e r e n c e  1 0  w i t h  t h e  
fo l lowing  measured inpu t s :  (1) average p i t o t  p r e s s u r e  across the  tes t  core, 
( 2 )  a c c e l e r a t i o n - s e c t i o n  w a l l  p r e s s u r e  near  t h e  t u b e  e x i t ,  and (3 )  i n c i d e n t  
shock v e l o c i t y  i n  t h e  a c c e l e r a t i o n  gas  a t  t h e  t u b e  e x i t .  (The l a s t  t w o  i n p u t  
q u a n t i t i e s  have been deduced t o  be t h e  f ree-s t ream p r e s s u r e  and v e l o c i t y .  As 
shown i n  t h e  f i g u r e ,  f ree-s t ream Mach number dec reases  wi th  i n c r e a s i n g  p l o ,  
wh i l e  t h e  u n i t  Reynolds number s t a y s  r a t h e r  c o n s t a n t  excep t  f o r  t h e  lcwest 
va lue  of p10. 
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E f f e c t  of Quiescent  Test-Gas P r e s s u r e  

I n c i d e n t  shock v e l o c i t y . -  Flaw properties behind t h e  i n c i d e n t  shock i n t o  
t h e  tes t  gas  were v a r i e d  by v a r y i n g  t h e  q u i e s c e n t  t e s t - g a s  p r e s s u r e  
m a i n t a i n i n g  a n e a r l y  c o n s t a n t  helium d r i v e r  p r e s s u r e  
The range of i n c i d e n t  shock v e l o c i t y  i n  t h e  i n t e r m e d i a t e  s e c t i o n  
erated by v a r y i n g  t h e  p r e s s u r e  ratio across t h e  pr imary  diaphragm is shown i n  
f i g u r e  17. For tests des igned  t o  examine t h e  e f f e c t  of q u i e s c e n t  t e s t - g a s  
p r e s s u r e  ( range of pl 
a c c e l e r a t i o n - g a s  pressure pl 0 was 16.00 N/m2 and t h e  secondary-diaphragm 
t h i c k n e s s  was 6.35 Pm for pl 
p1 g r e a t e r  t h a n  20 kN/m2. As d i s c u s s e d  i n  r e f e r e n c e  1 2  and  t h e  appendix,  t h e  
measured shock v e l o c i t y  accelerates i n i t i a l l y  and  t h e n  d e c e l e r a t e s  wi th  d i s -  
t ance  downstream fran t h e  pr imary diaphragm. A l s o ,  t he  maximum value  of shock 
v e l o c i t y  o c c u r s  closer t o  t h e  pr imary diaphragm as g i n c r e a s e s .  The mea- 
s u r e d  maximum shock v e l o c i t y  may be determined t o  w i t h i n  3 p e r c e n t  frm t h e  
e x p r e s s i o n  

pl and 
of  about  33 MN/m2. 

gen- 
p4 

Us,l 

tested i s  f r m  0.7 to  50 kN/m2) t h e  q u i e s c e n t  

less than  20 kN/m2 and 12.70 Pm or 25.4 Pm for 

which w a s  o b t a i n e d  from a curve  f i t .  These maximum v a l u e s  of Us,l are 
observed ( f i g .  17)  t o  exceed p r e d i c t i o n s  from c o n v e n t i o n a l  shock- tube t h e o r y  
(ref. 5 ) ;  possible c a u s e s  of t h i s  d i screpancy  are  d i s c u s s e d  i n  r e f e r e n c e  12. 

One p o s s i b l e  c a u s e  is t h a t  t h e  dr iver -gas  tempera ture  T4 is g r e a t e r  t h a n  
ambient temperature .  Although t h e  he l ium d r i v e r  i s  unheated, t h e  tempera ture  
of t h e  d r i v e r  g a s  exceeds ambient tempera ture  a t  t h e  t i m e  o f  diaphragm r u p t u r e  
as recorded r o u t i n e l y  by a thermocouple gage i n  t h e  d r i v e r  s e c t i o n .  I n  r e f e r -  
ence 12, t h e  h e a t i n g  of t h e  helium d r i v e r  gas  upon p r e s s u r i z a t i o n  of t h e  d r i v e r  
s e c t i o n  w a s  a t t r i b u t e d  i n  part t o  t h e  Joule-Thomson c o e f f i c i e n t  be ing  n e g a t i v e  
for helium and p a r t l y  t o  compression hea t ing .  As shown i n  f i g u r e  18, tests 
made w i t h  thermocouple gages l o c a t e d  a t  both ends of t h e  d r i v e r  s e c t i o n  
r e v e a l e d  t h e  e x i s t e n c e  of a pronounced a x i a l  t empera ture  g r a d i e n t  which i m p l i e s  
t h a t  t h e  h e a t i n g  i s  due p r i m a r i l y  t o  compression. The i n c r e a s e  i n  dr iver -gas  
tempera ture  near  t h e  f i l l i n g  port, which i s  located i n  t h e  upstream end of t h e  
d r i v e r  s e c t i o n ,  is less  than  t h a t  exper ienced  a t  t h e  diaphragm end of t h e  d r i v e r  
s e c t i o n .  F i g u r e  18 demonst ra tes  t h a t  t h e  i n i t i a l  q u a n t i t y  of d r i v e r  gas  l e a v i n g  
t h e  d r i v e r  s e c t i o n  may be a t  a tempera ture  as h igh  as 350 t o  390 K ,  i n s t e a d  of 
330 K as i n  r e f e r e n c e  12. However, comparison of measured v a l u e s  of Us, 1 
w i t h  p r e d i c t e d  v a l u e s  based on  T4 e q u a l  to  390 K shows t h a t  t h e  e l e v a t e d  
d r i v e r  tempera ture  cannot  f u l l y  account  for t h e  d i s c r e p a n c y  ( f i g .  1 7 ) .  

Measured i n c i d e n t  shock v e l o c i t y  i n t o  t h e  a c c e l e r a t i o n  gas  Us,lo a t  a 
d i s t a n c e  of 2.25 m downstream of t h e  secondary  diaphragm and a t  t h e  t u b e  e x i t  
i s  shown i n  f i g u r e  19 as  a f u n c t i o n  of As observed i n  r e f e r e n c e  23, t h e  
i n c i d e n t  shock v e l o c i t y  i n t o  t h e  a c c e l e r a t i o n  g a s  Us,lo d e c r e a s e s  monotoni- 
c a l l y  w i t h  i n c r e a s i n g  p1. For t h e  p r e s e n t  tests, a monotonic d e c r e a s e  i n  
Us,lo w a s  observed for pl g r e a t e r  t h a n  3 kN/m2. For p1 less t h a n  3 kN/m2, 
a l though t h e  a t t e n u a t i o n  of t h e  shock v e l o c i t y  a l o n g  t h e  i n t e r m e d i a t e  s e c t i o n  
is small (see t h e  appendix and ref. 1 2 ) ,  Us,lo decreased w i t h  d e c r e a s i n g  p1. 

1 7  
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The v a r i a t i o n  of  US,1o w i t h  p1 may be p r e d i c t e d  by t h e  e x p r e s s i o n ,  

a10 Ms,lo\-2y/(y-1 )/Ms,lo\2 
- - I  1 - 1  

which was d e r i v e d  us ing  c o n v e n t i o n a l ,  idea l -gas  shock-tube r e l a t i o n s  (ref. 1 9 )  
for a s t r o n g  i n c i d e n t  shock and assuming n o  shsck  r e f l e c t i o n  a t  t h e  secondary 
diaphragm. A plot  of e q u a t i o n  (2) r e v e a l s  t h a t  t h e  a m p l i f i c a t i o n  of shock Mach 
number across t h e  secondary diaphragm &, I  o/Ms,l is u n i t y  when p1/p10 = 1 .O 
and i n c r e a s e s  monotonica l ly  w i t h  log, (p1 /p10) , approaching 

as p1/p10 approaches i n f i n i t y .  This  f u n c t i o n a l  behavior  is s i m i l a r  to  t h a t  
of t h e  convent iona l ,  idea l -gas  shock-tube r e l a t i o n  across t h e  pr imary diaphragm 
as Ms,l is p l o t t e d  a g a i n s t  lOge (p4/p1). A t  t h e  lower tes t  v a l u e s  of p i ,  
t h e  d e c r e a s e  of pi r e s u l t s  i n  more r e d u c t i o n  i n  MS,1o/Ms,1 than  t h e  g a i n  i n  
Ms,l (as can be s e e n  from a plot  of MS,1ofls,1 a g a i n s t  log, (p i /p io)  and a 
plot  of Ms,l a g a i n s t  log, (p4/p1)). Therefore ,  Ms,10 which h a s  t h e  o v e r a l l  
effect  from MS,1o/Ms,1 and Ms,l d e c r e a s e s  wi th  d e c r e a s i n g  p i .  F i g u r e  19 
a lso shows t h a t  t h e  d e c r e a s e  i n  U,,10 a s  t h e  shock t r a v e l s  from 2.25 m down- 
s t ream of secondary diaphragm to t h e  tube  e x i t  is r a t h e r  independent  of p1. 
The i n f e r r e d  i n t e r f a c e  v e l o c i t y  UI ( r e f .  15)  is a l s o  p l o t t e d  i n  f i g u r e  19 as  
a f u n c t i o n  of p1. A t  t h e  t u b e  e x i t ,  t h e  i n c i d e n t  shock v e l o c i t y  Us,lo is 
e q u a l  to UI ,  whi le  a t  a d i s t a n c e  of 2.25 m downstream of secondary diaphragm, 
t h e  r a t i o  of Us,lo to UI is w i t h i n  1.0082 f 0.0007 for a l l  t h e  v a l u e s  
of P1- 

R e f l e c t e d  shock from secondary d i a p h r . a p .  - The e x i s t e n c e  of a r e f l e c t e d  
shock from t h e  secondary  diaphragm is i l l u s t r a t e d  i n  f i g u r e  20, where t h e  mea- 
sured  i n t e r m e d i a t e - s e c t i o n  w a l l  p r e s s u r e  11.04 cm upstream of t h e  secondary  
diaphragm is p l o t t e d  as a f u n c t i o n  of t i m e  for v a l u e s  of q u i e s c e n t  t e s t - g a s  
pressure pl from 0.69 t o  10.34 kN/m2. A l s o  shown are t h e  s t a t i c  p r e s s u r e s  
behind t h e  i n c i d e n t  shock and behind a t o t a l l y  r e f l e c t e d  shock p r e d i c t e d  by 
assuming t h a t  t h e  r e f l e c t e d  shock v e l o c i t y  is n o t  a f f e c t e d  by t h e  expans ion  
wave f o l l a w i n g  t h e  secondary-diaphragm r u p t u r e .  The secondary-diaphragm open- 
ing  t i m e ,  d e f i n e d  as t h e  t i m e  i n t e r v a l  between t h e  i n c i d e n t  shock r e f l e c t i o n  
and t h e  complet ion of t h e  secondary-diaphragm r u p t u r e ,  is i n v e r s e l y  propor- 
t i o n a l  to  t h e  s q u a r e  root of t h e  a p p l i e d  p r e s s u r e  ( r e f .  24) ; t h u s  l o n g e r  open- 
ing times are expec ted  for t h e  lawer v a l u e s  of m. The longer  i t  t a k e s  f o r  
t h e  diaphragm to  be r u p t u r e d  and t h u s  for t h e  expans ion  t o  t a k e  place, t h e  less 
weakened t h e  r e f l e c t e d  shock i s  by t h e  expansion wave as i t  t r a v e l s  upstream. 
Therefore ,  f o r  t h e  lawer v a l u e s  of m, t h e  measured p r e s s u r e  behind t h e  
r e f l e c t e d  shock a g r e e s  better w i t h  t h e  p r e d i c t i o n .  
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I n t e r a c t i o n  of  reflected shock and d r i v e r - g a s / t e s t - g a s  c o n t a c t  surface.-  
I n  f i g u r e  21, t i m e  h i s t o r i e s  of tube-wall  p r e s s u r e  i n  t h e  a c c e l e r a t i o n  s e c t i o n  
are shown a t  v a r i o u s  a x i a l  s t a t i o n s  downstream of t h e  secondary diaphragm for 
s e v e r a l  v a l u e s  of q u i e s c e n t  t e s t - g a s  p r e s s u r e  pi .  A t  t h e  lowest v a l u e  of p i ,  
a second,  pronounced i n c r e a s e  i n  w a l l  p r e s s u r e  o c c u r s  a t  t h e  t w o  s t a t i o n s  
closest to t h e  secondary diaphragm. 
i n d i c a t e  t h e  e x i s t e n c e  of a d i s t u r b a n c e  which probably  o r i g i n a t e d  i n  t h e  v i c i n -  
i t y  of t h e  secondary diaphragm and which t r a v e l s  a t  a speed i n  e x c e s s  of t h a t  
of t h e  i n c i d e n t  shock i n t o  t h e  a c c e l e r a t i o n  g a s  and overtakes t h e  i n c i d e n t  
shock between s t a t i o n s  5.63 and 7.75 m downstream of t h e  secondary diaphragm. 
T h i s  d i s t u r b a n c e  is also observed  for 
t u r b a n c e  propa a tes  f u r t h e r  behind t h e  i n c i d e n t  shock t h a n  t h a t  observed for 

I n c r e a s i n g  p1 
i n c i d e n t  shock, and t h e  shock is n o t  over taken  prior to  i t s  a r r i v a l  a t  t h e  t u b e  
e x i t .  

These t i m e  h i s t o r i e s  f o r  pi = 0.69 kN/m2 

p1 = 1.74 kN/m2. I n  t h i s  case, t h e  dis-  

p1 = 0.69 kN/m 3 , and it o v e r t a k e s  t h e  i n c i d e n t  shock v e r y  n e a r  t h e  t u b e  e x i t .  
to 2.41 kN/m2 moves t h e  d i s t u r b a n c e  even f u r t h e r  back from t h e  

For lower v a l u e s  of p1, it was concluded from f i g u r e  20 t h a t  t h e  r e f l e c t e d  
shock from t h e  secondary diaphragm is less a f f e c t e d  by t h e  expansion wave a s  it 
t r a v e l s  upstream. I n  f i g u r e  21, t h e  d i s t u r b a n c e  i n  tube-wall  p r e s s u r e  i n  t h e  
a c c e l e r a t i o n  s e c t i o n  was observed closer behind t h e  i n c i d e n t  shock for lower 
v a l u e s  of p1. 
c h a r a c t e r i s t i c  wave i n t e r a c t i o n  i n  t h e  v i c i n i t y  of t h e  secondary diaphragm for 
a l o w  v a l u e  of p1. I n  f i g u r e  22, t h e  d is tance- t ime diagram is p l o t t e d  for 

pi = 0.69 kN/m2. 

t h e  r e f l e c t e d  shock from t h e  secondary diaphragm R1, t h e  p a r t i a l l y  r e f l e c t e d  

wave from t h e  c o n t a c t  s u r f a c e  R1 , and t h e  i n c i d e n t  shock i n t o  t h e  a c c e l e r a -  

t i o n  g a s  S i0  are from d i rec t  measurement w h i l e  t h a t  of t h e  c o n t a c t  s u r f a c e  

The o r i g i n  of t h i s  d i s t u r b a n c e  can be found by c o n s i d e r i n g  

-+ 
The t ra jector ies  of t h e  i n c i d e n t  shock i n t o  t h e  t e s t  g a s  S i ,  

4- 

- + I  

-b 

-+ 
C1 

behind t h e  i n c i d e n t  shock i n  t h e  i n t e r m e d i a t e  s e c t i o n  and r e g i o n  3 denotes  

is i n f e r r e d  from shock-tube measurement. Region@ denotes  t h e  t e s t  g a s  

0 
- + I  t h e  expanded d r i v e r  g a s ,  The reflected wave R1 from t h e  i n t e r a c t i o n  of 

C1 and R1 can  be a shock wave or a n  expansion wave depending on  whether 
-+ 4- 

t h e  a c o u s t i c  impedance i n  r e g i o n  @ 12 is smaller or g r e a t e r  t h a n  t h a t  i n  

r e g i o n @  13 (refs. 25 and 2 6 ) ,  where 

(i = 2 , 3 )  
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+ I  S i n c e  Y2 = Y 3  and a 2  > a3, it f o l l a w s  t h a t  I 2  < 13. Therefore ,  R1 is 
a shock wave which c a u s e s  a rise i n  w a l l  p r e s s u r e  upon its a r r i v a l .  The trajec- 

t o r y  of R1 i n  f i g u r e  22 r e v e a l s  t h a t  R1 is accelerated by t h e  expans ion  
fan.  

+ I  + I  

Wall-pressure t i m e  h i s t o r y  near- tes t  s e c t i o n .  - Tube-wall-pressure t i m e  
h i s t o r i e s  measured j u s t  2.54 c m  upstream of t h e  t u b e  e x i t  are shown i n  f i g -  
u r e  23 for t h e  range of q u i e s c e n t  t e s t - g a s  p r e s s u r e  A l s o  shown w i t h  t h e  
dashed l i n e  are t h e  s ta t ic  p r e s s u r e s  behind t h e  i n c i d e n t  shock p r e d i c t e d  by 
c o n v e n t i o n a l  shock-tube t h e o r y  corrected t o  t h e  v a l u e  a t  t h e  i n t e r f a c e  by t h e  
method of r e f e r e n c e  19. From f i g u r e  21, it is  known t h a t  t h e  d i s t u r b a n c e  h a s  
over taken  t h e  i n c i d e n t  shock q u i t e  a d i s t a n c e  upstream of t h e  t u b e  e x i t  for t h e  
lowest va lue  of p1 shown i n  f i g u r e  23; t h e  w a l l  p r e s s u r e  n e a r  t h e  t u b e  e x i t  
t h e r e f o r e  r e p r e s e n t s  t h e  p r e s s u r e  r ise due t o  t h e  r e s u l t a n t  shock wave. The 
w a l l  p r e s s u r e  f o r  
implies t h a t  t h e  dis turbance has  over taken  t h e  i n c i d e n t  shock about  t h e  t i m e  
t h e  f low e x i t s  t h e  tube.  
i n c r e a s e  i n  w a l l  p r e s s u r e  appears f u r t h e r  behind t h e  i n c i d e n t  shock b u t  dis- 
appears w i t h i n  t h e  time frame of test f l a w  f o r  h igher  v a l u e s  of p1. A s  p1 
i n c r e a s e s  f u r t h e r ,  t h e  p r e s s u r e  i s  c o n s t a n t  behind t h e  i n c i d e n t  shock and t h e n  
i n c r e a s e s .  T h i s  i n c r e a s e  is b e l i e v e d  to  cor respond t o  t h e  a r r i v a l  of t h e  expan- 
s i o n  fan .  The t i m e  i n t e r v a l  between a r r i v a l  of t h e  i n c i d e n t  shock and a r r iva l  
of t h e  expansion f a n  appears to  d e c r e a s e  w i t h  i n c r e a s i n g  p1. 

p1. 

p1 = 1.74 kN/m2 

A t  

is g r e a t e r  t h a n  expec ted ;  such i n c r e a s e  

pl = 2.41 and 3.45 kN/m2, t h e  second,  pronounced 

C e n t e r 1  i n e  pitot-pr e s s u r  e ti.me_&istory. - Measured c e n t e r  l i n e  p i  t o t - p r e s s u r  e 
t i m e  h i s t o r i e s  are shown i n  f i g u r e  24 for. t h e  range of  q u i e s c e n t  t e s t - g a s  pres- 
s u r e  p1. The r e s u l t s  of f i g u r e  21 show t h a t  t h e  d i s t u r b a n c e  has  over taken  t h e  
i n c i d e n t  shock q u i t e  a d i s t a n c e  upstream of t h e  t u b e  e x i t  f o r  t h e  lowest pl, 
had o v e r t a k e n  t h e  i n c i d e n t  shock n e a r  t h e  t u b e  e x i t  f o r  t h e  n e x t  h i g h e r  v a l u e  
of PI,  and was roughly  200 U s  behind t h e  i n c i d e n t  shock a t  t h e  t u b e  e x i t  f o r  
p1 = 2.41 kN/m2. The p i t o t - p r e s s u r e  t i m e  h i s t o r y  f o r  p1 = 2.41 kN/m2 shows 
t h e  a r r i v a l  of a family of pressure spikes approximate ly  200 US a f t e r  shock 
a r r i v a l .  T h i s  f a m i l y  of s p i k e s  i s  a t t r i b u t e d  t o  a r r i v a l  of t h e  d i s t u r b a n c e .  
The a r r i v a l  of p r e s s u r e  s p i k e s  i s  de layed  approximate ly  100 Ps by i n c r e a s i n g  
t h e  q u i e s c e n t  t e s t - g a s  p r e s s u r e  t o  3.45 kN/m2. F u r t h e r  i n c r e a s e  i n  q u i e s c e n t  
t e s t - g a s  p r e s s u r e  proves d e t r i m e n t a l  to  f l a w  q u a l i t y ,  as determined from t h e  
p i t o t - p r e s s u r e  t i m e  h i s t o r i e s .  Thus, from f i g u r e s  29 and 24, optimum q u a l i t y  
f l a w  may be o b t a i n e d  f o r  
300 Ps. 

= 3.45 kN/m2 for a t es t  time of  approximate ly  

Test-core diameter.-  H o r i z o n t a l  p i t o t - p r e s s u r e  profiles measured a t  a tes t  
t i m e  of 150 LIS are shown i n  f i g u r e  25 for t h e  range of q u i e s c e n t  t e s t - g a s  pres- 
s u r e  p1. The p i t o t - p r e s s u r e  p r o f i l e s  f o r  a l l  v a l u e s  of pi g r e a t e r  t h a n  
2.4 kN/m2 are similar and t h e  p i to t  p r e s s u r e  w i t h i n  t h e  t e s t  core i n c r e a s e s  
w i t h  i n c r e a s i n g  p i .  For pi = 0.69 and 7.74 kN/m2, t h e  pitot-pressure pro- 
f i l e s ,  measured after t h e  d i s t u r b a n c e  has  over taken  t h e  shock, are d i f f e r e n t  
from t h o s e  for p1 g r e a t e r  t h a n  2.4 kN/m2. 

Free-stream pgrameters. -____ - The free-stream Mach number and u n i t  free-stream 
Reynolds number are shown i n  f i g u r e  26 as a f u n c t i o n  of q u i e s c e n t  t e s t - g a s  
p r e s s u r e  p1. These free-stream parameters were determined u s i n g  t h e  method 
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of r e f e r e n c e  1 0  as d e s c r i b e d  i n  a previous section. Although t h e  results of 
f i g u r e  99 show t h a t  t h e  f l a w  v e l o c i t y  d e c r e a s e s  s l i g h t l y  w i t h  i n c r e a s i n g  pi 
f o r  p1 
i n c r e a s i n g  p1. T h i s  implies t h a t  t h e  speed of sound and t h e r e f o r e  t h e  tem-  
p e r a t u r e  of t h e  f l a w  d e c r e a s e s  w i t h  i n c r e a s i n g  p ~ ,  as expected. 

g r e a t e r  t h a n  3 kN/m2, t h e  free-stream Mach number i n c r e a s e s  w i t h  

E f f e c t  of Secondary-Diaphragm Thickness  

R e f l e c t e d  ._ shock ._ from secondary diaphragm. - I n  a previous s e c t i o n ,  t h e  d i s -  
turbance i n  t h e  acceleration section f l a w  (fig.  21) w a s  a t t r i b u t e d  t o  t h e  f i n i t e  
secondary-diaphragm opening t i m e .  S i n c e  t h e  diaphragm opening t i m e  i s  propor- 
t i o n a l  to  t h e  square root of t h e  diaphragm t h i c k n e s s ,  its e f f e c t  on t h e  s t r e n g t h  
of t h e  r e f l e c t e d  shock (and t h e r e f o r e ,  on t h e  c l o s e n e s s  of t h e  d i s t u r b a n c e  t o  
t h e  i n c i d e n t  shock i n t o  t h e  a c c e l e r a t i o n  gas) can  be v a r i e d ,  t h e o r e t i c a l l y ,  by 
vary ing  o n l y  t h e  diaphragm t h i c k n e s s  ( t h a t  is, m a i n t a i n i n g  c o n s t a n t  d r i v e r  pres- 
sure ,  q u i e s c e n t  t e s t - g a s  p r e s s u r e ,  and quiescent a c c e l e r a t i o n - g a s  pressure). 
F i g u r e  27 shows t h e  wal l -pressure  t i m e  h i s t o r i e s  measured 11.04 c m  upstream of 
t h e  secondary  diaphragm wi th  t h i c k n e s s e s  ranging  from 3.18 to 25.40 lJm and a 
q u i e s c e n t  t e s t - g a s  p r e s s u r e  e q u a l  to  2.07 kN/m2. With i n c r e a s i n g  secondary- 
diaphragm t h i c k n e s s ,  t h e  measured, second w a l l - p r e s s u r e  r ise  behind t h e  a r r iva l  
of r e f l e c t e d  shock i n c r e a s e s .  T h i s  implies t h a t  t h e  t h i c k e r  t h e  secondary  d i a -  
phragm, t h e  l o n g e r  t h e  diaphragm opening t i m e  and, thus,  t h e  less weakened t h e  
r e f l e c t e d  shock by t h e  expans ion  wave f o l l o w i n g  diaphragm r u p t u r e .  

I n t e r a c t i o n  of r e f l e c t e d  shock - _-- and d r i v e r - g a s / t e s t - g a s  _- con tac t  s u r f  ace. - 
A s  t h e s e  r e f l e c t e d  shocks of d i f f e r e n t  s t r e n g t h s  t r a v e l  upstream and i n t e r a c t  
wi th  t h e  c o n t a c t  s u r f a c e ,  t h e y  are p a r t i a l l y  r e f l e c t e d  from t h e  contact s u r f a c e  
w i t h  d i f f e r e n t  s t r e n g t h s  and t i m e  l a g s  behind t h e  i n c i d e n t  shock i n t o  t h e  
a c c e l e r a t i o n  gas.  The subsequent  d i s t u r b a n c e s  from t h i s  r e f l e c t i o n  can be 
seen a c c e l e r a t i n g  through t h e  expansion f a n  i n  f i g u r e s  28, 29, and 30. I n  f i g -  
u r e  28, t i m e  h i s t o r i e s  of tube-wall  p r e s s u r e  i n  t h e  a c c e l e r a t i o n  s e c t i o n  are 
shown a t  v a r i o u s  a x i a l  s t a t i o n s  downstream of t h e  secondary  diaphragm and for 
diaphragm t h i c k n e s s e s  of 3.98 and 25.40 Um. For t h e  t h i n n e s t  diaphragm, t h e  
d i s t u r b a n c e  t r a v e l s  much f u r t h e r  behind t h e  i n c i d e n t  shock t h a n  €or t h e  t h i c k -  
est diaphragm and is about  200 U s  behind t h e  i n c i d e n t  shock a t  t h e  s t a t i o n  
n e a r e s t  t o  t h e  t u b e  e x i t .  For t h e  diaphragm t h i c k n e s s  e q u a l  to  25.40 lJm, t h e  
d i s t u r b a n c e  has  over taken  t h e  i n c i d e n t  shock between 9.95 m and 12.24 m down- 
stream of t h e  secondary  diaphragm. I n  f i g u r e  29, t h e  t i m e  h i s t o r i e s  of tube- 
wal l  p r e s s u r e  measured j u s t  2.54 c m  upstream of t h e  t u b e  e x i t  are shown for t h e  
v a r i o u s  secondary-diaphragm th icknesses .  For t h e  t w o  t h i c k e s t  diaphragms, t h e  
d i s t u r b a n c e  h a s  over taken  t h e  i n c i d e n t  shock, so t h a t  t h e  measured w a l l  pres- 
s u r e  is higher  t h a n  expected.  For t h e  diaphragm t h i c k n e s s  of 6.35 lJm, t h e  dis- 
turbance i s  approximate ly  100 Us behind t h e  i n c i d e n t  shock. I n  f i g u r e  30, t h e  
measured t i m e  h i s t o r i e s  of c e n t e r l i n e  p i to t  pressure are shown for t h e  same 
values  of diaphragm th ickness .  The i n c r e a s e  i n  p i to t  p r e s s u r e  due t o  t h e  d i s -  
tu rbance  cor responds  to  t h a t  i n  w a l l  p r e s s u r e  shown i n  f i g u r e  29, e x c e p t  for 
t h e  o c c u r r e n c e  of a f a m i l y  of spikes a s s o c i a t e d  w i t h  t h e  d i s t u r b a n c e  and of t h e  
p i to t  dip.  A s  t h e  d i p  o c c u r r e n c e  is found t o  be r e l a t e d  t o  t r a n s i t i o n  of t h e  
t u b e - w a l l  boundary l a y e r ,  it is  i n t e r e s t i n g  to  n o t e  t h a t  t h e  d i p  follows 
c l o s e l y  behind t h e  d i s t u r b a n c e  for various diaphragm th ickness .  
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Test-flaw q u a l i t y .  - To de termine  t h e  effect of secondary-diaphragm th ick-  
n e s s  on t h e  test f l a w  w i t h o u t  t h e  i n t e r f e r e n c e  of  t h e  d i s t u r b a n c e ,  tes ts  were 
made w i t h  modera te ly  h i g h e r  q u i e s c e n t  t e s t - g a s  p r e s s u r e s  for a r e a s o n a b l e  range 
of diaphragm t h i c k n e s s .  I n  f i g u r e  31, measured t i m e  h i s t o r i e s  of w a l l  p r e s s u r e  
j u s t  2.54 cm upstream of t h e  t u b e  e x i t  and t i m e  h i s t o r i e s  of c e n t e r l i n e  p i to t  
p r e s s u r e  are shown for diaphragm t h i c k n e s s e s  of 6.35, 12.70, and 25.40 m. The 
q u i e s c e n t  a c c e l e r a t i o n - g a s  r e s s u r e  was 16.00 N/m2; t h e  i e s c e n t  test-gas 
p r e s s u r e  p1 w a s  3.45 kN/m3 ( f i g .  31 ( a ) )  and 10.34 kN/my(fig. 31 ( b ) ) .  For t h e  
lower v a l u e  of m, t h e  d i s t u r b a n c e  can be s e e n  a t  least  150 us behind t h e  i n c i -  
d e n t  shock for a l l  values of diaphragm t h i c k n e s s ,  w h i l e  for 
t h e  d i s t u r b a n c e  cannot  be d e t e c t e d  w i t h i n  t h e  t i m e  f rame of observa t ion .  For 
both v a l u e s  of p1, t h e  i n c i d e n t  shock v e l o c i t y  a t  t h e  t u b e  e x i t  and t h e  mea- 
s u r e d  w a l l  p r e s s u r e  behind t h e  i n c i d e n t  shock s t a y  r a t h e r  c o n s t a n t  for a l l  t h e  
v a l u e s  of diaphragm t h i c k n e s s  (see t a b l e  11) ) .  Hawever, t h e  measured p i to t  
p r e s s u r e  i s  l o w e s t  j u s t  behind t h e  i n t e r f a c e  and  g r a d u a l l y  i n c r e a s e s  for t h e  
t h i c k e s t  diaphragm. The l a r g e  d e f i c i t  i n  measured p i to t  p r e s s u r e  n e a r  t h e  
i n t e r f a c e  f o r  h e a v i e r  secondary  diaphragms i s  p r o b a b l y  a t t r i b u t a b l e  t o  t h e  
l a r g e  momentum loss associated w i t h  r u p t u r e  of t h e  diaphragm. 

pl = 10.34 kN/m2, 

Axial V a r i a t i o n  of  P i t o t  P r e s s u r e  

To de termine  t h e  e x t e n t  of f law v a r i a t i o n  i n  t h e  t e s t  s e c t i o n  of  t h e  
expansion tube ,  t h e  s u r v e y  r a k e  was p o s i t i o n e d  a t  v a r i o u s  l o c a t i o n s  downstream 
of t h e  t u b e  e x i t  and t h e  r e s u l t s  are p r e s e n t e d  i n  f i g u r e  32. The l a t e r a l  (hor- 
i z o n t a l )  p i t o t - p r e s s u r e  p r o f i l e s  f o r  a g iven  a x i a l  s t a t i o n  r e p r e s e n t  t h e  aver-  
age of two tests. The q u i e s c e n t  t e s t - g a s  p r e s s u r e  was 3.45 kN/m2 and t h e  qui- 
e s c e n t  a c c e l e r a t i o n - g a s  p r e s s u r e  was 16.00 N/m2. Run-to-run r e p e a t a b i l i t y  w a s  
good, w i t h  t h e  i n c i d e n t  shock v e l o c i t y  a t  t h e  t u b e  e x i t  being w i t h i n  0.8 p e r c e n t  
of 6962 m / s  for a l l  tests; hence, no c o r r e c t i o n  due t o  run-to-run v a r i a t i o n  i n  
f law v e l o c i t y  i s  a p p l i e d  to  t h e  d a t a .  For a l l  b u t  t h e  m o s t  downstream a x i a l  
s t a t i o n ,  t h e  p r o f i l e s  i l l u s t r a t e  t h e  e x i s t e n c e  of  a uniform tes t  core having a 
diameter  approximate ly  h a l f  t h e  t u b e  diameter .  The e s s e n t i a l l y  c o n s t a n t  p i to t  
p r e s s u r e  of t h e  c e n t e r  t h r e e  probes over t h e  range of  a x i a l  l o c a t i o n  examined 
i m p l i e s  t h e  absence of s i g n i f i c a n t  expansion of t h e  f l a w  af ter  e x i t i n g  t h e  
t u b e ;  however, a d e c r e a s e  i n  test-core d iameter  o c c u r s  f o r  t h e  most downstream 
s t a t i o n .  Thus, a l a t e r a l l y  and a x i a l l y  uniform test core e x i s t s  for t h e  pres- 
e n t  expansion-tube tests w i t h  helium test g a s  for d i s t a n c e s  up t o  1 6  c m  down- 
stream of t h e  t u b e  e x i t .  

CONCLUDING REMARKS 

For t h e  e x p e r i m e n t a l  i n v e s t i g a t i o n  of f l a w  c h a r a c t e r i s t i c s  i n  t h e  Langley 
expansion t u b e ,  t h e  complex, rea l -gas  problem w a s  e l i m i n a t e d  by u s i n g  helium 
tes t  gas. The effect  of tube-wall  boundary-layer growth and f i n i t e  diaphragm 
opening t i m e  were examined through t h e  v a r i a t i o n  of q u i e s c e n t  t e s t - g a s  pres-  
sur  e, qu i es c e n t  acce 1 er a t  ion- gas  pr ess ur e, and s econdar y- d i  aphr agm t h  i c knes s. 
O p t i m u m  o p e r a t i n g  c o n d i t i o n s  f o r  helium t e s t  gas  were a l so  sought .  The d r i v e r  
g a s  was unheated helium a t  a nominal p r e s s u r e  of 33 MN/m2, and t h e  a c c e l e r a t i o n  
gas  w a s  also helium. The f o l l m i n g  c o n c l u s i o n s  for t h e  c o n t r i b u t i n g  factors 
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r e s p o n s i b l e  for d e p a r t u r e  from i d e a l i z e d  performance p r e d i c t i o n s  i n  t h e  absence 
of f l o w  c h e m i s t r y  have been reached:  

1. A d i p  i n  p i t o t - p r e s s u r e  t i m e  h i s t o r y  appears t o  be t h e  r e s u l t  of tube- 
w a l l  boundary-layer t r a n s i t i o n .  Nonequilibrium c h e m i s t r y  is c l e a r l y  n o t  t h e  
cause  f o r  t h e  d ip  and for t h e  l a r g e  p r e s s u r e  o s c i l l a t i o n  a s s o c i a t e d  w i t h  t h e  
dip, which were p r e v i o u s l y  observed  i n  o t h e r  test  gas. The t i m e  i n t e r v a l  
between shock-wave a r r i v a l  and t h e  s t a r t  of boundary-layer t r a n s i t i o n  decreases 
w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  secondary diaphragm and w i t h  i n c r e a s i n g  qui- 
es c e n t  a c c e l e r a t i o n -  gas  press ur e. 

2. The t o t a l  a t t e n u a t i o n  of t h e  i n c i d e n t  shock a l o n g  t h e  a c c e l e r a t i o n  
s e c t i o n  due t o  v i s c o u s  e f f e c t s  i s  s i g n i f i c a n t  f o r  helium and i n c r e a s e s  w i t h  
i n c r e a s i n g  q u i e s c e n t  a c c e l e r a t i o n - g a s  pressure .  The a t t e n u a t i o n  of t h e  i n t e r -  
f a c e  (or f luw)  w a s  i n f e r r e d  by u s i n g  t h e  t h e o r y  of Mirels. T h i s  i n f e r e n c e  i s  
b e l i e v e d  t o  be re l iable  because of t h e  good agreement of t h e  measured t i m e  
i n t e r v a l  between a r r iva l  of t h e  i n c i d e n t  shock and a r r i v a l  of t h e  i n t e r f a c e  
w i t h  t h e  p r e d i c t i o n .  

3. The r e d u c t i o n  i n  measured w a l l  p r e s s u r e  as t h e  i n c i d e n t  shock and 
t h e  i n t e r f a c e  v e l o c i t y  a t t e n u a t e  a l o n g  t h e  a c c e l e r a t i o n  s e c t i o n  i s  due t o  a 
downstream-facing expansion wave. The i n c l u s i o n  of t h i s  e f f e c t  i n  t h e  i d e a l -  
i z e d  unsteady expansion t h e o r y  r e s u l t s  i n  good agreement between p r e d i c t e d  
and measured w a l l  p r e s s u r e s  a t  v a r i o u s  s t a t i o n s .  Furthermore,  t h e  d a t a  seem 
to support t h e  p r e d i c t i o n  f o r  t h e  c a s e  of a r e f l e c t e d  shock  a t  t h e  secondary  
diaphragm. 

4. I n v i s c i d  wave i n t e r a c t i o n  near  t h e  secondary  diaphragm due t o  both t h e  
f i n i t e  secondary-diaphragm opening t i m e  and t h e  c l o s e n e s s  of t h e  dr iver-gas/  
t e s t - g a s  i n t e r f a c e  t o  t h e  i n c i d e n t  shock i s  one of t h e  major causes for t h e  
d e v i a t i o n  from t h e  i d e a l i z e d  theory .  The e f f e c t  due t o  t h i s  i n v i s c i d  wave 
i n t e r a c t i o n  can be impor tan t  for other nonper fec t  tes t  gases .  

5. The use of a h e a v i e r  secondary  diaphragm not  o n l y  i n c r e a s e s  t h e  d ia -  
phragm opening t i m e ,  caus ing  a n  u n d e s i r a b l e  effect of i n v i s c i d  wave i n t e r a c t i o n  
near  t h e  secondary  diaphragm, but  also reduces t h e  t e s t  f low q u a l i t y .  Although 
t h e  measured w a l l  p r e s s u r e  and t h e  i n c i d e n t  shock v e l o c i t y  s t a y  r a t h e r  c o n s t a n t  
w i t h  i n c r e a s i n g  secondary-diaphragm t h i c k n e s s ,  t h e  measured p i to t  p r e s s u r e  
decreases s e v e r e l y  n e a r  t h e  i n t e r f a c e .  T h i s  d e f i c i t  of p i to t  p r e s s u r e  j u s t  
behind t h e  i n t e r f a c e  i s  probably  a t t r i b u t a b l e  t o  t h e  mcnnentum loss a s s o c i a t e d  
w i t h  r u p t u r e  of t h e  Mylar secondary  diaphragm, but  d e f i n i t e l y  n o t  to  f low 
chemistry.  

The optimum o p e r a t i n g  c o n d i t i o n s  d e f i n e d  f o r  a t es t  t i m e  of approximate ly  
300 Us are 3.45 kN/m2 for q u i e s c e n t  t e s t - g a s  p r e s s u r e  and 1 6  N/m2 f o r  q u i e s c e n t  
a c c e l e r a t i o n - g a s  p r e s s u r e  w i t h  secondary-diaphragm t h i c k n e s s  of 6.35 Pm or 
less. The l i m i t a t i o n s  of o p e r a t i n g  beyond t h e  optimum c o n d i t i o n s  are p a r t l y  
due t o  t h e  n o n i d e a l  f low c h a r a c t e r i s t i c s ,  as have a l r e a d y  been described. The 
p i t o t - p r e s s u r e  d i p  l i m i t s  t h e  i n c r e a s e  of q u i e s c e n t  a c c e l e r a t i o n - g a s  p r e s s u r e  
and t h e  i n v i s c i d  wave i n t e r a c t i o n  near  t h e  secondary  diaphragm l i m i t s  t h e  
decrease of q u i e s c e n t  t e s t - g a s  p r e s s u r e .  However, a decrease of q u i e s c e n t  
a c c e l e r a t i o n - g a s  p r e s s u r e  and a n  i n c r e a s e  of q u i e s c e n t  t e s t - g a s  p r e s s u r e  would 
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i d e a l l y  r e s u l t  i n  s h o r t e r  tes t  t i m e  because of t h e  h ighe r  deg ree  of expans ion  
a c r o s s  t h e  secondary  diaphragm. The t h i n n e s t  p o s s i b l e  p inho le - f r ee  secondary  
diaphragm is p r e f e r r e d  t o  y i e l d  a better f l aw q u a l i t y  and t o  reduce  diaphragm 
open i ng t i m e  . 

Lateral pitot-pressure p r o f i l e s  measured a t  v a r i o u s  a x i a l  s t a t i o n s  down- 
stream of t h e  t u b e  e x i t  show t h e  e x i s t e n c e  of a l a t e r a l l y  and a x i a l l y  uniform 
tes t  core having a d iameter  approximate ly  h a l f  t h e  t u b e  d iameter  and a l e n g t h  
up t o  16 cm downstream of t h e  t u b e  e x i t .  
measured are approx ima te ly  6870 m / s  f o r  t h e  flaw v e l o c i t y ,  1120 N/m2 f o r  s t a t i c  
pressure and 60 kN/m2 for t h e  p i to t  p r e s s u r e .  
number i s  6.0 and u n i t  f r ee - s t r eam Reynolds number i s  3.95 x 105 m - l .  

The optimum f ree - s t r eam q u a n t i t i e s  

The c a l c u l a t e d  f r ee - s t r eam Mach 

Langley Research  Cen te r  
Nat iona l  Aeronau t i c s  and Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
October 17, 1978 
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APPENDIX 

SOME FLOW CHARACTERISTICS BEHIND THE INCIDENT SHOCK I N  THE 

ACCELERATION SECTION OF THE LANGLEY EXPANSION TUBE AS 

DETERMINED BY SHOCK-TUBE MODE O F  OPERATION 

To compute f l o w  c o n d i t i o n s  a c c u r a t e l y  i n  t h e  expansion-tube t e s t  s e c t i o n  
us ing  t h e  e q u i l i b r i u m  program'of  r e f e r e n c e  10 ,  t h r e e  f low q u a n t i t i e s  must be  
known i n  t h e  v i c i n i t y  of t h e  test s e c t i o n  ( t u b e  e x i t ) .  The p i t o t  pressure is 
measured d i r e c t l y ,  whereas t h e  free-stream s ta t ic  pressure and free-stream 
v e l o c i t y  must be i n f e r r e d  from measurement. To l end  c r e d i b i l i t y  to t h e  assump- 
t i o n s  used i n  o b t a i n i n g  free-stream p r e s s u r e  and v e l o c i t y ,  a number of tests 
were performed wi th  t h e  secondary  diaphragm removed (expansion tube  operated as  
a shock tube)  and he l ium used as t h e  test ( d r i v e n )  gas.  The q u i e s c e n t  test-gas 
p r e s s u r e  was v a r i e d  from 0.035 to 6.87 kN/m2. 
pressure, w a l l  p r e s s u r e ,  and w a l l  h e a t  t r a n s f e r  were measured us ing  t h e  same 
i n s t r u m e n t a t i o n  as  d e s c r i b e d  i n  t h e  t e x t  for t h e  expans ion  tube.  These shock- 
tube  tests p rov ide  a base  for comparison of measured and p r e d i c t e d  f l o w  quan t i -  
ties, which i n  t u r n  should  p rov ide  in fo rma t ion  on t h e  character ( laminar  or 
t u r b u l e n t )  .of t h e  t u b e - w a l l  boundary l a y e r .  Such d a t a  are  v i t a l  i n  i n f e r r i n g  
t h e  i n t e r f a c e ,  or free-stream, v e l o c i t y  from t h e  i n c i d e n t  shock v e l o c i t y  and i n  
i n f e r r i n g  t h e  free-stream s t a t i c  pressure frm t h e  measured tube-wall  p re s su re .  
The r e su l t s  of these shock-tube tes ts  are d i s c u s s e d  as follows. 

I n c i d e n t  shock v e l o c i t y ,  p i t o t  

I n c i d e n t  Shock V e l o c i t y  

V a r i a t i o n  of i n c i d e n t  shock v e l o c i t y  a long  t h e  d r i v e n  s e c t i o n  is shown i n  
f i g u r e  33 for s e v e r a l  v a l u e s  of q u i e s c e n t  test-gas pressure. These v a l u e s  o f  
i n c i d e n t  shock v e l o c i t y  were ob ta ined  from t ime-o f -a r r iva l  measurements. Mea- 
su red  shock  v e l o c i t i e s  i n c r e a s e  i n i t i a l l y  and then  decrease wi th  d i s t a n c e  down- 
stream of t h e  diaphragm. This  t r end  h a s  been observed  and d i s c u s s e d  i n  p r e v i o u s  
shock-tube i n v e s t i g a t i o n s  (see, for example, ref. 1 2 ) .  The da ta  of  f i g u r e  33 
were employed i n  t h e  t h e o r y  of  r e f e r e n c e s  15  and 16 to p r e d i c t  t h e  s e p a r a t i o n  
d i s t a n c e  between t h e  i n c i d e n t  shock and t e s t -gas /d r ive r -gas  i n t e r f a c e  and t h e  
cor responding  test  t i m e  for laminar  and t u r b u l e n t  boundary l a y e r s .  

P i  t o t - P r e s s u r e  T ime  H i s  t o r y  

The measured t es t  t i m e  between t h e  i n c i d e n t  shock and i n t e r f a c e  w a s  
i n f e r r e d  frm pitot-pressure t i m e  histories measured 5.64 c m  downstream of 
t h e  t u b e  e x i t  on t h e  t u b e  c e n t e r l i n e .  I d e a l l y ,  t h e  p i t o t  p r e s s u r e  shou ld  
i n c r e a s e  r a p i d l y  upon a r r i v a l  of t h e  t e s t -gas /d r ive r -gas  i n t e r f a c e  s i n c e  s t a t i c  
p r e s s u r e  and v e l o c i t y  are assumed c o n s t a n t  across t h e  i n t e r f a c e  and t h e  f l o w  
d e n s i t y  (and hence,  p i t o t  p r e s s u r e )  is h ighe r  i n  t h e  d r i v e r  gas. For  t h e  pres- 
e n t  tests, t h e  specific h e a t s  of t h e  d r i v e r  and d r i v e n  gases are e s s e n t i a l l y  
equa l ,  and t h e  volume change a t  t h e  i n t e r f a c e  as a r e s u l t  of mixing of  t h e  
d r i v e r  and t e s t  gases shou ld  be z e r o  (ref.  27) .  Thus, a s h a r p  i n c r e a s e  i n  
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s h o u l d  occur upon i n t e r f a c e  a r r i v a l .  Measured p i t o t - p r e s s u r e  \ I’ 

are p r e s e n t e d  i n  f i g u r e  34 f o r  v a r i o u s  v a l u e s  of q u i e s c e n t  test- 
gas p r e s s u r e  p1. 
t i m e  h i s t o r i e s  i n  t h a t  t h e  pi tot  p r e s s u r e  i s  not  c o n s t a n t  over t h e  tes t  t i m e  
and a second,  s h a r p  i n c r e a s e  i n  p i to t  p r e s s u r e  does  n o t  occur a t  t h e  t w o  high- 
est v a l u e s  of p ~ .  The monotonic i n c r e a s e  i n  p i to t  pressure between t h e  i n c i -  
d e n t  shock and i n t e r f a c e  for t h e  lower values of is a t t r i b u t e d  t o  v i s c o u s  
e f f e c t s .  p1 
i s  compared w i t h  p r e d i c t i o n  i n  f i g u r e  35. The p r e d i c t e d  t i m e  h i s t o r y  was 
ob ta ined  from r e f e r e n c e  1 9  f o r  a laminar  boundary l a y e r  and us ing  t h e  Rayle igh  
p i to t  formula  ( r e f .  28).  Measured and p r e d i c t e d  pi’tot p r e s s u r e s  are observed  
t o  be i n  good agreement ,  which implies t h a t  t h e  monotonic  i n c r e a s e  i n  p i t o t  
p r e s s u r e  w i t h  t i m e  i s  due t o  t h e  growth of t h e  t u b e - w a l l  boundary l a y e r  behind 
t h e  i n c i d e n t  shock. 

These measured t i m e  h i s t o r i e s  d e v i a t e  from t h e  i d e a l i z e d  

pr 
The measured pitot-pressure t i m e  h i s t o r y  f o r  t h e  lowest value of 

W a l l  Boundar y-Layer Char act er i s ti cs 

A t  t h e  h igher  v a l u e s  of p~ i n  f i g u r e  34, t h e  p i t o t  p r e s s u r e  behind t h e  
i n c i d e n t  shock i s  i n i t i a l l y  c o n s t a n t  w i th  t i m e .  T h i s  p e r i o d  of c o n s t a n t  p i t o t  
p r e s s u r e  is fo l lowed by a n e a r l y  l i n e a r  i n c r e a s e  and t h e n  a p e r i o d  o f  l a r g e  
f l u c t u a t i o n s .  I n  f i g u r e s  36 and 37, time h i s t o r i e s  of t h e  t u b e - w a l l  pressure 
and temperature ( r e p r e s e n t e d  by t h e  v o l t a g e  change of t h e  s e n s i n g  e lement  of a 
th in - f i lm  r e s i s t a n c e  gage mounted f l u s h  w i t h  t h e  w a l l )  a re  shown a t  v a r i o u s  
d i s t a n c e s  downstream of t h e  diaphragm and f o r  v a r i o u s  q u i e s c e n t  t e s t - g a s  
p re s su res .  A l s o  shown by t h e  broken l i n e s ,  are t h e  s t a t i c  p r e s s u r e s  pre- 
d i c t e d  us ing  c o n v e n t i o n a l  shock-tube t h e o r y  and t h e  i n c i d e n t  shock v e l o c i t y  
d a t a  f r m  f i g u r e  33. The agreement i s  good between t h e  measured and t h e  pre- 
d i c t e d  p r e s s u r e s  f o r  a l l  v a l u e s  of m. Although t h e  t i m e  h i s t o r i e s  of 4~ 
and Vw are similar f o r  t h e  t w o  lowest v a l u e s  of p1 (see f i g s .  3 6 ( c )  
and (d)  and f i g s .  3 7 ( c )  and ( d ) ) ,  t h e  t h i n - f i l m  r e s i s t a n c e  gages expe r i ence  
a pronounced i n c r e a s e  i n  v o l t a g e  du r ing  t h e  p e r i o d  of e s s e n t i a l l y  c o n s t a n t  
w a l l  p r e s s u r e  for t h e  t w o  h i g h e s t  v a l u e s  of p1 (see f i g s .  3 6 ( a )  and (b )  and 
f i g s .  3 7 ( a )  and ( b ) ) .  Thin-f i lm r e s i s t a n c e  gages are commonly used t o  o b t a i n  
t h e  w a l l  temperature h i s t o r y  from which t h e  r e g i o n  of t r a n s i t i o n  t o  t u r b u l e n t  
f l aw  is  i n f e r r e d  ( r e f .  29).  A s  t h e  shock wave passes across t h e  gage, a s t e p  
f u n c t i o n  i n  w a l l  t empera tu re  o c c u r s  which persists u n t i l  t h e  boundary l a y e r  
becomes t r a n s i t i o n a l ,  a t  which t i m e  t h e  w a l l  t empera tu re  i n c r e a s e s  w i t h  time. 
Thus, t h e  resul ts  of f i g u r e s  3 6 ( a )  and (b)  and f i g u r e s  3 7 ( a )  and (b) i n d i c a t e  
t h a t  t h e  f i r s t  p o r t i o n  of quas i - s t eady  f l o w  behind t h e  i n c i d e n t  shock e x p e r i -  
enced by t h e  p i t o t - p r e s s u r e  probe f o r  t h e  t w o  h i g h e s t  v a l u e s  of pi (see 
f i g .  34) co r re sponds  to  a laminar  tube-wall  boundary l a y e r ,  whereas t h e  f o l -  
lowing f low co r re sponds  to  a t u r b u l e n t  t u b e - w a l l  boundary l a y e r .  

The t i m e  i n t e r v a l  between i n c i d e n t  shock a r r i v a l  and d e p a r t u r e  from a 
quas i - s teady  s t a t e ,  as i n f e r r e d  from p i to t  p r e s s u r e ,  t ube -wa l l  p r e s s u r e ,  and 
tube -wa l l  t empera tu re  measurements are shown i n  f i g u r e  38 as  a f u n c t i o n  o f  
d i s t a n c e  downstream of t h e  diaphragm f o r  a range of q u i e s c e n t  t e s t - g a s  pres- 
sure .  For t h e  t h r e e  lowest v a l u e s  of p ~ ,  t h e  t i m e  i n t e r v a l s  from t h e  tube- 
w a l l  p r e s s u r e  and t empera tu re  measurements are i n  good agreement and somewhat 
l a r g e r  t han  t h a t  f r m  t h e  p i to t  p res su re .  The t i m e  i n t e r v a l s  from t h e  tube- 
w a l l  p r e s s u r e  and t empera tu re  are a lso i n  r e a s o n a b l y  good agreement w i t h i n  1 8  m 

26 



APPEND I X 

o f  t h e  diaphragm f o r  p1 e q u a l  t o  2.07 kN/m2. For  Zd greater than  18 m, 
t h e  w a l l  temperature d e p a r t s  from a quas i - s teady  s t a t e  prior to t h e  w a l l  pres- 
s u r e  or p i t o t  p re s su re .  ( A l s o ,  t h e  wall-pressure and pitot-pressure t i m e  of  
d e p a r t u r e  from a quas i - s t eady  s t a t e  are e s s e n t i a l l y  equa l . )  From f i g u r e s  36 
to  38, it is  concluded t h a t  t h e  tube-wall  boundary l a y e r  cor responding  to  t h e  
time i n t e r v a l  between t h e  i n c i d e n t  shock and t h e  i n t e r f a c e  is laminar  f o r  pi 
e q u a l  to  or less than  approximate ly  1 kN/m2 and t h e  t u b e  l e n g t h  o f  21.61 m. 
A t  v a l u e s  of  p1 g r e a t e r  than  1 kN/m2, the boundary l a y e r  becomes t u r b u l e n t  
b e f o r e  t h e  f low e x i t s  t h e  tube.  

T e s t  Time 

The t i m e  i n t e r v a l  between t h e  i n c i d e n t  shock and t h e  i n t e r f a c e  a s  d e t e r -  
mined from c e n t e r l i n e  pitot-pressure measurements is shown i n  f i g u r e  39 as a 
f u n c t i o n  of q u i e s c e n t  t e s t - g a s  pressure. A l s o  shown i n  t h i s  f i g u r e  are pre- 
d i c t e d  time i n t e r v a l s  ( r e f s .  15 and 16 )  f o r  laminar  and t u r b u l e n t  boundary 
l a y e r s .  For v a l u e s  of p1 less than  approximate ly  1 kN/m2, t h e  laminar  pre- 
d i c t i o n s  are i n  good agreement wi th  measurement, whereas f o r  v a l u e s  of  p1 
g r e a t e r  t han  1 kN/m2, l aminar  t heo ry  o v e r p r e d i c t s  measurement. A t  t h e  h ighe r  
v a l u e s  o f  t h e  measurement a g r e e s  mre  c l o s e l y  wi th  t h e  t u r b u l e n t  pred ic-  
t i o n .  The comparison of  f i g u r e  39 supports t h e  conc lus ion  t h a t  t h e  tube-wall  
boundary l a y e r  remains laminar  f o r  v a l u e s  of  pi  less than  1 kN/m2 and demon- 
s t r a t e s  t h a t  t h e  p r e d i c t i o n  method of r e f e r e n c e  15 f o r  a laminar  tube-wall  
boundary l a y e r  p rov ides  r easonab ly  accurate v a l u e s  of  t i m e  i n t e r v a l .  

p l ,  

At ta inment  of Maximum S e p a r a t i o n  D i s t a n c e  

The ra t ios  of s e p a r a t i o n  d i s t a n c e  t o  maximum s e p a r a t i o n  d i s t a n c e  %/Rmax 
U s , l / t J ~ ,  p r e d i c t e d  from and o f  i n c i d e n t  shock v e l o c i t y  to i n t e r f a c e  v e l o c i t y  

r e f e r e n c e s  15  and 16 a re  shown i n  f i g u r e  40  as a f u n c t i o n  of  q u i e s c e n t  t e s t - g a s  
pressure p i .  These p r e d i c t e d  v a l u e s  of k/Rmax and Us,l/U~ f o r  laminar  and 
t u r b u l e n t  boundary-layer f lows  cor respond to  t h e  r e su l t s  p re sen ted  i n  f i g u r e  39. 
For  v a l u e s  of p1 
e q u a l  t o  t h e  i n c i d e n t  shock v e l o c i t y  a t  t h e  tube  e x i t  f o r  laminar  or t u r b u l e n t  
f low. Hence, t h e  test-gas/acceleration-gas i n t e r f a c e  v e l o c i t y  f o r  t h e  p r e s e n t  
expansion-tube tests is assumed e q u a l  t o  the  measured i n c i d e n t  shock v e l o c i t y  
a t  t h e  t u b e  e x i t  f o r  v a l u e s  of  q u i e s c e n t  a c c e l e r a t i o n - g a s  p r e s s u r e  less than  
50 N/m2. 

less  than  50 N/m2, t h e  i n t e r f a c e  v e l o c i t y  is  e s s e n t i a l l y  
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TABLE I.- LOCATION OF GAGES USED M GENERATE TIME-OF-ARRIVAL DATA 

S t a t i o n  

8 
11 
93 
14  
1 5  
18 

19  
20 
21 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

Tube e x i t  

Secondary diaphragm 

~ 

Dis tance  downstream 
from primary 
diaphragm, m 

3.493 
4.405 
5.373 
6.246 
6.924 
7.384 
7.495 
7.568 
8.637 

10.921 
13.126 
15.246 
17.447 
18.735 
19.732 
20.090 
20.445 
20.802 
21.286 
21 .584 
21 .610 

-~ 
Type of gage 

P r e s s u r e  t r a n s d u c e r  

J 

J 
J 
J 
J 

3ea t- t r a n s f  er gage 
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TABLE 11. - EXPANSION-TUBE TESTS 

Run 

19  
17 
18  
16  
14 
43 
44 
11 
20 
21 
22 
23 
25 
24 
39 
38 
36 
37 
26 
29 
30 

223 
224 
225 

31 
32 
33 

142 
134 
136 
138 
140 

33.25 
33.25 
33.65 
33.25 
33.25 
33.52 
33.65 
32.17 
33.39 
33.1 2 
32.98 
33.52 
33.65 
33.1 2 
33.65 
33.65 
33.52 
33.52 
33.39 
32.71 
33.52 
32.43 
32.30 
32.44 
32.57 
33.52 
33.52 
32.30 
31 -90  
33.52 
32.71 
32.17 

T4 f 
K 

334.8 
337.6 
332.6 
328.7 

339.8 
335.4 
322.0 
338.2 
333.7 

338.7 
336.5 
330.4 
335.9 
334.3 
337.6 
335.9 
337.0 
332.6 
343.7 
324.8 
322.6 
320.9 
335.9 
334.3 
339.8 
327.6 
327.0 
335.9 
325.9 
328.7 

----- 

----- 

~ 

P1 f 

kN/m2 

3.43 
3.44 
3.45 
3.45 
3.45 
3.43 
3.44 
3.48 
3.45 
3.44 
3.45 
3.44 

.69 
1.74 
2.05 
2.05 
2.06 
2.08 
2.41 
4.82 

10.34 
10.48 
10.48 
10.45 
20.62 
30.89 
49.85 

3.43 
3.48 
3.44 
3.45 
3.48 

Pl 05 
N/m 

2.52 
5.26 
7.91 

10.61 
16.00 
15.94 
16.06 
21.34 
26.45 
31 -33 
42.1 3 
52.60 
16.03 
16.32 
15.91 
15.89 
15.86 
15.84 
15.98 
16.16 
15.89 
16.50 
16.33 
16.08 
15.95 
15.88 
15.93 
15.96 
15.99 
16.24 
16.04 
16.00 

W, 
vm 

6.35 
6.35 
6.35 
6.35 
6.35 

12.70 
25.40 
6.35 
6.35 
6.35 
6.35 
6.35 
6.35 
6.35 
3.1 8 
6.35 

12.70 
25.40 

6.35 
6.35 
6.35 
6.35 

12.70 
25.40 

6.35 
12.70 
25.40 

6.35 
6.35 
6.35 
6.35 
6.35 

us ,1  f 

m / s  
(a)  

41 32 
41 8 0  
4202 
41 83 
41 54 
421 6 
41 85 
4268 
41 98 
41 83 
4208 
41 06 
4343 
4203 
4200 
4205 
4222 
41 71 
41 78  
4097 
37 48 
37 43 
371 3 
371 3 
3375 
31 81 
2993 
41 39 
4049 
41 24 
41 09 
4094 

U s , l O , e r  
m/s  

7725 
7325 
71 85 
6900 
6870 
6875 
6945 
6760 
6540 
651 0 
631 0 
61 00 

d7200 
6840 
6830 
6890 
6890 

d81 50 
6890 
6925 
6775 
6745 
6745 
6821 
6625 
6325 
631 5 
6943 
6905 
6930 
6905 
6930 

P55 
N/m 
(b) 

39 0 
586 
700 
989 

1 1  20 
1024 
1024 
1431 
1524 
1669 
21 30 
261 3 

81 4 
dl 358 

772 
876 

dl 296 
dl 296 

938 
9 58 
989 

1076 
1086 
1086 
1010 

886 
1162 
1024 
1003 

932 
932 
982 

aMeasured a t  secondary-diaphragm s t a t i o n .  
h e a s u r e d  accelera t i o n - s e c t i o n  w a l l  p r e s s u r e  n e a r  t u b e  e x i t .  
CAverage v a l u e  of p i t o t  p r e s s u r e  across test  core. 
dAnomalous v a l u e  due  t o  i n v i s c i d  wave i n t e r a c t i o n .  

P5 , t f  
kN/m2 

(C) 

35.3 
47.9 
53.2 
57.5 
60.1 
44.6 
36.1 
65.1 
66.6 
67.3 
67.1 
74.7 
26.5 

d45.6 
47.0 
44.5 

a63. 5 
d57. 1 

46.9 
74.9 

103.6 
97.9 
92.6 
85.1 

122.9 
131.2 
132.2 

58.0 
57.4 
57.4 
60.4 
59.3 

ze f 
c m  

5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
5.64 
8.17 
8.17 
8.17 
5.64 
5.64 
5.64 

.76 
5.64 

10.92 
16.00 
21.08 
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Figure 1.- Schematic diagram of expansion-tube flow sequence. 
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(a) Pitot-pressure survey rake. 

Figure 2.- Pitot-pressure survey rake and probe. All dimensions are in centimeters. 
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Figure 2.- Concluded. 
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Figure 3.- Sketch of idealized pitot-pressure time history at tube exit. 
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Figure 4.- Prediction (ref. 5 )  of pitot pressure and free-stream static pressure as a function of 
free-stream velocity. p1 = 4.82 kN/m2; p10 = 16.20 N/m2. Shaded region denotes uncertainty 
corresponding to +3% uncertainty in U s , l  for no shock reflection at secondary diaphragm. 
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Figure 5.- Effect of quiescent acceleration-gas pressure on incident shock velocity. p1 FJ 3.45 kN/m2. 
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Figure 5.- Continued. 
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Figure 5.- Concluded. 
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Figure 6.- Predicted (ref. 15) ratio of incident shock velocity to interface velocity 
at 2.25 m downstream of secondary diaphragm. pi = 3.45 kN/m2. 
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Figure 7.- Time interval between incident shock and acceleration-gas/test-gas interface 
as a function of quiescent acceleration-gas pressure. pi = 3.45 kN/m2. 
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Figure 8.- Effect of quiescent acceleration-gas pressure on centerline pitot- 
pressure time history. ze = 5.64 cm; pi = 3.45 kN/m2. 
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Figure 9.- Effect of distance from tube centerline on itot-pressure time history. 
ze = 5.64 cm; p1 LJ 3.45 kN/m 5 . 



Ix/r 1 = 1.17 I x/r 1 = .93 

I x/r I = .23 loo T T 
80 

60 

40 

20 

0 
0 200 400 600 0 200 400 600 

t, vs  t, !Js 

(b) p10 = 26.45 N/m2. 

Figure 9.- Continued. 
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Figure 9.- Concluded. 
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F i g u r e  10.- E f f e c t  of q u i e s c e n t  a c c e l e r a t i o n - g a s  p r e s s u r e  on t i m e  h i s t o r y  of 
tube-wall  h e a t  t r a n s f e z  12.23 m downstream of secondary  diaphragm. 
p1 = 3.45 kN/m2. 
should  n o t  be used q u a n t i t a t i v e l y . )  

(Gw w a s  o b t a i n e d  t o  i l l u s t r a t e  t r e n d s  o n l y  and 

' I  -~ llllIllllll I l l  I1 I I I I I I I I 



4000 T 

zd = 1.14 m 

0 1 - 8  
I 

4000 

;Iw I 

2000 
w/m2 

7 

1 
1 

1 

zd = 7.75 m 

1 1 
1 1 

0 200 400 0 200 400 

t I  us t I  us 

Figure  11 .- Time h i s t o r y  of tube -wa l l  h e a t  t r a n s f e r  a t  v a r i o u s  d i s t a n c e s  
downstream of secondary  diaphragm. 
(ew 
q u a n t i t a t i v e l y .  ) 

p1 = 3.45 kN/m*; p i 0  = 52.60 N/m2. 
was o b t a i n e d  t o  i l l u s t r a t e  t r e n d s  o n l y  and shou ld  n o t  be used 
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Figure 12.- Effect of quiescent acceleration-gas pressure on tube-wall-pressure 
Arrows denote time history 2.54 cm upstream of tube exit. 

the apparent second sharp pressure increase. 
p1 EJ 3.45 kN/m2. 
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Figure 13.- Measured tube-wall-pressure time history at various distances downstream 
of secondary diaphragm. p1 = 3.45 kN/m2; p10 = 16.00 N/m2. Note scale changes. 
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Figure 14.- Comparison of measured tube-wall pressure at various distances downstream 
of secondary diaphragm with predictions. p1 = 3.45 kN/m2; p10 - - 16.00 N/m2. 



60 -- 

x/r x/r 

Ptr 
kN/ln2 40 

-- 

20 =- 

-1.2 -.8 - .4  0 -4 - 8  1.2 -1.2 -.8 -.4 0 . 4  - 8  1.2 -1.2-.8 - .4 0 .4 .8 1 .2  

x/r 

Figure 15.- Effect of quiescent acceleration-gas pressure on pitot-pressure profile. 
ze = 5.64 cm; t = 150 us; p1 = 3.45 kN/m2. 
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Figure 16.- Effect of quiescent acceleration-gas pressure on 
free-stream Mach number and Reynolds number. 
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Figure 1 6 .- Concluded. 
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Figure 19.-  Effect of quiescent test-gas pressure on measured incident shock velocity 
and inferred acceleration-gas/test-gas interface velocity at two distances down- 
stream of secondary diaphragm. pi0 = 16.00 N/m2. 
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F i g u r e  20.- E f f e c t  of q u i e s c e n t  t e s t - g a s  p r e s s u r e  on tube-wall -pressure time h i s t o r y  measured 
11.04 cm upstream of secondary diaphragm. p10 = 16.00 N/m2; W = 6.35 pm. 
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Figure 21 .- Measured tube-wall-pressure time h i s t o r y  a t  var ious  d i s t ances  downstream of secondary 
diaphragm for various quiescent  tes t -gas  pressures .  p10 = 16.00 N/m2; W = 6.35 llm. 
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Figure 21.- Continued. 
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Figure 21.- Concluded. 
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shock i n  v i c i n i t y  of secondary  diaphragm. pi = 0.69 kN/m2. 
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F i g u r e  23.- E f f e c t  of q u i e s c e n t  t e s t - g a s  p r e s s u r e  on t i m e  h i s t o r y  of tube-wall  
p r e s s u r e  2.54 c m  upstream of t u b e  e x i t .  p10 = 16.00 N/m2. 
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Figure 24.- Effect of quiescent test-gas pressure on centerline pitot-pressure 
time history. ze = 5.64 cm; pi0 = 16.00  N/m2. 
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Figure 26.- Effect of quiescent test-gas pressure on free-stream Mach number 
and Reynolds number. pi 0 = 16.00 N/m2. 
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Figure 26.- Concluded. 
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Figure 27.- Effect of secondary-diaphragm thickness on tube-wall-pressure 
time history measured 11.04 cm upstream of secondary diaphragm. 
p1 = 2.07 kN/m2; pi0 = 16.00 N/m2. 
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Figure 28.- Measured tube-wall-pressure time history at various distances downstream of secondary 
diaphragm for various secondary-diaphragm thicknesses. pi = 2.07 kN/m2; pi0 = 16.00 N/m2. 
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Figure 28.- Concluded. 



' T  

2 

hl 

la" 

0 
0 

W = 12.70 I J ~  W = 25.40 p 

200 400 0 200 400 

t, us t, us 

Figure 29.- Effect of secondary-diaphragm thickness on tube-wall-pressure time history 
2.54 cm upstream of tube exit. pi EJ 2.07 kN/m2; p10 = 16.00 N/m2. 
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Figure 32.- Pitot-pressure profile at various distances downstream of tube exit. 
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