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FOREWORD 

The work reported herein was conducted under Program Element 62201F, 
Project 8952, Task 08. 

The present technical report #l on Contract AF ~0(600)-1133 ~th 
Yale University, "Non-equilibrium Flo~" in Supersonic Aerodynamics", princi- 
pal investigator: Peter P. ~;egeroer, covers one completed phase of the 
work outlined in the first proposal directed to DCS - Research, AEDC. 
This proposal by Yale University, Department of Engineering and Applied 
Science, was dated 3 February 1965 and carried the same title as the above 
quoted contract. The project monitor ~s Captain Harold L. Rogler, USAF 
Advanced Plans Division, Directorate of Plans and Technology. The ~zork 
was carried out in the period 1 July 1965 ~o 31 December 1966, covering 
prcblem c. of page 4 of the proposal, and it "~s submitted on August 15, 
1967. In addition, the design, construction and theoretical and experi- 
mental performance of a new type of intermittent wind tunnel is described. 
This facility was built in lieu of the straight shock tube described in 
the proposal. Because of the interest in this facility, an informal 44 
page progress report entitled "A Ne~ Facility for Non-equilibrium Flow 
Studies and Prel~inaryResults on Flo%, about Spheres", by George Buzyna 
and Peter P. Wegener, dated 15 July 1966, had previously been s Somitted 
to DCS - Research. C~her than some firing range da~a in Section ~J, all 
material in this progress report has been incorporated in the present 
report #lwhich therefore supersedes the older publication. In this way 
the phases discussed have now been completely reported. 

Helpful discussions and advice by Drs. B. T. Chu, I. J. Eberstein, 
and G. Wortberg are gratefully ackno~'ledged. 

This technical report has been revie-~zed and is approved. 

Harold L. Rogler 
Captain, USAF 
Advanced Plans Division 
Directorate of Plans 

and Tecb_nclogy 

Edward R. Feicht 
Colonel, USAF 
Director of Plans 

and Technology 
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ABSTRACT 

An 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  o f  t h e  n o n - e q u i l i b r i u m  b e h a v i o r  
o f  t h e  shock s t a n d - o f f  d i s t a n c e  ahead  o f  s p h e r e s  i s  d e s c r i b e d .  Wind 
t u n n e l  e x p e r i m e n t s  u s i n g  a w e l l  u n d e r s t o o d  r e a c t i n g  model  gas m i x t u r e  
w i t h  a s i n g l e  r e l a x a t i o n  p r o c e s s  a r e  p e r f o r m e d .  A marked v a r i a t i o n  o f  
t h e  d i m e n s i o n l e s s  shock s t a n d - o f f  d i s t a n c e  as a f u n c t i o n  o f  a n o n - e q u i l i -  
b r ium p a r a m e t e r  p a t t e r n e d  a f t e r  t h a t  p r o p o s e d  by DamkShler i s  o b s e r v e d .  
Q u a l i t a t i v e l y ,  t h e  r e s u l t s  a r e  found t o  be in  ag reement  w i t h  t h e o r e t i c a l  
p r e d i c t i o n s  i n  t h e  l i t e r a t u r e .  

A new application of the Ludwieg tube intermittent supersonic 
wind tunnel to the study of non-equilibrium flow is presented in the 
process of this work. The behavior of the intermittent tunnel as a tool 
in non-equilibrium flow research is calculated in some detail. Experi- 
mental results on the facility performance are included for comparison. 

i i i  
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INTRODUCTION 

Fl igh t  at  hypersonic  speeds,  such as i s  encountered  dur ing en t ry  
of  p l a n e t a r y  atmospheres,  gives  r i s e  to high tempera ture  flow f i e l d s  about 
the v e h i c l e .  At such high t empera tu res ,  v i b r a t i o n a l  e x c i t a t i o n ,  d i s so -  
c i a t i o n ,  chemical  r e a c t i o n ,  i o n i z a t i o n ,  e t c .  of  the  c o n s t i t u e n t s  of  the  
atmosphere may occur .  E x c i t a t i o n  of  these  degrees of  freedom and the  
es tab l i shment  of  thermodynamic equ i l i b r i um r e q u i r e s  a c e r t a i n  amount of  
t ime.  I f  the c h a r a c t e r i s t i c  time to e s t a b l i s h  thermodynamic e q u i l i b r i u m  
in  a gas i s  comparable to t h e  t ime i t  takes  fo r  a f l u i d  p a r t i c l e  to pass 
through any reg ion  of  i n t e r e s t  in  the  flow, non -equ i l i b r ium s t a t e s  w i l l  
occur  in  these  r eg ions .  The e x i s t e n c e  of  such non -equ i l i b r i um s t a t e s  
has an apprec i ab le  e f f e c t  on the  flow f i e l d .  

The occur rence  of  non -equ i l i b r ium s t a t e s  in  the  flow f i e l d s  about 
bodies  during the  en t ry  in to  p l a n e t a r y  atmospheres has led  to  an ex ten-  
s ive  study of  the non -equ i l i b r ium flow f i e l d s  about b lun t  bod ies .  Blunt 
bodies  form an important  c l a s s  of  aerodynamic shapes and a re  of  g r e a t  
p r a c t i c a l  importance in  t h a t  they main ta in  low aerodynamic h e a t i n g  of  
the  body dur ing the  en t ry  of  the atmosphere.  

The flow f i e l d  about a b lun t  body i s  c h a r a c t e r i z e d  by a de tached  
bow shock wave a t  some d i s t a n c e  ahead of  the body. The d i s t a n c e  between 
the  bow wave and the  body along the s t agna t i on  s tream l i n e ,  the  s tand-  
o f f  d i s t a n c e ,  i s  s t r o n g l y  a f f e c t e d  by non-equ i l i b r ium s t a t e s  in  the  flow 
f i e l d ,  and r e f l e c t s  the  n o n - e q u i l i b r i u m b e h a v i o r  of  the flow about the  
body. The p resen t  r e sea rch  i s  d i r e c t e d  towards the s tudy of  the  shock 
s t a n d - o f f  d i s t a n c e  as a func t ion  of  the ex ten t  to which the  flow i s  out o f  
e q u i l i b r i u m  in the  r eg ion  between the shock wave and the  body. 

A cons ide rab le  amount of  work on the  non -equ i l i b r i um flow about 
b lun t  bodies  has been r epo r t ed  in  the  l i t e r a t u r e .  This work has been 
l a r g e l y  of  a p p r o x i m a t e - a n a l y t i c a l  (e .g .  Ref. 1), a n a l y t i c a l - n u m e r i c a l  
( e .g .  Re£. 2) ,  and pu re ly  numerical  ( e .g .  Ref. 5) n a t u r e .  In g e n e r a l ,  the  
most s u c c e s s f u l  methods have been numer ica l .  Despi te  the  l a rge  number 
of  methods in  e x i s t e n c e ,  none of  these  can be cons ide red  as comple te ly  
s u c c e s s f u l  (4).  The s o l u t i o n  of  the  flow about a b lun t  body, and p a r t i c u -  
l a r l y  the non -equ i l i b r ium flow, s t i l l  remains one of  the  more d i f f i c u l t  
problems in  aerodynamics.  

R e l a t i v e l y  l i t t l e  exper imenta l  work of  fundamental n a t u r e  has been 
r e p o r t e d  on the n o n - e q u i l i b r i u m b e h a v i o r  of  the  s t a n d - o f f  d i s t a n c e .  
Experiments have been performed in pure gases with  v i b r a t i o n a l  e x c i t a t i o n  
(5) and non-equ i l i b r ium d i s s o c i a t i o n  (6) ,  and in mult i-component gas mix- 
t u r e s  such as a i r  (7) with more than one non-equ i l ib r ium mode. Although 
these  experiments  demonstrate  the e f f e c t  o f  a non -equ i l i b r i um flow on 
the s t a n d - o f f  d i s t a n c e ,  they do not s epa ra t e  the  non -equ i l i b r i um behav ior  
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from o t h e r  r e l e v a n t  p a r a m e t e r s  o f  t h e  f low f i e l d ,  e . g .  t h e  Mach number .  
The b e h a v i o r  o f  t h e  s t a n d - o f f  d i s t a n c e  as a f u n c t i o n  o f  t h e  e x t e n t  t o  
which  t h e  f low i s  ou t  o f  e q u i l i b r i u m  w i t h  a l l  o t h e r  r e l e v a n t  p a r a m e t e r s  
m a i n t a i n e d  c o n s t a n t  i s  no t  d i r e c t l y  d e m o n s t r a t e d .  

In  t h e  p r e s e n t  s t u d y  o f  t h e  n o n - e q u i l i b r i u m b e h a v i o r  o f  t h e  s t a n d -  
o f f  d i s t a n c e ,  an e x p e r i m e n t a l  a p p r o a c h  i s  a d o p t e d .  The d i m e n s i o n l e s s  
s t a n d - o f f  d i s t a n c e  i s  s t u d i e d  as a f u n c t i o n  o f  a n o n - e q u i l i b r i u m  p a r a m e t e r  
( t h e  r a t i o  o f  a c h a r a c t e r i s t i c  f low t ime  t o  a c h a r a c t e r i s t i c  t i m e  r e q u i r e d  
f o r  t h e  e s t a b l i s h m e n t  o f  the rmodynamic  e q u i l i b r i u m  from an e x c i t e d  s t a t e )  
w i t h  a l l  o t h e r  r e l e v a n t  p a r a m e t e r s  o f  t h e  f low f i e l d  m a i n t a i n e d  c o n s t a n t .  
A f low f i e l d  i s  c o n s i d e r e d  which e x h i b i t s  o n l y  a s i n g l e  n o n - e q u i l i b r i u m  
mode, i . e .  d i s s o c i a t i o n ,  and whose r a t e  p r o c e s s  and the rmodynamic  p r o p e r -  
t i e s  a r e  known. 

2 
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II 
BACKGROUND: IDEAL INVISCID GAS FLOW 

A blunt body moving at supersonic speed will exhibit a detached 
bow shock wave some distance ahead of it. The stand-off distance, i.e. 
the shortest distance between the shock wave and the stagnation point, 
is a characteristic feature of such a flow. A schematic representation 
of an axisymmetric supersonic flow past a sphere is shown in Figure I. 
The flow behind the shock wave is subsonic in a small region near the 
stagnation point and it accelerates through sonic to supersonic speeds as 
the fluid in the shock layer, i.e. the fluid between the shock wave and 
the body expands around the body. This mixed flow field consisting of 
the subsonic, transonic and supersonic regions is also a characteristic 
feature of a blunt body flow. 

Although the stand-off distance can be recorded and measured ex- 
perimentally with relative ease, its analytic calculation remains one of 
the more difficult problems in aerodynamics. The difficulty arises as 
a consequence of the nature of the mixed flow and the unknown location 

Detached shock wave ~ 

o**io**on f J _ 
of flow 

Stagnation point __J ' 

Sonic line, division be- 
tween regions of'subsonic 
(M < 1) and supersonic 

Fig. 1 A schematic diagram of the supersonic flow field near the forward portion 
of a sphere at free stream Mnch number M = 2 

3 
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of the boundaries, i.e. the shock wave and the sonic region. A number 
of analytical and semi-analytical methods have been developed in recent 
years to calculate axisymmetric flow fields. These methods, however, 
suffer from poor convergence (4) and generally require simplifying assump- 
tions that limit their application to hypersonic flow. Analytical 
methods, thus far, have not been successful over the entire supersonic- 
hypersonic range. A number of approximate analytical results for hyper- 
sonic f low, expressed in  terms of  the  dens i t y  r a t i o  across  the  normal 
shock, are  a v a i l a b l e  (see Refs. 8 and 9) .  A review of  a n a l y t i c a l  t r e a t -  
ments can be found in  Ref. 10 and a comprehensive t r ea tmen t  of  many methods 
in  Ref. 9. 

The most accurate calculation of the subsonic flow field and of 
the shock stand-off distance has been obtained from numerical solutions. 
Many of these numerical methods, however, cannot be regarded as successful 
because they  r e l y  unduly on human i n s i g h t ,  a re  i n s u f f i c i e n t l y  automated,  
and r e q u i r e  much computing e f f o r t  (4) .  

The behav io r  of  the  shock s t a n d - o f f  d i s t a n c e  with r e s p e c t  to  i t s  
v a r i a b l e s  may be conven ien t ly  r e p r e s e n t e d  by cons ide r ing  a d imens ion less  
s t a n d - o f f  d i s t a n c e  wi th  r e spec t  to some c h a r a c t e r i s t i c  l ength  of  the  body. 
For an i n v i s c i d ,  t he rma l ly  and c a l o r i c a l l y  p e r f e c t  gas flow the  dimen- 
s i o n l e s s  shock s t a n d - o f f  d i s t a n c e  depends only on the f r ee  s t ream Mach 
number M ( r a t i o  of  the  v e l o c i t y  of  a f l u i d  element or  the  speed of  the  
body to  the l o c a l  sound speed) and the s p e c i f i c  hea t  r a t i o  of  the  gas .  
The v a r i a t i o n  of  the  d imens ion less  shock s t a n d - o f f  d i s t a n c e  with Mach 
number and s p e c i f i c  hea t  r a t i o  fo r  a sphere  i s  shown in  Figure  2. Van 
Dyke and Gordon's numer ica l  r e s u l t s  (11) and Kenda11's exper imenta l  work 
(12) are  shown he re .  Van Dyke's numer ica l  c a l c u l a t i o n s  g ive  an e x c e l l e n t  

r e p r e s e n t a t i o n  of  the  shock s t a n d - o f f  d i s t a n c e  v a r i a t i o n ,  and t h e s e  ca l cu -  
l a t i o n s  are  in  good agreement wi th  exper imenta l  r e s u l t s  and o t h e r  numer ica l  
r e s u l t s .  Note t h a t  the  s t a n d - o f f  d i s t a n c e  decreases  r a p i d l y  wi th  i n c r e a s -  
ing Mach number M fo r  low values  o f  M and remains r e l a t i v e l y  independent  
of  the  Mach number a t  hyperson ic  speed,  M • 5. As the  Mach number grows 
l a r g e r ,  the  s t a n d - o f f  d i s t a n c e  approaches a s y m p t o t i c a l l y  towards a l i m i t -  
ing va lue .  This i s  a consequence of  the  f a c t  t ha t  fo r  a t h e r m a l l y  and 
c a l o r i c a l l y  p e r f e c t  gas the  d e n s i t y  r a t i o  across  the  normal shock wave 
reaches  a l i m i t i n g  va lue  as M ÷ ®, and the  s t a n d - o f f  d i s t a n c e  i s  a s t rong  
func t ion  of  the d e n s i t y  r a t i o .  A n o t i c e a b l e  change in  s t a n d - o f f  d i s t a n c e  
i s  a l so  observed wi th  a change in  the  s p e c i f i c  hea t  r a t i o  a t  cons tan t  Mach 
number. 

An expanded region of the dimensionless stand-off distance at low 
Mach numbers for a sphere is shown in Figure 5. This range is of interest 
to the present work. Note that at low Mach numbers the stand-off distance 
is strongly dependent on the Mach number and disagreement between authors 
increases as the Mach number decreases. 

The shock s t a n d - o f f  d i s t a n c e  may a l so  be r e p r e s e n t e d  g r a p h i c a l l y  
as a function of the density ratio across the normal shock wave on the 

4 



A
 E

 D
C

-T
R

-6
9

-8
1

 

II 

I 
! 

' 
//j 

I 
.''// 

I 
i 

I 
I 

I 
I 

I 
c
o
 

L',- 
k
O
 

u
-
%
 

.
~
 

o
%
 

o
~
 

~-4 

"N/V 
'eou~s~.p 

I
I
o
-
p
u
~
%
s
 
sse'L'-~o~.suem~.(I 

w.4 

w i. 

o 0 o" 

.= 

== 

§ 0 0 

C%1 

o
~
 

U
.
 



AE DC-TR-69-81 

o 

.3 

0 

w 

@ 

0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 _ 

0.6 - 

0.4 - 

0.2 

0.0 
1.0 

I 'l Armlytical .and numerical 
1 \ ~ results 

I ~ ~ \ --- Leitone & Pard.ee 
(Heberle, et al. 1950) 

I ~ \ .... Moeckel (1949) 
1 \ 0 \ ---_Serbin (1958) 

__ Van D~ce and Gordon (1959) \ \ 
\ 

I n 

i • 
\ " . 

i 

O Heberle, et al. (1950) ~k_ 0 ~ "  ~ ' ~  

/k Charters & Thc~as (Nagamatsu i949) 
OPuckett & Schamberg (Nagamatsu 1949) 

Sugimote (Van Dyke 1958) 
OLandenburg, et al. (Van Dyke 1959) 

~k Present work 

I I I I I I 
1.1 1.Z 1.3 1.4 1.5 1.6 1.? 

Free stream Mach number, M, 

Fig. 3 Dimensionless stand-off distance as a function of the free stream Mach 
number for a sphere of radius R in air, ), = 1.4 



A E D C - T  R-69-81 

s t a g n a t i o n  s t r e a m l i n e .  In such a r e p r e s e n t a t i o n  the  dependence on the  
specific heat ratio becomes weak. The variation of the dimensionless 
stand-off distance with the density ratio taken from numerical calcula- 
tions of Van Dyke and Gordon (11) for a sphere is shown in Figure 4. 
Here, the logarithm of the dimensionless stand-off distance, log(A/R), 
is given as a function .of the logarithm of the ratio of the density jump 
across normal shock wave to the free stream density, log((ps-p®)/p=). 
This particular representation is useful in that short segments of the 
curve can be approximated by straight lines. 
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III 
BACKGROUND: ,REAL INVlSCID GAS FLOW 

The development  o f  f l i g h t  a t  h y p e r s o n i c  speeds has l ed  t o  t he  
s tudy  o f  r e a l  gas e f f e c t s  in  b l u n t  body f lows .  In such h igh  speed  f lows 
t he  t e m p e r a t u r e  a t t a i n e d  beh ind  the  s t r o n g  bow shock wave i s  h igh  
enough t h a t  t he  i n t e r n a l  degrees  o f  freedom ( r o t a t i o n ,  v i b r a t i o n ,  d i s s o -  
c i a t i o n ,  chemical  r e a c t i o n ,  i o n i z a t i o n ,  e t c . )  o f  the  c o n s t i t u e n t s  o f  t h e  
gas may become e x c i t e d .  For a i r ,  f o r  example d e v i a t i o n  from i d e a l  gas 
b e h a v i o r  can be n o t i c e d  a t  a t e m p e r a t u r e  o f  app rox ima te ly  2,500°K where 
v i b r a t i o n a l  r e l a x a t i o n  becomes impor t an t  and oxygen beg ins  t o  d i s s o c i a t e .  
This  t e m p e r a t u r e  co r re sponds  to  a f r e e  s t ream Mach number o f  app rox ima te ly  
s i x  in  a i r  a t  s t a n d a r d  c o n d i t i o n s .  At a t e m p e r a t u r e  o f  4,000°K, oxygen 
d i s s o c i a t i o n  i s  complete  and t he  d i s s o c i a t i o n  o f  n i t r o g e n  b e g i n s ,  whi le  
a t  8,000°K n i t r o g e n  d i s s o c i a t i o n  i s  complete  and i o n i z a t i o n  o f  atoms 
b e g i n s  (9) .  E x c i t a t i o n  o f  t h e s e  i n t e r n a l  degrees  o f  freedom and t h e  e s -  
t a b l i s h m e n t  o f  e q u i l i b r i u m  r e q u i r e s  a c e r t a i n  amount o f  t ime .  The cha rac -  
t e r i s t i c  t imes  t o  e s t a b l i s h  e q u i l i b r i u m  f o r  t he  va r i ous  degrees  o f  freedom 
f r e q u e n t l y  d i f f e r  a p p r e c i a b l y  from each o t h e r .  E q u i l i b r i u m  in  the  t r a n s -  
l a t i o n a l  degree  o f  freedom, the  e x t e r n a l  degree  o f  f reedom, i s  e s t a b l i s h e d  
most q u i c k l y ,  and t he  c h a r a c t e r i s t i c  t ime i s  o f  t he  o rde r  o f  t he  average  
t ime between m o l e c u l a r  c o l l i s i o n s .  For example,  in  a i r  a t  s t a n d a r d  con- 
d i t i o n s  t he  c h a r a c t e r i s t i c  t ime i s  o f  t he  o rde r  o f  10 -10 sec .  (13) .  
Es t ab l i shmen t  o f  e q u i l i b r i u m  in  the  i n t e r n a l  degrees  o f  freedom r e q u i r e s  
c o n s i d e r a b l y  more t ime .  For oxygen i f  t he  t ime to  e s t a b l i s h  e q u i l i b r i u m  
in  the  t r a n s l a t i o n a l  degree  o f  freedom i s  t , t hen  the  c h a r a c t e r i s t i c  

• * • • • • • C  • 

t lme to  e s t a b l l s h  equl lmbrlum in  t he  r o t a t l o n a l  mode i s  o f  t he  o r d e r  o f  
I0 to  102 t , and in  t he  v i b r a t i o n a l  mode i s  o f  t he  o r d e r  o f  5 x 105 t 
(14) .  I f  t~e  t ime i t  t akes  f o r  a f l u i d  e lement  to  t r a v e r s e  a r e g i o n  o~ 

. i h t e r e s t  in  a f low i s  o f  the  o r d e r  o f  t he  c h a r a c t e r i s t i c  t imes  r e q u i r e d  
f o r  the  e s t a b l i s h m e n t  o f  thermodynamic e q u i l i b r i u m ,  n o n - e q u i l i b r i u m  s t a t e s  
w i l l  occur  in  t he  f low.  In g e n e r a l ,  t he  e x i s t e n c e  o f  n o n - e q u i l i b r i u m  
thermodynamic s t a t e s  has an a p p r e c i a b l e  e f f e c t  on t he  f low f i e l d .  The non-  
e q u i l i b r i u m  flow b e h a v i o r  can be c o n v e n i e n t l y  d e s c r i b e d  by Damk~hler 's  
f i r s t  pa r ame te r  (15) ,  g iven  as the  r a t i o  o f  a c h a r a c t e r i s t i c  f low t ime to  
a c h a r a c t e r i s t i c  t ime which d e s c r i b e s  the  r a t e  p r o c e s s .  I f  t he  c h a r a c t e r -  
i s t i c  t ime o f  t he  r a t e  p roce s s  i s  much s m a l l e r  than  t he  c h a r a c t e r i s t i c  f low 
t ime ,  t he  flow f i e l d  w i l l  be in  e q u i l i b r i u m ,  and i f  t he  c h a r a c t e r i s t i c  
t ime o f  the  r a t e  p roces s  i s  much l a r g e r  than  the  c h a r a c t e r i s t i c  f low t ime 
the  f low i s  denoted  as a f rozen  f low. 

A c o n s i d e r a b l e  amount o f  a n a l y t i c a l  work has a l s o  been done on t h e  
n o n - e q u i l i b r i u m  flow about  a b l u n t  body. However, the  a d d i t i o n  o f  a r a t e  
e q u a t i o n  t o  the  govern ing  equa t ions  f u r t h e r  compl i ca t e s  t he  a l r e a d y  d i f f i -  
c u l t  c a l c u l a t i o n  of  t he  i n v i s c i d  flow w i t h o u t  e x c i t e d  i n t e r n a l  degrees  o f  
f reedom. Numerical  methods he re  have a l s o  been g e n e r a l l y  more s u c c e s s f u l .  

9 
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The non-equilibrium behavior of the dimensionless stand-off 
distance with a single non-equilibrium mode may be conveniently described 
in terms of an ideal dissociating gas postulated by Lighthill (16) and 
extended to non-equilibrium conditions by Freeman's rate equation (i). 
V i s c o s i t y ,  t h e r m a l  c o n d u c t i o n  and d i f f u s i o n  a r e  n e g l e c t e d .  For  h i g h  s p e e d  
f low w i t h  a s t r o n g  shock  wave t h e  f u n c t i o n a l  r e l a t i o n s h i p  be tween  t h e  d i -  
m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e ,  A/R, and i t s  r e l e v a n t  d i m e n s i o n l e s s  param- 
e t e r s  can be e x p r e s s e d  by (17) 

A A 
R- R (Md' n, a , D), (1) 

where R denotes a characteristic dimension, M d the ratio of the kinetic 
e n e r g y  o f  t h e  f low t o  t h e  d i s s o c i a t i o n  e n e r g y  o f  t h e  g a s ,  u t h e  r a t i o  o f  
the free stream density to a characteristic dissociation density, a the 

• ° • O0 

free stream degree of dissociation, and D a non-equ111brlum or Damk6hler 
parameter. A qualitative study of the variation of the dimensionless 
stand-off distance with a non-equilibrium parameter for the above disso- 
ciating gas has been conducted by Freeman (1). He considered analytically 
the non-equilibrium flow about a sphere with the aid of a modified Newtonian 
theory of hypersonic inviscid flow. Freeman's computed results for 
M d = 1, n - 10-6 and a® = 0 is shown in Figure 5. The non-equilibrium 
p a r a m e t e r  A u s e d  by Freeman i s  t h e  r a t i o  o f  t h e  s p h e r e  s i z e  t o  t h e  
c h a r a c t e r i s t i c  l e n g t h  s c a l e  o f  t h e  d i s s o c i a t i o n  p r o c e s s  and i s  e s s e n t i a l l y  
e q u i v a l e n t  t o  t h e  Damk~hler  p a r a m e t e r .  The o v e r a l l  e f f e c t  o f  t h e  e x c i t a -  
t i o n  o f  t h e  i n t e r n a l  d e g r e e  o£ f r eedom,  in  t h i s  c a se  d i s s o c i a t i o n ,  o f  t h e  
m o l e c u l e s  i s  t o  a b s o r b  some o f  t h e  e n e r g y  a s s o c i a t e d  w i t h  t h e  a c t i v e  de -  
g r e e s  o f  f r eedom and t h e r e b y  r e d u c e  t h e  t r a n s l a t i o n a l  t e m p e r a t u r e  o f  t h e  
g a s .  In  a h y p e r s o n i c  b l u n t  body f low t h e  change in  p r e s s u r e  i n  t h e  shock  
l a y e r  due t o  n o n - e q u i l i b r i u m  e f f e c t s  i s  r e l a t i v e l y  s m a l l  ( 1 ) .  The main 
e f f e c t  o f  t h e  e x c i t a t i o n  o f  t h e  i n t e r n a l  d e g r e e  o f  f r eedom i s  t o  f u r t h e r  
i n c r e a s e  t h e  d e n s i t y  b e h i n d  t h e  shock  wave. The i n c r e a s e d  d e n s i t y  i n  t h e  
shock  l a y e r  w i l l  t e n d  t o  d e c r e a s e  t h e  d i s t a n c e  be tween  t h e  shock  and t h e  
body due t o  t h e  c o n t r a c t i o n  o f  s t r e a m  t u b e s  and t h u s ,  t h e  e q u i l i b r i u m  
s t a n d - o f f  d i s t a n c e  i s  s m a l l e r  t h a n  t h e  c o r r e s p o n d i n g  f r o z e n  s t a n d - o f f  d i s -  
t a n c e .  S i n c e  t h e  d e n s i t y  i n  t h e  shock  l a y e r  i s  s e n s i t i v e  t o  n o n - e q u i l i b r i u m  
c h a n g e s ,  t h e  s t a n d - o f f  d i s t a n c e  i s  a l s o  a s e n s i t i v e  p a r a m e t e r .  The g r e a t e s t  
v a r i a t i o n  in  t h e  s t a n d - o f f  d i s t a n c e  o c c u r s  n e a r  t h e  f r o z e n  l i m i t  and t h e  
app roach  t o  t h e  e q u i l i b r i u m  l i m i t  i s  a s y m p t o t i c ,  F i g u r e  5.  I t  i s  shown 
by Freeman t h a t  t h e  s t a n d - o f f  d i s t a n c e  f o r  an i d e a l  d i s s o c i a t i n g  gas  f low 
can change by as  much as 50 p e r c e n t  be tween  t h e  l i m i t s  o f  a gas w i t h  
c o n s t a n t  s p e c i f i c  h e a t s  and a d i s s o c i a t e d  gas  i n  the rmodynamic  e q u i l i b r i u m .  
For  more c o m p l i c a t e d  ga se s  such  as  a i r  w i t h  a number o f  c o u p l e d  c h e m i c a l  
r e a c t i o n s ,  a v a r i a t i o n  be tween  t h e  l i m i t s  i s  a l s o  c a l c u l a t e d  t o  be as 
h i g h  as  50 p e r c e n t  (18) .  S i n c e  F r e e m a n ' s  work,  t h e  n o n - e q u i l i b r i u m  v a r i a -  
t i o n  o f  t h e  s t a n d - o f f  d i s t a n c e  f o r  o t h e r  gas models  has  been  d e m o n s t r a t e d  
by Lick  (3) w i t h  t h e  use  o f  a n u m e r i c a l  me thod ,  by (2) w i t h  a s emi -  
a n a l y t i c a l  method  and by o t h e r  a u t h o r s  w i t h  d i f f e r e n t  v a r i a t i o n s  o f  t h e s e  
me thods .  In  g e n e r a l ,  t h e  r e s u l t s  o f  t h e s e  a u t h o r s  show t h e  same q u a l i t a -  
t i v e  b e h a v i o r  o f  t h e  s t a n d - o f f  d i s t a n c e  w i t h  a n o n - e q u i l i b r i u m  p a r a m e t e r .  

Relatively little experimental work concerned with the non- 
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Fig. 5 FTeeman's (1958) representation of the dimensionless shock stand-off distance as o 
function of a non-equilibriumlparameter A 

e q u i l i b r i u m  b e h a v i o r  o f  t h e  shock  s t a n d - o f f  d i s t a n c e  has  been  r e p o r t e d  i n  
t h e  l i t e r a t u r e .  A q u a l i t a t i v e  r e p r e s e n t a t i o n  o f  t h e  e x p e r i m e n t a l  work 
s i m p l i f i e d  t o  t h e  b e h a v i o r  w i t h  one i n t e r n a l  mode i s  shown i n  F i g u r e  6.  
At low s p e e d s ,  o r  Mach numbers ,  t h e  t e m p e r a t u r e  b e h i n d  t h e  d e t a c h e d  shock  
i s  t o o  low f o r  t h e  i n t e r n a l  mode t o  become a c t i v a t e d .  As t h e  speed  o f  
t h e  body i s  i n c r e a s e d ,  t h e  e x c i t a t i o n  o f  t h e  i n t e r n a l  mode b e g i n s  t o  t a k e  
p l a c e  and t h e  shock  s t a n d - o f f  d i s t a n c e  b e g i n s  t o  d e p a r t  f rom i t s  f r o z e n  
cu rve  toward  a n o t h e r  c u r v e  where  t h e  speed  and t e m p e r a t u r e  a r e  h i g h  
enough f o r  t h e  e q u i l i b r a t i o n  o f  t h e  i n t e r n a l  mode t o  t a k e  p l a c e  i m m e d i a t e l y  
b e h i n d  t h e  shock wave.  The t r a n s i t i o n  r e g i o n  be tween  t h e s e  c u r v e s  r e p r e -  
s e n t s  n o n - e q u i l i b r i u m  f low.  The b e h a v i o r  d e s c r i b e d  above i s  e s s e n t i a l l y  
what  has  been  o b s e r v e d  by Schwar tz  and Eckerman i n  t h e i r  e x p e r i m e n t s  
w i t h  v i b r a t i o n a l  e x c i t a t i o n  i n  c h l o r i n e  gas (5 ) .  S i m i l a r  b e h a v i o r  has  
a l s o  been  o b s e r v e d  w i t h  d i s s o c i a t i o n  o f  oxygen C6) and d i s s o c i a t i o n  o f  
t h e  components  o f  a i r  ( 7 ) .  Eckerman (6) u sed  t h e  f a c t  t h a t  t h e  s t a n d -  
o f f  d i s t a n c e  i s  s e n s i t i v e  t o  n o n - e q u i l i b r i u m  s t a t e s  t o  deduce  t h e  d i s s o -  
c i a t i o n  r e a c t i o n  r a t e s  o f  oxygen .  A l t h o u g h  e x p e r i m e n t s  have  d e m o n s t r a t e d  
t h e  e f f e c t s  o f  n o n - e q u i l i b r i u m  f low on t h e  s t a n d - o f f  d i s t a n c e ,  t h e y  do 
n o t  show an e x p l i c i t  b e h a v i o r  o f  t h e  s t a n d - o f f  d i s t a n c e  as a f u n c t i o n  
o f  a n o n - e q u i l i b r i u m  p a r a m e t e r  a l o n e  as e x p r e s s e d ,  f o r  example ,  i n  F i g u r e  
5' or implied by Equation (i). Generally, the non-equilibrium effect is 
pro.duced by a change in the free stream conditions or the speed o£ the 
projectile and therefore, other relevant parameters of the flow field are 
varied simultaneously with the non-equilibrium parameter. 
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Fig. 6 

Hs.'e.h nm~ber, H. 

A simplified representation of the dimensionless stand-off distance as a function 
of Mach number with non-equilibrium effects 
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IV 
EXPERIMENTAL APPROACH 

In the  p resen t  s tudy of  the non -equ i l i b r i um behav ior  o f  the  s tand-  
o f f  d i s t a n c e  an exper imenta l  approach i s  adopted.  I t  i s  assumed t h a t  
only one non -equ i l i b r i um mode i s  p r e sen t  as a l so  d i scussed  by Wood and 
Kirkwood (19) and t h a t  v i s c o s i t y ,  thermal  conduct ion and d i f f u s i o n  can 
be n e g l e c t e d .  The non -equ i l i b r i um mode i s  r e p r e s e n t e d  by a d i s s o c i a -  
t i o n  process  and i s  given by a r e a c t i n g  gas mixture  of  n i t r o g e n  t e t r o x i d e  
and d iox ide  c a r r i e d  a t  low c o n c e n t r a t i o n  in  i n e r t  n i t r o g e n ,  and i s  given 
by 

N 2 + N204 ~ N 2 + 2NO 2 (2) 

where the mole fraction of reactants is less than n R = 0.20. It is 
assumed that the individually taken participating components of the 
mixture are thermally and calorically perfect gases. The thermodynamic 
properties o£ this model gas mixture are known at equilibrium (20) and 
its rate mechanism is known from shock tube experiments (21) and non- 
equilibrium nozzle flow experiments (22). The above reaction is well 
understood and has been used previously as a model for aerodynamic studies 
in nozzles (25) and a ballistic range (24). A further advantage of this 
reaction is that it occurs at room temperature and strong shock waves 
are not required to cause significant dissociation and departure from 
equilibrium. The physical properties and a detailed descrip, tion of the 
model gas mixture are given in Appendix I. 

The non-equilibrium flow about a blunt body in the above model 
gas mixture can be described in terms of four independent parameters. 
A functional relationship between the dimensionless stand-off distance 
A/R and its relevant dimensionless parameters may be expressed in the 
form 

A _ A , D) 
R R (H®, '"o a®' C33 

where M i s  the f r e e  s t ream Mach number with  r e s p e c t  to  the  f r e e  s t ream 
f rozen  ~ound speed,  ~ the  mass f r a c t i o n  of  r e a c t a n t s ,  a the  degree of  

0 oD 
d i s s o c i a t i o n  of  r e a c t a n t s  in  the  f r e e  s t ream,  and D the  Damk~hler 
parameter .  These parameters  a re  deduced from the  d imens ion less  form of 
the  governing equa t ions  and boundary cond i t ions  which d e s c r i b e  the  in -  
v i s c i d  non -equ i l i b r i um flow about a b lun t  body ( the v a r i a b l e s  a re  non- 
d imens iona l i zed  wi th  r e s p e c t  to  the  p h y s i c a l  p r o p e r t i e s  of  the  model gas ) .  
The s i g n i f i c a n c e  of  the  r e a c t a n t  mass f r a c t i o n  i s  t h a t  i t  de te rmines  the  
p h y s i c a l  p r o p e r t i e s  of  the  model gas mixture .  In p a r t i c u l a r ,  i t  d e t e r -  
mines the  hea t  of  r e a c t i o n  of  the  gas mix ture ,  and the  c h a r a c t e r i s t i c  
r e a c t i o n  time or  r e l a x a t i o n  time fo r  a given f r ee  s t ream and shock 
s t r e n g t h .  

13 
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I t  i s  ev iden t  from Equation (5) t h a t  a s tudy  of  t he  d imens ion less  
s t a n d - o f f  d i s t a n c e  s o l e l y  as a £~nct lon of  the  DamkShler parameter  r e -  
qu i r e s  a l l  o t h e r  parameters  to  be cons tan t  ( c .£ .  Re£. (1) and Figure  ($ ) ) .  
The VamkUhler parameter  may be v a r i e d  e i t h e r  through the  c h a r a c t e r i s t i c  
r e a c t i o n  t ime or  through the  c h a r a c t e r i s t i c  flow t ime.  In the  p r e s e n t  
exper imenta l  approach only the  v a r i a t i o n  o f  the  c h a r a c t e r i s t i c  £1ow t ime 
i s  f e a s i b l e .  The c h a r a c t e r i s t i c  r e a c t i o n  time can not  be v a r i e d  s i n c e  
i t  i s  dependent upon the  f r e e  s t ream cond i t i ons  and the  r e a c t a n t  mass 
t r a c t i o n ,  and t h e s e ,  in  t u r n ,  can not  be v a r i e d  wi thout  s imu l t aneous ly  
va ry ing  the  o the r  parameters  o£ the  problem. The c h a r a c t e r i s t i c  £1ow 
time i s  taken as the  t ime r e q u i r e d  by a £1uid element  to  £1ow through 
the  s tand-o££ d i s t a n c e ,  and the  sphere  i s  taken as the  b lun t  body. One 
r e c a l l s  t h a t  f o r  a £1ow in  an i d e a l  gas a t  a cons tan t  Hach nunber  and 
a given s p e c i f i c  hea t  r a t i o ,  the  dimensional  s t a n d - o f f  d i s t a n c e  fo r  a 
sphere  i s  d i r e c t l y  p r o p o r t i o n a l  to  i t s  r a d i u s .  A change in  the  sphere  
r ad ius  r e s u l t s  in  a cor responding  change of  the" s t a n d - o f f  d i s t a n c e  and 
thus ,  a cor responding  change of  the  c h a r a c t e r i s t i c  flow t ime.  Note 
t h a t  the  sphere  r ad ius  appears only in the  DmnkBhler parameter  and not: 
i n  any o f  the  o the r  parameters  expressed in  Equation (3) .  The e x p e r i -  
mental approach t h e r e f o r e ,  c o n s i s t s  o f  a s e t  of  experiments  wi th  a 
number of  d i f f e r e n t  sphere  d iameters  (a number o f  d i f f e r e n t  c h a r a c t e r i s -  
t i c  flow t imes) conducted in  i d e n t i c a l  and known e q u i l i b r i u m  f r e e - s t r e a m s  
( f ixed  c h a r a c t e r i s t i c  r e a c t i o n  t i m e ) ,  and these  experiments  a re  conducted 
in  a super son ic  wind t unne l .  

14 
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V 
EXPERIMENTAL EQUIPMENT 

The exper imenta l  work i s  conducted in  an i n t e r m i t t e n t  supe r son ic  
wind tunne l  which has been des igned and f a b r i c a t e d  fo r  t h i s  work. A wind 
tunne l  has been s e l e c t e d  s ince  i t  i s  most s u i t e d  f o r  the  adopted approach,  
i . e .  f r e e  streams in  the t e s t  s e c t i o n  can be kept  cons tan t  and the  sphere  
s i ze s  can be e a s i l y  i n t e r changed .  P re l imina ry  experiments  have been 
t r i e d  in  a b a l l i s t i c  range.  However, the  range has been found to  be im- 
p r a c t i c a l  s i nce  body s i z e  could not  be e a s i l y  v a r i e d .  

The i n t e r m i t t e n t  superson ic  wind tunne l  i s  modeled a f t e r  the  
device  o r i g i n a l l y  sugges ted  by Ludwieg (Refs.  (25) and (25)) in  conjunc-  
t i o n  with a contest to devise an inexpensive supersonic wind tunnel for 
educational purposes. Ludwieg's tunnel is essentially a blow down wind 
tunnel in which the supply tanks are replaced by a long tube. The length 
of this tube governs the duration of the operation. A schematic of such 
a tunnel is shown in Figure 7. The supply tube is closed at one end and 
at the opposite end a convergent-divergent nozzle with test section is 
attached. In principle, the supply tube could be curled up for increased 
length. The tube is filled with a compressed gas and the nozzle flow is 
initiated by releasing a quick opening valve, as suggested by Ludwieg, 
or rupturing a diaphragm as employed here. Expansion waves travel from 
the diaphragm into the tube and accelerate the gas toward the nozzle. 
As soon as the nozzle throat becomes choked, as determined by the ratio 
of  nozz le  t h r o a t  to  tube a rea ,  the  s t r e n g t h ,  or  p r e s s u r e  r a t i o ,  of  the  
expansion fan becomes f i xed .  Thus, fo r  an i n v i s c i d  gas a r eg ion  of  con- 
s t a n t  p r e s s u r e ,  d e n s i t y ,  t empera ture  and v e l o c i t y  i s  c r e a t e d  between the  
expansion fan and the  nozzle  i n l e t .  This reg ion  serves  as the  supply 
cond i t i on  fo r  a s teady flow expansion through the  nozz le  e x a c t l y  l i k e  a 
cons tant  p re s su re  and tempera ture  r e s e r v o i r  fo r  an o rd ina ry  i n t e r m i t t e n t  
wind t u n n e l .  The du ra t i on  of  s teady nozz le  flow i s  determined by the  
l eng th  of  the  tube ,  i . e . ,  the  time r e q u i r e d  fo r  the expansion fan to  
reach  the  end wal l  of  the  tube and r e t u r n  to  the  nozz l e .  

An idealized schematic diagram of  the described one-dimensional 
flow in the t - x plane is also shown in Figure 7. The discharged gas 
may be dumped i n t o  a tank or the  atmosphere in  case the  t e s t  s e c t i o n  
p r e s s u r e  i s  h i g h e r  than the  ambient a i r  p r e s s u r e .  TWo such t u n n e l s ,  one 
in  Germany (27) and the  o t h e r  in  England (28) are  desc r ibed  in  the  l i t e r a -  
t u r e  and are  in  ope ra t ion .  

The tunne l  b u i l t  here  i s  s i m i l a r  to  Ludwieg's except fo r  the  
p o r t i o n  of  the  tunne l  i n to  which the  gas i s  d i scharged .  The dump tank 
in  t h i s  case i s  ano ther  tube ,  of  approximately the  same leng th  as the  
p r e s s u r e  tube ,  a t t a ched  to  the  tunne l  at  the  diaphragm s e c t i o n .  Although 
the  flow in  the p r e s su re  tube i s  i d e n t i c a l  to  the  tube proposed by Ludwieg, 
the  e n t i r e  tunne l  i s  opera ted  as a shock tube wi th  a nozz le  at  the diaphragm 
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Fig. 7 Schematic drawing of Ludwiag's tube wind tunnel and the 
wave diagram of the flaw 
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section. The details of the design and construction of the tube as well 
as the apparatus for the preparation of the model gas mixture are shown 
in Appendix II. 

The operatipn of the tunnel is as follows. The pressure tube is 
filled to the desired pressure with dry air, nitrogen, or the carefully 
prepared reacting mixture. The dump tube is evacuated to the appropriate 
pressure level or to lower pressure. The cellophane diaphragm is ruptured 
and the flow is initiated. Expansion waves travel into the pressure 
tube and accelerate the gas toward the nozzle while a shock wave travels 
into the dump tube. 

In o r d e r  t o  s i m p l i f y  t he  d i s c u s s i o n  o f  t he  t h e o r y  o f  t h e  t ube  
t u n n e l ,  a t  f i r s t  an i d e a l  o p e r a t i o n  w i l l  be assumed s i m i l a r  to  t h a t  a p p l i e d  
t o  shock t u b e s .  The gas i s  assumed to  be t h e r m a l l y  and c a l o r i c a l l y  p e r -  
f e c t  and i n v i s c i d .  S ince  t he  n o z z l e  s e c t i o n  o f  t h e  tube  i s  s h o r t  com- 
p a r e d  wi th  t h e  o v e r a l l  l e n g t h ,  i t  i s  assumed t h a t  t he  n o z z l e  i s  l o c a t e d  
a t  t he  diaphragm s e c t i o n  and i s  v e r y  nar row,  i . e . ,  t h e  a r e a  changes  a t  
t h e  diaphragm are  d i s c o n t i n u o u s .  One can thus  speak o f  t h e  t u n n e l  as i f  
i t  were a shock tuSe wi th  a n o z z l e  a t  t h e  diaphragm (29) .  A s c h e m a t i c  
o f  such a tube  i s  g iven  in  F igure  8. 

In the case of a shock tube the flow at the diaphragm section is 
steady, thus, by an addition of a nozzle at this location a steady ex- 
pansion is possible if both tube ends are of infinite length. Thus, if 
the throat is sonic, the Math number ahead of the nozzle M4, and the 
Mach number at the nozzle exit M3, is uniquely fixed by the geometry 
of the tube, i.e., by the cross-sectional area ratios of driver tube to 
nozzle throat and dump tube to nozzle throat, respectively (29). The 
Mach number M4, is given by the subsonic portion of the steady flow and 
M~, by the supersonic portion. A wave diagram of the above flow is also 
s~own in Figure 8. 

A f t e r  diaphragm r u p t u r e ,  left facing waves travel into region (4) 
of the high pressure tube or driver section. The strength of the expan- 
sion wave is determined and fixed by the geometry of the tube. Region 
(4') behind the expansion becomes fixed and has uniform thermal and flow 
properties. A right facing shock wave passes into region (I) of the low 
pressure end of the tunnel. A contact surface follows the shock wave. 
In the region between the contact surface and the exit of the nozzle, two 
modes of operation are possible. In the case of high pressure-tube to 
dump-tube pressure ratios, p4/Pl , a left facing expansion wave separates 
regions (5') and (3). Whereas for low ratios of p4/Pl , a left facing 
shock wave separates the two regions. The entire tunnel flow, as well as 
the two possibilities between region (5) and (3') is clearly shown in a 
P/Pl vs. u/a I graph, Figure 9. Steady nozzle flow time is determined by 
the'time it ~akes the expansion fan to leave the nozzle, reflect from the 
end wall of the tube, and return to the nozzle. 

The use  o f  t h e  h igh  p r e s s u r e  tube  and n o z z l e  as an i n t e r m i t t e n t  
wind t u n n e l  has been s u g g e s t e d  as s t a t e d  p r e v i o u s l y  by Ludwieg. The 
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t u n n e l  c o n s t r u c t e d  h e r e  i s  t h e  same i n  p r i n c i p l e  e x c e p t  f o r  t h e  n a t u r e  o f  
t h e  dump t a n k  and i t s  a t t e n d a n t  o p e r a t i o n .  The c h o i c e  t o  o p e r a t e  t h e  
t u n n e l  w i t h  a shock  t u b e  t y p e  dump s e c t i o n  and o p e r a t i o n  has  been  made 
in  o r d e r  t h a t  one may u t i l i z e  t h e  p r o p e r t y  o f  t h e  shock  wave as an 
a c c u r a t e ,  r e p r o d u c i b l e  and e x p e r i m e n t a l l y  s i m p l e  t r i g g e r  f o r  t h e  e l e c t r o n i c  
i n s t r u m e n t a t i o n .  In  t h i s  manner f low o b s e r v a t i o n  by p h o t o g r a p h ,  mov ie ,  
i n t e r f e r o m e t r y ,  e t c . ,  can be made r e p r o d u c i b l y .  

The c a l c u l a t i o n  o f  t e s t  t ime  and p r o p e r t i e s  ahead  o f  t h e  n o z z l e ,  
as w e l l  as t h e  s t a g n a t i o n  c o n d i t i o n s  f o r  t h e  n o z z l e  f l ow ,  have  been  d i s -  
c u s s e d  by Becker  (30) and Cable  and Cox (28) f o r  i d e a l  o p e r a t i o n  w i t h  
a t h e r m a l l y  and c a l o r i c a l l y  p e r f e c t  g a s .  These  d e r i v a t i o n s  a r e  n o t  r e -  
p e a t e d  h e r e ;  however ,  t h e i r  r e s u l t s  a r e  g i v e n  in  Appendix  I I .  For known 
s t a g n a t i o n  c o n d i t i o n s ,  t h e  f low i n  t h e  n o z z l e  can be o b t a i n e d  from t h e  
t a b l e s  c o m p i l e d  by t h e  Ames Resea rch  S t a f f  (31) .  When t h e  t u n n e l  i s  
o p e r a t e d  w i t h  t h e  r e a c t i n g  gas m i x t u r e ,  t h e  f low i s  no l o n g e r  d e s c r i b e d  
by t h e  e q u a t i o n s  d e r i v e d  f o r  t h e  p e r f e c t  ga s ,  and a new s o l u t i o n  f o r  t h e  
f low t h r o u g h  an e x p a n s i o n  f an  and a n o z z l e  must  be o b t a i n e d  f o r  each  
r e a c t i n g  gas  m i x t u r e  and o p e r a t i n g  c o n d i t i o n s .  Under t h e s e  c i r c u m s t a n c e s ,  
t h e  f low i s  assumed t o  be in  t h e r m a l  e q u i l i b r i u m ,  and t h e  s o l u t i o n  o f  
t h e  f low i s  g i v e n  i n  Appendix  I I I .  The f low i n  t h e  n o z z l e  u n d e r g o e s  a 
l a r g e  and r a p i d  e x p a n s i o n ,  and i t  i s  p o s s i b l e  t h a t  d e p a r t u r e  f rom e q u i l i -  
b r ium f low may o c c u r  h e r e .  To i n s u r e  t h a t  t h e  f low i n  t h e  n o z z l e  and f r e e  
s t r e a m  r e m a i n s  i n  e q u i l i b r i u m ,  a s e p a r a t e  a n a l y s i s  i s  made which e s t i m a t e s  
t h e  l o c a t i o n  i n  t h e  n o z z l e  where d e p a r t u r e  f rom e q u i l i b r i u m  may o c c u r .  
For t h i s  p u r p o s e  t h e  sudden  f r e e z i n g  a n a l y s i s  o f  Bray (32) i s  a d o p t e d ,  and 
t h e  c a l c u l a t i o n s  f o r  t h e  model gas a r e  g i v e n  i n  Appendix  IV. 

The analysis of the flow in the tunnel and its wave diagram is 
based on the assumption that the flow is inviscid and that the area 
change at the nozzle is discontinuous. In a real tunnel flow, however, 
boundary layers are formed along the tube wall and the nozzle is a large 
region of gradual area change. The effect of the growth of the boundary 
layer in the tube is to change the state of the gas ahead of the nozzle 
with time (33). For the present operating conditions with nitrogen, it 
is calculated that the effect of the boundary layer is to decrease the 
supply pressure at the end of the testing time by 1/2 percent of its ini- 
tial value. Static pressure traces in the nozzle side wall have confirmed 
this estimate. The drop in the supply temperature will be much less than 
the drop in the pressure (26). A similar drop in pressure and temperature 
will also be encountered with reacting flow. Thus, for the present opera- 
ting conditions it is permissible to assume that the supply conditions in 
the tunnel remain constant, particularly since a record of the flow is 
made approximately at the time when the expansion fan is reflected from 
the end wall of the tube. The effect of the boundary layer in the tube 
on the operation of the tunnel is discussed in Appendix II. 

The effect of the finite size of the nozzle, in relation to the 
idealized representation of the flow, is to considerably complicate the 
flow during the initiation and early stages of the flow in the vicinity 
of the nozzle. The duration of the flow in the test section under 
idealized operation with nitrogen is estimated to be 20 milliseconds. 
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A s t a t i c  p re s su re  t r a c e  in the  nozzle  s ide  wal l  a l so  confirms t h i s  e s t i -  
mate, but wi th  a major d i f f e r e n c e ,  however, only 80 pe rcen t  o f  the  t o t a l  
running t ime i s  s teady and approximately 20 pe rcen t  of  the  running t ime 
i s  r e q u i r e d  to  e s t a b l i s h  the  s teady flow. E s s e n t i a l l y  the  same r e s u l t  
has been obta ined  from a movie f i lm record  (5,000 frames pe r  second) of  
the shadowgraph of  the  flow f i e l d  about a sphere  in the t e s t  s e c t i o n .  
De ta i l s  of  the  performance,  c a l i b r a t i o n  and opera t ion  of  the tunne l  are  
given in  Appendix I I .  

l 
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VI 

EXPERIMENTAL RESULTS 

' i 

The e x p e r i m e n t a l  method  c o n s i s t s  o f  a s e t  o f  e x p e r i m e n t s  which  
a re  c o n d u c t e d  in  i d e n t i c a l  f r e e - s t r e a m s  bu t  w i t h  d i f f e r e n t  s p h e r e  diam- 
e t e r s .  Measurements  o f  t h e  r e s u l t i n g  s t a n d - o f f  d i s t a n c e s  c o n s t i t u t e  
t h e  e x p e r i m e n t a l  d a t a .  The f low f i e l d  abou t  a s p h e r e  and i t s  s t a n d - o f f  
d i s t a n c e  i s  r e c o r d e d  on Kodak Tr i -X Pan f i l m  by means o f  sha rp  f o c u s  
shadowgraph p h o t o g r a p h y  in  p a r a l l e l  l i g h t .  The f i l m  i s  exposed  by a 
s h o r t  d u r a t i o n  (0 .5  m i c r o s e c o n d )  sp a rk  l i g h t  s o u r c e  a t  a p p r o x i m a t e l y  12 
m i l l i s e c o n d s  a f t e r  t h e  i n i t i a t i o n  o f  t h e  f low in  t h e  n o z z l e .  The m e a s u r e -  
ments  o f  t h e  s t a n d - o f f  d i s t a n c e  a re  t a k e n  d i r e c t l y  f rom t h e  n e g a t i v e s  
w i t h  t h e  a i d  o f  a t r a v e l i n g  m i c r o s c o p e  a t  a 60 t o  1 m a g n i f i c a t i o n  r a t i o .  
The n e g a t i v e  i s  a t t a c h e d  t o  t h e  c a r r i a g e  o f  t h e  m i c r o s c o p e ,  t h e  d i r e c -  
t i o n  o f  t h e  f low ( i n d i c a t e d  by a r e f e r e n c e  l i n e  on t h e  n e g a t i v e )  i s  
l i n e d  up w i t h  t h e  c r o s s  h a i r s  in  t h e  m i c r o s c o p e  s i g h t s ,  and a r e a d i n g  
i s  o b t a i n e d  by a d v a n c i n g  t h e  c a r r i a g e  r e l a t i v e  t o  t h e  c r o s s  h a i r s .  
Sharp  focus  shadowgraphs  o f  t h e  f low f i e l d s  about  1/2 and 1/32 i n .  
d i a m e t e r  s p h e r e s  i n  n i t r o g e n  a t  a f r e e  s t r e a m  Mach number M = 1.50 a re  
shown in  F i g u r e  10. The camera i s  f o c u s e d  on a p l a n e  0 .01  i n .  f rom 
t h e  c e n t e r l i n e  o f  t h e  f low in  t h e  d i r e c t i o n  o f  t h e  camera .  

Expe r imen t s  a re  c o n d u c t e d  a t  two p o s i t i o n s  i n  t h e  n o z z l e  c o r r e s -  
p o n d i n g  t o  two s l i g h t l y  d i f f e r e n t  Mach numbers .  One t e s t  p o s i t i o n  i s  
t a k e n  a t  t h e  e x i t  o f  t h e  n o z z l e ,  d e n o t e d  as t h e  e x i t  t e s t  s e c t i o n ,  and 
t h e  o t h e r  2 .5  cm u p s t r e a m  o f  t h e  e x i t ,  d e n o t e d  as t h e  u p s t r e a m  t e s t  s e c -  
t i o n .  The n o z z l e  used  h e r e  i s  n o t  a p a r a l l e l  f low n o z z l e .  The Mach 
number  g r a d i e n t  w i t h  r e s p e c t  t o  t h e  d i s t a n c e  from t h e  t h r o a t  a l o n g  t h e  
c e n t e r l i n e  o f  t h e  n o z z l e  i s  a p p r o x i m a t e l y  hM/ax = 0 .015 cm -1 .  The 
l a r g e s t  s p h e r e  r a d i u s  u s e d  i s  a p p r o x i m a t e l y  R = 0 . 8  cm. 

S t a i n l e s s  s t e e l  b a l l  b e a r i n g s  a r e  u sed  as s p h e r e s  and each s e t  o f  
e x p e r i m e n t s  i n c l u d e s  s i x  d i f f e r e n t  s p h e r e  d i a m e t e r s .  At t h e  e x i t  t e s t  
s e c t i o n ,  1 /32 ,  1 /16 ,  1 /8 ,  1 /4 ,  1/2 and 5 /8  i n .  d i a m e t e r  s p h e r e s  a r e  u s e d ,  
and a t  t h e  u p s t r e a m  t e s t  s e c t i o n ,  1 /32 ,  1 /16 ,  1 /8 ,  1/4, 3/8 and 1/2 i n .  
d i a m e t e r  s p h e r e s  a r e  u s e d .  The s m a l l e s t  d i a m e t e r  r e p r e s e n t s  t h e  s m a l l e s t  
s p h e r e  abou t  which  t h e  f low f i e l d  can be o b s e r v e d  w i t h  t h e  p r e s e n t  
o p t i c a l  and p h o t o g r a p h i c  s y s t e m .  In  t h e  s h a r p  focus  shadowgraphs  o f  t h e  
f low f i e l d  abou t  t h e  s m a l l e s t  s p h e r e ,  t h e  shock  wave image becomes f a i n t  
and t h e  d e f i n i t i o n  o f  t h e  s p h e r e  edge becomes i m p o r t a n t  w i t h  r e s p e c t  t o  
t h e  s t a n d - o f f  d i s t a n c e .  The 5 /8  i n .  and 1/2 i n .  s p h e r e s  i n  t h e  two d i f f e r -  
en t  t e s t i n g  p o s i t i o n s  r e p r e s e n t  t h e  l a r g e s t  s i z e s  which  do n o t  b l o c k  t h e  
f low i n  t h e  n o z z l e .  Hence,  s i z e  changes  by f a c t o r s  o f  20 and 16 a r e  
p o s s i b l e  i n  t h e  two t e s t i n g  p o s i t i o n s  r e s p e c t i v e l y .  

Expe r imen t s  have been  f i r s t  c o n d u c t e d  i n  d ry  n i t r o g e n .  I t  i s  r e -  
c a l l e d  t h a t  f o r  n o n - r e a c t i n g  f l o w ,  f o r  a g iven  Mach number  and s p e c i f i c  
h e a t  r a t i o ,  t h e  d i m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e  i s  c o n s t a n t .  The 
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n i t r o g e n  e x p e r i m e n t s ,  t h e r e f o r e ,  a r e  i n t e n d e d  as  c a l i b r a t i o n  e x p e r i m e n t s  
o f  t h e  f low in  t h e  t e s t  s e c t i o n .  Each s p h e r e  i s  p l a c e d  on t h e  c e n t e r l i n e  
o f  t h e  f low and p o s i t i o n e d  so  t h a t  t h e  t i p  o f  t h e  d e t a c h e d  shock  wave 
i s  l o c a t e d  a t  a p p r o x i m a t e l y  t h e  same p o i n t  i n  t h e  n o z z l e  f r e e  s t r e a m .  A 
r e p r e s e n t a t i v e  s e t  o f  e x p e r i m e n t s  c o n d u c t e d  in  dry  n i t r o g e n  a t  t h e  e x i t  
t e s t  s e c t i o n  i s  shown in  Table  I .  The r e d u c t i o n  and i n t e r p r e t a t i o n  o f  
t h e  raw d a t a  i s  g i v e n  in  Appendix  V. The s t a n d - o f f  d i s t a n c e  i s  r e a d  
a long  t h e  d i r e c t i o n  o f  t h e  f low from t h e  t i p  o f  t h e  s p h e r e  t o  t h e  c e n t e r  
o f  t h e  shock wave image ,  and i s  n o n - d i m e n s i o n a l i z e d  w i t h  r e s p e c t  t o  t h e  
measured  s p h e r e  r a d i u s .  The r e s u l t i n g  d i m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e  
5/R i s  shown in  t h e  t h i r d  column o f  Tab le  I .  Each v a l u e  g i v e n  in  Tab le  I ,  
as w e l l  as i n  a l l  s u b s e q u e n t  t a b l e s ,  r e p r e s e n t s  an a v e r a g e  v a l u e  o f  f i v e  
r e a d i n g s  o f  t h e  same n e g a t i v e .  E r r o r s  i n  t h e  n o n - d i m e n s i o n a l  s t a n d - o f f  
d i s t a n c e s  a r i s e  p r i m a r i l y  due t o  r e a d i n g  e r r o r s  o f  t h e  n e g a t i v e s  (Appen- 
d i x  Y). The s m a l l e s t  s p h e r e  has t h e  g r e a t e s t  u n c e r t a i n t y  w i t h  a f r a c t i o n a l  
d e v i a t i o n  o f  a p p r o x i m a t e l y  ±2.4 p e r c e n t .  The l a r g e  r s p h e r e s  have a p r o -  
p o r t i o n a l l y  s m a l l e r  e r r o r ,  t h e  l a r g e s t  s p h e r e  h a v i n g  t h e  l e a s t  u n c e r t a i n t y  
w i t h  a f r a c t i o n a l  d e v i a t i o n  o f  a p p r o x i m a t e l y  ±0.2 p e r c e n t .  R e p r o d u c i -  
b i l i t y  o f  e x p e r i m e n t s ,  on t h e  a v e r a g e ,  i s  o f  t h e  o r d e r  o f  t h e  r e a d i n g  e r r o r .  

A systematic variation of approximately 2.5 percent is observed 
in the dimensionless stand-off distance from the smaller to the largest 
spheres. The major portion of this variation occurs with the larger 
diameter spheres and can be attributed to the non-uniform flow in the 
nozzle test section (Appendix V). Some variation in the stand-off dis- 
tance is also due to viscous effects. An effective displacement of the 
stand-off distance is caused by a boundary layer on the surface of the 
sphere. The relative variation in the dimensionless stand-off distance 
due to viscous effects, however, is considerably less than the variation 
due to non-uniform free stream between the same sphere sizes (Appendix V). 

It is recalled that the approach to the present problem requires 
the dimensionless stand-off distance to be constant with sphere size for 
a non-relaxing flow. It is, therefore, desirable for purposes of inter- 
pretation to reduce or "calibrate" the variation of the dimensionless 
stand-off distance which arises as a consequence of the non-uniform flow 
in the test section, The following method of adjusting for the variation 
of the dimensionless stand-off distance is adopted. It is assumed that 
the best representation of the stand-off'distance is obtained with the 
1/4 in. diameter sphere. It is large enough not to be significantly 
affected by reading errors and yet small enough not to be significantly 
affected by the non-uniform free stream. A proportionality factor is 
then found for the other spheres which reduces the dimensionless stand-off 
distance to the value of the 1/4 in. diameter sphere. The dimensionless 
stand-off distance compensated in this manner is denoted by (A/R)*, or 

= f . 
A 

, (49 K" 

where f is an appropriate proportionality factor which compensates for 
non-uniform free stream and does not vary greatly from one. The result 
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Table I. Dimensionless stand-off distance measurements in pure 
nitrogen at Mach number M = 1.50 

Nominal 
Experiment  Sphere  Dia. A ~) * 

Number ( i n . )  R ( 

240 1/32 0.628 0.623 

241 1/16 0.629 0,624 

242 I/8 0.628 0.623 

243 1/4 0.623 0.623 

244 1/4 0,623 0,623 

245 1/2 0,617 0,624 

246 1/2 0,616 0,623 

247 5/8 0,614 0,623. 

A - S t a n d - o f f  d i s t a n c e  
R - Sphere  r a d i u s  

o f  t h e  above r e d u c t i o n  f o r  t he  s e t  o f  n i t r o g e n  e x p e r i m e n t s  i s  shown in  t he  
l a s t  column o f  Table  I .  

The o p t i c a l - p h o t o g r a p h i c  e r r o r s ,  v i s c o u s  e f f e c t s  and n o n - u n i f o r m  
f low in  t h e  n o z z l e  which appear  in  t h e  n i t r o g e n  expe r imen t s  a l s o  appea r  
in  t h e  e x p e r i m e n t s  conduc ted  wi th  t h e  r e a c t i n g  gas m i x t u r e s .  The r e a c t i n g  
gas m i x t u r e s  a r e  d i l u t e  m i x t u r e s  o f  NO~ and NTO. in  n i t r o g e n ,  and t h e  
p h y s i c a l  p r o p e r t i e s  o f  t h e  m i x t u r e  do no t  d i f f e r  g r e a t l y  from t h e  p r o p e r -  
t i e s  o f  n i t r o g e n .  I t  i s  assumed t h a t  t h e  e r r o r s  e n c o u n t e r e d  in  t h e  e x p e r i -  
ments w i th  r e a c t a n t s  a r e  o f  t he  same o r d e r  as e n c o u n t e r e d  in  dry  n i t r o g e n ,  
and t h a t  t h e  method o f  compensa t ing  f o r  t h e s e  e r r o r s  in  n i t r o g e n  f lows can 
a l s o  be used in  r e a c t i n g  f l ows .  I t  i s  wor th  n o t i n g  t h a t  t h e  method o f  
r e d u c i n g  t h e  r e s u l t s  w i t h  t h e  use o f  Equa t ion  (4) i s  a r b i t r a r y  and i t  i s  
used  h e r e  on ly  as a means by which v a r i a t i o n s  in  t h e  d i m e n s i o n l e s s  s t a n d -  
o f f  d i s t a n c e  no t  due t o  n o n - e q u i l i b r i u m  e f f e c t s  can be min imized  o r  
e x c l u d e d .  

Exper iments  wi th  t he  r e a c t i n g  gas m i x t u r e s  a r e  conduc ted  a t  a 
number o f  d i f f e r e n t  r e a c t a n t  c o n c e n t r a t i o n s .  At t he  e x i t  t e s t  s e c t i o n ,  
s e t s  o f  e x p e r i m e n t s  a r e  pe r fo rmed  w i t h  mass f r a c t i o n s  o f  m = 0 .216,  
0.301 and 0 .400 ,  and a t  t he  ups t ream t e s t  s e c t i o n  wi th  r e a c t a n t  mass 
f r a c t i o n s  o f  m = 0.215 and 0 .301.  The r e a c t a n t  gas m i x t u r e  can be p r e -  
p a r e d  wi th  an ~ccu racy  o f  l e s s  than  0.5 p e r c e n t  in  t he  r e a c t a n t  mass 
f r a c t i o n ,  and model gas m i x t u r e s  a r e  r e p r o d u c i b l e  t o  t h e  same a c c u r a c y .  
The raw measurements ,  d i m e n s i o n l e s s  s t a n d = o f f  d i s t a n c e ,  A/R, and t h e  
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d i m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e  compensa t ed  f o r  t h e  n o n - u n i f o r m  f r e e  
s t r e a m  (A/R)*,  a r e  g i v e n  in  Tab le s  I I  and I I I  f o r  t h e  e x i t  and t h e  up -  
s t r e a m  t e s t  s e c t i o n s ,  r e s p e c t i v e l y .  The ave rage  v a l u e s  o f  t h e  r e a c t a n t  
mass f r a c t i o n  ~o'  and t h e  t e m p e r a t u r e ,  T4, and p r e s s u r e ,  P4 '  o f  t h e  un-  
d i s t u r b e d  gas i n  t h e  p r e s s u r e  t u b e  f o r  each  s e t  o f  e x p e r i m e n t s  a r e  a l s o  
i n c l u d e d  h e r e .  For a g i v e n  s e t  o f  e x p e r i m e n t s  t h e  t e m p e r a t u r e  Td does 
n o t  v a r y  by more t h a n  0 .5°C from t h e  a v e r a g e .  The p r e s s u r e  can De con-  
t r o l l e d  d i r e c t l y  and i s ,  t h e r e f o r e ,  w i t h i n  2 .5  mm Hg o f  t h e  a v e r a g e .  A 
g r a p h i c  p r e s e n t a t i o n  o f  t h e  compensa t ed  d i m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e  
as a f u n c t i o n  o f  s p h e r e  d i a m e t e r  i s  g i v e n  in  F i g u r e  I I .  R e p r o d u c i b i l i t y  
o f  e x p e r i m e n t s  i n  r e a c t i n g  f low i s  d e m o n s t r a t e d  i n  Tab le  IV f o r  t h e  1/4  
and t h e  1/2 i n .  d i a m e t e r  s p h e r e s .  In  g e n e r a l ,  t h e  r e p r o d u c i b i l i t y  o f  
t h e  s t a n d - o f f  d i s t a n c e  f o r  a g i v e n  s p h e r e  i s  o f  t h e  o r d e r  o f  t h e  r e a d i n g  
e r r o r .  A sha rp  f o c u s  shadowgraph o f  r e a c t i n g  f low o v e r  a 1/2 i n .  
d i a m e t e r  s p h e r e  a t  M = 1.35 (~^ = 0 .501)  i s  shown i n  F i g u r e  12. Note 
t h e  c o n s i d e r a b l e  d a r k e n i n g  o f  t ~ e  f low b e h i n d  t h e  shock  wave i n  t h i s  
p h o t o g r a p h .  This  i s  due t o  t h e  i n c r e a s e d  l i g h t  a b s o r p t i o n  o f  t h e  i n -  
c r e a s e d  c o n c e n t r a t i o n  o f  NO 2 b e h i n d  t h e  shock  wave. 

A s t a t i c  p r e s s u r e  t r a c e  in  t h e  n o z z l e  s i d e  w a l l  as a f u n c t i o n  o f  
t ime  i s  shown in  F i g u r e  15. The t o t a l  r u n n i n g  t ime  i s  a p p r o x i m a t e l y  
25 msec.  which i s  somewhat l o n g e r  t h a n  t h e  c o r r e s p o n d i n g  t ime  in  p u r e  n i -  
t r o g e n .  A s t a t i c  p r e s s u r e  t r a c e  w i t h  an expanded  t ime  c o o r d i n a t e  i s  
shown i n  F i g u r e  14. A p p r o x i m a t e l y  5 msec.  a r e  r e q u i r e d  t o  e s t a b l i s h  
s t e a d y  f low in  t h e  n o z z l e  and t h e  f low r ema ins  s t e a d y  f o r  t h e  r e m a i n d e r  
o f  t h e  r u n n i n g  t ime  as d e m o n s t r a t e d  by t h e  c o n s t a n t  p r e s s u r e  i n  t h e  t r a c e .  
Arrows on t h e  t r a c e s  i n d i c a t e  t h e  t i m e  a t  which s h a r p  focus  shadowgraphs  
a r e  t a k e n .  

Free  s t r e a m  c o n d i t i o n s  f o r  each  e x p e r i m e n t  a r e  o b t a i n e d  f rom an 
equilibrium solution of the flow in the tunnel for the given mass frac- 
tion of reactants and the undisturbed temperature and pressure of the gas 
mixture in the pressure tube. The equilibrium flow solution in the tunnel 
is given in Appendix III. Representative equilibrium flow conditions in 
the tube wind tunnel from the undisturbed state to the free stream are 
shown in Table V. On the basis of the approximate non-equilibrium flow 
analysis in the nozzle, experiments with a reactant mass fraction of 

= 0.215 represent the lower limit of the reactant concentration for 
w~ich equilibrium flow can be assumed within the accuracy of the analysis 
for the present initial operating conditions. The highest reactant mass 
fraction used in the experiments is ~^ = 0.400. Hxperiments at higher 
reactant concentration are not conducted due to a number of practical con- 
siderations. The nitrogen dioxide gas has a deep red-brown color and 
absorbs light in the range 5,000 to 5,000 ~ (54). Thus, as the concentra- 
tion of reactants is increased, the light absorbed increases, and conse- 
quently, the density and contrast of the sharp focus shadowgraphs also 
decreases. Furthermore, at the higher partial pressures of reactants, 
and a t  t h e  t e m p e r a t u r e s  o f  t h e  gas  e n c o u n t e r e d  a t  t h e  p r e s e n t  o p e r a t i n g  
c o n d i t i o n s  i n  t h e  n o z z l e ,  i t  i s  p o s s i b l e  t o  a t t a i n  c o n d i t i o n s  a t  which  con-  
d e n s a t i o n  o f  r e a c t a n t s  may o c c u r .  F i n a l l y ,  a t  h i g h e r  c o n c e n t r a t i o n s  t h e  
mechanism and r a t e s  o f  t h e  r e a c t i o n  may be i n  d o u b t .  The above r ange  
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o£ r e a c t a n t  c o n c e n t r a t i o n s  and t h e i r  l i m i t a t i o n s  a r e  d e p e n d e n t  on t h e  
s t a t e  o f  t h e  u n d i s t u r b e d  gas  i n  t h e  t u b e ,  and t h i s  r ange  can be changed  
by s e l e c t i n g  o t h e r  o p e r a t i n g  c o n d i t i o n s .  In  t h e  p r e s e n t  s e t  o f  e x p e r i -  
ments  i t  has  been  c o n v e n i e n t  t o  o p e r a t e  t h e  t u n n e l  a t  room t e m p e r a t u r e  
and a t m o s p h e r i c  p r e s s u r e .  
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Table I I .  Stand-off distance measurements at exit test section 

Nominal 
Exper iment  Sphere  Dia. A A A, * 

Number (in) (cm) R ( P 

O 

207 1/32 0.029 0.720 0.714 

203 1/16 0.055 0.698 0.692 

205 1/8 0.105 0.667 0.661 

204 1/4 0.198 0.635 0.633 

206 1/2 0.376 0.600 0.606 

208 5/8 0.463 0.592 0.600 

0.216, T 4 = 298.9°K, P4 = 876 mm Hg 

b~ 
O 

189 1/32 0.028 0.700 0.694 

186 1/16 0.053 0.679 0.673 

187 1/8 0.100 0.641 0.635 

185 1/4 0.191 0.609 0.609 

188 1/2 0.366 0.584 0.590 

190 5/8 0.451 0.576 0.585 

= 0.301, T 4 = 297.6°K, P4 = 876 mm Hg 

O 

220 1/16 0.052 0.661 0.655 

222 1/8 0.099 0.632 0.627 

219 1/4 0.189 0.602 0.602 

224 1/2 0.563 0.579 0.586 

221 5/8 0.447 0.572 0.581 

= 0.400, T 4 = 296.1°K, P4 = 700 mm Hg 

A - S t a n d - o f f  d i s t a n c e ,  R - Sphere  r a d i u s .  
, T . ,  p _  - ave rage  v a l u e s  o f  t h e  r e a c t a n t  mass f r a c t i o n  and t h e  un- 

0 4 4 
dmstu~bed tube  t e m p e r a t u r e  and p r e s s u r e ,  r e s p e c t i v e l y .  
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Table Ill.  Stand-off distance measurements at upstream test section 

Nominal 
Exper imen t  Sphe re  Dia.  A A ~)*  

Number Cin) Ccm) R C 

O 

199 1/32 0.033 0.812 0.804 

197 1/16 0.061 0.775 0.767 

201 I18 0 .115 0.735 0 .728  

198 1/4 0.220 0.701 0.701 

200 3/8 0.318 0.676 0.683 

202 1/2 0,416 0.664 0.674 

= 0.215, T 4 = 298.3"K, P4 = 876 mmHg 

~0 
O 

193 1/32 0 .031  0 .769 0 .761  

192 1/16 0 .059  0 .745 0 .738  

191 1/8  0 .112 0 .715 0 .708  

195 1/4 0.212 0.676 0.676 

194 3 /8  0 .310  0 .658  0 .665  

196 1/2 0 .405 0 .647  0 .658  

= 0 . 3 0 1 ,  T 4 = 295 .8°K,  P4 = 876 mm Hg 

A - S t a n d - o f f  d i s t a n c e ,  R - Sphe re  r a d i u s .  
, T . ,  p .  - a v e r a g e  v a l u e s  o f  t h e  r e a c t a n t  mass f r a c t i o n  and t h e  un-  

d ~ s t u ~ b e d ~ t u b e  t e m p e r a t u r e  and p r e s s u r e ,  r e s p e c t i v e l y .  
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Fig. I !  Dimensionless stand-off distance as a function of sphere diameter 
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Table IV. Reproducibility of the stand-off distance experiments in reacting flew 

Nominal 
Exper iment  Sphere  Dia. h 

Number ( in)  (cm) 
A 

R 

OJ 
O 

209 I14 

210 1/4 

211 1/4 

212 1/4 

= 0.216, T 4 = 299.5°K, P4 

0. 198 

0. 198 

0 .198  

0. 198 

= 876 nuuHg 

0.655 

0.633 

0.632 

0.632 

O 

118 1/2 

119 1/2 

120 1/2 

= 0.218, T 4 = 296.1°K, 

A - S t a n d - o f f  d i s tance ,  

0.  376 

0. 376 

0.376 

P4 = 875 mm Hg 

R - Sphere  r a d i u s .  

0.601 

0.600 

0.600 

~ '  T4' P4 " ave r age  v a l u e s  o f  t h e  r e a c t a n t  mass f r a c t i o n  and t h e  un-  
d i s t u r b e d  tube  t e m p e r a t u r e  and p r e s s u r e ,  r e s p e c t i v e l y .  
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PI 

EO 

Fig. 13 

~sec/cm 

Static pressure trace of the flow in the nozzle side 
wall, oscil loscope trace (~o = 0.215, T 4 = 298.89l(, 
P4 -- 876 mm Hg). The arrow indicates the time at 
which the sharp focus shadowgraph is taken. 

-r-I 
IO 

P 

----1m- 
r 

Fig. 14 

msec/c~l 

Static pressure trace of the starting process and test- 
ing time in the nozzle side wall, oscil loscope trace 

(~o -- 0.215, T 4 = 298.8 ~ ,  P4 = 876 mm Hg). The 
arrow indicates the time at which the sharp focus 
shadowgraph is  taken. 
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Table V.  Representative equilibrium flow conditions in the tube wind tunnel! 

E x p e r i m e n t  number :  204 
R e a c t a n t  mass f r a c t i o n :  ~ = 0 . 2 1 6  
U n d i s t u r b e d  i n i t i a l  c o n d i t i o n s  i n  t h e  p r e s s u r e  t u b e :  

T 4 = 298 . 8 °K  
P4 = 876 mm Hg 
a 4 = 0.480 

Induced f l ow  c o n d i t i o n s  beh ind  the  expans ion fan :  

M = 0.10 
e 

T41 = 2 9 3 . 0 ° K  
a 4 '  ~ 0 . 4 5 2  

Stagnation conditions for the nozzle f l o w :  

T = 293.37K 
o 

Po = 753 m Hg 
= 0.434 

o 

Nozzle throat conditions: 

T* = 273.4°K 
a*. = 0.276 

F r e e  s t r e a m  c o n d i t i o n s  i n  t h e  e x i t  t e s t  s e c t i o n :  

M = 1 . 5 7  
T = 252.2°K 
p = 238mmHg 
p = 4.94 x 10-4g/cm 3 
a = 0.139 

~T - t e m p e r a t u r e ,  p - p r e s s u r e ,  
d i s s o c i a t i o n ,  M - Mach number .  

0 - d e n s i t y ,  a - d e g r e e  o f  
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VII 
ANALYSIS OF EXPERIMENTAL RESULTS 

The n o n - e q u i l i b r i u m b e h a v i o r  of t h e  d i m e n s i o n l e s s  shock  s t a n d -  
o f f  d i s t a n c e  i s  d e s c r i b e d  i n  t e rms  o f  t h e  Damk~hler p a r a m e t e r .  One 
r e c a l l s  t h a t  t h e  Damk6hler  p a r a m e t e r  D i s  g i v e n  by t h e  r a t i o  o f  a 
c h a r a c t e r i s t i c  f low t i m e  t o  a c h a r a c t e r i s t i c  t ime  o f  t h e  r a t e  p r o c e s s .  
S ince  t h i s  i s  a p h y s i c a l  p a r a m e t e r ,  t h e  c h o i c e  o f  t h e  c h a r a c t e r i s t i c  
t i m e s  i s  n o t  f i x e d  and a number o f  e q u i v a l e n t  r e p r e s e n t a t i o n s  can be 
u s e d .  In  g e n e r a l ,  however ,  t h e  l i m i t s  D ÷ ® and D ÷ o d e n o t e  e q u i l i b r i u m  
and f r o z e n  f l o w s ,  r e s p e c t i v e l y .  

In  t h e  p r e s e n t  a n a l y s i s ,  t h e  c h a r a c t e r i s t i c  t i m e  i s  c h o s e n  as  
t h e  t i m e  r e q u i r e d  f o r  a f l u i d  e l e m e n t  t o  f low f rom t h e  p o s i t i o n  o f  t h e  
shock wave t o  t h e  body a l o n g  t h e  s t a g n a t i o n  s t r e a m l i n e ,  i . e .  t o  f low 
t h r o u g h  t h e  s t a n d - o f f  d i s t a n c e  A. A f l u i d  e l e m e n t  f l o w i n g  a l o n g  t h e  
s t a g n a t i o n  s t r e a m l i n e  w i l l  have  a f i n i t e  v e l o c i t y  i n u n e d i a t e l y  b e h i n d  
t h e  shock  wave,  g i v e n  by t h e  g o v e r n i n g  f r o z e n  shock  wave e q u a t i o n s ,  and 
a ze ro  v e l o c i t y  a t  t h e  s t a g n a t i o n  p o i n t .  A l i n e a r  v e l o c i t y  d i s t r i b u -  
t i o n  i s  assumed be tween  t h e  v e l o c i t y  i m m e d i a t e l y  b e h i n d  t h e  shock  wave 
u and t h e  s t a g n a t i o n  p o i n t ,  and t h e  a v e r a g e  v e l o c i t y  i s  u s e d  t o  c a l c u -  
IS-re the characteristic flow time. Hence the characteristic flow time 
~A is expressed by 

A CS) 
TA = ~ ' -  . 

In  a r e a l  f low t h e  v e l o c i t y  be tween  t h e  shock  and t h e  body f a l l s  
be low a l i n e a r  d i s t r i b u t i o n  (See r e f .  (12) and ( 5 ) ) .  The d e v i a t i o n ,  how- 
e v e r ,  i s  n o t  g r e a t ,  and f o r  t h e  p u r p o s e  o f  c a l c u l a t i n g  a c h a r a c t e r i s t i c  
f low t i m e  i t  i s  p e r m i s s i b l e  t o  assume a l i n e a r  d i s t r i b u t i o n .  

The characteristic time of a rate process depends, in general, 
on the physical properties and the thermodynamic state of the gas, as 
well as on the extent of the initial departure from equilibrium. A 
relaxation time for a rate process can be defined in a few special situa- 
tions, and in general, it does not have a well-defined physical meaning. 
Consider the general form of the rate equation as given by Vincenti and 
Kruger (35) 

= LCp, p,cx) TCp, P, ~) (63 

In  t h i s  e x p r e s s i o n ,  • has  t h e  u n i t s  o f  t i m e  and i s  g e n e r a l l y  r e f e r r e d  t o  
as a local characteristic time of the rate process. For the particular 
case of small departures from a reference equilibrium state at constant 
pressure p and density 0, Equation (6) can be linearized and integrated. 
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The c h a r a c t e r i s t i c  t ime  z appears  in  t he  e x p o n e n t i a l  f a c t o r  and i s  d e f i n e d  
as t h e  r e l a x a t i o n  t ime .  The p h y s i c a l  meaning o f  T i s  t he  t ime r e q u i r e d  
f o r  t he  d e v i a t i o n  from e q u i l i b r i u m  to  f a l l  t o  1 /e  o f  i t s  i n i t i a l  v a l u e .  
When t h e  r e f e r e n c e  s t a t e  i s  no t  a t  c o n s t a n t  p r e s s u r e  and d e n s i t y ,  and 
d e p a r t u r e s  from e q u i l i b r i u m  a re  l a r g e ,  t h e  c h a r a c t e r i s t i c  t ime T i s  r e -  
f e r r e d  to  as a l o c a l  r e l a x a t i o n  t ime  wi th  r e s p e c t  to  a l o c a l  e q u i l i b r i u m  
c o n d i t i o n  (35) .  A r e l a x a t i o n  t ime i s  thus  a s s o c i a t e d  wi th  smal l  d e p a r -  
t u r e s  from an e q u i l i b r i u m  s t a t e  o r  a l o c a l  r e f e r e n c e  s t a t e .  

A b l u n t  body flow i s  c h a r a c t e r i z e d  by t h e  d e t a c h e d  shock wave. 
Along the  s t a g n a t i o n  s t r e a m l i n e ,  t he  normal shock wave i s  s t r o n g  and 
d e p a r t u r e  from e q u i l i b r i u m  i s  l a r g e .  In t h i s  s i t u a t i o n ,  t he  meaning o£ 
a r e l a x a t i o n  t ime i s  l i m i t e d  to  a smal l  r e g i o n  o f  t he  f low and i t s  mean- 
ing i s  no t  c l e a r  f o r  t he  p r o c e s s  as whole .  A means o f  d e f i n i n g  a 
c h a r a c t e r i s t i c  r e a c t i o n  t ime  f o r  t h e  p r o c e s s  as a whole i s  c o n s i d e r e d  
n e x t ,  and the  use  o f  a l o c a l  r e l a x a t i o n  t ime w i l l  be c o n s i d e r e d  l a t e r  
in  t h e  a n a l y s i s .  

The s t a t e  o f  t he  gas immed ia t e ly  beh ind  the  d e t a c h e d  bow shock 
wave o f  t h e  b l u n t  body i s  g iven  by the  s o l u t i o n  o f  t h e  f low th rough  t h e  
e q u i v a l e n t  shock wave wi th  t h e  same f r e e  s t r eam.  In p a r t i c u l a r ,  t h e  
f low th rough  t h e  normal p o r t i o n  o f  t h e  d e t a c h e d  shock wave i s  used  t o  
c h a r a c t e r i z e  t he  b l u n t  body f low.  In t h e  p r e s e n t  s i t u a t i o n ,  t h e  c h a r a c -  
t e r i s t i c  t ime which d e s c r i b e s  t h e  n o n - e q u i l i b r i u m  f low beh ind  a p l a n e  
shock wave w i l l  be assumed to  a l s o  c h a r a c t e r i z e  t h e  n o n - e q u i l i b r i u m  
f low beh ind  the  normal shock wave o f  t he  c o r r e s p o n d i n g  b l u n t  body.  

A solution of the non-equilibrium flow of the present reacting 
model gas mixture through a normal shock wave is given in Appendix IV. 
The rate equation combined with the other governing equations may be ex- 
pressed in  t h e  form 

d~ 
--= FCa), C7) dt 

mere F(a) is some co~licated function of a. This equation is equivalent 
to Equation (6), and is specialized here ~r the case of a normal shock 
wave. The variation of a with time in the non-equilibrium region behind 
the shock wave is given by 

to 

t = F(a) ' (8) 

S 
and a characteristic time to reach equilibrium may be conveniently de- 
fined, as done by Freeman (i), by 

f 
O .950~ e 

(1 
S 

(9) 
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where a e is the equilibrium value of the degree of dissociation obtained 
from the equilibrium solution of the shock wave, i.e. from F(a) = O. The 
c h a r a c t e r i s t i c  t i m e  z r i s  t h u s  a t i m e  r e q u i r e d  t o  r e a c h  95 p e r c e n t  o f  t h e  
e q u i l i b r i u m  d e g r e e  o f  d i s s o c i a t i o n ,  and may be c o n s i d e r e d ,  f r e e l y  s p e a k -  
i n g ,  as  a n o n - l i n e a r  r e l a x a t i o n  t ime  o f  t h e  n o n - e q u i l i b r i u m p r o c e s s .  
With t h i s  d e f i n i t i o n ,  t h e  DamkShler p a r a m e t e r  becomes 

~A 
D = -~-- , (I0) 

r 

where T^ is the characteristic flow time given by Equation (5). Such a 
Damk~hl~r parameter is calculated for each experiment in a given set of 
experiments. For  the set of experiments in the exit test section with 
reactant mass fraction ~ = 0.216, the characteristic reaction time z r 
has an average value of ~4 x 10 -6 sec. The characteristic flow time-T A 
varies from 3 x 10-6 to 40 x 10 -6 sec for the 1/32 and 5/8 in. diameter 
spheres, and the corresponding DamkShler parameter has a range of values 
from 0.2 to 2.8, respectively. 

The variation of the dimensionless stand-off distance (compensated 
for the variation of the non-uniform free stream) with the Damk~hler 
parameter for the above set of experiments is shown in Figure 15. A de- 
crease of approximately 16 percent is observed as the DamkShler parameter 
is increased by an order of magnitude. The vertical bars over the experi- 
mental points indicate approximate deviations due to optical, photographic 
and reading errors of the negatives (Appendix V). These errors become 
significant only for the smaller diameter spheres, and fall within the 
symbols representing the experimental points of the larger spheres. 
The greatest error occurs with the smallest sphere where the deviation is 
estimated to be ±2 percent and amounts to a deviation of ±15 percent of 
the total effect observed. Similar errors occur in the DamkShler param- 
eters due to uncertainties in the characteristic times. A deviation of 
approximately ±2 to ±i percent is estimated in the DamkShler parameters 
for the 1/52 and 5/8 in. diameter spheres, respectively. These errors 
are indicated by horizontal bars in Figure 15 and are not significant on 
the scale o£ this figure. 

The limiting values of the frozen and equilibrium shock positions 
may be estimated in the following manner. It is recalled that if the 
dimensionless stand-off distance is plotted as a function of the density 
ratio across the normal shock, Figure 16, then over a small region of 
the density ratio, the curve may be represented approximately by a 
straight line. Furthermore, the variation of the dimensionless stand-off 
distance with the specific heat ratio at a given density ratio is small 
and may be assumed negligible. With these facts in mind, a straight 
line is drawn and extended through the experimental results obtained with 
dry nitrogen (Figure 16). The frozen and equilibrium density ratios 
across the normal bow shock waves are obtained from the corresponding 
frozen and equilibrium plane shock wave solutions (Appendix IV). The 
range of these density ratios is small so that the straight line repre- 
sentation mentioned above is a good approximation. The limiting stand-off 
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distance values, obtained from their corresponding density ratios, are 
shown in Figure 15. The change in the dimensionless stand-off distance 
f rom t h e  f r o z e n  t o  t h e  e q u i l i b r i u m  l i m i t  i s  t h u s  e s t i m a t e d  t o  be  25 
p e r c e n t  f o r  t h e  above s e t  o f  e x p e r i m e n t s .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h a t  a r e l a t i v e l y  l a r g e  change  i n  t h e  d i m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e  
i s  o b s e r v e d  f o r  an o r d e r  o f  m a g n i t u d e  change  o f  t h e  DamkShler p a r a m e t e r  
and t h a t  t h e  l i m i t i n g  f r o z e n  and e q u i l i b r i u m  b e h a v i o r  i s  c l o s e l y  
a p p r o a c h e d .  T h i s  s t r o n g  dependence  on t h e  Vamkohler  p a r a m e t e r  i n d i c a t e s  
t h a t  t h e  e x p e r i m e n t s  were ,  i n d e e d ,  c o n d u c t e d  i n  a n o n - e q u i l i b r i u m  r e g i m e  
and t h a t  t h e  DamkShler p a r a m e t e r  i s  an a p p r o p r i a t e  and m e a n i n g f u l  param- 
e t e r .  The g r e a t e s t  change  i n  t h e  d i m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e  o c c u r s  
n e a r  t h e  f r o z e n  l i m i t ,  and n e a r  t h e  e q u i l i b r i u m  l i m i t  t h e  b e h a v i o r  i s  
weak ly  d e p e n d e n t  on t h e  Damkohler  p a r a m e t e r .  In  t h i s  r e s p e c t ,  t h e  ex-  
p e r i m e n t a l  b e h a v i o r  i s  i n  q u a l i t a t i v e  ag r eemen t  w i t h  F r e e m a n ' s  p r e d i c -  
t i o n s  (1) f o r  t h e  L i g h t h i l l  i d e a l  d i s s o c i a t i o n  gas e x t e n d e d  t o  non-  
e q u i l i b r i u m  b e h a v i o r  by F r eeman ' s  r a t e  e q u a t i o n ,  and C o n t i ' s  p r e d i c t i o n s  
(2) for a gas mixture of oxygen and nitrogen with nitrogen as an inert 
diluent and oxygen undergoing dissociation-recombination reaction. 

The r e s u l t s  o f  a l l  s e t s  o f  e x p e r i m e n t s  c o n d u c t e d  a t  t h r e e  d i f f e r -  
e n t  r e a c t a n t  mass f r a c t i o n s  and two d i f f e r e n t  t e s t  s e c t i o n s  a r e  p r e -  
s e n t e d  in  F i g u r e  17. The r e a c t a n t  mass f r a c t i o n  ~o, t h e  f r e e  s t r e a m  
f r o z e n  Mach number M®, and t h e  f r e e  s t r e a m  d e g r e e  o f  d i s s o c i a t i o n  a®, 
a r e  a l s o  shown h e r e .  Q u a l i t a t i v e l y ,  t h e  b e h a v i o r  o f  each s e t  o f  e x p e r i -  
ments  i s  s i m i l a r  t o  t h e  s e t  d e s c r i b e d  above  and p r e s e n t e d  i n  F i g u r e  15. 

The e x p e r i m e n t s  c o n d u c t e d  a t  t h e  e x i t  t e s t  s e c t i o n  a r e  c o n s i d e r e d  
f i r s t .  The v a r i a t i o n  in  t h e  f r e e  s t r e a m  Mach number and t h e  d e g r e e  o f  
d i s s o c i a t i o n  among t h e  t h r e e  s e t s  o f  e x p e r i m e n t s  i s  s l i g h t .  The d i s -  
t i n g u i s h i n g  f e a t u r e  o f  each s e t  i s  i t s  r e a c t a n t  mass f r a c t i o n  which 
s p e c i f i e s  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  gas m i x t u r e ,  and i n  p a r t i c u l a r ,  
i t s  h e a t  o f  r e a c t i o n  and c h a r a c t e r i s t i c  r e a c t i o n  t i m e .  An i n c r e a s e  i n  
t h e  r e a c t a n t  mass f r a c t i o n ,  w i t h  a l l  o t h e r  v a r i a b l e s  c o n s t a n t ,  w i l l  
d e c r e a s e  t h e  c h a r a c t e r i s t i c  r e a c t i o n  t i m e .  Thus ,  t h e  e x p e r i m e n t s  
c o n d u c t e d  a t  h i g h e r  r e a c t a n t  mass f r a c t i o n s  c o r r e s p o n d  t o  l a r g e r  v a l u e s  
o f  t h e  DamkShler p a r a m e t e r ,  and on t h e  whole  a r e  n e a r e r  t o  e q u i l i b r i u m  
f l ow .  A cu rve  i s  drawn t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s  o f  t h e  s e r i e s  
mo = 0 .S01 .  Each s e r i e s  t a k e n  i n d i v i d u a l l y  r e p r e s e n t s  n o n - e q u i l i b r i u m  
b e h a v i o r  as d i s c u s s e d  above.  

An i n t e r e s t i n g  f e a t u r e  o f  t h e s e  e x p e r i m e n t s  i s  t h a t  t h e  e x p e r i -  
m e n t a l  p o i n t s  f rom t h e  t h r e e  d i f f e r e n t  s e t s  f a l l  n e a r  each o t h e r .  In  
a s t r i c t  s e n s e ,  a c o r r e l a t i o n  be tween  t h e s e  s e t s  o f  e x p e r i m e n t s  i s  n o t  
e x p e c t e d  s i n c e  n o t  a l l  p a r a m e t e r s  r ema in  c o n s t a n t  f o r  each s e t .  However,  
t h e  v a r i a t i o n s  i n  M , ~ and ~o a r e  such  t h a t  t h e  l i m i t i n g  f r o z e n  and 
e q u i l i b r i u m  d e n s i t y  r a t i o s  a c r o s s  t h e  normal  shock  waves ,  and t h e r e f o r e ,  
t h e  l i m i t i n g  f r o z e n  and e q u i l i b r i u m  d i m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e s ,  
a r e  n e a r l y  t h e  same. The a v e r a g e  v a l u e  o f  t h e  f r o z e n  d e n s i t y  r a t i o  
a c r o s s  t h e  normal  shock  wave f o r  each s e t  i s  1 .66 ,  and a c r o s s  t h e  
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e q u i l i b r i u m  shock  i s  1 .96 ,  1 .97  and 1.98 f o r  t h e  s e t s  m = 0 . 2 1 6 ,  0 .501  
and 0 . 4 0 0 ,  r e s p e c t i v e l y .  The l i m i t i n g  d i m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e  
v a l u e s  a r e  i n d i c a t e d  on t h e  a p p r o p r i a t e  ma rg in s  o f  F i g u r e  17. At t h e  
e q u i l i b r i u m  l i m i t ,  o n l y  t h e  a v e r a g e  v a l u e  i s  shown. 

In  t e rms  o f  t h e  p r e s e n t a t i o n  o£ F i g u r e  17 and t h e  p a r t i c u l a r  
c h o i c e  o£ t h e  Damk6hler p a r a m e t e r ,  t h r e e  p a r a m e t e r s ,  i . e .  t h e  f r o z e n  and 
e q u i l i b r i u m  d e n s i t y  r a t i o s  and t h e  DamkBhler p a r a m e t e r ,  d o m i n a t e  and 
a p p e a r  t o  r e p r e s e n t  t h e  b e h a v i o r  as a whole .  The i n f l u e n c e  o f  o t h e r  
p a r a m e t e r s  i s  weak i n  t e rms  o f  t h i s  r e p r e s e n t a t i o n .  Thus,  fo.r g i v e n  l i m i t s  
o f  t h e  d i m e n s i o n l e s s  s t a n d - o f f  d i s t a n c e ,  t h e  g r o s s  n o n - e q u i l i b r i u m b e -  
h a v i o r  i s  d e s c r i b e d  by t h e  Damk6hler  p a r a m e t e r .  In  view o£ t h i s ,  t h e  
s o l i d  c u r v e ,  F i g u r e  17, t h r o u g h  t h e  s e r i e s  ~o = 0 .S01 i s  e x t e n d e d  by a 
d a s h e d  cu rve  a l o n g  t h e  e x p e r i m e n t a l  p o i n t s  o f  t h e  o t h e r  s e r i e s ,  and 
t h e  e n t i r e  c u rve  can be c o n s i d e r e d  t o  r e p r e s e n t  t h e  n o n - e q u i l i b r i u m  b e -  
h a v i o r  o£ t h e  t h r e e  s e t s  o f  e x p e r i m e n t s  t a k e n  as a who le .  

The r e s u l t s  o f  t h e  two s e t s  of  e x p e r i m e n t s  c o n d u c t e d  a t  t h e  up-  
s t r e a m  t e s t  s e c t i o n ,  F i g u r e  17, a l s o  e x h i b i t  t h e  same q u a l i t a t i v e  b e h a v i o r  
as d e s c r i b e d  above in  F i g u r e  15. The g r e a t e s t  d i f f e r e n c e  be tween  t h e  
e x p e r i m e n t s  a t  t h e  two t e s t  s e c t i o n s  i s  t h e  f r e e  s t r e a m  Mach number ,  and 
t h e  l i m i t i n g  v a l u e s  o f  t h e  d e n s i t y  r a t i o s .  Here ,  t h e  f r o z e n  d e n s i t y  
r a t i o s  f o r  each  s e t  i s  1 .58  and t h e  e q u i l i b r i u m  d e n s i t y  r a t i o s  a r e  1 .86 
and 1 .87  f o r  ~o = 0 .215_and  0 . 5 0 1 ,  r e s p e c t i v e l y ,  and t h e  r e s u l t s  o f  t h e  
two d i f f e r e n t  s e t s  o f  e x p e r i m e n t s  f a l l  n e a r  each  o t h e r  be tween  t h e  l i m i t -  
i ng  f r o z e n  and e q u i l i b r i u m  s t a n d - o f f  d i s t a n c e  v a l u e s .  A cu rve  i s  drawn 
t h r o u g h  t h e  s e r i e s  ~o = 0 .501 .  

The use of a relaxation time associated with a small departure 
from a reference state is now considered in the definition of the Damk6hler 
parameter. An expression for the local relaxation time as defined by 
Equation (6) is given for the model gas mixture in Appendix I and it is 
evaluated with reference to the frozen state behind the normal shock 
wave. Since this state is not in equilibrium, a local equilibrium state 
is assumed to exist. The relaxation time is given by (35). 

TS = Cs(Ps ' PS' 
1 

a--s) = -  (BL/@a)ps,p s , (11) 

where t h e  s u b s c r i p t  s d e n o t e s  t h e  f r o z e n  r e f e r e n c e  s t a t e ,  and ~ = a- 
(p , p ) i s  t h e  l o c a l  e q u i l i b r i u m  v a l u e  o f  a a t  Ps and Ps o b t a i n e d  ~rom 
thSe r e l a t i o n  

X(ps" Ps" ) -- o, (12) 

where x (p ,  p ,  a) i s  d e f i n e d  by E q u a t i o n  (6 ) .  The c h a r a c t e r i s t i c  f low t i m e  
~As i s  r e f e r r e d  t o  t h e  same r e f e r e n c e  s t a t e ,  and i s  g i v e n  by 

A 
TAs = ~ . (1~) 
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The Damk~hler p a r a m e t e r  i s  t h u s  g iven  by 

D ffi A/us , (14) 
S T 

S 

and the dimensionless stand-off distance as a function of the Damk~hler 
p a r a m e t e r  i n  t h i s  r e p r e s e n t a t i o n  i s  shown in  F i g u r e  18 f o r  t h e  e x p e r i -  
ments  c o n d u c t e d  a t  t h e  n o z z l e  t e s t  s e c t i o n .  The t h r e e  s e t s  o f  e x p e r i -  
ments  no l o n g e r  f a l l  n e a r  each  o t h e r  as i s  t h e  case  when t h e  c h a r a c t e r -  
i s t i c  r e a c t i o n  t i m e  i s  o b t a i n e d  from t h e  r e a c t i o n  p r o f i l e  b e h i n d  t h e  
normal  shock wave. The b e h a v i o r  o f  each  s e t  o f  e x p e r i m e n t s  t a k e n  i n d i -  
v i d u a l l y ,  however ,  i s  i d e n t i c a l  w i t h  t h e  d e s c r i p t i o n  g i v e n  above .  

The relaxation time calculated above has a special meaning, i.e. 
a small departure of a from a reference equilibrium state at Ps and Ps. 
Consider now a more general relaxation time associated with the propaga- 
tion of a weak disturbance. The governing equations may be linearized 
about a reference equilibrium state and expressed in terms of a velocity 
p o t e n t i a l  ¢ such  t h a t  u '  [] ~¢/~x, where  u '  i s  t h e  p e r t u r b e d  v e l o c i t y  (35,  
36 ) .  For  o n e - d i m e n s i o n a l  f l ow,  t h e  p o t e n t i a l  e q u a t i o n  becomes 

~ ~2¢ ;)2¢.) + 1 ~)2¢ ;)2¢ 0 (is) 

and the characteristic relaxation time is given by 

T s ~ "  
TO = ~h ~ ' (16) 

where T s i s  g i v e n  by E q u a t i o n  (11) .  The r e f e r e n c e  s t a t e  i s  a g a i n  t a k e n  as 
t h e  s t a t e  b e h i n d  t h e  f r o z e n  shock  w i t h  a l o c a l  e q u i l i b r i u m  v a l u e  o f ~  s .  
The r e l a x a t i o n  t i m e  T¢ i s  a c h a r a c t e r i s t i c  t ime  a s s o c i a t e d  w i t h  t h e  decay  
o f  a weak d i s t u r b a n c e .  The b e h a v i o r  b f  t h e  d i m e n s i o n l e s s  s t a n d - o f f  d i s -  
t a n c e  as a f u n c t i o n  o f  t h e  Damk~hler p a r a m e t e r  b a s e d  on TA i s  shown i n  
F i g u r e  19 and t h e  b e h a v i o r  i s  e f f e c t i v e l y  t h e  same as foufld when t h e  
c h a r a c t e r i s t i c  r e a c t i o n  t i m e  T r i s  u s e d ,  F i g u r e  17. G e n e r a l l y ,  a r e l a x a -  
t i o n  t i m e  deduced  from a l i n e a r  r a t e  e q u a t i o n  a l s o  c h a r a c t e r i z e s  t h e  t i m e  
s c a l e  o f  t he  r a t e  o f  a p p r o a c h  t o  e q u i l i b r i u m  i n  a s i t u a t i o n  when o n l y  t h e  
n o n - l i n e a r  r a t e  e q u a t i o n  i s  v a l i d  (13) .  Thus,  a d e s c r i p t i o n  in  t e rms  o f  
Damk~hler p a r a m e t e r  ba sed  on a r e l a x a t i o n  t i m e  i s  e s s e n t i a l l y  s i m i l a r  t o  a 
c o r r e s p o n d i n g  n o n - l i n e a r  r e p r e s e n t a t i o n  and d i f f e r e n t  c h o i c e s  o f  t h e  r e -  
l a x a t i o n  t ime  w i l l  l e a d  t o  r e p r e s e n t a t i o n s  s i m i l a r  t o  t h o s e  d i s c u s s e d  above .  

43 



AEDC-TR-69-81 

0.80 

• 0 . 7 5  

0.?0 

0.65 

0.60 

0.55 

0.50 

- Frozen flow limit, £)=0 

0 
m 

0 

0 
0 

m 

Exit test seotion 

0 [] L~ 

Um 1.37 1.36 1.36 
-0~= 0.140 0.151 0.178 

~o 0.216 0.301 0.400 
i | i 

E q u i l i b r i ~  flow limit, __ 
~=~ 

M®,~- free stream Maoh n~ber 
and degree of dissociation. 

~o - reactant mass fraction. 

I I I I I 

I 2 3 1~ 5 

lM.~clJhler parameter, ~- 'Ta,, 1%'s- 

Fig. 18 Dimensionless stand-off distance as a function of the Damkb~ler parameter 

6 

44 



A E DC-T R-69-81 

0.80 

0.75 

0.70 

N o.65 
0 

0.60 
O 'd 

m 

"~ 0.55 

0.50 

Frozen flow limit, ~)= O 

9 
\ 

Exit test seotion 

O O 

M. 1.37 '1.36 1.36 
~.o O . l h O  0 .1 .51  0 . 1 7 8  

coo 0.216 0.301 O.LIO0 
i 

Equilibrium flow limit, ~=eo 

M ~  o -  f r e e  s t r e a m  Math number 
and d e g r e e  o f  d i s s o c i a t i o n .  

~e - r e a c t a n t  mass f ~ a c t i o n .  

I I I I I 
z.5 5.0 7.5 lO.O lZ. 5 1.%0 

Fig. 19 Dimensionless stand-off distance as a function of the Damkb~ler parameter 

45 



A E DC-TR-69-81 

VIii 
SUMMARY 

The p r e sen t  work i s  concerned wi th  a fundamental  s tudy o f  the  
behav io r  of  a f l u i d  dynamic flow f i e l d  wi th  n o n - e q u i l i b r i u m  thermodynamic 
s t a t e s .  A s tudy of  the shock detachment d i s t a n c e  of  super son ic  b lun t  
body flow i s  s e l e c t e d  because the  flow i s  s e n s i t i v e  to  n o n - e q u i l i b r i u m  
s t a t e s  and i s  of  cu r r en t  i n t e r e s t  in  hyperson ic  aerodynamics.  The 
d imens ionless  shock s t a n d - o f f  d i s t a n c e  i s  s t u d i e d  from an exper imenta l  
s t andpo in t  as a func t ion  of  a non -equ i l i b r i um paramete r ,  the  Damk~hler 
parameter ,  with a l l  o t h e r  p e r t i n e n t  parameters  of  the  flow he ld  c o n s t a n t .  
For a given f r ee  s t ream the non -equ i l i b r i um parameter  i s  v a r i e d  by a 
v a r i a t i o n  of  the  c h a r a c t e r i s t i c  flow t ime.  A s i n g l e  n o n - e q u i l i b r i u m  mode i s  
r e p r e s e n t e d  by the  N~O~ d i s s o c i a t i o n  r e a c t i o n  whose e q u i l i b r i u m  and r a t e  
p r o p e r t i e s  are  known: ~The exper imenta l  work i s  conducted in  an i n t e r -  
m i t t e n t  super son ic  tube wind tunne l  which i s  des igned fo r  t h i s  work and 
i s  p a t t e r n e d  a f t e r  an i n t e r m i t t e n t  tube wind tunne l  sugges ted  by Ludwieg 
(25).  The p re sen t  t u n n e l ,  however, i s  a v a r i a t i o n  o f  Ludwieg's tunne l  
and i s  ope ra ted  l i k e  a shock tube with  a nozz le  at  the diaphragm s e c t i o n .  

Resu l t s  a re  ob ta ined  over  a range of DamkShler pa ramete r s ,  a t  a 
number of d i f f e r e n t  r e a c t a n t  c o n c e n t r a t i o n s  and a t  s l i g h t l y  d i f f e r e n t  
Mach numbers in e q u i l i b r i u m  f r ee  s t reams.  A marked v a r i a t i o n  of  the  d i -  
mensionless  s t a n d - o f f  d i s t a n c e  i s  observed wi th  the DamkShler parameter  
fo r  a s e t  of  experiments  in  i d e n t i c a l  f r e e  streams and the  q u a l i t a t i v e  
behav io r  of  the d imens ionless  s t a n d - o f f  d i s t a n c e  i s  in  agreement wi th  theo-  
r e t i c a l  p r e d i c t i o n s  in  the  l i t e r a t u r e .  A v a r i a t i o n  of  approximate ly  15 
pe r c e n t  in the  non-dimensional  s t a n d - o f f  d i s t a n c e  i s  observed fo r  a change 
of  an o rde r  of  magnitude in  the  Damk~hler parameter  and the  maximum v a r i a -  
t i o n  in  the  s t a n d - o f f  d i s t a n c e  between the  f rozen  and e q u i l i b r i u m  l i m i t s  
under these  ope ra t i ng  cond i t i ons  is  e s t ima ted  a t  approximate ly  25 p e r c e n t .  
Resul t s  with, d i f f e r e n t  e q u i l i b r i u m  f r ee  streams show tha t  the f rozen  and 
e q u i l i b r i u m  d e n s i t y  r a t i o s  across  the normal shock and the  DamkShler 
parameter  appear  to be the  dominat ing parameters  and d e s c r i b e  t he se  flows 
as a whole. Two d i f f e r e n t  methods a re  used to e s t ima te  the  c h a r a c t e r i s t i c  
t ime to  e s t a b l i s h  thermodynamic e q u i l i b r i u m  and both of  t he se  c h a r a c t e r i s t i c  
t imes r e s u l t  in  a meaningful  d e s c r i p t i o n  of  the  flow in terms of  the  
D a ~ S h l e r  parameter .  Thus, when the Damk~hler pa ramete r  i s  o f  the  o rde r  
of  one, the  flow i s ,  indeed ,  found to  be n o n - e q u i l i b r i u m .  I t  i s  hoped 
t h a t  t hese  r e s u l t s  w i l l  g ive  a new i n s i g h t  i n t o  the  behav io r  of  the  non- 
e q u i l i b r i u m  s t a n d - o f f  d i s t a n c e  problem and t h a t  they w i l l  a id  in the  i n t e r -  
p r e t a t i o n  and a n a l y s i s  o£ more compl ica ted  systems.  

Flows which e x h i b i t  non -equ i l i b r i um behav ior  can, in  p r i n c i p l e ,  
be used to de termine  the  r e a c t i o n  r a t e s  of  t he se  p rocesses  i f  the  dynamics 
of the flow field is well known. The applicability of this approach has 
been demonstra ted by Schwartz and Eckerman (5) and Eckerman (6) in  t h e i r  
application of the shock stand-off distance to determine reaction rates. 
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The p r e sen t  exper imenta l  t echn ique  of  va ry ing  the  c h a r a c t e r i s t i c  flow 
time sugges ts  an ex tens ion  to  the  e x i s t i n g  method. The p a r t i c u l a r  ad- 
vantage of  the  p resen t  approach is  t ha t  i t  p rovides  a number o f  d e t e r -  
minat ions  of  the  r e a c t i o n  r a t e  a t  the  same f r ee  s t ream cond i t i ons  and 
the  e x t e n t  to  which the  flow is  i n i t i a l l y  out o f  e q u i l i b r i u m .  I f  the  
dynamics o f  the  flow f i e l d  i s  not  e x p l i c i t l y  known in  terms o f  the  flow 
v a r i a b l e s ,  as in  the  p re sen t  work, i t  i s  s t i l l  p o s s i b l e  to  ob ta in  a rough 
e s t ima te  of  the o rder  of  magnitude of  the  c h a r a c t e r i s t i c  r e l a x a t i o n  t ime 
or  r e a c t i o n  time of  unknown systems.  In t h i s  s i t u a t i o n  the  p r e s e n t  
approach a l so  suggests  an ex tens ion  to  the t echn ique  advanced by Schwartz 
and Eckerman (5) .  

The new a p p l i c a t i o n  of  the Ludwieg tube i n t e r m i t t e n t  supe r son ic  
wind tunnel, with its present modification, to the study of non-equili- 
brium flow has proved s u c c e s s f u l ,  and i t  appears to  have promise f o r  
f u t u r e  s t u d i e s  of  non -equ i l i b r imn  f lows.  The p a r t i c u l a r  advantages of  
t h i s  tube t u n n e l ,  as used he re ,  l i e s  in  the  ease wi th  which the  supply 
tube may be f i l l e d  and prepared  fo r  a given experiment  and the  need of  
only a small  q u a n t i t y  of  gas,  the  r e l a t i v e l y  long du ra t ion  (20 msec.)  
of  a w e l l - c o n t r o l l e d  f low, and the  low cos t  o£ f a b r i c a t i o n .  The use 
of  the  N204 d i s s o c i a t i o n  r e a c t i o n  has once again demonstrated i t s  use-  
fu lnes s  as a t oo l  fo r  fundamental s t ud i e s  of  non -equ i l i b r i um behav io r .  

i 
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Appendix I 

Properties of the Model Reacting Gas Mixture 

The n o n - e q u i l i b r i u m m o d e  c o n s i d e r e d  h e r e  i s  r e p r e s e n t e d  by t h e  
d i s s o c i a t i o n - r e c o m b i n a t i o n  r e a c t i o n  o f  d i n i t r o g e n  t e t r o x i d e  (N~OA) i n t o  
n i t r o g e n  d i o x i d e  (NO 2) i n  t h e  p r e s e n c e  o£ n i t r o g e n  and i s  g i v e 5  By 

1 .  

N2 + N204 ~R N2 + 2NO2" ( I . l )  

where k and k are the dissociation and recombination reaction rate D R . 
constants, respectlvely. The thermodynamic properties o£ this gas mix- 
ture are well known and are reviewed by Grey and Yoffe (20). The equili- 
brium constant is also well known from the early work of Bodenstein (37) 
and later experiments of Giauque and Kemp (38). The best fit to the 
available data for the equilibrium constant ~ has been provided by 
Strehlow (39) and is given by 

Kp = p. e -T*IT' (I.2) J 

where T i s  t h e  t e m p e r a t u r e ,  p ,  = 1.538 x 10 +9 a t m o s p h e r e s ,  T ,  = 6 ,882°K 
and t h e  p r ime  d e n o t e s  a d i m e n s i o n a l  q u a n t i t y .  Th is  r e a c t i o n  t a k e s  p l a c e  
in  t h e  t e m p e r a t u r e  i n t e r v a l  o f  200 < T < 400°K. 

From shock  t u b e  (21) and n o z z l e  f low (28) e x p e r i m e n t s ,  t h e  r e a c t i o n  
mechanism f o r  E q u a t i o n  ( I . 1 )  i s  assumed t o  be g i v e n  by 

d[N204 ] 
dt - kR [NO2 ]2 [N2] - kD [N204][N2] ' (z .3) 

where [ i ]  d e n o t e s  mo la r  c o n c e n t r a t i o n  o f  t h e  i t h  s p e c i e s .  For  mole 
f r a c t i o n s  up t o  n R = 0 . 0 5 ,  t h e  d i s s o c i a t i o n  r a t e  c o n s t a n t  was measu red  
by C a r r i n g t o n  and Davidson (21) i n  t h e  shock  t u b e ,  and t h e  r e c o m b i n a t i o n  
and d i s s o c i a t i o n  r a t e  c o n s t a n t s  by Wegener (22,  40) i n  s u p e r s o n i c  n o z z l e  
f low s t u d i e s .  The r e s u l t s  f rom b o t h  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 s  a r e  i n  14 
ag re emen t  and t h e  r e c o m b i n a t i o n  r a t e  c o n s t a n t  i s  t a k e n  t o  be k R = 3 x 10 
c m 6 / ( m o l e 2 s e c ) .  The v a l u e  o f  k R i s  i n d e p e n d e n t  o f  t e m p e r a t u r e - w i t h i n  
m e a s u r i n g  a c c u r a c y  i n  t h e  t e m p e r a t u r e  r ange  210 < T < 330°K. The above 
r e a c t i o n  mechanism and r a t e  c o n s t a n t  have been  e x t e n d e d  t o  m o l a r  concen -  
t r a t i o n s  up t o  n R = 0 .15  by Wegener,  Chu and K l i k o f f  (24) i n  b a l l i s t i c  
r a nge  s t u d i e s .  The r e a c t i o n  mechanism o£ E q u a t i o n  ( I . 3 )  and t h e  above 
r e a c t i o n  r a t e  c o n s t a n t  w i l l  a l s o  be assumed t o  h o l d  i n  t h e  p r e s e n t  case  
where  t h e  mola r  c o n c e n t r a t i o n  i n  t h e  f r e e  s t r e a m  does  n o t  exceed  
n R = 0.20. 
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The model r e a c t i n g  gas m i x t u r e  may be r e g a r d e d  as a m i x t u r e  o f  
three i n d i v i d u a l l y  thezmal ly  and c a l o r i c a l l y  pe r f ec t  gases. The thermal  
e q u a t i o n  o f  s t a t e  f o r  t h e  m i x t u r e  is w r i t t e n  

p' = p' RT'/u , ( I . 4 )  

where p ,  p and T a r e  t h e  p r e s s u r e ,  d e n s i t y  and t e m p e r a t u r e ,  r e s p e c t i v e l y ,  
and R i s  t h e  u n i v e r s a l  gas c o n s t a n t .  The m o l e c u l a r  w e i g h t  o f  t h e  m i x t u r e  
is g iven  by 

1 _ WN2 ~N02 ~N204 ~o +__ 
+ --+ --ffi (I + a) - -  ~N2 (I.5) 

~N2 ~NO 2 ~N204 ~N204 ~N 2 " 

where =. [] m./m i s  t he  mass f r a c t i o n  o£ t h e  i t h  s p e c i e s  and ~_ i s  t h e  
1 . 1 v 

mass f r a c t i o n  o f  r e a c t a n t s .  The deg ree  o£ d i s s o c i a t i o n ,  d e f i n e d  by 
ffi wNO2/(~NO 2 + ~N204), a p p l i e s  t o  t he  r e a c t a n t s  o n l y .  The r e l a t i o n s  

m 

~N2 + ~NO 2 + ~N204 1 , 

uNO 2 + WN204 = ~o ' 

WN02 = SWo ' 

and 
tON204 (1 - s) to ° (1 .6 )  

a r e  s e l f - e v i d e n t .  In terms o f  t h e  v a r i a b l e s  p ,  p,  T and s ,  t h e  e q u a t i o n  
o f  s t a t e  becomes 

p' = p' T' [al(l + f,) + bl] , (1.7) 

where a 1 ffi R~o/UN204 and b 1 = R ~N2 / ~N 2 a r e  c o n s t a n t s  f o r  a g iven  e n v i r o n -  
ment .  

The e n t h a l p y  p e r  u n i t  mass o f  t h e  m i x t u r e  i s  g iven  by t h e  sum o£ 
t h e  e n t h a l p i e s  o£ the  s p e c i e s  

h' ffi toN2 h'N2 + toNO 2 h '  + h '  NO 2 ~°N204 N204" 
(1.8) 

The h e a t  o f  r e a c t i o n  p e r  u n i t  mass o£ N204, AhN204, i s  d e f i n e d  by 

8hN204 - h I _ h t . NO 2 N204 
(1.9) 
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The v a l u e  o f  t h e  h e a t  o f  r e a c t i o n  i s  n e a r l y  c o n s t a n t  in  t h e  t e m p e r a t u r e  
range  o£ i n t e r e s t  and w i l l  be assumed c o n s t a n t  h e r e .  The c a l o r i c  equa-  
t i o n  o f  s t a t e  f o r  t h e  mi x t u r e  o f  i n d i v i d u a l l y  c a l o r i c a l l y  p e r f e c t  gases  
becomes 

h '  ffi CpT' + QRCt, ( I . l O )  

where c = ~ c + m . .  c and Q_ = ~ Ah., ~ are c o n s t a n t s  for a 
given Th 2aa  for spe°id  eats of and and 
the heat of reaction are taken from the recently corrected JANAP'd~ta (41) 
for the NO 2 and N~O~ gases and the specific heat of nitrogen is taken 
from t h e  p f ib l i shea  JANAF (42) d a t a .  

The law of mass action determines the equilibrium composition of 
the mixture and it is given by 

[NO2 ]2 K 
= I ( I .  i i )  

[N20--~ 4 = K c RT I • 

where K and K_ a re  t h e  e q u i l i b r i u m  c o n s t a n t s  i n  u n i t s  o f  c o n c e n t r a t i o n  
and p r e s s u r e ,  ~ e s p e c t i v e l y  and K i s  g iven  by Equa t ion  ( I . 2 ) .  Equa t ion  
( I . 1 1 ) ,  r e w r i t t e n  i n  terms o f  th~ working  v a r i a b l e s  a ,  p and T, becomes 

2 
_ T, P* e - T , / T '  ( I . 1 2 )  

1 - a  T ' p '  

where p ,  + ~N204 p , / (4~oRT . )  i s  a c o n s t a n t  f o r  a g iven  e n v i r o n m e n t .  

The r a t e  e q u a t i o n ,  Equa t ion  ( I . 5 ) ,  can be e x p r e s s e d  i n  a more 
c o n v e n i e n t  form i n  te rms  o f  t he  v a r i a b l e s  p ,  T and a .  From t h e  p o s t u l a t e d  
s t r u c t u r e  o£ the  r a t e  e q u a t i o n  i t  f o l l ows  t h a t  

k D Kp 
- -  [ ]  K [ ]  

k R c RT' ' 
( I .  15) 

and w i t h  t h e  a i d  o f  t h i s  e q u a t i o n  and the  r e l a t i o n  [ i ]  ffi ~ i p ' / ~ i  , t h e  
r a t e  e q u a t i o n  becomes 

da _ p '  (1 - a ) e  -T*/T '  P '  a2] 
d t  ¢1 ~-, [ T ' / T ,  - ~ ' 

(1.14) 

where ¢1 ffi 4k_ ~.. ~ %2/(~N2 ) i s  a c o n s t a n t  f o r  a g iven  env i ronmen t  
Note t h a t  a t  equ~2 ib r lum ~N204 

m 

K . o. d a / d t  = 0 ,  t h e  r i g h t  hand s i d e  o f  
Equa t ion  ( I . 1 4 )  must a l s o  be zero  and t h e  law o f  mass a c t i o n  i s  r e c o v e r e d .  

I t  i s  c o n v e n i e n t  now t o  n o n - d i m e n s i o n a l i z e  t h e  e q u a t i o n s  which 
d e s c r i b e  t he  r e a c t i n g  gas m i x t u r e .  Let t he  d i m e n s i o n l e s s  q u a n t i t i e s  be :  
T = T ' / T . ,  P = P ' / P . ,  h = h ' /QR and p = p ' / ( 0 . q R ) .  The t h e r m a l  and 
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caloric equations of state, the law of mass action and the rate equation 
become: 

p = pT [a(l + a} + b], [ I .15)  

h = cT + a , (I.16) 

2 -1/T 
o~ e 

1 - a pT ' 
( I .  17) 

and 
dct = e - l IT  
dt Op [(1 - a) 7 _ p 2] • ( I .18) 

where 

a = RT,/(~N204 AhN204) , 

b = a mN2 ~N204 /(m o ~N2) , 

c = a cp ~N204/(R mo) , 

O 

and 8 = 4 ~omN2kRP~/{~N2~N204 ] _  are all constants for a given .environment. 

The thermal equation of state and subsequent equilibrium flow 
calculation in the nozzle can be simplified by the following considera- 
tion. For an i de a l  gas r e a c t i o n  the  hea t  o£ r e a c t i o n  i s  r e l a t e d  to  the  
equ i l ib r ium cons tan t  by Van ' t  Hof f ' s  equat ion 

d £n ~ AH. 
dT' = RT~ ' ( I .19) 

where AH, i s  the  heat  of  r e a c t i o n  per  mole o£ N.O 4. The s u b s t i t u t i o n  of  
the equ i l ib r ium cons t an t ,  Equation ( I .2 )  i n t o  t~e above equa t ion  y i e l d s  

RT* 
Ah.N204 - ~N204 ' 

(1.20) 

where AH. = ~. h..... The constant "a" which appears in the thermal 
equat ion  of  s ~ ,  E ~ i o n  [I .15)  can be rear ranged  wi th  the  use o f  
the above r e l a t i o n  i n t o  the form 

AhN204 

a = n"*N20"rr------ 4 (I .21) 
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which has the  va lue  a = 0.988 ffi 1. In the  c a l c u l a t i o n s  to  be d i s cus sed  
in  the  fo l lowing  s e c t i o n s ,  an assumption i s  made t h a t  a = 1, which i s  
equ iva l en t  to  the use of  the  heat  of  r e a c t i o n  8h,N204 obta ined  from the 
Van't Hoff's equation. 

I t  i s  u se fu l  to  r e fo rmula te  the  r a t e  equa t ion ,  Equation ( I . 1 8 ) ,  
i n t o  a more genera l  express ion ,  as given by Vincen t i  and Kruger (35) 

da x(p, o ,  a) 
d-~ = L Cp, p, a) = z(p, p, a) " (I .223 

where L(p, p, a) i s  given by the  r i g h t  hand s ide  of Equation ( I . 1 8 ) ,  and 
the  func t ion  x(p, p, a) i s  de f ined  by 

L C1.23) 
x(p, p, a) = - (8LlSa)p,o 

In t h i s  form of  the  r a t e  equa t ion ,  the q u a n t i t y  T i s  de f ined  as a l o c a l  
c h a r a c t e r i s t i c  t ime of  the  r a t e  process  and i s  given by 

1 
z(p, p, a) = - L ~ pr~L/~a~p, " (I.24) 

For the p re sen t  model gas mixture  (see a l so  Ref. 43) 

(~)p,p + TEa(1 + a) + b~ d 
CI.2S) 

In a non-equilibrium flow two limiting sound speeds occur (44), 
the frozen af, and the equilibrium a e, which are given by 

h 
2 p (1.26) 

af = - h - I/p 
P 

2 h + haa p 
a - - P (I.27) 
e hp + haa p - I/p ' 

and 

where the  s u b s c r i p t  denotes  p a r t i a l  d i f f e r e n t i a t i o n .  For the  p r e s e n t  model 
gas mixture  the  above express ions  become 

2 cTA (I. 28) 
af- c-A 

and 
2 T {[AC2 - a)-aaC1 -a)] cT 2 + act - a)A~ CI.29) 

ae = [C 2 -a)(c - A) + aaCl -a)] T2-Ca+l)aCl-a)T + aCl-a)' 

where A = [a(l + a) + b] . 
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&ppendix II 
Properties, Calibration, and Detailed Description 

of the Tube Wind Tunnel and the Experimental Procedure 

Prope r t i e s  of  the Tunnel 

Expressions fo r  the  p r o p e r t i e s  ahead of  the  nozzle  and the  t e s t  
t ime have been der ived  and d i scussed  by Becket (50) and Cable and Cox (28). 
The d e r i v a t i o n s  w i l l  not  be repea ted  here ;  only the  r e s u l t s  fo r  i d e a l  
opera t ion  w i l l  be p re sen ted .  Idea l  opera t ion  of  the  tunne l  assumes 
tha t  the  nozzle  i s  r ep re sen ted  by a d iscont inuous  area change and t h a t  
t he re  are no boundary l aye r  e f f e c t s .  Furthermore,  the  gas flow i s  
assumed to be thexmally and c a l o r i c a l l y  p e r f e c t .  The p r o p e r t i e s  in  the  
undis turbed  regions  are known and are denoted by the  subsc r ip t  4. The 
reg ion  behind the expansion fan and ahead of  the  nozzle  i s  denoted by 
4 ' .  The Mach number of  the  flow ahead of  the  nozz le ,  M4', i s  determined 
by the  r a t i o  of  the  tube area to the  nozzle  t h roa t  area and i s  known fo r  
a given tunne l .  In terms of  the  Mach number, M4', the  v e l o c i t y  behind 
the expansion fan and ahead of  the  nozzle  i s  given by 

u 4 , N 4 , 
a 4 Y4 -1 

1 + -~----- M 4 

, (11.1) 

the  speed of  sound and temperature  by 

1/2 
a4! T.. 

1 
= C4"  = 

T 4 , Y4-1 
- -  I + "'~'-" M4, 

( I I . 2 )  

the p ressure  by 

P4' 

P4 

Y4-1 
- [1  + - -~- ' - - -M4, ]  

-2Y4/CY4-1) 
• ( I I . 3 )  

and the  dens i ty  by 

P4 ' Y4-1 -2 / (y4-1)  
P4 - [1 + - 7  Vl4,] , CTI.4) 

whero y i s  the  s p e c i f i c  heat  r a t i o .  The s t agna t ion  cond i t ions  in  reg ion  
(4 ' )  are given by 
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2 T a o= ¢ ( -- 

Y4 -I 2 
1 + -~--- M4, 

Y4-1 2 ' 
(1 + T M4') 

(II.5) 

a Po_ (~) 2Y4/(Y4-1) 

P4 
(II .6) 

and 
a 

P4P°- (~4) 2/(Y4-1) (II. 7) 

The s t e a d y  n o z z l e  f low t i m e ,  o r  t e s t i n g  t i m e ,  i s  o b t a i n e d  by i n t e g r a t i o n  
o f  t h e  e q u a t i o n  o f  m o t i o n .  I f  t t i s  t h e  t e s t  t i m e ,  t h e n  

2~/a 4 Y4-1 (Y4+l)l[2(Y4-1)] 
t t - I+M4 ' [i + -~----M4,] (II.8) 

where £ i s  t h e  l e n g t h  o f  t h e  p r e s s u r e  t u b e .  

Thus f a r ,  on ly  i d e a l  f l u i d  m o t i o n  has  been  c o n s i d e r e d .  For  r e a l  
f l u i d  m o t i o n ,  a boundary  l a y e r  i s  formed b e h i n d  t h e  e x p a n s i o n  f a n .  As 
t h e  e x p a n s i o n  f an  p r o c e e d s  i n t o  t h e  t u b e ,  t h e  bounda ry  l a y e r  grows w i t h  
t i m e  a t  any g i v e n  p o s i t i o n  b e h i n d  t h e  f a n .  The e f f e c t  o f  t h e  b o u n d a r y  
l a y e r  on f low p r o p e r t i e s  i n  t h e  p r e s s u r e  t u b e  has  been  d i s c u s s e d  by 
Becker  (55,  30) .  R e s u l t s  o f  h i s  work a r e  summarized  below f o r  t h e  case  
o f  s m a l l  boundary  l a y e r  d i s p l a c e m e n t  .~h i cknes s  compared w i t h  t u b e  r a d i u s .  

The growing boundary layer displacement thickness has the same 
e f f e c t  on t h e  f low as i f  t h e  t u b e  were t o  c o n t r a c t  w i t h  t i m e .  Such a 
movement g e n e r a t e s  c o m p r e s s i o n  waves which  t r a v e l  i n  b o t h  d i r e c t i o n s  f rom 
t h e  d i s t u r b a n c e  and a l t e r  t h e  v e l o c i t y  and p r e s s u r e  i n  t h e  t u b e .  From t h e  
n o z z l e  o p e r a t i o n a l  v i e w p o i n t ,  i n  f a c t ,  t h e  s u p p l y  c o n d i t i o n s  va ry  w i t h  
t ime  f o r  a v i s c o u s  g a s .  The v e l o c i t y  and p r e s s u r e  ahead  o f  t h e  n o z z l e  
s e c t i o n  w i l l  be a l t e r e d  by t h e  amounts  

AU _ 6" 7/5 M 4, 1 + 0.108 M 4, 
a4, r 2+3/5 M4, 1 + 0.311M4, 

(I1.9) 

and 

= 64 A__u (II.10) 
P4' a4' ' 
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where 6* is t h e  d i s p l a c e m e n t  t h i c k n e s s  at t h e  n o z z l e  s e c t i o n  e n t r a n c e  and 
r is t h e  tube  r a d i u s .  

The growing boundary  l a y e r  t h i c k n e s s  has  y e t  a n o t h e r  e f f e c t  on 
t h e  f low.  As t h e  d i s p l a c e m e n t  t h i c k n e s s  grows,  t h e  e f f e c t i v e  t ube  c r o s s  
s e c t i o n a l  a r e a  d e c r e a s e s  and t h e r e f o r e  t h e  r a t i o  o f  t ube  t o  t h r o a t  a r e a  
a l s o  d e c r e a s e s .  This  i n  t u r n  causes  t h e  Mach number M4, to  i n c r e a s e .  
The v a r i a t i o n  o f  M4, i s  e s t a b l i s h e d  by expans ion  waves which t r a v e l  from 
t h e  n o z z l e  s e c t i o n  i n t o  t h e  tube  and aga in  change t h e  v e l o c i t y  and 
p r e s s u r e  t h e r e .  The c o r r e s p o n d i n g  v e l o c i t y  and p r e s s u r e  changes  a r e  g iven  
by 

1 A u ~  
H4 ' Au MCt) ( I  5 a4, 

Au' a4 ' - ( I I . 1 1 )  
I M(t) a4' 1 + 

and 

A_~= 64 AU__~ ~ 
P4' a4' ' 

.(II .12) 

where M(t) i s  t h e  Mach number i n  t h e  tube  ahead o f  t h e  n o z z l e  s e c t i o n  
and c a l c u l a t e d  w i t h  t h e  r e d u c e d  tube  a r e a  a t  t h a t  p o i n t .  

Thus,  the  n e t  e f f e c t  o f  t h e  boundary  l a y e r  i s  t o  r e d u c e  t h e  
supp ly  p r e s s u r e  o f  t h e  f low ahead o f  t h e  n o z z l e  as a f u n c t i o n  o f  t i m e .  
The p r e s s u r e  i n  t h e  tube  ahead o f  t h e  n o z z l e  becomes p .  + Ap + Ap ' .  
I f  t h e  tube  i s  ve ry  long t h e  boundary  l a y e r  w i l l  grow ~o t h e  c e n t e r  o f  
t h e  p i p e  and cause  a f u l l y  deve loped  p i p e  f low.  In  t h i s  ca se  t h e  p r e s s u r e  
i s  r e d u c e d  s t i l l  f u r t h e r .  The p r e s s u r e  drop may be c a l c u l a t e d  i n  t h e  same 
manner as i n  o r d i n a r y  s t e a d y  p ipe  f low.  The obvious  p r a c t i c a l  s o l u t i o n  
t o  t h i s  dilemma i f  long  t e s t i n g  t imes  a r e  needed  i s  t o  have a p r e s s u r e  
tube  d i v e r g e ,  o r  a t  l e a s t  have s e c t i o n s  w i th  i n c r e a s i n g  d i a m e t e r s  away 
from t h e  n o z z l e .  

The boundary  l a y e r  d i s p l a c e m e n t  t h i c k n e s s  f o r  t u r b u l e n t  f low be -  
h i n d  an expans ion  wave (33) i s  g iven  by 

l 1/5 
6* = ~ 0 . 3 0 3  ( 

u4Tt' 
? u 4, -4/5 

u4't'(l + 9 v ") ' CII'13) 

where v4, i s  t h e  k i n e m a t i c  v i s c o s i t y ,  t '  = t - x / v ,  t i s  t h e  l e n g t h  o f  f low 
and x i s  t h e  d i s t a n c e  a long  the  p r e s s u r e  tube  measured  from t h e  t h r o a t  
o f  t h e  n o z z l e .  To s i m p l i f y  t h e  c a l c u l a t i o n  o f  t h e  bo~mdary l a y e r  t h i c k -  
n e s s ,  t h e  t h i n  expans ion  fan  i s  r e p l a c e d  by a c o n c e n t r a t e d  expans ion  
wave t r a v e l i n g  w i t h  v e l o c i t y  v.  The v e l o c i t y  v i s  c a l c u l a t e d  from an 
a r i t h m e t i c  ave rage  o f  t he  head and t a i l  v e l o c i t i e s  o f  t h e  o r i g i n a l  ex -  
p a n s i o n  fan, i.e. v = 1/2 (a 4 + a4, - u4, ). 
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In the  p r e s e n t  des ign  o f  the  t u n n e l  t h e  r a t i o  o f  t h e  p r e s s u r e  
tube  a r e a  to  t he  n o z z l e  t h r o a t  a r e a  i s  5 .50 .  The n o z z l e  i s  t w o - d i m e n -  
s i o n a l  and t h e  c u r r e n t  s e t  o f  n o z z l e  b locks  have a 6 i n .  r a d i u s  o f  c u r v a -  
t u r e  a t  t h e  t h r o a t ,  a 4 sq.  i n .  t h r o a t  and 2 ° d i v e r g e n c e  ang l e  w i th  an 
e x i t  s e c t i o n  o f  2 by 2.44 i n c h e s .  A d e t a i l e d  d e s c r i p t i o n  o f  t he  d e s i g n  
o f  t h e  wind t u n n e l  i s  g iven  in  a subsequen t  s e c t i o n .  The s p e c i f i c  p rop-  
e r t i e s  o f  t he  p r e s e n t  t u n n e l  f o r  o p e r a t i o n  wi th  a gas such as n i t r o g e n  
o r  a i r  w i t h  y = 1.4 a r e  d e s c r i b e d  below. The s p e c i f i c  p r o p e r t i e s  o f  
t h e  t u n n e l  f o r  o p e r a t i o n  wi th  a r e a c t a n t  gas m i x t u r e  a r e  c o n s i d e r e d  in  
Appendices III and IV. 

The Mach number of the flow ahead of the nozzle is M4, = 0.11 
and the Mach number at the geometrical exit section of the nozzle is M = 
1.55. The highest possible Mach number at the exit is M., = 2.55. The 
Mach number MS, may readily be increased if required by ~ decrease of 
throat area or increase of dump tube cross-sectional area for new nozzles. 
The steady computed nozzle flow time is 20 x 10-3 seconds. Quantities 
computed in Equation (II.1) to (II.7) are given below: 

and 

u4,/a 4 = 0.104 

a4,/a 4 = 0.979 

T4'/T4 = 0;959 

p4,/P4 = 0.865 

p4,/P4 : 0.900 

To/T 4 = 0.961 

po/P4 = 0.870 

po/P4 = 0.905 

Based on t h e s e  s t a n d a r d  o p e r a t i n g  c o n d i t i o n s ,  t h e  boundary  l a y e r  
p r o p e r t i e s  may be found from Equat ion  C I I . 1 5 ) .  The boundary  l a y e r  d i s -  
p l acement  t h i c k n e s s  ahead of  t h e  n o z z l e  s e c t i o n  and j u s t  p r i o r  to  t h e  
end o f  t h e  s t e a d y  n o z z l e  f low i s  6* = 0.06 i n .  From t h i s  one f i n d s  t h e  
drop in  p r e s s u r e  ahead o f  t he  n o z z l e ,  i . e .  supply  p r e s s u r e ,  a t  t h e  end o f  
t e s t i n g  t ime t o  be on ly  1/2 p e r c e n t  lower  than  i n i t i a l l y .  These d a t a  
show t h a t  one can expec t  t o  be p e r m i t t e d  t o  work wi th  a s t r a i g h t  d r i v e r  
s e c t i o n  and assume p r a c t i c a l l y  c o n s t a n t  supp ly  c o n d i t i o n s .  

C a l i b r a t i o n  o f  the  Tunnel 

Calibration measurements in the tunnel are made with the pressure 
tube filled with dry nitrogen at atmospheric pressure and at room tempera- 
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t u r e .  These  measuremen t s  a r e  made t o  d e t e r m i n e  w h e t h e r  t h e  t u n n e l  f u n c t i o n s  
p r o p e r l y  and t o  e v a l u a t e  t h e  r e a l  b e h a v i o r  o f  t h e  t u n n e l .  

Prediction of idealized behavior is checked by measuring the 
static pressure in the nozzle sidewall as a function of time with a fast 
response (5 x 10 -6 sec.) pressure transducer. At a fixed area ratio 
and Mach number, one expects p = constant for constantsupply pressure. 
With the transducer located in the sidewall near the exist of the nozzle, 
a typical oscilloscope trace is shown in Figure II.1. The flow begins 
to break down at the last division of the reference grid and the measured 
running time therefore, is approximately 20 milliseconds. This corres- 
ponds remarkably well to the predictions. There are some deviations, 
however. Note that approximately 4 milliseconds are required to es- 
tablish steady flow in the nozzle and the flow remains steady, as demon- 
strated by t h e  c o n s t a n t  p r e s s u r e  i n  t h e  t r a c e ,  f o r  t h e  r e m a i n d e r  o f  t h e  
r u n n i n g  t i m e .  The s t a r t i n g  t i m e  r e f l e c t s  t h e  f a c t  t h a t  i n  a r e a l  t u n n e l  
t h e  a r e a  changes  a t  t h e  n o z z l e  a r e  g r a d u a l  and o c c u r  o v e r  some d i s t a n c e ,  
and t h e r e f o r e ,  a c o m p l i c a t e d  f low p a t t e r n  i s  d e v e l o p e d  b e f o r e  s t e a d y  
s t a t e  c o n d i t i o n s  become e s t a b l i s h e d .  S t a t i c  p r e s s u r e  t r a c e s  have  been  
a l s o  o b t a i n e d  w i t h  an expanded s c a l e  o f  t h e  p r e s s u r e  c o o r d i n a t e ,  and 
t h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e  drop in  t h e  s u p p l y  p r e s s u r e  i s  o f  t h e  
o r d e r  o f  t h e  p r e d i c t i o n ,  i . e .  a p p r o x i m a t e l y  1/2 p e r c e n t .  

A d d i t i o n a l  e x p e r i m e n t s  t o  check t h e  p e r f o r m a n c e  and t o  f i n d  t h e  
d u r a t i o n  o f  t h e  s t e a d y  f low have been  p e r f o r m e d  by t a k i n g  shadowgraph  
p i c t u r e s  o f  f lows  abou t  a s p h e r e .  Shadowgraphs have been  t a k e n  i n  i n c r e -  
ments  o f  t ime  s t a r t i n g  w i t h  no d e l a y  and e n d i n g  where t h e  f low has  been  
o b s e r v e d  t o  b r e a k  down. The d u r a t i o n  o f  t h e  f low a p p e a r s  t o  be  w i t h i n  
a m i l l i s e c o n d  o f  t h e  v a l u e s  measured  w i t h  t h e  p r e s s u r e  t r a n s d u c e r .  Re- 
p r o d u c i b i l i t y  o f  t h e  f low has  been checked  by t a k i n g  a number o f  shadow- 
g raphs  o f  t h e  same e v e n t ,  i . e .  w i t h  t h e  same d e l a y  s e t t i n g ,  and no d i s -  
c r e p a n c y  i n  t h e  f low has been  o b s e r v e d .  A shadowgraph o f  t h e  f low o v e r  
a 1/2 i n .  d i a m e t e r  s p h e r e  a t  M = 1.5 as w e l l  as t h e  e n t i r e  f low f i e l d  a t  
t h e  e x i t  t e s t  s e c t i o n  i s  shown i n  F i g u r e  I I . 2 .  The p h o t o g r a p h i c  p l a t e  
i s  l o c a t e d  a p p r o x i m a t e l y  11 i n .  f rom t h e  c e n t e r l i n e  o f  t h e  s p h e r e .  A 
s i m i l a r  s e t  o f  r e p r o d u c i b i l i t y  e x p e r i m e n t s  has  been  r e c o r d e d  w i t h  s h a r p  
focus  shadowgraphs  and t h e  measuremen t s  o f  t h e  s t a n d - o f f  d i s t a n c e s  f rom 
t h e s e  n e g a t i v e s  r e v e a l  t h a t  t h e  r e p r o d u c i b i l i t y  i s  o f  t h e  o r d e r  o f  t h e  
r e a d i n g  e r r o r .  

The entire flow history has been recorded with a high speed Fastax 
movie camera at 5,000 frames per second which photographed a shadowgraph 
image of the flow on a frosted screen placed near the window. The start- 
ing process, a region of constant flow, and the breakdown of the flow is 
observed. The movie confirmed what has been found with the pressure 
measurements and the shadowgraphs. Excerpts of this movie are shown in 
Figure I I . 3 .  

The flow in the nozzle has been calibrated by observing the flow 
about cones with the axis of the cone parallel to the free stream. For 
a given cone, the angle between the surface of the cone and the attached 

58 



A E D C - T  R-69-81 

P 

t 

.4 
rA 

Fig. I1.1 

2 x 10 -3 seo/~ 

Static pressure trace in the nozzle sidewall as a 
function of time, oscilloscope trace. The arrow 
indicates the time at which shadowgraphs are taken. 
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shock wave is sensitive to the free stream Mach number. Numerical calcu- 
lations of the flow field about cones, the angle between the cone and the 
shock wave, have been shown to be in excellent agreement with experimental 
results (45). In the present calibration, shadowgraphs were taken of the 
flow about 30 ° and 40 ° cones. The shock angles have been measured and 
the corresponding Mach numbers have been obtained from charts prepared 
by the Ames Research Staff (31). The Mach number, as determined by the 
above method, is found to be 1.50 and 1.45 for the two testing positions 
in the nozzle exit and at a test section upstream of the nozzle exit, 
respectively. An uncertainty of less than 1 percent in these Mach numbers 
arises from the error in shock angle measurement and interpolation on 
the chart. 

An i n d e p e n d e n t  check o f  t h e  Mach number has  been  o b t a i n e d  by c a l -  
c u l a t i n g  t h e  e f f e c t i v e  a r e a  r a t i o  i n  t h e  n o z z l e .  The bounda ry  l a y e r  
d i s p l a c e m e n t  t h i c k n e s s  5" has  been  e s t i m a t e d  from shadowgraphs  v i a  a 
measurement  o f  t h e  t o t a l  bounda ry  l a y e r  t h i c k n e s s  (46 ) .  In  a d d i t i o n ,  t h e  
d i s p l a c e m e n t  t h i c k n e s s  has  been  e s t i m a t e d  by a method  g i v e n  by Rup tash  
(47). Both values of the displacement thickness agree at 0.04 and 0.03 
cm for the exit and upstream test sections, respectively. The Mach num- 
bers corresponding to the calculated effective area ratios fall within 
the values obtained via the cone measurements. 

A f u r t h e r  check o f  t h e  p e r f o r m a n c e  o f  t h e  n o z z l e  has  been  made 
by measurement  o f  t h e  s t a n d - o f f  d i s t a n c e  in  dry  n i t r o g e n  a t  a number  o f  
l o c a t i o n s  i n  t h e  t u n n e l .  The r e s u l t s  o f  t h e s e  measuremen t s  a r e  shown i n  
F i g u r e s  4 and 12, where t h e  Mach number o f  t h e  f low has been  o b t a i n e d  
from t h e  above c a l i b r a t i o n s .  The r e s u l t s  o f  t h e  p r e s e n t  measurement  l i e  
w i t h i n  t h e  s p r e a d  o f  t h e  e x i s t i n g  e x p e r i m e n t a l  work.  

The supersonic nozzle used in the present experiments has a con- 
stant angle of divergence and is therefore not a parallel flow nozzle. 
The extent of the Math number variation along the axis and perpendicular 
to the axis due to the divergent flow has been determined. Measurements 
of the stand-off distance have been first conducted along the nozzle 
center line. In the region of the two test sections the variation in the 
dimensionless stand-off distance is nearly linear with the distance along 
the centerline and is approximately 7 percent per inch. The corresponding 
variation in Mach number is approximately 3 percent per inch and is 
nearly the same as the value obtained from the geometric area ratios. 
Variation of the Math number in a direction perpendicular to the nozzle 
axis has been also determined by measurement of the dimensionless stand- 
off distance. Spheres of 1/16 and 1/8 in. in diameter have been posi- 
tioned 5/8 in. above, below and along the centerline of the nozzle. 
These measurements indicate a greater value of the stand-off distance 
along the centerline position. The variation, however, is small and 
corresponds to approximately twice the reading error of the negatives. 
The variation in the non-dimensional stand-off distance is estimated to 
be less than 1/2 percent. 
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Fig. 11.2 Shadowgraph of the flow field about a ~ inch diameter sphere and the entire 
flow in the exit test section in dry nitrogen at M~o = 1.5. T',.~ .~ow is from 
left to right. 
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Fig. !1-3 Excerpts from a Fostax movie of the flow in the tunnel, M~ = 1.47, 1/2 in. diameter 
sphere. The time interval between successive frames is approximately 1~/5 reset. 
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Deta i l ed  Desc r ip t i on  of  the Tunnel 

A simplified side view of the tunnel is shown in Figure II.4 
and the tunnel is the first piece of equipment in Figure II.5. The over- 
all length of the intermittent tunnel is 26 ft. and it is fabricated 
entirely out of stainless steel 504. The high pressure end o£ the tunnel 
is made from a 10-foot length of seamless tube with 5.295 in. I.D. and 
0.134 in. wall thickness. A transition piece made out of 1/8 in. plate 
and one foot in length connects the tube to a rectangular nozzle section 
1-1/2 ft. in length. Screens may be introduced at this point. The 
nozzle section follows and it will be described in greater detail below. 
The diaphragm is placed between the nozzle section and another one foot 
transition section which contains the diaphragm rupturing pin and con- 
nects the nozzle section to the low pressure or dump tube. The dump 
tube is made of seamless tube 5.760 in. I.D. and 0.120 in. wall thickness 
and consists of  two sections. The first section is 2-I/2 ft. long and 
is connected to the transition piece. The other section is 10 ft. in 
length. A 2 in. thick insert, the size of a 4 in. pipe flange, is Io- 
c~ted between these two pipes. The insert contains two quartz windows, 
5/4 in. diameter and 1 in. thick, and permits a beam of light to pass 
through the tube. This arrangement acts as a shock detection station and 
is used to trigger the electronic instrumentation. The individual sec- 
tions of the tube are sealed together by inserts containing 0-rings 
placed between the flanges. 

The downstream transition section and dump tube assembly is mounted 
on linear ball bushings which make it possible by a simple hand push to 
move the entire assembly approximately one foot away from the nozzle sec- 
tion along the tunnel centerline. This permits easy access to the test 
section as well as insertion and removal of diaphragms. The nozzle sec- 
tion, diaphragm and downstream transition section are held together by a 
wedge-shaped clamping device. The clamping device permits quick connec- 
tion and disconnection of the two parts o£ the tunnel. 

The entire tunnel assembly is mounted on a 4 in. I-beam and 
supported by several 4 in. diameter black pipes. This arrangement is 
rigid and permits easy access to any part of the tube. A 5 ft. piece 
of the supporting I-beam £1ow the test section is removable. The nozzle 
section and this portion of the I-beam may be lifted and the Mach-Zehnder 
£nterferometer, manufactured by the Zeiss Company, positioned in place. 

The nozzle section is rectangular with 2 in. by 5 in. inside di- 
mensions and 1-1/2 ft. in length. This section contains the nozzle 
blocks, test section and model support. The side walls extend to practi- 
cally the entire length of the section and are sealed to it by means of 
O-rings. The nozzle blocks are two inches in width and rest on the top 
and bottom of the rectangular nozzle section. They are held in place by 
screws and are sealed by O-rings concentric with the screws. The side 
walls may be easily removed to exchange the nozzle blocks which have 
been machined out of Plexiglass. The windows are mounted and sealed in 
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metal frames which in turn are sealed by means of O-rings into the side 
walls. Windows are held flush with the inside of the nozzle walls by 
threaded retaining rings. The windows are 4 in. in diameter, one inch 
thick, and are made of Schott BK-7 glass ground to I/8 wave length with 
a wedge angle not greater than 20'. The location of the windows is 
at the downstream end of the nozzle blocks and near the diaphrag m end 
of the test section. The model support is mounted i~ the nozzle section 
near the diaphragm. Models extend into the nozzle section, as viewed 
through the window, and are easily changed by reaching into the test 
section while the diaphragm is being changed. A photograph of the 
nozzle section is shown in Figure II.6. Portions of the clamping device 
and the firing pin are also visible in this photograph. 

The r e a c t i n g  gas m i x t u r e s  a r e  p r e p a r e d  in  a s p e c z a l  s e p a r a t e  
gas p r e p a r a t i o n  f a c i l i t y .  Th is  f a c i l i t y  i s  shown b e h i n d  t h e  gas b o t t l e s  
on t h e  l e f t  o f  F i g u r e  I I . 5 ,  and a s i m p l i f i e d  s c h e m a t i c  d i ag ram i s  shown 
in  F i g u r e  I I . 7 .  The gas m i x t u r e  p r e p a r a t i o n  t a k e s  p l a c e  i n  two l a r g e  
s t a i n l e s s  s t e e l  t a n k s  which  a re  c o n n e c t e d  t o  each o t h e r .  The c o n t e n t s  
a re  c i r c u l a t e d  from one t a n k  t o  t h e  o t h e r  by a c i r c u l a t i n g  pump, and 
t h e r e b y ,  a r e  t h o r o u g h l y  mixed .  A l l  l i n e s  which c o n n e c t  t h e  t a n k s  and 
l e a d  t o  t h e  p r e s s u r e  m e a s u r i n g  s y s t e m  and t h e  t u n n e l  a r e  made o f  1/4 o r  
1/2 i n .  s t a i n l e s s  s t e e l  t u b i n g .  The n e e d l e  and b a l l  v a l v e s  u s e d  h e r e  
a re  a l s o  made o f  s t a i n l e s s  s t e e l .  The e n t i r e  gas p r e p a r a t i o n  f a c i l i t y  
i s  e n c l o s e d  in  a fume hood which i s  p a r t  o£ an e x h a u s t  s y s t e m  c o n s i s t i n g  
o f  a 12 i n .  d i a m e t e r  g a l v a n i z e d  s t e e l  d u c t  c o n n e c t e d  to  a 3,000 cu .  f t .  
p e r  m i n u t e  b l o w e r  which e x h a u s t s  t o  t h e  a t m o s p h e r e  o u t s i d e  o f  t h e  l a b o r a -  
t o r y .  

I n s t r u m e n t a t i o n  o f  t h e  Tunne l  

The t u n n e l  i s  i n s t r u m e n t e d  w i t h  a t e m p e r a t u r e  and p r e s s u r e  m e a s u r -  
i n g  s y s t e m,  a p h o t o g r a p h i c  s y s t e m  and a s u p p o r t i n g  e l e c t r o n i c  s y s t e m .  
T e m p e r a t u r e s  a re  r e a d  w i t h  c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e s  which have  
been  c a l i b r a t e d  t o  w i t h i n  l e s s  t h a n  0 .2°C .  The t h e r m o c o u p l e s  a r e  l o -  
c a t e d  i n  t h e  m i x i n g  t a n k  and i n  t h e  e n d p l a t e  o f  t h e  p r e s s u r e  t u b e .  A 
number  o f  t h e r m o c o u p l e s  i s  a l s o  a t t a c h e d  t o  t h e  o u t s i d e  s u r f a c e  o f  t h e  
p r e s s u r e  t u b e  i n  s e v e r a l  d i f f e r e n t  p o s i t i o n s  and i s  u s e d  t o  m o n i t o r  t h e  
t e m p e r a t u r e  o f  t h e  t u b e  d u r i n g  t h e  c o u r s e  o f  a s e r i e s  o f  e x p e r i m e n t s .  

The p r e s s u r e  s y s t e m  c o n s i s t s  o f  a p r e c i s i o n  s t a t i c  p r e s s u r e  
m e a s u r i n g  s y s t e m  used  f o r  t h e  measurement  o f  t h e  p r e s s u r e  d u r i n g  r e a c t a n t  
gas m i x t u r e  p r e p a r a t i o n  and f o r  t h e  t u n n e l  p r e s s u r e  m e a s u r e m e n t ,  and a 
h i g h  r e s p o n s e  p r e s s u r e  t r a n s d u c e r  f o r  t r a n s i e n t  p r e s s u r e  measurement  i n  
t h e  t u n n e l  n o z z l e .  Due t o  t h e  c o r r o s i v e  n a t u r e  o f  t h e  NO 2 g a s ,  t h e  
s t a t i c  p r e s s u r e  s y s t e m  i s  s e p a r a t e d  from t h e  r e a c t a n t  gas m i x t u r e  by a 
d i f f e r e n t i a l  s t a i n l e s s  s t e e l  d i aphragm s t r a i n  gauge p r e s s u r e  t r a n s d u c e r  
(Dynisco  model  DPT 85-2) •  A c o a r s e  p r e s s u r e  measurement  i s  o b t a i n e d  w i t h  
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a stainless steel Bourdon tube gauge which is in direct communication with 
the gas and a fine pressure reading is obtained on the reference side of 
t h e  d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r .  

T r a n s i e n t  p r e s s u r e  r e c o r d i n g s  a r e  made w i t h  a p i e z o - e l e c t r i c  
q u a r t z - c r y s t a l  p r e s s u r e  t r a n s d u c e r  ( K i s t l e r  Model 506 L) .  The t r a n s -  
d u c e r  may be mounted  in  an i n s e r t  be tween  t he  p r e s s u r e  t u b e  and t h e  up-  
s t r e a m  t r a n s i t i o n  s e c t i o n  and a l s o  in  t h e  n o z z l e  s i d e  w a l l .  The s i d e  
w a l l  l o c a t i o n  i s  n e a r  t h e  e x i t  o f  t h e  n o z z l e  and t h e  t r a n s d u c e r  i s  
mounted  i n  a b l a n k  which r e p l a c e s  t h e  window when p r e s s u r e  r e a d i n g s  a re  
t a k e n .  The o u t p u t  o f  t h e  t r a n s d u c e r  i s  a m p l i f i e d  by a K i s t l e r  U n i v e r s a l  
D i a l - G a i n  Charge A m p l i f i e r  Model 504 and i t  i s  r e c o r d e d  on an o s c i l l o -  
s c o p e .  The r i s e  t i m e  i s  g i v e n  t o  be 5 m i c r o s e c o n d s .  

The flow f i e l d  abou t  a s p h e r e  i s  r e c o r d e d  by shadowgraph and 
s ha rp  focus  shadowgraph methods  in  p a r a l l e l  l i g h t  which  i s  c o l l i m a t e d  by 
means o f  a f / 6 ,  610 mm f o c a l  l e n g t h  Bausch ~ Lomb Aero T e s s a r  a e r i a l  camera  
l e n s .  A s p a r k  l i g h t  s o u r c e  w i t h  a 0 .08  cm d i a m e t e r  s o u r c e  i s  l o c a t e d  
a t  t h e  f o c a l  p o i n t  o f  t h e  l e n s .  The s p a r k  l i g h t  s o u r c e  u n i t  has  a d u r a -  
t i o n  o f  0 .5  x 10 -5 s e c .  and i s  o f  t h e  t y p e  s u g g e s t e d  by Kovasznay (48 ) .  
A d e t a i l e d  d e s c r i p t i o n  o f  t h e  s p a r k  s o u r c e  and i t s  power  s u p p l y  u s e d  h e r e  
may be found  i n  K l i k o f £  (49) .  

The spa rk  s o u r c e  i s  t r i g g e r e d  by a l i g h t  s c r e e n  shock  d e t e c t i o n  
s t a t i o n .  A f t e r  r u p t u r e  o f  t h e  d i a p h r a g m ,  t h e  shock wave t r a v e l s  i n t o  
t h e  dump t u b e  and t r i g g e r s  t h e  l i g h t  s c r e e n  by b e n d i n g  a l i g h t  beam i n t o  
a p h o t o t u b e .  The o u t p u t  o f  t h e  l i g h t  s c r e e n  i s  t h e n  f e d  i n t o  a t i m e  
d e l a y  u n i t  (Genera l  Radio Time Delay G e n e r a t o r ,  Type 1592-A) which  i n  
t u r n  t r i g g e r s  a t h y r a t r o n  a m p l i f i e r  and s p a r k  s o u r c e  c o m b i n a t i o n  a f t e r  
any d e s i r e d  t ime  i n t e r v a l .  A d e t a i l e d  d e s c r i p t i o n  o f  t h e  l i g h t  s c r e e n  
a r r a ngemen t  and s i g n a l  a m p l i f i c a t i o n  i n s t r u m e n t a t i o n  u s e d  h e r e  may be 
found  i n  ~ b e r s t e i n  (50 ) .  

The sharp focus shadowgraphs are recorded by a Leica camera with 
a f/4.5, 135 mm lens with close-up bellows set at a magnification ratio 
of approximately 1.01. The image of the flow is recorded on Kodak Tri-X 
Pan, 35 mm film with an ASA rating of 400. Shadowgraphs are recorded on 
4 x 5 in. type 52 and 3 x 4 in. type 42 Polaroid film, and in both photo- 
graphic systems the exposure is determined by the short duration (0.5 x 
I0- -6 sec.) spark source. A shadowgraph movie of the flow in the tunnel 
is obtained by a Fastax 16 mm Model WF3 high-speed motion picture camera 
capable of photographing at the rate of 5,000 frames per second and the 
light source in this case is a mercury arc lamp driven by a D.C. power 
s u p p l y .  
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Experimental  Procedure 

The experimental procedure begins with the preparation of a 
desired reactant gas mixture. First, the entire tunnel and gas mix- 
ing apparatus is purged with dry nitrogen and the lines which carry 
the N204 and NO^ z gases are purged with the reactant gases. After 
purging, the mixing apparatus is evacuated to approximately I mm Hg 
abs. and then filled with the test gases. The gas mixture is prepared 
by first introducing a small quantity of nitrogen (approx. i00 mm Hg), 
then the gases NO T and N204 are added, and finally nitrogen is again 
added to the total desired pressure of the entire mixture (5 atmo- 
spheres). For each addition, the temperature and pressure of the gas 
is recorded after a constant temperature and pressure of the mixture 
is achieved in the tanks. The gases are continuously mixed by recir- 
culation through the mixing tanks during the preparation procedure. 
The quantity of the gas mixture prepared in this manner is sufficient 
for two fillings o£ the tunnel, and three such mixtures are required 
for each set of experiments. The reactant mass fraction of the mixture 
can generally be reproduced to within less than 0.001. Mixtures are 
prepared with average values of the reactant mass fraction of 0.215, 
0.500 and 0.400. The gases used in the preparation of the gas mixture 
are obtained from Matheson cylinders. The nitrogen is the prepurified 
grade with a minimum purity of 99.996 percent by weight. The nitrogen 
dioxide has a minimum purity of 95.5 percent by weight, and the follow- 
ing specifications in percent by weight: water equivalent 0.I max., 
chloride as nitrosyl chloride 0.08 max., and nonvolatile (ash) 0.01 
max. The water vapor is removed by passing the nitrogen dioxide gas 
through a phosphorus pentoxide drier. 

Af te r  the  p r e p a r a t i o n  o f  the  mix ture ,  the  tunne l  i s  r e a d i e d  fo r  
f i l l i n g .  A t e s t  model i s  i n s e r t e d  i n t o  the  t e s t  s e c t i o n  and a d i a -  
phragm i s  p laced  between the  p r e s s u r e  and dump tubes .  The p r e s s u r e  
tube i s  evacuated  to  approximate ly  1 ~m Hg abs.  and then f i l l e d  with  
the  gas mixture  to th~ d e s i r e d  p r e s s u r e ,  1.1 atmospheres a t  room 
tempera tu re .  The dump tube i s  evacua ted  to  135 n,n Hg abs.  Next, 
the s h u t t e r  to  the camera i s  opened and the  p in  i s  r e l e a s e d  to  r u p t u r e  
the  diaphragm and i n i t i a t e  the  flow in  the  t u n n e l .  The f i lm  in  the  
camera i s  exposed by the  spark l i g h t  source  10 msec. a f t e r  the  shock 
wave in  the  dump tube reaches  the l igh t ,  sc reen  s t a t i o n .  

At the  conc lus ion  of  the exper iment ,  the  e n t i r e  t unne l  i s  f i l l e d  
with  dry n i t r o g e n  to  a p r e s s u r e  s l i g h t l y  above an atmosphere and the  
e n t i r e  con ten t s  o f  the  tunne l  are  then ven ted  i n t o  the  exhaust  system. 
The tunne l  i s  r e p e a t e d l y  f l u shed  through wi th  dry n i t r o g e n  u n t i l  t he  
t o x i c  NO 2 gas i s  removed. F ina l  t r a c e  of  the  gas i s  e l i m i n a t e d  by 
evacua t ing  and f i l l i n g  the  tunne l  wi th  dry n i t r o g e n  s e v e r a l  t imes .  

The exposed n e g a t i v e s  a re  developed in  Kodak Microdol-X develop-  
e r  a t  70 to  71°F. The f i x i n g ,  washing and dry ing  o f  the  f i lm  fo l lows 
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t h e  manufacturer*s  recommended procedure .  Developed n e g a t i v e s  a re  read  
on a Lei tz  Microscope wi th  a 60 to  one m a g n i f i c a t i o n  r a t i o .  The micro-  
scope i s  used in  con junc t ion  wi th  a t r a v e l i n g  c a r r i a g e  advanced by 
p r e c i s i o n  screws and the  nega t ive  i s  he ld  by the c a r r i a g e  wi th  a vacuum 
frame. The d e s i r e d  coord ina te s  on a n e g a t i v e ,  as determined by the  
p o s i t i o n  of  the cross  h a i r s  on the  image are  a u t o m a t i c a l l y  r ecorded  and 
read ings  can be made to  0.0001 cm. 
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Appendix III 
Equilibrium Flow Analysis in the Tube Wind Tunnel 

Equilibrium Flow in the Nozzle 

The flow in the nozzle is assumed to be inviscid, adiabatic and 
steady quasi-one-dimensional. The continuity, momentum and energy 
equations (51) in terms of non-dimensional variables are: 

puA = p ' u *  [] m ( I I I . l )  

and 

du 1 dp 
u-~--~-, + -- = 0 ( I I I  2) p dx t , 

1 2 
h + ~=u = h o . (III.3) 

Sonic throat quantities are denoted by a superscript asterisk and m and 
h o are constants for a given environment. The constant h o is evaluated 
at the stagnation condition. The non-dimensional quantities are given 
by: T = T'/T,, p = p'/p,, h = h'/QR, u [] u Q~R, p = P'I(P*QR) and 
A = A'/A*. The equations of state and the rate equation (Appendix I) 
are given by: 

p = pT[a(1 + a) + b] , ( I I I . 4 )  

and 

h = cT + a, (III.5) 

e-I/T 
d--u-u = e I p[(l - a) ~-~ - pa2], (III.6) 

u dx 

where a, b, c and O 1 = O/~f~are constants for a given environment and 
are defined in Appendix I. In a flowing system the derivative da/dt in 
the rate equation, Equation 1.22, is replaced by the substantial deriva- 
tive Da/Dt (D/Dr = ~/@t + u @/@x), and in Equation II.6 the substantial 
derivative is replaced by the form u da/dx applicable to steady one- 
dimensional flow. If the geometry of the nozzle is known 

A = A(x) , (III.7) 

the system of Equations (III.1) through (III.6) constitute six equations 
for the six unknowns p, u, p, h, T and a, and the non-equilibrium flow 
is completely specified. This system of equations cannot, in general, 
be solved analytically. It is possible, however, to obtain analytic 
solutions for the limiting cases of frozen and equilibrium flows. 
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For frozen flow Da/Dt = 0 and a = constant, and the above system 
o£ equations is reduced by one equation. The frozen flow solution for a 
given nozzle geometry is obtained from the system of five Equations 
(Ill.l) through (III.5) and a = constant for the five variables p, u, p, 
h and T. 

Equi l ib r ium flow i s  de f ined  by the  express ion  x(p, p, a) = 0 a t  
T ffi O, Equation ( I .22)  and the  r a t e  equa t ion ,  Equation ( I I I . 6 )  i s  r e -  
p l aced  by the  a l g e b r a i c  equa t ion  x(p, p, a e) = 0 which reduces to  the  
equa t ion  of  the  law of  mass ac t i on  and i s  given by 

- I /T  a2 e 
1 - a pT 

( I I1.8) 

The equilibrium flow is solved by the system of six equations, Equations 
(III.1) through (III.5) and Equation (III.8) for the six unknown p, u, p, 
h, T and a where A = A(x) is given. This system of equations may be 
reduced to a system of algebraic equations if the momentum equation is 
r e p l a c e d  by the  i s e n t r o p i c  cond i t i on  (35).  The i s e n t r o p i c  r e l a t i o n  i s  
ob ta ined  as a consequence of  the momentum and energy equa t ions  in  d i f f e r -  
e n t i a l  form, and hence 

ds - dh 1 dp ffi 0 ( I I I . 9 )  
T pT " 

I n t e g r a t i o n  of  Equation ( I I I . 9 )  i s  performed in the  fo l lowing  manner. 
The thermal  and c a l o r i c  equat ions  of  s t a t e  and the law of  mass ac t i on  
are  expressed in  t h e i r  d i f f e r e n t i a l  forms 

d_p_ffi d~.+ dT a da ( I I I . l O )  
p -T -+ [a(l + a) + b] " 

and 

dh = cdT + da , ( I I I . 1 1 )  
t 

~ ~_ (1_ I) d T  d(~n a2 
- T -  • 

( I I I . 1 2 )  

r e s p e c t i v e l y .  Equation ( I I I . 9 )  i s  expressed i~ terms of  the  two inde -  
pendent v a r i a b l e s  T and a by e l i m i n a t i n g  the d i f f e r e n ~ i a l  q u a n t i t i e s  
dh, dp and dp by the  use of  Equations (111.10) through ( I I I . 1 2 ) ,  hence 

dT' 1 a 2 
ds ffi c~--dT [a(l+a) + b] ~+ (T- a)da + [a(l+a)+b]d(~n TL~) ffi O. (III.13) 

Equation. ( I I I . 1 5 )  i s  expressed' in a p e r f e c t  d i f fe ren . t i a l ,  form by assuming 
a = .1, as d i scussed  in  Appendix L Af te r  ex t ens ive  a l g e b r a i c  manipula-  
t i o n ,  Equation ( I I I . 1 5 )  becomes 
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~2 
ds ffi d[c £nT + l+a+.___bb + b ~n + 2 ~n a T ~ ~ ] - 0 , (III.14) 

which i s  i n t e g r a t e d  d i r e c t l y  to  give the  i s e n t r o p i c  r e l a t i o n  

~2 
c £nT + l+a+b + b £n + 2 £n a (III.15) T ~ l-'--'a ffi So '  

where s o i s  a constant  eva lua ted  at the  s t agna t ion  cond i t i on .  The i s en -  
t r o p i c  r e l a t i o n ,  Equation ( I I I . 1 5 ) ,  thus rep laces  the  momentum Equation 
( I I I . 2 )  and the  system of  governing equat ions  becomes a system of  a lge-  
b ra i c  equa t ions .  Before the  a lgeb ra i c  system of  equat ions  can be so lved ,  
however, the mass flow r a t e ,  constant  m in  Equation ( I I I . 1 )  must be 
eva lua ted .  The method of  ob ta in ing  the mass flow r a t e  fol lows the out-  
l i n e  of  the  method used by Bray (32) for  the  i d e a l  d i s s o c i a t i n g  gas. 

The d i f f e r e n t i a l  form of the c o n t i n u i t y  and energy equat ions  are 

and 

c~o du dA 
÷ --d- ÷ = o 

d h + u d u = O .  

( I I I  .16) 

( I I I .  17) 

An express ion  for  da/dA is  obta ined by e l i m i n a t i n g  the d i f f e r e n t i a l  
q u a n t i t i e s  dp, du, dh and dT from the  Equations ( I I I . I 1 ) ,  ( I I I . 1 2 ) ,  
( I I I . 1 4 ) ,  ( I I I . 16 )  and ( I I I . 1 7 ) .  Furthermore, s ince  

da d a / d A  
= , ( i n .  i s )  

the express ion  fo r  da / d x ' ,  a f t e r  ex tens ive  a lgeb ra i c  manipula t ion be- 
comes with a = 1 

da _ 1 dA a(1-a)u2T[ (l+a+b) - cT] 
dx' A dx' ¢1 T~ + ¢2 Tz + ¢5 T + ¢4 ' ( I I I . 1 9 )  

where 
¢1 = a ( 1 - a ) c  + (2 - ~ ) [ 2 c  - ( l + ~ + b ) ] c ,  

¢2 ffi 2(2-a)  (ho=a) (l+a+b-c)=2aCl=a) [2c + h ° -a] , 

and 

@3 = a (1 -a ) [4 (ho-a )  + 2c + 1 + a + b] ,  

¢4 = -2a(1-a)  (h ° -a) 
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From Equation (III.19) it is seen that da/dx' ÷ 0 as dA/dx' ÷ 0. The 
condition dA/dx' = 0 denotes the location of the throat. However, for 
equilibrium flow da/dx' ~ 0 at the throat and, therefore, the following 
cond i t i on  must be s a t i s f i e d .  

¢l(a*)T*5 + ¢2(a*)T*2 + ¢5(a*)T* + ¢4(a*) = 0, (II1.20) 

where the  s t a r r e d  q u a n t i t i e s  r e p r e s e n t  the  values  at  the t h r o a t .  The 
i s e n t r o p i ¢  Equation ( I I I . 1 5 )  i s  a l so  expressed in  terms o~ the  t h r o a t  
values  and a s imul taneous s o l u t i o n  of Equations ( I I I . 1 5 )  and ( I I I . 2 0 )  
determines  ~* and T*. The mass flow r a t e  m fol lows from Equations 
( I I I . 5 ) ,  ( I I I . 5 }  and ( I I I . 7 )  which are  combined i n t o  the equa t ion  

m = p 'u *  l - a *  e - l / T *  / 
= ~ ~ .,'V2(h o -  a* - cT*)" (II1.21) 

The system of algebraic equations is now completely determined for a 
given nozzle geometry and the solution for the variables p, u, T and a 
follows directly from these equations. Due to the transcendental nature 
of Equation (III.15), however, the solution to this system of algebraic 
equations is worked out by iteration schemes on Yale's IBM 7094/7040 DCS 
computer. A rough outline of the computational scheme is given in 
Appendix VI. 

It is recalled that the system of algebraic equations is obtained 
as a result of the assumption a [] 1 (Appendix I). The consequence of 
this assumption is checked by comparing the results obtained by the above 
simplified method with the results from a complete solution of the 
governing equations for the same gas mixture obtained by Wegener and 
Cole (43). A comparison o:~ the solution obtained from the isentropic 
relation is shown in Figure 111.1 and the agreement is good. Some 
differences in the comparison also arise due to the slightly different 
physical constants used by Wegener and Cole" (45). 

Equi l ib r ium Flow in  the  Pressure  Tube 

The flow in the tunnel upstream of the nozzle is given by a solu- 
tion of the equilibrium flow through a centered expansion fan. The 
derivation of the changes in gas velocity and gas properties through the 
expansion fan is identical to the derivation in a non-reacting perfect 
gas, except that the ordinary sound speed is now replaced by the equili- 
brium sound speed of the reacting medium. The compatibility relations 
for the equilibrium flow are given in Ref. (51} as 

du ± dp : 0 (IZZ.22) 
Pa e 
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along the c h a r a c t e r i s t i c  d i r e c t i o n s  

dx (III .25) 
d-~-= u ± a e,  

where the  p o s i t i v e  and nega t ive  s igns des igna te  the  d i r e c t i o n  of  propa-  
ga t ion  and a e i s  the  e q u i l i b r i u m  sound speed as given in  Appendix I ,  
Equation ( I . 2 9 ) .  Equation ( I I I . 2 2 )  i s  r e w r i t t e n  in  a more useab le  
form in terms of  the  v a r i a b l e s  u, T and a in  the  fo l lowing  manner. The 
d i f f e r e n t i a l  q u a n t i t y  dp is r ep l aced  by the  differential q u a n t i t y  dT 
with  the  use of  the thermal  equat ion  of  s t a t e ,  Equation ( I I I . 4 ) ,  the  
law of  mass a c t i o n ,  Equation ( I I I . 7 )  and the  i s e n t r o p i c  r e l a t i o n ,  Equa- 
t i o n  ( I I I . 1 5 ) .  In terms of  these  new v a r i a b l e s ,  and along the  p o s i t i v e  
d i r e c t i o n  of  p ropaga t ion  across  the wave, Equation ( I I I . 2 2 )  i s  w r i t t e n  
in  the  form 

where 

du + 1 + a + b - IcT 2 dT ffi 0, (III.24) 
aeT(l - ~T) 

ffi 1 - C2 - a)(1 + a + b) 
a(l - c0 

The induced v e l o c i t y  behind the  expansion fan u4, i s  thus given by 

T 4 , 
I l+a+b_~cT2 

u4, = - aeT(l_~T ) dT . 

T 4 

where the  s u b s c r i p t  4 des igna te s  the und i s tu rbed  s t a t e .  The v a r i a b l e s  a 
and T in  the  i n t e g r a n t  a re  r e l a t e d  by the i s e n t r o p i c  r e l a t i o n ,  Equat ion 
( I I I . 1 5 )  and the  i n t e g r a l  i s  eva lua t ed  n u m e r i c a l l y  due to  the i m p l i c i t  
f u n c t i o n a l  r e l a t i o n s h i p  between a and T and the compl ica ted  form o f  the  
i n t e g r a n t .  

(III.25) 

In o rde r  t h a t  the  induced v e l o c i t y ,  u 4 , ,  may be c a l c u l a t e d ,  i t  i s  
nece s sa ry  to  know the  tempera ture  behind the  expansion fan ,  T~..  Although 
the  s t r e n g t h  of  the expansion fan and, t h e r e f o r e ,  the  va lue  of  T 4, , i s  
de termined  by the  r a t i o  of  the  tube a rea  to nozz le  t h r o a t  a r e a ,  the  
a c t u a l  va lue  of  T 4, i s  not  known a p r i o r i .  The va lue  of  T 4, can be found 
only by s imul t aneous ly  so lv ing  the  e n t i r e  flow in  the  t ube -nozz l e  com- 
b i n a t i o n .  The c a l c u l a t i o n  method c o n s i s t s  o f  matching the  flow p rope r -  
t i e s  behind the expansion fan with  the  flow p r o p e r t i e s  a t  the  nozz le  
en t r ance .  The procedure  i s  o u t l i n e d  below. For a given u n d i s t u r b e d  
s t a t e  o f  the  gas in the  tube ,  a guess i s  made at  the  s t a g n a t i o n  cond i -  
t i o n s  f o r  the  nozz le  flow. This enables  one to  c a l c u l a t e  a l l  p r o p e r t i e s  
and in  p a r t i c u l a r ,  T4, ,  in  the  nozz le  a t  the  p o i n t  cor responding  to  the  
tube a r e a ,  and with t h i s  va lue  of  T 4, the  induced v e l o c i t y  u4t i s  c a l -  
c u l a t e d  by Equation ( I I I . 2 5 ) .  The va lues  of  u 4, ob ta ined  from the  nozz le  
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and e x p a n s i o n  f an  c a l c u l a t i o n s  a r e  compared and an i t e r a t i o n  scheme i s  
u sed  which  r e p e a t s  t h e  above c a l c u l a t i o n s  u n t i l  ag reement  t o  some 
s p e c i f i e d  a c c u r a c y  i s  found .  When t h e  f low b e h i n d  t h e  e x p a n s i o n  f an  
is matched with the flow in the nozzle, the equilibrium flow in the 
tunnel and, in particular, at the nozzle test section, becomes completely 
determined. 
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Appendix IV 
Non-Equilibrium Flow Analysis in the Nozzle 

and Non-Equilibrium Plow Through o Shock Wave 

Non-Equilibrium Flow in the Nozzle 

The assumption that the flow in the nozzle is in equilibrium may 
not always be justified and an independent method must be developed 
which can check for possible departures from equilibrium flow. The 
method to be described below follows closely the method proposed by 
Bray (52). 

Non-equilibriumnozzle flow has the following characteristics. 
Initially, the flow is ordinarily at equilibrium. Departure from 
equilibrium may take place anywhere in the nozzle, usually downstream 
of the throat. Once departure occurs, it takes place in a narrow 
region and may be assumed to occur at a point, the "sudden freezing" 
point. The flow downstream of this location is assumed to be frozen 
(32). The rate equation can be expressed in the form 

d~ 
~= = r D - rR, (IV.l) 

where r D and r R, are the recombination and dissociation rate functions 
implied in Equation (I.18). The "sudden freezing" point is given by 
t h e  condition 

da 
- d--i= Kr s , (IV.2) 

where K is a constant taken to be of order unity by Bray. Since at 
equilibrium the condition r D = r R is closely satisfied, Equation (IV.2) 
may also be written as 

d~ 
- d-~ = KrR ' (IV.5) 

where it is simpler to compute ru since k R is taken as a constant for the 
reaction. For steady flow, the Teft hand side of the equation is ex- 
pressed by do/dr = u'da/dx', and the criterion for the "sudden freezing" 
point becomes 

2 2 

-(~x, ) = K 01 Peu ae ' (IV.4) 
e e 

where e I = 4~o~N_KRP~ /(~Nt~N~O~/~, the subscript e denotes the equili- 
brium values, an~ the expresslo5 for the left hand side is given by 
Equation (III.19). Since the equilibrium properties along the nozzle 
have already been calculated, both sides of Equation (IV.4) are known 
and the point at which the flow departs from equilibrium is found when 
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t he  c o n d i t i o n  e x p r e s s e d  by Equat ion  ( IV .4 )  i s  s a t i s f i e d .  

The applicability of the sudden freezing analysis to nozzle flow 
was first e x p e r i m e n t a l l y  d e m o n s t r a t e d  by use  o f  t h e  p r e s e n t  r e a c t i n g  
gas model (40) .  A comparison o f  t he  approx imate  method deve loped  f o r  
t he  c u r r e n t  purpose  w i t h  Wegener ' s  more exac t  c a l c u l a t i o n s  i s  shown 
in  F igure  IV.1.  For a l l  p r a c t i c a l  p u r p o s e s ,  t h e  two p r e d i c t i o n s  o f  
t he  p o i n t  o f  d e p a r t u r e  from e q u i l i b r i u m  a re  t h e  same. 

The "sudden f r e e z i n g "  c r i t e r i a  i s  used  in  a l l  n o z z l e  f low c a l c u -  
l a t i o n  t o  i n s u r e  t h a t  t he  flow in  t h e  f r e e  s t r e a m  i s  in  e q u i l i b r i u m ,  
A r e p r e s e n t a t i v e  r e s u l t  o f  such a c a l c u l a t i o n  i s  shown in  F igu re  IV.2 
f o r  t h e  r e a c t a n t  mass f r a c t i o n  m o ffi 0.216 wi th  t h e  p r e s s u r e  t u b e  f i l l e d  
to  a t m o s p h e r i c  p r e s s u r e  a t  room t e m p e r a t u r e .  This r e s u l t  i n d i c a t e s  
t h a t  t he  f r e e  s t r e a m  can be assumed t o  be in  e q u i l i b r i u m  f o r  ~o ~ 0 .216 .  
A c a l c u l a t i o n  has been a l s o  made t o  d e t e r m i n e  t h e  r e a c t a n t  mass f r a c t i o n  
which would r e s u l t  in  a d e p a r t u r e  from e q u i l i b r i u m  and such a r e s u l t  i s  
shown in Figure IV.2 for m = 0.151. 

o 

Non-Equilibrium Flow Through a Normal Shock Wave 

Consider a standing normal shock wave. The equations o£ contin- 
uity, momentum and energy in terms of dimensionless variables are (51) 

p ® u  = pu , ( IV .S)  

u2 p u  2 , (IV.6) P ® + P ® ® = P +  
and 

h + 1 l u 2  ® ~u 2 = h + ( I V . 7 )  

where the subscript ® denotes the conditions upstream of the shock wave 
which are known and the unsubscripted variables denote conditions down- 
stream of the shock wave. The rate equation for one-dimensional steady 
flow is given by (Appendix I), 

de e -I/T 
u ~-~, -- B i p [ ( i  - a ) ~ - -  - p a 2 ]  , ( I V . S )  

where 81 = 8/~Ris a constant for a given environment, and primes 
denote aimensional quantities. The caloric and thermal equations of 
state are given by (Appendix I) 

and 
h=cT+a 

p = pT [a(1 + a) + b] . 

(iv.9) 

(iv. 10) 
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The express ions  for  the  cons tants  appearing above and the  d e f i n i t i o n s  of  
the  d imens ionless  va r i ab l e s  are given in  Appendix I .  The above system 
of  equa t ions ,  Equation (IV.S) through (IV.10),  c o n s t i t u t e  s i x  equat ions  
fo r  the  s ix  unknown v a r i a b l e s  o, u, p, h, T and u. The s o l u t i o n  to  t h i s  
system of  equat ions  i s  obta ined  by rea r rang ing  Equations (IV.5) through 
(IV.7) ,  (IV.9) and (IV.10) i n t o  the  form 

Uu P®p l+p®/p®u~2 -A/c 1 1 -~/i _A/c [2-A/c] [ 1+2 (h®-u) /u~ "J 
--~= --= [l+p®ip®u~]Z ( I V . l l )  

and 
U2 2 

. t . ,  .,. o:, - 1 ,  (IV. 12) 

where A = a(1 + b) + c. The r a t e  equat ion  i s  w r i t t e n  in  the  form 

du (IV 13) 
dx' - FI(U)' 

where Fl(U ) is given by 

- I /T  p e 
Fl(U ) = B I ~ ( ( i -a )  T pa 2] , (IV.14) 

and the quantities p, u and T are expressed in terms of u by Equations 
(IV. If) and (IV.12). The variation of u with distance downstream of 
the shock wave is given by 

f° x' = du (IV.IS) 

a s 
where u s is the value of u imediately behind the shock wave, and 
u s = u®. Once the function x' = x'(u) is known, the solution for the 
other values with x' is obtained from Equations (IV.6), (IV.7), (IV.II) and 
(IV.12) by direct substitution. 

An estimate o£ the time required to reach equilibrium may be ob- 
tained by considering the time required for the dissociation to reach 
95~ o£ its equilibrium value (i). Hence, a characteristic time o£ the 
reaction may be defined by 

x i0.95~e 
= d t  = d~ (IV.16) 

Tr 0 F~--'(~j'" 
u 
S 

where F(u) = u' FICU), and u e is the equilibrium value o£ u and is obtain- 
ed from the equilibrium solution o£ the shock wave. 

The equ i l i b r ium s o l u t i o n  o£ the  shock wave i s  ob ta ined  by r e p l a c i n g  
the  r a t e  equat ion  with the  equat ion  o£ the  law o£ mass a c t i on ,  i . e .  the  
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e q u a t i o n  
- I / T  a 2 e 

m 

l - a  pT ' ( IV. iT)  

and the solution is given by the system of five equations, Equations 
(IV.6}, (IV.IO) through {IV.12) and (IV.17) for the five unknown vari- 
ables O, u,  p ,  T and a.  The f r o z e n  s o l u t i o n  o f  t h e  shock wave i s  
o b t a i n e d  by r e p l a c i n g  the  r a t e  e q u a t i o n  by t h e  c o n d i t i o n  a =a and t h e  
s o l u t i o n  i s  g iven  d i r e c t l y  by Equa t ions  (IV.11) and (IV.12') f ~ r  t h e  
unknown v a r i a b l e s  0,  u and T. 
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Appendix V 

Reduction of Experimental Data 

S t a n d - o f f  d i s t a n c e  measurements  a r e  o b t a i n e d  from sharp  focus  
shadowgraph n e g a t i v e s  o f  t h e  f low f i e l d .  The camera i s  f o c u s e d  on a 
p l a n e  0.01 i n .  from the  c e n t e r l i n e  o f  t he  sphe re  toward  t h e  camera and 
the  image o f  the  f low f i e l d  i s  r e c o r d e d  in  a p a r a l l e l  l i g h t  beam. On 
a pho tograph  or  a s c r e e n ,  t h e  shock wave appears  as a narrow dark  l i n e  
f o l l o w e d  by a b r i g h t  edge ,  F igu re  10, and i s  caused  by the  r e f r a c t i o n  
o f  t h e  l i g h t  beam in  a narrow zone a d j a c e n t  t o  t h e  shock f r o n t .  

Measurements are made with a traveling microscope at a 60 to 1 
magnification ratio. The negative is attached to a traveling vacuum 
carriage and the direction of the flow and the cross hairs in the micro- 
scope sights are lined up parallel to each other. The direction of the 
flow is indicated by the image of an external guide wire which is 
parallel to the nozzle centerline. The carriage is advanced by preci- 
sion screws relative to the cross hairs and the desired position of the 
carriage as marked by the cross hairs is recorded automatically. Posi- 
tions of the carriage can be resolved to 0.0001 cm and the cross hairs 
appear 0.0003 cm thick on the projection of the image. A reading of 
the stand-off distance, i.e. the shortest distance between the shock 
wave and the body, is made along the centerline of the flow field. First 
the position of the apparent shock wave is recorded and then the posi- 
tion of the tip of the sphere. The stand-off distance is taken as the 
distance from the tip of the sphere to the midpoint of the apparent 
shock wave, i.e. the dark line. The apparent shock thickness is approxi- 
mately 0.002 cm. The actual thickness of the shock wave as determined 
from experiments in nitrogen at room temperature and pressure and at 
M = 1.4 is approximately 6 x 10 -5 cm (52) and is negligible with respect 
to the apparent thickness of the shock wave. The apparent shock thick- 
ness cannot be decreased further by focusing closer to the centerline 
since the shock image of the 1/52 in. diameter sphere becomes too 
faint and the location of the shock cannot be seen on the negative. A 
measurement of the sphere diameter is made in a direction perpendicular 
to the flow axis and the stand-off distance is made dimensionless with 
respect to the radius of the sphere. Readings of the diameter of the 
sphere at several inclinations to the axis do not reveal any significant 
distortion of the image. 

The stand-off distance and the dimensionless stand-off distance 
for a series of experiments in dry nitrogen is shown in Table (V.1). 
Each measurement in this table as well as all measurements given here 
represent an average of five readings of the same negative. Measure- 
ments of the same length are generally within 0.0003 cm of each other. 
Errors in the readings arise primarily due to optical and photographic 
limitations of the experimental technique. Diffraction, scattering of 
light within the film and the grain size of the film cause the image of 
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a sharp edge or  a narrow l i n e  to appear as a d i f f u s e d  r eg ion .  The l i g h t  
s c a t t e r i n g  e f f e c t  and the  g ra in  s i z e  can be r e l a t e d  to  the  r e s o l u t i o n  
of the film. The Kodak Tri-X Pan film used here has a medium resolving 
power corresponding to 0.001 cm per line which is one half the apparent 
shock thickness. The width of the diffused region varies between 0.0005 
and 0.0010 cm for the largest and smallest spheres, respectively. In 
the present readings the edge is judged to be approximately in the center 
of the diffused region. Although readings can be made with high pre- 
cision, their accuracy depends on the reader's judgment of the edge of 
the sphere and the apparent shock wave. To reduce the effect of reading 
e r r o r s ,  a l l  measurements p r e sen t ed  here  have been obta ined  dur ing  end 
read ing  s e s s i o n .  Measurements of  the nega t i ve s  a l so  have been made by 
an independent  r e a d e r  and the d i f f e r e n c e  in measurements between the  
two reade r s  has been g e n e r a l l y  l e s s  than 0.0005 cm. Based on a unce r -  
t a i n t y  of  ±0.0005 cm, a f r a c t i o n a l  s t anda rd  d e v i a t i o n  of  the  dimension-  
l e s s  s t a n d - o f f  d i s t a n c e  i s  2.4 p e r c e n t  fo r  the  1/52 in .  d iameter  sphere  
and p r o p o r t i o n a t e l y  l e s s  f o r  the  l a r g e r  spheres wi th  0.2 p e r c e n t  f o r  the  
l a r g e s t  sphere .  

The d imens ion less  s t a n d - o f f  d i s t a n c e  remains cons tan t  w i t h i n  
r ead ing  e r r o r  fo r  the  sma l l e r  spheres  and dec reases  s y s t e m a t i c a l l y  by 
approximate ly  2.5 pe r cen t  as the  s i z e  of  the  sphere  i s  i n c r e a s e d ,  (Table 
(V.1)) .  This dec rease  i s  a consequence of  the  non-uniform flow in the  
nozz l e .  I t  i s  r e c a l l e d  t h a t  a Mach number g r a d i e n t  e x i s t s  a long t h e  
c e n t e r l i n e  of  the nozz le  and t h a t  t h e r e  i s  a l so  a s l i g h t  v a r i a t i o n  in  
Mach number in a d i r e c t i o n  p e r p e n d i c u l a r  to  the  c e n t e r l i n e .  For each 
s e t  of  experiments  the  sphere  i s  ' p o s i t i o n e d  in  the  nozz le  such t h a t  the  
t i p  of  the  bow shock wave i s  in approximate ly  the  same l o c a t i o n  in  t he  
f r ee  s t ream fo r  a l l  sphe res .  Thus, the f r e e  s t ream a t  the  t i p  of  the  
bow shock wave i s  always reproduced.  However, as t h e s i z e  of  the  sphere 
i s  i n c r e a s e d ,  the  i n c r e a s e d  subsonic  reg ion  becomes exposed to  an 
i n c r e a s i n g l y  l a r g e r  p o r t i o n  of  the  non-uniform f r e e  s t ream and the  s t and-  
o f f  d i s t a n c e  responds a c c o r d i n g l y .  The subsonic  r eg ion  of  the  flow f i e l d  
can be approximated by a method developed by Moeckel (55).  The sub- 
son ic  reg ion  f o r  a flow a t  M ffi 1.5 in  n i t r o g e n  has been c a l c u l a t e d  and 
the  r e s u l t s  of  the c a l c u l a t i o n  are  demonstra ted in  F igure  V.1. The p o i n t  
a t  which the  son ic  l i n e  i n t e r s e c t s  the  de tached shock wave i s  approxi -  
mately  2.1R above the  axis  of  symmetry and approximate ly  0.6R behind  the  
p o s i t i o n  of  the t i p  of  the  bow wave. For the  5/8 i n .  d iamete r  sphere 
the Mach number i n c r e a s e s  by approximate ly  1 p e r c e n t  a long the  nozz le  
c e n t e r l i n e  in  the  d i s t a n c e  from the  t i p  to  the  son ic  p o i n t  on the  
de tached shock wave. The cor responding  decrease  in  the  d imens ion less  
s t a n d - o f f  d i s t a n c e  i s  approximate ly  2 p e r c e n t .  Since  the  major  v a r i a -  
t i o n  in the dimensionless stand-off distance observed in the present 
experiments occurs with the larger spheres, it can be attributed to the 
non-uniform free stream in the nozzle. 

A systematic error and additional variation in the stand-off dis- 
tance can also be introduced by viscous effects in the shock layer. An 
apparent increase in the stand-off distance can be observed due to an 
effective displacoment caused by a boundary layer on the sphere in the 
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s t a g n a t i o n  reg ion .  A rough approximation of  the  d isplacement  t h i cknes s  
can be c a l c u l a t e d  wi th  a r e l a t i o n  der ived  by Homann (54) fo r  incom- 
p r e s s i b l e  flow over  a sphere .  The displacement  t h i ckness  A* due to  
the boundary l a y e r  i s  given by 

A* _ 0.46 (V.1) 
R ' 

where R e i s  the  Reynolds number based on the r ad ius  of  the  sphere .  This 
d isplacement  e f f e c t  i s  l e s s  than 1 pe rcen t  of  the d imens ionless  s tand-  
o f f  d i s t a n c e  fo r  the  1/32 in .  d iameter  sphere and l e ss  than 0.2 pe rcen t  
fo r  the  5/8 in .  d iamete r  sphere .  The r e l a t i v e  v a r i a t i o n  of  the  dimen- 
s i o n l e s s  s t a n d - o f f  d i s t a n c e  from the  1/8 to the 5/8 i n .  d iamete r  spheres ,  
where the g r e a t e s t  v a r i a t i o n  occurs due to the  non-uniform f r e e  s t ream,  
i s  only 0.5 pe rcen t  due to  the viscous  e f f e c t .  
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Table (V.I) Shack Stand-Off Distance Measurements in Dry Nitrogen: 

E x p e r i m e n t  
Number 

Nominal 
S p h e r e  Dia .  A 

(in.) (cm) 
A 
R 

240 

241 

242 

243 

244 

245 

246 

247 

1/32 0.024 0.628 

1/16 0.048 0.629 

1/8 0.097, 0.628 

1/4 O. 194 0.623 

1/4 O. 194 0.623 

1/2 O. 384 O. 617 

1/2 0.384 0.616 

5/8 0.478 0.614 

A - S t a n d - o £ £  d i s t a n c e .  

R - Rad ius  o f  s p h e r e .  
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Appendix VI 
Numerical Calculations 

An o u t l i n e  o f  t h e  c o m p u t a t i o n a l  method  used  w i t h  Y a l e ' s  IBM 
7094/7040 DCS compute r  i s  g i v e n  be low.  Three  c o m p u t a t i o n a l  p rog rams  
a r e  d e s c r i b e d :  t h e  c a l c u l a t i o n  o f  t h e  r e a c t a n t  mass f r a c t i o n  o f  t h e  
model  r e a c t i n g  gas m i x t u r e ,  t h e  f low i n  t h e  t u n n e l  and t h e  f low t h r o u g h  
a normal  shock  wave. The c o m p u t a t i o n a l  scheme c o n s i s t s  o f  a main p r o -  
gram and a l a r g e  number  o f  s h o r t  s u b r o u t i n e s .  A l l  c a l c u l a t i o n s  a r e  
p e r f o r m e d  in  t h e  s u b r o u t i n e s .  The main p rogram s e r v e s  t o  r e a d  t h e  
i n i t i a l  d a t a ,  c a l l  t he  a p p r o p r i a t e  s u b r o u t i n e s •  p r i n t  ou t  t h e  d e s i r e d  
r e s u l t s  and p e r f o r m  m i n o r  c a l c u l a t i o n s  such  as c o n v e r s i o n  o f  u n i t s .  

Consider first the calculation of the reactant mass fraction. 
The p r e p a r a t i o n  o f  t h e  r e a c t a n t  gas m i x t u r e  t a k e s  p l a c e  i n  t h r e e  s t e p s ,  
i . e .  t h e  a d d i t i o n  o f  a s m a l l  q u a n t i t y  o f  n i t r o g e n ,  a q u a n t i t y  o f  an 
e q u i l i b r i u m  m i x t u r e  o f  NO 2 and N204 gases  and a f i n a l  c h a r g e  o f  n i t r o -  
gen .  For  each  a d d i t i o n ,  t h e  t o t a l  t e m p e r a t u r e  and p r e s s u r e  i s  r e c o r d e d ,  
and from t h i s  d a t a  t h e  r e a c t a n t  mass f r a c t i o n  i s  c a l c u l a t e d .  The 
i n i t i a l  p r e s s u r e  and t e m p e r a t u r e  i s  d e n o t e d  by P l  and T 1 and t h e  t o t a l  
t e m p e r a t u r e  and p r e s s u r e  a f t e r  t h e  a d d i t i o n  o f  r e a c t a n t s  by P2 and T 2. 
S i n c e  t h e  t e m p e r a t u r e  o f  t h e  gas m i x t u r e  may change  d u r i n g  t h e  a d d i t i o n  
o f  r e a c t a n t s ,  t h e  new p a r t i a l  p r e s s u r e  o f  t h e  n i t r o g e n  i s  g i v e n  by 

T 2 
PN 2 = Pl ~11 " (V I . I )  

The p a r t i a l  p r e s s u r e  o f  r e a c t a n t s ,  P r 2 '  i s  g i v e n  by 

Pr2 = P2 = PN 2' (V1.2) 

the degree of dissociation by 

a2 (T2) + 4Pr2 
(vl. 3) 

and the reactant mass fraction by 

1 
~o2 = • CVI.4) 

~N 2 PN 2 
1 + (i + a 2) 

PN204 Pr2 

where Kn(T2) is the equilibrium constant given by Equation (I.2). After 
the finkl ~harge of nitrogen is introduced the temperature of the gas 
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system may change again and the  p a r t i a l  p r e s s u r e  o£ the  c o n s t i t u e n t s  
must be r e c a l c u l a t e d  a c c o r d i n g l y .  I f  the f i n a l  p r e s s u r e  and tempera ture  
i s  denoted by p and T, the  new p a r t i a l  p r e s s u r e •  PNY of  the i n i t i a l  
charge of  n i t r o g e n  becomes 

T 
PN3 [] Pl ~1 " 

The p a r t i a l  p r e s s u r e  o£ the  r e a c t a n t s  i s  given by 

KpCT)(I - a 2) 
Pr = 4~ z ' 

where 

o. -- ~-- K 1 +  + 

(vz.s) 

(vz.5) 

• ( v l .  7) 

and, A = 4PN3/KpCT)  and B = (1 -mo2)PN204 / (mo2PN2)  • 

The r e a c t a n t  mass f r a c t i o n ' o f  the gas mixture  i s  then given by 

1 (VI. 8) 
O 

1 + ~2 (_P--- - I)(1 +a) 
~N204 Pr 

The above c a l c u l a t i o n  i s  performed by the sub rou t ine  INTANK (Pl" T I '  P2 • 

T2, p• T• ~• ~o ) . 

A s i m p l i f i e d  flow char t  of  the  main program fo r  the  c a l c u l a t i o n  
of  the  £1ow p r o p e r t i e s  in the  wind tunne l  i s  shown in  Figure  (VI .1 ) .  
The n o t a t i o n  used in  the  flow cha r t  i s  the  same as used throughout  the  
t e x t .  The tempera ture  and p re s su re  o£ the  und i s tu rbed  gas in  the  p r e s s u r e  
tube and the r e a c t a n t  mass f r a c t i o n  se rve  as the  input  da ta .  Al l  the  
p h y s i c a l  cons tan t s  of  ,the given gas mixture  a re  eva lua t ed  in  the sub- 
r o u t i n e  CON. Subrout ine  MATCH matches the s o l u t i o n  of  the  flow through 
the expansion fan with  the  s o l u t i o n  of  the  flow through the  nozz le  a t  
the  po in t  where the  p r e s s u r e  tube meets the  nozz le  e n t r a n c e .  This sub- 
, rout ine  gives  the va lues  of  the p r o p e r t i e s  a t  the  en t rance  to  the  nozz le •  
the  s t a g n a t i o n  en tha lpy  cond i t i ons  a t  the  t h r o a t  and the  mass flow r a t e .  
Subrout ine  NUSTAG c a l c u l a t e s  the  new s t a g n a t i o n  cond i t ions  fo r  the  nozz le  
f low. Next• the  a rea  r a t i o  of  the  t e s t  s e c t i o n  i s  read i n t o  the  program. 
The subrou t ine  DOWNST c a l c u l a t e s  the  T and a at  the  t e s t  s e c t i o n  and 
the subrou t ine  VAR2 c a l c u l a t e s  the remainder  of  the  p r o p e r t i e s  t h e r e .  
The subrou t ine  GEOM provides  in format ion  o£ the  geometry of  the  nozz le  
(nozzle  expansion r a t e •  dA/dx')  and the  p r o p e r t i e s  a s s o c i a t e d  wi th  t he  
geometry of  the nozz l e .  A t e s t  f o r  the  f r e e z i n g  po in t  ( i . e .  d e p a r t u r e  
from e q u i l i b r i u m  flow) is  made by the subrou t ine  FREEZ2. 

The simplified flow chart of the main program for the calculation 
of the flow properties through the shock wave is shown in Figure (VI.2). 
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The t empera tu re ,  p r e s s u r e ,  r e a c t a n t  mass f r a c t i o n  and v e l o c i t y  in  the  
f r ee  s t ream serve  as the input  da ta .  The p h y s i c a l  p r o p e r t i e s  og the  
mixture  a re  again given by the sub rou t ine  CON. The symbol A i in  
Figure  (VI.2) denotes a group of  sub rou t ine s :  PROP, SOUND and RELAX 
which a re  used to  c a l c u l a t e  the sound speeds ,  Mach numbers, and r e l a x a -  
t i on  t imes at  a given r e f e r e n c e  s t a t e .  Thus, the group A 1 c a l c u l a t e s  
these  p r o p e r t i e s  in  the  f r ee  s t ream. Subrout ine  FROZ gives  the  f rozen  
cond i t ions  behind the shock wave and the  group A 2 i s  used to  c a l c u l a t e  
Mach numberp l o c a l  r e l a x a t i o n  t ime ,  e t c . ,  t h e r e .  The e q u i l i b r i u m  s o l u -  
t i on  of  the shock wave i s  given by the  subrou t ine  HUGOS and the  group 
A 5 gives  the  a p p r o p r i a t e  Mach number, e t c . ,  t h e r e .  The r e a c t i o n  pro-  
£ i l e  behind the normal shock wave as a func t ion  of  time andj in  pa r -  
t i c u l a r ,  the  t ime r e q u i r e d  £or the  degree of  d i s s o c i a t i o n  to  reach  95 
pe r c e n t  of  i t s  e q u i l i b r i u m  va lue ,  i s  c a l c u l a t e d  by the  sub rou t ine  
NOLIRE. Once the v a r i a t i o n  of  the degree of  d i s s o c i a t i o n  wi th  t ime i s  
known, the  cor responding  v a r i a t i o n  of  the  r ema in ing  v a r i a b l e s  a re  given 
by the  subrou t ine  SOFA. 

In the calculation of both the tunnel and shock wave £1ows a 
number of subroutines are needed which do not appear explicitly in 
these main programs but do appear in the subroutines mentioned in 
them. These additional subroutines, some of which are common to both 
programs, are  l i s t e d  below wi th  a b r i e £  d e s c r i p t i o n  of  each s u b r o u t i n e .  
The v a r i a b l e s  which are  needed by the  sub rou t ine  appear on the  l e f t  
of  the  argument and the  v a r i a b l e s  which are  c a l c u l a t e d  by the sub- 
r o u t i n e  are  s epa ra t ed  by a space and appear on the  r i g h t .  
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I Inpu4": T~, p~, ~o, Exp. no. I 
t 

I ~o~,=~. ,>o.  ~,o, °. ~o.,.o. ~.  ~.,~.~ I 
t 

I MATCH (~.~,o,~.,--,, h..T4,, o&4, u 4,, oc~ T% m ) I 
t 

! NUSTAG(a, b, c, s~,T,, he, %, po, 0(.) 

t 
Input" A~ I 

I 
--- In/AT I 

I 

mA 
I 

t 
DOWNST (b, c, he, So, rn~, T,~) I 

I 
VARZ (o.,b,a, ho,,, l~,?,,~,m,,~,"r, ~,u.,A,~',u', -r'> I:'; 

i I 

I I 

i 
I FREE ZZ (~.b, c, ho.Aln.~., ~.~,T. u, 6 dA/d=" R, de/d~'.r) 

f 
lEND I 

Fig. (Vl.1) Simplified flow chart of the main program for the calculation 
of flow properties in the wind tunnel 
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I rnpu~-: Exp.no., "T'. P~,,~o, u~ I 

I CON( . I 

I At 

i I 
IA'I 

(:X.= o.g50Le 

NOLIRE (o., b, c, h®, ~,, oao, cx®, p,v~ ~m, u.®,ot, "or') 
SOFA Co-,b,~s~®,R..~o,~®,~,®,~®,u®,o~, ~(o~%,£, T)  

I E.NO J 

A~ I 
PROP (T~, ~o, (X{., 
SOUND(0L, b, C,-I'L,aL, ~4-i,, CleL') 

Fig. (VI.2) Simplified flow chart of the main program for the calculation 
of the flow properties through a normal shock wave 
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XISENT (b, c, s_, T, a) - A solution of the isentropic relation, Equa- 
tionU(III.15). For a given gas mixture and at a given 
temperature the corresponding degree of dissociation is 
found. 

XISAT (b, c, s^, a, T) - The same as XISENT, except the corresponding 
ten~erature is found for a given degree of dissociation. 

THROAT (b, c, So, So, a*, T*, m) - The mass flow rate and the conditions 
at the throat are found. This subroutine gives the simul- 
taneous s o l u t i o n  to Equation ( I I I . 2 0 )  and Equation ( I I I . 1 5 )  
eva lua t ed  at  the t h r o a t .  

CUBIX Cb, c, h o, a, T) - The solution of the cubic Equation fIII.20) 
used in the subroutine THROAT. 

ALPHC0 (b, c, h o, a, ¢ ¢2, ¢3" ~4) - Evaluation. of the coefficients 
appearing }n the cubic Equatlon (III.19). 

UPSTR (b, c, h o, s o, T6, mA, T, a, u) - Solution of the flow proper- 
ties in  the  nozz le  a t  a po in t  upstream of  the t h r o a t .  

UP'I'~O (ho, c, m A, T, a) - Solution of an equation of the form of 
Equation (III.21). The degree of dissociation is found 
for a given gas mixture, mass flow rate and temperature. 

YALP 

,, 

DOWN 

(h o, c, G, Y, T, a) - Solution of a cubic equation which appears 
in the  subrou t ine  UPTWO. The variables G and Y are def ined  
in subroutine UPTWO. 

(c, h o, m A, a, T) - This subroutine is similar to sub-UPTWO ex- 
cept that the temperature is found for a given gas mixture, 
mass flow rate and degree of dissociation. 

SOUND (a,  b,  c ,  T, a, a f ,  ae) - The f rozen and e q u i l i b r i m n  sound speeds 
are  eva lua t ed  for  a given gas mix tu re ,  t empera ture  and 
p r e s s u r e .  

PROP 

INTEG 

(T T, mo, a, aft, 7, ~) - The specific heat ratio y, the molecular 
weight ~,-and the frozen sound speed af_, of the mixture 
are evaluated. The frozen sound speed in thls subroutlne 
is obtained from an equation of the form a~r = 7RT'/~. 

(a,  b,  c,  s o , T4, ,  T4, .u4') - The i n t e g r a l  which appears in  
Equation ( I I I . 2 5 )  i s  eva lua t ed  by Simpson's r u l e .  The 
flow chart for this subroutine is taken from Southworth 
and Deleeuw (55). 

XOFOT (a,  b,  c,  So,T, F(T)) - The i n t e g r a n t  F(T),  of  the  i n t e g r a l  
appear lng in Equation ( I I I . 2 5 )  i s  eva lua t ed .  
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