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1. INTRODUCTION

• Since World War I I ,  th e  shock tunnel has keen developed as a

v e r s a t i l e  and in ex p en siv e  means of in v e s t ig a t in g  high speed gas flo w s.

A very  la rg e  p a r t  o f th e  work in  th i s  f i e l d  has "been concerned w ith  bod ies 

moving in  a i r  and, s p e c i f i c a l ly ,  v/ith v e h ic le s  r e -e n te r in g  th e  E a r th ’s 

atm osphere a f t e r  f l i g h t s  in  space0 F ig u re  1 i s  a v e lo c i ty - a l t i tu d e  c h a r t  

showing a v a r ie ty  o f d i r e c t - e n t r y  f l i g h t  c o rr id o rs . Almost a l l  work has 

co n cen tra ted  on th e  manned re -e n try  c o r r id o r  a t  speeds below 8 km /sec.

I f  th e  speed i s  g iven  b y ^ 2  x s ta g n a tio n  enthalpy , t h i s  corresponds to
1 1a  s ta g n a tio n  en th a lp y  o f 3 .2  x 10 erg/gm .

11This v a lu e  (3 .2  x 10 erg/gm) i s ,  by a com bination o f te c h n ic a l  

and in c e n tiv e  l i m i t s ,  about th e  h ig h e s t o b ta in ab le  in  co n v en tio n a lly  

d r iv e n  shock tu n n e ls .  F igure  2 i s  a  summary o f c u rren t techn iques f o r  

la b o ra to ry  s im u la tio n  o f r e - e n try  type  flows» Techniques which g ive  

s ta g n a tio n  e n th a lp ie s  in  a i r  i n  excess o f 3 .2  x 10 erg/gm are  th e  a rc -h ea te d  

d r i v e r ,4magnetohydrodynamic augm entation of th e  flow energy of a  co n v en tio n a l 

shock tu n n e l and th e  f r e e  p is to n  d r iv e r .  The t e s t  gas produced by th e  f i r s t  

two o f th e se  tech n iq u es  i s  o f te n  contam inated w ith  m e ta ll ic  m a te r ia l  th rough 

e ro s io n  of th e  energy -supp ly ing  e le c tro d e s , making i t  u n s u ita b le  f o r  s tu d ie s  

o f flow  in  Matm osphericM gases» The f r e e -p is to n  d r iv e r , on which th e  work 

in  th i s  study i s  based , i s  a  r e l a t iv e ly  new technique which has been 

developed to  y ie ld  t o t a l  t e s t  flow  e n th a lp ie s  as high as those  encountered  

d u rin g  en try  to  p la n e ta ry  atm ospheres a f t e r  deep space o r  in te r - p la n e ta iy
I

voyages •

The unique a b i l i t y  of th e  f r e e  p is to n  shock tu n n e l to  produce 

c lean  t e s t  gas a t  very  high  en thalpy  le v e ls  i s  p a r t ic u la r ly  im p o rtan t 

in  s tu d ie s  of en try  to  atm ospheres c o n s is t in g  o f gases o th e r  than  a ir»

D ire c t en try  speeds on in te r - p la n e ta r y  m issions are  h igh  (see  f ig u re  1) 

because the v e h ic le  must escape th e  E a r th 's  g ra v ita t io n a l  field", th e  

com positions of such atm ospheres l im i t  the  usefu lness o f t r i a l s  in  a i r ;  

and a c tu a l m issions a re  s u f f ic ie n t ly  expensive th a t  any th e o r e t ic a l  o r 

ex p erim en ta l s im u la tio n  i s  o f v a lu e . Hence, e f fo r ts  were maxie in  th i s
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study  to  in c lu d e  t e s t  gases o f s im i la r  composition to  th e  atm ospheres o f 

Mars and Venus, th e  E a r th ’s c lo s e s t  neighbours.

Also in c lu d ed  on f ig u re  2 a re  performance le v e ls  used in  a v a r ie ty  

o f in d iv id u a l  ex p erim en ta l s tu d ie s  ( th e  numbers correspond to  re fe re n c e s  

l i s t e d  on th e  page fo llo w in g  th e  f ig u r e ) .  These are r e p re s e n ta t iv e  of an 

e x te n s iv e  l i t e r a t u r e  survey  and in d ic a te  th a t any work done w ith  tu nne l 

r e s e r v o i r  tem p era tu res  shove 8000°K w il l  be a u sefu l a d d itio n  to  p re se n t
v'

knowledge.

The most in te r e s t in g  f e a tu re  o f  very high speed re -e n try  type 

flow s i s  th a t  th e  k in e t i c  energy of th e  gas molecules p a ss in g  over th e  

body i s  comparable to  th e  form ation  energy of chemical bonds. F igu re  3 

shows th e  k in e t ic  energy p e r m olecule o f ambient a i r  as a  fu n c tio n  o f th e  

f l i g h t  v e lo c i ty .  Also shown on th e  energy sca le  are re a c tio n  en erg ies  

(n o t to  be confused w ith  re a c tio n  a c t iv a t io n  energy, th e  re a c tio n  energy 

i s  th e  n e t energy y ie ld  f o r  the  r e a c t io n )  fo r  a  v a r ie ty  o f re a c tio n s  which 

occur in  th e  ’’a tm o sp h eric” g ases . (Note th a t re a c tio n  en erg ies  a re  a d d it iv e , 

so th a t  i t  tak es  32.35 eV to  form two 0 ions from one 0^ m o lecu le .; As th e  

m olecules have a M axwell-Boltzman v e lo c i ty  d is t r ib u t io n  in  most o f th e  

E a r th 's  re -e n try  f l i g h t  c o r r id o r ,  th e  energy of sane m olecules i s  much 

h ig h e r than  th e  mean v a lu e  shov/n in  f ig u re  3» so th a t some io n is a t io n  occurs 

below 8 km/sec f l i g h t  v e lo c i ty  (as  evidenced by the communications b lack o u t

d u rin g  r e - e n tr y ) ,  b u t d is s o c ia t io n  accounts fo r  most of th e  in te r n a l  energy
/

in c re a s e  in  the  gas as i t  i s  healed  by th e  passage o f th e  body» Above 

8 km /sec, io n is a t io n  has a s ig n i f ic a n t  e f fe c t  on the energy balance*,

Although a r e a c t io n  may be e n e rg e tic a lly  f e a s ib le ,  th e  fo rm ation
\

o f p roducts  i s  a fu n c tio n  of th e  frequency with which re a c ta n t  p a r t i c l e s  

c o l l id e  and th e  p ro b a b i l i ty  of a c o l l i s io n  y ie ld in g  the  re a c tio n  p ro d u c ts . 

The form er i s  a fu n c tio n  of th e  number o f  p a r t ic le s  and th e i r  v e lo c i ty  

d i s t r ib u t io n  and th e  l a t t e r  i s  a fu n c tio n  of the  energy o f th e  c o l l i s io n ,

/3
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which is also a function of the velocity distribution» The number of 

product particles depends upon the time the gas spends in the environment, 

which is a function of the gas velocity and the dimensions of the region.

Prom these considerations, it is apparent that, for laboratory 

simulation of the chemical changes which occur in re-entry flora, the free 

stream velocity and density of the gas, as well as the body size should 

be reproduced» The last of these is often impractical, but useful results 

may be obtained using smaller sized models0

Othei flo.v properties such as Mach number and total pressure, 

which are important if the aerodynamic forces on the body are to be 

simulated, need not be reproduced if only the chemical properties are to 

be examined, provided that the Mach number is high enough for the flow to 

be considered hypersonic.

As described above, the free stream velocity is directly related 

to the stagnation enthalpy» The density is related less directly to the 

stagnation or nozzle reservoir pressure. The free piston shock tunnel, es 
shown in figure 2, has the capability of producing high values of both of 

these properties.

In a new facility, such as the free piston shock tunnel, it is 

essential to obtain a, thorough understanding of the experimental 

performance and, if possible, to develop a theoretical model before 

simulation experiments are made on vehicle models*
I

Three types of calibration can be considered for a very high 

enthalpy shook tunnel: "wind tunnel", "shock tunnel" and "chemical".

Wind tunnel calibrations are those conducted in continuous, "blow-down" 

or other facilities in which the reservoir properties may be regarded as 

steady or only slowly and predictably varying. They concentrate on flow 

in the nozzle aid the determination of such properties as pitot pressure 

and heat transfer at many positions in the nozzle flow. Their aim is to

A
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determ ine the  u n ifo rm ity  of th e  flow  and th e  e f fe c ts  of th e  v iscous 

boundary la y e r  on th e  n o zzle  w a lls , as w ell as to  fin d  a cc u ra te , a b so lu te  

v a lu es  fo r  th e  flow  p ro p e r t ie s  a t th e  n o zz le  e x i t .  Shock tu n n e l c a l ib r a t io n s  

a re  made to  a sse ss  th e  e f f e c t s  on flow  a t  th e  nozzle e x i t  o f the  la rg e  

am p litu d e , sh o r t  d u ra tio n  t r a n s ie n t s  (shock waves), which g en e ra te  h igh  

en th a lp y  gas in  th e  n o zzle  r e s e r v o i r .  They re q u ire  tim e -re so lv in g  

measurements o f , f o r  example, th e  p re s su re  a id  lu m in o sity  of th e  gas as i t  

forms th e  nozzle  r e s e r v o i r  a id  o f wind tu n n e l type  measurements in  th e  

n o zz le  flow . They have as t h e i r  prim ary  fu n c tio n  the d e te rm in a tio n  of a 

'•useful'* t e s t  time d u rin g  which th e  flow  i s  steady  and the p ro p e r t ie s  o f th e  

t e s t  flow  a re  known. A high en thalpy  shock tunne l has an added co m p lica tio n  

in  th a t  th e  t e s t  gas changes i t s  n a tu re  and hence i t s  wind- and sho ck -tu n n el 

p ro p e r t ie s  as a  r e s u l t  o f re a c tio n s  among i t s  chemical c o n s t i tu e n ts .  Such 

changes 4in  th e  n a tu re  o f th e  t e s t  gas should  be accounted fo r  in  a  chem ical 

c a l ib r a t io n  as they  p lay  an im p o rtan t p a r t  in  th e  s im u la tio n  of r e - e n try  model 

flo w s.

A number of wind- and sh o ck -tu n n el c a l ib ra t io n  measurements had 

been made on th e  A u s tra lia n  N a tio n a l U n iv e rs ity  (A.N.TJ.) f r e e  p is to n  shock 

tu n n e ls  p r io r  to  th e  commencement o f th i s  s tu d y . A review  i s  given in  

c h a p te r  3. The f i r s t  aim o f th i s  s tudy  was to  extend th o se  c a l ib r a t io n s  and 

to  chem ically  c a l ib r a te  th e  tu n n e ls . Many techniques commonly used to  

c a l i b r a t e  shock tu n n e ls  f o r  aerodynamic s tu d ie s  give l i t t l e  o r no in fo rm atio n  

on th e  chem ical p ro p e r t ie s  of th e  t e s t  g a s . Hence, th e  development o f new 

te ch n iq u es , th e  a d ap ta tio n  of o ld  tech n iq u es  to  the h igh  en thalpy  

environm ent, and th e  development of an adequate th e o re t ic a l  model were 

a l l  re q u ire d .

To a s s i s t  in  th e  c a l ib r a t io n s  and as a  f i r s t  s te p  to  th e  in v e s t ig a t io n  

o f flows over models of re -e n try  v e h ic le s ,  a  number of sim ple model flow s 

were examined. The com bination of low f r e e  stream  d e n s ity  and sm all model 

s iz e  was such th a t  th e re  were no o bservab le  e f fe c ts  o f chem ical re a c t io n s

/5
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in  “th e  model flov7s and th e  t e s t  gas could  be co n sid ered , f o r  p r a c t ic a l  

p u rp o ses , as a  p e r f e c t  g as. The n ozzle  r e s e rv o i r  p ro p e r tie s  shown in  

f ig u r e  2 in d ic a te  th a t  th e  f r e e  p is to n  shock tu n n e ls  a re  th e  most l i k e l y  

to  produce model flow s w ith  chem ical non eq u ilib riu m . Tunnels w ith  low er 

en th a lp y  le v e l s  th an  th e  f re e  p is to n  machines have been used to  in v e s t ig a te  

v ib r a t io n a l  r e la x a t io n  over m odels, b u t th e  au th o r has seen no re fe re n c e  

to  a hyperson ic  tu n n e l capab le  of p roducing  cham ically  re a c t in g  model flow s 0 

E arly  in  1970 a new, la rg e ,  f r e e  p is to n  shock tu n n e l bn own as 

T.3 became o p e ra tiv e  a t th e  A . N . U .  C a lib ra tin g  experim ents and c a lc u la t io n s  

in d ic a te d  th a t  model flow s w ith  chem ical non eq u ilib riu m  could  be e f f e c t iv e ly  

s tu d ie d  in  th i s  tu n n e l. The r e s u l t s  of a p re lim in a ry  s tudy  o f chem ical 

n o n eq u ilib riu m  in  v e ry  high  en th a lp y  model flows form th e  f in a l  c h a p te r  o f 

t h i s  th e s i s  and th ey  a re  b e lie v e d  to  be th e  f i r s t  o f t h e i r  k in d .

/«
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2 . * TKSORETICAL HÖDELS

2.1  Chem ical P r o p e r t ie s  o f  Gases

As in d ic a te d  in  c h a p te r  1, in v e s t ig a t io n s  o f  h ig h  e n th a lp y  gas 

flo w s sh o u ld  c o n s id e r  th e  e f f e c t s  o f  chem ical r e a c t io n s  w ith in  th e  f lo w in g  

t e s t  g a s .  These a re  ex p ec ted  to  o ccu r as th e  gas i s  h e a te d  by th e  r a p id  

c o n v e rs io n  o f l a r g e  q u a n t i t i e s  o f  k i n e t i c  energy to  th e rm al energy  d u r in g  

co m p ress io n , f o r  exam ple, on a  body n o se . The re v e rs e  p ro c e ss  o ccu rs  

d u r in g  ex iransion , f o r  exam ple, in  a  body wake«»

F o r th e  c o n d i t io n s  ex p e rien ced  i n  th e  f l i g h t  c o r r id o r s  o f f ig u r e  

1, and u n le s s  ex trem es o f  d e n s i ty  a re  e n co u n te red , a  gas may be c o n s id e re d  

as a  m ix tu re  o f r e a c t in g  chem ical s p e c ie s ,  each o f  which behaves as a  

p e r f e c t  gas ( r e f s .  18 ,44)«  A d e s c r ip t io n  o f  th e  chem ical p r o p e r t i e s  o f  

a  gas r e q u ir e s  th e  s p e c i f i c a t i o n  o f  two s e t s  o f p r o p e r t i e s :  nam ely , o f

th e  e q u il ib r iu m  therm odynam ic p r o p e r t i e s  o f 'e a c h  o f th e  c o n s t i tu e n t  chem ica l
€

s p e c ie s  and o f  th e  k i n e t i c s  o f th e  r e a c t io n s  among th e  s p e c ie s .

2 , 1.1 Thermodynamic P r o p e r t ie s

The therm odynam ic p r o p e r t i e s  o f chem ical sp e c ie s  a re  d e te rm in e d  

e x p e r im e n ta lly  from  s p e c tro s c o p ic  o b se rv a tio n s  o f th e  c h a r a c t e r i s t i c  

f r e q u e n c ie s  o f  e le c tro m a g n e tic  r a d i a t i o n  em itted  a n d /o r  absorbed  by p a r t i c l e s  

(atom s o r  m o lecu le s)  o f th e  s p e c ie s .  From th e  observed  f r e q u e n c ie s ,  th e  

energy  l e v e l  s t r u c t u r e  o f th e  p a r t i c l e  can be deduced ( r e f s .  1 , 2 ) .  Two s e t s  

o f  t a b le s  of energy  l e v e l s  were u sed  i n  t h i s  s tu d y  ( r e f s .  2 , 3 )  and th e y  w ere 

found to  be ad eq u a te  f o r  th e  s p e c ie s  and c o n d itio n s  en co u n te red  i n  th e  f r e e  

p i s to n  shock tu n n e ls .

The energy  l e v e l  s t r u c t u r e  o f  a  p a r t i c l e  can be  u sed  to  c a l c u l a t e
«

i t s  therm odynam ic p ro j^ e r tie s  in  s e v e r a l  ways: ( i )  Sim ple models o f  th e

b e h a v io u r  o f th e  p a r t i c l e  such  as th e  " r ig id  r o t a t o r ” and th e  "harm onic 

o s c i l l a t o r "  u se  th e  energy  l e v e l s  d i r e c t l y  ( r e f s .  4>5»52).  They a r e  l i m i t e d
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in  accuracy  by th e  number o f energy le v e ls  included in  each c a lc u la t io n  

( th e  tim e tak en  f o r  a  c a lc u la t io n  i s  p ro p o r tio n a l to  th e  number o f 

energy le v e l s  c o n sid e re d ) more o fta n  th an  by inadequacies of th e  models»

S ince  th e  number o f energy le v e ls  re q u ire d  fo r  an accu ra te  num erical d e sc r ip ­

t io n  in c re a s e s  w ith  in c re a s in g  tem p era tu re , such models are  u su a lly  used a t  

low tem p era tu res  only (below 5000°K in  th i s  work), ( i i )  A quantum m echanical 

d e s c r ip t io n  of th e  p a r t i c l e  can be o b ta in ed  by using th e  energy le v e l  s t r u c tu r e
it

and a  s u i ta b le  e le c t r o n ic  p o te n t ia l  energy fu n c tio n  w ith  th e  Schröd inger 

Wave E quation ( r e f .  4)» b u t th e  tim e tak en  fo r  such c a lc u la t io n s  p rev en ts  

t h e i r  use in  c a lc u la t io n s  o f complex gas flow s, ( i i i )  The energy le v e l s  

can be used to  de term ine  th e  e q u ilib riu m  p a r t i t io n in g  o f energy w ith in  th e  

p a r t i c l e ,  which i s  d e sc rib e d  m athem atica lly  by ''p a r t i t io n  fu n c tio n s"  ( r e f s .

5 ,1 8 ) . This method i s  a ls o  too  invo lved  to  be included in  complex gas flow  

c a lc u la t io n s .  However, i t  can be used to  give thermodynamic p ro p e r t ie s  

w ith  h igh  accuracy  and se v e ra l s e ts  o f ta b u la te d  p ro p e r tie s  so d e riv ed  were 

used in  t h i s  s tu d y  ( re fs»  6 to  10). Economic use of th e  ta b u la te d  d a ta  

re q u ire d  th a t  th ey  f i r s t  be f i t t e d  w ith  polynom ial fu n c tio n s  o f tem p era tu re ; 

th en  each subsequent c a lc u la t io n  of thermodynamic p ro p e r tie s  re q u ire d  only 

th e  e v a lu a tio n  o f th e  po lynom ials. Two polynomial forms a re  in  common u se; 

one evolved a t  th e  C o rn e ll A eronau tica l L abora to ries  ( r e f s .  44»54) and th e  o th e r  

recommended by JAITAF ( r e f .  9)« Both g iv e  e r ro rs  of approxim ately  j f o a

L uring  th e  cou rse  o f th is  s tu d y , energy le v e l d a ta  and polynom ial 

c o e f f ic ie n ts  from " le a s t  sq uares"  f i t s  to  tab u la ted  d a ta  were c o l le c te d  f o r  

26 sp e o ie s : COg, Kg, Og, CO, NO, CN, C, 0 , H, A, He, Kg, 0+, C0+, N0+, C+,

N+, A+, He+, C + + , 0 + + , N++, A++, He**, e " , Cg.

Thermodynamic p ro p e r tie s  f o r  each of th e  above sp ec ie s  were 

determ ined  u s in g  methods ( i )  and ( i i i )  desc rib ed  above, and u sin g  ta b u la te d  

thermodynamic d a ta  from a t  l e a s t  two so u rc e s . Agreement between r e s u l t s  

u s in g  th e  d i f f e r e n t  methods and d a ta  sources 'was w ith in  5/  ̂ over th e  tem p era tu re  

ranges s p e c if ie d  by th e  d a ta  sources»
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To check th e  accuracy of th e  above sp e c if ic a tio n s  o f thermodynamic 

p ro p e r t ie s  of sp e c ie s  f u r th e r ,  g ross equ ilib rium  thermodynamic p ro p e r t ie s  

(e n th a lp y , en tropy  and d e n s ity  as fu n c tio n s  of tem perature and p re s su re )  

were c a lc u la te d  f o r  a  number o f common gases and gas m ixtures* C om parison w ith 

p u b lish ed  ta b le s  ( r e f s .  11 to  16) gave agreement w ith in  5p»

2 .1 .2  “R eaction K in e tic s

At th e  h igh  tem p era tu res  used in  th is  study, re a c tio n s  among th e  

chem ical sp ec ie s  formed in  a  gas a re  commonly in v e s tig a te d  by m o n ito rin g  

th e  appearance o r  d isap p earan ce  o f sp e c ie s  following a ra p id  "sw itch ing" 

o f th e  gas from an i n i t i a l  n o n -re a c tin g  s ta t e  to  a r e a c t in g  s t a t e  ( r e f s .  17, 110) . 

S w itch ing  may be ach ieved  by a shock wave ( r e f .  21) o r  a  f la s h  of e lec tro m ag n e tic  

r a d ia t io n  ( f la s h -p h o to ly s is )  ( r e f .  19)« A le ss  t ra n s ie n t  s i tu a t io n  i s  p o s s ib le  

i n  a  flo w -d isch a rg e  system  (re fo  2 0 ). A high-to-low  tem pera tu re  "sw itch" 

may be ob tained  by a, sudden expansion o f the  g a s . O p tica l and mass sp ec trom eters
4

a re  th e  most commonly used m on ito ring  system s.

In  heated  a i r  below 8000°K, th e  dominant re a c tio n s  a re  ( r e f .  23 to

2 7 ,5 2 ):

(1 ) H2 + M 2N + M

(2) °2 + M 20 + M

(3) NO + M __s . N + 0 + M

(4) n2 + 0 — Sv NO + N

(5) °2 + N ----i*. NO + 0

(6 ) K2 + °2
—̂ 2N0

(7) N ■f i0 N0+ + e~

Above 8000°K, ions such as N„+,
%

q u a n t i t ie s  and t h e i r  fo rm ation  re a c tio n s

e .g . N + M N+ + e~ + M

where M = a  th i r d  body

N+ and 0+ appear in  s ig n i f ic a n t

and io n  exchange re a c t io n s

e .g . K* t  0  ^  H + 0+

become s ig n i f ic a n t .  At s t i l l  h ig h e r tem peratures of approxim ately

/9
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15000°K, and for the densities typical of this study, douhly charged species,
++ ++IT and 0 , are formed and the small quantity of argon in the air becomes

partially ionised.

Rate constants for these reactions have been determined by many 

workers and the work has been reviewed on many occasions. Several review 

papers were U3ed in this study (refs. 23 to 30). It was noted that almost 

all work has been done at temperatures below 6000°K and extrapolation to 

15000°K was used for this study,, For each reaction, the results in the 

review papers were compared to ensure the best possible accuracy.

For reactions (l) to (7) above, the rate constants were found 
to have an accuracy of + 10$. For some of the ion exchange reactions, 

errors in the rate constants of 2 orders of magnitude were probable.

However, the effects of such errors in the ionization reaction rates on

the flow properties were small because the species involved only appeared
*

in appreciable concentrations in the hot, high density nozzle reservoir 

and at the very beginning of the nozzle expansion, where they were very 

close to equilibrium. Before conditions in the nozzle expansion became 

favourable for nonequilibrium, their numbers had become negligible.

Recombination reactions are more complicated than dissociation 

and ionization reactions because the species need not recombine to form 

molecules or atoms in the ground state, but may form species in excited

stateso This is most important where the excited level is metastable and
/

decay to the ground state is very slow (LASER action has been achieved in 

carbon dioxide in a shock tunnel by this process), or for vibrational levels 

in diatomic and triatomic molecules where the relaxation time is comparable 

to the characteristic flow time (e.g., the time for the gas to flow over a 

body or through a shock heated slug of gas). In most applications, 

recombination to states other than the ground state is ignored and the 

recombination rate is taken to be an average value computed through the 

forward rate and the equilibrium constant (which includes contributions

9.
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from v ib r a t io n a l  arid o th e r  le v e l s  because i t  i s  c a lc u la te d  from th e  

eq u ilib riu m  thermodynamic p ro p e r t ie s  of th e  sp ec ies  invo lved  in  th e  

r e a c t io n ) .

The re a c tio n  system  f o r  a i r  d e sc rib ed  above (no ex c ited  s t a t e s  

a re  co n sid ered  in  the  re a c t io n  r a te s )  has given good agreement vrith 

experim ents here  (d e sc rib ed  in  subsequent ch ap te rs) and elsev/here» This 

may be due to  th e  r a te s  b e in g  determ ined from experim ents s im i la r  to  th o se  

used to  v e r ify  them, r a th e r  th an  to  th e  in s ig n if ic a n c e  of recom bination  

to  e x c ite d  s ta te s »

Some v/orkers have in c lu d ed  ex c ited  s ta t e s  in  t h e i r  c a lc u la tio n s »

For example, re fe re n c e  25 l i s t s  re a c tio n s  in v o lv in g  a s in g le  v ib ra t io n a l  

le v e l  each fo r  and NO and re fe re n c e  52 in c lu d es  a crude model f o r  

co u p lin g  th e  d is s o c ia t io n  r a t e  o f d ia tom ic  m olecules to  th e  c a lc u la te d  

s t a t e  of v ib ra t io n a l  e x c ita tio n *  C on sid era tio n  of ex c ited  s ta t e s  i s  common
4

i n  chem ical shock tube s tu d ie s  such as th o se  reviewed in  re fe re n c e s  20,

21 and 110» G enera lly  th e se  were made a t  very  much low er tem pera tu res 

th a n  were achieved in  th e  f r e e  p is to n  shock tu n n e ls , and used gases o th e r  

th an  th e  '‘atm ospheric" c o n s t i tu e n ts  considered  here . The tech n iq u es  were 

used in  th e  d e te rm in a tio n  o f th e  carbon d iox ide  re a c tio n  system  d e sc rib e d  

l a t e r  in  th i s  s e c t io n .

R eference 139 g iv es  an ex perim en ta lly  determ ined re a c t io n  r a t e  

f o r  th e  "d is so c ia tiv e -re c o m b in a tio n "  re a c tio n :
/

N0+ + e~ N + 0

As can be seen from f ig u re  2 (where *9 corresponds to  re fe re n c e  139) > th e  

n o zz le  re s e rv o ir  co n d itio n s  used in  th i s  d e term in a tio n  a re  d i f f e r e n t  from th e
t

c o n d itio n s  in  th e  f r e e  p is to n  shock tu n n e ls . They a re , however, th e  c lo s e s t  

used in  a  recom bination r a t e  d e te rm in a tio n  and in d ic a te  th e  e x tra p o la t io n  

re q u ire d  in  th i s  s tudy  f o r  a l l  re a c t io n  r a te  d a ta .

/1 1



11

The reaction rate constants for air, determined from the review 

papers above, were also used for the kinetics of the pure gases, oxygen and 

nitrogen, where applicable. The dominant ionization reactions occurring 

in oxygen and nitrogen were found to be:

0 + M x —  0+ + e“ + M

N + M N+ + e" + M

respectively* The estimated error in the rate constants for these reactions 

is + 20$o

Reactions in all "air-type” gases (nitrogen and oxygen mixtures 

with an inert diluent) can be described using the reaction rates for air 

shove, but reactions in the other major component of "atmospheric" gases,

carbon dioxide, are not well understood at present* A number of workers have

measured dissociation rates of C02 (refs, 29,30,33,34»35) but the estimated

errors are large (typically 2 orders of magnitude). Estimates of reaction
«

rates for the dissociation of CO^ to C and 0 via CO also have been made from 

collision theoiy (refs, 31,32) and found to lie within the limits determined 

experiment ally •

A reasonable system for carbon dioxide dissociation includes:

C02 + M ^ CO + 0 + M

CO + M C + 0 + M

C02 + 0 CO + 02

C02 + c ^ 2C0

CO + 0 ^ 02 + c
Of these, reaction (a) is the fastest by up to a factor of 100o 

In a recent paper (ref, 35) > the presence of the Swann bands of the
\

dia.tomic carbon molecule, C2, during CO dissociation gave rise to a suggested 

reaction system involving C^ reactions, which behaved in a similar fashion 

to the NO "shuffle" reactions in air (reactions 4 2nd 5 above) in that the 
inteimediate product (C2 in carbon monoxide, NO in air) concentration was

/l2
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low, "but i t s  re a c tio n s  were ra p id  producers of o th e r sp e c ie s . The proposed 

system  was:

CO + M ^  C + 0 + II 

C + CO ^  c 2 + 0 

0 + CO ^  o2 + C 

C2 + M ^  2C + M 

0o + M ^  20 + M
C .  c*-

I f  c o r r e c t ,  th is  mechanism would be in c lu d ed  im p lic i t ly  in  th e  e a r l i e r  

r a t e  d e te rm in a tio n s . I t  should  be no ted  th a t  i s  a very  s tro n g  r a d ia to r  

so th a t  i t  could be observed , b u t be in  too  sm all a co n cen tra tio n  to  a f f e c t  

th e  k in e t ic s  of th e  g as .

Because o f th e  com p lex itie s  o f th e  re a c tio n  k in e t ic s  in  a  r e a l  gas, 

th e  "Freeman” id e a l  d is s o c ia t in g  gas ( r e f .  38) i s  o fte n  used to  o b ta in  an. 

in s ig h t  in to  th e  in f lu e n c e  of a  re a c t io n  on a flow  system . I t  u ses a  s in g le  

id e a l i s e d  re a c tio n  and an id e a l is e d  s p e c if ic a t io n  of th e  thermodynamic 

p ro p e r t ie s  of sp ec ie s  ( r e f .  37). I t s  main advantage i s  th a t  so lu tio n s  

to  flow  problems a re  o f te n  o b ta in a b le  in  an a n a ly t ic a l  o r  s e m i-a n a ly tic a l  

( r e q u ir in g  very  l i t t l e  num erical com putation) form. I t  i s  m entioned h ere  

because i t  was used as a  f i r s t  approxim ation in  the i n i t i a l  s tag e s  o f  t h i s  

s tu d y .

2 .2  Flow C a lcu la tio n s

F igure  4 i s  a t im e -d is ta n c e  diagram showing th e  waves used to  

g e n e ra te  the  n o zzle  r e s e r v o i r  in  a  f r e e  p is to n  shock tu n n e l (no te  th e  

d is c o n t in u ity  in  th e  d is ta n c e  s c a le ) .  For th e  purposes o f th i s  s tu d y , th e  

f r e e  p is to n  d r iv e r  tech n iq u e  was regarded  as merely a  means o f p roducing  

h o t, h igh  p re s su re  helium  to  d r iv e  an o therw ise  conventional r e f le c te d  

shock tunnelo (The f r e e  p is to n  techn ique  i s  an ad ap ta tio n  of the  gun 

tu n n e l ( r e f .  119) and th e  m otions of th e  p is to n  and d r iv e r  gas a re  

s u f f i c i e n t ly  com plicated  to  re q u ire  s tudy  in  t h e i r  ov/n r ig h t .  For th e  

purposes of th i s  s tu d y , th e  p is to n  com pression r a t i o  v.ras kep t low and th e
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p is to n  v e lo c i ty  subsonic  to  avoid most such co m p lica tio n s .)  Then th e  flow  

was d iv id e d  in to  th re e  d i s t i n c t  reg io n s  f o r  th e  purposes o f num erical 

c a lc u la t io n s :  th e  p ro cesses  form ing th e  nozzle  re s e rv o ir ,  th e  n o zz le

exapnsion  and th e  flow  over models«, In  a l l  th re e  reg ions th e  e f f e c ts  

o f chem ical nonequ ilib rium  upon th e  gas were considered .

The nozzle  r e s e r v o i r  was formed by re f le c t io n  from the  end w all 

o f  th e  shock tube of th e  norm al, in c id e n t  shock wave generated  in  th e  shock 

tu b e  by the  ru p tu re  o f th e  diaphragm by high p ressu re  d r iv e r  gas ( r e f s .

110 ,114 ). Gas p rocessed  by the  in c id e n t  and re f le c te d  shock waves had 

h ig h  v a lu es  of tem peratu re  and p re s su re  and was s ta t io n a ry  in  th e  lab o ra /to iy  

fram e o f  reference«,

As th e  in c id e n t shock wave propagated  in to  th e  u n d is tu rb ed  gas 

in  th e  shock tu b e , th e  in te r f a c e  between th e  t e s t  gas and th e  d r iv e r  gas 

( c a l le d  th e  c o n tac t s u rfa c e )  fo llow ed i t .  When the  shock wave was r e f le c te d ,
4

i t  moved in to  th e  gas p rocessed  by th e  in c id e n t shock wave and e v e n tu a lly  

met th e  c o n tac t su r fa c e . Depending on th e  impedance mis-m atch a t  th e  in te r f a c e ,  

e i t h e r  a  shock wave o r a r a re fa c t io n  wave was re f le c te d  from the  i n te r f a c e  

in to  th e  t e s t  gas, and a  shock wave was tra n sm itte d  in to  th e  d r iv e r  gas 

(100 ,113 ,116 ,117)o Y/hen th e  r e f le c te d  wave from the c o n tac t su rfa c e  reached  

th e  end w a ll, th e .s te a d y  nozzle  r e s e rv o i r  conditions were d is ru p te d  and the 

u se fu l " r e f le c te d  shock" t e s t  tim e ended«,

At one (sometimes no) s e t  o f i n i t i a l  shock tu b e  co n d itio n s  f o r  a  

g iven  s e t  of d r iv e r  c o n d itio n s , th e  d r iv e r  and t e s t  gases were matched 

acro ss  th e  in te r f a c e  and no wave was r e f le c te d  from th e  in te r a c t io n  o f th e  

r e f le c te d  shock wave w ith  th e  c o n ta c t su rfa c e . This i s  re fe r re d  to  as 

" ta i lo r e d  in te r fa c e "  o p e ra tio n  ( r e f s .  1 1 3 ,115»118) and i t  in c re a se d  th e  u se fu l 

t e s t  tim e u n t i l  a  decay in  th e  d r iv e r  gas p re ssu re  reached th e  shock tu b e  

end w a ll .  The decay o r ig in a te d  from th e  propagation o f an expansion wave 

in to  th e  d r iv e r  gas when th e  diaphragm ru p tu red .

/14
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I t  has been found elsew here t h a t ,  although th e  wave r e f le c te d  

from th e  c o n ta c t su r fa c e  upset th e  flow , i t s  in flu en ce , and th a t  o f th e  

subsequen t d im in ish in g  r e f le c t io n s  from th e  end wall and th e  in te r f a c e ,  

d ied  o u t, and th a t  th e  r e s u l t in g  s tead y  re s e rv o ir  could be used u n t i l  

th e  in f lu e n c e s  o f  d r iv e r  p re ssu re  decay were f e l t  ( r e f s ,  44» 115 )* This 

i s  c a l le d  "eq u ilib riu m  in te r f a c e "  o p e ra tio n . I t  was shown th a t  th e  

p ro c e sse s  a f t e r  th e  i n i t i a l  shock r e f le c t io n  were weak, e s p e c ia l ly  i f  a  

r a r e f a c t io n  wave was r e f le c te d  from th e  in te r f a c e .  I f  chem ical 

n o n eq u ilib riu m  was n e g l ig ib le  and th e  gas could be considered  e i th e r  as 

n o n -re a c tin g  o r  in  chem ical e q u ilib riu m , (a t  th e  high nozzle  r e s e r v o i r  

tem p era tu res  and p re s su re s  found in  most shock tunnels and, as w il l  be 

shown l a t e r ,  a t  th e  c o n d itio n s  in  t h i s  s tudy , th e  gas was very  c lo se  to  

e q u ilib riu m ) th e  weakness o f th e  in te r a c t io n s  allowed them to  be approxim ated 

by an i s e n t r o p ic  expansion  o r com pression. This approxim ation re q u ire d  th a t
4

one o f th e  s tead y  s t a t e  r e s e r v o i r  p ro p e r t ie s  ( a f t e r  th e  e f fe c ts  o f th e  

c o n ta c t su rfa c e  in te r a c t io n s  d ied  out and befo re  the d r iv e r  decay in f lu e n c e s  

were f e l t )  be known ex p erim en ta lly  to  s e t  a f in a l  s ta t e  fo r  the expansion  

o r  com pression. U su a lly  th e  p re s su re  i s  measured.

Hence, to  c a lc u la te  p ro p e r t ie s  in  th e  nozzle r e s e rv o i r ,  two shock 

com pressions and an is e n t r o p ic  expansion o r compression of th e  t e s t  gas 

were c a lc u la te d .

To make e s tim a te s  and to  s e t  upper end lower l im i t s ,  a  computer 

program was w r i t te n  to  make th e  no zz le  r e s e rv o ir  c a lc u la tio n s  assuming e i th e r  

a  n o n -re a c tin g  (p e r f e c t )  gas o r  a  gas in  chemical eq u ilib riu m  ( r e f .  39)° 

Programs perform ing a  s im i la r  range o f c a lc u la tio n s  were a v a ila b le  ( r e f s .  

40 ,41 ) b u t they  use methods o f sp e c ify in g  the chemical p ro p e r tie s  o f th e  gas 

Y/hich a re  no t as r e a d i ly  adapted to  unusual gas m ixtures ( p a r t i c u la r ly  th o se  

proposed as p la n e ta ry  a tm ospheres).
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H is to r i c a l l y , c a lc u la t io n  of flow  across a  normal shock wave w ith  

chem ical n o n eq u ilih riu m  was one o f th e  f i r s t  problems considered  in  th e  

f i e l d  o f r e a c t in g  gas flows* A number o f re fe ren ces  survey th e  tech n iq u es  

and t h e i r  r e s u l t s  ( e . g . , r e f s .  4 3 ,5 2 ). The method used in  th i s  s tudy  

( r e f s .  52,53) was s e le c te d  because i t  gave a wide choice in  the  s p e c i f ic a t io n  

o f th e  thermodynamic and k in e t ic  models used to  d esc rib e  th e  t e s t  gas.

I t  used  a m odified  fo u r th  o rd e r Eunge-K utta in te g ra t io n  scheme ( r e f .  4 5 ),
c'-

which tr)4e au th o r c laim ed would g ive convergence and a num erical s o lu t io n  

i n  a  r e l a t iv e ly  sm all number o f  s te p s  (see  s e c tio n  3*4*5 Tor comments 

on t h i s  a sp ec t o f  th e  program ). C a lcu la tio n s  were made o f th e  e f f e c t s  o f 

chem ical n o n eq u ilib riu m  behind th e  in c id e n t shock wave. The program was 

m odified  to  make s im i la r  c a lc u la t io n s  f o r  th e  r e f le c te d  shock wave. A 

commonly used a l t e r n a t iv e  to  c a lc u la t in g  chemical nonequilihrium  e f f e c t s  

a c ro ss  bo th  shock waves i s  to  assume th a t  th e  gas i s  n o n -re a c tiv e  ac ro ss  

th e  i n i t i a l  shock wave and th a t  i t  r e a c ts  in  th e  nozzle  r e s e rv o i r  re g io n  

a f t e r  th e  passage o f th e  r e f le c te d  shock wave ( r e f s .  4 2 ,4 3 ). As i s  shown i n  

s e c t io n  3 .3 .3 , th e  assum ption of a n o n -rea c tin g  gas behind th e  in c id e n t  shock 

wave i s  in v a lid  a t  the  co n d itio n s  o f th i s  s tudy .

How in  a  hyperson ic  n ozzle  i s  a lso  a  well s tu d ie d  problem ( e .g .  

r e f s .  44,46 to  50)0 The computer program ( r e f .  44) used in  th i s  s tudy  was 

chosen because o f th e  f l e x i b i l i t y  in  i t s  s p e c if ic a t io n s  of nozzle  shape 

and te s  t  gas p ro p e r t ie s  (once again  w ith  the  aim of u s in g  gas m ixtures s im i la r  

to  p la n e ta ry  a tm ospheres). I t  c a lc u la te d  a quasi-one-d im ensional expansion of 

a r e a c t in g  gas th rough on a re a  d i s t r ib u t io n .  The a rea  d i s t r ib u t io n  cou ld  be 

s p e c if ie d  by up to  seven po lynom ials. For sim ple co n ica l n o zzles  ex h au stin g  

a t  medium Reynolds numbers in to  an evacuated dump tan k , as in  th i s  s tu d y , th e  

one-dim ensional assum ption i s  a  reaso n ab le  approxim ation. To by-pass th e  

sad d le  p o in t s in g u la r i ty  about th e  no zz le  th ro a t ,  the  program assumed chem ical 

e q u ilib riu m  a t th e  th ro a t  and began th e  nonequilibrium  so lu tio n  as a l i n e a r

/16



16o

»

perturbationo The nonequilibriujm so lu tio n  could be sta rted  upstream or 

downstream of th e n ozz le  throat by th is  method. The numerical in teg r a tio n  

was perfonned by a m odified Runge-Kutta technique (r e f . 45).

C alcu la tion s o f flow over bodies moving at supersonic speeds are 

b a s ic  to  hypersonics and a wide range o f techniques have been developed fo r  

a v a r ie ty  o f stupes,, Because a great deal of inform ation on the chem istry  

and ph ysics o f hypersonic floyr can be derived by te s t in g  sim ple models 

such as wedges, cones and hemispheres (see  chapter 4)> only techniques 

fo r  c a lc u la tin g  such flow s are d iscu ssed  here,,

As f i r s t  approximations and to g ive  lim itin g  con d ition s, non­

rea c tin g  (p er fec t gas) and equilibrium  conditions were assumed. For 

flow  over a wedge under e ith e r  of th ese  cond itions, the shock wave i s  

s tr a ig h t , providing th at the angle i t  presents to  the flow  i s  l e s s  than 

the detachment angLe (as the angle o f a wedge in creases, i t  appears to
4

the flow  to  be more l ik e  a blunt body, u n t i l ,  at the detachment angle, 

the shock wave sep arates from the body n ose). Properties of wedge flow s 

were ca lcu la ted  by modifying the normal shock wave equations in  the computer 

program of r e f .  39 to  inclu de momentum conservation normal and transverse  

to  the shock. This provided an extra equation to  accommodate the extra, 

v a r ia b le  o f shock „angle,,

Flow over a cone a lso  g ives a s tra ig h t shock wave and perm its o f  

rea d ily  determined flow  f i e ld  p roperties (r e f s ,  62,63)0 A computer program 

( r e f .  62) was used to  ca lcu la te  d ir e c tio n a l d er ivatives to  g ive a f i r s t  

approximation to a cone at a small angle of attack , as w ell as axisymmetric 

flow  properties,, A lso, i t  could be used in  combination ’with a method o f
t

c h a r a c te r is t ic s  program (r e f .  54).

The cone flow  program was one of three programs (cone, b lunt body 

and method of c h a r a c te r is t ic s )  developed at the If A3A Ames Laboratories fo r  

non-reacting (p er fec t gas) and chemical equilibrium  ca lcu la tio n s  of flow
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over v e h ic le s  w ith  complex a f te r - b o d ie s „ How near the body nose could  be 

c a lc u la te d  u s in g  th e  b lu n t  body o r cone pnogratn, depending w hether th e  nose 

was b lu n t  o r sh a rp , and continued downstream usin g  th e  method of 

c h a r a c te r i s t i c s  program . E quilib rium  thermodynamic p ro p e r t ie s  o f 13 gas 

m ix tu res f o r  use  w ith  th e se  programs were s to re d  as ta b le s  o f s p l i n e - f i t t e d  

po lynom ia ls , which were derived  o r ig in a l ly  using  the method of re fe re n c e  5 2 . 

M o d ifica tio n s  to  allow  more g en era l s p e c if ic a t io n s  could be made sim ply , 

b u t were unnecessary  f o r  th i s  study  as p ro p e r tie s  of a l l  o f th e  m ix tu res used 

were in c lu d ed  in  th e  t a b le s .

The -Ames b lu n t body program ( r e f s .  54»55) used th e  in v e rse  method 

to  so lv e  f o r  th e  body shape, given th e  shock shape. I t  allow ed s p e c i f ic a t io n  

o f th e  shock and body shapes by polynom ials and had an i t e r a t i v e  scheme which 

m odified  th e  shock shape c o e f f ic ie n ts  u n t i l  the  c a lc u la te d  body shape a c c u ra te ly

matched th e  s p e c if ie d  shape.
«

The method o f c h a r a c te r i s t i c s  program allowed c a lc u la t io n  o f 

embedded shock waves (com pression c o m e r  o r f l a r e ) ,  expansion waves and 

co a lesced  shock waves. I t  was found to  be in a cc u ra te  when f l a r e  and bow 

shock waves in te r s e c te d  b u t o therw ise  adequate fo r  a l l  th e  shapes used in  

th i s  s tu d y .

Model flow s w ith  chem ical non eq u ilib riu m  have been s tu d ie d  by many 

w orkers, b u t, because o f th e  d i f f i c u l t i e s  of coup ling  a m ulti-com ponent, 

m u lt i - r e a c t io n  chem ical system  to  an a lread y  com plicated s e t  o f flow
/

eq u a tio n s , and th e  v e ry  lo n g  tim es re q u ire d  on a high speed computer to  

so lv e  th e  eq u a tio n s , few c a lc u la t io n s  have been made. I t  i s  under th e se  

co n d itio n s  th a t  th e  "Freeman" gas mentioned in  s e c tio n  2 .1 .2  becomes such 

a  v a lu ab le  method of approxim ation ,

N onequilibrium  b lu n t body c a lc u la tio n s  have been made by a number 

o f methods ( r e f s .  52,56 to  59 ). The main method used in  th i s  study  ( r e f .  52) 

i s  an in v e rse  one w ith  th e  "C ornell"  method of sp ec ify in g  the  chem ical 

p ro p e r t ie s  o f th e  gas (see  s e c tio n  2 .1 .1 ) .
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Such flow  f ie ld s  have been c a r e fu l ly  s tu d ied  and s e v e ra l 

approxim ate " sc a lin g "  techn iques have evolved ( r e f s 0 6 0 ,6 1 ,7 7 ,7 9 ). One 

o f th e se  was in c o rp o ra te d  in to  a  com puter program ( r e f .  60) and was 

a v a ila b le  f o r  use in  th i s  s tu d y . I t  r e l i e d  on a p ro p e rty  common to  th e  

r e la x a t io n  zones along  a s tre am lin e  and behind a normal shock: th e

en thalpy  rem ains n e a rly  c o n s ta n t, An analogy was e s ta b lish e d  by tran sfo rm in g  

and mapping th e  no m a l  shock s o lu tio n  onto the  b lu n t body s tre am lin e s  „

An accuracy  of 2$  in  the  shock s ta n d -o f f  d is ta n c e  compared w ith  a f u l l  

n o n eq u ilib riu m  c a lc u la t io n  i s  claim ed by i t s  au th o rs .

N onequilibrium  re la x a tio n  a long  a stream  tube could be c a lc u la te d  

from s p e c if ic a t io n s  o f th e  c o n d itio n s  a t  a  p o in t in  th e  flow  and th e  a re a  

o r  p re s su re  d i s t r ib u t io n  along  th e  stream  tube using  a v e rs io n  o f th e  n o z z le  

flow  computer program ( r e f .  44)« The a re a  or p re ssu re  d is t r ib u t io n  cou ld  

be o b ta in ed  ex p erim en ta lly , o r  from eq u ilib riu m  o r  p e r fe c t  gas c a lc u la t io n s  

u s in g  th e  methods d e sc rib ed  above.

ITonequilibrium flow  over cones, wedges, and o th e r  sharp -nosed  

b od ies have a lso  been s tu d ie d  e x te n s iv e ly  ( r e f s .  64 to  6 9 ). The d i f f i c u l t i e s  

in  programming any of th e se  techn iques p reven ted  th e i r  in c lu s io n  in  th i s  

work and the  method o f stream  l in e  re la x a tio n  was used.

The computer programs l i s t e d  above a re  d esc rib ed  in  d e t a i l  

( te c h n iq u es , in p u t and ou tpu t form ats and sample in p u t decks and o u tp u t 

l i s t i n g s )  in  re fe re n ce  72* D e ta iled  r e s u l t s  from the programs f o r  th e  shock 

tu n n e ls  T.1 and T.2 a re  p re sen ted  in  g ra p h ic a l form in  re fe re n ce s  84 and 83 , 

r e s p e c t iv e ly .
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3. SHOCK TUNNEL CALIBRATIONS

As d e s c r ib e d  in  c h a p te r  1, c a l i b r a t i o n  o f th e  f r e e  p is to n  shock 

tu n n e ls  i s  an e s s e n t i a l  p re lim in a ry  to  t e s t i n g  v e h ic le  m odels0 A summary 

o f  th e  shock tu n n e ls  and a rev iew  o f p re v io u s  work p reced es  d e s c r ip t io n s  

o f  th e  c a l ib r a t io n s  conducted  in  t h i s  s tu d y . A d e s c r ip t io n  o f th e  

e x p e rim e n ta l te c h n iq u e s  i s  g iven  in  append ix  B.

3 d  The A.N.U. F ree  P is to n  Shock Tunnels
1 r '  r '  ' ~  r T — 1 T '  T 1 ■ ■ — T ■ ■ r  1 ’■ ,r e r

Three f r e e  p is to n  shock tu n n e ls  were used  in  t h i s  s tu d y . T h e ir  

p h y s ic a l  d im ensions and ty p ic a l  o p e ra t in g  c o n d itio n s  a re  g iv en  in  t a b l e s  1 

and 2. The tu n n e ls  T d  and T02 were o p e ra b le  b e fo re  t h i s  s tu d y  commenced, 

b u t  To3 was f i r s t  a v a i la b le  f o r  u se  e a r ly  in  1970°

The d is t in g u is h in g  f e a tu r e  o f th e  f r e e  p is to n  shock tu n n e l i s  t h a t  

i t  u ses  th e  momentum o f an u n c o n s tra in e d  p is to n  to  g e n e ra te  h ig h  te m p e ra tu re ,

h ig h  p re s s u re  d r iv e r  gas ( r e f s .  119, 120), r a th e r  than  th e  more d i r e c t  and
«

c o n v e n tio n a l methods o f  e l e c t r i c a l  o r  chem ical h e a t in g  ( r e f .  114)* B r i e f l y ,  

i t  a c h ie v e s  t h i s  as f o l lo w s 0 The d r iv e r  end o f th e  tu n n e l (u p s tream  o f  th e  

h ig h  p re s s u re  diaphragm ) c o n s i s t s  o f a  r e s e r v o i r  and a com pression  tu b e  

s e p a ra te d  by a  f r e e - s l i d i n g  p i s to n ,  w hich i s  i n i t i a l l y  he ld  on a  la u n c h e r  

a t  th e  upstream  end o f th e  com pression  tu b e . The com pression tu b e  i s  ev acu a ted  

and th e n  f i l l e d  w ith  helium  d r iv e r  gas (p re s s u re  = 16 p s ia ,  t y p i c a l l y ) .  The 

r e s e r v o i r  i s  f i l l e d  w ith  h ig h  p re s s u re  a i r  (700 p s i ,  t y p i c a l l y ) .  The p i s to n  

i s  th e n  r e le a s e d  and i t  i s  a c c e le r a te d  down th e  com pression tu b e  by th e  d i f f e r e n c e  

in  th e  p re s s u re s  on i t s  two exposed f a c e s .  At th e  p o in t  where th e  p r e s s u r e s  

on bo th  s id e s  o f th e  p i s to n  a re  th e  same, th e  p is to n  has q u i te  a h ig h  v e lo c i ty  

(300 f t / s e c ,  ty p i c a l l y )  and i t  c o n tin u e s  down th e  com pression tu b e  u n t i l  i t s  

momentum has been l o s t  in  f u r t h e r  com pression  o f  the  helium . The p r e s s u r e  

a t  t h i s  s ta g e  (7000 p s i ,  t y p i c a l l y )  i s  j u s t  s u f f i c i e n t  to  b u r s t  th e  d iaphragm  

and cu sh io n  th e  p is to n  to  a  g e n t le  h a l t  a t  th e  end o f th e  com pression  tu b e ,  

w h ile  th e  co m p ress io n -h ea ted  h e l iu n  a c t s  as d r iv e r  gas f o r  th e  shock tu b e .
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Each tu n n e l was equipped w ith  p re ssu re  gauges a tta ch ed  to  th e  

r e s e r v o i r  and th e  com pression tu b es, which were used to  s e t  the f i r i n g  

c o n d itio n s  f o r  a g iven  diaphragm m a te r ia l and th ickness*  P ressu res  could  

be s e t  ’w ith an accuracy  o f 1 ;o* This ’was f o r  s h o t- to -s h o t r e p r o d u c ib i l i ty ,  

th e  v a lu e  o f the a b o s lu te  p re s su re  being  unim portant once c o rre c t f i r i n g  

c o n d itio n s  had been e s ta b lish e d ,. S ta t ic  b u rs tin g  p re s su re s  were te s te d  w ith  

an h y d ra u lic  pump f o r  a random sample o f  diaphragms* They were re p ro d u c ib le  

w ith in  5i° when d i f f e r e n t  b a tch es  of m a te r ia l were invo lved  and I70 f o r  m a te r ia l  

from th e  same b a tch .

The shock tu b e  was evacuated u sing  a ro ta ry  pump to  l e s s  th an  

O0O5 t o r r  and then  f i l l e d  w ith  t e s t  gas using  a mercury column as a. p re s su re  

gauge* Accuracy was ty p ic a l ly  0.02 in  Eg in  1 to  10 in  Hg, o r b e t t e r  than  

2̂ o. The le a k  r a t e  ’was such th a t  no observable  change in  p re ssu re  occu rred  

in  15 m inu tes, ( th e  lo n g e s t checked in  th i s  s tu d y ), which compared fav o u rab ly  

w ith  th e  3 m inutes o r  th e re ab o u ts  re q u ire d  to  f i r e  th e  tu b e  a f t e r  i s o l a t i n g  

th e  shock tube*

The i n i t i a l  shock speed was measured by reco rd in g  the  tim e , o r  

tim es, between th e  a r r iv a l  of th e  shock wave p ressu re  r i s e  a t  two o r  more 

p ie z o e le c t r ic  p re s su re  tra n sd u ce rs  sep a ra ted  by known d is ta n c e s . The tra n sd u ce rs  

were made from 0*125 in  d iam eter, PZT-5A ceramic c y lin d e rs  and were mounted 

f lu s h  w ith  th e  shock tube  s id e  wall* Each tube had a t  leg is t th re e  p o s i t io n s  

a t  which the  tra n sd u c e rs  could be mounted* The time was recorded  d i r e c t l y  on 

an o s c il lo sc o p e  ( c a l ib r a te d  w ith  a T ek tron ix  type 181 Time-Mark G e n e ra to r) , 

on a Marconi C ounter/Frequency M eter type  TP1417A, o r a f t e r  p u lse  sh ap in g , 

on a Racal M icrosecond Chronometer type 5M5*
x

Experim ents showed th a t  the s h o t- to -s h o t r e p ro d u c ib i l i ty  o f th e  

i n i t i a l  shock speed was b e t t e r  than  2vb*

P ressu re  behind  th e  r e f le c te d  shock wave was measured w ith  a SLLI 

type HPZ-14 tra n sd u c e r  on T. 1 and T.2 and a  K is t le r  type  6201 tra n s d u c e r  on 

T*3. The dev ice  was mounted f lu s h  w ith th e  s id e  wall o f th e  shock tu b e ,
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approxim ately  0.75 in  from th e  nozzle  th ro a t  in  T.1 and T.2 and 1 .5  in  from 

th e  th ro a t  in  T .3 . For acc u ra te  and ab so lu te  measurements o f the p re s su re  

in  th i s  reg io n , th e  tra n sd u c e r  was connected to  a SRI PV 16 No. I0O5O 

e le c tro m e te r  and th e  r e s u l t  recorded  on an o sc illo sco p e . Accuracy in  

determ in ing  a va lue  from th e  o s c il lo sc o p e  tra c e s  was about 5i°* For m onito ring  

purposes only , th e  tra n sd u c e r  was shunted by a condenser (0 .1  yuF),

The nozzles  l i s t e d  in  ta b le  1 had con ica l p ro f i le s  and, w ith  the 

ex cep tio n  of th e  nozzle  used on T .1, used th ro a t in s e r ts  co n stru c ted  from 

com m ercially a v a ila b le , tu n g s te n -c a rb id e  w ire d ie s ,  The nozzle  th ro a t  

i n s e r t  on T.1 was made o f s ta in le s s  s te e lo  A nozzle w ith  a  p a ra b o lic  p r o f i l e  

wan a lso  a v a ila b le  f o r  use  on T .1 , The nozzle e x i t - to - th r o a t  a re a  r a t io s  

used in  th i s  study  were 560 on T01; 155 o r  5^0 o r 1300 o r 5000 on T .2; and 

720 on T.3o

. The t e s t  s e c tio n s  o f th e  tu n n e ls  T.1 and T.2 were equipped w ith  

high q u a li ty  S c h lie re n  windows and vacuum -tight e le c t r i c a l  connections and 

could be used w ith  e i th e r  th e  shock tube  o r  with one o f th e  n o z z le s .

The t e s t  s e c tio n  and dump tank  of each tube ( f o r  shock tu n n e l work 

th i s  reg io n  extended to  the  no zz le  th ro a t  where a  th in  "Mylar" diaphragm 

sep a ra te d  i t  from the  shock tu b e ) were evacuated with a  ro ta ry  type  pump to  a 

p re ssu re  o f the  o rd e r of 0.1 t o r r .  In  ad d itio n , T.2 and T.3 had o i l  d if fu s io n  

pumps in s t a l l e d ,  which evacuated  the t e s t  sec tio n s  to  a p re ssu re  o f approxim ately  

0.001 t o r r .  /

The t e s t  g a se s , w ith  th e  exception  o f a ir ,  which was o b ta ined  

d i r e c t  from th e  C anberra atm osphere, were supp lied  by Commonwealth I n d u s t r ia l  

Gases L td . ,  who s p e c if ie d  9 9 * 9 9 p u r ity  f o r  helium and argon, 99*995/* f o r  

n itro g e n , 9 9 * 5 Tor oxygen and " b e t te r  than  99*0^" Tor carbon d io x id e 0

No s p e c ia l  c a re  beyond an occasional washing out w ith  hexane was 

taken  to  keep th e  tu n n e ls  c le a n .
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3.2 P rev io us Work on t he A.N.U. Shock Tunnels

When th i s  s tu d y  commenced, th e  fo llow ing  t e s t s  had been c a r r ie d  

out in  th e  shock tu n n e ls  T.1 and T.2.

The f r e e  p is to n  d r iv e r  techn ique  had been c a re fu l ly  examined.

Measured shock speeds were compared w ith  r e s u l t s  from an approxim ate th e o ry  

w ith  good agreement ( r e f s .  119, 120), th e  e f fe c ts  of th e  d r iv e r  com pression 

r a t i o  on th e  n o zz le  r e s e r v o i r  p re s su re  were evaluated  ( r e f .  120) and 

perform ance le v e ls  w ith  and w ithou t an a re a  change a t th e  diaphragm p o s i t io n  

were p lo t te d  ( r e f s .  120, 130). These measurements were rep ea ted  f o r  T .3 as 

soon as th a t  tube was commissioned ( r e f .  147)*

In  th e  f r e e  stream  of th e  tu n n e ls , a  v a r ie ty  of p ro p e r t ie s  had 

been e v a lu a te d . The p i t o t  p re s su re  was measured on th e  nozzle  ax is  ( r e f s .

120, 135> 136) and a x ia l  and r a d ia l  surveys o f th e  p i t o t  p re ssu re  were made.

S tag n a tio n  p o in t h ea t t r a n s f e r  r a te s  were measured w ith a  p la tinum  c a lo r im e te r
«

h ea t t r a n s f e r  gauge on a model w ith  a  hem ispherica l nose, and rea so n ab le  

agreement was o b ta in ed  w ith  th eo ry  ( r e f s .  120, 136). These r e s u l t s ,  w h ile  be in g  

o f l im ite d  accuracy and too  slow  to  show many o f the t r a n s ie n t  fe a tu re s  of the  

flow , do in d ic a te  t h a t  th e  s ta g n a tio n  e n th a lp ie s  c a lc u la te d  from shock tube 

measurements a re  r e a l i s e d  in  th e  t e s t  s e c tio n  and th a t th e  flow  i s  

aerodynamic a l ly  u s e f u l .

In  T .1, some measurements had been made of th e  f r e e  stream  v e lo c i ty  

u s in g  a spark  t r a c e r  techn ique  ( r e f .  136) (See Appendix B ). These r e s u l t s  

were confined  to  a  narrow  p e rio d  of tim e, ju s t  a f te r  th e  com pletion o f th e  

no zz le  s t a r t i n g  p ro cesses  (se e  s e c tio n  3.4*3)» and gave no in fo rm atio n  on th e  

e f f e c ts  of con tam ination  o f the  flow by helium d r iv e r  g a s .

Measurements had been made in  T.2 of the  e f f e c t  of th e  i n i t i a l  

p re s su re  in  th e  dump ta n k , t e s t  s e c tio n  and nozzle  on th e  n o zzle  s t a r t i n g  

p ro cesses  ( r e f .  134). A s l i t  was s e t  up p a r a l le l  to  th e  nozzle  ax is  and 

th e  lu m in o sity  of th e  flow  emerging from th e  nozzle  was recorded  on an image 

c o n v e r te r  camera o p e ra ted  in  the  s tre a k  mode. A s t a r t in g  shock wave and
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o th e r  phenomena observed in  conven tional tu n n e ls  ( r e f s .  102, 103) were 

observed and t h e i r  behav iour w ith  v a r ia t io n s  of the  i n i t i a l  p re s su re  c o r re la te d  

w ith  th e o ry  w ith rea so n ab le  agreement» Under normal o p e ra tin g  c o n d itio n s , 

such p ro cesses  were observed to  be o f approxim ately 30 m icrosec du ra tio n »

The le v e l  of contam ination  of the  t e s t  flow by helium  d r iv e r  gas 

had been m onitored in  T.2 u sing  an ingen ious bu t f a i r ly  in s e n s i t iv e  techn ique  

w ith  a r e l a t iv e ly  lo n g  response tim e ( r e f .  120)»

C onsiderab le  work had been done on o p tic a l s p e c tra  ( in  th e  range 

2000 to  10000 Angstroms) o f gas emerging from th e  nozzle e x it  in  T.2 ( r e f .

137)o Time re s o lu t io n  was achieved u s in g  a ro ta tin g  s l i t  dev ice o r  an image 

c o n v e r te r  camera» The main r e s u l t  from th e se  experim ents was th a t  the  

spectrum  of th e  flow  was dominated by ra d ia t io n  from iro n  atoms» This was a 

r e s u l t  o f th e  high ra d ia n t  e f f ic ie n c y  o f iro n , and did n o t imply high i ro n

c o n c e n tra tio n s . E stim ates gave iro n  co n cen tra tio n s  of le s s  than 0»01^»
«

The p o s s ib le  e f fe c ts  of iro n  contam ination on flow  p ro p e r t ie s  

a t  the  n ozzle  e x i t  were extrem ely d i f f i c u l t  to estim ate» Thermodynamic 

p ro p e r t ie s  o f i ro n  and of oxides of iro n  a re  given in  re fe re n c e  9» b u t no 

in fo rm atio n  could  be found by th e  au th o r on p o ssib le  re a c tio n s  between such 

s p e c ie s , p a r t i c u la r ly  a t  the  very  high tem peratures used in  th i s  s tu d y .

The very  low c o n c e n tra tio n s  and medium fo m a tio n  en th a lp ies  (99 k ca l/in o le  

f o r  Fe gas and 60 k cal/m o le  f o r  FeO gas) in d ic a te d  th a t  th e  iro n  sp e c ie s

would fo llo w  the  tem p era tu re  and d e n s ity  changes of th e  t e s t  gas and would
/

have only a very  sm all e f f e c t  on the  en thalpy  and v e lo c ity  of th e  gas a t  th e  

n o zz le  ex it»  C onfirm ation  th a t  th e  iro n  had a n e g lig ib le  e f f e c t  on th e  

aerodynamic p ro p e r t ie s  of th e  flow  was obtained  from th e  agreement betw een 

experim ental v a lues and values c a lc u la te d  assuming th a t  i ro n  was ab sen t d esc rib ed  

in  th e  subsequent c h ap te rs  of th i s  t h e s i s .

During th e  e a r ly  s ta g e s  of th i s  study , a p a r a l l e l  p ro je c t  was 

p roceed ing  to  develop a Quadrupele Mass Spectrom eter w ith  a s u f f i c i e n t ly  

s h o r t  response  time f o r  measurement of sp ec ie s  co n cen tra tio n s  a t  th e  n o zz le
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exit (ref. 138)e It was used mainly to detect the level of contamination 

hy helium driver gas, but some measurements were made of the concentrations 

of other species. The results are compared with results from this study 

in section 4.2.

Also, two parallel studies were in progress to determine radiation 

and ionisation properties of argon in T.2. In one a tine-resolved channelled- 

spectrum technique was used to determine species concentrations behind the 

incident shock v/ave (ref. 131). Incident shock Mach numbers up to 25 in 

10 torr initial shock tube pressure were usedo In the other a Mach Zehnder 

interferometer and thin film resistance heat transfer gauges on a flat plate 

were used in an attempt to determine properties at the nozzle exit (ref0 142). 

The results of this study indicate that the contact surface is unstable when 

argon is used in the free piston shock tunnels (see section 3.4.6). It is 

possible that the studies mentioned above will provide additional evidence
4

of the mechanism involved.

3»3 Formation of the Nozzle Reservoir

The processes forming the nozzle reservoir in a free piston shock 

tunnel are outlined in section 2.2 and illustrated in the wave diagram in 

figure 4» which is to scale. The purpose of this section is to compare the 

experimental values of gas properties in the reservoir with results calculated 

using the computer programs and gas properties described in chapter 2,

Incident shock wave velocities were determined in the three shock 

tunnels for a wide range of conditions. Figures 5» 6 and 7 summarise the 

results for T.1, T.2 and T.3 respectively.

Three processes may complicate the linear one-dimensional equations 

used to calculate properties behind the shock waves. These are (ref. 110): 

radiative energy transfer out of the shock heated gas, the formation of 

viscous boundary layers on the tube walls, and chemical nonequilibrium.

The influence of each of these phenomena is described separately in the 

following sections.
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3 .3 .1  R ad ia tiv e  Ihieiy y  DiAsjLjy^ijon

The problem  o f  de term in ing  th e  ra d ia tio n  from a r e a c t in g  m ix tu re  

o f m olecu les, atoms, ions and e lec tro n s  i s  beyond the scope o f t h i s  s tu d y  

and has y e t to  be so lv ed  f u l ly  ( r e f s .  85 to  92 c o n s itu te  a  u se fu l summary)<>

As a f i r s t  s te p  tow ards more com plicated system s, numerous in v e s t ig a t io n s  

have been made o f  r a d ia t io n  from shock-heated  samples o f th e  noble  g a se s , 

w ith  p a r t i c u la r  emphasis on argon. A computer program ( r e f ,  87) f o r  

c a lc u la t in g  p ro p e r t ie s  behind a normal shock wave in  argon was a v a i la b le  

f o r  use in  th i s  s tu d y 0 I t  was used to  s e t  l im its  on th e  r a d ia t iv e  lo s s e s  

from th e  com plicated  a i r  and carbon d io x id e  - n itro g en  system s.

This com puter program allowed fo r  the e ffe c ts  o f io n is a t io n  and 

th ree -b o d y  recom bination , c o l l i s io n a l  e x c ita tio n  and d e -e x c ita .tio n , 

p h o to - io n is a tio n  and r a d ia t iv e  recom bination , spontaneous em ission and 

s tim u la te d  em ission and ab so rp tio n . The plasma was considered  o p t ic a l ly
4

th in  to  continuum r a d ia t io n ,  b u t could be o p tic a lly  th ic k  to  r a d ia t io n  from 

some energy le v e l  t r a n s i t i o n s .

R esu lts  from two c a lc u la tio n s  of flow o f argon through a norm al 

shock wave a t c o n d itio n s  ty p ic a l  of T.2 a re  given in  f ig u re  8 . These show 

th a t  chem ical e q u ilib riu m  i s  reached rai>idly behind th e  shock f r o n t ,  b u t th a t  

r a d ia t io n  causes a_ s e r io u s  decrease  in  th e  io n isa tio n  and tem p era tu re  and an 

in c re a s e  in  th e  d e n s i ty .  The sm all in c re a se s  in  tem perature, d e n s ity  and 

io n is a t io n  ahead o f th e  shock f ro n t which can be seen in  f ig u re  8 a re  caused 

by r a d ia t io n  from th e  shock heated  gas h ea tin g  th e  u n d is tu rb ed  gas ( p a r t i c u la r ly  

e x c it in g  e le c tro n s )  ahead o f th e  shock wave. This phenomenon h-as been observed 

exp erim en ta lly  in  lu m in o s ity  photographs such as those in  f ig u re  56° P re lim in ary  

r e s u l t s  from experim ents a t th e se  co n d itio n s  by o thers ( r e f .  131) g iv e  e le c tro n  

c o n ce n tra tio n s  l e s s  than  th o se  of f ig u re  8 . They in d ic a te  some n e g le c te d  

phenomena and perhaps even g r e a te r  energy lo s se s .

The lo s se s  a re  expected to  be more im portant in  th e  h o t te r  (a lth o u g h  

more o p t ic a l ly  dense) gas behind the  r e f le c te d  shock and to  s e r io u s ly  a f f e c t  

th e  s ta g n a tio n  en th a lp y .
/2 6
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To set upper limits Cor the radiation losses from other than argon 

gases, the initial shock tube pressure and initial shock wave Mach number 

inputs to the program were varied until the equilibrium density and temperature 

behind the argon shock wave agreed with the equilibrium conditions in the 

other gas, which were calculated as described in chapter 2. For any gas 

in thermodynamic equilibrium, the radiation losses depend on the radiation 

constants (energy level structure, Einstein coefficients, etc. (see refs.
w*'

1, 2 and 4)) of the gas and the density and temperature only0 Hence, the 

comparison above could be applied to conditions behind the reflected shock 

wave and elsewhere0

Figure 9 shows results from two calculations which give conditions 

similar to those behind reflected shock waves in T.2. The region ahead of 

the shock wave is, of course, irrelevant in this application. Up to 10 cm 

behind the shock front, the temperature loss can be seen to be less than 

0.5>£. As air radiates less than argon at the same temperature and density, 

this may be taken as evidence that radiation losses from air may be neglected 

in the shock tunnels. As stagnation temperatures in gas mixtures of carbon 

dioxide and nitrogen are less than in air at the sane initial shock tube 

pressure, such mixtures may also be assumed to have negligible radiation 

losseso

3.3.2 Viscous Effects

The effects of viscosity on the formation of the nozzle reservoir 

may be considered in two parts: the formation of a boundary layer behind

the incident shock wave and the subsequent interaction of the boundary 

layer with the reflected shock we„ve0 Both problems have been studied by
t

many workers because of their fundamental interest and their importance in 

limiting the duration of useful test flow. Figure 10 shows the effects in 

T.2 (the diagram is approximately to scale). References 93 to 100 constitute 

a useful summary of work in this field,
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The formation of a boundary layer behind the incident shock wave 

is a fundamental aspect of any shock tube or tunnel* Its effects are removal 

of gas and kinetic energy from the slug of shock-heated gas (ref. 11O).

The quantity of gas lost from the slug of test gas behind the 

incident shock wave was estimated by photographing the luminosity of the 

gas behind the shock wave (see appendix B.). At a typical condition in T02, 

the shock heated slug length was 10 cm at the end of the shock tube* One- 

dimensional mass conservation calculations showed that, if no gas was lost 

to the boundary layer, the length would have been 30 cm. This loss would 

have the effect of decreasing the useful test time by 66fo if all other 

effects (such as reflected shock-boundary layer interaction, contact 

surface instability and driver pressure decay) were negligible.

To estimate the kinetic energy lost from the gas, the attenuation 

of the velocity of the incident shock wave as it moved along the shock tube
4

was measured. At typical conditions, the incident shock velocity decreased 

by approximately rJc/o over 3 ft in T.1, 5i° over 4 ft in T.2 and 1 7 over 12 

ft in T.3. As the energy in the system is proportional to the square of the 

incident shock wave velocity, these were equivalent to energy losses of 5>

2.5 and 2„7$  per foot, respectively. This effect was incorporated into the 

calculations only by extrapolating to obtain the incident shock wave velocity 

at the end of the shock tube.

Calculations using the method of reference 95 with Sutherland’s
1

law for the viscosity of the gas gave a boundary layer thickness of 

approximately 0.03 cm at a distance of 10 cm behind the shock front, at

typical conditions. It was impossible to check such a small thickness
«

experimentally.

When the incident shock wave reflects fron the end wall of a shock 

tube, the reflected wave presents an increase in pressure to the boundary 

layer formed behind the incident shock wave. This causes the boundary 

layer to separate from the shock tube wall and a bifurcated foot to form 

at the extremities of the reflected shock wave (see figure 10).
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References 97 and 99 consider the reflected shock-boundary layer 

interaction in low enthalpy shock tubes0 Using their results, a height 

of approximately 1 cm was estimated for the bifurcated foot when the 

reflected shock wave was 1 cm from the shock tube end wall, at typical 

conditions in the free piston shock tunnels. This was expected to have a 

significant effect on the flow duration in T, 1 and T02, where the shock 

tube diameters are small, but negligible effect in T.3. Results discussed 

in section 3.4° 6 indicate the existence of large scale turbulence and driver- 

test gas mixing at the contact surface, which could be due, in part, to this 

phenomenono

3.3.3 Chemical Nonequilibrium

Reaction profiles behind the incident shock v/aves were calculated 

for air and nitrogen as described in section 2.2. Figure 11 shows a typical 

result for air.

.* From the results in figure 11, it can be seen that air was very 

close to equilibrium at distances greater than 0.01 cm behind the shock 
front. This distance v/as very much less than the length of the slug of 

shock-heated gas and the assumption of equilibrium was a good approximation 

for calculations of the gas properties.

The fastest reaction was the bimolecular exchange reaction,

02 + N pzlr NO + 0

which was followed by N^ + 0 NO + N

That these reactions dominate the dissociation of air has been observed by 

other workers (e.g., refs. 23 to 27). It is of interest that the higher 

temperatures and corresponding lower NO concentrations obtained in this study 

do not'alter the dominance of these nitric oxide shuffle reactions.

A similar calculation behind the reflected shock wave, showed 

that the distance for equilibrium to be reached was 0.001 cm. The slug 

of test gas processed by the reflected shock was over 1 cm in length, 
making the assumption of equilibrium valid here also.
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D istances re q u ire d  to  reach  eq u ilib riu m  in  n itro g e n  were s im i la r  

to  th o se  in  a i r ,  d e s p ite  the  la c k  of oxygen excluding th e  b im o lecu la r s h u f f le  

r e a c t io n s ,  because th e  gas was alm ost 15$  h o t te r  behind the  in c id e n t shock 

than  a i r  a t  th e  same i n i t i a l  shock tube c o n d itio n s . This was because l e s s  

energy was absorbed in  d is s o c ia t io n .  In  almost a l l  o f th e  cases co n sid ered  

in  th i s  study ( th e  ex cep tio n s  were very  low enthalpy sh o ts  in  T ,1 ), th e  

t o t a l  flow  en thalpy  was s u f f i c i e n t  to  d is s o c ia te  the oxygen in  a i r  f u l l y .

E qu ilib rium  le n g th s  in  carbon d io x id e , estim ated  from ex p erim en ta l 

and th e o r e t ic a l  r e s u l t s  of o th e rs  (re fs»  31 > 32), appeared to  be s im i la r  

to  th o se  found in  a i r 0

Hence, th e  assum ption o f chem ical equ ilib rium  in  th e  p ro c e sse s  

form ing th e  n ozzle  r e s e r v o i r  was valid«,

3 .3 .4  R esu lts

Two tec lm iques were used to  in v e s t ig a te  p ro p e rtie s  o f th e  gas in
4

th e  n o zz le  r e s e rv o i r :  p re s su re  measurement n ea r the  end of th e  shock tu b e

(see  s e c tio n  3°1) and s t r e a k  photography o f the  lu m in o sity  o f th e  i n i t i a l  

and r e f le c te d  shock waves»

The in te r e s t in g  f e a tu re  of th e  measurements o f p re s su re  in  th e  

no zz le  r e s e rv o i r  was th a t  th e  value  re lax ed  ( a f t e r  th e  r e f le c te d  sh o ck -co n ten t 

su rfa c e  in te r a c t io n s  d e sc rib e d  in  s e c tio n  2 .2 ) to  a co n sta n t va lue  f o r  g iven  

d r iv e r  c o n d itio n s , which was u n a ffec ted  by e i th e r  the type  o r i n i t i a l  shock 

tube p re s su re  of th e  t e s t  gas» F igure  12 shows c a lc u la te d  r e s u l t s  beh ind  th e  

r e f le c te d  shock and experim en tal values a f t e r  re la x a tio n  in  T„2. Less than  

2-jo d e v ia t io n  was o b ta in ed  f o r  th e  experim ental p o in ts  in  over 800 s h o ts .  

F ea tu res  of th e  v a r ia t io n  o f r e s e rv o i r  p re ssu re  w ith d r iv e r  c o n d itio n s  have
x

been d iscu ssed  elsew here ( r e f .  120)» The response tim es o f th e  p ie z o e le c t r ic  

tra n sd u ce rs  were i n s u f f i c i e n t  to  reco rd  th e  passage o f th e  in c id e n t and 

r e f le c te d  shock waves and only  noted  th e  d is tu rb an ces  b e fo re  an e q u ilib riu m
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interface was established (see section 2.2) as lasting less than 100 microsec 

in To 1 and T.2 and 200 microsec in T.3. Decay of the reservoir pressure 

occurred after approximately 300 microsec in T02 and 600 microsec in T.3»
Figure 56 shows a typical streak photograph of luminosity from the 

incident and reflected shock waves. The most important result from this 

photograph is that the reflected shock is straight for a distance of 

approximately 1 cm from the end wall. If this indicates the extent of 

uniform test gas, (until the contact surface is reached) it should be compared 

with approximately 3 cm, which is predicted from one-dimensional mans 

conservation across the shock waves0 That is, over GQfp of the gas is lost 

to boundary layers or other sinks (e.g. diffusion of test gas through the 

contact surface). Similarly, if the length of the slug of gas behind the 

initial shock at the end of the shock tube is given by the length of the 

uniform luminosity, approximately 5&/° of the gas is lost after only the 

initial shock wave. These figures agree with current theory (refs. 95» 9&) 

within the large experimental errors.
Comparison of the slope of the reflected shock wave on figure 56 

with the calculated velocity gives agreement within the 20^ experimental 

errors 0
Figure 13 shows calculated values of temperature in the nozzle 

reservoir. Figures 14 to 17 show species concentrations in air, 5C$ "

5($ CO^» carbon dioxide and argon, respectively.
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3*4 Nozzle Flow

The n o zz le  i s  the most im portan t p a r t of any flow  s im u la tio n  

f a c i l i t y .  I t  d e term ines th e  f r e e  stream  conditions and th e  accuracy  o f th e  

s im u la tio n . As s ta t e d  in  c h a p te r  1, i t  i s  e s se n tia l to  c a l ib r a te  th e  flow  

from th e  no zz le  as a c c u ra te ly  as p o s s ib le . This i s  d i f f i c u l t  in  a  very  

high  en thalpy  shock tu n n e l as th e re  a re  few techniques which measure 

p ro p e r t ie s  o f d i r e c t  i n t e r e s t  such as gas com position, d e n s ity  and v e lo c i ty  

(see  c h a p te r  1 ), and th e  deduction  o f  such p ro p e rtie s  from re a d i ly  m easured 

p ro p e r t ie s  in v o lv es  assum ptions which may be d i f f i c u l t  to  ju s t i fy *

For example, p i to t  p re s su re  i s  re la t iv e ly  easy to  m easure; 

v e lo c i ty  i s  somewhat more d i f f i c u l t ;  and d en sity  i s  extrem ely d i f f i c u l t  

to  determ ine a c c u ra te ly 0 However, i f  th e  H oy/ i s  hypersonic, th e  a s s e r t io n  

th a t
2p i t o t  p re s su re  =^_u

4

i s  approxim ately  t r u e ,  so th a t  th e  d e n s ity  may be derived  from th e  two 

s im p le r m easurem ents0 This depends on th e  Mach number be ing  g r e a te r  than  

5* Mach number i s  extrem ely  hard to  measure, so th a t th i s  assum ption i s  

d i f f i c u l t  to  ju s t i fy »  Indeed , c a lc u la t io n s  fo r  the  0*125 in  th r o a t ,  7®5° 

h a lf -a n g le  n o zzle  on T .2 a t  2 in  Eg i n i t i a l  shock tube p re ssu re  o f  a i r ,  showed th a  

th e  f r e e  stream  Mach number v a r ie d  between 10.12, i f  no re a c tio n s  o ccu rred  in  

th e  no zz le  flow , 5*85» i f  f i n i t e  re a c t io n  ra te s  v/ere assumed, and 4*76, i f  

th e  flow  Y/as in  chem ical equilibrium * That i s ,  the  assum ption may o r  may
/

n o t be t ru e  depending on th e  e x ten t of re a c tio n s  in  th e  gas.

As a r e s u l t  o f th e  d i f f i c u l t i e s  of d i r e c t  experim ental c a l i b r a t io n ,  

co n s id e ra b le  r e l ia n c e  has been p laned  by workers in  th e  f i e l d  on com puter
t

c a lc u la t io n s  such as th o se  d iscu ssed  in  sec tio n  2 .2 , backed up by 

in v e s t ig a t io n s  o f model flows* S im ila r ly , in  th is  s tu d y , th e  e f f e c t s  o f 

chem ical nonequ ilib rium  and v is c o s i ty  in  the  nozzle flow s were determ ined  

th e o r e t ic a l ly  and confirm ed by a  l im ite d  number of experim ents. Simple 

model flow s were a lso  co n sid ered  as p a r t  of the c a l ib ra t io n s  (see  c h a p te r  4 ) .
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3 o 4 .1 C hem ical N o n e g u ilib r iu m

As th e  t e s t  g a s  expands i n  t h e  n o z z le s  on th e  f r e e  p i s t o n  sh o ck  

t u n n e l s ,  i o n i s e d  and d i s s o c i a t e d  s p e c ie s  recom bine  a t  r a t e s  w h ich  a,re l i m i t e d ,  

i n  th e  m ain , by  th e  r a t e s  o f  c o l l i s i o n s  betw een  r e a c t io n  p a r t n e r s  ( s e e  c h a p te r  

1 j • T h a t i s ,  th e  r e a c t i o n  r a t e s  d e c re a s e  w ith  i n c r e a s in g  a r e a  r a t i o  u n t i l  

a  p o in t  i s  r e a c h e d  'where a l l  r e c o m b in a t io n s  a r e  n e g l i g i b l e  and th e  gas  may 

b e  c o n s id e r e d  a s  n o n - r e a c t i v e  and as  o b e y in g  th e  p e r f e c t  gas la w s . At th e  

n o z z le  e x i t ,  e n e rg y , w h ich  w ould b e  r e l e a s e d  to  th e  f lo w  i n  an e q u i l ib r iu m  

e x p a n s io n , i s  r e t a i n e d  a s  f o rm a tio n  e n e rg y  o f  s p e c ie s  form ed a t  h ig h  

te m p e ra tu re s o  As a  r e s u l t ,  th e  v e l o c i t y ,  p r e s s u r e  and te m p e ra tu re  a r e  l e s s  

and d e n s i t y ,  r a t i o  o f  s p e c i f i c  h e a t s  and Mach num ber a r e  g r e a t e r  i n  th e  

f r e e  s tr e a m  th a n  w ould b e  th e  c a s e  i f  th e  r e a c t io n s  w ere i n f i n i t e l y  f a s t*

F ig u re  18 show s s p e c ie s  c o n c e n t r a t io n s  i n  a  t y p i c a l  n o z z le  

e x p a n s io n  i n  T02 , c a l c u l a t e d  as d e s c r ib e d  i n  c h a p te r  2 . The n o z z le  r e s e r v o i r
4

e n th a lp y  was c o n s id e r a b ly  h ig h e r  th a n  v a lu e s  u sed  e lse w h e re  ( s e e  c h a p te r  1 ) .  

Oxygen, w hich  was a lm o s t  com T jlete ly  d i s s o c i a t e d  i n  th e  r e s e r v o i r ,  rem a in e d  

d i s s o c i a t e d  and n i t r o g e n  rem a in ed  s i g n i f i c a n t l y  d i s s o c i a t e d  a t  th e  n o z z le  

e x i t .  One c a u se  o f  t h i s  was t h a t  t h e  h ig h  e n th a lp y  c a u se d  low  c o n c e n t r a t io n s  

o f  n i t r i c  o x id e  ( a  f a c t o r  o f  10 l e s s  th a n  th e  exam ple i n  r e f e r e n c e  44 ) and 

h en ce  a  l e s s e n in g  o f  t h e  e f f e c t i v e n e s s  o f  th e  s h u f f l e  r e a c t i o n s .  At a r e a  

r a t i o s  g r e a t e r  th a n  10, th e  atom  t r a n s f e r  ( s h u f f l e )  r e a c t i o n

N + NO ^  N + 0
^ / 

was t h e  f a s t e s t  r e a c t i o n ,  fo llo w e d  by

N + 0 + M NO + M

and 3N ^  Ng + N

I n  some c a s e s  exam ined h e re  and e lse w h e re  ( r e f .  7 6 ) ,  r e a c t i o n s  w ere 

found  to  o v e rs h o o t  e q u i l ib r iu m  and to  r e v e r s e  d i r e c t i o n .  F o r exam p le , i n  th e  

e x p a n s io n  shown i n  f i g u r e  18, th e  r e a c t i o n s

NO + NO ^  N2 + 0 2 

and N+ + 0 N + 0 +
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change d i r e c t io n  a t  a re a  r a t io s  of 5 and 6 re s p e c tiv e ly , "Overshoot 

eq u ilib riu m "  does no t convey f u l ly  th e  mechanism of th i s  phenomenon, which 

r e s u l t s  from th e  e f f ic ie n c y  of some re a c tio n s  in  d e p le tin g  c o n c e n tra tio n s  

o f one o r more sp e c ie s  p r e f e r e n t ia l ly ,  and the  subsequent d ecrease  in  

tem p era tu re  in  th e  expansion making c o n d itio n s  favourab le  fo r  an in c re a s e  

in  th o se  s p e c ie s .

F igure  19 shows sp ec ie s  co n cen tra tio n s  in  a ty p ic a l  no zz le  

expansion in  n i tro g e n . The f a s t e s t  re a c t io n  was found to  be:

3N ^  Np + N

fo llow ed  by: 2IT + 21Tp

Recombination o f io n is e d  sp ec ie s  occurred  through the re a c tio n s :

IT+ + N ^  N2+ + IT 

N2+ + e ^  2N 

o r  th rough  th e  s in g le  s te p :
4

IT+ + 2e qy- IT + e

As would be expected  from th e  s in g le  s te p  atom ic recom bination  o f 

N to  Ng, no e q u ilib riu m  overshoot was observed f o r  non -io n ised  s p e c ie s .

The re a c tio n s  f o r  recom bination  of IT and IT̂  io n s  l i s t e d  above have th e  

p o te n t ia l  f o r  such an o v ershoo t, b u t none was found to  occur a t th e  c o n d itio n s  

o f th is  s tu d y .

The e f f e c t s  of chem ical nonequilib rium  in  flow  p ro p e r t ie s  a t  

th e  no zz le  e x i t  have been s tu d ie d  by many workers (e .g . r e f s ,  44» 76  and
/

77).

R eference 73 d e sc rib e s  one e a r ly  a ttem pt to  c o r r e la te  c o n c e n tra tio n s  

o f n o n -io n ised  sp e c ie s  in  term s o f no zz le  r e s e rv o ir  en tropy . (Entropy i s  a
i

lo g ic a l  param eter f o r  a  c o r r e la t io n  of nonequilibrium  n o zz le  p r o p e r t ie s .  Both 

fro zen  and e q u ilib riu m  expansions eure i s e n t r o p ic ,  so th e  entropy in c re a s e  in  

a n o zz le  expansion may be con sid ered  as a measure of th e  magnitude o f th e  

n o n eq u ilib riu m .) The value  o f such c o r re la t io n s  i s ,  in  th e  a u th o r’ s o jjin ion , 

s t r i c t l y  l im ite d .  They a re  u se fu l fo r  " ru le  of thumb" e s tim a te s , b u t g iv e  no
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*

in fo rm a tio n  on fundam ental mechanisms and are no t s u f f ic ie n t ly  a c c u ra te  o r 

v e r s a t i l e  to  in c lu d e  th e  e f f e c ts  of v a r ia t io n s  in ,  f o r  example, n o zz le  

geom etry. For example, the  c o r r e la t io n  o f re fe rence  78 im p lies  t h a t ,  i f  

th e  r e s e r v o i r  tem p era tu res  and p re s su re s  are  th e  same, sp ec ies  c o n c e n tra tio n s  

a t  th e  e x its  of th e  n o zz le s  on T02 and T.3 v d ll be the  same ( th e  n o zz le s  have 

th e  same h a lf  ang le  and can be given th e  same a rea  r a t io  by in c re a s in g  th e  

e x i t  d iam eter of th e  no zz le  on T .2) .  In  f a c t ,  c a lc u la tio n s  u s in g  th e  

computer program of re fe re n c e  44 show th a t  the  slow er r a t e  o f change o f 

a re a  r a t i o  w ith  d is ta n c e  in  th e  la rg e  nozzle  on T.3 (see  ta b le  1 f o r  

dim ensions) g ives g r e a te r  recom bination  of N to  N? . The c o n c e n tra tio n  of 

in  T.3 was found to  exceed th a t  in  T.2 a t  2 in  Hg of a i r  i n i t i a l  shock 

tube  p re s su re  by api^roxim ately 5O70.

Also, th e  need f o r  such c o r re la t io n s  has la rg e ly  been removed 

by th e  enormous advances, bo th  in  speed and a v a i l a b i l i ty ,  o f modern h igh
4

speed d i g i t a l  com puters, in  th e  y e a rs  between th e  p u b lic a tio n  o f re fe re n c e  

78 and the  p u b lic a tio n  of th is  th e s i s .  The techniques d esc rib ed  in  s e c tio n  

2o2 a re , thanks to  th e  g e n e ro s ity  of t h e i r  au th o rs , re a d i ly  a v a ila b le ;  as 

a re  programs in  alm ost a l l  f i e l d s .  The a d d itio n a l in fo rm atio n  and accuracy  

which can be achieved by o b ta in in g  and running a program fo r  a s p e c i f ic  

a p p lic a t io n  now outw eigh th e  c o s ts  and inconvenience of such an e x e r c is e 0

R eference 48 d e sc r ib e s  a ’’sudden free z in g ” model fo r  recom bination  

o f atoms in  an expansion n o z z le . This model considers sp ec ie s  to  be in
/

e q u ilib riu m  up to  a  s p e c if ie d  a re a  r a t i o  and n o n -rea c tiv e  f o r  a re a  r a t i o s  

g re a te r  than  th e  s p e c if ie d  v a lu e . Although th is  model has been improved 

on by th e  re a c t io n  r a t e  c a lc u la t io n s  d escribed  above, th e  concept i s  of 

p r a c t i c a l  use in  s p e c ify in g  a p o in t in  th e  nozzle expansion, beyond which 

th e  gas may be co n sid ered  to  obey th e  p e r fe c t  gas law s. At th e  c o n d itio n s  

o f th i s  s tu d y , subsequent changes in  sp ec ie s  co n cen tra tio n s  were l e s s  than  

1 p a r t  in  10^ f o r  a re a  r a t io s  g re a te r  th an  150 in  a i r  and 70 in  n i tro g e n .
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The e f f e c t  o f nonequ ilib rium  among the v ib ra tio n a l s t a t e s  of 

m o lecu lar sp ec ie s  formed in  th e  n o zz le  expansion must be co n sid ered  here«.

R eference 114 g ives e s tim a te s  of the  f ra c tio n  of the  en th a lp y  of 

e q u ilib riu m  a i r  co n ta in ed  in  s p e c if ie d  energy modes up to  tem p era tu res  of 

8000 Ko The f r a c t io n  con ta ined  in  v ib ra t io n a l  s ta te s  of N^, 0^ and NO 

decreased  w ith  in c re a s in g  tem peratu re  and was, by e x tra p o la t io n , l e s s  th an  

5/° n t nozzle  r e s e r v o i r  co n o itio n s  ty p ic a l  o f th is  s tu d y 0 I f  th i s  energy was 

v d thhe ld  from th e  flow  d u rin g  th e  n o zz le  expansion, th en , f o r  example, th e  

f r e e  stream  v e lo c i ty  would be decreased  by approxim ately 2 .5$ . The au th o rs  

o f re fe re n c e  114 co n sid e red  th a t ,  above s ta g n a tio n  tem peratu res o f 4000°K, 

th e  t o t a l  chem ical energy becomes so la rg e  th a t  chemical n o n equ ilib rium  i s  

g r e a te r  s ig n if ic a n c e  than  v ib ra ,tio n a l non equ ilib rium , a lthough  th e  

coupled e f fe c ts  o f v ib r a t io n a l  la g  on th e  chemical r a te  p rocesses in v o lv ed

could be of s ign ificance« ,
*

R eference 148 g ives a  d e ta i le d  a n a ly s is  of th e  co up ling  o f 

v ib r a t io n a l  and d is s o c ia t io n a l  nonequ ilib rium  in  a d iv e rg en t n o zz le  and 

d e sc r ib e s  c a lc u la t io n s  of flow  p ro p e r t ie s  f o r  oxygen a t  s ta g n a tio n  tem p era tu res  

and p re s su re s  of 4000 to  5900°K and 10 to  80 atm re s p e c tiv e ly 0 These c o n d itio n s  

were v e ry  much low er than  th o se  used in  th i s  study (12000°X and 240 atm a re  

ty p ic a l  v a lu e s ) . /The a u th o r of re fe re n c e  148 noted p a r t i c u la r ly  t h a t ,  even 

in  cases  where th e  f r a c t io n  o f energy in  v ib ra t io n  was low, th e  co u p lin g  o f 

v ib ra t io n  and d is s o c ia t io n  cou ld  g ive  v a lues o f , fo r  example, th e  f r e e  stream  

Mach number, which d i f f e r e d  by up to  20$ from values c a lc u la te d  assum ing 

v ib r a t io n a l  equilibrium «,

, Ror most o f th e  c o n d itio n s  o f th i s  study , th e  oxygen component 

o f a i r  i s  f u l ly  d is s o c ia te d ,  so th a t  only need be considered  as 

c o n tr ib u tin g  to  v ib ra t io n a l  n o n eq u ilib riu m .

R eference 149 re p o r ts  r e s u l t s  of a study of n itro g e n  d is s o c ia t io n  

beh ind  a normal shock wave a t  tem p era tu res  of 8000 to  15000°K. The au th o rs  

in d ic a te  th a t  v ib ra t io n a l  re la x a t io n  i s  approxim ately 100 tim es as f a s t  as
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d is s o c ia t io n a l  r e la x a t io n ,  b u t sp e c u la te  on a d is so c ia tio n  mechanism f o r  

N0 th rough i t s  v ib r a t io n a l  s ta t e s  based on th e i r  measured re a c t io n  a c t iv a t io n  

energy". The re v e rse  o f such a mechanism would be of g re a t im portance in  

a recom bining g a s . I t  would, however, be inc luded  im p l ic i t ly  in  exp erim en ta l 

r e a c t io n  r a te  d e te rm in a tio n s<>

To sum up, th e  r e s u l t s  of re fe re n ce s  148 and 149 in d ic a te  th a t  

v ib r a t io n a l  r e la x a t io n  i s  co n sid e rab ly  f a s t e r  than  chem ical reco m b in atio n ,
c+-

so th a t  th e  assum ption of v ib ra t io n a l  eq u ilib riu m  is  a reaso n ab le  app rox im ation . 

This view i s  re in fo rc e d  by the  e x tra p o la te d  r e s u l ts  o f re fe re n ce s  114 and 143, 

which in d ic a te  th a t  even i f  v ib ra t io n  was fro zen , the f r e e  s bream p ro p e r t ie s  

would d i f f e r  from th o se  c a lc u la te d  assuming equ ilib rium  by amounts too  sm all 

to  be d e te c te d  in  any o f th e  experim ents desc rib ed  in  th i s  s tu d y . L a s t ly ,  

o f th e  techn iques f o r  s p e c ify in g  the  thermodynamic p ro p e r tie s  of sp e c ie s  

( s e c t io n  2e1 . l ) ,  only th e  harmonic o s c i l l a to r  model could be used to  in c lu d e  

fro ze n  v ib ra t io n  in  th e  c a lc u la t io n s  used in  th i s  study and th a t  model i s  

in a c c u ra te  a t  tem p era tu res  above approxim ately 5000°K.

3*4.2 V iscous E ffe c ts

As th e  gas expands in  th e  n o zz le , i t  forms a boundary la y e r  on th e  

n o zz le  w a ll. This i s  t r u e  f o r  nozzles on a l l  types o f f a c i l i t i e s  and th e  

r e s u l t in g  e f f e c ts  -on th e  flow  p ro p e r tie s  a t the nozzle e x it  have been s tu d ie d  

by many workers ( e . g . , r e f s .  101, 121, 122).

In  th i s  s tu d y , boundary la y e r  th ick n esses  were c a lc u la te d  u s in g
/

S u th e rlan d ’s law f o r  th e  v is c o s i ty  o f th e  gas to g e th e r w ith  th e  r e s u l t s  in  

re fe re n c e  93 to  account fo r  th e  e f f e c t  o f f r e e  stream  Mach, number.

C a lcu la tio n s  f o r  a  m u lti-e le m e n t, m u lti- sp e c ie s  gas in  chem ical n o n eq u ilib riu m  

w ith  h ea t t r a n s f e r  to  th e  n o zz le  w all and p o ss ib le  t r a n s i t io n  from la m in a r to  

tu rb u le n t  flow  were beyond th e  scope of th i s  study  and have y e t to  be done 

f u l l y  anywhere. R eference 101 co n ta in s  polynomial expressions f o r  mass and 

momentum boundary la y e r  th ic k n e sse s  ob ta ined  by f i t t i n g  experim ental r e s u l t s  

from a wide v a r ie ty  o f f a c i l i t i e s .  'The boundary la y e r  c a lc u la tio n s  above were
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compared w ith  r e s u l t s  u s in g  th e  polynom ials of re fe ren ce  101 and agreem ent 

was w ith in  10/i?. 'ty p ic a l v a lues fo r  the  displacem ent th ick n ess  a t  th e  no zz le  

e x i t ,  13.8 cm from th e  nozzle  th r o a t ,  u s in g  a i r  in  T»2 w ith  th e  7*5° h a l f  

angle n o zz le  were 0*3 cm w ith th e  0»125 in  th ro a t  and 0 .6  cm w ith  th e  0»0625 

in  th ro a t»

The main e f f e c t  of th e  boundary la y e r  on the  nozzle  w all was to

reduce th e  e f f e c t iv e  c ro s s - s e c t io n a l  a re a  of th e  nozzle . I t  was assumed
£>•

t h a t ,  a t  any p o in t on th e  n o zz le  a x is ,  th e  e f fe c t iv e  ra d iu s  o f th e  n o zz le  

was equal, to  th e  t r u e  ra d iu s  minus the  boundary la y e r  d isp lacem ent th ic k n e ss  

a t  th e  point»

As a  f i r s t  approx im ation , th e  boundary la y e r  d isp lacem ent th ic k n e ss  

was assumed to  be a  l i n e a r  fu n c tio n  of d is ta n c e  from th e  n ozzle  th r o a t .  Thus 

th e  e f f e c t  o f th e  boundary la y e r  was to  reduce th e  cone angle of th e  n o z z le . 

C onditions a t  th e  n o zz le  e x i t  were c a lc u la te d  by two m ethods:

( i )  th e  f r e e  s tream  c o n d itio n s  were taken as those  c a lc u la te d  a t  an a re a  

r a t i o  equal to  th e  e f f e c t iv e  a re a  r a t i o  of the nozzle e x i t  u s in g  th e  u n a ffe c te d  

n o zzle  p r o f i l e  c a lc u la t io n ,  and ( i i )  a  second c a lc u la tio n  was made u s in g  a 

cone ang le  which gave th e  e f f e c t iv e  a re a  r a t io  a t  the nozzle  ex it»  Method

( i i )  was more a c c u ra te , b u t i t  was found th a t method ( i )  gave c lo se  agreem ent 

w ith  method ( i i ) ,  - p a r t ic u la r ly  because th e  e ffe c t iv e  a re a  r a t i o  was g r e a te r  

than  100, which was th e  a re a  r a t i o  found fo r  free z in g  o f r e a c t io n s , and beyond 

which th e  t e s t  gas obeyed th e  p e r fe c t  gas law s. (See s e c tio n  3*4»1)* Method 

( i )  re q u ire d  no e x tra  computing and was p re fe rre d  in  th o se  cases where th e  e f fe c ­

t i v e  a re a  r a t io  was la r g e .

P ro p e r tie s  most a f fe c te d  by th e  nozzle  boundary la y e r  were p re s su re
t

and d e n s ity , follow ed by tem p era tu re  and ve lo c ity »  N e ith e r th e  f r e e  stream  

s t a t i c  p re s su re  no r d e n s ity  could be measured d ire c tly »  P i to t  p re s su re  was 

th e  most e a s i ly  determ ined p ro p e rty  which could be used to  d e te c t  th e  e f f e c t s  

o f th e  nozzle  boundary la y e r .

<
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Axiaj. and tra n s v e rse  p i to t  p re s su re  p ro f i le s  vvere measured by 

S ta lk e r  ( r e f .  135) u s in g  a r e la t iv e ly  l a rg e , slow probe. T ypical r e s u l t s  

a re  shown in  f ig u re s  22 and 23 which a re  f o r  th e  shock tu n n e l T .1 . Method 

( n )  above gave an e f f e c t iv e  n ozzle  cone o f approxim ately 5 .2 °  h a l f  an g le , 

which can be seen  from f ig u re  22 to  g iv e  good agreaaent w ith the  ex p erim en ta l 

r e s u l t s  o S im ila r  r e s u l t s  a re  claim ed by S ta lk e r  fo r T .2. (ß ef 0 135).

A sm all probe of f a s t  response  was placed in  th e  nozzle  boundary 

la y e r  in  T»2 as shorn  in  f ig u re  69. The output o f th is  probe in  th e  f r e e

Stream 1S shown in  f l ^ r e  T].ie boundary la y e r  displacem ent th ic k n e ss  was

sm a lle r  du ring  th e  n o zz le  s t a r t i n g  p ro cesses  and also  when th e  flow  was 

contam inated w ith  co o l, helium d r iv e r  gas than during flow  o f pure  t e s t  g a s . 

Hen-e, d u ring  th o se  p e r io d s , th e  probe measured p i to t  p re ssu re  v a lues 

approxim ating  th e  f r e e  stream  v a lu es , and these  were l a r g e r  than  va lu es  

c t  p o s i t io n s  w ith in  th e  boundary layer»  Accurate p re ssu re  p r o f i l e s  cou ld  

no t be measured u s in g  th i s  techn ique because the probe was alm ost as wide 

as th e  boundary lay er»

3»4• 3 Useful  JPest JELme

The d u ra tio n  o f  u se fu l t e s t  flow  ("u sefu l"  i s  d e fin ed  in  s e c t io n  2 .2 )  

i s  ex trem ely  im p o rtan t in  shock tu nne l experim ents, in  th a t  i t  d e term ines th e  

tim e a t  which measurements must be taken , th e  response tim e re q u ire d  o f  

in s tru m e n ta tio n  and th e  value o f the  tu n n e l fo r  the  s tudy  o f tim e dependent 

phenomena, such as th e  aerodynamic h e a tin g  o f models. The fo llo w in g  tech n iq u es  

were used to  determ ine th e  u se fu l t e s t  tim e in  th e  fre e  p is to n  shock tu n n e l T .2 .

Lum inosity ox Gas a t  th e  Uozzle Exit

, Because o f i t s  high tem pera tu re , the  t e s t  gas a t  th e  n o zz le  e x i t  

was 1 uni nous to  the  image c o n v e rte r  camera. A 0»0625 in  s l i t ,  p a r a l l e l  to  

th e  no zz le  a x is , was used f o r  s p a t i a l  re s o lu tio n  and th e  image c o n v e r te r  

camera was used in  th e  s t r e a k  mode, as described  in  Appendix B. A ty p ic a l  

r e s u l t  i s  shown in  f ig u re  57.
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'Hie fe a tu re s  on th e  photographs were an i n i t i a l  b r ig h t l i n e  due 

to  a  f a s t ,  s t a r t i n g  shock wave ( r e f s .  102, 103), followed by a sm all dark  

space u n t i l  gas p ro cessed  by th e  r e f le c te d  shock wave emerged from the  

n o zz le  a t  a  low er v e lo c i ty  than  th e  s t a r t i n g  shock wave. Values of th e  

two v e lo c i t i e s ,  m easured from s t r e a k  photographs such as f ig u re  57, agreed 

w ith  c a lc u la te d  v a lu es  w ith in  th e  20tfo experim ental e r ro r .  Steady flow  then  

p e r s is te d  u n t i l  approx im ately  80 m icrosec a f t e r  the s t a r t  of th e  p u lse  from the  

r e s e r v o i r  p re s su re  tra n s d u c e r , and was follow ed by gas w ith  a  s l i g h t l y  low er 

v e lo c i ty  and decreased  lu m in o s ity , which continued  u n t i l  approx im ately  200 

m icrosec (up to  300 raicrosec a t  6 in  Hg i n i t i a l  shock tube  p re s s u re ) ,  and 

whose v e lo c i ty  agreed w ith  th e  va lue  c a lc u la te d  fron th e  measured n o zz le  

r e s e r v o i r  p re s s u re „

As th e  tube  was opera ted  f o r  most of th i s  study  a t  low er shock 

speeds than  were re q u ire d  to  t a i l o r  th e  co n tac t su rface  ( t a i l o r in g  was 

c a lc u la te d  to  tak e  p la c e  in  a i r  a t  1 in  Hg i n i t i a l  shock tube  p re s su re ,

0,658 cm/microsec in c id e n t  shock v e lo c i ty ) ,  the  d u ra tio n  of th e  b r ig h t ,  

re f le c te d -sh o c k -p ro  cessed  re g io n  was used to  c a lc u la te  th e  le n g th  o f th e  

r e s e r v o i r  reg io n  by assuming th a t  an expansion wave t r a v e l le d  ac ro ss  i t  

tw ice  b e fo re  i t  reached matched c o n d itio n s , as in  the "eq u ilib riu m  in te r f a c e "  

o p e ra tio n  (see  s e c t io n  2 .2 )  „ The le n g th  so derived , approxim ately  1 cm, agreed 

w ith  th a t  found from th e  r e f le c te d  shock s tre a k  photography (see  s e c t io n  3»3*4)*

Gas V elo c ity  a t  th e  ITozzle E x it ,

Two tech n iq u es  were used to  determ ine the f r e e  stream  gas v e lo c i ty :  

a  spark  t r a c e r  method, in  which a s h o r t  d u ra tio n  spark was in je c te d  in to  the  

flow  and i t s  path  fo llow ed  w ith  th e  image co n v erte r camera, and a 

magnetohydrodynamic method, which measured the  vo ltage  generated  when th e  

io n is e d  and conducting  t e s t  gas passed  through a magnetic f i e l d  ( r e f .  128).

The M.H.D. techn ique  was p a r t i c u la r ly  s u i te d  fo r  time re s o lu t io n  o f th e  flow»
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F igure  64 shows ty p ic a l  o sc il lo sc o p e  tra c e s  o f th e  ou tpu t f ro n  the  

magne t  ohy d ro ly la n ic  v e lo c i ty  measurement experim ent. The s t a r t i n g  p ro cesses  

show c le a r ly  up to  60 n ic ro s e c , and a p la te a u  follow s to  200 m ic ro se c 0 Tine 

sudden drop in  th e  t r a c e  a f t e r  th e  p la te a u  was caused by con tam ination  o f the 

flow  "by helium  d r iv e r  g as, which was r e l a t iv e ly  cold and non-conducting« T ests 

w ith  th e  sp a rk  t r a c e r  techn ique  in d ic a te d  th a t  th e  drop was n o t due to  a 

re d u c tio n  in  th e  flow  v e lo c i ty .

P i t o t  P ress i r e  a t th e  Nozzle E xit 

F igu re  67 shows o s c il lo sc o p e  tra c e s  o f the ou tpu t o f th e  p i t o t  

p re s su re  probe, which was p o s itio n e d  on th e  nozzle  ax is a t th e  e x i t .  Traces 

f o r  th e  same i n i t i a l  shock tube c o n d itio n s  show th a t ,  w hile th e  s t a r t i n g  

p ro cesses  v a r ie d  w ith  undeterm ined v a r ia b le s  such as th e  i n i t i a l  vacuum in  

th e  t e s t  s e c tio n  and dump tan k , th e  p la te a u  p ressu re  s tay ed  c o n s ta n t. The 

tim e-dependent f e a tu re s  of th e  tra c e s  corresponded w ith those  found w ith  the  

magnetohydrodynamic v e lo c i ty  probe« The ca lcu la ted  r e s u l t s  p re d ic te d  a 

h ig h e r p i t o t  r^ e s su re  from th e  re fle c ted -sh o c k -p ro c e sse d  gas than  from th e  

"eq u ilib riu m  in te r f a c e "  gas f o r  sh o ts  w ith  lower in c id e n t shock v e lo c i t i e s  

than  th a t  re q u ire d  fox' ta i lo r e d  in te r f a c e  operation«

F igure 69 shows an o s c il lo sc o p e  tra c e  w ith th e  probe c lo se  to  th e  

n o zz le  wall« Turing th e  s t a r t i n g  p ro c e sse s , the  Reynolds number was h igh , 

which made th e  boundary la y e r  th in  and th e  measured p i t o t  p re s su re  n e a re r  to  

th e  f r e e  stream  v a lu e . The same e f f e c t  occurred when helium  contam inated 

th e  flow , b u t in  the  p la te a u  re g io n , th e re  was a co n sid e rab le  drop in  th e  

p i t o t  p re s su re  due to  th e  probe b e in g  in  th e  boundary la y e r .

Shock . 7 ave Shapes on Simple Models
t

Some sim ple models (a  wedge, a  cone and a hem isphere) were p laced  

in  th e  flow  (see  c h a p te r  4 f o r  d e t a i l s )  and the  shapes of th e  shock waves 

formed on then  were examined u sin g  the  Image C onverter Camera, on th e  

fram ing mode, a s in g le  pass S c h lie re n  system , and a Llach-Zehnder in te r fe ro m e te r .  

(See Appendix B).

1
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F igure  58 shows a ty p ic a l  fram ing photograph of th e  lu m in o s ity  o f 

th e  gas flow  over a  3 5 °h a lf angle wedge, Such photographs showed v a r ia t io n s  

in  th e  "lum inosity  from th e  shock heated gas w ith tim e, which we re  s im i la r  

to  th o se  of th e  f re e  stream  lu m in o s ity 0

The va lue  of th e  shock to wedge angle in c reased  in  an e r r a t i c  fa sh io n  

d u ring  th e  f i r s t  80 m icrosec fo llow ing  shock r e f le c t io n ,  w hile th e  s t a r t i n g  

p ro cesses  e s ta b lis h e d  th e  nozzle  flow 0 Then followed over 100 m icrosec during  

which th e  shock angle was c o n s ta n t. Contam ination of th e  flow  a f t e r  300 

m icrosec was observed as an in c re a se  in  th e  shock to  wedge an g le , which was 

caused by an in c re a se  in  th e  r a t io  o f s p e c if ic  heats of th e  t e s t  g a s . At the  

c o n d itio n s  o f th i s  s tu d y , an in c re a se  of 15$  by mass o f helium  caused an 

in c re a s e  in  th e  shock ang le  o f 1°.

The in c re a se  in  th e  shock wave angle on a wedge caused by an 

in c re a s e  in  th e  r a t io  o f s p e c i f ic  h ea ts  o f the  t e s t  gas was a lso  used as a
4

method o f d r iv e r  gas d e te c t io n  in  T ,1. S ch lie ren  photographs were tak en  as 

d e sc rib e d  in  Appendix B, w ith  th e  r e s u l t s  shown in  f ig u re  34o

U seful Test Time R esu lts

F igures 32 and 33 show th e  tim es of occurrence of im p o rtan t fe a tu re s  

in  th e  flow  w ith  0,125 and 0,0625 in  no zz le  th ro a t  d iam eters r e s p e c t iv e ly  in  

th e  7 »5° h a lf  angle  n o zz le  on T ,2 ,

C onsider th e  time to  th e  s t a r t  of the p la te a u . The magnetohydrodynamic 

probe was s e n s i t iv e  to  v e lo c i ty .  I t s  ou tpu t had la rg e  v a r ia t io n s  d u rin g  th e  

n o zz le  s t a r t i n g  p ro c e sse s , b u t was n e a r ly  co n stan t during  th e  c o n ta c t su rfa ce  

in te r a c t io n s .  Hence, i t s  r e s u l t s  gave th e  d u ra tio n  of th e  nozzle  s t a r t i n g  

p rocesses.. The p i to t  probe ou tpu t had la rg e  v a r ia tio n s  du rin g  bo th  th e  nozzle  

s t a r t i n g  p rocesses and the  c o n ta c t su rfa c e  in te ra c t io n s  and so m easured the  

d u ra tio n  of th e  l a t t e r .  Both phenomena were v is ib le  on th e  lu m in o s ity  

photographs and the  tim es agreed w ith  those  from the two p robes. The s im i la r i ty  

between f ig u re s  32 and 33 shows th a t  th e  d u ra tio n  of th e  c o n tac t s u r fa c e
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interactions was almost unaffected by the nozzle throat diameter0 This is 

to be expected because the throat diameter was very much smaller than the 

* shock tube diameter, so that the nozzle orifice had very little effect on 

the reflection of waves from the shock tube end wall,, The nozzle starting 

processes lasted longer with the smaller diameter throat. ■ This is to be 

expected if the function of the starting processes is considered to be 

"sweeping” residual gas from the nozzle. To move a fixed mass of stationary 

gas from the nozzle requires a related quantity of momentum from the gas 

flowing into the nozzle. As the flow of momentum is less from the small 

nozzle throat, it takes longer to supply the required momentum and to 

establish a steady flow«,

With the magnetohydrodynamic probe output, the end of the plateau 

could be taken as either the start of fall-off or as the zero voltage point 

(see fig® 64). The former was caused by a decrease in the velocity and 

conductivity of the gas as helium contamination started, and the latter 

occurred when the conductivity had fallen to zero. These two times set limits 

on the mixing process causing contamination. The oscilloscope trace v/ith the 

large nozzle throat shows fluctuations after the zero-voltage point, which 

were caused by pockets of ionization in the gas. The fluctuations and 

decrease in voltage to zero we re much less apparent with the smaller nozzle 

throat. The fall-off in pitot pressure was also due to contamination by 

helium. (When helium contamination starts, there is no corresponding 

reduction in the nozzle reservoir pressure because a condition for a steady 

contact surface is that the pressure is constant. The helium is much colder 

than the test gas (3500°K, typically) so that, while its density may be very 

similar to that of the test gas, its enthalpy is very much lower. Hence, 

the velocity at the nozzle exit, and therefore the pitot pressure, are lower 

for the helium driver gas.) It was less sensitive than the magnetohydrodynamic 

probe and did not fluctuate after contamination startedo Pitot pressure 

measurements in the nozzle boundary layer were more sensitive to helium
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con tam ination  than  measurements made on the  nozzle  axis* Helium caused the  

boundary la y e r  th ic k n e ss  to  decrease  and th e  probe measured more o f th e  f r e e  

stream  valueo Thus, when contam ination  s ta r te d ,  the probe output in c re a se d  

u n t i l  th e  con tam ination  le v e l  was s u f f ic ie n t  to  decrease  th e  f r e e  stream  

v a lu e .

Comparison of th e  r e s u l t s  in  f ig u re s  32 and 33 shows th a t  th e  

con tam ination  s ta r te d  e a r l i e r  when th e  l a r g e r  nozzle th ro a t  d iam eter was 

used» This im p lie s  th a t  th e re  e x is te d  a ’’s lug" of uncontam inated t e s t  gas, 

which exhausted a t  a r a l e  determ ined by th e  th ro a t s iz e ,  r a th e r  th an  a 

co n tam in a tio n -cau sin g  event which occurred a t a  f ix ed  time<> That i s ,  

fo llo w in g  th e  pure t e s t  gas was a  reg io n  of mixed t e s t  and d r iv e r  g a se s , 

which was caused by la rg e  s c a le  p ro cesses  r a th e r  than by d if fu s io n  o f atomic 

p a r t ic u le s  (hence, th e  pockets d esc rib ed  above)0 The degree o f sm all s c a le  

m ixing in c re a se d  w ith  tim e as shown in  th e  magnetohydrodynamic t r a c e s  w ith  

th e  two' th ro a t  s izes*  The tim e b e fo re  contam ination occurred  w ith  th e  sm all 

no zz le  th ro a t  was much le s s  than  fo u r tim es as long  as w ith  th e  la r g e  th r o a t ,  

a lthough  th e  r a t i o  o f t h e i r  a reas  was fo u r , showing th a t  th e  mixed reg io n  

d if fu se d  in to  th e  pure  gas slug*

3*4.4 R esu lts

F igures .22 and 23 show th e  r e s u l t s  of p i to t  p re s su re  surveys in  T.1* 

They in d ic a te  th e  v a l id i t y  o f  th e  boundary la y e r  model o u tlin e d  in  s e c t io n  

3*4.2 . f ig u re  24 shows p i t o t  p re s su re  measured on the  a x is , a t  th e  e x i t
J

of n o zz le  on T*3. A ccurate r e s u l t s  f o r  T*2 were obtained  by S ta lk e r  

(re fs*  120, 135).

F igures 25 to  27 show measured and c a lc u la te d  v a lues o f th e  f r e e  

stream  gas v e lo c i ty .  (The d ia g n o s tic  v^edge technique i s  d iscu ssed  in  s e c tio n

4 . 2 ) 0

Standard  d e v ia tio n s  were c a lc u la te d  f o r  the  la rg e  number o f 

d e te rm in a tio n s  of p i t o t  p re s su re  and v e lo c ity  made in  th i s  s tu d y . I t  was 

found th a t  th e  p i t o t  p re s su re  could be measured to  an accuracy o f 1 and
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th e  v e lo c i ty  to  1 Cf/o, Assuming; th a t  th e  flow was hypersonic (see  s e c t io n  3.4)? 

th e  d e n s ity  could  then  be c a lc u la te d  to  an accuracy o f 35/0«

Also th e  d ia g n o s tic  wedge techn ique (see s e c tio n  4»2) gave 

c o n c e n tra tio n s  o f th e  m ajor chem ical c o n s ti tu e n ts  of the  f r e e  stream  in  

a i r  and n itro g e n  to  an accuracy  o f 1 5 (weighted c a lc u la tio n s  were made 

acco rd ing  to  th e  c o n c e n tra tio n s ) and th e  r a t io  o f s p e c if ic  h ea ts  to  an 

accuracy  of 10^.

In  a l l  o f th e se  c a se s , the  experim ental r e s u l ts  agreed w ith  th e  

c a lc u la te d  r e s u l t s  w ith in  th e  experim ental e r ro rs .

3*4o5 Flows in  Carbon Dioxide and H itro g en  Mixtures

The atm ospheres of Mars and Venus are thought to  c o n ta in  s ig n i f i c a n t  

q u a n t i t ie s  of carbon d io x id e  and n itrogen»  Several th e o r e t ic a l  e v a lu a tio n s  

o f th e  aerodynamic param eters f o r  h igh  speed en try  in to  such atm ospheres 

have been made ( r e f s .  13 to  15, 31, 32, 80, '81 ), but few experim ental r e s u l t s  

a re  a v a ila b le  because few s im u la tio n  f a c i l i t i e s  are capable o f p roducing  c lean  

t e s t  gas a t  th e  high en thalpy  le v e ls  re q u ire d . One paper ( r e f .  81) re p o r ts  

s ta g n a tio n  p o in t h ea t t r a n s f e r  measurements on a hemisphere and tru n c a te d  

c y lin d e rs  in  a  m ix ture  of 9Ofo CO^, 10c/o in  a f re e  p is to n  shock tube ; th e  shock

wave moved in to  a  O025mm Hg o f th e  gas a t  speeds up to  9 kra/sec and th e  shock 

h ea ted  gas flowed -d ire c tly  over the  model. Chemical eq u ilib riu m  was assumed 

f o r  th e  gas, which i s  reaso n ab le  fo r  th e  conditions s tu d ie d , b u t does n o t 

apply  over th e  f u l l  p la n e ta ry  e n try  c o r r id o r .  The purpose o f th e  work described, 

in  th i s  s e c tio n  was to  in v e s t ig a te  non equ ilib rium  e f fe c ts  in  m ix tu res o f carbon 

d io x id e  and n itro g e n , p a r t i c u la r ly  in  n o zzle  and model flow s.

Attempts we re  made to  c a lc u la te  nozzle flow p ro p e r tie s  assum ing
x

chem ical nonequilib rium  w ith  re a c tio n  r a te s  obtained from review  papers  as 

d e sc rib e d  in  ch ap te r 20 The in te g ra t io n  technique used was adequate f o r  a i r  

and n itro g e n , b u t was found u n su ita b le  f o r  the wide v a r ia t io n  in  th e  e ig en ­

v a lu es  of the  s o lu tio n  m a trix  fo r  gas m ixtures co n ta in ing  more than  50~/° o f 

carbon d io x id e . This problem has been noted elsewhere and th e  su g g es tio n
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made th a t  th e  im p l ic i t  m odified  Runge-Kutta technique ( r e f .  45) die rep laced  

by an e x p l ic i t  scheme ( r e f .  49)» R esu lts  of such a m o d ifica tio n  u s in g  

n itro g e n  t e s t  gas have been p u b lish ed  ( r e f ,  50). P re lim inary  r e s u l t s  u s in g  

th e  e x p l ic i t  scheme vd th  s in g le  p re c is io n  on an IKu 360/50  computer in d ic a te d  

th a t  th e  wide spread  of re a c t io n  r a te s  in  the  carbon d io x id e  system  allow ed 

th e  num erical e r ro rs  to  swamp the  e ig en -v a lu es  ( r e f .  51 )• A lso, re a c t io n s  

in  carbon d io x id e  a re  no t w ell understood , as explained in  s e c t io n  2 .1 .2 ,

F igure  20 shows sp ec ie s  c o n ce n tra tio n s  in  ty p ic a l  no zz le  expansions 

o f 50"Jo N itro g en , 5Oft Carbon D ioxide,

F igure  28 shows measured v a lu es  o f the  fre e  stream  v e lo c i ty  (see  

Appendix B) a t  th e  e x i t  o f a c o n ica l no zz le  (0 .125 in  th ro a t  d iam e te r , 7»5° 

h a l f  ang le) on T ,2 . Also shown on the  graph a re  values c a lc u la te d  assuming 

th a t  a l l  th e  s ta g n a tio n  en thalpy  i s  converted  to  gas v e lo c i ty  and v a lu es  

f o r  n itro g e n  c a lc u la te d  assuming no n eq u ilib riu m , The agreement between th e  

experim en tal and nonequ ilib rium  r e s u l t s  vd th  n itro g en  i s  w ith in  th e  

experim ental, e r r o r s ,

The d if fe re n c e s  between th e  experim ental p o in ts  and th e  cu rves of 

th e o r e t ic a l  maximum v e lo c i ty  a re  in d ic a t iv e  of th e  energy re q u ire d  to  form 

sp ec ie s  in  th e  high tem pera tu re  nozzle  r e s e rv o i r ,  and which was n o t recovered  

by recom bination  in  th e  n o zzle  expansion . The f r a c t io n  of th e  s ta g n a tio n  

en th a lp y  which had been frozen  i s  s im i la r  in  the  pure gases and in  th e  m ix tu re , 

su g g es tin g  th a t ,  w hile th e re  may have been an extrem ely f a s t  r e a c t io n  in  carbon 

d io x id e  which a ffe c te d  th e  " s t i f f n e s s ” of th e  num erical s o lu t io n , i t  had 

l i t t l e  e f f e c t  on th e  r e le a s e  o f energy. C alcu la tio n s  w ith  m ix tu res c o n ta in in g  

up to  50cJo of carbon d io x id e  in d ic a te d  th a t  the f a s t  re a c t io n  was:

CO +  0  c o 2

(a c tu a lly :C 0  + 0 - —* C02

C02* + M C02 + M, where II = If , C02)

This i s  apparen t in  th e  curves in  f ig u re  20. (The co n ce n tra tio n  o f carbon 

d io x id e  i s  in c re a s in g  ra p id ly  when a l l  o th e r  species c o n ce n tra tio n s  a re  

d e c re a s in g  o r c o n s ta n t .)
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The no zz le  flow program ( r e f 0 44) was n o t designed  to  in c lu d e  recom binations 

to  d i f f e r e n t  energy le v e l s  w ith in  a sp ec ie s  and the re a c t io n  r a t e  was tak en  to  

be an average v a lu e , as desc rib ed  in  s e c tio n  2 .1*2.

I t  was no ted  th a t  th i s  recom bination  was l im ite d  by th e  r a t e  a t  

which CO was formed from C and 0.

F igure  40 shows ang les formed on wedges of 25 and 35° p laced  a t  

th e  no zz le  e x i t 0 A lso shown a re  values c a lc u la te d  fo r .n i t ro g e n  assum ing th a t  

th e  gas d id  n o t r e a c t  behind  th e  shock wave* F igure \ \  shows experim en tal 

ang les on a 35° wedge u s in g  a  nozzle  th r o a t  o f 0*0625 in  d iam e te r, as w ell 

as 0*125 in  as used f o r  the  r e s t  of th e se  experim ents. (l.Iodel flow s a re  

d iscu ssed  in  c h a p te r  4» )

Four f a c to r s  a f f e c t  th e  shock ang le: the f r e e  stream  Mach number,

th e  f r e e  stream  r a t i o  o f s p e c if ic  h e a ts ,  th e  boundary la y e r  on th e  wedge 

su rfa c e  and re a c tio n s  ta k in g  p la c e  behind th e  shock wave on th e  wedge*
4

I t  i s  shown in  c h ap te r  4 th a t  n itro g e n  does not re a c t  behind  th e  

o b liq u e  shock wave a,t th e  c o n d itio n s  o f f ig u re  40. The d if fe re n c e  between 

th e  c a lc u la te d  and experim en tal p o in ts  f o r  n itro g e n  shorn in  f ig u r e  40 was 

due to  th e  wedge boundary la y e r ,  which decreased  in  th ic k n e ss  w ith  in c re a s in g  

i n i t i a l  shock tube p re s su re  and in c re ase d  w ith  decreasing  n ozzle  th ro a t  size*

As th e  Mach number was alm ost c o n stan t (6 o0 w ith  the 0.125 in  th r o a t ,  8 ,0  

w ith  th e  O.O625 in  th r o a t ) ,  th e  decrease  in  th e  shock angle f o r  an in c re a se  

in  i n i t i a l  shock tube p re s su re  was cansed , In  th e  main, by a d ecrease  in  th e  

r a t i o  o f s p e c if ic  h e a ts ,  . The d ecrease  in  th e  fre e  stream  v/as r e la te d  

to  th e  d ecrease  in  n o zz le  r e s e rv o i r  d is s o c ia t io n  through th e  n ozzle  expansions

Carbon d io x id e  can be expected to  behave l ik e  n itro g e n  in  th a t  th e  r= 

o f s p e c i f ic  h ea ts  and boundary la y e r  th ic k n e ss  decrease  w ith in c re a s in g  shock 

tube  p ressu re*  C a lc u la tio n s  w ith  50$ 5 00? showed th a t  th e  Mach number

rem ained alm ost c o n s ta n t (approx im ately  5*0 w ith the 0*125 in  th r o a t ,  6 ,0  w ith 

th e  O.O625 in  th ro a t)*  Chemical nonequ ilib rium  v/as expected to  cause a 

d ec rea se  in  th e  shock ang le  as C0o , some of which was formed by recom bination
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during the nozzle expansion, re-dissociation behind the shock waves. Other

reactions were found to be too slow to react significantly. (See sections 
4o1 and S# 2)

Consider figure 40. Reactions were more probable in the hotter, 

higher density gas behind the shock wave on the large angle wedge. With the 

25° wedge, the shock angles for carbon dioxide were greater than, and followed 

the trend of, the nitrogen results up to 4 in %  initial shock tube pressure. 

At higher initial pressures, the shock angles for carbon dioxide were 

significantly less than for nitrogen. With the 35° wedge, the decrease in 

shock angle for carbon dioxide occurred at a lower initial shock tube pressure.

For an increase in the initial shock tube pressure, the temperature 

behind the oblique shock wave decreases and the density increases. It was 

found that, at the conditions of this study, the increase in reaction rates 

caused by the increase in density was greater than the decrease caused by 

.he decrease in temperature (see chapter 1). That is, the rate of reaction

was found to increase with increasing initial shock tube pressure. (See 
also section 5<>2)

Consider figure 41. The small nozzle throat led to higher free 

stream Mach numbers and smaller shock angles. Per carbon dioxide, the 

reactions with the-large throat were sufficient to decrease the angle below 

that with the small throat. The angles with carbon dioxide with the snail 

throat, showed no decrease, which may have been because the gas did not 

react behind the shock wave at the lower density levels.

Figure 44 shows the shook wave stand-off distance on a hemisphere- 

cylinder, The curve for carbon dioxide decreases with increasing initial 

shock tube pressure until 4 in Hg. For pressures greater than this, it 

remains almost constant. A. the temperature and density behind the detached 

how shook on this model were greater than on. a wedge, it is thought that this 

enoi.ienon due to equilibrium of one or more reactions being reached at 

initial shock tube pressures-greater than 4 in Hg.
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In  c a lc u la t io n s  w ith m ix tures con tain ing  up to  rjO to o f carbon d io x id e , 

i t  was n o ticed  th a t  in te r a c t io n s  between elements were l im ite d  to  re a c tio n s  

between n itro g e n  and oxygen o r carbon and oxygen. The carbon-oxygen re a c tio n s  

were independent of th e  n i tro g e n -oxygen reac tio n s  as r e l a t iv e ly  l i t t l e  oxygen 

was l o s t  to  n i t r i c  oxide and th e re  was always a la rg e  c o n ce n tra tio n  of atomic 

oxygen. The c o n c e n tra tio n  of GN was low a t a l l  times and re a c tio n s  in v o lv in g  

CN made a n e g l ig ib le  c o n tr ib u tio n  to  th e  flow k in e tic s ,, The CrT m olecule was 

in c lu d ed  as i t  i s  b e lie v ed  to  r a d ia te  very  strong ly  and so to  be d e te c ta b le , 

even though i t s  c o n ce n tra tio n  was low , Thus, flows in  carbon d io x id e -n itro g e n  

m ix tu res were o f l im ite d  i n t e r e s t  in  a study of chemical k in e t ic s  as th ey  

could be r e la te d  to  flow s in  n itrogen-oxygen  and carbon-oxygen m ix tu res , which 

a re  e a s ie r  to  in v e s t ig a te ,

3.4o6 Flows in  Argon

As a f i r s t  approxim ation and to  find lim it in g  v a lu e s , i t  was
«

assumed th a t  r a d ia t io n  lo s se s  in  argon could be neg lec ted  (see  s e c t io n  3»3«1)<> 

Nozzle r e s e r v o i r  co n d itio n s  were c a lc u la te d  using  the method d esc rib ed  in  

s e c tio n  2 .2 and n o zz le  expansions were ca lcu la ted  with th e  assum ption th a t  

th e  gas was in  thermodynamic equilibrium «, A ty p ic a l p lo t  o f sp ec ie s  

c o n c e n tra tio n s  in  a nozzle  i s  g iven  in  f ig u re  21,

Flows in  argon d i f f e r  from flow s in  the o th e r atm ospheric gases 

(oxygen, n itro g e n  and carbon d io x id e ) in  two aspec ts. F i r s t l y ,  being  

monatomic, argon lo s e s  no energy to  d is so c ia tio n  and i s  g e n e ra lly  much 

h o t te r  ( f ig u re  13) and has h ig h e r le v e l s  of io n is a tio n  than  th e  o th e r  g a se s . 

For example, in  th e  nozzle  r e s e r v o i r ,  th e  ca lcu la tio n s  in d ic a te  th a t  a 

s ig n i f ic a n t  quan tiy  o f energy i s  absorbed by second io n iz a t io n  o f th e  argon 

atom ( f ig u re  17)» Secondly, th e  very  ra p id  recom bination re a c tio n s  

(approxim ated here  by the  assum ption of equilibrium ) m ain ta in  the  high 

tem pera tu res and io n iz a t io n  le v e ls  in  th e  nozzle expansion by re le a s in g  

th e  fo rm ation  energy o f th e  io n s . This process i s  l im ite d  by th e  number 

o f  io n s  in  th e  r e s e r v o i r ,  and when recom bination is  com plete, th e  tem peratu re  

drops ra p id ly  as th e  expansion co n tin u es  with th e  argon behaving as a
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monatomic p e r fe c t  gas«

Experim ental t e s t s  w ith  argon t e s t  gas in d ic a te d  th a t  h is  

s im ple ' d e s c r ip t io n  i s  in ad eq u a te .

The magnetohydrodynamic v e lo c i ty  measurement techn ique o u tp u t 

( f ig u re  64) gave a p o s i t iv e  (o r  n e g a tiv e , depending on th e  m agnetic f i e l d  

d i r e c t io n )  v o lta g e  d u rin g  th e  f i r s t  70 m icrosec a f t e r  shock r e f l e c t io n  

on ly , and then  dropped to  zero  in  a  manner ex ac tly  s im ila r  to  th a t  o f  a i r  

a f t e r  th e  onset o f helium  d r iv e r  gas con tam ination . The f i r s t  80 m icrosec 

i s  shown in  s e c tio n  3 .4«3 to  he approxim ately  the  d u ra tio n  o f th e  c o n ta c t 

su rfa c e  i n te r a c t io n s . In  th is  c a se , th e  70 m icrosec may he co n sid ered  as 

th e  tim e f o r  th e  r e f le c te d  shock to  reach  th e  co n tac t su rfa c e  and f o r  an 

expansion  wave to  r e tu rn  to  th e  end w all ,

The spark  t r a c e r  techn ique  showed high v e lo c i t ie s  to  250 m ic ro sec ,

which in d ic a te d  th a t  the  decrease  in  th e  magnetohydrodynamic probe o u tp u t
«

wan n o t due to  a d ecrease  in  v e lo c i ty ,  h u t to  a decrease  in  th e  c o n d u c tiv ity  

o f th e  gaSo

The p i t o t  probe gave r e s u l t s  s im ila r  to  the  MED probe, except 

th a t  th e  d u ra tio n  o f th e  p e rio d  b e fo re  th e  decrease  was s h o r te r  (50 

in icrosec , ty p ic a l ly ) .  Also the  ou tp u t in c reased  a f t e r  150 m icrosec and 

then  decreased  s law ly . The le v e l  a f t e r  150 m icrosec was comparable to  th a t  

o f pure  d r iv e r  gas flo w 0

S ch lie ren  photography of th e  shock wave on a tw o-dim ensional 

wedge o f 35° h a l f  ang le  (see  s e c tio n s  4«1.1 and 4 ,2  fo r  tech n iq u es) gave 

shock-to-w edge ang les which v a rie d  in  an ap p aren tly  random fa sh io n  d u rin g

th e  f i r s t  200 m icrosec ,
\

R ad ia tio n  lo s s e s  as d e sc rib ed  in  se c tio n  3 .3 .1  are  not s u f f i c i e n t  

to  ex p la in  th e se  phenomena. A p o ss ib le  exp lana tion  i s  th a t  the c o n ta c t 

su rfa c e  i s  u n s ta b le , p a r t i c u la r ly  when in te r a c t in g  w ith  th e  r e f le c te d  shock 

wave, A model fo r  c o n ta c t su rfa c e  i n s t a b i l i t y  of th e  R ayleigh type i s  g iven  

in  re fe re n c e  98» and flow s in  argon in  th e  shock tu n n e ls  a t th e  c o n d itio n s
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in 6his study fitted the conditions required for the instability to he 

present,,

The effect of the instability is that the contact surface becomes 

a zone of mixed pockets of helium and argon, which become mixed into all the 

test gas following the passage of the reflected shock wave through the zone. 

To detect such non-uniformity requires instruments with very short response 

tines, such as the magnetohydrodynamic and pitot pressure probes. Previous 

experiments using the stagnation pressure transducer, a stagnation point 

heat transfer model and a pitot pressure probe (ref. 120) involved response 

times sufficient only to record average values for the gas, which were 

reasonably close to values expected from pure gas» With the pitot probe, 

lov/ values due to helium contamination could be accounted for by ignoring 

the nozzle boundary layer correction.

The magnetohydrodynamic velocity probe output for argon, measured 

between oO and 80 microsec after shock reflection, was compared with similar 
results for air measured on the plateau (150 microsec) (see figure 64)* 
Calculations predicted velocities for argon between 10 and 20'/0 greater than 

for air. The results showed velocities in argon approximately equal to 

those in air. This indicated a significant energy loss, which may have 

been due to radiation, as explained in section 3» 3*1* At the conditions 

of this study, a reduction of 10$ in the test section velocity in argon 

is equivalent to a reduction of 1270 in the nozzle reservoir temperature,
/

which is not incompatible with radiation losses.
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4o SIMPLE MODEL FLOjVS

In  c h a p te r  3, v a rio u s  techn iques designed to  c a l ib r a te  th e  flow  

emerging from th e  nozzle  a re  d e sc r ib e d . As a f in a l  c a l ib r a t io n ,  flow s 

over sim ple  models, f o r  which th e  f r e e  stream  co n d itio n s  may be r e la te d  

to  th e  experim ental r e s u l t s ,  v ie  re  examined.

The s im p le s t model would appear a t  f i r s t  s ig h t  to  be a  two- 

d im ensional wedge o f s u f f i c i e n t ly  sm all angle f o r  the shock wave i t  forms 

in  th e  flow  to  be a tta c h e d  to  th e  body nose. For such a flow , i f  th e  gas 

i s  n o n -re a c tin g  o r in  chem ical e q u ilib riu m , th e  shock wave i s  s t r a i g h t ,  

c o n d itio n s  behind th e  shock a re  s p a t i a l l y  uniform  and th e  c o n se rv a tio n  

equations may be made q u asi-o n e-d im en sio n a l. Two e f fe c ts  d e s tro y  th i s  

s im p lic i ty .  F i r s t l y ,  th e  gas forms a v isco u s boundary la y e r  on th e  wedge 

su rfa c e  o f a th ick n ess  approxim ately  p ro p o r tio n a l to th e  square  ro o t of 

d is ta n c e  from th e  body no se . This appears to  th e  f re e  stream  gas as a
4

curved su rfa c e  and c u rv a tu re  o f th e  shock wave may r e s u l t .  Secondly, th e  

n ozzle  flow i s  axisym m etric and th e  wedge i s  tw o-dim ensional„ The e f f e c t s  

of nozzle  flow  d ivergence  have been shown elsew here ( r e f .  *J0) to  in c lu d e  

c u rv a tu re  o f th e  shock wave bo th  p a r a l l e l  and tra n sv e rse  to  th e  flow .

(However, re fe re n ce  70 showed th a t  c u rv a tu re  o f the shock wave t r a n s v e r s e  

to  th e  flow  was a.'second o rd e r e f f e c t .  I t  was c a lc u la te d  to  be n e g l ig ib le  

a t  co n d itio n s  ty p ic a l  of th is  s tu d y , which im plied  th a t  S ch lie ren  photography 

would g iv e  an a c c u ra te  p ic tu re  o f th e  lo c a t io n  o f the  shock w ave.)

The second o f th e se  problems can be avoided by u s in g  a c o n ica l 

model« A cone a t  zero  ang le  of a t ta c k  has a  con ica l shock wave i f  i t s  

angle qs le s s  than  th e  detachm ent a n g le , i f  th e  gas i s  n o n -re a c tin g  o r in  

e q u ilib riu m  and i f  th e  v isco u s boundary la y e r  th ickness i s  neg lig ib le« ,

At th e  co n d itio n s  in  th i s  s tu d y , th e  l a s t  o f th e se  co n d itio n s  did n o t h o ld ,

A model on which th e  boundary la y e r  displacem ent th ic k n e ss  i s  

n e g l ig ib le  a t  th e  co n d itio n s  of th i s  s tudy  i s  a  b lu n t body, which has th e  

shock wave s tan d in g  o f f  from th e  body nose and a gas v e lo c i ty  of zero  a t
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th e  s ta g n a tio n  p o in t .  The sep a ra te d  shock wave gives r i s e  to  a  reg io n  

of subson ic  flow about th e  body nose and superson ic  flow  elsew here. Such 

flow s a re  d i f f i c u l t  to  c a lc u la te  and consequently  f re e  stream  co n d itio n s  

a re  hard  to  d e r iv e  from experim ental re s u lts »  A sphere i s  th e  s im p le s t 

axisym m etric b lu n t body, b u t becanse flow  upstream  of the  son ic  l i n e  

( th e  lo cu s  o f t r a n s i t i o n  from subsonic  to  superson ic  flow) i s  u n a ffe c ted  

by flow  downstream, a hem isphere -  c y lin d e r  model was used fo r  th e  t e s t s  

re p o rte d  h e re .

In  a l l  o f th e se  model flow s, th e  e f fe c ts  of v ib ra t io n a l  and 

chem ical n o n eq u ilib riu m  must be e s ta b lis h e d . The l a t t e r  w ill  be d e a l t  

w ith  in  subsequent sec tio n s»  The form er posed problems s im ila r  to  th o se  

encountered  in  th e  n o zz le  flow  (see  s e c tio n  3«4<>1). P a r t i c u la r ly ,  th e  

programs used f o r  c a lc u la t in g  flow  over wedges, cones and hem ispheres 

(see  s e c t io n  2 .2 )  d id  n o t a llow  e s tim a te s  o f v ib ra t io n a l  re lax a tio n »

(See s e c t io n  2 e2.1 f o r  a summary o f th e  techn iques used fo r  sp e c ify in g  

th e  thermodynamic p ro p e r t ie s  of th e  t e s t  g a s .)  E stim ates of re la x a t io n  

r a te s  f o r  N0 and 0^ v ib ra t io n  ( re fe re n c e s  143 and 149) in d ic a te d  t h a t ,  

f o r  c o n d itio n s  ty p ic a l  o f th i s  s tu d y , th e re  was co n sid e rab le  v ib r a t io n a l  

n o n eq u ilib riu m  and t h a t ,  in  none of the  model flows d esc rib ed  in  th e  

subsequent s e c tio n s  o f th i s  c h a p te r , could  e i th e r  eq u ilib riu m  o r fro zen  

v ib r a t io n  be assumed as an a cc u ra te  approxim ation» However, the  very  h igh  

s ta g n a tio n  en thalpy  produced in  th e  f r e e  p is to n  shock tu n n e ls  g re a t ly  

decreased  th e  p o s s ib le  e f f e c ts  of v ib ra t io n a l  non eq u ilib riu m  on th e  flow  

p r o p e r t ie s .  Por example, ac ro ss  the  ob lique  shock wave formed on a 35° 

wedge a t  ty p ic a l  c o n d itio n s  in  T .2, th e  in c re a se  in  en th a lp y , assuming 

th e  gas to  be n o n -re a c t iv e , was 1 x 10 erg/gm. At th e se  c o n d itio n s , th e  

en th a lp y  in  v ib ra t io n  was e stim ated  to  be le s s  than 1 x 10 erg/gm .

Hence, th e  e f f e c ts  o f v ib r a t io n a l  non eq u ilib riu m  on th e  model flows was 

neg lec ted»
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4.1 Wedge Flow

As d esc rib e d  above and in  s e c tio n  2 .2 , i f  th e  e f f e c ts  o f chem ical 

non e q u ilib riu m , v is c o s i ty  and f r e e  stream  divergence can be n e g le c te d , flow  

over a  wedge may be c h a ra c te r is e d  e n t i r e ly  by th e  angle of th e  shock wave 

formed on i t  by th e  flow»

Experim ental d e te rm in a tio n s  o f th e  shock angle formed on wedges 

o f ang les betw een 15 and 50° were made u s in g  S ch lieren  and Mach Zehnder 

in te rfe ro m e try »  F ig u res  71 and 72 show ty p ic a l examples of th e se  tech n iq u es  

in  T .2 . W ithin th e  accuracy of measurement from such photographs (approx im ate ly  

5 f ° )  f "the shock waves on wedges of 35° h a l f  angle or l e s s  we re  s t r a ig h t  f o r  a l l  

cases in  T01 and T .2 . F igure  71 a lso  shows a S ch lie ren  photograph o f th e  

shock wave on a 45° h a lf  angle wedge. The cu rva tu re  o f th e  shock su g g es ts  

th a t  i t  was n e a r  th e  p o in t o f detachm ent. (Because th e  f r e e  stream  was 

ax i symmetric a l ly  d iv e rg e n t, th e re  was n o t a  sharp t r a n s i t io n  from an a tta c h e d
4

to  a  detached  shock wave as th e  wedge ang le  was increased» In s te a d , th e re  

e x is te d  a range o f  ang les w ith in  which th e  shock wave curved l i k e  a detached  

wave, h u t remained a tta ch e d  to  th e  body n o se .)  This i s  in  agreement w ith  

p e r f e c t  gas equations ( r e f .  74)» which p re d ic t  a detachment angle o f 43° 

a t  th e se  c o n d itio n s . To ensure  a ttachm en t, angles le s s  than  35° were used 

f o r  th i s  s tu d y .

F igures 35 to  37 show th e  agreement between experim ental shock 

ang les and th o se  c a lc u la te d  assuming no re a c tio n  behind the  wedge shock.

The method of s tre am lin e  re la x a tio n  was used to  in v e s t ig a te  th e  

e f f e c t s  of chem ical nonequ ilib rium  on th e  wedge flow. H ighest d e n s ity  and 

tem p era tu re  behind th e  Y/edge shock were obtained  with th e  0 .1 25 in  th r o a t  w ith  

th e  7.5° h a l f  angle n o zz le  on T .2 . At th e se  co n d itio n s , re a c tio n s  beh ind  th e  

wedge.shook were most p ro b ab le . R eaction  len g th s  viere found to  be o f the  

o rd e r o f 100 cm in  a i r  and 1000 cm in  n itro g e n  a t  these  c o n d itio n s  on a 

35° wedge» As th e se  le n g th s  were very  much g re a te r  than  th e  model le n g th  

o f 1 era, n o n ~ reac tiv e  flow  over th e  wedges was a reasonab le  assum ption

/54



54

(se e  s e c tio n  5*2 fo r  a  f u r th e r  d is c u ss io n  of re a c tio n s  behind a wedge 

shock)o

U sing th e  flow  prox>erties c a lc u la te d  behind th e  ob lique  shock 

( r e f .  39)» th e  e f f e c t s  o f th e  wedge boundary la y e r  were estim ated  u s in g  

sim ple theo ry  ( r e f 0 93) w ith  S u th e r la n d 's  lav/ fo r  the v is c o s i ty  o f  th e  g a s .

At a  d is ta n c e  o f 1 cm from the  model nose, th e  boundary la y e r  d isp lacem en t 

th ic k n e ss  was ty p ic a l ly  0.01 cm f o r  a 35° wedge w ith th e  0.125 in  th r o a t  

in  th e  7»5° h a l f  ang le  n ozzle  on To2.

The s lo p e  of th e  ob liq u e  shock wave on a wedge may be d e fin e d  as 

a fu n c tio n  o f th e  e f f e c t iv e  s lo p e  o f th e  wedge, which may be o b ta ined  from 

th e  p r o f i l e  o f th e  boundary la y e r  d isp lacem ent th ick n ess  on th e  wedge su r fa c e . 

Because flow  behind an ob lique  shock wave i s  su p erso n ic , the  shock wave 

shape a t  any p o in t i s  in flu en c ed  only by th a t  p a r t  of th e  flow which i s  

upstream 4 of a  Mach l i n e  from th e  wedge su rfa ce  through th e  p o in t. That i s ,  

th e  e f f e c t iv e  wedge s lo p e  i s  approxim ately  equal to  an average s lo p e  o f th e  

boundary la y e r  d isp lacem ent th ic k n e ss  up to  the o r ig in  of th e  Mach l i n e  

d esc rib ed  above, A l e s s  s u b tle  approxim ation to  the  e f f e c t iv e  wedge s lo p e  

i s  th e  s lope  of a  s t r a ig h t  l i n e  th rough  th e  wedge t ip  and th e  boundary 

. l a y e r  d isp lacem ent th ic k n e ss  a t  th e  re q u ire d  d is ta n c e  up th e  wedge. At th e  

co n d itio n s  of t h i s  s tu d y , i t  was found th a t  th ese  approxim ations gave 

approxim ately  th e  same va lu e  f o r  th e  e f f e c t iv e  wedge s lo p e .

Then, assuming th a t  th e  boundary la y e r  displacem ent th ic k n e ss  

could be considered  sim ply as causing  a sm all in c re a se  in  th e  wedge an g le  

(o f  between 0 .5  and 2 ° ) , th e  c a lc u la te d  curves in  f ig u re s  35 to  37 were 

c o r re c te d . The r e s u l t in g  curves show improved agreement w ith  th e  

experim ental v a lu e s .

A second e f f e c t  of v is c o s i ty  occurred a t  th e  nose of th e  body 

where th e  shock la y e r  and boundary la y e r  were of comparable th ic k n e s s , The 

in te r a c t io n  o f shock waves and boundary la y e rs  has been s tu d ie d  by many 

w orkers ( e .g .  r e f s .  94> 99»’ 104, 109 and 114). In te ra c t io n s  on a body nose
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are  g e n e ra lly  c h a ra c te r is e d  by the  v isco u s in te ra c t io n  param eter )6 , where:

r3 C*

y , can he considered  as a measure of th e  s iz e  o f  the  s tro n g  in te r a c t io n  reg io n  

compared w ith  th e  body length® At cond itions ty p ic a l o f th i s  s tu d y  (-§- in  

th r o a t ,  7»5° h a l f  angle n o z z le ) , th e  Reynolds number behind th e  shock 

wave on a 35° wedge was approxim ately  1 x 10^/cm, For a  le a d in g  edge 

th ic k n e ss  o f 0.001 cm (th e  wedge was m anufactured by g rin d in g  to o l  s t e e l ) ,  

t h i s  gave a le a d in g  edge Reynolds number o f 10. The v a lu e  o f y  1 cm up 

th e  v/edge was approxim ately  108 . The re s u l ts  o f re fe ren ce  114 in d ic a te

th a t ,  a t  th e se  c o n d itio n s , th e  in te r a c t io n  is  v/eak. The r e s u l t s  o f re fe re n c e
X109 confirm  th a t ,  fo r  th is  v a lu e  o f —P = 0.05, th e  in te r a c t io n  i s  n o t s tro n g .

The e f f e c t  o f the  c o n ic a l n o zzle  flow divergence on th e  two- 

dim ensional v/edge shock wave was e stim ated  using  the theory  o f re fe re n c e  

70. A t‘c o n d itio n s  ty p ic a l  of th i s  s tu d y , the d is ta n ce  o f th e  shock wave from 

th e  wedge was decreased  by l e s s  than  5c/° a t  the r e a r  of th e  Y/edge fa c e .

S evera l d e te rm in a tio n s  o f p i t o t  p re ssu re  behind th e  o b liq u e  shock 

wave on a wedge were made u s in g  th e  probe described  in  appendix B. A ty p ic a l  

r e s u l t  i s  shown in  f ig u re  68. Agreement between the experim ental v a lu es  and 

v a lu es  c a lc u la te d  assuming no re a c tio n s  and no nozzle flow  d ivergence  was 

w ith in  the  e r ro rs  in  read in g  from th e  o sc illo sc o p e  t r a c e s .  The probe was 

damaged b e fo re  a f u l l  s tudy  could be made of th e  e f fe c ts  o f v a ry in g  wedge angles 

and f r e e  stream  c o n d itio n s .

4 .2  Cone Flow

Flows over cones a t zero  ang le  of a t ta c k  were examined in  much th e  

same way as were th e  tw o-dim ensional wedges. F igure 71 shows a S c h lie re n  

photograph of flow over a cone and f ig u re  42 compares c a lc u la te d  and 

experim en tal shock an g les . The e f f e c ts  o f the  boundary la y e r  a re  ap p aren t 

a lthough  th e  th ick n ess  was l e s s  th an  on the  wedges» Both th e  shock la y e r  

and boundary la y e r  a re  th in n e r  on a  cone than on a wedge because th e  c ro ss
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sectional area of the cone stream tubes increases with increasing distance 

from the body noseQ For the same reason, a cone has a langer shock wave 

detachment angle than a wedge at the same free stream conditions0

H o w  over a cone at an angle of attack to the free stream has 

been studied by many workers (e.g0 ref. 63) because of its application to 

real flight of sharp-nosed bodies and because it is a relatively simple 

model on which to study the generation of vorticies by bodies at yaw0 

Figure 71 shows a Schlieren photograph of a 30° half angle cone at 10° yaw. 

Measurements showed that the shock wave followed the cone rather than the 

free stream at these conditions (that is, the angle the shock wave made 

with the upper and lower parts of the cone remained almost constant).

This agrees with the predictions of the perturbed cone flow computer 

program,, As the gas was not reacting on the cone, it was thought tha/fc 

increasing the angle of attack out of the range of accuracy of the 

perturbation calculation would achieve little to advance this study and 

no further work was done with cones.

4o3 Hemisphere-Cylinder Flow

Flows over simple blunt bodies have been studied by many workers 

because of their direct applicability to shapes used in flight (e.g. refs. 

79, 82, 144). The property most commonly used to characterise such flows 

is the shock stand-off distance; that is, the distance between the shock 

and the body along a line normal to the body and passing through the 

stagnation point. (This definition is adequate and unambiguous for the 

axisymmetric blunt bodies at zero incidence used in this study.)

t Shock wave shapes on a hemisphere-cylinder were determined using 

Schlieren and Mach Zehnder interferometry. Figure 72 shows a typical 

interferometer photograph. The shock stand-off distance was measured as 

a fraction of the body radius directly from the photographs with an error 

of less than 5-/0. Figure 43 shows shock stand-off distances in T.2. The 

agreement is excellent and is a good indication of the accuracy of the

/57



57 o

com plex , n u m e r ic a l  c a l c u l a t i o n s  u se d  to  o b ta in  th e  t h e o r e t i c a l  p o i n t s 0 

I n  p a r t i c u l a r ,  i t  i s  an i n d i c a t i o n  e i t h e r  t h a t  th e  a ssu m p tio n  o f  v i b r a t i o n a l  

e q u i l ib r iu m  i n  th e  c a l c u l a t i o n s  was v a l i d  o r  t h a t  th e  e f f e c t s  o f  v i b r a t i o n a l  

n o n e q u il ib r iu m  on th e  sh o ck  sh a p e  ( s e e  a ls o  s e c t io n  5«1 f o r  th e  f u l l  sh o c k  

sh a p e )  w ere n e g l i g i b l e  ( s e e  s e c t i o n s  3 .4 .1  and 4 , 1 ) 0 

4• 4 The D ia g n o s t ic  Yfedge

I n  th e  m odel f lo w  c a l c u l a t i o n s  d i s c u s s e d  i n  t h e  p r e c e d in g  s e c t i o n s  

o f  t h i s  c h a p te r ,  t h e  s t a r t i n g  p o in t  has  b een  th e  f r e e  s tr e a m  c o n d i t io n s  as 

c a lc u l a t e d  and c o n f irm e d , w here p o s s i b l e ,  by  e x p e r im e n t. The r e s u l t s  o f  

t h e  c a l c u l a t i o n s  have  b een  com pared w i th  e x p e r im e n ta l ly  d e te rm in e d  s h o c k  

wave s h a p e s  and th e  a g re e m e n t o r  o th e rw is e  u sed  to  d educe  th e  a c c u ra c y  

o f  th e  assum ed f r e e  s tr e a m  c o n d i t io n s .  T u rin g  th e  d eve lopm en t o f  t h e  wedge 

f lo w  p ro g ram  ( r e f .  39) i t  was n o t ic e d  t h a t  d e d u c tio n s  c o u ld  be made i n  th e  

o p p o s i t e  d i r e c t i o n  f o r  t h i s  s im p le  model«

The e q u a t io n s  f o r  th e  c o n s e r v a t io n  o f  m ass, momentum and e n e rg y  

a c r o s s  th e  o b l iq u e  sh o c k  wave may b e  w r i t t e n :

P 2 = P 1 + ^  (u .jS in  e ) 2 0 -  — )
C.2

(1 )

h ? = h 1 + ( u 1 s i n  <3)2 (1 -  ( f 1 ) 2 )
V2

( 2 )

^  t a n  O = t a n  (6- -  fi) (3 )

I f  th e  gas does n o t r e a c t  a c ro s s  th e  shock wave, i t  may be c o n s id e re d  

p e r f e c t  and:

h -  ; S' ' /n  + hyvr 4
S u b s t i t u t i n g  i n  ( 2 ) ,  f o r  h u s in g  ( 4) and p u s in g  ( l ) ,  g iv e s :

.̂1 Y -  1

^ 2  =
1 + h1 “ hf

ta n  (ft -  0)  
t a n  O

tKujSin e)' 

from  (3 )

(4 )
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that is,

Y + 1 tan

[ • *X -  1 tan (6- - ftf)

V sin (2f> - 0) + s0 = sin (o)

h1 - hf
i (û in e)‘

(5)
where £ = (■, _ ■s.i.n..(.2.̂ f>\ )/{•-, . i«, sin ̂  sin ̂  s

'jin 0 (h1 - hf)oos(-& -7Ü"

Assuming that the flow is hypersonic implies: 

hi “ hf ^  iC^sin O)2 

and = 0

Then the shock angle on the wedge gives a direct measure of the ratio of 

specific heats of the test gas,
1 oAt conditions typical of this study ( /  g in throat, 7*5 half angle 

nozzle on T02), the error introduced in ^  by assuming ^  = 0 wan approximately 

-5cA  ’*

t = t  1 - (6)Also

where c and c are assumed to be P v
constants for each species.

For nitrogen, the species considered are N and N and coupling 

the conservation of elements with equation (6) allows solution for the 

mass fractions X^ and X^. Similarly for oxygen. For air, the molecular 

species N^ and 0^ a-re lumped together as are the atomic species N and 0,
/

The concentration of NO is considered sufficiently small for that species 

to be disregarded. This has been shown to be reasonable at the very high 

enthalpy levels obtained in the free piston shock tunnels in section 3*4*1•
t

It is unlikely to be accurate in lower enthalpy machines. Then, if it is 

assumed that all 0o dissociates before any N is formed, conservation 

equations may be set up and solved for , Oq , X^ and X^. The difference 

between the dissociation energies of N^ and 0^, 9°7o eV and 5*12 eV 

respectively makes this assumption plausible,. Air, containing only N and

has Y = 1o465< /59
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Using th e  sp ec ie s  c o n ce n tra tio n s  derived  above, th e  en thalpy  

frozen  in to  th e  flow  equals th e  en thalpy  req u ired  to  form th e  s p e c ie s *

That i s ,  h^ = h ^

Then, i f  th e  s ta g n a tio n  en thalpy  i s  known, th e  f r e e  stream  v e lo c i ty  may he 

ev a lu a ted  from:

o ^C onsider th e  r e s u l t s  f o r  a  35 h a lf  angle  wedge in  T*1 shown in  f ig u r e  35<>

As d iscu ssed  in  s e c tio n  3»4» 3, a p e rio d  of approxim ately 70 m icrosec a f t e r  

shock r e f le c t io n  i s  re q u ire d  f o r  th e  n ozzle  s ta r t in g  p ro cesses  to  decay 

and f o r  s tead y  flow  to  he e s tab lish ed ,, A fte r 100 to  300 m icrosec o f uniform  

flow , d u rin g  which th e  shock angle rem ains c o n sta n t, d r iv e r  gas (helium ) 

beg ins to  con tam inate  th e  flow  and, be ing  a  monatomic g as, i t  in c re a s e s  

th e  r a t i o  of s p e c i f ic  h e a ts  o f th e  gas a n d ,. th e re fo re , th e  shock angle*

For ty p ic a l  co n d itio n s  in  f ig u re  35, a 155® in c re a se  by mass o f helium  in c re a se s  

th e  shock wave angle by approxim ately  1° .  Hence, the  f i r s t  use of th i s  

tech n iq u e  i s  as a d e te c to r  of con tam ination  by d r iv e r  gas*

F igu res 25, 26 and 27 show v a lu es  of th e  f r e e  stream  v e lo c i ty  

d e riv ed  u s in g  th i s  tech n iq u e  from th e  shock angle shown in  f ig u re s  35, 33 

and 39° F ig u res  29 to  31 show v a lu es  o f sp ec ies  concen tra tions*  In  a l l  

c a se s , th e  r e s u l t s  agree w ith  c a lc u la te d  r e s u l t s  w ith in  th e  experim en tal 

e r r o r s .  F igu res 30 and 31 a lso  show r e s u l t s  obtained v/ith  a Quadrupole 

Mass Spectrom eter ( r e f .  133)» The v o lta g e  ou tpu ts from th e  S pectrom eter 

were r e la te d  to  sp ec ie s  c o n ce n tra tio n s  through io n iz a t io n  c ro s s -s e c t io n s  

o b ta ined  from re fe re n c e  36* (These d i f f e r  from th e  c ro s s -s e c tio n s  used in  

re fe re n c e  133, e sp e c ia l ly  s in c e  no experim ental values were quoted th e re  f o r  

atom ic s p e c ie s .)  The agreement w ith  th e  c a lc u la te d  r e s u l t s  i s  w ith in  th e  

experim ental e rro rs*
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There a re  a  number of l im i ta t io n s  to  th e  d ia g n o s tic  wedge techn iques 

The flow  en th a lp y  and d e n sity  must be w ith in  c e r ta in  l im i ts  so th a t  th e  

assum ptions of no re a c tio n s  in  th e  flow  and the  presence of c e r ta in  sp ec ie s  

only a re  valid«, The flow  en thalpy  must be very high so th a t  th e re  i s  a 

la rg e  v a r ia t io n  in  th e  f r a c t io n  o f m olecules d is so c ia te d  and a co rresp o n d in g  

la rg e  v a r ia t io n  in  ö , I f  th is  i s  n o t so , then the accuracy w ith which th e  

shock ang le  must be measured becomes excessive«, Also, th e  boundary la y e r  

th ic k n e ss  must e i t h e r  be m easurable o r  re a d ily  estim ated , and th e  flow  

must be hypersonic«. The low hyperson ic  Mach number w ith  th e  y  in  th r o a t ,

7 o 5° h a lf  angle  n o zz le  on T02 p reven ted  th e  use of the  techn ique w ith  th a t  

nozzle«,

A ll th e se  l im i ta t io n s  may be removed by s u i ta b le  c o r re c t io n  

fa c to r s  in  th e  equations above0 However, th e  assessm ent o f  th e  c o r re c t io n  

f a c to r s  re q u ire s  p r io r  knowledge of th e  flow p ro r je r tie s , and th i s  causes
4

th e  techn ique  to  deg en era te  from an independent d e term ina tion  to  one which 

depends on, f o r  example, th e  n o zz le  flow  c a lc u la tio n s  to  v e r ify  th e  n o zz le  

flow  c a lc u la t io n s .

In  i t s  p re se n t form, i t  p ro v id es  a means ( a lb e i t  r a th e r  rud im en tary ) 

o f com pleting  th e  c a l ib r a t io n  o f th e  f r e e  stream  p ro p e r tie s  (see  s e c t io n  3°4»4)> 

p a r t i c u la r ly  u n til-  such dev ices as th e  Mans Spectrom eter of re fe re n c e  138 

a re  f u l l y  developed.
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So * I J 0 n E L  FLO.7 5  T / I T H  C H P T J C .V b  I T O M E q i U L I I ^ i m

The c lo s e  agreem ent betw een experim ent and p e r f e c t  gas c a lc u la t io n s  

re p o r te d  in  c h a p te r  A,  th e  r e s u l t s  o f th e  d ia g n o s tic  wedge te c h n iq u e  ( s e c t io n  

4*4), arid e s t im a te s  o f  r e la x a t io n  le n g th s  u s in g  n o n eq u ilib riu m  model flow  

program s, e l l  show t h a t  on ly  n o n - r e a c t in g  gas flow s were produced  f o r  

f l i g h t  s im u la tio n  in  th e  shock tu n n e ls  T.1 and T„2. I f  t h i s  i s  th e  c a s e  f o r  a l l  

th e  tu n n e ls ,  th e n  th e  f r e e  p is to n  te c h n iq u e  lo s e s  a l o t  o f  i t s  ap p ea l and 

becomes a  s im p le  e x te n s io n  o f e x i s t in g  techn iques»  B ecause o f th e  c o n s id e ra b le  

im p o rtan ce  o f  n o n e q u ilib r iu jn  model f lo w s , th e  fo llo w in g  te ch n iq u e  was evo lved  

from th e  d ia g n o s t ic  wedge as a means o f d e te c t in g  the  p re se n c e  o f ch em ica l 

r e a c tio n s o

5.1 The F la re d  H em isp h ere -C y lin d e r

C a lc u la t io n s  showed th a t  flo w  over a  h lu n t  body in  T.2 w ith  th e  

•§■ in  t h r o a t ,  7» 5° h a l f  an g le  n o z z le  v,ras c lo s e s t  to  e x l i ib i t in g  non e q u il ib r iu m  

e f fe c ts * o n  th e  shock  wave shape» (T h is  n o zz le  has th e  s m a l le s t  a r e a  r a t i o  

and th e  h ig h e s t  f r e e  s tre a m  d e n s i ty ,  and a  b lu n t  body g iv e s  th e  s t r o n g e s t  

j)0s s i h l e  shock wave. ) I t  was p roposed  th a t  any change in  th e  r a t i o  o f 

s p e c i f i c  h e a ts  o f th e  gas caused  by r e a c t io n s  in  th e  s ta g n a t io n  re g io n  o f  

such  a  body ( th e  te m p e ra tu re , d e n s i ty  and, th e re fo re ,  r e a c t io n  r a t e s  a re  

g r e a t e s t  a t  th e  s ta g n a t io n  p o in t )  cou ld  be observed by th e  change in  th e  

shock a n g le  on a  wedge p la c e d  dow nstream  in  th e  model flow» H o p e fu lly , th e  

gas would r e a c t  i n  th e  s ta g n a t io n  re g io n ,  f re e z e  again  as i t  flow ed around th e  

body th ro u g h  th e  so n ic  l i n e  and g iv e  p e r f e c t  gas flow  ov er a  d ia g n o s t ic  wedge» 

To p re s e rv e  th e  symmetry o f  th e  flo w , th e  wedge was, in  f a c t ,  a  f l a r e  p la c e d  

dow nstream  o f th e  nose  o f  a  h e m isp h e re -c y lin d e r .
t

P e r f e c t  gas c a l c u la t io n s  w ere perform ed f o r  th e  f i n a l  model ( s e v e r a l  

models were t r i e d  in  an e f f o r t  to  g iv e  maximum d e n s ity  g ra d ie n ts  f o r  th e  

S c h l ie re n  system  w h ile  r e t a in in g  th e  f e a tu r e s  above and rem ain ing  in  th e  

c o re  o f  th e  n o z z le  flo w ) u s in g  th e  in v e r s e  b lu n t  body method fo llo w ed  by th e  

method o f  c h a r a c t e r i s t i c s  ( s e e  s e c t io n  2 .2 )»  To c a lc u la te  th e  e f f e c t s  o f
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chem ical r e a c t io n s ,  a  n c n o q u ilib r iu n  bow-shock c a lc u la tio n  was made to  a 

l i n e  p a s t  th e  so n ic  l i n e ,  th e  average r a t i o  o f s p e c if ic  h ea ts  wan taken  

acro ss  th e  l i n e ,  s n a i l  changes were made to  the  Mach number to  com pensate 

f o r  th e  changes in  th e  r a t i o  o f s p e c i f ic  h eats  req u ired  to  g ive  th e  c o n s ta n t 

average v a lu e , and th e  c a lc u la t io n  was continued  with th e  p e r fe c t  gas method 

of c h a r a c te r i s t i c s  program . Tile f l a r e  shock shape ob ta ined  by th i s  method 

could  then  be compared w ith  experim ent.

The com pensating changes in  Mach number aero3s th e  ou tpu t l i n e  

were made so as to  keep th e  r a t i o  o f s t a t i c  to  to ta l  p re s su re  constan t,.

For example, i f  th e  average va lue  o f  across th e  output l in e  was 1 ,4 0 , th en

to  1 ,198 ,

The c a lc u la te d  r e s u l t s  could n o t be compared w ith  ex p erim en ta l
4

r e s u l t s  because boundary la y e r  s e p a ra tio n  was induced by th e  p re s su re  r i s e  

aero S3 th e  shock wave on th e  f l a r e ,  A S ch lie ren  photograph of such a  flow  

i s  sho rn  in  f ig u r e  52 and an in te r p r e t iv e  diagram i s  shown in  f ig u r e  53*

o f th e  f l a r e  which v en ted  th e  boundary la y e r  to  the wake, A draw ing o f th e  

model i s  g iven  in  / f ig u re  54* V&th a  1/64 in ch  gap between th e  l i p  o f th e  

f l a r e  and th e  c y lin d e r ,  i t  was found th a t  sep a ra tio n  was com pletely  removed.

F ig u re  35 shows a  S c h lie re n  photograph w ith p o in ts ,  c a lc u la te d  w ith

th e  assum ption o f no re a c t io n s  beh ind  th e  model shock wave, superim posed. 

The agreem ent i s  w ith in  2$, which in d ic a te s  th a t  the e f f e c ts  o f r e a c t io n s  

in  th e .s ta g n a t io n  reg io n  a re  n e g l ig ib le .

These r e s u l t s  a re  a lso  re p o rte d  in  re fe ren ce  145*

5 .2  Model Flows in  T,3

E arly  in  1970, th e  Free P is to n  Shock Tunnel T,3 was a t  a  s ta g e  

where u se fu l experim ents could be done a t  reasonably  h igh  perform ance 

l e v e l s .  C a lcu la tio n s  showed th a t ,  w ith  th e  high d e n s i t ie s  a v a ila b le  and

c o n stan t

a

To e lim in a te  th e  s e p a ra tio n , a  b leed  was in tro d u ced  a t  th e  b a se
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a f a c to r  of 8 in c re a s e  in  model dim ensions, chem ically  re a c t in g  model flow s 

were p o s s ib le . There was ju s t  s u f f i c i e n t  overlap  between the  com pletion  o f 

T ,3 and of th i s  p ro je c t  f o r  some elem entary  t e s t s  to  be made.

To th i s  tim e, th e re  appear to  have been no r e s u l t s  re p o rte d  in  th e  

l i t e r a t u r e  a t  s u f f i c i e n t ly  h igh  tem peratu res and d e n s i t ie s  f o r  n i tro g e n  to  

re a n t as i t  p asses over models, a phenomenon which occurs on m is s i le s  

r e -e n te r in g  th e  E a r th 's  atm osphere a f t e r  space voyages,, (Compare f ig u r e s  1 

and 3. )

P ro p e r tie s  s e le c te d  f o r  com parison w ith  the nonequ ilib rium  th eo ry  

were shock wave shapes on a 5 021 d iam eter hemisphere and on a wedge c o n s is t in g  

o f a  f l a t  p la te  in c l in e d  a t  25°  to  th e  nozzle  a x is .  Measurements o f  th e  shock 

wave shapes were made w ith  a  Mach Zehnder In te rfe ro m e te r  and a s in g le  pass 

S c h lie re n  system  (see  Appendix B ). The flow  co n sis ted  of approx im ately  0 . 4  

msec o f #nozzle  s t a r t i n g  p ro cesses  fo llow ed  by 0 .5  nsec o f s teady  flow  b e fo re  

con tam ination  by helium  d r iv e r  g as. The photographs were taken  between 

0 .5  and 0 .7  ni3ec.

B lunt  Body Resu l t s

F ig u res  45 and 46 show th e  v a r ia t io n  o f sp ec ies  c o n c e n tra tio n s  

c a lc u la te d  along  th e  s ta g n a tio n  s tre a m lin e  on a b lu n t body fo r  a i r  and 

n itro g e n  re s p e c t iv e ly .  An im portan t fe a tu re  i s  the  s h o r te r  re la x a tio n  

le n g th  in  a i r  caused by th e  -w ell-s tud ied  n i t r i c  oxide s h u f f le  r e a c t io n s .

For bo th  o f th e se  r e s u l t s ,  i t  i s  apparen t th a t  th e  re la x a tio n  le n g th  i s  

comparable to  the  shock s ta n d -o f f  d is ta n c e , which i s  the  only c o n d itio n  f o r  which 

th e  approxim ate method ( r e f .  60) i s  v a l id .  At co n d itio n s  n e a r eq u ilib riu m  o r 

f o r  n o n -re a c tin g  gas b eh av io u r, th e  method showed narked disagreem ent w ith  

r e s u l t s  from th e  f u l l  in v e rs e  methods ( r e f s ,  52 ,54 ). (For th i s  reaso n  and 

because th e  f r e e  stream  co n d itio n s  d i f f e r e d  (see  s e c tio n  3 .4 .0 »  th e se  r e s u l t s  

should  not be r e la te d  to  wedge flow s in  T, 1 o r T .2 .)

F ig u re  47 shows experim ental and c a lc u la te d  s ta n d -o f f  d is ta n c e s  

on a hem isphere in  a i r .  From the  agreem ent between th e  experim en tal p o in ts ,
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and th e  non eq u ilib riu m  c a lc u la t io n s ,  i t  i s  apparen t th a t  th e  gas i s  r e a c t in g  

as i t  p asses over th e  model, h u t th a t  i t  i s  n o t rap id  enough to  reach  

equilibrium o

Since th e  f r e e  stream  Mach number i s  alm ost c o n s ta n t, th e  v a r ia t io n  

of s ta n d -o f f  d is ta n c e  in  f ig u re  47 i s  due to  th e  v a r ia t io n  of free stream  

d is s o c ia t io n  (on ly  f o r  the  p e r f e c t  gas c a lc u la t io n s )  and the r e a c t io n  r a te s  

on th e  modelo 

Wedge Resul t s

A f i r s t  approxim ation  to  re la x a tio n  behind th e  ob lique  shock wave 

on th e  wedge was c a lc u la te d  assuming a c o n stan t p re ssu re  along each stream - 

tube» F igure  48 shows th e  change in  c ro s s - s e c t io n a l  a re a  o f th e  s tre am -tu b es  

so c a lc u la te d .

Tine r e s u l t s  and th e  th e o r e t ic a l  shock a n ^ e s  in  f ig u re  50 show th a t  

th e  n itro g e n  t e s t  gas was recom bining r a th e r  than  d is s o c ia t in g  as i t  passed  

over th e  wedge, th u s  adding energy to  th e  flow» This was caused by th e  

sp e c ie s  ’’fre e z in g "  in  th e  n ozzle  a t  a h ig h e r tem peratu re  than was reached 

behind the  ob liq u e  shock wave» The fu n c tio n  o f th e  shock wave was th e re fo re  

to  in c re a s e  th e  d e n s ity  s u f f i c i e n t ly  to  allow  re a c tio n s  to  proceed» Although 

th e se  r e s u l t s  a re  in  accord  w ith  exotherm ic n itro g e n  re la x a t io n ,  th e  r e a c t io n  

le n g th  was too  la rg e  f o r  any e f f e c ts  to  be d e te c ta b le  in  th i s  s tu d y . The 

experim ental r e s u l t s  in  f ig u re  58 agree w ith  th i s  p re d ic tio n  as th e  tre n d  

of th e  experim ental ang les fo llo w s th a t  of th e  frozen  shock angle c a lc u la t io n s  

c lo s e ly .  The c o n s ta n t d if f e re n c e  between th e se  two curves i s  p robab ly  due 

to  in a c c u ra c ie s  in  th e  boundary la y e r  estim ates,.

The r e s u l t s  in  f ig u r e  43 show th a t  a i r  was r e a c t in g  s ig n i f i c a n t ly  

in  10 cm. The m agnitude o f th e  change in  s tream -tube  a re a  shown in  f ig u r e  

45 i s - a  fu n c tio n  of the  d if f e r e n c e  between th e  frozen  and eq u ilib riu m  shock 

wave angles and i s  co n s id e ra b ly  in  e r ro r  because o f th e  assum ption of c o n s ta n t 

p re s su re  along th e  stream  tu b e s . The p o in t a t  which th e  r a te  o f change of
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a rea  r a t i o  w ith  d is ta n c e  beg ins to  d ecrease  (p o in ts  o f in f l e c t io n  in  th e  

curves o f f ig u re  48) i s  r e l a t iv e ly  independent o f th is  assum ption and i s  a 

reaso n ab le  measure of re la x a tio n  le n g th .

Using th i s  c r i t e r io n  f o r  th e  re a c tio n  len g th , only th e  flow  w ith  

4 in  Hg i n i t i a l  shock tube  p re s su re  should  g ive an observab le  r e la x a t io n  

e f f e c t  ( th e  d if fe re n c e  between th e  fro zen  and equ ilib rium  angles i s  too  

sm all a t  8 in  Hg) and th i s  i s  confirm ed by th e  experim ental d a ta  in  f ig u re
i ? '

49 o

F igu re  51 shows a S c h lie re n  photograph of th e  shock wave a t  4 in  Hg0 

in i t i a l s h o c k  tube p re s su re . There appears to  be some cu rv a tu re  o f th e  shock 

an p re d ic te d  elsew here (re fs*  64,65)0 

FIared-H em isphere-Cy1in d  e r

The nex t s te p  in  th i s  tu n n e l was to  use the fla red -hem i sp h e re - 

c y lin d e r  in  th e  method o u tlin e d  in  s e c tio n  5o1. C a lcu la tio n s  in d ic a te d  th a t
4

a body w ith  a  nose ra d iu s  o f 1*0 in  would g ive a  reasonab le  n o n eq u ilib riu m  

e f f e c t  in  th e  s ta g n a tio n  reg ion  and th a t  th e  gas would f re e z e  b e fo re  i t  

reached th e  so n ic  l i n e  and remain fro zen  across th e  f l a r e  shock* The absence 

o f S c h lie re n  q u a l i ty  windows f o r  th i s  tunne l prevented experim ental 

v e r i f i c a t io n  of th e se  c a lc u la t io n s .  (The wedge flow photographs d e sc r ib e d  

above were tak en  through d is c s  o f commercial p la te  g la s s .  The s t r i a t i o n s  

in  th e  g la ss  were a lig n e d  p e rp e n d ic u la r  to  th e  expected l in e  of th e  wedge

shock and th e  S ch lie ren  s l i t s  (see  appendix B) were a lig n ed  p e rp e n d ic u la r
/

to  th e  s t r i a t i o n s .  Thus th e  s l i t s  were approxim ately p a r a l l e l  to  th e  wedge 

shock wave, which gave maximum s e n s i t iv i ty *  Even with th e se  p re c a u tio n s , 

s t r i a t i o n s  and p e rp e n d ic u la r  " ro l l in g "  marks were v is ib le  in  th e  o r ig in a ls
t

of photographs such as th e  one shown in  f ig u re  51 ° The shock wave formed 

on an axisym m etric body such as th e  f l a r e  g ives a very much sm a lle r  p a th  

le n g th  f o r  th e  S c h lie re n  system  than  a two dim ensional wedge. Both in  

S c h lie re n  and in te rfe ro m e try  th e  f l a r e  shock could be seen , b u t i t  was 

s u f f i c i e n t ly  b lu rre d  and d is to r te d  by th e  windows to be u se le s s  f o r  a c c u ra te  

m easurem ents.)
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Sum  ary

The r e s u l t s  d e sc rib ed  above f o r  sim ple model flows in  th e  shock 

tu n n e l T ,3j p a r t ic u la r ly  th e  experim ental r e s u l t s  from th e  b lu n t body model, 

in d ic a te  th a t  chem ical n o n equ ilib rium  i s  a f fe c t in g  th e  shock wave sh a p e s0 

This has been confirm ed s in c e  th e  conclusion  of th i s  s tudy  by a s e r ie s  o f 

experim ents which measured f r in g e  s h i f t s  on a Mach Zehnder in te r fe ro m e te r  

(re fo  150).
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CONCLUSIONS

The work d e sc rib e d  in  th i s  th e s is  c o n tr ib u te s  to  c u rre n t knowledge 

in  th e  f i e ld  o f la b o ra to ry  s im u la tio n  of hypersonic flow  in  the  fo llo w in g  

ways:

The e x is te n c e  o f uniform  t e s t  gas flow in  a f r e e  p is to n  shock 

tu n n e l w ith  a  s ta g n a tio n  en thalpy  up to  6 x 10 erg/gm and i t s  s u i t a b i l i t y  

f o r  hypersonic  t e s t in g  have been demonstrated«, Experiments w ith  a i r  and 

n itro g e n  t e s t  gases have been perform ed in  the  very  high en thalpy  gas flow  

and good agreement w ith  r e s u l t s  o f c a lc u la tio n s  using c u r re n tly  a v a i la b le  

tech n iq u es  and chem ical d a ta  was found«,

The same tech n iq u es  and d a ta  have been shown to  be in ad eq u a te  f o r  

a  d e s c r ip t io n  o f carbon d io x id e  a t  th e se  c o n d itio n s .

Flows w ith  argon as th e  t e s t  gas have been shown to  have s h o r t  

t e s t  tim es , com patib le  w ith  the  fo rm ation  of a d r iv e r - t e s t  gas c o n ta c t 

su rfa c e  i n s t a b i l i t y .

A tech n iq u e  r e f e r r e d  to  as th e  "D iagnostic '«ledge" has been 

developed, which, f o r  th e  co n d itio n s  p e c u lia r  to  th is  s tu d y , d e riv ed  th e  

r a t i o  o f s p e c i f ic  h e a ts ,  th e  atom ic and m olecu lar spec ies  c o n c e n tra tio n s , 

th e  fro zen  en thalpy  and th e  v e lo c i ty  o f the  t e s t  gas from measurements o f 

one p ro p e rty  -  th e  ang le  formed by the  ob lique shock wave on a wedge.

The e x is te n c e  o f model flows w ith  cehmical nonequilibriujm  has 

been dem onstrated  and measurements o f th e  shock wave shapes agreed 

approxim ately  w ith computed v a lu e s 0

In  more g en e ra l te r n s ,  s e v e ra l observations may be made from th i s  

studyot F i r s t l y ,  th e  f r e e  p is to n  shock tunnel has been shown to  be a  u s e fu l 

ex ten s io n  to  th e  range o f dev ices f o r  la b o ra to ry  s im u la tio n  of very  h ig h  

speed f l ig h to  Secondly, th e  f a c i l i t y  has been shown to  produce c lean  gas 

a t  very  high tem pera tu re  and d e n s ity  l e v e l s ,  s u i ta b le  f o r  s tu d ie s  of 

fundam ental thermodynamic, k in e t ic  and ra d ia t io n  p ro p e r tie s . T h ird ly , th e
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comparison o f experim ent and th eo ry  (bo th  here  and elsew here) ban shown 

th a t  many o f the  problems which plagued shock tunnel development a  

decade ago a re  now understood  and, in  most c a se s , have been overcome,. 

F in a lly , i t  i s  th e  a u th o r ’s op in ion  th a t ,  fo r  many problems in  h igh  

en thalpy  gas flow s, modem computer techn iques provide a  pow erful and 

g en e ra l method o f s o lu t io n  which has y e t  to  be ex p lo ited  f u l l y 0
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APPENDIX A L ist of P u b lication s

The p u b lica tion s l i s t e d  below were written from the work described

in  th i s  t h e s i s .  The papers d e sc rib ed  as "yet to  be pub lished" a re  being

h e ld  u n t i l  p u b lic a t io n  o f papers c o n ta in in g  e s s e n tia l  p re lim in a ry  in fo rm atio n

i s  com pleted , and must not be co n sidered  as f i n a l .

1. M cIntosh, M.K, "A F ast M in ia tu re  P i to t  P ressu re  Transducer"

J .  S e i. In s tru m en ts  Vol. 4» No. 2, p .145, February, 1971*

2. M cIntosh, M.K. "A Computer Program f o r  the  Numerical C a lc u la tio n  o f 

E qu ilib rium  and P e rfe c t Gas C onditions in  Shock Tunnels" W.R.E. Tech.

Note CPD-169, J u ly , 1970.

3. M cIntosh, M.K. "Computer Programs f o r  Supersonic Real Gas Dynamics"

W.R.E. Tech. Note CPD-180, December, 1970.

4 . M cIntosh, M.K. "R esu lts  o f a  D ig ita l  Computer S im ulation  o f a  High Enthalpy 

Shock Tunnel" W.R.E. Tech Memo 93 (WR&D), May, 1971*

5. M cIntosh, M.K. "A D ig ita l  Computer Sim ulation of Some Experim ents in  a 

F ree P is to n  Shock Tunnel" W.R.E. Tech Memo 428 (Y/R&D) J u ly , 1971*

6 . M cIntosh, M.K. "U seful T est Time in  a Very High Enthalpy Shock Tunnel"

Yet to  be p u b lish e d . P repared  f o r  A.I.A.A. J .  as a pap er.

7 . M cIntosh, M.K. "Free Stream V e lo c ity  Measurements in  a High Enthalpy 

Shock Tunnel". P hysics o f F lu id s , Vol. 14, No. 6, p .1100, J u ly ,  1971*

8 . M cIntosh, M.K. "Flow D iagnostics  w ith a Wedge in  a High E nthalpy  Shock 

Tunnel". Subm itted to  P hysics of F lu id s , Ju ly , 19J1•

9 . M cIntosh, M.K. mad S lade , J .C , "Some Estim ates o f Free Stream Species 

C oncen tra tions in  a Very High Enthalpy Shock Tunnel". Yet to  be 

p u b lish ed . P repared  fo r  A .I.A .A . J .  as a Tech. Note.

10. McIntosh, M.K. and Hornung, H.G. "Prevention of Flare-Induced Separation  

by Boundary Layer Bleed". A .I.A .A . J . ,  Vol. 8 , No. 6 , p p .1156, June 1970*

11. M cIntosh, M.K. "Some Chem ically R eacting Model Flows in  a High Enthalpy 

Shock Tunnel". Subm itted to  Physics of F lu id s , August, 1971*
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12. Stalker, R.J. and McIntosh, M.K. '’Experiments in a Small, High Enthalpy 

Shock Tunnel" Yet to he published. Prepared for Aust.J.Phys. as a 

paper.

13. McIntosh, M.K. "Some Experiments with Carbon Dioxide in a High Enthalpy 

Shock Tunnel" Yet to be published. Prepared for A.I.A.A.J. as a paper.

14. McIntosh, M.K. "Some Evidence of Contact Surface Instability in Argon 

in a High Enthalpy Shock Tunnel" Accepted by A.I.A.A.J. as a Tech 

note, August, 1971»
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APPENDIX B Experim ental Techniques

From an experim en tal p o in t of view, two p ro p e r tie s  o f th e  flow  combined 

to  l im i t  th e  tech n iq u es  which could be used in  the  f r e e  p is to n  shock tunnels th e  

sh o r t tim es during  which measurements had to  be made, and the  high flow  enthalpy  

The l a t t e r  had two main e f f e c t s  -  i t  caused the  gas to  be h ig h ly  luminous 

(making S c h lie re n  and in te rfe ro m e try  d i f f i c u l t )  and i t  gave r i s e  to  co n sid e rab le  

io n is a t io n  o f th e  gas flow  (making in te r p r e ta t io n  o f e l e c t r i c a l  m easuring 

tech n iq u es  such as p ie z o e le c t r ic  p re s su re  tra n sd u ce rs , hot w ire aenemometers, 

la n g a u ir  probes and th in  f ilm  r e s is ta n c e  heat t r a n s f e r  gauges, d i f f i c u l t ) .  The 

techn iques used in  th i s  s tudy  a re  d esc rib ed  below. They co n cen tra ted  on re so lv ­

in g  problem s a s s o c ia te d  w ith  chem ical nonequilibrium  r a th e r  than  aerodynam ics, 

as d e sc rib ed  in  c h a p te r  1.

Image C onverter Photography o f Gas Lum inosity

A STL Model 1D Image C onverter Camera was used to  tim e re so lv e  the  

lu m in o s ity  from th e  in c id e n t and r e f le c te d  shock waves by ’’s tr e a k in g ” th e  l ig h t  

from a 1/16 in  s l i t  cu t p a r a l l e l  to  th e  tube a x is . F igure  56 shows ty p ic a l  

pho tographs.

The camera was used w ith  a 'F a s t  Sweep' P lug-In-T Jn it, which gave sweep 

tim es from 20 to  200 m icrosec . C a lib ra tio n  w ith  re sp e c t to  th e  tim e ax is  was 

made by photographing  th e  ou tpu t o f a T ektronix  Type 181 Time-Mark G enerator as 

i t  appealed on an o s c il lo sc o p e  sc ree n .

The same tech n iq u e  was used to  observe the  luminous gas emerging from

th e  n o zzle  e x i t .  A -g- in  s l i t  was tap ed  to  th e  t e s t  s e c tio n  window and the

camera a p e r tu re  s e t  to  a minimum f o r  s p a t i a l  r e s o lu t io n . A ty p ic a l  photograph

i s  shown in  f ig u r e  57»
\

A s e r ie s  o f photographs of the  lum inosity  from th e  shock wave on a 

model were taken  u sin g  a high speed fram ing u n i t .  This allow ed th re e  exposures 

to  be made a t  p re se n t tim es r e l a t i v e  to  a  tr ig g e r in g  p u lse  (u s u a lly  from th e  

s ta g n a tio n  p re s su re  tra n sd u c e r)  and a t  p re se t exposures (u s u a lly  5 m ic ro sec). 

F igu re  58 shows a ty p ic a l, r e s u l t  u s in g  a wedge model.
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Spark T racer V e lo c ity  Measurement

* Free stream  flow  v e lo c i ty  i s  a p a r t ic u la r ly  im portan t param eter as

exp lained  in  c h ap te r  1. There have been very  few techn iques which measure veloc­

i t y  d i r e c t l y ; th a t  i s ,  w ithou t making assumptions about o th e r  flow  p ro p e r t ie s ,  

which may not be t ru e  in  th e  h igh  en th a lp y , f r e e  p is to n , shock tu n n e ls .  Referen­

ces 126 and 127 reco rd  measurements a t  v e lo c i t ie s  approxim ately h a lf  th o se  found 

i n  th i s  s tu d y . The spark  t r a c e r  and magnetohydrodynamic (d e sc rib ed  n e x t)  

tech n iq u es  used in  t h i s  s tudy  a re  a lso  described  in  re fe re n ce  128.

A s h o r t d u ra tio n  spark  (approxim ately  0.1 m icrosec h a l f  w id th ) was

in je c te d  in to  th e  t e s t  s e c t io n  flow , O.25 in  from the nozzle  e x i t ,  by two f in e

tu n g s te n  w ire e le c tro d e s  approxim ately  1 cm a p a r t. The 12nF condenser bank

su p p ly in g  th e  power f o r  th e  spark  was charged to  15kV ty p ic a l ly  (20kV maximum)

and was tr ig g e ra ja le  through an a u x i l ia ry  gap with a t i c k l e r  e le c tro d e . I t  was

no ted  th a t  most of th e  a v a ila b le  power went in to  th is  gap r a th e r  th a n  in to  the

sp a rk .
«

The Image C onverter Camera in  the  s tre ak  mode was a lig n e d  to  look  along 

th e  spark  and thus used to  tra c k  the  r e s u l ta n t  po in t o f lu m in o sity  as i t  was 

swept downstream by th e  t e s t  flow , a t  what has been assumed to  be th e  v e lo c i ty  

o f th e  gas.

F ig u re  59 shows a schem atic  diagram of th e  c o n f ig u ra tio n  and f ig u re 6 0  

shows exam ples-of th e  image c o n v e r te r  photographs. I t  was assumed th a t  the 

sp ark  expanded c y l in d r ic a l ly  as i t  was swept downstream by th e  flow  and th a t  i t s  

lu m in o s ity  decreased  as i t  expanded. The bow shock on th e  th in  e le c tro d e s  was 

though t to  have a n e g l ig ib le  e f f e c t  on the flow .

Magnet ohydrodynamic V e lo c ity  measurement
%

This techn ique  measured th e  vo ltage  generated  by a plasm a moving 

th rough  a m agnetic f i e l d .  F igu re  61 shoTrs a schem atic diagram o f th e  c o n fig u r­

a t io n .  The p ro p e r t ie s  of the  m agnetic f i e ld  used w ith  th e  probes a re  shown in  

f ig u r e  62 and a photograph of th e  gas flow over the e le c tro d e s  i s  g iven  in  

f ig u r e  63*

73.
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The assumptions and equations used in the analysis of the probe output 

are as follows:

(i) The gas velocity u, the magnetic field B, and the aids of the voltage 

probes are mutually at right angles.
*

(ii) The inter-probe distance is sufficiently small compared with the nozzle 

exit diameter that the nozzle boundary layer may be neglected.

(iii) The magnetic field is uniform over the width of the probe faces, but 

need not be over the inter-probe distance.

(vi) The gas flow between the electrodes may be divided into discrete regions 

of free stream, oblique shock wave and boundary layer, and further, only 

the velocity component parallel to the nozzle axis need be considered in 

each (see figure 63). The origin of this flow structure is explained later.
(v) Currents flowing in the plasma as a result of the generated voltage are 

sufficiently small as not to alter the properties of the flow signifi­

cantly; that is, 2 x 3  forces and Ohmic heating may be neglected.

(vi) Current loops which close within the gas due to field inhomogeneities or 

other causes may be neglected.

Then, for a charged particle in the magnetic field 

F = £ (E + u x B) (in vector form)

But F = 0 from assumption (v), and thus, from assumption (i)

E « u* S (now in scalar form)

Then for a small element of gas between the probes, the voltage drop 

is given by

dV = u(x) * dx

which gives the total voltage drop across the inter-probe space as

V » u(x) * B(x) * dx
-d°

« 2 * j u(x) * B(x) * dx from symmetry
ö

where d = half the inter-probe spacing
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If the magnetic field can be represented by a power series in x
»

B(x) = 2  ci xl
i = o

and the velocity in each region of assumption (v) is given by 

v(x) = in the free stream o<lxC(d - s)

= behind the shock wave (d - s) <C(d - S)

= u(x) in the boundary layer ( d - c i ) ^ x ^ l d

where s = distance from shock to probe face 

S  = boundary layer thickness

and if the boundary layer velocity profile may also be represented as a power 

series in x.
m

u M  = Y! a i s °j « o J

with the conditions u(x) = o at x = d

= u^ at x = d - ö

then the total voltage can be separated into three integrals over the three velocity 

regions. Each integral is the integral of a sum of powers of x, which can be made a 

sum of integrals of powers of x. These integrals are readily evaluated. The final 

result is

+ 1
V _ _ “ °i (d - s)
2 U1 . S  (n + 1)1 = 0  v '

+ u 2 *
nXi = 0 (d - s)n + 1 - (d -5)c. * 1

n + 1

(n + 1)

m

3 = 0  i = 0
r.  c. * a. » dm + n + 1 - (d - S ) m + n + 1

(m + n + 1)

Similarly, if the current is assumed to be carried by a cylinder whose 

cross-sectional area is the same as that of the probe faces, then the plasma 

resistance, ma7 calculated in terms of the gas conductivity.

As
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Assumption (v) will be satisfied, if rau-ch smaller than the

load resistance, R^ which includes the oscilloscope input impedance.

By using two values of the load resistance, the plasma resistance nay 

be deduced from

Measured Voltage
V *__ 3-°a£

^load H+ "plasma)

It was found that the plasma resistance was much less than the 2 

megOhm input resistance of the oscilloscope used and that load resistances of

10 K Ohms or less had to be used to reduce the signal appreciably.

Then, if two values of the probe separation are used, the effects of 

the oblique 3hock and the boundaiy layer should cancel out to a first approxi­

mation, and the free stream velocity can be obtained directly.

In some cases, the predicted test section conditions were used to 

calculate the MHD voltage, which was then compared to the experimental value.

For this comparison, the oblique shock wave was calculated by assuming the probe 

faces were acting as flat plates inclined at the local flow divergence angle to 

a parallel free stream. Agreement was obtained to within 1 5 with the angles 

(neglecting shock curvature) obtained from photographs like that in figure 63. 
The boundary layer velocity profile was assumed to be parabolic and its calcu­

lated thickness was compared with the luminosity photographs (figure 63),

For typical conditions (2 in Hg of air in T.2 with the 7*5° half

angle nozzle with the -g- in diameter throat), comparison with the voltage

expected for a uniform magnetic field and free stream flow only showed a 673 less 
due to the pressure of the oblique shock and the boundary layer, and a further 
loss of less than 0.5/6 due to the magnetic field inhomogenfctty (2 cm probe 
separation.*

Output traces from the technique are shown in figure 64.

Pitot Pressure Measurements

The object of this device was not merely to measure pitot pressures li­

the shock tube £ tunnel, but to make the probe as small as possible so that press­

ures could be measured behind wedge and blunt body shocks and, hopefully, in 

boundary layers. Reference 123 describes the principle used for the probe and
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re fe re n c e  12 4 g ives an independent re c o rd .o f  th e  u3e of a K03 FET. This probe 

i s  a lso  d esc rib ed  in  re fe re n ce  125»

C onsequently th e  c y l in d r ic a l  p ie z o e le c t r ic  element used was sm all 

( 0 . 75mm in  d iam eter and 1.0mm in  le n g th )  and was b u i l t  in to  a b a r  gauge as shown 

in  f ig u re  65. I n i t i a l l y  th e  b a rs  were to  be of zinc as th i s  m a te r ia l gave b e s t 

m atching of a c o u s tic a l  impedance w ith  the  PZT-5A ceram ic, but a  p ro to ty p e  b u i l t  

w ith  copper bates perform ed so s u c c e s s fu lly  th a t  th is  was abandoned.

To avoid th e  in te g r a t in g  and d i f f e r e n t ia t in g  problems a sso c ia te d  with.

th e  re s is ta n c e -c a p a c ita n c e  tim e c o n s ta n t of the probe, th e  o u tpu t o f the  c ry s ta l

was fe d  d i r e c t ly  in to  a 1103 F ie ld  E ffe c t t r a n s i s t o r  which gave an e f f e c t iv e
12

in p u t re s is ta n c e  of 10 Ohms and an outpu t re s is ta n c e  of 10 K Ohms, which was 

s u i ta b le  f o r  d i r e c t  d isp la y  on an o sc il lo sc o p e . The c i r c u i t  i s  shown in  f ig u re  

66» A nalysis o f th e  t r a n s i s t o r 's  c h a r a c te r i s t ic s  showed th a t  an ap p lied  d ra in -  

sou rce  v o ltag e  of -15 v o l ts  would have given a more l i n e a r  response .

Traces o f th e  f r e e  stream  p i to t  p re ssu re  a re  given in  f ig u re  67# 

F ig u re  6$ shows p i to t  p re ssu re  behind the ob lique shock wave on a wedge and 

f ig u r e  65 shows the  probe in  th e  nozzle  boundary la y e r .

The s e n s i t i v i t y  of th e  p i t o t  probe was c a lc u la te d  u s in g  th e  PZT-5A 

c h a r a c te r i s t i c s  su p p lied  by th e  m anufacturers (Brush C le v ite  C o., U .K .), th e  

probe dim ensions and th e  MOS FE t r a n s i s t o r  c h a r a c te r i s t ic s  ( F a ir c h i ld ,  U .3 .A .). 

A v a lu e  of 58 p . s . i . / v o l t  was o b ta in ed . Estim ates were made f o r  th e  cap ac itan ce  

of th e  c r y s ta l ,  th e  probe assembly and th e  connections to  th e  M03FET c i r c u i t .  

The f in a l  s e n s i t i v i t y  was d i r e c t ly  p ro p o rtio n a l to  th e  c r y s ta l  c ap a c itan c e , and 

e r ro r s  of 30$ may have occurred  in  th i s  e s tim a te . Serious d e te r io r a t io n  of the  

M0SFET occurred  b e fo re  a ccu ra te  c a l ib r a t io n  measurements could be made. The
t

damage was caused by o v e rh ea tin g  which re s u lte d  from the la c k  o f convective  

c o o lin g  in  the  evacuated  t e s t  s e c t io n .

S c h lie re n  Photography

The S c h lie re n  system b u i l t  f o r  th is  study was designed , a f t e r  study  on 

a p ro to ty p e , to  allow  f o r  e i th e r  s in g le  or double pass o p e ra tio n , as shown in  

F ig u re  q q. A g en era l o u tl in e  o f S c h lie re n  systems i s  given in  re fe re n c e  129*
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The m ain m ir ro rs  used w ere p u rch ased  from O p tic a l works L td . o f th e  U .K ., 

h u t have s in c e  been  re -a lu m in is e d  a t  th e  Mount S trom lo w orkshops o f  th e  A.N.Ü. 

Astronomy D epartm ent. T h e ir  s u r fa c e s  a re  a c c u ra te  to  0.1 o f a  w aveleng th  a t  th e  

m ercury g reen  l i n e .  The sm all b eam -fo ld in g  m irro rs  were c o n s tru c te d  a t  Mount 

S trom lo to  a  s im i la r  s ta n d a rd .

To t im e - re s o lv e  w ith in  th e  p e r io d  o f th e  flow , a  v a r ie ty  o f s h o r t  d u ra tio n  

l i g h t  so u rc e s  w ere u se d . These in c lu d e d  an O ptical. Works Argon J e t  Source o f  0 .2  

ra ic ro sec  d u ra t io n ,  a  H adland M ic ro fla sh  U n it o f 20 m icrosec  h a l f  w id th  and an 

e x p lo d in g  w ire  u n i t  (400 m icroF co n d en ser charged  to  6 kV maximum and d is c h a rg e d  

th ro u g h  i* in  o f 30 gauge copper w ire )  o f 20 to  100 m icrosec  d u ra tio n » d e p e n d in g  on 

th e  e x te r n a l  in d u c ta n c e . Each was t r ig g e r a b le  to  em it i t s  f l a s h  a t  any d e s i r e d  

tim e  r e l a t i v e  to  th e  s t a r t  o f th e  s ta g n a t io n  p re s s u re  tr a n s d u c e r  o u tp u t .

In  a l l  c a s e s ,  d i f f i c u l t y  was ex p erien ced  in  g e t t in g  s u f f i c i e n t  l i g h t  from 

th e  so u rc e  to  sv/amp th e  n a tu r a l  lu m in o s ity  p re s e n t  in  most shock tu b e  and tu n n e l 

f lo w s . To overcome t h i s  problem , a v a r i e ty  o f f i l t e r s  were in tro d u c e d  in to  th e  

system  -  W ratten  Types 47 and 35 p ro v in g  most g e n e ra lly  e f f e c t iv e  in  th e  shock 

tu n n e l  - and a  m asking s l i t  was p la c e d  a t  th e  second k n ife  edge p o s i t i o n  to  u t i l i s e  

th e  fo c u s s in g  o f  th e  S c h lie re n  l i g h t  o v e r th e  n o n -fo c u ss in g  o f  th e  flow  lu m in o s i ty .

A F ib e r  o p t ic  l i g h t  gu ide  w ith  a  r o u n d - to - s l i t  end c o n f ig u ra t io n  was 

p u rch ased  from  th e  American O p tic a l Company, U .S .A ., f o r  u se  in  th e  d oub le  p a ss  

system . L ig h t from  th e  so u rc e  was fo c u sse d  on th e  round end and t r a n s m i t te d  from  tfc 

s l i t  end, which se rv e d  as th e  so u rce  s l i t  f o r  th e  system . The narrow  w id th  o f t h i s  

end a llow ed  c lo s e  c o in c id e n c e  o f  so u rc e  and image s l i t s .  A lte rn a t iv e  m ethods used  

a  m ir ro r  o r  a p rism  to  tu r n  th e  so u rc e  o r  image ra y s  in to  a new p a th .

A d is p e r s iv e  b u t n o n -d e v ia tin g  ( f o r  th e  mercury g reen  l i n e )  com posite  p r i s  

was p u rch ased  from  John U n e r tl  O p tic s  o f th e  U.S.A . and was used  to  c o n s t r u c t  a  

c o lo u r  S c h lie re n  system  in  which o p t i c a l  p a th  g ra d ie n ts  were shown as c o lo u r  

v a r i a t io n s  r a th e r  th a n  th e  u su a l l i g h t  d e n s i ty  v a r ia t io n s .
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A lo n g  f o c a l  le n g th  cam era was d es ig n ed  and b u i l t  f o r  th e  sy stem . Some 

p h o to g rap h s o f  model flow s a re  g iven  in  f ig u r e  7.1 .

B .6 M ach-Zehnder In te r f e ro m e try

A C arl Z e is s  I n te r f e ro m e te r  (llo . 2388) was used e x te n s iv e ly  on T .2  to  

augment th e  S c h lie re n  p h o to g rap h y . U sing  th e  l i g h t  so u rces  p re v io u s ly  d e s c r ib e d , 

f i n i t e  and i n f i n i t e  f r in g e  in te r fe ro g ra m s  were made o f a  v a r ie ty  o f model f lo w s , 

some o f which a re  shown in  f ig u r e  72. Shock shapes only  were d e r iv e d  from  th e se  

p h o to g rap h s .

/80



8 0 .

REFERENCES

E q u ilib r iu m  Theiuiodynavaic P r o p e r t ie s

1. Herzberg G. '‘Atomic Spectra and Atomic Structure".

Dover Pub lica tions, 1937«

2. Herzberg G. "Molecular Spectra and Molecular S tructure

Part I :  Spectra of Diatomic Molecules" D. Van Nostrand Co. Ltd.

3. Moore C.E. "Atomic Energy Levels. Volume I ”

National Bureau of Standards C ircular 4^7» June, 1949*

4. Eisberg R.M. "Fundamentals of Modem Physics"

John Wiley and Sons In c ., 1961.

5. Rushbrooke "Introduction to S ta t is t ic a l  Mechanics", Oxford U niversity  

Press, 1949«

6s  Gilmore, F.R. "Equilibrium Composition and Thermodynamic P roperties of 

Air to 24000°K". Rand Report EM-1543, August, 1955«

7. Gilmore F.R. "Additional Values fo r the Equilibrium Composition and 

Thermodynamic Properties of Air". Rand Report EM-2328, December, 1959*

8. Raymond, J.L . "Thermodynamic Properties of Carbon Dioxide to 24000°X - 

with possib le  Application to the Atmosphere of Venus" Rand Report

EM-2292, November, 195Ö«
/

9. "JANAF Thermochemical Tables" Dow Chemical Co. August, 1965.

Addendum I , August, 1966. Addendum I I ,  August, 19^7»

10. McBride B .J ., Heimel 3 ., Ehlers J.G . and Gordon S. "Thermodynamic

P roperties to 6000°K fo r  210 Substances Involving the F ir s t  13 Elements" 

NASA Report SP-3001, 1963.

/81



8 1 .

11. Logan J.G. and Treanor C.E. "Tables of Thermodynamic Properties of

Air from 3000°K to 10000°K at Intervals of 100°K" CAL Report BE-1007-A-3, 
January, 1957*

12. "Thermodynamic Properties of High Temperature Air" Vought Research 

Centre Report RE-1R-14.

13.. Bailey H.E. "Equilibrium Thermodynamic Properties of Carbon Dioxide"

NASA SP-3014, 1965.

14. Bailey H.E. "Equilibrium Thermodynamic Properties of Three Engineering 

Models of the Martian Atmosphere" NASA SP-3021, 19&5*

15* Bosworth F, Cook C, Gilbert L. and Scala S. "Normal Shock Parameters for 

the Martian Atmosphere" General Electric Report R633D12, 1963.

16. Brahinsky H.3. and Neel C.A. "Tables of Equilibrium Thermodynamic 

•‘Properties of Argon" Arnold Engineering Development Centre Report

AEDC-TR-69-19, March, 1969.

Chemical Kinetics

17* Benson S.Y/. "The Foundations of Guernica! Kinetics" McGraw Hill 

Book Co., i960.

18. Clarke J.F. and McChesney M. "The Dynamics of Real Gases"

Butterworths, 1964#

19* Norrish, R.G.W. "The Kinetics and Analysis of Very Fast Chemical 

Reactions" Chemistry in Britain, July, 19^5*

20. ' Penner S.S. "Introduction to the Study of Chemical Reactions in Flow

Systems" AGARDograph No. 7, 1955*

21. Greene E.F., and Toennies, P.J. "Chemical Reactions in Shock Y/aves" 

Edward Arnold Publisher, 1964.

/8 2



8 2 .

22 . Huff, Y .N., Gordon 3 . and M orre ll Y.E. "General Method and Thermodynamic 

Tables f o r  Computation of E q u ilib riu m  Composition and Tem perature of 

Chemical R eac tions"  RACA R eport 1037, 1951.

23. Wray K.L. " Chemical K in e tic s  o f High Temperature A ir" P ro g ress  in  

A stro n au tic s  and R ocketry , Vol. 7» Academic P ress , 1962.

24. B o rtn e r M.H. "Chemical K in e tic s  in  a Re-Entry Plow Pi e ld" General
«T-

E le c tr ic  M iss ile  and Space D iv is io n  Report R63SD63, August, 1963.

25. H eicklen J .  "Gas Phase Chem istry o f Re-Entry" A .I.A .A . J .  Yol. 5, No. 1, 

p . 4 , Jan u ary , 1967.

26 . Mavroya-inis, C. and W inkler, C.A. "Chemical R eactions in  th e  Lower and 

Upper Atmosphere". In te r s c ie n c e , N.Y., 1961.

27 . S utton  A.S. "The Chem istry of E lec tro n s  in  Pare A ir H ypersonic Wakes"

A .I.A .A . Paper No. 68- 200 , January , 1968.

28 . B o rtn e r, M.H. "A Review of Rate C onstants of S e lec ted  R eactions o f I n te r e s t  

in  Re-Entry Plow F ie ld s  in  th e  Atmosphere" N.B.S. Tech Note 484, May, 1969.

29 . Baulch D .L ., D rysdale D.D., Horne D.G. and Lloyd A.C. " C r i t ic a l  E v a lua tion  

ox Rate D ata f o r  Homogeneous, Gas Phase R eactions of I n te r e s t  in  High- 

Temperature oystem s" No. I ,  May, 1968, No. 2, Nov. 196S. No. 3, A p ril , 1969,

No. 4, December, 1969, Department o f P hysical C hem istry, th e  U n iv e rs ity , 

Leeds, U.K.

30. Carnicom M.L. "R eaction  Rates f o r  High Temperature A ir w ith  Carbon and
Sodium Im p u ritie s"  Sandia Labs Report SC-R-68-1799, May, 1968 
*

31 . Howe, J .T .  and S h ea ffe r Y.S. "Chemical R elaxation  behind S trong Normal 

- Shock waves in  Carbon D ioxide In c lu d in g  In terdependent D isso c ia tio n  and

Io n is a t io n  P ro cesse s"  NASA TN-D-2131, February, 1964.

0

/8 3



8 3 .

32. McKenzie R.L. "An E stim ate  of the  Chemical K in e tic s  behind Normal Shock 

Waves in  M ixtures of Carbon D ioxide and N itrogen f o r  C onditions T yp ica l of 

Mars E n try ” NASA TN-D-3237» F eb ruary , 1966.

33» Davies Y J . O . ,  "Carbon D ioxide D is so c ia tio n  at 3508 to  6000°K" J .  Chem.

Phys. Vol. 41» No. 6, p .1846, Setpember, 19&4-

34. Weihs D. and Mannheimer -  Timnat Y. "Carbon Dioxide R e lax a tio n  Times, 

Measured in  a Shock Tube" A .I.A .A . J . ,  Vol. 7» No. 4» p.7&4» A p r il ,  1969.

35. F a irb a im  A.R. "The D is so c ia tio n  o f Carbon Monoxide" P roc. Roy. 3oc. A., 

312. 207-227, 1969.

36. K ie f fe r  L .J .  and Dunn G.H. "E lec tro n  Impact Io n iz a tio n  C ro ss-S ec tio n  Data 

f o r  Atoms, Atomic Ions and Diatom ic M olecules: I .  Experim ental D ata"

Reviews o f Modern P h y sic s , Vol. 38, No. 1, p .1 , Jan u ary , 1966.

37« L ig h th ill  M .J. "Dynamics of a D isso c ia tin g  Gas. Part I :  Equilibrium  Flow"
«

J .  F lu id  Mech. V ol. 2 , p . 1, 1957» *

38. Freeman N.C. "N onequilibriurn Flow of an Id ea l D is so c ia tin g  Gas"

J .  F lu id  Mech. Vol. 4 , p .4 0 7 , 1958.

T heoretical. Techniques

39* M cIntosh M.K. "A Computer Program fo r  the Numerical C a lc u la tio n  o f E q u ilib ­

rium and P e rfe c t Gas C onditions in  Shock Tunnels" W.R.E. Tech Note 

CPD-169, A p ril , 1970.

40. Horton T .E . "The JPL Thermochemistry and Normal Shock Computer Program"

JPL T echnical R eport No. 32-660, November, 1964« J e t  P ro p u lsio n  

L abora to ry  C a l ifo rn ia  I n s t i t u t e  o f Technology.

41. .Greene S.A. and Vale H .J . "The Aerospace C orporation Computer Programs fo r  

th e  S o lu tio n  o f M ultielem ent Chemical E q u ilib r ia "

Aerospace C orpo ra tion  Report No. TDR-69 (2240-51) TR-2 June, 1962.

M



8 4 .

42. Mnanuel G. and Yale H.J. "A G eneralised Major-Product Solution Method fo r
*

N onequilibrium  Thermochemical Problem s" P riv a te  Communication from Aerospace 

C o rp o ra tio n , November, 19^7•

43. Vale H .J. "A G enera lised  Method f o r  the  Solution of N onequilibrium  Thermo-

Chemical Problem s. I :  A nalysis o f a Shock Tube System" P r iv a te

Communication from C ontrol L ata  A u s tra lia  P ty . ,  L td . ,  November, 1967.

44» Lordi J .A . , Mates R.E. and M oselle J .H . "Computer Program f o r  th e  Numerical
.t*-

S o lu tio n  of N onequilibrium  Expansions o f R eacting Gas M ixtures"

CAL Report AL-1689-A-6, O ctober, 1965»

45. T reanor C.E. "A Method f o r  the  Numerical In te g ra tio n  of Coupled E i r s t  Order 

L i f f e r e n t i a l  Equations w ith  G rea tly  D iffe re n t Time C onstants" CAL Report 

No. AG-1729-A-4» Jan u ary , 1964»

46. Bray K.N.C. "Atomic Recombination in  a Hypersonic YJind-Tunnel Nozzle"

J . ' F lu id  Mech. Y ol. 6, p .1 ,  1959.

47« Ransom Y .H ., Thompson H.L. end Hoffman J.L . "Three-Dimensional Supersonic

Nozzle F lo w fie ld  C a lc u la tio n s " . J .  S p acec ra ft. Vol.7> No.4, P»458, A pril 19n .

48. Prozan R .J . and Kooker D.E. "The E rro r  M inim isation Technique w ith  

A p p lica tio n  to  a T ransonic Nozzle S o lu tio n "  J . FLuid Mech. Vol. 43>

P a r t ,  2, p .2 6 9 , 1970.

49. B a iley  H.E. "Numerical In te g ra t io n  o f th e  Equations Governing th e  One- 

Dim ensional How of a Chem ically R eactive  Gas" Phys. F lu id s , Vol. 12,

No. 11, p.2292, November, 1969*

50. Bowen S.W. and Park  C. "Computer Study of Nonequilibrium  E x c ita t io n  in  

Recombining N itrogen  Plasm a Nozzle Flow’s" A .I.A .A. J .  Yol. 9i No. 3, p.493> 

March, 1971«

51. Hornung H.G. P r iv a te  Communication, A.N.U., May, 1971*

M



8 5 .

52.a Marrone P.V. "Inviscid  Non equilibrium  Flow Behind Bow and Normal Shock 

Waves. P arts  I and II"  CAL Report QM-1626-JU12, May, 1983.

53» Garr L .J . ,  Marrone P .V ., Joss W.W. and Williams M.J. "Inviscid  Nonequilibrium 

Flow behind Bow and Normal Shock Waves. Part I I I :  The Revised Normal Shock

Program" CAL Report No. QM-1626-A-12 ( i l l ) ,  October, 1966.

54* Inouye M., Rakich J.V. and Lomax H. "A Description of Numerical Methods and 

Computer Programs fo r Two-Dimensional and Axisymmetric Supersonic Flow 

over Blunt-Nosed and Flared Bodies" NASA TN-B-2970» August, 1965.

55* Lomax H. and Inouye M. "Numerical Analysis of Flow Properties about Blunt 

Bodies Moving at Supersonic Speed in  an Equilibrium Gas" NASA TR-R-204,

Ju ly , 1964.

56. Bohachevsky 1.0. and Rubin E.L. "A Direct Method fo r  Computation of Non­

equilibrium  Flows with Detached Shock Waves" A.I.A.A. J .  Vol. 4» No. 4»
«

p.600, A pril, 1966.

57« Lick W. "Inviscid  Flow of a Reacting Mixture of Gases around a Blunt-Body" 

Journal of Fluid Mechanics, Vol. 7» Part 1, January, i 960.

58. Conti R .J. "A Theoretical Study of Nonequilibrium Blunt Body Hows"

J .  Fluid Mech. Vol. 24, part 1, p .65, 1966.

59« Kuby W., Foster R.M. and Byron S.R. "Symmetrical, Equilibrium Flow Past a 

Blunt Body at Superorbital Re-Entry Speeds" A.I.A.A. J . Vol. 5» No. 4* 

p .6 l0 , A pril, 1967.

60. Gibson W.E. and Marrone P.V. "A Correspondence bet?^een Normal Shock and 

Blunt-Body Flows" CAL Report ($1-1626-A.-7, June, 1962.

61. Gibson W.E. "D issociation Scaling fo r Nonequilibrium Blunt-Nose Flows"

AR3 Journal, Vol. 32, No. 2, p.285, February, 1962.

/0 6



ба. Rakich J.V. "Numerical Calculation of Supersonic Flows of a Perfect Gas 

over Podies of Revolution a t Small Angles of Yaw" NASA TN-D-2390, July, 196/P

63. Rakich J.V. "Calculations of Hypersonic Flow Over Bodies of Revolution at 

Small Angles of Attack" A.I.A.A. J . ,  Vol. 3, No. 3, p .458, March, 1965.

64. Herman R. "One and Two S trip  Method of In tegral Relations fo r  Non equilibrium

Flow over Sharp Nosed Bodies" P riva te  Communication, Physics Department 

A.N.U., February, 1970 **-

65. Capiaux E. and Washington M. "Nonequilibriun Plow Past a Wedge" A.I.A.A. J . 

Vol. 1, No. 2, p .650, March, 1963.

бб. Thoenes J . "ifonequilibrium Plow Past a C ircular Cone Including Pree-stream 

D issociation". A.I.A.A. J . ,  Vol. 4 , No. 8, p.1447, August, 1966.

67. Spurk J .H ., Gerber N. and Sedney R. "C haracteristic  Calculation of Flow
4

f ie ld s  with Chemical Reactions" A.I.A.A. J . ,  Vol. 4 , No.1, p .30,

January, 1966.

68. South J.C . "Application of the Method of In tegral Relations to Supersonic 

Nonequilibrium Flow Past Wedges and Cones" NASA TR-R-205, August, 1964.

69. Lee R.H.C. and Baker R.L. "Binary Scaling of Air Ion isa tion  on Slender 

Cones at Small Yaw" A.I.A.A. J . ,  Vol, 7, No. 2, p.355, February, 1969.

70. Hall J.G. "affec ts  of Ambient Nonuniformities in  Flow over Hypersonic Test 

Bodies" CAL Report No. 128, August, 1963*

71 o Hornung H.G. "The Use of NASA Computer Programs fo r  Supersonic Flow"

ARL Tech. Memo. 235» August, 1967.

72. iiclntosh Lt.K. "Conputer Programs fo r  Supersonic Real Gas Dynamics" 

t/Rrj Tech. Note CPD-180, December, 1970.

8 6 .

/87



8 7 .

73. Crane R .I . ‘’Numerical S o lu tio n s  o f Hypersonic Near-Wake Flow by th e  

P a r t i c le - in - C e l l  Method" Min. Tech Current Papers. No. 1083» 1978

74. Ames Research S ta ff  "Equations, Tables and Charts fo r  Compressible FLow" 

NACA Report 1135, 1953.

75. P resley  L.L. and Hanson R.K. "Numerical Solutions of R eflected  Shock-Wave 

F low field s with Nonequilibrium Chemical Reactions" A .I.A .A . J . Vol. 7,

No. 12, p . 2267, December, 1969»

T heoretica l R esults

76 . H all J .G . , Eschenroeder A.Q,. and Marrone P.V. " In v is c id  H ypersonic A ir 

flow s w ith  Coupled N onequilibrium  P ro cesses"  CAL Report AF-1413-A-2,

May, 1962.

77* H arris  C .J . "C o rre la tio n  o f In v is c id  A ir N onequilibrium  Shock Layer

Properties" A .I.A .A . J . Vol. 9 , No. 2, p .334, February, 1971«
«

78. Harris C .J. and Y/arren W.R. "Correlation of Nonequilibrium Chemical 

P roperties o f Expanding Air Flows" General E lec tr ic  Report R64SD92, 

December, 1964*

79» E ricsso n  L .E . "U niversa l S c a lin g  Laws f o r  Nose B luntness E f fe c ts  on 

H ypersonic Unsteady Aerodynamics" A .I.A .A . J. Vol. 7, N o.12, p .2222, 

December, 1969.

80. A lliso n  D.O. and B obbit P .J .  "Real Gas E ffe c ts  on the  Drag and T ra je c to r ie s

of a N o n -lift in g  140° Conical A eroshell During Mars Entry" NASA TN D-627O,

1971.
%

81. L iv in g sto n  F.R . and M ill ia rd  JEW. "P lan e ta ry  Entry Body H eating  Rate 

.Measurements in  A ir and Venus Atmospheric Gas up to  T = 15,000°K"

A .I.A .A . J . ,  Vol. 9 , No. 3, p .485 , March, 1971.

/8 8



8 8 .

8 2 .. Galloway A .J. and S ichel M. "Hypersonic Blunt Body Flow of Eg-Og M ixtures" 

A stro n a u tica  A cta. Vol. 15» No0 2, p .8 9 , 1969.

83. M cIntosh M.K. "R esu lts  o f a D ig ita l  Conputer S im ulation of a High Enthalpy- 

Shock Tunnel" Y/.R.E. Tech Memo 93 (WR&D), May, 1971»

84. M cIntosh M.K. "A D ig ita l  Computer S im ulation of Some Experim ents i n  a 

F ree  P is to n  Shock Tunnel" W.R.E. Tech Memo 428 (WR&D), J u ly , 1971.

R ad ia tin g  Gases

85* Anderson J .D . "An E ngineering  Survey of R adiating Shock L ayers" A .I.A .A . J .  

Vol. 7» Np. 9» p . 1665» September, 1969*

86. Hämmerling P . , Tears J .C . and K ivel B. "Theoiy of R ad ia tio n  frarm Luminous

Shock Yfaves in  N itrogen" Physics of F lu id s Vol. 2, No. 4» p .4 2 2 , August 1955

87» Horn K .P ., Wong H. and B ershader D. "R adiative Behaviour of a  Shock Heated
4

Argon Plasm a Flow" J ,  Plasma P h y s ic s , Vol. 1, P a r t  2, p.157» 5967»

88. K uiper R.A. and B ershader D. "An In te rfe ro m e tr ic  Study of th e  Shock 

R e f le c tio n  P rocess in  Io n is in g  Argon" A.I.A.A. J . ,  Vol. 7» No. 4 , p .7 7 7 » 

A p ril , 1969.

89. O e ttin g e r  P .E . and B ershader D. "A U nified  Treatment o f the  R e lax a tio n  

Phenomenon in  R ad ia tin g  Argon Plasm a Flows" A .I.A .A . Paper 66-476,

June, 1966.
/

90. G r i f f i th  Yf.C. and Wood A.D. "R ad ia tion  Gas Dynamics in  a Shock Tube"

P hysics of F lu id s , Supplement I ,  p . 30, 1969*

t

91. Chien K ., Crompton D.L. "R ad ia tiv e  Cooling of Shock-Heated A ir in  

C y lin d r ic a l Shock Tubes" A .I.A .A . J .  V ol.8, No.10, p .1896, O ctober, 1970*

/8 9



89.

92. C arlson L.A. ’’R ad ia tiv e  - Gasdynamic Coupling and N onequilibrium  E ffe c ts  

Behind R eflec ted  Shock 7/aves” A .I.A .A . J . ,  Yol. 9» No. 5» p .8 5 8 , May, 1971«

Boundary Layers end S ta r t in g  P rocesses

93. Homung H.G. ”A Survey of Com pressible Flo?/ Boundary Layers -  Theory and 

Experim ent” A u s tra lia n  A ero n au tica l Research Committee, R eport ACA 67 , 

F ebruary , 1966.

94« Chang P.K. ’’S ep a ra tio n  o f Flow” Pergammon P ress , 1970.

95. M ire ls , H. ’’T est Time in  Low -Pressure Shock Tubes” The P hysics  o f F lu id s , 

Vol. 7> No. 9, p .1201, September, 1963.

96 . M ire ls  H. ’’Shock Tube Test Time L im ita tio n s  due to  T urbu len t Wall Boundary 

L ayer” A .I.A .A . J . ,  Vol. 2, No. 1 , p .8 4 , January, 1964*

4 >

97* Davies L. and Y/ilson J .L . ’’In f lu en c e  o f R eflec ted  Shock and Boundary Layer
4 p

I n te r a c t io n  on Shock Tube Flows” Physics of F lu id s , Supplement I ,  p .3 7 , 

1969.

98. Levine M.A. "T urbulent Mixing a t  th e  Contact Surface in  a Driven Shock 

Wave” P hysics o f F lu id s , Vol. 13, No. 5, p.1166, May, 1970.

99* B u ll D.C. and Edwards D.H. "An In v e s tig a t io n  o f th e  R eflec te d  Shock

I n te r a c t io n  P rocess in  a Shock Tube” A.I.A.A. J .  Vol. 6 , No. 8 , p .1549, 

A ugust, 1968.

100. K uiper R.A. and B ershader D. "An In te rfe ro m e tr ic  Study of th e  Shock- 

R e f le c tio n  P rocess in  Io n iz in g  Argon” A.I.AA. J .  Vol. 7, No.4 , p .777 , 

A p ril , 1969.

101. Burke, A.F. and B ird  K.D. "The Use of Conical and Contoured Expansion 

Nozzles in  H ypervelocity  F a c i l i t i e s "  CAL Report No. 112, J u ly ,  1962.

/90

_



90.

102. Smith C.E. "The S ta r t in g  P rocess in  a Hypersonic N ozzle", J .  F lu id  

Llech. Vol. 24, P a r t  4 , p . 625, 1966.

103. Amann H.O. "Experim ental Study o f the  S ta r tin g  P rocess in  a R e f le c tio n  

Nozzle" P hysics o f F lu id s , Supplement I ,  p.150, 1969«

104. Korkegi R.H. "Survey o f Viscous In te ra c tio n s  A ssocia ted  w ith  High Mach 

Number F lig h t"  A .I.A .A . J .  Vol. 9 , No. 5, p.771, May, 1971.

105. S o f tle y  E . J . ,  Gräber B.C. and Zempel R.E. "Experim ental O bservation  o f 

T ra n s i t io n  o f  the  Hypersonic Boundary Layer." A .I.A .A . J .  Vol. 7 , No. 2, 

p . 257, February , 1969.

106. Smith A.M.O. and J a ffe  N.A. "General Method fo r  Solving the Laminar 

Nonequilibrium Boundary Layer Equations of a D isso c ia tin g  Gas" A .I.A .A . 

J . Vol. 4 , No. 4, p .611, A p ril, 1966.

«

107. Wang K. "E le c tro n  and Ion D is tr ib u tio n s  in  Chemical N onequilibrium  

Boundary Layer Flows" A .I.A .A . J . Vol. 7» Ho. 4 , p .616, A p ril , 1969.

108. D e llin g e r  T.C. "Computation o f Nonequilibrium  Merged S tag n a tio n  Shock 

Layers by S uccessive  A cce le ra ted  Displacement" A .I.A .A . J .  Vol. 9 ,

No. 2, p . 262, F ebruary , 1971*

109. Cheng H .K ., Chen 3 .Y ., Mobly R. and Huber C. "On th e  H ypersonic Leading- 

Edge Problem in  th e  M erged-Layer Regime" R arefied  Gas Dynamics, S ix th  

I n te r n a t io n a l  Symposium, Vol. 1, p.451> July» 1968.

Shock Tubes and Tunnels

110. «Gaydon A.G. and Hurle J.R . "The Shock Tube in  High-Temperature Chemical

P h y sics"  Chapman and H a ll, 1963•

111. Liepmann H.W. and Roshko A. "Elements of Gas Dynamics" John W iley and 

Sons I n c . ,  1957»

/91



91.

11-2 .

113.

114.

115.

116. 

117.

11Q.

119.

120 . 

121 .

--right J.K . "Shock Tubes" Methuen Monograph 1959.

Ford C.A. and Glass 1 . 1 . "An Experimental Study of One-Dimensional 

Shock Wave Refraction" J . Aero. S e i., Vol. 23, No. 2 , February, 1956.

Iiertzberg A., W it t l i f f  C.E. and Hall J.G. "Summary of Shock Tunnel 

Development and Application to Hypersonic Research'* ĈAL Report 
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Velocity (km/  sec)
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T'me (psec)
After Diaphragm 

Rupture

After Initial Shock 
Reaches End Wall

Influence of 
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DecayDriver Pressur^ 
Decay becomes 

Sigmfigant Driver Pressure De< 
Influences Nozzle 

Reservoir

Shock Tunnel : T.2.
Initial Shock Tube

Pressure = 4 laHg of Air
Nozzle: 1/,16in Throat

_____Experimental Estimates panded from ___
Stagnation Region

Conditions Giving 
Measured

Stagnation Conditions

Wave

Expansion Wave Returned 
from Interface ided from 

eflected — 
ShockPiston

Trajectory
Modd
Position

Test - Driver Gas
Interface-^

anded from 
Incident .— 

ShockWave

s s^ ^ ln i t i aL  Shock Wave

Shock Tube 
End WallPiston

F igure  No. 4 Free P is to n  Shock Tunnel Wave Diagram



Incident Shock Velocity ( km/sec)

Shock Tunnel: T.1.
17 Driver Conditions *

□ ..(in)

Initial Shock Tube Pressure
(in Hq)

*  f o r  d r iv e r  c o n d itio n s , see Table 2

F ig u re  No. 5 I n i t i a l  Shock Wave V e lo c i t ie s  in  T.1



In i t ia l  S h o c k  Ve lo c i t y
( k m  / s e c  )

S hock  Tunnel : T . 2 .  
D r i v e r  C o n d i t io n s  :

C o m p res s io n  Tube = 17*7 p . s . i .o .
of  H e l iu m

Pis ton  M a s s  s 2*6 lb 
D i a p h r a g m  Burs t ing  P r e s s u r e  

= 6 8 0 0  p . s . i .

N i t r o g e n

A rg o n

I n i t i a l  S h o c k  
Tube  P r e s s u r e

C a r b o n '
Dioxide- 3 - 5

F ig u re  No. 6 I n i t i a l  Shock Wave V e lo c i t ie s  in  T .2



Incident Shock Velocity (km/sec) 
Shock Tunnel : T.3.

Driver : 5 0 0  psi 
Comp.: 15 inHg He 
Piston: 201 lb 
Diaphragm: 6 7 0 0

4

Initial Shock Tube Pressure (in Hg)
■> 2 4 6 8

Figure No. 7 I n i t ia l  Shock Wave V e lo c it ie s  in  T.3
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Densit  y
( g m /c c  )

E q u i l i b r i u m

p^. 75 in Hg

D is ta nce

Degree  of Io n is a t i o n

Equilibrium

P, : *75 in Hg

F igure  No. 8 R ad ia tiv e  R e lax a tio n  in  Argon in  T.2



Ionisation Fraction

Pi = 26

Distance (cm)

10x103
Electron Temperature (*K)

P.= 26

Distance fern)

Initial Shock Tube Pressure = 26 mmHg 

50 mm.Hg

Initial Shock Mach Number = 10

F ig u re  No. 9 R a d ia tiv e  R e la x a tio n  in  Argon at C o n d itio n s  Comparable 
to  A ir in  T .2
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Sp ec ie s  C o n c e n t r a t i o n
Initial  Pr e ss u re  : 1 in Hg 
Ini tial  Shock Speed

( Mo le s /  Original  Mole)

E qu i l ib r ium

D i s t a n t #  Be hi nd  S h o c k  ( c m )

X

Figure Ho. 11. Species Concentrations behind an Incident Shock Y/ave in Air
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Species Concentration
( Moie s /gm)

Shock Tunnel T.2.
Test Gas •• Air
Nozzle : 1/16 in Throat ct'ameAe/f 

7 5 s Half Angle
Stagnation Conditions. p= 238 2 atm

T = 11359 °K

Nozzle Area Ratio

F ig u re  No. 18 Species C oncen tra tions in  a Nozzle Expansion in  A ir in  T.2



Species Concentrat ion 
( Moles / gm )

Shock Tunnel : 1 , 2 .
Initial Shock Tube Pressure  =
Nozzle : V1 5  in Throat dia^. 0*/

Nozzle Area Ratio

1000

F igure  19 Species C o n cen tra tio n s  in  a Nozzle Expansion in  N itrogen in  T.2



Species Concentration
( Moles/ gm)

Shock Tunnel : T.2.
Test Gas : 50% CO*. 50% Nj 
Nozzle : 1/gin. Throat

75° Half Angle
Reservoir Temperature = 7959 °K

Nozzle Area 
Ratio

Species Concentration
CMoles /  gm)

Test Gas : 50% CO*, 50%Nt 
Nozzle • 1/gin Throat 

7-5° Half Angle

Reservoir Temperature = 10625 °K

Nozzle Area 
Ratio

Species Concentrations in  a Nozzle Expansion in  
50io N2 , 5O/o C02 in  T.2

Figure No. 20



. Species Concentration 
( Moles / gm )

Shock Tunnel : T.2.
Initial Shock Tube Pressure = 
Nozzle ^8 in Throat ^

Nozzle Area Ratio

Figure No. 21. Species Concentrations in. a Nozzle Expansion in  
Argon in  T.2
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Pitot P re s s u r e

Shock Tunnel : T.3.
•  o Air
b □ Nitrogen 

a Carbon Dioxide

Experiment
Calculated

1//in Throat

Initial Shock Tube Pressure
(m.Hg.)

Figure No. 24. P ito t  Pressure in  T.3
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Figure No. 28 Free Stream Velocity in Carbon Dioxide in T.2
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Figure No. 30 Free Stream Species Concentrations in Air in T.2
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Figure No. 31 Free Stream Species Concentrations in Nitrogen in T.2
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Figure No. 32 Test Time in T.2 with Large Nozzle Throat
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O PITOT PRESSURE @ PITOT PRESSURE

------Av^aagc Valu es

TIME AFTER SHOCK REFLECTION. (/»SEC).

INITIAL SHOCK TUBE PRESSURE.

Figure Ro. 33 Test Time in T.2 with Small Nozzle Throat
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Shock and Wedge C 0 )

Shock Tunnel T. 1
Wedge Angle 35-0
Firing Conditions

0 0

O ...i
P=1 5

■ ...Si

initial shock tube 
pressure C»" Hg )

Time a fte r  Shock Reflection C">s«0

F igure  No. 34 Time Resolved Wedge Shock Angles in  T.'i
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SHOCK TUNNEL : T1 
TEST GAS : AIR

X  EXPERIMENT
------ CALCULATED ( no «.cactjopos im M obapcow )

____ CALCULATED WITH BOUNDARY I-A'Ce*.
CORRECTION.

4 -

STAGNATION
3 4
ENTHALPY ( * 1011 erg /  gm)

Figure No, 35 Wedge Shock Angles in T.1



Angle between Shock and Wedge
C° )

-IO

-8

-6

§ S— S— -----

Shock Tunnel -. T. 2. Test G as-. Air 
Nozzle-, s- Throat diameter 

7-ifHalf angle
M odel; 25° Half angle Wedge

* Experimental 
© Calculated (^ 0 Reac4io«s)
Q Calculated with Boundary Layer Correction

Initial Shock Tube Pressure On. Hq.)
I 2 3 4  5 6
l i t  i i i

F igure No. 36 Shock Angles on a 25° V.edge in  A ir in  T.2



SHOCK TUNNEL T.2.
TEST GAS : AIR 
NOZZLE THROAT

7-5 ° HALF ANGLE

X  ^

X  EXPERIMENTAL

------  CALCULATED ( no REAcT io * * )

------CALCULATED WITH BOUNDARY
LAYER CORRECTION .

INITIAL SHOCK TUBE PRESSURE ( in

Figure No. 37 Shock Angles on a 35° Wedge in Air in T.2 with 
Small Nozzle Area Hatio



Angle between Shock and Wedge

Test Gas : Air
o Experiment 

— Calculate d Reac4jô s)
Calculated

with Boundary Layer
Correction

Initial Shock Tube Pressure fin.Hg)

i

Figure No. 38 Shock Angles on a 35° Wedge in Air in T.2 with 
Large Nozzle Area



Angle between Shock and Wedge

Test Gas : Nitrogen 
o Experiment 

Calculated 
Calculatedwith Boundary Layer

Correction

( in.Hg )Initial Shock Tube Pressure

F ig u re  No. 39 Shock ang les on a 35°  Wedge in  N itrogen in  T.2 w ith  
Large Nozzle Area R atio



ANGLE BETWEEN OBLIQUE SHOCK WAVE & WEDGE CO

_______ 35° WEDGE

25° WEDGE

CALCULATED —  NITROGEN (NO REACTION^ O rB°UNDAcR'«o n ,

EXPERIMENTAL 0 CARBON DIOXIDE
x NITROGEN N o z z l e  th-Root 4 m

J______ L J________L
1 2 3 4  5 5 7 8 9
INITIAL SHOCK TUBE PRESSURE. (IN .H g).

Figure No. 40 V/edge Shock Angles in Carbon Dioxide in T.2



INITIAL SHOCK TUBE PRESSURE. (IN. Hg).

Figure No. 41 Shock Angles on a 35 Wedge in Carbon Dioxide in T.2



Anqle between Shock and Cone

Shock Tunneh T.2. Test Gas' Air 
.4  Nozzle •• g Throat diameter

7-5° Half angle 
Model •• 3 0 °  Half angle cone 

-3
x Experimental
© - Calculated 

"P a Calculated with Boundary Layer Correction.

-I

Initial Shock Tube Pressure (in. Hg.) 
o  I 2 3 4  5 6
Lc_______I_________I------------------ 1------------------ 1 _ -------------- 1------------------ !----------------

F ig u re  No. 42 Cone Shock Angles in  T.2



Distance between Shock and Body 
x on Axis /  Body Radius

-0 -1 5

■CHO

Shock Tunnel; T.2. Test G as-A ir { **
N ozzle ; o' T h ro a t diameter 

7-5 Half angle 
Model = Hemisphere

x Experimental 
°  P erfect g as  Calculation
a  Equilibrium gas Calculation

0 0 5

Initial Shock Tube Pressure ([in. H g.)
I 2 3 4  5 6
j _________ I___________ I__________ I___________ 1__________ I

F igure  No. 43 Shock S tan d -o ff D istance  on a Hemisphere in  A ir in  T.2



SHOCK WAVE STAND-OFF DISTANCE ON A HEMISPHERE. 
(NORMALISED BY BODY RADIUS, HEMISPHERE RADIUS

-0-500 IN.)

- NITROGEN (NO REACTIONS).
- NITROGEN (EQUILIBRIUM) 
x NITROGEN
□ 50% Na, 5 0 % CO* 
o CARBON DIOXIDE

CALCULATED

EXPERIMENTAL

INITIALSHOCK TUBE PRESSURE. (IN. Hg).

F igure  No. 44 Shock S ta n d -o ff  D istance  on a Hemisphere in  Carbon 
D ioxide in  T.2



Species
Concentration
. (Mole / Original Mole )

___Free
Stream

o i i u i *  l u i i ' i c i  .  i . o .  a

Initial Tube Pressure = 4 'Hg. Air 
Model • 2 in. Radius Sphere

Distance behind Shock /
Shock Radius

e"__NO

F igure  No. 45 Species C oncen tra tions behind the Shock Wave on 
a Hemisphere in  A ir

i



'Species Concentration 
(Mole/original Mole)

Shock Tunnel: T.3. . . .
Initial Shock Tube Pressure « 4  Hg. N 
Model1 2" Radius Sphere

Free
Stream

Distance behind Shock/Shock Radius

F ig u re  No. 46 S p ec ies  C o n c e n tra tio n s  b eh in d  th e  shock  Wave 
on a  H em isphere in  N itro g e n



D istance between Shock and Sphere /  Body Radius 
(o n  stagnation  streamline)

Shock Radius 
= R s = 0 0 0 1  cm

Rs = 2in.
Rs = 3in.

□Rs = IC> cm.
Rs = IO cm.

Experiment (B o d y  Radius = 2 in.) 
P erfec t G as  Calculation.
Non equilibrium G as Calculation.

Initial Shock Tube P ressu re  (in .H g.)

F igure  No. 47 Shock S ta n d -o ff  D istance  on a  Hemisphere in  A ir in  T.3



Stream Tube Area Ratio

4 in Hg N2

8 in Hg N*

2 In Hg Air

1 in. Hg. Air

Distance behind Shock Wave (cm}

Stream Tube Area Ratio

1 Irv Hg Air
4 In. Hg A r

2 in. Hg Air

2 K Hg Air

4 in Hg Air

t in Hg Air

Distance behind Shock Wave (cm)

S K o c W  t o a v e  CXnC êS S ^ o u J n  \v \ Jp^uT£S ^ j S O
Ca(ctAla/Wov\s uu+t» cAnemical vvone^wiKkrium, assuming cons'taHt pressuve <x\ovu%

£-tre«*nn liv \« .

F ig u re  No. 48 Stream Tube C ro ss-S ec tio n a l Areas Behind th e  Shock 
Waves on a Wedge in T3.
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Shock Tunnel: T.3. 
Wedge Angle « 25  
Test G as • Air

2 -

x Experimental 
a Equilibrium 
o Frozen

Initial Shock Tube Pressure Cin. Hg.)
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Figure No. 49 Shock Wave Angles on a Wedge in  Air in  T.3
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Angle between Shock and Wedge C°>
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8 -  

7 -
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Shock Tunnel: T. 3.

Wedge A ngle- .2 5 °

Test G as •. Nitrogen

x Experimental 

D Equilibrium 

o  Frozen

Initial Shock Tube Pressure Cin. Hg)

2 3 4  5 6 7 8 9

F igure  No. 50 Shock Wave Angles on a Wedge in  N itrogen  in  T.3



Figure No, 51 Schlieren Photograph of Wedge Flow in Te3

*



Figure No. 52 Schlieren Photograph of Flow over a Flared Hemisphere 
Cylinder



Flare
Shock

N ozz le
Exit

Expansion

Bow
\Shock

Model
4

S u p p o r t
Sting

S ep ar a t ed
Boundary
Layer

Shock

Figure No. 53 In terp reta tio n  o f Flow over a Flared Hemisphere Cylinder



Figure No. 54 Flared Hemisphere Cylinder with Boundary Layer Bleed
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Figure No. 55 Calculated and Experimental Flow over a Flared 
Hemisphere Cylinder



Time ^

Initial Shock 
Direction

Initial Shock Tube Pressure = 2 in Hg of Air

A

- -̂. : , r  _ , . .. , . w  " ' il T~? 1,1 ' ij’ *m  ii - " j JMfr I ~ tiTli^ n  . v , , - ,

Initial Shock Tube Pressure = 2 in Hg of Argon 

Shock Tunnel T.2
Distance between Markers = 1.0 cm 

Sweep Duration = 50 microsec

ŷ.W

a

Figure No. 56 Streak Photographs of Incident and Reflected Shock V/aves



. . . .  - .... ___  Yi-iT>y-mv> :,..|..n-.  — > ^ 'i ' ' if £. 'fc2 » . -- *-X<l

Time

<------
Gas Flow

Initial Shock Tube Pressure = 1 Hg of Air

Initial Shock Tube Pressure = 2 in Hg of Air 

Shock Tunnel T.2 Nozzle: ^ in Throat

Length Swept = 8.8 cm 7*5°  Half Angle
Sweep Duration = 200 microsec

Figure No. 57 Streak Photographs of Free Stream Gas Flow



K u tte rs  = a fk<" shock ve

F igu re  No. 58 F r tuning Photograph o f Shock Wave on Wedge
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Figure No. 59 Spark Tracer Technique
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Gas Flow

Time a f t e r  Shock 

R e f le c tio n  = 125 m icrosec

I n i t ia l  Shock Tube Pressure = 4 in  Hg of Air

Time a f t e r  Shock 
R e f le c tio n  = 150 m icrosec

I n i t i a l  Shock Tube P ressu re  = 1 in  Hg of Argon 

Shock Tunnel T.2 Nozzle: i / i o  in  Throat

Length Swept = 3 .6 cm 7 .50 H alf Angle

Sweep D uration  = 5 m icrosec

F igu re  No. (?Q S treak  Photographs o f  Spark Tracer

r
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F ig u re  No. 61 Magnetohydrodynaniic Technique
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F igure  No. 62 M agnetic F ie ld  P ro p e r tie s  f o r  th e  Magnetohydrodynamic 
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Figure No. 63 Flow over the Magnetohydrodynamic Probes
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Nozzle Throat = in  
Time Base 

= 50 m icrosec /cn

I n i t i a l  Shock Tube P ressu re  = 2 i n  Hg o f Air

Nozzle T hroat = 1/16 in
Time base = 100 m icrosec/

cm

I n i t i a l  Shock Tube P ressu re  = 1 in  Hg o f A ir

Shock Tunnel: T .2 Nozzle: 7 .5 °  h a l f  angle

Uppen Trace: Nozzle R eserv o ir P ressu re  Transducer
%

Lower T race: Magnetohydro dynamic Probe, 5 v o lts /cm

F ig u re  No. 64 O sc illo sco p e  Traces from th e  Magnetohydro dynamic 
Technique
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I n i t i a l  Shock Tube P ressu re  = 5 in  Hg of Carbon D ioxide
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fcif'Myftf i f ^ t  n .»  " r r i r j i ’* •~i'~ 'h~i

I n i t i a l  Shock Tube P ressu re  = 2 in  Hg of Argon

Shock Tunnel: T.2 N ozzle: J- in  Throat
7.5 H alf Angle

Upper T race: Nozzle R ese rv o ir F ressu re  Transducer

Lower Trace: Magnetohydrodynamic Probe, 5 v o lts /cm , 50 m icrosec/cm

F igure No. 64- (co n tin u ed )
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F igure  No. 65 P i to t  P re s su re  Probe
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-9  volts

10 ohm

«■iDrain 
Substrate and 
“ """He ase

Source2N4065

Piezoelectric
Disc

10 kohm

F ig u re  No. 66 P re ssu re  T ransducer C onverter C irc u it
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Initial Shock Tube Pressure = 2 in Hg of Air

Shock Tunnel: T,2 Nozzle: ^ in Throat
7 . 5  Half Angle

Upper Trace: Nozzle Reservoir Pressure Transducer

'Lower Trace: Pitor Pressure Probe, 1 volt/cm, 50 miorosec/cm

Figure No. GJ Free Stream Pitot Pressure Traces



I n i t i a l  Shock Tube P re ssu re  = 2 in  Hg of Argon

Shock Tunnel: T.2 Nozzle: in  '^hroat 
7 .5° H alf Angle

Upper Trace: Nozzle R ese rv o ir  P ressu re  Transducer

Lower Trace: P i to t  P re ssu re  P robe, 1 vo lt/cm , 50 m icrosec/cm

F igure 6~J (co n tin u ed )
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Initial Shock Tube Pressure = 4 in Hg of Air 
Shock Tunnel: T.2 Nozzle: ^  in Throat

7*5° half angle
Upper Trace: Nozzle Reservoir Pressure Transducer
Lower Trace: Pitot Pressure Probe, 50 microsec/cm,

Left: 0.2 volt/cm, Right; 0.5 volt/cm
Pigure 6ß Pitot Pressure behind an Oblique Shock 7/ave,*
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I n i t i a l  Shock Tube P ressu re  = 4 in  Hg of A ir

Shock Tunnel: T.2 N ozzle: §• in  Throat

7» 5 H alf Angle

Upper Trace: Nozzle R ese rv o ir P re ssu re  Transducer

Lower T race: P i to t  P re ssu re  P robe, 0 .5  v o lt/cm , 50 microsec,

F igure  69 P i t o t  P ressu re  in  th e  Nozzle Boundary Layer
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F ig u re  No. 70 The S in g le  o r  Double P ass  S c h lie re n  System



Filter: Wratten 35
Time = 125 psec
Knife Edge: Horizontal

Filter: Wratten 35
Time = 125 psec
Knife Edge: Horizontal

Test Gas: Carbon Dioxide
Initial Shock Tube Pressure = 5 in Hg
Nozzle: 1/8 in Throat

7.5° Half Angle
Model: 30° Included Angle Cone at 10° yaw

test bas: uarbon Dioxide
Initial Shock Tube Pressure = 5 
Nozzle: 1/8 in Throat

7.5° Half Angle
Model: Included Angle Cone

Figure No. 71 Schlieren Photographs in T.2



Test G a s : Carbon Dioxide
Initial Shock Tube Pressure = 
Nozzle: 1/16 in Throat

7.5° Half Angle 
Model: 35° Half Angle Wedge

Double Pass System 
(Proto type) 

Filter: Wratten 47
Time = 150 psec 

Knife Edge: Parallel

to Shock
10 in Hg

Single Pass System 
Filter: Wratten 47
Time = 125 ysec 
Knife Edge: Vertical

Test G a s : Carbon Dioxide
Initial Shock Tube Pressure = 6 in Hg
Nozzle: 1/8 in Throat

7.5° Half Angle
Model: Hemisphere Cylinder (Rb = 0.5 in)

Figure No. 71 (Contd)



Filter: Wratten 47
Time: 125 ysec.
Knife Edge : Horizontal

Test Gas : Air
Initial Shock Tube Pressure = 5 in Hg'"’
Nozzle: 1/8 in Throat

7.5° Half Angle
Model: Flanged Hemisphere Cylinder with Boundary Layer

Bleed ( = 0 . 5  cm)

Filter: Wratten 47
Time = 125 ysec
Knife Edge: Horizontal

Test Gas: Carbon Dioxide
Initial Shock Tube Pressure = 6 in Hg
Nozzle: 1/8 in Throat

7.5° Half Angle
Model: Flanged Hemisphere Cylinder (R^ = 0.25 in Flare

Angle = 15°)

Figure No. 71 (Contd)



Double Pass System
Filter: Wratten 47
Time = 300 ysec 
Knife Edge: Vertical

Test Gas : Nitrogen
Initial Shock Tube Pressure = 10 in Hg 
Nozzle: 1/8 in Throat

15° Half Angle
Model: 45° Half Angle Wedge

Figure No. 71 (Contd)



Test Gas : Carbon Dioxide
Initial Shock Tube Pressure = 3 in Hg
Nozzle: 1/8 in Throat

7.5° Half Angle 
Model: 35° Half Angle Wedge

o
Filter: 4330 A
Time = 130 ysec

Test Gas : Carbon Dioxide
Initial Shock Tube Pressure = 6 in Hg 
Nozzle: 1/16 in Throat

7.5° Half Angle
Model: Hemisphere Cylinder (R^ = 0.5 in)

Figure No. 72 Mach Zehnder Interferograms in T.2



Test Gas: Carbon Dioxide
Initial Shock Tube Pressure = 6 in Hg 
Nozzle: 1/8 in Throat

7.5° Half Angle
Model: Wedge (20° Angle to Flow) with Pitot Probe

Initial Shock Tube Pressure = 
Nozzle: 1/8 in Throat

7.5° Half Angle 
Model: 25° Half Angle Wedge

Infinite(Vertical^ Fringes 
Filter: None
Time: 175 ysec

4 in Hg

Figure No. 72 (Contd)



Infinite (vertical) Fringes 
No Filter
Xenon Flashtube Light Source 
„Time = 150 y sec 
Test Gas: Air
Initial Shock Tube Pressure = 5 in Hg 
Nozzle: 1/8 in Throat

7.5° Half Angle 
Model: 25° Half Angle Wedge

Figure No. 72 (Contd)


