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INTRODUCTION 

I n  s tudy ing  t r a n s i t i o n  behavior  a shock tube and tunne l  were used t o  pro-  
duce h igh  temperatures, and t h i n - f i l m  p la t i num heat  gauges were used t o  measure 
l o c a l  heat  f l u x  as w e l l  as t o  d e t e c t  t h e  t r a n s i t i o n  o f  t h e  laminar  boundary 
l a y e r  over  a f l a t  p l a t e  and a cone. I n i t i a l  i n v e s t i g a t i o n s  were conducted i n  
t h e  hypersonic shock tunne l  t o  o b t a i n  high-temperature i n fo rma t i on  f o r  t h e  
development o f  an ICBM nose cone. Shock Mach numbers as l a r g e  as 50 w i t h  a 
temperature o f  15 000 K a f t e r  t h e  i n c i d e n t  wave were produced i n  t h e  d r i v e n  
tube ( r e f .  1 ) .  And now we are  us ing  shock tubes t o  i n v e s t i g a t e  t h e  heat  t r ans -  
f e r  over  var ious  sur faces t o  2500 K f o r  t h e  development o f  f u t u r e  gas tu rb ines .  

The shock tube i s  an i d e a l  method o f  producing high-temperature gas f o r  
which t h e  e q u i l i b r i u m  p r o p e r t i e s  a re  f a i r l y  w e l l  known. T h i n - f i l m  p la t i num 
heat  gauges are  e i t h e r  spu t te red  ( r e f .  2) o r  pa in ted  ( r e f .  3 ) .  These gauges, 
w i t h  a response t ime o f  1  psec are  e f f e c t i v e  i n  d e t e c t i n g  t h e  t r a n s i t i o n  o f  
t h e  laminar  boundary l a y e r  ( r e f s .  3  t o  6) as w e l l  as i n  measuring t h e  l o c a l  
heat  f l u x .  

I w i l l  descr ibe t h e  shock tubes t h a t  were cons t ruc ted  a t  Rensselaer 
Poly technic  I n s t i t u t e ,  under t h e  sponsorship o f  D r .  R.  Graham o f  t h e  NASA Lewis 
Research Center and D r .  W .  Aung o f  t h e  Nat iona l  Science Foundation, t o  o b t a i n  
heat  t r a n s f e r  i n fo rma t i on  over  a temperature range 360 t o  2500 K f o r  t h e  design 
o f  advanced j e t  engines. I w i l l  descr ibe  t h e  t h i n - f i l m  heat  gauges t h a t  were 
developed and some o f  t h e  experimental  heat  t r a n s f e r  r e s u l t s  f o r  laminar ,  
t r a n s i t i o n ,  and t u r b u l e n t  boundary l aye rs .  The t r a n s i t i o n  phenomenon has been 
i n v e s t i g a t e d  w i t h  heat gauges s ince  1960 i n  shock tubes and tunnels ;  some o f  
t h e  r e s u l t s  a re  presented i n  references 2 t o  8. 

DESCRIPTION OF SHOCK TUBES AND HEAT GAUGES 

RPI Low- and High-Pressure Shock Tubes 

R P I  low- and high-pressure shock tubes ( r e f s .  3  and 7) a re  shown i n  f i g u r e  
1 .  Both o f  these shock tubes a re  21 m (70 f t )  long w i t h  a diameter o f  10.2 cm 
( 4  i n ) ,  and t h e  d r i v e r s  a re  3 m (10 f t )  long w i t h  18.3 ( 6 0 - f t )  long  d r i v e n  
tubes. The low-pressure tube i s  copper t u b i n g  w i t h  a maximum pressure o f  690 
kPa (100 p s i ) ;  t h e  maximum pressure f o r  t h e  s t a i n l e s s  s t e e l  tube i s  12 400 kPa 
(1800 p s i ) .  I n  t h e  high-pressure shock tube i t  i s  poss ib le  t o  o b t a i n  heat  
t r a n s f e r  da ta  a t  a  pressure o f  4150 kPa (600 p s i )  and temperatures t o  2500 K 
f o r  f u t u r e  water-cooled gas t u r b i n e s  f o r  generat ing power. A t  t h e  end o f  t h e  
high-pressure shock tube a nozzle w i t h  an e x i t  diameter o f  60 cm (24 i n )  can 
be attached. With t h i s  hypersonic nozzle a f l o w  Mach number o f  25 i n  a i r  has 
been achieved ( r e f .  1 ) .  



A t  p resen t  we a r e  us i ng  bo th  shock tubes t o  o b t a i n  hea t  t r a n s f e r  over  f l a t  
p l a t e s  w i t h  and w i t h o u t  p ressure  g rad ien t s ,  s t a g n a t i o n  p o i n t  hea t  t r a n s f e r  f o r  
c i r c u l a r  c y l i n d e r s ,  and hea t  t r a n s f e r  i n  gas t u r b i n e  vanes. The r e s u l t s  
ob ta ined  i n  t h e  low-pressure shock tube  on t h e  l am ina r  boundary- layer  t r a n s i -  
t i o n  and hea t  t r a n s f e r  f o r  l aminar ,  t r a n s i t i o n ,  and t u r b u l e n t  boundary l a y e r s  
w i  11 be d iscussed.  

To o r i e n t  people  who a r e  n o t  f a m i l i a r  w i t h  t h e  shock t ube  technique,  t h e  
o p e r a t i o n  o f  t h e  shock tube  i s  b r i e f l y  descr ibed.  A shock tube  ( x - t )  d iagram 
i s  presented i n  f i g u r e  2. The pressures i n  t h e  d r i v e r  and d r i v e n  tubes a re  
se l ec ted  t o  produce t h e  des i r ed  heated a i r  i n  t h e  t e s t  s e c t i o n  ( r e f .  9 ) .  The 
l o c a t i o n s  o f  t h e  shock wave, t h e  c o n t a c t  su r face ,  and t h e  head o f  t h e  r a r e f a c -  
t i o n  wave i n  t h e  d r i v e r  a f t e r  t h e  diaphragm sepa ra t i ng  t h e  d r i v e r  and t h e  
d r i v e n  tube  i s  broken and a t  t i m e  t = tl a r e  shown i n  f i g u r e  2. Across t h e  
i n c i d e n t  shock wave t h e  gas i s  heated t o  temperature T2, compressed t o  p res -  
su re  P2, and impar ted f l o w  v e l o c i t y  V2. The i n c i d e n t  shock wave i s  
r e f l e c t e d  f r om t h e  end o f  t h e  tube  (as  shown i n  f i g .  2  f o r  t i m e  t = t 2 ) .  
A f t e r  t h e  r e f l e c t e d  shock wave t h e  gas i s  f u r t h e r  heated t o  temperature T5 
and compressed t o  p ressure  Pg. For  a  s o l i d  end w a l l  t h e  f l o w  v e l o c i t y  a f t e r  
t h e  r e f l e c t e d  shock wave i s  zero and i s  a  f u n c t i o n  o f  t h e  r a t i o  o f  t h e  open 
area i n  t h e  end w a l l  t o  t h e  shock tube  c ross - sec t i ona l  area.  By s e l e c t i n g  t h i s  
area r a t i o  i t  i s  p o s s i b l e  t o  produce t h e  des i r ed  f l o w  Mach numbers o f  0.15 and 
0.45 a f t e r  t h e  r e f l e c t e d  shock wave t o  s imu la te  t h e  i n l e t  f l o w  Mach numbers f o r  
gas t u r b i n e  vanes and blades, r e s p e c t i v e l y .  

Heat t r a n s f e r  d i s t r i b u t i o n  over  bodies can be determined i n  r e g i o n  2 a f t e r  
t h e  i n c i d e n t  shock wave o r  i n  r e g i o n  5  a f t e r  t h e  r e f l e c t e d  shock wave f r om t h e  
r e f l e c t i o n  p l a t e  ( r e f s .  3, 7 ,  and 8 ) .  The d u r a t i o n  o f  t h e  t e s t  t i m e  i n  t h e  
t e s t  s e c t i o n  i s  l i m i t e d  by t h e  a r r i v a l  o f  t h e  expansion wave f r om t h e  d r i v e r  
end ( f i g .  2 ) .  The shock tube  i s  a  ve r y  e f f e c t i v e  method f o r  p roduc ing  h i gh -  
temperature and h igh-pressure gas f o r  which t h e  thermodynamic p r o p e r t i e s  a r e  
w e l l  d e f i n e d  f o r  t h e  e q u i l i b r i u m  c o n d i t i o n .  

A t e s t  s e c t i o n  w i t h  a  square c ross  s e c t i o n  w i t h  area equal  t o  t h a t  o f  t h e  
10.2-cm ( 4 - i n )  d iamete r  d r i v e n  tube  was cons t ruc ted  and a t t ached  t o  t h e  end o f  
t h e  low-pressure shock tube .  Th i s  s e c t i o n  was cons t ruc ted  w i t h  a d j u s t a b l e  t o p  
and bot tom w a l l s  t o  p e r m i t  t e s t i n g  w i t h  a  p ressure  g r a d i e n t  ove r  t h e  f l a t  p l a t e  
( f i g .  3 )  f o r  s i m u l a t i n g  t h e  a c c e l e r a t i n g  f l o w  ove r  vanes and b lades .  Windows 
a r e  mounted t o  s i d e  w a l l s  f o r  t a k i n g  s c h l i e r e n  photographs o f  t h e  boundary 
l a y e r  over  t h e  f l a t  p l a t e .  

P i e z o e l e c t r i c  p ressure  t ransducers  (e.g. !  f i g .  4 )  a r e  l o c a t e d  i n  t h e  t e s t  
s e c t i o n  t o  measure t h e  p ressure  a f t e r  t h e  i n c i d e n t  and r e f l e c t e d  shock waves. 
The response t i m e  o f  t h e  q u a r t z  p ressure  gauges i s  approx imate ly  1 0  psec. 

T h i n - f i l m  p l a t i n u m  hea t  gauges were cons t ruc ted  by p a i n t i n g  t h e  p l a t i n u m  
on t h e  Pyrex subs t ra te ,  which was p laced  i n  an oven t o  evaporate  t h e  s o l v e n t  
and t o  cause t h e  p l a t i n u m  t o  adhere t o  t h e  Pyrex. The p l a t i n u m  i s  app rox i -  
ma te l y  104 A t h i c k  and has a  r e s i s t a n c e  o f  about  15 a. A t  t h e  General 
E l e c t r i c  Research and Development Center t h e  hea t  gauges were f a b r i c a t e d  by 
s p u t t e r i n g  p l a t i n u m  t o  t h e  g l ass  t o  a  t h i c kness  o f  approx imate ly  300 A 
( r e f s .  2  and 4  t o  6 ) .  These p l a t i n u m  hea t  gauges have a  response t i m e  o f  a  few 
microseconds and a  c u r r e n t  o f  approx imate ly  30 mA. The hea t  gauge power supp ly  
schematic i s  shown i n  f i g u r e  5. A change i n  t h e  su r f ace  temperature due t o  t h e  
hea t  t r a n s f e r  inc reases  t h e  r e s i s t a n c e  of t h e  p l a t i n u m  and causes a  v o l t a g e  



change t h a t  i s  recorded on t h e  osc i l loscope.  A computer i s  used t o  c a l c u l a t e  
t h e  heat f l u x  from t h e  vol tage t r a c e  ( r e f s .  2, 3, and 7) .  

A f l a t  p l a t e  w i t h  a  span of 9 cm (3.55 i n )  and w i t h  t h i n - f i l m  p la t inum 
heat  gauges i s  shown i n  f i g u r e  6. The p la t inum f i l m  i s  about 0.305 cm 
(0.12 i n )  long and 0.15 cm (0.06 i n )  wide and t h e  diameter o f  t h e  g lass d i s k  
i s  0.13 cm (0.05 i n ) .  With these heat  gauges i t  i s  poss ib le  t o  measure the  
l o c a l  heat f l u x  as w e l l  as t o  de tec t  t he  t r a n s i t i o n  o f  t h e  laminar  boundary 
l aye r .  

EXPERIMENTAL RESULTS AND DISCUSSION 

For eva lua t ing  the  l o c a l  heat t r a n s f e r  r a t e  i t  i s  necessary t o  determine 
t h e  heat gauge constant  0,  which i s  def ined as 

where p, C , and k a re  the  dens i ty ,  s p e c i f i c  heat,  and thermal conduc- 
t i v i t y  o f  tRe backing ma te r ia l  and a i s  the  thermal r e s i s t i v i t y  o f  p l a t i -  
num. The gauge constants I3 a re  used i n  c a l c u l a t i n g  t h e  heat t r a n s f e r  f o r  
each gauge. The gauge constant  was obta ined by accura te ly  eva lua t ing  the  i n i -  
t i a l  vo l tage jump t h a t  i s  d isp laced on an osc i l loscope t r a c e  when t h e  i n c i d e n t  
shock wave passes over t he  heat gauge. The expression f o r  t h e  heat gauge 
constant  i s  

where 10 and Ro are  i n i t i a l  gauge cu r ren t  and res is tance,  A E  t h e  step 
change i n  vol tage,  kw t h e  thermal c o n d u c t i v i t y  a t  t he  wa l l ,  Tw the  w a l l  tem- 
perature,  Twi t h e  i nsu la ted  w a l l  temperature, vw t h e  k inemat ic  v i s c o s i t y  a t  
t h e  w a l l ,  U2 t h e  v e l o c i t y  behind t h e  normal s t a t i o n a r y  shock, U1 t h e  f ree -  
stream v e l o c i t y ,  and S1(0 )  a  c o e f f i c i e n t  tabu la ted  i n  reference 10. 

The heat gauge t races  f o r  laminar,  t r a n s i t i o n ,  and t u r b u l e n t  boundary 
l aye rs  a re  presented i n  f i g u r e  7 f o r  t he  f l o w  over a  f l a t  p l a t e  ( f i g .  3),  w i t h  
a  f l o w  Mach number a f t e r  a  r e f l e c t e d  shock wave o f  0.12 and a  gas temperature 
o f  405 K. The laminar  t r a c e  f o r  a  low Reynolds number ( f i g .  7 (a ) )  i s  smooth 
a f t e r  t h e  passage o f  t he  r e f l e c t e d  shock wave. As the  Reynolds number 
increases, t he  t r a n s i t i o n  t r a c e  ( f i g .  7 (b ) )  shows o s c i l l a t i o n s  associated w i t h  
t h e  passage o f  t u r b u l e n t  burs ts  over  t h e  heat gauge. For h igh  Reynolds number 
w i t h  a  t u r b u l e n t  boundary l a y e r  t he  heat gauge t r a c e  ( f i g .  7 ( c ) )  has a  r e l a -  
t i v e l y  smooth parabo l ic  shape w i t h  a superimposed high-frequency o s c i l l a t i o n  
caused by t h e  presence o f  t u r b u l e n t  eddies. S i m i l a r  heat gauge t races  were 
observed f o r  laminar,  t r a n s i t i o n ,  and t u r b u l e n t  boundary l aye rs  over a  10" cone 
o f  1.2-m ( 4 - f t )  length  a t  Mach 10 ( r e f s .  4  and 5) and o f  2.4-m ( 8 - f t )  length  
f o r  Mach 16 ( r e f .  6) and on t h e  shock tube w a l l  ( r e f .  3 ) .  The t u r b u l e n t  t r a c e  
i nd i ca tes  the  decrease i n  vo l tage output  from t h e  i n i t i a t i o n  o f  t h e  f l o w  over 
t h e  f l a t  p l a t e .  This  decrease i s  due t o  t h e  expansion wave f rom t h e  shock tube 
d r i v e r  a r r i v i n g  i n  t he  t e s t  sec t i on  ( f i g .  2).  



The exper imenta l  hea t  t r a n s f e r  r a t e  was reduced f r om t h e  vo l tage- t ime 
o s c i l l o s c o p e  t r a c e s  presented i n  f i g u r e  7. The v o l t a g e  t r a c e s  were t h e n  d i g i -  
t i z e d  by  u s i n g  a  Ta los d i g i t i z e r  t o  eva lua te  t h e  cor responding l o c a l  hea t  f l u x  
as a  f u n c t i o n  o f  t i m e  and t h e  f o l l o w i n g  equa t ion  d e r i v e d  by  V i d a l  ( r e f .  11)  was 
used: 

Th i s  equa t i on  i s  so lved  by numer ica l  i n t e g r a t i o n  th rough  a  computer program on 
t h e  I B M  3033 and by us i ng  t h e  d i g i t i z e d  v o l t a g e  da ta  t o  o b t a i n  t h e  exper imenta l  
va l ue  f o r  t h e  l o c a l  hea t  t r a n s f e r  r a t e ,  Stanton,  and Nusse l t  numbers as func-  
t i o n s  o f  t ime .  

The exper imenta l  r e s u l t s  f o r  t h e  l am ina r  boundary- layer  hea t  t r a n s f e r  t o  
t h e  shock tube  w a l l  ( r e f .  3)  and f l a t  p l a t e  ( r e f s .  7  and 8) agreed w e l l  w i t h  
M i r e l s '  ( r e f .  10)  p r e d i c t i o n  f o r  t h e  v a r i a t i o n  w i t h  t i m e  o f  t h e  heat  f l u x  a f t e r  
t h e  passage o f  t h e  i n c i d e n t  shock wave (as  shown i n  f i g .  8  f o r  t h e  shock tube  
w a l l ) .  S i m i l a r  l am ina r  hea t  t r a n s f e r  v a r i a t i o n  w i t h  t ime  a f t e r  t h e  i n c i d e n t  
shock wave was observed f o r  t h e  f l a t  p l a t e  ( r e f s .  7  and 8) a t  l ow Reynolds 
numbers. 

The d i g i t i z e d  v o l t a g e  t r a c e  and t h e  cor responding l o c a l  hea t  f l u x  f o r  
' l a m i n a r ,  t r a n s i t i o n ,  and t u r b u l e n t  boundary l a y e r s  f o r  t h e  hea t  gauge l o c a t e d  
7.95 cm (5.16 i n )  f rom t h e  l e a d i n g  edge o f  t h e  f l a t  p l a t e  a r e  presented i n  
f i g u r e s  9(a)  t o  ( c ) ,  r e s p e c t i v e l y ,  f o r  a  gas temperature o f  416 K, Mach 0.12, 
and a  wal l - to-gas temperature 0.71 ( r e f .  12 ) .  A l am ina r  boundary l a y e r  was 
observed f o r  a  Reynolds number o f  9.96x103, and t h e  d i g i t i z e d  vo l t age  t r a c e  
and t h e  hea t  f l u x  a r e  presented i n  f i g u r e  9 ( a ) .  The l am ina r  boundary l a y e r  
ove r  t h e  p l a t e  a f t e r  t h e  passage o f  a  r e f l e c t e d  shock wave i s  e s t a b l i s h e d  i n  
approx imate ly  1  msec. There i s  a  s c a t t e r  i n  t h e  hea t  f l u x  r e s u l t  due t o  t h e  
d i g i t i z i n g  o f  t h e  hea t  gauge vo l t age  t r a c e .  For  a  Reynolds number o f  4 . 7 2 ~ 1 0 ~  
t h e  boundary l a y e r  ove r  t h e  p l a t e  i s  i n  t h e  t r a n s i t i o n  regime w i t h  l a r g e  v a r i -  
a t i o n s  i n  t h e  l o c a l  hea t  f l u x  ( f i g .  9 ( b ) ) .  These l a r g e  f l u c t u a t i o n s  f o r  t h e  
t r a n s i t i o n  boundary l a y e r  a re  caused by t h e  passage o f  t u r b u l e n t  b u r s t s  ove r  
t h e  hea t  gauge (as  observed p r e v i o u s l y  i n  r e f s .  3  t o  8 ) .  The f a s t  response 
t i m e  o f  t h e  t h i n - f i l m  p l a t i n u m  hea t  gauge d e t e c t s  t h e  v a r i a t i o n  i n  t h e  hea t  
f l u x  t o  t h e  su r face .  A f u l l y  developed t u r b u l e n t  boundary l a y e r  was observed 
f o r  a  Reynolds number o f  1 .32x106 ( f i g .  9 ( c ) ) .  The d i g i t i z e d  v o l t a g e  t r a c e  
i s  r e l a t i v e l y  smooth and decreases a f t e r  12 msec when t h e  expansion wave 
a r r i v e s  f r om  t h e  d r i v e r  s e c t i o n  ( f i g .  2 ) .  The corresponding hea t  f l u x  i s  
n e a r l y  cons tan t  f o r  t h e  d u r a t i o n  o f  t h e  t e s t  gas ove r  t h e  hea t  gauge. Once t h e  
boundary l a y e r  i s  f u l l y  t u r b u l e n t  ove r  t h e  p l a t e ,  a  sub laye r  e x i s t s  near  t h e  
su r f ace  o f  t h e  p l a t e ,  and consequent ly  t h e  v o l t a g e  t r a c e  i s  smooth w i t h  sma l l -  
amp l i tude ,  h igh- f requency f l u c t u a t i o n s  ( r e f s .  3  t o  8 ) .  

CONCLUSIONS 

A shock t ube  i s  a  u s e f u l  dev i ce  t o  produce shock-heated a i r  ove r  a  tem- 
p e r a t u r e  range o f  350 t o  2500 K.  By us i ng  a  r e f l e c t e d  shock wave techn ique  i t  
i s  p o s s i b l e  t o  produce f l o w  Mach numbers o f  0.12 and 0.45 t o  s imu la te  t h e  f l o w  



Mach numbers f o r  f u t u r e  gas t u r b i n e  vanes and blades, r e s p e c t i v e l y .  And i t  i s  
p o s s i b l e  t o  produce pressures as h i g h  as 40 atm a f t e r  t h e  r e f l e c t e d  shock wave. 

Going f rom a c i r c u l a r  d r i v e n  tube  t o  a square t e s t  s e c t i o n  and d e f l e c t i n g  
t h e  t o p  and bottom w a l l s  pe rm i t t ed  t h e  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  p ressure  
g r a d i e n t  on t h e  hea t  t r a n s f e r  t o  a f l a t  p l a t e .  Th is  method s imu la tes  t h e  
a c c e l e r a t i n g  f l o w  through vanes and blades. 

T h i n - f i l m  p l a t i n u m  hea t  gauges w i t h  a response t i m e  o f  approx imate ly  
1 psec can be used t o  d e t e c t  t h e  t r a n s i t i o n  phenomena f o r  t h e  laminar  bound- 
a r y  l a y e r  i n  subsonic t o  hypersonic  f l ows .  A computer i s  used t o  c a l c u l a t e  
f rom t h e  hea t  gauge vo l t age  ou tpu t  t h e  l o c a l  heat  f l u x  f o r  laminar ,  t r a n s i t i o n ,  
and t u r b u l e n t  boundary l a y e r s  f o r  gas temperatures as h i g h  as 2500 K. 
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High Pressure Shock Tube

Low Pressure Shock Tube

Figure l. - RPI shocktube.
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Figure2. - Idealwavesystemin a shocktube.
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Figure 3. - Schenaticof square test section.

Figure 4. - Kistler type-603 quartz pressuregaugeand lead-zirconate-titanate piezoelectric crystal.
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Figure 5 .  - Schematic of  heat gauge power supply. 

Figure 6. - Heat gauges mounted i n  f l a t  plate.  



(a) Laminar, Re/m = 698. 
(b) Transition, Re/m = 3000. 
(c) Turbulent, Re/m = 93 200. 

Figure 7 .  - Heat gauge traces for laminar, transition, and turbulent boundary layers. M = 0.12; 
Tg = 405 K.  
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Figure 8. - Local heat transfer rate for laminar boundary layer. M2 = 0.697; T2 = 409 K; 
Re/m = 2 . 4 8 ~  103. 
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Figure 9. - Dig i t i zed  voltage traces and heat transfer f o r  laminar boundary layer 




