
RESULTS OF INTERFEROMETER STUDY OF LAVAL NOZZLE 

K. K. Kim and D. D. Tomilin 

Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, Vol. i0, No. 4, pp. 105-107 ,  1969 

I n t e r f e r o m e t r i c  m e a s u r e m e n t  of the a i r  dens i ty  in a s u p e r s o n i c  n o z z l e  of r e c t a n g u l a r  c r o s s  s ec t ion  is 
d e s c r i b e d .  The  f low s t r u c t u r e  is s tud ied  in a r e a l  Lava l  nozz le .  It is shown that  the c o r e  flow fo l lows  the 
laws of m o t i o n  of an ideal  gas  and has a wave  na tu re .  The  r e l a t i o n  5 z = (3 -4)5y  is obta ined  fo r  the boundary  
l a y e r  t h i c k n e s s  on the  n o z z l e  wa l l s  fo r  nozz l e  w id th -he igh t  ra t io  L / h  = 3 .75 -7 .5 .  

The flow s t r u c t u r e  in a r e a l  s u p e r s o n i c  n o z z l e  may  d i f fe r  s ign i f i can t ly  f r o m  the  t h e o r e t i c a l  s t r u c t u r e ,  both 
b e c a u s e  of de fec t s  in n o z z l e  f a b r i c a t i o n  and b e c a u s e  of boundary  l a y e r  g rowth  on the n o z z l e  wal l s .  In m a n y  
c a s e s  it  is  i m p o r t a n t  to know the p a r a m ' e t e r s  of the s u p e r s o n i c  flow in the ac tual  nozz le .  The d e t e r m i n a t i o n  
of t h e s e  p a r a m e t e r s  (densi ty  p, p r e s s u r e  p, t e m p e r a t u r e  T,  v e l o c i t y  u, Mach n u m b e r  M) at any s ec t i on  of 
the n o z z l e  in ques t ion  is the o b j e c t i v e  of the  p r e s e n t  inves t iga t ion .  

1. Spec i f i c  d i f f i cu l t i e s  a r i s e  in Lava l  n o z z l e  s tud ies ,  a s s o c i a t e d  with the  l a r g e  a i r  dens i ty  g r a d i e n t s  a long the 
n o z z l e  and the a p p e a r a n c e  of a d i f fuse  zone  of the i n t e r f e r e n c e  p a t t e r n  d o w n s t r e a m  of the  th roa t  with approach  to the 
des ign  r e g i m e .  The  d i f fuse  zone a p p e a r s  fo r  s m a l l  p r e s s u r e  d i f f e r e n t i a l s ,  which a re ,  however ,  su f f i c i en t  to e s t ab l i sh  
the sonic  v e l o c i t y  at the  n o z z l e  th roa t ,  and shi f t s  d o w n s t r e a m  as the p r e s s u r e  ahead of the  nozz l e  i n c r e a s e s .  A 
s i m i l a r  p a t t e r n  is o b s e r v e d  in t r a n s s o n i c f l o w p a s t i s o l a t e d  p r o f i l e s  and c a s c a d e s  [1]. 

The n o z z l e  s e g m e n t  s tud ied  c o n s i s t e d  of two s t e e l  b locks  and two p l a n e - p a r a l l e l  p l a t e s  m a d e  f r o m  L K - 5  op t ica l  
g l a s s ,  which f o r m  the o the r  two channe l  wa l l s .  F o r  the  s a k e  of s i m p l i c i t y  the con tour  of the s u p e r s o n i c  s e g m e n t  of 
t he  n o z z l e  was m a d e  r e c t i l i n e a r ,  s i nce  the condi t ion  of u n i f o r m i t y  of the s t r e a m  at the ex i t  f r o m  the n o z z l e  was not 
c r u c i a l .  The n o z z l e  was loca ted  in the  work ing  a r m  of a Miche l son  i n t e r f e r o m e t e r .  The  l ight  s o u r c e  was a h e l i u m -  
neon l a s e r  wi th  r a d i a t i o n  w a v e l e n g t h  k = 0.6328 m i c r o n .  The  fac t  that  the l a s e r  is an idea l  m o n o c h r o m a t i c  s o u r c e  
s i m p l i f i e s  g r e a t l y  the a d j u s t m e n t  of the i n t e r f e r o m e t e r .  The l a s e r  b e a m  was p a s s e d  through a r o t a t i n g  m a t t e  f i l t e r  
in o r d e r  to obta in  a u n i f o r m  l ight  f ield.  

The  se tup p r o v i d e d  fo r  m e a s u r i n g  the total  p r e s s u r e  P0 and the s t agna t ion  t e m p e r a t u r e  T O of the a i r  e n t e r i n g  the 
nozz le .  The  p r e s s u r e  was m e a s u r e d  by a r e f e r e n c e  s p r i n g  m a n o m e t e r  and the  t e m p e r a t u r e  by a c h r o m e l - k o p e l  
t h e r m o c o u p l e .  The  a t m o s p h e r i c  p r e s s u r e  Pa and t e m p e r a t u r e  Ta w e r e  a lso  m e a s u r e d .  Taps  w e r e  p r o v i d e d  along the 
n o z z l e  p r o f i l e  on the  upper  and l o w e r  wa l l s  for  s t a t i c  p r e s s u r e  m e a s u r e m e n t s .  T h e s e  p r e s s u r e s  w e r e  m e a s u r e d  by 
m e a n s  of U - t u b e  m e r c u r y  m a n o m e t e r s  mounted  on a c o m m o n  board .  The  p r e s s u r e  m e a s u r e m e n t  me thod  was  used  
as a c h e c k  in this study. 

2. The  dens i t y  p at  any po in t  of  a c o m p r e s s i b l e  m e d i u m  is p r o p o r t i o n a l  to the d i s p l a c e m e n t  of  the 
i n t e r f e r o m e t r i c  f r i n g e  at th is  po in t  in c o m p a r i s o n  with i ts  o r i g i n a l  pos i t ion  and is  def ined by the f o r m u l a  [2] 

~'P' const) p~pa'~CS (C~ 2L(n'-- i )  --  (2.1) 

H e r e  Pa is  the r e f e r e n c e  f ie ld  dens i ty  (undis turbed  a tmosphe re ) ;  S is the f r i n g e  d i s p l a c e m e n t ;  X is  the 
wave l eng th  of the m o n o c h r o m a t i c  l ight  sou rce ;  2L is  twice  the n o z z l e  width; p' and n '  a r e  the a i r  dens i ty  and 
r e f r a c t i v e  index at t = 20 ~ C and 760 m m  Hg p r e s s u r e .  

The  fo l lowing  t echn ique  for  ana lys i s  of the  i n t e r f e r o g r a m s  was  dev i sed .  The  i n t e r f e r e n c e  pa t t e rn ,  magn i f i ed  
f ivefo ld ,  was  p r o j e c t e d  on a whi te  p a p e r  s c r e e n .  The n o z z l e  con tour  and the midpo in t s  of the d a r k  f r i n g e s  w e r e  
m a r k e d  by p e n c i l  and the z e r o - o r d e r  f r i n g e  was ident i f ied .  The l a t t e r  is taken to be  one of the bands  which does  not  
fa l l  in the d i f fuse  i n t e r f e r e n c e  p a t t e r n  zone  dur ing  the d i s t u r b a n c e  and does  not  m o v e  out of  the  l i m i t s  of the  f ie ld  
be ing  s tudied.  The  r e t i c l e  of the c o m p a r a t o r ,  moun ted  on the s c r e e n  and equipped with a m i c r o m e t e r  s c r e w ,  is s e t  to 
the  c e n t e r  of this  f r inge .  Af t e r  th is  the v a l v e  of the  l ine  through which  high p r e s s u r e  a i r  is admi t t ed  to the n o z z l e  is 
opened smooth ly .  The  c o m p a r a t o r  r e t i c l e  is d i s p l a c e d  to fo l low the  z e r o - o r d e r  f r i n g e  unt i l  the r e q u i r e d  o p e r a t i n g  
condi t ion  is e s t ab l i shed .  The  i n t e r f e r e n c e  p a t t e r n  of the d i sp l aced  f r i n g e s  is o b s e r v e d  on the  s c r e e n  dur ing  this  t ime .  
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Fig. 1 
The midpoints of the dark fr inges and the final posit ion of the z e r o - o r d e r  f r inge are again located. Then the 

valve is closed just  as smoothly and the ze ro -o rde r  fr inge is t racked continuously to verify its r e tu rn  to the original  
position. The in te r fe rogram of the displaced fr inges is thus aligned with the in ter ferogram of the unper turbed fr inges 
and the cor rec t  cor respondence  is established between the fringe numbers .  (Fig. 2). 
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Fig. 2 

Analysis  of the in te r fe rograms  reduces to measu remen t  of the displacements  S of the in te r fe rence  fr inges in the 
field being studied re la t ive  to their  original  position. 

If the flow is isentropic and the stagnation p r e s s u r e  P0 and tempera ture  T O are known, then the remain ing  flow 
pa rame te r s  are de termined from the resul t ing  density using the known gasdynamic relat ions.  

We must  bear  in mind that the in te r fe romet r ic  method sums the dis turbances  along the beam length and does 
not pe rmi t  identifying local field nonuniformit ies .  This consti tutes the p r i m a r y  e r r o r  source,  s ince the measurement  
i tself  of the fr inge shifts can be made with high precis ion.  

The boundary layer  growing on the glass side walls causes  deviation of the vis ib le  pa t te rn  f rom the two- 
dimensional  pat tern.  Owing to the lower density in the boundary layer  the core flow density as determined by the 
fr inge displacement  will be lower than its actual value. In fact, the density Pe outside the boundary layer  is connected 
with the apparent  density p, defined by (2.1), as follows [2]: 

2 f Pe~P~-~ Ap(z) dz 
o 

(2.2) 

Here 5 is the boundary layer  thickness on the wall; Ap(z) is the difference of the densi t ies  Pe in the core flow 
and p(z) in the boundary layer  at the distance z from the glass wall. 

3. The re su l t s  of analys is  of the in te r fe rograms  in the P/Po (relative density) and x (distance along the nozz l e f rom 
the throat  section) coordinates are  shown in Fig. 3 (points 1 and 2 correspond to the values  P0 = 3.5 and 4.1 kg/cm2; 
points 3 are the data obtained as a r e su l t  of analys is  of the pneumometr ic  measuremen t s  for the same values of the a i r  
p r e s s u r e  ahead of the nozzle). The open points correspond to the measu remen t  points along the upper wall of the nozzle,  
the fil led points are  for the lower w a l l  

The nozzle was designed using one-d imens iona l  theory and the method of charac te r i s t i c s  without account for 
boundary layer  thickness.  The values calculated by the two methods were essent ia l ly  the same. The difference 
between the experimental  points and the calculated curve does not exceed 5-7%. 
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Fig. 3 

F r o m  visual  observat ions  and analysis  of the density distr ibut ion obtained as a r e su l t  of reduct ion of the 
i n t e r f e r o g r a m s ,  we see  that aIong the nozzle the re  propagates  a weak expansion-wave c h a r a c t e r i s t i c  for supersonic  
flow in a two-dimensional  channel with a c o r n e r  point. The expansion-wave movement  along the nozzle  coincides  
with the flow pat tern  obtained by the method of cha rac t e r i s t i c s .  

The boundary layer  on the meta l  nozzle  walls is c l ea r ly  defined thanks to the sharp curva ture  of the in te r fe rence  
f r inges ,  and its thickness 5y amounts to 0 .6-0 .85  m m  at the nozzle  exit  sect ion for Reynolds number  R x = 1.35 �9 106 
and Mach number M ~ 2. The boundary layer  thickness is negligibly smal l  in the vicinity of the nozzle throat ,  and it 
cannot be measu red  on the i n t e r f e rog rams .  

These resu l t s  a re  in good ag reemen t  with the data of [3], where for R x = (2.8-3.5) �9 106 and M = 2.3 the boundary 
layer  th icknesses  lie in the range f rom 0.6 to 1.4 mm. In this c a s e  the p r e s s u r e  ahead of the nozzle  did not exceed 
2--5 k g / e m  2 . 

An es t ima te  of the boundary layer  thickness 6 z on the glass  wall, made using (2.2), yields 5z = (3-4)6y for 
L /h  = 3.75-7.5,  where  L is the nozzle  width and h is its height. 

The authors wish to thank V. P. Koronkevich for his ass i s tance  in this study. 
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