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The p r e s s u r e  field is determined f rom the deformation of an assembly  of membranes  uni form-  
ly distr ibuted over the walls confining the s t r eam.  The deformations are  recorded  by the meth-  
od of two-exposure  holographic in te r fe romet ry .  The possibi l i t ies  of the method are i l lustrated 
on the examples of flow over  a Zhukovskii profi le and flow in a nozzle.  Direct  visualizat ion of 
the i sobars  in the field of flow is accomplished.  

One of the principal tasks of experimental aerodynamics is the determination of the pressure fields 
in gas streams with high temporal and spatial resolution. A great many methods of measuring pressure 
are described in the literature [I, 2]. Common to the majority of them is the principle of the recording 
of displacements and deformations which arise under the effect of the pressure being measured. It is 
known that the most sensitive methods of determining small displacements are the optical methods based 

on the recording of the phase change of a light wave (interferometry) [3]. The attractiveness of the optical 
methods also consists in the possibility of the simultaneous observation of the entire field of flow being 
studied ("panoramic" recording) and the high temporal resolution. However, classical interferometry im- 
poses rigid limitations on the shape and the optical purity of the surface studied, which hinders its use in 
an actual experiment~ Attempts to bypass this requirement inevitably lead to results which are poorly 
reproducible and difficult to interpret [4]~ The recording of the compression, rather than deformation, of 
columns of liquid in a "remote" system of manometers is proposed in [5] for a similar purpose. Besides 
the limitations in the speed of response, a drawback of this method is the replacement of t~vo-dimensional 
by one-dimensional visualization. The contradiction between the aerodynamic and optical demands on the 
experiment is removed in the method of holographic interferometry [6], which is applicable for surfaces 
of arbitrary shape and quality. This method also possesses a unique capacity to bring out directly the dif- 
ference between two different states of the object, which is very important for calibration. The results of 
the surface of a body over which flow occurs are described in the present report. 

In the surface being studied (the wall 1 in Fig. I) openings 4 with a diameter of 0.2 ram, which then 

passed into through channels 3 mm in diameter, were made in staggered order. Brass foil 2 with a thick- 
hess of 0~ mm was soldered on the entire field of openings on the other side. The foil was preliminarily 
etched with iron chloride to bring out the microstructure and impart to it diffuse reflection. The foil, 
rigidly fixed at the soldering points, is divided into independent membranes whose deflection is sensitive 
to the amount of pressure. The model 3 being studied was glued onto the foil. 

The scheme of the holographic interferometer is evident from Fig. i. The source of the coherent 
radiation is a supermode laser of type LG-36A. The dividing plate 9 splits the laser radiation into the 
reference and object beams. The reference beam falls directly on the hologram 10 while the object beam 
falls on it after diffuse scattering on the foil. The two beams were spread by the microscope objective 7 
and filtered by the microscope diaphragms 6 with a diameter of 0.03 ram. 

The holographic photography was carried out by the method of two exposures, which were regulated 
by the shutter 8. Because of the appearance of interference bands in the reconstruction of the hologram 
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Fig. 1 

only those sections of the foil which moved between exposures are  

distinguished against  the general  background.  Calibration of the 
membranes  can be accomplished by exposing the hologram at one 
re fe rence  p r e s s u r e  and different excess stat ic  p r e s s u r e s .  Inter-  
ference bands also appear on those sections of the foil which are  
poorly  soldered to the subs t ra te .  The lat ter  fact  made it possible 
to monitor  the quality of soldering of the foil. A sample of a r e -  
const ructed image f rom a double-exposed hologram at two different 
static p r e s s u r e s  (a difference of 0.03 atm) is presented in Fig. 2. 
The images of all the membranes  a re  charac te r ized  by a ra ther  
high degree of identity. 

For  the visualizat ion of the p r e s s u r e  field at the wall in a 
s t r eam the f i r s t  exposure was made under static conditions and 
the second after  the s t r eam was "turned on.', In the second case 

the p r e s s u r e  distribution in the s t r eam at smal l  subsonic veloci t ies  is described by the Bernoulli  equation. 
In the reconst ruct ion of the hologram those membranes  at which the p r e s s u r e s  in the static and dynamic 
cases  coincide d o n o t  stand out against  the general  background.  At the same time the image of the sections 
of the type of "membranes"  at which the p re s su re  changed are  darker  than the background because of the 
deformation and the corresponding phase shift of the optical wave, with the degree of darkening being the 
grea ter ,  the l a rge r  the p r e s s u r e  difference.  

Let  us es t imate  the sensi t ivi ty of the method. Small deflections W in a flat membrane  are  determined 
by the equations [7] 

w -- -~-~R (t -:)', 
where R is the radius of the membrane  and p is the relat ive radius,  

Q _ A p R a  

2D ' 

w h e r e A p i s  the p r e s s u r e  difference and D is the stiff~ess of the membrane  to bending, and 

E 6 a  
D - -  

i 2  ( t  - -  ~t ~) 

where E is the elast ic modulus, 5 is the thickness of the membrane ,  and g is the Poisson  coefficient.  

The deflection at the center  of the membrane  is 

3 1 - -  ~2 174 
Wo Ap Yr E 68. 

For  co ld- ro i led  b ra s s  # = 0.37 and E = 1.0" 10 ll N / m  2. Hence 

W 0 = i 6 . 2 - t 0  -s  A~:.-" 

The sensit ivity of a membrane  in our detector is 

] ~ ~ i ~ 2  �9 t0--1~ N/m. 

The optical path difference r of the beams between the two exposures is connected with the deflection by 
the express ion 

~= W(t +cos 0), 

where 0 is the angle between the direct ion of the beam incident on a given point of the detector  and the line 
of observation.  The values of the deflections corresponding to the sys tem of bands can be obtained f rom the 
equation 

W~=kk(t+cos 0)- i, 

where k is the number of the band, counting f rom a point with zero  deflection. The angle 0 is l imited by 
the resolving power of the mate r ia l  and'usual ly does not exceed 15-20 ~ Taking X = 6 .10  -5 era, 0 = 0, and 
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k = 0.5, we ob t a in  A P m i n  -~ 0.01 a t m  (gauge) a s  the  l o w e r  l i m i t  of  c l e a r l y  d e t e c t e d  p r e s s u r e  d i f f e r e n t i a l s  
fo r  the  c h o s e n  t h i c k n e s s  and d i m e n s i o n s  of the m e m b r a n e s .  T h i s  v a l u e  a g r e e s  w e l l  wi th  e x p e r i m e n t .  

The  f low of a gas  t h rough  a f l a t  L a v a l  n o z z l e  wi th  s u b s o n i c  v e l o c i t y  was  c h o s e n  to t e s t  the m e t h o d  
u n d e r  the  cond i t i ons  of a g a s d y n a m i c  s t r e a m  which  i s  s u b j e c t  to e x a c t  c a l c u l a t i o n .  In th i s  c a s e  the  e q u a -  
t ion  of  the  channe l  p r o f i l e  [8] fo r  s t e a d y  a d i a b a t i c  gas  f low has  the  f o r m  

d S  d v  
-2- = (MS - -  i) %-, 

w h e r e  S i s  the  c r o s s  - s e c t i o n a l  a r e a ,  v i s  t h e  s t r e a m  v e l o c i t y ,  and M i s  the  M a c h  n u m b e r .  A t  s u b s o n i c  v e -  
l o c i t i e s  (M < ])  the  f low v e l o c i t y  shou ld  i n c r e a s e  (dv > 0) wi th  a d e c r e a s e  in the  c r o s s  s e c t i o n  (dS < 0).  
It fo l lows  f r o m  the  B e r n o u l l i  equa t ion  tha t  the  s t a t i c  p r e s s u r e  P shou ld  f a l l  wi th  an i n c r e a s e  in the  v e l o c i t y .  

R e c o n s t r u c t e d  t w o - e x p o s u r e  i m a g e s  of  the  nozz l e  channe l  a r e  p r e s e n t e d  in F ig .  3.  F o r  d i r e c t  v i -  
s u a l i z a t i o n  of the  i s o b a r s  the f i r s t  e x p o s u r e  was  m a d e  a t  a s t a t i c  p r e s s u r e  f o r  which  an i s o b a r  had  to be  
o b t a i n e d  in the d y n a m i c  m o d e .  The  u s e  of t h i s  p r o c e d u r e  a l l ows  one to a l t o g e t h e r  exc lude  the o p e r a t i o n  
of p r e l i m i n a r y  c a l i b r a t i o n  of  the  m e m b r a n e s .  Having i d e n t i c a l  m e m b r a n e s  i s  u n i m p o r t a n t  in  th i s  c a s e  and 
on ly  the r e p r o d u c i b i l i t y  of t h e i r  d e f o r m a t i o n s  u n d e r  d i f f e r e n t  l o a d s  i s  n e c e s s a r y .  T h i s  p o t e n t i a l i t y  i s  
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specif ic  to holographic i n t e r f e r o m e t r y  and cannot be achieved with the use of o ther  methods.  The light 
bands of coincidence of the p r e s s u r e s  in the two exposures  a re  well seen in the photographs - the 1.03-atm 
isobar  (Fig. 3a) and the 1.04-atm isobar  (Fig. 3b). The position of the isobars  is in good agreement  with 
the calculated p r e s s u r e  prof i le  (Fig. 3c). 

In conclusion, let  us i l lus t ra te  the possibi l i ty  of visual izat ion of a p r e s s u r e  field on the example of 
the flow over  a Zhukovskii prof i le .  Conditions of holography: cal ibrat ion stat ic p r e s s u r e  1 atm, angle of 
attack 10 ~ p r e s s u r e  different ial  in blowing over  model obstacle 1.07-1.00 atm. In the region of the leading 
edge of the wing prof i le  one observes  an increased  p r e s s u r e  which then spreads  onto the lower surface ,  
whereas  the p r e s s u r e  at the upper sur face  is considerably  lower (Fig. 4a). It is just  this p r e s s u r e  di f fer-  
ential  which c rea te s  the lifting force  acting on the wing. The calculated p r e s s u r e  prof i les  at the upper 1 
and lower 2 sur faces  of the model [9] are  p resen ted  near  it  for  compar i son  (Fig. 4b). 

The authors  a re  grateful  to G. P.  Svishchev, who pointed out the importance of the development of 
methods of "panoramic"  and volumet r ic  record ing  of p r e s s u r e  fields in a moving continuous medium.  
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