
B O U N D A R Y  L A Y E R  I N V E S T I G A T I O N  

BY M E A N S  OF  A L A S E R  

I .  V .  L e b e d e v ,  B .  S .  R i n k e v i c h y u s ,  
a n d  E .  V .  Y a s t r e b o v a  

The measurement  of velocity in boundary layers  by means of an optical Doppler velocity m e a s u r e r  is 
considered.  

The resul ts  obtained for boundary- layer  flows rotating in plane vortex chambers  are presented.  

Velocity measurements  in boundary layers  usually involve considerable e r r o r s .  This is due to the 
fact that the dimensions of the velocity probes introduced into the boundary layer  are  often comparable  
with the t r ansve r se  dimensions of the layer .  According to [1], the e r r o r  in measur ing average velocit ies 
in the region of the viscous sublayer,  made with a thermoanemometer  with a filament diameter  of 4 # ,  
reaches  30%. 

The use of an optical Doppler velocity measu re r ,  employed as a source of l a se r  radiation, which has 
already been used to study the distribution of average velocities [2, 3], seems very  promising.  Such a s y s -  
tem introduces no distortions into the flow, and requires  no calibration.  

The use of an optical Doppler velocity m e a s u r e r  to investigate thin boundary layers  requires  a fur ther  
increase in the spatial resolving power and accurate  determination of the coordinates of the measurement  
point. 

The minimum l inear  dimensions a in the direction of the velocity being measured  in the region inves-  
tigated, f rom which rel iable information can be obtained, must  sat isfy the condition 

a ~ 2 sin 1 /~  

where ~ is the wavelength of the laser  radiation, and a is the angle between the incident light beams.  For  
example, for the usual values ~ = 0.63 ~,  and ~ = 30 ~ the value of a is 10 ~ .  

The dimensions of the measurement  region in other directions are l imited by the quality and depth of 
field of the objective, and can be of the order  of 1 p .  
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F o r  the given place at which the loca l  ve loc i ty  is to be m e a s u r e d ,  
it  is n e c e s s a r y  to take into account the defocusing of the beams  when 
pass ing  into a medium with another  r e f r a c t i v e  index. In the case  of a 
flow bounded by two t r a n s p a r e n t  wal ls  with r e f r a c t i v e  index n' (Fig.  1), 
the r a t i o  between the t rue  posi t ion of the i n t e r sec t i on  of the beams  z' and 
the pos i t ion  of the beams  z in a i r  has the fo rm:  z'  = Az + Bd, where  A 
and B a re  cons tants  which depend on the r e f r a c t i v e  index and the angle 
between the two incident  b e a m s ,  and d is  the th ickness  of the wal l .  

If the r eg ion  in quest ion is  shi f ted  by an amount Az toward  the 
b e a m s ,  the point of i n t e r s e c t i o n  of the b e a m s  is  shif ted by an amount 
A z ' ,  where  

AE = AAz  (1) 

If the b i s e c t o r  of the angle ~ is  pe r pe nd i c u l a r  to the sur face ,  the 
coeff ic ient  A, as can be e a s i l y  shown by g e o m e t r i c a l  opt ics ,  has the fo rm 

t 
A = n" (i -- -~- sin V~ ~)'/~ (i -- sin~ V~ ~)-v, 

The coeff ic ient  A can a lso  be e a s i l y  de t e r m i ne d  by e xpe r i men t  
f rom re l a t i on  (1). 

In th is  inves t iga t ion  the opt ica l  Dopple r  m e a s u r e r ,  the a r r a n g e m e n t  of which is  d e s c r i b e d  in [3], was 
empIoyed to inves t iga te  the ve loc i ty  d i s t r ibu t ion  in boundary l a y e r s  on the wal l s  of plane vor tex  c h a m b e r s .  
To obtain the n e c e s s a r y  spa t i a l  r eso lu t ion ,  the angle between the incident  beams  was chosen to be 60 ~ , and 
sho r t - focus  l enses  were  used.  The s c a t t e r e d  l ight  was co l l ec ted  by a h igh-qua l i ty  objec t ive  O and focused 
onto the pho to r ece ive r  P,  in f ront  of which the re  was an i r i s  D. The s ignal  f rom the p h o t o r e c e i v e r  was fed 
to a s p e c t r u m  a n a l y z e r .  

The development  of methods  for  the ae rodynamic  des ign  of such c h a m b e r s  r e q u i r e s  a s tudy of the 
d i s t r ibu t ion  of ave rage  ve loc i t i e s  to e s t i m a t e  the tangent ia l  s t r e s s e s  which act  f rom the s ide  of the wal l s  
on the ro ta t ing  flows in the c h a m b e r .  

The e x p e r i m e n t s  we re  made with a plane vor tex  c h a m b e r  of d i a m e t e r  D = 6.0 cm and height  H = 1.0 
cm,  which had  a tangent ia l  in ie t  for  the flow through a r e c t a n g u l a r  channel of width b = 0.8 cm and height H. 
The exi t  opening of d i a m e t e r  d e = 0.8 cm was in the c e n t e r  of the c ha m be r  in one of i ts  end wa l l s .  Tap 
wa te r  was used  as the working m a t e r i a l .  The flow r a t e  was v a r i e d  in the e x p e r i m e n t s  in such a way that  
the Reynolds number ,  computed  f rom the hydrau l ic  d i a m e t e r  of the tangent ia l  channel ,  lay  within the l im i t s  
3000 < Rb < 11,000, so that  the flow which en t e red  the c h a m b e r  was turbulen t .  When inves t iga t ing  the 
boundary l a y e r  on the c y l i n d r i c a l  su r face  of the chamber ,  the m e a s u r e m e n t s  were  made in the plane of s y m -  
m e t r y  of the c h a m b e r .  The r e s u l t s  obtained a re  shown in the graph  of F ig .  2 in d imens ion le s s  coord ina tes  

o,  

where  urp is  the p e r i p h e r a l  ve loc i ty  at a d i s t ance  y f rom the wall ,  u ,  i s  the dynamic  ve loc i ty ,  and v i s  the 
k inemat ic  v i s c o s i t y .  

The dynamic  ve loc i ty  u ,  = ( ' r w / p ) ~ / ~  was found f rom the t heo re t i c a l  f o r m u l a  for  the f r i c t iona l  fo rce  
~'w on the wal l  and the dens i ty  of the l iquid ,o [5] [Eq. (21.5)], in which we subs t i tu ted  the e x p e r i m e n t a l l y  
m e a s u r e d  va lues  of the l a y e r  th ickness  and the ve loc i ty  at the boundary .  

When inves t iga t ing  the boundary  l a y e r s  which a r i s e  on the end wai l s  of the chamber ,  m e a s u r e m e n t s  
were  made  in each  ea se  at th ree  points ,  s i tua ted  at d i f ferent  d i s t ances  f rom the axis of the c h a m b e r .  The 
p e r i p h e r a l  ve loc i t i e s  u 9 were  m e a s u r e d ,  the va lues  of whieh a re  a lmos t  the s ame  as the moduli  of the ab-  
solute ve loc i t i e s .  The e x p e r i m e n t a l  da ta  a re  shown in F ig .  3. 

In F i g s .  2 and 3 the continuous I ines  r e p r e s e n t  the e x p e r i m e n t a l  da ta  obtained for  the boundary l a y e r  
of the turbulent  flow in smooth  c i r c u l a r  tubes  and smooth two-d imens iona l  channels  [1, 41. As can be seen,  
these  cu rves  a r e  in good ag reemen t  with the exper imental ,  da ta  on the ve loc i ty  d i s t r ibu t ion  both on the 
cy l i nd r i ea l  wa l l s  (Fig .  2) and on the end wa l l s  (Fig.  3) of the vor tex  c h a m b e r .  
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Hence, it can be s ta ted that when consider ing turbulent  flow curl ing around in a vor tex  chamber ,  the 
dis tr ibut ion of pe r iphe ra l  veloci t ies  in the boundary l aye r s  can be assumed  to be the s ame  as in uni form 
turbulent  flow in the region of a smooth  su r face .  

Note that bes ides  m e a s u r e m e n t s  of pe r iphera l  veloci t ies ,  the optical  Doppler  veloci ty  m e a s u r e r  can 
be used to m e a s u r e  veloci t ies  in unsteady flows and, in pa r t i cu la r ,  turbulent  veloci ty  pulsat ions [5]. 

1, 
2. 

3. 

4. 
5. 

L I T E R A T U R E  C I T E D  

G. Conte-Bel leau,  Turbulent  Flow in a Channel with Pa r a l l e l  Walls [Russian t rans la t ion] ,  Mir  (1968). 
B. S. Rinkevichyus,  "Use of a l a s e r  to de te rmine  the veloci ty  of pa r t i c l e s  in the two-phase  je t  by the 
heterodyne method,"  Radiotekh. i Elektron. ,  1.44, 10 (1969). 
I .  V. Lebedev,  B. S. Rinkevichyus,  and E. V. Yas t rebova ,  "Measu remen t  of local  veloci t ies  of ve ry  
s m a l l - s c a l e  flows by means  of a l a s e r , "  Zh. P r ik l .  Mekh. Tekh.  Fiz . ,  5, 125 (1969). 
H. Schlichting, Boundary L a y e r  Theory ,  McGraw-Hi l l  (1968). 
R. I .  Goldstein and W. F.  Hagen, "Turbulent  flow m e a s u r e m e n t s  utilizing the Doppler  shift  of 
s ca t t e r ed  l a s e r  radiat ion,"  Phys .  Fluids,  1._00, 6 (1967). 

140 


