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The ar t ic le  d i scusses  the r ea sons  for  the ins t rumenta l  broadening of the Doppler  s ignal  in a d i f feren-  
t ial  type Doppler  optical  veloci ty  m e t e r .  It is shown that this broadening can amount  to no more  than 0.1%. 
The degree  of turbulence in the flow of a liquid in a vor t ica l  chambe r  is measu red .  

Doppler  optical  veloci ty  m e t e r s  have recent ly  been used to inves t igate  flows of liquids and gases  [1]. 
If the photo-heterodyne method is used to isolate  the Doppler  shif t  of the f requency in a Doppler  optical  
veloci ty  m e t e r ,  there  is obtained, a t  the output of the pho to rece ive r ,  an e l ec t r i ca l  signal whose ins tantane-  
ous f requency cor responds  to the instantaneous value of the veloci ty  of the flow at  the point in space  under 
invest igat ion.  There fo re ,  the Doppler  signal contains complete  informat ion  on the s ta t i s t i ca l  c h a r a c t e r i s -  
t ics  of the local veloci ty  of a turbulent  medium.  

The p re sen t  a r t i c l e  d i scusses  a s pec t r a l  method for  the analys is  of an e l ec t r i ca l  signal with a Doppler  
f requency.  In this case ,  the degree  of turbulence is  m e a s u r e d  using the re la t ionship  

V~I <~> = k~a/I <ID> (i) 

where (u) is the mean veloci ty  of the flow; u '  is the pulsation flow velocity;  (fD> is the mean Doppler  f r e -  
quency; A f  is the breadth of the s p e c t r u m  of the Doppler  signal; kl is  a propor t ional i ty  symbol  , depending on 
the c h a r a c t e r  of the velocity dis t r ibut ion and on the level  with r e s p e c t  to which the breadth  of the s p e c t r u m  
is m e a s u r e d .  

Formula  (1) is  valid if the ra t io  of the mean-square  value of the var iance  of the f requency of the 
Doppler  signal to the h ighes t  f requency of the veloci ty  pulsat ions is  g rea t .  

It is of i n t e r e s t  to analyze the lower  l imit  in m e a s u r e m e n t  of the degree  of turbulence,  and to e luci-  
date the reasons  for  i ts  l imitat ion.  

Since a Doppler  optical  veloci ty m e t e r  m e a s u r e s  the ra te  of motion of optical  nonhomogenei t ies ,  i t  is 
f i r s t  n e c e s s a r y  to cons ider  the question as to how accura te ly  the veloci ty of the nonhomogenei t ies  c o r r e -  
spends to the veloci ty of the surrounding medium.  

In an invest igat ion of liquid flows, the opt ical  nonhomogenei t ies  a r e  usually se t  up a r t i f ic ia l ly ,  i .e . ,  
by introducing into the flow sma l l  par t ic les  with a r e f r ac t ive  index different  f r o m  the r e f r ac t ive  index of 
the liquid. 

Thus,  for  example ,  in the investigation: of flows of water ,  monodisperse  pa r t i c les  of polys tyrene  with 
a size of ~ 0.5 # a re  added. The cha rac t e r i s t i c  f requency,  de termining the f requency of the par t i c les  in the 
s t r e a m ,  and the r ec ip roca l  of the t ime requ i red  to br ing  the par t ic le  around which the flow is taking place 
out of i ts  s ta te  of r es t ,  is 106 Hz [2]. This f requency is  cons iderably  g r e a t e r  than the f requencies  of the 
turbulent  pulsations of the liquid. There fo re ,  the mean--square veloci ty  of the re la t ive  motion of such pa r -  
t icles is a lways much less  than the mean-square  veloci ty  of the liquid. 
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The selection of particles with a still smaller size is not advisable, since in this case they will be 
subject to intense Brownian movement, which leads to an additional broadening of the spectrum. Thus, 
based on the theory of the scattering of coherent light on small particles [3], it can be shown that for par- 
ticles of polystyrene with a size of 0.I p the breadth of the spectrum of the signal due to Brownian move- 
ment is ~ 0.5 kHz, which is considerable in the investigation of slow flows, for example, with natural con- 
vection. 

The lower limit of measurement of the degree of turbulence is determined by the instrumental broad- 
ening of the Doppler signal, whic h depends on the optical and radiometric parts of the scheme of a Doppler 
optical velocity meter. 

Modern spectral analyzers, used in velocity meters, have a Q of 103-104, i.e., their relative instru- 
mental broadening is 0.1-0.01%. 

Let us make a more detailed analysis of the broadening due to the optical part of the scheme. Let us 
consider the differential scheme of a Doppler optical velocity meter [4], in which two coherent beams from 
a single laser generator are focused, using lenses, at the point of the flow under investigation, and the ob- 
servation is made in scattered light from both beams. In this case, information on the velocity is obtained 
only from the region of the intersection of the beams (Fig. I), and the difference in the Doppler frequencies 
is determined by the scalar product of the vector K and the vector of the flow velocity u 

fD = ~-- Ku (2) 2g 

w h e r e  K = k " - k ' ,  [k'{ = 1 k" l  = 2~/X; k ' ,  k "  a r e  the wave  v e c t o r s  of the i n c i d e n t  b e a m s ;  X i s  the w a ve l eng th  

of the l a s e r  r a d i a t i o n .  

If  we c o n s i d e r  the  c a s e  when the v e l o c i t y  v e c t o r  u i s  d i r e c t e d  with r e s p e c t  to k., the r e l a t i v e  b r o a d e n -  
i ng  due to the f in i te  d i v e r g e n c e  of  the i n c i d e n t  b e a m s  wi l l  be  

5/D //• = V20 ctg a / 2 (3) 

w h e r e  d i s  the angle  of c o n v e r g e n c e  of  a b e a m ;  ~ i s  the ang le  b e t w e e n  the i n c i d e n t  b e a m s .  

In [5], wi th  an  a n a l y s i s  of  the r e a s o n s  for  the b r o a d e n i n g  of the s p e c t r u m ,  the b e a m  of  l ight  f r o m  the 
l a s e r  g e n e r a t o r  was  a s s u m e d  to be  h o m o c e n t r i e .  In th i s  c a s e ,  the d i v e r g e n c e  of  a b e a m  i s  connec t ed  with 
the focus ing  a c t i o n  of  the l ens  and ,  fo r  bo th  s c h e m e s  of  a D o p p l e r  o p t i c a l  v e l o c i t y  m e t e r ,  d = 0.1-1~ which  
g i v e s  a b r o a d e n i n g  of  0 .5 -5%.  

We s h a l l  show tha t ,  u s i n g  the s p e c i a l  c h a r a c t e r i s t i c s  of l a s e r  b e a m s ,  and  by  f o c u s i n g  t h e m  a c c u r a t e l y ,  
th is  b r o a d e n i n g  fo r  the d i f f e r e n t i a l  s c h e m e  of  a D o p p l e r  o p t i c a l  v e l o c i t y  m e t e r  can  be  c o n s i d e r a b l y  d e -  
c r e a s e d .  A b e a m  of  c o h e r e n t  l i gh t  f r o m  a l a s e r  g e n e r a t o r ,  o p e r a t i n g  in a b a s i c  m o d e ,  i s  G a u s s i a n ,  and  i t s  
c a u s t i c  s u r f a c e  h a s  a h y p e r b o l i c  f o r m .  The r a d i u s  of  a G a u s s i a n  b e a m ,  w,  a t  a d i s t a n c e  z f r o m  the con-  
s t r i c t i o n  (the m i n i m a l  t r a n s v e r s e  c r o s s  s e c t i o n ) ,  e v a l u a t e d  f r o m  the d r o p  in the a m p l i t u d e  of the f i e ld  by  e 
t i m e s  in c o m p a r i s o n  with the a m p l i t u d e  of the  f i e ld  a t  the ax i s  of the b e a m ,  i s  d e t e r m i n e d  by the e x p r e s -  
s i on  [6] 
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w = wo VI + 4~no-~ (4) 

where w 0 = (R0/k) ~/2 is the radius of the constriction, R 0 is the eonfocal 
parameter of the beam, depending on the parameters of the laser genera- 

tor and the geometry of the experiment. 

The radius of curvature of the wave front of a Gaussian beam, R, is 

equal to infinity at the constriction and varies with distance in accordance 

with the formula 

/t = z -§ ~ / 4z (5) 

If the axes  of the b e a m s  i n t e r s e c t  in the region of the const r ic t ion,  
the re la t ive  broadening of the s p e c t r u m  has  the f o r m  

6]D _ 4 V~ctg~ ~t] 2 (6) 
�9 .i D k R o  

Express ion (6) holds with an accuracy  up to a coefficient on the o rde r  of unity, connected with the 
level at  which the effective scat ter ing volume is determined,  and with the condition that the region of the 
in tersect ion amounts to severa l  radii of the beam; this, as a rule,  is sat isfied in all cases  which a re  im- 
portant  in pract ice .  The eonfocal pa ramete r  R0 can be made as large as des i red  by varying the optical 
s trength of the lens which focuses the beam at the point of the flow under investigation, and the distance 
f rom this point to the constr ic t ion of the s tar t ing beam. This permits  obtaining an expansion not g rea te r  
than 0.1%. :Ihe broadening connected with the finite time of passage of a part icle through the scat ter ing 
volume was est imated in [7]. We note that, to obtain a smal l  amount of broadening, only the l inear dimen- 
sion of the scat ter ing volume in the direction of the velocity of the flow is important .  The g rea te r  this 
dimension, the less the broadening. However,  a large dimension will lead to averaging of the small-scale  
pulsations. 

A special  charac te r i s t i c  of the differential scheme of a Doppler optical velocity mete r  is the fact 
that the difference in the Doppler frequencies does not depend on the direction of the observat ion [4]. This 
permits  collecting light over  a large solid angle without bringing about additional broadening. Thus, a 
Doppler optical velocity meter ,  using a differential scheme,  may have an ins t rumental  broadening of ~ 0.1%. 
Consequently, the lower l imit in measuremen t  of the degree of turbulence is a value on this same order  of 
magnitude~ 

The above analysis  of the broadeniugs of the spec t rum of the Doppler signal relates  to flows in which 
there is no velocity gradient.  In the lat ter  case ,  there a r i s e s  an additional broadening, connected with a 
change in the mean velocity at  the limits of the effective volume, which may considerably exceed the above 
limit in measurement  of the degree of turbulence.  

An experimental  study was made of the degree of turbulence,  in a vort ical  chamber  with tangential 
feed of the liquid, in which a previous study had been made of the distribution of the tangential velocit ies.  
The optical par t  of the experimental  Doppler optical veloeity meter  unit was the same as in determination 
of the averaged velocities [8]. Only the rad iometr ic  par t  of the unit was different.  The signal a r r iv ing  
f rom a photomultiplier was amplified and fed to the input of a spec t roana lyzer  with a t ransmiss ion  band of 
200 Hz, at  the output of which a voltage is developed which is proport ional  to the spec t ra l  density of the 
signal at  the tuning frequency. This voltage, through a congruent cascade,  entered the measurement  input 
of an automatic-recording automatic poteat iometer .  The axis of the frequency scale of the spec t roana lyzer  
was connected mechanically through a reducer  with the axis of the drum of the automatic r eco rde r ,  which 
moved the band. Thus, with operation of the automatic r eco rde r ,  there was scanning of the spec t roanalyzer  
at  the tuning frequency, and the spec t rum of the signal under investigation was t raced on the band. The 
analysis  time was 5 min. 

As study was made of a vort ical  flat chamber ,  analogous to [8]; its thickness was 10 mm, and its 
d iameter  60 ram. The working liquid was distilled water ,  to which were added par t ic les  of polystyrene with 
a d iameter  of ~ 0.5 g. Measurements  were made of the pulsational tangential velocit ies as a function of 
the instantaneous radius r of the twisted flow. 

Figure 2a and b shows typical spect ra  of a signal, obtained on the band of the automatic r e c o r d e r  at  
two points of the chamber;  along the axes the values of the frequency are expressed in kHz. Figure 3 shows 
the dependence of the degree of turbulence of the flow on the instantaneous radius and the value of the 
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tangential velocity of the flow. Curves 1 and 2 show, respectively, the distribution of the tangential velocity, 
An cm/sec, and the degree of turbulence in the vortical chamber, with a mass flow rate of I0 cm3/sec. 
Curves 3 and 4 give values of the same quantities at a mass flow rate of 15 cm3/sec. There is a consid- 
erable lowering of the turbulence with motion of the liquid toward the center,from 0.08 to 0.02. The total 
instrumental broadening in the unit used was 0.5~c. The absolute value of the degree of turbulence was 
calculated under the assumption of a Gaussian distribution of the velocity distribution function. 

In conclusion the authors thank V. A. Fabrikant for his valuable comments. 

LITERATURE CITED 

io B.S. Rinkevichyus, "Measurement of local velocities in flows of liquid and gas from the Doppler 
effect," Teplofiz. Vys. Temp., 8, No. 5 (1970). 

2. V.G. Levich and S. I. Kuchanov, "The motion of particles suspended in a turbulent flow," Dokl. Akad. 
Nauk SSSR, 174, No. 4 (1967). 

3. R. Peeora, "Doppler shifts in light scattering from pure liquids and polymer solutions," J. Chem. 
Phys., 40, No. 6 (1965). 

4. B.S. Rinkeviehyus, "The application of laser radiation for determining the velocity of particles in a 
two-phase jet using the heterodyne method," Radiotekhnika i I~lektronika, 14._, No. i0 (1969). 

5. M. Ko Mazumder and D. L. Wankum, "SNR and spectral broadening in turbulence structure measure- 
ment using aew laser," Appl. Optics, 9, No. 3 (1970). 

6o Eo F. Ishchenko and Yu. M. Klimkov, Laser Generators [in Russian], Izd. Sovet-skoe Radio, Moscow 
(1968). 

7. E.R. Pike, D. A. Jackson, P. J. Bourke, and D. I. Page, "Measurement of turbulent velocities from 
the Doppler shift in scattered laser light," J. Seient. Instrum., Ser. E, I, No. 7 (1968). 

8. Io V. Lebedev, B. S. Rinkeviehyus, and E. V~ Yastrebova, "Measurement of the local velocities of 
small-scale flows using a laser generator," Zho Prikl. Mekhan. i Tekh. Fiz., No. 5 (1969). 

595 


