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At p r e s e n t  g r e a t  attention is being devoted to the development  of l a s e r  Doppler  ve loc ime te r s  
(LDV) for  expe r imen ta l  invest igat ion of turbulent  flows. The main types of optical  s chemes  
of LDV are d i scussed  in this a r t ic le .  Fo rmulas  for  the output s ignal  of the pho to rece ive r  
and the r e su l t s  of spec t r a l  analysis  of this signal with the s ta t i s t i cs  of the sca t te r ing  cen te r s  
taken into considera t ion  are p resen ted .  The uncer ta in ty  re la t ion  for  the spat ia l  resolut ion 
and the width of the Doppler  spec t rum is obtained. The optical  scheme of a t h r e e - c o m p o -  
nent ve loc ime te r  and the block d iag ram of its e lec t ronic  pa r t  are given.  The potent ia l i t ies  
of the m e t e r  are  demons t ra ted  using,  as an example ,  flow pas t  a cy l inder .  

The operat ion of an LDV is based on the separa t ion  of the Doppler  f requency shif t  in the sca t t e r ed  
light, which is propor t iona l  to the project ion of the veloci ty  of the sca t t e r ing  object  on a chosen direct ion 
and is given by the fo rmula  

~o. = V.(K~ -- K~) (1) 

where V is the ve loc i ty  vec tor  of the sca t t e r ing  pa r t i c les  in the invest igated region of the flow and K i and 
K s are  wave vec tors  of the incident and sca t t e r ed  beams ,  r e spec t ive ly .  

The Doppler  f requency shif t  in the sca t t e r ed  light can be ex t rac ted  by the method of optical h e t e r o -  
dyning (homodyning) or  with the use of a s p e c t r o m e t e r  for  which a F e b r y - P e r o t  i n t e r f e r o m e t e r  can be 
used.  All the different  optical  s chemes  of LDV using the heterodyne principle can be grouped in the follow- 
ing main types : 

1) s chemes  with the sca t t e r ing  geomet ry  proposed by Goldstein and Kreid  [2] (Fig. la);  

2) s chemes  with sca t t e r ing  geomet ry  f i r s t  descr ibed  by Yeh and Cummis  [1] (Fig. lb); 

3) different ia l  s chemes  [3, 5] (Fig. lc ,  d). 

In the schemes  of type 1) two coheren t  beams  are  d i rec ted  into the region of the flow being inves t i -  
gated; one of the beams  has intensi ty  much s m a l l e r  than the other and is a r e f e r ence  beam.  In the plane of 
the pho to rece ive r  the r e f e r e n c e  beam in te r fe res  with the sca t t e r ed  beam spat ia l ly  matched with it .  As a 
mixe r  of opt ical  s ignals  the pho to rece ive r  s epa ra t e s  out the signal of the di f ference f requency which is 
equal to the Doppler  shif t  in the sca t t e r ed  beam.  An advantage of this scheme is the automatic  spat ia l  
matching of the beams ,  whereas  in the scheme 2) (Fig. lb) a specia l  i n t e r f e r o m e t r i c  device is used  for  
this purpose .  A cha rac t e r i s t i c  fea ture  of the schemes  of both types is the dependence of the p a r a m e t e r s  
of the Doppler  signal (frequency, width of the spect rum) on the geome t ry  of both the incident and the s c a t -  
t e r ed  b e a m s .  
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Fig.  1 

In the d i f ferent ia l  scheme (Fig,  lc) two coheren t  beams  of equM in tensi ty  are direc ted  into the region 
of the flow under  invest igat ion,  The difference Doppler  frequency at the output of the pho to rece ive r  does 
not depend on the geom e t ry  of the s c a t t e r e d  beams  and is de te rmined  only by the geomet ry  of the incident 
beam,  The dif ferent ia l  scheme shown in Fig,  l d  is  the inver ted  scheme of Fig.  l c .  In this scheme the dif-  
ference  Doppler  f requency and the width of the s p e c t r u m  do not depend on the geome t ry  of the incident 
beam and are  de t e rmined  only by the geome t ry  of the sca t t e r ed  b e a m s ,  The frequency of the signal  is 
equal to the a lgebraic  difference of the Doppler  frequency shif ts  of each  s ca t t e r ed  beam.  

The types of optical  s chem es  of LDV descr ibed  above can be rea l ized  with the division of the ampl i -  
tude as well  as with the division of the wave front  of the l a s e r  beam,  

Analyt ical  Descr ip t ion  and Spect ra l  Analysis  of Doppler  Signal. The s t ruc tu re  of the optical  s ignal  
of an LDV can be analyzed using the tools of the theory  of optical  f i l t rat ion.  The feas ibi l i ty  of this ap-  
p roach  was f i r s t  pointed out in [6]. A genera l ized  scheme of the device shown in Fig.  ld  was chosen for  
the invest igat ion.  Let  the field 

u~l (Zo --  a) + ~o2 (zo + a) 

where 

ex i s t  in the f ront  F ou r i e r  plane (x0, Y0) of the focussing object ive.  

We shall  r e g a r d  the sca t t e r ing  cen te r  moving in the r e a r  Four ie r  plane in the direct ion of the x i axis 
as a f i l te r  with f r e q u e n c y - s p a c e  cha rac t e r i s t i c  in the fo rm of del ta-funct ion 5 [xi - v(t - to) ], If the a p e r -  
ture  function of the object ive is neglected,  the field in the r e a r  Four i e r  plane can be e x p r e s s e d  in the fo rm 

1 ( .  ~:x~a \ , e x p (  \ . ]~xia \ 

where @01 and @02 are  F ou r i e r  t r a n s f o r m s  of the functions U01(x0, y0 ) and U02(x0, Y0) respec t ive ly ,  and F is 
the focal length of the object ive.  
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The field in an a rb i t r a ry  plane x at a distance z from 
the focus represen ts  an inverse Four i e r  t r ans fo rm of field 
(2) and is writ ten in the following way: 

/ . k v  ~ ' t  

Fig. 2 

In the differential  scheme the photorece iver  located 
at a point x (outside the d i rec t  t ransmi t ted  rays)  r ecords  
the intensity of the field diffracted at the scat ter ing center .  
The express ion  for it  (its intensity) is eas i ly  obtained 
f rom (3) : 

k 
+ 2Uol (v) yo2 (y) r  I T  ~ (t - to)j cos t~D (t - 

7 
to)] 

Ir follows f rom (4) that the Doppler f requency does not depend on the coordinate x. The field inten- 
sity r e c o r d e d  by the photorece iver  at a point x = a z / F  in the scheme with the r e fe rence  beam is given by 
an express ion  obtained f rom (3) under the condition U01 >> U02: 

Io~ = X i z  {Uo2~ [ ( x -  ~ , ) ,  Y l -  U~ (Y)*~ ~-~v ( t -  to) 1 - -  

az ol (Y) Ol [-T (t -- to)] Cos [top (t--to) ] 

It is evident f rom (5) that the value of the Doppler f requency in the scheme with the r e f e r ence  beam 
depends on the coordinate  x and, hence,  on the geomet ry  of the sca t te red  beam.  

F r o m  (4), (5) we find that the condition of bes t  cont ras t  in the different ial  scheme is 

U01 (V) r = U02 (y)eOo2 (6) 

while in the scheme wittl the r e fe rence  beam it is 

Uo2 [(x -- a), yl = Uol (y) Ooi (7) 

In r ea l  optical schemes  of an LDV at the input there  are e i ther  two ganssian beams (schemes with 
division of the field amplitude) or two beams diffracted at identical  slits (diaphragms).  Accordingly,  the 
express ion  for �9 [ k v F - l ( t -  to)] in (3), (4), and (5) has the form 

for gaussian beams 

(I) ( t )=  V - ~ e x p  [-- ~%)j)~ (t -- t0) 2] (~= 2-~a)  (8) 

for two identical c i r cu l a r  diaphragms of d iameter  b with uniform distribution of the intensity 

(I) ( t)  = 4 a  J1 [bo) D a -1 (t  - -  to)] (9) 
co D (t -- t o )  

for two identical  slits of width b with uniform distribution of the intensi ty 

sin [ b O D a - 1  ( t  - -  to)] (1 O) 
q) (t) = 4a o• (t -- to) 

where ~ is the pa r ame te r  of the intensity distribution of the input gaussian beam; Jl is aBcssc l func t iono f  
f i r s t  kind and f i r s t  o rde r .  
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The signal  f rom a single pa r t i c l e ,  obtained expe r imen ta l ly  in the 
scheme with two sl i ts  before  and af ter  subtract ing the constant  component ,  
is shown in Fig.  2. 

As follows f rom fo rmulas  (4)-(7) under  the condition of m a x i m u m  
con t r a s t  of the in te r fe rence  field in the plane of the pho to rece ive r ,  the 
total  Doppler  signal can be wri t ten in the fo rm 

hr 

I ( t )  = ~, I~(t  - -  tn){t + cos [COD (t --  t~)]} (11) 

where  tn is the r andom instant  of appearance  of the n-th sca t t e r ing  p a r -  
t icle in the region of in tersec t ion  of the incident beams  in the flow and N 
is the number  of pa r t i c l e s  that  have passed  through the invest igated vo lume.  
The signal cons is t s  of the intr insic  Doppler  component  

N 

In (t --  t.) cos (cod (t --  t,~)] 

and a low-f requency  "constant" component  

N 

~9~ I,~ (t --  t~) 

As shown below, under  the condition that  the sca t t e r ing  point pa r t i c l e s  f o r m  a uni form Poisson  field 
in the invest igated flow, the s p e c t r u m  of the signal is desc r ibed  by the express ion  

q2 
I (co) = t 2 q2~ --  2e -~ (W cos "~"-tIo(co)[2[ Tq-~- o~ + ~ - s in@]  

a - -  q~.+_o 2 , ~ -  q 2 + o ~  

(12) 

where q is the flux densi ty  of the pa r t i c l e s ,  T is the per iod  of analysis  of the signal ,  and I0(w ) is the ampl i -  
tude s p e c t r u m  of the signal  f rom a single pa r t i c l e .  

F r o m  (8)-(10) we eas i ly  find that for  gauss ian  beams  

2 

Io(co) = ~ exp [COi2/(4~COD~)] (m~=~, ~=cO--~D=A~0 ) (13) 
4~1 

For  s chem es  with c i r cu l a r  d iaphragms  

[ I q V ao} i ao} i b'Zoi~ ] 

t for  ]coi[~ 2bcoD/a 
~(co) = 0 for [c011>2boD/a 

Fo r  s chem es  with s l i ts  

(14) 

The expres s ion  for  the s p e c t r u m  of the Doppler  signal with the constant  component  f i l te red  out be-  
comes  highly s impl i f ied:  

I ()~co) = q/0 ~ (• (16) 

It follows f r o m  (16) that  the energy s p e c t r u m  of the signal r epea t s  the energy s p e c t r u m  of the signal  
f r o m  a single pa r t i c l e  and is p ropor t iona l  to the concentra t ion of the pa r t i c l e s .  Hence the root -mean-square  
value of the va r i ab l e  pa r t  o r  the Doppler  signal is p ropor t iona l  to 4"qo The ampli tude s p e c t r u m  computed 
f rom fo rmulas  (14) and (16) i s  shown in Fig.  3 by way of an example~ 
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Relation between Spatial and Temporal  Resolution of an LDV. Analysis of formulas (8)-(10) and (13)- 
(15) shows that the relation between the spatial resolution of an optical scheme of the meter  and the width 
of the amplitude spec t rum can, in general ,  be written in the form 

8 a l  = ~ (17) 

where 5 is the minimum l inear  dimension f rom which information about the velocity is extracted,  A f  is 
the halfwidth of the amplitude spect rum,  v is the velocity, and fi is a constant coefficient which depends on 
the type of the optical scheme and the level to which the width of the spec t rum is r e fe r red .  

For  example, for schemes with c i rcu lar  diaphragms fi = 7 .6/v ,  while for schemes with rectangular  
slits/3 = 2. The spatial resolution is est imated f rom the zeros  of the f i rs t  maximum of the Airy  function, 
while the width of the spect rum is es t imated from the zero level of the spectra l  density; for gaussian beams 
with 6 and A f  reckoned f rom the 1-2 level, fi = 2 / u .  

During the use of an LDV for the investigation of turbulent flows the instantaneous frequency of the 
Doppler signal changes in proport ion to the fluctuations of the velocity, i.e., the signal becomes frequency 
modulated. It is known that the spec t rum of a f requency-modulated signal is a complex function of the 
modulating p rocess  which is simplified only in two cases :  if the modulation is narrowband, i . e . ,  if the in- 
tensity of the turbulence is small  and the modulating process  is a high-frequency one, then one-half of the 
Doppler spec t rum repeats  the spect rum of the modulating p rocess ;  if the turbulence is s trong and the p ro -  
cess  is a low-frequency one, then the Doppler spec t rum repeats  the curve of distribution of the velocity 
values.  In the general  case ,  it is difficult to infer the pa ramete r s  of the modulating process  f rom the 
nature of the spec t rum of the frequency-modulated oscillation. In view of this, the use of a spec t rum 
analyzer as a measur ing device in Doppler sys tems  of investigation of turbulence is not promis ing.  

Three-Component  LDV. Optical Pa r t .  On the basis of the investigations ca r r i ed  out by the authors a 
new scheme of LDV is proposed which permits  one to measure  the three orthogonal projections of the veloc-  
ity vector ,  and the principles of a rational analysis of the obtained Doppler signal have been worked out. 
A descript ion of the prototype of the equipment is given below. 

The optical par t  is shown in Fig. 4. The ray  f rom lase r  1 is divided by two spl i t ters  2 and 3 placed 
in success ion  into three parallel  beams located in pairs in the orthogonal planes.  The intensity of the 
beam, directed along the sides of the r ight  angle formed by these orthogonal planes, is much grea te r  than 
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the intensities of the other two beams which play the role 
of re ference  beams.  The split  beams are focussed at the 
investigated region of the flow by an objective 4. The light 
beams sca t te red  by the impuri ty par t ic les  in the focal 
plane of the objective have a Doppler frequency shift which 
is proport ional  to the velocity of the s c a t t e r e r s .  The ex-  
t ract ion of the Doppler shift is done by optical he terodyn-  
ing of spatial ly matched reference  and sca t te red  beams by 

the photoreceivers  5 and 6. The frequency of the obtained signals is proport ional  to the project ions of the 
veloci ty vector  on the corresponding difference vec tors  Ks1 - Ki and K S 2  --  Ki .  

In order  to determine the third project ion,  a sca t tered  beam, separated out by diaphragm 7 in the 
direction symmet r i c  to the direction of the s trong incident beam with r e spec t  to the axis of the objective 
and lying in the same plane, is used. The Doppler shift is equal to the projection of the veloci ty vec tor  
Ks3 - K i and is separa ted  out by heterodyning in a Michelson in te r fe romete r .  It is easy  to see f rom Fig. 4 
that these difference vec tors  are mutually orthogonal.  Thus, this optical scheme of an LDV permi ts  a 
simultaneous measuremen t  of the three orthogonal projections of the velocity vec tor .  

A typical signal obtained f rom the photoreeeiver  in the case of a laminar  flow is shown in Fig. 5. As 
expected, it has the nature of beats s t rongly modulated in amplitude and has a parasi t ic  phase modulation 
caused by the random nature of the instant of entrance of the par t ic les  in the focal plane of the objective. 
The nature of the phase modulation is c lea r ly  seen in Fig.  5b, where a superposit ion of the halves of one 
and the same real izat ion of the signal is shown. 

Elect ronic  Pa r t .  The f i r s t  variant  of the equipment was constructed based on a c i rcu i t  with phase 
automatic f requency control  descr ibed in [8]. This c i rcu i t  was found to be sensitive to sharp oscillations 
of the signal amplitude and phase jumps.  As a resul t ,  for a laminar  flow the noise in the 50-Hz band was 
3~ in scaling to equivalent turbulence.  In view of the large value of noises,  it became n e c e s s a r y  to in t ro-  
duce into the sys tem elements  of nonlinear fi l tration and of tracking frequency and not phase.  

The block diagram of the second var iant  of the meter  is shown in Fig. 6. The signal f rom the photo- 
rece iver  a r r ives  at a control led band-pass  f i l ter  I for the suppression of the noises of the l ase r  and the 
ph0toreceiver .  Then it is fed to a threshold amplifier  2 which passes  signal only in those time segments  
when its amplitude far  exceeds the noise level.  A pulse shaper  3 connected after the amplifier  t r ans forms  
the signal into a pulse train.  Simultaneously, a pulse shaper  5 produces strobe pulses with duration 
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equal to the duration of the train.  The pulse t rains arr ive  at a frequency detector 4 with memory ,  which 
operates at the instant of disappearance of the signal. An analog signal proport ional  to the instantaneous 
value of the velocity of the investigated flow is obtained at the output of the frequency detector .  The pulse 
t ra ins  are fed also to a counter 6 controlled by strobe pulses in such a way that the prespecif ied counting 
period is made longer in the time segments ,  in which there is no signal at the output of the counter .  As a 
resul t  a code of numbers  equal to the value of the mean velocity for the chosen period is obtained at the 
output of this device.  The counter  is equipped with a digital signal panel showing the instantaneous values 
of the velocity.  The code voltages f rom the output of the counter are fed to a computer  which gives out all 
the s tat is t ical  charac te r i s t i c s  of the turbulent flow. 

As an example, the distribution function of the values of the velocity for an averaging t ime of 1 sec 
obtained with a digital computer  for a laminar  flow with a velocity of 1 c m / s e c  is shown in Fig. 7. The 
dispers ion in this case is caused by the equipment noise.  The roo t -mean- squa re  deviation is of the o rder  

of 0 .l~c. 

The equipment with a single channel of measurement  has the following cha rac t e r i s t i c s :  

1) the range of measurable  values of velocity is f rom 2- 10 -3 to 2 m/sec;  

2) the equipment noise, equivalent to turbulence in the frequency band 0-100 Hz, is 170; 

3) the pass band for the frequency of fluctuations of the velocity is divided into three subranges of 
I0, i00, and I000 Hz; 

4) the spatial resolution is of the order of 0oi • 0.i • 0.5 mm3; 

5) the averaging time is 10-3-10 sec. 

Exper imenta l  Resul ts .  The following exper iment  was conducted in o rder  to i l lustrate the potentiali-  
ties of a single measur ing  channel.  In a channel with c ross  section 16 • 16 mm with laminar  flow a cyl in-  
der  of 5 mm diameter  was placed at 40 mm ups t ream from the focus of the LDV along the ver t ica l  axis of 
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the channel.  The analog signal f rom the output of the LDV was fed to a co r r e l a to r .  The autocorrelat ion 
functions of Karman vortex s t ree t  are shown in Fig.  8 for average velocit ies of: 1) 3.5 c m / s e c ;  2) 5 c m /  
sec;  3) 7 c m / s e c ;  and 4) 10 c m / s e c .  For  the lowest velocity the size of the vortex determined f rom the 
formula  R = VT, where V is the average velocity measured  by LDV and T is the period of the corre la t ion  
function, is equal to 7 mm.  

With the increase  of the velocity the size of the vortex decreases  and finally the corre la t ion  function 
loses its periodici ty,  i.e., the regular  p rocess  is disrupted.  

In conclusion, we consider  some additional problems connected with the method discussed above. 

Signal Spectrum f rom a Single Par t i c le .  In order  to determine the amplitude spec t rum of the Doppler 
signal f rom a single part icle in the case of cyl indr ical ly  symmet r i c  beams it should be taken into cons idera -  
tion that the spec t rum of the function [J t (p t ) ] / t  is 

V ~  0 .886  ] / - 9 2  _ ~2 S (co) 2p 

Therefore ,  the function [Jt2(p t ) ] / t  2 cor responds  as a Four ie r  t r ans fo rm to the convolution 

( i s )  

G(oa) = ~ S(7) S(y--  o)) dT (19) 
- - c o  

Geometr ica l ly  this convolution represen t s  the a rea  of a region common to two c i rc les ,  f rom which it 
follows (for w < 2 p) that: 

co co - r : - - - - - - - j - \  G(co)= 2arccos ~ ~- ~/ i - -  t--~s~)a2 (20) 

The express ion for Io(w) in the case of rectangular  slits is obtained in a s imi lar  way. Here it is taken 
into considerat ion that the function [2 sin ( p t ) ] / ~ t  is the inverse Four ier  t r ans fo rm of a sol i tary  rec tangu-  
lar  pulse of length p in frequency space.  Hence the Four ie r  t r ans fo rm of the function [4 sin 2 (pt)]/v2t 2 is 
the convolution of the rec tangular  pulse with itself,  which gives the triangle 

G (o)) = 2p - -  I (~ I (21) 

Signal Spectrum with the Stat ist ics of the pa r t i c l e s  Takeninto Considerat ion.  If the flux of the s c a t t e r -  
ing par t ic les  is assumed to be a uniform Poisson flux, the time lag between the instants of falling of l - th 
and l + 1 - s t p a r t i c l e s  intothe operating zone will be a continuous random quantity distributed according to 
the power law 

0 for t i ~ 0  
]( tz) :  qe -qtt for t z ~ 0  

Since the instant of falling of the n- th  part icle  in the interference region is 

distribution of the random quantity t n is determined according to the Erlang law 

t~ ~- ~, t~, the density of 

q (qt~)n-1 e -et~ (22) 
] fin) = (~ _ 1) 

The number of par t ic les  N during the period of observation T will be a random quantity distributed 
according to Po i s son ' s  law with the density 

(Tq)n --Tq (23) f ( N ) = ~ : - .  ~ 

Using (23), the theorem of lag, and the theorem of the spec t rum of a sum, we can write the exp res -  
sion for the amplitude spec t rum of the Doppler signal in the following way: 

N 

; = ;o (, + y, ) (24) 

where I0(w ) is the spec t rum of the signal f rom a single part icle  and tn is the instant of appearance of the 
n- th  part icle  at the center  of the region of information collect ion.  
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Averaging (24) over  tn and N we easi ly  obtain the mathematical  expectation of the spec t rum 

<I (co)> = " T  Io ~ 

a = r oTq~  
q~ + (0~ ' ~ -- q~ + on ) (25) 
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