
I N V E S T I G A T I O N  O F  T U R B U L E N C E  B Y  O P T I C A L  M E T H O D S  

N.  F .  D e r e v y a n k o  a n d  A .  M.  T r o k h a n  

Optical methods of measuring the characteristics of turbulence have excited much interest for in- 
vestigating the flow of liquids, gases, or plasma~ The fact that there is no disturbance of the medium 
being investigated, and the possibility of making measurements in heated and rapidly moving gas flows, 
favors optical instruments for investigating turbulence rather than probe instruments such as thermo- 
anemometers , electrical discharge and induction anemometers, Pitot tubes, etc. At the same time, 
compared with other probeless methods based, for example, on the use of ultrasonic or microwave oscil- 
lations, radioactive isotopes, etc., optical methods have the considerable advantage of possessing high 

spatial resolution. 

Optical methods are useful to the same extent for investigating turbulence both in liquids and in 
gases, flames, or plasma. Although some of them have been known for a long time (for example, the dif- 
fusion method), the majority of the optical methods have only come into use recently. 

The optical methods which are used at the present time to investigate turbulence can be divided into 
three main groups: diffusion, densitometry, and anemometry methods. 

Io Diffusion Methods. This group of methods depends on using the dependence of the diffusion of 
heat, micro-, or macro-particles in the medium on the turbulence characteristics. 

The first diffusion method of observing turbulence was used by Osborne Reynolds. To do this he 

used the diffusion of a dye in water; the diffusion increases sharply when the flow changes from laminar 
to t u rbu len t .  

To i n v e s t i g a t e  gas  flow, loca l  hea t ing  of the m e d i u m  by an e l e c t r i c a l  d i s c h a r g e  [1], by  a f i l amen t  
[2], o r  by a l a s e r  s p a r k  [3] i s  used .  

The di f fus ion of a hea ted  cloud of gas  i s  r e c o r d e d  by means  of a su i t ab le  opt ica l  s y s t e m  ( i n t e r f e r o -  
m e t r i c ,  shadow, o r  Sch l ie ren) .  Ins tead  of hea t ing  the g a s , S c h l i e r e n  can be obta ined  by  in t roduc ing  a f o r -  
e ign gas  with a d i f f e ren t  r e f r a c t i v e  index [4] f r o m  that  of the m e d i u m  under  inves t iga t ion .  Smoke is  the  
m a t e r i a l  mos t  w ide ly  used  as  a d i f fus ion "probe"  in gas  f low due to the  ea se  of obta in ing and r e c o r d i n g  ito 
To i nves t i ga t e  d i f fus ion  in hea ted  gas  f lows it is  p o s s i b l e  to use  m a t e r i a l s  which give a c h a r a c t e r i s t i c  glow, 
fo r  example ,  sod ium,  e tc .  (See Ao G. Prudn ikov ,  " M e a s u r e m e n t s  of the tu rbu lence  of a i r  flow and f l ames  
by  an o p t i c a l - d i f f u s i o n  method,  " D i s s e r t a t i o n ,  Moscow P h y s i c o - T e c h n i e a l  Ins t i tu te ,  1956o) 

Recen t ly  an i n t e r e s t i n g  method [5] has been  d e s c r i b e d  fo r  inves t iga t ing  the tu rbu lence  of l iquid flows~ 
A di lu te  so lu t ion  of 2(2, 4 - d i n i t r o b e n z e n e ) - p y r i d i n e  in ethyl  a lcohol  i s  i l l u m i n a t e d  by a fine pu l sed  b e a m  of 
l ight  p e r p e n d i c u l a r  to the  flow. The l igh t  g ives  the so lu t ion  a blue c o l o r  which l a s t s  for  some  t ime~ The 
d i f fus ion  of the c o l o r e d  r eg ion  enab les  the d e g r e e  of t u rbu lence  of the med ium to be judged~ 

To inves t i ga t e  t u rbu l ence  in wa te r ,  dyes  [6], f l u o r e s c e i n  compounds  [7], o r  so lu t ions  of s a l t s  [8] a r e  
wide ly  used~ 

In m e a s u r i n g  tu rbu lence  by  the d i f fus ion method two c a s e s  occu r :  when the d i f fus ing  subs tance  is  
i n t roduced  o r  p r o d u c e d  in the flow cont inuous ly  (Fig .  1), and when the f o r m a t i o n  and r e c o r d i n g  of the  d i f -  
fus ing  subs t ance  has  a d i s c r e t e  c h a r a c t e r  (Fig .  2). 
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Fig .  1 F ig .  2 

In the l a t t e r  c a s e  the  di f fus ion i s  m e a s u r e d  e i t h e r  by  m e a n s  of s t r o b o s c o p i c  photography o r  by means  
of p h o t o e l e c t r i c  scanning .  

The a n a l y s i s  of the r e s u l t s  of m e a s u r e m e n t s  i s  u sua l ly  b a s e d  on r e l a t i o n s  f i r s t  obta ined  by  Kamp~ 
de F e r i e t  [9] fo r  un i fo rm tu rbu len t  f l ow:  

t 

<y,'- (t)> = 2v,'~ I (t -- ~) R L (~) dv (1.1) 
o 

where  y2(t) i s  the L a g r a n g i a n  coord ina t e  of the m a r k e d  p a r t i c l e  in a C a r t e s i a n  s y s t e m ,  v21 is  the L a g r a n -  
gian tu rbu len t  pu l sa t ion  of the  ve loc i ty ,  and l~L(7) is  the  L a g r a n g i a n  c o r r e l a t i o n .  

F o r  s m a l l  va lues  of the t i m e  t RL(~-) ~ 1, o r  

< y% ( t )> ~ v2 "~ t ~ 
(1.2) 

i .  e~ fo r  s m a l l  va lues  of t the s t a n d a r d  dev ia t ion  < u2'2> 1/2 can be ob ta ined  f r o m  the s lope  of the <y22(t)> Y~ 
c u r v e .  

F o r  va lues  of the t i m e  t>>t*, for  which RL(t*) ~ 0, we have 

<y2 ~- (t)> .~  2v~'~t I RL (~) d~ 
0 

(1. a) 

o r  

Q/~(t)> ~ 2v2 '2 t T L 
(1.4) 

w h e r e  T L i s  the  L a g r a n g i a n  i n t eg ra l  t i m e  s c a l e .  

It fol lows f r o m  (1.1) that  the  c o r r e l a t i o n  cu rve  can be obta ined  by double  d i f f e ren t i a t ion  of the 
< yz2(t) > cu rve ,  if  < u2v2> i s  ob ta ined  f r o m  (1.2) .  

It fo l lows f r o m  (1.4) tha t  the  Lang rang i an  s c a l e  of the t u rbu l ence  can be  obta ined  f r o m  the s lope  of 
the  < y22{t) > cu rve  f o r  l a r g e  va lues  of t .  

F r o m  the d i f fus ion of the i m p u r i t i e s  a long the flow the coeff ic ient  of t u rbu len t  d i f fus ion B can a l so  be  
obta ined .  

Since the  d i s t r i b u t i o n  of the subs tance  F in the p lane  p e r p e n d i c u l a r  to the  d i r e c t i o n  of the flow ve loc i t y  
v at a d i s t a n c e  x 1 f r o m  the s o u r c e  in the c a s e  of un i fo rm i s o t r o p i c  t u rbu l ence  i s  d e s c r i b e d  by a Gauss i an  
e r r o r  cu rve  [10], we have the r e l a t i o n  

B = <v> (x~)2/o.J4 xl In 2 
(1.5) 

Here  (x2)0. 5 deno tes  the  coo rd ina t e  f o r  which < F > =0.5  F m a  x. The advan tages  of the d i f fus ion me thods  
of m e a s u r i n g  t u rbu l ence  a r e  the  c o m p a r a t i v e  s i m p l i c i t y  of the  equipment  r e q u i r e d  and the c l a r i t y  and 
v a r i e t y  of the c h a r a c t e r i s t i c  ob ta ined .  
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Fig~ 3 F ig .  4 

The d r a w b a c k s  of these  me thods  a r e  the c o n s i d e r a b l e  d i f f icu l ty  involved in p r o c e s s i n g  the m e a s u r e -  
ment  r e s u l t s  m a t h e m a t i c a l l y ,  the s m a l l  spa t i a l  r e s o l u t i o n  and the low a c c u r a c y  due to the d i s tu rb ing  effect  
of the  p robe  in t roduced  into the d i f fus ing  subs tance ,  the f in i te  d imens ions  of the sou rce ,  etco 

2. D e n s i t o m e t e r  Methods .  This  g roup  of methods  is  b a s e d  on the o b s e r v a t i o n  of tu rbu len t  f luc tua t ions  
of the dens i ty  and of the a s s o c i a t e d  r e f r a c t i v e  index of the med ium,  the g rad i en t  o r  second  d e r i v a t i v e  of the 
dens i ty ,  and a l so  the i m p u r i t y  concen t r a t ion .  

One of the c h a r a c t e r i s t i c  f e a t u r e s  of th is  group of methods  is  the fac t  that  the  o b s e r v e d  opt ica l  e f -  
fec t s  m a y  depend s i m u l t a n e o u s l y  on s e v e r a l  p a r a m e t e r s  of the m e d i u m , s o  that  i t  i s  not a lways  p o s s i b l e  to 
give an unambiguous  i n t e r p r e t a t i o n  of the  r e s u l t s  obta ined .  F o r  example ,  the f r ac t ion  of the t r a n s m i t t e d  
l ight  b e a m  s c a t t e r e d  by  an e l e m e n t a r y  vo lume  of the m e d i u m  depends  s i m u l t a n e o u s l y  on the value  of the 
g r a d i e n t  of the r e f r a c t i v e  index,  the  concen t r a t i on  and compos i t i on  of the med ium,  the concen t r a t i on  and 
s i ze  of the sol ,  e tc .  

It i s  convenient  to d iv ide  the methods  in th is  group into two subgroups ,  al though t h e r e  i s  no sha rp  
bounda ry  be tween  them.  These  a r e  a) methods  which use  t r a n s m i t t e d  l ight ,  and b) methods  b a s e d  on 
r e c o r d i n g  the s c a t t e r e d  o r  c h a r a c t e r i s t i c  r ad i a t i on .  The f i r s t  subgroup enab les  one to obta in  va lues  which 
a r e  i n t e g r a l  a long the l ine  of obse rva t i on ,  and the second  subgroup g ives  the loca l  v a l u e s .  

2a.  T r a n s m i t t e d  Light .  This  group inc ludes  i n t e r f e r o m e t r i c ,  Sch l ie ren ,  shadow, and abso rp t ion  
methods ,  and a l so  the s t a t i s t i c a l  b e a m  dev ia t ion  method .  

I n t e r f e r o m e t r i c  methods  enable  the i n t e g r a l  dens i ty  f luc tua t ions  a long the l ine of o b s e r v a t i o n  z to be 
m e a s u r e d .  The shif t  in an i n t e r f e r e n c e  f r inge  S i s  equal to the change in the opt ica l  path  length m e a s u r e d  
in wave lengths  of the  l ight  ~ : 

$ = ~ -  [n (z, y ,  z)  - -  no] d z  (2.1) 
g 

He re  n(x, y, z) and n o a r e  the r e f r a c t i v e  i nd i ce s  in the tu rbu len t  and o r ig ina l  m e d i u m  r e s p e c t i v e l y .  

The gas  d e n s i t y  p i s  r e l a t e d  to the r e f r a c t i v e  index by the G lads tone -Da le  equat ion,  

n - -  t = ( n o - -  l)p / po ( 2 . 2 )  

Hence 

n0-- i  (' 

z ( 2 0 3 )  

As a r e s u l t  of a v e r a g i n g  a long the b e a m  the pu l sa t ion  s p e c t r u m  r e c o r d e d  by  the i n t e r f e r o m e t e r  is  
n a r r o w e d  c o m p a r e d  with the ac tua l  s p e c t r u m ,  as  in the c a s e  of m e a s u r e m e n t s  made  with a t h e r m o a n e m o m -  
e t e r  with a long f i l amen t .  

Both pho tograph ic  [11-13] and p h o t o e l e c t r i c  [14] r e c o r d i n g  a r e  used  to r e c o r d  the tu rbu len t  f r inge  
shift~ 
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Fig. 5 

investigation 5. 

Figure 3 shows an in terferogram of a detonation wave 
in a mixture of 2H2§ O2+2CO in a shock tube [11], which il-  
lustrates the turbulence of the gas behind the wave. Photo- 
graphic recording on a moving film enables one to obtain a 
time scan of the pulsations (Fig. 4) [12]. However, it is 
more convenient to obtain time spectra by using photoelectric 
recording. 

As an example of such devices Fig. 5 shows a laser  
interferometer  used to measure the spectral density power 
in a jet issuing from a sonic nozzle [14]. The interferometer  
used a helium-neon laser  1, operating in the two-frequency 
mode (~ =3.39 pm and X =0.63 #m). The laser  radiation pass -  
ing through the semitransparent  mi r ro r  2 and the infrared 
fil ter 3 is incident on the chamber 4 containing the jet under 

The part of the radiation which is reflected from the mi r ro r  6 is returned to the resonator.  
The intensity of the laser  radiation depends str ict ly on the phase of the reflected light, i . e . ,  on the optical 
path length of the beam. 

Therefore, the presence of turbulent pulsations in the gas density produces pulsations in the intensity 
of the infrared radiation and, consequently, in the visible radiation of the laser  also. The system is ad- 
justed so that the intensity of the visible radiation depends approximately sinusoidally on the phase of the 
reflected light. The visible radiation reflected from the semitransparent mi r ro r  2 is recorded by the 
photomultiplier 7 and is analyzed by the audio analyzer 8. 

The advantages of interferometric  methods is the linear dependence of the response on the density 
of the medium, and also its high sensitivity. For  example, by using a Fabry-Pero t  interferometer  together 
with a laser  a change in refractive index of the order  of An=10-7-10 -8 can be detected [15]. 

However, when investigating turbulence it often turns out to be more convenient to use shadow or 
Sehlieren methods [16], which record the second or first derivative of the refractive index respectively, 
in a direction perpendicular to the direction of the beam~ This is due to the fact that turbulent pulsations 
in density are usually small but the dimensions of the nonuniformities are also small, so that the gradient 
and higher derivatives are large. 

When using these methods it is also possible to use photographic and photoelectric recording. 
Schlieren photography of turbulent flow gives a characteris t ic  porous structure,  corresponding to the s t ruc-  
ture of the turbulent vort ices.  An example of such a photograph is shown in Fig. 6 (a plasmotron jet). 
Correlation processing of shadow or Schlieren photographs enables the scale of the turbulence to be 
obtained. 

If the density pulsation field is isotropic it can be represented by a single function, namely, by the 
three-dimensional spectrum of the density field, which character izes  the portion of the density spectrum 
per average density pulsation for a wavelength A =2 7r/k. 

The correlation of the light intensity pulsations along the flow is related to the three-dimensional 
spectrum of the isotropic density field E(k) by the following relationship [12]: 

k ' E  (k) = const I ~/r (4) Io (k~) d~ (2.4) 
o 

Here I0(k~) is the Bessel function of zero order, R(~)=< h(x, y)h(x+~, y) > is the correlat ion of the 
shadow pattern, and h(x, y) is the intensity of the shadow pattern pulsations. 

Instantaneous shadow and Schlieren photography has become widely used in studying turbulence when 
carrying out aerodynamic and plasma investigations [17-20] in view of the clarity of the results  and the 
possibility of presenting the flow as a whole. The use of holography [21] opens up interesting possibilities 
in this direction. 

Shadow patterns can be processed using comparatively simple optical autocorrelators  [21, 22], which 
do not require much effort. 
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It i s  a l so  p o s s i b l e  to find the  s ca l e  of the t u rbu l ence  by us ing  photo-  
e l e c t r i c  r e c o r d i n g .  A s i m p l e  model  can be used  to i n t e r p r e t  the r e s u l t s ,  
a cco rd ing  to which the nonun i fo rmi t i e s  in the  r e f r a c t i v e  index can be 
c o n s i d e r e d  as  r a n d o m  converg ing  o r  d ive rg ing  l e n s e s  [23]. When a un i -  
f o r m  p lane  wave of in t ens i ty  I 0 f a l l s  on such a " l ens"  with focal  length 
f ,  the in t ens i ty  of the l ight  I behind it a t  a d i s t ance  L<<f  f rom it  i s  

I .~ I0(l ~__ 2L / ]) (2.5) 

where  the p lus  and minus  s igns  c o r r e s p o n d  to the converg ing  and d i v e r g -  
ing " l e n s e s "  r e s p e c t i v e l y .  

Consequent ly ,  the r e l a t i v e  changes  in the in t ens i ty  fo r  such a " l ens"  
is  of the o r d e r  of 

I -  I0 2L 
10 ~ - - ] -  (2.6) 

F ig .  6 Us ing  the fac t  that  for  a i r  n o ~ 1  and In-n0]<<1 arid, in addi t ion,  

a r~  ~ a s s u m i n g  that  the " l e n s e s "  have s p h e r i c a l  shape ( i : e : ,  r~ ~ --it/' 

w h e r e  r is  the c h a r a c t e r i s t i c  d i m e n s i o n  of the  lens) ,  we obta in  

( I  - -  Io> / Io~ N Cn2lo-'/ff L3L3 (2.7) 

whe re  l 0 i s  the  in t e rna l  s c a l e ,  C n i s  the s t r u c t u r a l  cons tan t  fo r  the r e f r a c t i v e  index,  and L 1 is  the t h i c k -  
ne s s  of the l a y e r .  Re la t ion  (2.7) i s  su f f i c ien t ly  a c c u r a t e  p rov ided  L>>L1. ff th is  condi t ion  is  not s a t i s f i ed ,  
fo r  an a c c u r a t e  ca l cu l a t i on  of the i n t ens i t y  f luc tua t ions  in the a p p r o x i m a t i o n  of g e o m e t r i c a l  opt ics  it  is  
n e c e s s a r y  to know the t h r e e - d i m e n s i o n a l  spa t i a l  s p e c t r u m  ~n(n) of the r e f r a c t i v e  index f luc tua t ions  in the  
r ange  of wave n u m b e r s  ~ ~ 1/lo. 

One of the  advan tages  of TSp le r  s y s t e m s  is  the p o s s i b i l i t y  of obta in ing  a s m a l l  i m a g e  depth of f ie ld ,  
fo r  example ,  of the  o r d e r  of 2-3 m m  [24]. 

This  enab le s  one to obta in  loca l  and not i n t eg ra l  va lues  along the b e a m , w h i c h  is  p a r t i c u l a r l y  i m p o r -  
tant  when i nves t i ga t i ng  t u r b u l e n c e .  Such T(ipler  s y s t e m s  with sha rp  focus ing  can be r e g a r d e d  as  the 
l i m i t i n g  c a s e  of f o r w a r d  s c a t t e r i n g .  

The c h a r a c t e r i s t i c s  of the  ampl i tude  and phase  f luc tua t ions  of the  t r a n s m i t t e d  waves  a r e  r e l a t e d  to 
the  f o r m  of the  s p e c t r a l  dens i t y  of the f luc tua t ions  in r e f r a c t i v e  index n [25, 26] as  fo l lows:  

I k • 
F 1 (• u3) ~ ~k3L t - -  ~ sin -~--J �9 n (0, x2, •8) 

• L- 
F~ (• • = gk~L t + ~ sin -~- q)n (0, • •3) 

(2~ 

(2.9) 

He re  F ~ ( ~ , ~ )  and F I ( ~ , x  ~) a r e  r e s p e c t i v e l y  the t w o - d i m e n s i o n a l  s p e c t r a  of the  dens i ty  of the  f l uc -  
tua t ions  in the phase  and the l o g a r i t h m  of the ampl i tude ,  which a r e  the F o u r i e r  expans ion  of the t w o - d i m e n -  
s ional  c o r r e l a t i o n  funct ions  in the p lane  z =const ,  p e r p e n d i c u l a r  to the d i r e c t i o n  of wave p ropaga t ion .  

However ,  it  i s  e x t r e m e l y  d i f f icul t  to obta in  ~n(%) f r o m  these  f o r m u l a s .  To so lve  this  p r o b l e m  ~n(~) 
is  u sua l l y  a p p r o x i m a t e d  by  a power  funct ion (whichholds  if  X~"~>>/0 and X~X"L<<L0), which conta ins  f r ee  
p a r a m e t e r s .  This  enab les  the e x p e r i m e n t a l  da ta  to be a p p r o x i m a t e d  by  a su i t ab le  choice  of p a r a m e t e r s .  

Us ing  th i s  function,  a f t e r  i n t e g r a t i n g  (2.8) and (2~ 9), an equat ion i s  obta ined  f r o m  which the index of 
the  power  funct ion i s  f i r s t  obta ined  and then the second  c h a r a c t e r i s t i c  of the tu rbu lence ,  name ly ,  the value  
of the  s t r u c t u r a l  coef f ic ien t  of the r e f r a c t i v e  index.  
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It was shown in [27] that  fo r  an a t m o s p h e r e  under  i n v e r -  
s ion  condi t ions  the  roo t  mean  squa re  dev ia t ion  of the l o g a r i t h m  
of the  ampl i tude  i s  p r o p o r t i o n a l  to the v e r t i c a l  t e m p e r a t u r e  
g r ad i en t .  Consequent ly ,  the  in t ens i ty  of the  twinkl ing of the  
l ight  can s e r v e  as  a c h a r a c t e r i s t i c  of the mixing  condi t ions  in 
the a t m o s p h e r e .  The method,  which u s e s  the c h a r a c t e r i s t i c s  
of the  ampl i tude  and phase  of the t r a n s m i t t e d  waves ,  has  been  
used  to inves t iga t e  both the a t m o s p h e r e  [26, 27] and p l a s m a  
[28, 29]. 

If the  m e d i u m  through which the b e a m  of m o n o c h r o m a t i c  
l ight  i s  p a s s i n g  a b s o r b s  the  r a d i a t i o n  the f luc tua t ions  in i t s  i n -  
t e n s i t y  when i t  e m e r g e s  f r o m  the med ium wil l  conta in  i n f o r m a -  
t ion on the concen t ra t ion  of the  a b s o r b i n g  subs t ance .  In the 
m a j o r i t y  of c a s e s  we can use  B e e r ' s  abso rp t ion  law: 

~J) ~ ~ o  e-aCx 
(2.10) 

Here  ff and G 0 a r e  r e s p e c t i v e l y  the f inal  and in i t i a l  va lues  of the  in t ens i ty ,  C i s  the  concen t ra t ion  of a b -  
so rb ing  m a t e r i a l ,  x is  the length  of the l ight  path,  and ~ i s  the a b s o r p t i o n  f a c to r .  

Using  the a p p r o p r i a t e  r e s o n a n c e  r ad i a t i on  [30-32],  one can obta in  the  f luc tua t ions  in the c o n c e n t r a -  
t ion of the s e p a r a t e  componen t s  of the  med iu m.  Co lo red  i m p u r i t i e s  can be used  when inves t iga t ing  l iquid  
flow [33]. 

In the  c a s e  when the c o r r e l a t i o n  s c a l e  is  s m a l l  c o m p a r e d  with the d i m e n s i o n s  of the  flow, loca l  f l u c -  
tua t ions  can be  obta ined  f r o m  the c o r r e l a t i o n s  of two i n t e r s e c t i n g  b e a m s  of l ight  in the abso rb ing  med ium 
[34]. 

2b. Sca t t e r ed  and C h a r a c t e r i s t i c  Radia t ion .  Sca t t e r ed  waves  which a r e  f o r m e d  when e l e c t r o m a g -  
net ic  waves  p a s s  th rough  a tu rbu len t  m e d i u m  can a l so  be used  to i nves t iga t e  t u rbu l ence .  As shown in 
[25], the  e f fec t ive  s c a t t e r i n g  c r o s s  sec t ion  d~ 0 i s  d e t e r m i n e d  by the s p e c t r a l  de ns i t y  of the r e f r a c t i v e  i n -  
dex Cn(~), t aken  f o r  the  point  ~ = k 0 - k s  : 

do0 = 2nk4sin2Z q~n (k0 -- ks)d~ (k -- 2g ] X) (2.11) 

Here  1% and k s a r e  the wave v e c t o r s  of the inc ident  and s c a t t e r e d  waves  r e s p e c t i v e l y ,  and • i s  the  angle  
be tween  the e l e c t r i c  v e c t o r  of the inc ident  wave and k. 

T h e r e f o r e ,  by  inves t iga t ing  the s c a t t e r i n g  of e l e c t r o m a g n e t i c  waves  for  d i f fe ren t  va lues  and d i r e c -  
t ions  of the s c a t t e r i n g  v e c t o r s  k=k 0 - k  s we can obtain d i r e c t l y  the  va lues  of the  tu rbu lence  s p e c t r a l  dens i t y  
�9 n(~) fo r  v a r i o u s  ~ (by inves t iga t ing  the s c a t t e r i n g  i nd i ca t r i x ) .  It is  e a sy  to i n t e r p r e t  the da ta  if the 
r e f r a c t i v e  index f luc tua t ions  and the wave amp l i t ude s  a r e  much l e s s  than uni ty  and if the  equat ions  of g e o -  
m e t r i c a l  op t i c s  a r e  used .  These  condi t ions  a r e  equiva lent  to the r e q u i r e m e n t  that  the wavelength  should 
be s m a l l  c o m p a r e d  with the d i m e n s i o n s  of the  nonun i fo rmi t i e s  and that  the  u n i f o r m i t i e s  should be s m a l l  
c o m p a r e d  with the  r a d i u s  of the f i r s t  F r e s n e l  zone ~ (where ~ is  the wavelength  and L i s  the d i s t a n c e  
f r o m  the s o u r c e  to the  r e c e i v e r ) .  

The s c a t t e r i n g  i n d i c a t r i x  of the l ight  for  tu rbu len t  f luc tua t ions  of r e f r a c t i v e  index i s  s t r o n g l y  ex-  
tended fo rward ,  so that ,  for  example ,  in pu re  a i r , t u r b u l e n t  s c a t t e r i n g  b a c k w a r d s  i s  much l e s s  than m o l e c -  
u l a r  s c a t t e r i n g  [35]. However ,  de sp i t e  th is ,  the use  of b a c k w a r d  s c a t t e r e d  l a s e r  r ad i a t i on  fo r  o b s e r v i n g  
t u rbu l ence  in av ia t ion  i s  a t t r a c t i n g  much a t ten t ion  [36]. 

I n t e r e s t i n g  r e s u l t s  on the tu rbu len t  s c a t t e r i n g  of l ight  in w a t e r  have been  obta ined  in [37], where  it 
is  found that  the  na tu r e  of the  s c a t t e r i n g  depends  v e r y  much on the s t a t e  of the l iquid  flow. The v i s c o s i t y  
obvious ly  p l ays  a g r e a t  p a r t  in the s c a t t e r i n g  of l ight  by the  l iquid  [38]. 

In the l a m i n a r  flow of a l iquid  the opt ica l  c h a r a c t e r i s t i c s  of the  flow a r e  cont inuous funct ions of the 
hydrodynamic  p a r a m e t e r s .  L o s s  of s t ab i l i t y  l e a d s  to the  a p p e a r a n c e  of d i s con t inu i t i e s  on the e x p e r i m e n t a l  
c u r v e s .  
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The frequency spec t rum of the pulsat ions of the sca t te red  
light obviously corresponds  to the frequency spec t rum of the t u r -  
bulent pulsat ions of the re f rac t ive  index of the medium. 

As an example of the devices used to invest igate turbulence 
by means of sca t te red  radiat ion,  Fig. 7 shows an a r rangement  
used to invest igate turbulence in the t r ack  behind spheres  flying 
f ree ly  with speeds corresponding to M=2o 5-9 [39]. 

In this a r rangement  the radiat ion of a ruby l a s e r  1 is fo- 
cused through a semi t ransparen t  m i r r o r  2 and a lens 3 onto a 
point 4, which is in the t rack  of the f ree ly  flying spheres  5. The 
light flux �9 sca t t e red  by the gas in the t r ack  is focused by the lens 
6 onto the stop 7 and is recorded by a photomult ipl ier  8. The in-  
tensi ty of the initial  radiat ion r is r ecorded  by the photomult ipl ier  
9. The ra t io  of the sca t t e red  to the incident light flux enables the 
gas densi ty at the given point of the t r ack  to be obtained as a func- 
tion of t ime.  Both light fluxes are  recorded  by a two-beam osc i l lo -  
scope~ The form of the osc i l lograms  obtained is shown in Fig.  7. 
The comparat ive  s impl ic i ty  and also the high spatial  and t ime 

resolut ion given by the sca t te r ing  method should be noted. However, the in terpre ta t ion  of the resul t s  ob- 
tained by this method depends very  much on the conditions in the medium being invest igated.  In a pure gas 
sca t te r ing  by coupled e lec t rons  (Rayleigh scat ter ing)  will predominate .  At high t empera tu re s  sca t ter ing  
by f ree  e lec t rons  (Thomson scattering) will predominate .  If there  a re  suspended pa r t i c l e s  in the medium 
Mie-law sca t te r ing  will be important .  To compare these fo rms  of sca t te r ing  we give the values of the 
sca t te r ing  c ros s  sect ions [40]. 

cr=l. 8x 10-27cm 2 for  Rayleigh sca t te r ing  in a i r  under normal  conditions~ 
=6.8 • 10-25cm 2 for Thomson scat ter ing,  

~=4o 2x 10-1~cm 2 for Mie sca t te r ing  (~ =0.1), 
cr=3o 6 x 10-11cm 2 for Mie sca t te r ing  (o~ =1), 
~=3o4• -8 em 2 for Mie sca t te r ing  (~=5)o 

Here o~ =2rr/X, r is the pa r t i c l e  radius ,  and X is the wavelength of the light. The re f rac t ive  index is 
assumed to be 1o33. 

When invest igat ing turbulence in a p lasma  or  in f lames one can use the cha rac te r i s t i c  radiat ion of the 
medium, v is ib le  [41] or  inf rared  [42]~ By suitable frequency and cor re la t ion  analysis  of the recorded  s ig -  
nals one can obtain the frequency spec t rum and the scale  of cor re la t ion .  By analyzing the infrared r a d i a -  
tion of the pulsat ions i ts intensi ty can be re la ted  to the t empera tu re  pulsat ions.  When analyzing the vis ible  
radia t ion the problem is complicated by the effect of spatial  fluctuations on the concentration of the r a -  
diating impuri t ies~ This occurs  pa r t i cu la r ly  in arc  p lasmas  and f lames .  The spatial  resolut ion when 
using cha rac t e r i s t i c  radia t ion is lower  than in the case of sca t te red  light. It is determined by the depth 
of field of the optical sys tem.  

The use of f luorescein  excited by a beam of fast e lect rons  [43, 44] has  in teres t ing  poss ib i l i t i e s  in 
invest igat ing turbulence in gases  at low p r e s s u r e s .  The exper imenta l  a r rangement  is s i m i l a r  to that used 
for  sca t t e red  light. Both of these methods complement one another, one being used in the case of la rge  
density of the medium and the other  being used in the case of low density.  One of the advantages of the 
f luoresce in  method is  the poss ib i l i ty  of simultaneous recording  of the concentration of severa l  components 
of the gas (from the intensi ty of the corresponding cha rac t e r i s t i c  radiat ion) .  

3. Anemometry  Methods~ Anemometry  methods of measur ing  turbulence are  based on measur ing the 
fluctuations in the veloci ty of the medium. Unlike the previous groups the quantity recorded  by the device 
when using these methods depends only on one p a r a m e t e r  of the medium, namely, the velocity.  This is a 
cons iderable  advantage in view of the poss ib i l i ty  of unambiguous in terpre ta t ion  of the r e su l t s .  

Anemometry  methods can be divided into two subgroups: spec t ra l  and kinematic .  
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Fig .  10 

3a.  Spec t ra l  me thods .  Spec t ra l  methods  a r e  b a s e d  on the use  of the  Dopp le r  and F i z e a u  e f fec t s :  

Here  v 0 i s  the f r equency  emi t t ed  by the sou rce ,  v is  the o b s e r v e d  f requency ,  v i s  the v e l o c i t y  0f 
mot ion  of the r a d i a t i n g  body,  c i s  the ve loc i ty  of l ight ,  n i s  the r e f r a c t i v e  index of the  med ium,  and ~ i s  
the  angle  be tween  the ve loc i ty  of the r ad i a t i ng  body and the l ine  of o b s e r v a t i o n .  

To m e a s u r e  the ve loc i ty  of flow and i ts  v a r i a t i o n s  with t ime  both the c h a r a c t e r i s t i c  and t r a n s m i t t e d  
and s c a t t e r e d  r a d i a t i o n  a r e  used .  

Acco rd ing  to the  method  of r e c o r d i n g  the f requency  shif t  we can d iv ide  the methods  into the  s p e c t r o -  
scop ic  method and the opt ica l  he t e rodyne  method~ In the  f i r s t  c a s e  we imply  the  p r e s e n c e  of a s p e c t r a l  
dev ice , the  d i s p e r s i n g  e l emen t  of which conve r t s  the f requency  shif t  of the  r ad i a t i on  into a spa t i a l  shif t  of 
the  s p e c t r a l  l ine .  A r e c o r d i n g  pho toe l ec t r i c  s y s t e m  with a b e a m - d i v i d i n g  wedge [45], two g ray  wedges  
[46], o r  a s e r v o d r i v e  [47] conve r t s  this  shif t  into an e l e c t r i c a l  s igna l .  The m i n i m u m  absolu te  e r r o r  when 
m e a s u r i n g  a f r equency  shif t  by the s p e c t r o s c o p i c  method i s  10-15 m / s e c ,  so that  the method can be used  
to i nves t i ga t e  h i g h - s p e e d  gas  and p l a s m a  f lows.  

The opt ica l  he t e rodyne  method i s  b a s e d  on r e c o r d i n g  the bea t  f r equency  of two b e a m s  of cohe ren t  
l ight ,  one of which i s  the  r e f e r e n c e  b e a m  and the o the r  e i t he r  t r a v e l s  a c e r t a i n  d i s t ance  in the  moving 
m e d i u m  being  i nves t i ga t ed  o r  i s  s c a t t e r e d  by it.  The F i z e a u  effect  enab le s  the i n t eg ra l  va lues  of the ve loc -  
i ty pu lsa t ions  a long the l ine  of o b s e r v a t i o n  to be obta ined  [48, 49] by a method s i m i l a r  to that  d e s c r i b e d  
in sec t ion  2a. Loca l  va lue s  can be obta ined by us ing  s c a t t e r e d  l ight .  

F i g u r e  8 shows an a r r a n g e m e n t  fo r  m e a s u r i n g  loca l  v e l o c i t i e s  in l iquid  o r  gas  f lows,  us ing  h e t e r o -  
dyning of the s c a t t e r e d  l ight  [50]. The l a s e r  I r a d i a t e s  l ight  p e r p e n d i c u l a r  to the flow 2. The s c a t t e r e d  
l ight  is  focused  by  means  of the ob jec t ive  3 through the m i r r o r  4 onto a pho tode tec to r  5. The r e f e r e n c e  
beam,  r educed  in in t ens i ty  by  a neu t ra l  f i l t e r  6, i s  r e f l e c t e d  f r o m  the m i r r o r  7 and the t r a n s p a r e n t  p la te  
8 and fa l l s  on the  s a m e  point  of the d e t e c t o r .  The m i r r o r  7 is  con t ro l l ed  in such a way that  the opt ica l  
p a t h l e n g t h s  of both b e a m s  a r e  equal ;  th is  is  n e c e s s a r y  for  s a t i s f a c t o r y  he te rodyning .  The bea t  f r equency  
i s  r e c o r d e d  by  a s p e c t r u m  a n a l y z e r .  

To i n c r e a s e  the in t ens i ty  of the s c a t t e r e d  l ight  in the m e d i u m  so l s  a r e  in t roduced ,  fo r  e x a m p l e ,  po ly-  
s t y r e n e  g lobules  in wa te r  [51], smoke  in a gas  [52], e tc .  If a s t r ong  l ight  sou rce  is  ava i l ab l e  th i s  enab les  
one to ach ieve  he te rodyn ing  of the l ight  s c a t t e r e d  d i r e c t l y  by the tu rbu len t  dens i t y  f luc tua t ions  [53]. 

The he te rodyn ing  method enab le s  one to obtain a f r equency  r e s o l u t i o n  unobta inable  with the s p e c t r o -  
scop ic  method and enab les  one to m e a s u r e  speeds  of the o r d e r  of m i l l i m e t e r s  p e r  second.  However ,  th is  
is  as  r e g a r d s  the m e a s u r e m e n t  of ave r age  ve loc i ty .  The p o s s i b i l i t y  of m e a s u r i n g  pu l sa t ions  in ve loc i ty  
i s  l i m i t e d  by  the bandwidth of the l a s e r  r ad i a t i on  i t s e l f .  Thus in [50] the ha l f -wid th  of the r e c o r d e d  s p e c -  
t r u m  was  of the  o r d e r  of 3 Mc, which c o r r e s p o n d s  to a ve loc i ty  of 2 m / s e c .  T h e r e f o r e ,  al though the f r e -  
quency c o r r e s p o n d i n g  to the s p e c t r a l  m a x i m u m  is  d e t e r m i n e d  e x t r e m e l y  a c c u r a t e l y  i t  is  quite a d i f f icu l t  
p r o b l e m  to d e t e c t  a b roaden ing  of the s p e c t r u m  due to s m a l l  tu rbu len t  pu l sa t ions  of ve loc i ty .  

The method of opt ica l  he te rodyning  us ing  r ad i a t i on  s c a t t e r e d  by the m e d i u m  i s ,  in view of the high 
spa t i a l  and f r equency  r e so lu t ion ,  one of the  mos t  p r o m i s i n g  methods  of m e a s u r i n g  tu rbu lence  in l iquids  
and in g a s e s  and p l a s m a .  The des ign  of su i tab le  dev i ce s  is  at  p r e s e n t  held up by the l a ck  of su i tab le  
h igh -power  l a s e r s  which give suf f ic ien t ly  m o n o c h r o m a t i c  r ad ia t ion .  
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3b. K inemat i c  Methods.  K inemat i c  methods  of 
m e a s u r i n g  tu rbu lence  a r e  b a s e d  on a t ime  of f l ight  a n a l y s i s  
of the mot ion  of op t ica l  nonun i fo rmi t i e s  in the med ium con-  
c e rne d .  To do this  one can use  both the  na tu ra l  f luc tuat ions  
in the r e f r a c t i v e  index,  the dens i ty ,  the luminos i ty ,  e tc .  
and suspended  p a r t i c l e s  in the med ium.  Two types  of m e a -  
s u r e m e n t  can be d i s t ingu i shed ,  namely ,  when the r e c o r d e d  
nonun i fo rmi t i e s  a r e  d i s c r e t e  and when they  a r e  continuous~ 

The v e l o c i t i e s  of mot ion  of suspended  p a r t i c l e s  can 
be m e a s u r e d  v i s u a l l y  (the s o - c a l l e d  u l t r a m i c r o s c o p e  method) 
[54] o r  by m e a n s  of a c i n e - c a m e r a  [55]. Subsequent s t a t i s -  
t i c a l  a n a l y s i s  of the  r e s u l t s  of the m e a s u r e m e n t s  enable  the 
d e g r e e  of t u rbu lence  to be obta ined [56]. However ,  this  
method is  e x t r e m e l y  l a b o r i o u s  and g ives  a low a c c u r a c y  due 
to insuf f ic ien t  s t a t i s t i c s .  

A method of m e a s u r i n g  tu rbu lence  is  d e s c r i b e d  in [57], 
b a s e d  on a s t a t i s t i c a l  t i m e  a n a l y s i s  of the pho toe l e c t r i c  s i g -  
na l s  f rom two c l o s e l y  spaced  poin ts  in the med ium con-  
ta in ing  d i s c r e t e  opt ica l  nonun i fo rmi t i e s .  These  points  
( smal l  reg ions)  a r e  d i s p l a c e d  r e l a t i v e  to one ano ther  by  a 
c e r t a i n  known d i s t ance  along the flow so that  some  of the  

p a r t i c l e s  p a s s i n g  th rough  the f i r s t  point  (region) then p a s s  through the second  point  a l so .  The a r r a n g e m e n t  
fo r  us ing  th is  method  i s  shown in F ig .  9. Here  the r ad i a t i on  of a l a s e r  1, a f t e r  p a s s i n g  through the s p l i t t e r  
2 and the l e n s e s  3, 4 is  inc ident  on the m e d i u m  in quest ion 5. The l ight  s c a t t e r e d  f r o m  the r eg ions  6 and 7, 
when t r a v e l i n g  th rough  the suspended  p a r t i c l e s ,  i s  focused  by an ob jec t ive  onto the stop 9 which l i m i t s  the 
d i m e n s i o n s  of the s e p a r a b l e  r eg ions  6-7 .  The l ight  then fa l l s  on p h o t o m u l t i p l i e r s  10 and 11 , the  s igna l s  
f r o m  which a r e  ana lyzed .  

Tf some  p a r t i c l e  a f t e r  p a s s i n g  th rough  the f i r s t  r eg ion  then p a s s e s  through the second,  t h e r e  will  be 
a t i m e  shif t  be tween  the p u l s e s  due to it in both channels  of the  p h o t o m u l t i p l i e r s ,  d e t e r m i n e d  by the a v e r a g e  
speed  of the  p a r t i c l e s  a long the path  be tween  these  r eg ions  (the m e a s u r e m e n t  base ) .  Hence,  the method 
enab le s  f luc tua t ions  in the  a v e r a g e  v e l o c i t y  along the m e a s u r e m e n t  b a s e  to be m e a s u r e d .  The m i n i m u m  
b a s e  fo r  m e a s u r e m e n t s  by this  method can have a va lue  of the o r d e r  of 0 . 5 - 1  ram.  

To obta in  the s p e c t r u m  of the t i m e  of f l ight  one can use  a de layed  co inc idence  c i r c u i t  [58], an o s c i l -  
l o scope  [59, 60], o r  a su i t ab le  mul t i channe l  t ime  ana lyze r~  When inves t iga t ing  h i g h - t e m p e r a t u r e  f lows the 
c h a r a c t e r i s t i c  l u m i n e s c e n c e  of the p a r t i c l e s  can a l so  be used  [58, 59]. This  method enab le s  one to obtain 
the  m a t h e m a t i c a l  expec ta t ion  and d i s p e r s i o n  of the  a v e r a g e  ve loc i ty  of the  flow along the m e a s u r e m e n t  base ,  
and in the ca se  when the pos i t i on  of the  second  r eg ion  is  scanned,  the s a m e  c h a r a c t e r i s t i c s  for  the ve loc i ty  
v e c t o r .  The method can be used  to i nves t iga t e  l iquid  and gas  f lows and the flows of l o w - t e m p e r a t u r e  p l a s m a  
and f l a m e s .  The uppe r  l i m i t  of the  p o s s i b l e  t e m p e r a t u r e s  of the m e d i u m  a r e  governed  by the t h e r m a l  
s t a b i l i t y  of the t r a c i n g  p a r t i c l e s  and is  3 ,500-4 ,000~  

In i nves t i ga t i ng  l iquid  m e d i a  both the  l o w e r  and the upper  l i m i t s  of the ve loc i ty  of flow a r e  p r a c -  
t i c a l l y  un l imi t ed .  F o r  g a s e s  the l o w e r  l i m i t  of ve loc i t y  i s  d e t e r m i n e d  by the s ed imen ta t i on  ve loc i t y  of the 
sol  (1-10 e m / s e c ) ,  and the upper  l i m i t  i s  d e t e r m i n e d  by  the r e s p o n s e  of the r e c o r d i n g  s y s t e m .  The va lues  
of the p e r m i s s i b l e  a c c e l e r a t i o n s  of the m e d i u m  in ques t ion  in the ca se  of d i f fe ren t  p a r t i c l e  and m e d i u m  
spec i f i c  g r a v i t i e s  a r e  governed  by  the r e q u i r e d  v i s u a l i z a t i o n  a c c u r a c y  [61]. 

If the  m e d i u m  does  not conta in  d i s c r e t e  inhomogene i t i e s ,  to m e a s u r e  the tu rbu lence  one can a l so  use  
cont inuous f luc tua t ions  of the r e f r a c t i v e  index,  b r i g h t n e s s ,  dens i ty ,  i m p u r i t y  concen t ra t ion ,  etco at  two 
ne ighbor ing  po in ts ,  d i s p l a c e d  in the d i r e c t i o n  of the flow, which can be o b s e r v e d  by su i tab le  opt ica l  in-  
s t r u m e n t s .  F o r  example ,  the  a r r a n g e m e n t  shown in F ig .  9 r e c o r d s  f luc tua t ions  of the  s c a t t e r e d  l ight  in 
the s a m e  way as  the a r r a n g e m e n t  shown in Fig~ 7, but for  two poin ts .  The f o r m  of the r e c o r d e d  s igna l s  
is  s i m i l a r  to that  shown in F ig .  10. 

In [62] an op t ica l  method of m e a s u r i n g  ve loc i ty  pu l sa t ions  in p l a s m a  j e t s  is  d e s c r i b e d  which u s e s  
c o r r e l a t i o n  a n a l y s i s  of the s igna l s  f rom two poin ts  of the  flow ( luminos i ty  pu l sa t ions  a r e  r ecorded)~  
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If these points a re  si tuated at a cer ta in  distance along the flow the pulsat ions of luminosi ty which 
pass  through the f i r s t  point a r r ive  at the second point with a cer ta in  delay determined by the velocity of 
the i r  motion. The shift in the maximum of the c r o s s - c o r r e l a t i o n  function for these two points with r e f -  
erence  to the axis is  the average delay t ime,  i . e . ,  the average speed of flow. Information concerning 
the pulsat ions of veloci ty can be obtained from the spec t rum of the c r o s s - c o r r e l a t i o n  function. 

If there  a re  cer ta in  harmonic pulsations of luminosi ty in the flow of the form 0 =cos coot, then for  a 
veloci ty of motion u(t)= < v > +AuG(t), where G(t) is  any t ime function, at the f i r s t  point we can write the 
osci l la t ion in the form 

| 

o 

Since at the second point the velocity var ia t ion  law is  the same as at the f i r s t  point but differs  in 
phase,  we can write for  the second point 

t 

o 

i .  e . ,  we will r eco rd  frequency-modulated osci l la t ions  on the osc i l lograms ,  where the ve loc i ty - t ime  v a r i a -  
tion law is the modulating function. 

The c r o s s - c o r r e l a t i o n  function, by suppress ing  noise,  reproduces  the signal which is the resul t  of 
frequency modulation of the ini t ial  signal,  due to the fact that i ts  l inear  veloci ty  along the section L in 
question is not constant. Therefore ,  by obtaining the c a r r i e r  frequency ~0 0 and the deviation •w from the 
spec t rum of the c r o s s - c o r r e l a t i o n  function and knowing the average flow veloci ty < v > ,  we can obtain the 
veloci ty  pulsat ions 

Av = A~ <v> / ~0 (3.3) 

If there  a re  a few such c a r r i e r  f requencies  the deviation of each of these will de termine  the re la t ive  
veloci ty  of propagation of the separa te  waves (for example,  acoustic d is turbances ,  if they are  sufficiently 
intense to be recorded) .  A typical  example of spec t ra  obtained in this way is  shown in Fig. 11o 

A s imi l a r  method can also be used to invest igate the intensi ty of the frequency spect rum of the longi-  
tudinal components of the turbulence in gas flow [63]. 

Unlike [62], in this  case  the c r o s s - c o r r e l a t i o n  function at two points separa tes  the signal which is the 
resul t  of frequency modulation of a single random process  s(t) (fluctuations of color,  r e f rac t ive  index, 
br ightness  of cha rac t e r i s t i c  luminosity,  amount of sca t t e red  light, e tc . )  by the other random process ,  
namely,  the veloci ty pulsat ions u(t). In this case  the spec t rum has a continuous form as, for example,  
in Fig. 12. Here the c a r r i e r  frequency cor responds  to the most  probable frequency of the optical f luctua- 
t ions while the effective modulation frequency f m  is de termined by the most probable frequency of the 
velocity pulsat ions.  

The value of the root mean square veloci ty pulsat ions ~ is proport ional  to the effective deviation 

<u'~> '1~ / <u> : A / I  ]o, A / ~  1o <u'2> v~ / <u> 
(3.4) 

where <U '2 > 1/2 is  the root  mean square veloci ty pulsation and < u> is the average veloci ty of flow. 

The deviation Af can be calculated f rom the formula  

co o~ --1 

(8.5) 

if it is  assumed that the spec t ra l  density function S!f) duplicates the frequency dis t r ibut ion of the probabi l i ty  
densi ty.  
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Hence,  the  e n e r g y  s p e c t r u m  c a r r i e s  in fo rma t ion  both r e g a r d i n g  the a mp l i t ude s  of the tu rbu len t  
ve loc i t y  pu l sa t ions  and about t h e i r  f r e q u e n c i e s .  At the s a m e  t ime  we can a lso  obta in  a r e p r e s e n t a t i o n  of 
the  s p e c t r u m  of the  o r ig ina l  p r o c e s s  e(t), which c h a r a c t e r i z e s  the nonuni formi ty  of the c o l o r  a long a c u r r e n t  
l ine ,  i o e . ,  the  m i c r o s t r u e t u r e  of the  tu rbu len t  nonun i fo rmi t i e s .  

The advan tages  of th is  method a r e  high a c c u r a c y ,  s i m p l i c i t y  of i n t e r p r e t a t i o n  of the  r e s u l t s ,  and a lso  
the  v a r i e t y  of the  c h a r a c t e r i s t i c s  obta ined .  It can be used  both in g a s e s  and in l iqu ids .  

The i n t e r p r e t a t i o n  i s  s i m p l e s t  of a l l  in flows with a s m a l l  r e l a t i v e  in t ens i ty  of the  tu rbu lence ,  i .  eo, 
in which the fol lowing inequa l i ty  i s  s a t i s f i ed :  

<u'%'l~l <u> < i 

This requirement does not impose any restrictions on the value of the average flow velocity. 

(3.6) 
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2. 

3. 

4. 
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