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Double-exposure speckle photography was used to measure the instantaneous particle velocity field in an 

intense high-velocity two-phase jet. 

Introduction. Measurement of particle velocities in two-phase jets flowing out of nozzles has been the object 

of many theoretical and experimental studies. However, not as much information has been obtained so far about 

the instantaneous distribution of the velocity field [11. The efforts of many authors were mainly made to measure 

local velocities on the periphery of a two-phase jet with a particle concentration and size sufficient for using laser 

Doppler velocity meters (LDVM) [2, 31. Meanwhile, LDVM and thermoanemometers  give instantaneous 

components of particle velocities only at one point of the flow, and point-by-point scanning over the entire flow is 

necessary to obtain the whole information about the distribution of the average velocity and its fluctuations in a 

two-phase jet. It should be noted that this scanning does not provide the instantaneous distribution of the velocity 

field over the whole jet at any time. Consequently, this experimental equipment only provides qualitative 

information about the velocity over the whole flow field. 

In the present work the method of double-exposure speckle photography (SP) [4-61 is used to measure the 

instantaneous particle velocity field in an intense high-velocity two-phase jet. Double-exposure speckle photography 

is a two-stage process. In the first stage particles are photographed in the flow. During the first pulse of laser 

illumination, positions of particles located inside the laser sheet are stored on a film. The particles move during 

the time between the first and second exposures, and at the time of the second pulse of laser illumination their 

new positions are stored on the same film. In the second stage processing and analysis of the obtained double- 

exposure photograph (specklegram) are carried out to isolate information about the velocity field. The photograph 

is developed and copied by the contact method to obtain a positive image of every particle in the flow. Then, the 

resultant positive is placed in the scheme of reconstructing the specklegram for analysis of the Young interference 

bands since each pair of displaced particles functions under illumination as a light source in a Young interferometer 

[7l. 

Experimental Setup and Specklegram Reconstruction Scheme. An intense high-velocity two-phase jet 

flowing out of a nozzle was used as the object of the study. A high-power neodymium laser with a frequency 

duplication system was used for illumination. The wavelength of the output laser beam was 2 = 535 nm. The laser 

sheet for illumination of the jet was formed when the laser beam passed through cylindrical and spherical lenses. 

The latter was used for decreasing the thickness and divergence of the laser sheet. For uniform illumination of 

water drops in the cross section measured, use was made of a spherical mirror that was located at twice the focal 

length from the focal plane of the spherical lens and reflected the laser beam in the opposite direction. The length 

of the laser illumination pulses was Ar = 30 nsec. The delay between successive illumination pulses depended on 

the velocity of the jet and could be varied from 10 nsec to 10 sec. 

The measuring cross section started at 3 cm from the nozzle exit section in the downstream direction and 

had a size of 50 • 50 mm. For reduction of the effect of secondary scattering, the longest possible distance was 
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Fig. 1. Optical  scheme for analys is  of Young bands  (a) and  a typical form of 

in ter ference  bands  (b) behind the twice exposed image of a two-phase  water  

jet. 

Fig. 2. A typ ica l  p h o t o g r a p h  of the t w o - p h a s e  jet  s t ud i ed  (a) and  the 

cor responding  ins tan taneous  particle velocity field (b). 

chosen between the photocamera  and  the water  jet,  and  the lens stop was the minimum. In Fig. la  the optical 

scheme is shown for ana lys i s  of the Young bands  behind the doubly exposed  image of the two-phase  water  jet.  An 

He-Ne  laser  was used as the  light source. The  laser  beam passed through a coll imator,  which decreased  the beam 

divergence and  al lowed var ia t ion  of the beam diameter .  The  specklegram was f ixed in a two-coordina te  s l ider  for 

subsequent  scanning.  The  Young in ter ference  bands  from displaced water  drops  were formed by a lens for Four ie r  

t ransformat ion  on a t r anspa ren t  screen.  The  images of the interference bands  were input  into a PC by a v ideocamera  

mounted  behind  the screen.  A typical  form of the Young interference bands  ob ta ined  is shown in Fig. 1 b. A special 

computer  program for process ing the images was used to calculate the d is tance  between the in ter ference  bands  d} 

and the angle  ct of thei r  s lope to the X axis ,  which are  re la ted to the vector of d isp lacement  of the water  drops in 

the t ime between two specklegram exposures  by the relation 

A = L A / ~ .  (1) 

where ,l is the wavelength of the H e - N e  laser,  L is the focal length of the lens for the Four ier  t ransformat ion.  For  

the components  of the velocity vector of the drops we have 

V x = LA sin a/c3t ,  
(2) 

Vy = /_A cos ct/c~t, 
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Fig. 3. Probabi l i ty  dens i ty  functions for the particle velocity (b) and the angle 

of s lope  of the veloci ty  vec tor  to the Y axis  (b) o b t a i n e d  from speckle  

p h o t o g r a p h y  m e a s u r e m e n t s  of the veloci ty  f ie ld for four  i n s t a n t a n e o u s  

real iza t ions  of the flow in a two-phase jet. 

where t is the time between two exposures.  

In our  e x p e r i m e n t s  the accuracy  of measur ing  the par t ic le  velocity was de t e rmined  by the e r ro r  in 

calculat ing the slope angle and  the d is tance  between the Young interference bands  and amounted  to 3%.  

Exper imenta l  Results .  In Fig. 2 one can see a typical photograph of the invest igated water  jet flowing out 

of a nozzle into a medium with an ambien t - a i r  pressure of 1 atm and the cor responding  ins tan taneous  part icle 

velocity field measured  by the method of double-exposure  speckle photography.  As can be seen from the figure,  

the jet consists  of a dense  central  core containing virtually undecomposed water  clusters  and  clouds of di lute  water  

drops that  su r round  the core of the jet on the periphery.  According to the microscope measurements  taken,  in the 

recording cross section the jet consists of water  drops whose size varies from 70 to 400 ~m. 

F u n d a m e n t a l  e x p e r i m e n t a l  p r o b l e m s  a r o s e  in the s t age  of a n a l y s i s  of the  s p c c k l o g r a m  s e c t i o n s  

cor responding  to the sites with the highest  concentrat ion of water  drops,  since the image of each part icle creates  

an in ter ference  pat tern with any o ther  particle located in the region of the light beam of the reconstruct ing H e - N e  

laser.  This  results  in mixing of the Young interference bands since in many cases, even in such a small  flow region,  

water  drops  have different  sizes and velocities,  and  as a result ,  it is impossible  to use the numerical  p rocedure  for 

computer  ana lys i s  of in ter ference  bands.  In o rder  to exclude the effect of parasi t ic  interference,  the d i ame te r  of 

the beam from the reconst ruct ing laser  was changed to 0.5 mm and the displacement  of the particle images between 

two exposure~  was s i m u l t a n e o u s l y  dec reased  by vary ing  the time interval  bc lwccn two pulses  of the  laser  

i l luminat ion.  In our exper imen t s  this interval was t = IO.usec. Meanwhile,  1o measure  the velocity of water  drops  
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Fig. 4. Complete  d is t r ibut ion  functions for the velocity (a) and the angle of 

slope of the velocity vector to the Yaxis ~b) for four ins tan taneous  real izat ions  

of the flow in a two-phase  jet. 

Fig. 5. Evolution of the probabi l i ty  densi ty  function for the part icle velocity 

with increase  in the d is tance  from the nozzle exit section: a) Y = 0 - 9  mm; 

b) 9 - 1 8 ;  c) 2 7 - 3 6 ;  e) 3 6 -  45. 

whose size is comparable  with the d iamete r  of the reconstruct ing He-Ne  laser  beam, the pholocamera  was ar t i f ic ial ly  

d iaphragmed ,  because of which the size of the particle images on the specklegram could be d iminished.  Never theless  

in some of the most dense  areas  of the two-phase  water  jet it was not possible to use the procedure for ana lys i s  of 

the Young bands .  

Probabi l i ty  dens i ty  functions (PDF)  for the velocity and the angle  of the velocity vector to the Y axis are  

presented  in Fig. 3. The  PDF were calculated over the whole flow region. In Fig. 4 one can see complete d is t r ibut ion  

functions for the velocity and the angle of slope of the velocity vector to the Y axis.  As can bc seen from Fig. 4a, 

the form of the complete PDF differs subs tant ia l ly  from the normal one in the region of high velocities. This  can 

be expla ined by the fact that  the part icle velocity field was measured  in the initial section of the jet ,  in which 

d is in tegra t ion  and collision of water  drops were important  for the flow organizat ion.  The  complete PDF for the 

velocity can be expressed  as a superposi t ion of two normal dis t r ibut ion functions corresponding to the average 

velocities -VI --- 20 m / s e c  and V2 -" 34 m/see .  It is evident that as the dis tance from the nozzle exit section increases,  

the form of the complete PDF should approach the normal one. This fact is a good i l lustrat ion of evolution of the 

dis t r ibut ion functions const ructed for different  cross sections of the two-phase jet along the flow (Fig. 5). As can 

be seen from Fig. 5, in the region of high velocities the "tail" of Ihe PDF gradual ly  vanishes with increase  in the 

dis tance along the Y axis_ 
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Conclusion. The method of double-exposure speckle photography is used effectively for measuring the 

instantaneous particle velocity field in a high-velocity two-phase jet flowing out of a nozzle. With the method 

suggested, the complete probability distribution function is found for the velocity and the angle of slope of the 

velocity vector to the jet axis. The complete distribution function constructed for several instantaneous realizations 

of the flow field not only determines the averaged characteristics of particle motion in the jet but also allows the 

researcher to follow the evolution of the particles as the distance from the nozzle exit section increases. The method 

gives satisfactory results even in the case of velocity measurements in the most dense regions of the jet core and 

for particles having substantially different sizes. 

N O T A T I O N  

3., wavelength of laser radiation; At, duration of laser pulse; 6, distance between Young interference bands; 

a, angle of slope of interference bands to X axis; A, displacement of particle image in the time between two 

exposures; L, focal length of the lens for Fourier transformation; V, particle velocity; V x, Yy, values of projections 

of particle velocity vector onto the coordinate axes; t, time interval between two laser pulses; p(V), probability 

density function for particle velocity; ~8, angle of slope of velocity vector to Y; p (fl), probability density function for 

the angle of slope of velocity vector to Y axis. 
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