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During the sedimentation of small  salt  c rys t a l s  in a s ta t ionary  liquid, long cyl indr ical  salt  
t r a c e r s  a re  formed;  it is proposed to use these in studying f ree  flows during the pulsed t u r -  
bulization of the liquid. 

P r e s e n t  visual izat ion methods [1] va ry  in re la t ion to the form of the t r a c e r  const i tuents  and in the 
means of c rea t ing  the~e. 

T r a c e r s  should sat isfy the following requi rements :  a) they should have zero  buoyancy; b) they should 
have a fa i r ly  long life; c) they should be photogenic (light-emitting). 

In quantitative veloci ty  measurements ,  fu r the r  r equ i rements  a re  also imposed upon the shape and  
geometr ica l  s ize of the t r a c e r s  determining the spatial  resolut ion of the visual izat ion field, and also on the 
t ime requi red  for  the format ion of the t r a c e r s  in the liquid, which de te rmines  the type of hydrodynamic 
problems in which these may be used. 

The foregoing requ i rements  a re  sat isfied by t r a c e r s  of the the rmal  type, c r ea t ed  in the liquid by 
pulsed l a s e r  radiat ion and recorded  by means of shadow devices  [2]." Being formed almost  instantaneously 
in the flow by virtue of changes taking place in the physical  p roper t i e s  of the liquid, t he rma l  t r a c e r s  r i se  
to the surface  v e r y  slowly and enable both laminar  and turbulent  flows to be visual ized [2]. This  p roper ty  
makes these t r a c e r s  a re l iable  means of studying both slow and rapid p ro ce s se s  taking place in the liquid 
[3]. 

In exper iments  re la t ing to explosions and shock p ro ce s se s  in liquids [4], and to the development of 
regions of turbulent  mixing, in termi t tent  phenomena, e ject ion p rocesses ,  etc. in f ree  flows during the pulsed 
turbul izat ion of the liquid by vibrat ing [3] or  moving [5] sources  of perturbat ion,  as well as in other  expe r i -  
ments  involving the spatial t rac ing of the zone under  considerat ion by a dense s e r i e s  of long (severa l  tens 
of c e n t im e t e r s )  cyl indr ica l  t r a c e r s ,  the use of the methods d iscussed in [2] is vi t iated by the complexi ty  
of the equipment required.  One cha rac te r i s t i c  of this  type of exper iment  l ies  in the fact that, before  the 
beginning of the exper iment ,  the liquid in the basin (cuvette) is s tat ionary,  so that the possibi l i ty a r i s e s  of 
using t r a c e r s  with a finite t ime of formation,  obtained by eas ie r  means than l a se r  technology. As a simple 
method of studying the phenomena accompanying the pulsed excitat ion of a s ta t ionary liquid [3-5], spatial 
delineation of the region under considerat ion may be effected by using salt  t r a c e r s ,  obtained by dissolving 
small  (up to 0.1 mm 3) common salt  c ry s t a l s  in the s ta t ionary liquid. The salt t r a c e r s  may be visual ized 
by means of shadow devices.  

The salt  t r ace  in the s ta t ionary liquid takes the form of a thin cyl inder ,  with a d iamete r  to a ce r t a in  
extent independent of the  c rys t a l  dimensions;  this fo rm is uniquely de termined by the physical  nature of the 
solvent. (For  c rys t a l  volumes g r ea t e r  than 0.1-0.5 mm 3, a Karman t rack  develops behind the moving 
part icle .)  In dist i l led wate r  at room t empera tu re  the t r a n s v e r s e  dimensions of the cyl indr ical  t r a c e r s  ob-  
se rved  by means  of a shadow device amount to 1.5 ~0.1 mm for  cubic common salt  c ry s t a l s  0.001-0.1 mm 3 
in volume. The length of the t r a c e r s  is uniquely specified for  ev e ry  solvent by the dimensions" of the c r y s -  
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Fig. I 

tals ,  and in distil led water  it exceeds 60 em. The mean rate of format ion of the t r a c e r s  (mean rate  of 
sedimentation of a c rys ta l  ~ 0.1 mm S in volume) is 10 e m / s e c .  

The life t ime of a salt  t r ace  in s ta t ionary  water  (ts) is determined by the diffusion coefficient of the 
salt (D ~ 10 -5 cm 2- see -1 [6]) and amounts to over  two minutes on record ing  the t r a c e r  with a shadow de- 
vice having a ver t ica l  orientat ion of the Schlieren knife-edge.  The value of ts  is one or  two o rde r s  of mag-  
nitude g rea t e r  than the t ime required  for  the format ion ofthe salt  t races .  This enables us to use these for  
the spatial demarca t ion  of hydrodynamic fields. The smal lness  of the diffusion coefficient D relat ive to 
the thermal  diffusivity of water  ~ ~ 10 -3 em2 / sec  [6] explains why the lifetime of the salt  t r a c e r  is so 
much longer  than that of a thermal  t r a c e r  [2]. 

On studying the capaci ty  of salt t r a c e r s  to follow flows by means of an interference instrument ( inter-  
ference pat tern  in Fig. la),  we obtained the density and salt content of the liquid in the t r a c e r  in c o m p a r i -  
son with the background by using the well-known relat ionships [7, 8] 

An ~ 0.23 A,o ~ 3.33-10-~ AS 

Here Ap ,  AS, &n are  the differences in density (g/cmS), salinity (~ , and optical re f rac t ive  index 
between the t r a c e r  and the background (distilled water). The interference pat tern in Fig. la  was obtained 
some t ime af ter  the formation of the mark.  The distr ibution of salinity with respect  to the radius of the 
c r o s s  section deduced f rom this pattern (Fig. lb) has a symmet r i ca l  shape, with a maximum of 1.23 ~ A 
change of one per  mil l  (~ in the salinity S has the same effect on n as a change of 3.3 ~ in t empera tu re  T 
(for water  An ~ 10 -4 AT [9]). 

F r o m  the resul tant  pa r ame te r s  of the salt t r aces ,  we may est imate  the accuracy  and spatial reso lu-  
tion obtained on measur ing  the liquid-flow velocity fields by the method proposed.  

The density of the liquid in the t r ace  differs f rom the density in the surrounding water  (Ap ~ 10 -S g. 
cm-3), so that the t r a c e r  will not follow the flow precise ly ;  it will fall under the influence of gravitational 
forces .  The mean rate of sedimentation of var ious  par ts  of the salt t r a ce s  measured in these experiments  
amounted to severa l  tenths of a ram/see .  This ag rees  with the rate  of sedimentation calculated by the 
Stokes formula [10] for a sphere falling in a viscous liquid. Remember ing  that the c r o s s  section of the 
t r ace  determining the spatial resolution cannot be regulated,  we see that it is most effective to use salt 
t r aces  for  visual izing l a rge - s ca l e  p roces se s  with liquid veloci t ies  exceeding 3-5 e ra / see .  In these cases  
the systematic  e r r o r  in measur ing the velocity,  determined by the sedimentation of the t r ace r ,  is ~ 1%. 
During the sedimentation of the c rys ta l  the boundary layers  of the liquid are  set in motion. This may also 
constitute a source of e r r o r  when measur ing flow veloci ty fields. Measurements  with l ase r  t r a c e r s  showed 
that these motions ceased  severa l  seconds af ter  the format ion of the salt t r ace r .  

In o rde r  to ver i fy  the potentiali t ies of the method proposed exper iments  analogous to those of [3, 5] 
were  c a r r i e d  out in a plane glass cell, but withthe space under examination delineated by means of a ser ies  
of ver t ica l  (z axis) salt t r a c e r s ,  which were  c rea ted  in the uniform liquid before the beginning of the exper i -  
ment by means of a simple dosing device. The distance between the t r a c e r s  was chosen so as to ensure 
the necessa ry  spatial resolution, without impeding the interpretat ion of the resu l t s  as  a resul t  of the super -  
position of neighboring t r a c e r s  during the turbulent motion of the liquid. In the case  of th ree-d imens ional  
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flows in rectangular  cuvettes,  the demarcat ion of the space under cons ide ra -  
tion may be ca r r i ed  out by means of paral lel  se r ies  of salt t r a c e r s  disposed 
in the ver t ica l  yz and xz planes, while the p roces se s  taking place may be 
recorded  in two direct ions (x and y) at the same time. 

During the experiments  a pulse turbul izer  placed in the middle of the 
cuvette was used to c rea te  a region of turbulent mixing, propagating f rom 
the center  to the per iphery,  which was recorded  by means of a shadow de- 
vice and motion-picture camera .  F rom the resultant  negatives,  the t ime 
development of the mixing region was analyzed, together  with the initiation 
of motion in the s tat ionary liquid; the rate of momentum t r ans fe r  was also 
deduced. Figure 2a presents  an example of the visualization of the mixing 
region by means of a sal t  t r ace r .  The photograph c lear ly  shows the bounda- 
r ies  of theturbulent  zone and the spatial dimensions of the eddies, while the 
setting in motion of the initially stat ionary liquid may also c lear ly  be r ecog -  

Fig.  4 nized. Using salt t r a c e r s  we may at the same t ime study the dynamics of the 
liquid inside and outside the region of turbulent mixing and on the boundary. 

In another experiment we visualized a laminar  submerged flow ar is ing f rom the motion of a small  
solid (several  mm 3 in size) in a uniform liquid (Fig. 2b). Using t h e t r a c e r s a n d t h e  motion-picture negatives, 
we determined the mode of flow, the velocity profile, and the flow boundaries.  

One disadvantage of the proposed method of visualization is the impossibili ty of using it to study the 
dynamics of a liquid existing in a state of motion. Salt t r a c e r s  may only be used to study the init ial  stages 
of p rocesses  associa ted  with the pulsed excitation of a s tat ionary liquid. A second disadvantage is the 
impossibili ty of crea t ing long cyl indrical  t r a c e r s  with an a rb i t r a ry  initial orientation (differing fro m the 
direction of the z axis). Using ver t ica l  t r a c e r s  we may measure  two components of the t h ree -d imens iona l  
veloci ty vec tor  - V  x and Vy by recording the flux in two directions,  - x  and y, but we cannot obtain any infor-  
mation regarding  the motion of the liquid along the z axis. The veloci ty vector  is determined by using 
t r a c e r s  situated orthogonally with respec t  to each other  (in the case  of salt  t r a c e r s ,  ver t ica l  and horizontal) .  

Short horizontal  t r a c e r s  (up to 10 c m  long) may be c rea ted  in a s tat ionary dielectr ic  liquid by means 
of an electr ic  field. For  this purpose we let down two plane electrodes  into the specified region, place a 
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jet or  drop of salt  solution between them,  and apply a s teady vol tage of a few hundred vol ts .  The drop of 
sa l t  solution is  obtained by the sedimenta t ion of sal t  c r y s t a l s  having a volume of the o r d e r  of 10 -5 mm 3 as 
these  a r e  being comple te ly  d issolved in the c ry s t a l .  Under the influence of the e lec t r ic  field the re  is a 
gradual  spread ing  of the salt  jet  along the e lec t r ic  l ines  of force .  Figure  3a, b, c, d i l l u s t r a t e s  success ive  
s tages  in th is  p r o c e s s  (the d i rec t ion of the e lec t r i c  c u r r e n t  is pe rpend icu la r  to the jet). The horizontal  salt  
t r a c e r s  so obtained at va r ious  levels  (Fig. 3d) may be used for  v isua l iz ing  the flows (after  stopping the jet  
and disconnect ing the e lec t r i c  field), but the genera l  nonuniform background will in te r fe re  with our  i n t e r -  
p re ta t ion  of the r e su l t s  of the m e a s u r e m e n t s .  

A sha rp  horizontal  t r a c e r  may be obtained f r o m  a drop of sal t  solution placed d i rec t ly  in an e lec t r ic  
field in the specif ied region of the s ta t ionary  liquid. Like the jet, the drop will sp read  along the line of the 
e lec t r i c  field at a r a t e  de te rmined  by the c u r r e n t  density,  but the surrounding background will now be uni-  
form.  

If sal t  d rops  a r e  c r e a t e d  between the e l ec t rodes  at va r ious  leve ls  in the liquid, on connecting the e l e c -  
t r i c  field we may obtain a s e r i e s  of pa ra l l e l  hor izontal  t r a c e r s  with a p re spec i f i ed  dis tance between them. 
By supplement ing these  t r a c e r s  with v e r t i c a l  ones (the field being disconnected) we may v i sua l ize  t h r e e -  
d imensional  flows. F igure  4 gives an example  of the v isual iza t ion of a submerged  t h r ee -d imens iona l  flow 
by sal t  t r a c e r s .  

Mutually or thogonal  t r a c e r s  we re  c r e a t e d  in a r ec t angu la r  cuvet te  containing s ta t ionary  water ;  hor i -  
zontal ones (x axis) by the action of an e lec t r ic  field on a drop of sa l t  solution, and ve r t i c a l  ones (z axis) by 
the sedimenta t ion of a sa l t  c r y s t a l  in the absence  of the field. Visual izat ion of the flow was achieved by 
means of a shadow s y s t e m  a r r a n g e d  along the y axis  with a horizontal  or ienta t ion of the Schl ieren knife-  
edge. No s imul taneous  r ecord ing  of the flow along the x or  z axes  was at tempted.  The submerged  flow 
a rose  in the liquid as a r e su l t  of the motion of a sphere  ~ 1 cm 3 in volume in an a r b i t r a r y  direct ion.  

An expe r imen ta l  ver i f ica t ion  of the a c c u r a c y  of the p roposed  method was c a r r i e d  out in a horizontal  
r ec tangu la r  hydraulic channel  containing a t r a n s p a r e n t  section,  using l a s e r  t r a c e r s  of the same  d iamete r ,  
which followed the flow of the liquid v e r y  accu ra t e ly  [2, 3]. The ve r t i c a l  cy l indr ica l  sal t  a n d t h e r m a l t r a c e r s  
we re  c r ea t ed  v e r y  c lose  to one another ,  with the outlet tap of the hydraulic channel c losed.  On opening the 
tap,  t r ans i en t  flow began, and this was v i sua l ized  by the t r a c e r s .  The t r a c e r s  of both types  invar iably  
followed each o ther  (without lag or lead) ove r  the whole t r a n s p a r e n t  sect ion of the hydraulic channel  (~ 15 
cm) for  flow r a t e s  exceeding 3 e m / s e c .  The d i ame te r  of the t h e r m a l  t r a c e r  inc reased  with t ime  much 
more  rapidly than that  of the sal t  t r a c e r .  This  effect  was a s soc ia t ed  with the d i f ference  between the hea t -  
and salt-diffusion coeff ic ients  in wate r .  
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