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A method is p roposed  for  m e a s u r i n g  the redis t r ibut ion  of densi ty  of liquid in a c losed basin  
during l abo ra to ry  model s tudies of i so the rma l  two-d imens iona l  m a s s - t r a n s f e r  p r o c e s s e s .  

As the p r o c e s s  of i so the rma l  turbulent  m a s s  t r a n s f e r  in a closed basin decays ,  the re la t ive  shift of 
i n t e r f e rence  f r inges  can be de te rmined  f r o m  the condition that  the mean  densi ty  of s t ra t i f ied  liquid in any 
ver t ica l  sect ion r e m a i n s  invar iant ,  i . e . ,  the s ame  before  and a f t e r  decay of the p r o c e s s .  

At the p r e sen t  t ime an intensive development  of optical  contac t less  l abo ra to ry  methods  for  study of 
m a s s  t r a n s f e r  in s t ra t i f ied  media  is  taldng place.  The study of phase  nonhomogeneity by such methods in-  
volves m e a s u r e m e n t  of  the space  dis t r ibut ion of the r e f r ac t ive  index, which is de te rmined  by the space d i s -  
t r ibut ion of densi ty  of the liquid. Under  the conditions of an oeeanological  l a b o r a t o r y  exper imerl t ,  f o r  ins -  
tance ,  the densi ty of the liquid can va ry  as a resu l t  of sal ini ty o r  t e m p e r a t u r e  var ia t ion,  while in an i s o -  
t he rma l  expe r imen t  it can va ry  only because  of varying sal t  concentrat ion in the water .  Inasmuch  as in 
l abo ra to ry  bas ins  s t ra t i f ica t ion  is  usual ly  produced by dissolut ion of sodium chloride in wate r ,  the p -- p(s) 
re la t ion  is l~own [1]. 

The method of de te rmin ing  the space  dis tr ibut ion of densi ty ( re f rac t ive  index) by holographic  i n t e r f e r o -  
m e r r y  has  a l ready  been cons idered  [2]. The m e a s u r e d  quantity is  he re  the shift  of i n t e r f e rence  f r inges .  The 
number  k is p ropor t iona l  to the phase  lead Aq~ which the probing wave acqu i res  upon single pa s sage  through 

the object  [2] 

Z 

c I (n - -  no) dz. k = c ~ =  

In t w o - b e a m  i n t e r f e r o m e t r y  the coefficient  c is unity [2]. In this case ,  if the object  is  homogeneous 
along the line of vision,  i .e . ,  the r e f r ac t ive  index is a function of coordinates  X and Z only (not a function of 

the Y-coordina te) ,  

k (X, Z) aq~ _ l in(X, Z ) - -  nol. 

F tom here we have 

rt (X, Z) : k (X, Z) X + no. 
l 

F r i n g e s  a re  counted f r o m  a point in the field at which the r e f r ac t ive  index (density) is known. In the study of 
m a s s - t r a n s f e r  p r o c e s s e s  in objec ts  with a phase  consti tution it is  not poss ib le  to t r ack  the shift of a f r inge 
a f t e r  one has  been ini t ia l ly r e c o r d e d  at some instant  of t ime,  because  pe r tu rba t ions  induced in the med ium 
will rup tu re  it. In such a case  of f r inge rup tu re ,  i . e . ,  of tu rbulence  in a s t ra t i f ied  liquid, the mos t  typical  
and sc ient i f ica l ly  impor tan t  si tuation,  ex t rac t ion  of quanti tat ive data f r o m  ho log rams  will contr ibute  to the 
solution of many  p r o b l e m s .  Such a pa t t e rn  p r e v a i l s ,  fo r  ins tance ,  in a s t ra t i f ied  liquid during sp read  of a 
turbul ized patch. Af ter  the p r o c e s s  of spreading  has  ended, t he r e  follows a r e s to r a t i on  of a s t a t ionary  pa t -  
t e r n  of i n t e r f e r ence  f r inges  cor responding  to the final space dis tr ibut ion of densi ty  with dist inct ly vis ible  
e l emen t s  of the fine s t ruc ture .  The space  dis t r ibut ion of densi ty of a liquid a f t e r  pe r tu rba t ions  have decayed 
was neve r  m e a s u r e d  quant i ta t ively,  however ,  because  of the imposs ib i l i ty  of de termining  the re la t ive  shift 
of i n t e r f e r ence  f r inges  appear ing before  and a f t e r  the exper iment .  
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Fig. I. Distribution of salinity of liquid 

in basin: interference fringes i and 2 
correspond to salinity distribution in 
liquid in initial static state and in final 
static state, respectively; h (ram), s (~ 

The gist of the proposed method of measuring the space distribution of density of liquid in closed basins 

during laboratory simulation of isothermal two-dimensional mass-transfer processes is determining the rela- 
tive shift of interference fringes from the condition that the mean density of a stratified liquid in any vertical 
section remains invariant, i.e., the same before and after decay of the mass-transfer process, which implies 
equality of the areas in both initial and final static states bounded by orthogonal axes, the free surface of the 
liquid, and the interference fringe which corresponds to the density distribution in the respective static state. 

We will illustrate this with an example. Processing of interferograms with fringes of finite width in- 
volves calculation of the area bounded by axes of coordinates parallel to the basin generatrices and curve 1 
representing 'the interference fringe must pass through a point where the density is known. Since the static 
interferogram constitutes ml array of parallel lines, one can select any interference fringe corresponding to 
the density distribution in the liquid in the final static state. Its characteristic point (e.g., at the bottom or 
at the surface) is selected as the origin of coordinates, whereupon one determines the area of the figure boun- 
ded by the given interference fringe and the axes of coordinates. The position of the interference fringe which 
corresponds to the density distribution in the basin in the final static state, relative to the initial density dis- 
tribution, is determined from the condition of equality of respective areas. 

Earlier it was not possible 'to evaluate such experiments quantitatively. Only after fringes have been 
tied together, furthermore, is it now possible to quantitatively evaluate the dynamics of mass transfer from 
the instant when fringes become restored following their rupture to the instant when the liquid in the basin 
reaches its final static state. It is exactly during this time that a collapsing patch of mixed liquid in a strati- 
fied basin generates internal waves, which subsequently evolve and decay, while also a fine brine structure 
forms, i.e., processes occur whose nature has not yet been properly explored. 

As an example, holographic interferograms with fringes of finite width in both initial static states of a 
stratified liquid in an experimental closed basin under isothermal conditions without intake and drain of liquid 
were examined. 

The interference pattern was produced by means of a standard two-beam optical system suitable for 
holographic interferometry. Measurements were made in real time, with the varying interference pattern 
recorded on moving film. 

In a 1650 x 150 x 350 mm large laboratory basin, with the aid of a strgtifier, an initial vertical salinity 
profile in the liquid corresponding to position 1 of an interference fringe in Fig. i (curve i) was produced. A 
specially designed mixer at half-depth in the basin mixed a l-cm-thick layer of liquid. Interference fringe 2 
in Fig. 1 corresponded to the salinity profile in the final static state, namely after perturbations produced by 
mass-transfer processes in the liquid have decayed. 

From the shift of curve 2 relative to curve 1 changes in the refractive index and then the absolute den- 
sity of liquid in each horizontal section were determined. The values thus obtained are given in Table i. 

A specific feature characterizing the spread of a mixed layer in a stratified liquid is formation of a fine 
vertical structure of its density (salinity) field which varies little in the horizontal direction but has a rather 
large vertical density gradient, on the order of 10 -3 g/cm 4, and a characteristic thickness on the order of 
1 cm. I~terferograms of objects with phase constitution are usually decoded without refraction taken into ac- 
count, refraction causing a shift of the ir~terference pattern relative to the line of vision, and without the addi- 
tional phase shift due to differer~t lengths of the deflected light beam and of the line of vision taken into account. 
The effect of refraction is known to have been estim~;ted in the case of objects having a plzase constitution with 
axial symmetry and parabolic distribution of the refractive index. It has been demonstrated that refraction 
is negligible when 'the maximum change in the refractive index along the axis of an object does not exceed 5% 
[3]. Let us then estimate the errors which 'the optical system used in the experiment introduces into the 
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TABLE i. Changes in Refractive Index and in Salt Concentration in 
Water at Various Depths in Basin 

Layer DistanCeof layer Layer DistanCeoflayer s,, %, (n--no)-10-~ s,, %~ 
No. from Dot- sl, ~ (n--n0).10-0 s2, % No. from Dot- , 

tom, mm _ _  _ _  _ _  tom, mm 

1 0 5,91 18,2 4,92 09 40 4,50 2,2 4,52 
2 5,70 14,9 4,89 1 45 4,28 5,9 4,60 
3 10 5,58 14,2 4,81 11 50 4,12 8,5 4,58 
4 15 5,42 11,7 4,77 12 55 3,94 11,2 4,55 
5 20 5,18 6,5 4,72 13 60 3,76 14,0 4,52 
6 25 5,01 5,7 4,70 14 65 3,53 17,8 4,50 
7 30 4,85 3,9 4,65 15 70 3,40 19,9 4,48 
8 35 4,68 0,7 4,64 

in te r fe rence  pat tern  recorded  by a movie camera .  The screen  was located 45 cm away f rom the basin, the 
line of vision in the basin was 15 cm long. 

The angle (9 by which the light beam is deflected because of re f rac t ion  in a l ayer  with a constant density 
gradient  of approximately 10 -3 g / c m  4 {gradier~t of the ref rac t ive  index An/Az N 10--4 cm-t)  is ,  with an obse rva -  
tion base of length l, is  O = ( I / n o ) A n / A z .  With l = 15 cm and no = 1.34, we have @max ~ 10-3. 

The maximum shift of the light beam f rom the line of vision on the i n t e r f e rog ram will be of the o r d e r  
of L| ~ 0.6.10 - t c m ,  where L = 60 era. Then the maximum possible lengthening of the deflected light beam 
relat ive to the line of vision will be ~ LO k ~ 0 .6 .10  -3 ram ~ k. 

The holograms were analyzed in 15 selected horizontal  sections 5 m m  apart  f rom one another.  The 
maximum possible shift of the light beam f rom the line of vision was ~ 0.6 mm,  comparable  with the thick-  
ness  of the boundary line between sections,  and the result ing e r r o r  (10%) was,  the re fore ,  discounted. In the 
l ayer  with the maximum density gradient ,  where the deflected light beam was lengthened by an amotmt on the 
o rde r  of X, the r ecorded  phase shift was equivalent to 16k and the e r r o r  in that case was ~ 6%. These es t i -  
mates  thus indicate that the optical sys tem yields resu l t s  accura te  within 15%. 

N O T A T I O N  

s (10 -3 g/cm3), salt  concentration in the liquid; p {g/cm~), density of the liquid; c, a coefficient cha rac -  
ter iz ing the sensit ivity of the method; k, number  of f r inges  through which an in te r fe rence  fringe has shifted; 
A~0, phase lead of the probing wave produced by passage through a tes t  object;  X (~m), wavelength of the p rob-  
ing wave; n, re f rac t ive  index of the liquid with nonhomogeneity; andn 0, re f rac t ive  index of the liquid without 
nonhomogeneity. 
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