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A procedure  is proposed for calculating local and average m a s s - t r a n s f e r  coefficients,  and r e -  
sults a re  presented for  the interact ion of solids of various shapes with a s t r eam of liquid. 

On the basis of our previous experimental  investigations [1] of mass  t r ans fe r  of solids of various shapes 
to a s t r eam of viscous incompress ible  liquid (water), the following dimensionless equations were  obtained: 
fo r  a cone 

for  a sphere 

and for a cyl inder  

Nu = 0.487 Re ~ Pr ~ , 

Nu = 0.328 Re ~176 pr o,33 , 

(1) 

(2) 

Nu = 0.183 Re ~ pr 0,33 , (3) 

which a re  valid for  Reynolds numbers  f rom 2 ~ 103 to 2.104. 

These data show that the shape of a solid has an appreciable effect on mass  t r ans fe r  to a s t r eam of liquid. 
It turns  out that the frequently used assumption that a body whose dimensions along the three coordinate axes 
differ only slightly behaves like a sphere in diffusion and thermal  respec ts  [2, 3] is incorrec t .  The significant 
differences in the equations obtained a re  due largely to the nature of the detached flow and vortex formation 
behind a bluff body. The effect of these fac tors  on mass  t r ans fe r  can be charac te r ized  by the exponent of the 
Reynolds number,  which has its la rges t  value for  longitudinal flow past  a cylinder.  

Values of the m a s s - t r a n s f e r  coefficient averaged over  the whoIe surface of the body can be found f rom 
Eqs.  (1)- (3). In this case ,  however, the activity of various par ts  of the surface of the body in the t r ans fe r  p ro -  
cess  remains  unexplained. This question is of great  interest  f rom the point of view of finding the optimum 
type of hydrodynamic interact ion.  

We set ourselves  the problem of finding local and average m a s s - t r a n s f e r  coefficients for individual 
portions of the surface of the body. 

The samples interacting with the s t r eam of liquid were made by compress ing  powdered benzoic acid 
~C~HsCOOH under a p r e s s u r e  of 108 N/m 2 and then shaping the samples on a lathe into spheres ,  cyl inders,  and 
cones.  The d iameters  and heights of the samples were  all chosen equal to 20 mine The samples were  washed 
by a s t r eam of cons tan t - tempera ture  water  on the a r rangement  shown schematical ly  in Fig. 1. The plastic 
working tube permit ted visual observat ion during the experiment.  The tempera tu re  of the liquid was kept con- 
stant to within • ~ by a supply of hot or  cold water  in a heat exchanger.  These small  variations of t empera -  
ture had prac t ica l ly  no effect on the value of c s. The velocity of the liquid could be varied f rom 0.10 to 1.20 
m / s e c .  The t empera tu re  of the liquid and the readings of the electromagnet ic  f lowmeter  were  observed during 
the experiment.  The interaction t ime was recorded with a t imer .  

Local m a s s - t r a n s f e r  coefficients at an a rb i t r a ry  point of the surface of a body were determined by photo- 
graphing the sample before and af ter  its interact ion with the s t r eam of liquid and then accura te ly  superposing 
the photographs.  To avoid distort ing the shape of the body by photographing it f rom a short  distance, the ap- 
pa ra tus  was placed 1 m f rom the sample and a telescopic objective was employed to achieve a large  scale.  
As an example, Fig. 2 shows the superposi t ion of photographs of a cyl indrical  sample which was washed for  
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Fig. 1. Schematic diagram of exper imental  a r rangement  
for  investigating kinetics of external  mass  t r ans fe r :  1} 
make-up tank; 2) t he rmomete r ;  3, 4) type IR-11 e l ec t ro -  
magnetic f lowmeters ;  5) type TS-16 thermosta t ;  6) cen-  
tr i fugal  pump; 7) concent r ic - tube  heat  exchanger;  8) tes t  
sample;  9) working tube; 10) control  equipment. 

Fig. 2. Superposed photographs of a cyl indrical  sample 
before  and a f te r  in teract ion with a s t r e am of Hquid; v = 
3600 sec,  u = ] . 1 8  m / s e c ,  and Re=2.36-104 . 
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Fig. 3. Distr ibution of local m a s s - t r a n s f e r  coefficients k x (m/sec)  
ove r  the sur faces  of bodies:  a) sphere:  1) Re=3 .6"  103; 2) Re=7 .8 -  
103; 3) Re = 1.18. 104; 4) Re = 1.36 �9 104; lateral(b) and rear (c )  sur faces  
of cone: 5} Re=3.2 .103;  6) Re=9.4"103;  7) Re=1.58.104~ 8) Re= 
2.34. 104; front (d), la tera l  (e), and r e a r  (f) surfaces  of cyl inder :  9) 
Re=2 .8  - 103; 10) Re=9o0-103; 11) R e = l . 6 .  104; 12) Re=2o36.104 . 
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Fig. 4. Dependence of average  m a s s - t r a n s f e r  coefficients 
k (m/sec) of the surface of a cyl inder  (a) and a cone (b) on 
Reynolds number:  ]) f ront  surface of cylinder;  2) la teral  
surface of bodies|  3) r ea r  surface of bodies; 4) total s u r -  
faces of bodies (from local coefficients); 5) total surfaces  
of bodies {from change in mass) .  

3600 sec by a s t r eam of water  flowing at 1.18 m / s e c  (Re = 2.36- 104). The photograph c lear ly  shows the change 
in configuration of the body as a resul t  of its interaction with the s t ream.  Using a twenty-power measur ing 
mic roscope  the change in l inear  dimensions of the sample Ahx at various points of the surface was determined 
to within 37c. 

Local m a s s - t r a n s f e r  coefficients were calculated f rom the equation 

k~ = hh~p/c~T, (4) 

derived f rom the equation of mass  t r ans fe r  for  an a rb i t ra r i ly  small  port ion of the surface.  Figure 3 shows 
the distribution of local m a s s - t r a n s f e r  coefficients over the surfaces  of a sphere,  cylinder,  and cone for var i -  
ous Reynolds numbers .  The graphs show that in the interaction of a solid sphere with a s t ream the m a s s - t r a n s -  
fer  coefficient is maximum at an angular distance 0~45-60 ~ f rom the front cr i t ical  point. This type of pat tern  
was observed under all the experimental  conditions investigated. A f t e r t h e m a x i m u m ,  k x decreases  to a mini-  
mum tn the region where the laminar  boundary layer  separates  f rom the surface of the body (8"~100-135~ On 
the rea r  par t  there  is again observed an increase  in the intensity of the t ransfer  p rocess ,  indicating the p r e s -  
ence in this region of active vortex flows which have an appreciable effect on mass  t ransfer .  For  flow past  a 
cone the values of the local m a s s - t r a n s f e r  coefficient decrease  sharply over  the initial par t  of the lateral  s u r -  
face and increase  close to the rear  edge. A cer ta in  increase  in activity is observed with increasing Reynolds 
number on the second half of the la tera l  surface.  After  a cer ta in  decrease  close to the edge of the cone the 
values of kx in the r e a r  par t  vary slowly and the t r ans fe r  p rocess  is nearly independent of the Reynolds num- 
ber .  There  is a sharp increase  in the local m a s s - t r a n s f e r  coefficients on the front surface of a cyl inder  f rom 
the front cr i t ical  point to the edge where they reach their  la rges t  values. The lateral  surface of a cyl inder  is 
charac te r i zed  by a decrease  of m a s s - t r a n s f e r  activity on the initial part .  The distribution of local t r ans f e r  
coefficients is s t rongly dependent on the Reynolds number:  For  small  Reynolds numbers the middle par t  of 
the la teral  surface and the r ea r  edge a re  relat ively active; for large Reynolds numbers all the second half of 
the surface is active.  In the r e a r  zone of a cyl inder  the situation ts basical ly s imi lar  to that on the r e a r  of a 
cone. 

M a s s - t r a n s f e r  coefficients averaged over the front, lateral ,  and r e a r  surfaces  were determined for  the 
cylindrical  and conical samples .  To this end the mean integral values of the m a s s - t r a n s f e r  coefficients for 
par ts  of the surface were  determined graphical ly (Fig. 4). The graphs show that the front par t  of the surface 
of a cyl inder  and the lateral  surface of a cone a re  the most  active in the m a s s - t r a n s f e r  p rocess ,  and the r e a r  
par ts  of the surfaces  of both bodies a re  the least  active.  The effect of the flow velocity on the intensity of the 
m a s s - t r a n s f e r  p rocess  is g rea tes t  on the la teral  surface of a cone. Here the average m a s s - t r a n s f e r  coefficient 
varies  a lmost  l inear ly  with the Reynolds number.  For  all the remaining par t s  of the surfaces  the curves  be -  
come less steep with increasing Reynolds number,  and in the r e a r  zones beginning with Re = 1.6" 104 the m a s s -  
t r ans fe r  activity remains  pract ica l ly  unchanged. The average  m a s s - t r a n s f e r  coefficients for total surfaces  of 
bodies calculated with local values (curve 4) agree  ra ther  well with the values found f rom the change in mass  
of the bodies as a result  of the interaction with the s t r eam (curve 5). The measured  values of the average  m a s s -  
t r ans f e r  coefficients of the total surfaces  of a cone and cyl inder  agree  with the values calculated with Eqs. (1) 
and (3) to within ~]0~o on the average .  This difference is due largely  to the differences in the experimental  
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conditions and the as  smnpti0n,  i nde r iv ing  Eqs .  (1) and (3), that  the in te rac t ion  t ime  does not exceed 10 mtn  and 
the shapes  and s izes  of the bodies  expe r i ence  negligible change. In the exper imenta l  de te rmina t ion  of local 
m a s s - t r a n s f e r  coeff icients  the s a m p l e s  a r e  washed for  an hour, and the shapes  and s izes  of the bodies  a r e  
changed apprec iab ly .  

N O T A T I O N  

u, flow velocity;  v, in te rac t ion  t ime;  k x, local  m a s s - t r a n s f e r  coefficient;  Ahx, d e c r e a s e  in l inea r  d imen-  
sion of sample ;  p, densi ty of t e s t  sample ;  Cs, sa tura t ion  concentrat ion;  0, angula r  d is tance  f r o m  front  c r i t i ca l  
point; r ,  d is tance f r o m  axis  of s ample  to a point on f ront  and r e a r  su r faces ;  l, d is tance to a point f r o m  begin-  
ning of l a t e r a l  sur face ;  R, radius of sample ;  L, length of l a t e ra l  sur face ;  Nu =kd/D,  Nussel t  number ;  P r  =v/D, 
Prandt l  number ;  Re =ud/v, Reynolds number .  
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The der iva t ion  of the t r a n s f e r  equation for  a thermodif fus ton column with sp i ra l  winding is 
outlined. It is shown that,  in con t r a s t  to the c l a s s i ca l  case ,  this is a two-d imens iona l  equa-  
tion. 

In 1962, Washal  and Melpolder  suggested that  the sepa ra t ion  of liquid mix tu r e s  could be intensified by 
winding onto the in ternal  cy l inder  of the  thermodif fus ton  column a wi re  sp i ra l  of d i a m e t e r  equal to the gap 
between the hot and cold s u r f ace s  of the column [1]. In t he i r  exper imen t s  with a mix tu re  of cts  and t r ans  i so-  
m e r s  of decahydronaphthalene,  they found that  for  some winding angles of the sp i ra l  the degree  of separa t ion  
was higher  by a f ac to r  of 10 than in the column without a sp i ra l .  

This r e su l t  a roused  the in te res t  of r e s e a r c h e r s ,  and a number  of pape r s  [2-6] we re  devoted to the v e r i -  
f icat ion of the " sp i r a l  effect ,"  s ince it is s imp le  to util ize f r o m  a const ruct ional  viewpoint and allows signif i -  
cantly b e t t e r  enr ichment  of the m i x t u r e  components  to be obtained fo r  the s a m e  energy consumption.  Note, 
however ,  that the ver i f ica t ion  offered in some  works  [2, 5] was based not on a c o m p a r i s o n  of the r e su l t s  ob- 
tained with a s ingle column with and without a sp i ra l ,  but only on data obtained upon introducing into the gap a 
sp i ra l  with an a r b i t r a r y  winding angle.  In these  ca se s ,  good f rac t ionat ion of pe t ro l eum products  and a r educ-  
t ion in the t ime  of the t r ans i en t  p r o c e s s  we re  observed .  A m o r e  thorough invest igat ion was made  in [3] for  
b inary  mix tu re s ,  with different  winding angles of the sp i ra l .  Only withdrawal conditions were  considered;  no 
exper imen t s  we re  conducted under  s ta t ic  conditions.  

The column g e o m e t r y  was chosen  so as to sa t i s fy  the condition c (1 - c )  ~const .  It was es tabl ished that  
the re  is an opt imum winding angle of the sp i ra l  (depending on the ra te  of withdrawal  and the p r o p e r t i e s  of the 
mixture)  at  which the deg ree  of s epa ra t ion  has a c l ea r ly  exp re s sed  m a x i m u m .  

On the other  hand, in [4-6] the introduction of a sp i ra l  winding in the working gap was not found to have 
any pronounced effect  on the sepa ra t ion  of the mix tu re .  For  the sepa ra t ion  of b r o m i u m  isotopes in butyl b r o -  
mide  [4], an i nc rea se  in the t ime  of the t r ans ien t  p r o c e s s  was noted, with no i nc rea se  in the degree  of s e p a r a -  
tion. (The exper imen t s  were  conducted in the absence  of withdrawal.)  
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