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T r a n s p o r t  in a turbulent  vor tex  r ing is cons ide red ;  the m a s s  of a pa s s i ve  impur i ty  t r a n s p o r t e d  
by the vor tex  is found as a function of d i s t ance  t r ave l ed  via a formula  that a g r e e s  c lo se ly  with 
exper iment .  A method is  indica ted  for f i l l ing the pa r t  of the vor tex  that t r a n s p o r t s  the i m p u r -  
ity without loss .  The effects  of the following fac to r s  on the t r a n s p o r t  have been examined:  
ini t ia l  Reynolds number ,  roughness  in wal l s  of the exi t  hole,  and densi ty  d i f fe rence  between 
the solut ion and the medium. The t r a n s p o r t  of a e r o s o l s  and suspended p a r t i c l e s  by vor tex  
r ings  is  cons ide red .  Two methods of t r a n s p o r t  m e a s u r e m e n t  a r e  compared .  

1. P rev ious  pape r s  [1, 2] have dea l t  with m a t e r i a l  t r a n s p o r t  by vortex r ings;  [1] dea l s  with the t u r -  
bulent diffusion of a vor tex ,  and it was concluded that a c e r t a i n  region in a vor tex  can t r a n s p o r t  m a t e r i a l  
without loss .  Resu l t s  have a lso  been given [2] f rom expe r imen t s  on t r a n s p o r t  by vortex r ings  as  examined 
by photomct ry .  L a m i n a r  and turbulent  vo r t i ce s  with in i t ia l  Reynolds numbers  Re 0 not m o r e  than 5.103 were  
examined (these values  we re  de t e rmined  f rom the ini t ia l  velocity u 0 and the rad ius  R0). 

Visual  obse rva t ions  on co lo r ed  turbulent  vor tex  r ings  showed that the3' leave  behind a c h a r a c t e r i s t i c  
t r a c e  of the co lo r ing  ma t t e r ,  and the dye in the vortex a t m o s p h e r e  [3] rap id ly  p a s s e s  into the t r ace .  The 
dye p e r s i s t s  v i r tua l ly  to the end of the motion in the pronounced t o r r o i d a l  region.  It is  a s s um e d  that this  
region c o n s i s t s  of p a r t  of the boundary l a y e r  formed on expulsion of the l iquid f rom the gene ra to r .  C ine -  
photography has been appl ied  to v o r t i c e s  with only the inner  su r f ace  of the sou rce  tube co lo red ,  and the 
r e su l t s  conf i rm the above (see Fig.  1). This  exper imen t  a l so  showed that the c o r e  of the vor tex  roughly 
co inc ides  with the region that c a r r i e s  the pa s s i ve  impur i ty  without lo s s  in the ini t ia l  s tage.  

The following model  can be cons ide r ed  for t r a n s p o r t  by turbulent  vor tex  r ing;  we a s s u m e  that: 1) the 
impur i ty  concen t ra t ion  c in the a tmosphe re  is  kept uniform on account of the turbulent  mixing (although this 
concen t ra t ion  is  somewhat  h igher  in the region adjoining the c o r e  than in the r e s t  of the a tmosphere ) ;  2) the 

impur i ty  concent ra t ion  in the t r a c e  (mean rad ius  denoted by 5, Fig .  
2), which en te r s  f rom the a t m o s p h e r e  on account of turbulent  diffu- 
sion, is  a l so  uniform,  but is  lower  than in the a t m o s p h e r e  on account 
of m o r e  pronounced mixing with the sur rounding  medium (the value 
is nc, where  n < 1 is a constant  coeff ic ient ;  3) no impur i ty  is  los t  
f rom the t o r r o i d a l  region that co inc ides  with the c o r e  in the in i t ia l  
s tage.  

We denote by M 0' and M' the in i t ia l  and c u r r e n t  m a s s e s  of the 
impur i ty  in the a tmosphe re ;  the above scheme  gives  us the mass  
leaving the a t m o s p h e r e  or  the t r a c e  in t e r m s  of 

d M '  / dt = - -ncun52 (1.1) 

where  u is  the vortex speed.  As the rad ius  R of the vor tex  i n c r e a s e s  
l i nea r ly  on account  of the turbulent  v i scos i ty  [4]: 

F ig .  i R = R0 q- aL (1.2) 
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whe re  a ~  1 0 - 2 - 1 0  -3 is  a c o n s t a n t  du r ing  the mot ion that  is  dependent  on the in i t i a l  cond i t ions ,  whi le  L is  the 
d i s t a n c e  t r a v e l e d  by the vor tex .  We neg lec t  the i n i t i a l  vo lume  of the c o r e  by c o m p a r i s o n  with the total  vo l -  
ume  V, which g ives  M' = cAR 3, whe re  A = V/R 3 is  a c o n s t a n t  coef f ic ien t .  As d L / d t  = u, 5 2 = BR2/Tr (B is  a 
cons tan t ) ,  we get f r o m  Eq. (1.1) that  

Then 

d M '  / d R  . . . .  n B M '  / a A B  (1.3) 

M '  =: M o' (R o / I1) ~.~, ~ =-. n B  / A 

The  m a s s  M t r a n s p o r t e d  by the vor tex  is  

(1.4) 

M m.u r M0' (l i coL / //o) -.'%,~ (1.5) 

whe re  m 0 is  the in i t i a l  m a s s  in the co re .  

2. To t e s t  Eq. (1.5) and to d e t e r m i n e  m0 and/3 we made  e x p e r i m e n t s  with t u r b u l e n t  vor tex  r i n g s  with 
in i t i a l  Reynolds  n u m b e r s  v a r y i n g  f rom 4 �9 103 to 4 �9 104; Fig .  3 shows the a p p a r a t u s .  

The  e x p e r i m e n t  was  c a r r i e d  out as follows. A m e a s u r e d  amoun t  of co lo red  l iquid was  p laced  in the 
vor tex  g e n e r a t o r  1, whose  exit  hole  was  c losed  by the stop 2; the dye was  f luosang,  which al lowed us to make  
m e a s u r e m e n t s  with an F E K - 5 6  pho toe lec t r i c  c o l o r i m e t e r  with a p p r o p r i a t e  s i z e s  for  the vor tex  and the t r ap  
3. Af t e r  the r u b b e r  d i aph ragm 2 had rup tu red ,  which provided  for  un i fo rmi ty  in the e x p e r i m e n t s ,  the v o r -  
rex was  in i t i a ted ;  when the vor tex  had e n t e r e d  the t rap  3 at a se t  d i s t a n c e  f rom the source ,  the r u b b e r  shu t -  
t e r  4 opera ted ,  which s ea l ed  it. The t r a n s m i s s i o n  coef f i c ien t  of the so lu t ion  in the t r ap  was  m e a s u r e d  with 
the F E K - 5 6 .  The  c o n c e n t r a t i o n  was deduced f r o m  the c a l i b r a t i o n  cu rve .  Thc a m o u n t  of dye was  d e t e r m i n e d  
f rom the known vo lume  of the t rap .  

The  g e n e r a t o r  p roduced  vo lumes  of l iquid  such as to be  c o m p l e t e l y  i n c o r p o r a t e d  in the v o r t i c e s ;  the 
vor tex  fo rmed  wi th in  d i s t a n c e s  of 4 -5  R 0 f rom the end of the nozzle .  T e s t s  showed that  the c o l o r e d  l iquid  
fo rmed  m o r e  than 95% of the total  vo lume of the vor tex .  The c o n s t a n t  s t roke  of the p i s ton  5 in the s o u r c e  
provided a c o n s t a n t  v o l u m e  in each case .  Eddies  w e r e  s e l ec t ed  and m o n i t o r e d  for  c o n s t a n t  in i t i a l  speed by 
r e c o r d i n g  the p i s ton  mot ion  on an o s c i l l o s c o p e  with a v a r i a b l e  r e s i s t o r  coupled  to the rod 6. The  p is ton  
speed was  va r i ed ,  but  was  c o n s t a n t  in each s e r i e s .  The d i a m e t e r  d of the exit  hole  and the p i s ton  s t roke  
w e r e  ad jus ted  so that the length l of the e jec ted  jet did not exceed 4d. Th i s  was  the condi t ion  for  the je t  to 
e n t e r  the vor tex  comple t e ly .  The  in i t i a l  vor tex  r a d i u s  R 0 and the c o n s t a n t  oe w e r e  de r i ve d  by c inephoto-  
graphy,  us ing  a Konvas  c a m e r a  with a s y n c h r o n o u s  m o t o r  ope ra t i ng  at 25 f r a m e s  pe r  second.  

3. C u r v e  I of Fig .  4 shows a typ ica l  r e l a t i o n s h i p  be tween  the t r a n s p o r t e d  m a s s  and the  d i s t a n c e  t r a y -  
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eled;  the c i r c l e s  denote  the e x p e r i m e n t a l  po in ts .  The  c u r v e  shows that 
the vo r t ex  does  con ta in  the two r e g i o n s  men t ioned  above.  The  sol id  l ine  1 
has  b e e n  d rawn  in a c c o r d a n c e  with Eq. (1.5), which in this  c a s e  takes  the 
f o r m  

M / Mo = 0.077 + 0.923 (i -I- aL / t{o) -I"L~ 

The n u m b e r s  0.077 and 0.923 e x p r e s s  r e s p e c t i v e l y  the  r a t i o s  of the 
i n i t i a l  i m p u r i t y  m a s s  at  the c o r e  and in the a t m o s p h e r e  to the in i t i a l  m a s s  
in the whole  vor tex ;  the o the r  n u m e r i c a l  va lues  in th is  s e r i e s  w e r e  R 0 = 
1.36 cm,  ~ = 7" 10 -3 , u 0 = 1.5 m / s e e ,  d = 2 cm,  l = 6.6 cm,  whi le  fl = 0.1. 

The  photographs  enab led  us to c o m p a r e  the r e l a t i v e  t r a c e  s i z e s  
5 / R  for  these  v o r t i c e s  and o the r  t u r b u l e n t  v o r t i c e s ;  we found that the 
va lue ,  and hence  fl, was  cons tan t .  The  e x p e r i m e n t s  ind ica ted  that  fl=O.1. 

The v o r t i c e s  w e r e  a l m o s t  l a m i n a r  in the i n i t i a l  pa r t  of the motion 
for  Re 0 < 4 �9 104; the 5 / R  for  such a vor tex  in this  pha se  was  s m a l l  r e l a -  

t ive  to that  fo r  a t u r b u l e n t  vor tex .  The v o r t i c e s  b e c a m e  t u r b u l e n t  as  they moved f u r t h e r ,  and a t r a c e  of 
o r d i n a r y  width was  p roduced  behind  them.  Such a vor tex  can  lose  p a r t  of i ts  dye d u r i n g  fo rma t ion .  F i g u r e  
5 i l l u s t r a t e s  th is .  The  5 / R  and fl fo r  such v o r t i c e s  a r e  not c o n s t a n t  d u r i n g  the mot ion .  

Th i s  l a m i n a r  f e a t u r e  of a vor tex  du r ing  the in i t i a l  mot ion  for  such Re 0 is  c o n t r o l l e d  by the in i t i a l  c o n -  
d i t ions ,  in p a r t i c u l a r ,  l /d; for  i n s t ance ,  for  l / d =  2, we obta ined  v o r t i c e s  with this  p r ope r t y .  The o ther  pa -  
r a m e t e r s  w e r e  as  above for  l /d  = 3.3. A good a g r e e m e n t  with e x p e r i m e n t  was  ob ta ined  by a s s u m i n g  that fl 
was  c o n s t a n t  at 0.068. 

It was  a l so  p o s s i b l e  for  v o r t i c e s  to be l a m i n a r  and lose  no dye in the i n i t i a l  p a r t  fo r  Re 0 ~ 1 0 3 ;  then 
t u r b u l e n c e  se t  in, and the s u b s e q u e n t  t r a n s p o r t  was  in a c c o r d a n c e  with Eq. (1.5), in which c a s e  the i n i t i a l  
p a r a m e t e r s  should be taken at  the  m o m e n t  when t u r b u l e n c e  s t a r t s .  

A d e l i b e r a t e  roughen ing  of the nozz le  wal l  c a u s e d  the  jet  to be t u r b u l e n t  as  i t  e m e r g e d ;  the r e s u l t i n g  
vor tex  was  tu rbu len t ,  and the t r a n s p o r t  was  d e s c r i b e d  by Eq. (1.5) with p = 0.1; the l o s s  in that  c a s e  was 
not  dependen t  on l /d .  

T h e r e  was  no a p p r e c i a b l e  effect  on the t r a n s p o r t  f r o m  s l ight  d i f f e r e n c e s  in  d e n s i t y  [(p - p  ' ) /p=  10%] 

be tween  a s o u r c e  l iquid and the m e d i u m .  

4. The  f i l m s  showed that  the r e l a t i v e  i n i t i a l  r a d i u s  of the c o r e  a0/R 0 va r i ed  with Re 0 f rom 1/6 to 
1/12,  with v0/V = 1 / 8 - 1 / 2 0 ,  whe re  v 0 is  the in i t i a l  vo lume  of the core .  The f o r m  of the r e l a t i o n s h i p  is as  
fol lows.  The  m e a n  th i cknes s  of the boundary  l a y e r  is  # ~ l / ~ ,  so v 0 ~12d/',TR"~ (Re ~ is  the Reynolds  n u m -  
b e r  fo r  the jet  f r o m  the source ) .  We found that  Re ~ was  p r o p o r t i o n a l  to Re 0 for  l /d  -<4, so fo r  a c o n s t a n t  l 

Fig. 5 
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�9 and d we get  for  vo r t i ce s  with d i f ferent  Re 0 that 

Vo}/'Reo ~ const (4.1) 

Exper imen ta l  r e s u l t s  conf i rm this  fo rmula .  

If a vor tex  i s  to t r a n s p o r t  without loss ,  i t  has to fill  a volume %; fo r  
this  purpose  the impur i ty  should be in t roduced into the leading p a r t  of the 
bounding l a y e r  fo rmed  on e ject ing the jet .  If these  condi t ions  a r e  met ,  one 
ge ts  r e s u l t s  i l l u s t r a t e d  by F ig .  6. 

5. It is  found that  t he re  i s  a c r i t i c a l  Reynolds  number  R.  for  the  given 
densi ty  and p a r t i c l e  s ize  at which the t r a n s p o r t  c e a s e s  to be d e s c r i b e d  by Eq. 
(1.5); if Re 0 > Re , ,  the m a t e r i a l  in the c o r e  and nearby c e a s e s  to be pas s ive ,  

and the cen t r i fuga l  f o r ce s  c a u s e  the m a t e r i a l  to be e jec ted  f rom the co re  into the a tmosphere )  the eject ion 
of the p a r t i c l e s  beginning as  the jet  l eaves  the source .  F o r  ins tance ,  p a r t i c l e s  of tobacco smoke  of s i ze  
~ 10 -5 cm give R e .  = 8.  103for a i r  j e t s , and  so the p a r t i c l e  i s  then not in the region  that can c a r r y  an impur i ty  
without loss  and Eq. (1.5) must  be r e p l a c e d  by 

M / Mo = (1 -5 a L  / B0)-~,'% ~ = 0.t (5.1) 

6. This  method of m e a s u r e m e n t  can p rov ide  comple t e  data  on the t r a n s p o r t ,  but the method i s  very  
l abor ious .  It is  s i m p l e r  and m o r e  convenient  to pho t om e t e r  the image  on the photographic  m a t e r i a l .  One 
needs  a l i n e a r  r e la t ionsh ip  between the read ing  on the l i n e a r  m i c r o p h o t o m e t e r  s c a l e  D and the va r i ab l e  dye 
concen t ra t ion  c in o r d e r  to pho tomete r  the en t i r e  image  at  once. One can produce  this  l i nea r i t y  b e c a u s e  
the D = D(k) and k = k(c) c u r v e s  (where k is  the absorp t ion  coeff ic ient)  have c u r v a t u r e s  of opposi te  sign. 

One can s e l ec t  the photographic  m a t e r i a l ,  the p r o c e s s i n g  condi t ions ,  the dye,  the in i t i a l  concent ra t ion ,  
the f i l t e r s ,  and the r eco rd ing  condi t ions  (stop and delay) to obtain the r e l a t ionsh ip  between D and c shown in 
Fig .  7. Uniform i l luminat ion  is a l so  impor tan t ,  and we used dayl ight  l amps  placed in contac t  and i l l umina t -  
ing mat t  g l a s s .  This  p rov ided  a uniform br igh t  background.  A Konvas c a m e r a  was  used,  the synchronous 
motor  provid ing  a cons tan t  r eco rd ing  f requency of 25 f r a m e s  p e r  second.  To p reven t  b lu r r ing ,  the s t andard  
Konvas shu t te r  was r ep l aced  by one p rov id ing  an exposu re  of 1/250 sec .  Blue ink was used  to c o l o r  the so -  
lution. We used MZ-2 f i lm and OS-12 f i l t e r .  We pho tomete red  vo r t i ce s  a l so  m e a s u r e d  with the t rap .  

Curves  1 and 2 of Fig.  4 r e p r e s e n t  the t r a n s p o r t  r e c o r d e d  with the t r ap  and with the photometer ;  i t  is  
c l e a r  that  the d i f f e rence  between the two methods is  not l a rge ,  although the re  is  a d i s c repancy  for  L / R  0 > 15; 
at that ins tant  the dye  concen t ra t ion  in the a t m o s p h e r e  has  become  smal l ,  and the graph of Fig .  7 is  not 
l i n e a r  for  such c. It is  a l so  c l e a r  that  the pho tomet ry  r e duc e s  by a f ac to r  of 1.5 the s i ze  of the r eg ion  that  
t r a n s p o r t s  without l o s s .  Neve r the l e s s ,  the a g r e e m e n t  between the two methods is  good, and in s i m i l a r  
s tud ies  one can use pho tomet ry  for  the purpose  provided  the above condi t ions  a r e  met .  
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