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Results are presented of an investigation of residence time of par- 
ticles in a counterflow decelerated gas suspension using a radioactive 
technique, It is shown that the proposed method of mechanical de- 
celeration with ~he aid of spiral mesh inserts permits different re- 
gimes of motion of the solid particles and considerably increases 
their residence time in the heat transfer chamber. 

The compactness  of var ious  equipment using the 
p r inc ip le  of a through-flow gas suspension depends to 
a cons iderab le  extent on the res idence  t ime (for heat 
t r ans f e r ,  r eac t ions ,  e tc . )  of the solid pa r t i c l e s  in the 
working sect ion of the equipment. It is the re fore  
c l e a r l y  impor tant  to invest igate  ways of increas ing  
the r e s idence  t ime or  to d e c r e a s e  the absolute ve loc -  
ity (without change of height) of the d i s p e r s e d  pa r t i -  
c les  moving in the gas suspension s t r eam.  

Other conditions being equal, the l eas t  r e s idence  
t ime of the pa r t i c l e s  occurs  for  a d i rec t - f low gas 
suspension (descending and ascending).  When counter-  
flow is used,  in addition to the well-known advantages 
of a heat  technology nature ,  i t  is poss ib le  to i n c r e a s e  
the r e s idence  t ime r and to d e c r e a s e  the requ i red  
height of the working sect ion of the equipment, due 
to the effect of ae rodynamic  dece le ra t ion  of the fal l ing 
p a r t i c l e s  by means  of a coun te r s t r eam of a i r ,  this 
being evaluated by an aerodynamic  dece le ra t ion  coef- 
f icient ,  k v = ~a /V  s [1]. 

Theore t ica l ly ,  when k v ~ 1, ~ -~  ~. However,  ex- 
pe r imen t  shows that one can only at tain k v ~ 0 . 6 - 0 . 7 ,  
s ince fu r the r  approach of the veloci ty  of the gases  to 
the c r i t i c a l  veloci ty ,  de te rmined  for  the weighted 
mean pa r t i c l e  s ize ,  leads  to en t ra inment  of the pa r -  
t i c l es .  Therefore  the r e s idence  t ime of the p a r t i c l e s  
in the counterflow is smal l  (it is f requently ca lcula ted  
in f rac t ions  of a second), and is not much g r e a t e r  than 
the se t t l ing  t ime of these pa r t i c l e s  in the s ta t ionary  

gas k V = 0. 
One of the s imp le s t  methods of improving the po- 

tent ial  of the counterflow gas suspension is the use,  
in the working sect ion of the equipment,  of var ious  
i n s e r t s ,  which slow down the fal l  of the solid pa r t i c l e s ,  
and improve  thei r  d i s t r ibu t ion  over  the c ros s  sect ion 
of the chamber  as fa r  as poss ib le .  The effect iveness  
of such mechanical  dece le ra t ion ,  in the fo rm of g r ids  
spaced in cascade ,  was examined in [2]. Here  the r a -  
tio of the r e s idence  t ime of the pa r t i c l e s  in the cham- 
ber  with g r ids  ( ' d e c e l e r a t e d  N gas suspension) to that 
in the chamber  without them ("f ree  N gas suspension) ,  
rd/~" f, reached a value of s eve ra l  units .  

The p r e sen t  paper  p r e sen t s  the main r e su l t s  of a 
study of the r e s idence  t ime of pa r t i c l e s  in a counter -  
!low gas suspension dece l e r a t ed  with the aid of mesh  

inse r t s  in the form of a s ing l e -pas s  sp i r a l  (in p r in -  
ciple mu l t i -pa s s  inse r t s  a r e  poss ible) .  We chose these 
inse r t s  because  they pe rmi t  the mos t  effective im-  
plementat ion of the mechanica l  dece le ra t ion  method. 
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Fig.  1. Schematic of the exper imenta l  equipment.  

It is t rue ,  of course ,  that for  a final judgement  of ef- 
f ec t iveness ,  in addition to app ra i s a l  of the ra t io  rd/7 f, 
it will be n e c e s s a r y  l a t e r  to study the ae rodynamics  
and heat  t r a n s f e r  intensi ty of such sys t ems .  

Fo r  a r e l i ab l e  evaluation of the res idence  t ime of 
p a r t i c l e s  in the eounterflow gas suspension,  and of 
the quantity Td/T f, we used the rad ioac t ive  method 
of tagged p a r t i c l e s .  

The exper imenta l  equipment (Fig.  1) consis ted  of 
the gas suspension dece le ra t ion  tes t  r i g  and an e l ec -  
t ronic  unit for  detect ion of the tagged pa r t i c l e s .  The 
dece le ra t ion  r ig  cons is ted  of a cy l indr ica l  chamber  
1 of height 0.8 and d i a m e t e r  0.34 m, in which were  
ins ta l led  the demountable  sp i r a l  mesh  in se r t s  2. The 
f ree - f lowing  charge  was fed in f rom the upper  hopper 
3, passed  through the chamber ,  and went out through 
the value of the lower hopper 4. Room t empera tu r e  
a i r  was supplied f rom below upwards by means of the 
fan 5, dr iven  by a 1-kW e lec t r i c  motor  at 2850 r e v /  
/ m i n ,  mounted on one shaft  along with the fan b lades .  
The de l ive ry  nozzle c a r r i e d  a valve to allow smooth 
adjus tment  of the f lowrate  of a i r  into the equipmenL 
this being de te rmined  f rom m e a s u r e m e n t  of the s ta t ic  
p r e s s u r e  behind the ent rance  nozzle.  The p r e s s u r e  
drop  Ap in the chamber  was de te rmined  with the aid 
of s ta t ic  tappings located at the top and bottom of the 
c h a m b e r  and a TsAGI m i c r o m a n o m e t e r .  The r ig  was 
made of c l e a r  p las t ic  to allow visual  observa t ion .  The 
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e l e c t r o n i c  uni t  f o r  r e c o r d i n g  the tagged p a r t i c l e s  con-  
s i s t e d  of a g e n e r a l - p u r p o s e ,  d u a l - c h a n n e l  e l e c t r o n i c  
r e l a y  unit  6 (URAL-2 -AM) ,  a r a d i o i s o t o p e  d e t e c t o r  7, 
an e l e c t r o n i c  t i m e r  8, an e l e c t r o m a g n e t i c  r e l a y  9, and 
a power  s o u r c e .  
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Fig .  2. Dependence  of t ime  
of mot ion  of p a r t i c l e s  in the 
c h a m b e r  r (sec} on the ge -  
o m e t r y  and the i n s e r t :  a} 
inf luence  of path length S 
(m) and n u m b e r  of tu rns  of 
s p i r a l ,  n (1- - in  f r ee  fa l l ,  
2 - -wi th  a s p i r a l  p i tch  h = 
= 0.2 m and n = 4; 3 - - 0 . 1 5 m  
and 5.33; 4--0.1 m and 8); 
b) inf luence  of s lope  of s p i -  
r a l ,  d ~ (~n i s  the  m e a n  v e l o c -  

i ty  of  th~ p a r t i c l e ,  m / s e c ) .  

The e l e c t r o n i c  r e l a y  unit  is  t r i g g e r e d  f r o m  the r a -  
d i o a c t i v e  d e t e c t o r  only when r a d i o a c t i v i t y  is  p r e s e n t .  
When the ac t ion  of the r a d i a t i o n  on the d e t e c t o r  c e a s e s ,  
the  r e l a y  unit  r e t u r n s  to i t s  o r i g i n a l  s t a t e .  T h e r e f o r e ,  
to tu rn  the e l e c t r o n i c  t i m e r  on and off i t  was  n e c e s s a r y  
to add the e l e c t r o m a g n e t i c  r e l a y  to the  c i r c u i t  a s  an 
o p e r a t i n g  e l e m e n t  fo r  c o n t r o l l i n g  the t i m e r .  When a 
tagged  p a r t i c l e  p a s s e d  by  the d e t e c t o r  of the f i r s t  chan-  
ne l ,  which was  moun ted  in the top of the  c h a m b e r ,  the 
r e l a y  of the f i r s t  channel  c losed ,  comp le t i ng  the supply  
c i r c u i t  to the  e l e c t r i c  t i m e r .  When the i r r a d i a t i o n  
c e a s e d ,  the con tac t s  of the r e l a y  of the f i r s t  channel  
of the  e l e c t r o n i c  r e l a y  unit  opened,  the r e l a y  b e c a m e  
s e l f - l o c k i n g ,  and the e l e c t r i c  t i m e r  cont inued to m e a -  
s u r e  t i m e .  

When the p a r t i c l e  p a s s e d  the d e t e c t o r  of the second  
channel ,  which was mounted  at  the c h a m b e r  exi t ,  the 
con tac t s  of the r e l a y  of th is  channel  opened ,  the r e l a y  
was  d e - e n e r g i z e d ,  and the con tac t s  supp ly ing  power  
to the e l e c t r i c  t i m e r  opened,  swi tch ing  i t  off. 

To ach i eve  t r i g g e r i n g  of the r e l a y  unit  when a t ag-  
ged p a r t i c l e  was p r e s e n t  a t  a g iven height ,  and to 
avoid  s p u r i o u s  t r i g g e r i n g ,  the d e t e c t o r  was l oc a t e d  
in a s p e c i a l  l ead  c o n t a i n e r .  The op t imum t h i c k n e s s  of 
the p r o t e c t i v e  l ead  c o n t a i n e r  was chosen  e x p e r i m e n -  

t a l ly ,  in t e r m s  of the c ons t ruc t i on  of the equipment  
and the ve loc i ty  and t r a j e c t o r y  of the p a r t i c l e ,  and 
tu rned  out to be  5w = 30 ram.  To i n c r e a s e  the s e n s i -  
t iv i ty  of the unit ,  and to a l t e r  the t r i g g e r i n g  t ime ,  as  
wel l  a s  to r e d u c e  the ac t i v i t y  of the s o u r c e ,  a h igh-  
e f f ic iency  gas  d i s c h a r g e  coun te r  was used  as  the de -  
t e c t o r .  

The r a d i a t i o n  s o u r c e  was a p a r t i c l e  (bead of a lu -  
minum s i l i c a t e ) ,  t agged  with Co 6~ of ac t iv i ty  0 .5  mg-  
eq. Ra.  The p a r t i c l e  d i a m e t e r  was 4 .35  ram,  i t s  
de ns i t y  1.34 t / m  ~, the weight  of the bead  was 0. 0576 
g, i t s  s u r f a c e  a r e a  0. 157 .10  -4 m 2, and i t s  c r i t i c a l  
ve loc i ty  12.18 m / s e c .  

The fac t  tha t  the weight  of the tagged p a r t i c l e  was 
p r a c t i c a l l y  no d i f f e r en t  f r o m  that  of the untagged ones  
was v e r i f i e d  as  fo l lows .  A f t e r  the p a r t i c l e  was b o r e d  
out  with a d r i l l  of 1.2 m m  d i a m e t e r  to a depth of 3 m m ,  

Y 
i t s  weight  was Gal = 0. 053 g. The weight  of the  Co G~ 
c h a r g e  in g r a m s  is  g iven by the f o r m u l a  [3] 

GCo = 8.9.10 -1~. a T A ,  

w h e r e  a = (8.4/p~/) M '  10 -3 is  the ac t i v i t y  of the r a d i a -  
t ion,  in c u r i e s ;  T is  the ha l f - l i f e ,  in s econds  (for  Co 6~ 
this  is  5 .3  y r ) ;  A = 58,94 is  the a tomic  weight  of Co6~ 
M = 0 .5  is  the ac t iv i ty ,  m g - e q ,  of r ad ium;  P7 = 13.2 
is  the g a m m a  cons tan t  of Co ~~ 

A c c o r d i n g  to the above  f o r m u l a ,  the weight  of the 
coba l t  c h a r g e  i s  G~o = 2.745 �9 10 -7 g. Al lowing for  the 
weight  of the m a t e r i a l  used  in s e a l i n g  the b o r i n g  
(BF-2 ) ,  the weight  of the c ha rge d  p a r t i c l e  co inc ided  
with the o r i g i n a l  weight  of the a luminum s i l i c a t e  bead .  
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Fig .  3. Inf luence  of a i r  ve loc i ty ,  
v a ( m / s e c )  and m e s h  d i a m e t e r  
dap,  on r e s i d e n c e  t ime  ~" (sec)  
of p a r t i c l e s  in the c h a m b e r  of the 
gas  s u s p e n s i o n  d e c e l e r a t i o n  r ig :  
1) in f r e e  fa l l ;  2} with a mesh  
with dap  = 5 ram,  d a p / d  p = 1.15; 
3} dap  = 2 .8  m m ,  d a p / d p  = 0 .64 .  

F i r s t ,  to ve r i fy  the method ,  we conducted  t e s t s  to 
d e t e r m i n e  the t i m e  of f r e e  fa l l  f o r  the tagged  p a r t i c l e  
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a lone ,  which was c o m p a r e d  with  the t h e o r e t i c a l l y  
c a l c u l a t e d  va lue  at  v a = 0. The t i m e  ~- was found a c -  
co rd ing  to [1] f r o m  the e x p r e s s i o n  

where 

2 .0,5 . 

~" V s 

= g~-~ + 0 . 5 l n V  s q-Vr.i 
V S V S - - v r ,  i 

When Va = 0, vt .  i = y r .  i = 0, we obta in  

H =  vss Inch g ~ ,  
g Vs 

w h e r e  H = H ~ + H e is  the  he ight  through which the p a r -  
t i c l e  drops, being the length of the path of the particle 

up to the start of the control section, plus the length 

of the control sectionH' = 0.27 m, H c= 0.8 m. 

When the particle passed the upper detector its 

velocity was Vp > 0. Therefore, according to the above 
formula (with H = H v = 0.27 m), a tentative time for 

the start of motion was determined, this being T ~ = 

= 0.24 sec. 3[~e total time for the particle to fall to 
the lower detector (H = I. 07 m) was T = 0.5 sec. Then 

the time calculated for passage through the control 

section is 7 c = 0.5 ~' = 0.5 - 0.24 = 0.26 sec. Re- 

peated determination Cup to 30 times) of the test time 

for the particle to pass through the control section, 
gave 7ex p = 0.25 sec. This value agrees with that 

calculated with an error of +4 %, which is within the 

limits of experimental error. For this reason this 

technique of conducting the tests was applied after- 

wards to the counterflow motion in air v a > 0 of a 

single particle and of a mass of particles. 

The influence of aerodynamic deceleration of the 

air on the change of velocity of the tagged particle at 

small values of kv(0-0.14) turned out to be very small. 

Therefore the change of residence time of the parti- 

cle in the chamber with a spiral insert may be mainly 

due to the effect of mechanical deceleration. To study 

the influence of the geometrical characteristics of the 

spiral insert on the time of motion of the particle, we 

made up three complete helical spirals of cardboard, 

withpitch H= 0.2, 0.15 and 0.1 m, slope 10~ ' , 8 ~ 

and 5020 ' , and number of turns n = 4, 5, 33, and 8, 

respectiw;~y. The height of the insert was H = 0.8 m, 

which corresponded to that of the rig chamber. The 

solid phase used in these tests was spherical beads 

of aluminum silicate of diameter dp = 3, 3.5, 4.35, 

5 ram. The tests were performed for each fraction 

separately. The time during which the particle rolled 

along the spiral was determined visually. 

Figure 2 shows the dependence of the time of mo- 

tion of the particles of aluminum silicate on the geo- 

metrical characteristics of the helical inserts {a de- 

pendence on particle size was not observed). Since 

in th is  c a s e  the  s t r a i g h t - l i n e  f a l l  in f r e e  s e t t l i n g  i s  
r e p l a c e d  by  c u r v i l i n e a r  m o t i o n - - r o l l i n g  a long  a h e l i c a l  
t r a j e c t o r y - - a n  i n c r e a s e  in r e s i d e n c e  t i m e  is  qui te  
n o r m a l .  We note  tha t  the u s e  of he l ix  ang l e s  a con-  
s i d e r a b l y  l e s s  than the a n g l e s  of n a t u r a l  r e p o s e  of the 

p a r t i c l e s  does  not d i s t u rb  the cont inui ty  of mot ion  of 
of the p a r t i c l e s  a long the s p i r a l .  F o r  the t e s t s  with 
t he  h e l i c a l  i n s e r t s  washed  by  an a i r s t r e a m ,  we used  
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F ig .  4 .  Dependence  of the t i m e  of mot ion  of p a r -  
t i c l e s ,  T (sec) ,  a long  s p i r a l  m e s h  fo r  d a p =  5 m m  
on the a i r  v e l o c i t y  v a ( m / s e c )  and the weight  con-  
c e n t r a t i o n  p ( k g . b r / k g . h r ) :  1) with ~ = 0; 2) 

0 . 543 - -0 .683 ;  3} 1 . 2 5 - - 1 . 7 5 .  

m e s h e s  with a p e r t u r e  d i a m e t e r  d a p =  2 .8  and 5 m m  
{and a l u m i n u m  s i l i c a t e  of s i z e  dp = 4 .35  ram) .  In the  
f i r s t  c a s e  (dap /d  p < 1), only r o l l i n g  of the a l u m i n u m  
s i l i c a t e  p a r t i c l e  o c c u r s ,  whi le  in the s econd  ( d a p / d  p > 
> 1), r o l l i n g  is  r e p l a c e d  with s p i l l i n g  of the p a r t i c l e s  
f r o m  one tu rn  to a n o t h e r .  The p i tch  of the he l ix  was  
150 ram,  the he l ix  a n g l e - - 8  ~ and the n u m b e r  of t u r n s - -  
5 .33 .  The a i r  ve loc i t y  was v a r i e d  o v e r  the s a m e  r a n g e  
a s  in the t e s t  with the f r e e  gas  su spens ion ,  keep ing  
no t i c e a b ly  be low the c r i t i c a l  ve loc i t y  and v e l o c i t y  f lu-  
i d i za t i on  of the p a r t i c l e s  on the m e s h .  T h i r t y  m e a -  
s u r e m e n t s  in each  r e g i m e  w e r e  m a d e ,  s a t i s f a c t o r y  
r e p e a t a b i l i t y  of the r e s u l t s  b e i n g  ob ta ined .  

A c c o r d i n g  t ~ F ig .  3, the b e s t  r e s u l t s  w e r e  ob ta ined  
with d a p / d p  < 1. Then Vd/r f  was  of the  o r d e r  of 40, 
changing  only a l i t t l e  with i n c r e a s e  of a i r  ve loc i ty ,  
which a g r e e s  with the da ta  ob ta ined  e a r l i e r .  In the 
t e s t s  with d a p / d p  > 1, the  i n c r e a s e  of r e s i d e n c e  t ime  
with the s p i r a l  i n s e r t s  o v e r  the  t ime  in the c h a m b e r  
without  i n s e r t s  was  ~ 'd/rf  -~ 18. Even  in th is  c a s e  the 
p r o p o s e d  m e c h a n i c a l  d e c e l e r a t i o n  of the  p a r t i c l e  m o -  
t ion l e a d s  to a l a r g e r  i n c r e a s e  in Vd/Tf than do g r i d s  
l o c a t e d  in c a s c a d e  [2]. 

F ig-are  4 shows the r e s u l t s  of t e s t s ,  not  with a 
s ing le  p a r t i c l e ,  bu t  with a m a s s  of p a r t i c l e s  con ta in -  
ing a n u m b e r  of t agged  p a r t i c l e s  of a l u m i n u m  s i l i c a t e .  
The t e s t s  w e r e  m a d e  wi th  a s p i r a l  i n s e r t w i t h  d a p / d  p > 
> 1 and with v a r i a t i o n  of the m a s s  f low c o n c e n t r a t i o n  
tt up to 1.75 k g .  h r / k g ,  h r .  I t  is  e a s y  ~ s e e  that  in-  
c r e a s e  of p a r t i c l e  c o n c e n t r a t i o n  l e a d s  to s o m e  i n c r e a s e  
of ~, and t h e r e f o r e ,  of ~f /~d ,  due to the  in f luence  of 
n e i g h b o r i n g  p a r t i c l e s  on the cond i t ions  of ind iv idua i  
mo t ion .  Howeve r ,  s i n c e  the c o n s t r a i n t  then c r e a t e d  
on the mo t ion  is  s m a l l ,  and the change  in  T f / r  d iS 
v e r y  s m a l l ,  the inf luence  of c o n c e n t r a t i o n  when p _< 
_< 1 . 5 - 2  (~0.  0003 -0 .  00035 m 3 / m  ~) m a y  be  neg lec te~ t .  
This  conc lus ion  a g r e e s  with the i d e a s  r e g a r d i n g  the  
in f luence  of c o n c e n t r a t i o n  p r e s e n t e d  in [1]. 

F r o m  an e x a m i n a t i o n  of the  d i f f e r e n t  c ond i t i ons  of 
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use of sp i ra l  inser t s  in a counterflow gas suspension, 
one can find r eg imes  which br ing the d ispersed  sys -  
tem studied close to a counterflow fluidized bed. As 
previous tes ts  have shown, in that case  there  is formed 
on turns with dap/d p < 1 a fluidized bed of par t ic les  
of aluminum si l icate  continuously descending along 
a spi ra l  path. However,  the aerodynamic res i s tance  
of the chamber  is then noticeably in excess  of its r e -  
s i s tance  when operat ing in the nonfluidized reg ime at 
a ra te  of 10-15 kg /m 2. 

NOTATION 

dp--par t ic le  size;  kv- -aerodynamic  par t ic le  de-  
celera t ion coefficient; va - -a i r  velocity; Vs--cr i t ical  
par t ic le  velocity; vt.i and Vr. i--absolute and re la t ive  
initial par t ic le  velocit ies;  h--pitch of helix; s - -he l i x  
angle; S--length of ent i re  helix along generator ;  H-- 
height of helical  insert ;  n- -number  of t u rn s ;  Vp-- 

par t ic le  velocity; G--weight; ~--weight concentration; 
r - - t ime .  
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