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Resu l t s  a r e  p r e s e n t e d  f r o m  an e x p e r i m e n t a l  s tudy of the mot ion  of p a r t i c l e s  of a d i s p e r s e  
m a t e r i a l  in c o u n t e r c u r r e n t  g a s - s u s p e n s i o n  j e t s .  Data have been  obta ined  on the mot ion  of the 
s o l i d - p h a s e  p a r t i c l e s  in  the a c c e l e r a t i o n  s e g m e n t  and in the zone in which the g a s - s u s p e n -  
s ion  j e t s  i n t e r s e c t .  

A possible means of intensifying the process of interphase transport in gas suspensions is the method 
of countercurrent jets [I-3]. The efficiency of this method is confirmed with regard to interphase heat and 
mass transfer and the mixing of finely dispersed powders [1-4]. For this method to be employed exten- 
sively by industry, we require a detailed study of the features encountered in the motion of disperse-ma- 
terial particles in countereurrent jets. 

In this  a r t i c l e  we d i s c u s s  the r e s u l t s  of e x p e r i m e n t a l  i nves t i ga t i ons  into the mo t ion  of so l i d - phase  
p a r t i c l e s  in e o u n t e r c u r r e n t  j e t s  ; these  s tud ies  a re  based  on the app l i ca t ion  of the method  of r ad ioac t ive  i s o -  
topes  [5-8]. 

The s tud ies  we re  c a r r i e d  out in two mu tua i l y  c o m p l e m e n t a r y  ways .  The f i r s t  of t hese ,  based  on the 
m e a s u r e m e n t  of a b s o r p t i o n  of r ad ioac t ive  e m i s s i o n  by a two-phase  flow, ma ke s  it p o s s i b l e  to d e t e r m i n e  
the loca l  d i s t r i b u t i o n  of c o n c e n t r a t i o n  for  the d i s p e r s e  m a t e r i a l  in the long i tud ina l  and t r a n s v e r s e  c r o s s  
s e c t i o n s  of a channe l .  The second  method invo lves  s tudying the mot ion  of s o l i d - p h a s e  p a r t i c l e s  labe led  with 
a r ad ioac t ive  i so tope .  The f o r m e r  method y ie lds  t i m e - a v e r a g e d  r e s u l t s  and is  conven ien t  in s tudying two-  
phase  flows with r a t h e r  high c o n c e n t r a t i o n s  of a f inely d i s p e r s e d  sol id  phase .  With the second  method we 
can  s tudy the n a t u r e  of the mot ion  and m e a s u r e  the p a r t i c l e  v e l o c i t i e s  in the two-phase  flows for  v i r t u a l l y  
any  c o n c e n t r a t i o n  of a c o a r s e l y  d i s p e r s e d  sol id  p h a s e .  

F o r  m a t e r i a l s  with s p h e r i c a l  p a r t i c l e s  exh ib i t ing  d -> 1 m m  we conducted the s tud ies  a c c o r d i n g  to the 
second  method.  The sol id  phase  in these  e x p e r i m e n t s  was r e p r e s e n t e d  by the fol lowing m a t e r i a l s :  3 f r a c -  
t ions  of s i l i c a  gel with an ave rage  d i a m e t e r  of 1.32, 2.25, and 3.3 m m ,  as wel l  as s lag  pe l l e t s  with an a v e r -  
age d i a m e t e r  of 1 r am.  Coba l t -60  was the r ad ioac t ive  isotope used as the r a d i a t i o n  s o u r c e ;  it was in t roduced  
into p o l y s t y r e n e  beads .  The l abe led  p a r t i c l e s  we re  c l a s s i f i e d  as to d i m e n s i o n s ,  shape ,  and weight  with r e -  
spect  to the ave r age  v a l u e s  of the c o r r e s p o n d i n g  ind ices  for the m a t e r i a l s  emp loyed  in the t e s t s .  
In add i t ion ,  the t e s t s  involved l abe led  p a r t i c l e s ,  2.25 m m  in d i a m e t e r ,  which w e r e  made  of foam p l a s t i c ,  
p o l y s t y r e n e ,  a l u m i n u m ,  and t in .  

A d i a g r a m  of the i n s t a l l a t i o n  in which the t e s t s  w e r e  c a r r i e d  out with the l abe led  p a r t i c l e s  is shown 
in Fig .  1. The i n s t a l l a t i o n  was made  up of two a c c e l e r a t i o n  (1, 2) and d r a inage  (12) c h a n n e l s ,  f ab r i ca t ed  of 
s t ee l  tubing  with an ins ide  d i a m e t e r  D = 21 m m ,  connec ted  at c r o s s  jo in t  3. The flow ra te  of the d i s p e r s e  
m a t e r i a l  fed into the gas  flow f r o m  hopper  9 was r e gu l a t e d  by m e a n s  of va lves  11. The ope ra t i ona l  channel  
was 1700 m m  long f r o m  the point  at which the d i s p e r s e  m a t e r i a l  was in t roduced  into the flow to the p lane  
at  which the jet  i n t e r s e c t e d .  A i r  was d rawn  through b lower  6, the a i r  flow ra te  was r egu la t ed  by s l ide  va lves  
7, and it was m e a s u r e d  with two l e m n i s c a t e  c o l l e c t o r s  8 and type MM-250 m i c r o m a n o m e t e r s  19. The 
l abe l ed  p a r t i c l e s  we re  i n t roduced  through the spec i a l  connec t ing  tube 22, located n e a r  hopper  9. The l abe led  
p a r t i c l e s  se t t l ed  out in cyclone  4 f r o m  which they e n t e r e d  hopper  5 through valve 14. All  of the e x p e r i m e n t s  
we re  c a r r i e d  out with the a i r  at r o o m  t e m p e r a t u r e .  

Institute of Heat and Mass Transfer, Academy of Sciences of the Belorussian SSR, Minsk. Translated 
from Inzhenerno-Fizicheskii Zhurnal, Vol. 15, No. 6, pp. 1034-1040, December, 1968. Original article sub- 
mitred March 27, 1968. 

�9 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copT of this article is available from the publisher for $15.00. 

1195 



/O 911 2 /5 f7 /3 21 18 I /0 9 /I 22 
22O V 22Q V 

. . . . . . .  . [  

i!  
It/ 
IY 

Fig. i. Diagram of experimental installation to study the 
motion of particles in countereurrent gas-suspension jets by 
the method of labeled radioactive particles: 1 and' 2) ac- 
celeration channels; 3) cross joint; 4) cyclone; 5 and 9) hop- 
pers; 6) fan; 7) slide valves; 8) lemniseate collectors; i0) 
connecting hoses; ii and 14) valves ; 12) drainage channels; 
13) amplifier; 15) VSV-2 high-voltage stabilizer; 16) radio- 
activity counters; 17 and 21) rectifiers; 18) N-700 oscillo- 
graph; 19) MM-250 mieromanometers; 20) filter; 22) device 
for the introduction of the labeled particles. Measurements: 
I) gas flow rate; II) flow rate of material; IH) temperature; 
IV) velocity of labeled particles. 

Thirteen SBT-II and STS-5 counters 16 were mounted along the duct through which the particles 
moved; the voltage to these counters was applied from a high-voltage VSV-2 stabilizer 15. The pulses 
picked up in the detectors on passage of a labeled particle were transmitted to the input of the single-stage 
amplifier 13 whose output was connected to the N-700 oscillograph 18. The amplifier and the oscillograph 
were powered from the net through rectifiers 17 and 21. 

The stay time was measured according to the signals of the two adjacent counters and this, conse- 
quently, provided the velocity of the particles at the corresponding segment of the installation. The adjacent 
detectors were never separated by more than 250 ram. 

The time spent by the particles in the intersection zone and the magnitude of particle scattering to the 
opposite jet are determined to a substantial degree by the velocity of the particles at the end of the accelera- 
tion segment. 

The results from the investigation into the motion of disperse particles in the acceleration segment 
are shown in Fig. 2. Curves i, 2, 3, 4, and 5 characterize the change in the velocity of a solitary particle 
along the acceleration segment. The effect of the gas velocity W on the magnitude of W s/W can be traced 
in curves 3, 4, and 5. A certain reduction in the magnitude of W s/W with increasing W is noted only at the 
beginning of the acceleration segment, where the relative velocity of particle motion (W -Ws) is compara- 
tively close to the velocity of the gas. Subsequently, when I a > 1000-1200 mm this effect is not noted. Simi- 
lar results were obtained in a number of references [6, 9, 12], in which it was established that in the seg- 
ment of uniform motion for a horizontal gas suspension the ratio W s/W for a given disperse material is 
independent of the gas velocity. It follows from a comparison of curves I, 2, and 3 that the magnitude of W s 
/W, all other conditions being equal, increases with a reduction in the free-fall velocity of the particles. 
A similar pattern is noted in [6, 13] for the steady-state segment of horizontal pneumatic transport. 

Figure 2 shows data on the influence exerted by the effective concentration (fieff) on W s/W (curves 
6, 7, 8, 9). These studies show that for a mass movement of particles the magnitude of W s/W diminishes 
by approximately 10-15% with an increase in the solid-phase concentration. 

The nature of the function W s/W = f(13eff) can be explained by the fact that with an increase in the 
concentration, resulting from the collisions between the particles, there is a slight increase in the number 
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Fig. 2. Motion of disperse-materiM particles in the acceleration segment of countercurrent 

jets: i, 2,3,4,5) the ratio W s/W as a function of the length I a of the acceleration segment for 

solitary particles [i) d s = 2.25 mm; 7m = 7160 kg/m3; Wf = 18.5 m/see; W = 21.7 m/see; 2) 

d s = 2.25 mm; 7 m = 2970 kg/m3; Wf = 11.8 m/see; W = 21.7 m/see; 3,4,5) d s = 1.32 ram; 
7m = 1720 kg/m3; Wf = 6.5 m/see; W, respectively, 9, 18.3, and 24.6 m/sec]; 6,7, 8,9) the 

ratio Ws/W as a function of the effective concentration fleff for d s = 1.32 ram; 7 m = 1720 kg 

/m3; Wf = 6.5 m/sec;W = 21.7 m/see; [6) I a = 96 mm; 7) 320; 8) 570; 9) 940]. 

Fig. 3. The quantity TI/T as a function of both Ref and D/d s for a solitary particle: i) ~'i/T 

= f(Ref); 2) ((T I/T)/Ref) = f(D/ds). 

t p ( t - ~ )  . _  / o - 6  
of particle collisions against the wall. These data are 

in agreement with those of [6], where it is demon- 

strated that the length of the acceleration segment in- 

creases as the concentration grows. 

The experiments carried out with all of the in- 

vestigated model materials demonstrated that the 

acceleration of the disperse phase takes place pri- 

marily in a segment 1000'1300 mm in length. For 

acceleration segments of greater length the velocity 

of the particles per unit length increases substantially 

more slowly. Special experiments in which the par- 

ticles were introduced into the stream at I a = 500, 

i000, and 1700 mm demonstrated that with the ac- 

celeration segment changed in length from f000 to 

1700 mm the time spent by the particle in the jet in- 

tersection zone (7-c) increases by no more than 5-12%, 

whereas for I a = 500 ram the value of T c may be as much 

as 25-35% smaller than when I a = 1700 mm. In this 

connection, to reduce the dimensions of the installa- 

tion and the hydraulic losses in the acceleration seg- 

ment, we can recommend an optimum length of 1500- 

2000 mm for the acceleration segment. 
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Fig. 4. The quantity (I -rc/rl) as a function 

of the effective gas-suspension concentration 

fieff' derived with the aid of: a) the labeled par- 

ticle method: i) d s = 1.32 mm and 7 m = 1720 
kg/m3; 2) 2.25 and 1174; 3)3.3andl100;4)l.0 

and 2010; b) the degree of absorption by the 

gas-suspension flow of the radioactive emission: 

5) silica gel, d s = 2.25 mm; "Ym = 1240 kg/m3; 

6) silica gel, d s = 1.32 ram, 7m = 880 kg/m3; 7) 

poppy, d s = 0.99 mm, 7m = ii00 kg/m3; 8) sand, 

d s = 0.88 mm, 7 m = 2650 kg/m3; 9) sand, d s 

= 0.67 ram, ~/m = 2650 kg/m3; I0) sand, d s = 0.28 
mm, 7m = 2650 kg/m 3. 

In the installation whose diagram is shown in Fig. 1 we also investigated the nature of solid-phase 

particle motion in the zone of jet collision. 

The first series of tests involved solitary labeled particles. Here we measured the average stay time 

of the labeled particles in the zone of jet intersection of gas velocities of 9-30 m/sec. Because the motion 

of a single particle in the jet intersection zone depends significantly on a number of factors whose effect 

is statistical in nature (turbulent variations in gas velocity, collisior~ with the walls, etc.), the stay time for 

the labeled particles, given the same gas-phase velocity, was determined by averaging the results from 15- 
20 experiments. 
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It  was  e s t a b l i s h e d  on the b a s i s  of  the e x p e r i m e n t a l  r e s u l t s  (see  F i g .  3) that  when D / d  s = cons t  the 
r a t i o  T 1 /T in the  i n v e s t i g a t e d  r a n g e  of v e l o c i t i e s  i s  v i r t u a l l y  i ndependen t  of the  gas  v e l o c i t y  and de pends  
s t r o n g l y  on the a e r o d y n a m i c  c h a r a c t e r i s t i c s  of the p a r t i c l e s .  The e x p e r i m e n t a l  r e s u l t s  a r e  a p p r o x i m a t e d  
wi th  a m a x i m u m  e r r o r  of -~9.6% by the fo l lowing  r e l a t i o n s h i p :  

27_L = 0.34-10 -4 Re} ,4. (1) 
T 

The i n t r o d u c t i o n  of the s i m p l e x  D / d  s has  m a d e  it p o s s i b l e  to g e n e r a l i z e  a l l  of  the e x p e r i m e n t a l  da t a  fo r  
s o l i t a r y  l a b e l e d  p a r t i c l e s ,  g iven  m a x i m u m  s c a t t e r i n g  of *12.5% (see  F ig .  3), by the fo l lowing  r e l a t i o n s h i p :  

/ D \~,ss 
~_L = 1.7.10-~ Rel,4~_:~|  . (2) 
q7 \as/ 

In the second series of experiments, the labeled particles were introdueed into the flow together with the 
other particles of the disperse material to determine the effect of eoncentration on the average time (-rc) 

spent by the solid-phase partieles in the jet intersection zone. 

This was preeisely the purpose of the series of experiments whose method is based on the measure- 

ment of the absorption of radioactive emission by a two-phase flow. The diagram of the experimental in- 

stallation and the measuring method are similar to those described in [i0]. We employed 3 narrow sand 

f r a c t i o n s  wi th  d s : 0.28, 0.67, and 0.88 m m  in the e x p e r i m e n t  (the quan t i t y  d s was  d e t e r m i n e d  a c c o r d i n g  to 
[11]), and we u s e d  poppy  and 2 f r a c t i o n s  of s i l i c a  ge l  wi th  ds  = 1.32 and 2.25 m m .  D y n a m i c  c a l i b r a t i o n  was  
c a r r i e d  out fo r  a l l  of the a b o v e - e n u m e r a t e d  m a t e r i a l s  th rough  the use  of a l i m i t e d  p u l s a t i n g  f l u id i zed  bed  
[2], a l l  the way  to fleff = 0.1 m 3 / m  3 

A c c o r d i n g  to the  da ta  ob ta ined  in the m e a s u r e m e n t  of the l oca l  l ong i tud ina l  and t r a n s v e r s e  c o n c e n -  
t r a t i o n s  of m a t e r i a l ,  t h rough  the c a l i b r a t i o n  we d e t e r m i n e d  the a v e r a g e  t r ue  quan t i ty  of  m a t e r i a l  in the 
zone of i n t e r s e c t i o n ,  and s u b s e q u e n t l y ,  by d iv id ing  by the p e r - s e c o n d  flow r a t e  of the d i s p e r s e  p h a s e ,  we 
found the a v e r a g e  s t ay  t i m e  fo r  the  p a r t i c l e s  in the j e t  i n t e r s e c t i o n  zone fo r  e ach  r e g i m e .  

F i g u r e  4 shows  the e x p e r i m e n t a l  da t a  wi th  r e g a r d  to the p a r t i c l e  s t a y  t i m e s  in the j e t  i n t e r s e c t i o n  
zone ,  and t h e s e  da t a  have  been  ob t a ined  both by m e a n s  of the l a b e l e d  p a r t i c l e s  and f r o m  the m e a s u r e m e n t s  
of the  l o c a l  c o n c e n t r a t i o n s .  F o r  the l a t t e r  c a s e  1-1 was  d e t e r m i n e d  f r o m  f o r m u l a  (2). The e x p e r i m e n t a l  
r e s u l t s ,  shown in func t iona l  f o r m  (1 - T c /~ ' l )  = f(fieff) in F i g .  4, show tha t  the p a r t i c l e  s t a y  t i m e  in the j e t  
i n t e r s e c t i o n  zone d i m i n i s h e s  to fleff ~ 1 �9 10 -3 m 3 / m  3 a s  the c o n c e n t r a t i o n  i n c r e a s e s .  F o r  1 . 0 - 1 0  -3 < fi < 3.5 

�9 10 -3 the magn i tude  of ~c b e c o m e s  a p p r o x i m a t e l y  cons t an t :  

"co __~ 0.28. (3) 
271 

We should  t ake  note of the  fac t  tha t  a f u r t h e r  r i s e  in c o n c e n t r a t i o n  (fleff > 3.5 �9 10-3), in a n u m b e r  of c a s e s  
l e d  to the d e p o s i t i o n  of m a t e r i a l  in  the j e t  i n t e r s e c t i o n  zone at  the bo t t om of the channe l  and thus  to c e s s a -  
t ion  of m a t e r i a l  t r a n s p o r t .  

F o r  fleff < 1 �9 10 -3 m 3 / m  3 the e x p e r i m e n t a l  da t a  wi th  r e s p e c t  to the p a r t i c l e  s t ay  t i m e s  in the j e t  i n -  
t e r s e c t i o n  zone a r e  a p p r o x i m a t e d  wi th  a m a x i m u m  e r r o r  of •  by the fo l lowing  r e l a t i o n s h i p :  

X c -- 1 - -  2.74. ~o~. (4) 
T 1 

The r e d u c t i o n  in the s t ay  t i m e  of the d i s p e r s e  m a t e r i a l  in  the j e t  i n t e r s e c t i o n  zone wi th  an i n c r e a s e  in c o n -  
c e n t r a t i o n  can  be e x p l a i n e d  by the i n c r e a s e  in the n u m b e r  of c o l l i s i o n s  be tween  p a r t i c l e s ,  which  d i s r u p t s  
the  o s c i l l a t o r y  m o t i o n  and a c c e l e r a t e s  the r e m o v a l  of the p a r t i c l e s  f r o m  the r e a c t o r .  When fieff - 1 �9 10 -3 
the  o s c i l l a t o r y  m o t i o n  of the  p a r t i c l e s  in the j e t  i n t e r s e c t i o n  zone no l o n g e r  e x e r t s  s i g n i f i c a n t  in f luence  on 
the a v e r a g e  s t ay  t i m e  of d i s p e r s e  m a t e r i a l  in the  a p p a r a t u s .  

F r o m  e x p r e s s i o n s  (2) and (4) we have  the fo l lowing  g e n e r a l i z e d  r e l a t i o n s h i p  f o r  the d e t e r m i n a t i o n  of 
the a v e r a g e  s t a y  t ime  of the d i s p e r s e  p a r t i c l e s  in the zone in which  the c o u n t e r c u r r e n t  j e t s  c o l l i d e :  

/ D\Laa  
27c--1.7 10-~ Re~,4/~-s ) ( 1 - - 2 . 7 4  0.2 �9 ~ e ~ ) ,  (5)  
T 

and th i s  i s  the a c t u a l  funct ion  in the  c a s e  of fleff -< 1.0 �9 10 -3 . 
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F o r  the case  in  which 1 �9 10 -3 -< fieff < 3.5 �9 10 -3 i t  follows f r o m  (2) and (3) that  

/ D ~1.as �9 c = 0.47.10 -4 Re TM / - - /  (6) 
"r, f ~ d s  ] " 

C o m p a r i s o n  of the s o l i d - p h a s e  s t ay  t i m e s  in the je t  i n t e r s e c t i o n  zone,  eMcula ted  a c c o r d i n g  to f o r m u l a s  (5) 
o r  (6), with the s tay  t ime  for  the m a t e r i a I  in an e q u a l - l e n g t h  s e g m e n t  of the hor izon tM g a s - s u s p e n s i o n  flow 
shows that  for  c o u n t e r c u r r e n t  j e t s  th is  quan t i ty  is m a n y  t i m e s  g r e a t e r .  Thus ,  for  e x a m p l e ,  for  s i l i c a  gel 
d s = 2.25 m m  when fleff = 0.48 �9 10 .3 the s tay  t ime  of the s i l i c a  gel  in the je t  i n t e r s e c t i o n  zone is g r e a t e r  
by a fac to r  of 10.7 than in the e q u a l - l e n g t h  s e g m e n t  of u n i f o r m  g a s - s u s p e n s i o n  mot ion .  Th i s  s u b s t a n t i a l  
i n c r e a s e  in the s t a y - t i m e  d u r a t i o n  of the m a t e r i a l  in c o u n t e r c u r r e n t  j e t s  is one of the f ac to r s  r e s p o n s i b l e  
for  the high i n t ens i t y  of the p r o c e s s e s  of i n t e r p h a s e  t r a n s p o r t  p e r  un i t  vo lume  of the zone of g a s - s u s p e n s i o n  
je t  i n t e r s e c t i o n  [1, 2, 4]. 

I a 

D 

d s 
fleff and fit 
W 

Ws 
T, TI, and T e 

Wf 
Ref 

NOTATION 

is the length of the acceleration segment of the channel for the countercurrent jet; 
is the inside channel diameter; 
is the decisive geometric dimension of the particle; 
are the effective and true volume concentrations of the disperse material, respectively; 
is the gas velocity in the channel; 
is the average velocity of the solid phase; 
are the times needed to pass the intersection zone (150ram), respectively, by the gas flow, the 
solitary particle, and the gas suspension; 
is the particle free-fall velocity; 
is the Reynolds number calculated according to Wf and d s. 
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