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The depth of penetration of particles in systems of opposing gas-sus- 
pension jets has been investigated theoretically and experimentally. 
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One of the p r o m i s i n g  me thods  of in tens i fy ing  h e a t -  
and m a s s - t r a n s f e r  p r o c e s s e s  in a gas  suspens ion  is 
the oppos ing  j e t  method  [1]. 

This  method,  in addi t ion  to be ing  used  in d ry ing ,  
mixing,  and homogen iz ing  equipment ,  i s  now being 
in t roduced  into fu rnace  technology  in connect ion  with 
the combus t ion  of fuel  oi l  conta in ing  su l fur  at  low 
a i r - f u e l  r a t i o s .  

To d e t e r m i n e  c e r t a i n  des ign  p a r a m e t e r s  of equ ip -  
men t  us ing  the oppos ing  j e t  p r i n c i p l e  and to c l a r i f y  
the p r o c e s s e s  involved,  i t  i s  i m p o r t a n t  to d e t e r m i n e  
the depth of p e n e t r a t i o n  and f l ight  t i m e  of the  so l id  
o r  l iquid  p a r t i c l e s  in the oppos ing  flow. 

Let  two oppos ing  g a s - s u s p e n s i o n  j e t s  l eave  tubes  
of the s a m e  d i a m e t e r  and move  toward  each  o t h e r  a t  
the  s a m e  ve loc i ty  (Fig .  1). The flow is s y m m e t r i c a l  
both with r e s p e c t  to the tube axis  and with  r e s p e c t  to 
the p lane  in which the j e t s  mee t .  The d i a m e t e r  and 
spec i f i c  weight  of the  p a r t i c l e s  a r e  constant .  If we 
a s s u m e  that  a p a r t i c l e  m o v e s  s t r i c t l y  a long the tube 
ax is ,  d r i f t  e f fec ts  a r e  e l imina ted .  We fu r t he r  a s s u m e  
tha t  the v e l o c i t i e s  of the two gas  f lows a r e  cons tan t  
and equal  to vg for  any x, excep t  the point  x = 0, w h e r e  
the v e l o c i t i e s  a r e  ze ro .  The p a r t i c l e  ve loc i ty  at  x = 0 
is  a s s u m e d  equal  to the  ve loc i ty  of the c a r r i e r  gas  at  
the tube outlet .  * To s i m p l i f y  the ca lcu la t ions  we neg-  
l ec t  g r av i t a t i ona l  f o r c e s .  With  the above  a s s u m p t i o n s  
the d i f f e ren t i a l  equat ion of the  f o r c e s  ac t ing  on the 
p a r t i c l e  can be w r i t t e n  in the f o r m  

dvp (Vg + Vp) 2 
- -  1rip ~ -  : ca 2g ~g G .  (1) 

If we r e g a r d  the  p a r t i c l e  as  a s p h e r i c a l  body, a f t e r  
expandIng the e x p r e s s i o n s  

and cance l ing ,  we can r e p r e s e n t  the  d i f f e r en t i a l  e q u a -  
t ion (1) in the fo l lowing fo rm:  

dvp 0.75 c x(vg + Vp) 2 yg (2) 
dx vpd yp 

The W i e s e l s b e r g e r  cu rve  g iv ing  the r e l a t i o n  ex = 
= f ( R e )  fo r  f low ove r  a s p h e r e  can be d iv ided  into 
t h r e e  r e g i o n s :  a) Stokes r e g i o n  Re < 0.4; b) t r a n s i t i o n  
r eg ion  0.4 < Re < 1000; c) s e l f - s i m i l a r  r eg ion  103 < 
< Re < 105. With an a c c u r a c y  suf f ic ient  for  p r a c t i c a l  
p u r p o s e s  t hese  i n t e r v a l s  can  be a p p r o x i m a t e d  by s u i t -  
ab le  f o r m u l a s .  Let  us  then d e t e r m i n e  the m a x i m u m  
depth of p e n e t r a t i o n  of the p a r t i c l e s  into the c o u n t e r -  
f low for  a l l  t hese  r e g i o n s .  

a) Stokes r eg ion .  Cx = 2 4 / R e  = 24v/ (vg  + vp)d.  
We subs t i t u t e  the va lue  of Cx into Eq. (2): 

dvp - 0.75 24V~g(Vg q- Vp) (3) 
dx d ~ y p Vp 

In t eg ra t ing  Eq, (3) wi th  the condi t ion that  at  x = 0, 
Vp = vg, we obta in  

d2 
x . . . . .  ~'P~- 1% In (vg " %) - -  % G vg - -  vg In 2vg]. (4) 

18v ~,g 

The m a x i m u m  depth of p e n e t r a t i o n  can be d e t e r -  
mined  s t a r t i n g  f r o m  the fac t  that  in th is  c a s e  the  
p a r t i c l e  v e l o c i t y  i s  equal  to z e r o :  

x .... =0.0166 d2yp~g- (5) 
Vyg 

b) T r a n s i t i o n  r eg ion .  In the g e n e r a l  c a se  for  the 
t r a n s i t i o n  r eg ion  

____J/ 
Y 

Fig .  1. Two-phase  oppos ing  j e t s .  

c x 
A A v n 

R e  n (vr  -i- Vp)'~d n 

Subst i tu t ing  the va lue  of c x into Eq. (2) and in t e -  
g r a t i n g  with  the s a m e  condi t ions  as  in a) above,  we 
obta in  

*We a r e  c o n c e r n e d  with  the  c a s e  in which the  p a r -  
t i c l e s  a r e  p r e a e c e l e r a t e d  (e .g . ,  by a nozz le )  to the  
v e l o c i t y  of the gas  flow. 
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+ (1 - -n )  2 (l-~) n 1 ~ n ]  " (6) 

F o r  10 < Re < 103 the d r a g  coef f ic ien t  of the  p a r -  
t i c l e  can  be  d e t e r m i n e d  f r o m  u  f o r m u l a  [2] 
c x --- 12.5/Re~ i . e . ,  A = 12.5, and n = 0.5. In th is  
c a se  

dl ,S  �9 ~o.5 ~]pOg 
x .... == 0.0245 vo.~ yg (7) 

c) S e l f - s i m i l a r  r eg ion .  In th is  r e g i o n  at  103 < Re < 
< 10  5 

G = const ~ 0.4. 

Subs t i tu t ing  the va lue  of c x into Eq. (2) and i n t e -  
g r a t i n g  with  the  s a m e  boundary  condi t ions  as  in a) 
above,  we obta in  

Xm~ = 0.744 dTp % (8) 

It fo l lows f r o m  (8) tha t  in the s e l f - s i m i l a r  r e g i o n  
the m a x i m u m  depth  of p e n e t r a t i o n  does  not  depend on 
the ve loc i ty  of the  c a r r i e r  flow. 

In the  s a m e  way  we can  d e t e r m i n e  the p a r t i c l e  
f l ight  t i m e :  

for  Re  < 0.4 

~,n~x .... 0.0384 d~yP- ; 
Vyg (9) 

for  10< R e <  103 

T .... ~ 0.061 

for  l0  s < R e <  105 

T,n~ ~ 1.66 - -  

d~'5 7p 
0.5 Ug ~dO'~ ; (10) 

dyp 
(11) Ogyg 

Equat ions  (5), (7), (8)- (11)  w e r e  ob ta ined  fo r  the  
a b o v e - m e n t i o n e d  s i m p l i f y i n g  a s s u m p t i o n s ,  whose v a -  
l i d i t y  was  v e r i f i e d  e x p e r i m e n t a l l y .  

The e x p e r i m e n t a l  a p p a r a t u s  is  shown s c h e m a t i c a l l y  
in F ig .  2. A i r  f r o m  b lower  1 was fed to two oppos ing  
g l a s s  tubes  2. By m e a n s  of r e g u l a t i n g  va lve s  9, the 
p lane  in which the j e t s  m e e t  was  ad jus t ed  so as  to be 
s y m m e t r i c a l  r e l a t i v e  to the  ends  of the  tubes .  Light  
s o u r c e  4 was a h i g h - p r e s s u r e  m e r c u r y - v a p o r  l amp  of  
the  " Iga r  n type,  The p r o c e s s  was pho tog raphed  in an 
abso lu t e ly  d a r k  r o o m .  As they  e n t e r e d  the l ight  beam,  
p a r t i c l e s  i n t roduced  into one of the  gas  flows b e c a m e  
v i s i b l e  and le f t  t r a c k s  on the f i lm.  Knowing the d i s -  
t ance  be tween  the ends of the tubes ,  we were  ab le  to 
d e t e r m i n e  the depth  of p e n e t r a t i o n  of the  p a r t i c l e s  into 
the counterf low.  

It is  c l e a r  f r o m  the t r a j e c t o r i e s  shown in F ig .  3 
tha t  the p a r t i c l e s  execu te  damped  o s c i l l a t o r y  mot ions .  
Since g a s - d i s c h a r g e  tubes  e m i t  an i n t e r m i t t e n t  l ight  

F ig .  2. D i a g r a m  of e x p e r i m e n t a l  a p p a r a t u s  fo r  
the pho tograph ic  s tudy of t w o - p h a s e  oppos ing  
j e t s :  1) b lower ;  2) g l a s s  tubes ;  3) c a m e r a ;  
4) i l l umina to r ;  5) f e ede r ;  6) m i c r o m a n o m e t e r ;  
7) P r a n d t l  tube;  8) t h e r m o m e t e r ;  9) r e g u l a t i n g  

va lve ;  10) s c r e e n .  

f lux,  whose  f r equency  is  equal  to twice  the  f r equency  
of the e l e c t r i c  c u r r e n t ,  the pho tographed  t r a j e c t o r i e s  
a r e  i n t e r m i t t e n t ,  This  method  of pho tography  g ives ,  
as  i t  w e r e ,  a t r a j e c t o r y  with  a t i m e  sca le  s u p e r i m -  
posed .  F r o m  the length,  f r equency ,  and n u m b e r  of 
the s t r e a k s  i t i s  p o s s i b l e  to d e t e r m i n e  the ve loc i t y  and 
a c c e l e r a t i o n  of the p a r t i c l e s  and a l so  the  t i m e  taken 
by the p a r t i c l e  to cove r  the i nves t i ga t ed  p a r t  of the 
t r a j e c t o r y .  

F ig .  3. Pho tog raphs  of p a r t i c l e  t r a j e c t o r i e s  in oppos ing  
j e t s .  
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Fig. 4. Relative depth of penetration of the particles 
into the counterflow as a function of Reynolds 

number: a) calculated curve. 

When the depth of penetration became so great  that 
the particles entered the opposite tube, it was deter-  
mined by trapping the particles on a rod 0.8 mm in 
diameter coated with adhesive. 

The experiments were performed with part icles of 
Amberl i teIRA-401anion-exchange resin of regular 
spherical shape. The diameter of the part icles was 
varied from 75 to 500 p. 

The experimental results  are presented in Fig. 4, 
where the relative penetration depth Xmax/d is plot- 
ted as a function of Reynolds number. The Reynolds 
number was calculated with respect  to the particle 
diameter. Clearly, the experimental points lie quite 
close to the calculated curve. The distance between 
the ends of the tubes was varied from 1 to 9 tube 
diameters.  In this L/D range the distance between the 
ends of the tubes did not have much influence on the 
depth of penetration into the counterflow. 

The experiments showed that the formulas derived 
are valid at Xmax > 2D, i.e., when the zone of var ia -  

tion of the ca r r i e r  flow velocities at the jet interface 
is less than the depth of penetration of the particles.  

The results  of our experiments to determine the 
depth of particle penetration in opposing jets are in 
sat isfactory agreement with the data of [3] for the 
range of Reynolds numbers 102 < Re < 103, 

NOTATION 

Vg is the gas velocity; vp is the particle velocity; 
mp is the particle mass; g is the acceleration of grav-  
ity; ~/g is the specific weight of gas; "/p is the specific 
weight of the particle; Fp is the maximum cross sec-  
tion of the particle; ex is the particle drag coefficient; 

is the kinematic viscosity of the gas; d is the par -  
ticle diameter; D is the tube diameter; T is the time; 
L is the distance between the ends of opposing tubes; 
Xmax is the maximum depth of penetration of the 
particle into the counterflow. 
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