
C A L C U L A T I O N  O F  P A R T I C L E  C O L L I S I O N S  

C O N C O M I T A N T  D I S P E R S E D  F L O W S  

A .  I .  Z a i t s e v ,  V.  A .  G a t s e v ,  
a n d  Y u .  I .  M a k a r o v  

IN  

UDC 541.182.8 

Rela t ionships  a r e  obtained for  the r e l a t ive  f rac t ion  of the number  of pa r t i c l e  coll is ions in 
concomitant  d i s p e r s e d  flows by means  of a probabi l i ty  model ,  and they a r e  ver i f ied  exper i -  
menta l ly .  

The intensive appl ica t ion  of sp ray ing  equipment is explained by the p r e s e n c e  in them of a highly ex-  
tended su r f ace  of phase  contact .  In ce r ta in  p r o c e s s e s ,  a s soc ia ted  with a d i spe r sed  phase  (mass -exchange  
p r o c e s s e s ,  chemica l  r eac t ions ,  etc.) ,  the pr inc ipa l  p rob l ems  a r e  p rob l ems  of the in te rac t ion  of pa r t i c l e s  
in the flows, which d e t e r m i n e  the quality of the product  obtained. 

A number  of pape r s  [1-3] have appeared  recen t ly  on the de te rmina t ion  of the col l is ion f requency of a 
ce r t a in  fixed pa r t i c l e .  The  mos t  comple te  data on the in te rac t ion  of p a r t i c l e s  of a s e m i d i s p e r s e d  ma te r i a l  
in flows i s g i v e n  in [4]. At the s a m e  t ime,  the r e su l t s  of the invest igat ions  ca r r i ed  out by the authors  of 
[4] r e l a t e  to a l a rge  deg ree  to the in te rac t ion  of pa r t i c l e s  of a solid s e m i d i s p e r s e d  ma te r i a l  and b e a r  a 
mainly  quali tat ive na ture .  In this p r e s e n t  paper ,  the p rob l em is to de t e rmine  the number  of par t ic le  col-  
l i s ions  in concomitant  d i s p e r s e d  flows b y  means  of a probabi l i ty  model ,  which may be s y s t e m s  of liquid 
- -  liquid, l iqu id- -  f r i ab le  m a t e r i a l ,  f r iable  ma t e r i a l  - -  f r iable  m a t e r i a l .  

The des ign s chem e  is shown in Fig. 1. A cyl indr ical  s t r e a m  ( s t r eam No. 1), for  example ,  of f r e e -  
fail ing solid p a r t i c l e s ,  and a conical  jet ( s t r eam No. 2), fo rmed  by spray ing  a liquid f rom the a t o m i z e r  B 
s i tuated in space  coaxial ly,  on in te r sec t ing  f o r m  a zone of poss ib le  pa r t i c l e  col l is ions.  This  zone is 
bounded by the su r f aces  of the cone, the cyl inder ,  and the base  of the cyl inder .  

It is well  known [6, 8], that  the probabi l i ty  of a f r ee  (coll isionless)  range  of dis tance x for  pa r t i c l e s  
with d i a m e t e r  d 1, moving in a med ium of constant  concentra t ion n with par t i c le  d i a m e t e r  d2, is exp re s sed  

!, 

Fig. 1. The p r o b l e m  of pa r t i c l e  
col l is ions in concomitant  flows. 

by the following formula ,  genera l i zed  in the case  of unequal d ia-  
m e t e r s  : 

P = exp - -  --~ (dl + d2) 2 nx . (1) 

We obtain the probabi l i ty  of a mean  f ree  path of d is tance  x for  
pa r t i c l e s  having a veloci ty  v 2 in a flow with a va r i ab le  concent ra -  
t ion n and va r i ab le  veloci ty  v 1 f r o m  Eq. (1) by using the t h e o r e m  
of mul t ip l ica t ion of probabi l i t i es  [5] and a l imit ing p r o c e s s  in the 
exponent of Eq. (1}: 

x 

_p = exp ( --~(dl..}_d2),~. nV'v~ + v2z2vav2 c~ a:dx ~ (2) 
U2 ] 

i 

where  c~ is the angle between the vec to r s  of the veloci t ies  v 1 a n d v  2. 

1. Let us cons ider  the motion of pa r t i c l e s  of s t r e a m  No. 2 
in s t r e a m  No. 1 up to its c ro s s  sec t ion  1 - -  1. The veloci ty  v 1 of 
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p a r t i c l e s  of s t r e a m  No. 1 at  a he ight  h f r o m  the c r o s s  s e c t i o n  1 - -  1 is  

v 1 = ~ / 2 g ( H - - h  + m) . (3) 

The  c o n c e n t r a t i o n  of p a r t i c l e s  in the  cy l ind r i ca l  f low is  

24Q1 n = (4) 

As shown by  p r e l i m i n a r y  e x p e r i m e n t s  on the s p r a y i n g  of l iquids with p n e u m a t i c  a t o m i z e r s ,  the d i s t ance  r 
of i m p a c t  of p a r t i c l e s  of s t r e a m  No, 2 on the  p lane  of the  c r o s s  s e c t i o n  of the  jet ,  m e a s u r e d  f r o m  the ax ia l  
l ine of flow, can  be a s s u m e d  with a su f f i c i en t  d e g r e e  of a c c u r a c y  to be  d i s t r i b u t e d  a c c o r d i n g  to a s e m i -  
n o r m a l  law [7]: 

0, r < 0, 

1,003 V'2- ( r2 ) D 
f(r) = { ]/~_(~ -exp - 7 - - ~ -  , 0 < r < - - , 2  

0, r >  D 
t 2 

(5) 

w h e r e  (8) 
H. RpH 

1.'7~+H* 

r2 + H~ 2v ~>~- Hr r ~ --  H*dh 
1 / / [v~  + 2g (H - -  h + re)l i t  _ h - r  m VH--h--:-m , -- 2} zg  -=- . . . .  

2.  

t r a t i o n  of l iquid p a r t i c l e s  ( s t r e a m  No. 2) in an e l e m e n t a r y  vo lume  at  a d i s t a n c e  h f r o m  the c r o s s  s e c t i o n  
1 - -  1 and a d i s t ance  r f r o m  the axia l  l ine of flow is  

a m  

or ,  t ak ing  into accoun t  tha t  

we obtain,  a f t e r  t r a n s f o r m a t i o n s ,  

dN 
1,003| -~ 2 N V - ( H - -  h) ~ - -  r ~ exp - -  dr 

v=dS cos a 2a V'-~%v~ (H - -  h) rdr 

D H - -  h 6Q~ 
D = 2H tg %. ~ = T ' - V - -  ~ N = ~d~ 

4'5r  2 ] 
9 , 0 2 8 " ] / ~ Q ~ v  (H--h) ~-r2exp  ( H _ h ) 2 t g ~ a ~  j 

n = - a~d~v2r(H - h) ~ tg a~ 

The f low of l iquid p a r t i c l e s  th rough  an  e l e m e n t a r y  l a t e r a l  s u r f a c e  of the  cy l inde r  is  

18,056 ]/2~Q~r exp [ 4 ' 5P  l 
dN = nvzdSs ina  -- tg2%'(H--h)~ dh. 

n~d~ (H - -  h) ~ tg % 

(9) 

(Io) 

We c o n s i d e r  the  mot ion  of a l iquid p a r t i c l e  up to the l a t e r a l  s u r f a c e  of the  cy l inde r .  The  concert-  

E x p r e s s i n g  a = D / 6  us ing  the t h r e e - s i g m a  ru le ,  we obta in  the  fol lowing fo r  the  flow of l iquid p a r t i c l e s  
th rough  an  e l e m e n t a r y  annulus  (r, r + d r ) :  

dN = 6,018 ] / 2 - N  t 18r2 Idr 
- e x p [ - -  D z ] . (6) V YD 

The flow per unit time of noneolIiding liquid particles through the elementary annular section, ac- 
cording to the law of large numbers [5], is 

dN 1 = P d N .  (7) 

The total quantity of liquid particles, passing without collision through the section I-- 1 is obtained by in- 
tegration of Eq. (7) taking account of Eqs. (2)-(6): 

D, 

N 1 -- a---Tdd~H-t~ J exp H 2 tg* a,~ .n V 2gHD~ d]v= I,. dr, 
0 
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Fig. 2. Diagram of experimental  apparatus for verifying 
calculations of par t ic le  coll isions.  

Fig. 3. Dependence of the relat ive fract ion of colliding p a r -  
t ic les  (%) on the height of the coll ision zone (m): the dots 
r ep resen t  experimental  data. 

We obtain the flows of liquid par t ic les  pass ing without collisions through the la tera l  surface  of the zone of 
interact ion,  in accordance  with Eq. (7) and taking account of Eqs. (2)-(4) and (10): 

N ,  - -  n;2d~ tg a .  (H - -  h) 2 exp (H--h)*tg2a,~ - -  ~ 3 , n V2gDl dlv2 
0 

where a----H D ~  ; 
2 tg a .  b( 

2 "H h ' m~' D~ -k 4 (H ---___h) 2 --4v~ V~(H--h)  • 
I , =  I v ~ +  gt  - -  =- n H- - - -h+m 

(11) 

X I// D~-'~-4(H--h)2 )~/2 H - - - h ~ m  , (H--h)-ldh' (12) 

and where 

b = H 2Rp (H - -  h) 
F~D~ -~ 4(H-- h) 2" 

Let us consider  the motion of a s t r e a m  of solid par t ic les  through a conical jet of a liquid component. 
Taking account  of the uniform distr ibut ion of the par t ic les  of s t r eam No. 1 along the radius,  we determine 
the flow through an e lementary  c ross  sect ion (r, r + dr) :  

dN-- 48Q~rdr 03)  
2 3 nDl dl 

Similar  considerat ions,  using formulas  (2), (3), (7), and (13), give the following relat ions for the total flow 
of noneoiliding solid par t ic les  pass ing through the c ross  sect ion 1 --  1. 

when r 0 to l~p sin a M 

_ _  H - -  2 
R p S i n t ~ M  V" R p _ r  z 

N~ -- 48 Q~ r exp - -  rp (r, h) dh dr, 9 3 ~Di di ~2d3 v2r ] f  ~ tg a M 
0 0 

(14) 
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where 
/ 

(r, h) : l[v~ -:- 2g(H-- h @ m)] q~ 

/ %  =- h) 1 - [ 
and when r = Rp s in~M to DI/2 

F" + (H - -  h) 2 2v2 F ~  (H'h) 
H--h =r m 

4'5r2 l (H--  h)-~; 
(H - -  h)2tg2%.~ 

D1 H r 

48QI T r exp [ - -  2'257|F~Q2 (d~+d~')2 tg% N~ -- aD~ d ~ f [ ~ - ] / U ~ :  ~f q~(r, h) dh ]dr. (15) 

Rp si n%~ 0 

The relat ive fract ion of colliding par t ic les  is 

~ l= (1  NI+N'2=-N3-=N')N i00%. (16) 

Calculations of the par t ic le  collisions by formulas (8), (11), (12), and (14)-(16) were ca r r i ed  out on the 
"Odra" computer .  

The calculations were verif ied on an experimental  apparatus,  which is shown schematical ly  in Fig. 
2. The friable component, for which potass ium ferrocyanide was used, was admitted f rom the hopper 1 
with the feed plate 2 into the glass  cylinder 4 through the distr ibuting grid 3. An aqueous solution of f e r r i c  
chloride was atomized in the a tomizer  5. When the liquid and solid par t ic les  interacted,  an almost  in- 
stantaneous dark colorat ion occur red .  The quantity of colliding par t ic les  was determined by counting them 
when trapped on glass  [6]. 

Figure 3 presents  graphical ly  some resul ts  of the theoret ical  and experimental  determinat ion of the 
relat ive fract ion of colliding par t ic les ,  confirming the sa t i s fac tory  agreement  between the experimental  
data and the data calculated on the "Odra" computer ,  It can be seen f rom Fig, 3 that at the s tar t  of the 
region of combined concurrent  motion of the s t reams ,  the number of par t ic le  collisions increases  rapidly. 
With an increase  of distance,  the increase  of the relat ive fract ion of collisions is slowed down, which is 
explained by the reduct ion of the flow densities and by the increase  of the mean free path of the par t ic les ,  
and for the example given, s tar t ing with H = 0.8 m, is a lmost  unchanged. The curve in Fig. 3 was obtained 
with the following experimental  conditions: QI = 12-10 -7 ma/sec;  Q2 = 12 .10  -7 m3/sec;  d l = 0 .75.10 -3 m; 
d 2 = 0.234.10 -3 m; D 1 = 0.03 m; Rp = 0.03 m; aM = ~r/12; v 2 = 0.98 m / s e c .  

dl, d2 
V1, V2 

Q1, Q2 

a h 
Rp 
D 

D1 

,:e M 
N 

NOTA TION 

are the particle diameters, m; 
are the particle velocities, m/see; 
are the flow rates, m3/see; 
is the parameter of the law of distribution at distance h, m; 
is the radius of undecomposed part of jet of liquid, m; 
IS the diameter of cross section of liquid jet at distance H, m; 
is the diameter of column of free-flowing component, m; 
is the relative fraction of colliding particles, %; 
is the maximum angle of flight of particles from the atomizer; 
is the total flow of solid and liquid particles per sec. 
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