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EFFECT OF PARTICLE COLLISIONS ON THE MOTION AND INTERPHASE HEAT 
TRANSFER IN A VERTICAL TWO-PHASE FLOW 
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The mechanism of motion of a polydisperse material in a two- 
phase flow is largely determined by the collisions between particles 
of different sizes. This is of particular importance in calculating the 
heat and mass transfer between the solid phase and the transporting 
gas flow. 
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Fig .  1 

However, the collision process has not been thoroughly investigated. 
The present authors are familiar with two studies devoted to a theo- 
retical investigation of the motion of a multi-fraction material in a 
stabilized flow with absolutely elastic collisions between particles 
[t, 2]. Correctly assuming that in the presence of collisions the veloc- 
ities of particles of any size assume values in a certain range, the au- 
thors cited postulate that only particles with minimum (if collision 
leads to an increase in particle velocity) or maximum (otherwise) ve- 
locity in the corresponding range can participate in the collisions. 
This is a highly idealized model. 

The method of solving the equation of motion of the solid phase 
proposed in [1] is based on replacement of the actual polydisperse 
material by a certain conventional single-fraction material consisting 
of so-called equivalent particles, whose velocity (and diameter) is 
determined from the conditions of equality of the true and flow con- 
centrations of the actual and conventional dispersed materials. It is 
assumed that the equivalent particles represent the center of gravity 
of the disperse material in the flow, so that for these particles the 
interactions with smaller and larger particles are in balance. On this 
basis the author proposes to replace the action of the entire system of 
particles of polydisperse material on a particular particle by the action 
of equivalent particles of corresponding concentration. The proposed 
model and its mathematical description are debatable. In the section 
that follows another method of solving the problem is proposed. 

w Laws of par t i c l e  c o l l i s i o n  in a two-phase  f low.  
We s h a l l  c o n s i d e r  the  s i m p l e  c a s e  w h e n  the  d i s p e r s e d  

m a t e r i a l  c o n s i s t s  of  s p h e r i c a l  p a r t i c l e s  of two d i f f e r -  

e n t  s i z e s .  We a s s u m e  tha t  p a r t i c l e s  wi th  any  v e l o c i -  

t i e s  in the  r a n g e s  of  p o s s i b l e  v e l o c i t y  m a y  p a r t i c i p a t e  

in a c o l l i s i o n  and  tha t  c o l l i s i o n s  t ake  p l a c e  on iy  b e -  

t w e e n  p a r t i c l e s  of d i f f e r e n t  s i z e s .  M o r e o v e r ,  we s h a l l  

n o t  c o n s i d e r  t u r b u l e n t  f l u c t u a t i o n s  of t he  g a s  f l ow.  We 

a s s i g n  the  s u b s c r i p t  1 to t he  l a r g e r  p a r t i c l e s ,  and  the  

s u b s c r i p t  2 to t he  s m a l l e r  o n e s .  

We s h a l l  c o n s i d e r  a s e c t i o n  dL  of the  f l ow l a r g e  

enough  to a c c o m m o d a t e  a c o n s i d e r a b l e  n u m b e r  of  p a r -  

t i c l e s  of bo th  f r a c t i o n s ,  but  s m a l l  enough  c o m p a r e d  

with the scale of variation of the velocities and con- 
centrations of the disperse material. In the time in- 
terval d7 a certain large particle collides with those 

small particles whose centers lie at the beginning of 

t he  i n t e r v a l  d r  w i th in  a c y l i n d e r  w h o s e  b a s e  is  a c i r c l e  

of  d i a m e t e r  6t + 6~ and w h o s e  h e i g h t  i s  equaI  to (u z - 
- uz)d'r ( h e r e  6 i s  the  p a r t i c l e  d i a m e t e r ,  and u i s  the  

v e r t i e a l  c o m p o n e n t  of i t s  v e l o c i t y ) .  L e t  the  t r u e  vo l -  

u m e  c o n c e n t r a t i o n  of s m a l l  p a r t i c l e s  on the  s e c t i o n  

d L  b e  equa l  to f12 = w~;/u2 [3], w h e r e  w is  t he  gas  f low 

v e l o c i t y ,  and  l?' i s  the  f low v o l u m e  c o n c e n t r a t i o n .  S ince  

u n d e r  a c t u a l  c o n d i t i o n s  the  v o Iu me  c o n c e n t r a t i o n  of 

s o l i d s  in the  f low i s  low,  it m a y  be  a s s u m e d  tha t  c o l -  

l i s i o n s  in w h i c h  m o r e  than  two p a r t i e l e s  p a r t i c i p a t e  

a r e  i m p r o b a b i e  [4], and Only p a i r  c o l l i s i o n s  n e e d  b e  

c o n s i d e r e d .  A c c o r d i n g l y ,  the  m e a n  f r e e  t i m e  f o r  a 

l a r g e  p a r t i c l e  

2 (~23u2 
AWl - -  3 ( ~ l ~ . 2 ) 2 ~ = ' ( u 2 - - u ] )  ~L' " ( 1 .  I )  

A similar expression can be obtained for the small 

particles. 

Calculations show that the particles in the flow ex- 

perience very frequent collisions. Thus, at 61 = 1 ram, 

6 2 = 0 . 1 r a m ,  fi2 = 4 " 1 0  - 3 m a / m  3, fil = 2 " 1 0  - 3 m ' J / m  3, 

u2 - ul = 5 m / s e t ,  a l a r g e  p a r t i c l e  e x p e r i e n c e s  m o r e  

than  35 t h o u s a n d  c o l l i s i o n s  p e r  s e c o n d ,  and a s m a l l  

p a r t i c l e  abou t  20 t h o u s a n d .  A c c o r d i n g l y ,  in the  f i r s t  

a p p r o x i m a t i o n  we can  r e p l a c e  the  d i s c r e t e  i n t e r a c t i o n  

of t he  f r a c t i o n s  by  a c e r t a i n  c o n t i n u o u s l y  a c t i n g  f o r c e  

F i  = rnihui  / hxi . (1 .2)  
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Fig. 2 

H e r e ,  Au i s  t h e  c h a n g e  in p a r t i c l e  v e l o c i t y  due  to 

a single collision, and m is the particle mass. In this 

case, it is possible to consider not ranges of values 

of the velocity of the particles of each fraction, but 

certain mean values. 

For an absolutely elastic glancing collision between 

particles with absolutely smooth surfaces the average 
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c h a n g e  in the  v e r t i c a l  c o m p o n e n t  of the  v e l o c i t y  of a 

l a r g e  p a r t i c l e  [1] 

Aua = (us - -  u~) ms / (m~ + ms), ( 1 . 3 )  

In t h i s  c a s e  the h o r i z o n t a l  c o m p o n e n t s  of the  p a r -  

t i c l e  v e l o c i t i e s  m a y  be  d i s r e g a r d e d  [1]. It is  e a s y  to 

s e e  tha t  if the  c o l l i s i o n s  a r e  no t  c o m p l e t e l y  e l a s t i c ,  
Eq. (1.3) m u s t  be  r e p l a c e d  wi th  the  f o l l o w i n g  equa t ion :  

AUl -- I + k  m2 
2 .,~ + ,n~ ( ~  - -  u~)' (1 .4)  

As an example we have calculated the heating of a material com- 
posed of two fractions ina  flow with 5~= 5mm, 62 = 0.5ram, w 0= 
= 40 m/sec, ul0 = uz0 = 0, t* 0 = 800 ~ C, t~0 = t20 = 0 ~ C, k = i (here t 
is the temperature of the material, t* the temperature of the gas, and 
the subscript 0 indicates that the quantity relates to the initial section 
of the flow). Figure 1 shows the variation of the velocities u and w 
(m/sec), and Fig. 2 the variation of the gas temperature t* (~ alad 
particte temperature t (~ aloug the length of the flow (continuous 
lines). For comparison, the broken lines represent the results of a cal- 
culation made without allowance for coihsions [5]. Curves 1 in Figs. 
1 and 2 relate to the large particles, 2 to the smaller particles, and 3 
to the gas. 

w h e r e  k i s  the  c o e f f i c i e n t  of r e s t i t u t i o n ,  which  d e p e n d s  

on the  e l a s t i c  p r o p e r t i e s  of the  c o l l i d i n g  b o d i e s  and  

t h e i r  r e l a t i v e  v e l o c i t y .  A s i m i l a r  e x p r e s s i o n  can  b e  

w r i t t e n  f o r  the  s m a l l  p a r t i c l e s .  

K e e p i n g  in m i n d  (1 .1 ) ,  (1 .2 ) ,  and (1 .4 ) ,  we w r i t e  

the  e q u a t i o n s  of m o t i o n  of the  p a r t i c l e s  in a t w o - p h a s e  

f low [3] : 

m/sec ~ . ~  J\ J 
6 tl, 7.# ~--a , . .  

" " " 4 . - . . . . . .  

#.5 - - " ? - " -  ~ 

3 .11 
'X 

\L,n 
~,5 1.o 

dul f / w - - ' u l ~  '~' 13 
a~-~ = g Lt---~---, ) - -  J + F i g .  4 

-4 3 ( i - ~ - k ) , , ~ ( 6 ~ + 8 ~ ) 2 ~ ; ( ~ - - ~ ) ~  ( 1 . 5 )  
4 ml + m2 5~ 8 u~ ' 

" l b '  - -  ~ t  2 ~ '  u I 

3 (~+  k) ,~i (6~ + 6~)~I,  (u~ - .~)~ (I. 6) 
4 m~ T m., 57 u2 

Here, v is the critical particle velocity, n is an ex- 
ponent taking values from I to 2 depending on the value 
of the Reynolds number [3]. Equations (1.5) and (1.6) 
have been reduced to a single independent variable, 
the time scale associated with the motion of the large 
particles. 
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Fig. 3 

In the  c a s e  of an i s o t h e r m a l  f low s y s t e m  (1 .5 ) ,  (1.6) 

i s  c l o s e d .  In the  p r e s e n c e  of i n t e r p h a s e  h e a t  t r a n s f e r  

s y s t e m  (1 .5 ) ,  (1 .6 )  m u s t  b e  s u p p l e m e n t e d  wi th  the  h e a t  

t r a n s f e r  e q u a t i o n s  f o r  b o t h  f r a c t i o n s  and  the  h e a t  b a l -  

a n c e  e q u a t i o n  [5]. The  s y s t e m  of e q u a t i o n s  t hus  o b -  

t a i n e d  can  e a s i l y  b e  s o l v e d  by  the  m e t h o d  of f i n i t e  d i f -  

f e r e n c e s .  

It is clear from Fig. 1 that the presence in the two-phase flow of 
a fine fraction considerably increases the velocity of the large pard. 
cles at all sections of the flow, particularly at a considerable distance 
from the initial section. For example, collisions lead to an increase 
in the velocity of the large particles on the stabilized section of the 
flow from 5.7 to 13 m/sec. At the same time, the reduction in the 
velocity of the fine particles due to collisions is inconsiderable. 

Particle collisions cause the relative velocity (and hence the rate 
of heat transfer) to increase for small particles and decrease for large 
ones. Moreover, under the influence of collisions the dwell time of 
the particles in a certain section of the heater tube decreases markedly 
for large particles and increases somewhat for fine ones. These factors 
considerably increase the degree of nonuniformity of heating of a poly- 
disperse material and lead to an increase in the maximum temperature 
to which the fine particles are heated in the flow, which is often in- 

admissible for technical reasons, In the presence of collisions a heater 
tube of considerably greater length is required to heat the coarse frac- 
tion to a given temperature, since the heating rate for coarse pard- 
cles is reduced. 

We s h a l l  e x t e n d  the  r e s u l t s  o b t a i n e d  to the  c a s e  of  

a d i s p e r s e d  m a t e r i a l  wi th  a c o n t i n u o u s  p a r t i c l e  s i z e  

d i s t r i b u t i o n .  L e t  the  f r a c t i o n a l  c o m p o s i t i o n  of the  s o l i d  

p h a s e  b e  c h a r a c t e r i z e d  by  a d i s t r i b u t i o n  f u n c t i o n  x (5 ) ,  

w h i l e  dfi' = x ( 6 ) d h .  The  p r o b l e m  r e d u c e s  to f i n d i n g  the  

f u n c t i o n s  u = u(6)  on the  s t a b i l i z e d  anc~ u = u ( 5 ,  L) and 

t = t ( 5 ,  L) on the  a c c e l e r a t i o n  s e c t i o n  of  t he  f low.  

We s h a l l  c o n s i d e r  two f r a c t i o n s  w h o s e  p a r t i c l e  s i z e s  

l i e  on the  i n t e r v a l  (61, 6~ + dhl)  and  (62, 62 + d6~). The  

a c t i o n  of the  s e c o n d  f r a c t i o n  on the  f i r s t  i s  g iven  by 

3 (1 + k) rn~(51 + 52)2w ue-- ul~u 2 Ul]X d~. (I. 7) 
4 m ~ +  m~ 628 u2 

Integrating (I. 7) over the interval of variation of 
the particle size and keeping in mind the gravity force 
and aerodynamic drag, after transformations we ob- 
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tain the equation of motion of the d i spersed  ma te r i a l  
on the s tabi l ized sect ion of the flow: 

_ l l w  - -  u ( 5 ] ) \  TM ~ 3  

a> ( , )  _=__ ~ L t - - ~  ) -.,]+ 

+ 3 ( 1  + k ) w •  
4 

8max 

(~) u 

~lnill 

- u ( 6 j  l z ( ~ )  d6 ,  = 0 .  (1.8) 
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Equation (1 .8)  can be so lved quite eas i l y  on a com-  
puter by the cut -and- try  method. In this  case  the pro- 
posed method of ca lculat ing  the part ic le  v e l o c i t i e s  
does not involve  a greater  vo lume of computation than 
the method proposed in [11. 

On the acce lera t ion  sect ion  the sum of the forces  
act ing on a part ic le  is  obvious ly  equal to its a c c e l e r a -  
tion 

0u (51, ~l)/OTi =- ~ (u). (1.9)  

In the g iven case  the equations of interphase  heat 
t rans fer  [5] can a lso  be writ ten without modif icat ion.  

The change of gas  temperature  on the sec t ion  dL 
due to heat exchange with par t i c l e s  of the fract ion (61, 
61 + d61) i s  [5] 

d ~ t  * : ~ c,P~-~ x (6J doodle. (1 .10)  
c 9  

where c, o, c*, p* a r e  the specif ic  heat  and dens i ty  
of the so l id  and gas phases ,  r e s p e c t i v e l y .  Integrating 
(1. i0) with the init ial  condit ions It* = to*, t(51, rl) = 
= t( 61,0)]', after  tra i l s format ions  we obtain the heat 
ba lance  equation 

$max 

cp f 
t* - -  t o * - -  c P  .groin 

[t (61, "q) - -  t (61, O)lx(6Jd6t .  (1,11) 

The sys t em of equat ions obtained fo r  the a c c e l e r a -  
t ion sec t ion  [ (1 .9) ,  (1 .11) ,  heat t rans fer  equations] 
can be so lved by the method of nets .  In this  e a s e  the 
required funct ions m u s t  be known in the ini t ia l  sec t ion  
of the f low. 

Using the above method,  we ca l cu la t ed  the mot ion  of a dispersed 

m a t e r i a l  in a two-phase  flow (for s impl ic i ty ,  i so thermal  condit ions 

were considered)  at  5mi n = 50 microns,  5ma x = 5 tara,  x(5) = const = 
= 0 . 4  m -i ,  k = 1, in the i n i t i a l  sect ion u(6) = O, Cer ta in  results of 

the ca l cu l a t i on  are presented in Fig. 3. Curves 1 - 6  re la te  to the ac -  

ce le ra t ion  sect ion,  curve ~/ to the s tab i l i zed  sec t ion .  For comparison,  

we have  presented the pa r t i c l e  uniform ve loc i ty  distr ibution without 

a l lowance  for coll isions (curve 8). As can be seen from Fig. 3, tile 
smal l  pa r t i c les  very quickly  a t ta in  ve loc i t i es  close to their  uniform 

ve loc i t ies .  Therefore,  close to d~e i n i t i a l  section (curves 8, 8) the 
range of ve loc i t ies  of par t ic les  of d~e dispersed m a t e r i a l  is very broad. 
Subsequently, the ve loc i ty  of die fine fractions varies slowly, while 
the ve loc i ty  of the large par t ic les  continues to increase owing to col -  

l isions with f ine par t ic les  and the ac t ion  of the aerodynamic  drag, as 
a result  of which the range of par t ic le  ve loc i t ies  contracts .  

We shal l  now examine  the basic properties of the method of a11o,, - 
ing for par t ic le  col l is ions described by S. I. Shabanov in [1]. 

The true volume concentra t ion of the dispersed ma te r i a l  in the 
flow is [3] 

5max 
~c(6) 

d6. (1.12) 

5mi n 

With account  for (1, 12) the ve loc i ty  of t he  equiva len t  part icles  
considered in [1] is equal  to 

5max x (6) - I  
- -  d8 Ue=[~'[~. .n u(6) ] (1.13) 

and their  d i ame te r  6e can  be de te rmined  from curve 2 in Fig. 3. 
The size 5. of the par t ic les  of the fraction for which the in te rac -  

t ions with smal le r  and larger  pa r t i c l e s  are in ba lance  is de termined 

from the condi t ion that the in tegra l  on the lef t  side of (1 .8)  is equal  
to zero.  Obviously,  the d iamete r  of these par t ic les  is equal  to the 

abscissa of the  point of intersect ion of curves q and 8 in Fig. 3. 

As follows from (1.12),  the size 5 ~ of the par t ic les  representing 

the center  of gravi ty  of the dispersed m a t e r i a l  in the flow can be de-  
te rmined  from the equation 

5ma• go 

I ~ (~) d8 = 2 ~ ~ (6) d8 (1. i4) 

Thus, the three quant i t ies  6e, 5..:, 5 ~ are determined from three 
different  condit ions,  and in the genera l  case the assumption made  in 

[1] tha t  they are equal  is only a very rough approximat ion .  For ex-  

ample ,  in the ca l cu la t ion  ment ioned above,  these quant i t ies  t ake  the 

fol lowing values  on the s tabi l ized section of the flow: 5e = 2 .22  ram;  

~o, : 1 .53  m m ;  g = 2 .73  m m .  

The method of solving the equations of mot ion of a dispersed m a -  
t e r ia l  proposed in [1] is to apply the mean  va lue  theorem to the in -  

t eg ra l  depending on the parameter :  

~max 

Stain 

~ + <8> ~ (<5>) -- u (6,) 
Ix 6p + <6> ~ -- 5, <6> u (<8>) 

X u (<~>)-- u (6,)[x(<8>) (Sma x- 8rain). (1.15) 

In this case it i s  assumed that  the m e a n  va lue  <6) = const = 5e. 

However,  as i t  is easy to see from (1.15), in the  genera l  case <6> = 

= (6> (61), and the values  of this function may  vary wi thin  qui te  wide  

l imi ts .  Thus, in the  above -men t ioned  example  the quantity <6> takes  

the fol lowing values:  

6r,rrara 0.05 0.2 0.5 i 2 5 
(6},  mra 2.25 4 1.25 1.54 1,38 1 7 5 .  

w Motion and heat  t r a n s f e r  of pa r t i c l e s  of v a r i -  
able m a s s  in a two-phase  flow, Under ce r t a in  tem-  
p e r a t u r e  and hydrodynamic  condit ions co l l i s ions  be -  
tween the pa r t i c l e s  of a mul t i f rac t ion  m a t e r i a l  may 
lead to agg lomera t ion  ( thermal  granulat ion)  of the 
d i spe r sed  m a t e r i a l .  In o r d e r  to ca lcula te  this p rocess ,  
it  is f i r s t  n e c e s s a r y  to solve two assoc ia ted  p rob lems :  
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to e s t a b l i s h  the  l aw of p a r t i c l e  c o l l i s i o n  ( s e e  w and  

the  l a w s  of m o t i o n  and  h e a t  t r a n s f e r  of p a r t i c l e s  w h o s e  

m a s s  v a r i e s  a l o n g  the  l e n g t h  of the  f low owing  to the  
c o n t i n u a l  a d h e s i o n  of o t h e r  i n d i v i d u a l  p a r t i c l e s  o r  a g -  
g r e g a t i o n s .  

In o r d e r  to s o l v e  t he  s e c o n d  p r o b l e m ,  we s h a l l  c o n -  
s i d e r  the  s i m p l e  e a s e  of a t w o - f r a c t i o n  m a t e r i a l ,  w h e n  
u n d e r  g i v e n  t e m p e r a t u r e  a n d  h y d r o d y n a m i c  c o n d i t i o n s  
a c e r t a i n  f r a c t i o n  of the  p a r t i c l e  c o l l i s i o n s  l e a d s  to 
a g g l o m e r a t i o n .  

We s h a l l  a s s u m e  t h a t  the  c o n d i t i o n s  a d o p t e d  in  w 

a r e  s a t i s f i e d .  M o r e o v e r ,  in  the  f i r s t  a p p r o x i m a t i o n  
we s h a l l  c o n s i d e r  t h a t  in  the  p r o c e s s  of t h e r m a l  g r a n -  
u l a t i o n  t h e  g r o w i n g  p a r t i c l e s  p r e s e r v e  t h e i r  s p h e r i c a l  
s h a p e .  

We w r i t e  the  e q u a t i o n  of m o t i o n  of a p a r t i c l e  of 

v a r i a b l e  m a s s :  

d d ~  . ( 2 .1 )  d'c--~ (rnlu~) = - -  P l  -t- Fla @ F l  "Jr- u~ --f~- 

Here P is the weight of the particles, F a is the 

aerodynamic drag, F is a continuously acting force 

equivalent to the action of the small particles in col- 
lisions that do not lead to agglomeration (w The 
subscripts I and 2 relate to the large and small par- 
ticles, respectively. 

In a time AT~ (1.1) the mass of a large particle in- 

creases on the average by (tim 2 (q) is the fraction of 
collisions leading to agglomeration of the colliding 

particles). Since, in practice, a large particle ex- 

periences very frequent colligions (w we substitute 
for the discrete change in its mass the continuous 
variation 

dm~ / d ~  ~ q~m~ / h ~  

and  a f t e r  t r a n s f o r m a t i o n  we o b t a i n  

am, ~ ( 2 . 2 )  d ~  - -  ~ ~pw (~  + ,5~) '~ l~-~' '~-' u.-~ ~' 

In t h i s  c a s e  t h e  e x p r e s s i o n  f o r  Fa (w m u s t  b e  

m u l t i p l i e d  b y  (1 - q)); t h e n  

F ,  = T3 (t  - -  ~) (1 -:- k) m~m~m~ + m~ (6, + (i~)~ w ~ ' 5 7  (u~--u,?u. ( 2 . 3 )  

S u b s t i t u t i n g  ( 2 . 2 )  a n d  ( 2 . 3 )  a s  w e l l  a s  the  v a l u e  

of  F t a  f r o m  [3] in to  (2 .1) ,  a f t e r  t r a n s f o r m a t i o n s  we  
o b t a i n  

d,,, = g [{,v--  u, i ' " - -  t l  @ ( 2 . 4 )  d'~ L ~. v~ / . 

A s  b e f o r e ,  t he  m o t i o n  of the  f i n e  p a r t i c l e s  o b e y s  

Eq.  (1 .6) ,  in t h e  r i g h t  s i d e  of  w h i c h  t he  s e c o n d  t e r m  
m u s t  b e  m u l t i p l i e d  by  (1 - cp). 

A f t e r  s u b s t i t u t i n g  in ( 2 . 2 )  t he  v a l u e  rn~ = ]/~npS~ ~ 

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

(16, _ cpw (6~ + 5~ '~2a , ~ - -  m ( 2 . 5 )  

F r o m  the  a s s u m p t i o n  r e g a r d i n g  the  a b s e n c e  of co l -  

I i s i o n s  b e t w e e n  p a r t i c I e s  of t he  s a m e  s i z e  i t  f o l l o w s  

t h a t  the  n u m b e r  of l a r g e  p a r t i c l e s  d o e s  no t  v a r y  a l o n g  
the  l e n g t h  of t he  f low; t h e r e f o r e  

p* ;* / 61 \:~ ( 2 . 6 )  

S i n c e  the  t o t a l  f low c o n c e n t r a t i o n  i s  c o n s t a n t ,  

p* 

[\8~, / ' " 

w h e r e  # i s  t he  m a s s  f low c o n c e n t r a t i o n .  
The  h e a t  t r a n s f e r  e q u a t i o n  f o r  t he  f i n e  p a r t i c l e s  i s  

no t  a s s o c i a t e d  wi th  the  p r o c e s s  of a g g l o m e r a t i o n  and  

c a n  b e  u s e d  in i t s  f i n i s h e d  f o r m  [5]. In c o n s i d e r i n g  
t he  h e a t  t r a n s f e r  of the  g r a n u l e s  i t  i s  n e c e s s a r y  to 
t a k e  in to  a c c o u n t  the  d i f f e r e n c e  in t e m p e r a t u r e s  of 

t he  a d h e r i n g  p a r t i c l e s .  
L e t ,  a t  a c e r t a i n  s e c t i o n  of t he  f low,  the  p a r t i c l e s  

of  t h e  two f r a c t i o n s  b e  a t  t e m p e r a t u r e s  t l  and  t2, and  

l e t  t he  m a s s  c o n c e n t r a t i o n  of l a r g e  p a r t i c l e s  b e  e q u a l  
to  g t .  In t h i s  s e c t i o n  the  e n t h a l p y  of the  c o a r s e  f r a e -  

t i o n  i s  il = e~ff l .  
D i f f e r e n t i a t i n g  t h i s  e x p r e s s i o n ,  we f ind  

di~ = c (bhdl~ + tld~l ) . ( 2 . 8 )  

C o n s i d e r i n g  t h a t  t he  e n t h a l p y  of  the  g r a n u l e s  i n -  

c r e a s e s  a s  a r e s u l t  b o t h  of i n t e r p h a s e  h e a t  t r a n s f e r  

and increase in mass, we can write 

dq = c [~ (dt~/d~,)* d~ + tfl~,], (2.9) 

w h e r e  (dt l /d~- l )*  i s  t h e  r a t e  of v a r i a t i o n  of t he  t e m -  

p e r a t u r e  of t he  c o a r s e  p a r t i c l e s  due  to h e a t  e x c h a n g e  
w i t h  t he  g a s  [5]. F r o m  ( 2 . 8 ) ,  (2 .9 )  we o b t a i n  

dh  __ { dtl ~1" t, - - t  1 d~l I ( 2 . 1 0 )  

F i n a l l y ,  t he  h e a t  b a l a n c e  e q u a t i o n  i s  w r i t t e n  in 

t h e  f o r m  

dr* c ] ( dt~ ~* dt2 "1 (2. 11) 
L + 

By m e a n s  of  t he  s y s t e m  of e q u a t i o n s  ( 1 . 6 ) ,  ( 2 . 4 ) -  

(2.7),  (2.10),  (2 .11)  t h u s  o b t a i n e d  we  c a n  c a l c u l a t e  

t h e  v a r i a t i o n  of  t h e  v e l o c i t i e s ,  t e m p e r a t u r e s ,  and  

c o n c e n t r a t i o n s  of b o t h  f r a c t i o n s ,  a s  we l l  a s  t he  d i -  

a m e t e r  ( o r  m a s s )  of t he  c o a r s e  p a r t i c l e s  a l o n g  the  

l e n g t h  of the  f low.  T h i s  s y s t e m  c a n  b e  s o l v e d  by  t he  

m e t h o d  of f i n i t e  d i f f e r e n c e s .  

As an example, we have calculated the heating and motion of a 
dispersed material with 610 = 1 ram, 52 = 0.1 ram, w0 = 8 m/sec, 
~10 = �89 = 0.738kg/kg, ~0= 1, t'~= 800~ ~10 =t20= 0~ ulu= u20 = 
=0 .  

Figures 4 and 5 show the variation of the velocity and the tem- 
perature of gas and particles of both fractions along the length of the 
flow. Curves 1 relate to the coarse particles (granules), 2 re the fine 
particles, and 3 to the gas. 

In a certain section of the flow (section A-A in Fig. 4) the ve- 
locity of the large particles falls to zero, which is attributable both 
to a fall in the temperature of the gas flow and to an increase it, the 
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mass of the particles. In that section the coarse particles begin to 
fall out of the flow. Given a suitable choice of the quantity w 0 [6] 
the process will be stationary for any flow length, i . e . ,  the coarse 
particles will be entrained to infinity. 

The curves of temperature variation for the two fractions are of 
roughly the Same nature as for nonisothermai flow without agglomera- 
tion of the particles [5]. Agglomeration leads to more rapid heating 
of the coarse particles, since small particles at a higher temperature 
participate in granule formation. 

The above analysis of the process of thermal granulation of a dis- 
persed material in the suspended state shows that this effect can pro- 
vide a basis for the development of new high-intensity technological 
processes in many branches of industry, such as the production of ce- 
ment clinker, the agglomeration of ion ore, etc. [7]. 
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