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We examine the one-dimensional  motion of a compress ib le  d u s t - g a s  medium in tubes in the 
case of cri t ical  p re s su re  differences and great  f low-rate  concentrat ions of a finely dispersed 
mater ia l ,  with the la t ter  exhibiting various distribution s t ruc tures  in the flow. 

The motion of a compress ib le  d u s t - g a s  medium in tubes at great  p ressu re  differences is cha rac t e r -  
ized by a number of features  associated with the cr i t ical  conditions of the discharge of a two-phase medium, 
the nature of the distr ibution of the admixtures  in the flow, and with the conditions of the mechanical and 
thermal  interact ion between the c a r r i e r  medium and the admixtures.  A par t icular ly  significant effect is 
exerted on the charac te r i s t i c  features  of the flow by a change in the s t ructure  of the admixture d is t r ibu-  
tions. Motion with a ra ther  uniform distribution of solid par t ic les  through the c ross  section of the tube is 
found to occur  with large inlet veloci t ies  for the c a r r i e r  medium and is charac ter ized  by a substantial lag 
on the part  of the solid phase with respec t  to the c a r r i e r  medium. 

Another case of a s t ructura l  unique feature in the motion of admixtures for cr i t ical  p ressu re  dif- 
fe rences  cor responds  to the re la t ively low velocit ies of the c a r r i e r  medium at the inlet to the tube. In this 
case, as a resul t  of the settling out of the admixtures  we find the formation of a "plug" regime which - with 
an art if icial  regula r  and stable motion - exhibits fundamental features  that are in good agreement  with the 
requi rements  of h igh -p res su re  pneumatic t ranspor t  [7]. 

In this paper  we examine two ext reme variants  of s t ruc tura l  organization in a flow. In the f irst ,  we 
assume a uniform distribution for the suspended par t ic les  of the admixtures  in the lateral  c ross  section of 
the tube; in the second we deal with a case analogous to "plug" motion, in which the velocity of the c a r r i e r  
medium and that of the admixtures  are close in magnitude and differ only as a consequence of the limited 
f i l t rat ion of the gas through the packing. 

The famil iar  sys tem of differential equations of motion for  a two-phase medium 1-7] - derived 
through the averaging of integral equations, with all of the assumptions satisfying this averaging and the 
proper t ies  of the hypothetical heterogeneous medium - can be used as the basis ,  and validly so, for  an in- 
vestigation of the ease of one-dimensional  flow of a compress ib le  two-phase medium in the presence  of 
finely dispersed admixtures.  For  the case of one-dimensional  flow in a tube we make the assumption that 
it is possible to calculate the fr ict ional  res i s tance  in hydraulic form,  and this is in agreement  with the a s -  
sumption as to the l inear nature of the variat ion in the tangential s t r e s ses  in the lateral  c ross  section of 
the flow in a tube, for each component of the mixture separately.  

The sys tem of equations for the one-dimensional  flow of a compress ib le  two-phase medium in tubes 
can be presented in the following form: 

du dp )~L, epu~ _ e,plFL,, (1) 
epu-~ = - -  e d~ 2D 

dw dp 2iL,  
eipiw ~ -  = - -  e, d~ 2D ~tPiW2 -}- eipiFL*' (2) 
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whe re  k is the r e l a t i ve  coef f ic ien t  of hea t  capac i ty  

k = 1 --  ~tQ/% § lxp (n --  1)/pl• 

F is the f o r c e  of in t e rac t ion  be tween the gas  and the p a r t i c l e s  [8] 

1 § s R% 10 -~ (2.59 -I- ~ff I + (s R%) -~. 2.102) s -3'rs fp (U - -  W) 2 
' 2m 

L . ( q  - r) is the in tegra l  value of the d i f f e rence  between the heat  passed  through the tube wall  and the work  
of the f r i c t iona l  r e s i s t a n c e  f o r c e s ,  Re 6 = (u - w)6/u.  

The va lues  of the r e s i s t a n c e  f a c t o r s  X and X~ a r e  d e t e r m i n e d  f r o m  exper imen ta l  r e l a t ionsh ips .  F o r  
the c a r r i e r  med ium X = 0 . 3 1 4 / t / e  ~ when tle _< 105 while f o r  the t r a n s p o r t e d  f inely  d i s p e r s e d  m a t e r i a l s  
(soot, kaolin) we have Xj = (1.0-1.7) �9 107 ( p / p l ) / R e  1.1, where  Re = uD/v is taken f r o m  the ve loc i ty  of the 
c a r r i e r  f low (Re -< 105) [7]. 

The s y s t e m  of equa t ions  (1)-(7) is c losed  and can  be modif ied to a f o r m  convenient  fo r  invest igat ion.  
Us ing  (7) and (3) we exclude the p r e s s u r e  de r iva t ive  f r o m  (1) and (2). A s s u m i n g  Cp/C V =~t = cons t ,  we obtain 

dp O(• d ( h )  
d~ ~s d~ 7 /  (8) 

Replac ing  the de r iva t ive  dp /d~  in (1) and (2) f r o m  (8) and solving these  s imu l t aneous ly  for  the ve loc i ty  
de r i va t i ve s  du /d~  and dw/d~ ,  we will  obtain in d i m e n s i o n l e s s  f o r m  

dU _ L, ~ ( U ,  W) + ~(U,  W, ~') 
d~ D r  (U. W) + I3r (U, W) -{- Ca (U, W, 0') ' (9) 

dW L, ~'2(U, W) § ~2(U, W, 0'), 
d~ D r (U, W) -]- [~(P2 (U, W) q- Ca (U, W, ~') 

(lo) 

and, as a consequence ,  

dW ~-2 (U, W) + % (U, W, 03 
dO -- T,(U, W)+~ , (U ,  W, ~ ' )  (11) 

The h e a t - t r a n s f e r  equat ion (4), if we use  the enthalpy r e l a t ionsh ip  (3), can a l so  be b rought  to d i m e n s i o n l e s s  
fo rm,  i .e . ,  

dO O 

AW 1 • 
• 

We have in t roduced  the fol lowing notat ion into these  equat ions :  

t t  ~ j  
U =  W - -  

~" Rfo V ~ o '  
~[ /x,w 

W':t= 1 +,k~-U---iB r f l - l * ~ - -  
/ 

(• - -  1) Hi 

1 ( ~ - l )  l~cq" 
• ] 

0 

T o ' 

u - w  [ 1 - r  + ~)] + % 
W 

(12) 
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F i g .  1. a) D i m e n s i o n l e s s  p a r t i c l e  v e l o c i t y  W and  g a s  v e l o c i t y  U fo r  
6 = 2 0 . 1 0  -G m as  a f u n c t i o n  o f /~ :  1) # = 10; 2) 20; 3) 50; b) d i m e n -  
s i o n l e s s  c o o r d i n a t e  ~ = x / L , U  (1), W (2), and  7r (3) f o r  5 = 2 0 . 1 0  -6 
m and  # = 20. 

F i g .  2. C r i t i c a l  v e l o c i t i e s  W, and  U ,  a s  f u n c t i o n s  of t he  f l o w - r a t e  

c o n c e n t r a t i o n  # : 1) f o r  p a r t i c l e s  6 = 2 0 . 1 0  -~ m;  2) fo r  ga s  w i t h  A 
= 0; 3) the  s a m e ,  f o r  A = oo; 4) the  s a m e ,  f o r  i s o t h e r m a l  f low,  
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A -- qPt6~ ~ RTo, 
6 N u A L ,  

Nu = (2 + 0.495 R% o.55 pr0.as) (1 - -  10 e ~ (el < 3.10-3). 

The  v a l u e  of the  c o e f f i c i e n t  A fo r  f i n e l y  d i s p e r s e d  m a t e r i a l  c an  be  t r e a t e d  as  a c o n s t a n t  a v e r a g e  v a l u e  in 
the  t ight  of the  i n s i g n i f i c a n t  c h a n g e  in  the  Nu n u m b e r .  
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In s tudy ing  the  r i g h t - h a n d  m e m b e r  of (11) which  is the  o r i g i n a l  equa t ion  in the  n u m e r i c a l  me thod  of 
the  so lu t ion ,  we s e e  tha t  the  r e l a t i o n s h i p  betwee~_ the  d i m e n s i o n l e s s  v a l u e s  of the  v e l o c i t i e s  W and U is  
e s t a b l i s h e d  d i r e c t l y  when A = 0 o r  A - -  o~ and q - r = 0. It is  ev iden t  tha t  t h i s  cond i t ion  A = 0 c o r r e s p o n d s  

to t e m p e r a t u r e  e q u i l i b r i u m  b e t w e e n  the c o m p o n e n t s  of the  m i x t u r e  and is a c h i e v e d  unde r  p r a c t i c a l  c o n d i -  
t ions  wi th  a v e r y  s m a l l  s i z e  f o r  the  a d m i x t u r e  p a r t i c l e s  ( 6 - - 0 ) .  A n o t h e r  e x t r e m e  c a s e  A --oo o c c u r s  with 
a r a t h e r  high va lue  fo r  5 o r  a s  L . ~ 0  and,  a c c o r d i n g  to  (4), c o r r e s p o n d s  to  the  cond i t i on  d# /d}  = 0, in which  
t h e r e  is  no i n t e r p h a s e  hea t  t r a n s f e r .  In t h i s  s p e c i a l  c a s e  the  n u m e r i c a l  so lu t ion  of (11) l e a d s  d i r e c t l y  to the  
r e l a t i o n s h i p  W = f(L~. On the b a s i s  of th i s  r e l a t i o n s h i p  we can  so lve  (9), which e s t a b l i s h e s  the  d e p e n d e n c e  
of the  v e l o c i t i e s  W and U on the  c o o r d i n a t e  ~ fo r  the  e x t r e m e  h e a t - t r a n s f e r  cond i t i ons .  

The c r i t i c a l  cond i t ion  fo r  the  d i s c h a r g e  of a t w o - p h a s e  m e d i u m  c o r r e s p o n d s  to the  s i n g u l a r  point  on 
the i n t e g r a l  c u r v e s  of (9) and (10), f o r  which,  wi th  the  s a m e  va lue  of the d e n o m i n a t o r  of the  r i g h t - h a n d  
m e m b e r  equal  to  z e r o  

q)i, + ~ 2 ,  + (I3~, = 0, (13) 

the  d e r i v a t i v e s  dU/d~ and d W / d (  s i m u l t a n e o u s l y  t end  t o w a r d  inf in i ty .  Equa t ion  (13) e s t a b l i s h e s  the  r e l a -  
t i o n s h i p  b e t w e e n  the c r i t i c a l  f low p a r a m e t e r s ,  inc lud ing  the r e l a t i o n s h i p  b e t w e e n  the v e l o c i t i e s  U ,  and W ,  
[4]. It fo l lows  f r o m  (11) tha t  the  c r i t i c a l  va lue  of the  d e r i v a t i v e  (dW/dU) .  r e m a i n s  an e x t r e m e l y  l i m i t e d  
quan t i t y  of the  o r d e r  of fl, which  i n d i c a t e s  s u b s t a n t i a l  l a g  on the  p a r t  of the  admix;cure p a r t i c l e s  f r o m  the 
c a r r i e r  m e d i u m  in the  ou t l e t  c r i t i c a l  s e c t i o n  of the  tube .  

Le t  us e x a m i n e  the  m o t i o n  of a t w o - p h a s e  m e d i u m  with f i n e l y  d i s p e r s e d  h e a v y  a d m i x t u r e s  fo r  l a r g e  
f l o w - r a t e  c o n c e n t r a t i o n s  of the  l a t t e r ,  when p/pt < 0.001 and p > 5 and,  c onse que n t l y ,  fl is  s m a l l e r  than  
0.0002. To d e t e r m i n e  the p h y s i c a l  f e a t u r e s  of mot ion ,  in th i s  c a s e  we use  the p o s s i b l e  s i m p l i f i c a t i o n  of 
(9), (11), and (13), a s s u m i n g  tha t  /3 = 0. 

The c r i t i c a l  cond i t ion  (13) fo r  t h i s  f low in s u b s t a n t i a l l y  s i m p l i f i e d  and we wi l l  have  4,t = 0. Expand ing  
the va lue  of ~t and d e t e r m i n i n g  the  va lue  of the  c r i t i c a l  p a r t i c l e  v e l o c i t y  W. f r o m  th is  r e l a t i o n s h i p ,  f o r  A 
= 0 we ob ta in  

In the  a b s e n c e  of i n t e r p h a s e  hea t  t r a n s f e r  (A = co) in th i s  r e l a t i o n s h i p  we m u s t  a s s u m e  the  va lue  of k to be 
equal  to  uni ty.  It fo l lows  d i r e c t l y  f r o m  (14) tha t  W .  is  a func t ion  of the  in i t i a l  v a l u e s  of the  v e l o c i t i e s  W 0 
and U 0 and d i m i n i s h e s  wi th  an i n c r e a s e  in the f l o w - r a t e  c o n c e n t r a t i o n  p .  The va lue  of the  d e r i v a t i v e  (dW 
/dU) ,  = 0, m o r e o v e r ,  i n d i c a t e s  tha t  in f r o n t  of the  ou t le t  c r i t i c a l  s e c t i o n  of the  tube the  r a t e  of i n c r e a s e  in 
the g a s  v e l o c i t y  is  s u b s t a n t i a l l y  g r e a t e r  t han  the  r a t e  of i n c r e a s e  in p a r t i c l e  v e l o c i t y .  The  c r i t i c a l  tube  
length  L ,  in th i s  c a s e ,  a c c o r d i n g  to  (9), wi l l  be  

U, 

L, : DUo ~~ 2(D~dU U -- W (15) 
U + ~}~lWq)z + 2t~co (1--~2) 

W 

We see  f r o m  the  i n t e g r a n d  tha t  the  c r i t i c a l  l eng th  d i m i n i s h e s  wi th  an i n c r e a s e  in the f l o w - r a t e  c o n c e n t r a -  
t ion  # ,  with an i n c r e a s e  in the  d i s p e r s i o n  of the  a d m i x t u r e s  (w ~ 62), and in w e a k e r  f a sh ion  a s  the  f r i c t i o n a l  
r e s i s t a n c e  i n c r e a s e s .  To i l l u s t r a t e  the  a b o v e - c i t e d  po in t s ,  we underLook the  n u m e r i c a l  so lu t i on  of (11) and 
(9) by  the 1Runge-Kut t a  me thod .  We e x a m i n e d  the  f low in a tube  with a d i a m e t e r  of D = 0.027 m and the 
in i t i a l  p a r a m e t e r s  U 0 = 0.2, W 0 = 0.1, T o = 00 = 290~ P0 = 0.62 k g / m  3, Pt = 180 k g / m  3, CJCp = 1, % = Cp/C v 
= 1.4, (3 = 2 0 ~ ,  10#,  5 # ,  l t~ ,  /~ = 10, 20, 50, p = Po/Pl# = <0.00005,  with a i r  s e r v i n g  as  the  c a r r i e r  m e d i u m .  
F i g u r e  l a  shows  W a s  a funct ion  of U fo r  v a l u e s  of # = 10, 20, 50 when 6 -- 20 # .  The  c a l c u l a t i o n s  c a r r i e d  
out f o r  the  s a m e  p and 6 -<- 20 # f o r  v a r i o u s  i n t e n s i t i e s  of the  i n t e r p h a s e  hea t  t r a n s f e r  show the  v e r y  weak  
e f fec t  of a change  in the d i s p e r s i o n  of the  a d m i x t u r e s  (when 5 -< 20 #) on the i n t e n s i t y  of i n t e r p h a s e  hea t  
t r a n s f e r ,  and of the  f r i c t i o n a l  r e s i s t a n c e  on the func t ion  W = f(U), and in t h i s  connec t ion  the  d i s p e r s i o n  r e -  
m a i n s  v i r t u a l l y  c o n s t a n t  f o r  a l l  v a r i a n t s  of f low e x a m i n e d  h e r e ,  and in f i r s t  a p p r o x i m a t i o n  is  s u b j e c t  to  the  
fo l lowing  r e l a t i o n  (when # > 5) : 

W=Wo + l { [  1 +-2-Zk• Ug-g~W~ ) ]  (UU~ - -  ( I - -  z - - l ) }  (U - g ~ 2 1 5  
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F i g .  3. R e l a t i v e  c r i t i c a l  tube  length  L , / L , 1  a s  a func t ion  of the  c o n -  
c e n t r a t i o n  (1) and of the  s i z e  (2) of the  so l id  p a r t i c l e s .  L ,1  i s  the  
c r i t i c a l  tube  length  f o r / ~  = 10, 6 = 20 �9 10 -6 m,  U 0 = 0.9, W 0 = 0.1. 

F i g . 4 .  C r i t i c a l  v e l o c i t y  (1), in le t  v e l o c i t y  (2), and r e l a t i v e  c r i t i c a l  
tube  l eng th  L , / D  (3) a s  func t ions  of the  c o n c e n t r a t i o n  /~ f o r  the  e a s e  
of m o t i o n  wi thout  p a r t i c l e  l a g  (u, m / s e e ) .  

F i g u r e  l b  shows  the  a p p r o x i m a t e  n a t u r e  of the  d i m e n s i o n l e s s  v e l o c i t i e s  W, U, and the  r a t i o  7r = (p  - p , )  
/ (P0 - P,) a s  func t ions  of the  c o o r d i n a t e  ~. The  c r i t i c a l  v e l o c i t i e s  W ,  and U,  as  func t ions  of the  f l o w - r a t e  
c o n c e n t r a t i o n  # a r e  g iven  in F ig .  2. They  r e m a i n  v i r t u a l l y  unchanged  fo r  any i n t e n s i t y  of i n t e r p h a s e  hea t  
t r a n s f e r ,  but  the  in i t i a l  v e l o c i t i e s  W 0 and U 0 e x e r t  a s i g n i f i c a n t  e f fec t .  The d i m e n s i o n l e s s  c r i t i c a l  gas  
v e l o c i t y  U ,  wi th in  the  r a n g e  of v a r i a t i o n  10 -< # -< 50 in the f l o w - r a t e  c o n c e n t r a t i o n  fo r  an  a d i a b a t i c a l l y  
i n s u l a t e d  flow and wi th  an e q u i l i b r i u m  t e m p e r a t u r e  f o r  the  m i x t u r e  is  c l o s e  to  un i ty  in va lue ,  w h e r e a s  f o r  
a h o m o g e n e o u s  gas  (p = 0) when z = 1.4, we have  

U, = u,  V'-~lao --=- ] /2•215 + 1) = 1.08. 

In the  a b s e n c e  of i n t e r p h a s e  hea t  t r a n s f e r  ( k -  1), wi th in  the  s a m e  l i m i t s  fo r  p ,  the  c r i t i c a l  v e l o c i t y  
15, i n c r e a s e s  wi th  an i n c r e a s e  in /~ in the  l i m i t s  0.95 _< 15 ~ 0.5. The  c r i t i c a l  tube  l eng ths  fo r  f lows 
wi th  h igh  c o n c e n t r a t i o n  of f ine ly  d i s p e r s e d  a d m i x t u r e s  a r e  e x t r e m e l y  l i m i t e d  in m a g n i t u d e .  Thus ,  fo r  
e x a m p l e ,  f o r  # = 10 and 5 = 20 /; we  have  L , / D  = 5.01 f o r  the  a b o v e - i n d i c a t e d  i n i t i a l  p a r a m e t e r s .  The  
n a t u r e  of the  change  in L , / L , 1  is  shown in F i g .  3, f r o m  which  we see  t ha t  t h e r e  is  a s i gn i f i c an t  r e d u c t i o n  
in the  c r i t i c a l  l ength  as  the  f l o w - r a t e  c o n c e n t r a t i o n  and the  d i s p e r s i o n  of the  a d m i x t u r e s  i n c r e a s e .  T h e s e  
r e s u l t s  a r e  in good a g r e e m e n t  wi th  the  e x p e r i m e n t a l  and t h e o r e t i c a l  d a t a  of [5], but  t hey  s e r v e  as  a s i g n i f i -  
can t  r e f i n e m e n t  of the  c r i t i c a l  d i s c h a r g e  p a r a m e t e r s  f o r  a h e t e r o g e n e o u s  m e d i u m .  

The  p lug  r e g i m e  in the  mot ion  of a t w o - p h a s e  c o m p r e s s i b l e  m e d i u m  in t u b e s  is  c h a r a c t e r i z e d  b y  a 
v e l o c i t y  l a g  on the p a r t  of the  c a r r i e r  m e d i u m  with  r e s p e c t  to  the  t r a n s p o r t e d  m a t e r i a l ,  in p r o p o r t i o n  to  
the  f i l t r a t i o n  of gas  t h rough  the  p lug  s ea l  f o r m e d  b y  the  t r a n s p o r t e d  m a t e r i a l .  In t h i s  connec t ion ,  we a s -  
s u m e  tha t  w = nu, w h e r e  the  c o e f f i c i e n t  n - a func t ion  of the  f i l t r a t i o n  r a t e  - i s  a s s u m e d  to  be  cons t an t .  
E x a m i n i n g  the  con t inuous  mo t ion  of a c o m p r e s s i b l e  h e t e r o g e n e o u s  m e d i u m  unde r  t h i s  condi t ion ,  on the  
b a s i s  of (1) and (2), we f ind 

du 1 dp L,  (k -q- np, L i) u. (16) 
(1 q- Ixn) ~ = epu d~ 2D 

F o r  an a d i a b a t i c a l l y  i n s u l a t e d  flow, unde r  the  e x t r e m e  c ond i t i ons  of i n t e r p h a s e  hea t  t r a n s f e r ,  the  e n t h a l p y  
wi l l  be  

E l i m i n a t i n g  the  p r e s s u r e  g r a d i e n t  f r o m  (16), we f ind 
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where  

1 - -  ~ - -  1 [ z M ~ z2 ] / dz L, (~, + ~n~,i) d~, 
zk ~ + (1 + ~tn)(z - -  1) ~ 2(~-Zl~J] z = 2D (1 + ~n) 

z uplS _ 1 M=PtSV-B  
~nG e t ~nG 

(i8) 

Integrat ion of (18) under  the condition z = z 0 for  ~ = 0 leads  to 

{ ( ~ - - l )  M2 1 Z l  In •  M2 1 ) [  Z - - l l n  
zk (1 + ~n) z 0 -~k I + ~n 2 z0 --1 

_ L.  j (~ + ~nki) d~. 2D (1 + ~tn) 
o 

Z--ZO ] 
( z - - l )  (z o -  I) 

(19) 

The c r i t i ca l  tube length is de te rmined  f r o m  (19) for  ~ = 1 and z = z , ,  where  z ,  
p a r a m e t e r :  

~ /  2M2(•215 (1 -~- ~n) 
z, = 1  + 1 +  [2 •215  

is the c r i t i ca l  value of this 

whose value is de te rmined  for  the l imi t  condition f r o m  (18). Correspondingly ,  the c r i t i ca l  value for  veloci ty  
will be 

_ ~nGp,~ I_ V[2•215215215 (_1-Y ~n)]. u ,  ~ i + 

Charac t e r i s t i c  of this  flow, given high f low- ra te  concentra t ions  #,  is the re la t ive ly  smal l  c r i t ica l  d i scharge  
velocity,  as well  as the l a rge  c r i t i ca l  tube lengths, and the e x t r e m e l y  effect ive energy  balance of t r anspor t .  
To i l lus t ra te  the above, Fig. 4 shows U.,  U 0, and L . / D  as functions of the f low- ra te  concentra t ion for  the 
specia l  case:  D = 0.0027 m, #G = 0.14 kg / sec ,  p = 250 k g / m  3, p = 9.81.105 N/m,  T o = 300~ and n = 1. 
These  r e su l t s  a r e  in good ag reemen t  with the exper imenta l  data of [6, 7]. 

In conclusion, we note a substant ia l  d i f ference  in the c h a r a c t e r i s t i c s  of motion for  c o m p r e s s i b l e  
he te rogeneous  media  at c r i t i ca l  p r e s s u r e  d i f fe rences ,  and with la rge  f low- ra te  concentra t ions  in two sep -  
a r a t e  cases ,  cor responding  to the suspended state  of the admix tu res  and the quasiplug motion of the la t ter .  
In the f i r s t  case  the motion is poss ib le  only with sufficiently g rea t  initial flow veloci t ies  and it is c h a r a c t e r -  
ized by high cr i t ica l  gas ve loc i t i e s ,  a substant ia l  ve loci ty  lag o n t h e p a r t  of the admix tures ,  and e x t r e m e l y  
l imited c r i t i ca l  tube length. In the second case ,  the p r e sence  of re la t ive ly  smal l  c r i t ica l  ve loci t ies  and 
l a r g e r  c r i t ica l  tube lengths is c h a r a c t e r i s t i c  of the opt imum uti l izat ion of the gas energy,  which leads to 
the poss ib i l i ty  of t r anspo r t i ng  the admix tu res  over  grea t  d i s tances ,  at a high f low- ra te  concentra t ion of the 
l a t t e r  [6, 7]. 

U,W 

U, W 

P 
= x / L ,  

L ,  
~, e~ I 

P, PI 
D, S 
h 
Cp, CV~ C 1 

X = cp/ev;  
# 
T 
0 

N O T A T I O N  

are the velocities of the gas and of the particles, respectively; 

are the dimensionless gas and particle velocities; 
is the static pressure; 

is the dimensionless coordinate; 

is the critical tube length; 

are the volume concentrations; 

are the true densities; 

is the tube diameter and the cross-sectional area; 
is the gas enthalpy; 
a re  the heat  capac i t i es  of the gas and of the par t ic les ;  

is the f low- ra te  concentrat ion;  
is the gas t empe ra tu r e ;  
is the ave rage  par t ic le  t empera tu re ;  
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5, m, g, f 

R 
A 
G 

are, respectively, the average particle diameter, its mass, its surface area, and its mid- 
section; 
is the gas constant; 
is the coefficient of particle thermal conductivity; 
is the mass flow rate of the gas. 

Symbols 

* denotes the critical parameter; 
0 denotes the parameters referred to the inlet section of the tube; 
1 denotes the parameters which pertain to the solid phase. 
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