
S T R U C T U R E  OF E Q U I L I B R I U M  P S E U D O T U R B U L E N C E  I N  G A S E O U S  

S U S P E N S I O N S  IN  C O N D I T I O N S  OF L O C A L  N O N H O M O G E N E I T Y  

Yuo A .  Buevich a n d  V.  G.  M a r k o v  

In s t r eams  of dispersed sys tems  there are  intense pulsations of the par t ic les  and of the fluid phase. 
Such pulsative motion (termed hereaf ter  Npseudoturbulence~) usually has a definitive influence on the 
format ion of the rheological  proper t ies  of the dispersed sys tems  and on the intensity of the t ranspor t  
p rocesses  taking place therein.  

The mechanism of the occur rence  of pseudoturbulent motions, associa ted with the work of the 
external field forces ,  and of the viscous phase interaction forces  on the fluctuations of the dispersed 
sys tem concentration, is d iscussed in detail, for  example, in [1] for the example of a fluidized bed. 
Phenomenologically,  the presence  of pseudoturbulence is expressed in deviation of the true instantaneous 
local values of the velocit ies of the fluid and the par t ic les ,  of the bulk concentrat ion of the sys tem,  and of 
the p r e s s u r e  f rom the corresponding mean values v ,w,  p, and p (termed hereaf ter  the ~dynamic var iables") .  
The hydrodynamic model of an a rb i t r a ry  d ispersed sys tem was proposed in [2]. In the following the 
resul ts  of [2] are  applied to the study of steady pseudoturbulence in an infinite s t r eam of a gaseous s u s -  
pension, provided the gradients of all the dynamic var iables  other than the p r e s s u r e  p a re  negligibly 
small~ We t e r m  such pseudoturbulence "equil ibrium." In this study we examine only the "nonhomogeneous '  
reg ime,  when there is aggregation of the par t ic les  in the sys tem.  Specifically, the mean square velocities 
of the phase pulsations in this reg ime,  the effective diffusion coefficients in different direct ions,  and other 
pseudoturbulence charac te r i s t i c s  are  calculated.  The dimensions of the nonhomogeneities which develop 
a re  est imated and a cr i te r ion  for  onset  of the nonhomogeneous pseudoturbulence regime is obtained. 

1. Spectral Measures and Densit ies.  We examine in the following the devia t ionsv ' ,  w ' ,  p',  p' as 
random functions of the coordinates and t ime. Any such deviation can be represented  in the form of the 
Four ie r - -S t i e l t j e s  s tochast ic  integral ,  for example, 

p' (t, r) = I e~t+k~) dZ 

where dZp is the spectral  measure  of the random process  p' (t, r) .  The proper t ies  of the spectral  measures  
and the rules  for calculating the various corre la t ion  functions of the random p rocesses  in question are  
described,  for example,  in [3]. The equations for the spectra l  measures  dZv, dZw, dZp, dZp were obtained 
and solved in [2]. Their  solution for  the case of a gaseous suspension, when gravity, momentum, and the 
viscous s t r e s se s  in the gas can be neglected have the form 

~co4#Kp F to ( ~ + - - - U f - - p  dinK ~uk ldZ  p 
d Z p = - -  i i o ~ O _ ~ ) + ~ K l k ~ . L ~ _ p  + 

oJ t din K ~ uk ks u dZo (1.1) dZ~= ~ +  ~ +  dp ) dp 

9ZOo ~o ~ __ dx 
~ " - - ~ a 2  ,, v0-- 4j ' 4~ ' u = v - - w  

Here dl and d 2 are  the densities of the gas and the part icle  mater ia l ,  a is the par t ic le  radius,  #0 is 
the gas viscosit3r, and K = K(p) [K(0) = 1] is a function indicating the factor  by which the viscous force 

Moscow. Transla ted  from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki,  Vol. 10, No. 5, 
pp. 49-61, September-October ,  1969. Original ar t ic le  submitted April 8, 1969. 

�9 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 g/est 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 copy of this article is available from the publisher for $15.00. 

731 



acting f rom the ca r ry ing  gas s t r e a m  on the par t ic le  in the concentra ted  gaseous  suspension,  in which the 
re la t ive  posit ion of the pa r t i c les  is constant,  i n c r e a s e s  in compar i son  with the Stokes force  act ing on an 
isolated pa r t i c le .  

Relat ions (1.1) make it  poss ib le  to exp res s  the spec t ra l  densi t ies  ,I~p, ~b(co, k) of the a r b i t r a r y  random 
p r o c e s s e s  ~P' (t, r) and r (t, r) in the f o r m  of functions of the dynamic va r i ab le s  and the spec t r a l  density 
�9 p,p(w, k) of the random p roces s  p' (t, r ) .  We have the r ep resen ta t ions  

(D o 

~F,~i,~; (co, k) - -  (t _ p)~ 

CU L, "~ k i k j  ~Fv~,v~(co, k) = ~ (co + ,~. - - ~ - -  ( c - -  1)u(co +cuk~)•  

811k j + 6j~k~ ] d In/4 
/:~ 4- (c - -  1) 2 u2(~6;~ ~F~,~(co, k), c =  l -{-(t - -p)  dp 

( (Do)~((D+~k~)~ ~ ~K 
~ ' ~ , ~  (co, k) = ~ ~o= + mo~ ~ %,~ (co, k), coo = ~ _ p 

W~,v~(co, k) ---- ~ (co~- cukl) - ~ - - -  (c--  l)u6~, "~'~,~(co,k) 

coo --i(D § O~o (co ~- cuk~) ~ �9 ~,~(co, k) = l _ p  ~+~0~ ~ g~'p,~(co, k) 

(1.2) 

--i(o -Jr- o)o [ kik j kiss1 ],T~ ~... 
(D~+(Do 2 ( c o + c u k l ) 2 - - k ~ - - - ( c - - l ) u ( o - ~ c u k l ) ~ J ' r p , ~ t ~ , , k ) , ~ , ~ ( o ~ ,  k)=(dZ~*dZ~,) 

Here  the xl coordinate  axis is taken in the d i rec t ion of the in te rphase  sl ip vec to r  u. 

The following express ion  for the spec t ra l  densi ty ~p,p (co, k) was obtained in [2] 

A | (k) tr D D1 + 2D,., 
tF~,p(c0, k ) = ~ -  (0~+(A--B(D'~) ~ ' B = ~ =  < , ~  , A = kDk = D~k~ 2 + D~ (k2 ~ ~- ]~.2) 0.3)  

Here  D is the par t ic le  pseudoturbulent  diffusivity t ensor  with the e igenvalues  Dl, D2, D 3 = D 2 ,  and 
@p,p(k) is the spec t ra l  density of the quantity p ' ,  examined at a fixed momen t  of t ime,  i .e. ,  as a random 
function of the coordinates  only. 

If the pa r t i c l e s  we re  points,  i .e . ,  if the i r  posi t ions could be defined to within the 5-functions,  then 
@p,p(k) = const  would follow f rom the equivalence of the pa r t i c l e s  and the s ta t i s t ica l  homogenei ty  of the 
space  (see, for  example ,  [4])0 In rea l i ty  the posi t ions of the cen te r s  of the pa r t i c l e s  a re  defined to within 
some volume crf. Accounting for  this c i r cums tance  with the aid of the p rocedure  for  smoothing the 
shor twave region of the concentrat ion fluctuation spec t rum,  p roposed  by Massignon [5], made it poss ib le  
to obtain in [6] the expres s ion  

cI)~,p(k) 3~o ( p \  ainkbi--kbfcoskb s (Zo=%,~a3,~ 
~- ~ p I ,  -~,) (kbS)~ t~ s = %~b3) (1.4) 

where  Q. is the concentrat ion of the gaseous suspens ion in the dense packing s ta te .  It  was  a s sumed  in [6] 
that the  volume r is s imply  equal to the mean par t ic le  specif ic  volume r = crop - l .  Thereby  no account  
was taken for  the effects  of sc reening  the d i sp lacements  of some  par t ic le  in its specif ic  volume by the 
neighboring pa r t i c l e s ,  which led to the neces s i ty  to account  for  this sc reen ing  sepa ra t e ly ,  for  example ,  in 
calculat ing the effect ive diffusion coefficients  of pa r t i c l e s  in concent ra ted  s y s t e m s .  Here  we shall  use as 
the m e a s u r e  of the volume r the f r ee  volume r  r where  r  = fl0p* -1, as is usual ly  done in s ta t i s t ica l  
physics  of f luids.  Then we have 

b s=  ap-V3 (t - -  p / p . ) ' l '=  b (t --  p / p.)'/, 

The function ~p,p(k) in the f o r m  (1.4) is somewhat  inconvenient  for  the subsequent  ca lcula t ions .  
The re fo re  we rep lace  it approx imate ly  by a s tep-funct ion such that  the in tegral  of @p,p(k) over  wave space  
r e m a i n s  as before ;  we obtain a f t e r  calculat ions 

~>~ 3~<p ' , , .  ( i - - - ~ - P ' F  '/' ~ (1.s)  

Here  Y(x) is the Heavis ide function. We note that ip ,p(k)  in the fo rm (1.5) can also be obtained 
d i rec t ly  if we use in place  of the Massignon method the well  known Debye method, which is essen t ia l ly  the 
Massignon method applied in wave space  r a t h e r  than in rea l  space  (see, for  example ,  [7]). We also note 
that to within a constant,  the cofac tors  of (1.4) and {1.5) a r e  F o u r i e r  t r a n s f o r m s  of one another .  
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If the p a r t i c l e s  cannot  be c o n s i d e r e d  s t a t i s t i ca l l y  independent  and in the gas suspens ion  flow the re  
a r e  c o r r e l a t e d  mot ions  of en t i r e  p a r t i c l e  g roups  ("packets" ) ,  the f o r m u l a  (1.5) fo r  @p,p(k) can as be fo re  
be c o n s i d e r e d  val id,  but  k0 < k~o. In this ca se  the d e c r e a s e  of k 0 r e f l e c t s  s imp ly  the r educ t i on  of the n u m b e r  
of deg ree s  of f r e e d o m  of the s y s t e m  of p a r t i c l e s  with the a p p e a r a n c e  of the c o r r e l a t i o n s  be tween  the 
p a r t i c l e s  and the c o r r e s p o n d i n g  d e c r e a s e  of the n u m b e r  of h a r m o n i c s  in the F o u r i e r  r e p r e s e n t a t i o n  of the 
gaseous  suspens ion  concen t r a t i on  f luc tua t ions .  The equat ion fo r  f inding k 0 is examined  l a t e r .  

In t eg ra t ing  the s p e c t r a l  dens i t i e s  (1.2) with r e s p e c t  to the f r e q u e n c y  co and us ing  (1.3), we obtain the 
e x p r e s s i o n s  fo r  the pa r t i a l  s p e c t r a l  dens i t i e s  

~ i , ~  ( k ) = - - -  

The r e l a t ions  
< w '2 > ~ Dl, D2o F o r  the sequel  it is  n e c e s s a r y  to find expl ic i t  r e p r e s e n t a t i o n s  fo r  these  unknowns in 
t e r m s  of the dyna m i c  v a r i a b l e s .  

2. C h a r a c t e r i s t i c s  of Equ i l ib r ium Pseudo tu rbu lenceo  We use  the f o r m u l a  fo r  f inding Dl, D 2 

o o 

(D p(k) [/  A \ k'ki k~(Silki-~- i 
_ _  3 2 2 ~ ~ 

(I)~,~,~ (k) = (t -- p)~ A § ~0 + Be)d I q- c2u~kl 2 A~o a4 

(I)~,,j(k)-- ~ , , (k )  [ k~kj ] l - p  c ~ (c'--i)6~x u, 

~ , ~  (k) = ~ -- p "A + e)~ + B~0~ T o  + cuk~ ~e)-----7-- a S 

(Oo~%,.(k) ~ ([ 

- - c ( c - - i ) u  ~ ' Ao)o - - i  2 c k x ~ - - ( c - - i  ) ~ / - d ~  A~oo I 

(1o6) contain  the quant i ty  B, which  in a c c o r d a n c e  with (1.3) depends on the unknowns 

(1.6) 

(2.1) 

( summat ion  o v e r  j is not  p e r f o r m e d  he re ) .  Using the r e l a t ions  (1.2), (1.3), (1.5) f o r  the in t eg ra t ion  in (2.1) 
and changing  the o r d e r  of in t eg ra t ion  with r e s p e c t  to w and T, we obtain the equat ions  

(i--p)~k0 ~ D1--D2 \ 7 - -  -~ r~arc l p 

~c'-u ~ (I) ( ~  _~_) D2 
D ~ =  (i--~Tk0 ~ D1--D2 - ~ r Z - - r ( i - ~ r 2 ) a r c t g  r Z - -  ' D 1  - -  De 

(2.2) 

F r o m  (2.2) we have the un ive r sa l  t r anscenden ta l  equat ion  fo r  r 

r ~ i -~- S#.re - -  8/~r (t + r") arc tg (l/r) Du (2.3) 
-- 1 ~ -~  -- 1 -- 3P -~- 3r 3 arc ~g (l/r) , a --~ D1 

It  is not  diff icult  to show that  (2.3) has  the s ingle  pos i t ive  r o o t  r ~ 0.855; the c o r r e s p o n d i n g  value of 
a ~ 0.4221. Thus  the r a t io  of the p a r t i c l e  pseudo tu rbu len t  diffusion coef f ic ien ts  in the longi tudinal  (along 
u) and t r a n s v e r s e  d i r ec t ions  is a un ive r sa l  cons tant ,  which is independent  of both  the dynamic  v a r i a b l e s  
and the phys ica l  p a r a m e t e r s  of the p h a s e s .  

Solving (2.2) we have 

D, -- (l --2CUp) k0 [g(I)(l ~ - r ' ) ( + - - r 2 - ~ r S a r c t g - - ~ ) ]  V' , D~ : 0.422D, 

Or ,  subs t i tu t ing  he re in  r and a,  we f inal ly  obtain 

D1 = 0.859cu P (i -- ~ P  '/% k0 i - - p  p. ] , D2=0.422D1 (2.4) 

S imi l a r l y  to (2.1), we have the equat ion  for  

co0 ~ (1)p,p (k) Ac,-}-cZu~klZ(i +Be)e) 
( W ' 2 ) -  ( l - - p )  ~ ~ k s d-~-e)0(l-~-Be)0) dk  (2.5) 
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T A B L E  1. Dependence  o f ~ ,  A , X  ( j =  1, 2, 4, 6, 8) o n p *  

9 l0  s X~ t0 a X_o X~ 

0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0A5 
0.50 
0.55 

0.2329 1.5968 
0.25t3 1.6596 
0.2721 t.7293 
0.2953 1.8073 
0.3229 1.8956 
0.3542 1.9964 
0.3906 2.i129 
0.4333 2.2497 
0.4834 2.4t42 
0.5426 2.6184 
0.6118 2.8830 

0.2917 
1.2294 
2.90~I 
5.3930 
8.7397 
12.906 
17.697 
22.613 
26.577 
27.439 
21.085 

0.t059 
0.4444 
1.0464 
1.9392 
3.1357 
4.6243 
6.3360 
8.0901 
9.4938 
9.7592 
7.4t79 

t0 s X~ t0 a XG 

0.t694 0.4782 
0.6880 t.9037 
t.5684 4.2332 
2.8i53 7.3710 
4.4t55 1t.t44 
6.3202 15.273 
8.4105 19.326 
10.435 22.647 
1t.893 24.255 
1t.782 22.6~8 
8.7336 15.736 

99.243 
45.690 
28.006 
19.290 
14.167 
t0.850 
8.5777 
6.9837 
5.8890 
5.257~ 
5.3949 

* F o r  p = 0 we have  f2 = 0.2165, A = 1o5403, Xj = 0; for  p = 0.6, 
= 0.6912, A = 3.2481, Xj = 0. 

We ob t a in  the equa t ion  fo r  k0 (for k0 < koo) by  equa t ing  the  d i s s i p a t i o n  e t  of p s e u d o t u r b u l e n e e  e n e r g y  
by  s m a l I - s c a l e  i s o t r o p i c  " v i b r a t i o n s "  of the  p a r t i c l e s  w i t h i n  the l i m i t s  of t h e i r  s p e c i f i c  v o l u m e s  to the 
v i s c o u s  (Brownian)  d i s s i p a t i o n  e2 of the  e n e r g y  of  t h e s e  v i b r a t i o n s  by  v i s c o u s  f o r c e s .  The  s a m e  equa t ion  
was  u s e d  in  [6] fo r  s o m e w h a t  d i f f e r e n t  p u r p o s e s .  I t  i s  a c t u a l l y  a s s u m e d  tha t  the  d i s s i p a t i o n  of p s e u d o t u r -  
b u l e n t  e n e r g y  into h e a t  i s  a c c o m p l i s h e d  t h rough  the  m e n t i o n e d  s m a l l - s c a l e  v i b r a t i o n s ;  a d e t a i l e d  d i s c u s s i o n  
of th i s  cond i t ion  in  connec t ion  wi th  e x p e r i m e n t a l  da ta  i s  p r e s e n t e d  in [7]. 

We use  fo r  E2 the u s u a l  e x p r e s s i o n ,  w h i c h  fo l lows  f r o m  B r o w n i a n  m o t i o n  t h e o r y  

% = 3pd2~2K2Dm, 

w h e r e  D m i s  the  coe f f i c i en t  of d i f fus ion  owing to the c o n s i d e r e d  v i b r a t i o n s .  

We r e p r e s e n t  the  quan t i t y  el  i s  the f o r m  which  i s  u sua l  in h y d r o d y n a m i c s  of a v i s c o u s  f lu id  wi th  the  
e f f ec t i ve  v i s c o s i t y / t i n  = Pd2Dmo Th i s  m a y  be  done,  s t r i c t l y  s p e a k i n g ,  only  i f  the  p s e u d o t u r b u l e n c e  l i n e a r  
s c a l e  i s  much  l o n g e r  than  the a v e r a g e  d i s t a n c e  b e t w e e n  the p a r t i c l e s  in  the  s y s t e m ,  i . e . ,  k0 << k~o. Th i s  i s  
u s u a l l y  the c a s e  fo r  g a s e o u s  s u s p e n s i o n  f l ows .  We then  ob ta in  s i m i l a r l y  [7] the equa t ion  

I .4(,~o + d-~% ~ (l 2_/?~)0) (2.6) 3~K~ = ('~o Op,p (k) dk 
A -{- o0 (t _L B(00) 

Equa t ion  (2,6) d i f f e r s  f r o m  the  s a m e  equa t ion  in  [7] by  the a b s e n c e  in  the r i g h t  s i de  of the  t e r m  
owing to " c o m p r e s s i b i l i t y "  of the  d i s p e r s e d  p h a s e  (by the n o n z e r o  d i v e r g e n c e  w') r e s u l t i n g  f r o m  p o s s i b l e  
changes  of the  g a s e o u s  s u s p e n s i o n  c o n c e n t r a t i o n  in  the  f low,  Th i s  r e f i n e m e n t  i s  i n t r o d u c e d  b e c a u s e  such  
" c o m p r e s s i b i l i t y "  i s  no t  a c c o m p a n i e d  by e n e r g y  d i s s i p a t i o n ,  

We i n t r o d u c e  the d i m e n s i o n l e s s  p a r a m e t e r s  

Dleo Z =  Olko (2.7) 
Q __ Dlko ~w~ , A = (t + 2~) <*v'% ' cu 

F r o m  (2,4) fo r  D 1 we can  w r i t e  Z in  the  f o r m  

- -  p ' 2  

Equa t ions  (2,5) and  (2,6) a r e  then  w r i t t e n  in the  f o r m  

A - -  . ~ It 2 + a (1 - -  t~)] + (1 + 5 )  O 
o o  

1 1  

'r ~ = ~ ! !  QZ~[t~24-cz(l--t~)]+(|+h)t~~~[~T-~-(~-----~)l--~7~T~ ~'d~dt (2.8) 

T h e s e  equa t ions  w e r e  s o l v e d  on the BESM c o m p u t e r  fo r  d i f f e r e n t  p in the  i n t e r v a l  f r o m  z e r o  to p .  = 
0~ The  r e s u l t i n g  r e l a t i o n s  a r e  shown in T a b l e  1. The  v a l u e s  of  the  p a r a m e t e r  a t o g e t h e r  wi th  the  
e x p r e s s i o n  (2.4) fo r  D 1 def ine  the  quan t i t y  k0. Th i s  k 0 i s  mean ing fu l  only  fo r  k0 < k ~  If the  so lu t i on  k0 of 
the  s y s t e m  (2.5), (2.6) i s  l a r g e r  than  the koo f r o m  (1.5), we m u s t  t ake  k 0 ~ k~ .  
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T A B L E  2. Dependence  of Xj (j = 3, 5, 7) on p and n* 

P 

0.05 

O. 10 

0.[5 

0.20 

0.25, 

9.30 

0.35 

0.40 

0.45 

0.50 

0.55 

n = i . O  

0.2964 
0,0401 

--0.4020 
1.2033 
O.17iS 

--i.5432 
2.74ii 
0.4/40 

--3.3088 
4.914~ 
0.7862 

--5,5556 
7.6969 
i.3105 

--~.1019 
10.997 
1.9965 

--10.714 
i4.604 
z.8303 

--13.088 
18.083 
3.7400 

--14.8t5 
20.584 
4.526l 

--15.34i 
20,532 
4.7513 

--13.8~9 
i5.145 
3.6014 

--9.3361 

,5 ] 

0.4065 
--0.01031 
--0.6433 I 

1,649t1 
-0.03971 
--2.469I 

3.7532 
--0,0840 
--5.2911 

6.7203 
--0.1352 
--8.8889 

I0.506 
--0.1754 
--i2.963 

i4.977 
--0.t~54 
--i7.143 

i9.839 
--0.i430 
--20.940 

24.502 
0.0344 

--23.704 
27.837 
O.ll61 

--24.545 
27.754 
0.2i37 

--22.222 
20.539 
0.i046 

--i4.938 

2.0 

0.5080 
--0.0433 
--0.804t 

2.060B 
--0.1807 
--3.086~ 

4.6375 
--0.4i60 
--6.6176 

8.3R70 
--0.7491 
- - iO . i t i  

i3.093 
--1.i659 
--16.204 

i8.650 
--i.6400 
--21.429 

24.672 
--2,1252 
--26.t75 

30,428 
--2.5508 
--29.630 

34.53t 
--2.8240 
--30.6~2 

34.42i 
--2.8i13 
--27.778 

25.519 
--2.2265 
--18.673 

2.5 

0.5944 
--0.0678 
~0.9190 

2.4106 
--0.2815 
--3.5273 

5,48t9 
--0.6532 
--7.5630 

9.8042 
--i,1882 
--i2.693 

i5.303 
--i.8735 1 
--18.519 

2t.774 
--2.679t 
--24:490 

28.76i 
--3.54t0 
--29.9i5 

35.467 
--4.3492 
--33.862 

40.223 
~4.9240 
--35.065 

40.090 
--4.9721 
--3i.7461 

29.753 
--3.8917 
--21.340 I 

3.0 3.5 

0.7275 
-:-0.0993 
-- i .072t  

2.9497 
--0.4158 
--4.i152 

6.7059 
--0.9694 
--8.8235 

1i.983 
--1.7732 
--14.815 

18.699 
--2.8169 
--21.605 

26.537 
--4.0644 
--2~.57i 

35.1i2 
--5.4288 
--34.900 

43.23i 
--6.7447 
--39.506 

48.994 
--7.7241 
--40.909 

48.824 
--7.853i 
--37.037 

36.277 
- -6 . t i i 9  
--24.897 

4.0 

0.7789 
--0. t t09 
--1,t257 

3.i580 
--0.4628 
--4.3210 

7.i78S 
--LOSOi 
--9.26~7 

i2.83i 
--i.9779 
--i5.556 

20.0i2 
--3.1471 
--22.635 

28.446 
--4.5493 
--30.000 

37.558 
--6.0896 
--36.645 

46.221 
--7.5834 
--41.481 

52.382 
--8.7041 
--42.995 

52.t99 
--8.86i4 
--38.889 

3~.797 
--6.8839 
--26.142 

* T h e  f i r s t  n u m b e r s  i n  t h e  t a b l e  g r o u p s  g i v e  103 X3, t h e  s e c o n d  

a r e  103 Xs,  a n d  t h e  t h i r d  a r e  103 X T. 

In the fo l l owing  w e  e x a m i n e  only the "nonhomogeneous"  f low r e g i m e s  of  a g a s e o u s  s u s p e n s i o n ,  when  
in the f lows t h e r e  a r e  f o r m e d  " p a c k e t s " o f  p a r t i c l e s  m o v i n g  t o g e t h e r ,  c a v i t i e s  con ta in ing  p u r e  ga s ,  and so  
o n  [8], w h e r e  i n  v i e w  of  t h e  e x i s t e n c e  of c o r r e l a t i o n s  b e t w e e n  t h e  b e h a v i o r  of  n e i g h b o r i n g  p a r t i c l e s  k 0 < k ~ .  

A n a l y s i s  of  h o m o g e n e o u s  f l o w s ,  in  w h i c h  t h e  p a r t i c l e s  c a n  b e  c o n s i d e r e d  s t a t i s t i c a l l y  i n d e p e n d e n t  a n d  

k0 = k ~  d i f f e r s  e s s e n t i a l l y  f r o m  t h a t  p r e s e n t e d  h e r e ,  r e q u i r e s  s e p a r a t e  e x a m i n a t i o n .  In  t h i s  c a s e  w e  h a v e  

t h e  f i r s t  e q u a t i o n  o f  t h e  s y s t e m  (2.8) a n d  t h e  r e l a t i o n  k 0 = k ~  i n  p l a c e  of  t h e  s e c o n d  e q u a t i o n .  

U s i n g  t h e  e x p r e s s i o n s  f o r  t h e  s p e c t r a l  d e n s i t i e s  f r o m  s e c t i o n  1, we  h a v e  

( v ( p ' >  = ( w i ' P ' >  = ( 9 ' P ' >  = < v l ' w . ' )  = ( w l ' w 2 ' >  = <Ul'W2' > : < /}2t11 '1 '>  
. t U t \  = q p  ~ = ( p ' w ~ ' > = O  

T h e  n o n z e r o  a v e r a g e s  a r e  w r i t t e n  i n  t h e  f o r m  

X1 - <wl'"> - 3~z-----L {~Z 2 [~J2 § (t - -  ~) Y41 + (1 + A) Y4} 
C2tt ~ I - -  

3"r~z" (QZ~ [a/o + (i - -  2~).;2 - (t - -  ~x) J41 + (l + A)(Y2 - -  J4)}, 
2 (t - -  :~) 

c~u ~ - -TZ~ 1 ~  1 + 2 ~  ~ 5 3 c + 
Xa <v2'% "l'z 2 ( t -? 4"z ) ~2Z ~ ( l + 2:L) 

c~u~ - -  t ~  \ ~ X ~  -k" i , X o  - -  a 

X ~ - -  3"~z,i - - a  (1 +, A ) ( I  - -  0)J2, X5 --  <vVw~'>c,,,~ , X6 --  <oq~,~'>~u 

/ t 2 \ cuko t 

<w~'D - <v2%'> 

(2.9) 
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" g6 

1 1  

J~ = t~ + ~ (~) ' z2(~) -- ~ + "q (t + A) 

( t + A  ~-:t[ l + 2 a  ct ) j o _  l - - ~  ( y ~ _ y ~ ) ,  J 2 =  ~QZ 2 §  1--~ / \ 3"~ i - -  ~ZZJo 

1 3 a .T2-}- I ~ + ~ Q ( I  + A )  ( I - - Y I ) - - + Y ~  
J'~-- 3 2 l - - a  2 1--~z 

Y t =  1--~ a rc tg  ~q( t+A)  ' Y 2 = ( P ' ( l + A ) ) V : a r c t g ( Q ( t + A ) ) - v 2  

The conc re t e  ca lcu la t ions  of the p a r a m e t e r s  (2.9) w e r e  a l so  made  
on a compu te r ,  and it  was  a lways  a s s u m e d  that  p* = 0.6. The dependence  
of  the quant i t ies  Xj(j = 1, 2, 4, 6, 8) on p a r e  p r e s e n t e d  in Table  1. The - 
quant i t ies  Xj(j = 3, 5, 7) depend on the f o r m  of the funct ion K(p). E x p e r i -  
menta l  data on this  funct ion a r e  p r e s e n t e d  in [9]; howeve r  t he re  is no 
suf f ic ien t ly  convenient  e m p i r i c a l  f o r m u l a  fo r  K(p), su i tab le  o v e r  the 
en t i r e  in te rva l  of v a r i a t i o n  of p fo r  d i f fe ren t  va lues  of the Reynolds  and 
A r c h i m e d e s  n u m b e r s ,  in  [9]. Here  we shal l  u se  fo r  s imp l i c i t y  an 
app rox ima te  fo rmu la  of the f o r m  

K (p) = (1 -- p)-'~, c = i + n (2.10) 

The p a r a m e t e r  n v a r i e s  f r o m  1-2 fo r  l a r g e  va lues  of the Reynolds  
and A r c h i m e d e s  n u m b e r s  to 3-4  fo r  s m a l l  va lues  of these  n u m b e r s .  F o r  
example ,  a c c o r d i n g  to [10] n v a r i e s  f r o m  1.39 to 3.65, a c c o r d i n g  to [11] 
it v a r i e s  f r o m  1.375 to 3.75. However  we note that  the data of  [10, 11] 

w e r e  obtained fo r  a bed of p a r t i c l e s  in the f lu id ized  s ta te ,  i .e . ,  conta in ing  pseudo tu rbu len t  mot ions .  N e v e r -  
t he l e s s ,  a c c o r d i n g  to [9] the va lues  of the p a r a m e t e r  n fo r  a bed of mo t ion le s s  p a r t i c l e s  a r e  c lose  to the 
indica ted  va lues .  In the fol lowing all the ca lcu la t ions  a r e  made  fo r  va lues  of n f r o m  1 to 4 ; the  dependences  
of the p a r a m e t e r s  Xj(j = 3, 5, 7) f o r  these  n a r e  shown in Table  2. 

We in t roduce  the r a t io s  

Nv--~v~'2> -- X4 , Nw_<w~"~> _ X~ 
(v1'2> Xa <w(~> X1 

It  is e a s y  to see  that  the f i r s t  r a t io  depends on p and n, the s econd  depends  only on p, and the depen -  
dence  on p is v e r y  weak,  so  that  Ny and N w can be app rox ima ted  s u c c e s s f u l l y  by  cons tan t s .  F o r  example ,  
with va r i a t i on  of p f r o m  0.05 to 0~ the quant i ty  N w v a r i e s  mono ton ica l ly  f r o m  0.3630 to 0.3518, and N v 
fo r  n = 2 and n = 4 v a r i e s  f r o m 0 . 3 3 3 5 t o  0.3423 and f r o m  0.2175 to 0.2251, r e s p e c t i v e l y .  We note that  N v 
d e c r e a s e s  s igni f icant ly  with i n c r e a s e  of n .  

The total  gas  flux Q re l a t ive  to the s t a t i o n a r y  d i s p e r s e d  phase  equals  the sum of the " r e g u l a r "  and 
" i r r e g u l a r  n pseudo turbu len t  f luxes 

Q = ( 1  -- 9) UQ = ( t - -  p) u - -  <p'vl'> = ( t  --p) tpu, r = l _  (i -- 9) - tcX7 (2.11) 

The quant i ty  ~0 shows how many  t imes  the total  f lux Q exceeds  the r e g u l a r  flux (1 - p)u; i ts depen -  
dence  on p fo r  d i f fe ren t  n is shown in F ig .  1. In view of the nega t iv i ty  of X 7 in Table  2, the pseudo tu rbu len t  
f lux is pos i t ive  and for  suff ic ient ly  l a r g e  n can amount  to 30-40% of the r e g u l a r  flux. Re la t ion  (21) makes  
it poss ib le  to e x p r e s s  all the pseudo turbu lence  c h a r a c t e r i s t i c s  f r o m  (2.9) in t e r m s  of the obse rvab l e  quan-  
t i ty  - the to ta l  r e l a t i ve  gas  flux Q. 

The quant i ty  [2] 

- -  1 - -  <v'w'>~ ( I s  -4- 2X~) 
<v'~> <w'% : I - -  (X1 -k 2X~) (X~ +2X4) 

is of i n t e r e s t  fo r  the pseudo tu rbu len t  e n e r g y  t r a n s p o r t  equat ion under  nonequi l ib r ium condi t ions .  

The dependence  of r on p and n is i l l u s t r a t ed  in F ig .  2. The d i f fe rence  of ~ f r o m  one is s ign i f ican t  
only for  sinai1 n, and fo r  all n the quant i ty  r can  be app rox ima ted  by a l i n e a r  funct ion of p. 

E x p r e s s i n g  k0 th rough  X 8 f r o m  (2.9) and us ing  w0 and k~ f r o m  (1.2) and (1.5), we wr i t e  the condi t ion 
of local  nonhomogene i ty  of the gaseous  su spens ion  in the f o r m  
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a 0.3 p ~ f  

k0-- l g p  < l (2.12) p. / "x~ 

A detailed discussion of this condition is presented below, but we 
see immediate ly  f rom (2.12) that any gaseous suspension in sufficiently 
ra ref ied  (p ~ 0) or near ly  closely packed (p ~ p @ states must  be con-  
s idered local ly homogeneous,  i.e., k0 = k ~  

Thus all the pseudoturbulent averages  a re  expressed  through the 
dynamic var iables .  When neces sa ry  the same approach can be used to 
obtain the express ions  for the various corre la t ion  functions as well. 

Study of Equilibrium Pseudoturbulence and Its Influence on the 
Fig.  3 

Average Motion. In gradient - f ree  s ta t ionary flow (i.e., under equilibrium 
conditions) the dynamic equations f rom [2] have the form 

t dp t - - 9 d p  
d~ dr F g + ~K1 u = O, "~2 dr  - -  ~9Klu = 0 

K ~  - -  I (  _ K . ~  c ( X T  _ X 6 ) _ g T  _~_ . T  ' _ 

% ' , dp~ 

Here g is the external mass  field accelera t ion vec tor .  

The solution of (3.1) has the form 

dp ( i - -  p)g _ Z ( t - - p ) g  
d--7 = pd~g, u = ~K1 ~K 

The pa rame te r  X shows how many times the viscous res i s tance  of 
the motionless  granular  mater ia l  exceeds the res i s tance  of a bed of 
par t ic les  of the same poros i ty  in a state of equilibrium pseudoturbulent 
motion for zero  pseudoturbulent flux. Actually, in a motionless bed the gas 
velocity u* equals 

U * -  ( t - - p )  g u = K 
~K ' u ,  -RT* = x 

The corresponding rat io  of the total relat ive fluxes is 

UQ u* -- ~X ~ i (3.3) 

This same quantity 9)/ charac te r i zes  the rat io of the effective viscous res i s tances  of motionless 

/0 

g J ? 

Fig.  4 

(3.1) 

(3.2) 

and moving beds of the same porosi ty  for  the same gas flux Q. Thus the p re s su re  difference required to 
provide a given gas flux through a bed of randomly pulsating par t ic les  is less  than the same difference for 
the bed of regular ly  packed motionless par t ic les .  This reduction of the effective res i s tance  of par t ic les  
entrained into the pseudoturbulent motion is the resu l t  of two fac tors  which act in the same direction: 

1) the appearance of the positive pseudoturbulent flux < p 'v~' >, which increases  the total gas flux 
for a fixed p re s su re  gradient,  and 

2) the appearance of a negative fluctuatioual addition to the viscous interphase interact ion force .  

The f i r s t  phenomenon is obviously the resu l t  of the comparat ively  eas ie r  gas "breakthrough" of the 
segments  with poros i ty  which is high as a resu l t  of the fluctuations. 

The second phenomenon is associa ted  with the fact  that the gas which breaks  through such segments 
experiences  reduced res i s tance ,  and this reduction is not balanced by an increase  of the res i s tance  to the 
gas flowing through the volumes with lowered poros i ty .  Moreover ,  the porosi ty  fluctuations cause some 
increase  of res i s tance  to regula r  flow because of the nonlinearity of the function K(p) [last t e rm in the 
parentheses  in the second line of (3.1)]. It is easy to see that the influence of this las t  effect examined 
previously  in [12], is ve ry  slight even for high nonlinearity [for example, large n in (2.10)]. 

If the relat ion (2.10) is sat isfied we have the express ion for  • 

' p .  ) J J  
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TABLE 3. Dependence of the Quantities < v '2 >/Q2 and < w '2 > /Q2on 
p and n (first and second numera l s  in the table groups,  respect ive ly )  

0.05 

`0. iO 

`0.15 

'0.20 

9.25 

~3.30 

.35 

'0.40 

0.45 

0.50 

0.55 

n ~ i . 0  i . 5  2 .0  2 .5  , 3.0 3.5 4.0 

0.0028 
0.0022 
0.0127 
0.0i04 
0.0320 
0.0272 
0.6641 
0.0564 
0.ii26 
0.1023 
0.I8i7 
0.i703 
0.2749 
0.2657 
0.3930 
0.3914 
0.5265 
0.5405 
0.6353 
0.6743 
O.5939 
0.6541 

0.005t 
0.0035 
0.0230 
0.0t61 
0.0578 
0.0419 
0.li42 
0.0857 
0.i974 
0.1533 
0.3i28 
0.2509 
0.4645 
0.3848 
0.6525 
0.5579 
0.8634 
0.7619 
1.0423 
0.9509 
1.000i 
0.9453 

0.0034 0.0126 
0.0050 0.0068 
0.0374 0.0557 
0.0231 0.03t2 
0.0931 0.i374 
0.0594 0.0797 
0.i817 0.2652 
0.1202 0.i593 
0.3095 0.4453 
0.2it8 0.2770 
0.482i 0.6829 
0.34i3 0.4396 
0.7036 0.9808 
0.5i50 0.6532 

0.9729 1.336R 
0.7357 0.9205 
i.2734 i.7329 
0.994S 1.2333 

1.5384 2.0938 
1.2420 1.5403 

1.5109 2.10ti 
1,2626 !,5984 

0.0t77 
0.0089 
0.0779 
0.0404 
0.1955 
0.1025 
0.3633 
0.2027 
0.6019 
0.3478 
0.9094 
0.544i 

i.2869 
0.7969 
1.7311 
i.1089 
2.2244 
1.4734 
2.6383 
t.8407 
2.75ti 

0.0237 
0.0112 
0.1038 
0.0503 
0.2518 
0.1273 
0.4750 
0.2500 
0.7767 
0.4235 
t.t570 
0.6535 
1.6i46 
0.9442 

2.145~ 
1.2936 
2.7352 
1.7122 
3.3064 
2.1395 
3.4453 
2,3997 

0.0306 
0.0138 
0.1335 
0.0623 
0.3210 
0.1555 
0.5990 
0.3008 
0.9672 
0.5034 
1.4217 
0.7666 
1.9581 
t.0936 
2.5733 
i.4877 
3.2562 
i.9476 
3.9363 
2.4343 
4.171i 
~,66~0 

C u r v e s  of X (dashed)  and  (PX (cont inuous  c u r v e s )  a s  a func t ion  of p f o r  d i f f e r e n t  n a r e  shown in F i g .  3. 
Both of t h e s e  coe f f i c i en t s  c o n s i d e r e d  as  func t ions  of p have  m a x i m a  f o r  p = 0 . 4 5 -  0.50 (P. = 0.60).  In 
p a r t i c u l a r ,  i t  i s  e a s y  to s e e  f r o m  F i g .  3 tha t  f o r  n =3 ,  50% r e d u c t i o n o f  the  r e s i s t a n c e  of the  s y s t e m  of 
f l uc tua t ing  p a r t i c l e s  in c o m p a r i s o n  wi th  the  s y s t e m  of m o t i o n l e s s  p a r t i c l e s  i s  p o s s i b l e .  The  c o e f f i c i e n t s  
X and X(P i n c r e a s e  s h a r p l y  wi th  i n c r e a s e  of n .  H ow e ve r  l a r g e  v a l u e s  of n a r e  e x t r e m e l y  u n l i k e l y  fo r  
l o c a l l y  n o n h o m o g e n e o u s  s y s t e m s  s i n c e ,  a s  a r u l e ,  f o r  such  n the  s y s t e m  i s  l o c a l l y  h o m o g e n e o u s  and the 
p r e s e n c e  a n a l y s i s  i s  no t  a p p l i c a b l e  to th i s  s y s t e m .  The  r e s i s t a n c e  r e d u c t i o n  e f f ec t s  w e r e  e x a m i n e d  

p r e v i o u s l y  in  [7] q u a l i t a t i v e l y .  

Th i s  r e s i s t a n c e  r e d u c t i o n  h a s  b e e n  o b s e r v e d  r e p e a t e d l y  in  f l u i d i z e d  b e d  e x p e r i m e n t s  and has  r e a c h e d  
20-50% (see,  fo r  e x a m p l e ,  the  r e f e r e n c e s  in  [8], and  a l s o  [13, 14]). In [15] th i s  phe nome non  i s  a s s o c i a t e d  
wi th  s low c i r c u l a t i o n  of  the  s u s p e n d e d  m a t e r i a l  w i th in  the bed ;  in [13, 14] i t  i s  e x p l a i n e d  by  the e f f ec t  of 
" r e c t i f i c a t i o n "  of the  channe l s  b e t w e e n  the  p a r t i c l e s  unde r  cond i t ions  of d e v e l o p e d  f l u id i z a t i on ,  i . e . ,  in the 
f ina l  a n a l y s i s  by  p a r t i c l e  p u l s a t i o n s .  The s e c o n d  po in t  of v iew was  q u e s t i o n e d  in  [8] on the b a s i s  tha t  
g e n e r a t i o n  of p s e u d o t u r b u l e n c e  r e q u i r e s  add i t i ona l  e x p e n d i t u r e s  of e n e r g y  of the  d i s p e r s e d  m e d i u m  c a r r y i n g  
f low.  But in  s p i t e  of th i s  add i t i ona l  e n e r g y  c o n s u m p t i o n ,  the  p o r o s i t y  f l uc tua t i on  f a c i l i t a t e s  gas  p e n e t r a t i o n  
t h rough  the s e g m e n t s  wi th  r e d u c e d  p a r t i c l e  con ten t  to the  d e g r e e  tha t  the t o t a l  gas  f lux  i s  s t i l l  g r e a t e r  than  
in  the  ana logous  s y s t e m  wi thou t  f l u c t u a t i o n s .  

We can  a l s o  a s s u m e  tha t  fo r  the s a m e  r e a s o n s  the e f f ec t i ve  r e s i s t a n c e  of a m o t i o n l e s s  bed  wi th  
o r d e r e d  pack ing  of the p a r t i c l e s  wi l l  d i f f e r  f r o m  the r e s i s t a n c e  of a m o t i o n l e s s  bed  hav ing  d i s o r d e r e d  
p a c k i n g  of the  s a m e  p o r o s i t y .  Some c o m p a r a t i v e  da ta  c o n f i r m i n g  th i s  c o n c l u s i o n  a r e  p r e s e n t e d  in  [14]. 

L e t  us  e x a m i n e  in  m o r e  d e t a i l  the  n o n h o m o g e n e i t y  cond i t ion  (2.12). U s i n g  (2.11) and (3.2), we w r i t e  
th i s  cond i t ion  in  the  f o r m  

Q~ (I  - -  p)~ xcp~xs I 2 - ' /~,  __e_p ~ '/~ 
F = 2og > e o -  2c ( 1 _  P.J. (3.4) 

H e r e  F i s  the F r o u d e  n u m b e r  of  the  f low.  The  d e p e n d e n c e  of the  c r i t i c a l  F r o u d e  n u m b e r  F0, a t  
t r a n s i t i o n  t h rough  wh ich  the l o c a l l y  n o n h o m o g e n e o u s  f low r e g i m e  i s  r e p l a c e d  by  the  l o c a l l y  h o m o g e n e o u s  
r e g i m e ,  on p fo r  n = 1 i s  shown in F i g .  4 by  the  cont inuous  c u r v e ,  and  the c o r r e s p o n d i n g  d e p e n d e n c e  of 

the  d i m e n s i o n l e s s  l e n g t h  

L _ _  l_j__ = c . L0- -  Q2 (3.5) 
L9 koLo %q~ (i - -  p)~ Xs ' g 
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is shown dashed. It is clear  that L (and in some sense L 0 as well) charac te r i zes  the spatial scale of the 
pseudoturbulent motions and can also be considered as the average dimension of the nonhomogeneities 
which a r i se  under equilibrium conditions. We see f rom Fig.  4 that L / L  0 increases  monotonically (and 
near ly  exponentially) with p, reaches  a maximum for p ~ 0.55, and then falls off sharply to zero .  The 
cri t ical  Froude number  F 0 dec reases  with increase  of p, reaches  a minimum, and then increases  rapidly.  
For  p -~ 0 and p --" p .  the Froude number F 0 -~ oo and L/L0 -" 0. The curves  of L / L  0 and F 0 for other n 
behave s imi la r ly .  The dependence of F0 and L/L0 on n for several  p (numerals on curves) is shown in 
Fig.  5. 

The local homogeneity cr i te r ion  F < F 0 actually coincides with the semi -empi r i ca l  c r i te r ion  F ~ 1, 
proposed by Wilhelm and Kwauk [16], who studied fluidization of a bed of par t ic les  by various d ispersed 
flows medium (see also [14]). Formula  (3.5) has the same s t ruc ture  as the express ion for  the maximal 
dimension of the stable gas bubble in a fluidized bed, obtained in [8]; however the scale L is several  o rders  
less  than the diameter  of such a stable bubble. We emphasize that the condition (3.4) and the equation (3.5) 
charac te r ize ,  naturally,  the local proper t ies  of the sys tem,  which are  connected with its s t ruc ture  but in 
no way charac te r ize  the hydrodynamic dis turbances which can a r i se  in the flow when stability is disrupted.  

Le t  us examine the monotonic expansion of a fluidized bed of par t ic les  with given proper t ies  for  in- 
c reas ing  gas f lowrate.  Near the initiation of fluidizationthe bed is local ly homogeneous.  With fur ther  
increase  of Q two vers ions  are  possible:  e i ther  F < F 0 throughout the entire region of existence of the bed 
and the fluidization is homogeneous for  all p, or  the curves F(p) and F0(P) c ross  for  some p = p+, where 
we see f rom Fig.  4 that p+ is ve ry  close to p . .  Uponpassagethroughp+ the nonhomogeneous reg imebegins ,  
which is then inevitably again replaced by the homogeneous regime for some p = p_, which is not 
neces sa r i l y  near  zero .  This pat tern of regime rep lacement  is in agreement  with the experimental  facts 
[8~ 13, 14]. 

The mean square pseudoturbulent veloci t ies  of the phases can be charac te r ized  with the aid of the 
numbers  Nv, Nw, introduced above, and the quantities 

(x~ § 2X2) 

The values of these quantities for  different p and n are  presented in Table 3. We see that for not too 
small  p the pseudoturbulent velocit ies of both phases coincide in order  of magnitude with the flux Q, which 
is in qualitative agreement  (as in the dependence of < v '2 > and < w '2 > on p) with numerous experimental  
facts (see bibliography in [13, 14]). 

The effective pseudoturbnlent p r e s s u r e s  (normal s t r e sses )  l~j of the d ispersed phase in the longitu-  
dinal and t r ansve r se  direct ions with account for  the instantaneous nature of par t ic le  momentum t rans fe r  
in the mater ia l  is r epresen ted  in the form [7] 

PJ (P ','/o]-~ <wj"~> 
= = [ l  - e '  ( 3 . 6 )  

The values of IIj a re  presented in Table 4. It is not difficult to see that the p r e s s u r e s  Pj appearing 
in the dynamic equations f rom [2] may have a ve ry  marked influence on the motion of the gaseous suspen-  
sion under nonequilibrium conditions. 
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TABLE 4. Dependence of Pseudoturbulent Pres sures  of Dispersed 
Phase in Longitudinal (II 1) and Transverse  ffI 2) Directions on p and 
n (first and second numerals  in table groups, respect ively)  

0.05 

0.10 

0 . t5  

0.20 

0.25 

0.30 

0.35 

0.40 

0.45 

0.50 

0.55 

n ~  1.0 i .5  2.0 2.5 3.0 3.5 4.0 

0.0001 
0.0000 

0.0013 
0.0005 

0.0064 
0.0035 

0.0214 
0.0077 

0.0588 
0.021i 

0.1442 
0.0517 

0.3295 
0 . t t80  

0.72t9 
0.3331 

1.5515 
0.5542 

3.3442 
t.1884 

7.3874 
2.5939 

0.0002 
0.0001 

0.002t 
0.0008 

0.0099 
0.0053 

0.0325 
0 .0 t t7  

0.08~I 
0.0316 

0.2126 
0.0762 

0.4772 
0.t709 

t.0289 
0.4748 

2.t870 
0.78t3 

4.7117 
t.6758 

t0.675 
3.7558 

0.0003 
0.0001 

0.0030 
0.0011 

0.0140 
0.0076 

0.0456 
0.0164 

0.t218 
0.0437 

0.2892 
0.t036 

0.6387 
0.2287 

t.3569 
0.6262 

2.8555 
1.0201 

6.154t 
2.t888 

14.259 
5.0163 

0.0003 
0.0001 

0.0040 
0.0015 

0.0188 
0.010t 

0.0604 
0.02t7 

0.t593 
0.057I 

0.3724 
0.t334 

0.8101 
0.2900 

t.6977 
0.7834 

3.5402 
1.2647 

7.6322 
2.7145 

t8.051 
6.3504 

0.0005 
0.0002 

0.0052 
0.0019 

0.0242 
0.0130 

0.0769 
0.0276 

0.2000 
0.0718 

0.4609 
0.t652 

0.9883 
0.3538 

2.0452 
0.9438 

4.2294 
1.5108 

9A206 
3.2439 

2t.984 
7.7341 

0.0006 
0.0002 

0.0066 
0.0024 

0.0301 
0.0163 

0.0948 
0.0341 

0.2435 
0.0873 

0.5536 
0.t934 

t.1709 
0.4193 

2.3950 
t.1052 

4.9147 
1.7557 
1O.60i 
3.7706 

26.006 
9.i488 

0.0007 
0.0C03 

0.0080 
0.0029 

0.0366 
0.01% 

0.1t41 
0.04t0 

0.2895 
0.t039 

0,6494 
0.2327 

t.3563 
0.4856 

2.7438 
t.2662 

5.5905 
t .997f 
t2.062: 
4.290i 

30.074 
I0.5~ff 

The part ic le  diffusion coef f ic ients  are  charac ter i zed  by the rat io  ~ i n  ( 2 . 3 ) ,  (2 .4)  and by the quantity 

DI _ 0.~59c~p ( --= p \'/2 q~ (3.7) 
Do zr t 77)  ' D o - -  g 

The dependence of the dimensionless  diffusion coefficient Dt/D 0 in the longitudinal direction on p for 
three values  of n is i l lustrated in Fig.  6a by the continuous curves .  The express ions  for the momentum 
and pseudoturbulent energy of the dispersed phase transport coefficients are obtained from the express ions  
for the corresponding diffusion coefficients with account for the instantaneous nature of particle momentum 
and energy transfer in the material  [7]. As a result  we have 

]~l ~i ' V ' 113 --1 { p '~ "] D1 ~ ~2 ~ 1  (3 .8)  
d2Do - -  d~Do ~- p . t  - ~'~, j j "~o ' ~ d2Do --d2Do 

The quantity #1/d2Do is shown dashed in Fig.  6a. As p -" p ,  this quantity becomes  infinite and 
D1/D 0 approaches some finite value.  The latter is associated with use of the assumption of local  h o m o -  
geneity, which is inadequate in the region p ,~ p , .  In reality the ratio D1/D 0 rapidly decreases  to zero  
near p , .  

In several  problems of heat and mass  transport in a gaseous suspension the gas diffusion coefficients 
may be of interest .  We represent  them in the form 

o o  90 

o o 

After calculations we obtain 

0' [+ + '  +] E+ ' ]"  -1 . . . . .  arc tg - - r  ~ + r  3arctg -7-  ' D2 D1 c r 

Hence we see that DI'/D 1 depends on n from (2.10) but is independent of p (Fig. 6b). For n which are 
not too c lose  to one, D1' > D 1. We note that the est imate (3.9) for the gas diffusion coefficients is very  
approximate, which is associated primari ly  with the use therein of Eulerian rather than Lagrangian 
correlations for the gas veloci ty .  
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In conclusion we note that the entire analysis developed in section 1 is based on the assumptions that 
the force of viscous interaction of the gas with a single particle is l inear in the relative velocity and can 
be represented in the Stokes form. The second assumption is not at all essential; dropping this assumption 
requires only a trivial redefinition of the quantity fl in (l.1). The f i rs t  assumption is incorrect  for large 
Reynolds numbers, when the viscous friction force is quadratic in the velocity. However the calculations 
remain valid for this case as well if we use the approximate l inear approximations for the true interaction 
force for the different relative velocities.  
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