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The p rob lem of the eff ic iency of fluidization and pseudoturbulent  mixing of an a x i s y m m e t r i c  
jet with solid pa r t i c l e s  ts ana lyzed .  

In the ma j o r i t y  of technological  p r o c e s s e s  the use of a fluidized bed is de termined by the high eff i -  
c iency of the t r ans f e r  p r o c e s s e s  in the bed.  The possibi l i ty  of es t imat ing  the mode of g r ea t e s t  mixing and 
the effect  of the p a r a m e t e r s  of the "boiling" l ayer  on the mixing eff ic iency takes  on cons iderable  impor tance  
in the se lect ion of the p a r a m e t e r s  of the "boiling" l aye r .  

In the p rac t ica l  appl icat ion of a boiling layer ,  however ,  i r r egu l a r i t i e s  in the concentrat ion of the solid 
and gaseous  phases  develop nea r  the input devices  which d i rec t ly  af fec t  the r a t e  of occur rence  of the c h e m i -  
cal  r eac t ion .  

Using the s ta t i s t ica l  theory  developed by Yu. A. Buevich to desc r ibe  the hydromechanics  of d i spe r se  
s y s t e m s  one is able to es t imate  the dependence of the mixing eff iciency in the bed on the concentrat ion of 
the solid phase  and analyze the p rope r t i e s  of the mixing of the solid and gaseous  phases  nea r  the input 
dev ices .  

As numerous  expe r imen t s  with fluidized beds and theore t ica l  works  [1, 2] show, the pulsat ions of 
solid pa r t i c l e s  and e lements  of gas volume play a la rge  ro le  in the descr ip t ion  of the hydromechan ics  of 
such l a y e r s ,  provided the Reynolds  number s  for  the flow over  individual pa r t i c l e s  a re  not ve ry  sma l l .  

Taking the la t ter  a ssumpt ion a s sa t is f ied,  let  us calculate  the equivalent t e m p e r a t u r e  of the pseudo-  
turbulent  puIsat ions for  a sys t em whose solid phase cons is t s  of pa r t i c l e s  of two s i z e s .  According to [3], 
the equations for the pulsation components  of the veloci t ies  and the densi ty can be wri t ten in the fo rm 

m(/)[ O~'(J)" -~i . . . .  ] ' a~' (tie( ~v)~ '~,~ = ~ i ) '  

0 p(.">" = __ ~p(i)" V e~ - -  9 {%?~  

> + 

e(i), - { aV~J)'~ aV~ i~" 2 ^ OV~ f 

Here ,  bes ides  the notation put in the l i s t ,  we Lake 

u(s) ~ V  O) _ W O } ' ;  u O)=V-WO); 

K(p) is a function allowing one to take into account the constraint /3 0) = 9~r (j)2d of the flow over  pa r t i c l e s  
in the sys t em,  where  the index (j) indicates the number  of the type of p a r t i c l e s .  

Let  us move on to the spec t ra l  r ep resen ta t ion  for the pulsat ion components :  
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TABLE 1 .  Variation in Concentration of Solid Phase  along Length 
of Je.t 

r=O 

r=T 0 

r = S r  o 

x=lOro x=2Ors x~fOrs 

--I 

--I12 
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--0,24 

--0,27 

--0,01 

--0,12 

--0,17 

--0,07 

--0,04 

--0,07 

--0,08 

where ~o'-p,, p , ,  W', V' .  

Substituting (2)into (1), we find that-Z~)---Z~), and Z~)=Z(~). 
rain 

where 

(2) 

Using these two equalit ies one can ob- 

(3) 

,~ (o, ~ = [d o (1 -- p) i(m+ k~V~ + p0 S (p) k ~ + udK (p) (~p~ 

(o -FkV)~ �9 + • (I --  p) ~ - ~  
+ 152P~ + I~x (1 - -  p))] (1 --  p) k ~ 

(co + kV)k 
, -~ -~  [ •  ~ 

_~_~oS (o) E(~ v) - . _ ~  

+ --  xdK (p) ~,p~ ido~ + idkW (~) -t- xdK (p) l~ 

_ eo ] + . e  ez< (o) + 
ido~ -~ i~W m) + xdK (p) ~ dp 

..4...~ 

ido + idkW (~) + xdK (p) ~ 

The express ion  for the equivalent t empera ture  of the pulsation motion of par t ic les  of the f i r s t  type 
in the ver t ical  plane can be written in the form [3, 4] (the subscr ipt  1 denotes the ver t ical  component) 

0]1) _ z ( l } , z ( l ) _ _ _  F F A~ ( fD, ~_...,,.:I_ ({D,~) (Z~Zp)(1)do)d~ 
= ~ "  ~r w ' ~ - - J J  B*(m, k ) B ~ , - ~  (4) 

w h e r e  

"Or (1) /0) ~) " ( Z * Z p )  Ca~ = - - P , .  ~ , - -  ( 5 )  

MO) (o), k-*)= (~) + W(X)-k)~ + (kD"~CP -k-- T~o'~o~) ~. (6) 

Equation~5) for the spectral  density p' of the p rocess  follows from the theory of steady random proc-  
e s se s  [3, 4]; W(1) is the average velocity of par t ic les  of type 1, ~(l) is the pseudoturbulent diffusion ten-  
sor  of par t ic les  of type 1, determined by the express ion [3] 

0 

and the symbolic equality' to kD ( )k is denoted by the sum 

L,I 

7g)-t:5(1)/e(1), eel) = el,) +e~"  +o~'~. 

We introduce the following notatiori: b =~0)k' ,  c = ~ ( ~ ) ~ ,  d0=WI0. 
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x=O gi P=~§ 
P 

x~/gro t P=P,,~ P. 

01 r 

F i g .  i. Dependence  of v o l u m e t -  
r i c  concen t r a t i on  p =P0 +P~ of 
sol id  p a r t i c l e s  on d i s tance  r to 
ax i s  of tube fo r  d i f f e ren t  va lues  
of X. 

The i n t eg ra l  e n t e r i n g  into (5) is e a s i l y  ca l cu la t ed  if one a s s u m e s  that  W(1) : 0 ,  i . e . ,  tha t  the p a r t i c l e s  
of type 1 a r e  at  r e s t  on the a v e r a g e .  

We will  f u r t h e r  a s s u m e  that  D10), D~t), D I I ) ~ 0 ;  D t i ) -D[~  ), D~I) =D~ 1)= D(~ ) =D~? a r e  the c o m p o n e n t s  
of the t e n s o r  a long  the p r inc ipa l  a x e s .  Acco rd ing  to [5] th is  c o r r e s p o n d s  to the a b s e n c e  of v e r y  s m a l l - s c a l e  
mo t ions  and a l lowance  for  only v e r t i c a l  p seudo tu rbu l en t  p u l s a t i o n s .  Then as  ~(~) -~ 0 

M (1) (co. ~) M O) (oJ, k) o )2 + (c--d~ 2 (7) 
- - o o  

Subs t i tu t ing  (7) into (5), we obtain ~p, p (w, k-~ =~(;),o ~ 5  (w). A c c o r d i n g  to [41, 

o., 4~ (k~'))" i - - - o ,  Y(k~,)--k) ,  

w h e r e  
I 

Y < x ) =  , x > 0  
k(0~ = , ' / al O, x < O .  

Tak ing  w=O in the e x p r e s s i o n s  for  A@, k) and B(~o, k) and a s s u m i n g  that  the inequa l i t i e s  

a r e  s a t i s f i ed ,  we obta in  

a P 2 +2K(~  d (0) 2 dK(o)   
~ 2 2 , - -  d0 / 

F o r  the s t r e a m l i n e  mode  a f low c o r r e s p o n d i n g  to K 0 )  =1 E q .  (8) t akes  the f o r m  

01~ ~ = V2P~ 0 (0. - -  0) 
5p. (1 - -  p) 2 

(8) 

F r o m  th is  it is  seen  that  the m a x i m u m  equiva len t  t e m p e r a t u r e  of the p seudo tu rbu l en t  pu l sa t ions  (the 
m a x i m u m  s t a t i s t i c a l  i n d e t e r m i n a c y  of the s y s t e m )  is  r e a c h e d  when 

P* (9) 
P = 2 - - p  

I f  one t a k e s  p ,  = 0 . 6  [1], then f r o m  (9) we obtain  p = 0 . 4 .  

Subs t i tu t ing  K(p),  in the f o r m  p r o p o s e d  b y  E rgun ,  into (8), we find tha t  @~l)/V2 h a s  a m a x i m u m  at  p = 
0 .28 .  Both the r e s u l t s  obta ined a r e  in good a g r e e m e n t  with the r e s u l t  of [6], w h e r e  a s o m e w h a t  d i f fe ren t  
a p p r o a c h  was  used  to d e t e r m i n e  the p c o r r e s p o n d i n g  to the m a x i m u m  mix ing  in a f lu id ized bed .  The t e m -  
p e r a t u r e  obta ined  a s  a funct ion of p has  a m a x i m u m  in the i n t e rva l  of 0 < p < 1, which a g r e e s  wel l  with the 
fac t ,  known f r o m  e x p e r i m e n t  and c o n f i r m e d  t h e o r e t i c a l l y  [6], of the p r e s e n c e  in the s y s t e m  of a s ta te  c o r -  
r e s p o n d i n g  to the m a x i m u m  s t a t i s t i c a l  i n d e t e r m i n a c y .  
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The mix ing  of a gas  je t  with a s t r e a m  of a m i x t u r e  of sol id p a r t i c l e s  and gas  can be  d e s c r i b e d  u s ing  
the mechan i  s m  of p seudo tu rbu l en t  m i x i n g .  

The  equat ion of p seudo tu rbu len t  diffusion in cy l i nd r i ca l  c o o r d i n a t e s ,  a c c o r d i n g  to [1, 2], i s  wr i t t en  in 
the f o r m  

Vr -k (V~ - -  Wo ) _Op : 1 0 D2 (p) (rp) §  
dx r Or 

w h e r e  W 0 i s  the ve loc i ty  of the sol id phase ,  which i s  t aken  a s  cons tan t ;  Dl(O) and D2(o) a r e  the longi tudinal  
and t r a n s v e r s e  coe f f i c i en t s  of  p seudo tu rbu l en t  d i f fus ion .  

F o r  s imp l i c i t y ,  we a s s u m e  f u r t h e r  that  V r =0 and V x = V 0 = c o n s t  ("upper"  e s t i m a t e ) ;  m o r e o v e r ,  
p =p0+pl  and Pl <<P0, so  tha t  f r o m  (10) we obta in  

02p___A_ ~ _ Y 09x .cz~ ( O~p___!_~ 14-2Vr 09~ 
Ox "z Ox Or" + - -  ' (11) 

w h e r e  

1 Po OD1 (Po) V o - - W ~  ; <x 2 D~(P~ --0.422 [1]; v - -  ~- 
' = D1 (Po) DI (9o) 2 " 2D~ (Po) OPo 

The bounda ry  condit ion a l lowing  f o r  the axia l  s y m m e t r y  of the je t  h a s  the f o r m  

= ! O, r > r  o at x = O ,  (12) Pl ( --9o, r ~ ro 

w h e r e  r 0 is  the r a d i u s  of the tube th rough  which the v a p o r  is  in t roduced  {here it  i s  a s s u m e d  tha t  the gas  
c a r r y i n g  the sol id  p a r t i c l e s  m o v e s  with the s a m e  ve loc i ty  V 0 and has  the s a m e  phys i ca l  p r o p e r t i e s  a s  the 
v a p o r  in t roduced  into the s t r e a m ) .  

Then we can  wr i t e  the solut ion of E q .  (11) in the f o r m  [9] 
oo 

0 

I f  the f o r c e  of g r a v i t y  is  neg lec ted  then the r e s u l t s  of [1] can  be appl ied  d i r e c t l y  to the ca lcu la t ion  of 
the p seudo tu rbu l en t  diffusion coef f i c ien t  D 1 (o0). Then (for m e d i u m  Reyno lds  n u m b e r s )  

Dx (Po) : [ 3.582 (Vo - -  Wo)2Po 2 (0.6--po)(1.03899~ + 0.147390+ 0.2165)]/[ 1.3563 (1 - -  9o)20.6~ ( 1 - -  90) -5'5sI, 0 < Po <0.28,  

(14) 
Dx (Po) = I3 (2po + 1)20-6 - -  0o)(1 - -  00)(1.03890g § 0,14739 o § 0.2165)]/[1.3563 �9 0.6.25~po], 0,28 < Po < 0,6, 

w h e r e  

I t  should be  noted tha t  the m a x i m u m  of the diffusion coef f i c ien t  D t (o0) i s  r e a c h e d  a t  P0 = 0 .28 ,  which 
a g r e e s  wel l  with the r e s u l t s  of [6], a c c o r d i n g  to which the m a x i m u m  mix ing  in a d i s p e r s e  s y s t e m  is  r e a c h e d  
when P0 = 0 . 2 - 0 . 3  and is  qua l i t a t ive ly  c o n f i r m e d  by the e s t i m a t e  obta ined in the f i r s t  p a r t  of the p r e s e n t  
w o r k .  

F r o m  (14) it i s  e a s y  to find tha t  v~- - - 1 / 2  a t  p 0 = 0 . 4 .  

. /% , _ 
F0 

0 

F o r  th is  c a s e  (13) t akes  on a s i m p l e r  f o r m  

~' x c o s - -  sin y dy. (15) 
2 . ro 

Dividing the r eg ion  of i n t eg ra t ion  in (15) into two i n t e r v a l s  in a c c o r d a n c e  with the inequa l i t i es  Y/2 <> 
~(Y/r0) and p e r f o r m i n g  a s e r i e s  expans ion  of the r a d i c a l  ins ide  the exponent  s ign in each  of t h e m ,  we ob -  
ta in  

"~re 

P l = - - P f  exp - -  yro2 ] Y ro 
0 
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- -Po - -  exp --o~ . 
'~ T -Y ro 

0 

2 ~  ( g----xt--- i  Yrsinydg,  (16) -i- Po~ exp - -a  cos 
ro / g ro 

0 

w h e r e  we a r e  conf ined in both c a s e s  to  the h ighes t  t e r m  in the expans ion  ins ide  the exponent  s ign .  

If  for  V0, W0, a ,  d~, P0, /~0, and r 0 we take  the n u m e r i c a l  va lues  Vo=40 m / s e c ,  g 0 = l . 4  �9 10 -5 N .  s e c /  
m 2, W0=4 m / s e c ,  a =50 �9 10 -~ m ,  dt =1200 k g / m  ~, p 0 = 0 . 4 ,  and r 0 = 0 . 2  m,  t h e n w e  have  Yr0/2~ = 0 . 6 4 .  Using 
fo r  th is  case  the a p p r o x i m a t i o n  

1 
s i n g = Y - -  ~ f '  

we obtain  ana ly t i ca l  e x p r e s s i o n s  fo r  the v a r i a t i o n  in the concen t r a t i on  of the sol id phase  in the jet  a long 
the length x for  t h r e e  va lues  of the coord ina t e  r .  

F o r  r = 0 a t x = 0  

z, ,I  y 
0 

when x ~ 0 

Pl [ 2 , 

po ~ 

7r2~ (1) ?2r3 o ^._ 2 arctg r~ 
6n~ x - - -  ~ ~ v  - -  - -  ~ a-'7 

2 
+ n 

l (.~2%3 _, ~ ) e x p ( _ - ~ _ ) .  
3zi~e~X ~ 

(17) 

For r=r 0 at  x=O 

P1= --Po --~ cos g sin gdy = - -  -~- Po, 

0 

when x ;~ 0 

Pl ( 2 
�9 

--;- 3nc~2x/ 2~I'-x- 3~a~x exp - -  

1 2% [ 2 
arctg ax ~ 

8to ~( % I r e x p ( _  I x ) _ l ]  , 4 ( ?2r] ?ro 3 ~ e x p ( _ _ ~ )  (18) 

F o r  r =5r  0 at  x = 0  

p,=_poZ (" 5gsiny g = o, 
n J Y  

0 

when x ~ 0 

2~_A 

Pl _ 38yr6 ~ V •? ro(D --exp -- ---- arcig c~2x 2 

- -  - 3~a2x ] 2a V~7 3:~c~3x n - -  + 24 

76 (19) 
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Here ~,(z) =2/~'~.Iexp(--t2)dt. The results of calculations by Eqs. (17)-(19) of the relative concentration 
0 PI/O0 of the solid phase along the length of the jet are presented in Table 1. 

Curves corresponding to the data presented in Table 1 are shown in F ig .  1. Thus, with the help of 
Eq. (15) one can estimate the length at which equalization of the concentration of the solid particles occurs. 

The average value of the concentration Pi over a cross section can be calculated from the equation 
R 

~el (r) rdr 
- -  0 

0 

or using Eq. (15) 

P~ ~ - - P ~  ,f exp [-- ( ~ / /  -4- ~ -  r~ 2 ) xJ [R sin -- § Y \ J J r o  
0 

where R is the radius of the outer cylindrical surface confining the system. 

Thus, using the spectral theory of the concentration of disperse systems [1, 2] one can solve the 
problem of the efficiency of mixing of a homogeneous boiling layer and of the pseudoturbulent mixing of a 
vapor jet containing solid particles, which have importance in chemical technology. 

N OTA TI ON 

ml, m 2, masses of particles of first  and second types; w(J), velocities of particles of j-th type; 
w(J)', pulsation components of particle velocities; ~ ,  velocity of fluid phase; V r ,  V x, radial and axial com- 
ponents; p, volumetric fraction of solid particles in medium; p', pulsation component of p; d 0, density 
of fluid phase; V(])', pulsation component of velocity of fluid phase near a particle of the j-th type; P(J)', 
pulsation component of pressure near a particle of the j-th type; N0, viscosity coefficient of fluid phase; 
S(p), a function of p allowing for the change in viscosity due to the presence of solid particles in the medium; 
aj, volume of the particle of the j-th type; p~, volumetric fraction of particles of the j-th type; d, density 
of material of solid particles; a {J), radius of particles of j-th type; | equivalent temperature of pseudo- 
turbulent pulsations of particles of j-th type; D(J), pseudoturbulent diffusion tensor of particles of j-th type; 
p , ,  volumetric fraction of solid particles corresponding to close packing. 
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