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Expe r imen ta l  data  on the d is t r ibut ion  of  the local m a s s - t r a n s f e r  coeff icients  on the ex te rna l  
su r face  of a spher ica l  pa r t i c l e  in a monod i spe r se  s ta t ic  g ranu la r  l ayer  a r e  considered.  The 
obse rved  r a t e  of chemica l  change for  a nonequiaccess ible  su r face  of the ca ta lys t  gra ins  is 
de te rmined .  

It  is shown in [1-2] that  the f r ee  volume of a fixed layer  of pa r t i c les  through which a gas or  liquid flows 
is nonuniform - t h e r e  is flowing region which is a jet ,  and a nonflowing reg ion  si tuated in the neighborhood of 
the points of contact  between the pa r t i c l e s .  This  hydrodynamic  si tuat ion leads  to nonequiaccess ibi l i ty  of the 
ex te rna l  su r faces  of the pa r t i c l e s ,  which has been  exper imenta l ly  studied in a number  of pape r s  [2-8]. In this 
pape r  we inves t igate  the flow and t r a n s f e r  p r o c e s s e s  in a s ta t ic  g ranu la r  l ayer  and their  effect  of the r a t e  of 
chemica l  change on the su r face  of the g ra ins  of  ca ta lys t .  For  th is  purpose  we will  use the expe r imen ta l  r e l a -  
t ions between the local  Nusse l t  numbers  on a g ra in  in the s ta t ic  g ranu la r  l ayer  and the Reynolds number ,  
which w e r e  e l ec t rochemica l ly  obtained [3], and we will compare  them with the well-known theore t ica l  r e la t ion  

Nu = A Re ~, 

cor responding  to a ce r t a in  s t r u c t u r e  of the flow and t r a n s f e r  mechan i sm.  Exper imenta l  curves  of Nu = ARe n 
for  ce r t a in  points on the su r face  of the pa r t i c l e  a r e  shown in Fig. 1. It  can be  seen  f rom Fig. 1 that  for  
points I (| = 22 ~ the exponent n = tan ~ = 0.5, which co r r e sponds  to t r a n s f e r  p r o c e s s e s  in the l amina r  bound- 
a r y  l ayer  in the reg ion  of rtuming aga ins t  the flow [9]. For  points II (| = 135 ~ the nature  t~f this dependence 
changes:  as  the Reynolds number  i n c r e a s e s  for  10 < Re < 200, n = 0.5, While for  200 < Re < 2500, n = 0.65, 
which co r r e sponds  to t r a n s f e r  p r o c e s s e s  in the l amina r  boundary l ayer  in the region of separa t ion  for  t u rbu -  
lent bas ic  flow [9]. Fo r  points III (~ = 157 ~ ) up to Re ~ 250 the local  Nusse l t  number  is independent of the 
Reynolds number ,  and it  is then found to inc rease  slightly. In this case  n ~ 0.3, which co r r e sponds  to a v i s -  
cous type of flow around this point, for  which [10] 

~za 
Re z = - - ( <  1. 

u 

The absence  of a dependence of Nu on Re in the reg ion  10 < Re < 250 indicates  a m o l e c u l a r  t r a n s f e r  mechan i sm 
a t  fl~is point. It  follows f rom this that the point considered is in the contact  region between solid par t i c les .  
However ,  as  the Re number  i nc rea se s  this region cont rac t s ,  and the s ame  point will lie in the v iscous  flow 
region.  

For  points IV (| = 225 ~ the Nussel t  number  is independent of the Reynolds number  over  the whole 
range  of number s  10 < Re < 2500, i .e . ,  the point IV is  in the contact  region.  
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Fig. 1. Dependence of the local  Nussel t  
numbers  ,(Nu l) on the Reynolds number  
(Re = ud/@v) for d i f ferent  va lues  of the 
angle | with r e s p e c t  to the d i rec t ion  of 
flow: I) @ = 22~ II)  135~ HI ) 157~ and 
IV ) 225 ~ 

Car ry ing  out a s i m i l a r  ana lys is  for different  points on the su r face  of the par t i c le  in the l aye r  and taking 
into account  the fundamental  p r o p e r t i e s  of detached flow, the local  s t ruc tu re  of the flow can be  r ep re sen t ed  in 
the fo rm of s epa ra t e  regions :  It reg ion  where  the flow runs  agains t  the pa r t i c le ;  II,  r eg ion  of d i sp lacement ;  
III ,  r eg ion  of vo r t ex  format ion;  IV, reg ion  of v i scous  flow; and V, reg ion  of contact .  

The reg ion  of running against  the pa r t i c l e  and of vor t ex  fo rmat ion  cons is t s  of the m a i n  body of the flow 
and the boundary layer .  

On the ba s i s  of  the r e s u l t s  of  an analys is  of the d is t r ibut ion function of the exponent cor responding  to a 
defini te t r a n s f e r  m e c h a n i s m  and flow s t ruc tu re  (Fig.  2), we can r e p r e s e n t  the d i f ference  in the flow and the 
m e c h a n i s m  of the t r a n s f e r  p r o c e s s e s  as the Reynolds number  inc reases .  

F o r  sma l l  Reynolds numbers  10 < Re < 90 the ma in  flow is l amina r  and the su r face  of the pa r t i c l e  in the 
reg ion  where  the flow is  agains t  the pa r t i c l e  is about 15% (of which 10% is on the upper  pa r t  of the f rontal  s u r -  
face  and 5% close  to the equator  in the s t e r n  pa r t ) .  On the front  pa r t  in the region where  the flow is agains t  
the pa r t i c l e ,  a l amina r  boundary l ayer  is fo rmed  which then b r e a k s  away due to the p r e s e n c e  of a p r e s s u r e  
gradient .  The flow h e r e  has  a v iscous  nature ,  i .e . ,  the local  Reynolds number  Re l < 1. The vor t ex  region with 
a v iscous  nature  of the flow occupies  about 35%of  the whole su r face ,  of which 15% is on the f rontal  pa r t ,  and 
20% on the s t e r n  par t .  The remain ing  pa r t  (15% of the surface)  is in the reg ion  of s ta t ic  liquid c lose  to the 
point of contact ,  and is ~25% on the f rontal  pa r t  of the su r face  and 25% on the r e a r  pa r t  of the surface . .  

As Re i n c r e a s e s  the veloci ty  in the ma in  flow and in the v o r t e x - f o r m a t i o n  reg ion  inc reases .  The f rac t ion  
of the su r face  around which the l amina r  boundary layer  flows inc rea se s  up to 40%. Obviously,  this  i nc rea se  is 
due to the fo rmat ion  of the l amina r  boundary l aye r  in the reg ion  of the vo r t ex  format ion.  In this reg ion  s e c -  
ondary  sepa ra t ion  of the boundary l ayer  and the secondary  vor t ex  occurs  with a v iscous  nature  of the flow, 
which flows around about 35% of the su r face  of the par t ic le  (of which 15% is  on the f ronta l  sur face  and 20~ on 
the r e a r  surface) .  

The f rac t ion  of the su r face  which is in the s ta t ic  liquid is reduced  to 25%. 

When the Reynolds number  is inc reased  fur ther  in the reg ion  900 < Re < 2500, p a r t  of the vo r t ex  b r e a k s  
away f rom the par t ic le  su r face  and is c a r r i ed  downward with r e s p e c t  to the flow, causing turbulence  in the ma in  
flow. 

The boundary  l ayer  r e m a i n s  laminar .  The region of flow against  the pa r t i c l e s  b roadens  to 40%, the pa r t  
of  the vo r tox - fo rm a t i on  reg ion  with a l amina r  boundary layer  b roadens  to 40%, the other  pa r t  with v iscous  flow 
d e c r e a s e s  to 15%, while the reg ion  with s ta t ic  liquid d e c r e a s e s  to 5%. In th is  reg ion  of the Reynolds numbers  
in the vo r t ex  b reakaway  zone pulsat ions of  the local  m a s s - t r a n s f e r  coeff icients  a r e  observed.  When Re is in-  
c r ea sed  fur ther  the re  is  a t rans i t ion  to turbulent  flow both in the ma in  flow and in the reg ion  of vo r t ex  f o r m a -  
tion, and cor respondingly  a t rans i t ion  f rom a l amina r  to a turbulent  t r a n s f e r  m e c h a n i s m  in the boundary  layer .  
In accordance  with the change in the flow pa t t e rn  and the change in the Reynolds number ,  the nonequ iaccess i -  
bi l i ty  of the ex te rna l  su r face  of the pa r t i c l e s  in the g ranu la r  l ayer  a l so  changes (Fig. 3). 

F igure  3 shows examples  of the d is t r ibut ion functions of  the local  m a s s - t r a n s f e r  coeff icients  on the s u r -  
face  of a spher i ca l  pa r t i c l e  in an unordered l ayer  of s im i l a r  sphe res  cons t ruc ted  on the ba s i s  of exper imenta l  
data.  As follows f rom the f igure,  the local  exchange coefficients  m a y  dif fer  f rom one another  by  a fac tor  of 
5-10,  and this  d i f fe rence  d e c r e a s e s  as  Re i nc r ea se s .  The data  obtained ag ree  well  with the data  given in [4, 8]. 
I t  follows f rom the expe r imen t s  that  in the Re = 20-105 the m a x i m u m  values  of the exchange coeff icients  m a y  
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Fig. 2. Dis t r ibut ion function of the exponent n of the local  Reyn-  
olds number  Re in the re la t ion  Nul = ARe n (the dashed curve) ,  
and a h i s t o g r a m  (a - Re = 9-90, b - 90-250, c --250-2500).  
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Fig. 3. Dis t r ibut ion  function of the local  m a s s - t r a n s f e r  co -  
eff icients  on the ex te rna l  sur face  of a spher i ca l  par t ic le  in a 
gran~llar l ayer  for Re equal  to 9 (a), 90 (b), 250 (c), and 2500 
(d) (the dashed curves)  and a h i s togram.  

di f fer  f rom the a v e r a g e  by  a fac tor  of 1.5-2.5,  and this d i f ference  i nc rea se s  as  Re inc reases .  

In this r ange  of Re number s  the va r ia t ion  coeff ic ient  0Nu de te rmin ing  the deg ree  of nonequiaccess ibi l i ty  
of the su r face  of the par t i c le  v a r i e s  f rom ~100 to 20%. I t  a lso  turns  out that the d i rec t ion  of the flow of gas  or  
liquid acqu i res  a ce r t a in  o rde r  under exchange conditions - the exchange coeff icients  on the front  pa r t  of a 
g ra in  is g r e a t e r  than the exchange coeff icients  on the r e a r  pa r t  by  a fac tor  of ~ 1.5. 

We will  now cons ider  the effect  of nonequiaccess ib i l i ty  along the ex te rna l  su r face  of the gra ins  of the 
ca t a lys t  in a s ta t ic  g ranu la r  l ayer  on the obse rved  r a t e  of chemica l  change. Suppose the r a t e  of the chemica l  
r eac t ion  is W(Cr). We can then wr i te  the following expres s ion  a t  any point of the su r face  of the par t ic le :  

If  w(c )  = ke, then 

ff w(e )  = kc 2, 

if w(c )  = kcl/2, 

(s) [Co - -  C t (S)] = W [c r (s)]. 

Cr (S ) - -  Nu(s)  Co . 
6 + Nu (s) 

1 NU(s) . /  1 Nu(s) a Nu(s) co . 
c r (s) = 2 (5 + V 4 ~ & 6 ' 

( (52 ) 1 ~ ~__ 1/P l_~_f 2Co + --co 2" c~ ( s ) =  - - ~  2Co + - -  , 
Nu (s)) I /  4 k Nu (s) 2 

(1) 

if  w(c )  = kc/(1 + Ae), then 

c r ( s ) =  2 ,Nu(s) A 
| /  I ( 6 

+ ~ - - - e o ) +  V ' - 4 ~ , N u ~ ) A  
1 ) 2 +  A " - - + ~ - - C o  Co 

273 



q~4 >1 c ~ -  --.---" 

o,9o 

O, gg 2 

0,93: / Z 3 4, 5 

o, se 

Fig. 4. Effect  of nonequiaccessibi l i ty  of 
the externa l  sur face  of a gra in  of the 
ca ta lys t  on the observed  r a t e  of chemi-  
eal change: 1) A = 0, 2) 10, 3) 20, 4) 50; 
I) Re 9, II) 90, III) 900; the continuous 
curves  a re  w - k c / ( 1  + Ac); the dashed 
curves  a re  w = kc 2, and the dash-dot  
curves  a re  w kc if2. 

The observed r a t e  of the chemical  change r e f e r r e d  to unit external  surface  of the gra in  is 

s 

= - -  w [ c  r ( s ) l  ds. ( 2 )  Way s 
0 

Usually when calculating catalyt ic  p roces se s ,  the following express ion  is used for the ra te  of the r e a c -  
tion: 

r.r (Cl]a$ ---~ liar(Co - -  Cl]av ), 

which is calculated f rom the average  value of the m a s s - t r a n s f e r  coefficient  
$ 

~a = - -  d s .  
v 8 

0 

(3) 

The re la t ion  

(4) 

*l = ='a4 w ( % ~ )  (5)  

can se rve  as  a m e a s u r e  of the effect  of the nonequiaccessibf l i ty  of the externa l  surface  of a gra in  of lhe ca ta -  
lys t  on the observed r a t e  of chemical  change. The resu l t s  of calculations of this coefficient ,  taking into account 
the exper imenta l  dis t r ibut ion function of the m a s s - t r a n s f e r  coefficients for  di f ferent  kinetic behaviors  of w(c ), 
a r e  shown in Fig. 4. 

As can be seen  f rom the f igure the nonequtaccessibi l i ty  of the external  surface  of a gra in  of the ca ta lys t  
under i so thermal  conditions always reduces  the degree  of util ization of the ca ta lys t  compared  with equiacces-  
sible grains.  However ,  this effect  does not exceed 10% for reac t ions  of the second, f i r s t ,  and half  o rder .  Only 
when the kinetic dependence of the p rocess  approximates  to ze ro  o rde r ,  which cor responds  to large  values  of 
the adsorpt ion coeff icient  A, may this reduct ion r e a c h  20%. Since the degree  of nonequiaccessibi l i ty  dec r ea s e s  
as  Re inc reases ,  i t  effect  on the coefficient  also d ec r ea se s ,  which is well  i l lus t ra ted in Fig. 4. The g rea tes t  
effect  of nonequiaccessibi l i ty  is observed when W/Crflav ~ 1. When the catalyst ic  p roces s  occurs  in the reg ion  
of external  diffusion, when the ra t io  W/Cr/~av >> 1, this effect  is negligible. 

Hence,  we can conclude that in prac t ica l  si tuations when s teady-s ta te  catalyt ic  p ro ce s se s  occur  under 
conditions close to i so thermal ,  when problems of select ivi ty ,  stabili ty,  and ignition a r e  not important  [11, 12], 
the effect  of nonequiaccessibi l i ty  on the degree  of uti l ization of the externa l  surface  of grains  of ca ta lys t  can 
be ignored. 
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N O T A T I O N  

Nu=/d/D(co--Cr~; 0Nu= 2(Nui--Nua0~ 8=k/~; C, concentration; D, diffusion coefficient; Re=~v; 
i = l  

d, diameter of a grain; j~ specific flow of the material  to the surface of the grain; k, reaction rate constant; 
s, external surface of the grain; AS (Nu), distribution function of the local mass- t ransfer  coefficients on the 
external surface of the grain; u, rate of flow referred to the whole cross section of the layer; w, rate of 
chemical reaction; $, minimum useful cross section (0.17); fi, mass- t ransfer  coefficient; and v, coefficient 
of kinematic viscosity. Indices: f and K, front and rear  parts of the surface; av, average value; max, maxi- 
mum value; r, surface; and o, free volmne of the layer. 
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The results of the experimental investigation of the components of complex external heat ex- 
change in a high-temperature fluidized bed, by means of a radiometer and two a calorimeters 
with a different degree of surface blackness, are given. 

In order to separate complex heat exchange into radiant and conductive-convective components, in this 
paper the combined heat-transfer coefficients to two ~ calorimeters,  differing only in the degree of surface 
blackness, were measured. Each ~ calorimeter was a box with dimensions of 80 x 80 • 40 ram, made of 
Nichrome with a thickness of 5 mm, and filled inside with kaolin wadding. 

The heat-transfer coefficients were determined by the heating or cooling rate of the side walls of the 
calorimeter,  in which a thermocouple was calked. In order to reduce thermal inflows from the end walls of the 
c~ calorimeter,  which could be heated up differently than the side walls because of differences in their flow 
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