
MASS TRANSFER IN THE VOID SPACE OF A 

FIXED GRANULAR BED 
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The t ransfer  p rocesses  in the void space of a granular  bed are  examined. The pa ramete r s  
of the hydrodynamic model are  experimental ly determined.  

In simulating p rocesses  in chemical  reac to rs  it [s neces sa ry  to solve problems associated with the 
flow of the reaction mixture through a fixed bed of nonporous par t ic les .  In this ease it is important  to con- 
s ider  the hydrodynamic conditions in the void space of the granular  bed, especial ly if the input pa rame te r s  
of the process  ( temperature,  concentration) vary  with time. 

1. Choice of Model. In order  to understand the p rocesses  taking place in the void space and choose 
an appropriate  mathematical  model, we made a Sehlieren study [1] of the flow of a t r a ce r  gas using a Karl 
- Z e t s s  Jena-80 instrument.  The plane model represented the most charac te r i s t i c  part  of the bed between 
two t ransverse  surfaces .  During the experiment  the gas flow velocity was varied on the interval 5-100 cm 
/see, whLeh corresponded to Re = 20-600. It was established that over  the entire range of Re numbers  the 
void space was nonhomogeneous: there are  two regions - a flow region consist ing of s t r eams  of gas in the 
space between grains and a nonflow region in the vicinity of par t ic le  contact  points. In the nonflow zones 
formed as a result  of the separat ion of the gas s t r eam f rom the surface of the grain the gas is vigorously 
mixed owing to the presence  of eddies. Accordingly, the concentrat ion of t r a c e r  gas in the nonflow zones 
ts approximately constant over  its entire volume. Mass t ransfer  between zones is linked with eddy f luc-  
tuations, whose intensity depends on the l inear gas flow velocity. 

On the basis  of this experimental  investigation, with allowance for the presence of molecular  and 
turbulent diffusion in the flow zone the mater ia l  balance in an element of the granular  bed may be written 
in the following fo rm 

where 

1 02C1 OC 1 e~ (C 1 - -  Ca) OC' O, 
Pe 0~ 2 0~ V ~ Ot' 

7(Cl- -  C~) = 0__C~_, 
Ot' 

(1) 

l t ' - -  Uet . e___L ~ d .  P c =  UdK2 e F 
= ~ ; de 1 3 7 =  e U D I + D~ e l '  ~ = CZ --V " 

The unknown p a r a m e t e r s  of this model are  as follows: the fraction of nonflow zones in the bed, the 
coefficient fl of tnterzonal mass  t ransfer ,  the turbulent diffusion coefficient D2, and the tor tuosl ty factor  K. 

It should be noted that a sys tem of equations s imi lar  to (1) was previously proposed in [2]. However, 
the unknown pa rame te r s  of that model were  determined f rom the same experimental  data, for liquids only, 
and on a nar row range of variat ion of veloci ty and par t ic le  geometry .  

2. Turbulent and Molecular  Diffusion. Mass t ransfer  in the longitudinal direction of the bed is rea l -  
ized only in the flow zones as a result  of viscous flow and molecular  and turbulent diffusion. The flow re -  
gion is a sys tem of intersect ing s t reams,  whose dimensions are  determined by the geometr ic  s t ruc ture  of 
the bed. The available data [3] indicate that D 2 c a n  be quite accurate ly  determined f rom the expression 
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Fig. 1. Fract ion of nonflow zones as a function of Re 
�9 n for glass beads. Air-H2(He):  1) d = 1.3 ram; 2) 
d = 2 mm; 3) d = 5.0 mm; 4) d = 8.0 mm. A t d = 8 . 0  
ram: 5) CO2-H2(He); 6) Ar-H2(He); 7) H2-N2(Ar ). 

D2 --~ q~,. (2) 

The turbulent fluctuations q represent  approximately 10% of the flow velocity [4], and the scale ~. is de te r -  
mined by the dimensions of the voids between grains.  For  rhombohedral  packing ~ = (0.2-0.4)d. 

The tortuosi ty K is exclusively determined by the s t ructure  of the bed and can be obtained as a result  
of relat ively simple construct ions for a known coordination number or  found f rom the empir ical  relation [5] 

K = ~-0 (3) 

The possible e r r o r s  in determining D 2 and K are unimportant owing to the low sensit ivity of the solu- 
tion of sys tem (1) to these quantities. 

3. Experimental  Determination of the Fract ion of Nonflow Zones. The fraction of nonflow zones can 
be determined on the basis  of the geometr ic  charac te r i s t i cs  of the bed [6] 

e 2 ~ (3 sin s q)l -+- 2 cos 3 ~1 - -  2) 
T = 2 [6(1 --cos0) ]/1 + 2 cos 0 - - ~ ]  (4) 

However, the lack of data on the separation angles for such complex sys tems as a granular  bed makes it 
nece s sa ry  to determine them experimentally.  

We have determined the fraction e2/e for  spherical  packings and gas flows with different physical  
proper t ies  on a cer tain range of l inear velocit ies.  A c a r r i e r  gas is blown through the granular  bed and at 
a cer tain moment of time a t r ace r  gas is introduced at the inlet. The time interval At that elapses before 
this t r ace r  gas is f i r s t  detected in the sections l 1 and 12 is determined. Then 

Is-t,  )-, 
~, \ ~ )  �9 (5) 

For  a sufficiently steep t r ace r  concentration front the accuracy  of determination of the time of ap- 
pearance of the t r ace r  may be affected by the sensit ivity of the measur ing apparatus and, moreover ,  by 
molecular  and turbulent diffusion. Accordingly, in experimental ly determining e2, on the basis  of an anal- 
ysis  of sys tem (1), we selected conditions such that the time of appearance of the t r ace r  was pract ical ly  
independent of its concentration at a given sensitivity of the measur ing  apparatus. In this case At is d i rec t -  
ly proportional to the length of the bed and inversely proportional  to the gas velocity in the flow zone. 

The experimental  apparatus consis ted of a column of sufficiently large d iameter  (150-200 mm) filled 
with granular  material .  A c a r r i e r  gas was blown through the column. Then at a certain moment the t r ace r  
gas was injected into the flow and its time of appearance at several  points along the length of the column 
was regis tered  by detectors .  The experimental  curves  were recorded simultaneously for all the sampling 
points on an N-700 loop oscillograph. 
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Fig .  2. The  d e p e n d e n c e  St* = f(Re).  A i r - H 2 ( H e ) :  1) 
d = 1.3 mm;  2) d = 2.0 mm;  3) d = 5 . 0 m m ;  4) d = 8 . 0  
mm.  At d = 80 m m :  5) CO2-H2; 6) A r - H 2 ( H e ) ;  7) H 2 
- N 2 ( A r ) .  

The  e x p e r i m e n t s  w e r e  conduc ted  wi th  g l a s s  b e a d s  of d i a m e t e r  d = 1.3, 2.0, 5.0, and 8.0 m m .  D u r -  
ing the e x p e r i m e n t  the  Re n u m b e r  w a s  v a r i e d  on the i n t e r v a l  10-400 .  The g a s e s  i n v e s t i g a t e d  inc luded  a i r  
- H 2 ,  a i r - H e ,  CO2-H2,  A r - H 2 ( H e ) ,  H2-N2,  H 2 - A r  (the s econd  g a s  was  the t r a c e r ) .  An a n a l y s i s  of the 
e x p e r i m e n t a l  d a t a  b a s e d  on e x p r e s s i o n  (5) showed that  the f r a c t i o n  e2/e de pe nds  on the l i n e a r  f low v e l o c i t y  
in the vo id  s p a c e  and on the v i s c o s i t y  of the  g a s  m i x t u r e .  V a r y i n g  the g r a i n  s i ze  on the i n t e r v a l  1 .3 -8 .0  
m m  did  not  have  much  e f fec t  on the r a t i o  e2/e. it  was  found that  the r e s u l t s  ob ta ined  a r e  d e s c r i b e d  wi th  
s a t i s f a c t o r y  a c c u r a c y  b y  a s i ng l e  d e p e n d e n c e ,  if the e x p r e s s i o n  Re n (where  n = L/d g i v e s  the n u m b e r  of 
g r a i n s  p e r  m e t e r )  is  p lo t t ed  a long  the o r d i n a t e  a x i s .  It is  c l e a r  f r o m  F ig .  1 that  a t  R e n  <_ 2500 52/e= 0.31; if 
R e n  _> 37,000, then e2/e = 0.1. On the i n t e r m e d i a t e  r a n g e  of v a l u e s  

e~/e = 8,15 (Ren) -~ when 2500 -~ Re n .<~ 37000. (6) 

4. I n v e s t i g a t i o n  of I n t e r z o n a l  M a s s  T r a n s f e r .  As  a r e s u l t  of the p r e s e n c e  of e d d i e s  m i x i n g  in the 
nonflow zone is p r a c t i c a l l y  c o m p l e t e .  As  a r e s u l t  of eddy f l uc tua t i ons  a c e r t a i n  amount  of g a s  i s  t r a n s f e r r e d  f r o m  
the nonflow to the f low z o n e s .  T h e s e  f l uc tua t i ons  o c c u r  even at  g a s  v e l o c i t i e s  c o r r e s p o n d i n g  to l a m i n a r  
flow [7]. ~ a l y  at  a f low v e l o c i t y  qu i t e  c l o s e  to z e r o  m a y  i n t e r z o n a l  t r a n s f e r  b e c o m e  p u r e l y  d i f fus iona l .  

P h y s i c a l l y ,  the  t r a n s f e r  c o e f f i c i e n t / 3  in (1) c o i n c i d e s  with the f r e q u e n c y  of  the eddy f l uc tua t i ons  in 
the nonflow z o n e s .  In fac t ,  on the i n t e r v a l  T = 1/w (T ts  the f luc tua t ion  pe r iod )  a c e r t a i n  f r a c t i o n  of vo lume  
r}V (r~ <_ 1) is  e j e c t e d  into the f low zone ,  a s  a r e s u l t  of which a v o l u m e  of gas  equa l  to Fc~T e n t e r s  the  f low 
zone  f r o m  the nonflow zone .  Equa t ing  t h e s e  two f luxes ,  we obta in  

V 
T = i l - -  

Fc~ 

o r  

1 = ~ - ~ .  (7)  

The  c o e f f i c i e n t  ~; d e n o t e s  the f r a c t i o n  of g a s  t r a n s f e r r e d  to the f low zone  d u r i n g  a t i m e  equal  to one 
eddy f luc tua t ion  p e r t o d .  On the b a s i s  of the  e x p e r i m e n t s  d e s c r i b e d  in Sec.  1 it  was  found that  V ~ 0 .2 -0 .3 .  

The  S t rouha l  n u m b e r  St = co/0/U 1 (l 0 ~ d/2 is  the r o u g h n e s s  of the g r a n u l a r  bed) i s  known to be  c o n -  
s tan t  fo r  a g iven  g e o m e t r i c  s t r u c t u r e  [8]. On the b a s i s  of [8] it  m a y  be a s s u m e d  that  fo r  a bed  with  a smoo th  
s u r f a c e  St ~ 0.3; then, u s ing  (7), 

St = el 13d 
~-C" - 5 -  (s) 

As fo l lows  f r o m  F ig .  1, the flow zone f r a c t i o n  i n c r e a s e s  wi th  v e l o c i t y  by  a p p r o x i m a t e l y  20%. The  c o -  
e f f i c i en t  rl is  a l s o  a p p r o x i m a t e l y  c o n s t a n t  and c h i e f l y  d e t e r m i n e d  by  the g e o m e t r i c  s t r u c t u r e  of the bed .  
A c c o r d i n g l y ,  i t  fo l tows  f r o m  (8) that  the m a s s  t r a n s f e r  c o e f f i c i e n t  is  d i r e c t l y  p r o p o r t i o n a l  to the g r a i n  s i z e .  
F o r  the i nd i ca t ed  v a l u e s  of the  p a r a m e t e r s  in (1) 

St* ~d = - -  ~ 0.15 - -  0.25. (9) 
U 

In o r d e r  to c h e c k  o u r  r e s u l t s  we e x p e r i m e n t a l l y  d e t e r m i n e d  the m a s s  t r a n s f e r  c o e f f i c i e n t s .  F o r  th is  
p u r p o s e  we used  the e x p e r i m e n t a l  a p p a r a t u s  d e s c r i b e d  in See. 3. At the  e n t r a n c e  to the bed  we i n t r o d u c e d  
a s i gna l  in the f o r m  of a t r a c e r  gas  pu l s e ,  which  was  d e t e c t e d  at  s e v e r a l  po in t s  a long the length  of the 
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Fig. 3. The dependence Pe = f(tlef) for  var ious  gases  [9]: 1) 
a i r - m e r c u r y ,  d = 1.4 mm; 2) d = 0.434 mm; [10]: 3) a i r  
- H e ;  [11]: 4) N2-C2H4, N2-H2, d = 3 mm; [12]: 5) N2-He,  
d = 2.0 mm; 6) N2-H2; 7) Ar-N2;  8) N2-Ar ;  9) N2-C2H4; 
d = 0.8: 10) N2-He;  11) N2-C2H4; [13]: 12) C H t - K r ;  13) 
O2-Kr ;  14) SO2-Kr;  15) H 2 - K r .  

column and recorded  by two ana logue -d ig i t a l  conve r t e r s  of a JRA-5 computer .  The compute r  p roces sed  
the exper imenta l  data in accordance  with a special  p r o g r a m  and t r a n s f e r r e d  the r e su l t s  in dEgital code to 
a puncher .  Then s y s t e m  of equations (1) was solved on a Minsk-2 digital computer  for  boundary conditions 
cor responding  to the exper imenta l  conditions, and a coefficient  13 that gave the bes t  fit between the exper i -  
mental  and theore t ica l  cu rves  was selected.  

The m a s s  t r an s f e r  coeff icients  fi were  de termined for  the s a m e  conditions as e2/e. The resu l t s  we re  
p r o c e s s e d  in the f o r m  St* = f i d / U  and are  presented  in Fig. 2 for  va r ious  values  of the Re number .  

As follows f r o m  the f igure,  St* is actual ly  independent of Re and is a constant  equal to 0.18, which 
conf i rms  our prev ious  conclusions.  

5. Investigation of T r a n s f e r  P r o c e s s e s  in the Bed. In the nons ta t ionary  reg ime  the longitudinal m a s s  
t r an s f e r  is uniquely de te rmined  by the res idence  t ime distr ibution function f(~, t') of the t r a c e r  gas,  which 
is introduced in the section ~ = 0 in the f o r m  of a delta function 5(t '). It can be found by solving (1) for  the 
boundary conditions (for a bed of infinite length) 

l ' = 0  C1= C~ = 0, (10) 
~ = 0  C~ = 6(t'). 

The solution of s y s t em  (1) with conditions (10) in Laplace t r a n s f o r m s  takes the f o r m  

y(~, l ' ) = e x p  - - -  1 - -  1 + ~ e  y + S  e -- 1 .. ~ . (11) 

On the bas i s .o f  an analys is  of (11) we obtained the f i r s t  four initial moment s  and f r o m  them the p r in -  
eipal s ta t i s t ica l  cha r ac t e r i s t i c s :  

r e s idence  t ime 
= I/U,  (12) 

va r iance  

~ : 2 ~  ~2 ! + _ _ .  (13) 

coefficient  of skewness  

~3 8 2 8 
6 % + 1 2 - - - } - 1 2 - - - .  

Sk = e l f  ~? p~ ~ v~-~ ~ , (14) 

2 ez~e~ + 2  e ~ P e  ' ~' f 
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c o e f f i c i e n t  of e x c e s s  

.3 . 584 8~8 , % 6 8 o 8 2  _2_, _ _  
8 , 2  pe 8 pe 

e~r = 6 epic" ' (15) 
8 a 8282 , 8 4 )  

--', 2 e~,pe ~ e~Pe ~ 

A s i m i l a r  a n a l y s i s  w a s  made  fo r  a d i f fus ion  m o d e l  wi th  the m a t h e m a t i c a l  d e s c r i p t i o n  

1 OzC _ 0 C . _ _ _ 8  .--OC = 0  (16) 

Pe O~ 2 O~ et Or' 

at / ' = 0  C = 0 ,  ~ = 0  C = 6 ( t ' ) ,  (17) 

7 = t/U, (18) 

~2 = 2~ 82 1 (19) 8-r "N, 

Sk= 3V2/Vpe~, (20) 

8~ = 30/Pe ~. (21)  

C o m p a r i n g  (12) and (18), we  f ind tha t  the mean  r e s i d e n c e  t i m e  [o r  t he se  two m o d e l s  is  the  s a m e .  The  
variances a r e  equal  if 

1 (22) 
Pe . . . . . . .  1 

1 1 - -  -}- St---2- 8 Re Se' K ~ 

ff (22) is  s a t i s f i e d ,  the c o e f f i c i e n t s  of s k e w n e s s  and e x c e s s  fo r  the two m o d e l s  m a y  d i f f e r  c o n s i d e r -  
a b l y e v e n  at c o m p a r a t i v e l y  l a r g e  ~ . A c c o r d i n g l y ,  the  d i s t r i b u t i o n  func t ions  wi l l  a l so  d i f f e r .  An a n a l y s i s  
showed that  t h e s e  func t ions  a p p r o a c h  each  o t h e r  only  at  ~ _> 500-800 .  

T h e r e  have  been  n u m e r o u s  e x p e r i m e n t a l  d e t e r m i n a t i o n s  of Pe  unde r  v a r i o u s  c ond i t i ons  [9-13].  The  
r e s u l t s  of a c o m p a r i s o n  wi th  r e l a t i o n  (22) a r e  p r e s e n t e d  tn F ig .  3. The  con t inuous  c u r v e  c o r r e s p o n d s  to 
the v a l u e s  of Pe  c a l c u l a t e d  f r o m  (22). 

As fo l lows  f r o m  the f i gu re ,  the a g r e e m e n t  be tw e e n  the c a l c u l a t e d  and e x p e r i m e n t a l  v a l u e s  of P is  
qui te  good.  It is  i n t e r e s t i n g  to note  tha t  the de pe nde nc e  ob ta ined  s u c c e s s f u l l y  p r e d i c t s  the v a l u e s  of P e  
o v e r  the e n t i r e  r a n g e  of v a r i a t i o n  of Ref.  As  fo l lows  f r o m  (22), the  va lue  Pe = 2.0 g iven  tn the l i t e r a t u r e  
c o r r e s p o n d s  to a c o n s t a n t  v o l u m e  of the nonflow zones .  Thus ,  s u b s t i t u t i n g  e2/e = 0.1 and St* = 0.18 in (22), 
we obta in  :Pe = 1.8. 
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is the v a r i a b l e  length  of the bed ,  m; 
is  the  g r a i n  d i a m e t e r ,  m; 
is  the gas  v e l o c i t y  in the f r e e  c r o s s  s e c t i o n  of the bed ,  m / s e c ;  
is  the  gas  v e l o c i t y  o v e r  the to ta l  c r o s s  s e c t i on  of the  c o lumn ,  m/ see ;  
is  the g a s  v e l o c i t y  in the f low zones ,  m / see ;  
is  the m a s s  g a s  f low r a t e  o v e r  the to ta l  c r o s s  s e c t i o n  of the co lumn,  m3/kg �9 sec;  
a r e  the flow and nonflow zone f r a c t i o n s ,  r e s p e c t i v e l y ;  
is  the i n t e r z o n a l  t r a n s f e r  coe f f i c i e n t ,  sec-1;  
is  the v o l u m e  of the nonflow zones ,  ma; 
is  the i n t e r z o n a l  t r a n s f e r  s u r f a c e ,  m2; 
is  the  t o r t u o s t t y  fac to r ;  
is the m a s s  t r a n s f e r  c o e f f i c i e n t  r e f e r r e d  to the t r a n s f e r  s u r f a c e ,  m / see ;  
a r e  the m o l e c u l a r  and t u r b u l e n t  d i f fus ion  c o e f f i c i e n t s ,  r e s p e c t i v e l y ,  m2/sec;  
is  the t i m e ,  see;  
a r e  the t r a c e r  gas  c o n c e n t r a t i o n s  in the flow and nonflow zones ,  r e s p e c t i v e l y ,  f r a c t i o n s ;  
is  the L a p l a c e  v a r i a b l e ;  
is  the d y n a m i c  v i s e o s i t y ,  k g .  sec/m2; 
is  the k i n e m a t i c  v i s c o s i t y ,  m2/see;  
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0 is the angle between the sides of the rhomb formed by the lines connecting the centers  of the spheres;  
is the flow separat ion angle, ~l = 180~ 

]~ is the longitudinal diffusion coefficient,  m2/see; 
Re = Ud/v; 
Ref = Gd/#; 
Sc' = T/(D 1 + D2). 
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