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

M A S S  T R A N S F E R  IN G R A N U L A R  B E D S  W I T H  P H A S E  

T R A N S F O R M A T I O N S  A N D  C H E M I C A L  C O N V E R S I O N S  

Y u .  A.  B e r m a n  UDC 532.72 

A s y s t e m  of di f ferent ia l  equations is der ived  desc r ib ing  the m a s s  t r a n s f e r  in a g ranu la r  
monod i spe r s ion  bed, whereupon the bas i s  c h a r a c t e r i s t i c s  of the m a s s  t r a n s f e r  p r o c e s s e s  in 
such a bed a r e  defined. 

In the genera l  t heo ry  of heat  and m a s s  t r a n s f e r  not sufficient  at tention has been paid to the kinet ics  of 
p r o c e s s e s  involving phase  t r a n s f o r m a t i o n s  and chemica l  convers ions  in a dense g ranu la r  f i l t ra t ion bed [1]. 

As a consequence of this  def ic iency,  the s y s t e m  of m a s s - t r a n s f e r  equations has  not yet been p r o p e r l y  
genera l i zed  and individual p r o b l e m s  as well as t he i r  solutions r e f e r  only to specia l  cases  [2-4]. 

At the s a m e  t ime ,  the s i m i l a r i t y  of t r a n s f e r  phenomena makes  it poss ib le  to t r e a t  m a s s  t r a n s f e r  
p r o c e s s e s  in the s a m e  way. 

In this  a r t i c l e  the author  will cons ider  only those  p r o c e s s e s  involved in a he te rogeneous  in te rac t ion  
between phases  where  next to the reac t ion  ra te  one may ,  with sufficient accuracy ,  take into account only 
the heat  t r a n s f e r  ra te  or  the m a s s  t r a n s f e r  r a t e  and d i s r e g a r d  the other  of the two, i . e . ,  p r o c e s s e s  which 
occur  e i the r  in the k i n e t i c - t h e r m a l  or  in the kinet ic  diffusion mode.  

We note that  a g a s - c o n d e n s a t e  s y s t e m  will be at equi l ibr ium when the t r a n s f e r  potent ia ls  in both 
phases  (the f i r s t  and the second) a re  equal,  i . e . ,  when 

II1 = II~. (1) 

It can be p roved  on the bas i s  of nonequi l ibr ium t h e r m o d y n a m i c s  [5] that in a s y s t e m  only s l ight ly de-  
viat ing f r o m  equi l ibr ium the reac t ion  r a t e  is p ropor t iona l  to this  deviation.  An exper imen ta l  s tudy of s eve ra l  
m a s s  t r a n s f e r  p r o c e s s e s  (evaporat ion,  r e d u c t i o n -  oxidation reac t ions ,  t h e r m a l  decomposi t ion,  etc.) indicates 
that  this  re la t ion  r e m a i n s  valid a lso  for  a s y s t e m  fa r  r e m o v e d  f r o m  equi l ibr ium when f i r s t - o r d e r  reac t ions  occur .  

We can, the re fo re ,  wri te  for  the r a t e s  of f i r s t - o r d e r  r eac t ions :  

Vlo c = kS  (nlo c _ He) , (2) 

where  the p r o p o r t i o n a l i t y f a c t o r k s i g n i f i e s  the reac t ion  conductance [5]. 

Since t he rmodynamic  equi l ibr ium is a specia l  case  of the s teady  s ta te  reached  when the boundary 
conditions a r e  compat ib le  with the equi l ibr ium conditions [5], hence the quantity H e is phenomenologica l ly  
equivalent  t o the  equi l ibr ium potent ial  of the gaseous  phase  (e. g . ,  the equi l ibr ium concentra t ion of the reac t ing  
component  in the gas) or  to the potent ial  at the reac t ion  su r face  of the condensate  phase .  Impor tan t  is onlythat  
the potent ia l  d i f ference  in Eq. (2) c h a r a c t e r i z e s  the deviat ion of the gas - condensate  s y s t e m  f r o m  equi l ibr ium 
and d e t e r m i n e s  the r e a c t i o n - m o t i v e  fo rce .  In v iew of th is ,  the magnitude of H e may  be t r ea t ed  e m p i r i c a l l y  and 
defined as the magni tude at which the reac t ion  r a t e  is ze ro  or  fal ls  below some p r e s c r i b e d  low level .  

According  to its definition, the magnitude of potent ia l  H e is constant  during a reac t ion  p r o c e s s  under  
p r e s c r i b e d  conditions.  

An analog of II e is,  for  example ,  the t e m p e r a t u r e  of the evapora t ion  su r face  in drying p r o b l e m s ,  
where  the p s y c h r o m e t r i c  t e m p e r a t u r e  d i f ference  m a y  be in te rp re ted  as the evapora t ion  mot ive  fo rce  [6 ], 
inasmuch  as ,  accord ing  to the Lykov method [6] and the Filonenko method [7], the drying ra t e  during the 
slowdown per iod  can be e x p r e s s e d  in t e r m s  of the initial drying r a t e .  
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When a he te rogeneous  m a s s  t r a n s f e r  is i so the rma l ,  the concentra t ion  di f ference  (c - c e) m a y  be in- 
t e r p r e t e d  as the mot ive  fo rce  in a f i r s t - o r d e r  r e v e r s i b l e  reac t ion ,  while the magnitude of He co r r e sponds  
to the equi l ibr ium concent ra t ion  of the reac t ing  component  in the gaseous  phase  [4]. 

In highly endothermal  r eac t ions  such as  t h e r m a l  decomposi t ion ,  when all the incoming heat is ex -  
pended e s sen t i a l ly  on the r eac t ion  and the t e m p e r a t u r e  of the solid phase  r e m a i n s  a lmos t  unchanged, the 
d i f fe rence  between the ambient  t e m p e r a t u r e  and the t e m p e r a t u r e  of the reac t ing  solid subs tance  m a y  be 
in te rp re ted  as  the mot ive  fo rce ,  so  that the magnitude of H e will de t e rmine  the t e m p e r a t u r e  at  the t ime  
when the r a t e  of the endothermal  r eac t ion  begins to r i s e  under  p r e s c r i b e d  conditions [8]. 

Thus,  one can a lways define the t r a n s f e r  potent ia l  and the mot ive  fo rce  in a specif ic  m a s s  t r a n s f e r  
p r o c e s s  on the bas i s  of the phys ica l  m e c h a n i s m  of the attendant phenomena.  

The s tage  of a phys icochemica l  t r a n s f o r m a t i o n  in the pa r t i c l e  of a solid phase  can genera l ly  be m e a -  
su red  in t e r m s  of the convers ion  coefficient  

z 
I~ = i - - - -  (3)  

Z o 

F o r  the solution of engineer ing p r o b l e m s  it is usual ly  mos t  important  to de te rmine  the mean  (over 
the volume of a par t ic le )  convers ion  coefficient  of the reac t ing  condensate  component:  

~-  ~loe~V. (4) 
(V) 

By analogy to r e la t ion  (2), the reac t ion  r a t e  exp re s sed  in t e r m s  of' the mean  (over the volume of a 
par t ic le )  convers ion  coefficient ,  we will mul t ip ly  the total  r eac t ion  conductance by the reac t ion  mot ive  
fo rce  and r ewr i t e  the equation for  the convers ion  r a t e  as 

V~zo ~ = gF (Hx - n~e,). (5) 
O't" 

The r igh t -hand  side of Eq. (5) r e p r e s e n t s  the flow of m a s s  or  heat  f r o m  the gaseous  phase  into the volume 
of solid p a r t i c l e s .  

Since the convect ive t r a n s f e r  f r o m  the gaseous  phase  to the geome t r i ca l  sur face  of p a r t i c l e s  usua l ly  
follows Newton 's  law, hence the to ta l  conductance in Eq. (5) is 

g--aFe(R), where e ( R ) - H ~ - - I I s  (6) 
H x - -  H e 

When a r eac t ion  occurs  only at  the geome t r i ca l  su r face  of pa r t i c l e s  and is l imited by the ex te rna l  
t r a n s f e r  conductance,  then [I s = II e and 

g = ~p6 (,), (7) 

with function 6($) r ep re sen t i ng  the va r ia t ion  of the reac t ion  su r face  a rea ,  in f rac t ions  of the geome t r i ca l  
su r f ace  or in t e r m s  of the potent ial  d i f ference  during the reac t ion .  

We note that ,  accord ing  to (7), the f o rmu la s  by Lykov [6] and Filonenko [7] for  approximat ing  the 
cu rves  of the dry ing  ra t e  v e r s u s  t ime  during the slowdown per iod  in the p r o c e s s  m a y  be t r e a t ed  as  approx-  
imations of function 6 (~b). 

It is c h a r a c t e r i s t i c  of porous  pa r t i c l e s  that  reac t ions  occur  throughout the i r  volume with a va r i ab le  
spec i f ic  r eac t ion  su r face  [8-10]. In this case  the to ta l  conductance consis ts  of the t r a n s f e r  conductance 
f r o m  the gaseous  phase  to the su r face  of p a r t i c l e s  and the conductance inside the volume of p a r t i c l e s ,  with 
the reac t ion  taken  into account.  

Assuming  the reac t ion  to be a quas i s teady  p r o c e s s ,  which usual ly  does not r e su l t  in a l a rge  e r r o r  
[8-11], we de t e rmine  the total  conductance by combining the externa l  and the volume component  accord ing  
to the genera l  ru le :  

1 1 1 
- -  + - - .  ( 8 )  

g gext gvol 
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According to (8) 

gext ~ g Igvo I~ and, conversely, gvol= gl gext ~| (9) 

We now introduce into our analysis the dimensionless variables 

anF (Ho-- IIv) �9 g,  = R 
~1 = -; g - -  (I0) 

V~ZoR a n 

As a c o n s e q u e n c e  o f  ~.q. (5) and condi t ions  (9), we  have  the following e x p r e s s i o n s  for  the d i m e n s i o n -  
l e s s  analogs of ex terna l  and volume conductance 

�9 . ,  _ 1 o4 
gext = Bi, ~vol- ~-~-~ }ns =n." (11) 

�9 ,, 
l 

It follows f rom the :second express ion  in (11) that,  at constant t r a n s f e r  coefficients  and geomet r ica l  
pa r t i c l e  p a r a m e t e r s ,  the d imensionless  analog of volume conductance is a continuous (or a piecewise con- 
tinuous) function of the convers ion coefficient .  

The second express ion  in (11) can se rve  as the basis  f o r  exper imenta l ly  determining the t rend of 
g*vol($) and also,  if possible  in specif ic  cases ,  as  the basis  for  using the canonical equations of kinetics.  

The functional re la t ion  * gvol($) can be de te rmined ,  mos t  general ly ,  f rom the solution to the sys tem 
of equations of quasis teady potential  conduction through the volume of pa r t i c l es .  As a consequence of s im-  
i la r i ty  between heat and mass  t r a n s f e r  phenomena,  the equations of potential  conduction and a reac t ion  can 
be wri t ten out in the same genera l  fo rm.  

For spher ica l  bodies we have 

02• 2 0•162 
b2XlocS (4) = 0, (12) 

0r ~ qD 0q~ 

0~loc= i/3b2ulo c S (4)  (13) 
On 

with the boundary conditions 

Here  

%blocln=o = O, a• I 0, ]r I. (14) 
0(~ c~=0 = •  = 

r IIlo c - H e  , b 2 =  kS~ R2; e?= , (15) 
•  II s __ He al I R 

and function S(@) r e p r e s e n t s  the var ia t ion  of specif ic  sur face  during the react ion.  

We note that the mass  t r a n s f e r  coefficient  b and the function S(r have been defined in accordance  
with the physical  mechanism of the reac t ion  in a single volume element  of par t ic les .  

D 

A compar i son  of the quas i s teady-s ta te  equation (12) and the complete equation in [11] yields the fol-  
lowing condition of quasis teadiness  

M(H~ (~ 1, (16) 
18zo 

with M denoting the t r a n s f e r  iner t ia  equal to the gas densi ty  during mass  t r a n s f e r  or to the volume heat 
capaci ty during heat t r an s f e r .  

F o r  a reac t ion  in the kinet ic-diffusion mode, condition (16) becomes  

~G(c~ ~ 1. (17) 
18qoP~, 

Since PG << PM' hence this  condition is usual ly  sat isf ied.  

F o r  a reac t ion  in the k ine t i c - the rmal  mode, condition (16) becomes  

z ~  (% - -  re) ~< 1, (1 s) 
Q p Z o  
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Fig.  1. Coeff icient  k(b) in f o rm u la  (23) as a function of the m a s s  t r a n s f e r  coefficient  
b: kinet ic  mode of volume reac t ion  (I), k inet ic-dif fus ion or k ine t i c - t he rma l  mode of 
r eac t ion  (11), diffusion or t h e r m a l  mode of reac t ion  (IID. 

Fig.  2. Curves  of the convers ion  coefficient  of m a t e r i a l  in porous  pa r t i c l e s  during 
the va r ious  modes  of volume reac t ion:  b = 2 (1), 4 (2), 5 (3), 8 (4), 12 (5), 16 (6), 
20 (7), 100 (8). Exact  solution (solid l ines),  according  to approx imate  fo rmula  (24) 
(dashed l ines) .  

and is sa t i s f ied  when the r eac t ion  is highly endothermal ,  with condition (16) e x p r e s s e d  m o r e  p r e c i s e l y  in 
t e r m s  of 

Q~ = Qp (1 + Rb), (19) 

instead of Qp and the Rebinder  number  being defined by the ra t io  

Rb = Z,,,P~ Ot 
Qpz o O~ (20) 

The t r a n s f e r  phenomena  p lay  no ro le  in a kinetic reac t ion  and the t rend of g~ol(~O) at ~loc = 1 is de-  
t e r m i n e d  by Eq. (13). Converse ly ,  when m a s s  or  heat  t r a n s f e r  r a t h e r  than kinet ics  a re  l imit ing a p r o -  
p e r l y  chemica l  reac t ion ,  then 

(1 - -  @)l/a (21)  
gvol ~- 1 -- (1 -- ,)i/a " 

A reac t ion  in the in te rmedia te  mode is m o r e  difficult to analyze,  because  the s y s t e m  of equations 
(12)-(13) is nonl inear  and its solution p r e s e n t s  a spec ia l  p rob l em.  Function S(~) can often be approx i -  
mated  [3, 6, 8, 10] by 

S(@)= 1 ~ 4 .  (22) 

With S(r e x p r e s s e d  like th is ,  Eqs.  (12)-(13) have been solved numer i ca l ly  in [10]. 

Following the sugges t ions  in [10] and an evaluation of the numer i ca l  solution to Eqs.  (12)-(13), it has  
been poss ib le  to de r ive  an approx imate  fo rmula  

. k(b) (i -- x~), (23) 
gvol ~" ~ - -  

for  the en t i re  range  of r eac t ion  modes  with S(~) defined according  to (22). 

Coefficient  k(b) is shown in Fig.  1 as  a function of the m a s s  t r a n s f e r  coefficient  b, while the r 
cu rves  in Fig.  2 r e p r e s e n t  r e s p e c t i v e l y  the exact  solution and the approx ima te  fo rmula  

= 1--exp - - - ~ -  , (24) 
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der ived  f r o m  (23) and by  integrat ing the second e x p r e s s i o n  in (11). We note that  f o rmu la  (24) can be used  
for  de te rmining ,  f r o m  t e s t s ,  the r eac t ion  constants  in the express ion  for  the m a s s  t r a n s f e r  coefficient  b. 

Thus,  in the mos t  genera l  case ,  r e la t ion  (8) yields the d imens ion less  analog of the to ta l  conductance 
as  a function of the convers ion  coefficient:  

g* _~ P (r 

Function F(~b) as  well as the t r a n s f e r  potent ia l  mus t  be cons idered  the fundamental  c h a r a c t e r i s t i c s  of 
m a s s  t r a n s f e r  p r o c e s s e s  and, as  a m o s t  genera l  ru le ,  e x p r e s s i o n s  for  the d imens ion less  analog of the 
to ta l  conductance F(~b) will v a r y  f r o m  case  to case .  

The p reced ing  d i scuss ion  deal t  with bas ic  p r o b l e m s  concerning the reac t ion  kinet ics  at a constant  
t r a n s f e r  potent ia l  in the gaseous  phase .  When the m a s s  t r a n s f e r  p r o c e s s e s  in a bed of pa r t i c l e s  a r e  quas i -  
s teady,  then II x = va r ,  but the balance  equation is a l so  valid then, 

OH~ = - -  ~zoy N ar ~w ax a~  

being i ts  quas i s t eady  approximat ion  with a s s umed  ze ro  l o s se s  and ze ro  lengthwise t r a n s f e r  by e i ther  di f -  
fusion or conduction. 

We have ~r =X G/PG if the t r a n s f e r  potent ia l  is r e p r e s e n t e d  by t e m p e r a t u r e ,  or  ~ = PG if it is r e p r e -  
sented by concentra t ion.  

In d imens ion less  va r i ab l e s  

II~:-- IIe�9 ar~(1 --m)x 
rl o - -  TI e ~wR 2 

The s y s t e m  of equations desc r ib ing  the m a s s  t r a n s f e r  in a bed can, accord ing  to (5) and (26), b e  
wri t ten  as  

0r = • (~), 0~  _ • (r 
an a~ 

We note that  using Eq. (28) impl ies  a negligible,  as  compared  to the to ta l  r eac t ion  t ime ,  delay (AT 
= X(1 -- m ) / w  in the beginning of a r eac t ion  at  va r ious  bed leve ls  owing to the finite ve loc i ty  of the s t r e a m  
through the porous  volume (this a s sumpt ion  of a negligible t ime  delay is a lways val id in p rac t i ce ) ,  and it 
impl ies  the val id i ty  of the second quas i s t ead iness  condition 

R~M 2R 
C/II U x 

The l a t t e r  inequali ty means  that  any concentra t ion  or  t e m p e r a t u r e  change in a gas s t r e a m  within a 
d is tance  of the o r d e r  of a pa r t i c l e  d imens ion  m a y  be d i s r ega rded .  The quantity u n will be de te rmined  a f t e r  
s y s t e m  (28) has  been solved.  

F o r  a r eac t ion  in a moving bed (paral le l  flow or  counterflow) the re  appea r s  no difficulty in solving 
s y s t e m  (28), by v i r tue  of the s teady potent ia l  field of t r a n s f e r  in the d i rec t ion  of the bed flow. 

The gene ra l  solution to the quas i l inear  s y s t e m  (28) for  a s t a t iona ry  bed with an a r b i t r a r y  f o r m  of 
function F(~) p r e s e n t s  a spec ia l  p rob l em .  

The author  thanks  P r o f e s s o r  M. h .  Gurevieh  fo r  d i scuss ing  a number  of quest ions he re ,  for  supplying 
t ab l e s  with the aid o f  which the r e s u l t s  of the n u m e r i c a l  in tegra t ion of Eqs .  (12)-(13) with the boundary con- 
dition (14) and the approximat ion  (22) could be analyzed.  

II 
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k 
S 
r 

Z 0  

V 

N O T A T I O N  
is the t r a n s f e r  potential ;  
is the r eac t i on  ra te ;  
is the r eac t ion  constant;  
is the spec i f ic  r eac t ion  su r face  in a pa r t i c l e  volume;  
is the m a t e r i a l  convers ion  coefficient;  
is the volume concentra t ion of the reac t ing  component  in the condensate  phase  of pa r t i c l e s ;  
is the volume of a pa r t i c l e ;  

852 



T 

F 
g is the 

gext is  the 
gvol is  the 
~ F  i s  the 
a H is  the  
R is the 
r is the 
c is the 
p is  the 
q0 is the 

terial 
• is  the 
Qp is the 
t is the 
x is  the 
w is the 
N is the 
m is the 
U~ is the 

is  the t ime ;  
is  the s t o i c h i o m e t r i c  m a s s  or  ene rgy  flow r a t e  n e c e s s a r y  to  conver t  a unit m a s s  of the condensate  
phase ;  
is  the g e o m e t r i c a l  su r f ace  of a p a r t i c l e ;  

total conductance; 
external-transfer conductance; 
volume conductance in a particle, with the chemical reaction taken into account; 
coefficient of external heat or mass transfer; 
potential conductivity (per particle volume); 
radius of spherical particles; 
radial coordinate; 
concentration of the reacting component in the gaseous phase; 
dens ity; 
initial weight content of the reacting component in the condensate phase, per unit mass of ma- 
in the particles; 
heat capacity (per weight); 
specific heat of the endothermal reaction; 
temperature of the material; 
distance from the bed surface; 
velocity of the gas stream; 
number of particles per unit bed volume; 
bed porosity; 
ve loc i ty  of the s t r e a m  front  at  a f ixed potent ia l .  

Subs c r i p t s  

loc denotes  local ;  
e denotes  equ i l ib r ium;  
0 denotes  in i t ia l  at en t rance  to  the bed; 
x denotes  d i s t ance  f rom the bed su r face ;  
s denotes  bed su r face ;  
G denotes  gas ;  
M denotes  bed m a t e r i a l .  
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