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A method has  been  ou t l ined  for  the ca lcu la t ion  of the p r e s s u r e  g rad i en t  that  can ex i s t  within 
the r e a c t e d  she l l  when a s p h e r i c a l  p e l l e t  r e a c t s  with a gas  and undergoes  a t r a n s p o r t  con-  
t r o l l e d  t opochemica l  r e ac t i on .  It is  known that  p r e s s u r e  g r a d i e n t s  can a r i s e  b e c a u s e  of 
Knudsen flow ex i s t ing  in the r e a c t e d  she l l  with s m a l l  p o r e s  and the r e a c t a n t  gas  having a 
d i f fe ren t  d i f fus iv i ty  than that  of the  p roduc t  gas .  The phenomena  can be  r e p r e s e n t e d  by  a 
boundary  va lue  p r o b l e m  involving a se t  of p a r t i a l  d i f f e r en t i a l  equat ions  with a moving 
boundary ,  i n c o r p o r a t i n g  t i m e  and pos i t i ona l  dependence  of d i f fus iv l t i e s  of the r e a c t a n t  and 
p roduc t  g a s e s .  In the p r e s e n t  work,  the r e s u l t i n g  equat ions  have been  so lved  n u m e r i c a l l y .  
A s tudy has  been  made  of the inf luence of the r e l e v a n t  p a r a m e t e r s  l ike  to ta l  and Knudsen 
d i f fus iv i ty  r a t i o s  of the r e a c t a n t  and p roduc t  ga se s ,  the p o r o s i t y  to t o r t u o s i t y  r a t i o  of the 
r e a c t e d  she l l ,  the  Biot  modulus ,  the equ i l i b r i um cons tan t  of the r e a c t i o n  and the v i s c o u s  
flow p a r a m e t e r  on the p r e s s u r e  bui ld  up ins ide  the r e a c t e d  she l l .  

S E V E R A L  kine t i c  inves t iga t ions  on gas  so l id  r e a c t i o n s  
have been  c a r r i e d  out in the r e c e n t  p a s t  and in the m a -  
j o r i t y  of c a s e s ,  e x p e r i m e n t s  were  p e r f o r m e d  with the 
p e l l e t s  of the r e a c t i n g  so l id  suspended  in a f lowing 
s t r e a m  of the r e a c t i n g  gas .  A t t empt s  we re  then made 
to i n t e r p r e t  r e s u l t s  with the help of m a t h e m a t i c a l  mod-  
e l s .  In many  k ine t i c  e x p e r i m e n t s  us ing dense  pe l l e t s ,  i t  
has  been  found that  the r e a c t i o n  could be d e s c r i b e d  in 
t e r m s  of a t opochemica l  model  as  shown in Fig.  1. 
Here  the  r e a c t i o n  f ront  is  cons tan t ly  r e c e d i n g  t ow a rds  
the cen t e r  of the pe l l e t  as  the r e a c t i o n  p r o c e e d s .  In 
many c a s e s  the r e a c t i o n  is t r a n s p o r t  con t ro l l ed  and 
the r e a c t i o n  r a t e  is  s t r o n g l y  dependent  on the r a t e  of 
di f fus ion of the ga seous  s p e c i e s  through a po rous  p r o d -  
uct l a y e r  to a r e a c t i n g  in t e r f ace  which s e p a r a t e s  the 
r e a c t a n t  so l id  f r o m  the conve r t ed  so l id  p roduc t .  The 
gaseous  di f fus ion and flow involved in such a p r o b l e m  
is  dependent  on the na tu re  of the so l id  p roduc t ,  p r o p -  
e r t i e s  of the ga seous  s p e c i e s  involved and the e x p e r i -  
men ta l  condi t ions .  Depending on these  f a c t o r s  the d i f -  
fus ion involved may  be m o l e c u l a r ,  Knudsen or  a mixed  
diffusion.  In those  c a s e s  where  the po re  s i ze  is  s m a l l  
and Knudsen diffusion is  impor t an t ,  the  ef fec t ive  d i f -  
f u s iv t t i e s  of the r e a c t a n t  and p roduc t  g a s e s  a r e  not 
iden t i ca l .  Lu and B i t s i a n e s  1 have poin ted  out that  in 
such c a s e s ,  a p r e s s u r e  g r a d i e n t  can ex i s t  in the ca se  
of a gas  so l id  r e a c t i o n  s y s t e m  whose r a t e  is con t ro l l ed  
by gaseous  t r a n s p o r t  to the r e a c t i o n  front .  Fo r  e x a m -  
ple  It i s  known f r o m  p r e v i o u s  e x p e r i m e n t s  that  Knud- 
sen dif fus ion is  p r o m i n e n t  in the t r a n s p o r t  of g a s e s  
through the p roduc t  l a y e r ,  in the case  of r educ t ion  of 
Fe203 by  Hi and r educ t ion  of NiO by CO 3 and H~. In 
these  c a s e s  a p r e s s u r e  bui ld  up can occur  within the 
r e a c t e d  she l l .  The nonhomogenei ty  of p r e s s u r e  ins ide  
a r e a c t i n g  so l id  is  quite p o s s i b l e  and th is  mus t  be 
taken into account  for  a meaningful  i n t e r p r e t a t i o n  of 
e x p e r i m e n t a l  r e s u l t s .  

In th is  p a p e r  an a t t empt  has  been  made  for  a quan-  
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t l t a t lve  t h e o r e t i c a l  a n a l y s i s  of the p r o b l e m  under  d i s -  
cuss ion .  The t r e a t m e n t  is  given for  r a d i a l  d i f fus ion 
phenomena  involving s p h e r e s .  The r e s u l t s  of the d i f -  
fus ion  s tud ies  of Mason and c o - w o r k e r s  s'8 have been  
employed  for  the fo rmu la t i on  of the p r o b l e m .  It has  
been  shown that  the phenomena  could be d e s c r i b e d  in 
t e r m s  of a bounda ry  va lue  p r o b l e m  Involving a se t  of 
non l inea r  p a r t i a l  d i f f e r en t i a l  equat ions  with a moving 
boundary .  P r e s s u r e  dependence  of d i f fus iv l ty  has  been  
i n c o r p o r a t e d  in the a n a l y s i s .  The r e s u l t i n g  equat ions  
we re  so lved  n u m e r i c a l l y .  A s tudy has  been  made  of 
the ef fec t  of v a r y i n g  the d i m e n s i o n l e s s  p a r a m e t e r s  
involving dt f fus tvt ty ,  m o l e c u l a r  weight  of the r e a c t i n g  
and p roduc t  g a s e s ,  Biot  modulas ,  p o r o s l t y - t o r t u o s i t y  
r a t i o ,  equ i l i b r i um cons tan t  and the v i s c ous  flow p a r a m -  
e t e r  on the p r e s s u r e  bui ld  up. 

FORMULATION 

Cons ide r  a nonca ta ly t l c  r e a c t i o n  of the fol lowing 
type  tak ing  p l ace  be tween so l id  I and gas  1 to f o r m  
p roduc t s ,  so l id  If and gas  2, 

REACTION FRONT--~/.I 

I I '\ 

UNREACTED CORE / "~'"~--'-"~"/ 

Fig. 1--Topochemical reaction mode]. 
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S o l i d i +  Gas 1 = S o l i d I I +  G a s 2  [1] 

The following assumpt ions  a re  made in the p resen t  
t rea tment .  

1) The reac t ion  is topochemical  and takes place un- 
de r  i so the rmal  condit ions.  

2) The reac t ion  is cons idered  to be equimolar  with 
genera t ion of one mole of product  gas for  each mole 
of reac tan t  gas consumed.  

3) The flow ra te  of the reac tan t  gas  is high enough 
so that the re  is no gas s ta rva t ion  and the reac tan t  gas 
concentra t ion in the bulk phase can be approximated  
to the total gas concentra t ion in the bulk phase.  

4) The v i scos i ty  of the gas phase is independent of 
the composi t ion and p r e s s u r e .  This assumpt ion  s i m -  
pl if ies  computat ion p rob lem grea t ly  and is cons idered  
worthwhile in view of the smal l  e r r o r  in flux due to 
this assumpt ion  under the conditions commonly  en- 
countered in gas solid reac t ions .  

5) Structural  changes like swell ing or  s in ter ing of 
the pellet  have been neglected and the gases  a re  con- 
s idered to behave ideally. 

Mason and c o - w o r k e r s  6 have developed a set  of ex-  
p res s ions  for  the flux of individual gaseous  components  
1 and 2 in a b inary  gas mixture .  Their  express ions  for  
the flux of individual gaseous  components  inside a 
porous  solid is given by the following equations.  

0C1 Jl  = - ( D , )  eff Or + x161J- x l ( 1 -  61) - -B~ dP 

J -  fiiJ1 = 

where  

D1 
61 = 

D G 
1 

and 

B o - 
8T 

~RGT K dr 
[2] 

- (DK)eff  [ BoFcP ] dp 
RGTK 1 + dr' [3] 

T [ xl + x2 ] 
Df Df 

In the above equations,  the fac tor  F c r ep re sen t s  a 
convers ion fac tor  fo r  the dimensional  consis tency.  B o 
is a constant cha rac te r i s t i c  of the solid alone. For  a 
cyl indr ical  cap i l la ry  the value of B 0 is r~/8. The fac-  
tor  e/T is in t roduced to take into account  the poros i ty  
of the product  solid through which the gas flow takes 
place,  and the inevitable deviation of the pores  f r o m  
idealized cy l indr ica l  geomet ry .  Radially outward flow 
is taken as posi t ive  in these  two express ions  and this 
convention will be maintained throughout.  

Evans 7 has shown that an e r r o r  will be introduced 
in the magnitude of the flux J~ by neglect ing the v i s -  
cous flow t e r m s  in the flux equations.  According to 
him, this e r r o r  is only about 10 pct  for  conditions 
typical  of gas  solid reac t ions  and may  be negligible 
when the pore  s ize  of the solid is v e r y  smal l .  How- 
ever ,  while cons ider ing  a genera l  case  for  the p r e s s u r e  
build up, it will be des i rab le  to take into account  all  
the three  t e r m s  including the v iscous  flow t e r m  in the 
flux Eq. [2].  Eqs.  [2] and [3] could be r e a r r a n g e d  to 
get the following two express ions .  

: - E l  

j * _  /31J~1 = K  1 - -  - -  

w h e r e  

F 1 = D1 = (D0eff 
D~ (D~) eff 

D~ = (D0eff 

De (De) eft 
F 2 = 

and 

K 1 = _ _  

OP* 
+ F2xIJ* - (1-Fa) B*oC* OR OR 

0P* ( l_xl f lz)  B.oP. OP* 
aR ~R 

[4] 

is] 

(D )ett 
D~ (n~ 

Also the ra te  of accumula t ion  of component  1 is given 
by the following equation. 

- ~  OC'~ 1 O (RZj,l) [6] 

S imi lar ly  the ove r - a l l  accumula t ion  ra te  is expressed  
by Eq. [7]. 

aP* _ 1 __O (R2j.)  [7] 
- r  0~- R z 0R 

F 1 and F z in Eq. [4] can be expres sed  in t e r m s  of the 
ra t io  of the effect ive dlffusivi t ies  and the ra t io  of the 
square  roots  of the molecu la r  weights of component  1 
and 2 respec t ive ly  by the following two equations.  

/ 3 - A  
F1 - P*(/~- 1) [8] 

Fz = P* " F1 [9] 

Also 

~ -  A ~ 
K, -- [101 

f3 (a ~ 1) 
While/~ is independent of p r e s s u r e ,  A impl ic i t ly  con-  
tains gaseous  molecu la r  dfffusivity which is inverse ly  
propor t iona l  to p r e s s u r e .  Thus F1 and F a a re  functions 
of R and T. The var ia t ion  of A resu l t ing  f r o m  p r e s s u r e  
var ia t ion  can be expres sed  by the following re la t ion-  
ship. 

A = P*(/~ - A~ + ~ (A~ I) [11] 
+ 1) 

From the definition of flux through the boundary 
layer, the following relationship can be written. 

[ 1 (C~*-1)+ C~*J*] [12] 

T R=I 

Since the pellet  sur face  is exposed to a tmosphere ,  
the value of total  p r e s s u r e  at the pel let  su r face  is the 
same  as that  in the bulk. 

There fo re  

P*IR:I = 1 [ 1 3 ]  

Also as the reac t ion  is cons idered  to be a t r anspo r t  
control led  one, chemica l  equi l ibr ium is a s sumed  to 
prevai l  at the reac t ion  front .  

= 1 + Keq [14] 
CI* R--r* 
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The un reac t ed  c o r e  is  c o n s i d e r e d  impe rv iou s  to 
g a s e s  in c o n s i s t e n c y  with the t o p o c h e m i c a l  r e a c t i o n  
mode l  and s ince  the r e a c t i o n  is  equ tmo la r ,  the fol lowing 
r e l a t i o n s h i p  is  va l id .  

:*IR=r* = 0 [15] 

Also  s ince  the r e a c t i o n  is  c o n t r o l l e d  by the t r a n s p o r t  
of the r e a c t i n g  s p e c i e s  to the r e a c t i o n  in t e r f ace ,  the 
fol lowing condi t ion for  the movemen t  of the bounda ry  
can be wr i t t en  down. 

dr*  : - r  [16] 
d ' f  

Thus Eqs.  [4] to [16] d e s c r i b e  the phenomena  under  d i s -  
cuss ion .  Since these  equat ions  could  not be so lved  ana -  
l y t i ca l ly ,  n u m e r i c a l  t echniques  have been  employed  for  
the solu t ion .  A b r i e f  account  of the technique used  is  
given in the appendix.  

RESULTS 

The r e s u l t s  a r e  shown in g r a p h i c a l  f o rm  in F igs .  2 
to 6. In F igs .  2 to 5 the d i m e n s i o n l e s s  p r e s s u r e  at the 
r e a c t i o n  f ron t  is  p lo t t ed  aga ins t  f r a c t i o n  conve r t ed  F 
(= 1 - r*3). The va lues  of the p a r a m e t e r s  used  which 
affect  the p r e s s u r e  bui ld  up a r e  those  typ ica l  of gas  
so l id  r e a c t i o n s  r e p o r t e d  in l i t e r a t u r e .  In these  g raphs  
the va lue  of B* is  taken  to be ze ro ,  b e c a u s e  in the m a -  
j o r i t y  of c a s e s  where  the  p o r e  r a d i u s  is  s m a l l  and 
Knudsen dif fus ion is  impor t an t ,  the v i s cous  flow p a -  
r a m e t e r  (and the va lue  of B~) is  neg l ig ib ly  s m a l l .  How- 
e v e r  to show the effect  of B~" on the p r e s s u r e  bui ld  up, 
the ef fec t  of v a r y i n g  B* f rom 0 to 0.5 on the p r e s s u r e  
bu i ld  up is  shown in Fig.  6. Also  the p r o f i l e s  of d i m e n -  
s i o n l e s s  p r e s s u r e  and d t f fus iv i ty  r a t i o  A ins ide  the r e -  
ac ted  she l l  a r e  p lo t ted  c o r r e s p o n d i n g  to d i f fe ren t  r*  
va lue s .  The va lue s  of d i f fe ren t  p a r a m e t e r s  used  for  
these  computa t ions  a r e  given in the f igure  cap t ions .  

DISC USSION 

An examina t ion  of Eqs.  [4] to [16] shows that  the f ac -  
t o r s  which con t r ibu te  t owards  the p r e s s u r e  bui ld  up 

.,.W / Y  \ \ \  . / ~ "X~  

10  l I 1 I 
O,O 0-2 0 .4  0,6 0.8 1,0 

R*& F 

Fig. 3--Effect of variation of the diffusivity ratio fl on the 
pressure  build up, A ~ = 1.5, B V (e/T) = 0.15, Keq = 1000, p* 
= 4774 and e = 0.50. 
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Fig. 4--Effect of variation of B/M (e/T) on the pressure build 
u p ,  A0 = 2 . 0 ,  fl = 3 . 0 ,  K e q  = 1 0 0 0 ,  p *  = 4 7 7 4 ,  E= 0 . 5 0 .  
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F i g .  2 - - E f f e c t  o f  v a r i a t i o n  o f  t he  d i f f u s i v i t y  r a t i o  A ~ o n  t h e  
p r e s s u r e  b u i l d  u p ,  fl = 3 . 0 ,  B M ( e / T )  = 0 . 1 5 ,  K e q  = 1 0 0 0 ,  p*  
= 4 7 7 4  a n d  e = 0 . 5 0 .  
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s u r e  b u i l d  u p ,  A ~ = 2 . 0 ,  [7 = 3 . 0 ,  B V ( E / T  ) = 0 . 1 5 ,  p*  = 4 7 7 4 ,  
e =  0 . 5 0 .  

M E T A L L U R G I C A L  T R A N S A C T I O N S  V O L U M E  5, F E B R U A R Y  1 9 7 4 - 3 5 1  



1-0 o 0!2 l I I 0.4 0.6 o.a ~.o 
R * & F  

Fig. 6--Effect of variation of dimensionless viscous flow pa- 
rameter B* on the pressure build up, A ~ = 2.0, fl = 3.0, 
BM(r = 0.15, Keq = 1000, p* = 4774. e = 0.50. 

dur ing  the reac t ion  a re  the diffusivi ty ra t ios  4 ~ and/~, 
the equ i l ib r ium constant  Keq, the d imens ion l e s s  v i s -  
cous flow p a r a m e t e r  Bo*, the product  BM(e/T), the 
d i m e n s i o n l e s s  dens i ty  p*, and poros i ty  e. 

Of these p a r a m e t e r s ,  the poros i ty  t e r m  r appears  
in Eqs. [6] and [7] (as d i s t inc t ly  f rom BM(E/T) as a 
mul t ip lying factor  of ~P*/~r and ~C*/~'. Even though 
aP*/aT and ~C*/a~" are  not taken as zero  in the p r e s -  
ent work, the magni tudes  of these  de r iva t ives  a re  
sma l l .  In view of the fact that an ana ly t ica l  solut ion 
of the p r e sen t  p rob lem could not be developed, an ex-  
amina t ion  of the effect of e (as d i s t inc t ly  f rom BM(e/T) 
on the p r e s s u r e  bui ld  up is  not a t tempted to avoid any 
poss ib le  unce r t a in ty  due to computat ion.  However,  
s ince ~C*/a~" and aP*/a-r are  smal l ,  it is cons idered  
logical  to examine  the effect of �9 f rom a study of the 
va r i ab l e  BM(e/T). 

Also the va r i ab le  p* appears  only in the condit ion 
for the movement  of the in ter face  according  to Eq. 
[16]. Thus a change in p* induces a change in the r a t e  
of movement  of the in ter face  and in Figs .  2 to 6, the 
effect of changing p* would be v i r tua l ly ,  equivalent  to 
a compres s ion  or elongat ion of the "F" axis,  and con-  
sequent ly  the effect of p* on the p r e s s u r e  bui ld  up is 
not analyzed separa te ly .  

It is evident  that in the case  of an i r r e v e r s i b l e  r e -  
act ion the p r e s s u r e  bui ld  up is l ikely to be more  with 
i nc r ea se  in the ra t io  of the diffusivi t tes  o o Dz /D ~ (= A~ 
because  of the accumula t ion  of the product  gas. This 
t r end  is  e a s i l y  seen  in Fig.  2. 

The effect of va ry ing  p on the p r e s s u r e  bui ld  up can 
be examined by cons ide r ing  Eqs. [17] and [18] der ived  
f rom the def ini t ions  of /3 and 4 0 . 

DK _ p -  [171 
D~ A ~  1 

O K _ 1 - A~ [18] 

D~ A ~  1 

It is observed  f rom the above equat ions that an in-  
c r e a s e  in fl keeping 4 ~ cons tant  leads to an i nc r ea se  
in the ra t ios  OK/D~ and DK/D~ This  in other  words 
means  that the mo lecu l a r  diffusion r a t h e r  than Knud- 

sen diffusion has a l a r g e r  sha re  in de t e r mi n i ng  the 
di f fus ivi t ies  of components  1 and 2 through the r eac ted  
shel l .  The l a r g e r  the cont r ibut ion  due to mo lecu l a r  
diffusion, the s m a l l e r  will  be the p r e s s u r e  bui ld  up 
and hence the p r e s s u r e  bui ld  up takes place at a com-  
pa ra t ive ly  s lower  ra te  under  the condi t ions  d i scussed .  
This t r end  is shown in Fig. 3. 

Fig.  4 shows the effect of va ry ing  the product  of 
Blot modulas  and the poros i ty  to to r tuos i ty  ra t io  of 
the product  l ayer .  A higher value of e/T, cons ide r ing  
B/M constant ,  means  that l e s s  " r e s i s t a n c e "  is  offered 
to the reac t ion  by the step involving shel l  l aye r  diffu- 
s ion.  Thus a lag in the bui ld up of p r e s s u r e  is exhib-  
i ted on i n c r e a s i n g  BM(e/T). Simi la r ly  an i n c r e a s e  in 
B M keeping e/T as constant  is equivalent  to a h igher  
cont r ibut ion  of the ex te rna l  t r a n s p o r t  r e s i s t a n c e  to-  
wards  the total  r e s i s t a n c e  of the reac t ion ,  and a delay 
is observed  in the accumula t ion  of p r e s s u r e .  This be -  
havior  can be seen in Fig.  4. 

Fig.  5 shows the va r i a t ion  of the p r e s s u r e  accumu-  
lat ion with the equ i l ib r ium constant  of the reac t ion .  
Since the reac t ion  is  analyzed as a t r a n s p o r t  con-  
t ro l l ed  one, a dec rease  in Keq f rom a v e r y  high to a 
low value would cause a compara t ive ly  s m a l l e r  con-  
cen t ra t ion  of the reac tan t  gas at the reac t ion  front .  
It can be seen  that a subs tan t i a l  d e c r e a s e  in Keq would 
i n c r e a s e  the ra t io  (C R b b -- C 2)/(C~ - CR), consequent ly  
the ra t io  of the ra te  of outflow to the inflow of the 
gases  i n c r e a s e s ,  r e su l t i ng  in the lower p r e s s u r e  
bui ld  up. 

In Fig. 6 the effect of the va r i a t i on  of the d imens ion -  
l e s s  v i scous  flow p a r a m e t e r  on the p r e s s u r e  bui ld up 
is shown. Since the v i scous  flow p a r a m e t e r  is p ropo r -  
t ional  to the square  of the pore  rad ius ,  Bo* is n o r m a l l y  
sma l l  in those cases  where Knudsen diffusion is i m -  
por tant .  It is seen f rom Fig. 6 that the s m a l l e r  the 
v i scous  flow p a r a m e t e r ,  the l a r g e r  is the p r e s s u r e  
bui ld up. This is phys ica l ly  jus t i f ied  s ince  the s m a l l e r  
the pore  rad ius  the l a r g e r  is  the con t r ibu t ion  of the 
Knudsen diffusion. 

The p r e s s u r e  d i s t r ibu t ions  ins ide  the reac ted  shel l  
for d i f ferent  va lues  of r* a re  plotted in Figs.  2 to 6. 
It is observed  that for a l a rge  value of r* c o r r e spond -  
ing to about 30 pct convers ion ,  the p r e s s u r e  d i s t r i bu -  
t ion is found to be approx imate ly  l i nea r ,  which is a lso 
to be expected in the thin she l l s  under  cons idera t ion .  
The va r i a t ion  of Z~ r e su l t i ng  f rom the t ime  and pos i -  
t ional  dependence of p r e s s u r e  is a lso shown in these  
f igures .  

It is obvious that the p r e s e n t  ana lys i s  is r e l evan t  
to sy s t e ms  giving r i s e  to a product  l aye r  which is 
suff ic ient ly  s t rong  and tough to withstand the develop-  
ment  of the higher  p r e s s u r e .  

SUMMARY 

1) Appreciable  p r e s s u r e  grad ien t  can exis t  within 
the reac ted  solid dur ing  a translSort  Controlled topo- 
chemica l  r eac t ion  in all  the cases  where  the pore s ize  
is  suff ic ient ly  smal l  for  Knudsen diffusion to be i m -  
por tant  and the r eac t an t  gas has a diffusivi ty  d i f ferent  
f rom that of the product  gas.  

2) For  a t r a n spo r t  con t ro l led  topochemica l  reac t ion ,  
the dimensionless p r e s s u r e  bui ld  up depends on the 
ra t ios  of the diffusivi t ies  A ~ and i3, the product  of 
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p o r o s t t y - t o r t u o s t t y  r a t i o  e /T  and the Biot  modulus  
B M, the equ i l i b r i um cons tan t  Keq and the d i m e n s i o n -  
l e s s  v t s eous  flow p a r a m e t e r  B*. 

3) A method has  been  ou t l ined  for  the quant i ta t ive  
ca l cu la t ion  of the p r e s s u r e  g rad i en t  ins ide  the r e a c t e d  
she l l .  

4) The effect  of the r e l e v a n t  v a r i a b l e s  on the p r e s -  
s u r e  but ld  up is  ana lyzed  and the r e s u l t s  a r e  given in 
g r a p h i c a l  fo rm.  

5) The p r e s s u r e  p r o f i l e s  ins ide  the r e a c t e d  she l l  
a r e  a p p r o x i m a t e l y  l i n e a r  in the in i t i a l  s t a g e s  t i l l  about 
30 pc t  of the r e a c t i o n  is  ove r .  
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NOMENCLATURE 

Viscous  flow p a r a m e t e r ,  sq cm 
Tota l  concen t r a t i on  of the gas ,  g - m o l e  p e r  
cu cm 
Concen t ra t ion  of component  1, g - m o l e  p e r  
CU a m  

B i n a r y  m o l e c u l a r  d i f fus lv i ty ,  sq cm 

Knudsen d t f fus iv t ty  of component  i 

: z P \ ~ ]  ] , s q c m  

Tota l  d i f fus ion coef f ic ien t  of component  i, 

= + , sq cm 

Effec t ive  to ta l  d i f fus ion coef f ic ien t  of c o m -  
ponent  i, 

E:o § sn m 
Effec t ive  Knudsen dif fus ion coef f ic ien t  of 
component  i, 

Ef fec t ive  b i n a r y  m o l e c u l a r  d i f fus iv i ty ,  

Convers ion  f ac to r ,  10 6 g p e r  a tm cm sq s 
Flux,  g - m o l e  p e r  sq em s 
P r e s s u r e  at  any point  ins ide  the pe l l e t ,  a tm.  
A t m o s p h e r i c  p r e s s u r e ,  a tm.  
Gas cons tan t ,  cu cm a tm p e r  g - m o l e  K 
Gas cons tan t ,  g sq c m  p e r  sq see  g - m o l e  K 
Molecu la r  weight  of s p e c i e s  i, g p e r  g - m o l e  
Dis tance  f r o m  the cen t e r  of the r e a c t i n g  
pe l l e t ,  cm 
Or ig ina l  r a d i u s  of the pe l l e t ,  cm 
Radius  of the r e a c t i o n  f ront ,  cm 
Ave rage  r a d i u s  of the p o r e s ,  cm 
Time ,  s 
Mass  t r a n s f e r  coef f ic ient ,  cm p e r  s 
V i s c o s i t y  of the gas  phase ,  g p e r  s cm 
Mola r  dens i ty  of the r e a c t i n g  sol id ,  g - m o l e  
p e r  cu cm 

* 
e l  

80* 

F 

j* 

p* 
R 

R* 

T 
Keq 
X 

A 

51 
p* 

E 

T 

D i m e n s i o n l e s s  V a r i a b l e s  

Blot  modu las ,  DG 
~ r  o 

D i m e n s i o n l e s s  concen t ra t ion  of component  1, 
C 1 / cb 

D i m e n s i o n l e s s  v i s c ous  flow p a r a m e t e r ,  
BoPoFc 
(r~O \eft 
U G !  

F r a c t i o n a l  conve r s ion ,  1 -  r .3 
J r  o 

Flux,  (DoG)eff c b 

D i m e n s i o n l e s s  p r e s su re ,  p / p b  
D i m e n s i o n l e s s  r a d i u s  in the r e a c t e d  she l l ,  
r 
~'0 ~ r C  -< Y ~< ~'0 

1 - R  
D i m e n s i o n l e s s  d i s t ance ,  1 -  r*  

D i m e n s i o n l e s s  r a d i u s  of the r e a c t i o n  f ront ,  

YC/YO 
T o r t u o s i t y  f a c t o r  in the  po rous  so l id  
Equ i l i b r i um cons tan t  for  r e a c t i o n  [1] 
F r a c t i o n  of a p a r t i c u l a r  gaseous  component  
D i m e n s i o n l e s s  m o l e c u l a r  weight ,  

D i m e n s i o n l e s s  d i f fus iv t ty  D 1/D 2 
1 - 1/;3 
D1/DG 
D i m e n s i o n l e s s  dens i ty ,  Po/C b 
P o r o s i t y  of the p roduc t  so l id  

t (D~)  eff 
D i m e n s i o n l e s s  t ime ,  2 

~'0 

1 
2 
G 
k 
R 
a v  

b 
eff 
0 

Subsc r ip t s  

Value for  component  1 
Value for  component  2 
Value for  gas  
Value for  Knudsen diffusion 
Value fo r  r e a c t i o n  f ront  
A ve ra ge  va lue  

S u p e r s c r i p t s  

Value for  the bulk phase  
Effec t ive  va lue  
Value at  one a t m o s p h e r e  p r e s s u r e .  

APPENDIX 

N u m e r i c a l  Scheme for  the Solution of the 
Di f fe ren t i a l  Equat ions  

An imp l i c i t  d i f f e rence  s cheme  has  been  employed  
for  the so lu t ion  of the equat ions .  In o r d e r  to r e s t r i c t  
the to ta l  i n t eg ra t ion  s t eps  to a f in i te  p r e d i c t a b l e  va lue ,  
v a r i e d  t ime  i n c r e m e n t s  s i m i l a r  to that  used  by  Doug- 
l a s  et al. 8 have been  used.  In o r d e r  to keep the moving 
bounda ry  at  the r i g h t m o s t  mesh  point  at  a l l  t ime  l ev -  
e l s  of computa t ion ,  the fol lowing subs t i tu t ion  is made  
in Eqs.  [4] to [7]. 
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R* - I - R  
1-  r* [19] 

A s imi l a r  t ransformat ion  was used by Lotktn 9 in the 
calculat ion of heat flow in melting solids.  

Since the requi red  solution is the evaluation of P* 
and C* for all  p rede te rmined  values of R and also at 
all  levels  of computation t ime r, Eqs. [4] to [7] have 
been r ea r r anged  to el iminate J* and J* after  a subst i -  
tution given by Eq. [19] is made. The resul t ing  equa- 
tions have been expressed  by implici t  cent ra l  d i f fer-  
ence scheme for the in ter ior  grid points and backward 
difference scheme for the two boundaries .  For evalua-  
tion of a c * / a r  the following substi tutional  concentra-  
tion t ime der ivat ive  s im i l a r  to the one used by Murray  
'and Landis 1~ was used to take Into account the move- 
ment of the interface.  

tiC* dC* 1 ac*, dR* [20] 
aT = dr  - ~R dr  

d R * / d r  signif ies changes in the gr id  dimension r e s u l t -  
ing from the movement of the interface with t ime. A 
s imi l a r  express ion  was used for the evaluation of 
aP* /a r .  The t ime increment  n e c e s s a r y  for the p r e -  
determined movement of the grid was found using 
Eq. [161. 

Computations revea led  that a value of At* = 0.02 
(-- 50 t ime steps) is sufficiently smal l  to yield solu-  
tions independent of At*. 

The accuracy  of the solution was examined using 
appropr ia te  d imensionless  ma te r i a l  balance equation. 
The computed values of the concentrat ion prof i les  
were found to be in good agreement  with the ma te r i a l  
balance equation. 
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