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NOMENCLATURE 

cross-sectional area of the pe l l e t ,  cm 2 

r a t e  constant i n  the ra te  equation f o r  s inter ing 

concentration of the t racer  i n  the pore volume, mole/cm 3 

concentration of the t racer  a t  X = L,  mole/cm 3 

cal c i  um oxide 

cal c i  um su l f a t e  
2 molecular diffusion coeff ic ient  of gaseous 'reactant, cm /sec 

2 binary molecular d i f fus iv i ty  of gaseous species A and B y  cm /sec 
2 binary molecular d i f fus iv i ty  of gaseous species A and C, cm /sec 

2 effect ive d i f fus iv i ty  of species A in the pe l le t ,  cm /sec 
2 i n i t i a l  effect ive intergrain d i f fus iv i ty ,  cm f sec  

2 Knudsen diffusion coeff ic ient  f o r  gaseous species A ,  cm /sec 

activation energy f o r  the s inter ing process 
3 volumetric flow ra te  through lower chamber, cm /sec a t  P = 1 atm 

and t = 24°C 

stoichi u~~~etr - i c  rac.tor. o T the sol i d  product 

rg'rgo 
pe l l e t  length, cm 

mol ecul a r  wei ght , gm 

n t h  moment about the or igin,  defined as Mn =I: c t n d t  

No. of solid grains per uni t  volume of porous so l id ,  

Nd  = 3 (1-c)/4nrg 

pressure, a trn 



v i i i  

i n i t i a l  radius of pe l le t ,  cm 

grain radius, rc = r [1 + (4-1)  X J ~ ' ~ ,  cm 
9 .go 

i n i t i a l  grain radius, 3 x cm f o r  CaO pel le t  

radial distance in the pel let ,  cm; gas constant, 8.314 x 10 7 

2 gcm /OK sec 2 

gas constant 

Lap lace variable, S-I 

time, sec 

injection time of pulse, sec 

temperature, O K  

Tc Tamnan temperature, corresponding t o  the onset of sintering,'c 

V1 , V g  volume of upper and lower chambers, cm 3 

X coordinate in direction of diffusion i n  pe l le t ,  cm 

X conversion r a t i o  

1 i n i t i a l  weight of CaO pel le t ,  gm 

Y 2  f inal  weight of CaO pel le t ,  gm 

YA mole fraction of species A i n  gas mixture 

Y overall conversion 

Greek 1 e t t e r s  : 

E local pel l e t  porosity 

E 
0 

i n i t i a l  pel1 e t  porosity 

E 
P 

total  pel 1 e t  porosity 

6 ( t )  dirac delta pulse, sec-' 



pel  1  e t  t o r t u o s i  t y  

i n i t i a l  pel1 e t  t o r t uos i  t y  

expansion coe f f i c ien t ,  2.72 f o r  CaO s u l f a t i o n  system 

M~ 
funct ion o f  f l u x  r a t i o ,  a = 1 - (%)' 

m 
f i r s t  absolute moment, 1 /m0, sec 

densi ty o f  the reacted pe l l e t ,  gm/cm 
3 

c o l l i s i o n  diameter o f  species A and C, cm 

dimensionless func t ion  o f  the temperature and o f  the intermolecular  

po ten t ia l  f i e l d  f o r  one mole o f  A and one o f  C 



ABSTRACT 

Diffusion rates  in calcium oxide pel'lets a f t e r  partial  conversion 

t o  calcium sulfate  were measured. A Wicke-Kallenbach type diffusion cel l  

operated i n  the pulse-response mode was used t o  measure effect ive dif-  

fusivi ty.  

Cylindrical calcium oxide pe l le t s  were formed from the powder 

using pelletizing pressures of10,000,20,000 and30,OOO psi .  The pel lets  

were reacted a t  325, 500 and 600°C with sulfur  dioxide and oxygen to  

form calcium sulfate .  The volume of calcium sul fa te  i s  2.7 times tha t  

of calcium oxide, so partial  pore closure occurs. The d i f fus iv i ty  was 

measured in the original pe l le t  and i n  pel lets  par t ia l ly  reacted to  

several different  conversion levels.  

The effect ive diffusivi ty decreases as conversion decreases and 

i s  roughly inversely proportional to  pel let  porosity squared f o r  low 

conversions. However, the porosity and diffusion ra te  do not become 

zero when the reaction ra te  approaches zero. Pore closure i s ,  therefore, 

not the mechanism which l imits  the ultimate conversion. A large diffusion 

resistance through the cal ci  um sulfate  product layer probably causes the 

reaction to stop before to ta l  conversion. 

The final conversion obtainable increases a s  reactionLxtemperature 

increases and decreases as pelletizing pressure increases. 



I .  INTRODUCTION 

Gas-solid reactions play a major role  in the technology of most 

industrialized nations and are frequently encountered in the process 

industry, e.g., in coal gasification, i.n ore processing, iron production, 

and roasting of pyrites.  Work in t h i s  fi,eld has become prominent during 

the  past three decades. For gas-solid reactions, the conditions inside 

the par t ic le  change with time because the sol id  i t s e l f  i s  involved i n  

the reaction, and the solid matrix through which diffusion i s  taking 

place may undergo changes during the process. Thus,,despite a con- 

siderable amount of work, the wide variations i n  pore s t ruc ture  i n  terms 

of pore shapes, pore s izes  and interconnection of pores has prevented 

development of a sat isfactory geometric model of general appl i cabi 1 i ty. 

These variations i n  s t ructure are  not suf f ic ien t ly  well -defined by 

s t ructural  indices conimonly available,  such as mean pore s i ze ,  surface 

area and pore volume. Understanding the influences of the detailed 

s t ructure would be of considerable help in interpret ing the resu l t s  of 

diffusion experiments and in predicting the e f fec t ive  surface area 

available fo r  reaction w i t h i n  the pe l le t .  
h.. 

Several mathematical model s have been developed t o  quantitatively 

describe gas-solid reactions. These models can usually be categorized 

into two general types. The grain models postulate the. sol id reactant 

t o  ex is t  i n  small grains uniformly dispersed w i t h i n  a sol id  pe l l e t  (18, 

33, 35, 36, 3 7 ) .  The pore models consider the solid reactant t o  be 

semi-infini t e  and contain a combination of macro-pores and micro-pores 



(10, 17, 24, 40, 44). 

I n  add i t ion ,  a few d i f f u s i o n  mode.1~ are  a v a i l a b l e  f o r  p r e d i c t i n g  t h e  

gaseous d i f f u s i o n  r a t e  i n  porous systems (6, 12, 13, 37). However, pre- 

d i c t i o n  o f  t h e  e f f e c t i v e  d i f f u s i v i t y  i n  porous s o l i d s  undergoing r e a c t i o n  

i s  s t i l l  uncerta in,  p a r t l y  because t h e  d i f f u s i o n  f l u x  may inc lude  a 

c o n t r i b u t i o n  from several mechanisms i n c l u d i n g  bulk, Knudsen and sur face 

d i f f u s i o n .  I n  p a r t i c u l a r ,  very 1 i ttl e i s  known about sur face d i f f u s i o n  

and ra tes  o f  t r a n s p o r t  by t h i s  mechanism. Moreover, no one technique 

f o r  measuring d i f f u s i v i t i e s  i n  porous s o l i d s  i s  per fec t .  Since c a r e f u l  

and d e t a i l e d  experimentat ion i s  . se r ious l y  lack ing ,  f o r  example, few 

i n v e s t i g a t o r s  o f  gas-so l id  reac t ions  have c a r r i e d  o u t  independent measure- 

ment o f  even a s i n g l e  gas d i f f u s i v i t y  w i t h i n  t h e i r  s o l i d  and even fewer 

have done so a t  r e a c t i o n  cond i t ions ,  i t  would be hard t o  assess these 

models as t o  t h e i r  respec t i ve  mer i t s .  

The two major methods o f  measuring d i f f u s i o n  c o e f f i c i e n t s  are  steady 

s t a t e  and unsteady .s ta te  methods. T h e  steady s t a t e  method i s  based on 

steady-state countercur rent  d i f f u s i o n  f l u x  measurements under zero 

pres';ure grad ient .  The method i s  t ime consuming and s u f f e r s  froin 

several disadvantages; f o r  example, d i f f u s i o n  i n t o  dead-end pores goes 

undetected a l though such pores p l a y  a p a r t  i n  gas-so l id  reac t ions .  The 

unsteady s t a t e  method gives values which i n c l u d e  appropr ia te  con t r i bu -  

t i o n s  from micropores and dead-end pores. It i s  simple t o  c a r r y  o u t  

and can be convenient ly  used over a wide range o f  temperatures. However, 

i t  has some shortcomings as app l i ed  t o  c a l c u l a t i o n  o f  e f fec t i veness  

f a c t o r  which do not appear' t o  be always appreciated. 



The object of t h i s  study i s  t o  extend the dynamic method, reported 

by Smith based upon the Wicke-Kal lenbach diffusion cel l  (32), f o r  

measuring the diffusivi  t i e s  in porous solids.  In par t icular ,  the 

diffusion measurements are  t o  be made a t  several conversion levels  of 

solid to  determine how sol id conversion af fec ts  the diffusion rate.  

These resu l t s  will  help determine the i n t r i c a t e  relationships among 

conversion' ra t io ,  porosity, diffusivi  ty ,  and other physical properties. .  

The chemical reaction between calcium oxide and su l fur  dioxide a t  

high temperature in the presence of excess oxygen (4,  18) i s :  

1 CaO + SO2 + O2 + CaS04 

Borgwardt ( 3 )  found tha t  the reaction was of f i r s t  order w i t h  respect t o  
4 

sulfur  dioxide,, and tha t  the r a t e  of reaction decreased rapidly as solid 

conversion increased. During the f i r s t  few minutes of exposure, the 

sulfat ion occurs almost ent i rely in the outer par ts  of the par t ic le ,  b u t -  

as  time continues, t h i s  reaction zone gradually spreads through the 

par t ic le  in te r ior .  However, a concentration gradient of su l fa te  per- 

s i s t s  within the part ic les  even a f t e r  long exposure times. In the 

advanced stage of the reaction, a dense shell  of the reaction product 

ex is t s  a t  the outer surface of the par t ic les  and closes some of the 

pores so tha t  the overall process i s  then governed by transport  of 

sulfur  dioxide through the remaining pores. 



I I .. LITERATURE REV I EW 

A.  Measurement of Diffusion Coefficients 

1. Some models of gas diffusion in porous media 

There a re  a number of simp7 i f ied  modeis of porous media whi,ch 

permit mathematical description. A good model a t  best would predict 

diffusion constants from known properties of gases .and porous materi a1 s 

or, a t  l eas t ,  i t  would enable one t o  t ransfer  resu l t s  obtained w i t h  one 

system t o  another (s imilar)  one. Work described i n  the l i t e r a t u r e  is  

usually concerned w i t h  only one model a t  a time; i n  the majority of 

cases only one pair  of gases with simple s t ructure has been used. Ob- 

viously, d i f fe rent  models require d i f fe rent  amounts of information 

concerning the properties of the system; i n  the diffusion equations, 

therefore, d i f fe rent  numbers of constants appear. 

The model of Johnson and Stewart (20) i s  based on the idea tha t  a 

porous medium can be described by a bundle of parallel  oriented 

cylindrical capi l la r ies  with different; rad i i .  Their essential  work 

dea l t  w i t h  the e f fec ts  of pore-size dis t r ibut ion and pore orientation on 

diffusion rates .  Surface diffusion was neglected. For simp1 i c i  t y ,  only 

isothermal, isobaric conditions were compared in the theory as well as i n  

the measurements. Using t h i s  model, which i s  called the parallel  path 

pore model also,  i t  i s  possible t o  e i ther  predict the diffusion flux or  

t o  calculate tortuosi t y  from experimentally determined fluxes. 

Wakao and Smith proposed a random pore model (42) tha t  divides the 



pores into micropores and macropores and represents the diffusion flux as 

' being the sum of tha t  through the macropores, t ha t  through the micropores 

and tha t  by a se r i e s  diffusion path through both. To apply the model re- 

quires a knowledge o f  the pore volume and pore radius dis t r ibut ion f o r  the 

porous material. .The experimental diffusion measurement resu l t s  showed 

tha t  the model predicts rates  i n  good agreement w i t h  the data over the 

pressure range investigated 1-12 atm. 

Brown e t  a l .  (6 )  used the parallel  path model and the Wakao and Smith 

(42) model to  predict diffusion rates  over the pressure range 1-20 atm, 

using 1 2  porous materials w i t h  widely d i f fe rent  pore-size dis t r ibut ions.  

For the material reported by them, there appeared to  be l i t t l e  choice 

between the absolute predictive capabil i t i e s  of these two models. In 

addition, two of the conclusions of the Sattlerfield-Cadle a r t i c l e s  (30) 

are  confirmed: the approximate fac tor  of 2 fo r  the predictive a b i l i t y  

of the parallel  path model w i t h  an occasional exception; and the superior 

capabili ty of the parallel  path pore model i n  extrapolating data from 

one pressure t o  another. 

The Dusty-gas model was presented by Evans e t  a l .  (14) f o r  the 

diffusion of gases in. porous media in the absence of pressure gradients 

i n  which the porous medium i s  visualized as a collection of uniformly 

distributed dust par t ic les  which a re  constrained to  be stationary. By 

formally considering the dust par t ic les  as giant molecules, I t  . is  

possible to  derive a l l  the desired resu l t s  simply from rigorous kinetic 

theory as special cases of multicomponent mixtures. By formally varying 

the mole fractions of the real gas molecules, the en t i r e  pressure range 



from the  Knudsen region t o  t he  normal di f fus ion region can be covered. 

The model predicts  t h a t  the  f lux  r a t i o  f o r  binary mixtures i s  equal to  

the  inverse square root  of t he  r a t i o  of molecular weights a t  a l l  

pressures. I t  a lso  gives a rigorous theoret ical  treatment of t h e  

e n t i r e  t r ans i t i on  region, from which one can obtain the Bosanquet 

in terpola t ion formula and a d i f f e r en t i a l  equation f o r  d i f fus ion which 

covers the  e n t i r e  range. Ran and Robert proposed the  extended 

dusty-gas model ( 2 5 )  beinq used t o  describe the t ranspor t  f o r  

a zero-order, i r r eve r s ib l e  reaction w i t h  mole changes. Results agree 

w i t h  o ther  models i n  the  purely Knudsen and molecular regimes. In the  

t r ans i t i on  region, however, t he  effect iveness  f ac to r  i s  a function of 

f i v e  dimensionless parameters. Rinker and  hen ( 2 7 )  modified the  

dusty-gas model and used volume-mean correction f ac to r s  i n  t he  model 

t o  account f o r  heteroporosity e f f e c t s  on i sobar ic  and nonisobaric mass 

t r ans f e r  i n  general porous media. The modified model describes '  i sobar ic  

di f fus ion in T-126 alumina p e l l e t s  considerably be t t e r  than t h e  

or iginal  model . 
The par t i c le -pe l le t  model was proposed by E. Calvelo and J.  M .  

Smith (8),  i n  which t he  p e l l e t  was formed by compressing nonporous, 

reactant  pa r t i c l e s .  In such a system, both i n t r a p e l l e t  d i f fus ion and 

reaction res is tances  can be s i gn i f i c an t .  This model has considerable 

f 1 exi b i  1 i t y  s ince  simp1 i fy i  ng assumptions can be made i ndependently 

f o r  p a r t i c l e  and pe l l e t .  T h i s  allows a reasonably f a c i l e  treatment 

f o r  nonisothermal condit ions.  W i t h  t h i s  model, i n s t a b i l i t y  can be 

considered f o r  the  more general s i t ua t i on  of reaction and dif fus ion 



over a region. 

2. The techniques fo r  measuring d i f fus iv i t i e s  in porous media 

Diffusion rates  in solid pe l le t s  are necessary for  design of many 

types of reactors. Prediction rr~ethods based uporl ,the yeol~~etrical 

properties of the porous pe l l e t  are  available,  b u t  t h e i r  accuracy i s  

about 50 t o  100% ( 3 2 ) ,  hence, experimental methods are  needed. Several 

experimental techniques have been used fo r  the determination of effect ive 

diffusion coefficients of gases and vapors in porous sol ids  and can be 

broadly divided into steady and unsteady-state methods. 

Wicke and Kallenbach (43) designed a steady-state method which i s  

now used fo r  pe l le t s  with regular geometry. The overall effect ive 

diffusion coefficient i s  determined from the known dimensions of the 

pe l l e t ,  concentration difference, and diffusion rate .  The a t t rac t ion  

of the method i s  tha t  i t  gives a d i r ec t  measurement of e f fec t ive  diffu- 

sion coeff ic ient ,  unlike some other methods in which the diffusion 

coefficients are  indirect ly  calculated in the presence of complicating 

factors .  However, because the flux equations make no allowances f o r  

the presence of dead-end pores, the experimental resu l t s  may give mis- 

leading values. If  the solid has a small f ract ion of pore volume in 

relat ively large interconnected pores, most of the flux would be through 

these pores and f iner  pores, containing most of the surface area, would 

contribute very 1 i t t l  e .  For these reasons, the  application of steady- 

s t a t e  diffusion coeff ic ients  t o  reaction may not be correct since the 

reactants will have to  diffuse to  small pores where most of the sol id  



area l i e s  and where d i f f u s i o n a l  res i s tance  i s  a l s o  great .  I n  such 

circumstances t h e  d i f f u s i v i t i e s  from r e a c t i o n  da ta  can then be expected 

t o  be lower than those from s teady-s ta te  d i f f u s i o n  data. 

Unsteady-state methods (dynamic methods) based on t r a n s i e n t  d i f f u -  

s i o n  f l u x  measurement g i ve  e f f e c t i v e  d i f f u s i v i t i e s  which account f o r  

micropores and dead-end pores i n  t h e  s o l i d .  The most popu lar  technique 

i s  based on a chromatographic technique which u t i  1 i z e s  t h e  broadening 

o f  a pulse o f  t r a c e r  gas as i t  passes through t h e  packed bed o f  p e l l e t s .  

Van Deemter e t  a l .  (41) developed an elementary p l a t e  theory  o f  mass 

t r a n s p o r t  i n  a packed chromatographic column t o  r e l a t e  t h e  pu lse  d i spe r -  

s i o n  and r e t e n t i o n  t ime  t o  t h e  mass t r a n s p o r t  parameters i n  t he  column. 

Trimm and C o r r i e  (39) determined t h e  e f f e c t i v e  d i f f u s i v i t i e s  o f  oxygen, 

n i t rogen,  and butadiene i n  t in -an t imony ox ide  c a t a l y s t s  us ing  t h e  

chromatographic method and app ly ing  Van Deemter's theory.  They found 

unsteady-state values about 20% h igher  than s teady-s ta te  values and 

a t t r i b u t e d  t h i s  t o  t h e  i n f l u e n c e  o f  dead-end pores. Experimental 

measurements o f  t h e  dynamic method a re  f a s t  and s imple enough t o  be used 

as a standard r o u t i n e  procedure i n  l a b o r a t o r i e s .  

A dynamic method f o r  c a t a l y s t  d i f f u s i v i t i e s  was proposed by Smith and 

co-workers (7, 13, 32). He showed t h a t  a pul se-response technique cou ld  be 

used w i t h  a Wicke-Kallenback t ype  o f  d i f f us ion  c e l l  t o  determine e f f e c t i v e  

d i f f u s i v i t i e s  i n  c a t a l y s t  p e l l e t s .  The d i f f u s i v i t y  was a f u n c t i o n  o f  t he  

r e t e n t i o n  t ime o f  t h e  pu lse  o f  d i f f u s i n g  gas i n  t h e  p e l l e t .  Other 

q u a n t i t i e s  i nvo l ved  were the  po ros i t y ,  1 ength, c ross-sec t iona l  area o f  

t h e  p e l l e t ,  and the  f l o w  r a t e  o f  gas across t h e  face  o f  t h e  p e l l e t .  For 



very large values of flow ra te ,  the expression fo r  effect ive d i f fus iv i ty  

was simplified to  one requiring only the retention time, porosity, and 

length of the pe l le t ;  The method was evaluated with experimental data 

a t  24°C and one atmosphere fo r  the diffusion of helium ( in  nitrogen) i n  

an alumina pe l le t  of 0.48 porosity. The resu l t s  indicated tha t  an ac- 

curate value of effect ive d i f fus iv i ty  could be obtained. The apparatus 

was simple and the time required was short  so tha t  the procedure could 

be a t t r ac t ive  fo r  use on a routine basis in  ca ta lys t  laboratories.  

B. The Effect of Conversion.in Gas-solid Reaction Systems 

~1 r i  chson and Yake (40)  have J e v e l  oped a two-dimensi onal 

expanding grain model tha t  accounts fo r  bulk flow which was successfully 

applied t o  the lime chlorination system. The solid-gas reaction between 

CaO and C12 has been studied in a ser ies  of experiments employing thermo- 

gravimetri c analysis, w i t h  varying temperature, pel 1 e t  s ize,  and chlorine 

concentration. Since the reaction i s  an example of a c lass  of irrevers- 

i b l e  gas-solid reaction systems tha t  exhibits dramatic s t ructural  changes 

with reaction due t o  an expanding product layer and tha t  i s  characterized 

by a net consumption of gas, the expanding grain model tha t  allows for  

bulk flow transport  could be used as a basis for  analyzing the system. 

They assumed tha t  the pe l le t  was isothermal and mass t ransfer  resistance 

in gas phase was negl i g i  bl e ,  then two-dimensional diffusion equations for  

an i r revers ib le  reaction were used to  yield the model applicable to  the 

1 ime chlorination. For t h i s  mode'l , the in i t ia ' l  effect ive d i f fus iv i ty ,  



D;A, was est imated us ing  t h e  f o l l o w i n g  equat ion: 

where E ~ ,  t he  i n i t i a l  p e l l e t  po ros i t y ,  was s e t  equal t o  l /ro i n  accord 

w i t h  t h e  random pore model, and E~ was determined exper imenta l ly .  Con- 

sequently,  o n l y  3 parameters must be determined from curve f i t t i n g  t h e  

data:  K, o2 and E,". The r a t e  constant ,  K, was obta ined f rom t h e  i n i t i a l  
9  

r a t e  data, whereas o2 The i le - type parameter f o r  t h e  gra in,  and E ~ ,  
g  ' 

minimum l o c a l  po ros i t y ,  cou ld  be ad jus ted  t o  p rov ide  t h e  bes t  o v e r a l l  

representat ' ion o f  t h e  conversion versus t ime  data. 

C. Georgakis e t  a1 . (15) s tud ied  t h e  SO2 absorp t ion  i n  c a l c i n e d  

dolomi tes and presented two gas -so l i d  r e a c t i o n  models: t h e  pore p lugg ing  

model and t h e  expanding g r a i n  model. The idea f o r  t h e  pore p lugg ing  

model i s  t h a t  t h e  pore mouth w i l l  p l ug  because o f  p roduct  expansion and 

t h e  r e a c t i o n  w i l l  cease a f t e r  some t ime  because o f  t h e  increased d i f f u -  

s ion  res is tance.  The model p r e d i c t i o n s  were compared w i t h  experimental  

data obta ined by Hartman and Coughl in (17, 18) on t h e  s u l f a t i o n  o f  un- 

ca l c ined  l imestone. I t  was seen t h a t  t h e  model accu ra te l y  p red i c ted  the  

experimental  data.  The expanding g r a i n  model genera1 i z e d  a1 1 prev ious  

g r a i n  models which were t h a t  t h e  g r a i n  s i z e  was assumed t o  remain con- 

s t a n t  d u r i n g  r e a c t i o n  t ime f o r  t h e  cases t h a t  +, expansion c o e f f i c i e n t ,  

was no t  equal t o  one, by a l l o w i n g  the  g r a i n  s i z e  t o  change w i t h  conver- 

s ion.  They showed ' t h a t  a 1 i n e a r  r e l a t i o n s h i p  between p o r o s i t y  and 

conversion ex i s ted  n o t  on ly  on t h e  average b u t  l o c a l l y  as w e l l .  The 



time needed to plug the pores a t  the surface of the pe l le t  was analyt- 

ical ly calculated. This permitted an additional insight into the 

relationship between the diffusion coefficient through the solid.product 

and the in t r ins i c  reaction ra te  constant. The experimental data obtained 

by Borgwardt (3 )  and Borgwardt and Harvey ( 4 )  were compared against pre- 

dictions of the expanding.grain model. I t  appeared the accuracy of the 

model was quite sat isfactory.  In th i s  model, the location conversion 

Y (R , t ) ,  which i s  equal to  [ l  - g; (~ , t ) ] ,  was related in the following 

1 inear fashion to  the local' porosity E ( R , ~ ) ,  

where g2 i s  the reaction f ront  distance with respect t o  the i n i t i a l  pore 

radius. The relationship was integrated with respect t o  the pe l l e t  

volume and a  l inear  relationship relat ing the average porosity t o  the 

overall conversion was obtained. 

Ramachandran and Smith ( 2 3 )  proposed a theory t o  account f o r  the 

effects  of the solid s t ructural  changes on the conversion-time relation- 

ship and on temperature profi les  in the pe l le t .  The theory was based on 

the par t ic le  pe l le t  concept and accounted fo r  differences in density 

between reactant and product solids and f o r  changes of porosity and pore 

interconnections due to  s inter ing.  The r a t e  of s inter ing was assumed t o  

obey an Arrhenius-type equation. The ef fec t  of s t ructural  changes on 

the effect ive d i f fus iv i ty  was developed using the resu l t s  of Kim and 

Smith (21)  who had studied the e f fec t  of s inter ing on the effect ive 



d i f fus iv i ty . in  nonreactive systems. The s ta r t ing  point had been the 

random pore model. However, i t  was not adequate t o  account f o r  the 

effects  of sintering. Thus, a more complicated model f o r  the e f fec ts  

of sintering was developed as fol lows: 

where the second equation i s  an Arrhenius-type equation, ES i s  the activa- 

tion energy fo r  sintering, Tc i s  the Tamman temperature, and A( i s  the 

ra te  constant in the ra te  equation f o r  sintering. From these two equa- 

t ions,  the effect ive d i f fus iv i ty  can be estimated by. f i r s t  estimating 

values for  the model parameters A$, ES and Tc from sinter ing experiments 

on the product solid,. 



I 11. THEC~RY 

A. The Pulse Technique 

The pu lse  technique i n  t he  s i n g l e  p e l l e t  was f i r s t  used f o r  d i f f u -  

s ion  s tud ies  by Suzuki and Smith (34), b u t  a  mod i f i ed  technique was 

success fu l l y  app l i ed  by Dogu and Smith ( 1 2 )  t o  measure t h e  e f f e c t i v e  

d i f f u s i v i t y  f o r  an alumina p e l l e t .  Bob Thies (38) used Dogu and Smith 's  

method and s e t  up a  computer program t o  compute t h e  e f f e c t i v e  d i f f u s i v i t y  

f o r  . t h e  gas-so l id  r a c t i o n  system of CaO c h l o r i n a t i o n .  I n  t h i s  study, we 

use t h e  same technique as Bob Th ies '  f o r  CaO s u l f a t i o n  system. The 

theory  o f  t he  pu lse  technique can be i l l u s t r a t e d  us ing  f i g u r e  1. 

For a  nonabsorbed gas, t h e  conservat ion equat ion a p p l i e d  t o  a  s e c t i o n  

o f  the  p e l l e t  i s  ( r e f e r  t o  Appendix A) : 

where De has been assumed t o  be independent o f  composit ion as l o n g  as t h e  

mole f r a c t i o n  yA approaches zero and t h e  term ayA i n  equat ion 2 can be 

neglected. 

The boundary and i n i t i a l  cond i t i ons  are :  
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Figure 1. Schematic diagram of the  s ingle  pel l e t  system 



CA = 0 a t  t = 0 f o r  O<X<L ('5) 

where M i s  t he  s t reng th  o f  t h e  i n p u t  pulse, and V3 and F a r e  t h e  volume 

o f  t h e  lower chamber and t h e  f l o w  r a t e  through it. Equation (4 )  i s  based 

on a un i fo rm concent ra t ion  CL i n  t h e  chamber equal t o  t h e  o u t l e t  concen- 

t r a t i o n  and on n e g l i g i b l e  mass t r a n s f e r  res i s tance  between p e l l e t  f a c e  

and gas. These r e s t r i c t i o n s ,  r e q u i r i n g  complete m i x i n g  i n  t he  lower 

chamber, can be approached c l o s e l y  by proper  design o f  t h e  apparatus. 

Furthermore, t h e  pel let-chamber system can be designed and operated a t  

3 3 cond i t i ons ,  f o r  example F = 60 cm /min. and V, = 0.5 cm , such t h a t  t h e  
3 

~ C A L  accumulat ion term V (-) i n '  equat ion  ( 4 )  i s  n e g l i g i b l e .  3 d t  

Equations (1 )  t o  (5)  can be solved i n  t h e  Laplace domain w i t h  param- 

e te rs  for C A  = f ( x , s ) .  Then us ing  the  r e l a t i o n  

gives. a t h e o r e t i c a l  expression f o r  t h e  moments. The f i r s t  normal ized 

moment f o r  t h e  p e l l e t  i s  ( 1 2 )  

Experimental  values o f  t h e  f i r s t  moment can be determined f rom t h e  ob- 

served response peaks us ing  t h e  equat ion 



To o b t a i n  t h e  moments f o r  t h e  p e l l e t ,  t h e  observed values should' be cor-  

rec ted  f o r  t h e  dead t ime i n  t h e  volume between t h e  i n j e c t i o n  p o i n t  and 

t h e  upper face, and between t h e  lower face  o f  t h e  p e l l e t  .and t h e  de tec to r ,  

and f o r  t h e  i n j e c t i o n  t ime  o f  t h e  pulse,  accord ing  t o  t h e  equat ion  

where ( ~ ~ ~ ) d . v .  i s  t h e  f i r s t  abso lu te  moment va lue  f o r  dead volumes, to 

i s  t h e  i n j e c t i o n  t i m e  o f  pu lse.  The values o f  ( p i ) c o r r .  d e t e m i r ~ e d  froni 

equat ion (9 )  may then be used i n  equat ion  ( 7 )  t o  determine t h e  e f f e c t i v e  

d i f f u s i v i t y .  

.Th ies .  (38) developed a  computer program app ly ing  t h e  above theo ry  

( r e f e r  t o  Appendix C ) .  The experimental  r e s u l t s ,  i .e., t h e  observed, 

response peaks, a r e  used i n  t h e  computer program t o  measure t h e  e f f e c t i v e  

d i f f u s l v j t y  i n  porous p e l l e l s .  

B. The Conversion Behavior o f  t h e  

Calcium Oxide S u l f a t i o n  React ion 

There a r e  some f e a t u r e s  o f  CaO s u l f a t i o n  t h a t  were presented by 

Hartman and Coughl in (18) and Borgwardt (3) .  For  example, t h e  p o r o s i t y  

o f  t h e  r e a c t i n g  p a r t i c l e s  and t h e  s u l f a t i o n  r e a c t i o n  r a t e  decrease 

r a p i d l y  w i t h  i n c r e a s i n g  conversion. The r e a c t i o n  a l s o  a f f e c t s  t h e ' p o r e  

s i z e  d i s t r i b u t i o n  w i t h i n  t h e  s o l i d  and t h e  d i f f u s i o n a l  r e s i s t a n c e  i n  



the  i n t e r i o r  of the  pa r t i c l e s  becomes l imi t ing only a f t e r  the  conversion 

reaches the  value of 20% or  higher. A t  low temperature, 590° - 680°C, 

and very low SO2 concentration, 0.5%, t he  overall  r a t e  i s  controlled by 

the  chemical reaction taking p laceonthe  grains ofcalcium oxide. Thus, a l l  

of the  f ac to r s ,  pel 1 e t  s t ruc tura l  changes, react ion temperature and concentra- 

t ion of gaseousreactant  could a f f e c t  t he su l f a t i on  ra te .  From the  

1 stoichiometry of the  reaction,  CaO + SO2 + O2 ---4 CaS04, t he  re la t ion  

between reactants  and products i s  

where yl and y2 a r e  i n i t i a l  and f i na l  weights of t he  ' ~ a 0  p e l l e t  before 

and a f t e r  reaction,  X i s  conversion r a t i o ,  and MCO and MCS a r e  t h e  

molecular weight of CaO and CaS04. After  simplifying, the  equation i s  

used t o  est imate the  conversion: 
. . 

C .  Porosity Measurement 

In the  CaO sulfa t ion react ion,  pore di f fus ion necessar i ly  accompanies 

t he  chemical reaction,  so t h a t  the  so l i d  matrix through w h i c h  d i f fus ion 

i s  taking place may undergo changes during the  process. Therefore, porosity 

i s  an important parameter f o r  understanding t h e  r a t e  l imi t ing mechan- 

ism. In general,  t he  electron microscope and mercury in t rus ion porosim- 

e t ry  a re  used t o  accurately measure p e l l e t  porosity,  but by using the  



dimensions 'and weight of pel l e t ,  one can theoret ical ly  calculate the 

porosity as fo l l  ows : 

wei h t  of e l l e t  the volume of solid in the pe l le t  = 
CaO 

the actual volume of p e l l e t . =  the cross-sectional area of pe l l e t  x 

the length of pe l l e t  

the volume of sol id  in the pel l e t  the porosity Of pellet = - 
the actual volume of pe l ie t  



IV. EXPERIMENT APPARATUS A N D  PROCEDURES 

A .  Description of Equipment 

The apparatus used in t h i s  study includes pe l l e t  making equipment, 

chemical reaction equipment, and diffusivi  ty' measurement equipment. 

1. Pel l e t  making equipment 

The pelleting equipment consists of a Carver laboratory hydraulic 

press and two dies.  The press has an operating pressure ranging from 0 

to  24,000 psig w i t h  a pressure precision of about+  200 psig. In t h i s  

study, the cylindrical die has a 2.54 cm inside diameter. Since i t  i s  

necessary tha t  the pe l le t  be 'held in the die  and p u t  in to  the diffusion 

cel l  for  diffusion measurement, i . e . ,  the pe l le t  and d ie  don't  separate 

before finishing the d i f fus iv i ty  measurement including the reaction 

period, the material of the die  i s  very important. The material m u s t  

not react with t h ~  p ~ l l e t  a t  high temperature, i t  must not react with 

the gaseous reactant,  especi a1 ly highly corrosive gas SO2. The wei y l l t  

change of the die  will  a f fec t  the accurate weight estimation f o r  the 

pe l le t s  a f t e r  reaction and would cause some er ror  in calculating the 

pe l le t  conversinn. Stainless s teel  304 was used for  the die.  Corrosion 

tes t  resul ts  showed only 0.026% weight gain in pure SO2 a f t e r  30 minutes 

a t  600°C temperature. That weight change can be neglected in the 

present research. 



2 .  Chemical reaction equipment 

A quartz tube reactor, a tubular furnace, and three flowmeters 

comprise the reaction system. The quartz tube reactor i s  5.08 cm I.D. 

and 60 cm long. The top out le t  i s  connected to  the waste gas treatment 

solution, and the bottom one i s  the i n l e t  fo r  the gaseous reactants.  

Tygon tubes connect t o  the supply tanks. Because the flow ra te  of the 

gas must be held steady during a r u n ,  the  flowmeters a re  equipped with 

needle valves. The solid reactant pe l l e t  i s  supported in a carbon s teel  

basket and located a t  the midpoint of the tube reactor. The Lindberg 
. .:. 

model 54341 e lec t r ica l ly  heated t'ubular furnace with a Lindberg type 2200 

solid s t a t e  controller capable of controll ing the temperature to  within 

+ 0.5"C i s  ' the  main source of energy fo r  CaO sulfation. The available - 

temperature range i s  200 - 1200°C, b u t  the highest temperature used for  

th i s  experiment i s  600°C. An Ohaus type Dial-o-Gram balance was used to  

'determine the weights of pe l le t s  before and a f t e r  reaction. 

3. Diffusivi ty measurement equipment 

The main parts here a re  the Wicke-Kallenbach type diffusion c e l l ,  

the thermal conductivity detector,  the Fisher recorder, and flow metering 

and controlling equipment. The diffusion ce l l  i s  shown in de ta i l  in 

Figure 2 .  There a re  two in l e t s  and two out le t s  fo r  gases t o  pass through 

both sides individually. The upper stream from i n l e t  A (see Figure 2) 

i s  brought t o  the top of the pe l l e t  through a 0.3 cm I.D., 16 cm long 

tube, f lared into a nozzle on the end to  minimize the upper dead vulume 



and to create a rapid flow of gases across the upper face of the pe l le t .  

Similarly, the lower stream through i n l e t  B i s  passed d i rec t ly  across 

the lower face i n  the volume V3. The out le t s  E and F a r e  connected to  

the manometer by tubing with r e s t r i c t ing  valves t o  maintain the pressure 

constant on both sides of the pe l l e t .  The uppcr stream flows 

from the out le t  C t o  the soap flowmeter t o  measure the gas flow rate .  

The pulsed gas which has passed through the pel.let with the ca r r i e r  gas 

i s  directed into the thermalconductivity detector through out le t  D .  

Threaded joints  f i x  both parts of the pe l le t  holder and the teflon o- 

rings to  ensure . . a seal between the ring mold and the pel1 e t  holders. 

The thermalconductivity detector consists of two columns; the gas 

to  be analyzed i s  passed through one of these while a reference gas i s  . .  

passed through the other. Each column contains e l ec t r i ca l ly  heated 

filaments tha t  have a temperature-dependent resistance. The filaments 

a re  wired as a bridge c i r cu i t  such tha t  the signal from the bridge 

depends ,on the difference between the thermal conductivity of the gas 

mixture being analyzed and the reference gas. The ce l l  i s  machined 

from a s teel  block and i s  held in a controlled (+ - O.Z°C) temperature 

bath. 

The response peak from the detector was recorded using a Fisher 

Recordall ser ies  5 0 0 0  recorder. An attenuator was used t o  adjust  the 

voltage to  obtain a c lear  and re1 iabl e peak on the chart  paper. 



Upper F low I n  (A) 7 

Seal Ring 

Upper Flow Out (C) t - -  6 T o  Manometer (E )  

Stainless Steel Tubing 

Pellet Holder 

Base Part of 
Pe l le t  Holder 

Teflon 0 - R i n g  

P e l l e t  
Lower Flow Tef Ion 0- Ring 

to Detector ( D) - -To Manometer ( F )  

t---- Lower  F l o w  Inlet (8) 

F i g u r e  2. Schematic diagram o f  t h e  Wicke-Kal lenback t y p e  

o f  d i f f u s i o n  c e l l  



B. Experimental Procedure 

The formation of the CaO pel le t  i s  an important step in the pro- 

cedure. Homogeneous pel 1 e t s  wi thout flaw are  requi red t o  avoid experi - 
mental error.  A new pel l e t ,  formed by the same procedure, was used in 

each conversion measurement experiment. Pel le ts  with the same physical 

properties', i . e . ,  pore s i ze  dis t r ibut ion,  porosity, and surface area 

which af fec t  the reaction ra te  direct ly ,  a re  needed. Calcium oxide 

absorbs moisture rapidly and becomes Ca(OH)2 due t o  the reaction 

CaO + H20 ~ a ( 0 H ) ~ .  Figure 3 shows the r a t e  of moisture absorption. 

Pe l le t s  were therefore stored in a desiccator and handled in a dry box 

with minimal a i r  contact to  minimize the moisture absorption. The 

moisture weight of the CaO pel le t s  was estimated conservatively as not 

over 0.5% pel l e t  weight by using the electrobalance t o  measure weight 

change during the f ina l  drying step before reaction. 

The CaO powder was prepared from Fi sher Sci,entif i c Company' s reagent 

grade 99.5% pure Ca(OH)2. A quantity of c ~ ( o H ) ~  was dehydrated, i .e . ,  

calcined, f o r  6 or  7 hours a t  600°C in an oven to  form CaO powder (5,  19). 

Pe l le t s  were formed by pressing the powder in a cylindrical mold of 

2.54 cm diameter. Lengths of 0.24 t o  0.30 cm were found to  be the 

shortest  pel l e t s  t ha t  would maintain t h e i r  s t ructural  in tegr i ty .  

Before putting the CaO pel le t  into the reactor to  react and a f t e r  

f.in,ish'irly the reaction, the reactor system was purged !with nitrogen for  10 

to  20 minutes. The pel le t  was se t  a t  the center of tube reactor in a 

carbon-steel basket supported in the reactor. When the desired reaction 

temperature was reached, the metered and dried gaseous reactants,  
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SO2 5 4 0  cc/min and O2 300 cc/min, were f e d  i n t o  t h e  r e a c t o r ,  from the  

bottom. B y  c o n t r o l  1 i n g  ' the  r e a c t i o n  t ime, a d e f i n i t e  conversion could be 

obtained. 

The procedure f o r  measuring d i f f u s i v i t y  i s  demonstrated' us ing  t h e  

f l o w  c h a r t  i n  F igu re  4. The d i f f u s i v i t y  measuring system was purged fo r  

10 t o  15 minutes be fore  sea l i ng  t h e  CaO p e l l e t  i n  t h e  d i f f u s i o n  c e l l .  

The metered n i t r o g e n  was then f e d  i n t o  t h e  d i f f u s i o n  c e l l  f rom two sides. 

The upper stream was brought t o  t h e  top  o f  t h e  p e l l e t  through a 0.3 cm 

I . D . ,  16 cm long tube f l a r e d  on t h e  end. The lower stream was passed 

d i r e c t l y  across the  lower  face. The pressure was mainta ined constant  on 

bo th  sides o f  t he  p e l l e t ,  and t h e  pressure d i f f e r e n c e  was observed w i t h  

t h e  manometer. A f t e r  o b t a i n i n g  equal pressures, t h e  manometer was d i s -  

connected p r i o r  t o  i n j e c t i n g  t h e  He pu lse  t o  e l i m i n a t e  an a d d i t i o n a l  

c o n t r i b u t i o n  t o  t h e  dead volume. 

~ f t e f  o b t a i n i n g  equal pressures, a d e f i n i t e  volume o f  hel ium which 

f i l l e d  t h e  tube between valves 2 and 3 was pulsed i n t o  t h e  d i f f u s i o n  

c e l l .  The response peak was recorded from t h e  thermal c o n d u c t i v i t y .  

S i m i l a r l y ,  by sw i t ch ing  the  valves 1, 4, 5, and 6, a c a l i b r a t i o n  response 

peak ' for a hel ium pu lse  which d i d  n o t  pass through t h e  d i f f u s i o n  c e l l  

was obtained. 

The measurements were made a t  24°C and 1 atm. The data 

from t h e  two recorded response peaks were d i v i d e d  i n t o  64 values 

over  e q u i d i s t a n t  t ime  i n t e r v a l s  of 0.48 sec. P e l l e t  length,  

sur face area o f  p e l l e t ,  p o r o s i t y ,  f l o w  r a t e  o f  c a r r i e r  gas N2(150 

cc/min),  and the  i n i t i a l  guess values f o r  dead tir i le ( 2  see.), 



F i g u r e  4. Schematic f l o w  diagram f o r  d i f f u s i v i  ty  measurement 
% 



diffusivi ty  (0.1), residence time T (0 .8  sec. ), and scale factor  ( the 

r a t io  of voltage strength of the two recorded response peaks) was used 

in the computer program (see Appendix C )  t o  calculate the effect ive 

di f fusivi  ty.  



V .  RESULTS AND DISCUSSION 

A .  Pre l im ina ry  Experiments f o r  D i  f f u s i v i  t y  Measurement 

Gas-sol i d  reac t i ons  a r e  ve ry  compl icated, and severa l  v a r i a b l e s  

a f f e c t  t h e  r a t e  o f  d i f f u s i o n  through a  r e a c t i n g  s o l i d  p e l l e t .  I n  addi -  

t i o n ,  t h e  equipment a v a i l a b l e  f o r  d i f f u s i o n  measurement has i n h e r e n t  

, . l i m i t a t i o n s  on t h e  p r e c i s i o n  o f  measured d i f f u s i v i t i e s ,  even i f  t h e  

p e l l e t  dimensions and p o r o s i t y  a r e  h e l d  constant .  The f a c t o r s  which 

a f f e c t  experimental  p r e c i  s i o n  are, t he re fo re ,  d i  scussed f i r s t .  

1. The e f f e c t  o f  p e l l e t  l e n g t h  

C y l i n d r i c a l  p e l l e t s  were made u s i n g  d i f f e r e n t  amounts o f  CaO i n  t h e  

same r i n g  mold and p e l l e t i z e d  under t h e  same pressure. It was found t h a t  

t h e  p e l l e t  l e n g t h  was p r o p o r t i o n a l  t o  t h e  we igh t  o f  CaO. However, t h e  

d i f f u s i v i t y  was i n v e r s e l y  p r o p o r t i o n a l  t o  CaO weight,  i .e., t h e  d i f f u -  

s i v i  t y  o f  t h e  same diameter pe l  l e t  decreases, when t h e  l e n g t h  o f  p e l l e t  

increases. The experimental  r e s u l t s  a r e  shown i n  Table 1. Besides, 

c y l i n d r i c a l  p e l l e t s  t h a t  have he igh ts  approaching o r  exceeding t h e i r  

diameters w i  11 e x h i b i t  nonuniform p o r o s i t y  because t h e  compaction pres- 

sure  i s  n o t  uni form under these cases (37) .  

2. The e f f e c t  o f  t h e  h e i g h t  o f  nozz le  i n  t h e  d i f f u s i o n  c e l l  

The d i s tance  between nozz le  and t h e  upper su r face  of t h e  CaO p e l l e t  

can be ad jus ted  by s h i f t i n g  t h e  s t a i n l e s s  s t e e l  t u b i n g  which connects t o  

t h e  nozzle.  Too l a r g e  a  d i s tance  causes t o o  much upper dead volume, and 



Table 1. The e f f e c t  o f  CaO p e l l e t  l e n g t h  on d i f f u s i v i t y  
- - - -  - 

Length o f  Weight of 
pe l  1  e t s  P o r o s i t y  D i f f u s i v i  t y  

pel  1  e t s  
Run ( 4  (gm) (est imated)  (cm /sec) 

2 

t o o  s h o r t  a  d is tance causes pressure d i f f u s i o n .  The appropr ia te  h e i g h t  

i s  necessary t o  avo id  these e f f e c t s .  The r e s u l t s  o f  measuring d i f f u s i v i -  

t i e s  w i t h  d i f f e r e n t  nozz le  he igh t  a r e  shown i n  Table 2. The volume o f  

t h e  upper chamber was 0.45 cm3 i n  Smith 's  i n v e s t i g a t i o n  (32); and t h e  

nozzle. he igh t  was est imated as about 0.3 cm from t h e  geometry. 

The r e l a t i o n s h i p  between r e a c t i o n  r a t e  and r e a c t i o n  cond i t i ons  

The conversion i s  hard t o  p r e c i s e l y  c o n t r o l  because o f  t oo  many 

dependent f a c t o r s  as mentioned before. An at tempt was made t o  g e t  20% 

conversion f o r  each o f  several  p e l l e t s  made by i d e n t i c a l  procedures and 

us ing  the same r e a c t i o n  cond i t ions .  Table 3 shows t h e  r e s u l t s  which 

suggest t h a t  more c a r e f u l  experimental  opera t ion  and more p rec i se  equip- 

ment a re  needed. By us ing  s t a t i s t i c a l  methods on t h e  experimental  da ta  



Table 2. The e f f e c t  o f  t h e  he igh t  o f  nozz le  i n  t he  d i f f u s i o n  c e l l  
- - - 

Length o f  Weight of Height  o f  
pe l  1  e t s  Porosi  t y  D i f f u s i v i t y  nozzle 

p e l  1  e t s  
Run (cm > (gm> (est imated)  (cm /sec) (cm 2  

"he same p e l l e t  was used f o r  runs 2 and 3. 

i n  Table 3, t h e  f o l l o w i n g  r e s u l t s  were obta ined:  p o r o s i t y  - mean va lue  

of 0.54, standard d e v i a t i o n  0.03, c o e f f i c i e n t  o f  var iance 5.6%; conver- 

s i o n  - mean va lue  19.0%, standard d e v i a t i o n  2 .3 ,  c o e f f i c i e n t  o f  var iance 

12.1%; d i f f u s i v i t y  - mean va lue  0.046, standard d e v i a t i o n  0.008, co- 

e f f i c i e n t  o f  var iance 16.8%.. 

The experimental  r e s u l t s  obtained, there fore ,  have s u f f i c i e n t  pre-  

c i s i o n  f o r  c.omparison o f  p e l l e t s  w i t h  d i f f e r e n t  conversions and p o r o s i t i e s  
F 

b u t  t h e  magnitude o f  t h e  d i f f u s i v i t y  i s  n o t  o f  h igh  p rec i s ion .  



Table 3 .  The r e su l t s  of 20% conversion experiments f o r  CaO.sulfation 

Before reaction After  reaction 

Length 'Weight Porosity Weight Conversion Diffus ivi ty  

of pe l l e t  .of pe l l e t  ( e s t . )  of p e l l e t  Ratio 2 (.cm /sec)  
Run (cm) ( gm> (gm> ( % )  

a ~ e a c t i o n  conditions: Temperature 400°C, reaction time 15 minutes, 

flow r a t e  SO2 540 cc/min, O2 300 cc/min. 



6. D i f f u s i v i t i e s  i n  P a r t i a l l y - r e a c t e d  Calcium Oxide P e l l e t s  

. . There a r e  two impor tan t  p o i n t s  i n  connect ion w i t h  de terminat ion  o f  

d i f f u s i v i t i e s  i n  porous media f o r  gas -so l i d  r e a c t i o n  s tud ies :  ( a )  f o r  a  

b i n a r y  gas mixture,  i t  i s  f r e q u e n t l y  necessary t o  measure two o r  even 

th ree  d i f f u s i v i t i e s ,  i .e., t h e  Knudsen d i f f u s i v i t y ,  mo lecu lar  d i f f u s i v i  ty, 

and e f f e c t i v e  d i f f u s i v i t y ,  and (b)  i t  i s  d i f f i c u l t  t o  determine d i f f u s i v i -  

t i e s  w i t h i n  a  r e a c t i n g  s o l i d  mat r ix ,  e s p e c i a l l y  a t  h i g h  temperature. Few 

i n v e s t i g a t o r s  o f  gas-so l id  reac t i ons  have c a r r i e d  ou t  independent measure- 

ment o f  even a  s i n g l e  gas d i f f u s i v i t y  w i t h i n  t h e  s o l i d ,  and even fewer 

have done so a t  r e a c t i o n  cond i t ions .  Thus, t h e  r e s u l t s  presented here on 

d i f f u s i v i t y  should . a i d  i n  i n t e r p r e t i n g  o t h e r  r e s u l t s .  

I n  t h i s  work, t h e  pulse-response technique was used t o  measure the  

e f f e c t i v e  d i f f u s i v i t i e s ,  and app rop r ia te  models were used t o  c a l c u l a t e  

the  Knudsen d i f f u s i v i t y  and molar d i f f u s i v i t y .  Al though t h e  e f f e c t i v e  

d i f f u s i v i t i e s  obta ined by us ing  N2 and He i n  t h e  d i f f u s i o n  c e l l  a re  n o t  

t r u e  values o f  SO2 and O2 d i f f u s i o n  i n  t h e  CaO s u l f a t i o n  reac t i on ,  t h e  

r e s u l t s  i l l u s t r a t e  t h e  e f f e c t  o f  s t r u c t u r a l  changes o f  CaO p e l l e t s  du r ing  

t h e  s u l f a t i o n  reac t i on .  The r e s u l t s  from t h e  pulse-response technique 

can, there fore ,  be used t o  fit t h e  gas -so l i d  r e a c t i o n  models. 

1. Conversion versus r e a c t i o n  t ime  

The' experiments of conversion versus r e a c t i o n  t ime  were done a t  

t h r e e  d i f f e r e n t  temperature l e v e l s ,  325OC, 500°C and 600°C, f o r  20,000 

p s i  compressed p e l l e t s  by changing on l y  t h e  r e a c t i o n  t ime. The r e s u l t s  



show t h a t  h igher  r e a c t i o n  temperature g ives h ighe r  convers ion f o r  t h e  

same r e a c t i o n  t ime.  The experimental  r e s u l t s  a r e  recorded i n  Tables 4, 

5, and 6  i n  Appendix B and i n  F igu re  5. The l i n e s  drawn i n  F igu re  5  

simply i d e n t i f y  t h e  t rends-- they are  n o t  based on a  model .. 
D i f f e r e n t  r e s u l t s  have been repo r ted  a t  h ighe r  temperatures (over  

650°C) by Christman (9), i .e., h igher  temperature g ives l o w e r  conversion. 

Christman suggests t h a t  t h i s  i s  due t o  s i n t e r i ' n g  and a  lower  gaseous 

reac tan t  absorp t ion  r a t e .  A t  low temperature t h a t  i s  n o t  important .  

Because t h e  m e l t i n g  p o i n t s  o f  CaO and CaS04 a r e  1257OC and1450°C, t h e  

Tammann Temperature, t he  temperature a t  which a  s o l i d  begins t o  s i n t e r ,  

i s  abou t .  765 - 861 :5Ok (492 - 588.5'C). Thus, t h e  s i n t e r i n g  ef fects 

,should be small i n  t h i s  study. 

2. D i f f u s i v i  t y  versus conversion 

Because o f  t h e  pore volume reduc t i on  caused by t h e  expansion o f  t he  

CaS04 product  l a y e r  i n t o  the  pe l  l e t  v o i d  regions, t h e  r a t e  o f  gaseous 

reac tan t  d i f f u s i o n  i n t o  the  p e l  l e t  reduces as conversion increases. The 

r e a c t i o n  w i l l  become d i f f u s i o n - c o n t r o l l e d  a t  some l e v e l  of CaO con- 

ve rs ion  f o r  t h i s  reason. S i m i l a r l y ,  t h e  reduc t i on  i n  t h e  d i f f u s i o n  

r a t e  o f  gaseous reac tan ts  w i l l  slow down t h e  conversion r a t e  and u l t ima te -  

l y  stop t h e  reac t i on .  Resul ts  i l l u s t r a t i n g  t h i s  phenomenon a r e  pre- 

sented i n  F igu re  6. The curve. i s  t h e  t h e o r e t i c a l  es t imate  . o f  . d i f f u s i v i t y  

us ing  t h e  Yake model f o r  d i f f us ion  i n  an expanding so l  i d .  
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Figure 6. Diffusivi ty versus conversion in par t ia l ly  

sulfated CaO pel lets  
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Accordi ng t o  the  two-dimensional expandi ng g r a i n  model developed by 

U l r i chson and Yake (40),  the  i n i t i a l  e f f e c t i v e  d i f f u s i v i t y ,  DEA, i s  ex- 

pressed i n  the  f o l l o w i n g  equat ion: 

or,  i n  general form, when p o r o s i t y  changes w i t h  conversion, 

where DEA i s  p e l l e t  e f f e c t i v e  d i f f u s i v i t y ,  E i s  p e l l e t  po ros i t y ,  DAc and 

Dm a r e  molecular  d i f f u s i v i  ty and Knudsen d i f f u s i v i  ty, respec t i ve l y .  The 

pe l  l e t  p o r o s i t y  was .assumed t o  have a. 1 i n e a r  r e l a t i o n s h i p  w i t h  convers ion 

as shown i n  equat ion ( l l ) ,  

where + = expansion c o e f f i c i e n t ,  2.72 f o r  CaO s u l f a t i o n  

X = conversion r a t i o .  

The molecular  d i f f u s i o n  DAC can be c a l c u l a t e d  f rom t h e  Chapman-'Enskog 

k i n e t i c  theory  (2, 37) us lng  equat iun (I,?), 



The Knudsen d i f f u s i o n ,  DM,  i s  c a l c u l a t e d  from equat ion$  (13) a n d .  (14) (12) 

where oAc = c o l l i s i o n d i a m e t e r  o f  s p e c i e s  A and C, o ,  is 3.1285 A 
HeyN2 

. . 
R 

D y  AC = dimens ionless  func t ion  of  t h e  tempera ture  and of  t h e  i n t e r -  

molecular  p o t e n t i a l  f i e l d  f o r  one mole of  A and one of  C ,  

r = g r a i n  r a d i u s  = r [1 + ( ( - 1 ) ~ ] ~ / ~ ,  
9 .  90 

k = i n i t i a l  g r a i n  r a d i u s  = 3 x 10-~cm:  (44 ) ,  
90 

N d  = n o .  of  s o l i d  g r a i n s  pe r  u n i t  vo lumeof  porous s o l i d =  : 

J [ l - = ] / ~ ' ' I  
go' 

R = gas  cons t an t  = 8.314 x  10 7 gm.cn 2  2  ' /"k s e c  : 

A t  room tempera ture  ( 2 5 0 ~ )  and 1 atm p re s su re ,  t h e  molecular  

d i f f u s i v i t y ,  DAC , 2 f o r  helium and n i t rogen  i s  0.70 cm / s e c  from equat ion  

(15). The Knudsen d i f f u s i v i t y  has t h e  fo l l owing  re1atio.n w i t h  conversion 

r a t i o  and po ros i t y  f o r  CaO s u l f a t i o n ,  

By us ing  equa t ions  ( lo) ,  (11) and (15) wi th  t h e  experimental  conversion d a t a ,  

t h e  es t imated  e f f e c t i v e  d i f f u s i v i t i e s '  f o r  CaO s u l f a t i o n  can be compared. t o  



t h e  measured values. The est imated values f o r  t h e  d i f f e r e n t  cond i t i ons  

a re  tabu la ted  i n  Tables 10, 11, 12, 13 and 14 i n  Appendix B. From t h e  
< 

2 ca l cu la ted  values, t he  Knudsen d i f f . u s i v i t y  i s  (3.45 cm /sec) .  The Knudsen 

term i n  equat ion (10) i s  about 4% of t h e  molecular  term, which suggests t h a t  

t h e  Knudsen d i f f u s i v i  t y  con t r i bu tes  1  i t t 1 e  t o  t h e  pel  l e t  e f f e c t i v e  d i f f u s i v i t y .  

The agreement between the  est imated values and the  experimental  re -  

s u l t s  was good a t  low conversions, b u t  the  est imated d i f f u s i v i t i e s  were 

low a t  h igher  conversions. Because p o r o s i t y  has a  l i n e a r  r e l a t i o n  w i t h  

conversion given by equat ion ( l l ) ,  t h e  est imated p o r o s i t y  w i l l  become small 

a t  h igh  conversion and the  est imated d i f f u s i v i t y  w i l l  a l s o  be smal l .  But, a  

SEM examination o f  p a r t i a l l y - r e a c t e d  pel  l e t s  revealed t h a t  t h e  sur face po- 

r o s i t y ,  and hence the  p e l l e t  p o r o s i t y ,  d i d  n o t  become zero when r e a c t i o n  

stopped. Consequently, t h e  assumption o f  a  l i n e a r  v a r i a t i o n  i n  l o c a l  

p o r o s i t y  w i t h  conversion i n  equat ion (11) seems inappropr ia te .  Yake (44) 

has po in ted  o u t  t h a t  the  minimum p o r o s i t y  concept can be used t o  c o r r e c t  

f o r  t h e  d e v i a t i o n  a t  hi 'gh conversion. Dur ing CaO s u l f a t i o n ,  as a  re -  

su l  t o f  a  r e l a t i v e l y  , l a rge  expansion c o e f f i c i e n t ,  $ = 2.72, cont inued 

r e a c t i o n  causes a  s i g n i f i c a n t  drop i n  p o r o s i t y  t h a t  even tua l l y  r e s t r i c t s  

d i f f u s i o n  and r e s u l t s  i n  a  decrease o f  gaseous reac tan t  concen t ra t i on .  

w i t h i n  t h e  p e l l e t .  Therefore, t he  minimum p o r o s i t y  cou ld  be reached 

a f t e r  which r e a c t i o n  cont inues a t  a  f i n i t e  ra te ,  b u t  t h e  d i f f u s i v i t y  no 

longer .  decreases. Obviously , t h e  agreement between model and experiment 

w i l l  become b e t t e r  by app ly ing  t h e  miniliiuni p o r o s i t y  concept. 

Al though t h e  sdnter ing  e f f e c t  was assumed n o t  t o  be impor tan t  a t . l o w  
. . 
temperature, i t  cou ld  become impor tan t  as the . tempera ture  approaches t h e  



Tammann Temperature. In general, the agreement of estimated and experi- 

mental results looks better a t  low temperature (for  example, 325°C in 

Table 10) t h a n  t h a t  a t  high temperature (for  example, 500°C in Table 11). 

The deviation may have been caused by sintering because higher tempera- 

tures give a lower min imum porosity. A t  low temperature, the sintering 

effect i s  so small that a linear relationship between porosity and 

conversion rat io will be good. In contrast, i t  will be worse a t  higher 

temperature. Hence, i f  the m i n i m u m  porosity concept and the sintering 

effect are considered, the agreement between the estimated values using 

the two-dimensional expanding grain model and experimental results could 

become better.  

3. Diffusiv.ity versus reaction time 

The conversion of.CaO pellets i s  proportional t o  reaction time 

before reach.ing the maximum conversion, b u t  diffusivity i s  inversely 

proportional to conversion. Therefore, the diffusivity should be in- 

versely proportional to reaction time, i .e., diffusivi ty decreases when 

reaction time increases as presented .in Figure 7. The slopes of the 

diffusivity-reaction time curves become f l a t  when reaction time i s  large, 

indicating that the porosity i s  no longer decreasing. Moreover, the 

higher the temperature, the lower the diffusivity for  the same reaction 

time. This i s  due to higher conversion a t  higher temperature. Again, 

the estimated values from Yake's model have good agreement with experi- 

mental data a t  small reaction time b u t  deviate a t  large reaction time, 

and the agreement a t  low temperature i s  better t h a n  a t  high temperature. 
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Figure 7. Diffusivi ty versus reaction time in par t ia l ly  

sulfated CaO pel le t s  



4. Conversion versus reaction time f o r  d i f f e r e n t  pe l l e t i z i ng  pressures 

Pe l l e t s  formed by compressing t o  th ree  d i f f e r e n t  pressures,  10,000 

ps i ,  20,000 ps i ,  and 30,000 p s i ,  were used. The corresponding estimated 

poros i t i e s  were 0.47, 0.43, and 0.35. Because t he  mercury porosimeter 

has been out of o rder ,  just a few pel l e t  poros i t i e s  were measured. The 

poros imetry. measured valve f o r  a 20,000 psi compressed pel 1 e t  with 3.32% 
1 

conversion was 0.4248, while t h e .  assumed i n i t i a l  value was 0.43. (The 

calcula ted i n i  t ia ' l  value from Table 3 was 0.44.) These values compare well 

t o  the  0.39 value which Yakeused f o r  modeling. Theestimated porosity d i f -  

ferences a r e  0.04between 30,000psi. and 20,000 psi,  and 0.05 -0 .08  between 

20,000 psi and 10,000 ps i .  So, the  assumed values of 0.35 and 0.47 can 

be accepted. 

The porosity of the  p e l l e t s  af fected the  reaction r a t e  as expected 

i n  accordance with the  work of o thers  (3, 9) .  The more dense pel l e t  has 

the  lower reaction r a t e .  The r e su l t s  can be used t o  i n f e r  t h a t  t he  reduc-. 

t ion  of porosity i s  the  main reason f o r  t he  reduced ul t imate  conversion. 

Experimental data a r e  provided i n  Tab1 es 5, 7, and 8 i n  Appendix B and i n  

Figure 8. Again, the  curves a r e  only graphical est imates of the  behavior. 

5. Diffus ivi ty  versus conversion f o r  d i f f e r e n t  pe l l e t i z i ng  pressures 

For each pe l l e t i z i ng  pressure,  t he  d i f f u s i v i t y  decreases as  con- 

version increases and reaches a d e f i n i t e  minimum value when the  reaction 

s tops .  The more dense p e l l e t s  have t he  lower d i f f u s i v i t y  a t  a given 

conversion. The more dense p e l l e t s  exh ib i t  pore c losure  more rapidly 

and, therefore ,  the  d i f f u s i v i t y  decreases more rapidly.  The r e su l t s  a r e  
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REACTION TIME ( m i n d  

Figure 8. The relationship of conversion to reaction time for  

different  pelletizing pressures 



. . 
prov ided i n  F igure  9, The est imated values as shown by t h e  curves.were 

ca l cu la ted  from equations (10, ( l l ) ,  and ( 1 5 ) .  

6. Conversion versus r e a c t i o n  t ime f o r  20,000 p s i  compressed 

Ca (OH) pe l  1 e t s  

Experiments were a l s o  performed us ing  Ca(OH)2 powder as t h e  raw 

m a t e r i a l  t o  form t h e .  pel  l e t s .  The. pe l  l e t s  were then ca l c ined  and su l -  

f a t e d  a t  600°C. The experimental  r e s u l t s  shown i n  Table 9 i n  Appendix B 

and F igure  10 compare w g l . w i t h  those us ing  CaO as t h e  raw m a t e r i a l .  

Both r e s u l t s  shoujd be the  same. i f  r e a c t i o n  cond i t i ons  and p e l l e t  

s t r u c t u r e  a r e  kept  t h e  same. 

7. D i f f u s i v i  t y  versus conversion from 20,000 ps i  compressed 

Ca(OH)* p e l l e t s  

I n  o rde r  t o  measure t h e  d i f f u s i v i t y ,  t h e  s u l f a t e d  Ca(OH)* p e l l e t  

i n  t h e  r i n g  mold must be s e t  i n  t h e  d i f f u s i o n  c e l l .  That i s ,  t h e  r i n g  

mold conta ins  t h e  Ca(OH)2 p e l l e t  d u r i n g  t h e  c a l c i n a t i o n  and s u l f a t i o n  

operat ions. The diameter o f  t h e  Ca(OH)2 p e l l e t  reduces d u r i n g  ca l c ina -  

t i o n ,  ,and the  p e l l e t  wants t o  drop o u t  o f  t h e  r i n g  mold: Th i s  causes 

d i f f i c u l t y  i n  t he  d i f f u s i v i t y  measurement. The problem was solved by 

us ing  grease t o  seal t h e  gap between t h e  s u l f a t e d  p e l l e t  and t h e  r i n g  

mold. Because t h e  sur face area o f  t h e  s u l f a t e d  Ca(OH)2 p e l l e t  was 

smal le r  than t h a t  o f  t h e  s u l f a t e d  CaO p e l l e t ,  t h e  measured d i f f u s i v i t y  

f o r  the  former was a l i t t l e  smal le r  than t h a t  f o r  t h e  l a t t e r .  But  t h e  
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Figure 10. Conversion versus reaction time f o r  20,000 psi 

compressed Ca(OH)2 pel 1 e t s  a t  600°C 



r e l a t i o n s h i p  of conversion r a t i o ' w i t h  r e spec t  to. d i f f u s i v i t y  was t h e  

same a s  t h e  r e s u l t s  i n  Figure 6. The experimental r e s u l t s  a r e  p l o t t e d  

i n  Figure 11. The curves in  Figures 10 and 11 a r e  only graphical  e s t i -  

mates of t h e  behavior,  a l s o .  

8. Comparison of experimental r e s u l t s  t o  those  from C .  Georgakis' 

model 

C .  Georgakis e t  a l .  (18) derived an equation t o  i l l u s t r a t e  t h e  poros- 

i t y  and conversion r e l a t i o n  f o r  1 imestone sul f a t i o n .  For ca l  c i  um oxide,  

we can s impl i fy  the  equation t o :  

where c0 = i n i t i a l  poros i ty  of CaO, 

P = dens i ty  of t h e  unreacted c r y s t a l l i n e  s o l i d  CaO, 

Mco = molecular weight of CaO, 

VCO = molar volume of CaO, 

VCS = molar volume of CaS04, 

X = conversion r a t i o .  

Equation (16) was used t o  e s t ima te  t h e  pel l e t  po ros i ty  from experi-  

mental conversi-on da ta  f o r  t h e  20,000 psi compressed p e l l e t s  a t  325OC. 

The r e s u l t s  a r e  t h e  same a s  those  by using Yake's model. 
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9. - Comparison o f  exper imenta l  r e s u l t s  t o  those  f r om Smi th ' s  model - 

Cons ider ing  t h e  e f f e c t  of s i n t e r i n g ,  Ramachandran and Smi th  (23 )  

presented a , comp l i ca ted  model t o  demonstrate t h e  r e l a t i o n  o f  convers.ion t o  

e f f e c t i v e  d i f f u s i v i t y .  A t  3 2 5 O C ,  t h e  s i n t e r i n g  e f f e c t  can be neg lec ted  i n  

CaO . s u l f a t i o n  so t h a t  t h e  equat ions simp1 i f y  t o :  

and 

where D is 'composi  t e  d i f f u s i v i  t y  account ing  f o r  Knudsen and b u l  k  d i f f u s i o n  

o f  species A, 

The es t imated  va lues  u s i n g  equat ions  (17) and (18) a r e  t h e  same 

as those  by u s i n g  Yake's model. 



VI. CONCLUSIONS 

From the experimental measurement of diffusivi  ty  in CaO pel l e t s  

during sulfat ion,  i t  may be concluded tha t :  

1. Because many factors  a f fec t  experimental resu l t s ,  fo r  example, 

moisture, pel I e t i  zing pressure, reactant flow ra t e ,  and nozzle height 

in diffusion c e l l ,  a careful and detailed operation was required in 

t h i s  experiment. 

2. Experimental data showed tha t  conversion increased as reaction time 

increased b u t  became constant when i t  reached a certain level.  

'3. The reaction ra te  of CaO sulfation increases as temperature increases 

from 300 to  600°C. 

4. During CaO sulfat ion,  the d i f fus iv i ty  decreases as reaction time 

and conversion increase. 

5. The react ion.rate  of the more dense CaO pel le t s  during sulfation was 

lower than tha t  of the l e s s  dense pe l le t ,  and the denser pe l le t  had 

the lower diffusivi ty .  

6 .  The change of conversion with time fo r  a pel le t  was almost the same 

whether CaO or Ca(OH)2 was used as the s t a r t ing  material. However, 

the d i f fus iv i ty  of the Ca(OH)2 pe l le t  was a l i t t l e  smaller 'than that  

of the CaO p e l l e t  because of a smaller surface area and grease con- 

tamination of the Ca(OH)2 pe l le t .  

7 .  The expanding grain model was used t o  f i t  the experimental resul ts  

with agreement being be t te r  a t  low conversions than a t  high conver- 

sions. This was due to  the l inear  relationship between porosity and 



conversion in the model. I f  the minimum porosity concept and 

sintering effect were considered, the agreement would probably 

become better for  high conversions. 



VII. RECOMMENDATIONS FOR FUTURE RESEARCH 

Experience gained through t h i s  investigation suggests several areas 

of research tha t  should be explored and changes tha t  should be made in 

the equipment f o r  the d i f fus iv i ty  measurement in CaO pel le t s  during 

sulfation. The recommendations are:  

1. The Ca(OH)2 powder was a product of Fisher Sc ient i f ic  Company with 

99.5% pure Ca(OH)2 and about 90% powder s i ze  between 200-400 mesh. 

The wide powder s ize  range may cause enough variation of the pe l le t  

s t ruc tu re . to  be s ignif icant  despite the very similar porosit ies of 

pel l e t s .  The original pel l e t  s t ructure variation would af fec t  the 

precision of experimental conversion resu l t s ,  and t h i s  also affects  

the diff  usivi ty .  Therefore, careful screening of Ca (OH)2 seems to  

be necessary. 

2 .  The laboratory hydraulic press which we used t o  make pe l le t s  has a 

pressure range of 0 to  24,000 psig. Investigations a t  pressures 

higher than 24,000 psig would be desirable.  Moreover, i t  i s  

manually operated and would be hard t o  handle a t  def in i te  pressure, 

especially near the maximum operating pressure ( fo r  example., 23,562 

psig pressure was used f o r  making the 30,000. psig compressed pe l le t  

'with 1 inch diameter in t h i s  experiment). This would af fec t  pe l le t  

porosity direct ly .  Hence, a wider pressure range and easier  han- 

dl i.ng press i s  needed. 



3 .  Lacking a large. enough electrobalance, i t  was d i f f i c u l t  t o  achieve 

a specif ic  conversion r a t io  in t h i s  research. I t  would be easier 

t o  control conversion i f  a big electrobalance was used with which 

' pel 1 e t  conversion could be monitored from the recorder as pel 1 e t  

weight changed. 
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D E R I V A T I O N  OF D I F F U S I O N  EQUATION FOR 

D I F F U S I V I T Y  MEASUREMENT US ING D I F F U S I O N  C E L L  



Mass balance f o r  A  

I n p u t  - Output  = Accumulat ion 

N~~~~ ' - N ~ ~ I ~ + A ~  ' 

where S i s  c ross -sec t i on  area, E i s  p o r o s i t y  o f  t h e  p e l l e t .  
P  

Fo r  b i n a r y  system 

- Nnx - -C DAB + X (N A A X + N ~ ~ )  

where XA i s  ve ry  sma l l  compared t o  XB 

The t o t a l  c o n c e n t r a t i o n  C can be assumed cons tan t .  

We used De i n s t e a d  o f  DAB here, and Ue i s  cons tan t  because o f  inde- . 

pendunce o f  c o n c e n t r a t i o n  (32). 



S u b s t i t u t e  e q u a t i o n  (20)  i n t o  ' ( l g ) ,  



X I .  APPENDIX B: 

EXPERIMENTAL RESULTS 



Table 4.  The experimental data of su l fa t ion  reaction f o r  20,000 psi 

compressed CaO pe'l'lets a t  325°C 

Before reaction After  reaction 

Reaction ~ b .  of W t .  of Porosity W t .  of Conversion Diffus ivi ty  
time pel.1et p e l l e t  ( e s t .  ) p e l l e t  r a t i o  

Run . (min) (cm) (gm) ( ~ m )  ( % I  (cm /sec)  2 



Table 5. The experimental  da ta  of s u l f a t i o n  r e a c t i o n  f o r  20,000 p s i  

compressed CaO p e l l e t s  a t  500°C 

~ e f o r e  r e a c t i o n  A f t e r  r e a c t i o n  

React ion Lg. of W t .  o f  P o r o s i t y  W t .  o f  Conversion D i f f u s i v i t y  
t ime  p e l l e t  p e l l e t  ( es t . )  p e l l e t  r a t i o  ,' 

Run (min.) (cm) (gm) (gm) ( % I  (cm /sec) 



Table 6. The experimental data of su l fa t ion  reaction f o r  20,000 psi 

compressed CaO p e l l e t s  a t  600°C 

Before reaction After  reaction - 
Reaction Lg. of W t .  of Porosity W t .  of Conversion Di f fus iv i ty  

time p e l l e t  p e l l e t  ( e s t . )  p e l l e t  r a t i o  
Run  (min. ) (cm) (CIm) (gm ( %  (cm / sec )  2 



Table 7. The experimental data of su l fa t ion  reaction f o r  10,000 psi 

compressed CaO pel ' lets  a t  500°C 

Before reaction After  reaction 

Reaction' Lg. of W t .  of Porosity W t .  of Conversion Diffus ivi ty  
time p e l l e t  p e l l e t  ( e s t . )  pe.1.1et r a t i o  

Run (min.) (cm) ( gm') I s m )  ( %  1 (cm /sec)  2 



Table 8. The experimental data of sulfation reaction f o r  30,000 psi 
compressed CaO pel le t s  a t  500°C 

Before reaction After reaction 

Reaction Lg.  of W t .  of Porosity W t .  of Conversion Diffusivity 
time pe l le t  pe l le t  ( e s t . )  pe l le t  r a t i o  2 

Run (min, ) (cm) Ism> (gm) ( %  (cm /sec) 

. 1 0 0.240 1.940 . 0.5195 1.940 0 0.0731 

2 0.5 0.245 1.975 0.5208 2.130 5.50 0.0416 

3 1 0.245 1.960 0.5245 2..165 7.33 0.0384 



Tab1 e  9. The experimental data. of su l f a - t i on  reac t i on  f o r  20,000 p s i  compressed 

Ca(OH)2 p e l l e t s  a t  600°C 

Before r e a c t i o n  A f t e r  r e a c t i o n  
Reaction tg .  of W t .  o f  W t .  o f  W t .  o f  Conversion Poros i ty  D i f f u s i v i  ty 

t ime pe l  1  e t  p e l  1  e t  ca lc ined pe l  1  e t  r a t i o  (es t .  ) 
Run (min.) . (cm) Ca(OH)2 Ca(OH)2 (gm> ( % )  (cm 2  /sec) 

(gm) (sm > 



Table 10. Comparison of estimated t o  experimental r e su l t s  f o r  0. E. 

Yakels model a t  32506 and ,20,000 psi compressed pel l e t s  
- - 

Calc. d i f f u s i v i t y  
Reaction Conversion Calc. porosity from Experimental 

time r a t i o  (a'ssume calc .  porosity d i f fu s iv i  t y  
Run (min.) ( %  E: o =0.43) (:cm 2 /sec) (cm 2 /sec) 



Table 11. ~ o m ~ a r i s o n  o f  est imated t o  experimental r e s u l t s  for D. E. 

Yake's model a t  500°C and 20,000 p s i  compressed p e l l e t s  

~ a i c .  d i f f u s i v i t y  
Reaction Conversion Cal c. p o r o s i t y  f rom Experimental.  . 

t ime r a t i o  (assume ca lc .  p o r o s i t y  d i ' f f u s i v i  t y  
Run (min. ) ( %  E o =0.43) (cm 2 /sec) (cm 2 /sec) 



Table 12. Comparison o f  est imated t o  experimental r e s u l t s  f o r  D. E. 

Yake's model a t  600°C and 20,000 p s i  compressed p e l l e t s  

Calc. d i f f u s i v i t y  
Reaction Conversion Calc. p o r o s i t y  from Experimental 

t ime r a t i o  (assume calc.  p o r o s i t y  . d i f f u s i v i t y  
Run (min. ) . (%) E =0.43) 

0 
2 

(cm /sec) 
2 (cm /sec) 



Table 13. Comparison. o f '  est imated t o  experimental  r e s u l t s  f o r  D. E. 

Yake's model a t  500°C and 10,000 p s i  compressed p e l l e t s  

Calc. d i f f u s i v i t y  
Reaction Conversion Cal c. p o r o s i t y  f rom Experimental 

t ime  . r a t i o  
.Run (min.) . (% 

- .  
(assume ca lc .  p o r o s i t y  d i f f u s i v i  ty 
E =0.47) 
0 

2 (cm /set) (cm2/sec) 



Table 14. Comparison of estimated t o  experimental r e s u l t s  f o r  D. E. 

Yake's model a t  500°C and 30,000 psi compressed p e l l e t s  

Calc. d i f fus iv i  t y  
Reaction Conversion Cal c. porosity from Experimental 

time r a t i o  (assume calc.  porosity d i f fu s iv i t y  
Run (min.) (% 00=0.35) (cm 2 / sec)  (cm 2 /sec) 
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XII. APPENDIX C:
,

'- COMPUTER PROGRAM FOR DIFFUSIVITY MEASUREMENT

USING THE EXPERIMENTAL RESULT FROM DIFFUSION CELL

,

.
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4

"             COMPLEX X(0:63).7(0:631
DIMENSICN H<(0:63).YT(0:63).C(4).00(4).01(41
COMMON AA.0:3. N.N2.III .M.DT.OF.A(3.3).0(3.3).P(4).ECO:63).

CG(3,0:63).Z
COMMON /DATA/LN,Hl.H2.Kl,K2
COMMON/DINV/NS
REAL LN.Kl.KZ

C     WRITE(6.1011
101 FORMAT(' 54,2.1')

READ (5,*) RK,YT.DT,DF.N.N2,M,DELP.III
READ (3.*) LN.Hl.H2,Kl.K2
READ *.P.NS.JQ
AA=-1.0
BR=DT

D
00 10 I=O.N-1

10 Z(I)=CMPLX{RX<1),0.)
CALL FFT(Z)
AA=1.0
88=DF
KOUNT=O

7   CALL EQUA
T=0.0
DO 2 I=O.N-1

C     WRITE (6.*),T,YT(I).E(I)
T=T+DT

2    ECIA=YT(I)-ECI)
0 0 9 I=NS,M
00 9 J=NS.M

-                A(I.J)=0•0
00 9 K=O.N-1

9    ACI.J)=ACI.J)+G(I.K)*G(J.K)
PRINT *,I •
PRINT.*.0 '
CALL INV
pRINT *.8
00 3 I=NS.M
C(I)=0.0
DO 3 J=l.N-1

3    C(I)=GIT,J'*E(J)+C<i):

DO 5 I=NS.M
OP{I)=0.0

-                 DO 4 J=NS.M
4    00(I)=3(I.J)*C(J)+00(I)

01(I)=P(I)
PiI)=P(I)*EX-1(JP(I))
3 (I)=00*Pl (I)+(1.-00)*P (1)

5    CONTINUE
SUM=O.0
DO 6 I=NS.M

6    SUM=SUM+ABS(1.-1./EXP(00(1)})
KOUNT=KOUNT+1
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-                ERMSQ=.9.0
DO 8 I=0.N-1

8    ERRSQ=E(I)*ECI)+EARSQ
PRINT *.4 KOJNT='.KOUNT
PRINT *.0************************************************
DRINT *.'DP='.OP
BRINT *.'PARAMETER='.P
DRINT *.'SU 4 SU.ERRORS=' .ERRSQ
PRINT *.*************************************************
IF(SUM.GT.DELP)GO TO 7
P<2)=1./P(2)/P(2)
P(3)=P(3)*P(3)
1RINT *.*-----------_-___

"
C·=========='
PRINT *.'=0,'DT='.P(1),'DE='.P(2). EP='.P(3).'=1

. PRINT *.'==----
C=========='
STOP
END
SUBROUTINE FFT(X)
COMMON AA,38.N.N2,III.M.DT,DF.A(3.3).8(3.39.0(4).E(0:63;.
CG(3,0:63).Z
COMPLFX X(0:63).Y<0:63),W.Z(0:63)
FI=3.1415927

4     GC TO (1.21[II
1    DO 10 Jl=0.1

.
DO 10 J2=0.1
DO 10 J 3=0.1

-                DO 10 J4=0.1
DO 10 JS=0.1

10 Y{JS+2*J4+4*J3+8*J2+16*Jl)=X(.J1+2*J2+4*J3+8*J4+16*JS)
GO TO 3

2    30 20 Jl=0.1
DO 20 J2=0.1
00 20 J3=0.1
DO 20 J 4=0.1
DO 20 J5=0.1
DO 20 J6=0,1

20 Y ( J 6+2*J 5+4 *J #+8*J3+ 16*J 2+32* J l ) =
CK(Jl+2*J2+4*J3+8*JZ+16*J5+32*J6)

3    DO 30 L=O.N2-1
Ll=2**{N 2-L)
L 2=2**(L)
00 30 K=O.N-1.L2*2
DO 30 J=O.N/Ll-1
W=CEXP(CMPLX(0..AA*PI*J*Ll/N))
Y(K+J)=Y(K+J)+Y(K+J+L 2)*W

30 Y ( K+ J +L 2 ) =Y ( K + J ) - 2. * Y ( K+ J +L 2 ) *W

00 90 I=O.N-1
90 XCI)=Y(I)*88

RETURN

./



76

-               END
SUBROUTINE INV
COMMON AA,BO.N.N2.III.M.DT.DF.A{3.3).8(3.3).P(4).ECO:63).
CG(3.0:63).Z
COMPLEX Z(0:63)
CCMMON/DINV/NS
DO 5 I=NS.M
DO 5 J=NS.M
8(I.J)=0.0
IF(i.EQ.J) 8(I.J)=1.0

5    CONTINUE
DO 3 I=NS.M
DIV=ACI.I)

D DO 1 J=NS.M
A{I.J)=A{I.J)/DIV

1    8(I.J)=8(I.J)/DIV
DO 2 J=NS.M
IF<J.EQ.I) GO TO 2
DIV=-A(J.I)
00 4 K=NS.M
AIJ.Kl=DIV*ACI.K)+A(J.Kl

4    8(J.K)=DIV*8(I.K)+8(J.KJ
2    CONTINUF
3    CONTINUE

RETURN
END

'                 SUBROUTINE EQUA
COMPLEX S.CA.CE{0:63).CG1(0:63),CG2(0:63).CG3(0:63).Z(0:631

„               COMPLEX 52,53.S4.CSINH.CCOSH.CDEN.CI,TERMl,TERM2,CC
REAL LN.Kl.K2
COMMON /DATA/LN.Hl.H2.Kl.K2
COMMON AA.88.N.N2.III.M.DT.OF.A(3.31.8(303).0(4),ELO:63).
CG(3.0:63).Z
OI=3.14159
CI=CMPLX11..1.)
CE(0)=(P(4)*K2/(P(2)*P(2)+<2+Kl))*Z(0)
CG 1(0)=(0•.0.)
(62(0)=CE(0)*CE(0)/P(4)/K2*-2.*P{2)/Z{01
CG3(0)=(0•.0.1
De 1 I=1.N/2
F=DF*I

- S=LN*SORT{PI*Fj*CI
S 2=S*S
53=S2*S
S4=53*S
CC=CMPLX(0.,-2.*Pl*F)
CSINH=(CEXPCS*P(21*P(.31)-CEXP(-S*P(21*P(3A))*.5
CCOSH=CSINH+CEXP(-S*P{2)*P(.3))
TERMl=Ht*H2*54+(Hl+H2+Kl*K2/P(2)/P(2)*P(3)*P(3)1*S2+1
TERM2=(Kl*H2+K2*Hlj*S3+(Kl+<2)*S
CDEN=TERMI*P{2)/P<3I*CSINH+TERM2*CCOSH



- .  CE(  I ) = C E X I > ( C C * P (  1 ) )  * P ( ~ ) * ~ < ~ . * ~ / C I J E N * L (  I )  

C G l ( I ) = C E ( I ) * C C * P ( l )  
CG2( I ) = - C E (  I ) / C O f  K * (  ( T E R M 1 - 2 . * K l * K 2 ' * F , ( 3 ) * P (  3 ) / I - ' ( Z t / P ( 2 ) * 3 2 )  

C / P ( 3 ) * C S I N H + T E R M l  * I ' ( 2 ) t S 4 C C i 3 S H + ' T E H H Y 2 * P ~ 3 ) * C 5 ~ ~ H ) * P ( 2 ~  
C G 3 (  I )= -CE(  I ) / C D C N 9 (  ( T E R M 1 - 2 . * K l * K 2 * P ( 3 . ) * P ( : 3 ) / 6 ' ( 2  ) / P ( 2 ) * 5 2 )  

C * - t 3 ( 2  ) / p (  3 )  /P (  ~ ) * C S I N H + T E R M ~ ~ ) * P ( ~  ) * S I P (  . 3 ) * C C O S H +  
C T E R M 2 a P (  2 ) * S * C S I N H J * P (  3 )  

C E ( N - I ) = C O N J G ( C E (  1 ) )  
C G l ( N - I ) = C O N J G ( C b l ( . I  1 )  
C G 2 (  N - I  )=CC:NJG(  C G 2 (  I ) ) 
C G 3 (  N - I  ) . : C O N J G ( C G 3 (  .I ) ' ) '  

1  ' CONT I N U E  
C A L L  F F T ( C E 1  
C A L L  F F T ( C G 1 )  
C A L L  F F T ( C G 2 )  
C A L L  F F T ( C G 3 )  
90 2 I ' = o , r t 1  
E( I I = R E A L ( C E (  I ) ) 
G ( l r l ) = F E A L ( C G l ( i ) J  
C(2.I ) = H E A L ( C G 2 ( 1  1 )  

2 G ( . 3 . I ) = R E 4 L ( C G 3 ( i . ) )  
I R E T U R N  . 

E N 0  




