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Jeremy M. Ha les ,  James 0 .  W i l k e ~ , ~  and J .  Louis york3  

ABSTRACT 

Mass-transfer e f f e c t s  and surface reactions may severely obscure the  obser- 

vation of  homogeneous chemical reaction ra tes  from experimental reactor 

data. Such problems are part icularly pertinent t o  s tudies  i n  the  atmos- 

pheric sciences,  owing t o  the tendency for increased surface-reaction in-  
.) terference a t  the  lm concentrations usually o f  i n t e r e s t .  

% The present work provides c r i t e r i a  for idea l  behavior i n  three basic types 

o f  experimental reactors.  Under conditions s a t i s f y i n g  these c r i t e r i a  the  

e f f e c t s  o f  competing surface reactions can be accounted for quan t i ta t i ve ly ,  

alluwing the t rue  homogeneous e f f e c t  t o  be observed. Data from tubular 

reactors can be analyzed accurately even under some nonideal condit ions.  

The available solut ions  t o  tubular reactor models use ful  for t h i s  purpose 

have been compiled and tabulated herein. 

The material presented i n  t h i s  paper w i Z Z  be 7nsefuZ i n  providing more 

systematic bases for expezyimental reactor design and the analysis  of 

future reaction-rate data. 
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INTRODUCTION 

The "empirical-phenomenological" e r a  of chemical k i n e t i c s ,  beginning i n  

t h e  l a t e  1800 's  ( c f .  van Kreve l in  (1958),  was c h a r a c t e r i z e d  p r i m a r i l y  by 

t h e  advent of s y s t e m a t i c  r e a c t i o n - r a t e  experiments us ing  s imple  " i dea l "  

chemical  r e a c t o r s .  S ince  t h i s  e a r l y  pe r i od ,  s i g n i f i c a n t  advances i n  ana- 

l y t i c a l  t echn ique  and exper imenta l  methodology have occur red .  ?loreover,  

t h e  f i e l d  of exper imenta l  r e a c t i o n - r a t e  s t u d i e s  ha s  expanded t o  cover  an 

extremely broad scope.  Th is  has ranged from h igh ly  s p e c i f i c  mechanis t i c  

s t u d i e s  of r e l a t i v e l y  s imple  r e a c t i o n s  t o  t h e  more gene ra l  r e a c t i o n - r a t e  

e v a l u a t i o n s  of complex systems,  which i nc lude  smog-chamber s t u d i e s  and 

i n d u s t r i a l  p rocess  eva lua t i ons  a s  w e l l  a s  a  hos t  of o t h e r  a p p l i c a t i o n s .  

Throughout t h i s  e v o l u t i o n ,  i d e a l  r e a c t o r s  have cont inued t o  p l ay  a  promi- 

nent  under ly ing  r o l e .  They have been i nco rpo ra t ed  wi th  modern a n a l y t i c a l  

systems,  and con t inue  t o  c o n t r i b u t e  t o  t h e  i n f l u x  of r e a c t i o n - r a t e  and 

k i n e t i c s  d a t a  appear ing i n  t h e  modern l i t e r a t u r e .  Unfor tuna te ly ,  however, 

some r a t h e r  c r i t i c a l  f a c t o r s  i n  r e a c t o r  des ign  a r e  sometimes ignored  by 

e x p e r i m e n t a l i s t s  i n  c o n s t r u c t i n g  exper imenta l  equipment and i n t e r p r e t i n g  

t h e  r e s u l t i n g  d a t a .  The pr imary purpose of t h i s  r e p o r t  is t o  review some 

of t h e s e  f a c t o r s  t o  p rov ide  a  p r a c t i c a l  a i d  i n  t h i s  r e s p e c t ,  e s p e c i a l l y  a s  

i t  p e r t a i n s  t o  problems i n  a tmospher ic  chemis t r y .  

A t  t h e  o u t s e t  i t  is impor tan t  t o  draw a t t e n t i o n  t o  t h e  d i f f e r e n c e  between 

" r eac t i on - r a t e "  and " k i n e t i c s "  exper imenta t ion .  Depending on t h e  complex- 

i t y  of t h e  r e a c t i o n  and t h e  r e a c t o r  de s ign ,  d a t a  ob t a ined  from a  given ex- 

periment may be  r a t h e r  u n s p e c i f i c  w i th  r ega rd  t o  t h e  mechanism of t h e  re-  

a c t i o n  be ing  studied--even though i t  r e p r e s e n t s  v a l i d  r e a c t i o n - r a t e  i n f o r -  

n a t i o n  t h a t  i s  p o t e n t i a l l y  va luab l e  f o r  a  h o s t  of a p p l i c a t i o n s .  Thus some 

a p p l i c a t i o n s  of i d e a l  r e a c t o r s  t end  t o  p rov ide  a  convenient  means f o r  

a s s e s s i n g  t h e  e m p i r i c a l  " r a t e "  of a  r e a c t i o n ,  b u t  do no t  f u r n i s h  informa- 

t i o n  s u f f i c i e n t l y  s p e c i f i c  t o  e l u c i d a t e  i t s  " k i n e t i c s , "  i n  t h e  mechanis t i c  

s ense  of t h e  word. Such r e a c t o r s  (smog chambers, f o r  example) p l ay  an 

important  r o l e  i n  advancing t h e  s t a t e  of knowledge i n  va r i ous  a r e a s  of 

1 
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r e s e a r c h .  They. a r e  c o n s t r a i n e d  p r i m a r i l y ,  however, t o  a n a l y s e s  of t h e  

v e r i f i c a t i o n  o f  p o s t u l a t e d  m e c h a n i s t i c  behav ior  i n  complex, mixed sys tems ,  

and t h e  p r o d u c t i o n  of e m p i r i c a l  r a t e  d a t a  where b a s i c  m e c h a n i s t i c  d e t e r -  

mina t ions  a r e  cons idered  i m p r a c t i c a l .  Th i s  second a r e a  u s u a l l y  f o r c e s  t h e  

e x p r e s s i o n  o f  r e a c t i o n - r a t e  behav ior  i n  terms of e m p i r i c a l  r a t e  e q u a t i o n s ,  

a  s u b j e c t  t h a t  i s  d i s c u s s e d  i n  d e t a i l  by Wel le r  (1956).  

Obviously t h e r e  i s  no c l e a r  demarkation between r e a c t i o n - r a t e  and k i n e t i c s  

exper imenta t ion .  Because of p a s t  t e n d e n c i e s  t o  " o v e r - i n t e r p r e t , "  however, 

i t  i s  extremely impor tan t  f o r  t h e  e x p e r i m e n t a l i s t  t o  recognize  t h e  l i m i t a -  

t i o n s  o f  t e c h n i q u e ,  s o  a s  n o t  t o  draw unwarranted o r  f a l s e  conc lus ions  

p e r t a i n i n g  t o  mechanism from u n s p e c i f i c  exper imenta l  r e s u l t s  ( c f .  Margeri-  

s o n ,  1969) .  

Conversion i n  chemical  r e a c t o r s  occurs  by v i r t u e  of two s e p a r a t e  r a t e  pro- 

cesses--mixing of t h e  r e a c t a n t s ,  i . e . ,  mass t r a n s f e r ,  and chemical  r e a c t i o n  

( c f .  Frank-Kamenetskii,  1969) .  To measure chemical  r e a c t i o n  r a t e s  accu- 

r a t e l y ,  t h e  r e a c t o r  must be  des igned  such  t h a t  t h e  m a s s - t r a n s f e r  s t e p  is  

n e g l i g i b l e ,  o r  can be  accounted f o r  q u a n t i t a t i v e l y .  Reac to rs  such  a s  t h e  

b a t c h ,  backmix, and f l a t  c o n c e n t r a t i o n - p r o f i l e  t u b u l a r  r e a c t o r s  conveniently 

e l i m i n a t e  mass t r a n s f e r  c o n s i d e r a t i o n s  and a r e  v e f e r r e d  t o ,  t h e r e f o r e ,  a s  

" i d e a l l t  r e a c t o r s .  R e a c t i o n - r a t e  a n a l y s i s  us ing  i d e a l  r e a c t o r s  is  d e a l t  

w i t h  i n  many tex tbooks  on t h e  s u b j e c t ,  i n c l u d i n g  t h e  works o f  Denbigh 

(1965),  Kramers and W e s t e r t e r p  (1963) ,  and Levensp ie l  (1964),  and w i l l  n o t  

b e  cons idered  e x p l i c i t l y  h e r e .  T h i s  r e p o r t ,  r a t h e r ,  is a d d r e s s e d  t o  t h e  

t a s k  o f  i d e n t i f y i n g  t h e  c o n d i t i o n s  f o r  r e a c t o r  i d e a l i t y  and i n v e s t i g a t i n g  

t h e  consequences of d e v i a t i o n  from such i d e a l  behav ior .  

Both s u r f a c e  and bu lk  (homogeneous) r e a c t i o n s  a r e  cons idered .  Of ten  one 

is c o n f r o n t e d  w i t h  t h e  p o s s i b i l i t y  of competing s u r f a c e  r e a c t i o n s ,  and 

must v e r i f y  t h e i r  absence ,  o r  account  f o r  t h e i r  p resence  a p p r o p r i a t e l y .  

Note a t  t h e  o u t s e t  t h a t  t h e  s imul taneous  e x i s t e n c e  of homogeneous and 

he te rogeneous  r e a c t i o n s  i s  n o t  a  p e c u l i a r  s i t u a t i o n ,  and shou ld  always b e  

s u s p e c t e d  f o r  a  p a r t i c u l a r  e x p e r i m e n t a l  sys tem u n t i l  proven o t h e r w i s e .  
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Whenever a  gas  i s  i n  con t ac t  wi th  a  s o l i d  a  c e r t a i n  amount of s o r p t i o n  

w i l l  occur ,  and i t  is  n a t u r a l  t o  expec t  t h a t  a  r e a c t i o n  occu r r i ng  i n  t h e  

gas phase  might a l s o  t end  t o  proceed on t h e  s u r f a c e ;  t h e  decomposit ion of 

hydrogen perox ide ,  t h e  combination of hydrogen and i o d i n e ,  and t h e  sponta-  

neous decay of  ozone a r e  well-known examples. 

* The problem of s imul taneous w a l l  and bu lk  r e a c t i o n s ,  however, i s  e s p e c i a l l y  

s i g n i f i c a n t  i n  t h e  con tex t  of a tmospher ic  chemist ry .  A t  normal concentra-  

t i o n s  t h e  r a t i o  of f r e e  t o  sorbed  molecules i s  u sua l l y  very l a r g e ,  and t h e  

homogeneous r e a c t i o n  may mask any heterogeneous e f f e c t s .  However, a s  con- 

c e n t r a t i o n s  f a l l  t o  those  normal ly  exper ienced i n  t h e  atmosphere, t h e  r a t i o  

of f r e e  t o  sorbed molecules may f a l l  markedly, and any w a l l  r e a c t i o n  w i l l  

t end  t o  become much more s i g n i f i c a n t .  The problem of competing s u r f a c e  

bu lk  r e a c t i o n s  w i l l  be d e a l t  wi th  g e n e r a l l y  i n  t h e  fo l lowing  s e c t i o n s ,  and 

w i l l  b e  d i s cus sed  s p e c i f i c a l l y  p r i o r  t o  t h e  conc lus ion  of t h i s  r e p o r t .  

IDEAL BATCH REACTORS - 

I d e a l  ba t ch  r e a c t o r s  a r e  t h e  s i m p l e s t  of chemical r e a c t o r s ,  and have been 

used e x t e n s i v e l y  i n  t h e  measurement of r e a c t i o n  r a t e s .  Such r e a c t o r s  de- 

pend upon t h e  absence of any s p a t i a l  v a r i a t i o n  i n  concen t r a t i on  of t h e  re -  

a c t i n g  components, thus  e l i m i n a t i n g  any coruplications from mass - t rans fe r  

e f f e c t s  i n  t h e i r  a n a l y s i s .  Providing t h a t  t h e  r e a c t a n t s  can be mixed ade- 

qua t e ly  when t h e  r e a c t i o n  is  i n i t i a t e d ,  t h i s  s i t u a t i o n  i s  s a t i s f i e d  e a s i l y  

i n  most i so the rma l ,  homogeneously r e a c t i n g  systems. \ h e n  s u r f a c e  r e a c t i o n s  

a r e  p r e s e n t ,  however, f l u i d  mixing must be  adequate  t o  e l i m i n a t e  any appre- 

c i a b l e  concen t r a t i on  g r a d i e n t s  c r e a t e d  by v i r t u e  of t he se  r e a c t i o n s .  

The b a s i c  equa t i on  d e s c r i b i n g  t h e  i d e a l  ba t ch  r e a c t o r  is  

wi th  t h e  i n i t i a l  cond i t i ons  

c = c  a t  t = O  
0 ( l a )  
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Here,  c  i s  t h e  concen t r a t i on  of a  r e a c t i n g  s p e c i e s  i n  t h e  r e a c t o r  a t  any 

t ime t ,  and r and r a r e  t h e  bu lk  and s u r f a c e  r e a c t i o n  r a t e s ,  re-  
b  s 

s p e c t i v e l y ;  s / v  denotes  t h e  r a t i o  of s u r f a c e  a r e a  t o  volume. Thus, simul- 

taneous s u r f a c e  and bu lk  r e a c t i o n s  can be  measured simply by performing 

measurements w i th  two o r  more i d e a l  ba tch  r e a c t o r s  of d i f f e r e n t  s / v  r a t i o s  

and s o l v i n g  t h e  r e s u l t i n g  s imul taneous equa t i ons  ( e . g . ,  Melv i le  and Gowen- 

l ock ,  1964).  

For cases  wherein  r e a c t i o n  r a t e s  can be  r ep r e sen t ed  by s imple  exp re s s ions  
a 

b  s s 
P of t h e  forms r = -kbc and r = -k c  , equa t i ons  (1)  l e a d  t o  t h e  i n t e -  

g r a t e d  form 

It is  of i n t e r e s t  t o  examine t h e  cond i t i ons  f o r  which f l u i d  mixing i s  su f -  

f  i c i e n t  t o  s a t i s f y  i d e a l  ba t ch  cond i t i ons  under c i rcumstances  i nvo lv ing  

s u r f a c e  r e a c t i o n s .  Th i s  can be  accomplished f o r  u n s t i r r e d  systems by com- 

pa r i ng  r e a c t i o n  r a t e s  p r e d i c t e d  by equa t ions  (1) o r  (2) w i t h  t hose  given 

by t h e  more g e n e r a l  equa t i ons  o f  c o n t i n u i t y .  Consider ,  f o r  example, t h e  

c a se  of a  s p h e r i c a l ,  u n s t i r r e d  r e a c t o r  of r a d i u s  ro wi th  a  f i r s t - o r d e r  

s u r f a c e  r e a c t i o n .  Here,  t h e  r e a c t a n t  must m ig ra t e  t o  t h e  r e a c t o r  w a l l  by 

molecu la r  d i f f u s i o n ,  and subsequent ly  undergo t h e  p r e s c r i b e d  convers ion .  

The a p p r o p r i a t e  c o n t i n u i t y  equa t i on  f o r  a  s i n g l e  r e a c t i n g  component i n  d i -  

l u t e  s o l u t i o n  (Bi rd ,  e t  a l . ,  1960) reduces  t o  
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where 
DA 

i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  r e a c t i n g  s u b s t a n c e  i n  t h e  

mix ture .  Also f o r  t h e s e  c o n d i t i o n s ,  e q u a t i o n  ( 2 )  reduces  t o  

ks ( i d e a l )  = - ( v / s t )  I n  c / c  0  

Comparison of e q u a t i o n  (4)  wi th  pub l i shed  s o l u t i o n s  t o  e q u a t i o n  ( 3 )  (Car- 

s l aw and J a e g e r ,  1959) i n d i c a t e s  t h a t  t h e  p e r c e n t a g e  e r r o r  i n  de te rmin ing  

k  by assuming i d e a l  c o n d i t i o n s  t o  e x i s t ,  
s 

k - k  
E = 100 

( i d e a l )  
k 

(k = ks a t  p r e s e n t ) ,  depends upon t h e  d imens ion less  groups r k  / D  and 
0 s  A 

~ ~ t / r ; .  Ana lys i s  of t h e s e  s o l u t i o n s  shows t h a t  E  i s  l e s s  t h a n  1% f o r  a l l  

v a l u e s  of  D t / r2  whenever * 
A 0  

The d imens ion less  group i n  i n e q u a l i t y  (6) i s  known a s  t h e  "heterogeneous 

Damkohler group of t h e  second type".  I t  r e p r e s e n t s  t h e  r a t i o  o f  removal 

r a t e s  of  r e a c t a n t  by r e a c t i o n  and d i f f u s i o n .  C r i t e r i a  s i m i l a r  t o  ( 6 )  can 

be  d e r i v e d  f o r  sys tems of o t h e r  geomet r ies  and r e a c t i o n  o r d e r s .  Th i s  in -  

e q u a l i t y ,  however, shou ld  g e n e r a l l y  be  u s e f u l  f o r  order-of-magnitude e s t i -  

mates ,  upon l i n e a r i z i n g  r a t e  e x p r e s s i o n s  and choosing a p p r o p r i a t e  charac-  

t e r i s t i c  l e n g t h s  t o  s u b s t i t u t e  f o r  t h e  r a d i u s  rO. For example, c o n s i d e r  

s u r f a c e  r e a c t i o n s  i n  a  s h o r t  c y l i n d r i c a l  spec t rophotomete r  c e l l  used a s  a  

b a t c h  r e a c t o r ;  t h e i r  i d e a l i t y  can b e  e v a l u a t e d  roughly by l i n e a r i z i n g  t h e  

s u r f a c e - r e a c t i o n  e x p r e s s i o n  and employing t h e  c e l l  d iamete r  a s  an appro- 

p r i a t e  e q u i v a l e n t  t o  
'0' 

* C r i t e r i o n  (6) i s  based on t h e  assumption t h a t  t h e  c o n c e n t r a t i o n s  measured 
i n  t h e  h y p o t h e t i c a l  exper imenta l  r e a c t o r  a r e  t h e  t r u e  mixed-mean v a l u e s .  

5 
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It i s  obvious  t h a t  s t i r r i n g  of b a t c h  r e a c t o r s  w i l l  h e l p  t o  induce  i d e a l  

b e h a v i o r ,  a l though  such a  measure adds t h e  p o t e n t i a l  problem of in t roduc ing  

r e a c t i o n s  t h a t  o c c u r  on t h e  s u r f a c e s  of  t h e  i m p e l l e r ,  b a f f l e s ,  and asso-  

c i a t e d  equipment.  I n  a d d i t i o n ,  i t  i s  d i f f i c u l t  t o  de te rmine  a prior i  

whether  o r  n o t  a  g i v e n  amount of s t i z r i n g  w i l l  i nduce  i d e a l  b e h a v i o r ,  be- 

cause  of  t h e  complexi ty  of t h e  mixing p r o c e s s  and t h e  v a r i e t y  of  geometries 

t h a t  can b e  employed. 

The e f f e c t  of  s t i r r i n g  on i n d u c i n g  i d e a l i t y  i n  b a t c h  r e a c t o r s  w i t h  s u r f a c e  

r e a c t i o n s  can b e  demons t ra ted  by r e f e r r i n g  t o  F igure  1. Here a  b a t c h  re -  

a c t o r  c o n t a i n s  an  average  c o n c e n t r a t i o n  
cb 

of  r e a c t a n t  which d r o p s ,  be- 

cause  o f  t h e  s u r f a c e  r e a c t i o n ,  t o  t h e  v a l u e  c  i n  t h e  v i c i n i t y  of  t h e  
S 

w a l l .  Assuming t h a t  t h e  b u l k  c o n c e n t r a t i o n  i s  n e a r l y  uniform th roughout  

t h e  i n t e r i o r  of t h e  r e a c t o r ,  one may app ly  e q u a t i o n  (1) t o  o b t a i n  

For i d e a l  o p e r a t i o n ,  s t i r r i n g  must be  s u f f i c i e n t l y  r a p i d  t o  e n a b l e  t h e  

v a l u e  of  c  t o  approach t h a t  of  cb;  t h a t  i s ,  t h e  r a t e  o f  t r a n s p o r t  of  
S 

m a t e r i a l  t o  t h e  s u r f a c e  must b e  r a p i d  compared t o  t h e  r a t e  of  d e p l e t i o n  by 

t h e  w a l l  r e a c t i o n .  

The r a t e  of m a t e r i a l  t r a n s p o r t  t o  t h e  r e a c t o r  w a l l  may b e  d e s c r i b e d  i n  

terms of a  m a s s - t r a n s f e r  c o e f f i c i e n t ,  

C 
(molar  f l u x  of  r e a c t a n t  t o  s u r f a c e )  T k  = 

Y 
9 (8) 

'b - 's 

where c i s  t h e  t o t a l  mola r  c o n c e n t r a t i o n  of  g a s  i n  t h e  r e a c t o r .  Thus T 
c  can b e  e x p r e s s e d  ( i m p l i c i t l y )  i n  t e rms  o f  k  . 

S Y 

Equa t ion  ( 9 )  shows t h a t  i d e a l  c o n d i t i o n s ,  (cs = c b ) y  w i l l  b e  approached 

on ly  under  c o n d i t i o n s  where in  t h e  m a s s - t r a n s f e r  c o e f f i c i e n t  i s  l a r g e .  And 
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provided t h e  mass - t rans fe r  c o e f f i c i e n t  i s  indeed s u f f i c i e n t l y  l a r g e ,  i ts  

va lue  is  of no f u r t h e r  s i g n i f i c a n c e  t o  t he  a n a l y s i s .  k  can be i nc r ea sed  
Y 

e i t h e r  by more v igorous  mixing o r  by good v e s s e l  de s ign ;  va lue s  of k  
Y 

f o r  a  given mixing s i t u a t i o n  o f t e n  can be  e s t ima t ed  us ing  r e s u l t s  from t h e  

l i t e r a t u r e .  I t  i s  u s u a l l y  more p r a c t i c a l  however, t o  measure convers ion 

from a r e a c t o r  o p e r a t i n g  under s e t  cond i t i ons  and i n c r e a s i n g  degrees  of 

a g i t a t i o n .  A s  soon a s  convers ion no l onge r  changes w i t h  a g i t a t i o n  r a t e ,  

then  k  i s  s u f f i c i e n t l y  l a r g e  t o  p rov ide  i d e a l  behavior .  I f  t h e  system 
Y 

cannot be  s t i r r e d  r a p i d l y  enough t o  a ch i eve  t h e s e  c o n d i t i o n s ,  then  ano ther  

system should  be chosen t o  perform t h e  r equ i r ed  measurements. 

IDEAL BACKMIX REACTORS 

I d e a l  backmix r e a c t o r s  s h a r e  w i t h  i d e a l  b a t c h  r e a c t o r s  t h e  c h a r a c t e r i s t i c  

l a c k  of s p a t i a l  v a r i a t i o n s  i n  concen t r a t i on .  The i r  b a s i c  equa t i on  i s  

given by t h e  ( s t e a d y - s t a t e )  form 

w be ing  t h e  vo lume t r i c  r a t e  of f low through t h e  r e a c t o r .  S t eady - s t a t e  

backmix r e a c t o r s  o f f e r  some advantage over  ba t ch  r e a c t o r s  because they  

main ta in  cons t an t  concen t r a t i ons  i n  time and thl-s a l l ow  d i r e c t  obse rva t i on  

' o f  r a t e s ,  even i f  mechanis t i c  changes occur  over  t h e  concen t r a t i on  ranges  

of i n t e r e s t .  Also,  they  f r e q u e n t l y  a l low t h e  i n v e s t i g a t i o n  of r e a c t i o n s  

f a s t e r  than  t hose  observab le  i n  ba t ch  r e a c t o r s ,  because of t h e  more con- 

ven ien t  means of i n i t i a t i n g  t h e  r e a c t i o n .  A s  i n d i c a t e d  by equa t i on  ( l o ) ,  

s imul taneous s u r f a c e  and bu lk  r e a c t i o n s  can be i n v e s t i g a t e d  convenien t ly  

w i th  i d e a l  backmix r e a c t o r s ,  aga in  by employing two o r  more r e a c t o r s  o f  

d i f f e r e n t  s / v  r a t i o s .  

Devia t ions  from i d e a l i t y  i n  backmix r e a c t o r s  can occur  f o r  bo th  b u l k  and 

s u r f a c e  r e a c t i o n s .  Owing t o  t h e  v a r i e t y  of i n l e t  cond i t i ons  and geometr ies  

p o s s i b l e ,  t h e  e r r o r s  a r i s i n g  from incomplete  mixing i n  such r e a c t o r s  a r e  

d i f f i c u l t  t o  ana lyze .  A r a t h e r  conse rva t i ve  c r i t e r i o n  f o r  t h e  approach t o  

i d e a l i t y  f o r  homogeneous r e a c t i o n s  i n  u n s t i r r e d  backmix r e a c t o r s  can be  
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obta ined  by v i s u a l i z i n g  t h e  h y p o t h e t i c a l  c y l i n d r i c a l  r e a c t o r  shown i n  Fig- 

u r e  2 .  The v e l o c i t y  p r o f i l e  throughout t h e  r e a c t o r  i s  assumed t o  be f l a t  

(plug f l ow) ,  s o  t h a t  one-dimensional i ty  e x i s t s .  The b i n a r y  c o n t i n u i t y  

equa t i on  f o r  a  f i r s t - o r d e r  homogeneous r e a c t i o n  then  reduces  t o  

wi th  t h e  boundary cond i t i ons  

and 

The s o l u t i o n  t o  equa t ions  (11) i s  

c 1 - dl  + 4\DA/v; zv 
- = exp 

2 , 
Co A 

which, combined w i th  t h e  corresponding equa t i on  f o r  an i d e a l  homogeneous 

backmix r e a c t o r  [ equa t i on  ( l o ) ] ,  p rov ides  t h e  fo l lowing  approximate (and 

conse rva t i ve )  exp re s s ion  f o r  t h e  percen tage  e r r o r  a r i s i n g  from t h e  n e g l e c t  

of non-ideal  behav ior  i n  u n s t i r r e d ,  homogeneously-reacting backmix systems:  

I 7 

T = v/w be ing  t h e  average r e s idence  t ime i n  t h e  r e a c t o r .  

C r i t e r i a  f o r  cond i t i ons  under which u n s t i r r e d  backmix r e a c t o r s  invo lv ing  

s u r f a c e  r e a c t i o n s  may be  cons idered  i d e a l ,  may be  e s t ima t ed  from i n e q u a l i t y  

( 6 )  us ing  z a s  t h e  a p p r o p r i a t e  measure of r e a c t i o n  t ime. 

9 
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S t i r r e d  backmix r e a c t o r s  may b e  analyzed by employing a mass - t rans fe r  

a n a l y s i s  s i m i l a r  t o  t h a t  used p r ev ious ly  f o r  s t i r r e d  ba t ch  r e a c t o r s .  Again, 

however, i t  i s  u s u a l l y  more expedien t  t o  approach t h e  problem e m p i r i c a l l y  

by i n c r e a s i n g  s t i r r i n g  r a t e s  u n t i l  a s i t u a t i o n  of n e g l i g i b l e  mass - t rans fe r  

r e s i s t a n c e  i s  approached. 

LAMINAR-FLOW TUBULAR REACTORS 

Laminar-flow t u b u l a r  r e a c t o r s  o f f e r  a number of advantages  f o r  r e ac t i on -  

r a t e  measurements invo lv ing  t r a c e  gases .  I n  a d d i t i o n  t o  e x h i b i t i n g  r a t h e r  

s imple  i d e a l  behav ior  under a p p r o p r i a t e  c i rcumstances ,  t h e s e  r e a c t o r s  a r e  

c h a r a c t e r i z e d  by flow p a t t e r n s  which a r e  s u f f i c i e n t l y  uncomplex t o  enab l e  

a n a l y s i s  even under non l im i t i ng  cond i t i ons .  Also,  t u b u l a r  r e a c t o r s  re-  

q u i r e  no s t i r r i n g ,  the reby  e l i m i n a t i n g  any problems a s s o c i a t e d  w i th  ex- 

t raneous  r e a c t i o n s  on t h e  s u r f a c e  of i m p e l l e r s  and a s s o c i a t e d  equipment. 

Mu l t i p l e  t u b u l a r  r e a c t o r s  can be  u t i l i z e d  t o  e v a l u a t e  s imul taneous s u r f a c e  

and bu lk  r e a c t i o n  behav ior  under bo th  l i m i t i n g  and non l im i t i ng  cond i t i ons  

(Hales ,  1968) . 

For an i so the rma l  f l u i d  w i t h  cons t an t  t r a n s p o r t  p r o p e r t i e s  and n e g l i g i b l e  

en t r ance  e f f e c t s ,  t h e  t u b u l a r  r e a c t o r  may be  de sc r i bed  by t h e  s t e a d y - s t a t e  

multicomponent c o n t i n u i t y  equa t ions  f o r  t r a ~ e  molecular  s p e c i e s  i = A ,  B ,  

..., n i n  s o l u t i o n  w i th  a Newtonian d i l u e n t  ( c f . ,  B i rd  e t  a l . ,  1960).  

The a s s o c i a t e d  boundary cond i t i ons  are: (wi th  i = A , B ,  ..., n throughout)  

c = c  at z = - m  f o r  0 5 r c r0 9 (14b) 
i i 0  

c = c  a t  z = m  f o r  0 5 r 5 r 0  
i i (equ i l i b r i um)  s 

( 1 4 ~ )  

11 
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and 
a c 

i 
- ris (cA,  cB,  .. . Di - cn) f o r  z  3 0  (14d) 

Equations (14) a r e  too  complex t o  be  of much use  f o r  r e ac t i on -  

r a t e  measurement except  under r a t h e r  s p e c i a l i z e d  c i rcumstances ,  such  a s  

when only one of t h e  components changes s i g n i f i c a n t l y  i n  concen t r a t i on  

dur ing i t s  passage through t h e  r e a c t o r .  Such cond i t i ons  w i l l  be  r e a l i z e d  

f o r  monomolecular r e a c t i o n s  o r  when a l l  r e a c t a n t s  except  one a r e  p r e s e n t  

i n  exce s s .  For t h e s e  cond i t i ons  ( i  = A, f o r  example) t h e  s imul taneous s e t  

of equa t i ons  reduce s imply t o  a  s i n g l e  s e t  of equa t i ons .  

Frequent ly ,  l o n g i t u d i n a l  d i f f u s i o n  i s  n e g l i g i b l e ,  and t h e  equa t ions  a r e  

s i m p l i f i e d  f u r t h e r  by dropping t h e  a s s o c i a t e d  term a2cA/az2 .  Th is  r e s u l t s  

i n  t h e  second o r d e r  p a r t i a l  d i f f e r e n t i a l  equa t i on  

w i th  t h e  boundary cond i t i ons  

a c 
- -  A - 0  a t  r = O f o r  a l l  z a r Y 

c  = O  a t  z = O  f o r  0 5 r 5 r o  
A 9 

D ~ a  'A - -  - r  ( c )  a t  r = r  f o r  z > O  
0  a r AS A 

A l t e r n a t i v e l y ,  i n  d imens ion less  form: 

a C~ - -  
a R  

- 0  a t  R = 0  f o r  a l l  Z ; 

12 
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C = O  a t  Z = O  f o r  O 5 R 5 1  ; 
A (16b) 

Here,  t h e  r e a c t i o n  r a t e s  i n  t h e  bu lk  and a t  t h e  w a l l  have been expressed  

i n  terms of t h e  r e a c t i o n  o r d e r s  a and p,  r e s p e c t i v e l y .  D e f i n i t i o n s  and 

p h y s i c a l  s i g n i f i c a n c e s  o f  t h e  dimensionless  groups a r e  given i n  Table  111. 

Mathematical  s o l u t i o n s  t o  equa t ions  (16) f o r  va r i ous  types  of r e a c t i o n s  

have been ob ta ined  by a  number of a u t h o r s ,  and a r e  summarized i n  Table  11. 

These s o l u t i o n s  a r e  of p o t e n t i a l  va lue  f o r  t h e  a n a l y s i s  of exper imenta l  

r e a c t i o n - r a t e  d a t a .  They a l s o  a r e  va luab l e  i n  a s s e s s ing  cond i t i ons  under 

which t h e  more convenient  " idea l"  t u b u l a r  r e a c t o r  equa t ions  a r e  v a l i d .  

Such cond i t i ons  w i l l  be  analyzed i n  d e t a i l  upon f i r s t  examining t h e  general  

a p p l i c a b i l i t y  of equa t i ons  (16) t o  r e a l  p h y s i c a l  systems. 

There a r e  two major a r e a s  where t h e  a p p l i c a b i l i t y  of equa t ions  (16) t o  

r e a l  t u b u l a r  r e a c t o r s  might be  ques t ioned :  ( a )  when l o n g i t u d i n a l  d i f f u -  

s i o n  i s  neg l ec t ed  a s  mentioned p r ev ious ly ,  and (b) when en t r ance  e f f e c t s  

a r e  neg l ec t ed ,  t h a t  i s ,  t h e  demand of equa t ions  (16) t h a t  t h e  r e a c t a n t s  be  

mixed i n s t an t aneous ly  a t  t h e  e n t r a n c e  i n  a  manner such t h a t  t h e  l aminar  

v e l o c i t y  p a t t e r n  remains undisturbed--an obvious i m p o s s i b i l i t y  i n  a  

ma jo r i t y  o f  cases .  

P o s i t i v e  t e s t i n g  of t h e  assumption of n e g l i g i b l e  l o n g i t u d i n a l  d i f f u s i o n  

r e q u i r e s  a  comparison of s o l u t i o n s  t o  equa t ions  (14) f o r  i = A, wi th  

corresponding s o l u t i o n s  t o  t h e  r e s t r i c t e d  equa t i ons  (16) .  Th is  is  d i f f i -  

c u l t  t o  accomplish s a t i s f a c t o r i l y ,  however, owing t o  t h e  complexity of 

equa t i ons  (14) ,  which has  l i m i t e d  t h e  e x t e n t  of t h e i r  s o l u t i o n s  a v a i l a b l e  

i n  t h e  l i t e r a t u r e  . 

Among t h e  few i n v e s t i g a t o r s  t h a t  have cons idered  t h i s  problem a r e  Hsu 

(1967) and Verhoff (1967),  who have examined t h e  p a r t i c u l a r  c a s e  o f  a  

zero-order  w a l l  r e a c t i o n  (by analogy t o  cons t an t - f l ux  h e a t  t r a n s f e r ) .  
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These a u t h o r s '  r e s u l t s  i n d i c a t e  t h a t  e r r o r s  from i g n o r i n g  l o n g i t u d i n a l  

d i f f u s i o n  approach z e r o  w i t h  d i s t a n c e  down t h e  tube ,  and w i t h  i n c r e a s i n g  

v a l u e s  of t h e  P e c l e t  number: 

For most p r a c t i c a l  s i t u a t i o n s  t h e s e  r e s u l t s  show t h a t  a x i a l  d i f f u s i o n  can 

b e  ignored  whenever 

Jones  (1971) and Singh (1958) have performed corresponding c a l c u l a t i o n s  

f o r  t h e  c a s e  of d i f f u s i o n - c o n t r o l l e d  w a l l  r e a c t i o n s ,  a g a i n  by analogy t o  

h e a t  t r a n s f e r ,  w i t h  comparable r e s u l t s .  Jones  ' c a l c u l a t i o n s  show t h a t  t h e  

e r r o r  from n e g l e c t  of a x i a l  d i f f u s i o n  d e c r e a s e s  w i t h  i n c r e a s i n g  Z and 

Pe; f o r  Z g r e a t e r  t h a n  0 . 1  a x i a l  d i f f u s i o n  can b e  n e g l e c t e d  whenever 

c r i t e r i o n  (18) i s  s a t i s f i e d .  

Tan and Hsu (1970) p r o v i d e  an a n a l y t i c a l  s o l u t i o n  f o r  t h e  s p e c i a l  c a s e  in -  

vo lv ing  a  d i f f u s i o n - c o n t r o l l e d  w a l l  r e a c t i o n  w i t h  s imul taneous  g e n e r a t i o n  

i n  t h e  b u l k .  These a u t h o r s  have produced curves  which show t h a t  one can 

s a f e l y  %eglec t  a x i a l  d i f f u s i o n  under c r i t e r i o r  (18) f o r  v a l u e s  of Z a s  

s m a l l  a s  0 . 1 .  Cohen and Rippin  (1967) have o b t a i n e d  cor responding  so lu -  

t i o n s  f o r  c a s e s  i n v o l v i n g  second-order homogeneous r e a c t i o n s ;  however, 

t h e i r  s o l u t i o n s  a r e  n o t  s u f f i c i e n t l y  e x t e n s i v e  t o  b e  used f o r  comparison.  

Other  a u t h o r s  have p rov ided  a d d i t i o n a l  i n s i g h t  i n  t h i s  a r e a  by s o l v i n g  

approximat ions  t o  e q u a t i o n s  (14) o r  by c o n s i d e r i n g  mixing phenomena i n  non- 

r e a c t i n g  f lows.  The most noteworthy of t h e s e  works was pub l i shed  by Taylor  

(1953) i n  h i s  c o r n e r s t o n e  i n v e s t i g a t i o n  of t h e  mechanisms of l o n g i t u d i n a l  

d i s p e r s i o n  i n  l aminar  tube-flow. T a y l o r ' s  a n a l y s i s  showed mainly t h a t ,  

under most c o n d i t i o n s ,  t h e  primary mechanism f o r  l o n g i t u d i n a l  d i s p e r s i o n  

w a s  n o t  l o n g i t u d i n a l  molecu la r  d i f f u s i o n ,  b u t  t h e  a c t i o n  of r a d i a l  d i f f u -  

s i o n  over  t h e  p a r a b o l i c  v e l o c i t y  p r o f i l e .  Th i s  mechanism, which can b e  

v i s u a l i z e d  by observ ing  t h e  t r a j e c t o r i e s  of t h e  h y p o t h e t i c a l  molecules  
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shown i n  F i g u r e  3, w a s  shown t o  predominate o v e r  l o n g i t u d i n a l  molecu la r  

d i f f u s i o n  whenever 

T h i s  a l s o  can be  used a s  a c r i t e r i o n  f o r  t h e  n e g l e c t  of a x i a l  molecu la r  

d i f f u s i o n  i n  l aminar  reactors--one which a g r e e s  reasonab ly  w e l l  w i t h  t h a t  

based upon t h e  t o t a l  s o l u t i o n s  by t h e  p r e v i o u s l y  mentioned a u t h o r s .  

C r i t e r i a  f o r  t h e  n e g l e c t  of a x i a l  molecular  d i f f u s i o n  based on o t h e r  ap- 

proximat ions  t o  e q u a t i o n  (14) have been reviewed e l sewhere  (Hales ,  1968) .  

I n  g e n e r a l  t h e s e  do n o t  d i s a g r e e  w i t h  (18) and (19) ;  i f  any th ing  they  t end  

t o  b e  more l e n i e n t  i n  t h e i r  l i m i t s  f o r  t h e  a l l o w a b l e  n e g l e c t  o f  t h i s  com- 

ponent o f  d i s p e r s i o n ;  hence ,  t h e s e  e q u a t i o n s  r e p r e s e n t  c o n s e r v a t i v e  l i m i t s  

f o r  a p p l i c a t i o n  of e q u a t i o n s  (16) t o  t h e  a n a l y s i s  of exper imenta l  r e a c t o r s .  

The second q u e s t i o n  of a p p l i c a b i l i t y  o f  e q u a t i o n s  (16) ,  r egard ing  e n t r a n c e  

e f f e c t s ,  obv ious ly  depends upon t h e  arrangement of t h e  p a r t i c u l a r  r e a c t o r  

i n  q u e s t i o n .  The mathemat ical  requirements  a r e  met w e l l  i n  s p e c i f i c  c a s e s ,  

f o r  i n s t a n c e ,  t h a t  of a heterogeneous  r e a c t o r  whose c a t a l y t i c  s u r f a c e  (and 

t h e r e f o r e  t h e  chemical  r e a c t i o n )  beg ins  e x a c t l y  at  Z = 0 w i t h  no mixing 

of r e a c t a n t s  r e q u i r e d .  Normal  homogeneous^. r e a c t i n g  systems,  as d i s c u s s e d  

p r e v i o u s l y ,  must be  mixed i n  as non-d i s rup t ive  a manner as p o s s i b l e  s o  as 

t o  a l low re -es tab l i shment  of l aminar  flow a t  a minimal d i s t a n c e  downstream 

from t h e  i n l e t .  

The most p e r t i n e n t  examinat ion o f  e n t r a n c e  e f f e c t s  t h a t  e x i s t s  i n  t h e  

p r e s e n t  l i t e r a t u r e  is  t h a t  of Ul r i chson  and Schmitz (1965),  who i n v e s t i -  

g a t e d  t h e  e f f e c t  of a normal t r a n s i t i o n  from a f l a t  t o  a p a r a b o l i c  v e l o c i t y  

p r o f i l e  on t h e  response  of bo th  homogeneous and heterogeneous  r e a c t o r s .  

T h e i r  r e s u l t s  show t h a t  such a t r a n s i t i o n  w i l l  be  i n s i g n i f i c a n t  i n  i t s  

e f f e c t  on r e a c t o r  response  whenever 

< 4, f o r  homogeneous (bu lk)  r e a c t i o n ;  
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r k r 
- -  s 0 - -  < 4, f o r  heterogeneous (wa l l )  r e a c t i o n .  
S  c  v 

Here,  v and Sc a r e ,  r e s p e c t i v e l y ,  t h e  k inemat ic  v i s c o s i t y  of t h e  f l u i d  

and t h e  Schmidt number ( s ee  Table  111 ) .  With s u i t a b l e  l i n e a r i z a t i o n s ,  

t h e s e  i n e q u a l i t i e s  can b e  used a s  approximate c r i t e r i a  f o r  r e a c t i o n s  of 

o t h e r  o r d e r s .  These c r i t e r i a ,  wh i l e  p e r t a i n i n g  t o  t h e  s p e c i f i c  case  of 

f l a t - t o - p a r a b o l i c  t r a n s i t i o n s  should  be u s e f u l  i n  p rov id ing  g u i d e l i n e s  f o r  

t r a n s i t i o n s  from o t h e r  types  of f low. 

A f i n a l ,  almost t r i v i a l  c o n s t r a i n t  on t h e  a p p l i c a b i l i t y  o f  equa t ions  (16) 

i s  t h e  cond i t i ons  r equ i r ed  f o r  t h e  e x i s t e n c e  o f  laminar  f low. These a r e  

e s t a b l i s h e d  i n  t h e  w e l l  known Reynolds-number c r i t e r i o n ,  

Experimental  r e a c t o r s  should be opera ted  w e l l  w i t h i n  t h i s  l i m i t .  The 

c r i t e r i a  f o r  a p p l i c a b i l i t y  of t h e  r e a c t o r  des ign  equa t i ons  (16) a r e  sum- 

marized i n  Table  I. 

TABLE I. 

SUMMARY OF CRITERIA FOR APPLICABILITY CF TUBULAR-REACTOR EQUATION 

Neglect  of 
Longi tud ina l  Neglect  of Entrance 

D i f fu s ion  E f f e c t s  

r v  
z 25 kb r$ < 4  (homogeneous) 

D~ 
v 

Laminar Flow 

ks r~ 
< 4  (heterogeneous)  

v 

IDEAL TUBULAR REACTORS 

Under s p e c i a l  c i rcumstances  t h e  s o l u t i o n s  t o  equa t i ons  (16) approach those  

of s i m p l i f i e d  l i m i t i n g  equa t i ons .  This  s i m p l i c i t y  p rov ides  cons ide r ab l e  

i n c e n t i v e  t o  des ign  exper imenta l  systems t o  conform t o  l i m i t i n g  behav ior  

i f  p o s s i b l e .  The p r e sen t  s e c t i o n  i s  addressed t o  t h e  t a s k  of examining 
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t h e  c o n d i t i o n s  under which such " i d e a l "  behav ior  is approached, and i n  

p o i n t i n g  o u t  some of t h e  advantages  of t h e s e  l i m i t i n g  types  of r e a c t o r s .  

The most w e l l  known l i m i t i n g  model of t u b u l a r  r e a c t o r  behav ior  i s  t h e  f l a t  

c o n c e n t r a t i o n - p r o f i l e ,  zero-backmixing (FCPZB) r e a c t o r ,  which obeys t h e  

b a s i c  e q u a t i o n s  

v  - -  d C  - -  2 r + r  
a v g d z  r s b  9 

0 

This  model e s s e n t i a l l y  r e q u i r e s  a l l  f l u i d  p a r t i c l e s  t o  have i d e n t i c a l  r e s i -  

dence t imes .  Also,  a s  impl ied  by t h e  name, t h e  c o n c e n t r a t i o n  i s  i n v a r i a n t  

w i t h  r a d i a l  p o s i t i o n  throughout  t h e  r e a c t o r .  I n  s p i t e  of t h e  impl ied  

anomaly o f  l a r g e  r a d i a l  molecu la r  d i f f u s i o n  b u t  n e g l i g i b l e  l o n g i t u d i n a l  

molecu la r  d i f f u s i o n ,  t h e  s o l u t i o n s  of t h e  a s s o c i a t e d  e q u a t i o n s  approach 

one a n o t h e r  s u f f i c i e n t l y  t o  e n a b l e  c o n s i d e r a b l e  p r a c t i c a l  u t i l i z a t i o n  of 

t h i s  model. 

The d i f f e r e n c e  between t h i s  l i m i t i n g  model and "plug flow" models descr ibed 

e l sewhere  throughout  t h e  l i t e r a t u r e  shou ld  b e  emphasized. "Plug flow" 

normally i n d i c a t e s  a f l a t  v e l o c i t y - p r o f i l e  s i t u a t i o n ,  a l though  some a u t h o r s  

have used t h i s  terminology t o  d e s c r i b e  t h e  s i t u a t i o n  env i s ioned  i n  t h e  

p r e s e n t  s e n s e .  To avo id  confus ion ,  t h e  term "plug flow" w i l l  n o t  be  used 

f u r t h e r  h e r e .  

For t h e  s p e c i a l  c o n d i t i o n s  wherein  t h e  bu lk  and w a l l  r e a c t i o n s  obey s i m p l e  

n-th o r d e r  l a w s ,  e q u a t i o n s  (23) may b e  i n t e g r a t e d  t o  y i e l d  t h e  (dimension- 

l e s s )  form 

where a and p a r e  t h e  b u l k  and w a l l  r e a c t i o n  o r d e r s ,  and t h e  dimension- 

less q u a n t i t i e s  r e t a i n  t h e i r  u s u a l  s i g n i f i c a n c e  as d e f i n e d  i n  Tab le  111. 

1 8  
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The ques t i on  of primary importance concerns t h e  e r r o r s  i n  measured r eac t i on  

r a t e  cons t an t s  t h a t  w i l l  a r i s e  i f  t h i s  l i m i t i n g  model i s  employed r a t h e r  

than t h e  more exac t  equa t i ons  (16) .  Def ining t h i s  e r r o r  E by equa t ion  

(5)  and comparing p r e d i c t i o n s  of equa t ions  (16) and (24) f o r  f i r s t - o r d e r  

r e a c t i o n s ,  i t  i s  found [Hales (1968)l  t h a t  E  i n c r e a s e s  r a p i d l y  wi th  0 

( o r  r) and i s  n e a r l y  i n v a r i a n t  w i th  t h e  e x t e n t  o f  convers ion over  ranges 

of p r a c t i c a l  importance.  E  i s  l e s s  than  1% i f  

and 

Semiquan t i t a t i ve  e v a l u a t i o n s  can a l s o  b e  performed f o r  o t h e r  r e a c t i o n  

o rde r s  us ing  t he se  c r i t e r i a  upon prov id ing  s u i t a b l e  l i n e a r i z a t i o n s .  

I n  c o n t r a s t ,  homogeneous t u b u l a r  r e a c t o r s  wherein  d i f f u s i o n  i s  n e g l i g i b l y  

small, c o n s t i t u t e  ano the r  t ype  of l i m i t i n g  model. Equations corresponding 

t o  t h i s  model were f i r s t  s e t  f o r t h  by Bosworth and Groden (1962). I n  d i -  

mensionless  form t h e s e  reduce t o  

10 
f o r  a = 1, and 

f o r  a = 1. Here, c  / c  is t h e  r a t i o  of t h e  mixed-mean r e a c t o r  o u t l e t  
Ab m 

concen t r a t i on  p r e d i c t e d  by t h i s  model t o  t h a t  p r e d i c t e d  by equa t ion  (241, 

and E i  denotes  t h e  exponen t i a l  i n t e g r a l  
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which i s  t a b u l a t e d  e l sewhere  (Abramowitz and Stegun,  1964) .  

Comparison w i t h  computed r e s u l t s  [Hales (1968)I shows t h a t  t h e  e r r o r s  i n  

p r e d i c t i n g  r a t e  c o n s t a n t s  us ing  t h i s  z e r o - d i f f u s i o n  model of r e a c t o r  be- 

h a v i o r  r a t h e r  t h a n  e q u a t i o n s  (16) d e c r e a s e  w i t h  @ and a g a i n  a r e  e s s e n t i -  

a l l y  i n v a r i a n t  w i t h  t h e  e x t e n t  of convers ion .  The cor responding  c r i t e r i o n  

f o r  E  < 1% i s ,  approx imate ly ,  

Because of e n t r a n c e - e f f e c t  c o n s i d e r a t i o n s  ( c f .  Table  I )  t h i s  z e r o - d i f f u s i o n  

model i s  u s e f u l  on ly  f o r  l a r g e  Schmidt numbers, p r e c l u d i n g  i t s  u s e  f o r  a t -  

mospheric s c i e n c e s  s t u d i e s  e x c e p t ,  conce ivab ly ,  f o r  sys tems i n v o l v i n g  

a e r o s o l s ,  o r  f o r  i n v e s t i g a t i o n  of l iqu id -phase  r e a c t i o n s  i n  s t u d i e s  o f  

p r e c i p i t a t i o n  chemis t ry .  

Besides  b e i n g  a t t r a c t i v e  f o r  t h e i r  r e l a t i v e  s i m p l i c i t y ,  t h e  models repre -  

s e n t e d  by e q u a t i o n s  ( 2 4 ) ,  ( 2 7 ) ,  and (28) s h a r e  t h e  advantage o f  n o t  b e i n g  

r e s t r i c t e d  t o  sys tems wherein  on ly  one of t h e  r e a c t i n g  components v a r i e s  

a p p r e c i a b l y .  T h i s  q u a l i t y  p r o v i d e s  a  marked exper imenta l  convenience and 

a  d i s t i n c t  i n c e n t i v e  t o  d e s i g n  exper iments  s o  a s  t o  a t t a i n  such i d e a l  be- 

h a v i o r .  

S ince  s u r f a c e  r e a c t i o n s  can occur  on ly  i n  con junc t ion  w i t h  d i f f u s i o n a l  

t r a n s p o r t  t o  t h e  r e a c t o r  w a l l ,  a  z e r o - d i f f u s i o n  model cannot b e  a p p l i e d  t o  

s i t u a t i o n s  i n v o l v i n g  heterogeneous  r e a c t i o n s .  A cor responding  model, how-. 

e v e r ,  can b e  c o n s t r u c t e d  by v i s u a l i z i n g  a  s i t u a t i o n  wherein  t h e  w a l l  

r e a c t i o n - r a t e  c o n s t a n t  becomes i n f i n i t e l y  l a r g e ,  t h e r e b y  r e n d e r i n g  d i f f u -  

s i o n  t h e  s o l e  r a t e - i n f l u e n c i n g  s t e p  of t h e  p r o c e s s .  T h i s  c a s e ,  d e s c r i b e d  

by e q u a t i o n s  (16) w i t h  i n f i n i t e  k s ,  h a s  been so lved  by a  number of authors  

f o r  t h e  analogous case  of d i f f u s i o n - c o n t r o l l e d  h e a t  t r a n s f e r .  Subsequent 

a u t h o r s  ( c f . ,  Table  11)  have d i s c u s s e d  v a r i o u s  a s p e c t s  of t h i s  problem. 

T h i s  model i s  of l i t t l e  v a l u e  t o  r e a c t i o n - r a t e  s t u d i e s ,  s i n c e  i t  i s  based 

on d i f  f u s i o n - l i m i t e d  b e h a v i o r .  I t  h a s  found c o n s i d e r a b l e  u s e ,  however, i n  

d i f f u s i o n - t u b e  s t u d i e s  o f  a e r o s o l  b e h a v i o r ;  a  p a r t i c u l a r l y  i n t e r e s t i n g  

2  0 
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a p p l i c a t i o n  of t h i s  t echn ique  ha s  been descr ibed  by Smith, e t  aZ. (1968) 

i n  con junc t ion  w i th  t h e i r  s t u d i e s  of gas-aerosol  s o r p t i o n  i n t e r a c t i o n s .  

I n  a d d i t i o n  t o  t h e  l i m i t i n g  models descr ibed  above, a  v a r i e t y  of o t h e r  

s i m p l i f i e d  models of t u b u l a r - r e a c t o r  performance have appeared i n  t h e  lit- 

e r a t u r e .  Some of t h e s e  models may f i n d  l i m i t e d  a p p l i c a t i o n  i n  t h e  ana ly s i s  

of d a t a  from exper imenta l  r e a c t o r s .  Boundary-layer ana ly se s  ( c f .  Table  

I I ) ,  f o r  example, may be  p a r t i c u l a r l y  u s e f u l  f o r  s i t u a t i o n s  i nvo lv ing  w a l l  

r e a c t i o n s  n e a r  t h e  r e a c t o r  en t r ance  reg ion .  I n  g e n e r a l ,  however, t h e s e  

o t h e r  s i m p l i f i e d  models a r e  no t  s u f f i c i e n t l y  r e l i a b l e  t o  be u s e f u l  f o r  ex- 

per imenta l  purposes .  

The m a j o r i t y  of t h e s e  a d d i t i o n a l  models have been based upon t h e  assumption 

of a  f l a t  v e l o c i t y  p r o f i l e .  The numerous a t t empts  t h a t  have been made t o  

compensate f o r  t h i s  assumption by adding an a x i a l  d i f f u s i o n  component t o  

account f o r  Taylor  d i s p e r s i o n  have met w i th  f a i r  succe s s ;  o t h e r s  have been 

found t o  ag r ee  s o  poor ly  w i t h  t r u e  behav ior  a s  t o  e a rn  t h e  t i t l e  " f i c t i -  

t i ous  models. " 

Many of t h e  above models were developed i n  t h e  p a s t  t o  avoid computat ional  

d i f f i c u l t i e s  posed by equa t ions  such a s  (16) .  Computers, however, have 

f a c i l i t a t e d  s o l u t i o n s  t o  equa t i ons  (16) now publ i shed  f o r  most p r a c t i c a l  

cond i t i ons .  There fore ,  t h e  use  of t h e  above s i m p l i f i e d ,  non l imi t ingmodels  

f o r  a n a l y s i s  of exper imenta l  r e a c t o r s  is  no longer  r e a l l y  j u s t i f i e d .  

The v a r i e t y  of  s imp l i fy ing  assumptions t h a t  can b e  made regard ing  tubu la r -  

r e a c t o r  performance ha s  r e s u l t e d  i n  a  l a r g e  number of r e l a t e d  p u b l i c a t i o n s ,  

and i t  is u s e f u l  t o  possess  a  compi la t ion  of t h e s e  works,  both  t o  p rov ide  

convenient  a cce s s  t o  mathemat ical  s o l u t i o n s  and t o  p reven t  confusion from 

r e l a t e d  p u b l i c a t i o n s  t h a t  a r e  no t  u sab l e  f o r  t h e  purpose a t  hand. Such a  

compila t ion i s  g iven  i n  Tab le  11, which i s  a  l i s t i n g  of  works p e r t a i n i n g  

t o  t u b u l a r  r e a c t o r s  o p e r a t i n g  w i th  i so the rma l ,  Newtonian f l u i d s  i n  t h e  

absence of e n t r a n c e  e f f e c t s .  Because of t h e  l a r g e  number of r e l a t e d  pub- 

l i c a t i o n s ,  t h e  c o n s t r u c t i o n  of a  complete l i s t  f o r  r e a c t o r s  o p e r a t i n g  
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o u t s i d e  o f  t h e s e  r e s t r i c t i o n s  would b e  v i r t u a l l y  i m p o s s i b l e ;  M e l v i l l e ' s  

(1948) o b s e r v a t i o n  t h a t  "any human t h i n g  supposed t o  be  complete  must f o r  

t h a t  v e r y  r e a s o n  i n f a l l i b l y  b e  f a u l t y "  a p p l i e s  w i t h  c e r t a i n t y  h e r e .  T h i s  

l i s t i n g ,  however, i s  f e l t  t o  cover  r a t h e r  complete ly  t h e  a s s o c i a t e d  works 

of  r e l e v a n c e  t o  r e a c t i o n - r a t e  s t u d i e s  i n  t h e  a tmospher i c  s c i e n c e s .  The 

c o m p i l a t i o n  i s  o r d e r e d  a c c o r d i n g  t o  r e s t r i c t i o n s  on a x i a l  and r a d i a l  d i f -  

f u s i o n ,  a  c r i t e r i o n  which seems t o  b e  t h e  most l o g i c a l  b a s i s  f o r  c l a s s i -  

f i c a t i o n .  Some o f  t h e  p r e v i o u s  a u t h o r s  l i s t e d  i n  t h e  t a b l e  have  reviewed 

l i m i t e d  p o r t i o n s  o f  t h e  m a t e r i a l  a p p e a r i n g  h e r e .  

FURTHER CONSIDERATIONS OF SIMULTANEOUS SURFACE AND BULK REACTIONS 

The p r e v i o u s  s e c t i o n s  have  n o t e d  t h e  p o t e n t i a l  impor tance  o f  s u r f a c e  re- 

a c t i o n s  i n  i n f l u e n c i n g  gas-phase  r e a c t i o n - r a t e  measurements,  and have  

s u g g e s t e d  t e c h n i q u e s ,  u s i n g  i d e a l  r e a c t o r s ,  t o  e v a l u a t e  t h i s  i n f l u e n c e  

q u a n t i t a t i v e l y .  T h i s  s e c t i o n  d e a l s  b r i e f l y  w i t h  t h e  problem of  s u r f a c e  

r e a c t i o n s  i n  g e n e r a l  and d i s c u s s e s  some a l t e r n a t i v e  measures  t h a t  may b e  

u t i l i z e d  when t h e y  a r e  encoun te red .  

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

d e a l i n g  w i t h  unwanted s u r f a c e  r e a c t i o n s :  

1. Techniques  t h a t  d e f i n e  t h e  s u r f a c e  r e a c t i o n  q u a n t i t a t i v e l y ,  t h u s  

a l l o w i n g  f o r  i t s  e f f e c t  t o  b e  s e p a r a t e d  from t h e  homogeneous r e a c t i o n .  

2 .  Techniques  t h a t  a t t e m p t  t o  p r e v e n t  c o n t a c t  of  t h e  m a t e r i a l  from t h e  

v e s s e l  w a l l s .  

3.  Techniques  i n v o l v i n g  removal o f  t h e  a c t i v e  s u r f a c e ,  o r  e f f e c t i v e  i n -  

a c t i v a t i o n  of t h e  s u r f a c e  by changing o p e r a t i n g  c o n d i t i o n s .  

Techniques  of  t h e  f i r s t  t y p e ,  i n v o l v i n g  changes o f  t h e  s / v  r a t i o ,  have  

been d i s c u s s e d  p r e v i o u s l y  i n  t h e  c o n t e x t  o f  i d e a l  r e a c t o r s .  A d d i t i o n a l  

ways o f  v a r y i n g  t h e  s / v  r a t i o  i n c l u d e  changing t h e  v e s s e l  geometry ( c f . ,  

B a t t  and Benson, 1968) o r  by packing i t  w i t h  s m a l l e r  p i e c e s  o f  t h e  material 

of i n t e r e s t  ( c f . ,  F r o s t  and P e a r s o n ,  1964) .  I n  t h e i r  t r e a t i s e  on gas-phase 

r e a c t i o n - r a t e  measurement,  M e l v i l l e  and Gowenlock (1964) s u g g e s t  packing 
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a r e a c t o r  i n  such a manner, p l o t t i n g  convers ion v e r s u s  t h e  s / v  r a t i o ,  

and e x t r a p o l a t i n g  t o  z e r o  t o  f i n d  t h e  homogeneous c o n t r i b u t i o n .  These 

a u t h o r s  p o i n t  o u t  t h a t  t h e  method is r e l i a b l e  on ly  i f  t h e  packing m a t e r i a l  

h a s  had t h e  same h e a t - t r e a t i n g  and c l e a n i n g  h i s t o r y  a s  t h a t  o f  t h e  v e s s e l .  

The main o b j e c t i o n  t o  t echn iques  o f  t h e  f i r s t  type  is  t h a t  they t end  t o  

d i s r e g a r d  t h e  p r e v i o u s l y  d i s c u s s e d  importance of mass t r a n s f e r  as a r a t e -  

i n f l u e n c i n g  s t e p  i n  t h e  o v e r a l l  p r o c e s s .  These t e c h n i q u e s  a r e  v a l i d  f o r  

c a s e s  where s low r e a c t i o n  r a t e s  and r a p i d  mass t r a n s f e r  a r e  encounte red ,  

b u t  u n f o r t u n a t e l y ,  one is seldom c e r t a i n  of what t h e  t r u e  s i t u a t i o n  r e a l l y  

is  f o r  o t h e r  t h a n  t h e  s i m p l e s t  of geomet r ies .  

V a r i a t i o n s  o f  t h e  s i m p l e  t u b u l a r  r e a c t o r  have been employed t o  i s o l a t e  re -  

a c t i n g  g a s e s  from t h e  w a l l .  S a t t e r f i e l d  e t  a l .  (1963) a t t empted  t o  

accomplish t h i s  u s i n g  a porous-walled r e a c t o r .  Reactant  f lowing a x i a l l y  

through t h i s  sys tem was swept away from t h e  r e a c t o r  s u r f a c e  by i n e r t  g a s  

permeat ing inward r a d i a l l y  through t h e  w a l l s ;  however, t h e  p r a c t i c a l  prob- 

lems of  e x c e s s i v e  f low r a t e s  and poor  s t a b i l i t y  l i m i t e d  t h e  u s e f u l n e s s  o f  

t h i s  t echn ique .  

I s o l a t i o n  from t h e  w a l l s  of a t u b u l a r  r e a c t o r  us ing  a c o a x i a l  j e t  sys tem 

h a s  been r e p o r t e d  by Wood (1964).  S e i d e r  (1966) h a s  subsequen t ly  published 

a numer ica l  s o l u t i o n  of t h e  corresponding flow e q u a t i o n s .  I n  a p r e l i m i -  

nary  e x p e r i m e n t a l  i n v e s t i g a t i o n ,  however, S e i d e r  found t h e  c o a x i a l  j e t  

sys tem t o o  u n s t a b l e  t o  b e  used as a p r a c t i c a l  means f o r  measurement. 

Moderate s u c c e s s  h a s  been a t t a i n e d  w i t h  a r e l a t e d  t echn ique  which i n v o l v e s  

i n t r o d u c t i o n  o f  r e a c t a n t  as a " p o i n t  source"  i n  t h e  c e n t e r  of a t u b u l a r  

r e a c t o r  through which i n e r t  gas is  f lowing,  [Walker and Westenberg (1958)l .  

A r e c e n t  a p p l i c a t i o n  of t h i s  "po in t  s o u r c e  technique"  h a s  been d e s c r i b e d  

by F r a z i e r  and Kooyman (1968).  

Perhaps t h e  most s imple  and obvious means of i s o l a t i n g  t h e  t r u e  homogeneous 

r e a c t i o n  i s  t o  change t h e  r e a c t o r  w a l l  m a t e r i a l  t o  one t h a t  i s  i n e r t  f o r  

t h e  heterogeneous  r e a c t i o n .  Indeed,  t h e  w a l l  m a t e r i a l  and i t s  p a s t  h i s t o r y  
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a r e  extremely impor tan t  f a c t o r s .  Even t h e  more i n e r t  s u b s t a n c e s  sometimes 

e x h i b i t  v a r i a t i o n s .  For example, t h e  heterogeneous  decomposi t ion of hydro- 

gen i o d i d e  w i l l  occur  i n  Pyrex v e s s e l s ,  b u t  n o t  i n  S i l i c a  v e s s e l s  [ c f .  

L a i d l e r  (1965) 1 . 

M e l v i l l e  and Gowenlock emphasize t h e  importance of c l e a n i n g  t h e  v e s s e l  i n  

reduc ing  w a l l  e f f e c t s  and s u g g e s t  c l e a n i n g  t echn iques .  These a u t h o r s  c i t e  

numerous examples of t h e  i n f l u e n c e  of h e a t  t r e a t i n g  and c l e a n i n g .  Wood 

(1922),  f o r  example, found t h a t  t h e  recombinat ion o f  hydrogen atoms i n  an 

e l e c t r i c  d i s c h a r g e  is  c a t a l y z e d  by broken g l a s s  b u t  n o t  by f i r e - p o l i s h e d  

g l a s s .  Hoare (1953) has  shown t h a t  t h e  format ion of d e v i t r i f i e d  l a y e r s  on 

t h e  s u r f a c e s  of s i l i c a  v e s s e l s  produces a change i n  c a t a l y t i c  a c t i v i t y  a s  

ag ing  o c c u r s ;  an e f f e c t  t h a t  has a l s o  been observed w i t h  Pyrex [Minkoff 

and T ipper  (1962) 1 .  

I n  a d d i t i o n  t o  p r o p e r  c l e a n i n g  of t h e  v e s s e l  and changing i t s  m a t e r i a l ,  an 

i n e r t  w a l l  c o a t i n g  may b e  a p p l i e d  s u c c e s s f u l l y  i n  t h e  i n v e s t i g a t i o n  of 

s e v e r a l  gas-phase r e a c t i o n s ,  and c o a t i n g  methods a r e  d e s c r i b e d  i n  t h e  

l i t e r a t u r e  [ M e l v i l l e  and Gowenlock (1964) l .  

One a d d i t i o n a l  t echn ique  t h a t  shou ld  b e  mentioned i n  t h i s  c o n t e x t  i n v o l v e s  

h e a t i n g  t h e  r e a c t i o n  v e s s e l  [ S a t t e r f i e l d  and Yeung (1965) l .  S i n c e  a c t i -  

v a t i o n  e n e r g i e s  f o r  gas-phase r e a c t i o n s  a r e  g e n e r a l l y  h i g h e r  t h a n  t h o s e  

f o r  cor responding  w a l l  r e a c t i o n s ,  one may b e  a b l e  t o  c r e a t e  c o n d i t i o n s  a t  

h i g h e r  t empera tu res  where t h e  b u l k  r e a c t i o n  w i l l  predominate .  The v a l u e  

of t h i s  method i s  l i m i t e d  because  i t  u s u a l l y  i n v o l v e s  an e x t r a p o l a t i o n  

back t o  t h e  t empera tu res  of i n t e r e s t .  

Another t echn ique  of t h i s  g e n e r a l  n a t u r e  can b e  a p p l i e d  when t h e  o r d e r  of 

t h e  w a l l  r e a c t i o n  d i f f e r s  from t h a t  i n  t h e  b u l k  [Smith ( 1 9 4 3 ) l .  Th i s  

method s imply i n v o l v e s  changing t h e  c o n c e n t r a t i o n s  of t h e  r e a c t a n t s  s o  

t h a t  one of t h e  r e a c t i o n s  predominates  by v i r t u e  of i t s  unique concen t ra -  

t i o n  dependence. 
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The main d i f f i c u l t y  w i th  a l l  of t h e s e  techniques  is  t h a t  i t  t ake s  a  con- 

s i d e r a b l e  amount of exper imenta l  work t o  a s c e r t a i n  whether o r  no t  t h e  w a l l  

r e a c t i o n  has  indeed been e l im ina t ed .  Th is  d i f f i c u l t y  is  compounded by t h e  

i nc r ea sed  importance of s u r f a c e  r e a c t i o n s  a t  low r e a c t a n t  concen t r a t i ons .  

Such d i f f i c u l t i e s  emphasize t h e  importance of account ing f o r  mass - t rans fe r  

phenomena i n  r e l a t i o n  t o  chemical k i n e t i c s ,  and t h e  u t i l i t y  of t h e  d u a l  

i d e a l - r e a c t o r  approach t o  account f o r  extraneous s u r f a c e  r e a c t i o n s  i n  

homogeneous r e a c t i o n - r a t e  s t u d i e s .  

CONCLUSIONS 

I n  t h e  f i n a l  a n a l y s i s  i t  i s  apparen t  t h a t  mass - t rans fe r  e f f e c t s  may be  

h igh ly  important  i n  obscur ing and even " f a l s i f y i n g "  chemical r e a c t i o n  

phenomena, depending upon r e a c t i o n  k i n e t i c s  and exper imenta l  r e a c t i o n  de- 

s i g n .  Exper imental  r e a c t o r s  t h e r e f o r e  must be designed s o  as  t o  render  

mass - t rans fe r  e f f e c t s  n e g l i g i b l e ,  o r  t o  account q u a n t i t a t i v e l y  f o r  t h e i r  

i n f l u e n c e .  Th is  problem is  e s p e c i a l l y  p e r t i n e n t  whenever s u r f a c e  r eac t i ons  

a r e  invo lved ,  owing t o  t h e  i nc r ea sed  importance of mass - t rans fe r  a s  a  

r a t e - i n f l uenc ing  s t e p  under t h e s e  c i rcumstances .  

Modem mathemat ical  t echn iques  have se rved  t o  a l l e v i a t e  t h i s  problem some- 

what,  e s p e c i a l l y  f o r  t h e  ca se  of t u b u l a r  r e a c t o r s .  The l a r g e  number of 

s o l u t i o n s  t h a t  p r e s e n t l y  e x i s t  f o r  t u b u l a r - r e a c t o r  models can be  used f o r  

r e a c t o r  d a t a  a n a l y s i s ,  even under some non-ideal  c i rcumstances .  The 

compi la t ion  of t h e s e  s o l u t i o n s  i n  Table  I1 p r e s e n t s  a  u s e f u l  r e f e r ence  t o  

t h e s e  works,  bo th  f o r  use  i n  t h e  a n a l y s i s  of r a t e  d a t a  and a s  a means of 

avoiding confusion w i th  i n a p p r o p r i a t e  models. 

The approximate c r i t e r i a  f o r  r e a c t o r  i d e a l i t y  p r e sen t ed  i n  t h i s  r e p o r t  

should  be u s e f u l  i n  p rov id ing  a  more s y s t e m a t i c  b a s i s  f o r  exper imenta l  r e -  

a c t o r  de s ign ,  and t h e  a n a l y s i s  o f  f u t u r e  r a t e  d a t a .  

2 5 
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T A B L E  II. 

S U M M A R Y  OF A V A I L A B L E  S O L U T I O N S  T O  T U B U L A R  R E A C T O R  M O D E L S  I N V O L V I N G  I S O T H E R M A L  
N E W T O N I A N  F L U I D S  W l T H  C O N S T A N T  T R A N S P O R T  P R O P E R T I E S  A N D  N E G L I G I B L E  E N T R A N C E  E F F E C T S  

- PART I: MODELS BASED UPON PARABOLIC VELOCITY PROFILE WlTH FINITE AXIAL  AND RADIAL DIFFUSION - 
DESCRIPTION OF MODEL REACT1 ON TYPE N P E  OF SOLUTION AUTHOR(S1 

SINGLE TRACE COMPONENT FIRST ORDER APPROXIMATION TO DAMKOHLER (1937) 
REACTING I N  BULK, AS ANALYTICAL SOLUTION 
DESCRIBED BY EQUATIONS 
114) WITH ris = 0 

APPROXIMATE ANALYTICAL Wl SSLER (19691 

SECOND ORDER NUMERICAL COHEN AND R l P P l N  119671 

SINGLE TRACE COMPONENT ZERO ORDER ANALYTICAL HSU (1967) 
REACT1 NG AT WALL, AS (EIGENFUNCTION EXPANSION, SCHNEI DER (19571 
DESCRIBED BY EQUATIONS FROM HEAT-TRANSFER ANALOGY) 
114) WlTH ri = 0 NUMERICAL VERHOFF (1%71 

(FROM HEAT-TRANSFER ANALOGY) 

TOTAL SINK AT WALL ANALYTICAL JONES (19711 
ILAPLACE TRANSFORMATI ON. 
FROM HEAT-TRANSFER ANALOGY1 

ANALYTI CAL SlNGH 119581 
IEIGENFUNCTION EXPANSION, 
FROM HEAT-TRANSFER ANALOGYI 

SINGLE TRACE COMPONENT FI RST-ORDER AT WALL ANALYTICAL-VAL1 D WALKER 11961) 
REACTING BOTH I N  BULK AND I N  BULK ASYMPTOTICALLY FOR 
AND AT WALL. AS LARGE VALUES OF Z 
DESCRIBED BY EQUATIONS (14) ZERO-ORDER GENERATION ANALYTICAL TAN (1969) 

I N  BULK AND TOTAL (EIGENFUNCTION EXPANSION) TAN AND HSU (1970) 
S lNK AT WALL 

- PART II: MODELS BASED ON PARABOLIC VELOCITY PROFILE WITH FINITE RADIAL DIFFUSION, BUTZERO AXIAL  DIFFUSION - 
SINGLE TRACE COMPONENT FIRST ORDER ANALYTICAL LAUWERIER (19591 
REACTING I N  BULK, AS IEIGENFUNCTION EXPANSION) WISSLER AND SCHECHTER (19611 
DESCRIBED BY EQUATIONS 
1 1 6 ) W I T H r = O  

SINGLE TRACE COMPONENT 
REACTING AT WALL, AS 
DESCRIBED BY EQUATIONS 
(16) WITH 0 - 0  

ANALYTICAL ACRIVOS (1953) 
IBOUNDARY-LAYER APPROXI MATI ON) 

NUMERICAL 

FIRST-ORDER CONSECUTIVE ANALYTICAL 
A-B-C 

FIRST-ORDER REVERS1 BLE ANALYTICAL 

SECOND ORDER NUMERICAL 

ZERO ORDER 

FlRST ORDER 

GENERALIZED KINETICS 
OR TOTAL S lNK AT WALL 

ANALYTICAL 
(EIGENFUNCTI ON EXPANSION. 
FROM HEAT-TRANSFEP ANALOGY1 

ANALYTICAL 
IASYMPTOTIC FOR LARGE Z I  

ANALYTICAL 
(ASYMPTOTIC FOR SMALL Z l  

ANALYTICAL 

ANALYTICAL 
IEIGENFUNCTION EXPANSION. 
SOME ARE FROM HEAT-TRANSFER 
ANALOGY1 

ANALYTICAL 
(BOUNDARY-LAYER APPROXIMATION, 
SOME FROM HEAT-TRANSFER 
ANALOGYI 

CLELAND AND WILHELM 119561 
HSU (19651 
LAPI DUS 11962) 

WISSLER AND SCHECHTER (19611 

SCHECHTER 11967) 

VIGNES AND TRAMBOUZE 119621 

SIEGEL, et al. 11958) 

BIRD, EI al. (19631 

KRAMERS AND KREYGER 119591 

FALQUE 119681 
SCHENK AND DUNMORE (1954) 
SIDEMAN, et al. 11965) 
TOWNSEND (18991 

BROWN 119601 
GORENEY AND KENNEDY ( l 'X9) 
G R A m  (18831 
KNUDSEN AND K A R  (1958) 
NUSSELT 11910) 
SELLARS, et al (19561 
SlNGH (19581 
TOWNSEND 118991 

C H A M B R ~  119561 
CHAMBRE AND ACRIVOS (19561 
COWHERD AND HOELSCHER (1%) 
LEVEQUE (1928) 
ROSNER (19691 

SINGLE TRACE COMPONENT FIRST ORDER AT WALL, ANALYTICAL SOLOMON AND HUDSON (1967) 
REACTING I N  BULK AND AT FIRST ORDER I N  BULK IGALERKIN'S METHOD) 
WALL A S  DESCRIBED BY 
EOUATIONS 1161 NUMERICAL HALES (1968) 

FIRST ORDER AT WALL. NUMERICAL HALES (19681 
KRONGELB AND STRANDBERG (19591 

K L A n  AND BLADEL (1966, 1968) 

SECOND ORDER I N  BULK 

SECOND ORDER AT WALL 
FlRST ORDER I N  BULK 

ANALYTICAL 
IBOUNDARY-LAYER 
APPROXIMATION) 

NUMERICAL HALES (1968) 



T A B L E  I I. C O N T I N U E D  

-PART I I: MODELS BASED ON PARABOLIC VELOCITY PROFILE W l T H  FINITE RADIAL DIFFUSION, BUT ZERO AXIAL DlFFUSl ON (CONT'E) - 
DESCRIPTION OF MODEL REACT1 ON TYPE TY P i  OF SOLUTION AUTHORK) 

SECOND ORDER AT WALL, NUMERICAL HALES 11963) 
SECOND ORDER I N  BULK 

GENERALIZED KINETICS ANALYTICAL - EXPRESSES G I  DASPOW (19711 
REACTION RATES AS 
INHOMOGENEOUS TERMS AND 
APPLIES GREEN'S - FUNCTION 
TECHNIQUE 

MULTl PLE COMPONENTS LINEARIZED REACTION ANALYTICAL APPROXIMATION SOLOMON AND HUDSON (1971) 
REACTING I N  BULK AND EXPRESSIONS I N  IGALERKIN'S METHOD) 
AT WALL NEIGHBORHOOD OF 

CHEMICAL EQUIL IBRIUM 

MULTl PLE COMPONENTS LINEARIZED REACTION ANALYTICAL APPROXIMATI ON SOLOMON AND HUDSON (1971) 
REACTING AT WALL EXPRESSIONS FOR (GALERKIN'S METHOD) 

NONEQUILI BRI U M  SYSTEMS 

-PART I l l :  MODELS BASED ON PARABOLIC VELOCITY PROFILE WlTH ZERO AXIAL AND RADIAL DIFFUSION - 

ONE OR MORE COMPONENTS GENERAL ORDER ANALYTICAL BOSWORTH AND GRODEN 119621 
REACTING I N  BULK DENBIGH (1951) 

JOHNSON 11970) 
WlLDE 119571 

P A R T  IV :  MODELS ASSUMING COMPLETE RADIAL M l X l N G  BUT FINITE AXIAL M l X l N G  - 

SINGLE TRACE COMPONENTS F l  RST ORDER ANALYTICAL BURGHARDT (1967) 
REACTING I N  BULK OR AT BISCHOFF (1968) 
WALL, FLAT V E L E  ITY PROFILE COSTE, el al. (1961) 

CORRIGAN AND DEAN (19691 
DANCKWERTS 11553) 
DICKENS, el al. (1960) 
FORSTER AND GElB (19341 
HULBURT 1 1 W .  19151 
LEVENSPIEL AND 

BISCHOFF (1959) 
PEARSON 11959) 
TICHACEK (1963) 
WEHNER AND WILHELM (1556) 

NUMERICAL LEVENSPIEL AND BISCHOFF (15591 

ANALYTICAL LANGMUI R (1908) 

ANALYTICAL BURGHARDT (1967) 
(PERTURBAT1 ON TECHNIQUES) BURGHARDT AND ZALESKI (1963) 

HORN AND PARISH (1967) 
PASQUON AND DENTE (19621 

ANALYTICAL SCHECHTER 11967) 
(VARIATIONAL TECHNIQUES1 G R OTC H (1 969) 

NUMERICAL FAN AND BALlE (1960) 
FAN AND AHN (1968) 

ANALOG HOFMANN AND ASTHEIMER (19631 

CONSECUTIVE ANALYTICAL K l P P  AND DAVIS (1963) 
A-B-C (PERTURBATION TECHNIQUES) 

SINGLE TRACE COMPONENT FIRST ORDER I N  BULK AND ANALYTICAL WALKER (1961) 
REACTING I N  BULK AND AT AT WALL 
WALL, FLAT VELOCITY PROF1 LE 

- PARTV:  MODELS ASSUMING A FLAT VELOCITY PROFILE WlTH NONZEROAND FINITE RADIAL DIFFUSION - 

SINGLE TRACE COMPONENT FIRST ORDER ANALYTICAL FALQUE (1968) 
REACTING AT WALL HULBURT 119151 

KATZ (1559) 

SECOND ORDER 

GENERAL ORDER 

CONSECUTIVE 
A-Xl B-X?C NUMERICAL HUDSON (1965) 

- P A R T V I :  MODELS ASSUMING A FLATVELOCITY PROFILE WITH FINITE RADIAL AND A X I A L  DIFFUSION - 

SINGLE TRACE COMPONENT FIRST ORDER 
REACTING AT WALL 

ANALYTICAL BARON, et al. (1552) 
DAMKOHLER 11937) 
HOELSCHER (1554) 
PANETH AND HERTZFELD 11931) 

- P A R T V I I :  MODEL ASSUMING ZERO A X I A L  DIFFUSION AND COMPLETE RADIAL M l X l N G  - 

FLAT CONCENTRAT1 ON- GENERAL 
PROFILE, ZERO BACK- 
M l X l N G  MODEL 

ANALYTICAL TEXTBOOK CASE, 
CF. EQ (241 
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TABLE 111. 

DEFINITIONS OF DIMENSIONLESS GROUPS 

Group D e f i n i t i o n  Name Phys i ca l  S i g n i f i c a n c e  

c  'A/'AO - - 
A 

dimensionless  concen t r a t i on  

v  r 
Pe avg 0  P e c l e t  Group a x i a l  t r a n s p o r t  by f low 

U 
r a d i a l  t r a n s p o r t  by d i f f u s i o n  

R r /  rO - - dimensionless  r a d i a l  p o s i t i o n  

L V 

Re avg o Reynolds i n e r t i a l  f o r c e s  
U 

Group v i scous  f o r c e s  

Schmidt d i f f u s i v i t y  of momentum 
Group d i f f u s i v i t y  of mass 

D z  
Z 

A Bodenstein d imens ion less  a x i a l  p o s i t i o n  
2vavgr6 Group (z /z roPe)  

a -- - - homogeneous r e a c t i o n  o r d e r  

P - - - - heterogeneous r e a c t i o n  o r d e r  

r k c  P-1 
r o s o  

heterogeneous removal by w a l l  r e a c t i o n  
D~ Damkohler removal by r a d i a l  d i f  £us i on  

Group I1 

r i k b  c i -  ' 
0 homogeneous removal by bu lk  r e a c t i o n  

D~ Damkohler removal by r a d i a l  d i f f u s i o n  
Group I1 

k zc  P - 1  
heterogeneous 

s 0 
removal by w a l l  r e a c t i o n  

rz Damkohler removal by a x i a l  f low 2v 
avg '0 

Group I 

a- 1 
kbzCO 

homogeneous 
removal by bu lk  r e a c t i o n  

OZ Damkohler 
2v removal by a x i a l  flow 

avg Group I 
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NOMENCLATURE 

c o n c e n t r a t i o n  

bulk-mean c o n c e n t r a t i o n  

r e a c t o r  e n t r a n c e  c o n c e n t r a t i o n  

Fick 's - law d i f f u s i o n  c o e f f i c i e n t  

homogeneous r e a c t i o n - r a t e  c o n s t a n t  

heterogeneous  r e a c t i o n - r a t e  c o n s t a n t  

m a s s - t r a n s f e r  c o e f f i c i e n t  

r a d i a l  p o s i t i o n  

homogeneous r e a c t i o n  r a t e  

t u b e  r a d i u s  

heterogeneous  r e a c t i o n  r a t e  

s u r f a c e  a r e a  

t ime  

i n t e g r a t i o n  v a r i a b l e  

average  a x i a l  f low v e l o c i t y  

r e a c t i o n  volume 

a x i a l  f low v e l o c i t y  

v o l u m e t r i c  f low r a t e  

a x i a l  p o s i t i o n  

' r average  space- t ime i n  r e a c t o r  

The fo l lowing  main d imens ion less  q u a n t i t i e s  a r e  d e f i n e d  i n  Tab le  111: 

CA, Pe ,  R ,  Re, Sc ,  Z ,  a ,  P ,  r ,  0. 

3 0 
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