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L . IPSTRODUCTI ON 

I n  s p i t e  of t h e  immense amount o f  research on com5ustion of carbon i n  t h e  
l a s t  30 years ,  t h e  c l a s s i c  e x p e r i m n t s  of Tu, Davis, and Hot te l  (1) on 1" . ' - 

spheres  a r e  s t i l l  of t h e  b e s t ,  and perhaps s t i l l  t h e  most widely quoted, of'  
a l l  experimental  work on t h e  s u b j e c t ,  c a r r i e d  out a t  atmospheric pressure ,  
and i n  t h i s  range of p a r t i c l e  s i z e  and temperatures.  The theory,  of course,  
has  advanced i n  s e v e r a l  p a r t i c u l a r s  s ince then (see Reviews (2-5)) and it has 
long been known t h a t  t h e  o r i g i n a l  Tu e t  e. t h e o r e t i c a l  a n a l y s i s  was imdequate .  
I n  t h e  o r i g i n a l  a n a l y s i s ,  only desorpt ion and boundary l a y e r  d i f f u s i o n  were 
considered a s  possible  r a t e - c o n t r o l l i n g  s t e p s  i n  t h e  react ion:  chemisorption 
and i n t e r n a l  reac t ion  were neglected.  
t i m e  of wr i t ing ,  these  two l a t t e r  concepts had not  been formulated,  o r  no t  
genera l ly  accepted; a l s o ,  as  a b i a s  a g a i n s t  consider ing adsorp t ion ,  t h i s  was 
always assumed t o  be s o  f a s t  a s  t o  be e f f e c t i v e l y  instantaneous.  According t o  
Brunauer ( 6 ) ,  the  concept of a c t i v a t e d  adsorpt ion was first formulated i n  t h e  
e a r l y  1930 ' s  - about the  t i m e  of wr i t ing  of t h e  Tu e t  a l .  paper ,  o r  soon a f t e r -  
b u t ,  even a decade l a t e r ,  it s t i l l  had not  been general ly  accepted, with the  
consequence t h a t  many t r u e  chemisorption processes even then were being incor- 
r r e c t l y  i n t e r p r e t e d  i n  t e r m s  of s o l u t i o n ,  d i f f u s i o n ,  migration (mobile adsorp- 
t i o n ) ,  o r  reac t ion  a t  t h e  s o l i d  sur face  i t s e l f  (6). Analysis of t h e  i n t e r n a l  
reac t ion  processes came even l a t e r ,  and has only been developed i n  t h e  l a s t  
decade or so .  

This  neglec t  w a s  simply t h a t ,  a t  t h a t  

T h i r t y  years  of research  t h e r e f o r e ,  has l a r g e l y  inver ted  t h e  r e l a t i o n  
t h a t  is t o  say ,  theory now leads  between t h e o r e t i c a l  t o  experimental  work: 

experiment i n  consol idated development. Even s o ,  t h e  t h e o r e t i c a l  p o s i t i o n  i s  
st i l l  confused: 
as t h e r e  a r e  now almost t o o  many t l ~ e o r e t i c a l  p o s s i b i l i t i e s  ava i lab le  t o  explain 
any given s e t  of  new experimental  data .  
required t o  c l a r i f y  q u i t e  a n m b e r  of t h e o r e t i c a l  ambigui t ies ,  incons is tenc ies ,  
and contradict ions.  
p r a c t i c a l  concern a t  t h e  p r e s c n t  moment i s  t h e  r e l a t i v e  irrportance of t h e  t h r e e  
p r i n c i p a l  - res i s tances"  (1 7) i n  t h e  carbon oxidat ion reac t ion .  The three  
r e s i s t a n c e s  a r e  those of :  boundary l a y e r  d i f f u s i o n  (So) ; adsorpt ion (S ) ; 
and desorpt ion (S2). 
the  r a t e  cont ro l  a t  temperatures  i n  excess of 1.000-K. Hot te l  and Stewart  (8 )  
had i n  f a c t  shown concLusively, 2 5  years  ago, t h a t  t h i s  was d e f i n i t e l y  not  t h e  
case f o r  smil p a r t i - c l c s  of pulvcr iscd-coal  s i z e ,  i n  flames,  but l i t t l e  oi* no 
noti.cc seems t o  havc  L-en talcen o f  rilis paper till. recentl;r. 
(9 ,lo) however has iiolc confirmed tile essent i .a l  cozrectness of Hot-1-ei and 
Stewart  '.s conciusi 01: ~ J U ~  tl1i.s now ;ii-i.ngs i n  question tile has i  s o f  t h c  previous 
be:.ief, an2 a l so  over  what 1-arigc of p a r t i c l e  s i z e s  and tempei-oturtrs t:I:c? 17el~~ Con- 
c lus ion  is  valLd. 

confidence i n  many of t h e  t h e o r e t i c a l  concepts is s t i l l  low 

Further  d e f i n i t i v e  experiments are 

One p a r t i c u l a r  such poin t  of major fundamental and 

Tor  many years ,  only d i f f u s i g n  was ever considere& as  

Lates t  work, 
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I n  support  of t he  o;.iginal content ion of d i f f u s i o n a l  c o n t r o l  a t  high 
temperatures ,  t he  paper most f w q u e n t i y  quoted would seem t o  have been t h a t  of 
Tu 1. S i  nee ,  however, t h e  o r i g i n a l  a n a l y s i s  was incomplete or inadequate, 
f o r  the reasons Liven above, our thought was t h a t  t h e  Tu e t  a l .  d a t a  might no t  
be i n c o n s i s t e n t  with the new concepts,  bu t  simply had never 3een t e s t e d  a g a i n s t  
them. It i s  t r u e  t h a t  t h e i r  data  apparent ly  gave f u l l  support  t o  t h e  concept 
of d i f f u s i o n  con t ro l ,  hut it has been shown elsewhere (2) (following Brunauer's 
( 6 )  suggest ion) ,  t h a t  many combustion d a t a  can reasonably be r e i n t e r p r e t e d  i n  
terms of an a c t i v a t e d  adsorption c o n t r o l ,  i n s t e a d  of t he  general ly  assumed 
d i f fus ion  cont ro l  .- i f  it can Le accepted t h a t  t he  a c t i v a t i o n  energy, though 
low, i s  f i n i t e ,  i n  t h e  region of 2000 t o  4000 c a l . ,  and t h e r e f o r e  a b l e  t o  
generate  a small ,  hut not n e g l i g i b l e ,  r e s i s t a n c e .  Given t h i s  assumption, t h e  
Tu a>-. da t a  can then ,  apparent ly ,  be shown t o  give equal ly  f u l l  support  t o  
t h e  a i t e r n a t i v e  hypothesis of  adsorpt ion c o n t r o l .  This  evident  con t r ad ic t ion  
( i . e .  , equa l  support  t o  both hypotheses,(, means of course,  t h a t  t h e  i n t r e p r e -  
t a t i o n  of t h e  Gata, a s  analysed t o  d a t e ,  is  ambiguous; 
neve r the l e s s ,  t h a t  t h e  ambiguity was i n  t h e  a n a l y s i s ,  not  i n  t h e  data .  There- 
f o r e ,  i Z  t h e  data were of t h e  high q u a l i t y  t h a t  i s  general ly  claimed f o r  them, 
it might be poss ib l e  to remove t h e  ambigui t ies  by us ing  t h e  da t a  t o  tes t  t h e  
f u l l  equations now a v a i l a b l e  i n  t h e  l i t e r a t u r e  (3-S), i n s t e a d  of t h e  p a r t i a l  
equat ions used h i t h e r t o  (1) (see a l s o  (11,12)). which were gene ra l ly  based on 
unve r i f i ed  assumptions of very r a p i d ,  and t h e r e f o r e  neg lec t ab le ,  adsorption. 

b u t  it seemed. t o  us ,  

Thc purpose Gf t h i s  papci-, t h e r e f o r e ,  is  t o  prese?,$ this  r c -ana lys i s  I t  
f . 2 t z  a r c  indeed m2 , xcc l l cn t  .qualsty (th- .Limiz:tins thc need 

It a l so  shows t h s t  Idsor2t ion pr?.;seiits a small, 
:>ut s i p i f l c a n t  r e s i s t a n c e ,  w;i?.c:: i n c r e a s e s  i n  importance 'as: t i i c ' p a r t i c l e  s i z e  
d rops ,  kcominz  duminaat a t  something under. 100 microns. There are, t h e r e f o r e ,  
no. c isscnt ia l  i ncons i s t enc ie s  w i t h  &her  and more r ecen t  d s t a ,  so"the t e s t e d  
equcltions can bc usQd t o  some ex ten t  t o  p r e d i c t  combustion k h a v f o u r  of very 
small p a r t i c l e s .  

t h i  cxperimcnts).  

2 .  THEQRY 

The l i t e r a t u r e  and general  theory of car3on combustion has been reviewed 
SO o f t e n ,  and s o  extensively (2-S), i n  t h e  l a s t  few y e a r s ,  t h a t  we do not 
i n t end ,  i n  t h i s  s e c t i o n ,  t o  do more than s e t  out t h e  e s s e n t i a l  equat ions i n  
t h e  b e s t  form f o r  our immediate purpose of t e s t i n g  them by r e - a n a l y s i s  of t h e  
Tu e t  a l .  (1) experimental da ta .  The most exhaustive of  t h e  reviews i s  t h a t  
by Walker e t  a l .  (4) who paid p a r t i c u l a r  a t t e n t i o n  t o  mechanism d e t a i l s ,  i n t e r -  
n a l  r e a c t i o n ,  C02 and o the r  r e a c t i o n s ,  and in f luence  of r a d i a t i o n .  
purposes here ,  however, t he  nomenclature of t h e  o t h e r  reviews is more convenient, 
and has t m r e f o r e  been followed. 

For our 

2 . 1  
flowing f l u i d  and tht. s o l i d  it surrounds (e.g. ,  (13,14)) i s  t h a t  of a t h r e e  
s t a g e  process .  (2) 
a g a i n s t  t h e  counter d i f f u s i o n  of i n e r t s  and/or r eac t ion  products  - e .g . ,  N2: 
CO , CO. (2) A t  t h e  s o l i d  su r face  t h e  r e a c t i n g  f l u i d  i s  chemisorbed, requir ing 
acg iva t ion  energy of adsorpt ion,  E (3) 
c3n be microsCconds, t h i  f i n d  re&ion  step i s  co mp1eti.d with t h e  desorpt ion 
of t h e  idsorbLC mate r i a l  which csr l r ics  with T t  t h e  underlying stom of the s o l i d ,  
70 fol-ming tiii r c a c t i o n  products:  
t3td p r o l e s s  i s  then completed with coun te r -d i f fus ion i l  c$capk of thest 
?roducty i n t o  the m i n  f l u i d  c t r e m .  Thi.; genLrz3 process  can t h e n  be t r e a t e d  
mthcm?ticcil ly by set t ' l 'hg up t h e  simultaneous equations Both f o r  5 w d s r y  l a g e r  
j nd .po rL .d i f fus ion  and f o r  t h e  appropr i a t e  adsorpt ion isotherms. These are t he  
s u b j e c t s  of thc. next two sec t ion .  

General Model - The c l a s s i c  p i c t u r e  of heterogeneous r e a c t i o n  between a 

The r e a c t i n g  f l u i d  d i f fuseS  through a Loundary l a y e r  

Af t e r  a f i n i t e  res idence time, which 

t h i s  r e q u i r e s  activclt ion energy, E2. The 
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2 . 2  DifFusion - P o t e n t i a l l y ,  t h i s  can opera te  ir. two ways: boundary l a y e r  
(external)  d i r f u s i o n ;  and by pore ( i n t e r n a l )  d i f fusron .  

( i )  Boundary l a y e 2  d i f fus ion:  The e x i s t e n c e  0: t h i s  process  i s  w e l l  
e s t a b l i s h e d ,  an:! t h e  process  w e l l  understood; and, as a i.esu;t of exce l len t  
agreement between p r e d i c t i o n  and experiment (15-17) , conligence i n  tlie' abso lu te  
accuracy of t h e  d i f f u s i o n  c a l c u i a t i o n s  f o r  combustfon r a t e s '  i s  now high. 

To t r e a t  dir ' rusion mathematical ly ,  w e  d e f i n e  a v e i o c l t y  cons tan t  f o r  mass 
t r a n s f e r  ( t r a n s f e r  c o e f € i c i e n t )  , k hy t h e  equation: 0' 

Rs = :co(P0 - PSI 

where p i s  t h e  oxygen p a r t i a l  p r e s s u r e ,  wi th  s u b s c r i p t s  o and s for values ,  
respec t ive ly :  i n  t h e  main s t ream, and ad5acent t o ,  t h e  s o l i d  suz-Pace. The 
v e l o c i t y  cons tan t ,  ko, is  a f u n c t i o n  of p a r t i c l e  s i z e  and general  ambient 
condi t ions ,  inciuding temperature  and v e l o c i t y  i n  par t icu la- .  Standard analysis 
of th is  system, Following Nusse l t  (14) , l e a d s  t o  an equat ion f o r  k t h a t  may 
be w r i t t e n  as the tempcrature  ;'unction: 

n-1 
ko = Ao(T/To) 

where A, is a v e l o c i t y  dependent c o e f f i c i e n t ,  giveil below; and n i s  an index 
genera l ly  l y i n g  between 1 . 5  and 2, depending on t h e  n2tu-e of t h e  d i f f u s i n g  
gases involved. For oxygen i n  n i t rogen ,  which i s  t h e  dominant system i n  a i r -  
com?xstion, experiment gives  t h e  t e s t  va lue  f o r  n as 1 .75  (1G,i9). The 
c o e f f i c i e n t  A is given ' 2 ; ~ :  

0 

A. = (foMc/Mo) (Do/d)Nu = K.Nu (3) 

i 

1 

where 6 is t h e  s . t .p .  d e n s i t y  of  oxygen; 
of c a r d n  and oxygen r e s p e c t i v e l y ;  
oxygen throuzh n i t r o g e n ;  
number for mass t r a n s f e r .  
Prandt l  numbers t h a t  can lie w r i t t e n  

Mc and M, a r e  t h e  molecular weights 
Do is t h e  s . t . p .  dii'i'usion c o e f f i c i e n t  of 

d i s  t h e  p a r t i c l e  diameter ;  and Nu i s  t h e  Nusselt  
In  genera l ,  Nu i s  a funct ion of t h e  Reynolds and 

(W rn 11 Nu 2 +  c . R e  .Pr  

where c i s  a numerical c o n s t a n t ,  L-anging i n  v a l u e  (according t o  both t h e  heat  
and t h e  mass t -ansfer  l i t e r a t u r e  (20,21)) from 0.18 t o  0.7,  obtained by cor re la -  
t i o n  of d a t a .  
give only t n e  one va lue  of 0.6 (22). This  is cLose t o  K h i t r i n ' s  value of 
0.7 (23) ,  quoted by Golovina and Khaustovich (24).  The Pr index, n ,  i s  given f 

by near ly  a l l  a s  1/3, b u t  i n  any case  t h e  P r a n d t l  numher i n  t h i s  i n s t a n c e  i s  
s o  c lose  t o  uni ty  t h a t  i t s  cube r o o t  can be taken  as 1 with less than 1% e r r o r .  
The R e  index,  m ,  is  a l s o  given a ranze of v a l u e s ,  from 0.5 t o  0.8 (see (20,21)) 
i n  the h e a t  t r a n s f e r  l i t e r a t u r e ,  J u t  aga in ,  t h e  pure ly  mass t r a n s f e r  l i t e r a t u r e  
seems t o  agree on 1/2.  This  i s  given by Ranz and M a r s h a 2  (22) and by K h i t r i n ,  
(23) and it i s  a l s o  t h e  va lue  used t o  c o r r e l a t e  com'mstion da ta  by Graham 
-- e t  a l .  (25) and by Day (26). Walker e t  a l .  (4) do fluote iower c o e f f i c i e n t s  
than t h i s  for var ious  combustion systems, ] ~ u t  t h e  systems a r e  not  i s o l a t e d  
spheres .  
t h e  Reynolds number i n t o  a coefFic ien t  and a v e l o c i t y ,  we can r e w r i t e  eqn (4a) 
as : 

/ 
Grober an& Erlc (20) , i n  t h e i r  ,re-iiew of t h e  mass t r a n s f e y  d a t a ,  

, 

/ 
Takin:. t h e  va lue  of 0.6 For c,  1 / 2  f o r  m, mi*] f o r  Pr, and expanding 

(G) ,! 
Nu = 2 t c ' .vo 1 /2  

where c '  talces t h e  value:  2.64 ( a t  c = 0.6) . 
(ii) Pore d i f f u s i o n :  T h i s  p o t e n t i a i l y  can p lay  a p a r t  only i n  t h e  event A of pore or i n t e r n a l  r e a c t i o n .  12 it does s o ,  however, it has been shown 

- 
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11) Laii  muirisoiheI.81: Ti&j -sot;iLmrii dLpeniZs 0.i only t i i o  vc'r0:~t-y co ctants: 
one foi & E i i r i ~ i c e s s ,  IC ; and one f o r  t h e  desorpt ion p rocess ,  it4. 
Both a r e  assumed t o  be i n v a r i a n t  b i t h  r e spec t  both t o  oxygen concentratioA, 
and t o  percentage coverage of t h e  s o l i d  su r face  by t h e  adsor 'xd f i lm.  
s p e c i f i c  r eac t ion  r a t e  i s  R, (g of c a r k o d s q .  cm. see . ) ,  t h e  Langmuir isotherm 
then g ives  u s  (5) 

IF t he  

1 / R s  L1 (lflclps) + (l /k2) (5) 

where p 
v e l o c i t y  cons t an t s  can be w r i t t e n  i n  general  a s  

i s  t h e  oxygen concen t r a t ion  ad jacen t  t o  t h e  s o l i d  carbon surface.  The 

k = A1. exp (-E1/RT) 1 
!c2 = A2. exp (-E2/RT) 

where t h e  E ' s  are  t h e  a c t i v a t i o n  ene rg ie s  a s  a l r eady  def ined;  and A and A 
a r e  t h e  pre-exponential  c o n s t a n t s  or  frequency f a c t o r s .  Like E andlE 

t i o n ;  
can only be determined experimental ly  f o r  t h e  p a r t i c u l a r  systemlunder 

b u t  A1 can, i n  p r i n c i p l e ,  be c a l c u l a t e d  from Kine t i c  Theory, which gives 

A1 = B l / J X  (7a) 

where: P is t h e  abso lu te  t o t a l  p re s su re  (dynes/sq.cm.); M i s  t h e  mean mole- 
c u l a r  weight of t h e  ambient gas; R is t h e  gas cons t an t ;  a n d o i s  a steric,  
o r i e n t a t i o n ,  o r  entropy f a c t o r  f o r  t h e  oxygen as it is adsorbed on t h e  s o l i d  
su r face .  

For reasons t o  he explained below (Analysis,  sec.  3 ) ,  it is convenient t o  
inco rpora t e  t h e  root- temperature  t e r m  i n  an apperent  or e f f e c t i v e  a c t i v a t i o n  
energy E;, whence we may w r i t e  -- 

kl = B1.exp(-E 1 /RT)/,/ "/To ( 3 4  

(Sb) = B; - exp (-E;/RT) 

The ob jec t ive  of t h i s  is t o  reduce t h e  temperature-dependent f a c t o r  A1 t o  a 
temperature-independent f a c t o r  B1, and hence t o  BJ ,  (=Bl/br where b = 3.9), 
where t h e  f a c t o r s  B are a l s o  independent of v e l o c i t y .  

Combined Kine t i c s  - T o  t a k e  a l l  t h e  p o s s i b l e  f a c t o r s  i n t o  account simul- 

tics by el iminat ion of t h e  unknown p a r t i a l  p re s su re  p, by so lv ing  f o r  t h i s  
between eqns (1) and (5) and equat ing.  This  g ives  t h e  quadra t i c :  

.4 
aneously,  it is  c l e a r  t h a t  w e  must s e t  up t h e  equation f o r  t h e  cmbined  kine-  B 

(9) 
Rs 2 - (kop0 + k2 + kok2/k1)R, + (koPJk2 = 0 

This  i s  a l r eady  cumbersome: 
c i t y  cons t an t s  (k) a r e  a l s o  i n s e r t e d ,  t h e  equat ion becomes t o t a l l y  unweildly. 
There a r e  then so many c o e f f i c i e n t s  t h a t  t h e  expression could be f i t t e d  t o  
anything a t  a l l ,  r e l e v a n t  or no t .  
Analysis (sec. 3 ,  below) t o  cons ide r  s p e c i a l  ca ses  t h a t  can be l e g i t i m a t e l y  
e x t r a c t e d ,  and t o  t e s t  t h e  expres s ion ,  u n i t  by un i t .  
two of t h e  s p e c i a l  ca ses  of importance,  i n  t h i s  s e c t i o  n ,  f o r  use i n  t h e  
a n a l y s i s  be l  ow. 

it is c l e a r  t h a t  i f  t h e  expressions f o r  t h e  velo- 

For t h i s  reason,  we have t r i e d ,  i n  our 

For t h i s  reason we der ive 

A 
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(1) 1'3 la?:;<: For  t h i s  spec ia l  ca se ,  w e  d iv ide  t h e  equat ion thLqough b:! 
is  j a r g e ,  t h e  two terms (R2/!c2) and (k@ / k 2 )  both !\7 and, f i n d  t h a t ,  when k 

b'. cC@nlc , van-sli;;lgly smaii. * This  Leavcs only t h e  f ami l f a r  , res i s tancg"  equation: 

1/R, - = (Vkopo) +(l/k1pJ (loa) 

where ' S '  is t h c  appropr ia tc  r e s i s t ance .  

The s i y i r i c a n t  po in t  of t h i s  equat ion is t h a t  t h e  r e a c t i o n  rete i s  f i rs t  
This  i s  orc?er (propoTtiona1 t o  p ) whatever t he  r e l a t i v e  va lues  of k 

important  a s  t h i s  r e s i s t%nce  e y a t i o n  a p p l i e s  only when !c2 - i g  l a r g e ,  i . c . ,  a t  
high temperatu-es. T h i s  was t h e  ce: i t ra l  e r r o r  of t h e  o r i g i n a l  Tu e t  a l .  (1) 
a n a l y s i s  s ince  t h e  au tho r s  s t a r t e d  ;y assumirg t h a t  t h c  r e a c t i o n  w a s  f irst  
o r d e r ,  ovcL- the  whole temperature range ; they  then showed experimental ly  t h a t  
t h t  f i rs t  o-der r e a c t i o n  w a s  t r u e  only above 1100 o r  l200%, w i t h  a zero order  
r eac t ion  :ELOW t h i s  temperature (as l a t e r  confirmed by o t h e r s  (33,34))  ; but  
;'et they  continued t o  anaiyse the  full d a t a  i n  terms o€ the i r  on ly -pa r t i a l ly  
a p p l i c a J l e  cquations. For t hese  reasons ,  t h e  a c t i v a t i o n  energy was mis- ident i -  
f l e d ,  and the  p a r t  played by adsorp t ion  i n  t h e  high temperature  reg ion  was no t  
apprec ia ted  . 

and kl. 

' ( i i )  l a rge :  The o r i g i n a l  Tu e t  a l .  a n a l y s i s  t'nerefore was base6 on 
the  concept& chemical con t ro l  a t  low temperatures ,  and full d i f f u s i o n a l  
c o n t r o l  a t  high temperatures .  This  only fol lows i f  adsorp t ion  i s  s o  f a s t  t h a t  
1 ~ 1  ik v e r y  l a r g e ,  and w e  than  have another  s p e c i a l  case  o? g r e a t  interest .  For 
k7 l a r g e ,  t h f  ';e-m ex k A<:) ii: eqn. (9). vanishes ,  .and t h e  r e s u l t i n g  expression 
then f a c t o r i s e s :  - 0 2  I 

What t h i s  i m p l i e s  i s  t h a t :  
c o n t r o l l i n g  a t  hiLh temperatures;  hu t ,  between the  two, t h x e  is "0 t r a n s i t i o n  
rcgion. Change Zrom one region t o  t h e  o t h e r  is  q u i t e  discont inuous.  There i s ,  
of C O U L - S ~ ,  cont inui ty  i n  the  r eac t ion  rate va lues ;  
d i scon t inu i ty  i n  t h e  s lopes  of tk two cu rves  a t  t h c  Junc t ion  of t h e  two regims, 
Experimentally, t h i s  has  Seen shown e x p l i c i t l y  f o r  t h e  carbon-hydrogen r eac t ion  
( 3 5 ) ,  and i m p l i c i t l y  Lor  t he  carbon-oxygen r eac t ion  under such condi t ions  t h a t  
t h e  r eac t ion  1s. poss i !  l y  t h a t  by CO,, wi th  t h e  carbon, i n  a double f i lm  a t  t h e  
onse t  of d i f fus ion  (24) .  

k2 i s  con t ro l l i i i g  a t  low temperatures;  !copo i s  

Aut t h e r e  is  complete 

- 

( i i i )  kn h r g c :  F o r  t h i s  condi t ion ,  i n s e r t e d  fo- completeness, eqn. (9) 

We can thcn w r i t e  i n  the r e s i s t a n c e  no ta t ion :  
reduces t o  thc  Langmuir i so thr rm o f  eqn. 

ps .  

( 5 ) ,  though wi th  po s u b s t i t u t e d  f o r  

l / R s  = S1 t S 2  (53) 

3 .  ANALYSIS 

I n  t h i s  a n a l y s i s ,  now t o  5e developtd helow, our e s s e n t i a l  oh;ective was 
t o  i x t r a c t  experimental vaLues, from the  Experimental d a t a ,  i n  such a form t h a t  
it would then  JC p o s s i , l e  t o  chec!c one dependent v a r i a b l e  a g a i n s t  one indepen- 
dent  one, accoxi ing  t o  t h e  devslopcd equs t ions ,  a l l  o the r  v a r i a b l e s  remaining 
cons tan t  i n  t& par t i ' cu la r  process  Leing checked. T h i s  seemed t o  us  t o  De t he  
only Val;': way of t e s t i n g  such involved and e l abora t e  equat ions  a s  those given 
ibove,  thou;;;: it i s  concedtd t h a t  t h e  methods of e x t r a c t i n g  t h e  opera t ing  
v a l u e s  may pcrhaps be regarded as somewhat q u e s t i o n a d e  i n  one OT t w o p a r t i c u l a r s  
However, it i s  d i f f i c u l t  t o  s ee  what o ther  approach could have Leen adopted. 

I 
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The ana lys i s  s t a r t s  w i t h  a r e -p resen ta t ion  of t h c  data .  

3 .1 Data P l o t  - Fig.  1 shows t h e  p i o t  of the o r i g i n a l  Tu, Davis,  and Hottel  
da t a  ( l ) ,  bu t  as  an Arrhenius  p l o t  i n s t e a d  of t h e  dou'jle-lo:, p l o t  t h a t  they 
used;  
furnace temperature. 

a l s o  using carbon s u r f a c e  temperatures  a s  being more r e l e v a n t  then 

f i t t e d  t o  t h e  ,data, with an a c t i v a t i o n  energy (E2) taken a s  40,000 c a l .  
value was s e l e c t e d  a s  i t  gave a b e t t e r  f i t  t o  t h e  da t a  than t h e  35,000 ca l .  
y o t e d  by t h e  o r i g i n a l  a u t h o r s ;  
e l e c t r o d e  carhon (see (3 ,4 ,21 ) ) .  

This 

it was a l s o  c l o s e r  t o  o the r  va lues  found f o r  
I 

where I c 2 . i s  identified from thy s t a r t  with t h e  same !c 
t h e  previous equat ions;  
de f ined ,  a l s o  empi r i ca l ly ,  by: 

desorpt ion s t e p  a s  i n  ' , 
b u t  Ic2 is i n s e r t e d  empi r i ca l iy .  This i s  i n i t i a l l y  

I 1 1 A 
k2 = A 2 .exp(-E1/R.T) (13) 

I I 
i where E '  is  an e f f e c t i v e  a c t i v a t i o n  energy t h a t  i s  i d e n t i f i e d  below a s  the  E 

and concentration-dependent c o e f f i c i e n t  o r  frequency 2 f a c t o r .  
1 

of eqn. (Gb), and so  is  w r i t t e n  a s  such h e r e ;  and A '  i s  an empi r i ca l  v e l o c i i y  

Our procedure now is: f i rs t ,  t o  show t h a t  t h i s  formulat ion has  empir ical  ' 
/ value i n  co r re i a t5ng  t h e  d a t a ,  t o  reduce t h e s e  t o  s p e c i f i c a t i o n s  i n  terms of 

empi r i ca l  equat ions,  i nco rpora t ing  empi r i ca l  d e f i n i t i v e ,  c o e f f i c i e n t s ;  and 
secondly,  t o  show t h a t  t h e  empi r i ca l  d e f i n i t i v e  c o e f f i c i e n t s  a l s o  have funda- , 
mental j u s t i f i c a t i o n  and meaning. / 

3 . 3  
i s  i l l u s t r a t e d  i n  Fig.  2. 
da t a  sets: namely, f o r  t h e  t h r e e  oxygen concen t r a t ions ,  21.0076, 9.69%, and I 

2.98%, a t  t h e  s i n g l e  approach v e l o c i t y  of 3 . 5 1  cm./sec. 
were t r e a t e d  s i m i l a r l y  ( p l o t s  no t  reproduced). 
" f i t t i n g "  l i n e s  were drawn, one equivalent  t o  a s lope  of 2,000 c a l . ,  f o r  E , ,  
and t h e  o t h e r  equivalent  t o  a s lope  of 40,000 c a l . ,  f o i  E*. 
two l i n e s ,  f u r t h e r  l i n e s  were drawn which were expected t o  be t h e  l i m i t i n g  
assyrnototes of t he  "Langmuirii curves when these  were c a l c u i a t e d  and drawn i n  011 
t op  of t h e  da ta .  
such f i t t e d  l i n e s ,  t h r e e  f o r  t h e  s lopes  of El, and one f o r  t h e  s lope of E*. 

Data F i t  - To c o r r e l a t e  t h e  da t a  5y means of eqn. (12) , t h e  method used 
Th i s  i l l u s t r a t e s  t h e  method for j u s t  t h r e e  of t h e  

i A l l  t h e  o the r  data 
, On these  data p l o t s ,  two 

,' 
P a r a l l e l  t o  these  

FOE t h e  d a t a  of Fig.  2 ,  t h f s  gave u s ,  as can be seen,  four  A 
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AS  mentioned above, t h e  k l i n e  was r e t a i n e d  a s  common t o  a l l  the d a t a  (common 
~12 and E ) , f o ~  ,111 v e i o c z t i e s  and oxygen concent ra t ions ,  b u t ' t h e r e  were n ine  
difl'c'i-en$ v a h e s  obtained of t h e ,  empir ica l  frequency f a c t o r  A2 , though a t  t h e  
Common value of 2,000 c a l .  foi- El. This  s p l i t s  t he  da t a  i n t o  temperature- 
dependent, and temperature-independent g o u p s  or  c o e f f i c i e n t s  ( i . e . ,  exp(-E/RT) 
2nd A ) .  

Once t h e  k2 and k '  l i n e s  had been drawn i n ,  t h e  'cLangmuir" Curves W e r e  

l i n e  t h a t  .would g ive  t h e  b e s t  looking  Z i t  (by eye) Of t h e  

e a s i l y  ca l cu la t ed  and .&awn i n ,  as shown i n  F ig .  2 .  
c a l  procedure,  syve ra l  t r i e s  were r equ i r ed  f o r  some of  t h e  l i n e s  t o  g e t  a 
plac ing  of t h e  ic 
Langnuir curves  $0 the experim?i?tal da t a ,  I n  t h i s  f i t t i n g  p rocess ,  . a  value Of 
4,000 c a i .  was a l s o  t r i e d  f o r  El, bu t  t h e  f i t  g iven  w ? s  very poor  in .comparison 
t o  t h e  f inal ly , -adoptad value of 2pOo tal, Two o the r  va lues  f o r  E2 were l ikewise  
t r i e d :  35,000 c a l .  a s  proposed by Tu e t  a l . ,  and 58,000 c a l .  a s  proposed 
by [cricke (36). It  was found 'jy t h i s  t h a t ,  wi th in  t h e  l i m i t s  of t h e  experimental 
s c a t t e r . ,  t h e  f i t t e d  cu;'vcs w e r E  somewhat i l s e n s i t i v c  t o  inc rease  of E Pbove 
LIo ,000  ai. ( the  vaiue f i n a l l y  se lec ted)  , but  t h e  f i n a l l y  s e l e c t e d  vaTue seemed 
t o  . I J ~  t h e  b e s t  compromise betwee3 t h e  s l i g h t l y  c o n f i i c t i n g  demands ef a l l  t h e  
da t a  s e t s .  I t  can also be seen ,  however, on both Fig. L and 2 ,  t h a t  t h e  f i n a l  
Langmuir curve has  a long  t r a v e r s c  a t  t h e  lower temperatures ,  p a r t i c u l a r l y  for 
t he  50.0 cm./sec. l i n e  a t  21% oxygen, t h a t  has  very l i t t l e  curva ture  and, 
wit'.:in l i t t l e  e r r o r ,  a s t r a i g h t  l i n e  could 13e drawn i n ,  as  an approximation, 
t h a t  would hsve an e f f e c t i v e  s lope  of close t o  35,800 c a l .  
t o  ,'.e. the o r i g i n  of Tu ST s . f i g u r e  of 35,000, and t h e r f o r e  subs t an t i a t ed  
OUT conclusiofi t!iat our vaiue shouiZ exceed t k e i r s .  

Bcaause t h i s  was an empiri- 
' 

This  would appear 

. .  
. One f J n a i  p o i n t  caii a i s 0  5e i l l u s t r a t e d  on Fig.  2 .  1: WE accept  t h a t  t h e  

value oE El w i l l  r i s e ,  and E, w i l l  drop,  wi th  inc reas ing  su r face  coverage, 
( i - e . ,  decreasing tempeL-aturc), t h e  e f f e c t  is  shown i n  F ig .  2 by the  do t t ed  
cu rved . l i nes .  
Langmuir curve,  t he  two tendencies  could very w e l l  o f f s e t  each o t h e r ,  a s  
descr ihed  above, thus  r e s t o r i n g  what mig!it Be a .Ternkin isotherm t o  a pseudo- 
L a n p u i r  isotherm. 
empir ica l  po in t  of view. 

3 .4  
can Sc desc- ibed,  t o  some degree of accuracy,  by eqn. (12), wi th  the  I< and 
k '  components descr ihed  by eqns. (6b) and (13).  Now, i f  t h e  exper imngs  had 
a h  been ca r r i ed .  out. a t  temperatures  i n  excess  of about, 1100%, and had been, 
continued t o  h igher  temperatures  s t i l l ,  t h e  k2  term would have been r e l a f i v e l y  
unimportant, and t h z  da t a  couid have been descr ibed  empir icy l ly  by t h e  k, t e r m .  
a lone . .  19, t:?e.refo:-e, wc now concent ra te  s o l e l y  upon the  k term, what 5ur  
f i t t i n g  procedure h a  done i s  to ,cor i -ec t  t he  da ta  f o r  t h e  k: component, and 
i t  now ai iows us  t o  t r e a t  t h e  da ta  a s  i P  thc  k2,tei-m were very l a r g e  - i . e . , t h e  
low temperature r i s i s t a n c e ,  S2,  i s  very, small .  But, under t hese  circumstances,  
t h e  o r i g i n a l  eqn. (9) reduces t o  t h e  f a m i l i a r  r e s i s t a n c c  approximation of 
cyn. ( l o ) ,  which can be w r i t t m  ir. t h e  a l t e r n a t i v e  foi-m: 

It is q u i t e  c l e a r  from t h i s  t h a t ,  i n  p l o t t i n g  out  t h e  composite 

This  he lps  t o  2 u s t i f y  our procedurc,  a t  l e a s t  fran the  

Iden t i IFca t ion  -. The procedure ou t l ined  above demonstrates t h a t  the  d a t a  

Rs klpi/ (1 t ic n( ) ( for  k2 i a rgz )  (1LS)  
1 0  , .  

and t h i s  can now >e compared with thc. empir ica l ly  der ived equat ion:  

t h i s  + ing  t!w cont rac t ion  of eqn. (12) when k i s  very l a r g e .  
c i L n t s  a r c  tcmperaturc  independent, hu t  s t i l l  Zonctp t ra t ion  and v e l o c i t y  depen- 
dent . I:, t : iccLLorL,  t i i t  empi-ical c o c f f i c i m t s  A, have any fundamental j u s t i -  

The A; c o e f f i -  

f i c a t i o n , - w c  must h e  a t l G  t o  s e t  up an i d e n t i t y  h e h e e n  eqns. 
Test.i.nz th i s  presumed i d m t i t y  I s  t::e sub jec t  of t h e  :'est Of t h i s  s ec t ion  ( 3 ) .  

(14) and (15). 



6nd so 

A; = k i - P o  

R, -- - !(.p 
' 0  

whencc:, i f . t h c :  i d c n t i t y  holds ,  thC n;.w cmpir ica i  c o c f f i c i m t - A '  should now kd 
indc.pendcnt of tcmpcraturd an3 o x y g ~ n  zoncent ra t ion ,  and dcpa?li.nt only upon 
w l o c i t y .  Tnis  can ki- s u b s t a n t i a t e d ,  i n  thi. E i r s t  i n s t a n c e ,  IZ)J t c s t i n g  thi. 
r z l a t i o n  of cqn. (16) a g a i n s t  th7i cxpzrimcntai  data .  This  can only 52 done 50;- 
t h  two 1owi.r v L l o c i t i e s ,  a t  3.51 and 7.52 cm./scc., but thi: r c s u i t s ,  shown i n  
Fig.  3 support  t h c  i d k n t i t y .  For complLtLnsss, eqn. (16) has bccn assumed t o  
hold f o r  t h e  othc'r thrci .  v c l o c i t i c s ,  evtn though mcasurcmcnts w L r C  made only a t  
one oxygin conc;tntration, and s t r a i g h t  i i n e s  f o r  t h e s c  t h r e c  v e l o c i t i e s  havc 
a t s o  been included. 
A1, which should now be f u n c t i o n s  of v e l o c i t y  a lone ,  w i t i :  t h e  tmpei-aturc- and 
concent ra t ion  dependence e l imina ted .  

3 . 5  V.ilues and P r o p e r t i e s  of Empirical  C o z f f i c i a t  11.: - Th;? v a r i a t i o n  of A, 
with  v e l o c i t y  is shown g r a p h i c a i l y  i n  Fig.  4. a l s o  shown, f o r  reasons that '  
w i l l  be devdoped,  i s  i t s  v a r i a t i o n  with v lT2. 
Yoot of th;: v e l o c i t y  Follows from tl:c i d e n t i t y  biitwccn A i  an& kl, which now 
r(s ducc s t o  

Thi; s l o p e s  or' thi-sk l i x s  givd t h e  m p i r i c a l  c o f f f i c i c n t s  

I 

--- 
T h i s  v a r i a t l n n  wi th  t h e  square 

R, = A;.p,.cx'p(-E;/RT) - = B;.po.exp(-E;/I!T) / (I + kl/ko) (17a) 

o r  A; = B; / (1 + kl/ko) (17b) 

This  formally incorpora tes  t k  i d e n t i f i c a t i o n  O F  E: i n  eqns. (Cb) and (13) a s  
being t h e  Sam? i n  both cases .  I t  w i l l  be seen innn&diett;ly from t h i s  t h s t ,  i f  
t h e  adsorpt ion r a t e  is  i . r d m d  very fas t  compareti wFth t h e  t r a n s p o r t  r s t r ,  ko, 
then  t h e  r a t i c  lcl/ko wouid 21, lazge compared wi-th u n i t y ,  s o  we wo g r t  A 
propor t iona l  t o  k - hence - from e ~ s .  (2), (3:).,  and (4) - t o  v:". The 
s i g n i f i c a n t  curva?;rc: on t h e  square-root  p l o t  oE Fig.  4, s u b s t a n t i a t e d  by l a t c r  
p l o t s ,  shows t h a t  I<,. i s  n o t  * w r y  l a r g e  compared with ko. However, before  these  
a d d i t i o n a l  p l o t s  can be i.xamined, one f u r t h e r  p ,> in t  concerning t h e  temperature 
dependence of t h e  i d e n t i t y  must ke i n v e s t i g a t e d .  

- 

1 

3 . 6  
d e r i v a t i o n ,  the  c o e f f i c i e n t s  A; and P.' a m  n e c e w a r i l y  def ined a s  3e ing  tempera- 

, I 

eqn. (i7b) t h a t  t h e  r i g h t  hand s i d c , o f  t h e  i d e n c i t y  still conta ins  temperature- 
dependcnt terms. The c o e f f i c i e n t  B i s  def ined a s  seir ,g tempel-aturc indepen- < 
dent ;  t h e  dependency is  i rro?poFat&d s o l e l y  i n  t h e  two v e l o c i t y  cons tan ts ,  
ko and k . r 

e s t a b l i s h ,  f o r  t h 2  i d e n t i t y  n o t  t o  f a i i ,  is  t h a t  t h i s  r a t i o  Gas n e g l i g i b l e  
temperature  dependence. From eqns.  (2) and (8.3) we can write: 

Temperature Dependenct 01 Empirical  C o e f f i c i e n t  A - By t h e  method of l 
t u r e  independent. I t  i s  apparcnt ,  hohevc-r, from t h e  pi-oposed i d e n t i t y  of I 

Since t h e  t w o  c o n s t n a t s  appear i n  t h e i r  r a t i o ,  k7/!co, wh.. t  we must 

i 
I 

1: 0 ~c~ = (A~/B;) . f  (loa) 1 

where f = (T/T,) O -  75/i,xp. (-E;/RT) (135) i 

1 

t h e  q u a n t i t y ,  f ,  ? x i n g  t h e  temperature f u n c t i o n  L-atio. Taking E a s  2,000 c a l .  
t h i s  temperature f u n c t i o n  r a t i o  has  been c a l c u l a t e d  out  f o r  t h e  &=mperature 
range 900 t o  1703%, and thi- r e s u l t  of t h e  c a l c u l a t i o n  i s  shown graphical l j j  i n  
Fig.  5 .  I t  is  clcaT from t h i s  t h a t  t h e  r a t i o  i s  very cons tan t  indced. For 
t h e  range from 1000°K, t h e  va lue  of thz  r a t i o  can :e ta!:en as  7 . 1  - 0.1. 
r e p r e s e n t s  l e s s  than 1.5% v a r i a t i o i i  whicn, compared wi th  t h e  s c a t t e r  of the 
o r i g i n a l  expe?imental p o i n t s ,  i s  q u i t e  acceptable .  
c o e f f i c i e n t  A i  has  now Seen reduced t o  a func t ion  of v z l o c i t y  a lone.  

1 
,/ 

This.'' 

This  confirms t k a t  t h e  



The only varin:.)le terms ilow .i.s?t i n  t h i s  are; 
\ . ? loc i ty ,  \r ; and t h e  dependent . Inr ia>ie ,  A, , obtained I:y. reduct ion  from t h e  
experimcnta? da ta .  Eqn. (19) is n o t  a func t ion  t h a t  can be t e s t e d  d i r e c t l y  
a s  i t  s tands  ::ut, E a  f 9 r s t  approximation, we may assumc t h a t  2 i s  small 
compared. wi th  c ’ , +  vo 
which l i k e  the  squarc-root  p l o t  of Fi.z. 4 ,  a l s o  shows de tec t ab le  cui”+oture. 
p a i n t  of Fac t ,  apparent ly  good-f i t  s t r a i g h t  l i n e s  coul2 nave been run  through 
both p l o t s  b u t ,  when t h i s  was t r i e d ,  t h e r e  was then an incons is tency  amounting 
t o  an order  of  mapnjtude i n  t h e  va lues  of t h e  o rd ina te  i n t e r c e p t s  of t he  two 
p i o t s .  By success ive  approxirnntion &tween t h e  two p i o t s  t o  remove t h e  
incons is tency ,  ai1 ord ina te  i n t e r c e p t  in Fig.  5 of va lue  LO3 was f i n a l l y  adopted 
fo?? tht: quanfit:! i / B ’ .  
arrsngemen: of eqn. +19b) : 

t h e  independent va r i ab le  of 

. Thc- appropr ia te  p l o t  t o  t e s t  t h i s  i s  given i n  Fig. 6 ,  
In 

This  XJalue was then used t o  t e s t  t h e  fo l lowing  f i n a l  

This  ?ire]. equat ion was t e s t e d  t h e  p i o t  of Fig.  7 .  Th i s  shows t h a t  the 
func t ion  is s a t i s f a c t o r l l y  obeyed WFth an i n t e r c e p t  cf va iuc  0.6 x 
Being t h e  va lue  of t h e  quan t i ty  ( Z f K ) .  

t h i s  

This i’unytionai ap;;reernent thus s u b s t a n t i a p d  t h e  iden’iity of t he  empir ica l  
c o e f f i c l c n t  A ?  wi th  t h e  t h e o r c t l c a f  quan t i ty  B /(1 i. kiA!iJ, as i n  eqn. ( l7h) .  

3 . 8  
equat ions  have t h e  c o r r e c t  func t iona l  form, whfch i-hercfore provides  q u a l t a t i v e  
suL2stantiation of  t he  p i c t u r e  deveiopcd. However, tile g raph ica l  p l o t s  do more 
than t h i s :  they a l s o  provide exTcrimcntal va lues ,  by way of s lopes  and i n t e r -  
c e p t s ,  or̂  t!ie var ious  c o e f f i c i e n t s  involved,  and these  experimentai  va lues  can 
now !x compared wi th  the  values predic ted  from theory .  I n  gene ra l ,  these will 
he  seen t o  shqw agreement Letween p red ic t ion  and experiment t h a t  v a r i e s  from 
adequate t o  e x c c l l e n t .  

1 
Coef f i c i en t  Values - What we have now es t ab l i shed  i s  t h a t  t h e  proposed 

3 . 8 .  i DiEfusion and Veloc i9-  C o e f f i c i e n t s  - ( i )  Zero v e l o c i t y :  A t  zero 
v t i o c i t y ,  w e  g e t  t h c  l i m i t i n g  va lue  of 2 f o r  t h e  Nussc l t  n h e r .  Phys ica l ly ,  
t h i s  r e p x s c n t s  the  s i t u a t i o n  where the  p a r t i c l e  i s  surroundec! by a tota1i.y 
Ciuicsccnt d i ? k s i o n  f i i m  e x e r t i n g  i t s  maximum inf luencc  . T o  compai-e theory 
and experiment, t he  cxperimentai  c o e f f i c i e n t  r e l a t i n g  t o  zero ve loc i ty  i s  the  
o rd ina te  i n t e r c c p t  on F ig .  7. Frorn t h i s  p l o t ,  t h i s  i n t e r c e p t  has  the  value: 
0.5 x . I C 3 .  By eqn. (19c), t h i s  valuc;: i s  prcldicted by t::? quan t i ty  (2fK) ; 
; . E . ,  2f(p M /M (D /d) . Taking t h e  Following va lues  ?CY these quan t i t i e s :  
i, as 1.43°xcLOv~ &.c. ; M and M as  1 2  and 32 r e spec t ivc iy ;  D a s  0.181 
sq. cn./sSc.; anc! d a s  2.WCcm.; WE lime K = 3.83 x l C e 5 .  S inceof ,  from 
Fig.  5 ,  has  t h e  va iuc  7 . 1 ,  w e  ais0 have 

0 0 

5 pred ic t ed  vaiue: 2 f K  = 1.4.2 x 3.33 x 10- 

= 0.545 10-3 

e x p c r i m z t a l  valuc: = 0.60 x 

comparcd with 

\ 

L 
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This  agreement is c l e a r l y  acceptable.  It is, however, no more than w e  

now expect from d i f fus ion  ca l cu la t ions  i n  view of  t h e  exce l l en t  agreement 
a l ready obtained elsewhere (15-17) us ing  such ca lcu la t ions .  Confidence i n  the  
accuracy of d i f fus ion  ca l cu la t ions  is now very high. 

( i i )  F i n i t e  ve loc i ty :  I n  t h e  following system, the  agreement on coeffic- 
i e n t s  is  a s  good, though t h e  o rde r  of agreement depends on whose equation i s  
chosen from t h e  l i t e r a t u r e  f o r  compartson of t h e  coe f f i c i en t s ;  t h e r e  a r e  a l s o  
two po in t s  t h a t  can be quer ied  about t h e  method of t h e  t h e o r e t i c a l  ca lcu la t ion .  
To compare theory and experiment,  we have i n  t h i s  ins tance  t h e  comparison o f  
t h e  values  f o r  the s lope of Fig.  7. The experimental  value,  from the  p l o t ,  is  
0.725 x lo3. The predic ted  va lue  i s  given, again from eqn. ( 1 9 ~ 1 ,  by its second 
term, as: fKc'. The value of fK i s  given above a s  0.2125 x 10' ; and f o r  c '  
i s  given (from Ranz and Marshal l ' s  da ta  (22)) under eqn. (4b) a s  2.64.. Hence 
we have: 

pred ic ted  value: f K c '  = 0.2125 x x 2.64 

' = 0.7175 x 

experimental value: = 0.725 x 

compared with 

This  agreement i s  a l s o  exce l l en t .  The only reserva t ions  on t h e  predicted 
value a r c  concerned with:  t h e  use of t he  s . t .p .  gas v i s c o s i t y  i n  evaluat ion 
of t h e  c '  coe f f i c i en t  ( in  eqn. 4b). Sincc t h e  gas v i s c o s i t y  increases  roughly 
i n  proport ion t o  t h e  square root of t h e  temperature then ,  t ak ing  a mean tempera- 

- tu re  of 1500°K, the  co r rec t ion  f a c t o r  t o  bc appl ied  i s  d iv i s ion  by t h e  fou r th  
root  of 1500/273. However, we should a l so  c o r r e c t  
f o r  t h e  increased ve loc i ty  p a s t  t h e  sphere a t  i t s  perpendicular  diameter t o  the  
gas flow due t o  t he  c o n s t r i c t i o n  of t he  tube. This  gives  us  a mult iplying 
cor rec t ion  f ac to r ,  f o r  both co r rec t ions  combined, of about 0.75. 
w e  then  u s e  Khi t r ins  c o e f f i c i e n t  of 0.7 (23), i n s t cad  of Ranz and Marshal l ' s  
of 0.6 (22), t h e  co r rec t ion  f a c t o r  i s  about 0.9. This  would s t i l l  put  t h e  
agreement between t h e  p red ic t ed  and experimental  va lues  wi th in  an acceptable  
lo%, but  q u i t e  c l e a r l y ,  t h e  p o s s i b i l i t i e s  of  s e l e c t i n g  values  t h a t  w i l l  f i t  
becomes so wide t h a t  b e t t e r  agreement f i n a l l y  becomes meaningless. 

T h i s  gives  us about 1.5. 

I f ,  however, 

3.8.2 High Temperature Rate Cocff ic ien ts  (i) Energy of Act ivat ion,  El: The 
choice of apparent energy of a c t i v a t i o n ,  El, has  been f u l l y  discussed above. 
This  i s  not  a quant i ty  t h a t  can e a s i l y  be pred ic ted  from f i rs t  pr inc ip les .  
few have been (e.g.: adsorpt ion of H2 on carbon (37)), but  no simple general  
method ye t  ex i s t s .  

A 

The apparent value i s  r e l a t e d  t o  t he  t r u e  value by eqn. (8). The e f f e c t  
of d iv id ing  t h e  Arrhenius exponent ia l  by\/-T7Ta i s  t o  reduce t w r u e  value by 
about 1400 c a l .  By ca l cu la t ing  t h e  quant i ty  exp(-E;/RT) x ,JT/To, and making 
an Arrhenius p l o t ,  a va lue  o f  3,400 cal .  was obtained f o r  t h e  t r u e  ac t iva t ion  
energy E . 
Eyring (30) , and by Barrcr  (32) f o r  low area  of coverage; it is  a l so  i n  l i n e  
with the  es t imates  mode elsewhere (2). 
ex t rac ted  from the  l o w  temperature and pressure s tud ie s  of Laine, Vastola ,  and 
Walker (38) .  They quote a c t i v a t i o n  energies  o f  44,000 cal. f o r  carbon gasi-  
f i c a t i o n  with oxygen, and 36,000 ca l .  f o r  t h e  simultaneous oxygm deplet ion.  
A s  with Gulbransen and Andrew (39) (whose respectove figures were: 40,000 and 
35,000 cal.), these r ep resen t  respec t ive ly  t h e  values  f o r  t h e  desorpt ion 
Process  a lone ,  and f o r  t h e  t o t a l  reac t ion .  
of (E2 - El), then we have a subt rac t ion ,  values  f o r  El of 8,000 and 5,000 ca l .  

Tnis i s  c l e a r l y  i n  l i n e  with t h e  values  given by Blyholder and 

Another i n t e r e s t i n g  f igu re  can be 

I f  t he  l a t t e r  f i g u r e  i s  t h e  value 

A 
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f r o i n  Lninc e t  a l .  and Gulbransen and Andrew respec t ive ly .  Both f i g u r e s  a r e  i n  

p, l i nc  with Bni-rci-.'s va lues  (32) a t  low t o  medium coverage, and t h e  h igher  i s  
' close t o  Biniwrjee and S a r j a n t s  value (40) of 8 , 3 0 0  c a l .  
b 

, independent form of thc! c o e f f i c i e n t ,  giyen t h e o r e t i c h l y  by eqn. ( 7 ) .  
: r e l a t f d  t o  t h e  zxperime?tal q u a n t i t y ,  B1, through eqns. (7) and (8). The 

' 

( i i )  Frequency f a c t o r :  This  is t h e  q u a n t i t y  A , o r  B as  t h e  temperature- z 1 

?' expcrimental  value of B1 i s  0.01, obtained a s  descr ibed i n  sec.  3 . 7  by _-  
It i s  

- 
I hicceusive npproximi*ion. By eqn. (3) we g e t ,  f o r  B1, a value of 0.039. This ,  

however, i s  s u b s t a n t i a l l y  lower than t h e  pred ic ted  va lue  of B1 when t h e  o r i e n t a -  
t i o n  c o e f f i c i e n t  i s  uni ty .  Taking P a s  1.013 x 10 dynes/sq. cm.;  M a s  30; 
and R as  13.37 crgs/degree mole; 
Since t h i s  i s  s u b s t a n t i a l l y  above t h e  experimental  va lue  of B , we may reasonably 
inEer ,  fol lowing Laine c t  a l .  ( 3 8 ) ,  t h a t  t h e  d i f f e r e n c e  is  du& t o  t h e  o r i e n t a -  
t i o n  o r  s t e r i c  This  csn b e  c a l c u l a t e d  from t h e  i d e n t i t y :  

6 
we g e t  a c a l c u l a t e d  va lue  of  5.89 f o r  B1. 

r 

9 = Bl(exptl.)/B1 (predtd.) 

'L 

I 

= 0.039/5.88 

= 1/150 

This  i s  w i t i n  a f a c t o r  of 2 or 3 of t h e  v a l u e s  f o r i ,  given by Laine e t  al .  (38) ,  
which rangEd from V 5 6  t o  1/83. If t h e  adduced explanat ion f o r  t h e  discrepancy 
between t n e  two B1 TJalues i s  c o r r e c t ,  t5e va lues  oE 
mawitude a g r e m e n t .  

a r e  a t  l e a s t  i n  order of 

3 . 8 . 3  Low Temperature Rate Coeff ic ien ts  - L i t t l e  need be s a i d  about t h e  low 
temperature c o s f f i c i e n t s .  The i d e n t i f i c a t i o n  a n d i n t e r p r e t a t i o n  of these  has  
never b e e n - i n  d ispute .  and E2 adoptzd, as descr ibed  above, 
of respectLvely: 
othcr  va lues  g'ven i n  origLna1. papers and reviews, t o  which r c f e r e n c e  may 3e 
-i.de f 0:- CGX?l?ai-isOn. 

The va lues  of k 
1.05 x lo4 g/.sq.cm. s&. , and 40,000 col.., a r e  i n  l i n e  with 

::. DISCUSSION 

4.1 Gensi:a& - Ilnnt t h e s c  r s s u i t s  c i c i r i y  e s t a b l i s h ,  t o  OUT m i d ,  3re:  f i r s t ,  
t:ii. m e n e r n  - v a l i d i t y  of t h e  spproacn; szcond, s u b s t a n t i a t i o n  of t h e  high 
r e i i a n c e  t h a t  m2.y he p iac ic !  oi-i t i l &  dir-i 'usion c a i c u l a t i o n s  ; and, t ' - , i r d ,  the 
dcgrec of confidcnce t o  w-:ich t h e  quoted equat ions m y  Ije used f o r  c a i c u l a t i n g  
m ? s s  t r a n s ? e r  i n  a flow-ing system. Given t h e s s ,  t h e  most important f i n d  
c-onclusior, t hz t  may 1x2 drawn i s  th; r e l a t i v e  importancc of t h e  high-temperature 
r e s i s t a n c e ,  SI, i n  comparison with t h e  d i f f u s i o n a l  r e s i s t a n c e , S  . This  f i n a l  
p c i n t  i.s now amplif icd i n  t h e  . sec t ions  following. 0 

) :I.? - Rcs'-sts;:ce _- R-:tios -_ - (i) / S  : To show t h e  r c l 3 t i v e  importance of Si 
) t o  S o ,  w:l!-5i r'c2rnc.r has hiterto'?& genera l ly  neglected as too  small ,  Fig.  8 

J 
simws a >Lot oZ t h e i r  r 3 t i o  as  a funct, ion of velocity:  The s i n g l e  l i n e  given 
i s  v a l i d  D'IC t!ic: tempcratui-e i'ai-.ge 1100 t o  1700 K ,  t o  wi th in  about I.%; i t '  

,: i s  a l s o  indcpendent of oxygen zoncentrati.on. T h i s  shows t h a t  ~ over t h e  velocS.ty 
r m g e  OF tiic rxpc:imuits, thd x s i s t n n c e  m t i o  rises f rom O.IG t o  0.57. A s  

\ T?xxxta,ks of t;;e t o t a l  r c i c t l o c  resistance., these  fiLwres show t h a t  S1 r i s e s  

dinXwn frcm e;:;:. (11) t h a t  cont inui ty  i n  t h e  s lopes  of t h e  cui-ves can only mean 

0 

, :-.om 15% t g  36%, w 5 c h  c l e a r l y  i s  not  n e g i i g i b l e .  This  conzirms t h e  conclusion 
\ 

~ t l ia t  si is s i p i f i c a n t .  
\ 

A t  zero veIoc?' . ty,  t h c  r a t i o  does  becoh.  'y small ,  dropping t o  about 20:l. 
This howeve-, i s  t r u e  only f o r  these  very 1 5  . spheres .  Since S o  i s  propor- 
t i m a l .  t o  the  sphere diameter ,  d ,  by eqns. ( , (2), and ( 3 ) ,  we then  have 
t : i a t . t h c  r e s i s t a n c e  r s t i c  is inversely propopt ional  t o  t h e  diameter ,  d. Thus, 
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even ir. a quiesref i t  system, ;.eCuc.;-ion G? ,cJ L‘rom o ~ e  ?.icI: .LG ? .  5 mni would r a i s e  
the  resis ta i lce ,  r a t i o  up to 2 .CO 1: 
va7.ue. 

r e s i s t ance ,  S o ,  hecomes , : u t a l l y  urimpoi-tant , :a agreement w i t 3  previous pre i ic -  

i . e .  , t h e  two wculci ?:e comparable i?; 
i)t ?50 mici-oiis, ‘ h e  , r a t i o  eoes t o  23 t o  I i n  Pavou; of t h e  cncinj.cal 

r e s i s t ance  ; and a t  25 micsoks, 01‘ puiver i sed  coa l  pariic2.e s ~ . z e ,  ‘;lie. difzusiona I : 

t i o n s  and caicuLat ions (UX,L?2) . ( a l so  I .  . , see . .  lrelow). . .  . 
. ,  

I f ,  on t:?e other  hsna, ttie liigh.temp,erature frequeacy facto:, A~ ever  
a t t a i n e d  its, fu3.l t heo re t i caL  ./ah,, t h e  S1 r e s i s t ance  wouid not  L.ecome 
important tiil -the p a r t i c l e  size chopped below 130 microns. Above t!.:i.s, it . 
would not matter. This  may we3.1; hqve heen t h e  case f o r  t h e  carboils formed -- i n  s i t u  f ro?  burning coa l  p a r t i c i e s  s ince  no evidence 02 a.ciiet$ieal res in tance  
was ever  found (15-17) f o r  p a r t i c l e s  ranging i n  size as iow as”300 microns. 
This suggysts t h a t  A1 mny depend as much on t h e  inhe ren t  Feac t iv i ty  of t h e  
mater ia l  as i t  does on any accomodation or o r i e n t a t i o n  f a c t o r .  

( i i )  S1/S2: This  a l t e r n a t i v e  p l o t  i s - shorm-in  Fig. 9. I n  t h i s  ins tance  
t h e  two r e s i s t a n c e s  a r e  indepencent of v e l o c i t y ,  5,ut a r e  vei-y s t rongly  influence: 
by temperature and oxygen concentyotion. 
equal ,  over t h e  range 5 t o  21% oxygea, a t  a temperature of around 1303 L- 100°I<; 
and t h e r e  is s u b s t a n t i a l l y  change-from S 2  eon t ro l  t o  S ;  cont-ol ( i f  So is 
absent) in .  t h e  temperature range 1 2 O O O K  A:’ 200°. For  t h e  i” spheres ,  
inspec t inn  of Fiz. 2 i n d i c a t e s  a t r a n s i t i o n  temperature  of a j o u t  1000°K 20C0 
(c f .  da ta  i n  Review ( 3 ) ) ,  t h u s  implying a sur fase  oxygen concent ra t ion  (p,) of 
1% o r  l e s s .  
( i . e . ,  of p ) , r a the r  t han  main stream va lues ,  t h e  p r o p e s s i v e  reduct ion  of the- .  
d i f fus ion  l z y e r ,  due t o  a r i s i n g  v e l o c i t y ,  o r  f i l l l i n g  p a r t i c l e  s i z e ,  i s  seen 
t o  increase  t h e  sur face  oxygeil concentraf iqn,  and t o  raise t h e  t r a n s i t i o n  
temperature.  

Even so ,  t!12 two r e s i s t a n c e s  are 

Since theioxygen-concentrations can be read as su r face  va lues  

4.3 
r e s i s t a n c e ,  S , hecomes negli’ule a s  t he  partic112 s i z e  drops below 100 microns. 
Smal: pqrticl&! ;;chavior, a s  i n  pulver i sed  c o a l  Flames (9), 02 soo t  p a r t i c l e s  
i n  cracked hydrocarbon flames ( l o ) ,  can t h e r e f o k  be evaluated from eqn. 
and Fig. 9. According t o  t h e s e ,  we should f i n d  t h a t ,  cven i n  t h c  most favorable  
condi t ions  f o r  the  r e s i s t a n c e  S2, t h e  S1 r e s i s t m c e  should predo?+nate above 
140OoK. 
40,?00 cal., aan be adduced over t h e  range-1300 t o  1700 I(. Th i s ,  of course,  
i s  q u i t e  f e a s i b l e  i f  t h e  S 
indeed drop by a f a c t o r  of1102, as discussed a b w e .  
t h e  S2 r e s i s t ance  would n o t  drop below 1WA o f  t i a  t o t a l  r e s i s t ance  till the  
temperature  exceeded 1900%. 

Small P a r t i c l e  B e h a v i o r  and Other Data’- I\S mentioned ? b o y ,  t h c  d i f fus ion  

(10) 

Data (9,10) ,  however, show t h a t  high a c t i v a t i o a  ene rg ie s ,  of about 

va lue  f o r  p a r t i c l e s  formed from coa l  i n  s i tu  co?. 
A t  5% oxygen concent ra t ion ,  

Such behavior would s s t i s f a c t o r i l y  account f o r  t h e  rcsylts o t a i n e d ,  
except  t h a t  both r e a c t i o n s  ore  claimed t o  bP-’ f i r s t  order. A poss ib le  reason 
f o r  t h i s  f u r t h e r  discrepancy may he that t h e r e  i s - e v e n  a Pourth r e s i s t a n c e  on  
mechanism coming i n t o  p l ay  a t  t h e  h igher  temperatures .  Srlilith and Gudmundsen 
(43) measpred burning ra tes  of small  spheres ,  2 o r  3 mm I n  Ciameter, a t  tempera- 
t u r e s  rqnging from 1450 t o  &75O0K. A t  t h e  lower t e m p c r a t u x s  i n  t h i s  rang?, 
t h e  r eac t ion  r a t e s  ob ta ined  s u b s t a n t i a l l y  agree w i t h  p rcd ic t lon  from t h e  
equat ions  developed i n  t h i s  paper ,  us ing  t h e  same experirneatal  cocfc ic ien ts .  
The i n i t i a l  s l o p e s  of t h e  curves with r e spec t  t o  tempe;‘ature a r e  a l s o  s i m i l a r ;  
bu t  above 1650°K, where Tu e t  a l .  had very f e w  d a t a ,  th2  s lopes  o f  t hc  S m i t t  
and Gudmundsen curves i n c r e a s e  verv raDidlv indeed with t h e  a c t i v a t i o n  ene?m -- 
evident ly  1;igh. Golovinn and Khaustovich i24) have shown t h e  same e f f e c t ,  / ’  

ais0 using spheres  of very slmila- diameter t o  those  used ::ly T u  ( of 1.5 m.) 
and; in  a 60 cm./sec. a i r  f l o w .  
f a s t  UP t o  LOO0 or l l O O o K ,  then  l e v e l l i n g  o f ?  a t  about 30 x 10-5 g./sq.orn.sec. 

’’ 

I n  agreement w i t h  TU, t h e  r eac t ion  r a t e s  rose 1 
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[L".-. F.L:.. '1 . T:ien, i n  a5;rcsnicn-i- : S m i t h  and Gudmundsen, they ~ O S E  fWt 
a,;,a.:i ovc: E::? tempex-ature razgc! LWO -20 i jso°K, r i s i n g  t o  about  . 
7 0  x 1.0-5 z./sq.cm.szc.; bu t  then  they l e v e l l e d  o f f  a e a i n ,  w i t h  ca lcu la ted  
r a t e s  i n  agreeneat wi . t j i  a double f i l m  d i f f u s i o n  systcrn , t h i s  be ing  maintained 
L:p t o  t h e  c : ~ p e r i m e n t a l l t e m p c r a t u ~ ~  l i m i t  of 300OoK.. 

This  phenomenon shown by Smith and Gudmundsen (43) and by Golovina and 
Kiinustovich (24) i n  t h e  temperature range 1500 t o  i700OX may, t h e r e f o r e  
account f o r  t h e  Lee e t  al. (10) anomalies,  but clearly tiiis is  a . r e g i o n  now 
x q u i r i n g  exarnination , Snth thcof le t ica i ly  and exper3nental ly  i n  much g r e a t e r  
d c t n i l .  - 

t 5. CONCLUSIONS 

From this a n a l y s i s ,  of t:ie Tu, Davis, and Hot te l  dz ta  (1) , on t h e  burning ' ?;ltzs of l" carbon sphei-cs, p resented  i n  t h i s  papcr ,  we conclude t h a t :  
I 

The t h r e e - r c s i s t a n c c  c o n c q t  of: boundary-iayer d i f fus ion  ( S o )  , a c t i v a t e d  
adsorp t ion  (S ) , and desorptioii  (S ) ,  which a r e  deemed t o  take  p l a c e  
phys ica l ly  i n  s e r i e s ,  i s  c t s s e n t i a d y  c o r r e c t .  

A t  low temperatures  (below 1000%) t h e  desorpt ion r e s i s t a n c e  ( S ? )  predomin- 
a t e s ,  and t h e  reac-;ion oz le r  i s  ~ ~ 1 - 0 .  

t h e  d i f f u s i o n  and adsorp t ion  r e s i s t a n c e s  (S and S,) a r e  both,  simultaneousl: 
important ,  and t h e  react ior ,  is Pips;  order.' For t h e  1' 
v e l o c i t i e s ,  S1 i s  t!ie l o w e r  GI t h e  two r e s i s t a n c e s ,  :wing i/6 oE S o  a t  
3.5 cm./sec. Zas velocity, 

A t  h igner  v e l o c i t i e s ,  o r  smaiieL- p a r t i c l e  s i z e s ,  the d i f f u s i o n  r e s i s t a n c e ,  
S o ,  bccomes progress ivc iy  l e s s  important.  I n  genera l ,  it should be poss ib lc  
t o  n e g l e c t  i t  w i t i i  i i t t l c  e m o r ,  a t  p a r t i c l e  s i z e s  less  than  100 microns 
(pulver5sed coa l  s i z e ) ,  even i n  quiescent  ambieilt gas condi t ions .  

The reciprocal  of t h e  t h r e e  r e s i s t a n c e s  arc- r e l a t c d  t o  t h e  v e l o c i t y  constnntz 
of t h e  t h r e e  prLcosses,  givcil genera l ly  by: 

1 

A t  high tempe-a'cures, (a6ove 1000°K), 

sphere a t  low 

,ut- r i s i n g  t o  1 / 2  of S o  a t  50 cm./sec. 

, \\ 

-, 
-i 

l/S2 = 1: = A2.exp(-E3/RT) 2 
t h e  c o e f f i c i c n t s  A,,  A , And B '  being given by eqns. (3) and (7) .  
v e l o c i t y  &pendent,  anh temperhtyrc independcnt; A i s  temperature &pendent, 

\ 
J and v e l o c i t y  indcpendcnt;  and B, and i'i a r c  both t&mpei.ature and v e l o c i t y  

< 
\ .  s t:--~Ln by t:ie qoodrnt ic  of cqil. (9) However, the data may be npproximatr.r 
\ '  

A is 

I independent. 2 

5. Thi r e l a t i o n  uetwccn s p e c i f l c  r e a c t i o n  ra tc  (R ) and t h e  velocit ;r  cons tan ts  
9 

bj. t:x modified Langmuir isotherm. 

> 1/zs (ifi..' .pol + ( 1 ~ ~ )  
i 

where k i  -- A:. c.xp (E'/RT) 

d e r i n i t i a n ,  i s  in2cpendcnt of both temperature and oxygen concent ra t ion ,  
Gut ;s v e l o c i t y  dependent. 

1 
\ 

A; and. E; a r e  empir ical  quantities determined by experiment. A;, UY 

. .  



1 2 8  . 
6 .  The empir ical  a c t i v a t i o n  enci-Zy, E: ,  is i d e n t i f i e d  wlth t h e  e f f c r t i v f  

a c t i v a t i o n  energy, obtained i'rom f r r s t  p r i n c i p l e s ,  a f t e ?  combining thz  
T1/2 t e r m  of A (E being t h e  t r u c  a c t i v a t i o n  energy).  
The va lue  of  t h e  e f f e c t i v e  energy,  E .is found by bes t  flt t o  experimtnt 
t o  have a value of 2000 cal./mole. 
va lue ,  E , is 3400 cal. /molc,  i n  adequate agreement w i t h  othtr values  f o r  
t h i s  q u a k i t y  i n  the l i t e r a t u r e .  

The empir ical  frequency f a c t o r ,  A:, is  i d e n t i f i e d  with t i i t :  t h e o r e t i c a l  
group obtained from f i r s t  p r l n c i p i e s :  

wi th  t h e  El term i n  7 1 
$y c a i e u l a t i c n  from t h i s ,  thL true 

7 .  

A: = B;/ (1 f kl/ko) 

Fyom t h i s ,  t he  fo l lowing  r e l a t i o n  with ve loc i ty  is o'itained: 

Comparison with experiment confirmed t h e  func t iona l  Corm of t h i s  equat ion;  

c o e f f i c i e n t s  involved i n  t h e  d i f fus ion  and v e l o c i t y  components of t he  
ca l cu la t ion .  

1 
< and excellc-nt agreement w a s  found. jetween t h e  p red ic t ed  and experimental  I 

4 1 8. Agreement betwc-en t h e  p red ic t ed  and Experimentai va lues  o f  t h e  Al and B 
frequency f a c t o r s  a r e  i n  e r r o r  7y a f a c t o r  of 150. This  i s  a t t r i b u t e d  
t o  an o r i e n t a t i o n  o r  s t e r i c  f a c t o r ,  #', f o r  which o t h w  va lues  i n  the  r- 

l i t e r a t u r t .  are i n  t h e  range of 50 t o  80. F o r  th i s  i G e n t i f i c a t i o n ,  1 

(7 agreement i s  t h e r e f o r e  adequate. 

A f i n a l  po in t  developing s'rom t h i s  anaiy-sis i s  an ambiguity o r  inconsis tency ~ 

i n  h igher  temperature  d a t a ,  obtained by o t t e r s ,  t h a t  Sus t  overlap i n  t h e i r  
bottom ranges wi th  the top temperature range of thosc obtained by Tu e t  a l .  

over lap ,  the d a t a  show a much more r ap id  r i s e i n  r eac t ion  r a t e  than the  

9. 

I n  t h e  overlap,  t h e  d a t a  ag ree ;  but  a t  h i g t e r  temperatu-es, Leyond the  ,J 

study. . 
equations and mechanism should permit. This phenomenon requires f u r t h e r  i 

i 

A -  
A0 - 
A 1  - 
9 - 
A 1  - 
A2 - 
b -  
3.1 - 
B; - 
c' - 
d -  

c -  

Do - 

E2 - 

ko - 

- 
E; - 

f -  
k -  - 

6. LIST OF S W O B  

I .~ 
frequency f a c t o r  

n " f o r  d i f f u s i o n  = Y.Nu 

I t  €or  desorp t ion  
l? f o r  adsorp t ion  = M c P 7 / , / m  c 

first empir ica l  f a c t o r  = B;/ (1 + kl/ko) 
second empirical fnctGr = A ' P ~  
conversion f a c t o r  (numerical) i n  B1 = b.B;: 

e f f e c t i v e  adsorp t ion  frequency €ac to r  = Bl/b 
numcrical cons t an t  i n  Nussdt /Reynolds  No. ecuat ion 
r ev i sed  value of c f o r  v e l o c i t y  equat ion  = i 

pal - t ic le  diameter  ( t h i s  paper  - 2.5 cm.) 
d i f f u s i o n  c o e f f i c i e n t  a t  s . t . p .  ( for  O2 i n  N, = 0.181) 
adsorpt ion a c t i v a t i o n  energy ( t rue)  
empir ica l  an6 e f f e c t i v e  adsorp t ion  a c t i v a t i o n  enc rg ie s  *2000 cel./molL i' 
desorpt ion a c t i v a t i o n  enkrgy ( t rue)  - r10,OOO c:l./molc 
temperature func t inn  r a t i o :  
ve loc i ty  cons t an t  
Veloci ty  cons t an t  f o r  d i f f u s i o n  = Ao(T/To) o.75 

value 3.9 
adsorpt ion frequency f a c t o r  (temp. indep .) = AI. ,- ,+ 

c* 

/ 3400 c&/mole 

/ 

(~n.1 0,75/exp ( -E~/RT)  : value  = 7 .  i 

A 



n 
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199 rl - v c l x i t y  constant  f u r  ac l so rp l im  - A1.exp(-El/RT) 

‘‘2 - f o r  desorpt ion -= A2.exp(-E7/RT) 
1.i - 

K - d i f f u s i o n a l  cons t an t  group - 

f i i T s t  crnpi2ical v e l o c i t y  cons t an t  
‘ I.; - SeCGn? u n 2 i r i c a l  v e l o c i t y  cons t an t  = kipo  

pGMc/Mo) (Do/d) 
. h , -  

I m 1- . 1 g e n r a :  x d i c e s ,  f o r  R e  and Pr numbers 
Mc - molecular weight of carbon 
Mo - molecular weight of oxygen 
Nu - Nusscl t  number f o r  mass t r a n s f e r  
po - oxygen p a r t i a l  p re s su re ,  main stream va lue  

- P, - oxygen T a r t i a l  p re s su re ,  s o l i d  su r face  value 
T P - t o t a i  pressure (1 atmos.) 

+, R c  - Reynolds number 
Pi. - Prandt: number 

l R s  - 
So - d i f f u s i o n a l  r e s i s t a n c e  l /kop, 

Si - 
S2 - 

s p e c i f i c  rdac t ion  rate - g/sq.cm.sec. 

adsorDtion r e s i s t a n c e  = l/klp, 
desor3t icn r e s i s t a n c e  -: l / k z  i T - temperature (sbsolute) 

Vo - s . t . p .  gas v e l o c i t y  
T, - s.t. 

s . t . p . dens i ty  \ p o -  l 9 - o r i e n t a t i o n  or s te r ic  f a c t o r  i n  adsorpt ion 
i p - gas v i s c o s i t y  
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