
https://ntrs.nasa.gov/search.jsp?R=19710028081 2020-03-11T21:39:47+00:00Z





NASA CR-120799 
UARL K910962-12 

FINAL REPORT 

TRANSIENT MODEL OF HY DROGEN/QXYGEN REACTOR 

bY 
ARTHUR S. KESTEN 

and 
JOSEPH J. SANGIOVANNI 

prepared for 

NATIONAL AERONAUTICS A N D  SPACS ADMINISTRATION 

FEBRUARY, 1971 

CONTRACT NAS 3-13317 

TECHNICAL MANAGEMENT 

NASA LEWIS RESEARCH CENTER 
CLEVELAND, OHIO 

P.N. HERR 
ADVANCED ROCKET TECHNOLOGY BRANCH 

United Glircraft Research Laboratories 
U 

UNITED AIRCRAFT CORPORATION 

EAST HARTFORD, CONNECTICUT 06108 



Report K910962-12 

Transient Model of Hydrogen/Oxygen Reactor 

F i n a l  Report 

January 14, 1970 - January 13, 1971 

Contract NAS 3-13317 

TABLE OF CONTENTS 

Page - 
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i 

FORENOFUI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ii 

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTRODUCTION 2 

DISL'IJSSIOPJ 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . .  Transient Model of Hydrogen-Oxygen Catalyt ic  Ign i t ion  System 3 

Kinetics I n f o m a t i  on 9 
Results of Calculations . . . . . . . . . . . . . . . . . . . . . .  11 

. . . . . . . . . . . . . . . . . . . . . . .  

FEFERFSJCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  LISTOFSYMBOLS 1-5 

APPEXDIXI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  18 

. . . . . . . . . . . . . . . . . . . .  APPENDIX I1 (Dis t r ibu t ion  L i s t )  25 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  FIGURES 39 



K910962-12 

The u t i l i t y  of a c a t a l y t i c  i gn i t i on  system t o  promQte hydrogen-Qxygen cmbus- 
t i o n  can be l imited by t h e  t r ans i en t  response of the system. "he t r a n s i e n t  behavior 
of a reac tor  packed with porous cata1ys.t p a r t i c l e s  is  a funct ion of f i l m  and pore 
diffusion of heat  and mass as well  3s t he  chemical k ine t i c s  o f  %he c a t a l y t i c  reac- 
t i o n .  
temperature p ro f i l e s  i n  the  bulk gas phase and within porous c a t a l y s t  p a r t i c l e s  as 
functions of t i m e  f o r  given reac t icn  r a t e  expressions.  
i n g . t h i s  model has been used to evaluate the  r e l a t i v e  e f f ec t s  of various design and 
operating cha rac t e r i s t i c s  of t y p i c a l  reac tor  systems qn t he  t r ans i en t  behavior of 
these systems.  

A model has been developed which permits computation of cm.cen%ration and 

A computer program represent- 
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Report K910962-12 

Transient Model of HydrogenlOxygen Reactor 

F i n a l  Report 

January 14, 1970 - January 13, 1971 

Contract NAS 3-13317 

S W R Y  

The Research Laboratories of United Ai rc ra f t  Corporation under cont rac t  with 
the  'National Aeronautics and Space Administration have performed an a n a l y t i c a l  
study of the  t r ans i en t  behavior of a hydrogen/oxygen c a t a l y t i c  i gn i t i on  system, 
This f i n a l  technica l  repor t  summarizes work which was performed under Contract 
NAS 3-13317 from January 14, 1970 t o  January 13, 1971. Work during t h i s  period 
has included the  development of a computer program which is  used t o  ca lcu la te  tem- 
perature and species  concentration p ro f i l e s  as functions of time i n  t y p i c a l  reac- 
t i o n  chamber configurations.  

-model of t he  reac tor  system which considers both thermal and c a t a l y t i c  react ion of 
hydrogen and oxygen, along with simultaneous heat and mass t r a n s f e r  between the  bulk 
gas phase and the  gas within the  pores of the ca t a lys t  p e l l e t s .  The p o s s i b i l i t y  
t h a t  water vapor produced by c a t a l y t i c  react ion within hot ca t a lys t  p a r t i c l e s  might 
condense or f r eeze  i n  t h e  colder bulk gas phase has been taken i n t o  account i n  the  
model. The computer program has been used -to evaluate the  r e l a t i v e  e f f e c t s  of 
chamber pressure,  feed temperature, i n i t i a l  bed temperature, stoichiometry, mass 
flow ra t e ,  and ca t a lys t  bed configuration on the  t r a n s i e n t  behavior of the  reac tor  
system. 

The computer program i s  based upou). a mathematical 
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INTRODUCTION 

Effect ive design of a c a t a l y t i c  i gn i t i on  system t o  promote hydrogen-oxygen 
co?ibustion requires  the capab i l i t y  f o r  predict ing the  e f f e c t s  of the  design and 
operating cha rac t e r i s t i c s  of the  reac tor  system on the  t r ans i en t  and s teady-state  
performance of t h e  system. This general  capabi l i ty  did not e x i s t  although the  
f e a s i b i l i t y  of using ca t a lys t s  t o  promote hydrogen-oxygen combustion had been demon- 
s t r a t e d  i n  a number of experimental inves t iga t ions  (Refs. 1, 2 and 3)..  These 
inves t iga t ions  did not adequately assess  the  e f f e c t s  on reac tor  performance of such 
parameters as chamber pressure,  feed temperature, stoichiometry, mass flow ra t e ,  
and ca t a lys t  s i z e  d i s t r ibu t ion .  Nor did these inves t iga t ions  adequately specify 
ign i t i on  l i m i t s  o r  i gn i t i on  delay t i m e s .  To achieve t h i s  information, a comprehen- 
s ive  theo re t i ca l  ana lys i s  i s  required which considers t he  simultaneous processes 
of heat t r ans fe r ,  dif fusion,  and chemical react ion i n  the  c a t a l y t i c  reac tor .  Such 
an ana lys i s  was performed a t  UARL i n  order t o  e s t a b l i s h  procedures capable of pre- 
d i c t ing  the  s teady-state  behavior of t h e  sys tem (Refs. 4 and 5 ) .  These procedures 
have been used t o  demonstrate the  e f f ec t s  of various systems parameters on the  steady- 
s t a t e  performance of the  reactor ,  and thus t o  define the  regimes i n  which ign i t ion  i s  
possible .  Preliminary invest igat ions a t  UAIiL indicated t h a t  the  s teady-state  analy- 
s is  could be used as a bas i s  f o r  the development of a t r ans i en t  model of the hydrogen- 
oxygen system. 

Based upon the above invest igat ions,  a comprehensive ana ly t i ca l  program was 
formulated w i t h  t h e  object ives  of (1) developing a t r ans i en t  ana lys i s  of a continuous 
flow hydrogen-oxygen c a t a l y t i c  i gn i t i on  system t o  permit the  predict ion of tempera- 
t u re s ,  pressures,  and species concentrations as functions of time as w e l l  as a x i a l  
posi t ion i n  t y p i c a l  reactor  systems, ( 2 )  developing a computer program based on 
t h i s  ana lys i s ,  and (3) performing calculat ions using t h i s  computer program t o  demon- 
s t r a t e  t he  e f f e c t s  of various system parameters on $he t r ans i en t  performance of 
t he  reactor ,  and thus t o  de f ine . ign i t i on  delay times. This e f f o r t  is  described i n  
d e t a i l  i n  succeeding sect ions of t h i s  report .  

2 
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DISCUSS I O N  

Transient Model of Hydrogen-Oxygen Cata ly t ic  Igni t ion  System 

The ana lys i s  of a c a t a l y t i c  i gn i t i on  system t o  promote hydrogen-oxygen combus- 
t i o n  per ta ins  t o  a react ion chamber of a r b i t r a r y  cross sec t ion  packed w i t h  c a t a l y s t  
p a r t i c l e s  i n t o  which hydrogen and oxygen a r e  in j ec t ed .  Catalyst  p a r t i c l e s  a re  
represented as "equivalent" spheres with a diameter taken as a funct ion of the p a r t i -  
c l e  s i z e  and shape. Both thermal and c a t a l y t i c  react ion of hydrogen and oxygen a r e  
considered i n  developing equations describing the  concentration d i s t r ibu t ions  of 
these reac tan ts .  Diffusion of reactants  from the  i n t e r s t i t i a l  ( f ree-gas)  phase t o  
the outside surface of the  c a t a l y s t  p e l l e t s  i s  taken i n t o  account. Since the  c a t a l y s t  
mater ia l  is  impregnated on the  i n t e r i o r  and e x t e r i o r  surfacqs of porous p a r t i c l e s ,  
the d i f fus ion  of reac tan ts  i n t o  the  porous s t ruc tu re  must a l s o  be considered. I n  
addi t ion,  t he  conduction of heat within the porous p a r t i c l e s  must be considered 
s ince the  hydrogen-oxygen react ion is  accompanied by the  evolution of hea t .  The 
p o s s i b i l i t y  t h a t  water vapor produced by c a t a l y t i c  react ion within hot c a t a l y s t  p a r t i -  
c l e s  might condense or f reeze  i n  the colder bulk gas is a l s o  taken i n t o  accaunt i n  
t h e  m o d e l .  

The model permits the  computation of concentration and temperature d i s t r ibu t ions  
i n  the  bulk gas phase and within the  c a t a l y s t  p a r t i c l e s  as functions of time f o r  a 
given react ion r a t e  expression. 
caused by cap i l l a ry  condensation or f reezing of t he  react ion product i n  cold c a t a l y s t  
p a r t i c l e s  can be accommodated once the e f f e c t  of condensation on a c t i v i t y  has been 
determined. Models a r e  suggested t o  descr ibe t h e  e f f e c t  of condensation on react ion 
r a t e ;  evaluation of these models requires c a p a r i s o n  of' r e s u l t s  obtained using the  
models i n  the  de ta i led  t r ans i en t  reac tor  ana lys i s  with experimental r e s u l t s  obtained 
from reac tor  t e s t s .  Unfortunately, as noted i n  the  subsequent sec t ion  on "Kinetics 
Information" consis tent  experimental data has not become ava i lab le  as of the  end of 
the  contract  period. 

Thus, t he  temporary reduction i n  c a t a l y t i c  a c t i v i t y  

The general  equations describing the  r a t e s  of change of enthalpy and species 
concentrations with t i m e  and axial dis tance i n  the  i n t e r s t i t i a l  phase can be simpli-  
f i e d  by noting t h a t  gas ve loc i t i e s  a re  su f f i c i en t ly  high s o  t h a t  the  t i m e  lag from the  
reactor  i n l e t  t o  any axial posi t ion f o r  the gas is  negl ig ib le  compared with other  
t r ans i en t  e f f e c t s .  These equations can then be wr i t ten  as 

3 
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The p a r t i a l  der ivat ives  of species concentrations with respect t o  axial dis tance are 
then given by 

and 

. .  . 

CkJJ 
J 

( v a p o r )  M~ 

Heat and mass t r a n s f e r  coef f ic ien ts  may be estimated from (Ref. 6 )  
-( v) -0.667 -0.41 

h c =  0 . 6 1 4 ‘ ) G (  C f  7) (6) 
A P  P 

(7) 

I n  the entrance region of the  reactor,  where the  temperature ir, t h e  i n t e r s t i t i a l  
phase is  low enough t o  cause freezing of the water vapor diffusing out of the cata- 
l y s t  par t ic les ,  the  enthalpy of the i n t e r s t i t i a l  phase var ies  as 

4 
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where the  term involving k, i n  Eq. (9). represents  t h e  heat loss f rom t h e  bulk vapor 
t o  the  w a l l  of the  reac tor .  Taking the  reac tor  w a l l  temperature as uniform, t h e  
r a t e  of change of w a l l  temperature with time is  

where t h e  las t  t e r m  on the  r i g h t  s ide  of Eq. (10) represents t he  heat loss by forced 
convection from t h e  reac tor  t o  t h e  surrounding atmosphere. Heat loss by na tu ra l  
convection or rad ia t ion  can be represented i n  Eq, (10) by adding a term of the  form 
ha'Aw (Tw - Ta)1*25 or haff& (Tw4 - Ta 4 ), respect ively.  

I n  the  higher temperature, " ice- l iquid region" of t he  reactor ,  t h e  enthalpy of the  
i n t e r s t i t i a l  phase var ies  as 

and the  r a t e s  of change of i c e  and l i qu id  weight-fractions a r e  given by 

where, a t  a f ixed  a x i a l  posi t ion,  z, i n  the  ice- l iqu id  region, the  enthalpy required 
f o r  melting the  i c e  ex is t ing  a t  t h a t  pos i t ion  may be calculated from 

A t  s t i l l  higher temperatures, where water e x i s t s  i n  l i q u i d  form i n  the  i n t e r s t i t i a l  
phase, t he  change i n  enthalpy with dis tance i s  given by 

5 
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In  the  "liquid-vapor region" of the  reac tor ,  t he  enthalpy var ies  as 

and the r a t e s  of change of l i qu id  and water vapor weight-fractions a r e  given by 

where, a t  a f ixed axial pos i t ion  i n  t h i s  region, t he  enthalpy required for vaporizing 
the  l i qu id  ex i s t ing  a t  t h a t  pos i t ion  may be calculated from 

I n  the  high temperature, a l l  vapor, region of t h e  reactor ,  the  change i n  enthalpy 
with dis tance is  given by 

a z  G Hb,rhom 8 + h  A p[ T i -  (Tp)s 1 + 2 dc [T i -Tw] l  
d hi 

and 

6 
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Species concentrations and temperatures a t  the  outside surfaces of t h e  c a t a l y s t  
p a r t i c l e s  can be determined, together with t h e  concentration and temperature p r o f i l e s  
throughout the  p a r t i c l e s ,  using an i n t e g r a l  equation method described i n  Appendix I. 
A t  some time, t, the  concentrations and temperature a t  posi t ion x within a porous 
c a t a l y s t  p a r t i c l e  a r e  given by 

7 
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The Green's funct ions associated with Eqs. (24) through (27) are given by 

2 

- (+) QI ( t - t , )  
s in (Nn$) e 

where I = 02, H2, H20 or T, and N n l s  a r e  the  pos i t ive  roots  of t he  c h a r a c t e r i s t i c  
e quat i on, 

N, cot N, + (@I a - I ) =  0 

aI and $I a re  the  appropriate d i f fus ion  constants expressed a s  fol lows:  

I 
For mass t r ans fe r  (Eqs. 24-26) (k,) 

and +I= - 
DI 

Q'I = DI 

h c  
O! = K  and +I= - 

k P  

For heat  t r a n s f e r  (Eq. 27) 

I 

Equations (24) through (27) are impl i c i t  i n t e g r a l  equations which can be solved 
numerically t o  determine the  temperature and species  concentrations a t  any point  i n  
a porous p a r t i c l e  a t  any time i n  terms of t h e  temperature and concentrations i n  the  
bulk gas. Since t h e  react ion r a t e  for t h i s  hydrogen-oxygen system is  a funct ion of 
oxygen concentration and temperature (see sec t ion  on "Kinetics Information"), it is  
necessary t o  solve Eqs. (24) and (27) simultaneously. 
been developed t o  accomplish t h i s  and these have been programmed f o r  d i g i t a l  compu- 
t a t i o n .  The procedures cons is t  bas i ca l ly  of (1) assuming the  react ion r a t e  d i s t r i -  
bution, r'O2(xo,t), a t  the  end of a sho r t  time i n t e r v a l  t (see Appendix I), (2) 
computing the  concentration d i s t r ibu t ions  a t  time t f o r  oxygen using Eq. (24), (3) 
computing t h e  temperature d i s t r i b u t i o n  a t  time t using Eq.(27), (4) computing the 
react ion rate, rfO2(xo,t), using the computed d i s t r ibu t ions  from (2 )  and (3) above, 
and ( 5 )  comparing the  computed and assumed reac t ion  r a t e  d i s t r ibu t ions  and repeating 
the  procedure u n t i l  a desired accuracy is  obtained. An i t e r a t i v e  procedure has been 
developed which averages assumed and computed d i s t r ibu t ions  f o r  r a t e  of react ion t o  
e f f e c t  rapid convergence over a f a i r l y  wide range of var iab les .  The concentration 
d i s t r ibu t ions  f o r  hydrogen and water, which are not involved i n  the  r a t e  of reac t ion  
expression, a r e  computed only a f t e r  t h e  r a t e  of reac t ion  a t  time t has been de ter -  
mined from the  i t e r a t i v e  procedure. 

Numerical procedures have 

8 
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Kinetics Information 

A s  noted i n  Ref. 4, estimating the  chemical k i n e t i c  rate l a w  and constants  
appropriate  t o  the  c a t a l y t i c  react ion of hydrogen and oxygen is qui te  d i f f i c u l t .  
Although a s u b s t a n t i a l  number of experimental inves t iga t ions  have been conducted 
with t h i s  object ive,  the  r e s u l t s  of various inves t iga tors  d i f f e r  considerably f o r  
diverse  conditions of concentration, temperature and ca t a lys t .  These r e s u l t s  i n -  
d ica te  t ha t ,  even f o r  low temperature reac t ion  on platinum family metals, the  
react ion mechanism changes with gas composition, Reaction of chemisorbed oxygen 
with hydrogen molecules i n  t h e  gas phase appears t o  be the  ra te -cont ro l l ing  s t e p  
i n  Systems where excess oxygen is present,  while t h i s  r e l a t i v e l y  slow reac t ion  does 
not seem t o  influence t h e  ove ra l l  reac t ion  r a t e  i n  systems containing excess hydro- 
gen. 
Maymo and Smith (Ref. 8)  repor t  an ac t iva t ion  energy of approximately 5.5 kea1 and 
an order of reac t ion  with respect  t o  oxygen of 0.8. I n  the  l a t t e r  study, the  r a t e  
of react ion was found t o  be uninfluenced by the  presence of water i n  the  vapor 
phase. No work w a s  done i n  these  s tud ies  t o  estimate the  order of reac t ion  with 
respect  t o  hydrogen. I n  the  present work t h e  r e s u l t s  of Refs. 7 and 8 were used 
t o  ge t  a react ion r a t e  expression of the form: 

For low temperature, hydrogen-rich systems, Mi l le r  and Deans (Ref. 7 )  and 

r '  = a( PH2), ( P * )  Oa8 e35000/T lbs  O2 reacted/ft3-see 
02 

where T i s  i n  deg R. The r a t e  constant,  a, is  spec i f i c  t o  the  type and s t ruc tu re  
'of t he  platinum f a m i l y  metal employed. 

It was o r ig ina l ly  intended t o  estimate n and a f o r  the  She l l  405 c a t a l y s t  by 
using the  s teady-state  program (Ref. 4 )  t o  f i nd  the  values of these  r a t e  constants 
f o r  which calculated axial temperature p ro f i l e s  exhibited the bes t  agreement 
w i t h  temperatures measured i n  engine t e s t s  reported i n  Ref. 9. Unfortunately, 
the measured temperatures reported i n  Ref. 9 exhibited both large radial var ia t ions  
and values which were higher than possible for uniformly mixed streams with the  
mixture r a t i o s  and i n l e t  temperatures reported.  m i l e  t he  indicated lack  of r a d i a l  
mixing i n  the  experiments make the  measured temperatures of questionable value, i t  
was f eas ib l e  t o  use the  computer program t o  f i n d  the  values of t he  r a t e  constants 
f o r  which ign i t ion  or l ack  of i gn i t i on  i n  the  engine t e s t s  i s  predicted f o r  a l l  cases,  
pa r t i cu la r ly  those i n  which ign i t ion  was marginal. These include low feed  tempera- 
t u r e  or mixture r a t i o  t e s t s  a s  well  as t e s t s  i n  which the  mass flow rate was p a r t i -  
cu l a r ly  high. The c r i t e r i o n  f o r  i gn i t i on  was determined by noting t h a t  when the  
s teady-state  temperature of t he  p a r t i c l e s  a t  t h e  i n l e t  of t h e  bed i s  t o o  low t o  
permit water t o  exist i n  vapor form, condensation or f reez ing  of water within the  
p a r t i c l e s  would ul t imately render the  e n t i r e  bed ine f fec t ive .  

Computer runs were made with various pre-exponential constants,  a, using orders 
of react ion w i t h  respect  t o  hydrogen, n, between zero and one i n  an attempt t o  match 
the ign i t i on  behavior noted i n  Ref. 9. Values of 3 x lo7 for a and zero f o r  n per- 
mitted the predict ion of the  same ign i t ion  cha rac t e r i s t i c s  observed' i n  a l l  of t he  

9 
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engine t e s t s .  Results of calculations.made using 
below f o r  cases where i g n i t i o n  was marginal. 

Upstream 
Ref 9 Chamber Mass Flow Mixture 

Case No .  Pres sure  Rate Ratio 

ps ia lb/f t2-sec l b  H2 
'-f 

823 
824 
847 
848 
864 
866 
867 
868 
869 
886 
890 
891 
892 

. 961 

13.1 
15.0 
14.1 
10.8 

90 -7 
57.6 
81.6 
42.5 
112.1 
125.6 
53.3 
124.8 
98.8 

15 -7 

0.26 
0.64 
0.40 
0.48 
1.28 
3.20 
3-07 
5.38 
2.90 
3.58 
3.89 
3.56 
3-52 
5-17 

0.759 
0.807 
0.628 
0.498 
0.610 
0.792 
0 -707 
0 -777 
0.867 
0 998 
1.010 
0.742 
0 994 
1.038 

these rate constants a r e  shown 

Propellant 
Feed 

Temperahre 

deg R 

237 
225 
235 
210 
235 
235 
210 
210 
260 
235 
310 
210 
280 
210 

Igni  t i on ? 

Observed Predicted 

Yes Yes 
Yes Yes 
Yes Yes 
No N O  

N O  No 
Ye s Ye s 

N O  No 
N O  No 
NO No 

Yes Yes 
Yes Yes 

NO N O  

Yes Ye s 
Yes Yes 

While the e f f e c t s  of propellant feed temperature and mixture r a t i o  on reac tor  
behavior are evident, it is  i n t e r e s t i n g  t o  note the  e f f e c t s  of mass flow rate .  High 
mass flow r a t e s  r e s u l t  i n  high heat t r a n s f e r  coef f ic ien ts  and correspondingly low 
differences between p a r t i c l e  and gas temperatures i n  low temperature regions where 
the  r a t e  of react ion i s  not s t rongly influenced by the r a t e  of mass t r a n s f e r  from 
the  gas t o  the surface of the  p a r t i c l e .  For a low propellant temperature, then, 
it is  more l i k e l y  for water produced by react ion i n  the c a t a l y s t  p a r t i c l e s  t o  
condense or f reeze when the mass flow r a t e  i s  high than when it i s  low. The be- 
havior of Ref. 9 case 847 as opposed t o  case 864 exemplifies t h i s  behavior. 

It i s  c l e a r  t h a t  i n  the  e a r l y  s tages  of t r a n s i e n t  operation of a c a t a l y s t  bed 
which i s  i n i t i a l l y  a t  a low temperature, consideration should be given t o  the  e f f e c t s  
on t r a n s i e n t  reactor  behavior of the temporary reduction i n  c a t a l y s t  a c t i v i t y  caused 
by c a p i l l a r y  condensation or f reezing of water i n  cold c a t a l y s t  p a r t i c l e s .  Unf or- 
tunately the mechanism of c a t a l y s t  "poisoning" by condensed or frozen water i s  open 
t o  question. While s i g n i f i c a n t  quant i t ies  of water could block enough pores t o  
i s o l a t e  large segments of a porous p a r t i c l e  from the  reactants ,  the  interconnected 
nature of the  pores and the l imited time ava i lab le  f o r  condensation i n  the hydrogen- 
oxygen system make it appear l i k e l y  t h a t  any s i g n i f i c a n t  reduction i n  a c t i v i t y  would 
be due t o  l o c a l  condensation or f reezing.  A simple, reasonably general  model repre- 
senting t h i s  type of poisoning i s  given by 
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where [ r l q  (x, t )]  NC is  the  value t h e  l o c a l  react ion r a t e  would assume i f  there  
were no condensed phase, and p and Y are constants t o  be determined by using 
Eq. ( 3 0 )  i n  the  t r a n s i e n t  program t o  f i n d  t h e  values of these constants f o r  which 
calculated temperature va r i a t ions  with time exhibi ted the  b e s t  agreement with tem- 
perature  p ro f i l e s  measured i n  reac tor  experiments. The r a t e  of buildup of l o c a l  
condensate (or i c e )  concentration with time, a t  temperatures low enough t o  p e d t  
condensation (or f r eez ing ) ,  would be d i r e c t l y  proportional t o  t h e  l o c a l  react ion 
r a t e .  

Results of Calculations 

Sample ca lcu la t ions  have been made using the  t r a n s i e n t  computer program t o  
t e s t  t h e  effect iveness  of t h e  t r a n s i e n t  model neglecting the  e f f e c t s  of condensation 
or f reez ing  of water within cold ca t a lys t  p a r t i c l e s  on c a t a l y t i c  reac t ion  r a t e s .  
The computed r e s u l t s  can present ly  be used t o  evaluate the  r e l a t i v e  e f f e c t s  of 
various design and operating cha rac t e r i s t i c s  of t h e  reac tor  system on t h e  t r ans i en t  
behavior of t h e  system. 
(0.006 m )  long and 0.43 i n .  (0.011 m )  i n  diameter packed with She l l  405 c a t a l y s t  
p a r t i c l e s  and run a t  a nominal chamber pressure of 300 ps ia  (2.07 x lo6 N/m2). A 

t u r e  were taken as 360 deg R (200 deg K ) ,  t h e  mixture r a t i o  as 1 lb 02/lb H2, the  
mass flow r a t e  as 1.05 lb/ft2-sec (5 .1  kg/m2-sec), and the  ca t a lys t  p a r t i c l e  s i z e  
as  14-18 mesh. 
case a r e  shown a t  various times following reac tor  s t a r t u p  i n  Fig. 1. The corres-  
ponding axial p ro f i l e s  of c a t a l y s t  p a r t i c l e  surface temperatures a r e  p lo t ted  i n  
Fig.  2. Temperature response r a t e s  a r e  far more rapid i n  the upstream end of the  
bed where oxygen concentrations and c a t a l y t i c  react ion r a t e s  a r e  high. Most of 
the  heat t ransfer red  t o  the  gas i n  the  upstream sec t ion  is t ransfer red  back t o  the  
p a r t i c l e s  downstream. Gas and p a r t i c l e  surface temperatures a r e  cross-plotted as 
functions of time i n  Fig.  3 f o r  two axial posi t ions,  one a t  the  end of the  bed and 
one a t  approximately the  midpoint of t he  bed. It is  c l e a r  t h a t  the  e x i t  gas tem- 
perature  f o r  t h i s  case would have r i s e n  f a r  more rapidly i f  t he  bed were half  as 
long. I n  Fig.  3 temperatures a r e  p lo t ted  from reac tor  s t a r t u p  through an a r b i t r a r y  
shutdown point  represented by a s t e p  change i n  the  feed mixture r a t i o  from one t o  
zero ( i .e . ,  subsequent t o  shutdown pure hydrogen i s  taken t o  flow through the  reac- 
t o r  a t  t he  t o t a l  mass flow r a t e ) .  Also included i n  F ig .  3 i s  a p lo t  of the chamber 
wal l  temperature va r i a t ion  with t i m e .  The r e l a t i v e l y  slow response r a t e  i s  due 
mainly t o  the  l imited surface a rea  ava i lab le  f o r  heat t r ans fe r  t o  the w a l l .  Transient 
a x i a l  p ro f i l e s  of mole f r a c t i o n  of oxygen i n  the  gas phase f o r  t h i s  reference case 
a r e  p lo t ted  i n  F ig .  4.  
the  reac tor  a r e  r e f l ec t ed  i n  the  oxygen concentration p ro f i l e s .  A s h i f t  i n  t he  pro- 
f i l e s  w i t h  time towards the upstream end of the  reac tor ,  as temperatures r i s e ,  i s  
a l s o  evident.  

One s e r i e s  of ca lcu la t ions  per ta ins  t o  a reac tor  0.24 i n .  

- re ference  case was chosen i n  which the  i n i t i a l  bed teqperature and the  feed tempera- 

The calculated axial  gas temperature p ro f i l e s  f o r  t h i s  reference 

Changes i n  phase of t h e  react ion product, water, within 
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I n  F igs .  5 and 6, t r ans i en t  a x i a l  gas temperature p ro f i l e s  a r e  p lo t ted  f o r  
mixture r a t i o s  of 2 and 4 respect ively with a l l  other conditions taken as those of 
the reference case.  The very dramatic e f f e c t  of mixture r a t i o  on t r ans i en t  response 
may be noted by comparing Figs .  1, 5, and 6. 
given axial  pos i t ion  i n  the  reac tor  is far less apparent, pa r t i cu la r ly  i n  the down- 
stream sec t ion  of the  reac tor  where, a f t e r  a shor t  time, there  i s  l i t t l e  oxygen 
l e f t  t o  reac t  and the  c a t a l y s t  p a r t i c l e s  become l i t t l e  more than a heat s ink .  
var ia t ions  of both e x i t  and mid-bed gas temperatures with t i m e  a r e  p lo t ted  i n  
Figs .  7 and 8 respec t ive ly  f o r  the three  mixture ratios. 

The e f f e c t  on gas temperature a t  a 

The 

' I n  Fig.  9 t r ans i en t  a x i a l  gas temperature p ro f i l e s  a r e  p lo t ted  f o r  a feed 
temperature and i n i t i a l  bed temperature of 530 deg R (295 deg K) with a l l  other 
conditions taken as those of t h e  reference case.  Similar  p lo t s  a r e  presented i n  
Figs .  10, 11, and 12 f o r  temperatures of 420, 330, and 300 deg R (233, 183, and 167 
deg K )  respect ively.  The e f f e c t  of the  combination of feed temperature and i n i t i a l  
bed temperature on t r ans i en t  response is qui te  evident i n  F ig .  1-3 where var ia t ions  
i n  e x i t  gas temperatures with time a r e  compared f o r  the f i v e  d i f f e r e n t  feed tempera- 
t u r e s .  

Transient axial gas temperature p ro f i l e s  a r e  p lo t ted  i n  Fig.  14 for an i n i t i a l  
bed temperature of 530 deg R (295 deg K) with a l l  other conditions,  including feed 
temperature, taken a s  those of t he  reference case.  Variations i n  e x i t  gas tempera- 
t u r e  with time a r e  compared with those of t he  reference case i n  Fig.  1.5. 

Figures 16 and 17 i l l u s t r a t e  the  e f f e c t s  of doubling the mass flow r a t e  over 
t h a t  of t he  reference case on the  gas temperature t r ans i en t  response. Flow r a t e  
has l i t t l e  e f f e c t  on the r a t e s  of temperature r i s e  a t  ea r ly  t i m e s  when temperatures 
a r e  low; here ove ra l l  react ion r a t e s  a r e  control led by the  r a t e s  of react ion on 
the ca t a lys t  surfaces .  A s  temperatures r i s e  the overa l l  react ion r a t e s  a r e  control-  
led by the r a t e s  of heat  and mass t r a n s f e r  between the flowing gas and the  ca t a lys t  
pa r t i c l e s ;  these t ranspor t  processes a r e  qu i t e  s ens i t i ve  t o  mass f l o w  r a t e  as 
exemplified i n  Fig.  17. 

The e f f e c t s  of decreasing the c a t a l y s t  p a r t i c l e  s i z e  t o  25-30 mesh on tempera- 
t u re  response r a t e s  a r e  i l l u s t r a t e d  i n  Figs .  18 and 1.9. 
r a t e s ,  which vary inversely with p a r t i c l e  s i z e ,  cause temperatures t o  r i s e  faster 
i n  the  upstream sec t ion  of the  reac tor  and t o  f a l l  f a s t e r  downstream f o r  the smaller 
p a r t i c l e  s i z e .  This e f f e c t  i s  c l e a r l y  shown i n  Fig.  1.9 where gas temperatures a r e  
plot ted as functions of time a t  two a x i a l  posi t ions f o r  t he  two p a r t i c l e  s i zes .  
Transient response of exit  gas temperature would have been enhanced i n  t h i s  case 
i f  t h e  c a t a l y t i c  reac tor  were packed with small p a r t i c l e s  upstream and l a rge r  
p a r t i c l e s  downstream. 

Heat and mass t r a n s f e r  

A second s e r i e s  of calculat ions was made f o r  a reactor  0.24 in. (0.006 m)  long 
and 0.87 in .  (0.022 m )  i n  diameter again packed with S h e l l  405 ca t a lys t  p a r t i c l e s  
bu t  now run a t  a low nominal chamber pressure of 15 ps ia  (1.04 x lo5 N/m2). 
reference case was chosen i n  which the  i n i t i a l  bed temperature, feed temperature, 

A 
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mixture r a t i o ,  and ca t a lys t  p a r t i c l e  s i z e  were taken as the  same as the  previous 
reference case and the  mass flow r a t e  was taken as 0.26 lb/f t2-sec (1.25 kg/m2-sec). 
me calculated axial gas temperature p ro f i l e s  f o r  t h i s  reference case a r e  shown i n  
F ig .  20 a t  various times between reac tor  s t a r t u p  and shutdown. The corresponding 
a x i a l  p ro f i l e s  of c a t a l y s t  p a r t i c l e  surface temperatures a r e  p lo t ted  i n  Fig.  21. 
Gas and p a r t i c l e  surface temperatures a r e  cross-plot ted as functions of time i n  
F ig .  22 f o r  two a x i a l  posi t ions under both normal operating conditions and shutdown 
conditions.  Transient a x i a l  p r o f i l e s  of mole f r a c t i o n  of oxygen i n  the  gas phase 
a re  p lo t ted  i n  F ig .  23. 

I n  Fig.  24 t r ans i en t  a x i a l  gas temperature p ro f i l e s  a r e  p lo t ted  f o r  a mixture 
r a t i o  of 4 with a l l  other  conditions taken as those of t he  reference case.  Varia- 
t i ons  of e x i t  gas temperatures with time are compared for t h i s  case and the re fer -  
ence case i n  Fig.  25. 

I n  Fig.  26 t r ans i en t  a x i a l  gas temperature p ro f i l e s  a r e  p lo t ted  f o r  a feed 
temperature and i n i t i a l  bed temperature of 530 deg R (295 deg K )  with a l l  other 
conditions taken as those of t h e  reference case.  The e f f e c t  of the  combination 
of feed temperature and i n i t i a l  bed temperature on t r ans i en t  response i s  shown i n  
Fig.  27 where the  t r ans i en t  temperature response f o r  t h i s  case is  compared with 
the reference case.  

Final ly ,  t h e  e f f e c t s  of doubling the  mass flow r a t e  over t h a t  of t h e  reference 
' case  on gas temperature t r ans i en t  response i s  shown i n  Figs .  28 and 29. 
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LIST O F  SYMBOLS 

a 
A 

AP 

b 
B 
C 
C f  , 

dC 
D 

Di 

F 
G 

ha 
'hC 

hW 

H '  

A He 

i 

H ' I  

A ~f 

I 
kC 
kP 

K 

L 

Radius of porous c a t a l y s t  p a r t i c l e ,  f t ( m ) ,  or, moles of species  A 
Symbol for primary reac tan t  species  A, or, surface area, ft2($) 
Total ex terna l  surface of c a t a l y s t  p a r t i c l e  per u n i t  volume of bed, 

f t - I ( m - 1 )  
Moles of species  B 
Symbol f o r  reac tan t  species B 
Spec i f ic  heat  , Btu/lb-deg R (Cal/kg-deg K )  
Specif ic  heat of f l u i d  i n  the  i n t e r s t i t i a l  phase, Btu/lb-deg R (Cal/kg- 

Average s p e c i f i c  heat of f l u i d  i n  the  i n t e r s t i t i a l  phase, Btu/lb-deg R 

Diameter of react ion chamber, f t ( r p )  
Effect ive d i f fus ion  coe f f i c i en t  i n  t he  porous catalyst p a r t i c l e ,  f t2/sec 

Diffusion coe f f i c i en t  of reac tan t  gas i n  t h e  i n t e r s t i t i a l  phase, f t2/sec 

General funct ion 
Green's function, l / f t - s ee  (l/m-see), or,  Mass flow ra t e ,  l,b/ft2-sec 

(kg/m*-s ec ) 
Heat convection coe f f i c i en t  t o  ambient, Btu/sec-ft2-deg R (Cal/m2-sec-deg K )  
Heat convection coe f f i c i en t  t o  c a t a l y s t  p a r t i c l e s ,  Btu/sec-ft2-deg R 

Enthalpy, Btu/lb (Cal/kg) 

Ehthalpy a t  the  Ice/Ice-Liquid in te r face ,  Btu/lb (Cal/kg) 

Enthalpy a t  the  Ice-LiquidlLiquid in t e r f ace  , Btu/lb (Cal/kg) 

Enthalpy a t  the  Liquid/Liquid-Vapor in te r face  , Btu/lb (Cal/kg ) 

Enthalpy a t  the  Liquid-Vapor/Vapor in t e r f ace  , Btu/lb (Cal/kg ) 
Heat t r a n s f e r  coe f f i c i en t  a t  reac tor  wall, Btu/sec-f t2-deg R ( Cal/m2-sec- 

Heat of react ion,  (negative f o r  exothermic reac t ion) ,  Btu/lb (CaE/kg) 
Heat of reaction, Btu/lb of species  I (Cal/kg of species  I )  
Heat of condensation, Btu/lb (Cal/kg) 
Heat of fusion, Btu/lb (Cal/kg) 
Moles of species  I 
Symbol f o r  general  species  I 
Mass convection coef f ic ien t ,  f t / s e c  (m/sec) 
Thermal conductivity of ca t a lys t  p a r t i c l e ,  Btu/ft-sec-deg R (Cal/m-see- 

Thermal conductivity of t h e  i n t e r s t i t i a l  f l u i d ,  Btu/ft-sec-deg R 

Length of reactor ,  f t ( m )  

deg K )  

(Cal/kg-deg K )  

(m2/s ec ) 

( m 2 / s  ec ) 

( Cal/m2-sec-deg K )  

deg K )  

deg K) 

(Cal/m-sec-deg K )  
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a 
A 
B 

Thermal mass of reactor ,  lb (kg)  
Molecular weight, lb/lb mole (kg/kg mole) 
Average molecular weight, lb/lb mole (kg/kg mole) 
In teger  values:  1, 2, 3, . . . . e t c .  
Roots of c h a r a c t e r i s t i c  equation; see Eq. (1-13) 
Chamber pressure,  ps ia  (N/m2) 
Rate of (Heterogeneous ) chemical react ion on the  ca t a lys t  surfaces ,  

Rate of (Homogeneous ) chemical reac t ion  i n  the  i n t e r s t i t i a l  phase, 

Time, sec  
Temperature within c a t a l y s t  p a r t i c l e ,  deg R (deg K )  
Equals T-Ti, deg R (deg K )  
Temperature of ambient, deg R (deg K )  
Temperature i n  i n t e r s t i t i a l  phase, deg R (deg K )  
Temperature of reac tor  w a l l ,  deg R (deg K )  
Temperature a t  surface of c a t a l y s t  p a r t i c l e ,  deg R (deg K )  
Moles of product species  U 
Symbol for product species  U 
Moles of product species  V 
Symbol for product species  V 
Weight f r a c t i o n  of reac tan t  i n  i n t e r s t i t i a l  phase 
Radial dis tance from center  of spher ica l  c a t a l y s t  p a r t i c l e ,  f t  ( m )  
Axial dis tance,  f t  ( m )  
Ca ta ly t ic  react ion r a t e  constant,  or,  d i f fus iv i ty ,  equals DI f o r  mass 

Thermal d i f f u s i v i t y ,  f t2 / sec  (m2/sec) 
I n t e r p a r t i c l e  void f r a c t i o n  
Viscosi ty  of i n t e r s t i t i a l  f l u i d ,  lb / f t - see  (kg/m-see) 
Density of i n t e r s t i t i a l  f l u i d ,  l b / f t 3  (kg/m3) 
Mass concentration of gas species  I within the  porous c a t a l y s t  p a r t i c l e ,  

Equals PI - (PI)i, l b / f t 3  (kg/m3) 
Bulk densi ty  of ca t a lys t  p a r t i c l e ,  I b / f d  (kg/m3) 

lb/f t3-sec (kg /d - sec )  

lb/f t3-sec (kg/m3-sec) 

convection or K f o r  heat  convection, f t2 / sec  (m2/sec) 

1b / f t3  (kg/m3) 

Mass concentration of species I, J i n  i n t e r s t i t i a l  f l u i d ,  l b / f t 3  (kg/m3) 

Equals (k,)I/* f o r  mass convection, or, equals hc/kp for heat convection, 
f t -1  ( m - 1 )  

Subs c r i p  t s 

Refers t o  ambient conditions 
Refers t o  primary reac tan t  species A 
Refers t o  reac tan t  species  B 
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C 

F 
H2 
H20 
i 
I 
J 
NC 
0 

02 
P 

T 
U 
v 

S 

w 

Refers t o  water within the  c a t a l y s t  p a r t i c l e  i n  condensed form 
Refers t o  feed 
Refers t o  hydrogen 
Refers t o  water 
Refers t o  i n t e r s t i t i a l  gas phase 
Refers t o  general  species I 
Refers t o  general  species J 
Refers t o  r a t e  of react ion when no condensed water i s  formed 
Refers t o  source system (xo,to) of t h e  Green's function, or, i n i t i a l  value 
Refers t o  oxygen 
Refers t o  c a t a l y s t  p a r t i c l e  
Refers t o  surface of c a t a l y s t  p a r t i c l e  
Refers t o  temperature 
Refers t o  product species U 
Refers t o  product species V 
Refers t o  reac tor  w a l l  

Superscripts 

Refers t o  l iqu id  phase 
Refers t o  s o l i d  phase 
Refers t o  vapor phase 
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APPENDIX I 

Derivation of Integra 1 Equat i ons Representing Transient 
Temperature and Concentration Prof i les  Within a 

Porous Catalyst  P a r t i c l e  Surrounded by a Gas Film 

I n  t h i s  sec t ion  a mathematical model of the simultaneous processes of d i f fu-  
sion, heat t r a n s f e r ,  and chemical react ion occurring within individual  c a t a l y s t  
p a r t i c l e s  under t r a n s i e n t  conditions i s  described. The system considered i n  t h i s  
model i s  a porous c a t a l y s t  p a r t i c l e  which i s  represented as an "equivalent" sphere 
with a diameter taken as a function of the p a r t i c l e  s i z e  and shape. The c a t a l y s t  
p a r t i c l e  i s  assumed t o  be surrounded by a stagnant film of gas through which react-  
a n t  molecules must d i f fuse  before diffusing i n t o  t h e  i n t e r s t i c e s  of the  porous 
p a r t i c l e  and react ing on the c a t a l y t i c  surfaces.  

I n  developing t h i s  analysis ,  a s i n g l e  react ion involving multiple chemical 
species i s  considered where 

A, By --- and U, V, --- represent the reactant  and product species respect ively and 
a, by --- u, v, --- represent t h e  moles of reactants  and products f o r  stoichiometric 
balance. It i s  apparent t h a t  the  r a t e  of chemical react ion can be expressed i n  
-terms of any of the  reactants  o r  products. However, the r a t e  may be a funct ion of 
the concentrations of any o r  a l l  of the  species and temperature, such that  

In describing the diffusion of mass within the porous p a r t i c l e ,  it is  assumed 
t h a t  Fick 's  l a w  can be applied by using e f fec t ive  diffusion coef f ic ien ts  t o  represent 
the "average" diffusion of the chemical species and t h a t  spatial var ia t ions  i n  the 
mass density of the gas a r e  negl igible  compared t o  s p a t i a l  var ia t ions  i n  the mass 
concentrations. Assuming the e f fec t ive  diffusion coef f ic ien ts  t o  be s p a t i a l l y  
uniform, the equations describing t r a n s i e n t  mass t r a n s f e r  of reactant  and product 
gases within the porous c a t a l y s t  p a r t i c l e  may be wr i t ten  as 

D A a d PA* dPl," 
- - ( X Z x )  - dt - - 'A ' 
x2 a x  

Reactants 

e 
0 
e 

0 
e 
0 

"MU 

a M A  
d D" a 2 dP" *  d P Z  

x2 dx  
- - ( x  ---)- dt = - -  

0 
0 
0 
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Products 'aP,* VM,, 

x2 dx OM, 
r i  

-- D v  a ( x  2 --)-dt.-- aPv" 

e 
e 
e 

e 
e 
e 

e 
0 
e 

where 

I n  describing the t r a n s f e r  of heat within the c a t a l y s t  p a r t i c l e ,  it i s  assumed 
t h a t  energy t r a n s f e r  by mass d i f fus ion  may be neglected, t h a t  viscous and pressure 
work can be ignored, and t h a t  the p a r t i c l e  s t r u c t u r e  i s  t h e  primary hea t  conduction 
and heat storage media. By applying Four ie r ' s  law and assuming the e f f e c t i v e  ther-  
m a l  conductivity i s  s p a t i a l l y  uniform, the equation describing t r a n s i e n t  heat trans- 
fer within the porous c a t a l y s t  p a r t i c l e  may be wri t ten as 

a d T* 

* 
where T =T-Ti 

The boundary conditions which consider diffusion of heat and mass through a 
gas f i l m  surrounding the c a t a l y s t  p a r t i c l e  a r e  

Reactants 

e 
e 
0 

e 
e 
e 

0 
e 
e 
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Products 

Q e 
s e 
e e 

f o r  mass convection with I = A ,  B ,  ... , U ,V. .  . I* T 
( k C ) I  

- DI 
where FbT= - 

f o r  heat  convection. h C  

K P  
and + T =  - 

The i n i t i a l  conditions a r e  taken as general  funct ions of pos i t ion  with 

Reactants 

Products 

e e 
e e 
e e 

e a 
e Q 
0 e 

0 
e 
e 

e 
e 
e 

e 
P 
e 

With a knowledge of the reac t ion  k ine t i c s  the  system is  completely defined. 
Equations (1-3) through (1-8) can be solved, together  with an expression f o r  the  
r a t e  of chemical react ion,  rlA, t o  determine concentration and temperature d i s t r i -  
butions within the  c a t a l y s t  p a r t i c l e  as a funct ion of pos i t ion  and ' t i m e .  The 
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simultaneous so lu t ion  t o  these equations can be accomplished by converting Eqs. 
(1-3) and (1-4) together  with t h e  boundary and i n i t i a l  conditions given by Eqs. (1-5) 
through (1-8) i n t o  a s e t  of impl ic i t  i n t e g r a l  equations. 

It may be noted t h a t  Eqs. (1-3) and (1-4) a r e  a s e t  of simultaneous, non- 
homogeneous p a r t i a l  d l f f e r e n t i a l  equations, each descr ibing a d i f f e r e n t  s c a l a r  
d i f fus ion  funct ion.  Using Green's funct ion techniques (Ref e 10) the  non-homogeneous 
d i f fus ion  equation can be converted t o  an impl ic i t  i n t e g r a l  equation. Similar  tech- 
niques have been employed t o  solve a non-homogeneous s teady-state  d i f fus ion  equation 
i n  Ref 11 and a set  of simultaneous non-homogeneous t r ans i en t  d i f fus ion  equations 
i n  kef.  12. I n t e g r a l  equations representing the  primary reac tan t  concentration, 
the  other reac tan t  concentrations,  t he  product concentrations,  and temperature within 
a sphe r i ca l  c a t a l y s t  p a r t i c l e  can be obtained using the  methods developed i n  Ref. 12 
as 

I 
p" (x , t )= -  - dx, x: 2 ( X O , t o )  G A ( X , t / x o , t o )  

A 4TDA 
0 0 (1-9) 

where tf is chosen in f in i t e s ima l ly  g rea t e r  than t (cf Ref. 12).  

(1-10) 

(1-12) 
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Using Laplace transform methods the  Green's funct ions a r e  found t o  be 

where I = A, B, --- , T, U, V, ---, and the  Nn a r e  t h e  pos i t ive  roots  of t he  charac- 
t e r is  t i e e quat i on 

N, c o t  N, + ( +  a - i ) =  o 7: 

"1 and $I a r e  t h e  appropriate d i f fus ion  constants expressed as follows : 
( k c 4  

For mass t r a n s f e r  

For heat  t r a n s f e r  

Numerical methods must be employed t o  solve Eqs. (1-9) through (1-12) simul- 
taneously f o r  t h e  chemical species concentrations and temperature as funct ions of 
time and pos i t ion  within the  c a t a l y s t  p a r t i c l e .  By applying the mean value theorem 
t o  t h e  time in t eg ra l s  which involve t h e  rate of react ion,  Eqs. (1-9) through (1-12) 
can be rewri t ten as 

(1-14) 
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(1-16) 

. +  

The mean rate of react ion with respect t o  t i m e ,  r rA (Xo, e ) ,  is obtained from the  
mean value theorem as 

rA'  (xo,to) GI(X ,t/Xo,to) d to 
r A '  (xO,[) = where O l C  5 t +  

(1-18) 

To f a c i l i t a t e  t h e  numerical procedure it is  convenient t o  in t eg ra t e  over t i m e  
i n t e rva l s  which a r e  s u f f i c i e n t l y  sho r t  s o  t h a t  the rate of reaction, r ' A  (Xo, to), 
can be assumed t o  vary l i n e a r l y  w i t h  t i m e .  In t he  source coordinate system, the 
rate of react ion over a shor t  time i n t e r v a l  0 t o  t+ can be wr i t t en  as 

By combining Eqs .  (1-18) and (1-19) the mean time, 6, can be obtained as 

lt x It /xo ,to 1 d to 

E = t+  

GI(X,t/xO, to) dt, 

Then by s u b s t i t u t i n g  Eqs. (1-19) and (1-20) i n t o  Eqs. (1-14) through (I-17), the 
chemical species concentration and temperature p r o f i l e s  a t  the  end of a t i m e  i n t e r -  
v a l ,  t, are obtained as 

r, ' ( xo, t ) - rA ' ( x o,o ] ~ ~ ~ G ~ ~ x , ~ / X o , t o )  d 70 

(1-20) 

(1-21) 
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It should be noted t h a t  Eqs. (1-21) through (1-24) f o r  t h e  concentrations and tem- 
perature p ro f i l e s  a t  time, t, involve only spatial  in t eg ra l s  s ince the  time in t eg ra l s  
can be evaluated i n  closed form. 

The above equations can be used t o  solve numerically f o r  t h e  concentration and 
temperature p ro f i l e s  within a ca t a lys t  p a r t i c l e  as funct ions of time by representing 
the  t r ans i en t  a s  a s e r i e s  of successive sho r t  t i m e  i n t e rva l s .  The time in t e rva l s  
a r e  taken s u f f i c i e n t l y  s h o r t  such t h a t  t he  r a t e  of react ion i s  e s s e n t i a l l y  l i nea r  
during each time in t e rva l .  Concentrations and temperatures computed a t  each value 
of time become the  i n i t i a l  conditions f o r  the computations per t inent  t o  the sub- 
sequent time. 
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NOMINAL CHAMBER PRESSURE = 300 PSIA (2.07X10 6N/M2) 
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TRANSIENT AXIAL GAS TEMPERATURE PROFILES 
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VARIATION OF EXIT GAS TEMPERATURE WITH TIME 
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TRANSIENT AXIAL GAS TEMPERATURE PROFILES 

CATALYST PARTICLE SIZE = 25-30 MESH 
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VARIATION OF GAS TE AXIAL POSITIONS 
FOR TWO CATALYST 
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RATURE PROFILES 

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 x io5 N / M ~ )  

FEED TEMPERATURE = 360 DEG R (200 D E G  K) 

INITIAL BED TEMPERATURE = 360 DEG R (200 DEG K) 
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TRANSIENT AXIAL PROFILES OF PARTICL SURFACE TEM 

NOMINAL CHAMBER PRESSURE = 1s PSIA (1.04 x lo5 N / M ~ )  

FEED TEMPERATURE = 360 DEG R (200 DEG K) 

INITIAL BED TEMPERATURE = 360 DEG R (200 DEG K) 

F E E D  MIXTURE RATIO = 1.0 L B  Oq/LB Hq (1.0 KG 02 /KG H2 ) 

MASS FLOW RATE = 0.26 LB/FT'-SEC (1.25 K G / M ~ - S E C )  

CATALYST PARTICLE SIZE = 14-18 MESH 
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VARIATIONS OF GAS, PARTICLE SURFAC 

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 x lo5 N / M ~ )  

F E E D  TEMPERATURE = 360 DEG R (200 D E G  K) 

I N I T I A L  BED TEMPERATURE =360  DEG R (200 DEG K) 
F E E D  MIXTURE R A T I O =  1.0 L B  0 2 / L B  H 2  (1.0 K G 0 2 / K G  H 2 )  

MASS FLOW RATE = 0.26 L B / F T ~ - S E C  (1.25 K G / M ~ - S E C )  

CATALYST PARTICLE SIZE = 14-18 MESH 
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TRANSIENT SE 
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(1.0 KG O2/KG H 2 )  FEED MIXTURE RATIO = 1.0 L B  0 2 / L B  H 2  

MASS FLOW RATE = 0.26 L B / F T ~  -SEC (1.25 K G / M ~ - S E C )  

CATALYST PARTICLE SIZE = 14-18 MESH 
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K910962-12 FIG. 24 

F E E D  MIXTURE R A T I O =  4.0 LB 0 q / L B , H 2  (4.0 KG Oq/KG H q )  

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 x lo5 W M ~ )  

F E E D  TEMPERATURE = 360 DEG R (200 DEG K) 

IN IT IAL BED TEMPERATURE = 360 DEG R (200 DEG R) 

MASS FLOW R A T E  = 0.26 L B / F T ~ - S E C  (1.25 K G / M ~ - S E C )  

CATALYST PARTICLE SIZE = 14-18 MESH 
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MIXTUR 

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 x lo5 N / M ~ )  

F E E D  TEMPERATURE = 360 DEG R 

I N I T I A L  BED TEMPERATURE = 360 DEG R (200 DEG K) 

(200 DEG K) 

MASS FLOW RATE = 0.26 L B / F T ~ - S E C  (1.25 K G / M ~  -SEC) 

CATALYST PARTICLE SlZE = 14-18 MESH 
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FIG. 26 
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R!P ERATURE P ROFlL ES 

F E E D  TEMPERATURE = 530 DEG R (295 DEG K) 

INITIAL BED TEMPERATURE = 530 DEG R (295 DEG K) 

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 X 105N/M2) 

F E E D  MIXTURE RATIO = 1.0 L B 0 2 / L B H 2  (1.0 KG 0 2 / K G  H 2 )  

MASS FLOW RATE = 0.26 L B / F T ~ - S E C  (1.25 K G / M ~ - S E C )  

CATALYST PARTICLE SIZE = 14-18 MESH 
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FIG. 27 
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TWO FEED TEMPERATURES 

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 x 105 N / M ~ )  

IN IT IAL  BED TEMPERATURE = 530 & 360 DEG R 200 DEG R) 

F E E D  MIXTURE RATIO = 1.0 LB 0 2/LB H (1.0 KG O,/KG H p )  

2 
MASS FLOW RATE = 0.26 LB/FT2-SEC (1.25 KG/M -SEC) 

CATALYST PARTICLE SIZE = 14-18 MESH 
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T E PROFILES 

MASS FLOW RATE = 0.51 L B / F T ~ - S E C  (2.50 K G / M ~ - S E C )  

NOMINAL CHAMBER PRESSURE = 15 PSIA (1.04 X l o 5  N/M2) 

F E E D  TEMPERATURE = 360 DEG R (200 DEG K) 

IN IT IAL BED TEMPERATURE = 360 DEG R (200 DEG K )  

F E E D  MIXTURE RATIO = 1.0 L B  0 2/LB H 2 (1.0 KG OZ/KG H2) 

CATALYST PARTICLE SIZE = 14-18 MESH 
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VARIATION OF EXIT GAS T ~ ~ P E R ~ T U R E  WITH TIME FOR TWO MASS FLOW RATES 

NOMINAL CHAMBER PRESSURE = 15 PSlA (1.04 X 105N/M2) 

F E E D  TEMPERATURE = 360 DEG R (200 DEG R) 

INITIAL BED TEMPERATURE = 360 D E G  R (200 DEG R) 

F E E D  MIXTURE RATIO = 1.0 L B  0 2/LB H *(1.0 KG 0 2 / K G  H 2 )  

CATALYST PARTICLE SIZE = 14-18 MESH 
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