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FOREWORD 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the SERIES parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub­
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS SYMPOSIUM SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

'-phe Fifth International Symposium on Chemical Reaction Engineering 
has, as in past symposia, provided an excellent forum for reviewing 

recent accomplishments in theory and applications. This international 
symposium series grew out of the earlier European Symposia on Chemical 
Reaction Engineering which began in 1957. In 1966, as part of the 
American Chemical Society Industrial and Engineering Chemistry Divi­
sion's Summer Symposium series, a meeting was devoted to chemical 
reaction engineering and kinetics. This meeting highlighted the great 
interest and activity in this field in the United States and led the organiz­
ers to join with the American Institute of Chemical Engineers and the 
European Federation of Chemical Engineers in organizing International 
Symposia on Chemical Reaction Engineering. The first symposium was 
held in Washington in 1970 and was followed by symposia in Amsterdam 
(1972), Evanston (1974), and Heidelberg (1976). 

One of the most important features of all the symposia has been the 
invited plenary review lectures. This latest symposium is no exception, 
with nine review authors being carefully chosen so as to cover a broad 
range of subjects with current interest in chemical reaction engineering. 
In keeping with the international flavor of the meeting, four of the nine 
authors of the plenary review lectures were from Europe. 

The meeting format allowed three plenary review lectures each 
morning and three parallel, original paper sessions in the afternoon. The 
48 original research papers have been published under the title "Chemical 
Reaction Engineering—Houston" as volume number 65 in the American 
Chemical Society Symposium Series (1978). 

We acknowledge financial support from the National Science Foun­
dation, the American Chemical Society—Petroleum Research Fund, the 
Exxon Research and Development Co., Mobil Oil Corp., and Shell Oil Co. 

DAN LUSS 
University of Houston 
Houston, Texas 
March, 1978 

VERN W. WEEKMAN, JR. 
Mobil R & D Corp. 
Princeton, New Jersey 
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1 

Chemical Reactor Modeling—The Desirable and the 

Achievable 

R. SHINNAR 
City University of New York City College, 140th St. and Convent Ave., 
New York, NY 10031 

I. INTRODUCTION 
A significant number of reviews on reactor modeling were re­

cently published (1,2,3). However, my intent is not to review 
current literature. What I want to do is present a rather per­
sonal overview of reactor modeling as a tool in the hand of the 
designer and practitioner, and the role the academic can play in 
helping the practitioner to improve his skills. 

A few years ago, a panel of industrial practitioners con­
vened by NSF (4) came out with a statement, that most academic 
work in reaction modeling has become both irrelevant and unnec-
cessary since the practitioner now has most of the tools he needs. 
While I agree that chemical reactor modeling has made tremendous 
progress in the last thirty years, I would hardly agree that our 
job is really finished. There are a great number of challenging 
and interesting problems that await solution. But there may be 
justification to take stock as to what we can and cannot do with 
our present tools while we try to identify the problems that 
merit more attention. 

I I . GOALS OF MODELING 
The concept of reactor modeling is used in a rather broad 

sense by different people for different purposes. But there is 
one underlying thread to industrial use of models. It is a meth­
od to translate existing information and data to useful predic­
tions for new conditions. Such predictions might involve: 

1. scaleup from pilot plant to a large reactor 
2. behavior of different feedstock and new catalysts 
3. effect of different reaction conditions on product 

distribution 
4. prediction of dynamic trends for purposes of control 
5. Optimization of steady state operating conditions 
6. better understanding of the system that may lead to 

process and design improvements 

0-8412-0432-2/78/47-072-001$09.00/0 
© 1978 American Chemical Society 
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2 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

These goals are In no way e x c l u s i v e , but we should not over­
look the fact that our goal Is sound predictions* We want to be 
able to predict reactor conditions and outputs f o r inputs and de­
sign conditions f o r which we have no previous data* Otherwise a 
table of previous r e s u l t s would be j u s t as informative f o r a 
p r a c t i c a l a p p l i c a t i o n * To apply such predictions to design we 
also need to know the confidence l i m i t s of our predictions or the 
r i s k we take i n basing our design on them. 

The f i r s t question the reader might ask i s : why do I b r i n g 
t h i s up? I f we can develop a proper mathematical d e s c r i p t i o n of 
a chemical reactor we should be able to use i t for any purpose we 
want. This brings us to the basic problem of chemical reactor 
modeling. Most chemical reactors of i n t e r e s t are too complex to 
be given an exact mathematical formulation* We assume that there 
e x i s t s a true mathematical r e l a t i o n , 

Z - Μ^ίΧ) (1) 

that r e l a t e s the output v a r i a b l e of the reactor Ζ to a l l the i n ­
put v a r i a b l e s * We include here i n X the properties of the feed 
Xp, the f i x e d design v a r i a b l e of the reactor i t s e l f Xp, and the 
adjustable parameters of the reactor X^. We also assume that 
M ^ can be broken up i n t o a r e l a t i o n describing the reaction A 

rates as a funtion of l o c a l concentration M^ and a r e l a t i o n M R 

describing a l l the transport processes occurring i n the reactor. 
But while M ^ (X) e x i s t s , i t i s i n most cases_inaccessible, 

and we must s e t t l e f o r an approximate d e s c r i p t i o n M^R. We often 
do not know the complete dimension of the vector X. vïhat d i s ­
tinguishes chemical re a c t i o n modeling from many other f i e l d s of 
engineering such as d i s t i l l a t i o n , servo mechanisms and e l e c t r o n i c 
equipment, i s the fact that the difference between M»_ and M^R i s 
much l a r g e r . This applies both to M_ and M^. Even sample chemi­
c a l reactions involve complex mechanisms ana a f t e r 50 years we 
s t i l l do not completely understand the formation of ammonia, one 
of the f i r s t i n d u s t r i a l l y used c a t a l y t i c reactions. But we have 
the data and t o o l s to describe that r e a c t i o n , f o r the purpose of 
modeling an ammonia reactor Q,JL»Z) · While we have i n many cases 
a much^better t h e o r e t i c a l formulation f o r M-. that does not mean 
that Μ̂ ^ i s accessible. The s o l u t i o n of the Navier Stokes equation 
f o r a s t i r r e d tank i s too complex to be u s e f u l . Again we have to 
s e t t l e f o r some s i m p l i f i e d models that w i l l , i n most cases, work 
remarkably w e l l . The term modeling implies j u s t that. We de­
s c r i b e a complex system by a more simple one, which, hopefully, 
contains the e s s e n t i a l features of M^ Λ 

The f a c t that M ^ can be considerably d i f f e r e n t from M ^ and 
s t i l l give u s e f u l p r e d i c t i o n s , implies that f i n d i n g a u s e f u l ap­
proximation M^R i s not a unique process. In f a c t , successful 
modeling, j u s t as many other engineering design a c t i v i t i e s , i s 
part science and part a r t . We always present i t i n our papers 
as a straightforward process whereas, i n r e a l i t y , i t i s an 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
1

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



1. SHiNNAR Chemical Reactor Modeling 3 

i t e r a t i v e process i n v o l v i n g considerable judgment* 
Engineering i s d i f f e r e n t from science i n the sense that we 

design equipment with incomplete information* Modeling i s the 
a r t of p r e d i c t i n g reactor performance based on incomplete 
knowledge of M^. I t i s an a r t i n the sense that i t requires 
experience and judgment to formulate M™. and evluate i t s r e l i a ­
b i l i t y . And j u s t as the a r t content or engineering can be r e ­
duced (though not eliminated) by proper research and a s c i e n t i f i c 
approach, so can the a r t content of modeling. But i f we want to 
progress further we require better understanding of the modeling 
and the design process i t s e l f * 

I I I . CLASSIFICATION OF MODELS 
Some of the confusion i n many discussions on the value of 

academic modeling research i s caused by the fact that we apply 
the term chemical reaction modeling to procedures with rather 
d i f f e r e n t goals. Let me t r y to c l a s s i f y them. 

1. P r e d i c t i v e Models 
Our o v e r a l l goal i n a p p l i c a t i o n s i s always a p r e d i c t i o n , and 
f i n a l models are judged by t h e i r p r e d i c t i v e c a p a b i l i t i e s . Here 
I d i s t i n g u i s h between two cases: 

a) In t e r p o l a t i o n models 
b) Design models 

In the f i r s t case we have a large number of data and we want to 
organize them i n proper form. The basic feature of an interpo­
l a t i o n model i s that the vector X for which a p r e d i c t i o n i s de­
s i r e d i s surrounded by values of X f o r which Ζ i s measured. In 
the design case t h i s i s not true. We want not only to c o r r e c t l y 
predict Ζ f a r outside the X range where measurements are a v a i l ­
able, but also to minimize the r i s k of asking a wrong p r e d i c t i o n . 

2. Learning Models 
Modeling i s an i t e r a t i v e process. We do not set up i+ f i n a l model 
immediately; we develop i t i n stages. I r e f e r to any intermedi­
ate step as a learning model. A learning model i s h e l p f u l i n 
s e t t i n g up a proper f i n a l model i n several ways. 

a) I t provides us with proper s t r u c t u r a l r e l a t i o n s 
between the v a r i a b l e s . This i s important i n any 
s t a t i s t i c a l c o r r e l a t i o n , and i n i d e n t i f y i n g a 
model based on observation. 

b) I t helps us understand the modeling process 
i t s e l f by i l l u m i n a t i n g the r e l a t i o n s between 
simpler models and more complex systems. 

c) I t provides guidance for e f f i c i e n t experimentation. 
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4 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

a) Structure of Relations 
The main d i f f i c u l t y i n de r i v i n g a correct p r e d i c t i v e model 

fo r many chemical reactors i s the complexity of the system. There 
are two types of complexity i n modeling. One i s mainly computa­
t i o n a l . An e l e c t r o n i c f i l t e r constructed from c a r e f u l l y designed 
and checked subsystems i s a good sample. Here, we can construct 
de t e r m i n i s t i c models that r e l i a b l y p r e d i c t the behavior of the 
system. In the other type, such as i n models f o r s o c i a l and 
economic problems, the main d i f f i c u l t y i s proper i d e n t i f i c a t i o n , 
and the best we can often hope f o r i s some simple s t a t i s t i c a l 
c o r r e l a t i o n s . Many systems are somewhere i n between these ex­
tremes. In Table I I t r i e d to provide a ranking of d i f f e r e n t 
complex systems. 

Deterministic S t a t i s t i c a l 
Models Correlations 
E l e c t r o n i c F i l t e r s D i s t i l l a t i o n Chemical S o c i a l 
Servomechanisms Columns Reactors Sciences 

Piping net econometrics works 

Table I - C l a s s i f i c a t i o n of Models 

Well designed d i s t i l l a t i o n columns are close to e l e c t r o n i c 
f i l t e r s and while complex t h e i r performance can be w e l l p r e d i c t ­
ed from thermodynamic data. The complexity of chemical reactors 
v a r i e s from case to case. The performance of a w e l l designed 
methanol or ammonia reactor can be predicted as w e l l as that of 
a d i s t i l l a t i o n column, whereas i n more complex systems the r i s k s 
of p r e d i c t i o n s i s greater. In some sense i d e n t i f i c a t i o n of 
chemical r e a c t i o n models has some features of a purely s t a t i s t i ­
c a l c o r r e l a t i o n . Even i n a simple w e l l defined system such as 
isomerization of xylene (25) where we can measure a l l r e action 
rates and t h e i r a c t i v a t i o n energy accurately, predictions are 
only r e l i a b l e w i t h i n the range of temperatures f o r which we have 
data. At higher temperatures other reactions may become import­
ant. There i s however a very basic difference between s t a t i s t i ­
c a l i d e n t i f i c a t i o n i n econometrics and reaction modeling. In 
the l a t t e r we know much more about the structure of the system, 
and furthermore, we have a much.greater a b i l i t y to conduct care­
f u l l y c o n t r o l l e d experiments. With enough e f f o r t we may move 
any chemical reactor model fromthe r i g h t to the l e f t of the 
scale. I t i s i n providing an i n s i d e to the structure of the 
system that purely d e t e r m i n i s t i c learning models play a very 
s i g n i f i c a n t r o l e i n reaction modeling. To i l l u s t r a t e that I 
bring a rather simple example. Consider James Wei's attempt to 
draw an elephant using Fourier transform. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
1

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



1. SHiNNAR Chemical Reactor Modeling 5 

An i n t e l l i g e n t eight year o l d k i d w i l l recognize i n t h i s draw­
ing the main features of an elephant, provided he has been to 
the zoo or at l e a s t seen several p i c t u r e s of elephants. Our hu­
man mind has a great capacity of pattern recognition, but i t 
needs a storage of relevant information. The experienced en­
gineer acquires t h i s i n the course of h i s work. Well defined 
i n t e l l i g e n t d e t e r m i n i s t i c models of chemical reactors played 
a s i g n i f i c a n t r o l e i n advancing the stat e of the a r t and pro­
v i d i n g us with a s t r u c t u r a l framework f o r d e r i v i n g p r e d i c t i v e 
models. They provide guideline f or the experimentation r e ­
quired to set up models both for_jchemical reactions (M^) as 
w e l l as f o r the reactor (M^ and . 

I f we want to understand the e f f e c t of temperature on r e ­
a c t i o n rate i t i s generally more e f f i c i e n t to p l o t In r versus 
1/T, where r i s the rate to be correlated and Τ i s the tem­
perature, even i f the o v e r a l l mechanism i s complex and the r e ­
l a t i o n i s f a r from being a s t r a i g h t l i n e . Obtaining s u i t a b l e 
structures f o r semiempirical c o r r e l a t i o n s i s one of the most im­
portant goals of t h e o r e t i c a l modeling. One very valuable r e s u l t 
of mechanistic models f o r chemical reactions was to suggest a 
good structure f o r c o r r e l a t i n g reaction rates (8). Proper model­
ing w i l l a l so give us an idea of the range over which a r e l a t i o n 
w i l l hold (£). We are e s p e c i a l l y i n t e r e s t e d i f r e l a t i o n s have 
sudden steep changes or d i s c o n t i n u i t i e s . Thus, i t i s h e l p f u l 
to know i f a reactor may have m u l t i p l e steady s t a t e s , and what 
the approximate form of the r e l a t i o n s governing these states 
are. This i s important even i f we do not have s u f f i c i e n t l y de­
t a i l e d knowledge to exactly predict them. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
1

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



6 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

To be useful as a guideline i n experimentation a good de­
terministic learning model should be more complex and richer 
than the simpler model we often have to s e t t l e for i n actual 
i n d u s t r i a l modeling. But i t should not be too complex otherwise 
i t becomes useless for pattern recognition. Construction of 
learning models with j u s t the right kind of complexity for a 
given purpose i s an a r t , and here we a l l owe a debt to N. 
Amundsen. 

b) The Relations Between Simple and Complex Models 
Academic modeling i s often concerned with the way simpli­

f i e d models approximate more complex systems. Here, we are try­
ing to understand the nature of the complex systems and the way 
simplified models approximate them. The constraints that apply 
to successful predictive models do not necessarily hold, since 
our goals are simply to understand the overall system better. 
By understanding the more complex model, we also learn about the 
nature of the s i m p l i f i c a t i o n process. 

In predictive modeling of reactors we are always faced with 
the choice of a proper compromise. We require a model complex 
enough to contain the essential features of the process and sim­
ple enough to allow us to measure the parameters i n a r e l i a b l e 
way. 

We are helped i n this simplifying procedure by setting up a 
much more detailed model of the process, guessing a reasonable 
range of values for i t s parameters. This w i l l show us which pa­
rameters are important and which have a small e f f e c t , and which 
timescales are important QQ). If the timescale of any process 
within the more complex framework i s small we can either neglect 
this effect or make the assumption of a pseudosteady state. And 
i f one parameter shows l i t t l e e ffect over the range of values 
that i t w i l l reasonable have, we can skip the e f f o r t to measure 
i t accurately. These are essential steps i n every modeling pro­
cess. But t h i s more detailed model can also be useful i n test­
ing our i d e n t i f i c a t i o n modeling and design procedure. Having 
formulated i t we can pretend we don't know i t and that i t i s 
inaccessible to us i n the same way the real process i s . We can 
then perform on i t , using a simulation, the same identification mo­
deling and design procedure that we would apply to the r e a l case. If 
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1. smNNAR Chemical Reactor Modeling 7 

our method works f o r a set of such models, we gain added c o n f i ­
dence that i t w i l l work f o r the r e a l unknown M^. I found t h i s 
very h e l p f u l i n evaluating design of process c o n t r o l l e r s (11, X£) 
and I w i l l c i t e b r i e f l y two other examples f o r i l l u s t r a t i o n . 

In the design of s t i r r e d tank reactors the model of an ideal 
s t i r r e d tank i s a u s e f u l approximation. To understand when i t 
breaks down we can set up more complex models of the mixing pro­
cess (13) and of the k i n e t i c s and estimate the e f f e c t of mixing 
time. The f a c t that our complex model does not represent a r e a l 
reactor i s not that important, since a l l we want i s an estimate 
of the importance of the mixing time. On the other hand, we 
can not use t h i s complex model to p r e d i c t the e f f e c t of imper­
f e c t mixing i n a q u a n t i t a t i v e way. 

Another example i s a dynamic model f o r an exothermic reac­
t i o n i n a c a t a l y t i c packed bed reactor such as an ammonia reac­
tor or a hydrotreater (14« 15). In the steady s t a t e we can ne­
glect the complex transport processes between the gas and the 
p a r t i c l e and i n s i d e the p a r t i c l e and lump them i n t o an o v e r a l l 
l o c a l reaction r a t e . 

In a dynamic model, we can no longer neglect the heat and 
mass transfer processes between the gas and the c a t a l y s t . A 
r e a l d e t a i l e d d e s c r i p t i o n of the unsteady state process i n s i d e a 
p a r t i c l e i s rather complex. We have a number of dynamic models 
for packed bed reactors (14, 15). What we can l e a r n from them, 
i s that the dominant timescale i s the heating time of the cata­
l y s t phase. The response of the c a t a l y s t phase to changes i n 
temperature i s slow as compared to the residence time of the 
gas. This s i m p l i f i e s our modeling. We can set up a model which 
tre a t s the c a t a l y s t as an i n e r t heatsink (14) and assumes that 
the reaction occurs with the rate that would p r e v a i l at steady 
stat e at the l o c a l average temperature and concentration of the 
system. This gives approximately the same response as a more 
complex model which takes i n t o account the e f f e c t of both heat 
and mass transfer processes i n s i d e the c a t a l y s t p a r t i c l e (15) 
(see F i g . 1 from r e f . 16). This i s reasuring as otherwise we 
would have trouble i n estimating the proper data f o r our model. 
Now l e t us remember: None of the models, even the most complex 
ones, describes accurately a s p e c i f i c reactor. 

To. 

To 

Packed Bed Reactor 

|_ A—-B exothermic / / 
A ' 1 

ι. 

curve 
A Foss&Crider Model 

I Β Liu &. Amundson Model 
0.8l I —I L 

10 
time 

30 
(mi) 

40 50 
Figure 1. Response of an adiabitic exo­
thermic packed bed reactor to a step-

input in feed temperature 
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8 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

We often make the mistake of assuming that more complex models 
describe r e a l i t y more accurately, which i s sometimes but not 
always true. But as I noted previously, such models s t i l l serve 
a very important purpose. 

c) Guidance f o r E f f i c i e n t Experimentation 
Models are an important t o o l i n guiding the experimenta­

t i o n required to set up a p r e d i c t i v e model. We have some l i m i t s 
as to what and how many experiments we can carry out. The most 
e f f i c i e n t procedure i s i t e r a t i v e i n which i n i t i a l r e s u l t s are 
used to determine the range of conditions f o r which further r e ­
s u l t s are required and what space of Xp and X c should be i n v e s t i ­
gated to give us confidence for our p r e d i c t i o n s . By t r y i n g to 
model the f i n a l reactor we w i l l f i n d that c e r t a i n parameters 
have very l i t t l e e f f e c t , whereas others are c r i t i c a l . In that 
sense proper modeling i s an i t e r a t i v e procedure. We already 
mentioned the problem of f i n d i n g a proper structure f o r k i n e t i c 
r e l a t i o n s , and the problem of estimating the dominant parameters 
and timescales. 

Consider, f o r example, the vast l i t e r a t u r e on transport 
processes i n s i d e c a t a l y s t p a r t i c l e s (10, .JL7, 18). I f we want 
to predict the a c t u a l performance of a s p e c i f i c reactor we w i l l 
f i n d i t very hard to get a l l the parameters that some of the ex­
tensive models require. But they w i l l provide us with several 
important b i t s of information. In c a t a l y t i c r eaction we cannot 
d i r e c t l y measure i n t r i n s i c k i n e t i c s and they guide us i n design­
ing experiments i n which d i f f u s i o n e f f e c t s are minimized (ϋ, 
14). They w i l l also t e l l us that f o r c e r t a i n types of reactions 
we can s a f e l y predict the performance of a packed bed reactor on 
the basis of a micro reactor, while f o r others we cannot. I f 
the r e a c t i o n i s h i g h l y exothermic and there i s a chance of mul­
t i p l e steady s t a t e s , we might require experiments at flowrates 
s i m i l a r to the large reactor. We often cannot accurately predict 
the occurrence of m u l t i p l e steady states i n a c a t a l y s t p a r t i c l e , 
nor do we want to. We want to avoid them, and to assure that we 
need r e l i a b l e experiments. Theory provides a framework f o r them. 
I t i s also u s e f u l i n guiding the development of better c a t a l y s t s . 

Learning models are also used as diagnostic t o o l s . When a 
large reactor does not perform as expected, we t r y to f i n d out 
why. Experiments i n large reactors are expensive and we can 
make them more e f f e c t i v e by i n v e s t i g a t i n g p o t e n t i a l reasons f o r 
the deviation by modeling. We are interested here i n i d e n t i f y i n g 
which of the p o t e n t i a l causes would have the proper timescale and 
magnitude. 

One of the most important uses of learning models i s i n 
suggesting new experiments. We do not perform experiments at 
random, and any suggestion as to what might lead to an improve­
ment i s very valuable. Mechanistic models f o r c a t a l y s t s or 
chemical reactions are not very r e l i a b l e to a c t u a l l y predict 
r e a c t i o n rates or even the e f f e c t of v a r i a b l e s on reaction r a t e . 
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1. SHiNNAR Chemical Reactor Modeling 9 

But i n development we are content with u s e f u l leads, and here pro­
per modeling and understanding of the f i n e scale processes i n s i d e 
a c a t a l y s t p a r t i c l e (17. 18), the mechanism and p o t e n t i a l i n t e r ­
mediates, can be very h e l p f u l . 

Sometimes such leads prove to be successful despite the 
fa c t that the underlying theory i s proven to be wrong. As a the­
o r e t i c i a n , I f i n d i t sobering to remember that some of the most 
important inventions came from wrong models or theories. My f a ­
v o r i t e example i s the case of unstable combustion i n a s o l i d pro-
pe l l a n t which was a serious problem i n World War I I . The problem 
was solved by a t o t a l l y unrelated experiment. A wrong computer 
program predicted that a small percentage of aluminum powder would 
increase the s p e c i f i c impulse of such propellants. The s p e c i f i c 
impulse a c t u a l l y decreases f o r small percentages of aluminum but 
the i n v e s t i g a t o r s noted that the pressure trace was uncommonly 
smooth. Addition of aluminum powder solved the problem of i n s t a ­
b i l i t y and i n large percentages even increased the s p e c i f i c im­
pulse. There are a number of theories explaining t h i s , one of 
them mine, but I am not convinced anyone i s r e a l l y correct. 

We therefore have to c a r e f u l l y d i s t i n g u i s h between learning 
models and design models. Many p r a c t i t i o n e r s judge academic work 
by t h e i r standards and do not r e a l i z e the value of learning mod­
e l s . Perhaps i t i s a l s o our f a u l t as we seldom take the time to 
tra n s l a t e the meaning of our r e s u l t s i n a way that makes them 
e a s i l y accessible to the p r a c t i t i o n e r . 

We w i l l devote the r e s t of the paper to the methods and 
problems of deriving p r e d i c t i v e models and w i l l s t a r t with models 
based on simple s t a t i s t i c a l c o r r e l a t i o n s . 

I I I . CORRELATION MODELS 
In some cases purely c o r r e l a t i o n a l models are quite e f f e c t ^ 

i v e . understanding the nature and l i m i t a t i o n s of c o r r e l a t i o n mod­
el s a l so helps us to better understand the l i m i t a t i o n s of reaction 
modeling i t s e l f . 

I f we have an i n d u s t r i a l reactor operating we can get a 
purely empirical model that w i l l c o r r e l a t e o u t l e t concentrations 
as a function of pressure, i n l e t temperature, i n l e t concentration 
and other operating v a r i a b l e s . For some reactors such a model 
properly constructed can be rather good, as long as the new X i s 
wi t h i n a c e r t a i n space of X. I f the function Z=M^R(X) i s w e l l de­
fined and smooth fo r a subspace of X, then we can f i n d succes­
sive approximations, e i t h e r l i n e a r 

or quadratic 

which give a good approximation of the r e a l model and I know 
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10 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

some rather successful I n d u s t r i a l models of t h i s type. 
Models of t h i s type are sometimes u s e f u l i n optimization 

when the r e a l r e l a t i o n s are complex such as i n polymerization 
reactors. There i t i s often hard to express desired properties 
of the f i n a l product i n terms of reactor v a r i a b l e s ^ ( l S L ) . 

In the case of an adiabatic ammonia reactor ML^ i s not a 
w e l l defined smooth function as i t has a d i s c o n t i n u i t y of blow 
out condition. But even i n the range where M ^ i s w e l l defined, 
approximations of M ^ of the type given by 4a and 4b have strong 
l i m i t a t i o n s as they r e f e r only to f i x e d designs. 

I t i s always preferable to use models which have a stronger 
content of our knowledge about the physics and chemistry of the 
process. We normally do that by breaking up M ^ in t o a k i n e t i c 
model M^ that r e l a t e s l o c a l r eaction rates to l o c a l concentra­
t i o n s , temperature, pressure and c a t a l y s t conditions, and a r e ­
actor model M^ that q u a n t i t a t i v e l y describes the transport pro­
cesses and heat and mass balances i n the reactor. While i n many 
cases we have the t o o l s to derive an approximation for M^ from 
f i r s t p r i n c i p l e s , we can very seldom do that f o r M^. Aside from 
a few cases of gaseous reactions, we cannot pr e d i c t M„. For the 
reactor modeling we have to accept the fa c t that reaction r a t e 
expressions are empirical c o r r e l a t i o n s . What the study of reac­
t i o n mechanisms has contributed to us i s some a p r i o r i informa­
t i o n as to what form M^ might have. 

In some sense many of our successful r e a c t i o n models, es­
p e c i a l l y for complex cases are r e a l l y r e f i n e d c o r r e l a t i o n mod­
e l s . That does not mean that we should obtain them by a straight­
forward s t a t i s t i c a l approach. A proper M^ should contain not 
only the stochiometric and thermodynamic c o n s t r a i n t s , but should 
be based on a maximum of p h y s i c a l information. In t h i s way we 
obtain r e l i a b l e information f o r a wide space of X with a much 
smaller number of experimental measurements, than a s t r a i g h t ­
forward c o r r e l a t i o n would require. What I mean by a r e f i n e d 
c o r r e l a t i o n model i s that i f we have to extrapolate f a r outside 
the range of measured X, we w i l l get estimates which are valuable 
as guidelines f o r experimentation, but not r e l i a b l e enough for 
design. We cannot a p r i o r i predict what side reaction would oc­
cur at higher temperatures or pressures. 

By looking at models i n the way a s t a t i s t i c i a n looks at 
b u i l d i n g models and confirms them, one can gain some i n s i g h t s 
and i t might be time to s t a r t to combine the best features of 
both approaches. Let me c i t e some examples: 

a) Spurious Correlations 
One important problem i n a l l model b u i l d i n g i s i n i d e n t i ­

f y i n g and v e r i f y i n g the important parameters. Choosing the set 
of X which predicts Ζ i s already a model and i t i s probably the 
most important d e c i s i o n we make. I f we j u s t e m p i r i c a l l y t r y d i f ­
ferent sets of X, we might get clues as to which parameters are 
important; but we also can get wrong r e s u l t s that have a t o t a l l y 
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1. SHiNNAR Chemical Reactor Modeling 11 

d i f f e r e n t meaning than implied by our r e l a t i o n and are therefore 
of l i t t l e p r e d i c t i v e value* For example, i n a recent paper (20), 
the author t r i e d to s t a t i s t i c a l l y c o r r e l a t e the r e s u l t s of coal 
g a s i f i c a t i o n rates from various sources with greatly d i f f e r e n t 
coals. This c o r r e l a t i o n i s p l o t t e d i n F i g . 2. According to 
(20) the main parameter c o n t r o l l i n g the g a s i f i c a t i o n rate i s 
the molar flow r a t e of t o t a l oxygen (O2+I/2H2O). Pressure tem­
perature and space v e l o c i t y are claimed to have only minor ef ­
f e c t s . What makes t h i s c o r r e l a t i o n work i s the f a c t that i n ­
vestigators only publish data i n the range where there i s s i g ­
n i f i c a n t g a s i f i c a t i o n . They w i l l adjust oxygen to steam r a t i o , 
temperature, pressure and space v e l o c i t y to h i t that range. The 
c o r r e l a t i o n i n F i g . 2 simply indicates that once they f i n d such 
conditions they are correlated by stoichiometry. 

I c i t e t h i s example because such spurious c o r r e l a t i o n s are 
one of the main problems i n any modeling procedure. They are 
normally l e s s obvious and appear i n a more subtle way. We often 
conduct experiments i n a very constrained space of X, and some­
times along a s i n g l e t r a j e c t o r y of X. This i s e s p e c i a l l y true i n 
p i l o t plant operation and can be misleading. To get confidence 
i n a model we need data over a wider space of X than we intend 
to operate. 

b) Alternate Models 
In s t a t i s t i c a l inference we are very w e l l aware of the 
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12 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

f a c t that an experiment i s i n agreement with a given hypothesis 
i s often not enough. I f the r e s u l t s confirm some a p r i o r i pre­
d i c t i o n s t h i s i s valuable information. We also must ask: What i s 
a reasonable a l t e r n a t i v e hypothesis and did we d i s t i n g u i s h be­
tween the two? Model i d e n t i f i c a t i o n i s there, strongly r e l a t e d 
to s t a t i s t i c a l inference. I w i l l elaborate on t h i s i n the next 
se c t i o n . 

IV. MODEL FIT AND IDENTIFICATION 
I f we have a set of data (Z,X) M we can construct a model 

M ^ such that the square deviation between measurement and model 

< E 2 > - < Z M - (*>(X) 2 > (9) 

i s not s i g n i f i c a n t l y d i f f e r e n t from experimental e r r o r . We 
would say then that the data are i n agreement with the model. 
However, we can also ask how many a l t e r n a t i v e models are i n 
agreement with the same set of data. I f we ask the question 
i n an unconstrained way i t has no p l a u s i b l e answer. We can 
always f i n d a large number of models which w i l l have a smaller 
error than the experimental e r r o r . 

So we normally ask the question i n two ways. Either we 
t r y to d i s t i n g u i s h between two a l t e r n a t i v e models, both based 
on some knowledge of what we suspect the process to be, or we 
f i x the model but leave one or more of the parameters free and 
ask what i s the range of parameters that i s consistent with our 
r e s u l t s considering the experimental error. 

To get reasonably r e l i a b l e predictions i t i s not only im­
portant that the error be small but also that the model makes 
sense· 

We have to be c a r e f u l as to what we mean i n saying a model 
agrees with the data. Since our approximate model M ^ i s d i f ­
ferent from the true p h y s i c a l r e l a t i o n Mj!L, we can always cre­
ate an experiment that w i l l show M ^ to be i n c o r r e c t . What we 
mean by a correct model i s that: 

a) i t contains the correct physics and chemistry of 
the process, and therefore a l l important v a r i ­
ables are contained i n the X, s p e c i f i e d ; 

b) i t predicts trends c o r r e c t l y , such as that the 
signs of ̂ Z./3Xj are c o r r e c t , over the range of X 
for which tne model ap p l i e s ; 

c) the errors are reasonably small, not j u s t for ̂ E ^ 
but f o r a l l i n d i v i d u a l measurements Z. 

For i n t e r p o l a t i o n models i t i s important that the space of 
X i s w e l l covered. For design and scaleup models t h i s i s im-
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1. SHiNNAR Chemical Reactor Modeling 13 

p o s s i b l e , and i f we extrapolate we require some a d d i t i o n a l con­
s t r a i n t s on M^. 

a) We want to know i f there are any terms that contribute 
l i t t l e to Ζ i n the measured space, but that w i l l dominate i n the 
space of desired extrapolation. We can check t h i s by modeling, 
and i f we cannot avoid t h i s problem we w i l l have to admit that 
we have no r e l i a b l e p r e d i c t i o n . We therefore t r y to avoid terms 
that cancel each other out i n the measured space of X, or higher 
order terms with small c o e f f i c i e n t s . 2 

We do not necessarily 2want to minimize Ε . The model 
with the lowest value of Ε i s not the best predictor and the 
s t a t i s t i c a l inference i s f u l l of problems of t h i s sort (22). 
However, l i t t l e has been done to apply t h i s s ystematically to 
"approximate" modeling. 

However, some general p r i n c i p l e s apply to our case. F i t ­
t i n g data using an assumed structure of involves the estima­
t i o n of a set of parameters C , that are contained i n We 
measure the err o r i n the Ζ space, but we also need an estimate 
of the error i n the C space, as we need confidence l i m i t s on C. 

A good i d e n t i f i c a t i o n means that the confidence l i m i t s on 
C. are narrow. We can only achieve t h i s i f the dimension of C. 
i s reasonably small as compared to the number of independent^ 
observations and i n k i n e t i c experiments the number of r e a l l y i n ­
dependent observations i s not easy to estimate and i s consider­
ably lower than the number of rate measurements. R e l i a b l e s i ­
multaneous estimates of a large number of C. are d i f f i c u l t , even 
i f we have a large number of data. I t i s therefore important to 
reduce the dimension of C, estimated simultaneously. We should 
t r y to set up experiments^which measure a s i n g l e C^, or decouple 
the system i n a way that allows us to get independent estimates 
for a subspace of C . For example, we t r y to measure de­
coupled from by using isothermal reactors with c l e a r l y de­
fined M R (no mass or heat transfer r e s t r i c t i o n s , etc.) For cer­
t a i n monomolecular or pseudo-monomolecular systems there are 
formalized ways to decouple the rate matrix in t o smaller subsets 
(23, 24, 25). In other cases t h i s cannot be done r i g o r o u s l y and 
we use h e u r i s t i c methods. ^ 

For a complex M^* or M_ we always face a compromise using 
the f u l l set of X and a more r e a l i s t i c model w i l l lead to d i f f i ­
c u l t i e s i n estimating C.. We gain r e l i a b i l i t y by reducing the 
dimension of X and s i m p l i f y i n g the model. The advantage i s that 
compared to straightforward c o r r e l a t i o n we can j u s t i f y the sim­
p l i f i c a t i o n by proper understanding of the system, and we can 
t e s t our s i m p l i f i c a t i o n s i n an independent way. Again, t h i s 
points out the i t e r a t i v e nature of modeling. 

b) We want to have maximum confidence i n our model i n the 
sense that the underlying p h y s i c a l assumptions are correct. A 
good way of t e s t i n g t h i s i s by looking c a r e f u l l y at where the 
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14 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

model f a i l s or what D. Prater (21) c a l l s "operating a model i n 
a f a i l u r e mode." 

When we design a plant we do not want to l e a r n from f a i l ­
ures (though we r e g r e t f u l l y do) but i n the model b u i l d i n g pro­
cess we want to set up the model and the experiment i n such a 
way that we c l e a r l y notice where i t f a i l s . This i s one reason 
why I prefer simple models. 

We want to t e s t the model i n the learning stage where 
wrong predictions do not involve a large penalty. Model b u i l d ­
ing should therefore be successive i n a manner that we derive 
both the form of the model and the c o e f f i c i e n t s C. from a l i m i t ­
ed set of Ζ , X . We should then t e s t i t on another s e t , pre­
ferably outside Whe space of χ used to derive i t . 

One example of t h i s approach i s given i n reference 26 f o r 
s e t t i n g up a k i n e t i c model f o r the water gas s h i f t r e action. I 
w i l l i l l u s t r a t e i t by an example from my own work. 

Operating a Model i n the F a i l u r e Mode 

The Mixed C r y s t a l l i z e r . One problem that concerned our 
research f o r many years was the understanding of the c y c l i c be­
havior of some c r y s t a l l i z a t i o n and polymerization reactors (27. 
28). Under c e r t a i n conditions the p a r t i c l e s i z e undergoes 
strong c y c l i c f l u c t u a t i o n s , which severely upset operation and 
c o n t r o l . To understand t h i s behavior we set up a simple model 
proposed by Hulburt and Katz f o r a s t i r r e d tank c r y s t a l l i z e r , 
which i s simply a p a r t i c l e balance of the c r y s t a l l i z e r as w e l l 
as a mass balance of the solut e . For our purposes i t i s not 
necessary to go i n t o the d e t a i l s of the model, but rather to 
deal d i r e c t l y with i t s i m p l i c a t i o n s . The only important k i n e t i c 
parameters of t h i s model are the l i n e a r c r y s t a l growth rate G 
and the nucleation rate B. The simplest assumption we can make 
about Β and G are to assume that they are functions of super-
saturation only. 

I f we look at the s t a b i l i t y of t h i s system we f i n d that i t 
i s determined by a r a t i o b /g =ΏΐηΒΛ. η „ 

c e c v J l n G 
where 

S 
= rD_G _ QlnG 

c G3C * flc 

c ~ B<3C ~ 0 c 

A mixed c r y s t a l l i z e r i s unstable i f b /g i s larger than 
21. For a given residence time we can measureCB and G by mea­
suring the p a r t i c l e s i z e d i s t r i b u t i o n i n the product. For our 
s i m p l i f i e d model i t i s exponential and i n t h i s case we can com­
pute G and Β from the average p a r t i c l e s i z e <£r^ . (29). We can 
then compute b /g from 0{r)^ /J) θ by the r e l a t i o n 
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1. SHiNNAR Chemical Reactor Modeling 15 

hc'*c ' 1 

90 T-/gc + 3 (6) 

For A value of Bg/s c
 β 21 corresponds to a value of 

93̂ /00= 0.3. I f 3̂ r> = 0 then b g / g c = 1 and the sys­
tem i s very stable. 

In the beginning we were happy with several aspects of our 
r e s u l t s . The form and time scale of the p a r t i c l e s i z e f l u c t u a ­
tions agreed w e l l w ith what we observed. We also had a case f o r 
which cKr}/ was i n the correct range. Furthermore, our 
model predicted c o r r e c t l y the e f f e c t of product c l a s s i f i c a t i o n 
on s t a b i l i t y (30). But when we started a closer i n v e s t i g a t i o n 
of r e a l data, (and here I am l i m i t e d by proprietary considera­
tions) we found that there are systems e x h i b i t i n g c y c l i c i n ­
s t a b i l i t i e s f o r which 3fc> Ι$θ was close to zero. The c o r r e l a ­
t i o n between <><Γ>/3Θ a n d t n e dynamic behavior sometimes went 
i n the wrong d i r e c t i o n . F i r s t we examined the e f f e c t of our sim­
p l i f i c a t i o n s . The c r y s t a l l i z e r i s not r e a l l y mixed, and con­
tain s regions of higher supersaturation. This we found i n ­
creases s t a b i l i t y . Also G i s a function of p a r t i c l e s i z e . 
This can decrease s t a b i l i t y but the e f f e c t i s minimal i f 

0. <r> / 0 # i s close to zero. We also looked at the e f f e c t 
of secondary nucleation i n which nucleation i s promoted by the 
area of c r y s t a l s present and again we found that t h i s s t a b i l i z e s 
the system. We looked f o r a l t e r n a t i v e models (31) and were ac­
t u a l l y helped i n t h i s by a more complex model which we had set 
up, f o r the polymerization of a c r y l o n i t r i l e i n an aqueous d i s ­
persion (32). Here polymerization occurs both i n the aqueous 
phase as w e l l as i n monomer adsorbed by the polymer. New par­
t i c l e s are formed by coalescence of polymer molecules formed i n 
the aqueous phase. Small p a r t i c l e s are c o l l o i d a l l y unstable and 
coalesce, whereas large p a r t i c l e s which are stable seldom co­
alesce with each other. They can, however, adsorb small unstable 
c l u s t e r s . The formation of a new p a r t i c l e depends on the a b i l i ­
t y of small polymer c l u s t e r s to grow by coalescence to a c r i t i ­
c a l s i z e before they are adsorbed by an e x i s t i n g stable p a r t i c l e . 
We can express t h i s by w r i t i n g 

where a i s the area of the c r y s t a l magna per u n i t volume. We 
now define 

Β = B[ (c-c ) j a ] 
(7) 

and b _ 0 1 n B 
c " 9 c 

and i f we repeat the analysis for t h i s model, we obtain 
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16 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

3<r> , b c / 8 c ^ 
d θ V * c + 3 - b a <8> 

I f we look at reference (8) we f i n d that we cannot get b /g^ from 
9<r) · I f we measure the super saturât io n , then, i f 
*£) ̂ r > /9© i s small and b /g i s large, we know that our simple 
model i s wrong. But i f b 7g C i s small we w i l l not detect any ef­
fect of b a i n steady s t a l e experiments. We checked t h i s by more 
extensive modeling over wider ranges of 0 . 

A s t a b i l i t y a n a l y s i s shows (31) that p o s i t i v e values of 
b a s t a b i l i z e whereas negative value--?·destabilize and a system 
with b g / g c of unity or l e s s could be unstable i f b a i s l e s s than 
minus 20. There i s no way we would notice that by measuring 

^ r ^ versus θ . 
We also found that Glassner (33) had independently shown 

by studying nucleation on a microscale that there are c r y s t a l l i ­
z a t i o n systems i n which nucleation occurs by a mechanism i n which 
nucleation occurs by coalescence of c l u s t e r s and i s i n h i b i t e d by 
capture of c l u s t e r s at e x i s t i n g stable c r y s t a l s . 

Once we accept that Β and G are functions of the proper­
t i e s of the c r y s t a l magna there are a number of models that w i l l 
have s i m i l a r behavior. For example, the case where nucleation i s 
promoted by c o l l i s i o n of large p a r t i c l e s i s quite s i m i l a r to the 
case of negative area dependence. There i s no way that we can 
prove any s p e c i f i c model from the o v e r a l l behavior of the cry­
s t a l l i z e r . But i f we c a r e f u l l y organize our experiments we can 
disprove c e r t a i n mechanisms and thereby increase our understand­
ing of the system. There are several lessons I learned from t h i s 
example. 

a) Keep the model as simple as possible 
In the age of the computer one i s always tempted to put up 

large complex models. The requirement f o r s i m p l i c i t y that time 
put on us has passed. While we can often gain a l o t by studying 
the f u l l nonlinear simulation of the system, i t has some s i g n i f i ­
cant drawbacks at the l e a r n i n g stage. Our mind does not work i n 
10 dimensions and i t i s hard to present the r e s u l t s of a complex 
model so that we c l e a r l y note where i t f a i l s . By keeping the mod­
e l simple and slowly increasing the complexity as a d d i t i o n a l data 
require, we learn much more about the physics, then i f we s t a r t 
to f i t a large model. This i s important i n another way. In s t a ­
t i s t i c a l inferences as w e l l as i n any experimentation there i s a 
b i g difference between the f a c t that a model f i t s the data on 
which i t i s based, and where i t pr e d i c t s data i n a new space of 
X and Z. 

B) Check c a r e f u l l y what information i s r e a l l y contained i n your 
experiment 
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1. SHiNNAR Chemical Reactor Modeling 17 

Often we cannot Increase parameters independently, though, 
i f p ossible, we should make an e f f o r t to do so. We set up a mod­
e l and measure i t s parameters by an experiment i n a way that 
strongly depends on the model i t s e l f . 

While the r e s u l t s may f i t our model, they may not contain 
the information we seek, regardless of accuracy. We therefore 
have to be very c a r e f u l to study what we are r e a l l y measuring; 
what information i s d i r e c t l y contained i n our measurement, as 
distinguished from the information we extract by s e t t i n g up a 
model. 

In our example, a l l we measured was ^Xr^/3 θ a t s t e a d y 
state and despite the large amount of l i t e r a t u r e based on t h i s 
approach i t does not give s u f f i c i e n t r e l i a b l e information on the 
k i n e t i c s of c r y s t a l l i z a t i o n . A mixed c r y s t a l l i s e r i s not a r e ­
l i a b l e t o o l to get k i n e t i c data for c r y s t a l l i z a t i o n . This has 
recently been demonstrated by other i n v e s t i g a t o r s (24)· 

c) Increase the space of X and Ζ and avoid constrained t r a j e c ­
t o r i e s i n component space 

One of our problems with the c r y s t a l l i z e r was that we 
t r i e d to extract information from a s e r i e s of experiments i n 
which only space v e l o c i t y was v a r i e d . This i s standard procedure 
i n p i l o t plant design. 

This severely constrains the space of X. I f we had 
changed feed conditions and measured supersaturâtion, we would 
have gotten a d d i t i o n a l information. A batch experiment would 
have been even more i l l u m i n a t i n g . For the polymerization reac­
t i o n we got the important clues from batch experiments. 

Frequently, we cannot cover the space of X, e s p e c i a l l y i n 
design models. Proper modeling can guide the experimenter as to 
the space of X required i n r e l i a b l e p r e d i c t i o n s . 

Consider f o r example a continuous s t i r r e d tank dispersion 
polymerization reactor operating with a low v i s c o s i t y emulsion. 
We cannot maintain exactly the same f l u i d dynamics i n a large 
scale reactor as i n a p i l o t plant. No modeling can overcome that. 
But we know the d i r e c t i o n of these changes. Dispersion of feed 
w i l l be slower. Mixing and temperatures w i l l be l e s s uniform, 
etc. We can investigate i n the p i l o t plant the s e n s i t i v i t y to 
temperature. We can experimentally measure the s e n s i t i v i t y to 
mixing by b u i l d i n g a p i l o t plant of the type described by Shinnar 
(19) (see F i g . 3). We can also investigate the p o t e n t i a l e f f e c t 
of these parameters by modeling. In the end what we want from 
t h i s are l i m i t e d estimates on the time scales of nonuniformities 
and mixing processes for which the process becomes s e n s i t i v e to 
mixing. I f we can design the large reactor so that the mixing 
times associated with the reactor are small enough so that the 
process i s i n s e n s i t i v e to t h e i r exact magnitude, then we have a 
safe scaleup. I f not, modeling w i l l not be very r e l i a b l e , what­
ever we do. We note that while we do not measure Ζ for the de^ 
s i r e d X, we somehow increased our confidence by increasing the 
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18 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

space of X so that we included a maximum of the important pro­
p e r t i e s of the f i n a l X i n our experimental design. 

We do not achieve t h i s confidence by s e t t i n g up an accu<-
rate model fo r mixing i n the s t i r r e d tank. We do achieve i t t r y ­
ing to confine our design to regions i n which the unknown fea­
tures of turbulent mixing do not have an undue influe n c e , and by 
performing proper experiments which were outside the normal ope­
r a t i o n of the p i l o t p lant. 

The most common mistake that I meet i n p i l o t plant opera­
t i o n and modeling i s a lack of understanding of what i t means to 
get a proper wide space of X. By Murphy's law, p i l o t plants are 
i n v a r i a b l y shut down when a commercial plant i s designed. Look­
ing over the data I f i n d that the operators concentrated on get­
t i n g good reproducible data i n the p i l o t plant searching f o r 
optimum conditions which are often i n a narrow space of X. No 
thought was given to the f a c t that t h i s i s not the sole or main 
function of a p i l o t p lant. Very seldom can we reproduce the ex­
act conditions i n a large plant, and we need a much larger space 
of X i n the p i l o t plant to give r e l i a b l e predictions for scaleup. 
The termscaleup i s a misnomer. We scale down i n a p i l o t plant 
from the large reactor. Therefore modeling and design of the 
commercial plant should s t a r t before we design the p i l o t plant 
and d e f i n i t e l y before we close i t . I t i s an i t e r a t i v e process. 
We have to estimate i n advance whether the set of X obtained i n 
the p i l o t plant w i l l give us s u f f i c i e n t information for the range 
of X encountered i n the f i n a l design. Proper guidelines f o r ef­
f i c i e n t p i l o t plant operation are s t i l l a challenging research 
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1. SHiNNAR Chemical Reactor Modeling 19 

problem f o r the academic. 

Model I d e n t i f i c a t i o n and the Concept of Model Space 

The concepts presented i n the previous sections can be 
formalized i n a more rigorous way. I f we have a p h y s i c a l sys­
tem and a set of observations (X,Z ) we can always f i n d 
a set of approximate models M ^ such that 

fo r any member of the set. We noted before that Ε contains both 
the experimental and the model e r r o r . The nature of reactor 
modeling i s such that the set of reasonable M ^ i s large and may 
be i n f i n i t e . We c a l l the set of M ^ that i s consistent with 
any given set of experiments and an acceptable error Ε the per­
m i s s i b l e model space. I t i s vaguely defined i n the sense that 
the number of models that we permit does not only depend on 
(Ζ,Χ)^ but also on our phy s i c a l knowledge about the system. 

In that sense i t i s a fuzzy set. But we can often formulate a 
c l e a r l y defined model space i n which the set of vectors 

i z i i = Ri ( x ) i ( i o > 

bounds the space i n which the r e a l βΜ*£ (X) w i l l be, f o r the 
desired p r e d i c t i o n , Ζ ρ = Μ ^ ( χ ) · While we cannot i d e n t i f y M ^ we 
can i d e n t i f y a set M ^ that has the property, that 

Z? . < Z* < zJ (10a) i min , ^ ι max 
for each Z; Here min and max are the minimum and maximum 
values of Ζ ; i n the whole set defined by 10. 

We also require that Ζ. - Ζ min shpul^.be l e s s than 
ι max i 

the permissible error E. To do t h i s we need to know f i r s t of a l l 
the permissible value of E, which varies from case to case along 
with the penalty f o r a large value of E^ 

We can often construct a sejt of |M|that f u l f i l l s equ. (10a) 
by defining a f i x e d structure for M and varying the constants ( ϋ 
12). Or we can use a set of models with d i f f e r e n t structures 
that bound the properties of M^. For example, Zwietering's 
method of bounding the conversion of second order reactions used 
the residence time d i s t r i b u t i o n as an example of the l a t t e r type. 

Adequate model i d e n t i f i c a t i o n means that we have narrowed 
the properties of the s e t l M ^ J s o that f o r a l l desired regions of 
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20 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

predictions the e r r o r of Ζ i n the space defined (by 10a) i s suf­
f i c i e n t l y small for our purposes* 

An i n t e r p o l a t i o n model i n that sense means a model space 
i n which the desired p r e d i c t i o n (Z,X) f a l l s i n a space which i s 
w e l l covered with measured vector p a i i s (Ζ X ). Here, narrowing — ι mm 

M ^ | i s not c r i t i c a l , as any member of the set w i l l 
give a reasonable p r e d i c t i o n provided 

* 
a) i s smooth and w e l l defined 
b) X i s complete i n the sense that the c o n t r i b u t i o n to Ζ 

of parameters not included i n X i s n e g l i g i b l e 

c) we choose a form of M^, which i s also smooth i n the 
space under consideration.* 

While we can define what we mean by a space being w e l l 
covered by X, doing i t e f f i c i e n t l y requires judgment and here 
more t h e o r e t i c a l work could be very u s e f u l . The problem of com­
pleteness i s more d i f f i c u l t . An i n d u s t r i a l feed may contain im­
p u r i t i e s with strong c a t a l y t i c a c t i o n that we do not encounter 
i n our p i l o t plant. In recycle operation we can at l e a s t foresee 
t h i s p o s s i b i l i t y , but the only way we can protect ourselves i s by 
extensive and expensive experimentation. E a r l i e r , we discussed 
the problem that the set X has to be wide and that constrained 
t r a j e c t o r i e s are preferably avoided. 

In design models the problem i s more d i f f i c u l t . We have 
to evaluate the l i k e l y range of conditions X that could be en­
countered i n the f u l l scale plant. Here estimation of the space 

J Mj^Xp)) requires more judgment. We cannot cover the space of 
X i n the same way, as the large plant operates i n a d i f f e r e n t 
flow regime, and we therefore need a larger degree of confidence 
i n our model. We have to ask what fe a t u r e ^ of X w i l l a f f e c t the 
p r e d i c t i o n and how we can narrow the set | M^R| i n such a way that 
i t i s l i k e l y to bound M* (X) w i t h i n a s u f f i c i e n t l y small space. 

In that sense a l l p r e d i c t i v e modeling i s a bounding pro­
cedure. We have to approach i t from two sides. F i r s t we have to 
ask what properties of i M j ^ J a r e going to be the most important i n 
determining Ζ i n .the desired region of p r e d i c t i o n s . Λ 

For example, i n c o n t r o l problems the main features of 
we need are the main time constants of the response, the sign of 
9 Zj/9 X^ and the magnitude of the f i n a l response. The most c r i ­
t i c a l i s the d e r i v a t i v e . I f the other two are accurate w i t h i n 
30%, or even a f a c t o r of two, we can compensate for t h i s by pro-

* Some polynomial f i t t i n g functions lack that property and mini­
mize (E2) i n a way that leads to strong f l u c t u a t i o n i n between the 
measured points. 
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1. SHiNNAR Chemical Reactor Modeling 21 

per design of the feedback c o n t r o l . 
We have to ask what properties of the space | M^l we de­

fined i n our experiment. Consider, f o r example, a tracer experi­
ment leading to a residence time d i s t r i b u t i o n F ( t ) . F ( t ) i s a 
l i n e a r property of the set |Μ^|· As and are nonlinear 
there i s no way we can reconstruct a model from F ( t ) , regard­
l e s s of how accurately we perform the experiment. But we can use 
residence time d i s t r i b u t i o n s e f f i c i e n t l y i n the f a i l u r e mo de . Let 
us look at the tracer experiments i n F i g . 4 taken from Murphrees 1 

paper on hydrotreaters (35). Figure 4 gives the r e s u l t s r e p l o t t e d 
i n terms of the i n t e n s i t y function (6). 

Note that the p i l o t plant i s very s i m i l a r to a packed bed 
where both traces from the i n d u s t r i a l reactor show a maximum i n 
the i n t e n s i t y function which indicates a bypass phenomenon i n the 
flow. This could be due to a badly designed l i q u i d d i s t r i b u t o r . 
But i t could equally be due to i n s t a b i l i t i e s caused by the flow 
i n s i d e the bed, which i s i n d i f f e r e n t flow regime than the p i l o t 
plant. This type of tracer experiment does not allow us to d i s ­
t i n g u i s h between these a l t e r n a t i v e s and we would need a d d i t i o n a l 
experiments or clues to do so. 

1 m<-A m ι 
MOlnQnl 
Ihd Reoctor(A) 

—Ind Reactor (B) 

time (mi) 

Industrial and Engineering Chemistry, 
Product Research and Development 

Figure 4. Tracer experiments in 
a trickle bed reactor (35) 
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I f we want to get a better approximation of M^, we should 
carry out a set of k i n e t i c experiments i n the p i l o t plant and the 
i n d u s t r i a l reactor, using d i f f e r e n t feedstock temperatures and 
feed r a t e s . This would improve our knowledge of and provide 
valuable information f o r future s c a l i n g s . I f a l l we want i s to 
predict the behavior of new feedstocks, t h i s would probably be 
enough. Modeling of g x i s t i n g reactors does not require a de­
t a i l e d knowledge of M^. But i f we want to understand how to im­
prove the reactor f o r future designs, we need much more informa­
t i o n , and we would require d e t a i l e d studies of the flow processes 
i n s i d e such a large reactor as a function of process conditions 
and design. This could be done i n a cold flow model* 

While M* and M*. have some s i m i l a r i t y i n that they are i n ­
a c c e s s i b l e , there are some basic differences^. We can d e l i b e r a t e ­
l y design our reactor so that the space of i s narrow, or, i n 
other words, the flow models are w e l l defined. We can achieve 
t h i s even i n turbulent flows or i n f l u i d beds by designing the 
reactor very close to a w e l l defined asymptotic case such as a 
s t i r r e d tank or a plug-flow reactor. We can achieve t h i s despite 
the complex non-linear form of the transport equations. I f the 
deviations from the c l e a r l y defined asymptotic case are small, we 
can describe them by an expression around the asymptotic case. 
Happily, most processes are not s e n s i t i v e to small deviations 
from the asymptotic i d e a l flow. 

We cannot do t h i s f o r M^ On the other hand, M R i t s e l f 
i s not a function of scaleup, so i f we understand what proper­
t i e s of M^ we need to know for safe scaleup, we can cover the 
space of M^ w e l l enough i n the p i l o t p l ant, to give r e l i a b l e 
p r e d i c t i o n s . 

We w i l l discuss both problems i n the f o l l o w i n g sections. 

VI I . FLOW MODELS FOR REACTORS. THE EFFECT OF DESIGN ON PRE­
DICTABILITY 
One important t o o l of the designer, using modeling i n t e l ­

l i g e n t l y , i s to design the reactor so that i t s performance i s 
easier to p r e d i c t . Good modeling i s a two-way street or an i t e r a ­
t i v e process. I t should e f f e c t our design decisions. 

There i s an analogy to t h i s i n c o n t r o l and e l e c t r o n i c equip­
ment design. For r e l i a b l e complex e l e c t r o n i c c o n t r o l equipment, 
the designer w i l l choose components with reproducible l i n e a r be­
havior over a wide range. I f needed, he w i l l pay a premium fo r 
t h i s , to ensure w e l l predictable performance i n complex systems. 
We cannot make our reactors l i n e a r , and we are l i m i t e d i n what we 
can do about M^. We should be happy to have a s e l e c t i v e c a t a l y s t 
at a l l . But we can spend money to make M R more predictable. 

The concept i s already quite f a m i l i a r i n the design of 
k i n e t i c experiments. Here we want to have conditions where M^ 
i s well-defined and the r e a c t i o n rates can be measured d i r e c t x y 
without being disguised by the e f f e c t of transport processes. In 
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p r a c t i c e , f o r most reactions t h i s translates i n t o designing a mi­
cro-reactor which i s e i t h e r close to isothermal plug-flow (51), 
or to a s t i r r e d tank (13). In both problems the e f f o r t that we 
spend to approach the i d e a l case should depend on the s e n s i t i v i ­
ty of the r e a c t i o n to mixing. In most instances we can approach 
the i d e a l case s u f f i c i e n t l y to get r e l i a b l e rate measurements. 

We check t h i s by a bounding procedure. For small devia­
tions from plug-flow we can express the deviation from plug-flow 
by the variance of the residence time d i s t r i b u t i o n . We can e s t i ­
mate t h i s variance, or measure i t , e i t h e r by a tracer experiment 
or by using a r e a c t i o n s e n s i t i v e to mixing (52). We can then 
use any simple model, such as a s t i r r e d tank, to estimate the ef­
f e c t of a small deviation from plug-flow, and design the reactor 
with a variance small enough to have a n e g l i g i b l e r e s u l t on the 
k i n e t i c s . We achieve t h i s by measuring the length of the micro-
reactor and decreasing the p a r t i c l e s i z e of the c a t a l y s t . Since 
t h i s i s expensive, we have to decide i f i t i s necessary. We ap­
proach the problem of assuring isothermal conditions i n a s i m i l a r 
way. I t i s , therefore, an i t e r a t i v e procedure because only a f t e r 
we have the f i r s t r e s u l t s can we evaluate whether our micro-re­
actor was good enough. 

We can apply the same approach to design of i n d u s t r i a l r e ­
actors. While i n a p i l o t plant the goal i s to measure accu­
r a t e l y , here our goal i s to reduce the r i s k of scaleup. 

We previously discussed the case of the polymerization r e ­
actor. In a s i m i l a r v e i n , i n a l k y l a t i o n the s e n s i t i v i t y to mix­
ing i s reduced by pre-blending the feed with recycle. 

I would l i k e to add here another, l e s s known, example - the 
design of a c a t a l y t i c f l u i d bed reactor. At low flow v e l o c i t i e s 
such reactors are hard to scaleup. Large bubbles are formed and 
the exact behavior of the bed i s hard to predict Q8, 39). This 
i s w e l l i l l u s t r a t e d by the a v a i l a b l e data. In F i g . 5 conversion 
i s p l o t t e d for a f i r s t order r e a c t i o n as a function of bubble 
s i z e f o r a s p e c i f i c case (40). I t i s very s e n s i t i v e to bubble 
s i z e . In that sense bubble models are learning models and not 
p r e d i c t i v e models, inasmuch as we cannot predict bubble s i z e that 
accurately. At higher v e l o c i t i e s bubbles become l e s s d i s t i n c t and 
gas s o l i d contact improves considerably (41, 42). The r i s k of 
scaleup decreases. 

The most important lesson of bubble models, not stressed 
s u f f i c i e n t l y , i s that one should avoid t h i s regime f o r c a t a l y t i c 
reactor design. Present c a t a l y t i c reactors operate, therefore, 
at much higher v e l o c i t i e s than those used i n most academic i n ­
ve s t i g a t i o n s . We can also approach plug-flow by properly b a f f l i n g 
the bed (see F i g . 6). This w i l l introduce a staging e f f e c t , break 
up the bubbles and further reduce the hydraulic diameter. This 
also reduces the distance betwen X and X . Such a bed w i l l be 
very close to plug-flow, though t h i c a t a l y s t e f f i c i e n c y w i l l be 
lower than predicted from a packed bed reactor (43). I know of 
one case where a 99.5% conversion i s achieved at a space v e l o c i t y 
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which i s only lower,by a fac t o r of two, than i n a packed bed. 
Here we achieve r e l i a b l e scaleup at an increased reactor cost. 
Regretably, operating at a high v e l o c i t y requires a t a l l p i l o t 
p l ant, which i s expensive. I t also reduces the range of opera-
b i l i t y of the bed. 

There are many other cases i n which design changes w i l l 
reduce the rislc^scaleup and improve our c a p a b i l i t y of prediction. 
The question the designer has to ask i s whether the added cost 
i s worth the reduction i n r i s k . Simulation and modeling can help 
estimate the r i s k , but they cannot eliminate i t . Therefore, a 
designer has to understand c l e a r l y what the basis and confidence 
l i m i t s of such predictions are. 

The a b i l i t y to approach an i d e a l case i s not only valuable 
i n terms of reducing the r i s k of scaleup. For many cases the 
i d e a l plug-flow or s t i r r e d tank reactor i s also an optimal r e ­
actor (44), and we often improve the y i e l d by approaching plug-
flow more c l o s e l y . 

In no way do I want to create the impression that we cannot 
or should not handle more complex flows. What I want to point 
out i s not only that t h i s i s more complicated, but that i t also 
involves larger u ncertainties or wider bounds on M ^ . 

I concentrated here on the e f f e c t of design on p r e d i c t a ­
b i l i t y . Modeling should enter design considerations i n many 
other ways, since i t indicates the compromises the designer faces. 
One problem that has u n t i l now been given too l i t t l e a t t e n t i on i s 
the way design a f f e c t s dynamic behavior and con t r o l of the r e ­
actor. Good examples of t h i s are recent studies dealing with de­
sign of c a t a l y t i c after-burners (45» 46) and hydro-crackers (16). 

V I I I . KINETIC MODELS 
Finding a proper IL i s a more complex problem and what I 

want to do here i s to i l l u s t r a t e some of the general p r i n c i p l e s 
outlined before, and mention some of the problems that require 
s o l u t i o n . 

Let me s t a r t with a simple case: the conversion of n i t r o ­
gen and hydrogen to ammonia. On the one hand, i t i s a complex 
reaction and we do not know the mechanism. On the other hand, 
with reasonable e f f o r t we can get an all-purpose M^, a rate r e ­
l a t i o n accurate enough so that we do not have to ask about i t s 
use. Such expressions are not necessarily unique. F e r r a r i (45L) 
l i s t s 24 rate expressions of the form 

„ ΠοΤ'-1/Ι01ϊαΛ 
Γ* ! •— 
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where 

(11a) 

( l i b ) 

which f i t a wide range of data with an ^ of l e s s than 10%. 
A l l of them are based on d i f f e r e n t mechanistic models f o r the i n ­
d i v i d u a l steps on the c a t a l y s t surface. I t i s obvious that such 
o v e r a l l data cannot d i f f e r e n t i a t e between complex mechanisms. 
The best f i t was obtained by the rate equation 

which has an error of l e s s than 1.0%. As F e r r a r i only g i v e s 2 

^E ^ , i t i s d i f f i c u l t to judge between the models as ^ E ^ 
i s an i n s u f f i c i e n t c r i t e r i o n . Since he had, at h i s d i s p o s a l , a 
large amount of data, the models are a l l probably good. In my 
view, a l l of them are too complex and contain more parameters 
than t h i s case j u s t i f i e s . We could jget a model r e l i a b l e enough 
fo r any purpose of reactor modeling by a simpler model. 

For estimating ML we want s t r u c t u r a l r e l a t i o n s that con­
t a i n our knowledge of the physics and which have the property 
that they map e f f i c i e n t l y back between concentration space and 
parameter space without increasing the e r r o r . We know too l i t t l e 
about that, as w e l l as how we incorporate and test our approximate 
knowledge of which i s often c o n s i s t e n t l y i n t o the estimation 
procedure. ^ 

Estimation procedures f o r show one s p e c i a l feature. Com­
pared to estimation problems i n other areas of engineering we 
know much l e s s what the accurate p h y s i c a l r e l a t i o n i s . Often 
we cannot use straightforward d e t e r m i n i s t i c modeling, as our 
knowl|dge of Mj£ i s i n s u f f i c i e n t . We also have experimental er­
r o r s . On the other hand, we know much more about than we do 
i n the areas for which purely s t a t i s t i c a l model-builaing pro­
cedures have been developed. What we r e a l l y need i s a new ap­
proach that incorporates i n t o s t a t i s t i c a l estimating procedures 
the considerable knowledge of the thermodynamic constraints (5jj> 

r« (12) 

a) Ref. (47) i n t h i s volume shows that even i f we knew the exact 
s t r u c t u r e , recovering the c o e f f i c i e n t s requires a great e f f o r t . 
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and M. Feinberg i n r e f . 2) and the p h y s i c a l features of that 
we know. The a p p l i c a t i o n of the concept of model space and wnmd-
ing may provide a s t a r t i n g point. 

We should a l s o r e a l i z e that i n the ammonia case the most 
important rate information i s contained i n the following i m p l i c i t 
assumptions: 

1) The only product promoted by the c a t a l y s t i s ammonia. 
The dimension of Ζ i s always the most important informa­
t i o n contained i n and requires c a r e f u l checking f o r 
new c a t a l y s t s . 

2) The rate i s a function of measurable concentrations. We 
know, or b e l i e v e , that intermediate species play a r o l e . 
The f a c t that we can express a serie s of steps, depend­
ing on the formation of unstable intermediates as a 
function of concentration of measurable species, i s a 
strong assumption based on experience. I t does not a l ­
ways hold and requires experimental v e r i f i c a t i o n . 

3) We know that other feed componenents,such as CH., are 
i n e r t . The fa c t that CO and H2S a f f e c t the rate by 
poisoning the c a t a l y s t i s taken care of i n equation 
(12) by assuming that we eliminated them from the feed. 

Let me now go to a more complex case. As the f i r s t example 
I chose the isomerization of Xylene over a s i l i c a glumina cata­
l y s t studed i n reference (25). Here, Xylene isomerizes with a 
monomoleculaf re a c t i o n : «-xylene (A,) 

•A 
J H . (13) 

CH, 

and s i m i l a r l y undergoes a disproportionation r e a c t i o n 

(14) 

The second rea c t i o n i s pseudo-monomolecular; the reverse reac­
t i o n i s bi-molecular and i n t h e i r cases are assumed to be n e g l i g -
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i b l e . As long as we are f a r from equilibrium, we can model the 
backward rea c t i o n as pseudo-monomolecular with a small mistake. 
The paper i s a f i n e example of how to s i m p l i f y and decouple 
i n order to s i m p l i f y the estimation of the rate matrix. Using 
methods derived i n (23, 24) i t also reveals some other problems. 
We can w r i t e the whole rea c t i o n as a s i n g l e pseudo-monomolecular 
rate matrix: 

d a j 
dT~~ = K i j a i 

There are several assumptions involved i n t h i s . The reac­
t i o n rate expression probably contains a nominator. For the i s o -
merization case i t i s j u s t i f i e d to take the nominator i n the 
front of the matrix and include i n i t terms r e l a t e d to c a t a l y s t 
a c t i v i t y . However, t h i s i s l e s s c l e a r f o r the disproportiona-
t i o n . Doing so i s equivalent to assuming that a l l reactions oc­
cur at the same type of c a t a l y t i c s i t e . This was true f o r t h e i r 
case, but i s an undesirable assumption i n general. In f a c t , we 
hope i t i s not true. I f i t i s c o r r e c t , the main parameter e f ­
f e c t i n g s e l e c t i v i t y i s temperature. On the other hand, should 
the disproportionation r e a c t i o n be favored by a d i f f e r e n t type 
of s i t e , we could hope to improve s e l e c t i o n by changing reaction 
concentration or f i n d i n g a s e l e c t i v e poison f o r t h i s s i t e . 

For scaleup t h i s i s l e s s relevant and I could probably get 
by with taking out the nominator i n f r o n t , provided my data space 
i s wide enough. 

There i s another problem here. For many objectives there i s 
l i t t l e reason to map i n t o parameter space. Here my rate m a t r i * 
i s r e a l l y a s e l e c t i v i t y matrix (the time element has been taken 
out i n f r o n t ) , I can use the measured t r a j e c t o r i e s i n concentra­
t i o n space d i r e c t l y f o r most design purposes. In f a c t , they 
might be preferable f o r scaleup, since what I r e a l l y care about 
i s the curvature of the t r a j e c t o r y and the s e n s i t i v i t y to tem­
perature . 

For reactor design the f a c t that a complex reaction has a 
pseudo f i r s t order nature i s i n i t s e l f important information, 
perhaps more than the accurate matrix. I would define a pseudo 
f i r s t order r e a c t i o n i n the following way (M> M) ' 

a. Mixing phenomena can be approximated by averaging space 
time h i s t o r i e s of d i f f e r e n t aggregates with the same h i s t o r y . 
Consider, for example, the following second order reaction schemes: 

1) A + A C 
and 

2) A + A - ^ B — ^ C 

i n a pre-mixed feed. 
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I f I tr e a t them as pseudo f i r s t order r e a c t i o n , I can es­
timate the conversion from the residence time d i s t r i b u t i o n rea­
sonably w e l l (at l e a s t f o r conversions below 30%) and by averag­
i n g , w i l l introduce no error i n the product d i s t r i b u t i o n . 

For both cases a plug flow reactor i s optimum (44), and 
fo r a prescribed temperature d i s t r i b u t i o n , mixing i s detrimental; 
reducing conversion and reducing the curvature of a curved t r a ­
j ectory i n component space. 

Consider, On the other hand, the r e a c t i o n scheme 

A-»B C-»D 
3) 

A + D Ε 

Here, mixing w i l l not j u s t straighten a curved t r a j e c t o r y 
i n component space, i t w i l l change i t s d i r e c t i o n and could i n t r o ­
duce a product D that might not be noticed i n a plug flow reactor. 
Complex reactions of type 3 are e s p e c i a l l y common i n polymeriza­
t i o n . A l k y l a t i o n i s another example when the t r a j e c t o r y i s t o ­
t a l l y changed by mixing. 

In complex reactions i t i s , therefore, important to get 
some information as to how important strong i n t e r a c t i o n s are. 
For scaleup t h i s i s a l l we need. Again, our method of s e t t i n g 
up a simple model from one set of experiments and t r y i n g i t i n 
a d i f f e r e n t reactor (for example, a backmixed reactor with high 
conversion) w i l l provide t h i s information. 

For safe scaleup we also need to know the e f f e c t of tem­
perature, and i n good p i l o t plant practice temperature should 
be changed over a f a r wider range than operation of the p i l o t 
plant requires. We cannot c o n t r o l temperature as e a s i l y i n a 
large plant as transfer and mixing processes are slower. Again, 
we w i l l be guided here by modeling the f i n a l reactor at the earl y 
stages of s e t t i n g up We should always match the i d e n t i f i c a ­
t i o n procedure of to the design procedure, so that M^R (X) 
has a s u f f i c i e n t narrow bound. 

As a l a s t example I want to discuss the c a t a l y t i c cracking 
of o i l i n a r i s e r cracker. Weekman (49. 50) proposed a simple 
scheme: 

Gas-oil gasoline - J ^ H - f ^ ( 1 3 ) 

r ^ i s second order i n mole f r a c t i o n of g a s - o i l , and and r ^ are 
f i r s t order reactions. This simple scheme contains a l l the 

e s s e n t i a l features of the cracking reactions. I t gives a curved 
t r a j e c t o r y i n component space t y p i c a l of consecutive reactions. 
I t also shows that at low conversions formation of coke and gase­
ous products i s a p a r a l l e l r eaction. We can learn a l o t about FCC 
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design from such a simple model. We can get a better representa­
t i o n of composition and feed-stock e f f e c t s by more refined lump­
ing schemes, such as the one given by Jacobs (52). (See F i g . 7). 

Here, the estimation of the f i r s t order matrix i s more 
d i f f i c u l t , as most of the reactions are nearly i r r e v e r s i b l e and 
the lumps are improper lumps Further, any modeling w i l l involve 
much stronger s i m p l i f i c a t i o n assumptions as compared to the x y l ­
ene use. The method of Wei and Prater therefore does not ap­
pl y (23). We have very u s e f u l r e s u l t s f o r the p i t f a l l s of lump­
ing (53, 59), but few guidelines for o f f i c i e n t improper lumping, 
or lumping i n systems with strong i n t e r a c t i o n s . We also lack 
knowledge as to how to put thermo dynamic i n t o improper lumps. 

Lumping i s not a unique process, nor are a l l i n t e r e s t i n g 
lumping problems pseudo-first order. What we want to know i s : 
Are there any strong i n t e r a c t i o n s between lumps, e s p e c i a l l y be­
tween product and feed? Such i n t e r a c t i o n s could s i g n i f i c a n t l y 
change the r e a c t i o n path i n component space. We know that some 
ol e f i n e s w i l l polymerize, but the mistake i n representing t h i s as 
a psueudo-first order lump i s small. 

We could check t h i s by obtaining r e s u l t s both i n a plug-
flow as w e l l as i n a continuous s t i r r e d tank or recycle reactor, 
but t h i s i s not easy. The case of the cracker also i l l u s t r a t e s 
the b i g difference between i n t e r p o l a t i o n modeling and design 
modeling. 

A large r i s e r reactor i s hardly a one-dimensional flow, 
i s not w e l l defined. At the bottom hot c a t a l y s t (1300°F) mixes 

with o i l (400-700°F). The mixing time i s of the order of magni­
tude of 0.5-1 second and the t o t a l residence time i s on the order 
of 4-10 seconds. The e f f e c t of the non-mixed zone i s greater than 
appears from the r a t i o of mixing to residence time. The c a t a l y s t 
a c t i v i t y decays along the r i s e r by a factor of 100 and the con­
t r i b u t i o n of the non-isothermal mixing zone should therefore be 
considerable. There i s no way we can exactly simulate t h i s i n a 
p i l o t plant. We would r e q u i r e data over a wide range of tempera­
tures to i n d i c a t e i f t h i s w i l l s i g n i f i c a n t l y e f f e c t our r e s u l t s . 
The f i r s t r i s e r cracker design involved a large r i s k . The f a c t 
that we have large u n i t s today allows the modeler with access to 
them to check how w e l l p i l o t plant experiments pr e d i c t r e a l u n i t s . 
Again, the f a c t that they do i t f o r one c a t a l y s t does not mean 
t h i s w i l l always apply. That i s what makes the l i f e of a reaction 
engineer i n t e r e s t i n g . 

Several f a c t s reduce the modeling of the cracker, at l e a s t 
p a r t i a l l y . I t i s w e l l to remember them i f we want to extend these 
methods to other cases: 

1. The reactors e x i s t and c o r r e l a t i o n s are checkable i n 
large reactors. 

2. FCC reactors are extremely f l e x i b l e and the operator has 
at h i s disposal a large number of manipulated v a r i a b l e s . Even i f 
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American Institute of Chemical Engineers Journal 

Figure 7. Detailed lumping model for catalytic cracking reaction (52), 
P, = Wt. % paraffinic molecules, (mass spec analysis), 430°-650° F ; Ni = Wt. % naph-
thenic molecules, (mass spec analysis), 430°-650° F ; CAI — Wt. % carbon atoms among 
aromatic rings, (n-d-M method), 430°-650°F; A i = Wt. % aromatic substituent groups 
(430°-650°F); P» = Wt. % paraffinic molecules, (mass spec analysis), 650°F+; N% = Wt. % 
mphthenic\molecules,(massspec<analysis),650oF*; CAH= Wt.% carbon atoms among aromatic 
rings, n-d-M method, 650°F+; Ah = Wt. % aromatic substituent groups (65O°F+); G — G 
lump (Cs-430°F); C = C lump (Ci to Ct + COKE); CAX + P i + Ni + A , = LFO (430°-
650°F); CAH + Ρ» + ΝΑ + A* = HFO (650°F+). Adapted nomenclature for rate constants is 
detailed in the above figure for the paraffinic molecules. Similar rules apply for the other 

reaction steps. 
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we put i n a wrong c a t a l y s t , we can exchange i t without shutting 
down. Let us remember that t h i s i s not always true. 

In obtaining 1L f o r a complex case the i n t e r a c t i o n between 
and and the exact d e f i n i t i o n of the goal are always going 

to be important considerations, i f we require a proper balance 
between the p o t e n t i a l value of increased knowledge and the cost 
involved i n getting i t . 

There i s a b i g difference among complex lumped k i n e t i c 
models that provide s u f f i c i e n t information f o r one of the f o l ­
lowing purposes: 

a) safe scaleup 
b) e f f i c i e n t c h a r a c t e r i z a t i o n of new c a t a l y s t s 
c) c h a r a c t e r i z a t i o n of feedstocks 
d) optimization of design procedures 
e) e f f e c t of c a t a l y s t deactivation 

Witha f i n i t e e f f o r t we want to concentrate on improving the accu­
racy of our estimate f o r these properties of which are most 
relevant to our problem. Often these ^re very s p e c i f i c and f a r 
simpler than a complete knowledge of M̂ . 

For scaleup we need to estimate the probable space of X 
that w i l l give us a wide enough space of M^, that allows us a 
safe p r e d i c t i o n f o r the expected range of M_. Characterization 
of feedstocks or complex mixtures requires some good chemical 
knowledge as to what makes them s i m i l a r enough so that we can 
hope to get a s i m p l i f i e d M^ as w e l l as when such s i m p l i f i c a t i o n s 
break down. The most d i f f i c u l t and challenging i s probably the 
case of e f f i c i e n t search procedures f o r new c a t a l y s t s i n complex 
reactions. Here i t i s e s p e c i a l l y important that we keep our 
i d e n t i f i c a t i o n model simple enough so that the researcher can 
be guided by the information obtained, and complex enough that 
we don't throw out the baby with the water. 

SUMMARY 
In the previous sections I have elaborated my views on what 

I consider the important problems i n modeling today. I would sum­
marize my approach as fol l o w s : 

a) Reactor modeling i s somewhat d i f f e r e n t from many other 
modeling problems i n engineering due to the complexity of the sys­
tems. Reaction models are rather imperfect approximations of the 
r e a l system. They are a l s o d i f f e r e n t from models used i n econom­
i c s or s t a t i s t i c a l model-building, since i n reactors we know much 
more about the physics of our system. We have as yet to f i n d a 
proper synthesis between the two approaches. An attempt to f i n d 
such a synthesis i s outlined i n t h i s paper. 

b) Proper modeling must match the e f f o r t involved with the 
goal. We need a better understanding i n what way s i m p l i f i e d ap­
proximate models can describe a more complex system. We have to 
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1. SHiNNAR Chemical Reactor Modeling 33 

understand how errors and uncertainties a f f e c t our f i n a l predic­
t i o n s , and what the value of better information i s . 

c) Applied modeling involves a match between i d e n t i f i c a ­
t i o n , modeling and the required accuracy of the p r e d i c t i o n . I t 
i s , by nature, an i t e r a t i v e process. The most challenging prob­
lems are i n more e f f i c i e n t i d e n t i f i c a t i o n procedures of complex 
systems, which integrate our p h y s i c a l knowledge of the system 
with modern i d e n t i f i c a t i o n procedures. 

Most of my ideas were outlined i n t h i s paper, and I would 
l i k e to avoid repeating them. I would end with a few general ob­
servations. 

My experience with i n d u s t r i a l modeling p r a c t i c e has led me 
to conclude t h t i t sometimes su f f e r s from organizational problems 
as w e l l as from a too narrow concept of i t s a p p l i c a t i o n . By put­
t i n g modelers i n a s p e c i a l group, one often l i m i t s tjem to a spe­
c i f i c type of modeling; large models f o r e x i s t i n g reactors. While 
t h i s i s valuable, i t i s not the only, nor even the most, powerful 
use of modeling. Proper modeling i s a powerful t o o l i n the hands 
of a good designer, and should be coupled with process development 
and p i l o t p lanting. In those stages the chance of a s i g n i f i c a n t 
c o ntribution i s greater than when a reactor i s standing there. 
Proper cooperation with designers and developers requires that 
our r e s u l t s should not come "deus ex machina" from a computer, 
but should be c l e a r l y i n t e l l i g i b l e so that they reinforce and 
extend t h e i r i n t u i t i o n and experience. 

That does not mean we cannot use complex computer program. 
We j u s t have to take the trouble to construct them i n a way that 
we can c l e a r l y e x p l a i n t h e i r r e s u l t s and the uncertainties i n ­
volved i n t h e i r p r e d i c t i o n s . We a l s o have to admit our l i m i t a ­
t i o n s . 

Looking back on my own work i n the academic area, I admit 
that I did not always put s u f f i c i e n t e f f o r t i n t o making c l e a r , 
even to myself, what my r e s u l t s r e a l l y meant and how they could 
be used by the p r a c t i t i o n e r . I am not alone i n that. Recently 
we t r i e d to deal with the design process i t s e l f i n a number of 
papers. I t i s time that some of us paid l e s s a t t e n t i o n to l e a r n ­
ing models, and devoted our e f f o r t s to improving the a r t of pre­
d i c t i v e modeling and design. We ought to look i n depth at con­
crete examples which include the incomplete knowledge we have i n 
r e a l problems. We could t r y to increase the s c i e n t i f i c content 
of t h i s art and improve i t s methodology. I t r i e d to o u t l i n e some 
of the problems, and I admit that any such suggestions or over­
views are a r i s k y undertaking i n themselves. 
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Nomenclature 

Ζ output v a r i a b l e s 

X input variables 

M ^ correct mathematical d e s c r i p t i o n of reactor 

M ^ approximation of M ^ 

E+ square average error of p r e d i c t i o n 

M^ reactor flow model 

k i n e t i c model 

Cj parameters of model 
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Liquid-Supported Catalysts 

C. Ν. KENNEY 
Department of Chemical Engineering, Cambridge University, Pembroke Street, 
Cambridge, England CB2 3RA 

This review is a survey of the applications and properties of 
supported liquid phase catalysts (SLP). By a supported liquid 
phase catalyst is meant the distribution of a catalytically active 
liquid on an inert porous support and the behaviour of such 
systems raises many interesting questions on catalyst chemistry, 
mass transfer in catalysts and reactor design. It is noteworthy 
though that such systems have been employed in the chemical 
industry for many decades - indeed for over a century in the 
Deacon process for obtaining chlorine from hydrogen chloride - and 
of almost equally respectable antiquity are the vanadium based 
catalyst systems used for sulfuric acid manufacture: but the 
recognition of SLP catalysts as possessing features of their own 
is much more recent. 

Their relation to catalysts as a whole is indicated in 
Figure (1). In this paper principal attention w i l l be given to 
the types of SLP catalyst which have been identified together with 
a discussion of some of the mass transfer and liquid distribution 
problems which are clearly important in these systems. A related 
type of catalyst which will not be discussed here is the supported 
homogeneous catalyst where the active agent, usually a transition 
metal complex, is actually bound chemically to the support, often 
a porous polymer matrix. It is fairly clear that with these 
latter systems the interaction between the catalyst and the 
support have important effects on modifying the catalyst proper­
ties which fortunately do not usually arise in the two, and 
sometimes three phase reaction systems which occur with SLP 
systems. The survey will be highly selective since the related 
topic of molten salt catalysts has been recently reviewed by 
Kenney (1) and Villadsen and Livbjerg are publishing a survey of 
(SLP) catalysts in general (2). 

1. High Temperature Reactions 
1.1 Reactions involving chlorine. Amongst the earlier kinetic 
studies of potential (SLP) catalysts are those of Gorin in 1948 
(3) - these studied the rate of chlorination of methane in 

0-8412-0432-2/78/47-072-037$05.W/0 
© 1978 American Chemical Society 
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Figure 1. SLP catalyst systems 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
2

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



2. KENNEY Liquid-Supported Catalysts 39 

KC&/CuCJl m e l t s 0 0 . The r e a c t i o n was f o u n d t o be z e r o o r d e r w i t h 
r e s p e c t t o methane . A c o m p l i c a t i n g f a c t o r w h i c h can o b s c u r e 
m e c h a n i s t i c s t u d i e s o f s u c h systems i s t h e f o r m a t i o n o f m e t h y l 
c h l o r i d e b y a p a r a l l e l gas phase r e a c t i o n , and c o n d i t i o n s can be 
f o u n d w h i c h g i v e more h i g h l y h a l o g e n a t e d s p e c i e s . A w i d e range 
o f r e l a t e d i n v e s t i g a t i o n s have been r e p o r t e d . 

I m p e r i a l C h e m i c a l I n d u s t r i e s s t a t e s (5) t h a t t h e c h l o r i n a t i o n 
o f p a r a f f i n s , o l e f i n s , b e n z e n e , and benzene homologs can be 
e f f e c t e d b y c o n t a c t i n g them w i t h a LiC£/PdC£2 m e l t w i t h a l k a l i o r 
a l k a l i n e e a r t h a d d i t i v e s t o keep t h e m e l t i n g p o i n t b e l o w 2 7 5 ° C . 
Here t h e c h l o r i n e f o r t h e c h l o r i n a t i o n o r i g i n a t e s f r o m t h e PdCJl2 
w h i c h i s r e d u c e d t o m e t a l l i c p a l l a d i u m , t h e PdC£,2 b e i n g r e g e n e r ­
a t e d w i t h f r e s h H C i l . The c h l o r i n a t i o n o f b u t a d i e n e has a l s o been 
d e s c r i b e d i n a Japanese p r o c e s s (6) u s i n g c o p p e r and p o t a s s i u m 
c h l o r i d e s . A k i n e t i c s t u d y has been made b y A l t s h u l e r et at. (7 ) 
u s i n g c o p p e r c h l o r i d e s , and Sumitomo (8) r e p o r t s the f o r m a t i o n o f 
c a r b o n t e t r a c h l o r i d e and t e t r a c h l o r o e t h y l e n e . 

Most i n d u s t r i a l i n t e r e s t , h o w e v e r , has been a t t a c h e d t o t h e 
use o f m e l t s c o n t a i n i n g CuC&2 f ° r ΐ η Θ p r o d u c t i o n o f v i n y l c h l o r i d e 
and r e l a t e d compounds f r o m ethane and e t h y l e n e . B r i t i s h P e t r o l e u m 
( 9 ) ( 1 0 ) c l a i m s t h e f o r m a t i o n o f v i n y l c h l o r i d e f r o m e t h y l e n e 
d i r e c t l y i n KC£/CuCi,2/CuCJl m e l t s . 

The f o r m a t i o n o f 1 , 2 - d i c h l o r o e t h a n e f r o m e t h a n e and e t h y l e n e 
i s d e s c r i b e d i n p a t e n t s i s s u e d t o N a t i o n a l D i s t i l l e r s (11) and 
I . C . I . ( 1 2 ) , r e s p e c t i v e l y . E n g l i n et al. (13) r e p o r t t h e f o r ­
m a t i o n o f v i n y l c h l o r i d e f r o m c h l o r o a l k a n e s u s i n g c a t a l y s t s 
c o n t a i n i n g m e l t s o f c u p r o u s and c u p r i c c h l o r i d e . The d e t a i l s o f 
t h e mechanism and k i n e t i c s o f many o f t h e s e r e a c t i o n s a r e s t i l l 
u n r e s o l v e d . I t a p p e a r s , t h o u g h , t h a t c o p p e r c h l o r i d e can f u n c t i o n 
e f f e c t i v e l y as a c a t a l y s t f o r c h l o r i n a t i o n and d e h y d r o c h l o r i n a t i o n 
as w e l l as b e i n g a b l e t o p a r t i c i p a t e i n o x y c h l o r i n a t i o n r e a c t i o n s . 

The Lummus C o r p o r a t i o n has r e c e n t l y summarized t h e numerous 
p a t e n t s on t h e i r T r a n s c a t p r o c e s s f o r v i n y l c h l o r i d e p r o d u c t i o n 
(1Π) w h i c h a g a i n uses CuC&/CuC£2/KC£ m e l t s . The o r g a n i c f e e d i s 
e thane w i t h o r w i t h o u t e t h y l e n e , and t h e i n o r g a n i c f e e d i s 
c h l o r i n e and/or HC£ w i t h a i r and/or o x y g e n . The p r o c e s s p r e s u m ­
a b l y i n v o l v e s s e v e r a l r e a c t i o n s s i m u l t a n e o u s l y . A t l e a s t t h r e e 
d i s t i n c t s t e p s a r e p o s t u l a t e d : (1 ) c h l o r i n a t i o n o f o r g a n i c f e e d , 
(2) c a t a l y s t r e g e n e r a t i o n , and (3) d e h y d r o c h l o r i n a t i o n and v a r i o u s 
m o d i f i c a t i o n s i n v o l v i n g a range o f r e a c t o r sys tems have been 
g i v e n . 

1 . 2 The Deacon r e a c t i o n . The c o n s c i o u s r e a c t i o n o f a m o l t e n 
phase i n a c a t a l y s t i s v e r y a p p a r e n t i n t h e p o s t war development 
o f t h e Deacon p r o c e s s . Work on t h i s s y s t e m has h i g h l i g h t e d t h e 
s u b t l e i n t e r a c t i o n s t h a t can o c c u r i n t h e promoted c a t a l y s t 
c o n t a i n i n g CuC&2/CuC£/KC& t o g e t h e r w i t h r a r e e a r t h h a l i d e s s u c h 
as l a n t h a n u m o r neodymium t r i c h l o r i d e . D e a c o n ' s o r i g i n a l c a t a l y s t 
o f c o p p e r c h l o r i d e s s u p p o r t e d on pumice was n o t p a r t i c u l a r l y 
a c t i v e and most o f i t s d i s a d v a n t a g e s were due t o l o w a c t i v i t y 
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r e q u i r i n g a h i g h t e m p e r a t u r e o f o p e r a t i o n (450°C t o 5 0 0 ° C ) . 
T h i s r e s u l t e d t h o u g h i n (1 ) l o w e q u i l i b r i u m c o n v e r s i o n , (2 ) r a p i d 
d e t e r i o r a t i o n o f t h e c a t a l y s t due t o v o l a t i l i s a t i o n o f c o p p e r 
c h l o r i d e a n d (3) s e v e r e c o r r o s i o n . 

The i n t e r e s t i n r e c o v e r i n g c h l o r i n e f r o m t h e h y d r o g e n 
c h l o r i d e f o r m e d i n t h e m a k i n g o f o r g a n o - c h l o r i n e compounds has 
l e d t o t h e development o f i m p r o v e d c a t a l y s t s i n r e c e n t y e a r s . 
The a c t i v e components a r e u s u a l l y o x y c h l o r i d e s o r c h l o r i d e s o f 
t r a n s i t i o n m e t a l s , p a r t i c u l a r l y c o p p e r . The p r o m o t i o n a l e f f e c t 
o f r a r e e a r t h c h l o r i d e s has been known f o r some t i m e (15) and t h e 
S h e l l c a t a l y s t u s e d i n a f l u i d b e d p r o c e s s c o n t a i n s r a r e e a r t h 
and a l k a l i m e t a l c h l o r i d e s i n a d d i t i o n t o c o p p e r c h l o r i d e . The 
( S L P ) n a t u r e o f t h e c a t a l y s t i s c l e a r l y s p e l t o u t i n t h e p a t e n t s 
( 1 6 ) . A l a r g e s u r f a c e a r e a o f t h e s u p p o r t may i n c r e a s e t h e 
a c t i v i t y b u t o n l y i n s o f a r as t h e r e a c t a n t c a n e a s i l y e n t e r t h e 
p e l l e t . E x c e s s i v e c a t a l y s t l o a d i n g c a n l e a d t o p o r e b l o c k i n g and 
a n a n t i c i p a t e d maximum a c t i v i t y f o r a s p e c i f i c l o a d i n g i s n o t e d . 

F o n t a n a 0+) r e c o g n i s e d t h e i m p o r t a n c e o f m e l t c o m p o s i t i o n 
and R u t h v e n a n d Kenney ( 1 7 ) ( 1 8 ) ( 1 9 ) c a r r i e d o u t k i n e t i c a n d 
e q u i l i b r i u m s t u d i e s on t h e m e l t s y s t e m . The r e a c t i o n r a t e i s 
f o u n d t o be l a r g e l y i n d e p e n d e n t o f HCil p a r t i a l p r e s s u r e b u t i s 
s e c o n d o r d e r i n [ C u + ] ( o r some c h l o r i d e complex o f c u p r o u s i o n ) . 
There i s a l s o s t r o n g p r o d u c t i n h i b i t i o n . These f i n d i n g s l e a d t o 
a mechanism o f t h e f o r m 

4 CuC£ 2 f± H CuCJl + 2 C%2 f a s t e q u i l i b r i u m 

2 CuCil + 0 2 ( C u C £ ) 2 0 2 s l o w i r r e v e r s i b l e 

( C u C J l ) 2 0 2 + 2 CuCJl + 2 ( C u C i t ) 2 0 f a s t i r r e v e r s i b l e 

2 ( C u C & 2 ) 0 + 4 HCil 4 CuC£ 2 + 2 H 2 0 f a s t i r r e v e r s i b l e 

4 HC£ + 0 2 2 C & 2 + 2 H 2 0 

I t was shown ( 1 7 ) ( 1 8 ) t h a t k i n e t i c d a t a may be i n t e r p r e t e d 
b y a s s u m i n g t h a t t h e e q u i l i b r i u m 

CuC£ 2 = CuCA + \Cl2 

(A) < « (g) 

i s m a i n t a i n e d a t a l l t i m e s between c a t a l y s t m e l t and gas and t h a t 
t h e o v e r a l l r a t e o f h y d r o g e n c h l o r i d e o x i d a t i o n i s d e t e r m i n e d b y 
t h e r a t e a t w h i c h t h e m e l t a b s o r b s o x y g e n . T h i s l e a d s t o a r a t e 
e q u a t i o n o f t h e f o r m 

R , r a t e o f h y d r o g e n c h l o r i d e o x i d a t i o n 

(gmol/cm 2 sec ) 

= 4 k j 2 k 2 a 2 P r 

j K + j/P oi2
2 
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2. KENNEY Liquid-Supported Catalysts 41 

where k i s r a t e c o n s t a n t f o r oxygen a b s o r p t i o n , a i s t o t a l 
mole f r a c t i o n o f c o p p e r i n t h e m e l t , Κ i s t h e e q u i l i b r i u m 

r a t i o f o r Cu /Cu . 

Rate c o n s t a n t s c a l c u l a t e d f r o m t h e o v e r a l l k i n e t i c d a t a agree 
w e l l w i t h v a l u e s o b t a i n e d f r o m a s t u d y o f t h e k i n e t i c s o f o x y g e n 
a b s o r p t i o n . 

T h i s e q u a t i o n can be l i n e a r i s e d and c o r r e l a t e s t h e d a t a 
s a t i s f a c t o r i l y as shown i n F i g . 2 . 

The a c t i v i t y o f t h e c a t a l y s t i s promoted b y t h e a d d i t i o n o f 
l a n t h a n u m c h l o r i d e and i t was shown t h a t t h i s e f f e c t i s due t o a 
s t r o n g c a t a l y s i s o f t h e oxygen a b s o r p t i o n r a t e . The complex 
e f f e c t o f t e m p e r a t u r e on t h e r a t e o f t h e o v e r a l l r e a c t i o n may a l s o 
be a c c o u n t e d f o r s a t i s f a c t o r i l y i n t e rms o f t h i s mechanism. F o r 
m e l t s c o n t a i n i n g e q u i m o l a r amounts o f p o t a s s i u m a n d c o p p e r 
c h l o r i d e s i t was f o u n d t h a t t h e a p p a r e n t a c t i v a t i o n e n e r g y i s 
a p p r o x i m a t e l y 28 k c a l / m o l o f h y d r o g e n c h l o r i d e o x i d i s e d . 

The a c t i v i t y c o e f f i c i e n t o f c u p r o u s i o n s i s o b v i o u s l y 
i m p o r t a n t i n d e t e r m i n i n g t h e k i n e t i c s o f t h i s r e a c t i o n and 
f o r t u n a t e l y t h e thermodynamics o f m o l t e n c h l o r i d e s have r e c e i v e d 
c o n s i d e r a b l e a t t e n t i o n . From v a p o u r p r e s s u r e s t u d i e s i t was 
shown (19) t h a t t h e b i n a r y l i q u i d s y s t e m CuCfl,2~CuCJl i s a p p r o x i ­
m a t e l y i d e a l and t h a t t h e a d d i t i o n o f z i n c o r l a n t h a n u m c h l o r i d e 
does n o t cause p r o n o u n c e d d e v i a t i o n s f r o m i d e a l i t y . The a d d i t i o n 
o f p o t a s s i u m c h l o r i d e t o t h e s y s t e m C u C i ^ ' C u C J t , h o w e v e r , l e a d s t o 
d e c r e a s e i n t h e e n t r o p y change f o r t h e r e a c t i o n g i v e n b y t h e above 
e q u a t i o n and i t a p p e a r s t h a t t h i s e f f e c t i s due t o an i n c r e a s e 
i n t h e p a r t i a l m o l a r e n t r o p y o f c u p r i c c h l o r i d e i n t h e t e r n a r y 
s y s t e m . T h i s i s a s u r p r i s i n g e f f e c t s i n c e q u i t e l a r g e e n t r o p y 
d i f f e r e n c e s ( 6 , 0 e . u ) a r e i n v o l v e d and t h i s i m p l i e s a s i g n i f i c a n t 
change i n m e l t s t r u c t u r e . 

S a c h t l e r and H e l l e (20) drew a t t e n t i o n t o t h e f a c t t h a t t h e 
w i d e l y u s e d a l k a l i p r o m o t e r s s h o u l d be e x p e c t e d t o l o w e r t h e f r e e 
e n e r g y o f c h l o r i n e r e l e a s e b y 

c o n s t a n t j i s t h e a c t i v i t y c o e f f i c i e n t 

2 CuC£ 2 2 CuCil + C £ 2 

b u t t h a t R u t h v e n and K e n n e y ' s d a t a l e d t o t h e o p p o s i t e c o n c l u s i o n 
and t h a t o v e r s u c h a m e l t was r e d u c e d b y KCil a d d i t i o n t h r o u g h 
a r e d u c t i o n i n t h e r e a c t i o n e n t r o p y . 
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2. KENNEY Liquid-Supported Catalysts 43 

AG = ΔΗ - TAS = - RT I n . ( C u C J ^ ) 2 

(CuCJl) 

They r e s o l v e d t h i s p a r a d o x b y n o t i n g t h a t u n d e r r e a c t i o n 
c o n d i t i o n s t h e c a t a l y s t c o u l d be a m i x t u r e o f m e l t and u n d i s s o l v e d 
s o l i d s s u c h as K2CUOI3. I n C u C i ^ / C u C i l m e l t s any i n c r e a s e i n 
t e m p e r a t u r e causes a r e l e a s e o f c h l o r i n e a n d a r e d u c t i o n i n t h e 
CUC&2/CUC& r a t i o i n t h e m e l t . I f , h o w e v e r , u n d i s s o l v e d s o l i d s 
c o n t a i n i n g c u p r i c c o p p e r have i n c r e a s i n g s o l u b i l i t y w i t h i n c r e a s ­
ed t e m p e r a t u r e t h e C u + + / C u + r a t i o can i n c r e a s e . F u r t h e r , when a 
s o l i d phase c o n t a i n i n g d i v a l e n t c o p p e r d i s a p p e a r s t h i s c au s e s a n 
a b r u p t change i n t h e s l o p e o f t h e Ρο&2~* β ι ηΡ β Γ ά ΐ ι Ι Γ β c u r v e . T h i s 
i s i n d e e d f o u n d , w i t h b r e a k s o c c u r r i n g a t 3 2 9 ° f o r l^CuCit^ a n d 
362°C f o r K C u C ^ * The change f r o m c a t a l y t i c p r o m o t e r t o a n t i -
p r o m o t e r can t h u s be r e s o l v e d i n t e r m s o f c l a s s i c a l t h e r m o ­
dynamics and depends on t h e d i f f e r i n g s o l u b i l i t i e s o f CuC&2 a n d 
i t s p o t a s s i u m complexes i n CuCi c o n t a i n i n g m e l t s . We s h a l l n o t 
d w e l l on t h e v a r i e t y o f complexes w h i c h c a n o c c u r i n t h e m e l t b u t 
i t i s n o t e w o r t h y t h a t t h e u n d e r s t a n d i n g o f t h i s r e a c t i o n depends 
on a w i d e range o f s t u d i e s , phase d a t a , e l e c t r o c h e m i c a l and 
s p e c t r o s c o p i c measurements o b t a i n e d o v e r many y e a r s b y w o r k e r s 
n o t a t a l l c o n c e r n e d w i t h t h e Deacon r e a c t i o n , t o g e t h e r w i t h t h e 
f a c t t h a t t h e r e i s a c l e a r r a t e d e t e r m i n i n g s t e p , t h e o x i d a t i o n 
o f c u p r o u s c o p p e r t o t h e c u p r i c s p e c i e s . Few o t h e r SLP c a t a l y s t s 
have been s u b j e c t e d t o s u c h d e t a i l e d s t u d y w i t h s u c h a s a t i s ­
f a c t o r y c o n c l u s i o n . 

The s i m i l a r i t i e s between c a t a l y s t s u s e d f o r o x i d a t i o n o f 
HC& and o x y c h l o r i n a t i o n o f o l e f i n s a r e a p p a r e n t f r o m t h e c a t a l y s t 
p a t e n t s . A v e r y h i g h s e l e c t i v i t y (98-99%) f o r 1,2 d i c h l o r o e t h a n e 
i s s a i d t o be o b t a i n e d and t h e c a t a l y s t c o n t a i n s CuC£2> a l k a l i 
m e t a l , r a r e e a r t h m e t a l s and sometimes s m a l l amounts o f o t h e r 
m e t a l s s u c h as s i l v e r (21)(22) o r g o l d ( 2 3 ) . 

A marked d i f f e r e n c e between o x y c h l o r i n a t i o n o f a l k e n e s and 
t h e Deacon p r o c e s s i s t h e c o n s i d e r a b l y l o w e r r e a c t i o n t e m p e r a t u r e 
( 2 0 0 - 3 0 0 ° C ) o f t h e f o r m e r p r o c e s s . A t t e m p e r a t u r e s ^230°C 
where a l m o s t no c h l o r i n e i s p r o d u c e d i n t h e Deacon p r o c e s s 
a c t i v i t y f o r o x y c h l o r i n a t i o n o f e t h y l e n e r e m s i n s h i g h . A t 
t h e s e l o w e r t e m p e r a t u r e s a d i f f e r e n t r e a c t i o n p a t h (24) t a k e s 
p l a c e . 

2CuC£ 2 + C 2 H 4 ^ C u 2 C J l 2 + ( C H 2 C J l ) 2 

C U 2 C £ 2 + 2 H C i + °2 * 2CuC£ 2 + H 2 0 

The o v e r a l l a c t i v a t i o n e n e r g y i s much s m a l l e r (15 k c a l / m o l ) t h a n 
t h a t o f t h e Deacon r e a c t i o n ( 2 8 . 6 k c a l / m o l ) and f r e e c h l o r i n e 
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i s n o t e v i d e n t a t s u c h l o w r e a c t i o n t e m p e r a t u r e s . 
O x y c h l o i i n a t i o n o f s a t u r a t e d h y d r o c a r b o n s ( e . g . methane) 

0 0 ( 2 5 ) t a k e s p l a c e i n a much h i g h e r t e m p e r a t u r e i n t e r v a l 350-
450°C t h a n t h e c o r r e s p o n d i n g p r o c e s s w i t h an o l e f i n . C h l o r i n e 
r e a c t i o n o c c u r s b y s u b s t i t u t i o n , and t h e l i b e r a t i o n o f c h l o r i n e 
a p p e a r s t o be a r e a c t i o n s t e p s i n c e i t i n h i b i t s t h e r e a c t i o n i n 
an a n a l o g o u s way t o t h e Deacon r e a c t i o n and t h e a c t i v a t i o n e n e r ­
g i e s a r e s i m i l a r . The r a t e i s p r o p o r t i o n a l t o PCH^> i n d e p e n d e n t 
o f PHC£ a n ^ a p p r o x i m a t e l y p r o p o r t i o n a l t o Ρο 2· 

A number o f o t h e r p r o c e s s e s i n v o l v i n g c h l o r i n a t i o n v i a HCil 
on a Deacon t y p e c a t a l y s t a r e l i s t e d b y V i l l a d s e n (2). P h o s g e n e , 
b e n z o n i t r i l e , c h l o r i n a t e d a n i l i n e s can a l l be m a n u f a c t u r e d o n 
CuCi l2 -KCi l c a t a l y s t s w h i c h a r e p a r t l y o r c o m p l e t e l y m o l t e n a t t h e 
r e a c t i o n t e m p e r a t u r e . 

1 . 3 The o x i d a t i o n o f s u l f u r d i o x i d e t o s u l f u r t r i o x i d e . The 
c a t a l y s i s o f s u l f u r d i o x i d e o x i d a t i o n b y V2O5 d e p o s i t e d on a 
p o r o u s s u p p o r t i s o f o u t s t a n d i n g i n d u s t r i a l i m p o r t a n c e . Such 
c a t a l y s t s a r e a l m o s t i n v a r i a b l y vanadium p e n t o x i d e promoted w i t h 
p o t a s s i u m and r e l a t e d o x i d e s w h i c h u n d e r r e a c t o r c o n d i t i o n s g i v e 
a p y r o s u l f a t e m e l t c o n t a i n i n g vanadium o x i d e s d i s t r i b u t e d i n t h e 
p o r e s o f an i n e r t m a t e r i a l , commonly d i a t o m a c e o u s e a r t h . R e c e n t 
work o n t h i s s y s t e m i s d i s c u s s e d by V i l l a d s e n et al. ( 2 6 ) , b u t 
some h i s t o r i c a l p e r s p e c t i v e i s i n o r d e r h e r e . I n 1940 F r a z e r and 
K i r k p a t r i c k (27) a n d K i y o u r a (28) r e p o r t e d t h a t t h e p r o m o t i n g 
a c t i o n o f t h e a l k a l i m e t a l s was due t o t h e f o r m a t i o n o f h i g h e r 
s u l f a t e s . These p y r o s u l f a t e s , e . g . K2S2O7, have l o w e r m e l t i n g 
p o i n t s t h a n t h e c o r r e s p o n d i n g s u l f a t e s , can f o r m l o w e r m e l t i n g 
e u t e c t i c s w i t h s u l f a t e s and w i l l d i s s o l v e a p p r e c i a b l e amounts o f 
vanadium o x i d e s . 

The c a t a l y t i c a c t i v i t y o f t h e m e l t was c o n f i r m e d c o n c l u s i v e ­
l y by Topsoe and N i e l s e n (29) i n 1947 when t h e y b u b b l e d s u l f u r 
d i o x i d e and oxygen t h r o u g h a column p a c k e d w i t h R a s c h i g r i n g s and 
c o n t a i n i n g m o l t e n p o t a s s i u m p y r o s u l f a t e i n w h i c h 14% V2O5 was 
d i s s o l v e d . The c o n t i n u e d a p p e a r a n c e o f r e s e a r c h p a p e r s f o r many 
y e a r s a f t e r w a r d s , d i s c u s s i n g t h e r e a c t i o n as i f o n l y a s o l i d 
phase i s p r e s e n t , shows t h a t i d e a s and e x p e r i m e n t a l f i n d i n g s can 
be as s l o w t o d i f f u s e as m a t t e r o r h e a t I A l s o a f t e r t h r e e 
q u a r t e r s o f a c e n t u r y t h e mechanism o f t h i s h i g h l y i m p o r t a n t 
r e a c t i o n i s s t i l l n o t u n d e r s t o o d i n s p i t e o f a f o r m i d a b l e amount 
o f i n d u s t r i a l know-how on s u l f u r i c a c i d c o n v e r t e r s , and a h i g h l y 
e f f i c i e n t p r o c e s s g i v i n g o v e r 99% c o n v e r s i o n . I n t e r e s t i n t h e 
mechanism has been h e i g h t e n e d r e c e n t l y because o f i n c r e a s i n g 
c o n s t r a i n t s on t h e SO2 a l l o w e d i n s t a c k g a s . P o l l u t i o n l e g i s ­
l a t i o n r e q u i r e s t h i s t o be l e s s t h a n about 500 ppm, and u n d e r 
t y p i c a l o p e r a t i n g c o n d i t i o n s thermodynamic e q u i l i b r i u m r e q u i r e s 
t e m p e r a t u r e s i n t h e f i n a l b e d o f b e l o w 3 9 0 ° C . U n f o r t u n a t e l y , 
vanadium b e d c a t a l y s t s r a p i d l y l o s e a c t i v i t y b e l o w 4 2 0 ° C , hence 
t h e need f o r a n i m p r o v e d c a t a l y s t . I n d u s t r i a l vanadium c a t a l y s t s 
a r e a c t i v a t e d b y p a s s i n g an SO2/O2 m i x t u r e t h r o u g h t h e b e d f o r 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
2

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 
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many h o u r s a t 4 5 0 - 5 0 0 ° C . D u r i n g t h i s a c t i v a t i o n p r o c e s s t h e 
c a t a l y s t a b s o r b s l a r g e amounts o f s u l f u r o x i d e s - more t h a n 
1 mole/mole K2SO4 - and V 5 i s p a r t l y r e d u c e d t o V 1 * . The a c t i ­
v a t e d c a t a l y s t i s a m i x t u r e o f l ^ S O ^ , S 0 3 , and l a r g e l y unknown 
V 4 and V 5 s p e c i e s , complexed w i t h p o t a s s i u m and s u l p h a t e . 

Tandy (30) examined sys tems o f a l k a l i m e t a l s u l f a t e s i n 
e q u i l i b r i u m w i t h S 0 2 ~ S 0 3 - a i r m i x t u r e s . H i s e x p e r i m e n t s c o v e r e d 
a t e m p e r a t u r e range o f 380°C t o 600°C w i t h V 2 0 5 and m e t a l s u l ­
f a t e s ( B a , K , Rb and C s ) . He s t a t e d t h a t i n t h e range between 
440 and 600°C a l i q u i d i s p r o d u c e d t h a t i s a vanadium compound 
d i s s o l v e d i n a l k a l i p y r o s u l f a t e - s u l f a t e m e l t , w i t h t h e m e l t i n g 
p o i n t o f t h e m i x t u r e i n c r e a s i n g w i t h i n c r e a s i n g a t o m i c w e i g h t o f 
t h e a l k a l i m e t a l . Through w e i g h t i n c r e a s e measurements , Tandy 
f o u n d , w i t h a m e t a l / v a n a d i a mole r a t i o o f 2 . 5 , t h a t t h e n o r m a l 
p y r o s u l f a t e , M2S2O7, and p r o b a b l y v a n a d y l s u l f a t e , VOSO^, a r e 
formed (M = a l k a l i m e t a l ) . W i t h Rb2S0^ and CS 2 S0 i| t h e r e was 
e v i d e n c e o f p a r t i a l f o r m a t i o n o f h i g h e r s u l f a t e s , M 2 S 3 0 1 Q . The 
e x t e n t o f r e d u c t i o n o f vanadium p e n t o x i d e was l e s s w i t h t h e 
a l k a l i m e t a l s u l f a t e s o f h i g h e r a t o m i c w e i g h t . Thus t h e a b i l i t y 
t o s t a b i l i z e vanadium i n t h e p e n t a v a l e n t s t a t e a p p e a r s t o be 
g r e a t e s t w i t h r u b i d i u m , and d e c r e a s e s a c c o r d i n g t o t h e o r d e r 
Rb>Cs>K>Na. Tandy b e l i e v e d t h a t t h i s a c c o u n t e d f o r t h e s e l e c t i o n 
o f p o t a s s i u m s a l t s as p r o m o t e r s f o r c o m m e r c i a l c a t a l y s t s . 

P u r e K 2 S 2 0 7 m e l t s a t about 420°C and a d d i t i o n o f o n l y 5% 
V 2 0 5 l o w e r s t h e m e l t i n g p o i n t t o a l m o s t 300°C ( 3 1 ) ( 3 2 ) , b u t t h e 
c o m p l e x i t y o f the r e s u l t a n t m e l t i s r e f l e c t e d i n i t s r e a d i n e s s 
t o f o r m g l a s s e s . A l l V2O5-K2S2O7 m i x t u r e s w i t h K/V>2 a r e 
m o l t e n a t 3 8 0 ° C , w h i c h may p r o v i d e some e x p l a n a t i o n o f t h e p r o ­
m o t i o n a l e f f e c t o f Κ and o f t h e a c t i v a t i o n p r o c e s s by w h i c h 
s u l f u r o x i d e s a r e a b s o r b e d i n t o t h e c a t a l y s t . The accompanying 
r e d u c t i o n o f V 5 t o V 4 i s u n a v o i d a b l e and a p p e a r s t o be a k e y 
f a c t o r i n t h e l o s s o f a c t i v i t y . The degree o f r e d u c t i o n i s 
s t r o n g l y dependent on t h e a c t i v a t i o n t e m p e r a t u r e . A t 380°C i t 
i s a l m o s t c o m p l e t e , w h i l e i t i s l e s s t h a n 0 . 1 5 a t Τ = 500°C (33) 
( 3 4 ) ( 3 5 ) . 

C o a t e s (36_) and P e n f o l d (31)(38) i n q u i t e d i f f e r e n t s t u d i e s 
examined t h e c o r r o s i o n o f b o i l e r t u b e s i n power p l a n t s , w h i c h i s 
a s c r i b e d t o f o r m a t i o n o f H 2 S 0 l + by c a t a l y s i s i n a vanadium c o n ­
t a i n i n g Na2S0i4, K2SO4 d e p o s i t i n t h e t u b e s . They f o u n d t h a t 
s u l f u r u p t a k e i n c r e a s e s w i t h V 2 0 5 c o n t e n t i n t h e d e p o s i t u n t i l 
a maximum i s r e a c h e d a t K/V ( o r Na/V) = 3 - 5 . A f t e r t h e maximum 
t h e r e i s a s h a r p d e c r e a s e i n s u l f u r u p t a k e . The degree o f 
r e d u c t i o n f o l l o w s the s u l f u r u p t a k e - a t 470°C and w i t h a 9/1 
N a 2 S 0 i | , 70% o f t h e vanadium i s r e d u c e d w h i l e o n l y 30% i s r e d u c e d 
when Na/V = 1 . 

I t i s c l e a r t h e s y s t e m i s much more complex t h a n t h a t i n 
t h e Deacon p r o c e s s , p a r t l y because t h e ' s o l v e n t 1 ( K 2 S 2 0 7 ) i s 
i t s e l f t h e r m a l l y u n s t a b l e and a t t e m p t s a t a k i n e t i c a n a l y s i s a r e 
c e n t r e d , a t p r e s e n t , a r o u n d a t h r e e s t e p mechanism. 
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(V 5) + so 2 + (V 5 - so2) . . . . . . . (1) 
(V 5 - S0 2) + (V 4) + S0 3 (2) 

(V 4) + \02 + (V 5) . . . . . . . (3) 

There i s a general agreement that (1) i s f a s t and SO2 i s 
f a i r l y soluble i n the melt. I f (1) and (2) are combined and (3) 
i s rate determining the widely employed Mars-Maessen rate expres­
sion presented i n 1964 r e s u l t s (39). Glueck and Kenney (40) i n 
1966 suggested the decomposition (2) might be rate determining. 
Boreskov (41) i n 1971 argued that oxygen absorption and reaction 
might be rate c o n t r o l l i n g . Holroyd and Kenney i n 1971 (42) 
studied the rate of oxygen and S0 2 absorption i n t o such melts and 
concluded the act i v e f i l m thickness was a few hundred Angstroms. 
Supporting work published i n the previous year by Boreskov (56) 

examined the way i n which the rate varied i n t h i n f i l m s ( i . e . 
non-pore clogging) on supported c a t a l y s t s . Within the l a s t f i v e 
years V i l l a d s e n and co-workers have embarked on an extremely 
thorough study of t h i s system and a seri e s of d e f i n i t i v e papers 
are appearing, the l a t e s t of which w i l l be presented at t h i s 
meeting (26). An i n t r i g u i n g and challenging facet of t h i s 
reaction system i s that i t provides the best documented example 
of the 'i n e r t gas e f f e c t s ' , documented by Hudgins and Silveston 
(43) f o r which there i s no unequivocal explanation as to 
whether these begin p h y s i c a l and/or chemical i n t e r a c t i o n s with 
the melt ('salting out?') or heat and mass t r a n s f e r i n t e r a c t i o n s 
i n the gas phase. 

1.4 Organic compounds. Rony (44) has mentioned the attempted 
oxidation of ethylene and propylene on supported melts of CuCJt-
KCi containing PdC£2 but few d e t a i l s are given. A l s o , Lummus 
(45) have claimed that acetaldehyde can be produced by contacting 
hydrocarbons with molten metal oxychlorides. In 1959 I.C.I. (46) 
obtained a patent f o r the vapor phase oxidation of aromatic hydro­
carbons using fused s a l t s . More r e c e n t l y , BASF patented (47) 
the formation of p h t h a l i c anhydride from naphthalene and p-xylene. 
The s a l t system employed was K2S2O7-V2O5, and S a t t e r f i e l d and 
Loftus (48) c a r r i e d out a k i n e t i c study that showed the major 
product was o-methyl benzaldehyde. I t should be noted that 
organic oxidations with t h i s melt are l i k e l y to display rather 
complex k i n e t i c s since K2S2O7 has an appreciable d i s s o c i a t i o n 
pressure of SO3 above 400°C. Since t h i s i s a powerful vapor 
phase o x i d i z i n g agent there are d i f f i c u l t i e s i n separating the 
contribution of homogeneous gas phase oxidation by SO3. 

Butt and Kenney (4£) studied the oxidation of naphthalene 
over an unsupported molten s a l t , a e u t e c t i c of V205-K2S0^ (mp 
432°C). A p a r t i c u l a r l y i n t e r e s t i n g feature of the system i s that 
the reactions and t h e i r k i n e t i c s can be studied at temperatures 
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b e l o w and above t h e c a t a l y s t m e l t i n g p o i n t . The main p r o d u c t s 
o f t h i s o x i d a t i o n a r e p h t h a l i c a n h y d r i d e , 1 , 4 - n a p t h a q u i n o n e , 
c a r b o n d i o x i d e , a n d w a t e r . The most l i k e l y s i t e o f r e a c t i o n f o r 
t h e m e l t w o u l d a p p e a r t o be t h e s u r f a c e , and the k i n e t i c s o f t h e 
o v e r a l l r e a c t i o n f o r b o t h phases o f t h e c a t a l y s t a r e i n t e r p r e t e d 
w i t h p a r t i c u l a r r e f e r e n c e t o a s i m p l e t w o - s t e p mechanism i n v o l v ­
i n g (1) t h e r e m o v a l o f a c t i v e o x y g e n f r o m t h e c a t a l y s t b y r e a c t ­
i o n w i t h n a p h t h a l e n e and (2 ) t h e r e p l e n i s h m e n t o f t h e a c t i v e 
oxygen f r o m t h e gas p h a s e . There a r e i n d i c a t i o n s t h a t t h e l a t t e r 
s t e p i s r a t e l i m i t i n g . The d a t a f r o m t h e o v e r a l l k i n e t i c s t u d i e s 
w i t h t h e s o l i d c a t a l y s t i n t h e t e m p e r a t u r e range 300 t o 340°C 
and w i t h t h e m e l t o v e r t h e t e m p e r a t u r e i n t e r v a l 440 t o 470°C were 
f i t t e d t o and a r e c o n s i s t e n t w i t h t h e f o l l o w i n g r a t e e q u a t i o n : 

_ _ k l C N k 2 C o 
r a t e o f r e a c t i o n = 

k 2 C o + B k l ° N 

The a c t i v a t i o n energy f o r t h e r e a c t i o n o v e r t h e s o l i d c a t a l y s t 
d e c r e a s e s w i t h an i n c r e a s e i n t e m p e r a t u r e i n t h e r a n g e 340 t o 
3 8 0 ° C , and t h e r e i s a d r a m a t i c f a l l i n t h e a c t i v i t y and s e l e c t ­
i v i t y o f t h e s o l i d c a t a l y s t as t h e t e m p e r a t u r e i s r a i s e d f r o m 
380 t o 4 0 0 ° C . I t seems p r o b a b l e t h a t t h e l a t t e r b e h a v i o u r i s a 
consequence o f a s t r u c t u r a l change i n t h e c a t a l y s t p r i o r t o 
m e l t i n g . 

The d a t a o b t a i n e d f r o m s e p a r a t e s t u d i e s o f t h e r e d u c t i o n and 
r e - o x i d a t i o n o f t h e c a t a l y s t show t h a t n a p h t h a l e n e can r e a c t w i t h 
c a t a l y s t oxygen w h i c h can be r e p l e n i s h e d f r o m t h e gas p h a s e . 
However , t h e r e s u l t s do n o t p r o v e t h a t n a p h t h a l e n e r e a c t s 
e x c l u s i v e l y w i t h c a t a l y s t oxygen i n t h e o v e r a l l o x i d a t i o n r e ­
a c t i o n , and an a l t e r n a t i v e e x p l a n a t i o n i s o f a s u r f a c e r e a c t i o n 
o b e y i n g a L a n g m u i r - H i n s h e l w o o d mechanism. I n s p i t e o f t h e a p p a r ­
e n t d e s i r a b i l i t y o f o p e r a t i n g b e l o w 400°C i n many i n d u s t r i a l 
p r o c e s s e s t h e h o t s p o t t e m p e r a t u r e i n a f i x e d b e d can be w e l l 
above t h e m e l t i n g p o i n t o f t h e c a t a l y s t . The w i d e l y employed 
a d d i t i o n o f a few ppm o f S 0 2 r a i s e s many unanswered q u e s t i o n s . 

2 . Medium and l o w t e m p e r a t u r e r e a c t i o n s ( < 3 0 0 ° C ) 

A n o t h e r e s t a b l i s h e d SLP c a t a l y s t i s t h e w i d e s p r e a d use o f 
p h o s p h o r i c a c i d , t y p i c a l l y s u p p o r t e d on k i e s e l g u h r . T h i s i s 
w i d e l y employed i n a range o f h y d r o c a r b o n r e a r r a n g e m e n t s s u c h as 
p r o p y l e n e d i m e r i s a t i o n and t h e a l k y l a t i o n o f b o t h a l i p h a t i c a n d 
a r o m a t i c compounds. The f o r m a t i o n o f e t h y l b e n z e n e , a p r e c u r s o r 
o f s t y r e n e , and cumeme p r e p a r e d f r o m benzene and p r o p y l e n e a r e 
examples o f m a j o r i n d u s t r i a l i m p o r t a n c e . R e a c t i o n s o f t h i s t y p e 
appear t o o c c u r b y c l a s s i c c a r b o n i u m i o n mechanisms a n d have 
a t t r a c t e d r e l a t i v e l y l i t t l e academic s t u d y b u t t h e p a t e n t l i t e r ­
a t u r e i s v a s t and has been r e v i e w e d ( 5 0 ) . The c o r r o s i v e L e w i s 
a c i d s s u c h as a l u m i n i u m t r i c h l o r i d e f a l l i n t o t h i s c a t e g o r y and 

American Chemical 
Society Library 
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r e f e r e n c e s a r e a v a i l a b l e ( 1 ) ( 2 ) . Z i n c c h l o r i d e t o o p r o b a b l y 
f u n c t i o n s i n an a n a l o g o u s manner when u s e d f o r t h e e l i m i n a t i o n 
o f h y d r o g e n c h l o r i d e f r o m a l k y l h a l i d e s . Kenney and T a k a h a s h i 
(51) showed t h a t the r a t e o f t h e r e a c t i o n w i t h u n s u p p o r t e d b i n a r y 
m e l t s o f z i n c c h l o r i d e and o t h e r m e t a l h a l i d e s c o r r e l a t e s w e l l 
w i t h t h e p o l a r i s i n g s t r e n g t h o f t h e s e c o n d m e t a l . 

The i n t e n s i v e r e s e a r c h on t r a n s i t i o n m e t a l complexes i n 
r e c e n t y e a r s has l e d t o e x p e r i m e n t s i n ways o f i m p r o v e d c o n t a c t ­
i n g o f t h e s e o f t e n e x p e n s i v e compounds. A c r e s , Bond et al.(52) 
d e s c r i b e d t h e use o f r h o d i u m c a r b o n y l a t i o n r e a c t i o n s . R e l a t e d 
and e x t e n d e d s t u d i e s o f t h e a c t i v i t y o f r h o d i u m complexes have 
r e c e n t l y been g i v e n by Rony and R o t h ( 5 3 ) . These c l e a r l y demon­
s t r a t e t h a t a w i d e range o f complexes can be e f f e c t i v e l y u s e d 
as (SLP) s y s t e m s . O b v i o u s l y compounds s u c h as [ ( 0 2 % ) ^ ] [SnCJkJ 
and t h e c o r r e s p o n d i n g c h l o r o g e r m a n a t e s d e s c r i b e d by P a r s h a l l 
(54) w i t h m e l t i n g p o i n t s o f about 150°C and b e l o w c o u l d be u s e d 
i n a s i m i l a r w a y . One o f t h e few c o m p a r a t i v e s t u d i e s o f a n SLP 
c a t a l y s t has been made by Komiyama and Inoue i n an i n v e s t i ­
g a t i o n o f t h e Wacker o x i d a t i o n o f e t h y l e n e t o a c e t a l d e h y d e ( 5 5 ) . 

3 . D i f f u s i o n a n d c a t a l y t i c r e a c t i o n i n SLP 

Any d i s c u s s i o n o f t h e c a t a l y s i s o f a gas r e a c t i o n b y an 
(SLP) must c o n s i d e r t h e s i t e o f c a t a l y t i c a c t i v i t y s i n c e t h i s 
may be f a r f r o m o b v i o u s . I f s t r o n g s p e c i f i c i n t e r a c t i o n s 
o c c u r , a p p r e c i a b l e gas s o l u b i l i t i e s may be f o u n d and t h e 
c a t a l y s i s can be r e g a r d e d as homogeneous. F o r many l i q u i d s , 
h o w e v e r , gas s o l u b i l i t i e s a r e e x t r e m e l y s m a l l , s o l u t e c o n c e n ­
t r a t i o n s a r e h i g h , g a s - l i q u i d d i f f u s i o n c o e f f i c i e n t s c o u l d be 
l o w , and t h e r e a c t i o n c a n , i n p r i n c i p l e , t a k e p l a c e on t h e 
s u r f a c e o f t h e l i q u i d . 

Three b r o a d r e g i m e s a r e t h u s p o s s i b l e : ( 1 ) r e a c t i o n t a k e s 
p l a c e on t h e s u r f a c e o f t h e l i q u i d , (2 ) r e a c t i o n t a k e s p l a c e 
homogeneously i n t h e b u l k o f t h e l i q u i d c a t a l y s t w i t h o u t d i f -
f u s i o n a l r e s t r i c t i o n s , (3) r e a c t i o n t a k e s p l a c e homogeneously i n 
t h e l i q u i d c a t a l y s t b u t i s l i m i t e d t o a l a y e r n e a r t h e l i q u i d 
s u r f a c e because o f d i f f u s i o n a l e f f e c t s . 

R e a c t i o n between a gas and a l i q u i d n o r m a l l y i n v o l v e s 
a b s o r p t i o n and p h y s i c a l s o l u t i o n o f t h e gas f o l l o w e d by homo­
geneous r e a c t i o n between t h e d i s s o l v e d s p e c i e s . The p r o b l e m o f 
gas a b s o r p t i o n w i t h c h e m i c a l r e a c t i o n has been e x t e n s i v e l y 
s t u d i e d and i n s u c h sys tems t h e o b s e r v e d r a t e o f gas a b s o r p t i o n 
w i l l be a f u n c t i o n o f t h e c h e m i c a l r e a c t i o n r a t e , t h e d i f f u s i o n 
o f t h e d i s s o l v e d g a s , and p o s s i b l y f l u i d dynamics o f t h e s y s t e m 
( t h e r a t e o f s u r f a c e r e n e w a l ) i f s u r f a c e t e n s i o n d r i v e n o r o t h e r 
c i r c u l a t i o n e f f e c t s o c c u r . There i s no e v i d e n c e o f t h e s e so f a r 
i n t h e t h i n f i l m s employed i n p r a c t i c a l c a t a l y s t s . 

I n r e g i m e s (1 ) o r ( 2 ) , i f t h e c o n c e n t r a t i o n o f c a t a l y s t i s 
c o n s t a n t t h e f o r m a l r a t e e q u a t i o n s a r e t h e same as t h a t u s e d b y 
Mars and van K r e v e l e n (61) t o model p a r t i a l o x i d a t i o n r e a c t i o n s . 
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2. KENNEY Liquid-Supported Catalysts 49 

Here we have k^ 

A ( g a s ) and B ( l i q u i d c a t a l y s t ) » C(gaseous p r o d u c t ) 
k^ + D ( i n t e r m e d i a t e ) . . . . ( a ) 

D ( i n t e r m e d i a t e ) + E ( g a s ) ^ B ( l i q u i d c a t a l y s t ) (b ) 

Β and D a r e two forms o f t h e c a t a l y s t w h i c h i n a r e d o x p r o c e s s 
w o u l d be d i f f e r e n t v a l e n c y s t a t e s o f a t r a n s i t i o n m e t a l i o n , o r 
a l t e r n a t i v e l y t h e y c o u l d r e p r e s e n t u n s t a b l e complexes o f t h e 
d i s s o l v e d c a t a l y s t w i t h t h e r e a c t a n t s A and E . 

I f t h e r e a c t i o n i s f a s t e n o u g h , r e l a t i v e t o t h e t r a n s p o r t 
p r o c e s s e s , t h e n l i q u i d phase d i f f u s i o n a l t r a n s p o r t i s i m p o r t a n t : 
t h i s p o s s i b i l i t y i s h i g h l y r e l e v a n t i n SLP c a t a l y s t b e h a v i o u r 
because one o f t h e main i n c e n t i v e s i s t o d i s p e r s e t h e l i q u i d and 
o b t a i n a h i g h l i q u i d - g a s s u r f a c e a r e a . 

When t h e r e a c t i o n i s r a p i d , most o f t h e r e a c t i o n t a k e s p l a c e 
i n a t h i n f i l m n e a r t h e i n t e r f a c e , and t h e b u l k c o n c e n t r a t i o n o f 
t h e p h y s i c a l l y d i s s o l v e d gas r e m a i n s l o w . I n t h a t case t h e r a t e 
o f gas a b s o r p t i o n and r e a c t i o n w i l l t h e n be p r o p o r t i o n a l t o t h e 
i n t e r f a c i a l s u r f a c e a r e a a n d g i v e n b y an e x p r e s s i o n o f t h e t y p e 
p r o v i d e d a l l o t h e r p a r a m e t e r s a r e h e l d c o n s t a n t 

1 / 2 
R a t e o f r e a c t i o n = AC*(Dk ) ' 

ο 
2 t 

where A = i n t e r f a c i a l s u r f a c e a r e a , cm , C * = s a t u r a t e d s o l u b i l ­
i t y o f t h e p h y s i c a l l y d i s s o l v e d gas ( g - m o l e / c m 3 ) a t m , D = 
d i f f u s i o n c o e f f i c i e n t o f t h e d i s s o l v e d g a s , c m 2 / s e c , k Q = p s e u d o -
f i r s t - o r d e r r a t e c o n s t a n t , s e c " " 1 . 

E s t i m a t e s f o r t h e d e p t h o f p e n e t r a t i o n o f t h e d i s s o l v e d gas 
can be o b t a i n e d f r o m 

λ - k 
ο 

where λ = p e n e t r a t i o n d i s t a n c e , cm, D = d i f f u s i o n c o e f f i c i e n t o f 
t h e d i s s o l v e d g a s , c m 2 / s e c , and k Q = p s e u d o - f i r s t - o r d e r r a t e 
c o n s t a n t . 

These e q u a t i o n s a r e a p p l i c a b l e f o r a r e a c t i o n p r o c e e d i n g 
u n d e r p s e u d o - f i r s t - o r d e r c o n d i t i o n s , i . e . when t h e c o n c e n ­
t r a t i o n o f t h e s o l u t e s p e c i e s i s c o n s t a n t r i g h t up t o t h e gas/ 
l i q u i d i n t e r f a c e . I t i s t h u s p o s s i b l e t o examine t h e p o s s i b i l i t y 
t h a t r e a c t i o n may o c c u r i n a f i l m f o r t h e c a t a l y s t r e o x i d a t i o n 
and r e d u c t i o n r e a c t i o n s s e p a r a t e l y , i f t h e t w o - s t a g e r e d o x 
mechanism i s a p p r o p r i a t e . The p e n e t r a t i o n t h e o r y l e a d s t o a 
s e r i e s o f c o u p l e d n o n l i n e a r p a r t i a l d i f f e r e n t i a l e q u a t i o n s 
w h i c h have t o be s o l v e d n u m e r i c a l l y w i t h a p p r o p r i a t e b o u n d a r y 
c o n d i t i o n s . F o r e x a m p l e , i f y i s t h e d i s t a n c e f r o m t h e m e l t 
s u r f a c e , t h e e q u a t i o n g o v e r n i n g t h e c o n c e n t r a t i o n o f s p e c i e s Β 
i n t i m e and space i s 
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3C D 3 2 C 

W -71 ' k l C A C B + k 2 ( C B " C B ) C E ' dy ο 

T h i s p r o b l e m becomes q u i t e i n v o l v e d s i n c e t h e r e i s a 
s i m i l a r e q u a t i o n f o r each d i f f u s i n g / r e a c t i n g s p e c i e s , a l l o f 
w h i c h have t o be s o l v e d s i m u l t a n e o u s l y . Shah a n d Kenney (56) 
have c o n s i d e r e d t h e s o l u t i o n o f t h e s e e q u a t i o n s . The s t e a d y 
s t a t e c o n c e n t r a t i o n s o f a l l s p e c i e s a r e o b t a i n a b l e once t h e 
l i q u i d d i s t r i b u t i o n i n t h e p a r t i c l e i s s p e c i f i e d and can be 
d e r i v e d e i t h e r b y s o l v i n g e q u a t i o n s o f t h e above f o r m w i t h t h e 
t i m e dependent terms s e t t o z e r o , o r , o f t e n j u s t as c o n v e n i e n t , 
c o m p u t a t i o n a l l y d e t e r m i n i n g c o n c e n t r a t i o n d i s t r i b u t i o n s as 
t ·> «>. V i l l a d s e n and L i v b j e r g (2) have r e c e n t l y a d o p t e d t h e 
f o r m e r a p p r o a c h and d e r i v e d o n l y s l i g h t l y more complex a n a l o g u e s 
f o r d i f f u s i o n - c o n t r o l l e d r e a c t i o n s f o r l i m i t i n g r e g i m e s s u c h as 
t h a t i n w h i c h one gaseous r e a c t a n t p e n e t r a t e s d e e p l y i n t o t h e 
m e l t b u t t h e o t h e r v i r t u a l l y r e a c t s on t h e m e l t s u r f a c e , as w e l l 
as p r e s e n t i n g p l o t s o f t h e f a m i l i a r T h i e l e modulus - e f f e c t i v e ­
n e s s f a c t o r t y p e f o r i n t e r m e d i a t e r e g i m e s . P a r t i c u l a r i n t e r e s t 
a g a i n a t t a c h e s t o t h e SO2 o x i d a t i o n c a t a l y s t and t h e t h i c k n e s s 
o f t h e a c t i v e f i l m . U s i n g t h e oxygen a b s o r p t i o n k i n e t i c s i n an 
u n s u p p o r t e d m e l t , H o l r o y d a n d Kenney o b t a i n e d a v a l u e o f 
900°A (^2). B o r e s k o v et al. (60) a p p r o a c h e d t h i s p r o b l e m i n a 
d i f f e r e n t way by d e p o s i t i n g known w e i g h t s o f m e l t on an i n e r t 
g r a n u l a r s u p p o r t and d e t e r m i n i n g t h e r e a c t i o n r a t e as a f u n c t i o n 
o f t h e t h i c k n e s s o f t h e m e l t f i l m . They s u g g e s t e d t h a t t h e r a t e -
c o n t r o l l i n g s t e p was d i f f u s i o n o f oxygen i n t o t h e m e l t w h i c h 
p e n e t r a t e d 100 t o 200 8. 

The c a l c u l a t i o n s o f V i l l a d s e n do however show t h a t m e a s u r e ­
ments w i t h t h i c k l a y e r s o f u n s u p p o r t e d m e l t s c o u l d g i v e e r r o n ­
eous p r e d i c t i o n s when t r a n s p o s e d t o t h e much t h i n n e r S L P ' s , b u t 
t h e i n e v i t a b l e u n c e r t a i n t i e s i n l i q u i d f i l m t h i c k n e s s and d i s t r i ­
b u t i o n i n a n a c t u a l SLP a r e l i k e l y i n any e x p e r i m e n t s t o g i v e 
e r r o r s w h i c h a r e comparable i n s i z e . F u r t h e r consequences o f 
c o n c e n t r a t i o n changes i n d i s s o l v e d s p e c i e s a r i s i n g f r o m t h e 
p a r t i a l p r e c i p i t a t i o n o f V ^ + s p e c i e s a r e d i s c u s s e d i n t h e p a p e r 
o f V i l l a d s e n et al. ( 2 6 ) . The d e t a i l e d u n d e r s t a n d i n g o f s u c h 
p r o c e s s e s r e q u i r e s more d a t a on gas s o l u b i l i t i e s and gas d i f ­
f u s i o n c o e f f i c i e n t s . Comtat and Mahenc (57) show how t h e l a t t e r 
can be o b t a i n e d i n p y r o s u l f a t e m e l t s u s i n g e l e c t r o c h e m i c a l 
m e t h o d s . 

4 . L i q u i d d i s t r i b u t i o n w i t h i n t h e p o r o u s s u p p o r t 

The b e h a v i o u r o f an ( S L P ) w i l l depend n o t o n l y on t h e 
amount o f l i q u i d d i s p e r s e d w i t h i n t h e p o r o u s s o l i d b u t a l s o o n 
w h e t h e r t h e l i q u i d i s d i s p e r s e d as a t h i n f i l m , a p l u g o r some 
more complex and r e a l i s t i c d i s t r i b u t i o n . I d e a l l y a l l p o r e s w i l l 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
2

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



2. KENNEY Liquid-Supported Catalysts 51 

be c o a t e d w i t h a u n i f o r m t h i n f i l m o f l i q u i d . As t h e l i q u i d 
f i l m t h i c k n e s s i s i n c r e a s e d , a s s u m i n g gas a n d l i q u i d phase 
t r a n s p o r t r e s i s t a n c e s r e m a i n n e g l i g i b l e , t h e r a t e / u n i t volume 
o f c a t a l y s t w i l l r i s e . However , a t some s t a g e o f l i q u i d l o a d ­
i n g , f l o o d i n g w i l l o c c u r , c lumps o r c l u s t e r s o f l i q u i d can f o r m , 
t h e a r e a o f l i q u i d exposed t o t h e gas w i l l f a l l , l i q u i d f i l m 
t h i c k n e s s i s t h e n a p p r e c i a b l y g r e a t e r and l i q u i d d i f f u s i o n 
e f f e c t s c o u l d become i m p o r t a n t . The r e a c t i o n r a t e w i l l t h u s be 
l e s s t h a n t h a t o b t a i n e d w i t h a n o n - t r a n s p o r t l i m i t e d l i q u i d 
f i l l e d c a t a l y s t w i t h t h e same l i q u i d l o a d i n g o r a l t e r n a t i v e l y 
t h e r a t e can a c t u a l l y go t h r o u g h a maximum. These e f f e c t s were 
f i r s t r e c o g n i s e d b y Rony (58) i n a s i m p l e c y l i n d r i c a l pore 
model and h i s and o t h e r f i n d i n g s have been c o l l a t e d b y V i l l a d s e n 
and L i v b j e r g (2 )̂ w h i c h c o n f i r m t h e s e q u a l i t a t i v e p r e d i c t i o n s 
v e r y c l e a r l y ( F i g . 3 ) . These show t h e a c t u a l r a t e o f r e a c t i o n 
p e r u n i t volume o f l i q u i d c a t a l y s t r e l a t i v e t o t h e e x p e c t e d r a t e 
i f a l l t h e c a t a l y s t were u n i f o r m l y a c c e s s i b l e t o t h e r e a c t a n t s 
as a f u n c t i o n o f a , t h e f r a c t i o n o f p o r e volume f i l l e d w i t h 
l i q u i d . The sys tems a r e (a) Hydrogénat ion o f p r o p y l e n e w i t h a 
s o l u t i o n o f t r i s ( t r i p h e n y l - p h o s p h i n e ) r h o d i u m c h l o r i d e / s i l i c a -
g e l a t 24°C and 20 p s i g , ( b ) I s o m e r i z a t i o n o f b u t - l - e n e w i t h 
s o l u t i o n o f r h o d i u m c h l o r i d e / s i l i c a g e 1 a t 2 5 ° C , ( c ) H y d r o -
f o r m y l a t i o n o f p r o p y l e n e w i t h s o l u t i o n o f b i s ( t r i p h e n y l -
p h o s p h i n e ) r h o d i u m c a r b o n y l c h l o r i d e / s i l i c a g e l 136°C and 490 
p s i g , (d ) SO2 o x i d a t i o n on m o l t e n V 2 0 5-K2S2Ο7/porous S i 0 2 

g l a s s , p o r e d i a m e t e r 586A, 4 8 0 ° C , (e ) C o n v e r s i o n o f e t h y l e n e 
and w a t e r t o a c e t a l d e h y d e w i t h a h y d r o c h l o r i c a c i d s o l u t i o n o f 
PdCJL and C u C i ^ / a l u m i n a a t 7 0 ° C , ( f ) as ( d ) w i t h p o r e d i a m e t e r 
3060 X. 

A more p r e c i s e p i c t u r e o f an (SLP) d i s t r i b u t i o n i n a p o r o u s 
network r a i s e s s e r i o u s t h e o r e t i c a l p r o b l e m s because o f t h e 
d i f f i c u l t y i n d e f i n i n g a n a l y t i c a l l y t h e p o r e s t r u c t u r e . Thermo-
d y n a m i c a l l y t h e t o t a l s u r f a c e f r e e energy i s compounded f r o m 
c o n t r i b u t i o n s f r o m t h r e e i n t e r f a c e s 

G S = A C A 2
Y S L + Α ( 1 ' 3 Λ 6 + A L G \ G 

where A i s t h e t o t a l s u p p o r t s u r f a c e a r e a , A L G t h e g a s / l i q u i d 
a r e a , a L i s t h e f r a c t i o n o f A c o v e r e d w i t h b u l k l i q u i d and γ t h e 
s u r f a c e t e n s i o n . L i m i t i n g b e h a v i o u r a r i s e s i f y$Q - < 0 
i m p l y i n g a c o n t a c t a n g l e > 9 0 ° and g i v i n g n o n - w e t t i n g b e h a v i o u r . 
A l t e r n a t i v e l y " Ï S L < 0 w n e n s p o n t a n e o u s w e t t i n g can o c c u r . 
A w e a l t h o f more complex d i s t r i b u t i o n s can a r i s e i n p r a c t i c e 
d e p e n d i n g on t h e p o r e s t r u c t u r e . F o r e x a m p l e , l i q u i d can 
a c c u m u l a t e a t t h e c o n t a c t p o i n t s o f n o n - p o r o u s p e l l e t s , i n t h e 
i r r e g u l a r i t i e s t h a t f o r m i n p o r e w a l l s o r i n t h e f o r m a t i o n o f 
i s l a n d s . These l a t t e r c l u s t e r s were r e p o r t e d b y V i l l a d s e n and 
c o - w o r k e r s a t an e a r l i e r m e e t i n g (62) and a r e more f u l l y 
d i s c u s s e d i n t h e i r r e c e n t r e v i e w (2) w i t h s p e c i a l r e f e r e n c e t o 
t h e ν 2 0 5 - Κ 2 0 s u l p h u r i c a c i d c a t a l y s t . A g a i n , f i l m t h i c k n e s s e s 
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Liquid loading, oc 

Figure 3. Effectiveness factor, h0 

as function of dimensionless liquid 
hading a0 
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o f about lOOoX f o r m t h e t h e o r e t i c a l l y and t e c h n i c a l l y - i n t e r e s t i n g 
r a n g e . A n o t h e r model o f (SLP) d i s t r i b u t i o n s has been g i v e n by 
Abed and R i n k e r ( 5 9 ) . 

T h e o r e t i c a l p r o b l e m s abound i n t h i s a r e a because f o r a 
g i v e n p o r e s t r u c t u r e t h e r e a r e a l a r g e number , i f n o t an i n f i n i t y , 
o f t h e r m o d y n a m i c a l l y s t a b l e l i q u i d d i s t r b u t i o n s . H y s t e r e s i s 
e f f e c t s a r e w e l l known i n c a p i l l a r y phenomena. The dynamic 
b e h a v i o u r o f c r e e p i n g l i q u i d s i s a r e l e v a n t p r o b l e m t o o , however 
i n c o n v e n i e n t and i n t r a c t a b l e . I n d u s t r i a l r e p o r t s and f o l k - l o r e 
speak o f t h e d e c r e a s e o f t h e a c t i v e a r e a o f s u l p h u r i c a c i d 
c a t a l y s t d u r i n g o p e r a t i o n , o r f u s e d lumps o f c a t a l y s t p e l l e t s 
b e i n g f o u n d i n p h t h a l i c a n h y d r i d e c o n v e r t e r s . V i l l a d s e n (2) 
quotes an example o f t h e ' s u c t i o n 1 o f p y r o s u l f a t e - V 2 0 5 m e l t 
f r o m an i m p r e g n a t e d s i l i c a s u p p o r t o f 300θ8 p o r e d i a m e t e r i n t o 
a 1608 p o r e s u p p o r t . Kenney and A l e x a n d e r ( u n p u b l i s h e d ) f o u n d 
m o l t e n c a r b o n a t e s can c l i m b o u t o f c e r a m i c c r u c i b l e s , a n a l o g o u s 
p r o b l e m s b e i n g w e l l known t o t h o s e d e v e l o p i n g p o r o u s e l e c t r o d e s 
f o r h i g h t e m p e r a t u r e f u e l c e l l s . Such dynamic e f f e c t s a r i s i n g 
f r o m p h y s i c a l and c h e m i c a l i n t e r a c t i o n s between an SLP and t h e 
s u p p o r t may be r e s p o n s i b l e f o r some o f t h e arguments as t o 
w h e t h e r t h e s u p p o r t i t s e l f p l a y s any r o l e i n t h e c a t a l y t i c 
r e a c t i o n . Anyone e m b a r k i n g on r e s e a r c h i n t h i s a r e a r e q u i r e s 
some f a m i l i a r i t y w i t h f i e l d s as d i v e r s e as l i q u i d d i s t r i b u t i o n 
i n gas chromatography s u p p o r t s and t h e dynamics o f m o i s t u r e 
movement i n c l a y s and s o i l s . 
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Coal Conversion Reaction Engineering 

C. Y. WEN and S. TONE 
Department of Chemical Engineering, West Virginia University, Morgantown, WV 26506 

Coal is clearly our most abundant fossil resource and will 
play a key role in supplying energy and chemicals well into the 
next century. 

Coal combustion, gasification and liquefaction processes are 
presently in various stages of development, ranging from those 
that are commercially available or are now being tested at pilot 
plant scale to those that are formulated conceptually and are yet 
to be tested. Coal gasification plants based on the first gener­
ation processes, which are mostly German processes or improved 
versions of them, are now being built or planned for construction. 
A number of second generation processes are being tested in large 
pilot plants or are being prepared for building demonstration 
plants. In addition, there are several recent discoveries now in 
research stage that show exciting promise. Thus, we are encour­
aged by the advance in the technical status of coal conversion 
processes because present and planned activities promise to place 
technical operability of these processes within reach. 

In recent years considerable advances have also been made in 
our understanding of the physical and chemical properties of coal 
and of the coal conversion reactions. These advances are due in 
large part to an intensive research and development effort aimed 
at improving coal conversion technologies to meet societal, 
economic and environmental requirements. 

Relatively few attempts have been made, however, to systema­
t ical ly organize the subject and cr i t ical ly evaluate the vast 
amount of information available in literature based mainly on the 
chemical reaction engineering point of view. A major difficulty 
in accomplishing this task is due to the complexity and hetero­
geneity of coal's structure and i ts behavior under different 
environments, which precludes any attempt to draw generalizations. 
Additional difficulty stems from lack of understanding the in ­
trusion of complex physical phenomena, such as hydrodynamics and 
mass and heat transfers, on chemical rate processes in coal 

0-8412-0432-2/78/47-072-056$13.10/0 
© 1978 American Chemical Society 
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c o n v e r s i o n r e a c t o r s , p a r t i c u l a r l y a t h i g h t e m p e r a t u r e s a n d h i g h 
p r e s s u r e s . 

I t i s t h e g o a l o f t h i s p a p e r t o a t tempt a s y s t e m a t i c o r g a n ­
i z a t i o n o f m a t e r i a l i n o r d e r t h a t m e c h a n i s t i c as w e l l as p h e n o -
m e n o l o g i c a l models u s e f u l f o r d e s i g n a n d s c a l e - u p o f c o a l c o n v e r ­
s i o n r e a c t o r s can be d e v e l o p e d . The a p p r o a c h t a k e n h e r e i s t o 
examine t h e c u r r e n t s t a t u s o f c o a l c o n v e r s i o n r e a c t i o n s o n a 
s i n g l e p a r t i c l e and t o s e l e c t a r e a l i s t i c y e t s u f f i c i e n t l y s i m p l e 
model c a p a b l e o f d e s c r i b i n g t h e phenomena. The d e f i c i e n c i e s a n d 
l i m i t a t i o n s o f e a c h model a r e p r e s e n t e d c a r e f u l l y . 

I n t h e s e l e c t i o n o f a p r o p e r r a t e e x p r e s s i o n o f a s i n g l e 
p a r t i c l e r e a c t i o n , we o f t e n p r e f e r a s i m p l e r f o r m t h a t r e p r e s e n t s 
t h e e x p e r i m e n t a l d a t a o v e r a more c o m p l i c a t e d f o r m , even a t t h e 
expense o f somewhat r e d u c e d a c c u r a c y . S i n c e a l l r a t e e x p r e s s i o n s 
a r e e m p i r i c a l o r s e m i - t h e o r e t i c a l a t b e s t , i t seems u n n e c e s s a r y 
t o a d d c o m p l i c a t i o n s b y a p p l y i n g a n a l y s i s t h a t o r i g i n a t e d w i t h 
t h e L a n g m u i r a d s o r p t i o n i s o t h e r m o r o t h e r t y p e o f i s o t h e r m s 
( F r e u n d l i c h , T e m p l i n s , e t c . ) . Such c o m p l i c a t i o n becomes more 
a p p a r e n t when t h e r a t e e x p r e s s i o n must be i n c o r p o r a t e d w i t h 
v a r y i n g h e a t a n d d i f f u s i o n e f f e c t s o f t h e s y s t e m . I n f a c t , when 
t h e r a t e e x p r e s s i o n c o n t a i n s more t h a n f o u r p a r a m e t e r s t h a t must 
be d e t e r m i n e d e x p e r i m e n t a l l y f o r d i f f e r e n t o p e r a t i n g c o n d i t i o n s 
and f o r d i f f e r e n t t y p e s o f c o a l , i t becomes n o t o n l y i m p r a c t i c a l 
t o use s u c h an e x p r e s s i o n b u t a l s o e x t r e m e l y d i f f i c u l t t o a p p l y 
i t i n r e a c t o r d e s i g n and s i m u l a t i o n . T h i s i s q u i t e o b v i o u s i n 
v i e w o f t h e f a c t t h a t i n a d d i t i o n t o t h e h y d r o d y n a m i c s , h e a t 
t r a n s f e r and d i f f u s i o n e f f e c t s , a number o f s i m u l t a n e o u s 
r e a c t i o n s o c c u r r i n g i n t h e r e a c t o r must be t a k e n i n t o c o n s i d e r a ­
t i o n . 

The s i n g l e c o a l p a r t i c l e models s e l e c t e d a r e t h e n combined 
w i t h r e a c t o r f l o w models a n d h e a t and mass t r a n s f e r c h a r a c t e r ­
i s t i c s o f a m u l t i p a r t i c l e s y s t e m . These a n a l y s e s a r e a p p l i e d f o r 
r e a c t o r d e s i g n s t r e s s i n g t h e c u r r e n t s t a t e o f knowledge and u n ­
c e r t a i n t i e s i n t h e s u p p o r t i n g d a t a . Here r a t h e r t h a n a t t e m p t i n g 
t o c o v e r t h e numerous i n d i v i d u a l c o a l c o n v e r s i o n r e a c t o r s 
d e v e l o p e d o r b e i n g d e v e l o p e d , t h e y a r e c l a s s i f i e d a c c o r d i n g t o 
t h e i r u n i q u e f l u i d - s o l i d s c o n t a c t i n g modes ( i . e . , m o v i n g b e d , 
f l u i d i z e d b e d , e n t r a i n e d b e d , s l u r r y b e d r e a c t o r s , e t c . ) i n o r d e r 
t o emphasize t h e s i m i l a r i t y as w e l l as d i s s i m i l a r i t y o f t h e c o a l 
c o n v e r s i o n r e a c t o r s . F i g . 1 p r e s e n t s an o v e r a l l f l o w d i a g r a m o f 
c o a l c o n v e r s i o n r e a c t i o n e n g i n e e r i n g , w h i c h i l l u s t r a t e s i n t e r ­
r e l a t i o n s and sequences o f t h e s u b j e c t m a t t e r s d e s i r a b l e i n 
o r g a n i z i n g t h i s f i e l d i n t o a s y s t e m a t i c and c o h e r e n t b r a n c h o f 
c h e m i c a l r e a c t i o n e n g i n e e r i n g . 

COAL CONVERSION MODEL FOR SINGLE PARTICLES 

I n d e v e l o p i n g a c o a l c o n v e r s i o n r e a c t i o n model f o r a s i n g l e 
p a r t i c l e s y s t e m , i t i s v e r y i m p o r t a n t t o r e c o g n i z e t h e c o m p l e x i t y 
and h e t e r o g e n e i t y o f t h e s t r u c t u r e o f c o a l . C o a l i s a c o m p l e x , 
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Figure 1. Coal conversion reaction engineering 
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n o n u n i f o r m s o l i d c o n s i s t i n g o f t h e metamorphosed r e m a i n s o f 
a n c i e n t v e g e t a t i o n . B u r i e d and p r e s s e d b y s e d i m e n t s w i t h l o s s o f 
w a t e r and v o l a t i l e m a t t e r , t h e e a r l i e s t s t a g e o f c o a l l i g n i t e was 
f o r m e d . As t h e l i g n i t e was b u r i e d deeper and compressed f u r t h e r , 
t h e h e a t a s s o c i a t e d w i t h c o m p r e s s i o n i n c r e a s e d and a c c e l e r a t e d 
d e v o l a t i l i z a t i o n . As a r e s u l t , t h e rank o f c o a l became p r o g r e s ­
s i v e l y h i g h e r , r i s i n g f r o m l i g n i t e , s u b - b i t u m i n o u s , b i t u m i n o u s , 
s e m i - b i t u m i n o u s and s e m i - a n t h r a c i t e t o a n t h r a c i t e . The h e a t i n g 
v a l u e s o f c o a l s as a f u n c t i o n o f c a r b o n c o n t e n t s a r e shown i n 
F i g . 2. 

L i g n i t e and s u b - b i t u m i n o u s c o a l s a r e n o n - a g g l o m e r a t i n g ; have 
h i g h e r o x y g e n , a l k a l i m i n e r a l s , a n d m o i s t u r e c o n t e n t s ; and a r e i n 
g e n e r a l more r e a c t i v e t h a n b i t u m i n o u s c o a l s , w h i c h a r e c a k i n g 
c o a l s . A n t h r a c i t e c o a l s c o n t a i n l e s s o x y g e n , l e s s m o i s t u r e and 
l e s s v o l a t i l e m a t t e r a n d a r e much l e s s r e a c t i v e t h a n o t h e r c o a l s . 

M i n e r a l m a t t e r and s u l f u r c o n t e n t s i n c o a l depend on t h e 
seam f r o m w h i c h c o a l i s m i n e d . C h e m i c a l l y , c o a l s c o n t a i n C , H , 
0, N , S , and m i n e r a l s i n v a r y i n g p o r t i o n s . The a p p r o x i m a t e range 
o f t h e H/C a t o m i c r a t i o and 0/C a t o m i c r a t i o f o r v a r i o u s r a n k 
c o a l s w h i c h seems t o a f f e c t t h e r e a c t i v i t y i s shown i n F i g . 3. 

(1) PYROLYSIS AND HYDROPYROLYSIS OF COAL 

The p y r o l y s i s t a k e s p l a c e f o r a l l c o a l c o n v e r s i o n r e a c t i o n s 
when c o a l i s h e a t e d above t h e " p y r o l y s i s t e m p e r a t u r e . " The b e ­
h a v i o r o f c o a l d u r i n g p y r o l y s i s i s g o v e r n e d b y c o a l t y p e a n d e x ­
p e r i m e n t a l c o n d i t i o n s s u c h as p a r t i c l e s i z e , h e a t i n g r a t e , r e ­
a c t i o n t e m p e r a t u r e and p r e s s u r e , a n d s p e c i e s o f gas ( i n e r t , H2» 
0 2> e t c . ) i n w h i c h i t i s p y r o l y z e d . 

D u r i n g p y r o l y s i s t h e b i t u m i n o u s c o a l s o f t e n s t o f o r m a m e t a -
p l a s t . B e f o r e t h e c e n t e r r e a c h e s s o f t e n i n g t e m p e r a t u r e , t h e 
d e v o l a t i l i z a t i o n s t a r t s a n d p a r t i c l e s s w e l l t o become cenospheres 
a n d , w i t h f u r t h e r t h e r m o s e t t i n g , t o p r o d u c e coke o r c h a r . The 
v o l a t i l e s t e n d t o come o f f i n c o n c e n t r a t e d and r a n d o m l y d i s t r i ­
b u t e d j e t s a t d i f f e r e n t p o i n t s on t h e p a r t i c l e s u r f a c e as shown 
i n F i g . k. P y r o l y s i s p r o d u c e s a range o f p r o d u c t s f r o m h y d r o g e n 
gas t o heavy t a r o f w i d e l y v a r y i n g m o l e c u l a r w e i g h t s . The p r o ­
d u c t s o f c o a l p y r o l y s i s depend m a i n l y on t e m p e r a t u r e , h e a t i n g 
r a t e , and v a p o r phase r e s i d e n c e t i m e . H i g h t e m p e r a t u r e s and a 
l o n g v a p o r phase r e s i d e n c e t i m e t e n d t o f a v o r p r o d u c t i o n o f g a s e s . 
The p r o c e s s o f r a p i d p y r o l y s i s w i t h h e a t i n g r a t e s u b s t a n t i a l l y 
g r e a t e r t h a n 500°C/sec has a p o t e n t i a l o f d e v e l o p i n g t o one o f 
t h e most e f f e c t i v e ways o f u t i l i z i n g h y d r o c a r b o n s c o n t a i n e d i n 
c o a l . To a c h i e v e a r a p i d r a t e o f p y r o l y s i s , p u l v e r i z e d c o a l 
b u r n e r s , f l u i d i z e d b e d , f r e e - f a l l , e n t r a i n e d b e d and c y c l o n e b e d 
r e a c t o r s a r e o f t e n e m p l o y e d . The p r o b l e m o f p r e d i c t i n g p r o d u c t 
d i s t r i b u t i o n f r o m c o a l p y r o l y s i s i s more d i f f i c u l t t h a n p r e d i c t ­
i n g t h e t o t a l y i e l d . The p r o d u c t s l i k e h i g h e r h y d r o c a r b o n s , 
l i q u i d s a n d t a r a r e a p p a r e n t l y n o t t h e r e s u l t o f a s i n g l e decom­
p o s i t i o n r e a c t i o n . F u r t h e r s y s t e m a t i c i n v e s t i g a t i o n s w i t h a 
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Figure 2. Heating values of various coals as a function of carbon 
content 
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Figure 3. H/C and O/C ratios of fossil fuels 
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3. WEN AND TONE Coal Conversion Reaction Engineering 61 

wider v a r i e t y of coals, heating rates and temperature l e v e l s are 
needed to increase understanding of t h i s subject. 

Rates of coal p y r o l y s i s i n an i n e r t atmosphere have been i n ­
vestigated by many researchers. Rate of v o l a t i l e release i s 
apparently dependent on temperature and p a r t i c l e s i z e above 100 
microns and probably independent * on p a r t i c l e s i z e below 50 
microns with a t r a n s i t i o n between 50 to 100 microns. Table I 
l i s t s the major rate c o r r e l a t i o n s f o r coal p y r o l y s i s . Equations 
due to Badzioch and Hawksley (l), Anthony and Howard (2,3), and 
Wen et a l . (h) are based e s s e n t i a l l y on the concept that the rate 
o f p y r o l y s i s i s proportional to the amount o f v o l a t i l e content 
remaining i n the coal: 

|ï = k (V* - V) where k = k Q exp (-E/R T) 

For Badzioch and Hawksley (l) and f o r Wen et a l . (h), the a c t i v a ­
t i o n energy, E, i s a constant. Following the idea of P i t t ( 8 ) , 
Anthony and Howard (2) introduced Gaussian d i s t r i b u t i o n of a c t i ­
vation energy, E, with a mean value of E Q and standard deviation 
of σ. 

The presence of a large quantity of hydrogen greatly a f f e c t s 
the phenomena of p y r o l y s i s , which i s often r e f e r r e d to as hydro-
p y r o l y s i s . Therefore, i t i s l o g i c a l t o discuss the mechanism of 
p y r o l y s i s i n conjunction with the phenomenon of hydropyrolysis. 

Hydropyrolysis or hydro carbonization refers to the process 
i n which pu l v e r i z e d coal p a r t i c l e s are mixed with hydrogen at 
elevated temperature and pressure f o r a short time. The process 
appears a t t r a c t i v e because i t has been demonstrated that i t i s 
possible to obtain y i e l d s s i g n i f i c a n t l y greater than the proximate 
v o l a t i l e s 1 content of c o a l . The reaction products include 
d i s t i l l a t e o i l s , benzene, toluene, xylene and l i g h t gases such as 
methane, ethane and oxides of carbon along with a de s u l f u r i z e d 
combustible char. 

Several experimental studies (3»9»10,11*12,13) have q u a l i ­
t a t i v e l y i d e n t i f i e d the operating conditions f o r maximizing the 
hydrocarbon y i e l d s that appear to be s e n s i t i v e to temperature, 
t o t a l pressure, hydrogen p a r t i a l pressure, p a r t i c l e s i z e , char 
and vapor residence time. 

Their findings can be summarized q u a l i t a t i v e l y i n the 
following: 

E f f e c t of Pressure 

(A) Tot a l Pressure. When coal i s pyrolyzed i n an i n e r t 
atmosphere (under low hydrogen or low oxygen p a r t i a l pressure), 
the t o t a l conversion (or t o t a l y i e l d i n c l u d i n g a l l products) de­
creases as the pressure i s increased. T y p i c a l l y , bituminous coal 
pyrolyzed at 1000°C y i e l d s 50-55$ of the weight of coal at 10~k 

atm but only 35-^0% at 100 atm. L i q u i d hydrocarbons i n c l u d i n g 
t a r also decrease from about 32% to 10%, whereas the gaseous 
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Figure 4. Pyrolysis and combustion of 
coal 

Table I. Correlations for Pyrolysis of Coal/Char 

Author 
and Year 
Gregory and 
Littlejohn (5) 
(196S) 
Howard and 
Essenhigh (6) 
(1967) 
Juntgen et al.(7) 
(1968) 

Badzioch and 
Hawksley (1) 
(1970) 

Wen et al. (4) 
(1974) 

Anthony and 
Howard (2,3) 
(1976) 

Heating 
Rate 
Slow, 
Intermediate 

Rapid 

Slow, 
Intermediate 

Temperature 
Range and Pressure 
500 - 1100#C 
Atmospheric (l* 2) 

200 - 1550#C 
Atmospheric (air) 

Up to 1000*C 
Atmospheric (N2) 

to ιοοο·ε Rapid 
(2S000-S000°C/S) Atmospheric (NJ 

Slow, 
Intermediate 
or Rapid 

Slow, 
Intermediate 
or Rapid 

S50-1S00»C 

up to 1000*C 
0.001 to 100 atm. 
(He and Η ) 

Total Volatiles Yield or Rate 
V « VH - R-W 
R » 10A, A « 11.47 - 3.961 l o g ) 0 Τ • 0.0SVM W « 0.20 (VM - 10.9) 
f - k oexp (-E/RsT)(Vo - V) 

dv 
dT 

dV 

dT 
dt 

k 0 exp (-E/RgT)(V* - V) 

V* « VM (l-C)Q 

$ « k o exp(-E/RgT)(f-X) 

V « V* {1 - j " exp(- £ kdt)f(E)dE} 
k * k 0 exp (-E/RgT) 

v* » vir • ^h^h^h\^Kh\ 
f(E) - lo(2w) l / 2]- |exp[.(E.E 0) 2/2o 2] 
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h y d r o c a r b o n s i n c r e a s e s f r o m about k% t o 1% when t h e p r e s s u r e i s 
i n c r e a s e d f r o m 10"^ a tm t o 100 a t m . 

(B) Hydrogen P r e s s u r e . A s u b s t a n t i a l l y h i g h e r p r o d u c t y i e l d 
i n h y d r o p y r o l y s i s i s c l e a r l y i n d i c a t e d (.3,10). The p r e s e n c e o f 
h y d r o g e n s i g n i f i c a n t l y i m p r o v e s t h e y i e l d s o f t h e d e s i r a b l e l i q u i d 
and gaseous p r o d u c t s s u c h as methane a n d b e n z e n e . I n c r e a s i n g 
h y d r o g e n p r e s s u r e f r o m 10, 100 t o 150 a tm t y p i c a l l y i n c r e a s e s t h e 
y i e l d f r o m 50, 60, t o J0% o f t h e w e i g h t o f b i t u m i n o u s c o a l a t 
1000°C, r e s p e c t i v e l y . 

E f f e c t o f Temperature 

(A) I n e r t A t m o s p h e r e . F i g . 5 s c h e m a t i c a l l y r e p r e s e n t s t h e 
e f f e c t o f h e a t i n g r a t e on r e l a t i v e y i e l d s and p r o d u c t d i s t r i b u t i o n . 
F i g . 5 q u a l i t a t i v e l y i n d i c a t e s t h a t t h e f a s t e r t h e h e a t i n g r a t e t o 
a g i v e n t e m p e r a t u r e , t h e g r e a t e r t h e t o t a l y i e l d up t o a l i m i t . 

(B) Hydrogen A t m o s p h e r e . H y d r o p y r o l y s i s i n h y d r o g e n a t 100 
atm shows t h a t an i n c r e a s e i n h e a t i n g r a t e f r o m 20 t o 650°C/sec 
i n c r e a s e s t h e methane y i e l d b y a f a c t o r o f 1.5 a n d t h e benzene 
y i e l d b y a f a c t o r o f more t h a n 3 and d e c r e a s e s s i g n i f i c a n t l y 
( a l m o s t 1/10) i n t h e h e a v y - p r o d u c t y i e l d . 

However , when i n c r e a s i n g h e a t i n g r a t e f r o m 650°C/sec t o 
lU00°C/sec t h e p r o d u c t y i e l d remains e s s e n t i a l l y t h e same. 
A p p a r e n t l y a h e a t i n g r a t e o f 650°C/sec o r g r e a t e r i s adequate t o 
e n s u r e t h e f r a g m e n t a t i o n o f c o a l m o l e c u l e s b e f o r e r e p o l y m e r i z a t i o n 
t a k e s p l a c e t o f o r m l a r g e m o l e c u l e s . 

E f f e c t o f S o l i d s and Gas R e s i d e n c e Time 

(A) Hydrogen A t m o s p h e r e . Too s h o r t s o l i d r e s i d e n c e t i m e 
does n o t p e r m i t t h e heavy s p e c i e s d e v o l a t i l i z e d f r o m c o a l t o be 
h y d r o c r a c k e d t o t h e l i g h t e r p r o d u c t . Methane y i e l d seems t o i n ­
c r e a s e 1.5 t i m e s when s o l i d c o n t a c t t i m e i s i n c r e a s e d f r o m 2 t o 30 
s e c . A t a h e a t i n g r a t e o f 650°C/sec, s o l i d c o n t a c t t i m e s o f 10 
sec a re s u f f i c i e n t f o r p a r t i c l e s s m a l l e r t h a n ^3 m i c r o n s . 

S i m i l a r l y , i n c r e a s i n g t h e r e s i d e n c e t i m e o f v a p o r l e a d s t o 
i n c r e a s e d t h e r m a l d e c o m p o s i t i o n o f t h e r e a c t i o n p r o d u c t s y i e l d i n g 
more methane. F o r e x a m p l e , i n c r e a s e o f v a p o r r e s i d e n c e t i m e f r o m 
0.2 t o 23 sec i n c r e a s e s t h e methane y i e l d b y a f a c t o r o f 2.7 b u t 
d e c r e a s e s o t h e r h y d r o c a r b o n s s i g n i f i c a n t l y . 

F o l l o w i n g c l o s e l y t h e mechanism o f h y d r o p y r o l y s i s p r o p o s e d b y 
A n t h o n y e t a l . (3.) , R u s s e l e t a l . (12) r e c e n t l y p r o p o s e d an i n ­
t e r e s t i n g t h e o r y d e s c r i b i n g t h e combined e f f e c t o f c h e m i c a l r e ­
a c t i o n s and mass t r a n s f e r o c c u r r i n g i n a s i n g l e c o a l p a r t i c l e 
d u r i n g h y d r o p y r o l y s i s . T h e i r work i s b r i e f l y summarized b e l o w . 
The k i n e t i c model f o r h y d r o p y r o l y s i s c o n s i s t s o f t h e f o l l o w i n g 
s t e p s : 
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(a) D e v o l a t i l i z a t i o n : C *° > (l - v ) V + vV* + C* 

where C = reactive c o a l , C* = act i v a t e d c o a l , V = ua-
reactive v o l a t i l e , V* = reactive v o l a t i l e , ν = f r a c t i o n 
of reactive v o l a t i l e 

rate o f d e v o l a t i l i z a t i o n , RQ = k Q C c and 

ρ (-E Q / R gT) f o r s i n g l e reaction 

„ f(E) exp (-E /R T)dE for multiple reactions 
ο g 

Here, f(E) i s a d i s t r i b u t i o n function. 

f ο e a 

, \ *1 

(b) Deposition: V* — S 

where S = i n e r t char 

rate o f deposition, = 

(c) S t a b i l i z a t i o n : V* + H 2 — 2 — • V 

rate of s t a b i l i z a t i o n , R^ = k^ 

(d) Direct Hydrogénation: C* + R"2 ^ > V + C* 

rate of di r e c t hydrogénation, R^ = k^ 

(e) Polymerization: C* > S 

rate of polymerization, R^ = k^ C c # 

They postulated that f o r slow rates o f d e v o l a t i l i z a t i o n hydrogen 
permeates the e n t i r e p a r t i c l e , immediately s t a b i l i z i n g a l l reac­
t i v e v o l a t i l e s and preventing deposition. Increases i n the 
d e v o l a t i l i z a t i o n rate reduce the hydrogen concentration w i t h i n the 
p a r t i c l e with the concentration at the center eventually f a l l i n g 
to zero. A further increase i n d e v o l a t i l i z a t i o n rate produces a 
core o f no hydrogen and the reaction i n t e r f a c e o f hydrogen at core 
surface. Under t h i s condition the product y i e l d i s reduced due to 
deposition of reac t i v e v o l a t i l e s . At extremely r a p i d rates bulk 
flow of v o l a t i l e s e f f e c t i v e l y excludes hydrogen from the p a r t i c l e , 
and the rea c t i o n i n t e r f a c e i s at the external surface o f the 
p a r t i c l e . 

Assuming the coal p a r t i c l e to remain a porous sphere and 
instantaneous reaction of hydrogen with reactive v o l a t i l e s at 
reaction i n t e r f a c e , they formulated the conservation equation 
under isothermal conditions f o r the four gaseous species: 
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reactive and unreactive v o l a t i l e s , hydrogen and i n e r t gas. They 
numerically solved the mass balance equation s i m i l a r to Eq. (9) 
assuming isothermal p a r t i c l e , no external mass t r a n s f e r resistance 
and a pseudo steady state condition. The t o t a l y i e l d s obtained 
by i n t e g r a t i n g the mass balance equation over the time-tempe rature 
h i s t o r y were shown to agree w e l l with the experimental data o f 
Anthony et a l . (3) f o r various t o t a l pressure, hydrogen p a r t i a l 
pressure and p a r t i c l e s i z e . 

V o l a t i l e Combustion 

V o l a t i l e s produced on p y r o l y s i s burn with oxygen i n coal 
combustion processes e i t h e r immediately as the v o l a t i l e s leave 
the p a r t i c l e s or a f t e r the v o l a t i l e j e t s break through a distance 
from the p a r t i c l e . The rate of the v o l a t i l e combustion i s con­
t r o l l e d i n the immediate combustion by rate o f p y r o l y s i s while i n 
the delayed combustion by the rate of mixing with oxygen. I n f o r ­
mation on the k i n e t i c s v o l a t i l e combustion i s very l i m i t e d . 

Two hypotheses f o r the combustion during p y r o l y s i s have been 
proposed regarding whether or not the burning occurs i n the coal 
p a r t i c l e s . Howard and Essenhigh (6) assumed that the burning of 
v o l a t i l e s occurs both i n the i n t e r i o r of the s o l i d as w e l l as 
wi t h i n the laminar l a y e r o f gas surrounding the p a r t i c l e s . F i e l d 
et a l . (lk)» on the other hand, assumed that because v o l a t i l e s mix 
with oxygen at the p a r t i c l e surface and the burning rate i s ex­
tremely f a s t , the o v e r a l l rate i s c o n t r o l l e d by the boundary 
la y e r d i f f u s i o n . Dobner et a l . (15) argued that combustion o f 
v o l a t i l e s proceeds i n the laminar l a y e r outside of the p a r t i c l e 
and that oxygen cannot reach the i n t e r i o r of the p a r t i c l e u n t i l 
the combustion o f v o l a t i l e s outside o f the p a r t i c l e i s completed. 

An a l t e r n a t i v e model i s based on thé common assumption that 
v o l a t i l e s react r a p i d l y to form CO and H 2 with the subsequent CO 
oxidation as the rate determining step. According to Ho t t e l et 
a l . (l6), the following equation can be used to ca l c u l a t e CO 
oxidation rate: 

" = A CC0 S / ' · °ζθ' ("16.000/ V ) 

where C^ i s the concentration o f gaseous component i , A has values 
from 3 x l 0 1 0 to l 8 x l 0 1 0 (units i n mole, cm3, sec). At combustion 
temperature o f about 1500°C, CO combustion rate i s about 105 times 
greater than the subsequent burning rate o f char and oxygen. 

(2) CHAR-GAS REACTIONS 

The char that i s formed as the r e s u l t o f the f i r s t stage 
reaction, namely p y r o l y s i s and combustion of v o l a t i l e s , i s very 
d i f f e r e n t from i t s parent coal i n s i z e , shape and pore st r u c t u r e . 
The char-gas reactions occurring i n the second stage fo l l o w i n g 
the p y r o l y s i s reaction are heterogeneous reactions and take place 
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on t h e s u r f a c e o f t h e s o l i d r e a c t a n t s . The phenomena can be 
c l a s s i f i e d i n t o two d i s t i n c t modes o f r e a c t i o n s : v o l u m e t r i c r e ­
a c t i o n a n d s u r f a c e r e a c t i o n . I n t h e case o f v o l u m e t r i c r e a c t i o n , 
t h e r e a c t i n g gas d i f f u s e s i n t o t h e i n t e r i o r o f t h e p a r t i c l e s . As 
t h e r e a c t i o n p r o c e e d s , p o r o u s c h a r a n d a s h l a y e r a r e b u i l t up 
a r o u n d t h e o u t e r l a y e r o f t h e p a r t i c l e s as t h e " r e a c t i n g z o n e " 
c o n t i n u e s t o s h r i n k . I n t h e case o f s u r f a c e r e a c t i o n , t h e r e a c t ­
i n g gas does n o t p e n e t r a t e i n t o t h e i n t e r i o r o f t h e s o l i d 
p a r t i c l e s b u t i s c o n f i n e d t o r e a c t a t t h e s u r f a c e o f t h e " s h r i n k ­
i n g c o r e o f u n r e a c t e d s o l i d " (ij). G e n e r a l l y , s u r f a c e r e a c t i o n 
o c c u r s when t h e c h e m i c a l r e a c t i o n i s v e r y f a s t , s u c h as c o m b u s t i o n 
r e a c t i o n , a n d d i f f u s i o n i s t h e r a t e c o n t r o l l i n g s t e p . V o l u m e t r i c 
r e a c t i o n , on t h e o t h e r h a n d , i s t h e c h a r a c t e r i s t i c o f s l o w r e ­
a c t i o n i n a p o r o u s s o l i d , s u c h as g a s i f i c a t i o n r e a c t i o n o f c h a r b y 
C 0 2 o r HpO. 

A l t h o u g h t h e r a t e o f h e t e r o g e n e o u s r e a c t i o n s i s u s u a l l y 
e x p r e s s e d a c c o r d i n g t o t h e L a n g m u i r - H i n s h e l w o o d mechanisms ( W a l k e r 
e t a l . ( l 8 ) ) » a s i m p l e r power l a w e x p r e s s i o n i s recommended f o r 
most o f t h e c h a r - g a s r e a c t i o n s . T h i s i s t o r e d u c e t h e m a t h e m a t i ­
c a l c o m p l e x i t y i n r e a c t o r m o d e l l i n g a n d t h e number o f p a r a m e t e r s 
n e e d e d t o be d e t e r m i n e d b y e x p e r i m e n t a t i o n . A c c o r d i n g l y , t h e r a t e 
e x p r e s s i o n f o r a v o l u m e t r i c r e a c t i o n can be d e s c r i b e d i n t h e 
f o l l o w i n g f o r m s : 

dC 

- â r = k v - v c s m ( 1 ) 

where k v i s t h e v o l u m e t r i c r e a c t i o n r a t e c o n s t a n t , and α ν ( Χ , Τ ) i s 
a t e r m r e p r e s e n t i n g a v a i l a b l e p o r e s u r f a c e a r e a o f p a r t i c l e s and 
i s a f u n c t i o n o f c a r b o n c o n v e r s i o n , X , a n d t e m p e r a t u r e , T . 

I n t h e case o f s u r f a c e r e a c t i o n , on t h e o t h e r h a n d , t h e r a t e 
i s p r o p o r t i o n a l t o t h e s u r f a c e a r e a o f t h e r e a c t i o n i n t e r f a c e and 
i s e x p r e s s e d b y 

^ = k · S „ · C A
n · C m (2) d t S g A so e x 

where S g (= S
e x / W

Q ) i s t h e g e o m e t r i c s u r f a c e a r e a o f t h e s h r i n k ­
i n g i n t e r f a c e p e r u n i t o r i g i n a l w e i g h t o f a p a r t i c l e . k s i s t h e 
s u r f a c e r e a c t i o n r a t e c o n s t a n t . The s o l i d r e a c t a n t c o n c e n t r a t i o n 
i s c o n s t a n t a n d i s e q u a l t o t h e o r i g i n a l s o l i d r e a c t a n t c o n c e n ­
t r a t i o n o f t h e c h a r i n t h e s u r f a c e r e a c t i o n e x p r e s s i o n . 

V a r i o u s forms o f r a t e e x p r e s s i o n s have a p p e a r e d i n t h e l i t e r ­
a t u r e . I t i s e s s e n t i a l t h a t a p r o p e r f o r m i s u s e d when c o m p a r i n g 
t h e e x p e r i m e n t a l d a t a o f d i f f e r e n t i n v e s t i g a t o r s . The c o n v e r s i o n 
o f one f o r m o f t h e r a t e e x p r e s s i o n t o a n o t h e r i s l i s t e d i n T a b l e 
I I . A p i c t o r i a l r e p r e s e n t a t i o n o f p y r o l y s i s a n d t h e subsequent 
c h a r - g a s r e a c t i o n i s shown i n F i g . k f o r a l a r g e p a r t i c l e and a 
s m a l l p a r t i c l e , w h i c h may behave d i f f e r e n t l y . 
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C h a r - O x y g e n R e a c t i o n 

The mechanism o f c h a r - o x y g e n r e a c t i o n i s b e t t e r u n d e r s t o o d 
t h a n e i t h e r p y r o l y s i s o r v o l a t i l e c o m b u s t i o n . T h r i n g a n d 
E s s e n h i g h ( l £ ) showed t h a t t h e b u r n i n g r a t e o f t h e c h a r - o x y g e n 
r e a c t i o n i s z e r o o r d e r w i t h r e s p e c t t o oxygen c o n c e n t r a t i o n b e l o w 
1200°K and i s f i r s t o r d e r be tween 1200°K a n d 2200°K. Glassman 
(20)argued t h a t t h e b u r n i n g r a t e o f c o a l p a r t i c l e s i n e i t h e r a 
q u i e s c e n t o r c o n v e c t i v e atmosphere i s d i r e c t l y p r o p o r t i o n a l t o t h e 
oxygen c o n c e n t r a t i o n , and f o r c o a l p a r t i c l e s s u r r o u n d e d b y an a s h 
l a y e r t h e b u r n i n g r a t e i s p r o p o r t i o n a l t o t h e s q u a r e r o o t o f 
oxygen c o n c e n t r a t i o n . The r a t e d e t e r m i n i n g s t e p i n t h e c o m b u s t i o n 
o f c h a r v a r i e s d e p e n d i n g on t h e range o f t e m p e r a t u r e , p a r t i c l e 
s i z e a n d s p e c i f i c s u r f a c e a r e a o f t h e c h a r . F i e l d (21 ) r e p o r t e d 
t h e b u r n i n g r a t e o f p u l v e r i z e d c o a l o f v a r i o u s p a r t i c l e s i z e s a n d 
showed t h a t f o r s m a l l p a r t i c l e s ( b e l o w 50 μια) t h e c o m b u s t i o n i s 
c h e m i c a l r e a c t i o n c o n t r o l l e d a n d f o r l a r g e p a r t i c l e s (above 100 
\im) c o m b u s t i o n i s d i f f u s i o n c o n t r o l l e d . M u l c a h y a n d S m i t h (23) 
r e p o r t e d t h a t t h e b u r n i n g r a t e a t t e m p e r a t u r e s h i g h e r t h a n 1200°K 
and f o r p a r t i c l e s l a r g e r t h a n 100 m i c r o n s i s d e t e r m i n e d b y 
d i f f u s i o n r a t e o f oxygen t o t h e s u r f a c e . 

F o r t h e t e m p e r a t u r e range above 1000°K, F i e l d e t a l . ( l U ) 
p r e s e n t e d a c o m b u s t i o n r a t e e x p r e s s i o n c o m b i n i n g b o t h t h e r a t e o f 
c h e m i c a l r e a c t i o n a n d t h a t o f d i f f u s i o n as f o l l o w s : 

- — - - = - (3) 
S dt l / k 0 + 1/k^ v ' 

ex S D 

where n c i s mass o f c h a r , S e x i s e x t e r n a l s u r f a c e o f p a r t i c l e , Tq^ 
i s p a r t i a l p r e s s u r e o f o x y g e n , k g and k p can be e x p r e s s e d a s : 

ο 
k g = 8710 exp (-17,967/T) [gm/cm · s e c · atm] 

k D = 0.292 ψ D^/T d [gm/cm · sec · atm] 

The mechanism f a c t o r , ψ, i s a f u n c t i o n o f c o a l t y p e , t h e 
r a t i o o f CO t o C02 f o r m e d and t h e p a r t i c l e s i z e , ψ t a k e s a v a l u e 
o f 2 when CO i s t h e d i r e c t p r o d u c t o f c h a r - 0 2 r e a c t i o n a n d a v a l u e 
o f 1 when CO2 i s t h e d i r e c t p r o d u c t . The f o l l o w i n g c o r r e l a t i o n s 
a r e s u g g e s t e d f o r r o u g h e s t i m a t i o n o f ψ: 

ψ = (2Z + 2)/(Z + 2) f o r dp ̂  50 urn 

ψ = [(2Z + 2) - Z ( d -50)/950]/(Z+2) f o r 50 urn < d s 1000 ym 
Ρ Ρ 

a n d φ = 1.0 f o r d > 1000 pm 

where Ζ =[C0]/[C0 2] = 2500 exp (-62U9/T) 

d i n μια a n d Τ = ( Τ ς + Τ )/2 i n °K Ρ ο g 
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The subject o f mechanism of 00 formation during char com­
bustion i s discussed i n a l a t e r s e c t i o n . 

Smith and co-workers (23,2U) measured the burning rate o f 
bituminous coal char f o r p a r t i c l e sizes o f l 8 , 35, and 70 microns. 
They concluded that f o r these p a r t i c l e s the combustion rate i s 
slower than the rate o f d i f f u s i o n of oxygen to the reaction sur­
face. The a c t i v a t i o n energy f o r chemical reaction c o n t r o l l i n g 
regime i s evaluated to be 27 Kcal/mol. They reported that i n the 
range o f temperatures from 800 to 1700°K, the combustion occurred 
i n the intermediate regime between that c o n t r o l l e d by chemical 
reaction and that c o n t r o l l e d by the pore d i f f u s i o n . The F i e l d 
et a l . (l_U) rate expression o f Eq. (3), however, does not agree 
with the data o f Smith and co-workers (23,2U) at the temperature 
range below 900°K. Their data ind i c a t e that at lower temperature 
combustion takes place throughout the pore surface w i t h i n the char 
rather than at a sharp i n t e r f a c e as implied by Eq. (3). 

Hamor et a l . (2£) and Smith and Ty l e r (26) measured com­
bustion rate o f pu l v e r i z e d Brown coal char i n an entrainment 
reactor and i n a f i x e d bed reactor having a s i z e range o f 89, U9» 
and 22 microns. They found that below 7§0°K combustion o f both 
the 89 and k9 micron p a r t i c l e s i s c o n t r o l l e d by chemical reaction 
alone and shows an a c t i v a t i o n energy of 32 Kcal/mol. When tem­
perature i s r a i s e d to above 900°K, combustion of these p a r t i c l e s 
i s c o n t r o l l e d by both d i f f u s i o n and chemical reaction and shows an 
ac t i v a t i o n energy o f l6.2 Kcal/mol, which i s one-half o f the 
"true" a c t i v a t i o n energy i n chemical reaction c o n t r o l l e d regime. 
However, f o r a 22 micron p a r t i c l e , the rate at t h i s temperature 
i s apparently s t i l l c o n t r o l l e d by chemical reaction alone. Above 
1550°K, combustion o f an 89 micron p a r t i c l e i s c o n t r o l l e d by 
oxygen d i f f u s i o n r a t e . For the " i n t r i n s i c " reaction r a t e , they 
proposed an empirical c o r r e l a t i o n f o r a temperature range from 
630 to l8l2°K: 

Rate = 1.3k exp [-32,600/R Τ ] g/(cm 2sec) (5) 
g s 

Dutta and Wen (27) found that the burning rate o f char o f a 
p a r t i c l e s i z e from 35 to 60 mesh at low temperature i s reaction 
c o n t r o l l e d and obeys the volume reaction model. Their rate 
expression can be w r i t t e n as follows: 

and obtained an a c t i v a t i o n energy o f 31 Kcal/mol. According to 
the volume reaction model, they expressed the burning rate under 
the influence o f i n t r a p a r t i c l e d i f f u s i o n as 

Έ ' " Κ \ \ (1~x) 

where effectiveness f a c t o r , η, i s defined as: 
(7) 
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φ tanh4> 
Here φ = φ 0 [ ( l - X j a * ] 1 ' ^ , α* = a ^ g t x ) , g ( x ) i s g i v e n b y D = 
Deog(x) and i s a f u n c t i o n o f c o n v e r s i o n Χ, φ 0 = r Q ( k v C s o / D e o ) - L / ^ î 

a n d D e o i s t h e e f f e c t i v e d i f f u s i v i t y o f c h a r a t z e r o c o n v e r s i o n . 
By u s i n g E q . (T), t h e y showed t h a t i n t h e c o m b u s t i o n o f c h a r 

r e s i s t a n c e due t o p o r e d i f f u s i o n i s n e g l i g i b l e f o r t e m p e r a t u r e s 
b e l o w 576°C. 

I n s p i t e o f a g r e a t number o f s t u d i e s a v a i l a b l e o n c o a l com­
b u s t i o n r a t e , t h e u n d e r s t a n d i n g o f t h e phenomenon i s f a r f r o m 
c o m p l e t e . I n f a c t t h e c o m b u s t i o n r a t e d a t a a v a i l a b l e up t o now 
a r e v e r y c o n f u s i n g e v e n f o r r e l a t i v e l y s m a l l p a r t i c l e s . As shown 
i n F i g . 6 (21,22,23>2U%25)P t h e r a t e s o f c o m b u s t i o n seem t o be 
a f f e c t e d b y t h e t y p e s o f c o a l b u t t h e q u a n t i t a t i v e e f f e c t o f t h e 
t e m p e r a t u r e a n d p a r t i c l e s i z e as w e l l as t h e r a t e d e t e r m i n i n g 
f a c t o r s a r e n o t y e t c l e a r l y u n d e r s t o o d . T h i s i s p r i m a r i l y due t o 
t h e d i f f i c u l t y i n e x p e r i m e n t a l e v a l u a t i o n o f t h e p a r t i c l e t e m p e r a ­
t u r e a n d t h e measurement o f changes i n p h y s i c a l p r o p e r t i e s o f c o a l 
d u r i n g t h e c o u r s e o f c o m b u s t i o n . 

Mechanism o f C h a r B u r n i n g a n d CO F o r m a t i o n 

The c o m b u s t i o n o f r e s i d u a l c h a r p r o d u c e s v a r i o u s r a t i o s o f CO 
a n d C0 2 v i a c h a r-0 2 r e a c t i o n . A u t h u r (28) p r e s e n t e d an e m p i r i c a l 
c o r r e l a t i o n f o r CO t o C0 2 r a t i o as i n d i c a t e d b y E q . (U). From 
E q . (h) i t i s a p p a r e n t t h a t CO i s t h e dominant p r o d u c t a t h i g h 
t e m p e r a t u r e . 

The b u r n i n g mechanism o f c h a r a n d p r o d u c t gas c o n c e n t r a t i o n 
d i s t r i b u t i o n s a r o u n d t h e b u r n i n g c h a r a r e v e r y c o m p l e x , a n d many 
r e s e a r c h e r s have p r o p o s e d d i f f e r e n t m o d e l s . When t h e c o m b u s t i o n 
i s c o n t r o l l e d b y d i f f u s i o n a l o n e , B o r g h i e t a l . (29) m a i n t a i n e d 
t h a t f o r l a r g e p a r t i c l e s i t i s p o s s i b l e f o r t h e r a t e o f t h e r e ­
a c t i o n 2 CO + 0 2 2 C0 2 t o be f a s t enough t o consume a l l t h e 
oxygen b e f o r e i t reaches t h e c a r b o n s u r f a c e , and t h e CO t h e n i s 
s u p p l i e d b y t h e r e a c t i o n C0 2 + C -> 2 CO. As t h e r e a c t i o n becomes 
k i n e t i c a l l y c o n t r o l l e d , t h e atmosphere s u r r o u n d i n g t h e p a r t i c l e 
w i l l be a p p r o x i m a t e l y u n i f o r m * a n d C0 2 a n d O2 w i l l have e q u a l 
o p p o r t u n i t y t o r e a c h t h e s u r f a c e . The C + CO2 r e a c t i o n t h e n i s 
t o o s l o w t o compete w i t h t h e o x i d a t i o n b y Ο2· 

W i c k e and Wurzbache (30) measured t h e c o n c e n t r a t i o n p r o f i l e s 
o f CO, CO2 a n d O2 i n t h e t h i n f i l m s u r r o u n d i n g a b u r n i n g c a r b o n 
r o d and f o u n d e v i d e n c e o f t h e e x i s t e n c e o f a maximum i n t h e c o n ­
c e n t r a t i o n o f CO2. D e g r a a f (31) and K i s h (32) f o u n d a t e m p e r a t u r e 
maxima o f gas s u r r o u n d i n g t h e p a r t i c l e w h i c h i s s e v e r a l h u n d r e d 
degrees above t h e s o l i d s u r f a c e t e m p e r a t u r e . 

On t h e o t h e r h a n d , A v e d e s i a n a n d D a v i d s o n (33) s u g g e s t e d t h a t 
O2 a n d CO b u r n r a p i d l y i n a v e r y t h i n r e a c t i o n zone s u r r o u n d i n g 
t h e p a r t i c l e . Carbon monoxide p r o d u c e d a t t h e s u r f a c e d i f f u s e s 
o u t t o w a r d t h e r e a c t i o n zone w h i l e O2 f r o m t h e main s t r e a m 
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4 . 6. 8 . 10. 
1/T x i o 4 , · κ 4 

Figure 6. Combustion rates for various coals 
near chemical reaction controlling regime (21, 

22,23,24,25; 
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3. WEN AND TONE Coal Conversion Reaction Engineering 71 

d i f f u s e s i n a n d b u r n s i n a d i f f u s i o n f l a m e t o p r o d u c e CO2 as 
shown i n F i g . 7· A c c o r d i n g t o t h e i r m o d e l , no CO appears i n t h e 
main s t r e a m when t h e r e i s an abundant s u p p l y o f Ο2· 

E s s e n h i g h ( 3*0 p r e s e n t e d a p h y s i c a l model as shown i n F i g . 7 
t h a t i n c l u d e s p a r t o f a p o r o u s s o l i d w i t h an a d j a c e n t d i f f u s i o n 
b o u n d a r y l a y e r i n t h e gas p h a s e . R e a c t i o n between oxygen a n d 
c a r b o n o c c u r s h e t e r o g e n e o u s l y a t a l l a v a i l a b l e s u r f a c e s , e x t e r i o r 
a n d i n t e r i o r . I n h i s model t h e CO/CO2 r a t i o r i s e s w i t h t e m p e r a ­
t u r e , and CO becomes t h e p r i n c i p a l p r o d u c t a t about 1000°C a n d 
above ( A u t h u r (28) ) . The CO a l s o r e a c t s i n t h e gas phase w i t h 
oxygen t o p r o d u c e CO2, p a r t l y i n t h e p a r t i c l e p o r e s a n d p a r t l y 
i n t h e b o u n d a r y l a y e r o f t h e c h a r . As t h e oxygen c o n c e n t r a t i o n i n 
t h e main s t r e a m i s e n r i c h e d , t h e r e i s more CO b u r n - u p i n s i d e t h e 
s o l i d . 

Caram a n d Amundson ( 35) s u g g e s t e d t h a t l a r g e p a r t i c l e s 
(> 2 mm) b u r n a c c o r d i n g t o t h e d o u b l e f i l m t h e o r y (36) shown i n 
F i g . 7, whereas s m a l l p a r t i c l e s (< 100 urn) b u r n a c c o r d i n g t o t h e 
s i n g l e f i l m m o d e l . I n a n a l y z i n g t h e homogeneous c o m b u s t i o n o f 00 
and t h e h e t e r o g e n e o u s r e a c t i o n o f c a r b o n w i t h o x y g e n a n d w i t h 
c a r b o n d i o x i d e a c c o r d i n g t o d o u b l e f i l m m o d e l s , t h e y c o n c l u d e d 
t h a t l a r g e p a r t i c l e s (5 mm) t e n d t o r e a c h an u p p e r s t e a d y s t a t e 
i n w h i c h t h e p a r t i c l e i s s u r r o u n d e d b y a CO f l a m e . F o r v e r y s m a l l 
p a r t i c l e s (50 urn) s u c h a f lame does n o t d e v e l o p . T h u s , i t i s 
e v i d e n t t h a t t h e c h a r a n d oxygen r e a c t i o n o c c u r s i n t h e i n t e r i o r 
s u r f a c e o f s m a l l e r p a r t i c l e s a t l o w e r t e m p e r a t u r e b e c a u s e oxygen 
does n o t g e t consumed n e a r t h e e x t e r n a l s u r f a c e w h i l e enough i s 
s u p p l i e d t o t h e i n t e r i o r b y t h e p o r e d i f f u s i o n f r o m t h e b u l k p h a s e . 

C h a r - H y d r o g e n R e a c t i o n 

The r e a c t i o n o f c h a r a n d h y d r o g e n i s q u i t e e x o t h e r m i c a n d 
p r o d u c e s m a i n l y methane. T h i s r e a c t i o n i s v e r y s l o w when h y d r o g e n 
p a r t i a l p r e s s u r e i s l o w a n d t e m p e r a t u r e i s l o w . B u t a t h i g h 
h y d r o g e n p a r t i a l p r e s s u r e a n d t e m p e r a t u r e above 700°C, t h e r a t e o f 
t h i s r e a c t i o n becomes a p p r e c i a b l e . The mechanism o f t h i s r e a c t i o n 
i s r a t h e r c o m p l i c a t e d and has b e e n s t u d i e d b y a number o f i n v e s t i ­
g a t o r s (37,38,39,1*0). The i n i t i a l phase o f r e a c t i o n between 
h y d r o g e n a n d c o a l , o r h y d r o p y r o l y s i s , i s v e r y r a p i d and has been 
d i s c u s s e d i n d e t a i l i n t h e p r e v i o u s s e c t i o n . D e p e n d i n g on t h e 
o p e r a t i n g c o n d i t i o n , i t i s p o s s i b l e t o c o n v e r t more t h a n k0% o f 
c o a l d u r i n g t h e f i r s t s t a g e o f h y d r o p y r o l y s i s . The r e a c t i o n o f 
h y d r o g e n w i t h t h e r e m a i n i n g c h a r i s much s l o w e r and t a k e s p l a c e 
m o s t l y on t h e s o l i d s u r f a c e . Wen a n d H u e b l e r (kl) p r o p o s e d t h e 
f o l l o w i n g e m p i r i c a l e q u a t i o n f o r t h e r a t e o f f i r s t a n d s e c o n d 
s t a g e h y d r o g a s i f i c a t i o n . 

F i r s t Stage: - g = k y ( f - X K C ^ - 0^) 

where X i s c a r b o n c o n v e r s i o n a n d f i s t h e f r a c t i o n o f c a r b o n t h a t 
can be c o n v e r t e d i n t h e f i r s t s t a g e . k v i s a p p r o x i m a t e l y e q u a l t o 
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3. WEN AND TONE Coal Conversion Reaction Engineering 73 

9·5 x 10"^ and 9·0 χ 10"^ (m^/mol C - s e c ) f o r raw b i t u m i n o u s c o a l 
and p r e t r e a t e d b i t u m i n o u s c o a l , r e s p e c t i v e l y . C * , t h e h y d r o g e n 
c o n c e n t r a t i o n i n e q u i l i b r i u m w i t h c o a l a t v a r i o u s 2 c o n v e r s i o n , 
must be e v a l u a t e d f o r d i f f e r e n t c o a l s a t d i f f e r e n t c o n v e r s i o n and 
t e m p e r a t u r e s ( k l ) . The v a l u e o f Cg i s much s m a l l e r compared t o 
t h a t f o r t h e $ - g r a p h i t e - H 2 - C H ^ s y s t e m . 

Second S t a g e : - g = k * ( l - x ) ( P H - P* ) 

X - f 
where χ = — and i s t h e c a r b o n c o n v e r s i o n i n t h e s e c o n d s t a g e 

r e a c t i o n , k^., w h i c h v a r i e s w i t h t h e t y p e o f c o a l (39»UU,lU6»lU7» 
ikQ), has t h e f o l l o w i n g v a l u e s a t 800°C (389k09k2): 

C o a l Type k^., ( a t m . s e c ) ^ 1 

L i g n i t e O.I85 x 10~5~0.U2 χ 1θ"^ 
S u b - b i t u m i n o u s 0.196 χ 10-5^0.28 Χ 1 0 ^ 
B i t u m i n o u s 0.097 x 10~5~0.159 x 10"' 

The a p p a r e n t a c t i v a t i o n e n e r g y f o r t h e s e c o n d s t a g e h y d r o g a s i f i -
c a t i o n o f c h a r has been r e p o r t e d t o v a r y between 30 t o kl K c a l / m o l 
(**0»fr3»MQ. Z a h r a d n i k and G l e n n (k%) d i s c u s s e d t h e mechanism o f 
methane f o r m a t i o n i n h y d r o g a s i f i c a t i o n r e a c t i o n a n d p r o p o s e d an 
e m p i r i c a l r a t e e x p r e s s i o n f o r P i t t s b u r g h seam c o a l as f o l l o w s : 

a + A e - E / Y . P H 2 

MT = -E/R Τ ^ f o r r e s i d e n c e t i m e 1 ^ 1 7 s e c ) 
1 + A e g . Ρ 

H 2 

where MY i s t h e y i e l d o f methane e x p r e s s e d as t h e f r a c t i o n o f 
c a r b o n i n c o a l a p p e a r i n g as methane , a = 0.08, Ε = 15. ̂ 2 K c a l / m o l , 
A = 7.005 a t m " " 1 , P H 2 i n atm and Τ i n °K. 

J o h n s o n (kk) a l s o p r e s e n t e d an e m p i r i c a l c o r r e l a t i o n o f 
h y d r o g a s i f i c a t i o n r a t e s f o r t h e f i r s t s t a g e and t h e s e c o n d s t a g e 
r e a c t i o n s b a s e d p r i m a r i l y on t h e d a t a o b t a i n e d f r o m a t h e r m o ­
b a l a n c e . 

C h a r - C a r b o n D i o x i d e R e a c t i o n 

The r a t e o f c h a r - C 0 2 r e a c t i o n i s r e l a t i v e l y s l o w and i s 
comparable w i t h t h a t o f c h a r - s t e a m r e a c t i o n . D u t t a e t a l . jk6) 
measured t h e r a t e o f c h a r - C 0 2 r e a c t i o n a n d c o n c l u d e d t h a t f o r 
p a r t i c l e s s m a l l e r t h a n 300 m i c r o n s a n d when t h e t e m p e r a t u r e i s 
l o w e r t h a n 1000°C, t h e r e a c t i o n i s c o n t r o l l e d b y t h e r a t e o f 
c h e m i c a l r e a c t i o n and t a k e s p l a c e n e a r l y u n i f o r m l y t h r o u g h o u t t h e 
i n t e r i o r o f t h e c h a r p a r t i c l e . The r a t e o f r e a c t i o n u n d e r s u c h 
c o n d i t i o n s can be e x p r e s s e d as (k6): 

dX 
d t " " ν Λ ν " C 0 2 

α k c"L (1-X) 
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where a v i s t h e a v a i l a b l e s u r f a c e a r e a p e r u n i t w e i g h t d i v i d e d b y 
t h e i n i t i a l a v a i l a b l e p o r e s u r f a c e p e r u n i t w e i g h t o f p a r t i c l e , 
η i s t h e o r d e r o f r e a c t i o n a n d v a r i e s d e p e n d i n g on t h e e x p e r i m e n ­
t a l c o n d i t i o n s . Be low 1300°C and w i t h CO2 c o n c e n t r a t i o n be tween 
10~2 t o 10 mol/m3, η i s u n i t y . B a s e d on a number o f s t u d i e s ( l 8 , 
U6-52), t h e r e a c t i o n r a t e seems t o obey t h e L a n g m u i r t y p e a d s o r p ­
t i o n r e l a t i o n and i s t h e f i r s t o r d e r r e a c t i o n w i t h r e s p e c t t o CO2 
a t l o w CO2 p a r t i a l p r e s s u r e a n d i s a z e r o o r d e r r e a c t i o n f o r h i g h 
CO2 p a r t i a l p r e s s u r e . The a c t i v a t i o n e n e r g y l i e s between k3 and 
86 K c a l / m o l . D u t t a e t a l . (k6) i n d i c a t e d t h a t t h e r e a c t i v i t y o f 
c h a r i n c r e a s e s w i t h an i n c r e a s e i n oxygen c o n t e n t o f c h a r . 
R e c e n t l y M u r a l i d h a r a (53) c o r r e l a t e d t h e i n i t i a l r e a c t i o n r a t e o f 
c h a r and CO2 i n te rms o f CaO and O2 c o n t e n t i n t h e c h a r as f o l l o w s : 

Φ = 1 5 ΐ Λ χ 1 0 6 β - 3 5 > 0 0 0 / Τ
+ 6 3 . 1 x l 0 6 e - 2 7 ' 0 0 0 / V Al+2kl.k C n ) d t x = Q CaO 0 2 

where ( d X / d t ) x = 0 i s i n ( s e c ) " 1 , ^c&0 8 1 1 ( 1 0̂2 a r e weîsht f r a c t i o n 
o f C ao and oxygen i n c h a r , r e s p e c t i v e l y . T h i s e q u a t i o n was f o r ­
m u l a t e d u s i n g d a t a o f D u t t a e t a l . (h6), W a l k e r e t a l . (l j8) and 
M u r a l i d h a r a (53) f o r l i g n i t e , b i t u m i n o u s c o a l , s u b - b i t u m i n o u s a n d 
a n t h r a c i t e h a v i n g p a r t i c l e s i z e between 50~75 m i c r o n s and CaO a n d 
oxygen c o n t e n t s up t o k% and 3.5$, r e s p e c t i v e l y . The CO2 p a r t i a l 
p r e s s u r e was h e l d a t 1 a t m , and t e m p e r a t u r e was v a r i e d 850°C t o 
9 3 0 ° C . A p p a r e n t l y , t h e p r e s e n c e o f a l k a l i m i n e r a l s and o x y g e n 
f u n c t i o n a l groups enhances t h e r a t e o f CO2 r e a c t i o n . There i s 
a l s o an i n d i c a t i o n t h a t CO may h i n d e r t h e r a t e o f CO2 r e a c t i o n f o r 
t e m p e r a t u r e s b e l o w 1100°C. The c a t a l y t i c e f f e c t o f a l k a l i 
m i n e r a l s p r e s e n t i n t h e c h a r i s d i s c u s s e d l a t e r i n t h e s e c t i o n on 
C a t a l y t i c R e a c t i o n s . 

C h a r - S t e a m R e a c t i o n 

C h a r - s t e a m r e a c t i o n i s one o f t h e most i m p o r t a n t r e a c t i o n s i n 
i n d u s t r i a l p r a c t i c e f o r g e n e r a t i o n o f CO and H2. Most o f t h e 
e a r l i e r i n v e s t i g a t o r s , ( l 8 , 5 * 0 » u s e d L a n g m u i r - t y p e a d s o r p t i o n 
e q u a t i o n s t o e x p r e s s t h e r a t e o f t h i s r e a c t i o n . T h i s r e a c t i o n i s 
a p p a r e n t l y c o n t r o l l e d b y c h e m i c a l r e a c t i o n between 1000°C a n d 
1200°C f o r p a r t i c l e s s m a l l e r t h a n 500 m i c r o n s a n d i s a f f e c t e d b y 
d i f f u s i o n t h r o u g h t h e p o r e i n t h e c h a r above 1200°C (55*56,57) · 
There i s an i n d i c a t i o n t h a t t h e r e a c t i o n i s i n h i b i t e d b y t h e 
p r e s e n c e o f h y d r o g e n . The o r d e r o f c h a r - s t e a m r e a c t i o n v a r i e s 
w i t h s t e a m c o n c e n t r a t i o n i n much t h e same way as t h a t o f char-CO2 
r e a c t i o n w i t h CO2 c o n c e n t r a t i o n . The o r d e r o f r e a c t i o n f o r c h a r -
s team r e a c t i o n i s a p p r o x i m a t e l y u n i t y up t o u n i t p a r t i a l p r e s s u r e 
o f s team b u t t e n d s t o become z e r o as t h e steam p a r t i a l p r e s s u r e 
r i s e s s i g n i f i c a n t l y ( l 8 ) . 

An e m p i r i c a l e q u a t i o n i n t h e c h e m i c a l r e a c t i o n c o n t r o l l i n g 
reg ime d e v e l o p e d b y Wen (58) b a s e d on t h e volume r e a c t i o n model 
has t h e f o r m : 
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3. WEN AND TONE Coal Conversion Reaction Engineering 75 

f = k v [ C H 0 - 1 ^ 
2 C-HpO 

ο 
where k v = exp (2^.30 - 25120/T) (cm / m o l - s e c ) 

K C - H 2 0 = e x p ^ 1 7 , 6 1 + " l 6 8 l ° / T ) a n d T i s i n ° κ · 

The range o f t h e a p p a r e n t a c t i v a t i o n e n e r g y has been r e p o r t e d 
t o v a r y f r o m 35*̂ 5 K c a l / m o l (58) t o 6θ~8θ K c a l / m o l (j>9,60,j>6). 
J o h n s o n (kh) o b s e r v e d t h a t p r e s e n c e o f s team has l i t t l e e f f e c t 
d u r i n g t h e r a p i d s t a g e o f p y r o l y s i s . He p r o p o s e d a r a t e e x p r e s ­
s i o n f o r t h e s e c o n d s t a t e r e a c t i o n s i m i l a r t o t h a t f o r h i s c h a r -
h y d r o g e n r e a c t i o n i n t h e s e c o n d s t a g e b u t w i t h a d i f f e r e n t s e t o f 
r a t e c o n s t a n t s . 

C a t a l y t i c R e a c t i o n s 

I t has been w e l l - k n o w n f o r o v e r h a l f a c e n t u r y t h a t c h a r - g a s 
r e a c t i o n s a r e c a t a l y z e d b y m e t a l s a l t s , p a r t i c u l a r l y a l k a l i , 
a l k a l i e a r t h a n d t r a n s i t i o n a l m e t a l s . Some o f t h e s e m e t a l s a l t s 
a r e p r e s e n t i n c o a l a s h . 

The c a t a l y s t s f o u n d t o be e f f e c t i v e f o r g a s i f i c a t i o n o f c o a l 
a r e l i s t e d b e l o w i n o r d e r o f s t r e n g t h ( f r o m s t r o n g t o w e a k ) . 

F o r P r o d u c t i o n o f C H ^ : L±2COy ^ 3 ° ^ » F e 3 C V 

F o r P r o d u c t i o n o f H ^ : K
2

C ° 3 » L i 2
C 0 3 > P b 3 ° ^ » C u 0 

F o r P r o d u c t i o n o f CO: K ^ C O ^ , L ^ C O ^ , Fe^O^, C r ^ 

F o r G a s i f i c a t i o n o f C a r b o n : ^2
C°39 L i 2 C ° 3 * P b 3 0U' C r 2 ° 3 

E x x o n R e s e a r c h a n d E n g i n e e r i n g C o . (6l) g a s i f i e d I l l i n o i s 
c o a l t h a t was t r e a t e d w i t h Na2C03 and/or K2CO3 (up t o 15% Κ i n C) 
a t 700°C and f o u n d t h a t t h e s e s a l t s c a t a l y z e d s team g a s i f i c a t i o n . 
They a l s o f o u n d t h a t t h e s e s a l t s r e d u c e d t h e a g g l o m e r a t i n g 
t e n d e n c y o f c a k i n g c o a l s d u r i n g g a s i f i c a t i o n s i g n i f i c a n t l y . The 
r a t e o f g a s i f i c a t i o n i s e s s e n t i a l l y p r o p o r t i o n a l t o t h e c o n c e n ­
t r a t i o n o f t h e c a t a l y s t . F o r K2CO3 t h e r a t e o f g a s i f i c a t i o n o f 
I l l i n o i s c h a r i n f r a c t i o n o f c a r b o n g a s i f i e d p e r h o u r a t 3̂  atm i s 
r o u g h l y 20·(Κ/C) and 60·(Κ/C) a t 650°C and 760°C, r e s p e c t i v e l y . 
Here Κ/C i s t h e a t o m i c r a t i o o f p o t a s s i u m and c a r b o n i n c h a r . F o r 
I l l i n o i s seam c h a r , Κ/C i s a p p r o x i m a t e l y 0.01. 

The work a t B a t t e l l e ' s Columbus L a b o r a t o r i e s (62) a l s o demon­
s t r a t e d t h a t i m p r e g n a t i o n o f CaO i n t o c o a l b e f o r e g a s i f i c a t i o n can 
p r e v e n t a g g l o m e r a t i o n o f c o a l a n d g r e a t l y i n c r e a s e t h e r e a c t i v i t y 
a n d h y d r o c a r b o n y i e l d s i n t h e g a s i f i e r e v e n f o r l a r g e c o a l 
p a r t i c l e s . The r e a c t i o n r a t e f o r p r o d u c t i o n o f methane f r o m 
d e v o l a t i l i z e d c h a r s i n h y d r o g e n can be e x p r e s s e d a s : 
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dX 
- [-gj^] = 88(1-X C)P H exp (-13,800/T) 

CH^ 2 

where t i s t h e t i m e i n m i n u t e s , P H i s i n p s i a , Τ i n °K , X c i s 
t o t a l c a r b o n c o n v e r s i o n , a n d [XC^CH» * s t h e f r a c t i o n o f c a r b o n 
c o n v e r t e d t o methane. The above e q u a t i o n i s v a l i d f o r CaO t r e a t e d 
c o a l i n a s o l u t i o n o f NaOH u s i n g CaO/coal r a t i o o f 0 . 13 a n d h y d r o ­
gen p a r t i a l p r e s s u r e o f 1 5 . 3 a t m . 

I n g e n e r a l , i t i s v e r y d i f f i c u l t t o e v a l u a t e t h e a c t i v i t i e s 
o f c a t a l y s t s p r e s e n t i n c o a l w h e t h e r t h e y a r e a d d e d and/or i m ­
p r e g n a t e d p r i o r t o t h e g a s i f i c a t i o n o r a re p r e s e n t i n c o a l a s h e s . 
F o r t h e s u r f a c e r e a c t i o n a n d t h e volume r e a c t i o n m o d e l s , Wen a n d 
D u t t a (63) m o d i f i e d k v and k s i n E q s . ( l ) a n d (2) as k v = Z y k y t 
and k s = Z s k s ^ where k ^ a n d k s t a r e t h e r a t e c o n s t a n t w i t h o u t 
c a t a l y s t , a n d Z v and Z s r e p r e s e n t t h e e f f e c t o f c a t a l y s t . Z v and 
Z s depend on f a c t o r s s u c h as t y p e a n d q u a n t i t y o f c a t a l y s t s a n d 
r e a c t i o n t e m p e r a t u r e . 

Two r e a c t i o n s t h a t seem t o be c a t a l y z e d b y t h e m i n e r a l s 
p r e s e n t i n ashes a r e (a) w a t e r - g a s s h i f t r e a c t i o n a n d (b) methane-
s t e a m r e f o r m i n g r e a c t i o n . The k i n e t i c s o f w a t e r - g a s s h i f t r e ­
a c t i o n have been s t u d i e d b y v a r i o u s i n v e s t i g a t o r s (l8,6U,65> 
66). S i n c e t h e r a t e o f r e a c t i o n i s v e r y r a p i d , t h i s r e a c t i o n may 
be c o n s i d e r e d t o be i n e q u i l i b r i u m a t t h e e x i t o f t h e g a s i f i e r i n 
most c a s e s . However , t h e r e a c t i o n may n o t have r e a c h e d e q u i l i ­
b r i u m w i t h i n t h e r e a c t o r , p a r t i c u l a r l y n e a r t h e gas e n t r a n c e . The 
r a t e e x p r e s s i o n u s i n g i n d u s t r i a l i r o n o x i d e c a t a l y s t b u t c o r r e c t ­
i n g i t b y Z v ( r o u g h l y between 0.001 t o 0.010) can be u s e d t o 
a c c o u n t f o r t h e c a t a l y s t i c e f f e c t o f a s h e s . 

The methane-s team r e f o r m i n g r e a c t i o n , t h e r e v e r s e r e a c t i o n o f 
m e t h a n a t i o n r e a c t i o n , i s b e l i e v e d t o be c a t a l y z e d b y t h e m i n e r a l s 
p r e s e n t i n c o a l . Z a h r a d n i k and Grace (6j) p r o p o s e d t h e f o l l o w i n g 
e x p r e s s i o n f o r P i t t s b u r g h seam c o a l : 

d C Ç H k 

dt K 0 C H U 

where k = 312 exp (-30,000/R T) i n s e c " 1 and Τ i n ° K . 
S i n c e a number o f s i m u l t a n e o u s r e a c t i o n s a r e t a k i n g p l a c e i n 

a c o a l c o n v e r s i o n r e a c t o r , i t i s n e c e s s a r y t o have a p r o p e r p e r ­
s p e c t i v e o f t h e r e l a t i v e r a t e s o f t h e s e r e a c t i o n s . T h i s i s 
e s s e n t i a l i n i d e n t i f y i n g t h e dominant r e a c t i o n s a n d t h e zones o f 
c o m b u s t i o n , g a s i f i c a t i o n a n d p y r o l y s i s r e a c t i o n s w i t h i n t h e r e ­
a c t o r . I n F i g . 8, r a t e s o f p y r o l y s i s , c h a r - o x y g e n , c h a r - h y d r o g e n , 
c h a r - c a r b o n d i o x i d e and c h a r - s t e a m r e a c t i o n s a r e p l o t t e d as a 
f u n c t i o n o f t e m p e r a t u r e . I n t h i s p l o t , t h e p a r t i a l p r e s s u r e s o f 
t h e r e a c t i n g gases a r e h e l d a t one a t m o s p h e r e . A t s u c h a l o w 
p r e s s u r e , i t i s i n t e r e s t i n g t o o b s e r v e t h a t t h e r a t e s o f c h a r -
s team a n d char-C02 r e a c t i o n s a r e moderate a n d r o u g h l y t h e same 
o r d e r o f magni tude b u t a r e g r e a t e r t h a n c h a r - h y d r o g e n r e a c t i o n s . 
When t h e p a r t i a l p r e s s u r e s o f t h e r e a c t i n g g a s e s , H2> H 20 a n d CO2» 
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a r e r a i s e d f r o m one atm t o t h e range o f about 35 t o 100 a t m , t h e 
r a t e s o f g a s i f i c a t i o n r e a c t i o n s i n c r e a s e s i g n i f i c a n t l y as shown b y 
t h e b l a c k p a t c h i n F i g . 8 . When c o a l c o n t a i n s l a r g e amounts o f 
c a l c i u m a n d o r g a n i c o x y g e n , s u c h as i n l i g n i t e , t h e r a t e s o f 
g a s i f i c a t i o n r e a c t i o n s a r e a l s o s i g n i f i c a n t l y g r e a t e r as d i s c u s s e d 
i n t h e s e c t i o n on C a t a l y t i c R e a c t i o n . I f , f o r e x a m p l e , c o a l 
c o n t a i n s k% CaO and 3-5$ o x y g e n , t h e r a t e o f c h a r r e a c t i n g w i t h 
CO2 a t one atmosphere i n c r e a s e s t o t h e l e v e l r e p r e s e n t e d b y t h e 
b l a c k p a t c h i n F i g . 8 . The r a t e s o f r e a c t i o n s shown i n F i g . 8 
a r e m o s t l y i n t h e c h e m i c a l r e a c t i o n c o n t r o l l i n g r e g i m e . 

I n s o l i d - g a s r e a c t i o n , when t e m p e r a t u r e i s l o w a n d t h e o v e r ­
a l l r a t e i s c o n t r o l l e d b y t h e c h e m i c a l r e a c t i o n r a t e , t h e r e a c t i n g 
gases p e n e t r a t e i n t o t h e i n t e r i o r o f t h e p a r t i c l e r e s u l t i n g i n t h e 
volume r e a c t i o n . As t h e t e m p e r a t u r e i s r a i s e d a n d c h e m i c a l 
r e a c t i o n r a t e becomes f a s t e r , t h e e f f e c t o f d i f f u s i o n becomes 
a p p r e c i a b l e . When t h e o v e r a l l r a t e i s c o n t r o l l e d b y t h e d i f f u s i o n 
r a t e , t h e r e a c t i o n i s c o n f i n e d a t t h e s u r f a c e o f u n r e a c t e d c o r e 
and t h e s u r f a c e r e a c t i o n p r e v a i l s . The c r i t e r i a o f r e a c t i o n 
r e g i m e , i . e . t h e volume r e a c t i o n p r e v a i l s when t h e c h e m i c a l 
r e a c t i o n i s r a t e c o n t r o l l i n g a n d t h e s u r f a c e r e a c t i o n p r e v a i l s 
when t h e d i f f u s i o n i s r a t e c o n t r o l l i n g , have been d i s c u s s e d i n 
d e t a i l b y Wen a n d h i s c o - w o r k e r s (l7>68,62). 

V a r i o u s r e a c t i o n models f o r n o n c a t a l y t i c g a s - s o l i d r e a c t i o n s 
have b e e n p r o p o s e d and have b e e n summarized b y S z e k e l y e t a l . (70). 
The e f f e c t o f d i f f u s i o n and h e a t t r a n s f e r on t h e c h e m i c a l r e a c t i o n 
r a t e f o r a s i n g l e p a r t i c l e i s r a t h e r c o m p l i c a t e d , e s p e c i a l l y when 
m u l t i p l e r e a c t i o n s a r e o c c u r r i n g s i m u l t a n e o u s l y . T h i s s u b j e c t w i l l 
be d i s c u s s e d i n t h e f o l l o w i n g s e c t i o n . 

(3) BASIC EQUATIONS FOR SINGLE PARTICLE COAL-GAS REACTIONS 

We s h a l l now a t t e m p t t o p r e s e n t a s e t o f g o v e r n i n g e q u a t i o n s 
f o r mass a n d h e a t b a l a n c e s a r o u n d a s i n g l e c o a l o r c h a r p a r t i c l e 
e x p o s e d t o d i f f e r e n t gaseous a t m o s p h e r e s . The r a t e e x p r e s s i o n s 
p r e s e n t e d i n t h e p r e v i o u s s e c t i o n a r e s o - c a l l e d " i n t r i n s i c r a t e s " 
a n d t h e r e f o r e do n o t i n c l u d e t h e e f f e c t s o f p h y s i c a l p r o c e s s e s 
s u c h as h e a t a n d mass t r a n s f e r a n d b u l k f l o w . The combined e f f e c t s 
a r e f o r m u l a t e d i n t h i s s e c t i o n f o r a s i n g l e p a r t i c l e s y s t e m . 

We s h a l l e x p r e s s s u c h a s y s t e m b y t h e f o l l o w i n g s t o i c h i o m e t r i c 
e q u a t i o n : 

Σ v . , A . + Σ ν . A = 0 (8) i i j 1 s s j s 

where i = 1, 2,««(gaseous c o m p o n e n t ) , s = η + 1, η + 2,••(solid 
component ) , j = 1, 2 ,~(j-th r e a c t i o n ) . 

Vjj a n d v s j a r e s t o i c h i o m e t r i c c o e f f i c i e n t s o f i - t h gaseous 
component and s - t h s o l i d component f o r t h e j - t h r e a c t i o n , r e s p e c ­
t i v e l y . These s t o i c h i o m e t r i c c o e f f i c i e n t s a r e n e g a t i v e i f t h e y 
a r e r e f e r r e d t o t h e r e a c t a n t s a n d a r e p o s i t i v e i f t h e y a r e 
r e f e r r e d t o t h e p r o d u c t s . 
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We s h a l l d e f i n e t h e r e a c t i o n r a t e o f a s i n g l e p a r t i c l e , R j , 
s u c h t h a t Vj[ j Rj a n d v g j R j a r e moles o f gaseous component i 
r e a c t e d p e r u n i x volume o f t h e c h a r p a r t i c l e p e r u n i t t i m e a n d 
moles o f s o l i d component s r e a c t e d p e r u n i t volume o f t h e c h a r 
p a r t i c l e p e r u n i t t i m e , r e s p e c t i v e l y . The r e l a t i o n s h i p s between 
R j a n d t h e r a t e e x p r e s s i o n s p r e s e n t e d i n t h e p r e v i o u s s e c t i o n a r e 
l i s t e d i n T a b l e I I . 

A g e n e r a l mass b a l a n c e f o r gaseous component i can be w r i t t e n 
a s : 

R Τ 
V - f - ^ . Σ Ν. 

- * i " 
b u l k f l o w 
t h r o u g h 
p o r o u s s o l i d ] 

3 ( e C . ) 

~3t VD . V C . 
e i ι 

(9) 
( a c c u m u l a t i o n ) f d i f f u s i o n 

t h r o u g h 
p o r o u s s o l i d 

and t h e m o l a r f l u x , Ν. , i s d e f i n e d b y : 

ι J 

L i d (g e n e r a t i o n o r 
d i s a p p e a r a n c e due 
t o c h e m i c a l r e a c t i o n ] 

N . = -
ι e i 

V C . 

V 
R T 

C. Σ Ν. (10) 

F o r a s y s t e m i n v o l v i n g c h e m i c a l r e a c t i o n s , we n o t e t h a t 
Σ N^/vjLj = 0 and f o r a n o n - r e a c t i n g s y s t e m N j = 0, where I i s t h e 

i n e r t component . 
A mass b a l a n c e f o r s o l i d component s i s g i v e n a s : 

a C s / s 
UtT" = j v sj *j 

Heat b a l a n c e f o r b o t h s o l i d a n d gas w i t h i n t h e p a r t i c l e can be 
w r i t t e n a s : 

3T 
s 

at = Vk VT e s (Σ D 
e i 

C . V C . ) V T 
p i ι s 

( a c c u m u l a t i o n ) ( h e a t c o n d u c t i o n ) Theat t r a n s f e r r e d as t h e r e s u l t o f j 

I gas d i f f u s i o n i n p o r o u s s o l i d J 

R Τ 
[Σ C , C. (Σ N . ) ] V T + Σ ( - Δ Η . ) Κ . 

η· Ρ 1 ι i 1 s i j j 
(12) 

(h e a t t r a n s f e r r e d due t o b u l k ] f h e a t g e n e r a t e d o r a b s o r b e d duel 
f l o w t h r o u g h p o r o u s s o l i d J ĵ to c h e m i c a l r e a c t i o n J 

where C p = Σ ε C . p . + Σ C ρ 
i p i p i s ps μ ε 

Here D e i and ε a r e r e l a t e d t h r o u g h s o l i d c o n v e r s i o n . F o r 
c o n v e n i e n c e , an a p p r o x i m a t i o n may be made as (Wen, (68) ) : 

β + Y ( i - x ) a n d X = 1 - ( Σ Cg/Σ C S o ) 
D e i = D o i ε = ε Γ 
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80 C H E M I C A L REACTION ENGINEERING REVIEWS—HOUSTON 

The b o u n d a r y a n d i n i t i a l c o n d i t i o n s a r e : 

B . C . 

a t r = 0 , D e i = 0 , k e V T S = 0 , and 

a t r = P Q t - D e i VC± = k g . ( C ± - C i o) , and 

- k e V T S = h c ( T s - T g ) + h r (Tg 

a t t = 0 , C i = 0 , C s = C s o , a n d T s = T s o 

I t i s o b v i o u s t h a t t h e s e e q u a t i o n s cannot be s o l v e d e a s i l y , 
p a r t i c u l a r l y when a number o f s i m u l t a n e o u s r e a c t i o n s a r e i n v o l v e d . 
T h e r e f o r e , many s i m p l i f y i n g a s s u m p t i o n s must be made t o r e d u c e t h e 
c o m p l e x i t y o f t h e e q u a t i o n s . T h i s becomes more e s s e n t i a l when 
a p p l i e d t o t h e m o d e l l i n g o f a c o a l c o n v e r s i o n r e a c t o r because o f 
a d d i t i o n a l m a t h e m a t i c a l c o m p l e x i t y r e s u l t i n g f r o m i n t r a p a r t i c l e 
phenomena and h y d r o d y n a m i c s o f s o l i d s a n d gas i n t h e r e a c t o r . 

Some o f t h e t e r m s , f o r e x a m p l e , i n t h e mass a n d h e a t b a l a n c e 
e q u a t i o n s can be n e g l e c t e d w i t h o u t s e r i o u s e r r o r s , d e p e n d i n g on 
t h e c o n d i t i o n . The terms r e l a t i n g t o t h e b u l k f l o w a r e n o t i m ­
p o r t a n t e x c e p t d u r i n g p y r o l y s i s o r h y d r o p y r o l y s i s . The accumu­
l a t i o n t e r m f o r gaseous s p e c i e s i n t h e mass b a l a n c e e q u a t i o n can 
u s u a l l y be i g n o r e d , and a pseudo s t e a d y s t a t e a s s u m p t i o n can be 
a p p l i e d w i t h o u t s e r i o u s e r r o r s . 

To what e x t e n t t h e s e b a s i c e q u a t i o n s c a n be s i m p l i f i e d d e ­
pends on t h e a c c u r a c y o f e x p e r i m e n t a l d a t a u s e d i n g e n e r a t i n g 
r e a c t i o n r a t e , R j , a n d t h e a c c u r a c y r e q u i r e d i n t h e s i m u l a t i o n o r 
d e s i g n o f an i n t e g r a l r e a c t o r f o r c o a l c o n v e r s i o n . T h i s t o p i c i s 
t h e s u b j e c t o f d i s c u s s i o n i n t h e n e x t s e c t i o n . 

DESIGN AND MODELLING OF COAL CONVERSION REACTORS 

(1) CHARACTERISTICS OF VARIOUS COAL CONVERSION REACTORS 

Depending on t h e p r o c e s s and t h e f i n a l p r o d u c t d e s i r e d , c o a l 
c o n v e r s i o n s a r e c a r r i e d o u t i n v a r i o u s t y p e s o f r e a c t o r s . F o r 
g a s i f i c a t i o n a n d c o m b u s t i o n o f c o a l , moving b e d ( o r f i x e d bed) 
r e a c t o r , f l u i d i z e d b e d r e a c t o r , and e n t r a i n e d b e d ( o r t r a n s p o r t , 
o r s u s p e n s i o n ) r e a c t o r a r e e m p l o y e d . F o r c o a l l i q u e f a c t i o n , t h r e e 
phase r e a c t o r s s u c h as s l u r r y r e a c t o r , f i x e d b e d r e a c t o r and 
e b u l l a t i n g b e d r e a c t o r a r e u s e d . The o p e r a t i n g c o n d i t i o n s , 
t e m p e r a t u r e , p r e s s u r e , f l o w r a t e s o f gas a n d s o l i d s , r e s i d e n c e 
t i m e s and m i x i n g o f s o l i d s a n d g a s e s , and d i r e c t i o n o f f l o w s a r e 
d i f f e r e n t i n t h e s e r e a c t o r s . 

What s e t s one t y p e o f c o a l c o n v e r s i o n r e a c t o r f r o m a n o t h e r 
i s t h e r e l i a b i l i t y o f p e r f o r m a n c e , w h i c h depends above a l l o n t h e 
s i m p l i c i t y o f d e s i g n . S i m p l i c i t y i n d e s i g n w o u l d mean ease o f 
maintenance and h i g h a v a i l a b i l i t y . O t h e r d e s i r a b l e c h a r a c t e r ­
i s t i c s i n c o a l c o n v e r s i o n r e a c t o r s , f o r example i n g a s i f i e r , i n ­
c l u d e a c a p a b i l i t y f o r p r o c e s s i n g a w i d e v a r i e t y o f c o a l s , 
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3. WEN AND TONE Coal Conversion Reaction Engineering 81 

p r o d u c t i o n o f gas f r e e f r o m t a r s a n d o f l o w d u s t l o a d i n g s , a n d 
a b i l i t y f o r q u i c k shutdowns a n d r e s t a r t s . 

The advantages a n d d i s a d v a n t a g e s o f f i x e d b e d , f l u i d i z e d b e d 
and e n t r a i n e d b e d gas i f i e r s a r e p r e s e n t e d i n T a b l e I I I . A n e x ­
c e l l e n t r e p o r t c o n c e r n i n g t h e s t a t u s o f c o a l g a s i f i e r t e c h n o l o g y 
b a s e d on E P R I ' s workshop b y Y e r u s h a l m i i s a v a i l a b l e (7l) * 

I n t h e d e s i g n o f a c o a l c o n v e r s i o n r e a c t o r , i t i s n e c e s s a r y 
t o c o n s i d e r n o t o n l y t h e r e a c t i o n k i n e t i c s o f a s i n g l e p a r t i c l e 
b u t a l s o t h e h y d r o d y n a m i c s o f gas a n d m i x i n g o f s o l i d s a n d t h e 
accompanying h e a t and mass t r a n s f e r o c c u r r i n g i n t h e r e a c t o r . 

The m a t h e m a t i c a l models f o r c o a l c o n v e r s i o n r e a c t o r s , w h e t h e r 
t h e y a r e c o m b u s t o r , g a s i f i e r , o r l i q u é f i e r , a re i n v a r i a b l y com­
p l i c a t e d , c o n t a i n i n g a s e t o f b a s i c e q u a t i o n s d e s c r i b i n g t h e 
s y s t e m a n d a number o f model p a r a m e t e r s . The model must r e p r e s e n t 
t h e a c t u a l r e a c t o r c l o s e l y enough t o y i e l d u s e f u l i n f o r m a t i o n f o r 
d e s i g n a n d a n a l y s i s . However , s u c h a model can n e v e r r e p r e s e n t a 
comple te p i c t u r e o f r e a l i t y . D e p e n d i n g o n t h e p u r p o s e , a s i m p l e 
model may be q u i t e adequate i n some i n s t a n c e s . A much more r e ­
f i n e d and e l a b o r a t e m o d e l , h o w e v e r , may be n e c e s s a r y i n o t h e r 
c i r c u m s t a n c e s . O b v i o u s l y , a more c o m p l i c a t e d and r i g o r o u s model 
i s more c o s t l y t o d e v e l o p . A good m o d e l , t h e r e f o r e , must r e c o g ­
n i z e i t s own i n a d e q u a c i e s so t h a t i t can s e r v e as a means t o 
d e v e l o p a more comple te p i c t u r e o f r e a l i t y . H e n c e , i n d e v e l o p i n g 
a c o a l r e a c t o r model i t i s i m p e r a t i v e t h a t we d i f f e r e n t i a t e t h e 
m a j o r f a c t o r s t h a t a r e s i g n i f i c a n t l y i m p o r t a n t f r o m t h e m i n o r 
f a c t o r s t h a t may be s a f e l y n e g l e c t e d . 

By a n a l y z i n g t h e b e h a v i o r o f t h e c o a l c o n v e r s i o n r e a c t o r 
model a n d c o m p a r i n g i t w i t h t h e a c t u a l r e a c t o r p e r f o r m a n c e , one 
can l e a r n how and i n w h i c h d i r e c t i o n t h e improvement o f t h e model 
s h o u l d be a t t e m p t e d . 

(2) F IXED BED (MOVING BED) GASIFIER MODELS 

I n a f i x e d b e d g a s i f i e r , c o a l s move downward w h i l e coming i n ­
t o c o n t a c t w i t h gases f l o w i n g upward c o u n t e r c u r r e n t l y . The b e d 
c o n s i s t s o f a p r e h e a t i n g zone a t t h e t o p f o l l o w e d b y a p y r o l y s i s 
z o n e , a g a s i f i c a t i o n z o n e , a c o m b u s t i o n zone and an a s h zone a t 
t h e b o t t o m . A s c h e m a t i c d i a g r a m o f t e m p e r a t u r e a n d c o n c e n t r a t i o n 
p r o f i l e s i s p r e s e n t e d i n F i g . 9. The maximum t e m p e r a t u r e ( a b o u t 
1300°C) i s u s u a l l y l o c a t e d a t t h e l o w e r p a r t o f t h e b e d and d e ­
pends on oxygen t o s team r a t i o o f t h e f e e d i n g g a s . The advantages 
a n d d i s a d v a n t a g e s o f f i x e d b e d g a s i f i e r s a r e summarized T a b l e I I I . 

There have been s e v e r a l f i x e d b e d g a s i f i e r models d e v e l o p e d 
b a s e d on some s i m p l i f i e d a s s u m p t i o n s (72,73,7*+>75) » Yoon e t a l . 
(76) p r o p o s e d a model a s s u m i n g gas a n d s o l i d s t o be a t t h e same 
t e m p e r a t u r e and no h e a t l o s s f r o m t h e w a l l o f t h e g a s i f i e r . 

The s i m p l i f y i n g a s s u m p t i o n s made i n most o f t h e s e s t u d i e s 
were t o reduce t h e m a t h e m a t i c a l c o m p l e x i t y , b u t i n many i n s t a n c e s 
t h e y may have r e s u l t e d i n a m i s l e a d i n g t e m p e r a t u r e a n d 
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CHEMICAL REACTION ENGINEERING REVIEWS—] 

Table ΠΙ. Characteristics of Various Types of Gasifiers 

( I ) F ixed Bed G a s i f i e r (Dry Ash) 
( L u r g i , Woodall-Duckham, Wellman-Galusha^etc. ) 

Advantages 

• High thermal e f f i c i e n c y and carbon c o n v e r s i o n . 
• Large residence t ime o f s o l i d s ( l to 3 h o u r s ) . 
• Low contamination o f gas w i t h s o l i d s when com­

pared w i t h f l u i d i z e d bed and e n t r a i n e d bed . 
• Capable o f o p e r a t i n g a t e l e v a t e d pressures . 

Disadvantages 

• Caking coa ls cannot be used without p r e t r e a t -
ment to render them nonagglomerating o r wi thout 
modi fy ing the mechanical d e s i g n . 

• Uniformly s i z e d c o a l c o n t a i n i n g a minimum o f 
f i n e s ( l~5 cm) having reasonable mechanical 
s t rength i s needed. 

• A s h - f u s i o n temperature imposes an upper tem­
perature l i m i t , and a la rge amount o f steam 
i s needed to c o n t r o l the temperature at the 
bottom o f the bed. Much o f the steam passes 
without r e a c t i n g , c o n t r i b u t i n g to heat losses 
and l a r g e volume o f a d i l u t e l i q u o r . 

• Gas l e a v i n g conta ins a l a r g e amount o f t a r s 
n e c e s s i t a t i n g expensive treatment . 

• I n s p i t e o f p r e s s u r e , c a p a c i t y i s s m a l l 
r e q u i r i n g a l a r g e number o f g a s i f i e r s . 

• Poor a d a p t a b i l i t y to changing f u e l . Minimum 
temperature operab le , ( l i g n i t e 690°C, Sub-
bituminous c o a l 750°C, S e m i - a n t h r a c i t e , 800°C) 
depends on c o a l r e a c t i v i t y . 

( I I ) S l a g g i n g F i x e d Bed G a s i f i e r (Slagger) 
( L u r g i S l a g g e r , Secord-Grate , e t c . ) 

Advantages 

• Steam requirement i s about a f i f t h o f t h a t 
needed f o r dry ash f i x e d bed g a s i f i e r , and 
n e a r l y a l l the steam i s r e a c t e d . 

• Lower product ion o f l i q u o r and h igher thermal 
e f f i c i e n c y . 

• Slagger i s capable o f process ing 3 to h t imes 
more coa l/uni t area than a dry ash g a s i f i e r . 

• Fines and t a r s may be disposed by i n j e c t i n g 
i n t o the s l a g g i n g zone. 
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WEN AND TONE Coal Conversion Reaction Engineering 

Table III (Continued). Characteristics of Various Types of Gasifiers 

Disadvantages 

• Tars do escape and cak ing coa ls cannot be 
processed. 

• Although a wider range o f coals can be p r o ­
cessed, coa l s tha t are mechanical ly weak can 
cause f i n e s to be blown by a h i g h v e l o c i t y 
b l a s t o f steam and oxygen. 

• M a t e r i a l s o f c o n s t r u c t i o n , containment and 
withdrawal o f s l a g and formation o f molten 
i r o n i n reducing c o n d i t i o n s are major problems. 

( I l l ) F l u i d i z e d Bed G a s i f i e r 
( W i n k l e r , Hygas, Cogas, C 0 2 accepter , 
Synthane, B a t t e l l e / U h i o n Carb ide , 
Westinghouse, U-gas, EXXON C a t a l y t i c , e t c . ) 

Advantages 

Good temperature c o n t r o l , easy s o l i d s h a n d l i n g , 
c a p a b i l i t y f o r b r i n g i n g c o l d s o l i d s o r gas feed 
ins tantaneous ly to bed temperature. 
A b i l i t y to t o l e r a t e v a r i a t i o n i n q u a l i t y o f 
f u e l d u r i n g o p e r a t i o n . 
Capable o f opera t ion at p a r t l o a d , and can be 
stopped and r e s t a r t e d r a t h e r e a s i l y . 

Disadvantages 

• Operation temperature i s l i m i t e d . The upper 
temperature i s the c l i n k e r i n g temperature 
(around 10U0°C) and the lower temperature i s 
i n d i c a t e d by c o a l r e a c t i v i t y and the escape 
o f t a r s . 

• B u i l d - u p o f m i c r o n - s i z e carbon f i n e s i n the 
bed and l o s s o f t h i s carbon and ash e n t r a i n -
ment can be a ser ious problem. Recycle o f 
f i n e s does not improve carbon u t i l i z a t i o n very 
much because o f low r e a c t i v i t y o f f i n e s . 

• Apprec iab le amount o f carbon i s conta ined i n 
the ash withdrawn due to need f o r m a i n t a i n i n g 
s u f f i c i e n t carbon- inventory i n the bed. 

• Unless a burn-up c e l l or second stage f l u i d ­
i z e d bed i s p r o v i d e d , complete conversion can 
not be achieved i n one stage f l u i d bed. 

• Feeding o f cak ing c o a l wi thout pretreatment 
o r o f wet non-caking c o a l i s s t i l l a problem. 

• Formation o f c l i n k e r s near the oxygen i n l e t 
p o i n t may d i s r u p t o p e r a t i o n . 

• M i x i n g o f s o l i d s and gas and the number o f 
feeding p o i n t s r e q u i r e d are s t i l l not w e l l 
understood f o r sca le -up o f the r e a c t o r . 
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CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

Table III (Continued). Characteristics of Various Types of Gasifiers 

(IV) E n t r a i n e d Bed (Suspension) G a s i f i e r 
(Koppers-Totzek, Texaco, Brand W, Foster 
Wheeler, Combustion E n g i n e e r i n g f e t c . ) 

Advantages 

• A b i l i t y to u t i l i z e any type o f c o a l i r r e s p e c ­
t i v e o f s w e l l i n g and caking i n c l u d i n g f i n e s , 
and w i t h s l i g h t m o d i f i c a t i o n c o a l - o i l mixture 
can be processed. 

• High coa l throughput capac i ty p a r t i c u l a r l y at 
h igh p r e s s u r e . 

• Produces gas f ree o f t a r s , phenols and very 
l i t t l e methane. 

• High carbon u t i l i z a t i o n due to h igh r e a c t i o n 
r a t e s . 

• S imple , f l e x i b l e and easy to s c a l e - u p . 

Disadvantages 
• R e f r a c t o r i e s and m a t e r i a l s o f c o n s t r u c t i o n are 

problems i n s l a g g i n g zone. 
• Low heat -recovery e f f i c i e n c y r e s u l t i n g from 

co-current o p e r a t i o n . O u t l e t gas temperature 
i s h igh and needs s e n s i b l e heat recovery. 

• Continuous feeding o f c o a l i n t o p r e s s u r i s e d 
g a s i f i e r and s l a g withdrawal at h igh pressure 
are some o f the problems. Changing c o a l feed 
rate to f o l l o w l o a d change may be d i f f i c u l t . 

• Dust l o a d i n g i n product gas could be h i g h 
r e q u i r i n g expensive c o l l e c t i o n equipment. 
Char r e c y c l e i s needed and would be d i f f i c u l t 
at h i g h p r e s s u r e . 

• Low f u e l inventory and oxygen i s r e q u i r e d . 
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Figure 8. Comparison of initial rates of pyroly­
sis, combustion, and gasification of coal-char 

Figure 9. Representation of tempera­
ture and concentration profiles in a 

moving bed gasifier 
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c o n c e n t r a t i o n p r o f i l e o f t h e g a s i f i e r . F o r e x a m p l e , t h e t e m p e r a ­
t u r e d i f f e r e n c e "between s o l i d s a n d gas i n t h e c o m b u s t i o n zone o f 
L u r g i g a s i f i e r c o u l d be as much as 600°C (J2). 

B o r o w i e c e t a l . ( 7 7 ) p r e s e n t e d a s t e a d y s t a t e model f o r a 
c o u n t e r c u r r e n t m o v i n g - b e d g a s i f i e r b y c o n s i d e r i n g t h e e f f e c t o f 
i n t e r p h a s e h e a t t r a n s f e r c o e f f i c i e n t o n t e m p e r a t u r e and c o m p o s i ­
t i o n p r o f i l e s , and on t h e l o c a t i o n o f t h e c o m b u s t i o n z o n e . 

Amundson a n d A r r i (JÔ) d e v e l o p e d a model o f L u r g i t y p e m o v i n g 
b e d g a s i f i e r o f c h a r . T h e i r model assumed t h a t i n t h e u p p e r 
g a s i f i c a t i o n z o n e , c a r b o n - s t e a m , c a r b o n - h y d r o g e n and w a t e r gas 
s h i f t r e a c t i o n s t a k e p l a c e whereas i n t h e l o w e r c o m b u s t i o n z o n e , 
t h e p a r t i c l e s a r e assumed t o f o l l o w a s h r i n k i n g - c o r e model 
d o m i n a t e d b y t h e c a r b o n - o x y g e n r e a c t i o n . A l t h o u g h w i t h i n t h e 
c o r e , g a s i f i c a t i o n r e a c t i o n s a l s o o c c u r b u t o n l y c a r b o n d i o x i d e 
emerges as t h e p r o d u c t g a s . The p a r a m e t r i c s t u d i e s showed t h a t 
r a d i a t i o n h a d a marked e f f e c t on maximum t e m p e r a t u r e i n t h e b e d . 
T h e i r s t u d y showed t h a t t h e maximum t e m p e r a t u r e o c c u r r e d a t t h e 
b o t t o m o f t h e b e d i f r e s i d u a l c a r b o n emerged, b u t t h e maximum 
t e m p e r a t u r e c o u l d wander i n t h e b e d i f t h e r e was an a s h l a y e r i n 
t h e b e d . 

A x i a l a n d r a d i a l d i s p e r s i o n s o f mass a n d h e a t f o r b o t h gas 
a n d s o l i d s may n o t be n e g l i g i b l e , p a r t i c u l a r l y f o r l a r g e d i a m e t e r 
g a s i f i e r s . 

A g e n e r a l m a t e r i a l b a l a n c e b a s e d on a u n i t volume o f a f i x e d 
b e d g a s i f i e r can be w r i t t e n a s : 

F o r gas p h a s e : 

3 2 C . . a 3C. 3u C . 
E z S Τ Ί Γ + Ε

Γ Δ 7 h ( r â̂ > - + (1-EB>5 - 0 <13> 

F o r s o l i d p h a s e : 

3 2 C _ . 3C 3u C 
E z s Τ Ί Γ + E r s 7 fc < r τ?Κ - ά * + (1-£B>5 V a - 0 

where f o r c o u n t e r c u r r e n t f l o w t h e s i g n o f t h e t h i r d t e r m ^ i s 
p o s i t i v e , a n d f o r c o - c u r r e n t f l o w i t i s n e g a t i v e . Here = 
F i / A p U g , C s = F s / A ^ , u g = u g Q Z F i / Z F i o and UQ = Ug 0 | F S / | F s o -

A h e a t b a l a n c e f o r a m o v i n g b e d g a s i f i e r can be s i m i l a r l y 
w r i t t e n a s : 

F o r gas p h a s e : 

3 2 T _ _ 3T [(Σ U C . C . ) T ] 

ez „ 2 e r r 3r ^ r 3 r ; 3z 9z 

= h p a ( T g - T g J - d - e B Î E Î - A H j R j X l - ô j ) 
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3. WEN AND TONE Coal Conversion Reaction Engineering 87 

F o r s o l i d p h a s e : 

3 2 T . . OT 0 [ ( Σ u C C )T ] 
k s s + v S 1 9 ( r s r s s s p s s 

ez a 2 e r r 3r l r 3r ; + 3z 

= h a(T - Τ ) - ( l - e _ ) Z ( - A H . R . )6 . (l6) 
P S g B j J J J 

where 6 j i s u n i t y when r e a c t i o n s t a k e p l a c e on t h e s u r f a c e o f t h e 
s o l i d and i s z e r o when t h e y t a k e p l a c e i n t h e gas p h a s e . F o r 
e x a m p l e , f o r O2 + H 2 » CO + O2» e t c . , 6 j = 0 . 

A s e t o f b o u n d a r y c o n d i t i o n s n o r m a l l y u s e d a t t h e e n t r a n c e 
and a t t h e e x i t o f t h e r e a c t o r f o r t h e mass b a l a n c e e q u a t i o n s a n d 
t h e h e a t b a l a n c e e q u a t i o n s a r e a p p l i c a b l e . The c o n d i t i o n s o f t h e 
symmetry about t h e r e a c t o r a x i s a n d t h e i m p e r v i o u s n e s s a t t h e 
r e a c t o r w a l l a l s o a p p l y f o r t h e mass b a l a n c e e q u a t i o n . F o r t h e 
h e a t b a l a n c e e q u a t i o n , a t t h e w a l l ( r = r Q ) t h e f o l l o w i n g c o n d i ­
t i o n s a r e i m p o s e d : 

3T 
- k S = h S (Τ - Τ ) (17) 

e r 3r w g w 
3T 

- k s - r - 3 - = h s (Τ - Τ ) (18) 
e r 3r w s w ' 

The c o n c e n t r a t i o n p r o f i l e s o f gaseous s p e c i e s a n d t e m p e r a t u r e 
p r o f i l e s o f s o l i d s a n d gases can be o b t a i n e d i n t h e o r y b y i n t e ­
g r a t i o n o f t h e above e q u a t i o n s . 

A l t h o u g h c o r r e l a t i o n s o f a x i a l a n d r a d i a l d i s p e r s i o n c o e f f i ­
c i e n t s f o r gases t h r o u g h a f i x e d b e d a r e a v a i l a b l e (22.) , t h e 
c o r r e s p o n d i n g d i s p e r s i o n c o e f f i c i e n t s f o r s o l i d s a r e d i f f i c u l t t o 
e s t i m a t e . The t e m p e r a t u r e d i s t r i b u t i o n s o f s o l i d s a r e i n d e e d 
a f f e c t e d b y t h e s e d i s p e r s i o n c o e f f i c i e n t s as w e l l as o t h e r f a c t o r s 
s u c h as h e a t t r a n s f e r c o e f f i c i e n t s . 

A number o f n u m e r i c a l methods t o s o l v e t h e above s e t s o f 
e q u a t i o n s a r e a v a i l a b l e . Most o f them, h o w e v e r , s u f f e r f r o m 
p r o b l e m s and s l o w c o n v e r g e n c e . The s u b j e c t m a t t e r d e s e r v e s a 
s e p a r a t e d i s c u s s i o n b u t i s b e y o n d t h e scope o f t h i s p a p e r . 

Thoma a n d V o r t m e y e r (80) a n a l y z e d a moving b e d c a t a l y t i c 
r e a c t o r a n d showed t h a t t h e r a t i o o f " f l o w c a p a c i t i e s " , 
E F i C p i / Z F s C p S , i s t h e most i m p o r t a n t p a r a m e t e r b e s i d e s i n l e t 
c o n d i t i o n s . The same c o n c l u s i o n was drawn b y L u s s a n d Amundson 
(81) when t h e y a n a l y z e d a c o u n t e r c u r r e n t l i q u i d - l i q u i d s p r a y 
c o l u m n . Thoma and V o r t m e y e r t h e n p e r f o r m e d an e x p e r i m e n t a n d 
c o n f i r m e d t h e range o f m u l t i p l i c i t y o f t h e s t e a d y s t a t e s o l u t i o n s , 
w h i c h t h e y o b t a i n e d f r o m t h e i r m o v i n g b e d m o d e l . 

The t y p i c a l t e m p e r a t u r e and c o n c e n t r a t i o n p r o f i l e s i n a 
m o v i n g b e d g a s i f i e r a re shown i n F i g . 9· The gas t e m p e r a t u r e 
u s u a l l y i n t e r s e c t s t h e s o l i d t e m p e r a t u r e a t t h e c o m b u s t i o n zone 
n e a r t h e b o t t o m , and b o t h s o l i d a n d gas t e m p e r a t u r e s r e a c h 
maximum v a l u e s a t some d i s t a n c e s f r o m t h e b o t t o m o f t h e g a s i f i e r . 
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S c h a e f e r e t a l . (82) t h e o r e t i c a l l y examined t h e s t a b i l i t y o f a 
c o u n t e r c u r r e n t s h a f t f u r n a c e b y t r e a t i n g a s i m p l e s t e p change i n 
h e a t g e n e r a t i o n r a t e a n d r e p o r t e d t h e m u l t i p l i c i t y o f s o l u t i o n 
depends on model p a r a m e t e r s and b o u n d a r y c o n d i t i o n s . M o r i a n d 
M u c h i (83) t r e a t e d t h e case o f a f i r s t o r d e r r e a c t i o n o c c u r r i n g i n 
a c a t a l y t i c m o v i n g b e d a n d examined t h e r e a c t o r s t a b i l i t y . 

F o r n o n c a t a l y t i c g a s - s o l i d m o v i n g b e d r e a c t o r s , I s h i d a a n d 
Wen {8k) e x a m i n e d t h e s t a b i l i t y o f o p e r a t i o n s b y a n u m e r i c a l 
method and a g r a p h i c a l method f o r c o - c u r r e n t and c o u n t e r c u r r e n t 
o p e r a t i o n s a n d p o i n t e d o u t t h a t a t r a n s i t i o n a l i n s t a b i l i t y o f t h e 
r a t e c o n t r o l l i n g reg ime c o u l d e x i s t . I n s u c h a c a s e , a sudden 
s h i f t f r o m one c o n t r o l l i n g reg ime t o a n o t h e r c a n o c c u r i n an 
e x o t h e r m i c r e a c t i o n s y s t e m d e p e n d i n g on t h e s y s t e m p a r a m e t e r s a n d 
t h e i n i t i a l t e m p e r a t u r e s o f t h e s o l i d s a n d gas f e e d s . They showed 
t h a t t h e pseudo s t e a d y - s t a t e a n a l y s i s may become m i s l e a d i n g when a 
sudden s h i f t i n c o n t r o l l i n g reg ime o c c u r s . 

T h i s t y p e o f phenomena i m p l i e s t h a t t h e m o v i n g b e d g a s i f i e r 
c a n e x h i b i t i g n i t i o n , e x t i n c t i o n a n d h y s t e r e s i s . F o r t h i s p u r p o s e 
we s h a l l use s i m p l e s c h e m a t i c d iagrams shown i n F i g . 10 t o 
i l l u s t r a t e t h e phenomena u n d e r d i s c u s s i o n . 

I n a n o n c a t a l y t i c s y s t e m , t h e h e a t g e n e r a t i o n c u r v e s g r a d ­
u a l l y v a r y as t h e s o l i d r e a c t a n t i s consumed. Heat exchange 
c u r v e s a l s o move d e p e n d i n g on t h e t e m p e r a t u r e as i n d i c a t e d i n t h e 
f i g u r e . Case A r e p r e s e n t s t h e s i t u a t i o n i n w h i c h s o l i d a n d gas 
a r e b o t h a t t h e same t e m p e r a t u r e . Such s i t u a t i o n s c o u l d be e n ­
c o u n t e r e d e i t h e r when t h e h e a t t r a n s f e r be tween t h e s o l i d s a n d t h e 
gas i n a n a c t u a l o p e r a t i o n i s e x t r e m e l y r a p i d o r due t o a n 
a s s u m p t i o n made i n t h e model t o s i m p l i f y t h e m a t h e m a t i c s . When 
h i s i n f i n i t y , t h e r e i s no sudden s h i f t i n g o f t h e r a t e c o n t r o l l i n g 
r e g i m e , a n d o n l y one s o l u t i o n c a n be o b t a i n e d . However , as shown 
i n Case B , when t h e h e a t t r a n s f e r c o e f f i c i e n t i s s m a l l a n d t e m ­
p e r a t u r e s o f t h e gases a n d t h e s o l i d s a r e d i f f e r e n t , i t i s 
p o s s i b l e f o r t h e r e a c t i o n t o f o l l o w t h e p a t h o f A B C D E F G H i n 
w h i c h a sudden s h i f t o c c u r s i n t h e r a t e c o n t r o l l i n g reg ime f r o m 
Β t o C . On t h e o t h e r h a n d , t h e r e a c t i o n can a l s o f o l l o w t h e p a t h 
o f Α' Β· C D D F G H d i s p l a y i n g m u l t i p l e s t e a d y s t a t e . W h i c h o f 
t h e s t e a d y s t a t e s r e a l i z e d i n a g a s i f i e r depends o n t h e i n i t i a l 
t e m p e r a t u r e o f t h e s y s t e m . N e e d l e s s t o s a y , t h e t h e r m a l i n s t a b i ­
l i t y a n d m u l t i p l e s t e a d y s t a t e s c a n o c c u r n o t o n l y i n m o v i n g b e d 
g a s i f i e r s b u t a l s o i n e n t r a i n e d b e d g a s i f i e r s a n d f l u i d i z e d b e d 
g a s i f i e r s . 

(3) ENTRAINED BED GASIFIER MODEL 

The e n t r a i n e d f l o w c o a l g a s i f i e r i s n o r m a l l y o p e r a t e d c o -
c u r r e n t l y , e i t h e r downf low o r up f l o w , and a t t e m p e r a t u r e s s i g n i ­
f i c a n t l y h i g h e r t h a n e i t h e r f i x e d o r f l u i d i z e d b e d g a s i f i e r s . The 
c h a r a c t e r i s t i c s o f e n t r a i n e d b e d g a s i f i e r s a r e l i s t e d i n T a b l e I I I . 
P u l v e r i z e d c o a l s a n d g a s i f y i n g medium ( o x y g e n , s t e a m , e t c . ) a r e 
i n j e c t e d t h r o u g h n o z z l e s i n t o t h e g a s i f i e r where c o n s i d e r a b l e 
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m i x i n g t a k e s p l a c e due t o t u r b u l e n c e a n d s w i r l i n g o f b o t h gases 
a n d s o l i d s . The s c h e m a t i c t e m p e r a t u r e a n d c o n c e n t r a t i o n p r o f i l e s 
o f a n e n t r a i n e d g a s i f i e r a r e shown i n F i g . 11. I n some o f t h e 
g a s i f i e r s , t h e m i x i n g depends on a x i a l j e t s f r o m i n j e c t i o n 
n o z z l e s whereas o t h e r s d e v e l o p a v o r t e x f i e l d i n d u c e d b y t a n g e n ­
t i a l f i r i n g . I t i s t h e r e f o r e v e r y d i f f i c u l t t o mode l s u c h com­
p l e x h y d r o d y n a m i c s i n a n e n t r a i n e d f l o w s y s t e m . Kane a n d 
M c C a l l i s t e r (8^) r e c e n t l y a n a l y z e d t h e f l o w f i e l d o f an e n t r a i n e d 
f l o w g a s i f i e r and d e t e r m i n e d t h e d i m e n s i o n l e s s groups t h a t g o v e r n 
t h e s c a l i n g l a w s o f t h e g a s i f i e r . Among t h e i m p o r t a n t d i m e n s i o n -
l e s s groups t h e y i d e n t i f i e d a r e t h e s w i r l number, g e o m e t r i c s c a l e 
r a t i o , F r o u d e number a n d p a r t i c l e l o a d i n g r a t i o . E x i s t i n g models 
a r e n o t adequate t o p r e d i c t s o l i d c o n c e n t r a t i o n s a n d gas v e l o c i t y 
f o r s u c h a complex f l o w s y s t e m . Most o f t h e models o f p u l v e r i z e d 
f u e l c o m b u s t i o n systems a n d e n t r a i n e d b e d g a s i f i e r s have b e e n 
f o r m u l a t e d b a s e d on s i m p l e f l o w p a t t e r n s s u c h as c o m p l e t e - m i x i n g 
(86), i s o t h e r m a l p l u g f l o w (87,88,89) a n d a c o m b i n a t i o n o f com­
p l e t e - m i x i n g a n d p l u g f l o w ( 86,<X)). The c o m b i n a t i o n o f c o m p l e t e -
m i x i n g a n d p l u g f l o w seems t o be t h e most commonly u s e d 
f l o w p a t t e r n because t h e e m p i r i c a l l y measured r e s i d e n c e t i m e 
d i s t r i b u t i o n s c a n be f i t t e d t o f o r m u l a t e an a p p r o x i m a t e s i z e o f 
t h e m i x i n g zone i n m o d e l l i n g an e n t r a i n e d g a s i f i e r . Ubhayakar 
e t a l . (9l) a l s o c o n s i d e r e d a c o m b i n a t i o n model i n w h i c h c o a l 
p y r o l y s i s t a k e s p l a c e i n t h e m i x e d zone n e a r t h e n o z z l e , w h i c h i s 
f o l l o w e d b y a p l u g f l o w zone i n an e n t r a i n e d b e d . The m i x i n g 
t i m e was u s e d as a n a d j u s t a b l e p a r a m e t e r i n t h e i r m o d e l . 

I n a number o f e n t r a i n e d b e d models a homogeneous f l o w i s 
assumed when s o l i d p a r t i c l e s a r e v e r y s m a l l . H o w e v e r , i n e n ­
t r a i n e d c o a l g a s i f i e r s , t h e s o l i d s a r e s u b j e c t e d t o a h i g h t e m ­
p e r a t u r e e n v i r o n m e n t a n d a r e u n d e r h i g h gas v e l o c i t y . T h e r e f o r e , 
t h e r e s i d e n c e t i m e o f s o l i d s i s e x t r e m e l y s h o r t , r e q u i r i n g c a r e ­
f u l a n a l y s i s o f b o t h s o l i d s a n d gas f l o w p a t t e r n s . F i e l d e t a l . 
( l ^ ) r e v i e w e d t h e f l o w p a t t e r n s and m i x i n g o f f u e l a n d a i r i n 
t u r b u l e n t j e t f l o w w i t h i n a c o m b u s t i o n chamber . T h r i n g (92) 
p r o p o s e d an e m p i r i c a l e q u a t i o n t o e s t i m a t e t h e mass r a t e o f 
m a t e r i a l r e c i r c u l a t i o n . The r e c i r c u l a t i o n c u r r e n t i s s e t up as 
t h e c o a l - f e e d j e t d e c r e a s e s f r o m i t s n o z z l e v e l o c i t y a n d e n t r a i n s 
s u r r o u n d i n g f l u i d . Z a h r a d n i k a n d Grace (6j) e x a m i n e d t h e methane 
y i e l d a n d o p e r a t i n g c o n d i t i o n s o f t h e equipment development u n i t 
o f t h e B i - G a s p r o c e s s b y e v a l u a t i n g t h e r e c i r c u l a t i o n r a t i o a n d 
t h e e n t r a i n m e n t and d i s e n t r a i n m e n t d i s t a n c e u s i n g t h e c o r r e l a t i o n 
d e v e l o p e d b y T h r i n g (22.) . T e s t e r e t a l . (£3) a l s o m o d e l l e d t h e 
two s t a g e B i - G a s p r o c e s s a n d o b t a i n e d t h e t e m p e r a t u r e a n d c o n c e n ­
t r a t i o n p r o f i l e s a s s u m i n g t h e t e m p e r a t u r e o f s o l i d s a n d gas as 
e q u a l . S i n c e t h e e n t r a i n e d b e d g a s i f i e r o p e r a t e s a t h i g h t e m p e r ­
a t u r e s (98Ο0 t o 1930°C), r a d i a t i v e h e a t t r a n s f e r p l a y s an i m ­
p o r t a n t r o l e . C o n s e q u e n t l y t h e e v a l u a t i o n o f r a d i a t i v e p r o p e r t i e s 
o f m a t e r i a l s s u c h as r e f r a c t o r y , gas a n d c l o u d o f p a r t i c l e s i n ­
c l u d i n g c o a l , c h a r , s o o t and a s h a t f l a m e t e m p e r a t u r e becomes 
i m p o r t a n t . Dobner (15) p r e s e n t e d a r e v i e w o f e n t r a i n e d b e d 
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D I S T A N C E F R O M I N P U T P O I N T 

•I— P Y R O L Y S I S A N D V O L A T I L E C O M B U S T I O N 

DISTANCE F R O M I N P U T P O I N T 

Figure 11. Temperature and concentration profiles in a typical entrained bed 
gasifier 
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g a s i f i e r s * m o d e l l i n g d i s c u s s i n g t h e i s s u e s o f f l u i d d y n a m i c s , h e a t 
a n d mass t r a n s f e r , and c h e m i s t r y a n d k i n e t i c s o f c o a l g a s i f i ­
c a t i o n . A s e n s i t i v i t y a n a l y s i s b a s e d on an e n t r a i n e d b e d g a s i f i e r 
model (9*0 i n d i c a t e s t h a t t h e e f f l u e n t gas c o m p o s i t i o n s a r e 
c o m p a r a t i v e l y e a s y t o s i m u l a t e s i n c e t h e y a r e v e r y c l o s e t o t h e 
e q u i l i b r i u m , whereas t h e t e m p e r a t u r e a n d v e l o c i t y p r o f i l e s o f t h e 
g a s i f i e r a r e r a t h e r d i f f i c u l t t o e s t i m a t e f r o m a s i m p l e m o d e l . 

(k) FLUIDIZED BED C0MBUST0R (FBC) AND GASIFIER MDDELS 

There has been a f a r g r e a t e r e f f o r t i n t h e development o f 
f l u i d i z e d b e d p r o c e s s e s f o r c o m b u s t i o n a n d g a s i f i c a t i o n o f c o a l 
t h a n c o r r e s p o n d i n g e f f o r t s b a s e d on o t h e r modes o f s o l i d s - g a s 
c o n t a c t i n g p r o c e s s e s . ' T h i s i s due p r i m a r i l y t o t h e i n h e r e n t 
advantages t h a t f l u i d i z e d beds o f f e r ( w h i c h a r e l i s t e d i n T a b l e 
I I I ) . 

The d i r e c t c o m b u s t i o n o f c o a l i n f l u i d i z e d beds c o n t a i n i n g 
l i m e s t o n e / d o l o m i t e a d d i t i v e s a p p e a r s t o be t h e most a t t r a c t i v e 
scheme f o r b u r n i n g c o a l i n a n e n v i r o n m e n t a l l y a c c e p t a b l e manner . 
A l s o , f r o m an economic s t a n d p o i n t , t h e h i g h h e a t t r a n s f e r 
c o e f f i c i e n t and h e a t g e n e r a t i o n r a t e s i n f l u i d i z e d b e d combustors 
(FBC) r e s u l t s i n a s m a l l e r b o i l e r volume f o r a g i v e n d u t y as 
compared t o c o n v e n t i o n a l p u l v e r i z e d c o a l b u r n i n g b o i l e r s . The 
p o t e n t i a l a d v a n t a g e s o f t h i s new c o m b u s t i o n scheme have p r o m p t e d 
c o n s i d e r a b l e r e s e a r c h i n f l u i d i z e d b e d c o m b u s t i o n i n r e c e n t y e a r s , 
n o t a b l y i n t h e U . S . a n d U . K . , and much u s e f u l i n f o r m a t i o n i s 
becoming a v a i l a b l e f r o m s e v e r a l b e n c h - s c a l e a n d p i l o t p l a n t e x ­
p e r i m e n t s . The f u n d a m e n t a l a n d e n g i n e e r i n g a s p e c t s o f f l u i d i z e d 
b e d c o a l c o m b u s t i o n a r e d i s c u s s e d b y B e e r (95) · However , o n l y 
r e c e n t l y , a t t e m p t s a r e b e i n g made t o d e v e l o p t h e o r e t i c a l models 
f o r p r e d i c t i n g t h e p e r f o r m a n c e o f F B C . A r e v i e w o f t h e m o d e l l i n g 
e f f o r t s i n f l u i d i z e d b e d c o m b u s t i o n has been r e c e n t l y p r e s e n t e d 
b y C a r e t t o (£6) . . 

A l m o s t a l l o f t h e models p r o p o s e d t o date a r e b a s e d on t h e 
two phase t h e o r y o f f l u i d i z a t i o n o r i g i n a l l y p r o p o s e d b y Toomey a n d 
J o h n s t o n e ( £ χ ) a n d l a t e r m o d i f i e d b y D a v i d s o n and H a r r i s o n (98). 
A c c o r d i n g t o t h e t h e o r y , t h e f l u i d i z e d b e d i s assumed t o c o n s i s t 
o f two p h a s e s , v i z . , l ) a c o n t i n u o u s , dense p a r t i c u l a t e phase 
( e m u l s i o n phase ) and 2) a d i s c o n t i n u o u s , l e a n gas phase ( b u b b l e 
phase ) w i t h exchange o f gas between t h e b u b b l e phase a n d e m u l s i o n 
p h a s e . The gas f l o w r a t e t h r o u g h t h e e m u l s i o n phase i s assumed t o 
be a t minimum f l u i d i z a t i o n a n d t h a t i n e x c e s s o f t h e minimum 
f l u i d i z a t i o n v e l o c i t y p a s s e s t h r o u g h t h e b u b b l e p h a s e . T h i s 
f o r m u l a t i o n o f t h e two phase t h e o r y i s b a s e d on t h e a s s u m p t i o n 
t h a t t h e v o i d a g e o f t h e e m u l s i o n phase remains c o n s t a n t . However , 
as p o i n t e d o u t b y Rowe (£2.) a n d H o r i o a n d Wen ( lOO) t h i s assump­
t i o n may be an o v e r - s i m p l i f i c a t i o n . I n p a r t i c u l a r , e x p e r i m e n t s 
w i t h f i n e powders ( d p < 6θ μ ι ) c o n d u c t e d b y Rowe show t h a t t h e 
dense phase v o i d a g e changes w i t h gas v e l o c i t y , a n d as much as 30 
p e r c e n t o f t h e gas f l o w o c c u r s i n t e r s t i t i a l l y . T h i s e f f e c t can be 
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3. WEN AND TONE Coal Conversion Reaction Engineering 93 

t a k e n i n t o a c c o u n t b y i n t r o d u c i n g a m u l t i p l i e r o f minimum f l u i d i ­
z a t i o n v e l o c i t y , a c o e f f i c i e n t g r e a t e r t h a n u n i t y t h a t i s a 
f u n c t i o n o f gas v e l o c i t y a n d b e d h e i g h t . 

The models t h a t have a p p e a r e d i n t h e l i t e r a t u r e d e a l w i t h 
d i f f e r e n t a s p e c t s o f f l u i d i z e d b e d c o m b u s t i o n . However , t h e 
i m p o r t a n t v a r i a b l e s t h a t r e l a t e t o t h e p e r f o r m a n c e o f F B C , v i z . , 
c o m b u s t i o n e f f i c i e n c y , c a r b o n c o n c e n t r a t i o n , b e d t e m p e r a t u r e p r o ­
f i l e , e t c . , h a v e been t h e p r i m a r y emphasis i n a l l t h e s e models 
n o t e d i n t h e f o l l o w i n g s e c t i o n . 

A v e d e s i a n and D a v i d s o n (33) d e v e l o p e d a c o m b u s t i o n model 
b a s e d o n t h e two phase t h e o r y . The c o m b u s t i o n was assumed t o be 
c o n t r o l l e d b y ( l ) i n t e r p h a s e t r a n s f e r o f oxygen f r o m b u b b l e s o f 
a i r t o s u r r o u n d i n g a s h p a r t i c l e s a n d (2) d i f f u s i o n o f o x y g e n 
t h r o u g h t h e ash p h a s e . (See F i g . 7 ) . The t h e o r e t i c a l p r e d i c t i o n 
was shown t o be i n good agreement w i t h e x p e r i m e n t a l d a t a . 
C a m p b e l l a n d D a v i d s o n ( l O l ) l a t e r m o d i f i e d t h i s model t o i n c l u d e 
t h e p r e s e n c e o f CO2 i n t h e p a r t i c u l a t e phase o f t h e c o m b u s t i o n a n d 
a p p l i e d t h e model t o p r e d i c t t h e c a r b o n p a r t i c l e s i z e d i s t r i b u t i o n 
i n a c o n t i n u o u s l y o p e r a t e d f l u i d i z e d b e d c o m b u s t i o n . 

H o r i o e t a l . (102) d e v e l o p e d a g e n e r a l m a t h e m a t i c a l model f o r 
t h e F B C , e m p l o y i n g t h e m o d i f i e d v e r s i o n o f t h e b u b b l e assemblage 
model (103,10*0 . P r e d i c t i o n s o f c o m b u s t i o n e f f i c i e n c y , a x i a l 
t e m p e r a t u r e p r o f i l e a n d s u l f u r r e t e n t i o n e f f i c i e n c y i n t h e b e d 
were compared w i t h e x p e r i m e n t a l d a t a o b t a i n e d f r o m t h e N a t i o n a l 
C o a l B o a r d a n d Exxon M i n i p l a n t . F i g . 12 p r e s e n t s t y p i c a l p r o f i l e s 
o f c a r b o n c o n c e n t r a t i o n a n d t e m p e r a t u r e i n t h e b e d . F i g . 13 
i n d i c a t e s t h e SO2 r e t e n t i o n b y l i m e s t o n e a d d i t i v e s as a f u n c t i o n 
o f b e d t e m p e r a t u r e . 

B a r o n e t a l . ( l 0 5 ) f o r m u l a t e d a model f o r t h e FBC b a s e d on 
t h e two phase t h e o r y f o r p r e d i c t i n g t h e c o m b u s t i o n e f f i c i e n c y a n d 
c a r b o n c o n c e n t r a t i o n i n t h e b e d . They a c c o u n t e d f o r t h e e l u t r i a -
t i o n l o s s and a t t r i t i o n o f p a r t i c l e s i n t h e b e d u s i n g t h e M e r r i c k 
a n d H i g h l e y c o r r e l a t i o n (l06). W i t h i n t h e range o f p a r t i c l e s i z e 
f o r w h i c h t h e c o r r e l a t i o n s a r e v a l i d t h e y f o u n d t h a t t h e model 
p r e d i c t i o n s were r e a s o n a b l e . However , f o r l a r g e r p a r t i c l e s , t h e 
c o r r e l a t i o n u n d e r e s t i m a t e d t h e e l u t r i a t i o n l o s s . G i b b s ( l O T ) 
d e r i v e d a m e c h a n i s t i c model f o r t h e c o m b u s t i o n o f c o a l i n a 
f l u i d i z e d b e d t h a t e n a b l e s t h e c o m b u s t i o n e f f i c i e n c y , c a r b o n h o l d ­
u p , a n d s p a t i a l d i s t r i b u t i o n o f oxygen i n t h e b e d t o be c a l c u l a t e d . 
The b u r n i n g r a t e o f c o a l was assumed t o be d i f f u s i o n c o n t r o l l e d . 
The c a r b o n l o s s due t o e l u t r i a t i o n , a t t r i t i o n and s p l a s h i n g o f 
c o a l f r o m b u r s t i n g o f b u b b l e s on t h e b e d s u r f a c e was t a k e n i n t o 
a c c o u n t i n t h e model f o r m u l a t i o n . The c a r b o n l o s s , p r e d i c t e d b y 
t h e model* was s t r o n g l y dependent on t h e mean b u b b l e d i a m e t e r a n d 
e x c e s s a i r . 

Gordon a n d Amundson (108) examined t h e i n f l u e n c e o f s e v e r a l 
o p e r a t i n g v a r i a b l e s on t h e s t e a d y s t a t e p e r f o r m a n c e o f a f l u i d i z e d 
b e d c o m b u s t i o n v i a a m a t h e m a t i c a l m o d e l . M u l t i p l e s t e a d y s t a t e 
s o l u t i o n s were f o u n d t o e x i s t f o r t h e t y p i c a l range o f o p e r a t i o n 
v a r i a b l e s . I n p a r t i c u l a r , i t was n o t e d t h a t one o f t h e k e y 
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f a c t o r s i n d e t e r m i n i n g t h e s t a t e o f t h e b e d , as w e l l as t h e m u l t i ­
p l i c i t y o f t h e s y s t e m , was t h e gas i n t e r c h a n g e c o e f f i c i e n t 
between t h e b u b b l e phase and e m u l s i o n p h a s e . 

Chen and Saxena (109) u s e d a t h r e e phase b u b b l i n g b e d model 
( b u b b l e p h a s e , c l o u d - w a k e phase and e m u l s i o n phase ) f o r p r e d i c t i n g 
t h e s u l f u r r e t e n t i o n e f f i c i e n c y i n a f l u i d i z e d b e d c o m b u s t o r . The 
s i z e d i s t r i b u t i o n o f c o a l a n d l i m e s t o n e p a r t i c l e s i n t h e f e e d , 
o v e r f l o w and e l u t r i a t e d f r a c t i o n s were t r e a t e d b y p o p u l a t i o n 
b a l a n c e . V a r y i n g b u b b l e s i z e a l o n g t h e b e d h e i g h t , and p l u g f l o w 
o f gas i n a l l t h e t h r e e phases were assumed i n t h e m o d e l . However, 
t h e b e d was assumed i s o t h e r m a l . 

Wen e t a l . ( l l O ) d e v e l o p e d a f l u i d - b e d r e a c t o r model f o r t h e 
h y d r o g a s i f i c a t i o n o f c h a r u s i n g t h e b u b b l e assemblage c o n c e p t . 
S o l i d s were assumed t o be c o m p l e t e l y m i x e d i n e a c h compartment 
w i t h exchange o f gas between t h e b u b b l e phase and e m u l s i o n p h a s e . 
P a r t i c l e s i z e d i s t r i b u t i o n was n o t c o n s i d e r e d i n t h e model a n d 
t h i s may a f f e c t t h e p r e d i c t e d c o n v e r s i o n s o f c h a r . 

None o f t h e models d i s c u s s e d above a r e v e r s a t i l e enough f o r 
s c a l e - u p p u r p o s e s because o f t h e i r i n c o m p l e t e t r e a t m e n t o f t h e 
c o u p l e d complex phenomena o c c u r r i n g i n t h e f l u i d i z e d b e d . The 
main d i f f e r e n c e i n t h e v a r i o u s models i s t h e i r t r e a t m e n t o f t h e 
gas f l o w i n t h e two phases a n d i n t h e s o l i d s m i x i n g mode i n t h e 
dense p h a s e . 

A c l a s s i f i c a t i o n o f t h e f l u i d i z e d b e d models i s p r e s e n t e d i n 
T a b l e I V . 

I m p o r t a n t a s p e c t s o f a l l t h e models i n c l u d e l i m e s t o n e - S 0 2 
k i n e t i c s , c o m b u s t i o n k i n e t i c s a n d o t h e r g a s - s o l i d s r e a c t i o n 
k i n e t i c s , gas phase m a t e r i a l b a l a n c e s , s o l i d phase m a t e r i a l 
b a l a n c e s , gas exchange between t h e b u b b l e and e m u l s i o n p h a s e s , 
h e a t t r a n s f e r , and b u b b l e h y d r o d y n a m i c s . 

The g o v e r n i n g e q u a t i o n s d e s c r i b i n g t h e p h y s i c o - c h e m i c a l 
p r o c e s s e s o c c u r r i n g i n t h e b e d can be f o u n d i n t h e i n d i v i d u a l 
p a p e r s c i t e d i n T a b l e I V a n d a r e n o t p r e s e n t e d h e r e . 

F u t u r e m o d e l l i n g e f f o r t s s h o u l d be d i r e c t e d t o w a r d i m p r o v i n g 
t h e e x i s t i n g m o d e l s . The d e f i c i e n c i e s a n d ways o f i m p r o v i n g t h e 
p r e s e n t models a r e d i s c u s s e d b e l o w . 

B u b b l e Hydrodynamics 

B u b b l e s c o a l e s c e a n d grow i n s i z e as t h e y a s c e n d t h r o u g h t h e 
b e d . M o d e l s (105*107) b a s e d on c o n s t a n t b u b b l e s i z e show t h a t t h e 
b u b b l e s i z e does i n d e e d a f f e c t t h e c o m b u s t i o n e f f i c i e n c y and 
c a r b o n c o n c e n t r a t i o n i n t h e b e d . F u r t h e r m o r e , t h e phenomenon o f 
j e t t i n g a t t h e d i s t r i b u t o r s u r f a c e s h o u l d be t a k e n i n t o a c c o u n t 
b e c a u s e b u b b l e s a r e n o t f o r m e d y e t i n t h i s r e g i o n . I t has b e e n 
r e p o r t e d ( 11^,115) t h a t t h e g a s - s o l i d m i x i n g a d j a c e n t t o t h e 
d i s t r i b u t o r i s m a r k e d l y d i f f e r e n t f r o m t h e f r e e l y b u b b l i n g z o n e . 
T h i s p o i n t has t o be t a k e n i n t o c o n s i d e r a t i o n i n m o d e l l i n g . 

F o r s c a l e - u p p u r p o s e s , good c o r r e l a t i o n s t o a c c o u n t f o r t h e 
c h a n g i n g b u b b l e s i z e i n t h e p r e s e n c e o f i n t e r n a l s ( c o o l i n g c o i l s ) 
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i n t h e combustor s h o u l d be d e v e l o p e d ( 1 1 3 ) . 

C h e m i c a l R e a c t i o n s i n F l u i d i z e d Beds 

The mechanism o f c a r b o n c o m b u s t i o n i n FBC i s assumed t o be 
d i f f u s i o n c o n t r o l l e d i n most o f t h e m o d e l l i n g e f f o r t s as d i s c u s s e d 
i n t h e s e c t i o n on Char -Oxygen R e a c t i o n . T h i s i s t r u e o n l y f o r 
l a r g e p a r t i c l e s (> 300 m i c r o n s ) a t h i g h t e m p e r a t u r e s (> 1200°K). 
Feed c o a l c o n t a i n s a -wide range o f s i z e s , a n d a s s u m i n g a d i f f u s i o n 
c o n t r o l l e d k i n e t i c s f o r a l l p a r t i c l e s i z e s w o u l d l e a d t o o v e r -
e s t i m a t i o n o f t h e c o m b u s t i o n r a t e . 

As d i s c u s s e d e a r l i e r , p y r o l y s i s o f c o a l , c o m p o s i t i o n a n d 
y i e l d o f v o l a t i l e s a r e s t r o n g l y dependent on c o a l p a r t i c l e s i z e , 
t e m p e r a t u r e a n d h e a t i n g r a t e . I n s t a n t a n e o u s c o a l d e v o l a t i l i z a t i o n 
a t t h e f e e d p o i n t can be e x p e c t e d o n l y when t h e p a r t i c l e s i z e i s 
s m a l l . The t i m e needed f o r t h e d e v o l a t i l i z a t i o n o f a 1000 m i c r o n 
c o a l p a r t i c l e i s 0.5 t o 1.0 s e c o n d , w h i c h i s o f t h e same m a g n i t u d e 
as s o l i d s m i x i n g t i m e i n t h e b e d (95*29)» T h i s n e c e s s i t a t e s 
t h e c o n s i d e r a t i o n f o r t h e r a t e o f d e v o l a t i l i z a t i o n o f c o a l . 

A r e a l i s t i c model f o r t h e FBC s h o u l d a l s o i n c l u d e SO2 
a b s o r p t i o n b y l i m e s t o n e a d d i t i v e s a n d NO p r o d u c t i o n f r o m f u e l 
n i t r o g e n and i t s subsequent r e d u c t i o n b y c h a r ( 9 5 » l l 6 , 1 1 7 ) · 

A t t r i t i o n and E l u t r i a t i o n 

S i z e d i s t r i b u t i o n s o f s o l i d s ( c o a l and l i m e s t o n e ) i n t h e f e e d 
and i n t h e b e d s h o u l d be c o n s i d e r e d i n t h e e v a l u a t i o n o f a t t r i t i o n 
and e l u t r i a t i o n l o s s . S t a n d a r d c o r r e l a t i o n s f o r e l u t r i a t i o n r a t e 
c o n s t a n t s have been f o u n d t o be i n a d e q u a t e f o r t h e c a l c u l a t i o n o f 
s o l i d s e l u t r i a t i o n . D a t a o b t a i n e d f r o m l a r g e p i l o t - s c a l e FBC 
show l a r g e d i s a g r e e m e n t f r o m t h o s e c a l c u l a t e d b a s e d on e x i s t i n g 
e l u t r i a t i o n r a t e c o r r e l a t i o n s . R e c e n t l y , c o r r e l a t i o n s f o r 
a t t r i t i o n a n d e l u t r i a t i o n o f b e d p a r t i c l e s have been p r o p o s e d b y 
M e r r i c k and H i g h l e y (l06). F o r l a r g e r p a r t i c l e s , t h i s c o r r e l a t i o n 
u n d e r e s t i m a t e s t h e c a r b o n l o s s . 

S o l i d s M i x i n g 

I n most o f t h e m o d e l l i n g s t u d i e s , s o l i d s i n t h e e m u l s i o n 
phase a r e assumed t o be c o m p l e t e l y m i x e d . Though t h i s i s a 
r e a s o n a b l e a s s u m p t i o n i n many c a s e s , i t has been o b s e r v e d t h a t i n 
t h e p r e s e n c e o f c l o s e l y p a c k e d h o r i z o n t a l c o i l s (Exxon m i n i p l a n t 
d a t a ) s o l i d s m i x i n g i s s e v e r e l y h i n d e r e d r e s u l t i n g i n s t e e p e r 
t e m p e r a t u r e p r o f i l e . I n s u c h cases t h e comple te m i x i n g assump­
t i o n w o u l d be e r r o n e o u s . I n some models (102,110,113), t h e s o l i d s 
m i x i n g due t o b u b b l e m o t i o n i s a c c o u n t e d f o r b y an a d j u s t a b l e 
b a c k m i x p a r a m e t e r . However , t h i s i s s t i l l n o t an adequate t r e a t ­
ment o f t h e m i x i n g p r o c e s s . 

R e a c t i v i t i e s o f c o a l and o t h e r s o l i d s ( l i m e s t o n e , d o l o m i t e , 
e t c . ) i n f l u i d i z e d b e d combustors o r g a s i f i e r s d e c r e a s e as t h e y 
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a r e c o n v e r t e d . The degree o f m i x i n g o f s o l i d s a n d g a s , t h e r e f o r e , 
a f f e c t s t h e o v e r a l l c o n v e r s i o n o f s o l i d s a n d p r o d u c t gas c o m p o s i ­
t i o n . H e n c e , i n m o d e l l i n g s u c h b e h a v i o r , i t i s n e c e s s a r y t o a p p l y 
p o p u l a t i o n b a l a n c e o f t h e v a r y i n g s i z e p a r t i c l e s h a v i n g v a r y i n g 
r e a c t i v i t i e s i n t h e m i x i n g p r o c e s s p r e v a i l i n g i n a f l u i d i z e d b e d 
r e a c t o r . 

A n o t h e r a r e a o f m o d e l l i n g f o r f l u i d i z e d b e d c o a l combustors 
a n d g a s i f i e r s t h a t needs t o be d e v e l o p e d i s t h e c o n s t r u c t i o n o f 
dynamic models t h a t c a n be u s e d t o s i m u l a t e a n d a n a l y z e t h e b e ­
h a v i o r d u r i n g t h e s t a r t - u p , s h u t d o w n , t u r n - u p a n d s l u m p i n g o f t h e 
f l u i d i z e d b e d . T h i s i s i m p o r t a n t f r o m t h e p o i n t o f v i e w o f 
d e v e l o p i n g c o n t r o l a n d f o l l o w i n g t h e l o a d demand o f t h e b e d . 

F r e e b o a r d R e a c t i o n s 

Most o f t h e f l u i d i z e d b e d c o a l c o m b u s t i o n a n d g a s i f i c a t i o n 
models i g n o r e f r e e b o a r d r e a c t i o n s o f v o l a t i l e s a n d c h a r . F o r 
s h a l l o w b e d s , v o l a t i l e s b u r n p r e d o m i n a n t l y i n t h e f r e e b o a r d . I n 
a d d i t i o n t h e c h a r p a r t i c l e s s p l a s h i n g f r o m t h e b e d s u r f a c e c a n 
a l s o r e a c t w i t h t h e o x y g e n i n t h e f r e e b o a r d . Y a t e s a n d Rowe (ll8) 
have p r o p o s e d a model f o r t h e r e a c t i o n s o c c u r r i n g i n t h e f r e e ­
b o a r d . Such an a p p r o a c h c a n be a d o p t e d f o r m o d e l l i n g t h e f r e e ­
b o a r d r e a c t i o n s i n t h e F B C . 

COAL LIQUEFACTION REACTIONS 

T h e r e a r e f o u r m a j o r t y p e s o f c o a l l i q u e f a c t i o n p r o c e s s e s 
b e i n g d e v e l o p e d t o d a y . They c a n be c l a s s i f i e d as ( l ) P y r o l y s i s ; 
(2) S o l v e n t E x t r a c t i o n ; (3) C a t a l y t i c L i q u e f a c t i o n , a n d (h) I n ­
d i r e c t L i q u e f a c t i o n . A comprehens ive r e p o r t on assessment o f 
t e c h n o l o g y f o r t h e l i q u e f a c t i o n o f c o a l has b e e n i s s u e d b y t h e 
N a t i o n a l R e s e a r c h C o u n c i l ( 1 1 9 ) . 

(1) CHARACTERISTICS OF COAL LIQUEFACTION PROCESSES 

The p y r o l y s i s a n d h y d r o p y r o l y s i s p r o c e s s p r o d u c e s l i q u i d 
p r o d u c t a n d c h a r . E i t h e r f l u i d i z e d beds o r e n t r a i n e d beds a r e 
u s e d f o r t h i s p r o c e s s . The r e a c t i o n k i n e t i c s a n d r e a c t o r m o d e l ­
l i n g o f s o l i d - g a s systems have a l r e a d y been d i s c u s s e d e a r l i e r . 

The s o l v e n t e x t r a c t i o n p r o c e s s i n v o l v e s t h e c o n t a c t i n g o f 
c o a l a n d a h y d r o g e n donor s o l v e n t a t a t e m p e r a t u r e up t o 500°C 
t o p r o d u c e s o l i d o r l i q u i d p r o d u c t . The e x t r a c t i o n i s c a r r i e d o u t 
e i t h e r d i r e c t l y u n d e r h y d r o g e n p r e s s u r e o r w i t h o u t h y d r o g e n i n t h e 
d i s s o l v e r b u t w i t h t h e s o l v e n t b e i n g h y d r o g e n a t e d i n a s e p a r a t e 
s t e p b e f o r e i t i s r e t u r n e d t o t h e e x t r a c t i o n s t e p . 

C a t a l y t i c l i q u e f a c t i o n p r o c e s s a l l o w s a s l u r r y o f c o a l a n d 
o i l t o be h y d r o g e n a t e d o v e r a c t i v e c a t a l y s t s i n a f i x e d b e d 
r e a c t o r , i n a n e b u l l a t i n g b e d r e a c t o r o r i n a t r i c k l e b e d r e a c t o r 
t o p r o d u c e a l i q u i d h y d r o c a r b o n p r o d u c t . 

I n d i r e c t l i q u e f a c t i o n c a n be c a r r i e d o u t i n a f i x e d b e d o r 
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3. WEN AND TONE Coal Conversion Reaction Engineering 99 

f l u i d i z e d b e d c a t a l y t i c r e a c t o r i n w h i c h s y n t h e s i s gas p r o d u c e d 
f r o m c o a l g a s i f i c a t i o n i s c o n v e r t e d t o h y d r o c a r b o n s a n d m e t h a n o l . 
M e t h a n o l may be f u r t h e r c o n v e r t e d o v e r z e o l i t e c a t a l y s t s t o g a s o ­
l i n e . The advantages and d i s a d v a n t a g e s o f t h e c o a l l i q u e f a c t i o n 
p r o c e s s e s a r e l i s t e d i n T a b l e V . S i n c e p y r o l y s i s a n d h y d r o p y r o l y -
s i s p r o c e s s e s have been d i s c u s s e d i n t h e p r e v i o u s s e c t i o n s a n d t h e 
i n d i r e c t l i q u e f a c t i o n p r o c e s s e s a r e m o s t l y b a s e d on t h e c o n v e n ­
t i o n a l c a t a l y t i c r e a c t i o n e n g i n e e r i n g , t h e i r d i s c u s s i o n w i l l be 
e x c l u d e d i n t h i s s e c t i o n . 

(2) MECHANISM OF COAL DISSOLUTION 

F o r s u c c e s s f u l o p e r a t i o n , t h e s o l v e n t must be t h e r m a l l y 
s t a b l e a t r e a c t i o n c o n d i t i o n s , and i t must a c t e i t h e r as a 
h y d r o g e n donor o r h y d r o g e n t r a n s f e r agent o r b o t h . Van K r e v e l e n 
(120) s u g g e s t e d t h a t L e w i s ' b a s i c i t y o f t h e s o l v e n t i s an 
a d d i t i o n a l i m p o r t a n t p a r a m e t e r i n s u c c e s s f u l c o a l e x t r a c t i o n . 
O e l e e t a l . (121) c l a s s i f i e d t h e s o l v e n t s i n t o f i v e groups w i t h 
r e s p e c t t o t h e i r e f f e c t on c o a l . The t h r e e groups t h a t a r e o f 
i n t e r e s t i n l i q u e f a c t i o n p r a c t i c e a r e t h e s p e c i f i c s o l v e n t s 
( e . g . p y r i d i n e ) , d e g r a d i n g s o l v e n t s ( e . g . a n t h r a c e n e ) , a n d r e ­
a c t i v e s o l v e n t s ( e . g . t e t r a l i n ) . Dryden (122) s u g g e s t e d t o use 
t h e s q u a r e o f t h e s o l u b i l i t y p a r a m e t e r i n c o r r e l a t i n g s o l v e n t 
e f f e c t i v e n e s s . The s o l u b i l i t y p a r a m e t e r i s a measure o f t h e 
c o h e s i v e f o r c e s i n a s o l u t i o n t h a t has no e x c e s s e n t r o p y o f m i x i n g 
(123)* S i l v e r a n d c o w o r k e r , b a s e d on K i e b l e r ' s d a t a ( 12*0, f o u n d 
t h a t s o l v e n t s w i t h a n o n p o l a r s o l u b i l i t y p a r a m e t e r o f 9.5 
( c a l / c . c . ) a p p e a r e d t o be most e f f e c t i v e f o r c o a l d i s s o l u t i o n 
(125) . 

The degree o f d i s s o l u t i o n o f c o a l o r h y d r o g é n a t i o n i s an 
i n d i c a t i o n o f t h e e f f e c t i v e n e s s o f t h e p r o c e s s c o n c e r n e d . U n ­
f o r t u n a t e l y , no u n i f o r m d e f i n i t i o n e x i s t s i n t h i s m a t t e r . I t i s 
a common p r a c t i c e t o s u b j e c t r e a c t o r e f f l u e n t , a f t e r v e n t i n g 
gaseous p r o d u c t s , t o e x t r a c t i o n b y an o r g a n i c s o l v e n t . A v a r i e t y 
o f s o l v e n t s have been u s e d , e . g . b e n z e n e , p y r i d i n e , c r e s o l , 
x y l e n o l , e t c . Benzene was commonly u s e d i n t h e e a r l i e r days b y 
most i n v e s t i g a t o r s . Any m a t e r i a l i n s o l u b l e i n benzene i s assumed 
t o be u n r e a c t e d c o a l and does n o t c o n t r i b u t e t o t h e v i s c o s i t y o f 
t h e p r o d u c t o i l . I n t h e l a s t few y e a r s , i t has been f o u n d t h a t 
t h i s a s s u m p t i o n needs r e - e x a m i n a t i o n . P a r t o f t h e benzene i n ­
s o l u b l e s a r e p y r i d i n e s o l u b l e a n d t h e r e f o r e can be c o n s i d e r e d as 
r e a c t e d c o a l . T h i s f r a c t i o n , named p r e - a s p h a l t e n e b y S t e r n b e r g 
(126) a n d a s p h a l t o l s b y F a r c a s i u e t a l . (127), can be c l e a r l y 
d i s t i n g u i s h e d f r o m a s p h a l t e n e and p r o d u c t o i l b y i t s h i g h v i s c o s ­
i t y . T h e r e f o r e , i t i s t h e p y r i d i n e i n s o l u b l e s t h a t may be 
r e g a r d e d as u n r e a c t e d c o a l , a f t e r m a k i n g any a d j u s t m e n t f o r 
m i n e r a l m a t t e r and c a t . a l y s t . I t i s v e r y i m p o r t a n t t o d i s t i n g u i s h 
t h e d a t a o f c o a l d i s s o l u t i o n r a t e b a s e d o n benzene wash f r o m t h o s e 
o b t a i n e d b y p y r i d i n e wash s i n c e we a r e d e a l i n g w i t h d i f f e r e n t 
p r o c e s s s t e p s as w i l l be d i s c u s s e d l a t e r . 
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Table V. Characteristics of Coal Liquefaction Processes (119) 

(I) Pyrolysis and Hydropyrolysis Processes 
(Lurgi-Ruhrgas, COED, Occidental, etc.) 

Advantages 

• Operating pressures may be low. 
• Addition of hydrogen or other reactant to coal i s not necessary. 
• Equipment i s r e l a t i v e l y simple and low in cost due to very short residence time. 

Disadvantages 

• Approximately one-third of the coal can be converted to l i q u i d . 
• Separation of the heavy o i l product from char and ash i s d i f f i c u l t . 
• The l i q u i d product requires further treatment to make i t acceptable as f u e l . 
• The char produced has limited market value. 

(II) Solvent Extraction Processes 
(CSF, SRC, SRL, Costeam, EDS, etc.) 

Advantages 

• Operating temperatures are lower than pyrolysis. 
• Varying degree of extraction and hydrogénation can be applied to produce quality 

of product desired. 

Disadvantages 

• Separation of unreacted coal and ash i s d i f f i c u l t . 
• The product i s a f r i a b l e s o l i d at room temperature and i s d i f f i c u l t to transport, 

store and handle i n conventional equipment. 
• The handling and recycling of c o a l - o i l slurry presents problems. 

( I l l ) Catalytic Liquefaction 

(Bergius, Η-Coal, Synthoil, CCL, etc.) 

Advantages 

• Recovery of catalyst from s o l i d residues i s not needed. 
• Operating pressure i s lower than 270 atm. 
• Residence time i s short, and product quality can be regulated. 

Disadvantages 

• Separation of unreacted coal and ash i s d i f f i c u l t . 
• Hydrogen and recycling o i l are required. 
• Catalysts deactivate rapidly. 

(IV) Indirect Liquefaction 

(Fisher-Tropsch, Methanol Synthesis, Mobile Zeolite, etc.) 

Advantages 

• Almost any coal can be used. 
• The product quality can be controlled and made free from nitrogen and sulfur. 

Disadvantages 

• Coal must be gasified and product gas must be purified before being converted into 
l i q u i d products. 

• Thermal ef f i c i e n c y of the process i s much lower than coal hydrogénation processes. 
• The plant i s complex, and capital cost i s high. 

National Research Council 
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W e l l e r e t a l . (128) p r o v i d e a c l a s s i c w o r k i n g mode l f o r c o a l 
l i q u e f a c t i o n . The mechanism p r o p o s e d i s b a s e d on r e a c t i o n o f c o a l 
u n d e r h y d r o g e n p r e s s u r e a n d s tannous s u l f i d e c a t a l y s t . The 
r e a c t i o n p a t h p r o p o s e d i s c o a l a s p h a l t e n e -*· o i l ; b o t h r e a c t i o n s 
a r e f i r s t o r d e r w i t h w a t e r a n d gas as a b y - p r o d u c t . However , no 
o i l v e h i c l e i s i n v o l v e d i n t h i s m o d e l . 

C u r r a n e t a l . (129) s t u d i e d t h e mechanism o f h y d r o g e n t r a n s ­
f e r f r o m t e t r a l i n t o b i t u m i n o u s c o a l w i t h o u t t h e p r e s e n c e o f 
m o l e c u l a r h y d r o g e n . C o a l i s t h e r m a l l y c l e a v a g e d i n t o f r e e r a d i ­
c a l s , w h i c h a r e t h e n s t a b i l i z e d b y c a p t u r i n g h y d r o g e n atoms f r o m 
a donor s o l v e n t . The e x t e n t o f e x t r a c t i o n i s i n d e p e n d e n t o f t h e 
s o l v e n t c o m p o s i t i o n , b e i n g a p r i m a r y f u n c t i o n o f t h e q u a n t i t y o f 
h y d r o g e n t r a n s f e r r e d . The r a t e c o n t r o l l i n g s t e p i n t h e h y d r o g e n 
t r a n s f e r r e a c t i o n i s t h e r u p t u r e o f c o v a l e n t bonds t h a t cannot be 
p r o m o t e d b y h y d r o g e n a t i n g o r c r a c k i n g - t y p e c a t a l y s t . I t s h o u l d 
be n o t e d t h a t f o r b i t u m i n o u s c o a l , even a t 1+00°C, t h e t e m p e r a t u r e 
i s c o n s i d e r e d t o be t o o l o w f o r any e x t e n s i v e d i s i n t e g r a t i o n o r 
p y r o l y s i s . T h u s , t h e r o l e o f a donor s o l v e n t , b e s i d e s t r a n s f e r r ­
i n g h y d r o g e n t o c o a l , t e n d s t o promote t h e t h e r m a l c l e a v a g e . 
C u r r a n (129) a l s o c o n c l u d e d t h a t o n l y 0 . 2 w e i g h t %, ( b a s e d o n 
maf c o a l ) o r l e s s h y d r o g e n i s needed t o o b t a i n t h e f i r s t 50% c o a l 
c o n v e r s i o n ; b u t t o r e a c h 92$ c o n v e r s i o n , l.k% h y d r o g e n c o n s u m p t i o n 
i s r e q u i r e d . T h i s i s e s s e n t i a l l y t h e same c o n c l u s i o n t h a t 
N e a v e l (131) a n d r e s e a r c h e r s i n M o b i l ( l 3 0 ) have f o u n d . 
* H e r e d y a n d F u g a s s i (132) s t u d i e d d i s s o l u t i o n o f c o a l i n 
p h e n a n t h r e n e v i a t h e r m a l c r a c k i n g a n d s i m u l t a n e o u s h y d r o g e n 
d i s p r o p o r t i o n a t i o n r e a c t i o n s . P h e n a n t h r e n e , w h i c h does n o t 
p o s s e s s h y d r o g e n donor p r o p e r t y , p r o b a b l y p l a y s t h e r o l e o f a 
f r e e r a d i c a l c a r r i e r o r h y d r o g e n t r a n s f e r a g e n t . R e c e n t l y , i n ­
v e s t i g a t o r s f r o m M o b i l (.133) a l s o r e p o r t e d a h y d r o g e n s h u t t l i n g 
mechanism, whereby c o a l f r a g m e n t s i n t o s m a l l e r s o l u b l e forms w i t h 
t h e a i d o f s o l v e n t s t h a t a r e good " s h u t t l e r s " o f h y d r o g e n : 

HYDROGEN SHUTTLING 

N e a v e l ( 131» 13*0 measured t h e r a t e o f c o n v e r s i o n o f an 
I l l i n o i s h i g h v o l a t i l e b i t u m i n o u s c o a l i n t e t r a l i n a t ^ 0 0 ° C . 
A p p r o x i m a t e l y 90$ o f t h e c o a l becomes s o l u b l e i n p y r i d i n e i n l e s s 
t h a n f i v e m i n u t e s . A b o u t k0% becomes s o l u b l e i n b e n z e n e . R e ­
s e a r c h e r s i n M o b i l c o n d u c t e d e x p e r i m e n t s u s i n g s e v e r a l c o a l s a n d 
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a v a r i e t y o f s o l v e n t s a t b o t h s h o r t a n d l o n g c o n t a c t t i m e s ( 1 3 0 ) . 
C o a l d i s s o l u t i o n i s v e r y f a s t i n i t i a l l y , c o n v e r t i n g 70-80$ o f 
West K e n t u c k y C o a l a t 1*27° C i n a b o u t t h r e e m i n u t e s . V e r y l i t t l e 
h y d r o g e n i s consumed a t t h i s s t a g e . F o r t y p e r c e n t o f t h e o x y g e n 
and s u l f u r i s removed q u i c k l y w i t h n e a r s t o i c h i o m e t r i c l o s s o f 
h y d r o g e n f r o m t h e c o a l y m a t t e r . A t l o n g e r t i m e , h y d r o g e n consump­
t i o n i s s i g n i f i c a n t l y h i g h e r t h a n t h e s t o i c h i o m e t r y r e q u i r e d f o r 
H2O o r H2S p r o d u c t i o n . 

T a b l e V I g i v e s an example o f t h e r e a c t i o n pathways p r o p o s e d 
b y d i f f e r e n t i n v e s t i g a t o r s f o r t h e p r o d u c t i o n o f l i q u i d f u e l f r o m 
c o a l . I t i s a p p a r e n t t h a t as t h e mechanism becomes more and more 
c o m p l i c a t e d , so do t h e m a t h e m a t i c a l models o f t h e r e a c t i o n . 

I t i s c l e a r now t h a t t h e r o l e o f s o l v e n t a n d h e a t i n g i s t o 
f a c i l i t a t e t h e t h e r m a l d e g r a d a t i o n o f c o a l r e s u l t i n g i n t h e f o r ­
m a t i o n o f f r e e r a d i c a l s o f r e l a t i v e l y l o w m o l e c u l a r w e i g h t . These 
f r e e r a d i c a l s a r e s t a b i l i z e d b y h y d r o g e n t r a n s f e r f r o m h y d r o -
a r o m a t i c s o l v e n t m o l e c u l e s . As l o n g as a h y d r o g e n donor o r a 
h y d r o g e n t r a n s f e r s o l v e n t i s p r e s e n t , d i s s o l u t i o n o c c u r s e v e n when 
m o l e c u l a r h y d r o g e n i s n o t p r e s e n t . H o w e v e r , as t h e h y d r o g e n 
i n v e n t o r y i n t h e donor s o l v e n t o r i n c o a l becomes d e p l e t e d , c o n ­
d e n s a t i o n o r r e p o l y m e r i z a t i o n r e a c t i o n s p r e v a i l , w h i c h t e n d t o 
y i e l d s u b s t a n c e s o f h i g h m o l e c u l a r w e i g h t . K a n g e t a l . (136) 
s p e c u l a t e d t h a t coke f o r m a t i o n r e s u l t s when t h e r m a l c r a c k i n g g e t s 
ahead o f h y d r o g é n a t i o n r e a c t i o n s . 

The r a t e o f c o a l d i s s o l u t i o n a p p e a r s t o be i n s e n s i t i v e t o t h e 
c o a l p a r t i c l e s i z e (129,137)> b u t i t i s dependent on t e m p e r a t u r e , 
p r e s s u r e , r e a c t o r h y d r o d y n a m i c s a n d t y p e s o f c o a l ( 137) · The 
f u n c t i o n o f h y d r o g e n a n d t h e c a t a l y s t i s t o s u b s e q u e n t l y r e h y d r o -
genate t h e v e h i c l e s o l v e n t , a l t h o u g h t h e c a t a l y s t i s a l s o 
r e s p o n s i b l e f o r d e s u l f u r i z a t i o n , d e n i t r o g e n a t i o n a n d t h e p r o d u c ­
t i o n o f l i g h t e r l i q u i d p r o d u c t s . P a r a d o x i c a l l y , t h e r a t i o o f 
h y d r o g e n t o c a r b o n i n S o l v e n t R e f i n e d C o a l i s l o w e r t h a n t h a t i n 
t h e o r i g i n a l f e e d c o a l . T h i s i s because h y d r o g e n i s consumed i n 
t h e p r o d u c t i o n o f h y d r o c a r b o n g a s e s , r e m o v a l o f h e t e r o a t o m s , 
p r o d u c t i o n o f r e c y c l e s o l v e n t s , e t c . , t h u s r a i s i n g t h e a r o m a t i c 
c o n t e n t o f t h e S o l v e n t R e f i n e d C o a l . A p r o p o s e d w o r k i n g model f o r 
c o a l d i s s o l u t i o n i s 

I n t h i s scheme, a f r a c t i o n o f t h e c o a l w o u l d undergo f a s t 
t h e r m a l r e a c t i o n whereby t h e f r e e r a d i c a l s w o u l d be s t a b i l i z e d b y 
t h e h y d r o g e n i n v e n t o r y w i t h i n t h e c o a l o r s o l v e n t i t s e l f . T h i s 
c a n t a k e p l a c e b y h y d r o g e n s h u t t l i n g o r h y d r o g e n t r a n s f e r . V e r y 
l i t t l e m o l e c u l a r h y d r o g e n w o u l d be consumed a t t h i s s t a g e . The 

p r e a s p h a l t e ne 
( p y r i d i n e s o l u b l e ) 

- • o i l , gas 

c o a l -

a s p h a l t e n e — 
(benzene s o l u b l e ) 

o i l 
(pentane s o l u b l e ) 
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r a t e o f r e a c t i o n i s a s t r o n g f u n c t i o n o f t e m p e r a t u r e . The r e m a i n ­
i n g p o r t i o n o f t h e c o a l w o u l d t a k e t h e s e c o n d a n d much s l o w e r p a t h 
t o f o r m a s p h a l t e n e . S i n c e t h e f a s t r e a c t i o n w o u l d d e p l e t e t h e 
a v a i l a b l e h y d r o g e n i n v e n t o r y , t h e h y d r o g e n f o r t h e s e c o n d r e a c t i o n 
w o u l d have t o come f r o m m o l e c u l a r h y d r o g e n d i f f u s i n g i n t o t h e 
s o l v e n t and " d o n a t i n g " t h e h y d r o g e n t o t h e c o a l p a r t i c l e s . The 
r a t e f o r t h e s e c o n d r e a c t i o n w o u l d depend o n , b e s i d e s t e m p e r a t u r e , 
h y d r o g e n p r e s s u r e and r e a c t o r h y d r o d y n a m i c s f o r f u r t h e r d i s s o l u ­
t i o n a n d h y d r o g é n a t i o n t o y i e l d p r o d u c t o i l . 

(3) COAL LIQUEFACTION REACTOR ANALYSIS 

When c o a l i s h e a t e d i n t h e p r e s e n c e o f h y d r o g e n a n d a 
c a t a l y s t , d i s s o c i a t i v e c h e m i s o r p t i o n o f t h e h y d r o g e n on t h e 
c a t a l y s t s u r f a c e c a n y i e l d a c t i v e h y d r o g e n t h a t can s t a b i l i z e t h e 
t h e r m a l l y - p r o d u c e d r e a c t i v e f ragments ( i k l ) . I n a d d i t i o n , t h e 
c a t a l y s t a l s o promotes h y d r o g é n a t i o n o f t h e a r o m a t i c s t r u c t u r e s 
w i t h subsequent r i n g o p e n i n g a n d c r a c k i n g r e a c t i o n s , t h e r e b y 
r e d u c i n g t h e s i z e o f l a r g e c l u s t e r s . S i n c e most b i t u m i n o u s c o a l 
s o f t e n s upon h e a t i n g , t h e r e s u l t i n g c a k i n g a n d s t i c k i n g p r o b l e m s 
can p l u g r e a c t o r s , n o t t o m e n t i o n c a u s i n g m a s s i v e coke d e p o s i t i o n . 
I n o r d e r t o a v o i d t h e s e p r o b l e m s , most l i q u e f a c t i o n p r o c e s s e s 
b r o u g h t t h e c o a l - s o l v e n t s l u r r y i n t o c o n t a c t w i t h a c a t a l y s t b e d 
( p a c k e d o r e b u l l a t i n g ) u n d e r h y d r o g e n p r e s s u r e . 

Feldman e t a l . (lk2) c o n c l u d e d t h a t i n t h e h y d r o g é n a t i o n o f 
c o a l t a r and a c o a l - c o a l t a r s l u r r y u s i n g a Co-Mo c a t a l y s t , t h e 
r a t e o f h y d r o g é n a t i o n i s l i m i t e d b y t h e d i f f u s i o n o f h y d r o g e n 
f r o m t h e gas b u b b l e s t o t h e l i q u i d phase r a t h e r t h a n b y i n t e r o r 
i n t r a p h a s e d i f f u s i o n i n v o l v i n g t h e c a t a l y s t . Thus t h e g e n e r a l 
a s s u m p t i o n i n a c a t a l y z e d s y s t e m t h a t t h e r e a c t i o n r a t e was 
p r o p o r t i o n a l t o t h e mass o f c a t a l y s t i s n o t j u s t i f i e d . I n f a c t 
i t i s s u g g e s t e d (lk2) t h a t c a t a l y s t a c t i v i t y s h o u l d be r e d u c e d , 
t o a l e v e l where t h e r e i s no h y d r o g e n s t a r v a t i o n a t t h e c a t a l y s t 
s u r f a c e , i n o r d e r t o m i n i m i z e c a r b o n d e p o s i t i o n . 

I t s h o u l d be p o i n t e d o u t t h a t i n most l i q u e f a c t i o n p r o c e s s e s , 
t h e f l o w o f t h e r e a c t a n t s i s c o c u r r e n t u p w a r d . I n c o c u r r e n t 
o p e r a t i o n , t h e r e i s no f l o o d i n g l i m i t , a n d g r e a t e r t h r o u g h p u t i s 
a t t a i n e d compared w i t h c o u n t e r c u r r e n t column o f s i m i l a r s i z e . 
M o r e o v e r , f o r t h e same v a l u e s o f gas a n d l i q u i d f l o w r a t e s , i n t e r -
f a c i a l a r e a , l i q u i d mass t r a n s f e r c o e f f i c i e n t a n d p r e s s u r e drop 
v a l u e s i n a c o c u r r e n t upward p a c k e d co lumn a r e a l w a y s h i g h e r t h a n 
t h o s e o b t a i n e d i n downflow t o w e r s ( 1 ^ 3 ) . U p f l o w o p e r a t i o n s a l s o 
g i v e a b e t t e r p e r f o r m a n c e due t o l a r g e r l i q u i d h o l d u p and b e t t e r 
l i q u i d d i s t r i b u t i o n t h r o u g h o u t t h e c a t a l y s t b e d (ikk). 

Shah e t a l . ( j^5) s t u d i e d t h e c a t a l y t i c l i q u e f a c t i o n o f a 
s u b - b i t u m i n o u s c o a l u s i n g t h e a x i a l d i s p e r s i o n m o d e l . They c o n ­
c l u d e d t h a t a minimum gas f l o w r a t e c o u l d be f o u n d t h a t w o u l d 
e l i m i n a t e p o s s i b l e h y d r o g e n mass t r a n s f e r r e s i s t a n c e f r o m t h e gas 
phase t o t h e c a t a l y s t s u r f a c e . 

The e f f e c t o f t e m p e r a t u r e on t h e c o a l d i s s o l u t i o n r a t e i s 
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Table VI· Summary of Liquefaction Reaction Mechanisms 

1. Wei1er et al. (128) 

Coal y Asphaltene > O i l 

2. Falkum and Glenn (138) 

Coal I ̂  . 

Coal I I ' 

3. I s h i i et a l . (139) 

Coal -

-> O i l 

Asphaltene 

O i l 

O i l 

Asphaltene — 

4. Liekenberg and Potgieter (140) 

Coal > Asphalt 

Coal > Asphalt 

Coal > Heavy o i l 
5. Squires (135) 

^ A s p h a l t e n e 

Asphaltols 

Prompt residue 

Heavy o i l 

Coal 
Product o i l 

Semi-coke 

Residue 

20, 

*2 10 

C 

.S 5| 

Φ 
Ο 

υ 
ο 
α: 

4 7 5 450 435 400 J375 
Temp. ( β Ο 

£ : 18-7 kcal/g mole 
well mixed 

Ky. coal : 
• P&M (1973-74) 
® P&M(1975) 
• HRI (1974) 
• S S I (1975) 
III. coal : 
V U. Utah (1974) 

Ε s 3-3 kcal/g mole 
Re, «20 — 

E s 1 4 kcal/g mole 

T I - I 

1-32 136 140 
103/T 

1.44 148 
( 0 κΓ 

Τ 5 Γ 1-56 

Figure 14. Effect of temperature on coal dissolution rate 
coefficient, indicating hydrodynamic influence 
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shown i n F i g . i U . The r a t e o f d i s s o l u t i o n i s b a s e d on t h e benzene 
s o l u b l e f r a c t i o n . The d a t a shown r e p r e s e n t a v a r i e t y o f r e a c t i o n 
d i a m e t e r a n d l e n g t h ( 1 3 7 ) . The benzene s o l u b l e f r a c t i o n g i v e s a 
s i g n i f i c a n t l y s m a l l e r c o a l d i s s o l u t i o n compared t o t h e p y r i d i n e 
s o l u b l e f r a c t i o n a t s h o r t t i m e (about 5 m i n o r l e s s ) b u t 
a p p r o a c h e s c l o s e l y t o t h a t b a s e d on t h e p y r i d i n e s o l u b l e a t l o n g 
t i m e ( a b o u t 30 m i n . o r m o r e ) . As can be seen i n F i g . lk9 t h e 
a c t i v a t i o n e n e r g y seems t o i n c r e a s e as t h e s l u r r y f l o w r a t e i s 
i n c r e a s e d , i n d i c a t i n g t h a t t h e mass t r a n s f e r e f f e c t becomes l e s s 
as t h e degree o f t u r b u l e n c e i s i n c r e a s e d a t h i g h l i q u i d f l o w r a t e s . 
S i n c e b i t u m i n o u s c o a l i s s o f t e n a n d becomes " p l a s t i c - l i k e " a t 
t e m p e r a t u r e s a r o u n d 3 2 5 - 3 5 0 ° C , v i g o r o u s m i x i n g i s needed t o 
d i s p e r s e t h e v i s c o u s m a t e r i a l t o enhance h e a t and mass t r a n s f e r 
i n t h e c o a l s l u r r y . I t becomes a p p a r e n t t h a t a c o n s i d e r a b l e 
h y d r o d y n a m i c e f f e c t on c o a l d i s s o l u t i o n e x i s t s i n b o t h t h e p r e -
h e a t e r and d i s s o l v e r . A s i m i l a r h y d r o d y n a m i c e f f e c t can a l s o be 
seen on r a t e o f h y d r o g e n a b s o r p t i o n w h i c h a p p e a r s t o be c o n t r o l l e d 
b y t h e l i q u i d s i d e phenomena. T h e r e f o r e , i n d e s i g n a n d s c a l e - u p 
o f l i q u e f a c t i o n r e a c t o r s , we n e e d t o examine t h e e x t e n t o f t h e 
f l u i d m i x i n g f o r b o t h s l u r r y a n d gas a n d t o f o r m u l a t e r e a l i s t i c 
f l o w models t o a c c o u n t f o r t h e mass a n d h e a t t r a n s f e r o f t h e 
two phase f l o w p r e v a i l i n g i n t h e r e a c t o r . 

A c k n o w l e dgmen t 

The a u t h o r s w i s h t o e x p r e s s t h e i r a p p r e c i a t i o n t o K . W. H a n , 
R. K r i s h n a n , P . R e n g a r a j a n a n d C h r i s t y B o y l e f o r t h e i r a s s i s t a n c e 
i n p r e p a r a t i o n o f t h i s p a p e r . T h i s work i s p a r t l y s u p p o r t e d b y 
Department o f E n e r g y , W a s h i n g t o n , DC. 

Nomenclature 

a « specific surface area of particles, cm̂ /cm"* 
A<j * cross-sectional area of bed, cm2 

C » constant in the Badzioch and Hawksley Equation and is related to the residual 
volatile matter, [-] 

C A * gas concentration of component A, mol/cm̂  
* concentration of gaseous component i in single particle, mo 1/cm3 
» concentration of gaseous component i in the moving bed, mol/cm^ 

Cp^ « heat capacity of gaseous component i , cal/mol«eC 
CpS » heat capacity of solid component, cal/mol*eC 
C s • concentration of solid component in single particle; Cso» same at time t « 0, 

mol/cm^ 
fig - concentration of solid component in the moving bed, mol/cm^.bed 
dp » particle diameter, cm 
De • effective diffusivity of gaseous component, cm2/sec 
Dei β effective diffusivity of gaseous component i , cm2/sec 
D0£ « molecular diffusivity of gaseous component i , cm2/sec 
Ε • activation energy, cal/mol 
E r « radial dispersion coefficient; Erg, same of gaseous component; E r s, same of solid 

component, cm2/sec 
E z

 s axial dispersion coefficient; EZg, same in the gas phase; E z s, same in the solid 
phase, cnr/sec 

f » final fraction conversion of coal due to pyrolysis (* V*/100), [-] 
F, » mass flow rate of gaseous component i , mol/sec 
F s » mass flow rate of solid component, mol/sec 
h c • convective heat transfer coefficient, cal/cm2»sec«*C 
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same of the gas phase; 

same of the gas phase; 

heat transfer coefficient between gas and solid particle, cal/cm2.sec«*C 
radiative heat transfer coefficient, cal/cm2.sec»eC 
wall heat transfer coefficient; h$, same between wall and the gas phase; h®, sane 
between wall the the solid phase, cal/αη2· sec »eC 
heat of the j-th reaction, cal/mol 
pyrolysis rate constant, sec"3-
diffusive mass transfer coefficient, gm/cm2»seç«atm 
effective thermal conductivity of coal, cal/cmz»sec»eC 
effective thermal conductivity for radial direction; k g r 

k|r, same of the solid phase, cal/cm»sec**C 
effective thermal conductivity for axial direction; k|z 

k| , same of the solid phase, cal/cm«sec«eC 
surface reaction rate constant, cm^**™"^Orol)"™ «sec 
volumetric rate constant, cm3("»+n-l)/(iDol)nr*ll"*1'Sec 
mass transfer coefficient of gaseous component i between the gas phase and the 
solid phase, cm/sec 
constant in the Badzioch and Hawksley Equation in pyrolysis of coal, °K~1 and °K, 
respectively 
overall mass transfer coefficient of the primary volatiles formed within the pores 
of coal particles, due to pyrolysis, sec"* 
molar flux of gaseous component i , mol/cm2«sec 
partial pressure of hydrogen; Pj| , same in equilibrium with coal at various 
conversions 
constant in the Badzioch and Hawksley Equation and is a function of coal type,M 
heat exchange rate between the gas phase and the solid phase, cal/sec 
heat generation rate due to chemical reaction, cal/sec 
gas constant, cal/mol*eK or atm»cm3/mol·eK 
rate of the j-th reaction based on the volume of solid particle, aol/cm3* 
particle«sec 
radial distance in the moving bed, cm 
radius of the moving bed, cm 
geometric surface area of the shrinking interface of reacting solid particles, cm2 

time, sec 
temperature; T_, same of the gas phase 
wall temperature of the reactor, *K 
superficial velocity of the gas phase; 

T8, same of the solid phase, °K 

same at inlet of the moving bed, cm/sec 
volume of any particular component of gaseous volatiles evolved due to pyrolysis, 
cm3 

volume of any particular component of gaseous volatiles released due to pyrolysis 
at time t « », cm3 

yield of total volatiles, percent of moisture and ash-free coal, [-] 
ultimate yield of total volatiles (percent) from coal due to pyrolysis, in 
hydrogen or inert atmosphere 
proximate volatile matter content of coal, (percent)(moisture and 
ash-free coal basis) 
ultimate yield of nonreactive volatiles (percent) from coal due to 
pyrolysis in inert atmosphere 
volume of solid particle, cm3 

reactive volatiles (percent) formed up to t • · (potential ultimate 
yield of reactive volatiles) 
original weight of solid particle, gm 
fraction conversion due to pyrolysis, or due to the first stages 
of hydrogasification and char-steam reactions (» V/100), [-] 
catalytic activity factor, [-] 

Greek Letters 

Oy - relative pore surface area function, [-] 
0 • positive constant, a value that depends on structure of porous particle 

and physical properties of diffusing gas, [-] 
γ - positive or negative constant, and depends on density of the solid 

product, [-] 
6λ • distributed fraction of heat of the j-th reaction to the solid phase, I-J 
ε » porosity of solid particle; ε , same at time t » 0, [-] 
eB * voidage of the moving bed, [-J 
η « effectiveness factor based on volume, [-] 
V£j - stoichiometric coefficient of gaseous component i in the j-th reaction, [-) 
v 8 j » stoichiometric coefficient of solid component in the j-th reaction, [-] 
Φ - Thiele modulus, [-] 
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Transport Phenomena in Packed Bed Reactors 

E. U. SCHLÜNDER 
Institut für Thermische Verfahrenstechnik, Universität Karlsruhe, F.R.G., West Germany 

               I. Preface 

The performance of packed bed reactors may be 
influenced and sometimes even controlled by transport 
phenomena in the voids between the particles as well 
as inside the particles. This paper is restricted to 
transport phenomena mainly between the particles. 
There occurs heat, mass and momentum transfer between 
the fluid and the particles. Moreover, transport of 
heat and mass also occurs between the voids themselves. 
While mass transport through the particles is negli­
gible, heat conduction through the particles is always 
involved with transport of heat between the voids and 
therefore must be considered simultaneously. 

In this paper emphasis is put on recent develop­
ments rather than on a more or less complete literature 
survey. However, experimental data wi l l be thoroughly 
reported, because they are the basis of any theoretical 
analysis. 

II. Outline 

Since transport of heat and mass in the voids of 
a packed bed cannot be understood without knowing the 
movement of the f luid, hydraulic phenomena wi l l be 
treated f irs t . Second the heat and mass transfer bet­
ween the fluid and the particles wi l l be discussed. 
Third the radial transport of heat and mass through 
the voids (and the particles) wi l l be treated. 

In the past these transport phenomena usually have 
been treated assuming that the fluid passes through the 
reactor in plug flow. This assumption then has been 
revised after careful studies have revealed, that there 
is not only a microscopic but also a macroscopic void 
fraction distribution. Consequently,there is a certain 

0-8412-0432-2/78/47-072-110$12.80/0 
                                  © 1978 American Chemical Society 
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m a c r o s c o p i c f l o w r a t e d i s t r i b u t i o n i n a t u b u l a r 
r e a c t o r . B u t o n l y r e c e n t l y t h e c o n s e q u e n c e s o f t h i s 
m a c r o s c o p i c n o n - u n i f o r m d i s t r i b u t i o n o f f l o w r a t e 
h a v e b e e n e v a l u a t e d w i t h r e g a r d t o h e a t a n d m a s s 
t r a n s f e r b e t w e e n t h e f l u i d a n d t h e p a r t i c l e s . T h i s 
e f f e c t w i l l b e t r e a t e d i n t h i s p a p e r t o s o m e e x t e n t . 

A n o t h e r p r o b l e m , w h i c h s t i l l h a s n o t b e e n s o l v e d 
i s t h e h e a t t r a n s f e r b e t w e e n p a r t i c l e s a n d r i g i d 
w a l l s . H o w e v e r , s o m e a c h i e v e m e n t s c a n b e r e p o r t e d 
a l r e a d y n o w . 

I I I . F l o w r a t e d i s t r i b u t i o n a n d p r e s s u r e d r o p i n 
t u b u l a r r e a c t o r s 

I t i s w e l l k n o w n t h a t t h e v o i d f r a c t i o n i s l a r g e r 
n e a r t h e w a l l s o f a t u b u l a r r e a c t o r t h a n i n t h e c e n t r a l 
p a r t s . F i g . 1 s h o w s e x p e r i m e n t a l d a t a o f B e n e n a t e a n d 
B r o s i l o w ( 1 ) . T h e v o i d f r a c t i o n ψ d e c r e a s e s f r o m 1 
a t t h e w a l l t o a m i n i m u m o f 0 , 2 3 a n d f o l l o w s a d a m p e d 
o s c i l l a t i o n f u n c t i o n t o w a r d s t h e c e n t e r o f t h e t u b e . 
T h e a b s c i s s a y / d i s t h e d i s t a n c e f r o m t h e w a l l 
d i v i d e d b y t h e p a r t i c l e d i a m e t e r . A s e m i t h e o r e t i c a l 
a n a l y s i s o f t h i s d i s t r i b u t i o n h a s b e e n g i v e n b y 
R i d g e w a y a n d T a r b u c k (2.) . F o r p r a c t i c a l p u r p o s e s 
M a r t i n (3) g a v e a n e m p i r i c a l e x p r e s s i o n a s s h o w n i n 
F i g . 1 . T h e a v e r a g e v o i d f r a c t i o n r e m a i n s p r a c t i c a l l y 
c o n s t a n t f o r y / d > 0 , 5 a n d i s a b o u t 0 , 4 0 f o r a r a n d o m 
p a c k e d b e d o f e q u a l s i z e d s p h e r e s . H o w e v e r , n e a r t h e 
r e t a i n i n g w a l l t h e a v e r a g e v o i d f r a c t i o n i s a b o u t 0 , 5 0 . 
T h i s m e a n s t h a t m o d e l s o f p a c k e d b e d r e a c t o r s i n t r o ­
d u c i n g a n a v e r a g e h y d r a u l i c d i a m e t e r m u s t b e b a s e d a t 
l e a s t o n t w o a v e r a g e d i a m e t e r s . I n t h i s c a s e o n e 
o b t a i n s a h i g h e r f l o w r a t e V2 n e a r t h e w a l l a n d a 
l o w e r o n e V<| i n t h e c e n t r a l p a r t s a s s h o w n i n F i g . 2 . 

A p p l y i n g E r g u n ' s l a w (4 j f o r c a l c u l a t i n g t h e 
p r e s s u r e d r o p i n e a c h o f t h e s e t w o p a r a l l e l a v e r a g e 
f l o w c h a n n e l s 

ψ 2 d φ 2 d 

y i e l d s t h e v e l o c i t y r a t i o ω = U 2 / u i 

ω m Ψ ( 1 + K ) - 1 + 1 + K ) - 1 ] 2 + 4 ( Ψ + Μ Ζ ) ( 1 - Φ + Ζ ) Κ ( 3 ) 

2 ( Ψ + Μ Ζ ) 
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Figure 2. Model for non-
uniformly packed beds 
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w h e r e 

ζ = Β R e 
c 1 - Ψ 1 

κ = 
1 - Ψ ! 2 

< ι - * 2 > 

ψ , 3 

M = 
1 - Ψ ι 

1 - Ψ 2 

R e = p u d 

η 

u = (1-Ψ) u 1 

ψ = (1-Ψ) Ψ., + ΨΦ 2 

a n d 

I n c a s e o f l o w R e y n o l d s n u m b e r s E q . 3 r e d u c e s t o 

1 - Ψ 2 ψ - 3 

a n d i n c a s e o f h i g h R e y n o l d s n u m b e r s t o 

ω = Xhr-û1 · ( τ 1 ) (3 b ) 

I n a p a c k e d b e d r e a c t o r w i t h ψ - s 0 , 4 0 a n d Ψ 2

 = ° # 5 0 
E q . 3 a g i v e s ω = 2 , 8 1 w h i c h m e a n s t h a t n e a r t h e 
r e t a i n i n g w a l l s t h e f l u i d v e l o c i t y i s c o n s i d e r a b l y 
h i g h e r . 

T h e f l o w r a t e r a t i o ν = V

2 / ( V 1 + V 2 * i s 

* = T T W (4) 
4 φω 

T h e f r a c t i o n Ψ o f t h e c r o s s s e c t i o n a l a r e a w i t h t h e 
l a r g e r v o i d s ψ 2 n e a r t h e w a l l c a n b e e s t i m a t e d b y 

Ψ = 2 § (5) 

w h i c h m e a n s t h a t u s u a l l y Ψ i s b e t w e e n 0 , 0 1 a n d 0 , 2 0 . 
T a k e e . g . Ψ « 0 , 1 0 a n d ω = 2 , 8 1 t h e n ν i s 0 , 2 3 8 , w h i c h 
m e a n s t h a t t h e f l o w r a t e n e a r t h e w a l l i s m o r e t h a n 
t w i c e a s m u c h a s i t w o u l d b e i n c a s e o f p l u g f l o w . 
F i g . 3 s h o w s e x p e r i m e n t a l d a t a o f S c h w a r t z a n d S m i t h 
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(5) w h i c h a r e i n g o o d a g r e e m e n t w i t h t h i s e s t i m a t i o n . 
O n e m i g h t o b j e c t t h a t t h e c o n s t a n t s C a n d Β i n E r g u n ' s 
l a w h a v e b e e n d e r i v e d f r o m e x p e r i m e n t s a s s u m i n g p l u g 
f l o w . H o w e v e r , i t c a n b e s h o w n t h a t r e - e v a l u a t i o n o f 
t h e s e d a t a i n t e r m s o f E q . 1 a n d 2 g i v e s o n l y s l i g h t l y 
l o w e r c o n s t a n t s ( 1 0 % t o 15 % ) . 

I V . P a r t i c l e - t o - f l u i d h e a t t r a n s f e r i n t u b u l a r 
r e a c t o r s 

T h e h e a t t r a n s f e r b e t w e e n a s i n g l e p a r t i c l e 
s u r r o u n d e d b y a n e x t e n d e d f l u i d f l o w i s w e l l k n o w n a n d 
c a n b e p r e d i c t e d b y a d i m e n s i o n l e s s c o r r e l a t i o n 

N u S i n g l e P a r t i c l e " 2 + F ^ ( 6 ) 

w i t h F = 0 , 6 6 4 \ / 1 + 0 , 0 5 5 7 R e 0 - 3 P r 0 ' 6 7 

1 + 2 , 4 4 ( P r 2 / 3 - 1 ) R e ~ 0 ' 1 

T h e d i m e n s i o n l e s s g r o u p s a r e 
N u = a d / λ t h e N u s s e l t n u m b e r 
R e = u d / v t h e R e y n o l d s n u m b e r 
P r = V7K t h e P r a n d t l n u m b e r 
α i s t h e h e a t t r a n s f e r c o e f f i c i e n t , 
λ t h e h e a t c o n d u c t i v i t y , 
κ t h e t h e r m a l d i f f u s i v i t y , 
ν t h e k i n e m a t i c v i s c o s i t y , 
u w t h e f r e e s t r e a m f l u i d v e l o c i t y a n d 
d ^ t h e p a r t i c l e d i a m e t e r . 
E q . 6 h a s b e e n p r e s e n t e d b y M a r t i n (3) b a s e d o n 

e x p e r i m e n t a l d a t a c o r r e l a t e d b y G n i e l i n s k i (6) . T h e 
s a m e e q u a t i o n a l s o h o l d s f o r p a c k e d b e d s i f i t i s 
m u l t i p l i e d w i t h a n e n h a n c e m e n t f a c t o r d e p e n d i n g o n t h e 
v o i d f r a c t i o n . A c c o r d i n g t o M a r t i n (3) t h i s f a c t o r i s 
ί ψ = 1 + 1 , 5 ( 1 - ψ ) a n d t h e r e f o r e 

N u P a c k e d B e d = < 1 + 1 ' * ( 1 - ψ ) ) N u

S i n g l e P a r t i c l e ( 7 ) 

w h e r e t h e N u s s e l t n u m b e r f o r t h e s i n g l e p a r t i c l e 
f o l l o w s f r o m E q . 6 b y c a l c u l a t i n g t h e R e y n o l d s n u m b e r 
w i t h a n a v e r a g e f l u i d v e l o c i t y u ^ / ψ , w h i c h m e a n s t h a t 
R e h a s t o b e r e p l a c e d b y R e / ψ . A p p l i e d t o a r a n d o m l y 
p a c k e d b e d o f s p h e r e s w i t h ψ = 0 , 4 E q . 7 p r e d i c t s t h e 
p a c k e d b e d h e a t t r a n s f e r c o e f f i c i e n t f o r i n t e r m e d i a t e 
R e n u m b e r s t o b e a b o u t t h r e e t i m e s ( [ 1 + 1 , 5 ( 1 - 0 , 4 ) ] / 

y o , 4 = 3 , 0 ) t h o s e o f t h e s i n g l e s p h e r e a t t h e s a m e 
s u p e r f i c i a l v e l o c i t y u . T h i s i s i n g o o d a g r e e m e n t w i t h 
R a n z ' s s u g g e s t i o n (2) £ o u s e t h e s i n g l e s p h e r e 
e q u a t i o n w i t h a m o d i f i e d v e l o c i t y i n R e , w h i c h s h o u l d 
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116 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

b e 9 , 1 t i m e s t h e s u p e r f i c i a l v e l o c i t y a n d t h e r e f o r e 
g i v e s y 9 , 1 ' » 3 t i m e s g r e a t e r N u n u m b e r s . R e c e n t l y 
G n i e l i n s k i (8) h a s c o l l e c t e d q u i t e a n u m b e r o f 
e x p e r i m e n t a l d a t a a n d c o m p a r e d t h e m w i t h t h e p r e d i c ­
t i o n s o f E q . 6 a n d 7 . F i g . 4 a , b a n d c s h o w t h e 
N u s s e l t n u m b e r N u v e r s u s t h e R e y n o l d s n u m b e r Re , i , w i t h 
t h e P r a n d t l n u m b e r P r a s P a r a m e t e r . T h e v o i d f r a c t i o n 
h a s b e e n v a r i e d b e t w e e n 0 , 2 6 a n d 0 , 9 3 5 . T h e c o r r e ­
l a t i o n c o n t a i n s d a t a f r o m h e a t a n d m a s s t r a n s f e r 
e x p e r i m e n t s t o c o v e r a w i d e r a n g e o f P r a n d t l ( o r 
S c h m i d t ) n u m b e r s f r o m 0 , 6 t o 1 0 0 0 0 . T h e a g r e e m e n t 
s e e m s t o b e r a t h e r g o o d . H o w e v e r , t h e r e i s a r e m a r k a b l e 
r e s t r i c t i o n a s t o t h e a p p l i c a t i o n o f E q . 6 a n d 7 , s i n c e 
t h e E q . 7 i s b a s e d o n t h e a s s u m p t i o n t h a t t h e f l o w r a t e 
o f t h e f l u i d t h r o u g h o u t t h e p a c k e d b e d i s u n i f o r m , 
w h i c h m e a n s t h a t t h e f l u i d v e l o c i t y p r o f i l e e q u a l s 
t h e p l u g f l o w p r o f i l e . O n e r e c o g n i s e s t h a t i n F i g . 4 a , 
b a n d c a l l t h e e x p e r i m e n t a l d a t a a r e i n a r a n g e 
b e y o n d R e P r = P e ^ 1 0 0 . F o r l o w P e c l e t n u m b e r s P e 
S o e r e n s e n a n d S t e w a r t (3J[) s o l v e d t h e e q u a t i o n s o f 
m o t i o n a n d e n e r g y f o r c r e e p i n g f l o w t h r o u g h a d u c t 
f o r m e d b y a c u b i c a r r a y o f s p h e r e s . U n d e r t h e a s s u m p ­
t i o n o f c o n s t a n t a v e r a g e f l u i d f l o w r a t e t h r o u g h o u t 
t h e w h o l e c r o s s e c t i o n a l a r e a t h e y f o u n d - a s t o b e 
e x p e c t e d - t h a t t h e N u n u m b e r b e c o m e s c o n s t a n t f o r 
v a n i s h i n g P e n u m b e r . T h e l i m i t i n g v a l u e f o r a l a r g e 
n u m b e r o f p a r t i c l e l a y e r s i s N u = 3 , 8 9 . F o r a r a n d o m l y 
p a c k e d b e d w i t h ψ « 0 , 4 E q . 6 a n d 7 y i e l d N u = 3 , 8 
w h i c h i s v e r y c l o s e t o t h e t h e o r e t i c a l v a l u e . H o w e v e r , 
e x p e r i m e n t a l d a t a i n t h e l o w P e c l e t n u m b e r r e g i m e 
( P e < 1 0 0 ) , c o l l e c t e d b y K u n i i a n d S u z u k i ( 32 ) f a l l f a r 

b e l o w t h i s l i m i t i n g v a l u e 3 , 8 b y s o m e o r d e r s o f 
m a g n i t u d e , s e e F i g . 5 . M o r e o v e r , t h e s l o p e o f N u v e r s u s 
P e p a r t l y i s g r e a t e r t h a n o n e i n t h e l o g - l o g p l o t a n d 
e v e n t u a l l y , t h e N u n u m b e r i s l o w e r f o r s m a l l e r p a r t i c l e 
d i a m e t e r s . B a s e d o n a m o d e l r e c e n t l y p r e s e n t e d b y 
S c h l û n d e r (33i) t M a r t i n (3) h a s s h o w n t h a t t h e s e d i s -
c r e p e n c i e s c o u l d b e e x p l a i n e d b y t h e n o n u n i f o r m f l o w 
r a t e d i s t r i b u t i o n i n p a c k e d b e d s d u e t o t h e l a r g e r v o i d 
f r a c t i o n n e a r t h e r e t a i n i n g w a l l s . S i n c e t h e a n a l y s i s 
g i v e n b y S c h l û n d e r a n d M a r t i n h a s f a r e r e a c h i n g c o n ­
s e q u e n c e s , i t s h a l l b e t r e a t e d i n s o m e d e t a i l . 

A s s u m e t h e p a r t i c l e s o f t h e p a c k e d b e d t o h a v e a 
c o n s t a n t t e m p e r a t u r e T g . T h e n t h e o u t l e t t e m p e r a t u r e 
o f f l u i d f l o w r a t e V 9 n e a r t h e w a l l i s g i v e n b y 
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4. SCHLUNDER Transport in Packed Bed Reactors 117 

a n d f o r t h e f l o w r a t e V 1 o n e o b t a i n s 
Τ - Τ 1 

o u t , 1 S 
τ _ τ = e x p ( - N T U . , ) (9) 

i n S 
α - A , . α ο Α ο 

w h e r e N T U . = Λ ' 1 a n d N T U 0 = * Î 
1 P C p V 1 2 P C p V 2 

a r e t h e n u m b e r o f t r a n s f e r u n i t s o f t h e r e s p e c t i v e 
f l o w r a t e s . A - a n d A 2 r e s p . a r e t h e p a r t i c l e s u r f a c e 
a r e a s , ρ i s t h e d e n s i t y a n d c t h e s p e c i f i c e n t h a l p y 
o f t h e f l u i d . p 

T h e a v e r a g e n u m b e r o f t r a n s f e r u n i t s o f t h e s y s t e m 
i s d e f i n e d b y 

Τ - Τ 
Ν Τ ϋ = I n T ° U ^ T

 S ( 10 ) 
i n S 

w h e r e T Q y t i s t h e m i x i n g t e m p e r a t u r e o f t h e t w o 
s t r e a m s V - a n d V 0 , r e s p e c t i v e l y 

T o u t ^ + V 2

 T o u t , 2 + V^+V2
 T o u t , 1 

C o m b i n i n g t h e E q . ' s 8 t o 11 y i e l d s 

N T U = - I n J ( 1 - ^ ) e x p ( - N T U 1 ) + ^ e x p ( - N T U 2 ) ] (12 ) 

w h e r e ν = ^ / ( V ^ ^ ) . 

B y d e f i n i t i o n t h e n u m b e r o f t r a n s f e r u n i t s i s 
c o n n e c t e d w i t h t h e N u s s e l t n u m b e r a n d t h e P e c l e t 
n u m b e r 

N T U s Pi7i7 ( 1 3 ) 

w h e r e a i s t h e p a r t i c l e s u r f a c e a r e a p e r u n i t v o l u m e 
a n d L i s t h e h e i g h t o f t h e p a c k e d b e d . T h u s o n e o b t a i n s 
f o r t h e a v e r a g e N u s s e l t n u m b e r o f t h e s y s t e m 

N u = - I n [ ( 1 - v ) e x p ( - N T U 1 ) + v e x p ( - N T U 2 ) ] (14 ) 

T h e i n d i v i d u a l n u m b e r o f t r a n s f e r u n i t s N T U . . a n d N T U 2 

c a n b e c a l c u l a t e d w i t h t h e h e l p o f E q . 6 , 7 a n d 1 3 , 
w h i c h y i e l d 

Nu. . N u 9 

N T U 1 - P i ^ T L a n d N T U 2 « P i ^ T 7 L ( 1 5 ) 

T h e a v e r a g e P e c l e t n u m b e r P e i s c o r r e l a t e d w i t h t h e 
i n d i v i d u a l o n e s : 
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Legend to Figure 4 a Symbol Author Diameter d/nm/ Τ Pr; Se 
Hobson, Η. α. G. Thodos /ΙΟ/ 9,* 0,175 0,61 . Gupta, Α.S.α. 0. Thodos /il/ 15,9 15,9 0,111 0,576 0,61 

0,61 

• Φ Φ • Ο Rowe.P.N. α. K.T.Claxton/12/ 
38,1 33,1 
38,1 
38 ,1 
38 ,1 

0,26 0,365 0,188 0,632 0,176 
0 , 7 3 
0 , 7 3 
0 , 7 3 
0 . 7 3 
0 , 7 3 

7,9 0,153 
0 , 7 

BB
SS

 

Malling.G.P. o.G.Thodo» /11/ 15,9 15,9 15,9 15,9 
0,366 
0,515 
0,788 
0,386 

0 , 6 
0 , 6 
0 , 6 
0 , 6 

A 
A 
A Gupta, A.S. /15/ 15,9 

16,1 15,9 
0,778 0,111 0,576 0 , 6 

0 , 6 
0 , 6 

• Thoenes, 0.a.H.Kramers /l6/ 15,0 0,260 0,81 b> 
Λ Glaser, H. /17/ 12,1 

10,3 
0,12 
0,392 

0,72 0,72 
Φ 
Φ 
Φ 
Φ 

Jaeschke, L. /18/ 22,5 22,5 22,5 22,5 
0,668 0,779 0,935 0,176 

0,56 0,56 0,56 0,56 
Χ Bradehaw,R.D.a.J.E.Myere/19/ 8,7 0,100 

0 , 6 Ο Φ Φ Oaffney.B.J.o.T.B. Drew /20/ 
12,2 9,1 

6 , 3 

0,519 0,501 0,513 
160 170 160-180 
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10* 

| 00 ΙΟ1 ΙΟ2 I03 10* I05 

Re y 

Figure 4c. Heat transfer in packed beds of spheres with different 
void fraction φ. Nu as a function of Re with Pr as parameter accord­
ing Gnielinski (8). The authors of the experimental data are given in 

the legend. 
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4. SCHLUNDER Transport in Packed Bed Reactors 121 

Symbol Author Diameter * Pr;Sc 
d/mm/ 

Pr;Sc 

• Thoenes,D. ο. H.Kramers /16/ 15,0 0,26 2,06 
Ο 15,0 0,476 2,06 
Β 13,8 0,32 2,06 
Β 15,0 0,48 2,06 
Β 15,0 0,26 2,8 
• 15,0 0,476 2,8 

13,8 0,32 2,8 
V 15,0 0,48 2,8 
Δ Wilkins,G.S.α.G.Thodos /21/ 2>6 0,423 3,72 
b. 3,1 0,421 3,72 

0 v.d.Decken ·<β/. /22/ 30,0 0,380 2,57 
Δ Hobson,M.a.G.Thodos /10/ 9,4 0,475 1,87 
Δ 9,4 0,475 1,7 

9,4 0,475 1,76 
Φ Rowe,P.N.a.K.T.Claxton /12/ 38,1 0,26 2,54 
Ο 38,1 0,476 2,54 
Θ 38,1 0,365 2,54 
0 38,1 0,488 2,54 
• 38,1 0,632 2,54 
Β Thoenes,D. <i. H.Kramers /16/ 15,0 0,26 780-1070 
Β 15,0 0,395 910-1060 
• 15,0 0,476 800-1090 
Β 13,8 0,320 880-1040 

Wilson, E.J. 4. C.J.Geanko- 6,2 0,436 876-1107 
polis /23/ 6,3 0,401 760-1000 

6,3 0,441 950-1070 
Bhattacharya, S.N. a. 23,4 0,53 794 
M. Raja Rao /24/ 23,4 0,49 794 

7,9 0,39 794 
17,6 0,53 930 

Δ Evans,G.C. a. CP.Gerald/25/ 2,0 0,51 1051-1104 

Ο Venkateswaran, S.D. a. G.S. 19,0 0,483 867-892 Laddha /26/ 
0,483 867-892 

Legend to Figure 4 c (Part I) 

Symbol Author Diameter 
d/mm/ 

Pr; Sc 

• 
• 
o 
ο 

Rowe.P.N.O.K.T.Claxton Ι\2Ι 38,1 
38,1 
38,1 
38,1 
38,1 

0,260 
0,365 
0,488 
0,632 
0,476 

6,0-7,2 
6,7-7,0 
6,7-7,0 
6,6-7,0 
6,4-7,0 

Δ 

Thoenes,D. α. Η.Kramers/16/ 15,0 
15,0 
15,0 

0,26 
0,395 
0,476 

1175-1840 
1100-1320 
1100-1430 

Wilson,Ε.J. α. C.J. Geanko-
pol i s /23/ 

6,3 0,403 1171-1231 

Williamson, J.E. et al. {21/ 6,1 0,431 * 1103-1140 

Β 
Ο 
S 
s 
• 
Β 

McCune,L.K.a.R.H.Wilhelm /28/ 6,4 
4,8 
3.2 
6,4 
1.3 
2,1 

0,375 
0,369 
0,355 
0,375 
0,445 
0,433 

1200-1450 
1240-1405 
1330-1350 
1340 
1340 
1300 

Δ Karabelas, A.J. efol. /29/ Il2,7;25,4;76,2| 0,26 1600 

Φ 
Φ 
Φ 
Ο 
Ο 
φ 

Rowe,P.N.o.K.T.Claxton /12/ 15,9 
6,4; 12,7 
38,1 
38,1 
38,1 
38,1 

0,26 
0,37 
0,26 
0,365 
0,488 
0,632 

1360-1670 
1380-1440 
1360-1400 
1310-1410 
1280-1410 
1320-1370 

+ 

χ 

Jolis,K.R.a.T.J.Hanratty /30/ 25,1 
25,4 
25,4 

0,410 
0,410 
0,410 

1695 
1740 
1780 

• 
Δ 
Δ 

Δ 
Δ 

Thoenes,D. α. H.Kramers / 1 6 / 15,0 
15,0 
15,0 
15,0 
15,0 
13,8 

0,26 
0,26 
0,395 
0,476 
0,476 
0,32 

1960-2300 
3300-3650 
2400-2800 
1960-2800 
2870-3540 
3380-3530 

Ο 
Δ 

Gaffney,B.J. β . T.B.Drew /20/ 12,2 
9,2 
6,0 

0,52 
0,497 
0,507. 

10100-1ΙΟΟΟ 
10400-11000 
10700-11500 
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CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

Figure 5. Heat transfer in packed beds of 
st/herical particles. Full lines calculated from 
the empirical Equations 6 and 7. Dotted line 
from theoretical calculations by Soerensen and 
Stewart (31). Data of various authors as col­

lected by Kunii and Suzuki (32). 

KEY Authors 
Particle 

diameter 
(mm) 

Fluid 

L: Lôf and Hawley [37} 3 2 8 air 

G1: 
G2: 
G3: 

Grootenhuis [3¥] 0 3 9 
021 
0064 

air 

E1: 
E2: 
E3: 

Eichhorn and White [35] 0 6 6 
0 52 
0 2 8 

air 

S: Satterfield and Resnick [3$] 51 

K1: 
K2: 
K3: 
K4: 

Kunii and Smith [36] 1 02 
0 57 
0 4 0 
011 

air 

0: Dannadieu [de] 0 13 - 11 air 

I: Kunii and Ito [i*0] 0 4 5 ~ 5 0 air 

M. Mimura [V/J 3 7 air 

SU: Suzuki [if2] 1 10 air 

Τ: Tokutomi [ * £ ] 1 0 air 

KS: 
K6: 

Kunii and Smith [36] 1 02 
0 5 7 

water 

Η: Harada [*f] 0 · 5 5 ~ 3 1 water 

MT: Mitsumori [MS] 1 1 8 M l 0 water 
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4. SCHLUNDER Transport in Packed Bed Reactors 123 

P e 1 = P e a n d P e 2 = φ P e ( 1 6 ) 

I t i s o f i n t e r e s t t o s t u d y t h e a s y m p t o t i c b e h a v i o r o f 
E q . 1 4 . F o r l a r g e P e n u m b e r s t h e i n d i v i d u a l N T U ' s g o 
t o z e r o . T h e n E q . 14 m a y b e e x p a n d e d t o g i v e 

l i m N u = ( 1 - Ψ ) — N u 1 + N u 9 ( 17 ) 
NTU-K) a v 1 ν z 

E q . 17 s a y s t h a t i n t h e l i m i t i n g c a s e NTU-K) t h e a v e r a g e 
N u s s e l t n u m b e r i s e q u a l t o t h e a r t i h m e t i c m e a n v a l u e 
o f t h e i n d i v i d u a l N u s s e l t n u m b e r s w i t h r e s p e c t t o t h e 
i n d i v i d u a l c r o s s e c t i o n a l a n d s u r f a c e a r e a s . 

F o r l o w P e n u m b e r s o r l a r g e N T U , r e s p e c t i v e l y t h e 
a s y m p t o t i c s o l u t i o n o f E q . 14 b e c o m e s 

N ^ U = ^ ! S i n g l e s p h e r e ^ <18> 

T h i s v a l u e m a y b e f a r b e l o w N u s ^ n g l ç s p h e r e * f Φ · I n 

c a s e o f N T U i F 2 " * ° ( l a r g e P e ) t h e o u t l e t t e m p e r a t u r e s 
o f b o t h s t r e a m s T o u t , i a n d T 0 u t , 2 a r e c l o s e t o t h e i n ­
l e t t e m p e r a t u r e T i n * I f * h o w e v e r , N T U i ^ * 0 0 d ° w P e ) t h e 

o u t l e t t e m p e r a t u r e s T 0 u t 1 a n d T o u t 2 a r e c l o s e t o t h e 

p a r t i c l e t e m p e r a t u r e T g . 
F o r i n t e r m e d i a t e P e n u m b e r s i t m a y h a p p e n t h a t 

NTU2 i s s t i l l v e r y l o w w h i l e NTU-j i s r a t h e r l a r g e , 
p r o v i d e d t h a t t h e r e i s a s u f f i c i e n t l y l a r g e v a r i a t i o n 
i n f l o w . I n t h i s c a s e t h e o u t l e t t e m p e r a t u r e T Q u t , 1 i s 

a l r e a d y c l o s e t o t h e w a l l t e m p e r a t u r e T g / w h i l e t h e 
o u t l e t t e m p e r a t u r e T o u t , 2 i s s t i l l c l o s e t o t h e i n l e t 
t e m p e r a t u r e T i n . I n t h i s c a s e E q . 14 r e d u c e s t o 

o r N T U = - I n ν ( 1 8 b ) 
E q . 18 b s h o w s c l e a r l y t h a t t h e n u m b e r o f t r a n s f e r 

u n i t s o n l y d e p e n d s o n t h e f l o w r a t e r a t i o ν b u t n o t 
o n t h e f l o w r a t e i t s e l f n o r o n t h e s u r f a c e a r e a a n d t h e 
t h e r m a l p r o p e r t i e s o f t h e f l u i d . T h i s i s b e c a u s e t h e 
a v e r a g e o u t l e t t e m p e r a t u r e i s n o t h i n g b u t t h e r e s u l t 
o f a m i x i n g p r o c e s s b e t w e e n s o m e f l u i d p o r t i o n s h a v i n g 
t h e i n l e t t e m p e r a t u r e a n d o t h e r s h a v i n g t h e p a r t i c l e 
t e m p e r a t u r e o r i n o t h e r w o r d s b e t w e e n s o m e f l u i d 
u n c h a n g e d i n t e m p e r a t u r e a n d t h e r e s t h a v i n g r e a c h e d 
t h e r m a l e q u i l i b r i u m . S i n c e t h e a v e r a g e N T U i s a p u r e l y 
h y d r a u l i c p r o p e r t y o f t h e n o n u n i f o r m s y s t e m , t h i s 
r e g i m e o f i n t e r m e d i a t e P e c l e t n u m b e r s s h a l l b e c a l l e d 
t h e h y d r a u l i c a l l y c o n t r o l l e d r e g i m e . W i t h i n t h i s 
r e g i m e t h e b a s i c l a w s o f h e a t c o n d u c t i o n a n d h e a t 
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124 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

c o n v e c t i o n o n l y d o a p p l y t o t h e l o c a l t r a n s f e r 
p r o c e s s e s b u t n o t a t a l l t o t h e a v e r a g e t r a n s f e r r a t e . 
T h e r e f o r e t h e a v e r a g e h e a t t r a n s f e r c o e f f i c i e n t i n t h e 
h y d r a u l i c a l l y c o n t r o l l e d r e g i m e h a s n o l o n g e r a t r u e 
p h y s i c a l m e a n i n g . I n p a r t i c u l a r , o n e c a n n o t c o m p a r e 
t h e a v e r a g e h e a t o r m a s s t r a n s f e r c o e f f i c i e n t w i t h t h e 
r a t e o f a c h e m i c a l r e a c t i o n i n o r d e r t o d e c i d e , w h e t h e r 
t h e w h o l e p r o c e s s i s e i t h e r t r a n s f e r o r r e a c t i o n 
c o n t r o l l e d . O n e h a s t o c o m p a r e t h e l o c a l t r a n s f e r r a t e s 
w i t h t h e l o c a l r e a c t i o n r a t e s . O t h e r w i s e t h e r e s u l t 
m i g h t b e w r o n g b y o r d e r s o f m a g n i t u d e . 

E q . 18 a , b a l s o h o l d f o r l o w P e c l e t n u m b e r s i n 
c a s e t h a t t h e s u r f a c e a r e a a 2 d ° e s n o t c o n t r i b u t e t o 
t h e t r a n s f e r p r o c e s s . A l l e x p e r i m e n t a l d a t a r e a l i z i n g 
t h e b o u n d a r y c o n d i t i o n o f c o n s t a n t p a r t i c l e t e m p e r a ­
t u r e h a v e b e e n m a s s t r a n s f e r e x p e r i m e n t s ( e v a p o r a t i o n , 
s u b l i m a t i o n ) . S i n c e t h e r e t a i n i n g w a l l i t s e l f d o e s n o t 
c o n t r i b u t e t o t h e m a s s t r a n s f e r , s e e F i g . 6 , o n e m i g h t 
e x p e c t E q . 18 a , b t o b e v a l i d n o t o n l y f o r i n t e r m e ­
d i a t e b u t a l s o f o r l o w P e c l e t n u m b e r s (Pe-K)) . 

A l l h e a t t r a n s f e r e x p e r i m e n t s h a v e b e e n c a r r i e d 
o u t w i t h t h e b o u n d a r y c o n d i t i o n o f c o n s t a n t h e a t f l u x q 
a t t h e i n t e r f a c e o f t h e p a r t i c l e s . I n t h i s c a s e t h e 
a v e r a g e N u s s e l t n u m b e r o f t h e n o n u n i f o r m s y s t e m i s 
g i v e n b y ^ 0 

N u N u 1

 + Ψ V 2 N u / + P e 1 - v 1 1 V U * ' 

w i t h . l - * 2 _ i n \ 2 

a s M a r t i n (3.) h a s s h o w n . F o r l a r g e P e n u m b e r s t h i s 
e q u a t i o n r e d u c e s t o 

JïJb • ( ,-'P) %• φ*ξ 0 9 " 
w h i l e f o r l o w P e n u m b e r s t h e a s y m p t o t e b e c o m e s 

l i m N u = 1

 ω » 0 . « ~ P e (19 b ) 

P e - K ) 6 ( 1 - ψ ) ( 1 - \) f$ 

A c c o r d i n g E q . 19 b N u g o e s t o z e r o w h e n P e g o e s t o 
z e r o . F u r t h e r m o r e N u d e c r e a s e s w i t h d e c r e a s i n g 
p a r t i c l e d i a m e t e r d a n d i n c r e a s i n g b e d h e i g h t . T h i s i s 
b a s i c l y t h e s a m e r e s u l t a s f o r t h e b o u n d a r y c o n d i t i o n 
o f c o n s t a n t p a r t i c l e t e m p e r a t u r e i n t h e r a n g e o f 
i n t e r m e d i a t e P e n u m b e r s a n d a l s o f o r l o w P e n u m b e r s i f 
a 2 i s a s s u m e d t o b e z e r o , s e e E q . 1 8 a . I n F i g . 7 t h e 
N u s s e l t n u m b e r N u i s p l o t t e d a g a i n s t t h e P e c l e t n u m b e r 
P e a c c o r d i n g t o e q u a t i o n 19 w i t h t h e r a t i o o f b e d 
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4. SCHLUNDER Transport in Packed Bed Reactors 125 

Figure 6. Illustration of the bypass effect 

Figure 7. Heat transfer in packed beds. Curves calcu­
lated from Equation 19 with Nulft — Nu (Peîtt, y1>t> 

Pr) from Equations 6 and 7 and ν from Equation 4, 
ω from Equation 3. Data with actual Lid from Figure 
5. Dotted line (p = Ο, φ = 0,4) uniform packed bed 
based on experimental data at high Pe numbers and on 
calculations by Soerensen and Stewart (31) at low Pe 

numbers. 
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h e i g h t L t o p a r t i c l e d i a m e t e r d , w h i c h i s s i m p l y t h e 
n u m b e r o f p a r t i c l e l a y e r s a s p a r a m e t e r . N u - a n d N u 2 

a r e c a l c u l a t e d f r o m E q . 6 a n d 7 w h i c h a r e r e p r e s e n t e d 
i n F i g . 7 b y t h e d o t t e d l i n e ( Ψ = Ο , ψ = 0 , 4 ) . T h e 
c r o s s e c t i o n a l a r e a n e a r t h e w a l l ( w h e r e ψ = ψ 2 = 0 , 5 ) 
i s a s s u m e d t o b e o n l y 6 % o f t h e t o t a l c r o s s e c t i o n a l 
a r e a . I n a d d i t i o n e x p e r i m e n t a l d a t a a c c o r d i n g t o 
v a r i o u s a u t h o r s f o r d i f f e r e n t p a r a m e t e r s L / d a r e s h o w n 
i n F i g . 7 . T h e a g r e e m e n t w i t h E q . 19 i s w i t h i n t h e 
e x p e r i m e n t a l s c a t t e r . 

F i g . 7 s h o w s c l e a r l y t h a t f o r P e c l e t n u m b e r s l e s s 
t h a n 1 0 3 t o 1 0 , d e p e n d i n g o n t h e n u m b e r o f p a r t i c l e 
l a y e r s , t h e a v e r a g e p a r t i c l e - t o - f l u i d h e a t t r a n s f e r i s 
e n t i r e l y h y d r a u l i c a l l y c o n t r o l l e d , w h i c h m e a n s t h a t 
t h e n u m b e r o f t r a n s f e r u n i t s i s i n d e p e n d e n t o f t h e 
s u f a c e a r e a p e r u n i t v o l u m e , i n d e p e n d e n t o f t h e f l u i d 
f l o w r a t e a s w e l l a s o f t h e t h e r m a l p r o p e r t i e s o f t h e 
f l u i d . 

T h e r e f o r e , t h e a v e r a g e h e a t t r a n s f e r c o e f f i c i e n t 
( N u s s e l t n u m b e r ) d o e s n o l o n g e r r e p r e s e n t a h e a t 

t r a n s f e r p r o c e s s b u t r a t h e r a p u r e h y d r a u l i c p h e n o m e n o n . 
I f a h e a t o r m a s s t r a n s f e r p r o c e s s i s c o m b i n e d w i t h a 
c h e m i c a l r e a c t i o n o n e a l w a y s h a s t o a p p l y t h e l o c a l 
h e a t o r m a s s t r a n s f e r c o e f f i c i e n t s , e . g . t o f o r m a 
H a t t a n u m b e r e t c . 

V . H e a t T r a n s f e r E n e r g y T r a n s p o r t a n d T e m p e r a t u r e 
P r o f i l e s i n T u b u l a r P a c k e d B e d R e a c t o r s 

F i g . 8 s h o w s a t y p i c a l t e m p e r a t u r p r o f i l e i n a 
t u b u l a r p a c k e d b e d r e a c t o r . P r o f i l e s l i k e t h i s h a v e 
b e e n m e a s u r e d f o r e x a m p l e b y S e i d e l ( 4 6 ) . N e a r t h e 
w a l l t h e r e i s a v e r y s t e e p t e m p e r a t u r e g r a d i e n t . T h i s 
o b s e r v a t i o n s u g g e s t s t h e i n t r o d u c t i o n o f a s o c a l l e d 
w a l l h e a t t r a n s f e r c o e f f i c i e n t 

α 
W V T W a l l 

( 20 ) 

w h e r e q i s t h e h e a t f l u x . 
T h e t e m p e r a t u r e p r o f i l e s f o r t h e f l u i d p h a s e 

T Q ( T ) a n d f o r t h e s o l i d p h a s e T g ( r ) i n t h e c e n t r a l 
p a r t s o f t h e r e a c t o r c a n b e p r e d i c t e d i f a n a d e q u a t e 
m o d e l f o r t h e e n e r g y t r a n s p o r t b o t h i n t h e f l u i d a s 
w e l l a s i n t h e s o l i d p h a s e c a n b e d e v e l o p e d a n d i f t h e 
p a r a m e t e r s i n t h i s m o d e l a r e a v a i l a b l e . I n t h e f o l l o ­
w i n g s e c t i o n V . 1 s u c h a m o d e l a n d i t s p a r a m e t e r s w i l l 
b e p r e s e n t e d . I n t h e s e c t i o n V . 2 t h e w a l l h e a t t r a n s f e r 
c o e f f i c i e n t w i l l b e d i s c u s s e d . 
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4. scHLUNDER Transport in Packed Bed Reactors 127 

V . 1 E n e r g y T r a n s p o r t i n P a c k e d B e d s 
T h e m o s t w i d e l y u s e d m o d e l , w h i c h w i l l b e d e s ­

c r i b e d b e l o w , i s b a s e d o n t h e f o l l o w i n g h y p o t h e s i s : 
1 . T h e h e a t f l u x b o t h i n t h e s o l i d a s w e l l a s i n t h e 
g a s p h a s e f o l l o w s F o u r i e r ' s l a w 

* s = - x s o JT ( 2 0 ) 

3T 

4G = - A ^ ( 2 1 ) 
w h e r e λg o a n d Λ a r e t h e a p p a r e n t h e a t c o n d u c t i v i t i e s i n 
t h e s o l i d a n d i n t h e g a s p h a s e , r e s p e c t i v e l y . 
2 . B o t h h e a t f l u x e s q g a n d q ç p e n e t r a t e t h r o u g h t h e 
p a c k e d b e d a l o n g t h e s p a c e v a r i a b l e r i n p a r a l l e l a n d 
i n d e p e n d e n t l y . C o n s e q u e n t l y , t h e t o t a l h e a t f l u x i s 

3 T Q 3 T r 

^ - λ 8 0 Τ Γ - Λ 3 Γ ( 2 2 ) 

I n t h e a b s c e n c e o f a c h e m i c a l r e a c t i o n T g i s e q u a l t o 
T Q a n d o n e o b t a i n s 

« = " ( x s o + A ) ΤΈ <22 a ) 

T h e f i r s t h y p o t h e s i s i s a r b i t r a r y a n d r e m a i n s 
s u b j e c t t o e x p e r i m e n t a l v e r i f i c a t i o n . T h e s e c o n d 
h y p o t h e s i s i s t o b e j u s t i f i e d b y p h y s i c a l r e a s o n s . 
S c h l u n d e r (41) h a s c a l c u l a t e d t h e l o c a l h e a t f l u x 
p e n e t r a t i n g a g a p f o r m e d b y a p l a n e a n d a n a d j a c e n t 
s p h e r e f i l l e d w i t h a s t a g n a n t g â s , s e e F i g . 9 . t a k i n g 
i n t o a c c o u n t t h a t t h e h e a t c o n d u c t i v i t y o f t h e g a s λ 
i s a f f e c t e d b y t h e g a p w i d t h , w h i c h n e a r t h e c o n ­
t a c t i n g p o i n t i s a l w a y s s m a l l e r t h a n t h e m e a n f r e e 
p a t h o f t h e g a s m o l e c u l e s . T h e r e f o r e , t h e h e a t c o n d u c ­
t i v i t y λ g o e s t o z e r o , w h e n t h e g a p w i d t h g o e s t o 
z e r o . H o w e v e r , t h e a m o u n t o f h e a t t r a n s f e r r e d l o c a l l y 
d Q / d p s h o w s a m a x i m u m v a l u e v e r y c l o s e t o t h e 
c o n t a c t i n g p o i n t , s e e F i g . 9 . C o n s e q u e n t l y , m o s t o f t h e 
h e a t i s t r a n s f e r r e d n e a r t h e c o n t a c t i n g p o i n t , s a y 
b e t w e e n Ο < ρ < 0 , 5 r . T h e s a m e r e s u l t w o u l d b e o b ­
t a i n e d f o r t w o a d j a c e n t s p h e r e s . 

I f i n a d d i t i o n a g a s i s b l o w n t h r o u g h t h e g a p 
b e t w e e n t h e p l a n e a n d t h e s p h e r e , t h e l o c a l f l o w r a t e 
w i l l v a r y w i t h t h e g a p w i d t h . I n l a m i n a r f l o w t h e l o c a l 
f l o w r a t e i s p r o p o r t i o n a l t o t h e t h i r d p o w e r o f t h e 
g a p w i d t h . A t a p o s i t i o n ρ = 0 , 5 r t h e l o c a l f l o w r a t e 
r a t i o V - ( p ) / V - ( r ) i s e q u a l t o 

/ 3 

< 1 ~ ^ 1 _ ( Î 2 ) 2 ) * ° ' 0 0 8 
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! 

Figure & Typical 
temperature profile 
in a tubular packed 

bed reactor. 

Figure 9 Heat transfer between a plane surface and a sphere through a stagnant 
yas. λ = local heat conductivity of the gas in the gap between plane and sphere; a 
p) = local heat transfer coefficient defined by a(p) == dQ/&rp dp(T0 — T8). Particle 

diameter 200 ftm. Air at 300° Κ and 1 bar. dQ/dp without numbers. 
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4. SCHLUNDER Transport in Packed Bed Reactors 129 

a n d i s l e s s t h a n 1 %. C o n s e q u e n t l y , t h e g a s f l o w d o e s 
n o t d i s t u r b t h e s t a g n a n t g a s f i l m n e a r t h e c o n t a c t i n g 
p o i n t . T h i s i s t h e j u s t i f i c a t i o n f o r t h e s e c o n d h y p o ­
t h e s i s t h a t t h e e n e r g y t r a n s p o r t t h r o u g h t h e s o l i d 
p a r t i c l e s s e p a r a t e d b y s m a l l a m o u n t s o f s t a g n a n t g a s 
b y c o n d u c t i o n a n d t h r o u g h t h e g a s p h a s e i n t h e i n t e r ­
s t i c e s b y t u r b u l e n t m o t i o n o c c u r i n d e p e n d e n t l y a n d 
p a r a l l e l i n t h e p a c k e d b e d . 
A . E n e r g y t r a n s p o r t b y c o n d u c t i o n i n t h e s o l i d p h a s e 

S i n c e t h e l a s t 50 y e a r s q u i t e a n u m b e r m o d e l s h a v e 
b e e n d e v e l o p e d b y v a r i o u s a u t h o r s t o p r e d i c t t h e h e a t 
c o n d u c t i v i t y λ β 0 o f p a c k e d b e d s o f s p h e r e s f i l l e d w i t h 

a s t a g n a n t g a s . R e c e n t l y Z e h n e r ( £ 8 ) h a s c o m p a r e d t h e 
m o d e l s p r e s e n t e d b y K r i s c h e r ( £ 9 ) , Y a g i a n d K u n i i ( 5 0 ) , 
S c h u m a n n a n d V o s s (5J_) , K u n i i a n d S m i t h (52) , S c h l u n d e r 
( 5 3 ) , W o o d s i d e ( 5 4 ) , D e i s s l e r a n d B o e g l i ( 5 5 ) , W a k a o 
a n d K a t o (56) a n d K r u p i t z k a ( 5 7 ) . B a s e d o n a d e t a i l e d 
e x a m i n a t i o n o f t h e v a r i o u s m o d e l s Z e h n e r d e v e l o p e d a 
n e w o n e , w h i c h s e e m s t o a g r e e w i t h a l a r g e n u m b e r o f 
e x p e r i m e n t a l d a t a i n a w i d e r a n g e o f t e m p e r a t u r e a n d 
p r e s s u r e b e t t e r t h a n t h e p r e v i o u s o n e s . I n 1977 B a u e r 
(58) h a s e x t e n d e d t h e Z e h n e r - m o d e l t o d e s c r i b e p a c k e d 

b e d s o f n o n s p h e r i c a l p a r t i c l e s l i k e c y l i n d e r s , r a s c h i g 
r i n g s e t c . a s w e l l a s t o p a c k e d b e d s w i t h a p a r t i c l e 
s i z e d i s t r i b u t i o n . T h e Z e h n e r - B a u e r - m o d e l y i e l d s t o 
f o l l o w i n g e q u a t i o n s f o r t h e p r e d i c t i o n o f t h e a p p a r e n t 
h e a t c o n d u c t i v i t y o f a p a c k e d b e d f i l l e d w i t h a s t a g ­
n a n t g a s Λ

Ο Λ : 
\ S 0 \ \* \* 

w h e r e 

J O 
λ 

S O _ 2 
Ρ 

λ S A R 
" 1 ) 3 Γ ( I s. 

λ 

λ ( 23 ) 

I n 

B-1 λ B+1 rλ λ λ λ ι 

- — + ΪΓ Ι ττζ- Β < 1 + <τς - 1 ) -Γ>] 

Β<1+(^ " 1 ) (τ 
w i t h 

= ( l + ( -p - Β - £ ) —) — - Β (Α- -1) (1+ -*-) 

T h e i n d i v i d u a l 
a r e : 

h e a t c o n d u c t i v i t i e s λ , λ* 

( 2 3 a ) 

( 2 3 b ) 

\ R a n d 

a ) λ i s t h e h e a t c o n d u c t i v i t y o f t h e f l u i d ( g a s ) . 

b ) λ* 
XS ( 1 + ΒΓ - ) ( 2 3 c ) 

o x 
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w i t h S λ _ 
B 1 - _ 2 £ . -S 

o x λ ο χ d 
F o r n o n m e t a l l i c p a r t i c l e s X g i s e q u a l t o t h e h e a t 
c o n d u c t i v i t y o f t h e s o l i d p a r t i c l e X g . O n l y i n c a s e o f 
m e t a l l i c p a r t i c l e s m a y a n e x t e r n a l o x i d e l a y e r f o r m 
a n a d d i t i o n a l h e a t t r a n s f e r r e s i s t a n c e S o x / X o x . d i s 
t h e a v e r a g e d i a m e t e r o f t h e p a r t i c l e s t h e r e c i p r o c a l 
o f w h i c h . ^ 

ι - Σ — 
d i=1 ^,ί 

i s t o b e f o r m e d b y s u m m i n g u p a l l p a r t i c l e s i z e f r a c ­
t i o n s A f i d e v i d e d b y t h e v o l u m e e q u i v a l e n t s p h e r e d i a ­
m e t e r d v , i . I n t h e c a s e o f a m o n o d i s p e r s e p a c k e d b e d 
d i s o f c o u r s e , e q u a l t o t h e s p h e r e d i a m e t e r d . 

0 , 0 4 C 3 

X R i s t h e e q u i v a l e n t h e a t c o n d u c t i v i t y f o r t h e e n e r g y 
t r a n s f e r b y r a d i a t i o n a s a l r e a d y s u g g e s t e d b y 
D a m k ô h l e r ( 5 9 ) . 

x R i s a n a v e r a g e d i s t a n c e b e t w e e n r a d i a t i n g 
s u r f a c e s w i t h i n t h e p a c k e d b e d a n d i s t o b e c a l c u l a t e d 

C R i ^ l ^ ο π ι ι Λ , ί 
R F o r m i s a s h a p e f a c t o r t a k i n g i n t o a c c o u n t t h a t t h e 
a p p a r e n t s h a p e o f t h e p a r t i c l e w i t h r e s p e c t t o r a d i a ­
t i v e e n e r g y e x c h a n g e m a y b e d i f f e r e n t f r o m i t s 
g e o m e t r i c a l o n e a n d m u s t b e d e t e r m i n e d f r o m e x p e r i m e n t s , 

X D Y 

XD t a k e s i n t o a c c o u n t t h e S m o l u c h o w s k i e f f e c t . X i s 
t h e h e a t c o n d u c t i v i t y o f t h e c o n t i n u u m g a s , σ t h e m e a n 
f r e e p a t h o f t h e m o l e c u l e s , γ t h e a c c o m o d a t i o n 
c o e f f i c i e n t a n d XD i s t h e a v e r a g e g a p w i d t h b e t w e e n t h e 
p a r t i c l e s w i t h r e s p e c t t o h e a t c o n d u c t i o n i n a r a r i f i e d 
g a s a n d i s t o b e c a l c u l a t e d f r o m 

i = n f . 1 

X D ai D P o r m e d V # i 
D p i s a s h a p e f a c t o r t a k i n g i n t o a c c o u n t t h a t t h e 
a p p a r e n t s h a p e o f t h e p a r t i c l e w i t h r e s p e c t t o K u n d s e n 
d i f f u s i o n m a y b e d i f f e r e n t f r o m t h e g e o m e t r i c a l o n e . 
D p i s t o b e d e t e r m i n e d f r o m e x p e r i m e n t s . 

^ î v e n t u a l l y , t h e q u a n t i t y Β i n E q . 23 i s a p a r a -
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4. scHLUNDER Transport in Packed Bed Reactors 131 

m e t e r b y w h i c h t h e r e a l s h a p e o f t h e p a r t i c l e i s t o b e 
r e p l a c e d b y a n a r t i f i c i a l o n e s o t h a t t h e s t r e a m l i n e s 
o f t h e h e a t f l u x r e m a i n p a r a l l e l t h r o u g h o u t t h e p a c k e d 
b e d . ( T h i s i s o n e o f t h e e s s e n t i a l s o f t h e Z e h n e r -
m o d e l ) . Β f o l l o w s f r o m 

12 
B - C F o r m < ^ > 9 f < * r > < 2 3 f ) 

C „ i s a s h a p e f a c t o r w i t h r e s p e c t t o p a r t i c l e - t o -
p a r t i c l e h e a t c o n d u c t i o n , f ( ξ - J i s a p a r t i c l e s i z e d i ­
s t r i b u t i o n f u n c t i o n . I n t h e c a s e o f m o n o d i s p e r s e p a c k e d 
b e d s f e q u a l s u n i t y . I n g e n e r a l b o t h C p a n d f ( ξ ) 
m u s t b e d e t e r m i n e d f r o m e x p e r i m e n t s . r o r m 

T h e q u a n t i t y ψ i n E q . 23 i s t h e r e l a t i v e c o n t a c t 
a r e a o f a d j a c e n t p a r t i c l e s d e p e n d i n g o n t h e r e l a t i v e 
r a d i u s o f t h i s a r e a 

23 ρ 2 
Ψ - i W - (23 g ) 

1+22 P R V 

a c c o r d i n g t o W a k a o a n d K a t o (56 ) . P k m u s t b e d e t e r ­
m i n e d b y e x p e r i m e n t s . 

I n t h e f o l l o w i n g f i g u r e s E q . 23 i s c o m p a r e d w i t h 
e x p e r i m e n t a l r e s u l t s . T h e d a t a o f I m u r a a n d T a g e g o s h i 
(60) s h o w t h e i n f l u e n c e o f t h e g a s p r e s s u r e o n t h e 

h e a t c o n d u c t i v i t y o f p a c k e d b e d s o f e q u a l s i z e d s p h e r e s . 
I n t h i s c a s e t h e v a r i o u s s h a p e f a c t o r s a r e C _ _ = 1 / 2 5 , 
__ _ J J r o r m 

R ' D 
F i g . 10 a , b , c a n d d d e m o n s t r a t e t h a t a l l t h e 

d a t a f o r p o o r l y c o n d u c t i n g s p h e r e s c a n b e f i t t e d w i t h 
P K

2 * 3 , 5 · 1 0 ~ 4 # F i g . 11 a , b u n d c s h o w t h a t t h e d a t a 
f o r m e t a l l i c s p h e r e s c a n o n l y b e f i t t e d i f a n o x i d 
l a y e r i s a s s u m e d . 

F o r p a c k e d b e d s o f c y l i n d e r s t h e s h a p e f a c t o r s a r e 

C F o r m - 2 ' 5 » X R - d ViîTid, 
w h i c h r e p r e s e n t d a t a a t n o r m a l p r e s s u r e v e r y w e l l , 
s e e ( 5 8 ) . 

T h e h e a t c o n d u c t i v i t y λ o f p a c k e d b e d s o f 
h o l l o w c y l i n d e r s a t v a r i o u s t e m p e r a t u r e s a n d n o r m a l 
p r e s s u r e a c c o r d i n g ( 5 8 ) i s s h o w n i n F i g . 1 2 a u n d b . 
T h e . s h a p e f a c t o r s a r e C - ^ = 2 , 5 (1 + [ d . / d ] 2 ) a n d 
χ = d V 3 1 / 2 d · F o m i 

T n e h e a t c o n d u c t i v i t y o f b i n a r y m i x t u r e s o f c e r a m i c 
s p h e r e s a r e s h o w n i n F i g . 1 3 a a n d b a s a f u n c t i o n o f 
t h e m a s s f r a c t i o n A f - w i t h t h e d i a m e t e r r a t i o d-| / d 2 

and t h e t e m p e r a t u r e Τ a s p a r a m e t e r s . T h e s h a p e 
f a c t o r s a r e C - _ - 1 , 2 5 ; 1 / x - A f 1 / d t + ( 1 - A £ - ) / d T h e 
d i s t r i b u t i o n ï S f t S t i o n f ( ξ ) β 1+i ξ J w i t h 1 * 
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A f j + O - A f , ) (<Vd2)2 

Afj + t f r - A f ^ d j / d j ) 2 

1/2 

a c c o r d i n g t o R u m p f a n d G u p t e (6Y) . T h e i n f l u e n c e o f 
t h e p r e s s u r e o n t h e h e a t c o n d u c t i v i t y o f b i n a r y 
m i x t u r e s o f s p h e r e s h a s b e e n m e a s u r e d b y I m u r a a n d 
T a k e g o s h i ( 6 0 ) . F i g . 14 a a n d b s h o w g o o d a g r e e m e n t 
w i t h E q . 23 w i t h t h e s h a p e f a c t o r 1 / x = A f . / d ^ O - A f t ) / d 2 « 
S o f a r E q . 23 s e e m s t o p r e d i c t e x p e r i m e n t a l d a t a f o r 
v a r i o u s c o n d i t i o n s w i t h s u f f i c i e n t a c c u r a c y f o r 
p r a c t i c a l p u r p o s e s . 
B . E n e r g y t r a n s p o r t b y t u r b u l e n t m o t i o n o f t h e f l u i d 

i n T h e v o i d s . 
F i g . 15 s h o w s s c h e m a t i c a l l y t h e f l o w p a t t e r n i n a 

p a c k e d b e d , w h e r e t h e f l o w s e p a r a t e s f r o m t h e p a r t i c ­
l e s a n d c o m p l e t e m i x i n g o c c u r s i n t h e v o i d s . F r o m t h i s 
m o d e l S c h l u n d e r ( £ 2 ) d e r i v e d t h e a p p a r e n t r a d i a l h e a t 
c o n d u c t i v i t y i n t h e f l u i d p h a s e d u e t o t h e t u r b u l e n t 
m o t i o n i n t h e i n t e r s t i c e s f o r a t w o d i m e n s i o n a l p a c k e d 
b e d 

Τ " 5Γ <2«> 
w h e r e P e = ôîtc / λ ) · χ ρ , w i t h t h e m a s s f l o w r a t e m , t h e 
h e a t c o n d u c t i v i t y o f t h e f l u i d λ , t h e s p e c i f i c 
e n t h a l p y o f t h e f l u i d c p a n d t h e m i x i n g l e n g t h x p , 
w h i c h i s n e a r l y e q u a l t o t h e p a r t i c l e d i a m e t e r , B a u e r 
( 58) h a s e x t e n d e d t h i s m o d e l t o p o l y d i s p e r e d p a c k e d 

b e d s . He d e r i v e d t h e f o l l o w i n g f o r m u l a f o r t h e 
c o m p u t a t i o n o f t h e a v e r a g e m i x i n g l e n g t h 

X F - Σ Δ ψ . j ̂ Ï T - J <25> 
j - 1 £ * V x F , i 

i=1 
w h e r e x _ . = F _ . d _ . . 

F , i F , i F , i 

d p . i s t t h e d i a m e t e r o f a s p h e r e e q u i v a l e n t 
i n v o l u r f i e , F . i s a s h a p e f a c t o r , w h i c h m u s t b e d e t e r ­
m i n e d f r o m e x p e r i m e n t s . 

T h e c o n s t a n t Κ i n E q . 24 h a s t h e v a l u e 8 
a c c o r d i n g (62) f o r a n i n f i n i t e p a c k e d b e d . F o r a 
f i n i t e p a c k e d b e d S c h l u n d e r (62J r e c o m m e n d e d 

. 2 
Κ = 8 (2- (1-2 - τ - 2 — ) ) (26) 

a T u b e 
F o r p a c k e d b e d s o f e q u a l s i z e d s p h e r e s B a u e r (58J f o u n d 
t h e s h a p e f a c t o r F F

 s 1 , 1 5 , w h i l e d p = d . F i g . 16 
s h o w s e x p e r i m e n t a l d a t a f o r Α / λ v e r s u s P e n u m b e r f o r 
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Ρ [mm Hg] Ρ [mm HgJ 

Figure 10. Heat conductivity λ80 of packed beds of equal-sized ceramic spheres at vari­
ous pressures and room temperature according to Ref. 60 and Equation 23, Bios = 0, φ = 0, 
39, pK

2 = 3,5 · JO"4, (a) Nitrogen y = 0.9; (b) R 12 γ = 1.0; (c) nitrogen y — 0.9; (d) 
helium γ — 0,4. * 
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(c) 

W'3 W'2 W'1 10° 101 102 103 /04 

Ρ [mm Hg] 

Figure 11. Thermal conductivity λ β 0 of packed beds of equal-sized 
metallic spheres at various pressures ana room temperature accord­
ing to Ref. 60 and Equation 23. (a) (left) Copper-nitrogen; (b) (left) 
copper-helium, nitrogen, R 12; (c) (above) steel-helium, nitrogen 

R12. 
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p a c k e d b e d s o f s t y r e n e , c e r a m i c , s t e e l a n d c o p p e r 
s p h e r e s o f 1 0 mm d i a m e t e r o b t a i n e d b y B a u e r ( 5 8 ) · 
T h e f l u i d w a s n i t r o g e n . T h e f u l l l i n e s r e p r e s e n t 
E q . 24 i n c l u d i n g 2 6 . E x t r a p o l a t i o n t o P e = 0 g i v e s 
X g 0 / x a c c o r d i n g E q . 2 3 . 

F i g . 17 a a n d b s h o w t h e i n f l u e n c e o f t h e 
t e m p e r a t u r e u p t o 1 0 0 0 K . T h e f u l l l i n e s r e p r e s e n t 
E q . 2 4 , 2 6 . T h e d o t t e d l i n e i s c a l c u l a t e d n e g l e c t i n g 
t h e h e a t t r a n s f e r b y r a d i a t i o n f o r Τ = 1 0 0 0 Κ . I n 
F i g . 1 8 a a n d b e q u i v a l e n t d a t a a r e p r e s e n t e d f o r 
c y l i n d r i c a l p a r t i c l e s b o t h o f p o o r a n d g o o d c o n d u c t i n g 
m a t e r i a l . T h e s h a p e f a c t o r i s F = ^ 1 , 7 5 a n d t h e 
e q u i v a l e n t p a r t i c l e d i a m e t e r d p = - / 3 1 / 2 d . T h e m i x i n g 
l e n g t h x „ a s a f u n c t i o n o f t h e d i a m e t e r - t o - l e n g t h -
r a t i o d / 1 i s s h o w n i n F i g . 1 9 . I n F i g . 2 0 t h e m i x i n g 
l e n g t h x „ f o r h o l l o w c y l i n d e r s i s p l o t t e d a g a i n s t t h e 
r a t i o o f t h e i n n e r t o o u t e r d i a m e t e r d . / d . L o n g 
c y l i n d e r s w i t h t h i n w a l l s a r e m o s t e f f e c t i v e w i t h 
r e g a r d t o r a d i a l m i x i n g o f t h e f l u i d . T h e c o r r e s ­
p o n d i n g e x p r e s s i o n f o r t h e p r e d i c t i o n o f x _ a r e g i v e n 
i n ( 5 j * ) . F i g . 21 s h o w s t h e m i x i n g l e n g t h x * f o r b i n a r y 
m i x t u r e s o f s p h e r e s d e p e n d i n g o n t h e m a s s f r a c t i o n A f . 
w i t h t h e d i a m e t e r r a t i o d 1 / d 2 a s p a r a m e t e r . T h e s h a p e 
f a c t o r i s F _ = 1 , 1 5 a n d t h e m i x i n g l e n g t h i s t o b e 
c a l c u l a t e d b y 1 / x = Lf. / d , . + ( 1 - A f 1 ) A 5 L . B a u e r (58 ) 
h a s a l s o g i v e n s h a p e f a c t o r s a n d m i x i n g l e n g t h s f o r 
i n f i n i t e l y v a r i a b l e p a r t i c l e - s i z e d i s t r i b u t i o n s . 

R e w r i t i n g E q . 22 a f o r p r a c t i c a l a p p l i c a t i o n 
g i v e s 

o r q - - λ ( Κ , + Κ 2 P e ) | | . 

T h e p a r a m e t e r s K - a n d K 2 a r e l i s t e d u p i n T a b l e 1 f o r 
s p h e r e s , c y l i n d e r s , h o l l o w c y l i n d e r s , b i n a r y m i x t u r e s 
o f s p h e r e s a n d c o n t i n u o u s g r a n u l a t i o n s o f b o t h p o o r 
a n d g o o d c o n d u c t i n g m a t e r i a l ( c e r a m i c , s t e e l ) . 
V . 2 H e a t t r a n s f e r b e t w e e n t u b e w a l l s a n d p a c k e d b e d s . 

T h e h e a t t r a n s f e r b e t w e e n a r i g i d w a l l a n d a n 
a d j a c e n t p a c k e d b e d o f s p h e r e s i s w e l l u n d e r s t o o d 
f o r z e r o m a s s f l o w r a t e o f t h e f l u i d . I n t h i s c a s e t h e 
w a l l h e a t t r a n s f e r c o e f f i c i e n t a - , c a n b e p r e d i c t e d 
b y a f o r m u l a d e r i v e d b y S c h l u n d e r ( 4 7 ) : 

Τ 3 
α, W 

(27 ) 

w h e r e σ 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
4

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

30 

Figure 13a. Thermal conductivity, Xso of packed 
beds of binary mixtures of ceramic spheres as a 
function of the mass fraction A f t at normal pressure 
according to Ref. 60 and Equation 23. Various 

diameter ratios djdt.  P
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4. SCHLUNDER Transport in Packed Bed Reactors 139 

Figure 13b. Thermal conductivity λ8σ of 
packed beds of binary mixtures of ceramic 
spheres as a function of the mass fraction 
A f i at normal pressure according to Ref. 60 
and Equation 23. Various temperatures. 
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Figure 14a, b. Thermal conductivity of packed beds of binary 
mixtures of ceramic spheres at various pressures and room tem­

perature according to Ref. 60 and Equation 23 
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Figure 16. Apparent heat conductivity Λ of packed beds of sturene, ceramic, 
steel, ana copper spheres at room temperatures and normal pressure 
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Figure 18a. Apparent heat conductivity of packed beds of cylinders vs. Pe number 
at various temperatures and normal pressure. Full lines according Equations 24 and 
26. Pe — 0: k80 according to Equation 23. Dotted line calculated for 1000°K, how­

ever, heat transfer by radiation dropped. SteeU-nitrogen. 
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Figure 18b. Apparent heat conductivity of packed beds of cylinders vs. Pe number 
at various temperatures and normal pressure. Full lines according Equations 24 and 
26. Pe = 0: \80 according to Equation 23. Dotted line calculated for 1000°K, how­

ever, heat transfer by radiation dropped. Ceramic-nitrogen. 
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Figure 21. Mixing length for binary mixtures of 
spheres according to Ref. 58. 

American Chemical 
Society Library 

1155 16th St. N. W. 
Washington, D. C. 20036 
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λ i s t h e h e a t c o n d u c t i v i t y o f t h e f l u i d ( g a s ) , a i s 
t h e m e a n f r e e p a t h o f t h e g a s m o l e c u l e s , γ i s t h e 
a c c o m o d a t i o n c o e f f i c i e n t , ε Ο ς i s t h e r a d i a t i o n e m i s s i -
v i t y a n d Τ i s t h e a v e r a g e t e m p e r a t u r e b e t w e e n t h e 
w a l l a n d t R e f i r s t l a y e r o f t h e p a c k e d b e d . T h e f i r s t 
t e r m o n t h e r i g h t h a n d s i d e o f E q . 27 a c c o u n t s f o r 
m o l e c u l a r h e a t c o n d u c t i o n t h r o u g h t h e g a s e o u s g a p 
b e t w e e n t h e w a l l a n d t h e s p h e r e s . T h e s e c o n d t e r m 
a c c o u n t s f o r r a d i a t i o n h e a t t r a n s f e r . E q . 27 i s b a s e d 
o n t h e a s s u m p t i o n t h a t t h e r e i s o n l y p o i n t c o n t a c t 
b e t w e e n t h e s p h e r e s a n d t h e w a l l , i . e . P K = 0 , s e e 
E q . 2 3 . W u n s c h m a n n a n d S c h l u n d e r (63), (6>4) h a v e 
c o n f i r m e d t h e v a l i d i t y o f E q . 27 b y u n s t e a d y s t a t e 
h e a t t r a n s f e r e x p e r i m e n t s f o r p o o r c o n d u c t i n g 
m a t e r i a l s l i k e p o l y s t y r e n e a n d g l a s s s p h e r e s . A p a c k e d 
b e d r e s t i n g o n a n e l e c t r i c a l l y h e a t e d c o p p e r p l a t e 
w a s h e a t e d f r o m b e l o w f o r a c e r t a i n c o n t a c t t i m e t . 
E v a l u a t i o n o f t h e s e e x p e r i m e n t s y i e l d t h e h e a t t r a n s f e r 
c o e f f i c i e n t otT T d e f i n e d b y 

<*w = ( 28 ) 
W Τ - Τ 

W 

w h e r e q i s t h e h e a t f l u x , T w t h e w a l l t e m p e r a t u r e a n d 
Ï i s t h e a v e r a g e t e m p e r a t u r e o f t h e p a c k e d b e d , 
d e t e r m i n e d b y a h e a t b a l a n c e , a s a f u n c t i o n o f t h e 
c o n t a c t t i m e t . F o r v e r y s h o r t c o n t a c t t i m e s a n d i n 
p a r t i c u l a r a t l o w p r e s s u r e t h e h e a t t r a n s f e r i s e n ­
t i r e l y c o n t r o l l e d b y E q . 2 7 . F o r l o n g e r c o n t a c t t i m e s 
t h e p a c k e d b e d m a y b e c o n s i d e r e d a s a q u a s i - c o n t i n u u m 
s o t h a t F o u r i e r ' s t h e o r y a p p l i e s g i v i n g 

. = J L ( 2 9 ) 

w W ΥΓ 
w h e r e λ Q i s t o b e c a l c u l a t e d b y E q . 2 3 . F i g . 22 a , b , 
c s h o w t h e e x p e r i m e n t a l d a t a f o r p a c k e d b e d s o f 
p o l y s t y r e n e , g l a s s a n d b r o n z e s p h e r e s , r e s p e c t i v e l y . 
T h e p a r a m e t e r i s t h e g a s ( a i r ) p r e s s u r e . O n t h e l e f t 
<xw a c c o r d i n g E q . 27 a n d o n t h e r i g h t a c c o r d i n g E q . 29 
i s i n d i c a t e d . T h e r e i s g o o d a g r e e m e n t w i t h t h e t h e o r y 
f o r t h e p o o r c o n d u c t i n g m a t e r i a l s l i k e p o l y s t y r e n e a n d 
g l a s s . T h e b r o n z e s p h e r e s , h o w e v e r , s h o w , h i g h e r h e a t 
t r a n s f e r c o e f f i c i e n t s i n p a r t i c u l a r a t l o w p r e s s u r e 
a n d s h o r t c o n t a c t t i m e . I n t h i s r e g i m e o n e w o u l d 
e x p e c t t h a t t h e h e a t t r a n s f e r i s o n l y r a d i a t i o n 
c o n t r o l l e d (<*w = 5 W / m 2 K a t r o o m t e m p e r a t u r e ) . O b v i o u s ­
l y t h e a s s u m p t i o n o f p o i n t c o n t a c t m u s t b e r e p l a c e d b y 
a n o t h e r o n e a d m i t t i n g a c e r t a i n c o n t a c t a r e a , i . e . 
P K > 0 . A r o u g h e s t i m a t i o n g i v e s 
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760 
WO 

Particle diameter d * 3.1 mm 
Bed height H * 50 mm 

ν 760 mm Hg 
ο WO » 
A to » 
ο ; 

• 0.1 » 
ψ 0.01 " 
A 0.001 " 

0.1 

Ml 
aoot 

0.01 

0.001 

n° 2 s 
tlsl 

n3 

Figure 22a. WaU heat transfer coefficient «w obtained by Wunschmann and Schlunder 
(64) from transient heat transfer experiments at room temperature and various gas 

(air) pressures. Glass, d = 3,1 mm.  P
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W3 

Κ0 2 5 10' 2 5 tO1 2 S tO3 

tit J 
Figure 22b. Wall heat transfer coefficient aw obtained by Wunschmann and Schlunder 
(64) from transient heat transfer experiments at room temperature and various gas 

(air) pressures. Polystyrene, d = 1,05 mm. 
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Figure 22c. Wall heat transfer coefficient aw obtained by Wunschmann and Schlunder 
(64) from transient heat transfer experiments at room temperature and various gas 

(air) pressures. Bronze, d — 0,94 mm. 
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•w * 2 Γ ' κ + « c s ( T S S > 3 ( 3 0 ) 

W i t h t h e d a t a f r o m F i g . 2 2 c a t l o w p r e s s u r e a n d s h o r t 
c o n t a c t t i m e o n e o b t a i n s ρ κ ^ 1 0 ~ 4 w h i c h i s i n t h e 
s a m e o r d e r o f m a g n i t u d e a s h a s b e e n f o u n d f r o m s t e a d y 
s t a t e e x p e r i m e n t s , s e e e . g . F i g . 1 2 . 

E q . 27 g i v e s a v e r a g e w a l l h e a t t r a n s f e r c o e f f i ­
c i e n t s o b t a i n e d b y i n t e g r a t i n g o v e r t h e l o c a l h e a t 
t r a n s f e r r a t e s , w h i c h r e a c h a r a t h e r h i g h v a l u e n e a r 
t h e c o n t a c t p o i n t , s e e F i g . 9 . T h i s l a r g e v a r i a t i o n 
o f t h e l o c a l h e a t f l u x w i t h r e s p e c t t o t h e p a r t i c l e 
r a d i u s m a y b e c o m e o f p r a c t i c a l i m p o r t a n c e , t o o . E . g . 
s h o u l d a w e t p o r o u s c a t a l y s t b e d r i e d i n a n i n d i r e c t l y 
h e a t e d r o t a r y d r y e r , o n e w o u l d e x p e c t t h a t t h e d r y i n g 
r a t e d u r i n g t h e c o n s t a n t r a t e p e r i o d i s c o n t r o l l e d b y 
t h e w a l l h e a t t r a n s f e r c o e f f i c i e n t c*w a c c o r d i n g E q . 2 7 . 
E x p e r i m e n t s , h o w e v e r , h a v e s h o w n t h a t ! t h e d r y i n g r a t e 
i s m u c h l o w e r . F i g . 23 s h o w s e x p e r i m e n t a l d a t a ( U n i ­
v e r s i t y o f K a r l s r u h e , s t i l l u n p u b l i s h e d ) f o r m a g n e s i u m 
s i l i c a t e s p h e r e s o f 6 mm d i a m e t e r d r i e d i n a n a g i t a t e d 
p a c k e d b e d c o n t a c t i n g a h o t p l a t e . T h e o ^ - c o n t r o l l e d 
d r y i n g r a t e c a n b e m a i n t a i n e d o n l y d u r i n g t h e f i r s t 
f e w s e c o n d s . L a t e r w h e n a c o n s t a n t r a t e p e r i o d i s 
o b s e r v e d , t h e d r y i n g r a t e i s m u c h l o w e r . T h e r e a s o n 
f o r t h i s c o n s i d e r a b l e r a t e r e d u c t i o n i s , t h a t t h e 
p a r t i c l e s i m m i d i a t e l y d r y o f f n e a r t h e c o n t a c t p o i n t , 
b e c a u s e t h e l o c a l h e a t f l u x i s s o h i g h , t h a t t h e 
e q u i v a l e n t a m o u n t o f l i q u i d c a n n o t b e b r o u g h t t o t h e 
s u r f a c e o f t h e p a r t i c l e s a t t h i s p o i n t . T h i s m e a n s t h a t 
t h e d r y i n g r a t e d u r i n g t h e c o n s t a n t r a t e p e r i o d i s n o 
l o n g e r h e a t t r a n s f e r c o n t r o l l e d , b u t a l s o m a s s t r a n s f e r 
c o n t r o l l e d a c c o r d i n g t o t h e s t r e n g t h o f t h e c a p i l l a r y 
f o r c e s i n t h e p o r o u s g r a n u l e s . 

W a l l h e a t t r a n s f e r c o e f f i c i e n t s i n t u b u l a r r e a c t e s 
w i t h a f l u i d p a s s i n g t h r o u g h c a n b e d e t e r m i n e d e i t h e r 
b y d i r e c t e v a l u a t i o n o f t e m p e r a t u r e p r o f i l e s i n t h e 
p a c k e d b e d o r b y a n a l y z i n g o v e r a l l h e a t t r a n s f e r 
c o e f f i c i e n t s , s o f a r t h e a p p a r e n t h e a t c o n d u c t i v i t y 
i s k n o w n . R e c e n t l y H e n n e c k e a n d S c h l u n d e r (6J5) h a v e 
e v a l u a t e d a b o u t 5 0 0 0 d a t a c o l l e c t e d f r o m 14 a u t h o r s , 
w h o h a v e p u b l i s h e d o v e r a l l h e a t t r a n s f e r c o e f f i c i e n t s ; 

a p p l y i n g E q . 22 a a n d t h e f o l l o w i n g o n e s f o r t h e 
p r e d i c t i o n o f t h e a p p a r e n t h e a t c o n d u c t i v i t y o f t h e 
p a c k e d b e d A . A s s u m i n g p l u g f l o w t h e y o b t a i n e d w a l l 
h e a t t r a n s f e r c o e f f i c i e n t s d e p e n d i n g n o t o n l y o n t h e 
P e c l e t n u m b e r ( P e = u d / κ ) b u t a l s o o n t h e r a t i o o f 
t u b e d i a m e t e r D t o t u b e l e n g t h L a s s h o w n i n F i g . 2 4 , 
w h e r e t h e w a l l N u s s e l t n u m b e r N u . . = a

w d / A i s p l o t t e d 
a g a i n s t P e . u i s t h e s u p e r f i c i a l v e l o c i t y o f t h e g a s , 
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Plate surface 
temperature 

[•c] 

Stirrer 
speed 

[l/min] 

maximum 
drying rate 

[kg /m 2 h] 

Init. moisture 
content 

Ug/kg] 
50.3 15.4 154 10'3 0.166 

Ο 60.9 15.4 219 10'3 0.221 
• 70.7 15,4 262 10' 3 0.201 
Δ 81.5 15.4 324 10-3 0.211 
Ο 91.3 zero 364 10"3 0.199 

Ρ s 21mbar 

0.05 0.10 0.15 

Mois ture content Y 

0.20 

kg H 2 0 

kg dry mat. 

025 0.30 

Figure 23. Contact drying of magnesium silicate spheres of 6-
mm diameter in an agitated packed bed. Drying rate m vs. 

moisture content Y. Pressure 21 mbar. 
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d i s t h e p a r t i c l e d i a m e t e r , κ t h e t h e r m a l d i f f u s i v i t y 
a n d λ t h e t h e r m a l c o n d u c t i v i t y o f t h e g a s . S o m e o f 
t h e N u - d a t a n o t o n l y t e n d t o w a r d s i n f i n i t y b u t 
a l s o t u r n e d o u t t o b e n e g a t i v e ! T a k i n g i n t o a c c o u n t 
t h e r a d i a l f l o w r a t e d i s t r i b u t i o n a s g i v e n i n F i g . 3 
t h e s a m e e v a l u a t i o n y i e l d e d w a l l h e a t t r a n s f e r 
c o e f f i c i e n t s N u . . ( P e , L / D ) d e p e n d i n g m u c h l e s s o n t h e 
r a t i o L / D a s s h o w n i n F i g . 2 5 . A l s o n o n e g a t i v e v a l u e s 
h a v e b e e n o b t a i n e d . H o w e v e r , f o r l o n g t u b e s t h e w a l l 
h e a t t r a n s f e r c o e f f i c i e n t s a r e s t i l l l o w e r b y o r d e r s 
o f m a g n i t u d e t h a n t h o s e f o r s h o r t t u b e s . T h i s e f f e c t 
i s s t i l l n o t r e a l l y u n d e r s t o o d . I t m a y b e t h a t t h i s i s 
d u e t o t h e b y p a s s e f f e c t d e s c r i b e d i n s e c t i o n I V . 
H o w e v e r , t h i s i s a n a s s u m p t i o n a n d i s s t i l l s u b j e c t t o 
f u r t h e r i n v e s t i g a t i o n . F o r p r a c t i c a l p u r p o s e s H e n n e c k e 
(65 ) h a s d e v e l o p e d s e m i - e m p i r i c a l c o r r e l a t i o n s t o 

p r e d i c t b o t h w a l l h e a t t r a n s f e r c o e f f i c i e n t s a s s h w o n 
i n F i g . 25 a s w e l l a s f l o w r a t e d i s t r i b u t i o n s i n p a c k e d 
b e d r e a c t o r s a s s h o w n i n F i g . 3 . 

A t t h e p r e s e n t s t a t e t h e s e c o r r e l a t i o n s t o g e t h e r 
w i t h E q . 23 f o r t h e p r e d i c t i o n o f t h e a p p a r e n t h e a t 
c o n d u c t i v i t y a n d E q . 6 , 7 f o r t h e p a r t i c l e - t o - f l u i d 
h e a t t r a n s f e r m a y b e r e c o m m e n d e d f o r a p p l i c a t i o n i n 
t u b u l a r r e a c t o r d e s i g n . T h e s e c o r r e l a t i o n s g i v e f a i r l y 
r e l i a b l e p a r a m e t e r s f o r e i t h e r h o m o g e n e o u s o r h e t e r o ­
g e n e o u s o n e o r t w o d i m e n s i o n a l m o d e l s f o r t h e m a t h e m a ­
t i c a l s i m u l a t i o n o f p a c k e d b e d r e a c t o r s . 
S y m b o l s 
A s u r f a c e a r e a 
a v s u r f a c e a r e a p e r u n i t v o l u m e 
C g r a d i a t i o n o f t h e b l a c k b o d y 
d p a r t i c l e d i a m e t e r 
D , 4 ^ , b e d d i a m e t e r 
f c r o s s s e c t i o n a l a r e a 
L b e d h e i g h t ; 1 p a r t i c l e l e n g t h 
ΔΡ p r e s s u r e d r o p 
q H e a t f l u x 
r , p r a d i a l c o o r d i n a t e 
S g a p w i d t h 
Τ t e m p e r a t u r e ; t t i m e 
u s u p e r f i c i a l v e l o c i t y 
V f l o w r a t e 
y d i s t a n c e f r o m t h e t u b e w a l l 
α h e a t t r a n s f e r c o e f f i c i e n t 
ε r a d i a t i o n e m i s s i v i t y 
η , ν d y n a m i c a n d k i n e m a t i c v i s c o s i t y , r e s p . 
λ v o i d f r a c t i o n 

Λ a p p a r e n t h e a t c o n d u c t i v i t y 
κ t h e r m a l d i f f u s i v i t y 
0o m e a n f r e e p a t h o f t h e m o l e c u l e s 
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Environmental Reaction Engineering 

JOHN H. SEINFELD 
Department of Chemical Engineering, California Institute of Technology, 
Pasadena, CA 91125 

Chemical reaction engineering problems associated with en­
vironmental systems are numerous. Design of gas cleaning absorp­
tion processes, waste water treatment fac i l i t ies , low-emission 
combustion processes, and catalytic mufflers are typical problems. 
A review of the state of environmental reaction engineering cannot 
be accomplished in a chapter of modest length. Rather than attempt 
a comprehensive review of environmental reaction engineering, there­
fore, we have chosen to focus here somewhat more narrowly. Speci­
f ical ly , we will discuss several challenging problems in what might 
be termed atmospheric reaction engineering. 

First , we survey the principal current problems in the chemi­
stry of the polluted atmosphere. In the atmosphere primary gase­
ous emissions such as oxides of nitrogen, hydrocarbons, and sulfur 
dioxide undergo a large number of chemical reactions that lead to 
formation of ozone and oxygenated organic species as well as to 
formation of submicron particles consisting of, among other consti­
tuents, sulfates, nitrates and oxygenated organics. In addition 
to homogeneous (gas-phase) reactions, heterogeneous (particulate-
phase) reactions may also take place in the aerosols generated. 
Second we discuss the key problems associated with predicting the 
dynamics of aerosols in the atmosphere. Whereas the physical 
processes that can affect the dynamics of gaseous pollutants are 
limited to those that alter concentrations in a unit volume of air 
through atmospheric transport, those that influence particle be­
havior are much more diverse. Processes such as nucleation, con­
densation and coagulation must be considered. 

The object of research in atmospheric reaction engineering is 
to understand as fundamentally as possible the processes that de­
termine the evolution of gaseous and particulate species in the 
atmosphere, and, from such knowledge, to design source control 
strategies to meet air quality cri teria. 

Chemistry of the Urban Atmosphere 

Virtually every reaction occurring in the atmosphere is 

0-8412-0432-2/78/47-072-162$07.75/0 
© 1978 American Chemical Society 
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s u b j e c t t o some degree o f u n c e r t a i n t y , w h e t h e r i n t h e r a t e c o n s t a n t 
o r i n t h e n a t u r e and q u a n t i t y o f t h e p r o d u c t s . I n e v a l u a t i n g a 
mechanism t h a t d e s c r i b e s a t m o s p h e r i c c h e m i c a l dynamics t h e c u s t o m ­
a r y p r o c e d u r e i s t o compare t h e r e s u l t s o f l a b o r a t o r y e x p e r i m e n t s , 
u s u a l l y i n t h e f o r m o f c o n c e n t r a t i o n - t i m e p r o f i l e s , w i t h s i m u l a ­
t i o n s o f t h e same e x p e r i m e n t u s i n g t h e p r o p o s e d mechanism. A s u f ­
f i c i e n t number o f e x p e r i m e n t a l unknowns e x i s t s i n a l l s u c h mechan­
i sms t h a t t h e p r e d i c t e d c o n c e n t r a t i o n p r o f i l e s c a n be v a r i e d some­
what b y c h a n g i n g r a t e c o n s t a n t s (and p e r h a p s mechanisms) w i t h i n 
a c c e p t e d b o u n d s . The i n h e r e n t v a l i d i t y o f a mechanism c a n be 
j u d g e d b y e v a l u a t i n g how r e a l i s t i c t h e p a r a m e t e r v a l u e s u s e d a r e 
and how w e l l t h e p r e d i c t i o n s match t h e d a t a . S i n c e t h e mechanism 
w i l l g e n e r a l l y n o t be a b l e t o r e p r o d u c e e v e r y s e t o f d a t a t o w h i c h 
i t i s a p p l i e d , two f a c t o r s must be c o n s i d e r e d : (a) i d e n t i f i c a t i o n 
o f t h e m a j o r s o u r c e s o f u n c e r t a i n t y , s u c h as i n a c c u r a t e l y known 
r a t e c o n s t a n t s o r mechanisms o f i n d i v i d u a l r e a c t i o n s , and (b) e v a l ­
u a t i o n o f s o - c a l l e d "chamber e f f e c t s , " phenomena p e c u l i a r t o t h e 
l a b o r a t o r y s y s t e m i n w h i c h t h e d a t a have been g e n e r a t e d . We f o c u s 
h e r e on t h e i d e n t i f i c a t i o n o f t h e m a j o r s o u r c e s o f u n c e r t a i n t y i n 
u r b a n a t m o s p h e r i c c h e m i s t r y . 

C h e m i s t r y o f O x i d e s o f N i t r o g e n and H y d r o c a r b o n s . The c h e m i ­
s t r y o f t h e p o l l u t e d atmosphere i s e x c e e d i n g l y c o m p l e x . S e v e r a l 
h u n d r e d c h e m i c a l r e a c t i o n s a r e known t o o c c u r i n a m i x t u r e o f o n l y 
a s i n g l e h y d r o c a r b o n , o x i d e s o f n i t r o g e n , c a r b o n m o n o x i d e , w a t e r 
v a p o r , and a i r . The p o l l u t e d atmosphere c o n t a i n s hundreds o f d i f ­
f e r e n t h y d r o c a r b o n s , each w i t h i t s own r e a c t i v i t y and r e a c t i o n 
p r o d u c t s . The c l a s s e s o f m a j o r p r i m a r y p o l l u t a n t s i n t h e p o l l u t e d 
atmosphere a r e g i v e n i n T a b l e I . I n t h i s s e c t i o n we f o c u s on t h e 
c h e m i s t r y o f t h e o x i d e s o f n i t r o g e n and h y d r o c a r b o n s . 

T a b l e I . C l a s s e s o f M a j o r P r i m a r y P o l l u t a n t s i n t h e P o l l u t e d 
Atmosphere 

HYDROCARBONS 
A l k a n e s ( e . g . η - b u t a n e , i s o p e n t a n e , i s o o c t a n e ) 
C y c l o a l k a n e s ( e . g . c y c l o h e x a n e , m e t h y l c y c l o p e n t a n e ) 
O l e f i n s ( a l k e n e s ) ( e . g . e t h y l e n e , p r o p y l e n e , b u t e n e ) 
C y c l o o l e f i n s ( e . g . c y c l o h e x e n e ) 
A l k y n e s ( e . g . a c e t y l e n e ) 
A r o m a t i c s ( e . g . t o l u e n e , x y l e n e ) 

ALDEHYDES, RCHO ( e . g . f o r m a l d e h y d e , a c e t a l d e h y d e ) 
KETONES, RCOR ( e . g . a c e t o n e , m e t h y l e t h y l k e t o n e ) 
NITRIC OXIDE, N0 a 

CARBON MONOXIDE, CO 
SULFUR DIOXIDE » SOp 
a"N0 x" i s o f t e n u s e d t o i n d i c a t e " o x i d e s o f n i t r o g e n . " I n p r a c t i c e 
Ν 0 χ u s u a l l y r e f e r s t o t h e sum, NO+NO2, a l t h o u g h i t may i n c l u d e s u c h 
o t h e r forms as NO3 and N2O5. N i t r o u s o x i d e , N 20, i s r e l a t i v e l y 
i n e r t i n t h e l o w e r a tmosphere and i s n o t i n c l u d e d i n Ν 0 χ . 
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T a b l e I I p r e s e n t s a summary o f t h e p r i n c i p a l r e a c t i o n s t h a t 
o c c u r when a n atmosphere c o n t a i n i n g o x i d e s o f n i t r o g e n i s i r r a d i ­
a t e d w i t h s u n l i g h t . Most o f t h e r a t e c o n s t a n t s i n T a b l e I I a r e 
w e l l - e s t a b l i s h e d . The most i m p o r t a n t r e c e n t deve lopments i n Ν 0 χ 

c h e m i s t r y a r e t h o s e i n v o l v i n g t h e r e a c t i o n s o f OH and H 0 2 w i t h NO 
and N 0 2 . New v a l u e s have r e c e n t l y been d e t e r m i n e d f o r e a c h o f t h e 
f o u r r a t e c o n s t a n t s i n t h i s s e t , and t h e mechanism o f t h e H 0 2 - N 0 2 

r e a c t i o n has been e l u c i d a t e d . T h u s , a l t h o u g h t h e r e a r e t h e c u s ­
t o m a r y l e v e l s o f e x p e r i m e n t a l u n c e r t a i n t y a s s o c i a t e d w i t h e a c h o f 
t h e r a t e c o n s t a n t s i n T a b l e I I , t h e r e a c t i o n s i n t h e Ν 0 χ s y s t e m 
do n o t r e p r e s e n t s e r i o u s gaps i n o u r u n d e r s t a n d i n g o f a t m o s p h e r i c 
c h e m i s t r y . 

A c a r e f u l r e v i e w o f t h e n e t r e s u l t s o f R e a c t i o n s 1 t h r o u g h 2k 
i n T a b l e I I r e v e a l s t h a t t h e s e r e a c t i o n s a l o n e cannot e x p l a i n t h e 
r a p i d c o n v e r s i o n o f n i t r i c o x i d e t o n i t r o g e n d i o x i d e and ozone 
f o r m a t i o n o b s e r v e d i n t h e r e a l a t m o s p h e r e . I n f a c t , i f t h e s e r e a c ­
t i o n s a l o n e o c c u r r e d , t h e o r i g i n a l s u p p l y o f n i t r o g e n d i o x i d e i n 
t h e atmosphere w o u l d be s l i g h t l y d e p l e t e d as i r r a d i a t i o n w i t h s u n ­
l i g h t o c c u r r e d , and a s m a l l and n e a r c o n s t a n t l e v e l o f ozone w o u l d 
be c r e a t e d i n a few m i n u t e s . The k e y t o t h e o b s e r v e d n i t r i c o x i d e 
t o n i t r o g e n d i o x i d e c o n v e r s i o n l i e s i n a sequence o f r e a c t i o n s b e ­
tween f r e e r a d i c a l s t h a t have been g e n e r a t e d and o t h e r r e a c t i v e 
m o l e c u l e s s u c h as c a r b o n m o n o x i d e , h y d r o c a r b o n s , and a l d e h y d e s 
p r e s e n t i n t h e p o l l u t e d a t m o s p h e r e . 

A r a t i o n a l sequence o f r e a c t i o n s t h a t c o n v e r t s NO t o N 0 2 i n ­
v o l v e s c a r b o n m o n o x i d e . A r e a c t i o n c h a i n i n v o l v i n g t h e h y d r o x y l 
r a d i c a l and c a r b o n monoxide c a n i n p r i n c i p l e d r i v e n i t r i c o x i d e 
t o n i t r o g e n d i o x i d e i n t h e a t m o s p h e r e : 

HO + CO + H + C 0 2 

H + 0 2 + M + H 0 2 + M 

H 0 2 + NO N 0 2 + HO 

S e v e r a l m o l e c u l e s o t h e r t h a n CO p r e s e n t i n t h e p o l l u t e d a tmo­
s p h e r e , s u c h as a l d e h y d e s and h y d r o c a r b o n s , may p a r t i c i p a t e i n t h e 
sequence o f r e a c t i o n s r e f o r m i n g h y d r o p e r o x y l r a d i c a l s f r o m h y d r o x y l 
r a d i c a l s . The r e a c t i o n p a t h i n v o l v i n g f o r m a l d e h y d e i s , f o r 
e x a m p l e , 

HCHO + hv + \ :: \ H ™ I H + H 
\ Η Λ + 

HCHO + OH + HCO + H 2 0 

Η + 0 2 + M •+ H 0 2 + M 

HCO + 0 2 + H 0 2 + CO 
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T a b l e I I . P r i n c i p a l I n o r g a n i c A t m o s p h e r i c R e a c t i o n s I n v o l v i n g 
O x i d e s o f N i t r o g e n 

R a t e c o n s t a n t 625°C R e f e r -
R e a c t i o n ppm-min u n i t s ence 

1. N02+hV + N0+0(3P) v a r i a b l e 8 . 1̂ 2. 
2. 0( 3P)+0 2+M ·* 0 3+M 2.0xl0"5 b 3 
3. 03+N0 •* N02+02 25.2 3 
k. N02+0( 3P) N0+02 1.3^x10 3 
5. N02+0( 3P) ·* N03 3.Uxl03 ° 3 
6. N0+0(3P) ·*· N02 3 . 6 χ Π Γ 3 
7. N02+03 + N03+02 5xl0" 2 3 

8· N03+N0 ·* 2N02 1.3x10 3 
9. N03+N02 + N 2 0 5 5.6x1ο"3 c 3 
10. N o0_ + N0o+N0o 22 3 2 5 2 3 -6 11. N2°5 + H2° 2 H 0 N 0 2 5x10 D 3 
12. N0+N0o+Ho0 ·* 2H0N0 2.2xl0~9 b k 

2 2 
13. Η0Ν0+Η0Ν0 + N0+N02+H20 i.teuf° k 

Ik. 0 3+hV + 0 2+0( xD) v a r i a b l e 8 . 3 
15. 0 3+hV + 0 2+0( 3P) v a r i a b l e 8 , 2 

16. 0( 1 D)+M -> 0 ( 3 P)+M 8.5x10 3_ 
17. 0(xD)+H20 + 20H 5.1xl05 2 

18. H02+N02 -> H0N0+02 < 1.2 
ο 

5 
19. H02+N02 + H0 2N0 2 1.2X10"3 5 
20. H0 2N0 2 + H02+N02 5.1 

1, 
6 

21. H02+N0 + N02+0H 1.2x10 
Il η 

7 
22. 0Η+Ν0 ·* Η0Ν0 1.6x10 c 2 

23. 0H+N02 + H0N02 i.6xio U c 8 
2k. H0N0+hV + 0Η+Ν0 v a r i a b l e * 9 
25. C0+0H -> C0 2 +H U . l t x l O 2 10-12 

a T h e p h o t o l y s i s r a t e c o n s t a n t s c a n be c a l c u l a t e d b y (13) 

where 

F o o t n o t e s c o n t i n u e d on b o t t o m o f n e x t p a g e . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
5

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



166 C H E M I C A L REACTION ENGINEERING REVIEWS—HOUSTON 

H y d r o c a r b o n o x i d a t i o n p l a y s a c e n t r a l r o l e i n t h e c h e m i s t r y 
o f t h e l o w e r a t m o s p h e r e . Whereas p r i m a r y r e a c t i o n r a t e c o n s t a n t s 
f o r o l e f i n , a l k a n e , and a r o m a t i c r e a c t i o n s w i t h OH, O3, and 0 a r e , 
b y and l a r g e , w e l l - e s t a b l i s h e d , c e r t a i n r e a c t i o n mechanisms a r e 
s t i l l u n c e r t a i n , most n o t a b l y f o r o l e f i n - O ^ , a r o m a t i c - O H , and 
aromat i c-Oo r e a c t i o n s . 

E x t e n s i v e i n v e s t i g a t i o n s o f t h e l i q u i d - p h a s e r e a c t i o n o f 
ozone w i t h o l e f i n s have i d e n t i f i e d many o f t h e r e a c t i o n i n t e r m e d i ­
a t e s and have e s t a b l i s h e d t h e C r i e g e e z w i t t e r i o n mechanism as a 
m a j o r r e a c t i o n p a t h w a y . U n t i l r e c e n t l y , t h e C r i e g e e mechanism 
has a l s o been w i d e l y assumed t o a p p l y t o t h e g a s - p h a s e o z o n e - o l e f i n 
r e a c t i o n . A l t h o u g h s e v e r a l measurements o f g a s - p h a s e p r o d u c t s a r e 
c o n s i s t e n t w i t h t h e C r i e g e e mechanism (lh), t h e mechanism f a i l s t o 
e x p l a i n t h e f o r m a t i o n o f f r e e r a d i c a l i n t e r m e d i a t e s i n l o w p r e s ­
s u r e 2 t o r r ) o z o n e - o l e f i n r e a c t i o n s and o f u n u s u a l o z o n o l y s i s 
p r o d u c t s b o t h a t l o w and h i g h t o t a l p r e s s u r e s (15). R e c e n t l y , 
e v i d e n c e on t h e n a t u r e o f c e r t a i n e x c i t e d i n t e r m e d i a t e s i n g a s -
phase o z o n e - o l e f i n r e a c t i o n s has a p p e a r e d (l6) . C o n c u r r e n t l y , on 
t h e b a s i s o f t h e r m o c h e m i c a l - k i n e t i c c a l c u l a t i o n s , O ' N e a l and 
B l u m s t e i n (17) p r o p o s e d a l t e r n a t i v e s t o t h e g a s - p h a s e C r i e g e e me­
c h a n i s m , i n v o l v i n g i n t e r n a l h y d r o g e n a b s t r a c t i o n s o f t h e i n i t i a l 
m o l o z o n i d e i n a d d i t i o n t o i t s d e c o m p o s i t i o n t o t h e C r i e g e e f r a g ­
m e n t s . T h e i r mechanism r a t i o n a l i z e s most o f t h e u n u s u a l p r o d u c t s 
o b s e r v e d i n p r e v i o u s s t u d i e s . The e x t e n t t o w h i c h a c e r t a i n o z o n e -
o l e f i n r e a c t i o n w i l l p r o c e e d b y t h e C r i e g e e o r O ' N e a l - B l u m s t e i n 
mechanism i s s t i l l u n c e r t a i n . 

The mechanism o f p h o t o o x i d a t i o n o f a r o m a t i c s p e c i e s i n t h e 
atmosphere i s p e r h a p s t h e a r e a o f g r e a t e s t u n c e r t a i n t y i n a tmo­
s p h e r i c h y d r o c a r b o n c h e m i s t r y . The p r i n c i p a l r e a c t i o n o f a roma-
t i c s i s w i t h t h e h y d r o x y l r a d i c a l . A b s o l u t e r a t e c o n s t a n t s have 
r e c e n t l y been d e t e r m i n e d a t room t e m p e r a t u r e f o r t h e r e a c t i o n o f 
OH r a d i c a l s w i t h benzene and t o l u e n e ( l 8 , l £ ) and w i t h a s e r i e s o f 
a r o m a t i c h y d r o c a r b o n s ( 1£.) . R e c e n t l y , a b s o l u t e r a t e c o n s t a n t s 
f o r t h e r e a c t i o n o f OH r a d i c a l s w i t h a s e r i e s o f a r o m a t i c h y d r o ­
c a r b o n s have been d e t e r m i n e d o v e r t h e t e m p e r a t u r e r a n g e 296-̂ 73K 
(20). F o r a r o m a t i c - O H r e a c t i o n s , t h e i n i t i a l s t e p c a n be e i t h e r 
a b s t r a c t i o n o r a d d i t i o n t o t h e a r o m a t i c r i n g . F o r t o l u e n e , f o r 
e x a m p l e , 

F o o t n o t e s f r o m p r e v i o u s page 

σ ^ ( λ ) = a b s o r p t i o n c r o s s s e c t i o n o f s p e c i e s j 

<f>j(̂ ) = quantum y i e l d o f t h e p h o t o l y s i s o f s p e c i e s j 

I ( λ ) = a c t i n i c i r r a d i a n c e o f t h e l i g h t . 
b —2 —1 U n i t s o f r a t e c o n s t a n t a r e ppm~" m i n " . 

Pseudo s e c o n d - o r d e r r a t e c o n s t a n t f o r 1 a t m . o f a i r . 
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A b s t r a c t i o n o c c u r s m a i n l y f r o m t h e s u b s t i t u e n t R - g r o u p s r a t h e r 
f r o m t h e r i n g . A d d i t i o n i s shown f o r t h e o r t h o p o s i t i o n , a l t h o u g h 
a d d i t i o n may o c c u r a t any o f t h e c a r b o n atoms o f t h e a r o m a t i c r i n g . 
The e n e r g y - r i c h OH-adduct may decompose o r he s t a b i l i z e d as shown 
a b o v e . The amount o f r e a c t i o n a t room t e m p e r a t u r e p r o c e e d i n g b y 
a b s t r a c t i o n i s o f t h e o r d e r o f 2-20$ d e p e n d i n g on t h e i n d i v i d u a l 
h y d r o c a r b o n (20) . The O H - a r o m a t i c a d d u c t p r e s u m a b l y r e a c t s w i t h 
o t h e r a t m o s p h e r i c s p e c i e s s u c h as 0 2, NO, o r ΝΟ2· A p o s s i b l e 
mechanism f o r t h e O2 r e a c t i o n o f t h e t o l u e n e a d d u c t , f o r e x a m p l e , 
l e a d s t o f o r m a t i o n o f a c r e s o l , 

The e l u c i d a t i o n o f a r o m a t i c - O H r e a c t i o n mechanisms i s a k e y p r o b l e m 
i n a t m o s p h e r i c c h e m i s t r y . 

F r e e r a d i c a l c h e m i s t r y forms t h e b a s i s f o r t h e c o n v e r s i o n o f 
NO t o NO2 and t h e f o r m a t i o n o f ozone and o r g a n i c p r o d u c t s . The 
c l a s s e s o f f r e e r a d i c a l s i m p o r t a n t i n a t m o s p h e r i c c h e m i s t r y a r e , 
a s i d e f r o m OH and ΗΟ2» a l k o x y l r a d i c a l s (R0), p e r o x y a l k y l r a d i c a l s 
(R02)» and p e r o x y a c y l r a d i c a l s (RC(0)02)*. T a b l e I I I summarizes 
t h e r e a c t i o n s o f t h e s e t h r e e r a d i c a l c l a s s e s , i n c l u d i n g OH and HO^, 
w i t h NO and NO2. The s e t o f r e a c t i o n s i n T a b l e I I I a r e i n s t r u m e n ­
t a l i n d e t e r m i n i n g t h e r a t e o f c o n v e r s i o n o f NO and NO2 and t h e 
f o r m a t i o n o f o r g a n i c n i t r i t e s and n i t r a t e s . T h e r e e x i s t s c o n s i d ­
e r a b l e u n c e r t a i n t y i n t h e r a t e c o n s t a n t s f o r r e a c t i o n s o f RO and 
RO2 w i t h NO and NO2. 

A d d i t i o n t o Op c a n be c o n s i d e r e d as t h e s o l e f a t e o f a l k y l (R) 
and a c y l (RCO) r a d i c a l s , l e a d i n g t o p e r o x y a l k y l and p e r o x y a c y l 
r a d i c a l s , r e s p e c t i v e l y . The a c y l a t e r a d i c a l (RC(O)O) r a p i d l y 
d i s s o c i a t e s y i e l d i n g an a l k y l r a d i c a l and CO2. H y d r o x y - p e r o x y -
a l k y l r a d i c a l s a r e formed i n o l e f i n - O H r e a c t i o n s . We do n o t 
d i s c u s s t h e r e a c t i o n s o f h y d r o x y - p e r o x y a l k y l r a d i c a l s h e r e . 
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F o o t n o t e s f o r T a b l e I I I 

^ a t e c o n s t a n t s f o r RO-NO r e a c t i o n s have n o t been measured d i r e c t l y 
b u t have been c a l c u l a t e d f r o m measured r a t e s o f t h e r e v e r s e r e a c ­
t i o n and thermodynamic e s t i m a t e s . B a t t e t a l . (21) o b t a i n e d r a t e 
c o n s t a n t s f o r s e v e r a l RO-NO r e a c t i o n s t h a t f a l l i n t h e r a n g e 2.9-
5.8x1ο1* p p n f m i n . M e n d e n h a l l e t a l . (22) and B a t t e t a l . (21) 
d e t e r m i n e d t h e r a j e c o n s t a n t f o r t - b u t o x y + N O , o b t a i n i n g 1.^5x10 
and 6.80x10 ppm" m i n " , r e s p e c t i v e l y . We e s t i m a t e t h e u n c e r ­
t a i n t y i n a g i v e n RO-NO r a t e c o n s t a n t t o be a f a c t o r o f 2-1*. 

^Two r e a c t i o n p a t h s f o r R0-N02 r e a c t i o n s e x i s t . F o r methoxy+N02> 
t h e f r a c t i o n o f r e a c t i o n s p r o c e e d i n g b y a b s t r a c t i o n have b e e n 
e s t i m a t e d f r o m 0.08 t o 0.23 (23,2*0. R a t e c o n s t a n t s f o r RO-NO2 
have been i n f e r r e d f r o m measured v a l u e s o f t h e r a t i o o f t h e r a t e 
c o n s t a n t s o f R0-N0 t o R0-N02 r e a c t i o n s . F o r methoxy r a d i c a l s , 
t h i s r a t i o has been e s t i m a t e d f r o m 1.2 t o 2.7. (23,25) T h u s , 
t h e u n c e r t a i n t y i n t h e R0-N0 r a t e c o n s t a n t i s compounded b y t h e 
u n c e r t a i n t y i n t h e R0-N0 t o RO-NO2 r a t i o . U n c e r t a i n t i e s i n R0-
NO2 r a t e c o n s t a n t s a r e p r o b a b l y a t l e a s t a f a c t o r o f f o u r . 

C o n v e r s i o n o f NO t o NO2 i n t h e u r b a n atmosphere o c c u r s p r i m a r i l y 
b y r e a c t i o n s o f t h e f o r m R02+N0 N02+R0. A s i d e f r o m t h e HO2-NO 
r e a c t i o n , r a t e c o n s t a n t s have n o t been measured f o r RO2-NO r e a c ­
t i o n s . I t has been p o s t u l a t e d t h a t l o n g e r c h a i n RO2 r a d i c a l s 
(n >^ k) d e r i v e d f r o m a l k a n e s undergo a d d i t i o n t o NO. (26) 

^ P e r o x y n i t r a t e s a r e f o r m e d i n t h e RO2-NO2 r e a c t i o n * By a n a l o g y 
t o t h e HO2-NO2 r e a c t i o n , a s m a l l f r a c t i o n o f t h e s e r e a c t i o n s may 
p r o c e e d b y a b s t r a c t i o n . The p e r o x y n i t r a t e may t h e r m a l l y decom­
p o s e . R a t e c o n s t a n t s f o r RO2-NO2 r e a c t i o n s and RO2NO2 decompo­
s i t i o n a r e n o t a v a i l a b l e . 

Q 
The v a l u e s shown a r e f r o m r e f e r e n c e 27. 
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C h e m i s t r y o f S u l f u r D i o x i d e . S u l f u r o x i d e s i n t h e a tmosphere 
c a n most c o n v e n i e n t l y he c o n s i d e r e d as o c c u r r i n g i n t h r e e f o r m s : 
s u l f u r d i o x i d e (SO2), s u l f u r i c a c i d ( ^ S O l ^ ) , and i n o r g a n i c s u l ­
f a t e s . S u l f u r d i o x i d e i s t h e anhydrous f o r m o f t h e weak a c i d , 
s u l f u r o u s a c i d (H2SO3). The s a l t s o f t h i s a c i d a r e s u l f i t e s and 
b i s u l f i t e s . S u l f u r i c a c i d i s t h e h y d r a t e d f o r m o f s u l f u r t r i -
o x i d e ( S O j ) , w h i c h i s d e r i v e d f r o m t h e o x i d a t i o n o f s u l f u r d i o x i d e . 
S u l f u r t r i o x i d e i s i n t e n s e l y h y g r o s c o p i c , and i s i m m e d i a t e l y c o n ­
v e r t e d i n t o s u l f u r i c a c i d i n t h e a t m o s p h e r e . I n o r g a n i c s u l f a t e s 
a r e p r e s u m a b l y d e r i v e d f r o m e i t h e r t h e r e a c t i o n o f s u l f u r i c a c i d 
w i t h c a t i o n s o r t h e o x i d a t i o n o f s u l f i t e s . T h e r e i s l i t t l e i n f o r ­
m a t i o n a v a i l a b l e c o n c e r n i n g t h e f o r m a t i o n and o c c u r r e n c e o f o r ­
g a n i c s u l f a t e s i n t h e a t m o s p h e r e . 

The o x i d a t i o n o f SO2 t o s u l f a t e i s an i m p o r t a n t a t m o s p h e r i c 
phenomenon. I t i s now r e c o g n i z e d t h a t b o t h homogeneous ( g a s - p h a s e ) 
and h e t e r o g e n e o u s ( p a r t i c u l a t e - p h a s e ) p r o c e s s e s c o n t r i b u t e t o SO^ 
o x i d a t i o n i n t h e a t m o s p h e r e . P o s s i b l e r o u t e s t h a t have b e e n i d e n ­
t i f i e d a r e : 

1 . Homogeneous 
O x i d a t i o n o f SO2 t o ^ S O ^ b y f r e e r a d i c a l s p r e s e n t 
i n t h e p o l l u t e d u r b a n atmosphere ( p a r t i c u l a r l y 
p h o t o c h e m i c a l ) 

2 . Het erogeneous 
a . L i q u i d - p h a s e o x i d a t i o n o f SO2 b y 0^ 
b . L i q u i d - p h a s e o x i d a t i o n o f SO2 b y 0~ 
c . M e t a l - i o n c a t a l y z e d , l i q u i d - p h a s e o x i d a t i o n o f SO^ 
d . C a t a l y t i c o x i d a t i o n o f SO2 on p a r t i c l e s u r f a c e s . 

S u l f u r d i o x i d e o x i d a t i o n r a t e s measured i n t h e l a b o r a t o r y o r 
i n f e r r e d f r o m a t m o s p h e r i c d a t a d i s p l a y a r e m a r k a b l e v a r i a b i l i t y . 
The c h a r a c t e r i s t i c t i m e s o f SO2 o x i d a t i o n v a r y f r o m a few m i n u t e s 
t o s e v e r a l d a y s . S u l f u r d i o x i d e i n p u r e a i r i s v e r y s l o w l y o x i ­
d i z e d i n t h e p r e s e n c e o f s u n l i g h t t o s u l f u r i c a c i d a t a r a t e o f 
about 0 . 1 ^ / h r . ( 2 8 ) . Whereas t h e r e i s p r e s e n t l y i n a d e q u a t e i n ­
f o r m a t i o n t o c h a r a c t e r i z e f u l l y t h e c h e m i c a l p r o c e s s e s b y w h i c h 
SO2 i s o x i d i z e d i n p o l l u t e d u r b a n a i r , t h e c o n v e r s i o n i s much 
more r a p i d t h a n i n p u r e a i r . T h i s a c c e l e r a t e d c o n v e r s i o n i s due 
t o t h e p r e s e n c e o f o t h e r a i r c o n t a m i n a n t s t h a t g e n e r a l l y f a c i l i ­
t a t e t h e o x i d a t i o n o f SO2. As n o t e d a b o v e , two p r o c e s s e s appear 
t o be i n v o l v e d : homogeneous o x i d a t i o n b y components ( e . g . f r e e 
r a d i c a l s ) p r e s e n t i n p h o t o c h e m i c a l smog and h e t e r o g e n e o u s o x i d a ­
t i o n p r e d o m i n a n t l y b y c e r t a i n t y p e s o f a e r o s o l s . 

Homogeneous ( p h o t o c h e m i c a l ) o x i d a t i o n o f SO2 i s f e l t t o r e ­
s u l t f r o m r e a c t i o n o f SO2 w i t h a v a r i e t y o f f r e e r a d i c a l s p r e s e n t 
i n p h o t o c h e m i c a l a i r p o l l u t i o n . R a t e s o f o x i d a t i o n o f SO2 i n Los 
A n g e l e s have been e s t i m a t e d t o r a n g e as h i g h as 1 3 # / h r . , a l t h o u g h 
t h e s e r a t e s cannot n e c e s s a r i l y be a t t r i b u t e d e x c l u s i v e l y t o p h o t o ­
c h e m i c a l o x i d a t i o n . 

Heterogeneous o x i d a t i o n o f SO2 o c c u r s i n a e r o s o l s i n w h i c h 
SO2 has been a b s o r b e d . The o x i d a t i o n may o c c u r t h r o u g h t h e a c t i o n 
o f d i s s o l v e d oxygen o r ozone o r may t a k e p l a c e c a t a l y t i c a l l y i n 
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t h e p r e s e n c e o f m e t a l l i c compounds, s u c h as manganese, i r o n , v a n a ­
d i u m , a l u m i n u m , l e a d and c o p p e r . P r e d i c t i o n o f t h e r a t e o f SO2 
o x i d a t i o n i n a p a r t i c l e has p r o v e d t o he q u i t e d i f f i c u l t , as one 
must a c c o u n t f o r d i f f u s i o n o f gaseous SO2 t o t h e p a r t i c l e , t r a n s ­
f e r o f S0 2 a c r o s s t h e g a s - p a r t i c l e i n t e r f a c e , and d i f f u s i o n and 
r e a c t i o n o f SO2 w i t h i n t h e p a r t i c l e . R e l a t i v e h u m i d i t y i s a s i g ­
n i f i c a n t f a c t o r i n t h e h e t e r o g e n e o u s SO2 o x i d a t i o n p r o c e s s s i n c e 
t h e p r o c e s s t a k e s p l a c e , i n g e n e r a l , i n w a t e r d r o p l e t s . I n a d d i ­
t i o n , s i n c e an a c i d i c pH g e n e r a l l y d e c r e a s e s t h e r a t e o f SO2 o x i ­
d a t i o n , t h e f o r m a t i o n o f s u l f u r i c a c i d i n an a e r o s o l w o u l d t e n d 
t o be s e l f - l i m i t i n g u n l e s s t h e a c i d i t y i s d i l u t e d b y a d d i t i o n a l 
w a t e r v a p o r . I n t h i s r e s p e c t , a l k a l i n e m e t a l compounds, s u c h as 
i r o n o x i d e , and ammonia a l s o enhance t h e o x i d a t i o n r a t e b y d e ­
c r e a s i n g d r o p l e t a c i d i t y t h r o u g h t h e i r b u f f e r i n g c a p a c i t y . E x ­
t r a p o l a t e d r a t e s o f o x i d a t i o n b y h e t e r o g e n e o u s p r o c e s s e s i n u r b a n 
a i r r a n g e upwards o f 20%/nr. 

M e t e o r o l o g y has a s u b s t a n t i a l e f f e c t on t h e a t m o s p h e r i c o x i ­
d a t i o n o f S02« I n c r e a s e d h u m i d i t y a c c e l e r a t e s t h e h e t e r o g e n e o u s 
o x i d a t i o n o f S02> whereas c l o u d c o v e r m i g h t be e x p e c t e d t o l o w e r 
t h e r a t e o f p h o t o c h e m i c a l p r o c e s s e s , and r a i n w i l l wash o u t s u l ­
f u r o x i d e s f r o m t h e a t m o s p h e r e . Tempera ture a f f e c t s r e a c t i o n 
r a t e s and t h e s o l u b i l i t y o f g a s e s . 

T a b l e I V summarizes a number o f SO2 o x i d a t i o n r a t e s measured 
i n t h e l a b o r a t o r y and t h e a t m o s p h e r e . The r a t e s v a r y f r o m a l o w 
o f 0.1%/hr f o r p h o t o o x i d a t i o n o f SO2 i n c l e a n a i r t o o v e r 2%/m±n 
measured i n w a t e r d r o p l e t s . S t u d i e s r e f l e c t i n g b o t h homogeneous 
and h e t e r o g e n e o u s p r o c e s s e s a r e p r e s e n t e d i n T a b l e I V . I n t h e 
n e x t s u b s e c t i o n s we c o n s i d e r t h e e l e m e n t s o f b o t h homogeneous and 
h e t e r o g e n e o u s p r o c e s s e s i n a n a t t e m p t t o e s t i m a t e t h e c o n t r i b u t i o n 
o f each t o t h e a t m o s p h e r i c o x i d a t i o n o f SO2. 

1. Homogeneous O x i d a t i o n o f SO2. 
T h e r e a r e a number o f homogeneous ( g a s - p h a s e ) r e a c t i o n s 

f o r t h e a t m o s p h e r i c o x i d a t i o n o f S0 2. A t h o r o u g h r e v i e w o f t h e s e 
r e a c t i o n s has been c a r r i e d o u t b y C a l v e r t e t a l . (k6). T a b l e V 
summarizes t h e r a t e c o n s t a n t v a l u e s f o r t h e most i m p o r t a n t o f 
t h e s e r e a c t i o n s . 

S u l f u r d i o x i d e i s c o n v e r t e d t o SO3 b y t h e r e a c t i o n ( r e a c t i o n 
number ing i s s e p a r a t e f r o m t h a t i n T a b l e I ) 

S0 2 + 0 ( 3 P ) ( + M ) + S0 3 (+M) 

C a l v e r t e t a l . (k6) recommended t h e a p p a r e n t s e c o n d - o r d e j j r a t e 
c o n s t a n t at_J a t m . i n ^ i r a £ 25°0^ε k i = (5 .7±0 . 5 )x lO~ c n r 
m o l e c " s e c " (8.3x10 ppm" m i n " ) . The s o u r c e o f oxygen atoms 
f o r r e a c t i o n 1 i s l a r g e l y f r o m t h e p h o t o l y s i s o f N02> 

2 
N0 2 + hV + NO + 0 ( 3 P ) 

The p r i m a r y c o m p e t i t i o n f o r t h e oxygen atoms i s t h e r e a c t i o n 

0 ( 3 P ) + 0 2 + M + 0 3 + M 
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T a b l e V . R a t e C o n s t a n t s and E s t i m a t e d C o n t r i b u t i o n s t o 
A t m o s p h e r i c SOp O x i d a t i o n f o r Homogeneous 
C h e m i c a l R e a c t i o n s 

R e a c t i o n 

E s t i m a t e d c o n t r i b u t i o n 
@25°C jm3 1 t o S 0 2 o x i d a t i o n r a t e , 
molec"" o o r * ^ Ήτ»-1 

R a t e c o n s t a n t 
-O 

sec '% h r -

(5.7±0.5)xlO S 0 2 + 0 ( 3 P ) ( + M ) 

S0 3 (+M) 

S 0 2 + H 0 2 -> OH+S0 3 

S 0 2 + C H 3 0 2 -*· C H 3 0 + S 0 3 

+ C H 3 0 2 S 0 2 

S0 2+0H(+M) + H0S0 2 (+M) ( l . l±0.3 ) x l ( f 

-16* (8.7±1.3)xl0 

(5.3±2.5)xl0"15 

k.6xl6 

0.75 

0.U6 

1.0 

- 3 

^ h e s t u d y o f Payne e t a l . ( V f ) p r o v i d e s t h e o n l y e x p e r i m e n t a l 
e s t i m a t e o f t h i s r e a c t i o n . Measurements o f t h e r a t e o f t h e SOp-
H 0 2 r e a c t i o n were made r e l a t i v e t o t h o s e ô f 2 H 0 2 H 2 0 o + 0 2 . They 
d e r i v e d t h e e s t i m a t e k o r N „ / k j / 2 „ = (1*.8±0.7Χ10""Χ ( c m 3 

_2 2 i / 2 o 0 2 — H 0 2 nOp—nU 2 

m o l e c " s e c " ) . C a l v e r t e t a l . Xh6) d i s c u s s t h e a v a i l a b l e 
v a l u e s f o r k g o 2 - H 0 2

> a n < i ^ a s e < i o n ^is d i s c u s s i o n recommended t h e 
l o w e r l i m i t f o r k 0 - ' g i v e n i n t h e t a b l e . 

b u 2 - t t u 2 

^ I t i s n o t p o s s i b l e t o d e t e r m i n e t h e e x t e n t t o w h i c h each o f t h e 
r e a c t i o n s o c c u r f r o m t h e e x i s t i n g d a t a . Thermodynamic arguments 
f a v o r t h e f o r m a t i o n o f C H 3 0 and S 0 3 r a t h e r t h a n CH^OgSOg. 

c T h e v a l u e shown was recommended b y C a l v e r t e t a l . (k6) b a s e d on 
a n a v e r a g e o f t h e r e s u l t s o f t h e most e x t e n s i v e s t u d i e s a t h i g h 
p r e s s u r e : A t k i n s o n e t a l . (U8), Cox (k9)» and C a s t l e m a n and 
Tang (50). 
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5. S E I N F E L D Environmental Reaction Engineering 175 

Oxygen atoms c a n be c o n s i d e r e d t o be i n a s t e a d y s t a t e as a r e ­
s u l t o f r e a c t i o n s 2 and 3 ( r e a c t i o n 1 has a n e g l i g i b l e e f f e c t on 
t h e c o n c e n t r a t i o n o f oxygen a t o m s ) , [0] = kp[N0 ] / k 3[0p ] [ M ] . 
The r a t e o f r e a c t i o n 1 i s e s t i m a t e d f r o m s k [ 0 ] s j g [ S O ^ ] , and 
t h u s t h e c h a r a c t e r i s t i c t i m e f o r S 0 2 o x i d a t i o n b y r e a c t i o n 1 i s 
τ 1 = ^ [ 0 2 ] [ Μ ] / ^ 2 [ Ν 0 2 ] . A s s u m i n g [ N 0 2 ] = 0 . 1 ppm, [ 0 2 ] = 

2 .1x10 ppm, [M] = 10^ ppm, and k 2 = O.k m i n " 1 , a v a l u g t y p i c a l o f 
L o s A n g e l e s noonday i n t e n s i t i e s , we o b t a i n = 1 . 3 x 1 0 m i n . The 
c o r r e s p o n d i n g o x i d a t i o n r a t e i n % h r " i s g i v e n i n T a b l e V . 

The c h a r a c t e r i s t i c t i m e f o r t h e r e a c t i o n 

S 0 2 + H 0 2 + OH + S 0 3 

i s g i v e n b y = { k j j H O p ] } 1 . H y d r o p e r o x y l r a d i c a l c o n c e n t r a t i o n s 
i n ambient a i r have n o t oeen m e a s u r e d . S i m u l a t i o n s o f smog p h o t o ­
c h e m i s t r y (51) y i e l d a p p r o x i m a t e H 0 2 c o n c e n t r a t i o n s o f 1 0 " ppm. 
On t h i s b a s i s , u s i n g t h e v a l u e o f k^ g i v e n i n T a b l e V , we e s t i m a t e 

= 0 . 8 x l 0 4 m i n . 
The c h a r a c t e r i s t i c t i m e f o r t h e r e a c t i o n 

sa 

S 0 2 + C H 3 0 2 + C H 3 0 + S 0 3 

+ C H 3 0 2 S 0 2 

i s g i v e n b y = { k _ [ C H 3 ° 2 ] } ~ 1 The m e t h y l p e r o x y l r a d i c a l i s one o f 
t h e most abundant o r the o r g a n i c f r e e r a d i c a l s i n t h e p o l l u t e d 
a t m o s p h e r e . S i m u l a t i o n s o f smog p h o t o c h e m i s t r y (51) y i e l d a p p r o x i ­
mate CH Op c o n c e n t r a t i o n s o f 10~5 ppm. T h u s , we e s t i m a t e 
T g = 1 . 3 x I 0 4 m i n . 

The c h a r a c t e r i s t i c t i m e f o r t h e r e a c t i o n 
6 

S 0 2 + OH (+M) + H 0 S 0 2 (+M) 

i s g i v e n b y T g = {kg[OH]IT 1 H y d r o x y l r a d i c a l c o n c e n t r a t i o n meas­
urements i n ambient a i r were r e p o r t e d b y Wang eg a l . ( 5 2 ) · Peak 
OH c o n c e n t r a t i o n s i n u r b a n a i r were f o u n d t o exceed 10 m o l e c u l e s / 
c m 3 (^10~7 ppm). B a s e d on t h i s v a l u e o f [ O H ] , we o b t a i n = 
0.6x10^ m i n . The f a t e o f t h e H 0 S 0 2 p r o d u c t has n o t b e e n 
e s t a b l i s h e d w i t h c e r t a i n t y ; i t i s u s u a l l y assumed t h a t i s h y d r a t e s 
i n some manner t o f o r m s u l f u r i c a c i d . 

T a b l e V summarizes t h e e s t i m a t e d c o n t r i b u t i o n s o f t h e homo­
geneous r e a c t i o n s d i s c u s s e d i n t h i s s e c t i o n t o t h e o v e r a l l r a t e o f 
S 0 2 o x i d a t i o n i n t h e a t m o s p h e r e . The t o t a l e s t i m a t e d S 0 2 o x i d a ­
t i o n r a t e f r o m t h e s e p r o c e s s e s i n a smoggy atmosphere i s 2 . 2 ^ / h r . , 
a v a l u e comparab le t o t h o s e i n f e r r e d f r o m ambient measurements o f 
S 0 2 t o s u l f a t e c o n v e r s i o n r a t e s . 

2 . Heterogeneous O x i d a t i o n o f S 0 2 

As n o t e d a b o v e , t h e h e t e r o g e n e o u s o x i d a t i o n o f S 0 2 may 
t a k e p l a c e b y t h e f o l l o w i n g mechanisms: 
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a . L i q u i d - p h a s e o x i d a t i o n o f SO2 b y 0 2 

b . L i q u i d - p h a s e o x i d a t i o n o f SO2 b y O3 
c . M e t a l - i o n c a t a l y z e d , l i q u i d - p h a s e o x i d a t i o n o f S 0 2 

d . C a t a l y t i c o x i d a t i o n o f SO2 on p a r t i c l e s u r f a c e s . 
I n s p i t e o f t h e f a c t t h a t t h e l i q u i d - p h a s e ( u n c a t a l y z e d ) o x i ­

d a t i o n o f SO2 b y 0 2 has been s t u d i e d f o r many y e a r s , t h e r e does 
not e x i s t a c l e a r u n d e r s t a n d i n g o f t h e p r i m a r y r e a c t i o n mechanism. 
The r a t e o f s u l f a t e f o r m a t i o n i s u s u a l l y e x p r e s s e d as f i r s t - o r d e r 
i n t h e c o n c e n t r a t i o n o f s u l f i t e i o n , 

α[SO?] 

A r e c e n t v a l u e o f k d e t e r m i n e d f r o m a n e x t e n s i v e s e t o f e x p e r i ­
ments i s (j>3) s 

k s = k x + k 2 [ H + ] l / 2 + k 3 p Q [ H V 1 

w h e r e , a t 29§ 2K, k = l * . 8 x l 0 ~ 3 s e c " 1 , k p = M s e c " 1 ( m o l e / J l ) " 1 ^ 2 , 
k^ = 3 . 9 x 1 0 " sec 1 (mole/il) a t m " , ana p Q 2 i s t h e p a r t i a l p r e s ­
s u r e o f O2 i n t h e gas p h a s e . 

S u l f u r d i o x i d e i s o x i d i z e d i n aqueous s o l u t i o n b y o z o n e . A 
r e c e n t l y d e t e r m i n e d r a t e e x p r e s s i o n f o r s u l f a t e f o r m a t i o n i n 
aqueous s o l u t i o n b y t h i s r o u t e i s (53) 

d[S0D - + - 0 1 
^ - k ^ 0 3

l H B 0 3 » H 1 

where, a t 298°K k^ = U . U x l O 1 * ( m o l e / A ) " 0 * 9 s e c " 1 , = 0 .0123 a t m , 
and p Q i s t h e p a r t i a l p r e s s u r e o f ozone i n t h e 3 gas p h a s e . 

L a V s o n e t a l . (j>3) c o n c l u d e t h a t , o w i n g t o t h e r e l a t i v e l y 
s m a l l amount o f l i q u i d w a t e r i n v o l v e d , n e i t h e r t h e 0 2 n o r t h e O3 
o x i d a t i o n i s f a s t enough t o p r o d u c e s i g n i f i c a n t q u a n t i t i e s o f 
s u l f a t e i n t h e l i q u i d phase a t h u m i d i t i e s l e s s t h a n s a t u r a t i o n . 
These r e a c t i o n s c o u l d o n l y o c c u r a t a s i g n i f i c a n t r a t e u n d e r s a t ­
u r a t e d c o n d i t i o n s , i . e . i n f o g s o r c l o u d s where t h e l i q u i d w a t e r 
c o n t e n t may exceed 0 . 1 g / m 3 . F o r c l o u d c o n d i t i o n s o f [O3] = 
0 .05 ppm, [H 20] = 0 . 6 g / m 3 , [ S 0 2 ] = [NH3] = 0 . 0 1 ppm, t h e r a t e f o r 
S 0 2 o x i d a t i o n b y O3 i s i n t h e r a n g e o f 1 - W h r . 

The m e t a l - i o n c a t a l y z e d , l i q u i d - p h a s e o x i d a t i o n o f SO2 has 
r e c e i v e d c o n s i d e r a b l e a t t e n t i o n as a mechanism f o r SO2 c o n v e r s i o n 
i n plumes and c o n t a m i n a t e d d r o p l e t s . I n g e n e r a l , t h e mechanisms 
p r o p o s e d a r e l e n g t h y , and t h e d e r i v e d r a t e e x p r e s s i o n s a r e l a r g e l y 
e m p i r i c a l . T a b l e V I summarizes a v a r i e t y o f s t u d i e s on t h i s p r o c ­
e s s . O b s e r v e d r a t e s v a r y s u b s t a n t i a l l y d e p e n d i n g on t h e p a r t i c u ­
l a r c a t a l y s t , r e l a t i v e h u m i d i t y , and o t h e r c o n d i t i o n s . 

Novakov e t a l . (5^0 have s u g g e s t e d t h a t t h e s u r f a c e o f s o o t 
p a r t i c l e s s e r v e s as a c a t a l y s t f o r t h e o x i d a t i o n o f S02« S u c h a 
p r o c e s s m i g h t be o f i m p o r t a n c e i n a plume c o n t a i n i n g s i g n i f i c a n t 
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q u a n t i t i e s o f c a r b o n a c e o u s p a r t i c l e s o r i n a n atmosphere where 
motor v e h i c l e s o o t a e r o s o l i s p r e s e n t . V e r y l i t t l e i s p r e s e n t l y 
known about t h e r a t e s o r mechanisms o f t h i s p r o c e s s . 

A e r o s o l C h e m i s t r y . The g e n e r a l r e l a t i o n s h i p between gaseous 
and p a r t i c u l a t e p o l l u t a n t s i n t h e u r b a n atmosphere i s d e p i c t e d i n 
F i g u r e 1 . A e r o s o l s may be e m i t t e d d i r e c t l y f r o m s o u r c e s o r be 
formed i n t h e a tmosphere as t h e r e s u l t o f c o n d e n s a t i o n o f s e c o n d ­
a r y v a p o r s formed i n g a s - p h a s e r e a c t i o n s . 

The e s s e n t i a l e l ements o f u r b a n a e r o s o l c h e m i s t r y a r e shown 
i n F i g u r e 2 , i n w h i c h we have r e p r e s e n t e d t h e c h e m i s t r y i n t e r m s 
o f t h e c o n v e r s i o n o f SC>2> N 0 X and h y d r o c a r b o n s t o p a r t i c u l a t e 
s u l f a t e , n i t r a t e , and o r g a n i c s , r e s p e c t i v e l y . T a b l e V I I summar­
i z e s t h e k e y unknown a s p e c t s o f t h e p r o c e s s e s d e p i c t e d i n F i g ­
u r e 2 . T h e r e a r e many f e a t u r e s o f a t m o s p h e r i c a e r o s o l c h e m i s t r y 
t h a t must be e l u c i d a t e d b e f o r e we u n d e r s t a n d f u l l y t h e f o r m a t i o n 
and g r o w t h o f a t m o s p h e r i c p a r t i c l e s . 

dynamics o f U r b a n A e r o s o l s 

T a b l e V I I I summarizes t h e p h y s i c a l p r o c e s s e s t h a t a f f e c t t h e 
e v o l u t i o n o f a e r o s o l i n a u n i t volume o f a t m o s p h e r e . To d e v e l o p 
t h e g e n e r a l d y n a m i c . e q u a t i o n g o v e r n i n g a e r o s o l b e h a v i o r l e t us 
assume t h a t t h e a e r o s o l i s composed o f l i q u i d d r o p l e t s o f M c h e m i ­
c a l s p e c i e s . We l e t c^ denote t h e c o n c e n t r a t i o n o f s p e c i e s i i n 
a d r o p l e t , i = 1 , 2 , . . . , M , and D p denote t h e d i a m e t e r o f t h e p a r ­
t i c l e . We t h e n d e f i n e n ( D p , c ^ , . . . , c M , r , t ) as t h e s i z e - c o m p o s i ­
t i o n d i s t r i b u t i o n f u n c t i o n , s u c h t h a t η d D p d c ^ . . . d c ^ i s t h e 
number o f p a r t i c l e s p e r u n i t volume o f a tmosphere a t l o c a t i o n r 
a t t i m e t o f d i a m e t e r Dp t o Dp + dDp and o f c o m p o s i t i o n c^ t o 
C i + d c i (moles l " 1 ) o f s p e c i e s i , i = 1 , 2 , . . . , M . * The t o t a l p a r ­
t i c l e number d e n s i t y (cm" ) a t l o c a t i o n r a t t i m e t i s 

ΓΟΟ ΓΟΟ 

N ( r , t ) = J · · · J n ( B p , c 1 , . . . , c M , r , t ) d D p d ^ . . . d c ^ ( l ) 
0 0 

- 1 - 3 
The d i s t r i b u t i o n o f p a r t i c l e s b y p a r t i c l e d i a m e t e r (urn cm ) i s 
d e f i n e d b y n A ( D , r , t ) and g i v e n b y υ ρ ~ 

n 0 ( D p ^ , t ) = Γ*** p^p'V---* V ï ' ^ d C l ·*· d C M * ( 2 ) 

The g e n e r a l e q u a t i o n g o v e r n i n g t h e s i z e c o m p o s i t i o n d i s t r i b u ­
t i o n f u n c t i o n was d e r i v e d b y Chu and S e i n f e l d (6£). The e q u a t i o n 

^Throughout we g i v e r e p r e s e n t a t i v e u n i t s f o r v a r i o u s q u a n t i t i e s . 
N u m e r i c a l c o n v e r s i o n f a c t o r s a s s o c i a t e d w i t h t h e s e u n i t s a r e n o t 
e x p l i c i t l y i n d i c a t e d i n t h e e q u a t i o n s . 
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Figure 2. Elements of urban aerosol chemistry 
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i n c l u d e s t h e e f f e c t s o f c o a g u l a t i o n , h e t e r o m o l e c u l a r n u c l e a t i o n , 
h e t e r o g e n e o u s c o n d e n s a t i o n , and a e r o s o l phase c h e m i c a l r e a c t i o n s , 
i n a d d i t i o n t o a d v e c t i o n and t u r b u l e n t d i f f u s i o n . The f u l l g e n ­
e r a l dynamic e q u a t i o n g o v e r n i n g t h e mean s i z e - c o m p o s i t i o n d i s t r i ­
b u t i o n f u n c t i o n n(D , c c , r , t ) i s 

+ S (D , c , c , t ) + S (D , c , c , r , t ) , (3) 
O p l M l p l M ~ 

where F = dD / d t , F . = d c . / d t , u i s t h e s i z e - d e p e n d e n t s e d i m e n -
1/ ρ ι i s 

t a t i o n v i l o c i t y , S i s t h e r a t e o f f o r m a t i o n o f p a r t i c l e s b y h e t ­
e r o m o l e c u l a r n u c l e a t i o n , and i s t h e r a t e o f i n t r o d u c t i o n o f 
p a r t i c l e s f r o m s o u r c e s . 

I n t h e l a s t s e v e r a l y e a r s a g r e a t d e a l has been l e a r n e d about 
a i r p o l l u t i o n a e r o s o l s (68-71)» A l t h o u g h o u r knowledge i s s t i l l 
f a r f r o m c o m p l e t e , t h e r e i s g e n e r a l agreement on t h e n a t u r e o f 
u r b a n a e r o s o l s i z e d i s t r i b u t i o n s and t h e i r i n t e r p r e t a t i o n (70). 
I t has been e s t a b l i s h e d t h a t t h e p r i n c i p a l g r o w t h mechanism f o r 
u r b a n a t m o s p h e r i c a e r o s o l s i n t h e 0.1-1.0 ym d i a m e t e r s i z e r a n g e 
( t h e s o - c a l l e d A c c u m u l a t i o n Mode) i s g a s - t o - p a r t i c l e c o n v e r s i o n 
(68,71). The m a j o r s e c o n d a r y components i n a t m o s p h e r i c a e r o s o l s 
have been i d e n t i f i e d as s u l f a t e s , n i t r a t e s and p a r t i c u l a t e o r g a n i c 
s p e c i e s (68*71,72,73). The q u a l i t a t i v e p i c t u r e o f p o l l u t e d 
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t r o p o s p h e r i c a e r o s o l s t h a t has e v o l v e d i s t h a t p r i m a r y a e r o s o l 
p r o v i d e s t h e s u r f a c e upon w h i c h s e c o n d a r y s p e c i e s c o n d e n s e , so 
t h a t e v e n t u a l l y t h e volume o f s e c o n d a r y a e r o s o l s u b s t a n t i a l l y e x ­
ceeds t h a t o f t h e o r i g i n a l p r i m a r y a e r o s o l . 

Assessment o f t h e e f f e c t o f gaseous and p a r t i c u l a t e p r i m a r y 
e m i s s i o n c o n t r o l s on a t m o s p h e r i c p a r t i c u l a t e c o n c e n t r a t i o n s and 
p r o p e r t i e s n e c e s s i t a t e s t h e development o f a m a t h e m a t i c a l m o d e l 
c a p a b l e o f r e l a t i n g p r i m a r y e m i s s i o n s o f gaseous and p a r t i c u l a t e 
p o l l u t a n t s t o t h e s i z e and c h e m i c a l c o m p o s i t i o n d i s t r i b u t i o n o f 
a t m o s p h e r i c a e r o s o l s . 

We have d e v e l o p e d t h e f o l l o w i n g a s p e c t s o f a g e n e r a l a e r o s o l 
m o d e l : c o a g u l a t i o n and h e t e r o g e n e o u s c o n d e n s a t i o n f l u x e x p r e s ­
s i o n s , a n u m e r i c a l method f o r s o l u t i o n o f t h e g e n e r a l dynamic e q u a ­
t i o n , SO2 homogeneous c h e m i s t r y , and Ν 0 χ homogeneous and h e t e r o ­
geneous c h e m i s t r y . A l s o , we have o b t a i n e d s o l u t i o n s t o s p e c i a l 
c a s e s o f e q u a t i o n (3) i n o r d e r t o e l u c i d a t e t h e f e a t u r e s o f s i z e 
d i s t r i b u t i o n dynamics w i t h s i m u l t a n e o u s c o a g u l a t i o n and c o n d e n ­
s a t i o n . F o r t h e u r b a n - s c a l e a e r o s o l model we d e v e l o p e d a l i n e a r 
g a s - p a r t i c l e m a t e r i a l b a l a n c e model c a p a b l e o f p r e d i c t i n g s t e a d y -
s t a t e l e v e l s o f gaseous p r e c u r s o r s and s e c o n d a r y a e r o s o l c o n s t i ­
t u e n t s (7*0· We t h e n s t u d i e d t h e g a s - t o - p a r t i c l e c o n v e r s i o n p r o c ­
ess t h r o u g h t h e dynamics o f t h e s i z e d i s t r i b u t i o n o f p h o t o c h e m i c a l 
a e r o s o l s (75.). 

The a r e a o f g r e a t e s t u n c e r t a i n t y c o n c e r n s t h e c h e m i c a l n a t u r e 
o f t h e a e r o s o l and t h e i n f l u e n c e o f homogeneous and h e t e r o g e n e o u s 
c h e m i s t r y on t h e s i z e and c o m p o s i t i o n d i s t r i b u t i o n o f t h e a e r o s o l . 
T h u s , i t i s now n e c e s s a r y t o s y n t h e s i z e o u r knowledge o f b o t h t h e 
homogeneous and h e t e r o g e n e o u s c h e m i s t r y o f SO2, N0 X, and o r g a n i c 
s p e c i e s t o d e s c r i b e t h e s i z e and c o m p o s i t i o n dynamics o f t h e a e r o ­
s o l . The b a s i c m a t h e m a t i c a l a s p e c t s o f t h i s t a s k have been com­
p l e t e d ; t h e k e y i s s u e now i s t h e a e r o s o l c h e m i s t r y . F u t u r e work 
w i l l c o n c e r n t h e e l u c i d a t i o n and s y n t h e s i s o f c u r r e n t knowledge 
on a e r o s o l c h e m i s t r y w i t h t h e o b j e c t o f d e v e l o p i n g a m a t h e m a t i c a l 
model f o r t h e g e n e r a l u r b a n a e r o s o l . 
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6 

The Design of Gas-Solids Fluid Bed and Related 

Reactors 

W. P. M. VAN SWAAIJ 
Twente University of Technology, Enschede, Netherlands 

In fluidization it is attempted to overcome the 
problems in handling granulair solids or powder and to 
improve its heat transport properties. This is done by 
passing a fluid through a dense swarm of particles, 
thus reducing internal friction and cohesion between 
the particles. The particles then become in a dynamic 
state of equilibrium, on the average their weight is 
just balanced by the drag force exerted by the fluid on 
the particles. 

The gas solids suspension, which may contain lar­
ger empty spaces called bubbles, can to a certain ex­
tent be considered and handled like a liquid which is 
of great advantage in process operations. 

Due to the extensive mixing caused by the fast 
flowing bubbles, heat transfer and heat transport rates 
are very high (see eg. (1)). 

Fluidized beds have been studied during the last 
35 years with an effort that is almost unique for a 
single type of process operation. Many thousands of 
articles, patents, several textbooks (1-6) and many 
review articles on special subjects appeared, while a 
considerable number of symposia have been devoted to 
this subject. This reflects also a wide spread use of 
fluid beds in physical operations and as a chemical 
reactor in chemical, petroleum, environmental, metal­
lurgical and energy industries. Old applications like 
gasification of coal (Winkler generator, 1926) and 
combustion of coal are reviving. 

Furthermore, fluidization is a fascinating subject, 
an Έ1 Dorado"for model builders and a rich source of 
Ph-D. programs. It is impossible to give a short review 
of the problem "fluidized bed reactors", as this would 
f i l l a complete series of textbooks. We shall only con­
sider relatively recent developments in a few areas 
from the point of view of design/process development: 

0-8412-0432-2/78/47-072-193$07.50/0 
© 1978 American Chemical Society 
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modelling bubbling bed r e a c t o r s , co-current and counter 
current r e a c t o r s . 
F i g . 1 shows the d i f f e r e n t types of g a s - s o l i d f l u i d bed 
and r e l a t e d r e a c t o r s . The bubbling bed reactors (a) are 
the oldest type and most f l u i d bed studies r e f e r to t h i s 
regime. In modern f l u i d bed cat cracking regenerators 
gas v e l o c i t i e s are so high that i n d i v i d u a l bubbles be­
come vague and so much of the s o l i d s i s entratined to 
the cyclones (not shown) that a l s o the bed l e v e l i s not 
c l e a r l y defined anymore (b). (This regime i s presently 
c a l l e d turbulent beds). E s p e c i a l l y with the introduc­
t i o n of z e o l i t e c a t a l y s t i t became advantageous to 
carry out cat cracking i n a r i s e r reactor where cata­
l y s t i s transported with the gas phase at a high v e l o ­
c i t y thus r e a l i s i n g short contact times and l e s s back-
mixing . 

At g a s v e l o c i t i e s between (b) and (c) there i s a 
transport regime with a higher s o l i d s c o n c e n t r a t i o n 
c a l l e d " f a s t " bed. Counter current contactors are used 
as s t r i p p e r s (e.g. i n cat crackers) or as chemical 
reactors i f counter current i s required (e.g. f o r heat 
exchange, high s o l i d phase conversion, adsorption, e t c ) . 

Bubbling Bed Reactors, P a r t i c l e S e l e c t i o n 

One of the f i r s t problems i n design/process de­
velopment of a f l u i d bed reactor i s the p r e d i c t i o n of 
the type of f l u i d i z a t i o n that w i l l be obtained i n the 
large s c a l e reactor u n i t . Many process v a r i a b l e s such 
as temperature, pressure, e t c . w i l l be chosen on other 
arguments, but i n the s e l e c t i o n of the p a r t i c l e s i z e 
and the f l u i d i z a t i o n v e l o c i t y , considerations on the 
s t a t e of f l u i d i z a t i o n o f t e n play a major r o l e . Some 
rul e s of the tumb were already a v a i l a b l e ( 2 ) / but 
during the past few years a more systematic approach 
to t h i s problem has been discussed i n open l i t e r a t u r e . 

Geldart et a l . ( 8 ,9) represented the d i f f e r e n t 
types of f l u i d i z a t i o n as a f u n c t i o n of d and Ρ - Ρ α 

( F i g . 2 ) . Many more c h a r a c t e r i s t i c s on tne d i f f e r e n t 
f l u i d i z a t i o n states than i n d i c a t e d i n F i g . 2 are given 
i n t h e i r papers. The d i f f e r e n c e i n f l u i d i z a t i o n between 
A and Β powders i s e a s i l y demonstrated i n a bed expan­
si o n graph (see F i g . 3 ) . 

The c h a r a c t e r i s t i c s of Β powders are r e l a t i v e l y 
simple. D i r e c t l y beyond the point of minimum f l u i d i ­
z a t i o n bubbles are formed and the average dense phase 
p o r o s i t y doesn't change. In large s c a l e u n i t s bubbles 
grow r a p i d l y to large s i z e s by coalescense, dense phase 
mixing i s moderate and the apparent " v i s c o s i t y " i s high. 
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a. c d e .1 

Figure 1. Fluid bed and related reactors, (a) Bubbling bed (with or 
without internals); (b) turbulent bed; (c) pneumatic transport (riser and 
fast bed); (d) countercurrent baffle column; (e) plate column (sieve 
trays, bubble caps, etc.); (f) packed column (bubble flow or trickle flow). 

10000Η 

Figure 2. Powder classification according to Geldart (8, 9) 
(ambient conditions) 
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Α-powders behave quit e d i f f e r e n t l y . There i s a 
homogeneous (bubble free) expansion at low gas v e l o c i ­
t i e s and i f bubble formation s t a r t s the t o t a l bed ex­
pansion f i r s t decreases to a minimum value and then i n ­
creases again. In large u n i t s bubbles grow i n s i z e but 
may reach a st a t e of dynamic e q u i l i b r i u m between coa­
lescence and s p l i t t i n g and therefore a maximum s i z e 
( 10»/ 1JL) . Even at low gas v e l o c i t i e s strong convection 
currents and intense backmixing e x i s t i n the dense 
phase. The dense phase expansion of Α-powders i s not 
only of academic i n t e r e s t / but i s e s s e n t i a l to obtain 
smooth f l u i d i z a t i o n on a large s c a l e (at large bed 
h e i g h t s ) . This can be i l l u s t r a t e d with the experiments 
of de Groot (2) (see F i g . 4 ) . The r a p i d decrease i n 
bed expansion with bed diameter f o r B-powders r e f l e c t s 
the formation of large bubbles which causes intense 
shacking of the apparatus and formation of dead zones 
(2)· I t i s s u r p r i s i n g that not much more a t t e n t i o n has 
been paid to these f a c t s . 

The essence of the A-type expansion phenomena has 
been described by Rietema (12) , Morooka et a l . ( 1 2 0 and 
van Swaaij and Zuiderweg (14), de Jong and Nomden ( 1 5 ) 
and Bayens and Geldart (9), but the importance for large 
s c a l e f l u i d i z a t i o n has not been ge n e r a l l y recognized 
and i s not mentioned i n the recent handbooks. 

From the point of view of design/ the dense phase 
expansion under f u l l f l u i d i z a t i o n conditions i s most 
important. This expansion can be measured by the bed 
colapse technique (Rietema (JL2) / de V r i e s et a l . ( 1 6 ) ) 
i n which dense phase expansion can be separated from 
expansion due to bubbles and the permeability of the 
dense phase be estimated. The high bed expansion at 
Ubp can be e a s i l y broken up by s t i r r i n g with a rod and 
then the dense phase expansion under f u l l f l u i d i z a t i o n 
conditions i s roughly obtained; the o r i g i n a l expansion 
i s restored/ however/ i f the bed i s l e f t undisturbed 
again. The author observed i n two dimensional homo­
geneous bed experiments a tendency f o r i n j e c t e d s i n g l e 
l a r g e bubbles to decrease i n s i z e i f the bed expansion 
was below the dense phase expansion under f u l l f l u i d i ­
z a t i o n conditions and to increase i n s i z e i f the bed 
expansion was higher. This i n d i c a t e s that a kind of 
dynamic e q u i l i b r i u m between bubble gas and dense phase 
e x i s t s under f u l l f l u i d i z a t i o n conditions/ which i s 
of course very important f o r mass t r a n s f e r (to be d i s ­
cussed l a t e r ) . L i t t l e information about t h i s equi­
l i b r i u m dense phase expansion i s a v a i l a b l e i n the open 
l i t e r a t u r e . Rowe (12) gives some data on dense phase 
through flow which seems to be very high. The measuring 
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Figure 4. Bed expansion and mixing coefficient of A 
and Β powders. Data from de Groot (7) (ambient con­

ditions, air-silica). 
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technique has not yet been i n d i c a t e d . As the range of 
homogeneous f l u i d i z a t i o n i s important f o r the type of 
f l u i d i z a t i o n , the e m p i r i c a l r e l a t i o n s and theories 
about t h i s regime w i l l be s h o r t l y discussed. De Jong 
and Nomden (15) and Bayers and Geldart (9) gave emperi-
c a l r e l a t i o n s f o r Ufcp and U m f as a fu n c t i o n of the 
p a r t i c l e diameter. The range of homogeneous f l u i d i z a ­
t i o n i s then given by U m f < U Q < Ufcp (see F i g . 5). 
The whole phenomenon of homogeneous expansion i s d i f f i ­
c u l t to understand. A complete theory should describe 
t h i s phenomenon (and therefore the sta t e of f l u i d i ­
z a t i o n , A and Β f l u i d i z a t i o n , etc.) as a f l u i d i z a t i o n 
property and not as a p a r t i c l e property as done by 
Geldart. 

Some authors (JJB, 13, 20) come to the conclusion 
i n t h e i r t h e o r i e s that homogeneous expansion should 
always be unstable. Others (21, 22, 23) derive d i f f e r ­
ent functions f o r the maximum p o r o s i t y ε^ρ above which 
no s t a b l e homogeneous operation i s p o s s i b l e . 

Oltrogge (£3) and Verloop (22!) introduce i n t h e i r de­
r i v a t i o n s of equation (1) a s t a b i l i z i n g e l a s t i c be­
haviour of the bed which i s ascribed to the hydro­
dynamics of the flow of a f l u i d through p a r t i c l e l a y e r s . 
However, t h i s explanation cannot be v a l i d f o r the low 
Reynolds numbers encountered i n homogeneous gas - s o l i d s 
f l u i d i z a t i o n as was r e c e n t l y shown by Mutsers and 
Rietema (21) . Rietema (22) showed the e s s e n t i a l r o l e of 
i n t e r p a r t i c a l contact i n f l u i d i z a t i o n . This contact can 
be demonstrated e.g. by e l e c t r i c a l c o n d u c t i v i t y measure­
ments. Due to t h i s contact, p a r t i c l e s exert cohesion 
forces on each other. For p a r t i c l e s with d < 100 μm 
the cohesion number 

becomes much l a r g e r than one (22). 
The e l a s t i c i t y E e of the p a r t i c l e s t r u c t u r e with­

i n the dense phase, a consequence of the p a r t i c l e 
f o r c e s , was considered i n the s t a b i l i t y critérium f o r 
homogeneous f l u i d i z a t i o n of Mutsers and Rietema: 

(1) 

Ga, 
Ρ 

Co cohesion force between p a r t i c l e s i n contact 
g r a v i t y force on p a r t i c l e 
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Ρ 3 d 4 g 2 150(l-ε. ) 
N p = - E - J 2 < • b P (2) 

* E e ebp <3-2ebp> 
ε should be smaller than ε , . 

bp 
In combination with the minimum f l u i d i z a t i o n critérium 
equation (2) can be used to p r e d i c t the range of homo­
geneous f l u i d i z a t i o n at d i f f e r e n t c o n d i t i o n s . A problem 
however, i s to f i n d the value of E e on the forehand and 
generally measurements w i l l be required. E e was found 
to depend on p a r t i c l e s i z e and s i z e d i s t r i b u t i o n , gas 
pr o p e r t i e s and degree of expansion, e t c . (24)· An i n d i ­
c a t i o n of the correctness of the theory of Rietema i s 
given by the t i l t e d bed experiment (see F i g . 6). The 
bubble point i s reached at the same v e l o c i t y where no 
t i l t i n g without y i e l d i n g of the powder s t r u c t u r e i s 
p o s s i b l e anymore. In experiments with a c e n t r i f u g a l 
f i e l d a p p l i e d to a f l u i d bed, i t was shown by Mutsers 
and Rietema (26) that ε^ρ was a f u n c t i o n of g 2 / n 2 as 
i n d i c a t e d by equation (2) and not of g / η 2 as would be 
i n d i c a t e d by equation (1). Agbin et a l . (27) showed 
that a p p l i c a t i o n of magnetic forces can extend the 
range of homogeneous f l u i d i z a t i o n . So i t can be con­
cluded that although i n t e r p a r t i c l e forces are weak, 
they play an important r o l e i n the bubble formation 
(see also Donsi and M a s s i m i l l a (28)). 

The theory of Rietema must s t i l l be extended to 
i n d i c a t e the boundary between A and C f l u i d i z a t i o n , 
describe s t a b i l i t y of bubbles formed, e t c . I t w i l l be 
c l e a r that Β type f l u i d i z a t i o n , which shows no dense 
phase expansion, cannot be compared with A type f l u i d i ­
z a t i o n . This has l e d to considerable misunderstanding 
because i n the e a r l y u n i v e r s i t y i n v e s t i g a t i o n s Β type 
f l u i d i z a t i o n was o f t e n studied while process developers 
t r i e d to avoid t h i s regime because of problems with 
large scale f l u i d beds, s p e c i a l l y at large bed heights 
(29). 
Reactor Models of the Bubbling F l u i d Bed 

Much work has been done on modelling bubbling f l u i d 
bed reactors and many reviews are a v a i l a b l e . Recently 
Horio and Wen (30) gave an e x c e l l e n t review of the 
d i f f e r e n t models. At l e a s t 17 models have been d i s ­
cussed and devided i n t o three catagories (see Table 1). 
They d i s t i n g u i s h e d 6 parameters about which d i f f e r e n t 
assumptions were made (in f a c t there are more): 
method of d i v i d i n g the phase (3 d i f f e r e n t assumptions); 
method of flow assignment (5); cloud volume (3); gas 
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10004 

Figure 5. Minimum bubbling velocity and minimum 
fluidization velocity of cat-cracking catalyst at ambi­

ent conditions 

Figure 6. Maximum angle in tilted 
bed experiments of Mutsers and Rie­
tema (24) with homogeneously ex­
panded cracking catalyst at ambient 

conditions 
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exchange c o e f f i c i e n t s (4); bubble diameter (4); e f f e c t 
of j e t s (2). 

Table 1. F l u i d bed reactor models 

Level I 
(31, 32, 33, 
34, 35, 36) 

Parameters constant along the 
bed 
Parameters not r e l a t e d to bubble 
s i z e , but have to be measured 
separately 

Level II Adjustable bubble s i z e r e l a t e s 
parameters, which are assumed 
constant along the bed 

Level I I I 
(39, 40, 41, 42, 
43, 44, 38, 45) 

Parameters r e l a t e d to bubble 
s i z e , which i s v a r i e d according 
to e m p i r i a l r e l a t i o n s 

I t i s c l e a r that by permutation many more models 
can be constructed. In f a c t the s i t u a t i o n i s s t i l l 
worse. F i g . 7 presents a p o s s i b l e model. The parameters 
to be f i l l e d i n have not been invented by the author, 
but most of them are under d i s c u s s i o n i n l i t e r a t u r e and 
d i f f e r e n t proposals, backed by experimental evidence, 
are given f o r them. Even t h i s model i s of course not 
complete; r a d i a l d i s t r i b u t i o n of parameters, adsorption, 
s c a l i n g up f a c t o r s f o r parameters, e t c , have not been 
s p e c i f i e d . 

To t e s t d i f f e r e n t models f o r t h e i r s u i t a b i l i t y , 
one has to formulate the o b j e c t i v e s that are aimed f o r 
i n the a p p l i c a t i o n of the model because there does not 
e x i s t an " i d e a l " f l u i d bed model. Most models have been 
tes t e d i n rather small s c a l e u n i t s on t h e i r o v e r a l l 
conversion p r e d i c t i o n , sometimes i n s e r t i n g emperical 
r e l a t i o n s f o r parameters measured under s i m i l a r condi­
t i o n s . Chavarie and Grace (£6) & Fryer and Potter (47) 
also t e s t e d p r o f i l e s . In t h i s work we s h a l l consider 
the usefulness of d i f f e r e n t models i n process develop­
ment / scaling-up a c t i v i t i e s . A model i s considered to 
be u s e f u l i f i t can reduce the numbers and the complex­
i t y of the experiments necessary f o r a safe scaling-up 
or design procedure, and i f i t adequately describes the 
operation performance of the f u l l s c a l e reactor. 

To place d i f f e r e n t models i n t o perspective l e t us 
assume a simple case of a f i r s t order heterogenously 
catalysed chemical r e a c t i o n to be c a r r i e d out i n a bub­
b l i n g bed. We w i l l consider a slow r e a c t i o n rate (0.1 -
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0.5 s~ ) because f o r higher rates other types of reac­
t o r may be more appropriate and we w i l l aim f o r a high 
r e l a t i v e conversion (90-95%). The l a s t assumption i s 
important because i t w i l l amplify the d i f f e r e n c e s i n 
the models and i t r e f e r s to p r a c t i c a l l y important s i t u ­
a t i o n s . (Regenerators f o r c a t a l y t i c cracking u n i t s , 
o x i d a t i o n of HC1, o x i c h l o r i n a t i o n and many other or ­
ganic r e a c t i o n s ) . We s h a l l assume a bubbling bed regime 
of A-type f l u i d i z a t i o n with a s u p e r f i c i a l v e l o c i t y of 
0.1 - 0.2 m/s, and a large diameter f u l l s c a l e bed 
(D 3-4 m). We w i l l not consider i n t e r n a l s or m u l t i ­
tubular beds. For the l a s t category d i f f e r e n t models 
should be a p p l i e d (see e.g. Raghuraman and Potter (48)). 

Now g e n e r a l l y the problem i s to f i n d the conver­
sio n from c / c 0 = f ( d i s t r i b u t o r , H, D T, mass flow, type 
of gas, s o l i d s p r o p e r t i e s , Ρ, T, disengaging zone de­
s i g n , e t c . ) , but here we s h a l l only t r e a t the problem: 
conversion = f ( H , D T ) . The other v a r i a b l e s are taken 
constant (nearly atmospheric pressure,moderate tempera­
ture , et c . ) . 

F i r s t we s h a l l consider the p o s s i b i l i t i e s of the 
l e v e l I models. As an example we s h a l l take the model 
of van Deemter (Fi g . 8). I t can e a s i l y be demonstrated 
(16, 49) that i n most cases the mass t r a n s f e r i s the 
l i m i t i n g f a c t o r f o r conversion. Therefore the conver­
sion equation s i m p l i f i e s t o : 

k = e x p " 
Ν Ν 

α r 
Ν +N 

α r 
(3) or f o r large N r (3) 

^ = exp - N a (4) N a = j S N r = ξ ( 4 ) 

The simplest (but expensive) way of obtaining the r e ­
levant parameter N a i s to measure the conversion of a 
f i r s t order r e a c t i o n at d i f f e r e n t scales and c o n d i t i o n s . 
This has been c a r r i e d out on l a r g e r s c a l e f l u i d beds by 
Botton (50) , van Swaaij and Zuiderweg (£9) and de V r i e s 
et a l . (16) ( i n c l u d i n g D T = 3m). I t should be r e a l i s e d 
that by t h i s technique the product 

α = k^S (5) k m = mass t r a n s f e r c o e f f i c i e n t 
S « i n t e r f a c i a l area 

i s measured. This i s a common p r a c t i c e i n g a s / l i q u i d 
contactors where k mS i s measured with a slow r e a c t i o n 
or with t r a n s i e n t absorption experiments. I t should be 
proven, however, that i t i s a l s o p o s s i b l e to separate 
mass t r a n s f e r to dense phase and r e a c t i o n i n the dense 
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doud 

Figure 7. "Complex* fluid bed model 
Parameters: (1) jets on distributor or initial bubble 
size; (2) division of flow through bubble and dense 
phase (magnitude and direction); (3) axial profile 
of 2; (4) bubble size profile (and distribution in 
bubble velocity); (6) axial profile of 5; (7) volume of 
cloud (relation to size and rising velocity); (8) solids 
within the bubbles; (9) volume of wake; (10) mass 
transfer rates (bc-ce-cw-we-ce) (relation to size 
and rising velocities); (11) intensity of gas mixing 
within dense phase (circulation patterns or diffu­
sion); (12) expansion of dense phase; (13) influence 

of disengaging zone. 

bubble phasa (plug flow) 
1 

<C axial mixing 
gas exchange α.ί' 

gtt flow only through Figure 8. Simplified two-phase fluid bubble phase bed model (van Deemter) 
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phase f o r f l u i d beds i n the same way. Van Swaaij and 
Zuiderweg ( £ 9 ) c a r r i e d out these t e s t s f o r both s i l i c a 
and sand (Fig. 9 ) . The observed α should be independent 
of the r e a c t i o n rate applied. I t follows from F i g . 9 
that t h i s i s true f o r low values of the r e a c t i o n rate 
constant. At higher r e a c t i o n rates the r e s i s t a n c e f o r 
mass t r a n s f e r , H a, decreases (a increases). Such a be­
haviour was a l s o observed by F u r i s a k i (51) , G i l l i l a n d 
and Knudsen ( 5 2 ) and Myauchi and Morooka ( 5 3 ) . Possible 
explanations are: 
1) mass t r a n s f e r enhanced by r e a c t i o n (see g a s / l i q u i d 

concept) 
2) a x i a l mass t r a n s f e r p r o f i l e (see bubbling assemblage 

model ( £ 3 ) and van Swaaij and Zuiderweg ( £ 9 ) ) 
3) r e a c t i o n takes place within bubble phase 

wake, e t c . see K u n i i and Levenspiel (1) 
4) r e a c t i o n i n disengaging zone where contacting i s 

b e t t e r . 
The l a s t explanation has been given by Myauchi and 
Furusaki ( 5 4 ) . T h e i r model c a l c u l a t i o n i s also shown i n 
F i g . 9 . Other ways to measure N a by non-reacting t r a c e r 
t e s t s are summerized i n Table I I . 
Table II D i f f e r e n t methods f o r the determination of 

the number of t r a n s f e r u n i t s . 

Method Measurements required Parameters Réf. 

Conver­
si o n 

- conversion 
- k i n e t i c s 
- solids-mixing (or 

dense phase mixing) 
- (bed and dense 

phase expansion) 

N E Of N B 

V N r * 

( 4 9 , 50 ) 

(16) 

Back-
mixing 

- a x i a l backmixing 
p r o f i l e s 

- s o l i d s mixing 
- bed and dense phase 

expansion 

Ν Β ' Ν Ε ' Ν α ( 5 0 , 35 ) 

Residence 
Time 
D i s t r i ­
bution 

- RTD curves 
- bed and dense phase 

expansion 
- s o l i d s mixing or 

dense phase mixing 

Ν Β or Ν Ε , 

\ 
α, φ 

( 7 , 4 9 , 
16, 50 ) 
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They were proven to give the same results as the con­
version tests (4j), 50, JJ6) · Results from these con­
version and tracer tests have been condensed into a de­
sign method (1£). For large diameter beds and A-type 
fluidization i t was found that: 

Τ Η 

(DT, Η α and Η in meters; see Fig. 10). 
Η α i s also influenced by gas velocity (slightly) p a r t i ­
cle size distribution (e.g. fines (particles with 
dp < 44μ) percentage), temperature and pressure. Re­
commended values have been given elsewhere (14), but 
more data are needed. Models of level I are flexible 
and can cope with the complex phenomena occuring in the 
f l u i d bed. The parameters should be measured separately 
which i s costly and time consuming but reliable (This 
was called "Cautious empirsm" by Davidson (55)). 

We shall now consider the p o s s i b i l i t i e s of the 
level II models and take the Kunii and Levenspiel model 
(JL) as an example. The main features of the model are 
given in Fig. 11. A l l parameters are related to the 
effective bubble size which i s here the f i t t i n g para­
meter. Although the concepts are not completely com­
patible, i t i s possible to separate here TcJJ and Έ i n 
the- product KJJS" of the level I models especially for 
type A fluidization where clouds are extremely thin. 
Applying this model outside the region where i t has 
been tested (mainly small scale units) w i l l give the 
following problems: 
" u d f Ψ umf (see Fig. 3). This affects the mass trans­

fer relations 
- Bubble risin g velocity, at least for A-type f l u i d i ­

zation differs from the equation: 

Vb - Uo - Umf + ° - 7 1 1 ( 7 ) 

This affects both the mass transfer coefficient arid S. 
Real bubbles in swarms in A-type fluid i z a t i o n may move 
much faster (Drinkenburg, (56) , Oltrogge (23) , Morooka 
et a l . (1_3) ) . Bubble rising velocity for a given bubble 
size seems to depend somewhat on the distance from the 
distribution plate (Calderbank (57) ) and strongly on 
the bed dimension (11.) (see Fig. 12). This originates 
from the strong interaction between solids flow (or 
mixing) and bubble flow patterns. 
- Bubble diameter cannot be easily predicted. Fig. 13 

gives results based on different predictions (reviews 
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sand admixed 
with fines Ο Οχ s 023 m 

Δ Dr * 01 m 

• k',cm 3£s 
0Δ van Swaaij and Zuiderweg (49) 

model of Miyauchi and Furusaki (54) 

Figure 9. Observed height of a transfer unit 
as a function of the reaction rate constant 

TRACER EXPERIMENTS { 
_ Λ Η α OBSERVED 

1 4 1 Haeq(é) 

• OE OROOT ~ 10% rTNES 

I DE VRJES 10-19% rTNES 

104 

06H 

/ 
COMMERCIAL 
HCI OXIDATION 

O20N CONVERSION 
3wr 

CATAUTTIC-CRACK»* 

€-t>m DIAMETER 

01 0 5 tO 5 X ) 

·» Dr.m 

Fluidization and its Application 

Figure 10. Comparison of experimental values of Ha for large scale units 
with (van Swaaij and Zuiderweg (14)) 
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Uniform bubble size 

I Uo 

Fluidization Engineering 

Figure 11. Model of Kunii and Levenspiel 
(1) (level Π model) 

01-1 , , , r -
05 1 5 10 50 

db.cm 

Chemie- Ingénieur Technik 

Figure 12. Average bubble velocity as a 
function of bubble sizes at different scales 

(Werther(11)) 
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and recent work, see Mori and Wen (5*8) , Rowe (59) and 
Danton et al.(60)X Some authors have shown evidence 

f o r maximum stable bubble s i z e (Botton (50)/ Matsen(61) 
Werther (10)) f o r A-type f l u i d i z a t i o n . 
Based on a s t a t i s t i c a l coalescence model and with the 
concept of the maximum bubble s i z e Werther (11) found: 

d h 3/ U - U . r ν , · ) 1 · 2 1 

= 0.83 /l+0.272( ° -(1+0.0684 2-Λ (8) 
cm cm/s ) cnu 

f o r h < h* 
h* i s the distance from the d i s t r i b u t o r where the bub­
ble s i z e reaches i t s maximum. I f h > h*, h* should r e ­
place h. T y p i c a l values are h* = 0.7 - 2m (11), which 
means that most small scale experimental uni t s are i n 
the coalescense regime or at slugflow while the large 
s c a l e u n i t s may e a s i l y reach a stable bubble s i z e . The 
mass t r a n s f e r performance i s very s e n s i t i v e to bubble 
s i z e . 
- The mass t r a n s f e r c o e f f i c i e n t Kb e i s based on a s i n g l e 

bubble. Apart from the problem of the many d i f f e r e n t 
a v a i l a b l e models f o r the l a t t e r process, i t has been 
found (Chiba et al . ( 6 j 2 ) , Drinkenburg (!56, 63), Kato and 
Wen (£3) ) that bubbles i n swarms have much""Kigher ex­
change c o e f f i c i e n t s (up to four times) than s i n g l e ones, 
p o s s i b l y due to i n t e r a c t i o n between bubbles, s p l i t t i n g , 
coalescense, gas leaking to dense phase. The p h y s i c a l 
p i c t u r e suggested by the model may not be relevant and 
therefore misleading. No inf l u e n c e of the molecular 
d i f f u s i o n c o e f f i c i e n t on the mass t r a n s f e r (under f u l l 
f l u i d i z i n g conditions) could be found (Drinkenburg 
(56, 63) , Fontaine et a l . (j54) (except clos e to U m f ) , 
De V r i e s et a l . U6)) i n contrast with theory. Because 
i n many i n v e s t i g a t i o n s i t was found that the mass trans­
f e r c o e f f i c i e n t decreases with i n c r e a s i n g bubble s i z e , 
the f o l l o w i n g e m p i r i c a l r e l a t i o n s have been suggested 
(43) , (65) , (66) . 

( K b e } = ?Γ bubble swarms (9) 
b b 

( K b e ) = I" s i n g l e bubbles (10) 
b b 

However, Hoebink and Rietema (J57) found a reverse trend 
(for bubbles with d^ > 5cm) which they ascribed to z i g ­
zag movements. The lar g e spread i n bubble s i z e s w i t h i n 
a swam can make the over a l average behaviour d i f f e r e n t 
from that of a uniform swarm (see Schlunder (68)). 
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The conclusion i s that with l e v e l II models, i n ­
stead of the product kmS, an e f f e c t i v e bubble s i z e w i l l 
have to be determined. In small s c a l e u n i t s t h i s bubble 
s i z e was ofte n close to observed average bubble s i z e s 
(Kunii and Levenspiel (1)). However, sometimes the 
model l e d to i n c o n s i s t e n t r e s u l t s (£9) and the assump­
ti o n s made are too f a r from r e a l i t y (U^f , e ^ f , V^, 
mechanisms of mass tra n s f e r ) to make ex t r a p o l a t i o n to 
other conditions p o s s i b l e . No e s s e n t i a l reduction i n 
experimental e f f o r t needed f o r scaling-up can be ob­
tained with these models. 

P o s s i b i l i t i e s of the Level I I I Models. For these 
models we w i l l take the model of Kato and Wen (43) 
(Fig. 14) as an example and a recent one of Werther 
(11). The bubble s i z e i s v a r i e d with distance from the 
bottom according to an empi r i c a l r e l a t i o n . In the case 
of Kato and Wen the mass t r a n s f e r i s r e l a t e d to bubble 
s i z e v i a equation (9) and the r i s i n g v e l o c i t y to bubble 
s i z e . A property of a model such as that of Kato and 
Wen i s that due to the emperical bubble s i z e p r o f i l e 
the model p r e d i c t s r e l a t i v e l y higher conversion i f 
higher r e a c t i o n rates are appli e d (see F i g . 9). However, 
other explanations a l s o have been suggested f o r t h i s 
phenomenon. The model does not take the observed d i f ­
ferent r i s i n g v e l o c i t i e s rfor bubbles at d i f f e r e n t scales 
i n t o account and seems to be more s u i t a b l e f o r Type-B 
f l u i d i z a t i o n (where bubbles r a p i d l y grow to large 
sizes) and higher r e a c t i o n r a t e s . Werther (jJL) c a l c u ­
l a t e d , from the l o c a l bubble s i z e and r i s i n g v e l o c i t y 
at d i f f e r e n t s c a l e s , average values f o r kmS i n which 
an emperical value f o r km was used, as a f i r s t approxi­
mation assumed to be independent of S. He found very 
good agreement with conversion and mass t r a n s f e r r e ­
s u l t s of Avedesian and Davidson (69)/ van Swaaij and 
Zuiderweg (49), de Groot (2) and de V r i e s et a l . (16) 
(see F i g . 15T. From these r e s u l t s the following maxi­
mum sta b l e bubble s i z e s can be deduced (Table I I I ) . 
Table I I I : Maximum Stable Bubble Sizes. 

% f i n e s estimated dp H a, cm d b max, cm (dp<44ym) 
estimated dp H a, cm 

7 74 386 38 
12 66 326 25 
17 61 297 20 
20 57 250 18 
30 48 169 12 

D™ = 3m H « 10m U 0 = 15 cm/s 
porous s i l i c a c a t a l y s t . 
Data c a l c u l a t e d from de V r i e s et al.(16) using theory 
of (11). 
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Figure 13. Bubble sizes at h — I.5DT as a function of bed size 
U = 15m/sec, \Jmf < < U 0 , porous plate distributor. 

Ο ο 
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Figure 14. LeceZ 11/ model (Kato and Wen (43)) 
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These maximum stable bubble s i z e s can be compared with 
the theory of Davidson and Harrison (2) on stable bub­
ble s i z e s . This theory, however, p r e d i c t s bubble s i z e s 
of l e s s than 1 cm f o r the conditions of Table I I I . 
Furthermore, l i k e the mixing c o e f f i c i e n t E, the maxi­
mum bubble s i z e s may be a function of D T. No data are 
a v a i l a b l e to t e s t t h i s i n f l u e n c e . 

According to the bubble s i z e measurements of 
Werther i f h < h* bubble s i z e s are only l i t t l e i n f l u ­
enced by p a r t i c l e p r o p e r t i e s while f o r l a r g e r u n i t s and 
higher bed heights the d i f f e r e n t values of d^max with 
d i f f e r e n t p a r t i c l e s i z e s (and s i z e d i s t r i b u t i o n s ) makes 
the performance of the f l u i d bed reactor strongly de­
pendent on p a r t i c l e p r o p e r t i e s . These f a c t s were indeed 
observed i n conversion experiments (£9, 16) and t h i s 
can now be r e l a t e d to bubble growth. The model of 
Werther can be brought i n t o the form of the Kato and 
Wen model f o r conversion p r e d i c t i o n at higher r e a c t i o n 
rates. However, f o r these conditions probably other 
types of reactors (to be discussed l a t e r ) are b e t t e r 
s u i t e d than dense beds. I t should be r e a l i s e d that 
p r o f i l e s of kmS can also be introduced i n simple two 
phase models (see 49). 

In the development of bubble f l u i d bed models, 
f i r s t t h e o r e t i c a l r e l a t i o n s f o r bubble p r o p e r t i e s based 
on s i n g l e bubbles were introduced which l e d to elegant 
models with only the e f f e c t i v e bubble diameter as f i t ­
t i n g parameter ( l e v e l II models). The assumptions were 
too f a r from r e a l i t y , however, and more and more empir­
i c a l r e l a t i o n s have been introduced i n l a t e r models. 
To a c e r t a i n extent l e v e l I I I models can be considered 
as modified l e v e l I models with e m p i r i c a l r e l a t i o n s f o r 
dfc = f ( h ) , V b = f(h) and km = f(d^) together leading to 
a l o c = f ( h ) . These e m p i r i c a l r e l a t i o n s are s t i l l rather 
incomplete and uncertain, however (maximum bubble s i z e , 
mass t r a n s f e r c o e f f i c i e n t , e t c . ) . 

This means that i n scaling-up a c t i v i t i e s of f l u i -
dized beds, l e v e l I or modified l e v e l I models i n com­
b i n a t i o n with experiments f o r each system are s t i l l r e ­
quired, e s p e c i a l l y i f high temperatures and pressures 
are applied. L i t t l e data are a v a i l a b l e f o r these con­
d i t i o n s . Also i n f l u e n c e of adsorption needs more study. 

Co-Current " F l u i d Bed" Reactors 

In F i g . 16 d i f f e r e n t regimes are i n d i c a t e d that 
may be obtained by i n c r e a s i n g the g a s v e l o c i t y of a 
f l u i d bed of f i n e p a r t i c l e s (20). There i s much con­
fu s i o n about these regimes because they depend on par­
t i c l e s i z e and reactor diameter appl i e d . This has been 
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H.cm 

Figure 15. Height of a transfer unit as a function of the bed height 
for silica (adopted from Werther (11)) * f = V6/ Vg^â 

toguo 

Figure 16. Fluidization and pneumatic conveying of small particles (e.g. 
FCC catalyst) (See also Yerushalmi) (70) 
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i n d i c a t e d i n Table IV· 
Table IV. D i f f e r e n t regimes i n co-current F l u i d i z a t i o n 

i n c r e a s i n g U Q 

d <100μ 
large bed 
diameter 

A l 
dense 
f l . b e d 

A2 
turbulent 
bed 

A 3 
f a s t 
bed 

A4 
r i s e r 

dp<100y 
small bed 
diameter 

B l 
dense 
f l . b e d 

B2 
slugging 
bed 

B 3 
turb. 
bed 

B4 
f a s t 
bed 

B 5 

r i s e r 

dp>150y 
r e l a t i v e ­
l y small 
bed diam. 

C l 
dense 
f l . b e d 

C2 
slugging 
bed 

C 3 
choking 
bed 

C4 
f a s t 
bed 

C 5 

r i s e r 

t 
D T 

and 

Table V. T r a n s i t i o n s i n Co-Current Regimes (Tentative) 

T r a n s i t i o n C r i t e r i a 

Cj_, C 2, A/B, B1/B2 slugging c r i t e r i a (see e.g. 
(71) 

A l / A 2 , B 2/B 3 ϋ & 0.5 m/s (ambient con­
d i t i o n s ) 

A 2/A 3, B 3/B 4 U ^ 2 m/s (ambient condi­
t i o n s ) 

A 3 ^ A 4 f B4^ B5 a r b i t r a r y say U « 10 m/s 
(ambient conditions) 

c 3/c 4 U./ /gDr < 0.35 (73), see 
also (72) , (74) . 

Quantitative information about the d i f f e r e n t regimes i s 
f a r from complete, Table V i s only a f i r s t attempt and 
much more work has to be done i n t h i s area. 

The t r a n s i t i o n to turbulent beds with cat cracking 
p a r t i c l e s can be observed between 0.4 and 0.8 m/s at 
ambient conditions and modern regenerators of cat 
cracking u n i t s operate clos e to or with i n the turbulent 
regime. 
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In slugging beds the t r a n s i t i o n to turbulent beds 
can be e a s i l y i d e n t i f i e d but i n l a r g e r beds a more 
gradual change may occur. L i t t l e i s known about mass 
t r a n s f e r i n t h i s area. A n a l y s i s of regenerators (14) 
showed that the height o f a mass t r a n s f e r u n i t f o r t h i s 
regime i s not much d i f f e r e n t from beds at lower v e l o c i ­
t i e s . The high load to the cyclones increases the heat 
capacity of the disengaging zone thus preventing strong 
increases i n temperature due to "afterburning" of CO by 
unconverted oxygen. Therefore t h i s high v e l o c i t y regime 
may be i n t e r e s t i n g from an op e r a t i o n a l point of view 
and not n e c e s s a r i l y because o f higher mass t r a n s f e r 
r a t e . At s t i l l higher v e l o c i t i e s the bed density be­
comes much dependent on the s o l i d s rate and i n f a c t the 
" f a s t bed" regime (see Yerushalmi (70)) i s the lower 
gas v e l o c i t y part of the pneumatic transport ( r i s e r ) 
regime. Data on t h i s regime have been given by Yo u s f i 
et a l . (72), (75) f Yerushalmi (70), van Swaaij et a l . 
(76). ~ — — 

The f o l l o w i n g advantages are claimed: good contact 
between gas and s o l i d s (no pe r t i n e n t data are a v a i l a b l e 
however) r i n comparison with r i s e r s high s o l i d s concen­
t r a t i o n (up to 25%) and low gas v e l o c i t y 1-15 m/s so 
without excessive reactor length reactions with i n t e r ­
mediate rates can be processed (see Table V I ) , high 
heat backmixing r a t e s , and high heat w a l l t r a n s f e r 
c o e f f i c i e n t s (75, IT) (about equal to those of a dense 
bed) and high heat t r a n s f e r rates between gas and p a r t i ­
c l e s . Furthermore, i t i s claimed that the gas phase i s 
cl o s e to plugflow (no data y e t ) , cohesive s o l i d s can 
e a s i l y be handled and scaling-up i s r e l a t i v e l y simple 
(by L u r g i c i t e d i n ( 70)). 

Disadvantages, however, can be erosion and a t t r i ­
t i o n and problems i n g a s - s o l i d s separation. Further­
more, there may be doubt about some of the claims. F i g . 
17 shows a f a s t bed or r i s e r set-up. Next to i t a t y p i ­
c a l pressure drop graph i s given schematically. The 
a c c e l l e r a t i o n zone may extend to 4 or more meters length 
even i n small s c a l e u n i t s (780 . 

Data of Yerushalmi e t a l . (10) are taken from the 
a c c e l l e r a t i o n zone. This a l s o follows from t h e i r pres­
sure drop p r o f i l e s . For scaling-up t h i s i s a f a c t o r to 
be taken i n t o account. 

In the developed regime, e s p e c i a l l y i n f a s t bed 
operation, the observed pressure drop was found to be 
smaller than that corresponding to the s o l i d s hold-up 
(see van Swaaij e t a l . (76)). Van Swaaij e t a l . demon­
s t r a t e d that t h i s could Be r e l a t e d to a shear s t r e s s 
on the w a l l opposite i n d i r e c t i o n to the flow. From 
t h e i r experiments i t followed that t h i s was caused by 
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T a b l e V I . L e n g t h r e q u i r e d f o r f a s t b e d r e a c t o r s . 

k p a c k e d b e d H (95% c o n v e r s i o n ) , H (95% c o n v e r s i o n ) , 
( s e c " 1 ) m; n o m a s s t r a n s ­ m w i t h m a s s t r a n s ­

f e r l i m i t a t i o n f e r l i m i t a t i o n : 
Ha = 2m 

0 . 1 5 0 0 5 0 0 
1 50 56 
3 17 2 3 

10 5 11 
30 1 . 7 9 . 8 

F i r s t o r d e r r e a c t i o n . = 5 m / s , s o l i d s h o l d - u p 
18% v o l . , p l u g f l o w . 

d o w n f l o w o f s o l i d s a l o n g t h e w a l l . T y p i c a l v a l u e s f o r a 
18 cm d i a m e t e r f a s t b e d w i t h c r a c k i n g c a t a l y s t w e r e : 
U 0 = 4 . 7 m / s , a v e r a g e s o l i d s f l u x 1 3 3 k g / m 2 s , d o w n f l o w 
f l u x a t t h e w a l l 4 3 0 k g / m 2 s . N a k a m u r a a n d C a p e s ( 8 0 , 8 1 ) 
m a d e a m o d e l f o r t h i s t y p e o f f l o w . I t i s c l e a r t h a t 
d o w n f l o w o f s o l i d s a l o n g t h e w a l l c o m p l i c a t e s t h e c o n ­
t a c t i n g / m i x i n g p a t t e r n o f f a s t b e d s . C r i t i c a l c o n v e r ­
s i o n , m a s s t r a n s f e r a n d m i x i n g t e s t s a t d i f f e r e n t 
s c a l e s w i l l b e n e c e s s a r y t o e v a l u a t e t h e f a s t b e d r e ­
g i m e . 

R i s e r r e a c t o r s a r e o p e r a t i n g a t h i g h e r g a s v e l o c i -
t i e s 1 0 - 5 0 m / s . T h i s m e a n s t h a t t h e y a r e s u i t a b l e f o r 
r e a c t i o n s r e q u i r i n g o n l y a v e r y s h o r t c o n t a c t t i m e . 
H e r e t h e s o l i d s f l o w c a n b e e x p e c t e d t o b e m o r e c l o s e 
t o p l u g f l o w ( n o d o w n f l o w a l o n g t h e w a l l s ) . M u c h i n f o r ­
m a t i o n o n t h i s t y p e o f r e a c t o r s i s a v a i l a b l e w i t h i n o i l 
a n d c h e m i c a l c o m p a n i e s . L i t t l e d a t a a p p e a r e d i n t h e 
o p e n l i t e r a t u r e o n m a s s t r a n s f e r , c o n v e r s i o n a n d 
m i x i n g . 

C o u n t e r C u r r e n t G a s - S o l i d s R e a c t o r s 

S o l i d s s t a g i n g i n f l u i d b e d p r o c e s s e s c a n b e o b ­
t a i n e d i n t r a y c o l u m n s s o t h a t c o u n t e r c u r r e n t o p e r a ­
t i o n i s p o s s i b l e ( s e e F i g . 1 ) . T h e s e t y p e s o f r e a c t o r 
h a v e b e e n r e v i e w e d b y V a r m a ( £ 2 ) a n d w i l l n o t b e d i s ­
c u s s e d h e r e . A s p e c i a l v a r i a n t i s t h e b a f f l e p l a t e 
( s e e F i g . 1 ) , w h i c h c a n h a n d l e l a r g e s o l i d s f l o w ( e . g . 
i n s t r i p p e r s o f c a t c r a c k e r s ) . 

New c o u n t e r - c u r r e n t o p e r a t i o n s h a v e b e e n i n t r o ­
d u c e d b y C l a u s e t a l . ( 8 3 ) i n v o l v i n g b u b b l e f l o w a n d 
t r i c k l e f l o w t h r o u g h p a c k e d b e d s ( F i g . 1 8 ) . I n p a r t i ­
c u l a r t r i c k l e f l o w o f A - t y p e p a r t i c l e s t h r o u g h " o p e n " 
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1 acceleration 

Figure 17. Fast bed or riser 
(1) Gas inlet; (2) gas outlet; (3) fast bed (or riser); (4) gas velocity 
profile; (5) solids density profile; (6) cyclone; (7) hopper; (8) addi­

tional gas inlet for fluid bed; (9) pressure drop profile. 

solids in gas out 

Figure 18. Packed bed gas-solids counter-
current contractors. (A) Bubble flow; (B) 

trickle flow (gas phase continuous). 
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Figure 19. Fraction of solids supported by the gas phase as a function 
of the gas velocity relative to flooding (Roes and van Swaaij (84)) 

SOUDSFUOW k g / r r f s 

v i 1 1 1 1 r v 

Ο 006 016 
U 0 . m / s 

Figure 20. Axial mixing of gas phase and solids phase 
in gas-solids trickle flow as a function of the gas velocity. 
Cracking catalyst through 1,5 cm PALL ring packing. 

Shaded area: gas phase results. 
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p a c k i n g s ( e . g . p a l l r i n g s ) w a s f o u n d t o b e i n t e r e s t i n g 
( s e e R o e s a n d v a n S w a a i j ( 8 4 ) ) · T h e p r e s s u r e d r o p w a s 
f o u n d t o b e l o w e r t h a n t h a t c o r r e s p o n d i n g t o t h e s o l i d s 
h o l d - u p i n t h e c o l u m n ( F i g . 1 9 ) , w h i c h m e a n s t h a t o n l y 
p a r t o f t h e s o l i d i s s u p p o r t e d b y t h e g a s p h a s e , t h e 
r e s t b y t h e p a c k i n g . I n m o s t c a s e s o f t r i c k l e f l o w o f 
l i q u i d , a l l t h e l i q u i d i s s u p p o r t e d b y t h e p a c k i n g . 

A l s o o t h e r p r o p e r t i e s a r e r o u g h l y s i m i l a r t o g a s 
l i q u i d t r i c k l e f l o w ( l o a d i n g f l o o d i n g , e t c . ) . F i g . 2 0 
g i v e s t y p i c a l d a t a f o r a x i a l d i s p e r s i o n i n g a s a n d 
s o l i d s p h a s e s . F o r h i g h e r g a s a n d s o l i d r a t e s b o t h 
p h a s e s s h o w a r e a s o n a b l e a p p r o a c h t o p l u g f l o w ( 8 5 ) . 
M a s s t r a n s f e r w a s f o u n d t o b e h i g h a n d a x i a l m i x i n g 
w i l l s t i l l b e a l i m i t i n g f a c t o r i n m a n y c i r c u m s t a n c e s 

( 8 5 ) . 

T h e a d v a n t a g e s o f t r i c k l e f l o w r e a c t o r s a r e : l o w 
p r e s s u r e d r o p , g o o d c o n t a c t i n g p r o p e r t i e s a n d s i m p l e 
c o n s t r u c t i o n i n c o m p a r i s o n w i t h t r a y c o l u m n s . T h e s e 
p r o p e r t i e s a r e c o m b i n e d w i t h g e n e r a l a d v a n t a g e s o f 
c o u n t e r c u r r e n t o p e r a t i o n : e x t r a c t i o n o f r e a c t a n t s o r 
p r o d u c t s o u t o f t h e r e a c t i o n z o n e p o s s i b l e ( e . g . f o r 
e q u i l i b r i u m r e a c t i o n s ) , e f f i c i e n t h e a t e x c h a n g e b e t w e e n 
s o l i d s a n d g a s p h a s e , e t c . T h e r a d i a l h e a t t r a n s p o r t , 
w a l l h e a t t r a n s f e r c o e f f i c i e n t s a n d s c a l i n g - u p f a c t o r s 
a r e n o t y e t k n o w n . 

A p p l i c a t i o n o f t h i s n e w t y p e o f o p e r a t i o n c a n b e 
e x p e c t e d i n a d s o r p t i o n , f l u e g a s c l e a n i n g , e q u i l i b r i u m 
r e a c t i o n s , e t c . 

L i s t o f S y m b o l s U . d ( p a c k i n g ) 

B o ^ G a s p h a s e B o d e n s t e i n n u m b e r _ 
g c e D g 

U s a ( p a c k i n g ) 
B o g S o l i d s p h a s e B o d e n s t e i n n u m b e r r=r 

3 s 
C r e a c t a n t c o n c e n t r a t i o n k m o l / m ~ 
C Q r e a c t a n t c o n c e n t r a t i o n a t r e a c t o r i n l e t k m o l / m 
d ^ b u b b l e d i a m e t e r m 
d ^ m a x m a x i m u m s t a b l e b u b b l e d i a m e t e r m 
d p p a r t i c l e d i a m e t e r m 
d t p a c k i n g ) d i a m e t e r o f p a c k i n g e l e m e n t m 
D T b e d d i a m e t e r m ^ 
D m o l e c u l a r d i f f u s i o n c o e f f i c i e n t n r / s 2 

D g a x i a l d i s p e r s i o n c o e f f i c i e n t g a s p h a s e m / s 
D s a x i a l d i s p e r s i o n c o e f f i c i e n t s o l i d s p h a s e m 2 / s 
Ε s o l i d s m i x i n g c o e f f i c i e n t m 2 / s 
E e e l a s t i c i t y o f d e n s e p h a s e N / m 2 

f v o l u m e f r a c t i o n o f r e a c t o r o c c u p i e d b y t h e g a s 
i n d e n s e p h a s e 
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2 » 3 ρ α ρ g 
G a G a l l i l e i n u m b e r Ρ „ — 

n 2 
g a c c e l l e r a t i o n d u e t o g r a v i t y m / s 
H e x p a n d e d b e d h e i g h t m 
H 0 s e t t l e d b e d h e i g h t m 
Δ Η = H - H 0 m 

Η ϋ ο 
Η = — = — h e i g h t o f a t r a n s f e r u n i t m 

cx Ν α α 
k m m a s s t r a n s f e r c o e f f i c i e n t m / s 
k f i r s t o r d e r r e a c t i o n r a t e c o n s t a n t ( b a s e d o n 

b g d v o l u m e ) s " 1

 3 

k ' = f i r s t o r d e r r e a c t i o n r a t e c o n s t a n t c m /as 
p b 

( K ^ e ) . m a s s t r a n s f e r c o e f f i c i e n t b u b b l e / e m u l s i o n p h a s e 
( p r o u n i t b u b b l e v o l u m e ) s " 1 

( K b c ) , m a s s t r a n s f e r c o e f f i c i e n t b u b b l e / c l o u d ( p r o u n i t 
b u b b l e v o l u m e ) s " * 1 

( K c e ) , m a s s t r a n s f e r c o e f f i c i e n t c l o u d / e m u l s i o n ( p r o u n i t 
b u b b l e v o l u m e ) s " 1 

otH 
Ν

α

 = — n u m b e r o f m a s s t r a n s f e r u n i t s 

k H 
N „ = — n u m b e r o f r e a c t i o n u n i t s 

R U Q 
~2 n u m b e r o f d e n s e p h a s e m i x i n g u n i t s N E 

Ν β n u m b e r o f b a c k m i x i n g u n i t s ( s e e ( 3 2 ) ) . 
Ρ p r e s s u r e N / m 2 

Δ ρ p r e s s u r e d r o p N / m 2 

S s p e c i f i c b u b b l e a r e a m 2 / m 3 b e d 
U 0 s u p e r f i c i a l f l u i d i z a t i o n v e l o c i t y m / s 
U f l s u p e r f i c i a l g a s v e l o c i t y a t f l o o d i n g m / s 
U m f s u p e r f i c i a l m i n i m u m f l u i d i z a t i o n v e l o c i t y m / s 
Ufcp s u p e r f i c i a l m i n i m u m b u b b l i n g v e l o c i t y m / s 
U-t t e r m i n a l p a r t i c l e f a l l i n g v e l o c i t y m / s 
U s s u p e r f i c i a l s o l i d s v e l o c i t y m / s 

b u b b l e r i s i n g v e l o c i t y m / s 
α m a s s t r a n s f e r c o e f f i c i e n t ( p r o u n i t b e d v o l u m e ) 

s " 1 

a , l o c a l v a l u e o f α 
β χ ο α a n g l e o f t i l t e d b e d ( F i g . 6) 
γ f r a c t i o n o f s o l i d s s u p p o r t e d b y t h e g a s p h a s e 
<S s o l i d s h o l d - u p m 3 p a r t i c l e s / m 3 c o l u m n 
e b p p o r o s i t y a t b u b b l e p o i n t 
e m f ^ e ( ^ p o r o s i t y a t m i n i m u m f l u i d i z a t i o n 
φ f r a c t i o n a l b u b b l e J i o l d - u p 
ρ g g a s d e n s i t y k g / m 
ρ ρ p a r t i c l e d e n s i t y k g / m 3 

P k b e d d e n s i t y g / c m ^ 
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η dynamic f l u i d v i s c o s i t y Ns/m2 

σ r e l a t i v e standard d e v i a t i o n of residence time 
d i s t r i b u t i o n 

A bar over a symbol means: average value over the 
bed volume. 

Summary 
L i t e r a t u r e on f l u i d bed and r e l a t e d reactors i s 

reviewed with s p e c i a l a t t e n t i o n to reactor design and 
scaling-up problems. Advances have been made i n pre­
d i c t i n g and understanding d i f f e r e n t f l u i d i z a t i o n r e ­
gimes/ which show qu i t e d i f f e r e n t p r o p e r t i e s with regard 
to a p p l i c a t i o n i n chemical r e a c t o r s . Many dense f l u i d 
bed r eactor models have been proposed, based on bubble 
p r o p e r t i e s . 

E a r l y bubble models were too much i d e a l i z e d and 
therefore i n c o n f l i c t with observed f a c t s , e s p e c i a l l y 
f o r large s c a l e r e a c t o r s . Also the p r e d i c t i v e power o f 
these models i s l i m i t e d . In recent models em p i r i c a l r e ­
l a t i o n s are introduced f o r the three main f a c t o r s de­
termining the exchange between bubbles and dense phase: 
bubble s i z e , r i s i n g v e l o c i t y and mass t r a n s f e r coef­
f i c i e n t s . As the e m p i r i c a l r e l a t i o n s have a l i m i t e d 
range of v a l i d i t y , these models can often not replace 
general two phase models appl i e d i n combination with 
experimentally observed parameters. 

New developments i n r e l a t e d reactors are f a s t beds 
and t r i c k l e flow of gas s o l i d s suspensions. 
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Gas-Liquid Reactors 

J. C. CHARPENTIER 
Laboratoire des Sciences du Génie Chimique CNRS-ENSIC 1, rue Grandville— 
54042 Nancy Cedex—France 

1. Introduction 

Gas-liquid reactions and absorptions widely used in four main 
fields of the chemical and parachemical industry are 

. liquid-phase processes : oxidation, hydrogenation, sulfona-
tion, nitration, halogenation, alkylation, sulfation, polyconden-
sation, polymerization. 

. gas scrubbing : CO2, H2S, CO, SO2, NO, NO2, NxOy, HF, SiF4, 
HCl, CL2, P2O5, hydrocarbons etc (very often to combat air pollu­
tion). 

. manufacture of pure products : Η2SO4, HNO3, BaCO3, BaCl2, 
adipic acid, nitrates, phosphates, etc. 

. biological systems : fermentation, oxidation of sludges, 
production of proteins from hydrocarbons, biological oxidations. 

At the heart of these processes is the absorber or the reac­
tor, of a particular configuration best suited to the chemical ab­
sorption or reaction being carried out. Its selection, design, si­
zing, and performance depend on the hydrodynamics and axial disper­
sion, mass and heat transfer, and reaction kinetics. 

Two books deal almost exclusively with the subject of mass 
transfer with chemical reaction, the admirably clear expositions 
of Astarita (1) and Danckwerts (2). Since then a flood of theore­
t ica l and experimental work has Been reported on gas absorption 
and related separations. The principal object of this review is to 
present some techniques, results, and opinions published mainly 
during the three or four last years on mass transfer and hydro­
dynamics that I consider as the more salient concerning as well 
the background as the experiments. 

This necessitates some theoretical presentation of mass trans­
fer with and without chemical reaction that w i l l be str ict ly focu­
sed in the first part of this review to the case of desorption or 
when a rise in temperature is accompanying and is great enough to 
affect the rate of gas absorption. Indeed many general papers and 
also many papers confined to specific reaction scheme (simultane-

0-8412-0432-2/78/47-072-223$09.75/0 
© 1978 American Chemical Society 
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ous a b s o r p t i o n o f s e v e r a l g a s e s , c o n s e c u t i v e o r p a r a l l e l r e a c t i o n s 
i n t h e l i q u i d p h a s e s . . . w i t h t h e s i m u l t a n e o u s and s o p h i s t i c a t e d 
m a t h e m a t i c a l t e c h n i q u e s ( v e r y o f t e n r e d u c e d t o a m a t h e m a t i c a l 
p r o b l e m r a t h e r t h a n a g a s - l i q u i d problem) have b e e n p u b l i s h e d 
f o r t h e i s o t h e r m a l a b s o r p t i o n and i t seems now p o s s i b l e t o 
t a c k l e s u c h c a s e s w i t h t h e h e l p o f t h e l a s t decade l i t e r a t u r e . The 
d e s i g n o f g a s - l i q u i d equipment i s d e t e r m i n e d b y two m a j o r c o n s i d e ­
r a t i o n s : t h e d i s t r i b u t i o n o f components between p h a s e s i n a s t a t e 
o f thermodynamic e q u i l i b r i u m ( s o l u b i l i t y o f g a s e s i n l i q u i d ) and 
t h e r a t e a t w h i c h mass t r a n s f e r o c c u r s u n d e r p r e v a i l i n g c o n d i t i o n s 
( l i q u i d d i f f u s i v i t y and c h e m i c a l r e a c t i o n ) . T h e r e f o r e p h y s i c o - c h e ­

m i c a l p a r a m e t e r s a s w e l l a s i n t e r f a c i a l p a r a m e t e r s f o r t h e s p e c i ­
f i e d hydrodynamics w o r k i n g reg ime a r e p r a c t i c a l l y a lways r e q u i r e d . 
O b t a i n i n g s u c h d a t a i s o f t e n a c h a l l e n g i n g p r o b l e m , so w ide i s t h e 
r a n g e o f s o l u t e s and s o l v e n t t h e c h e m i c a l e n g i n e e r o r r e s e a r c h e r 
may e n c o u n t e r . A l t h o u g h t h e o r y on s o l u b i l i t y and d i f f u s i v i t y has 
n o t y e t p r o g r e s s e d t o the p o i n t where p u r e l y t h e o r e t i c a l p r e d i c ­
t i o n s a r e p o s s i b l e , many s t r i d e s have been made i n t h a t d i r e c t i o n 
q u i t e r e c e n t l y and w i l l be commented i n t h e s e c o n d p a r t o f t h i s 
r e v i e w . And n a t u r a l l y t h e t h i r d p a r t w i l l be d e v o t e d t o t h e i n t e r -
f a c i a l a r e a and mass t r a n s f e r c o e f f i c i e n t f o r t h e accompanying h y ­
d r o d y n a m i c s . The t e c h n i q u e s o f measurement w i l l be commented and 
some d a t a and c o r r e l a t i o n s w i l l be p r e s e n t e d f o r t h e c a s e o f 
t r i c k l e - b e d r e a c t o r s , and w e l l s t i r r e d t a n k . F i n a l l y one must 
a lways keep i n m i n d t h a t t h e r e l a t i o n s h i p s o f t h e p h y s i c o - c h e ­
m i c a l o r i n t e r f a c i a l p a r a m e t e r s must be o n l y u s e d i n t h e a b s e n ­
c e o f t h e e x p e r i m e n t a l d a t a , and a f t e r c a r e f u l s t u d y o f t h e 
c o n d i t i o n s o f v a l i d i t y . So t h e l a s t p a r t o f t h e r e v i e w w i l l be d e ­
v o t e d t o t h e s i m u l a t i o n o f t h e p r o c e s s o f a b s o r p t i o n i n i n d u s t r i a l 
a b s o r b e r s b y l a b o r a t o r y a p p a r a t u s w i t h a w e l l d e f i n e d and known 
i n t e r f a c i a l p a r a m e t e r s i n w h i c h e x p e r i m e n t s a r e c a r r i e d o u t t o o b ­
t a i n i n f o r m a t i o n t h a t c o u l d be d i r e c t l y a p p l i e d t o d e s i g n . 

2 . Mass t r a n s f e r w i t h and w i t h o u t c h e m i c a l r e a c t i o n : d e s o r p t i o n 
arid e x o t h e r m i c a b s o r p t i o n 

A l t h o u g h t h e s i t u a t i o n i n g a s - a g i t a t e d l i q u i d r e a c t o r i s a r a ­
t h e r c o m p l i c a t e d one a s o f t e n d i f f u s i o n , c o n v e c t i o n and r e a c t i o n 
p r o c e e d s i m u l t a n e o u s l y and t h e n a t u r e o f the c o n v e c t i v e movements 
o f b o t h gas a n d l i q u i d a r e i l l - d e f i n e d , however s e v e r a l u s e f u l p r e ­
d i c t i o n s have been p e r f o r m e d t o d e s c r i b e the b e h a v i o r o f s u c h h i g h 
c o m p l i c a t e d sys tem i n u s i n g h i g h l y - s i m p l i f i e d mode ls w h i c h s i m u l a ­
t e t h e s i t u a t i o n s u f f i c i e n t l y w e l l f o r p r a c t i c a l p u r p o s e s w i t h o u t 
i n t r o d u c i n g a l a r g e number o f p a r a m e t e r s : the f i l m model and t h e 
s u r f a c e - r e n e w a l mode ls where t h e hydrodynamic p r o p e r t i e s a r e a c ­
c o u n t e d f o r b y a s i n g l e pa ramete r e i t h e r t h e f i l m t h i c k n e s s 6 , 
o r t h e c o n t a c t t i m e θ o r t h e s u r f a c e renewa l f r e q u e n c y S . The 
q u e s t i o n o f w h i c h o f t h e s e t h r e e models i s more t r u e t o l i f e i s 
l e s s i m p o r t a n t t h a n t h e q u e s t i o n o f w h i c h one i s f o u n d i n p r a c -
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t i c e t o l e a d t o a c c u r a t e p r e d i c t i o n s as i t appears t h a t i n many 
c i r c u m s t a n c e s t h e d i f f e r e n c e between p r e d i c t i o n s mode on t h e b a ­
s i s o f t h e t h r e e models w i l l be l e s s t h a n the u n c e r t a i n t i e s about 
t h e v a l u e s o f t h e p h y s i c a l q u a n t i t i e s , s u c h as d i f f u s i v i t i e s o r 
s o l u b i l i t i e s , u s e d i n the c a l c u l a t i o n : i n f a c t the t h r e e models 
c a n be r e g a r d e d a s i n t e r c h a n g e a b l e f o r many p u r p o s e s and i t i s 
t h e n m e r e l y a q u e s t i o n o f c o n v e n i e n c e w h i c h o f t h e t h r e e i s u s e d . 

21 . D e s o r p t i o n w i t h o r w i t h o u t c h e m i c a l r e a c t i o n 

Though t h e s u b j e c t m a t t e r o f a b s o r p t i o n o f g a s e s i n l i q u i d , 
w i t h o u t o r w i t h c h e m i c a l r e a c t i o n , has r e c e i v e d c o n s i d e r a b l e a t t e n ­
t i o n , however t h e r e were l i t t l e a v a i l a b l e l i t e r a t u r e and g e n e r a l 
p r e s e n t a t i o n o n d e s o r p t i o n o f v o l a t i l e s u b s t a n c e s u n t i l t h e w e l c o ­
me and e x c e l l e n t r e v i e w on t h e mechanism o f the v a r i o u s t y p e s o f 
d e s o r p t i o n p r o c e s s e s p u b l i s h e d i n 1976 b y Shah and Sharma ( 3 ) . The 
a u t h o r s r e v i e w e d , a n a l y s e d and i l l u s t r a t e d t h e p r o c e s s o f d e s o r p ­
t i o n , w i t h o u t o r w i t h c h e m i c a l r e a c t i o n , w i t h the h e l p o f f i l m and 
p e n e t r a t i o n t h e o r i e s i n the f o l l o w i n g c a s e s (a) d e s o r p t i o n w i t h o u t 
r e a c t i o n (b) d e s o r p t i o n p r e c e d e d o r accompanied b y a l i q u i d phase 
r e a c t i o n (c) d e s o r p t i o n accompanied b y a pseudo f i r s t o r d e r g a s - l i ­
q u i d r e a c t i o n (d) d e s o r p t i o n accompanied b y a z e r o o r d e r g a s - l i q u i d 
r e a c t i o n (e) d e s o r p t i o n accompanied by a pseudo f i r s t o r d e r c o n s e ­
c u t i v e g a s - l i q u i d r e a c t i o n ( f ) d e s o r p t i o n o f a v o l a t i l e r e a c t a n t 
and (g) some a s p e c t s o f p r o c e s s d e s i g n o f d e s o r p t i o n columns w i t h 
o r w i t h o u t c h e m i c a l r e a c t i o n s . 

J u s t a s i n t h e c a s e o f a b s o r p t i o n accompanied b y a r e a c t i o n 
o f a g a s i n l i q u i d , d e s o r p t i o n accompanied b y a g a s - l i q u i d r e a c ­
t i o n |A + zC (non v o l a t i l e ) + Β ( v o l a t i l e ) | may c o n f o r m t o v a r i o u s 
mechanisms. R e s u l t s have been summarized and the c o n c e n t r a t i o n 
p r o f i l e s have been s c h e m a t i c a l l y d e p i c t e d o n e a c h s i d e o f t h e 
i n t e r f a c i a l a r e a (x = 0) b y Shah and Sharma (3) i n F i g u r e 1 i n 
t h e c a s e i n w h i c h a gas A d i s s o l v e s i n t o the T i q u i d phase and 
t h e n r e a c t s i r r e v e r s i b l y w i t h a n o n - v o l a t i l e s p e c i e s C t h a t i s 
p r e s e n t i n the l i q u i d phase t o g i v e the v o l a t i l e s p e c i e s Β a c ­
c o r d i n g t o the r e a c t i o n 

A + Z^C —> Z 2 B 

The v o l a t i l e s p e c i e s Β i s a l s o c a p a b l e o f r e a c t i n g w i t h r e a c ­
t a n t C a c c o r d i n g t o the r e a c t i o n 

Β + Z 3 C —> P r o d u c t s 

In F i g u r e 1 t h e s e c o n d r e a c t i o n i s c o n s i d e r e d t o be s low and 
hence i s u n l i k e l y t o o c c u r i n the f i l m ( i . e . the d i f f u s i o n - r e a c -
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f 

Figure 1. Typical concentration profiles for simultaneous absorption I 
desorption. Typical concentration profiles for instantaneous reaction 

between the gas A and reactant C—file theory. 
(a) Diffusion controlled—slow reaction; (b) kinetically controlled—slow reaction; (c) 
gas jam controlled desorption—fast reaction; (d) liquid fXm controlled desorption— 
fast reaction; (e) liquid film controlled absorption—instantaneous reaction between 
A and C; (f) gas film controlled absorption—instantaneous reaction between A and C; 
(g) concentration profiles for A, B, and C: instantaneous reaction between A and C— 

both gas and liquid phase resistances are comparable. 
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7. C H A R P E N T I E R Gas-Liquid Reactors 227 

tion parameter or Hatta number Has • ^ B ^ O A L « 1 ) · 
If now both reactions are important (liquid phase oxidation 

of hydrocarbons by O2 , chlorination of l i q u i d isobutylene, l i q u i d 
phase conversion of absorbed O2 and C2H4 to acetaldehyde...) the 
reaction between Β and C i s almost complete i n the f i l m (HaB > 3) 
and desorption of species Β w i l l occur only i f the reaction bet­
ween Β and C i s not instantaneous. For simplicity Shah and Sharma 
(3) have analyzed the case where Z-| = Z2 = Z3 = 1 and both of the 
reactions are pseudo f i r s t order with respect to species A and Β 
(^À = ^ A C 0 and kg = kBCQ being the pseudo f i r s t order constants). 
When the gas phase resistance,is,not important and depending on 
the values of the ratio Κ = k^/kg, species Β w i l l not desorb for 
Κ < 1 or w i l l eventually desorb, for Κ > 1 i f 

K1.5 1 

:anh(vlŒŜ ) 
* i + Κ 
X7 F T 

1 
tanh(HaB) 

22. Supersaturation i n gas-liquid reactions involving a vola­
t i l e product 

In many practical cases physical desorption and absorption pro­
cesses occur simultaneously and then the diffusion f i l m i n the l i ­
quid phase may supersaturate with gases resulting i n the bubble 
formation and subsequent interfacial turbulence (simultaneous ab­
sorption of O2 and N2 into water and desorption of C3H6) . Also, 
as seen above, absorption accompanied by chemical reaction often 
results i n the formation of a v o l a t i l e product that must diffuse 
back into the gas phase to avoid supersaturation of the bulk l i ­
quid during the absorption process. This results i n a counter d i f ­
fusion phenomenon which can cause supersaturation i n the diffusional 
boundary layer. I f the supersaturation were followed by bubble 
nucleation, absorption-desorption rates are enhanced due to a 
reduction i n diffusion f i l m and occurence of turbulence i n the 
l i q u i d . The f i l m and penetration theory equations are not appli­
cable to calculation of mass transfer rates under such supersa­
turation conditions. However a knowledge of the conditions cau­
sing the supersaturation may be useful whatever supersaturation 
may be desirable or not. In 1974 and 1976 Shah, Shaima and co­
workers (5, 6) extended the analysis of Brian et a l . (4) for the 
simple physical absorption-desorption process to gas-lïquid reac­
tions involving a v o l a t i l e product and have evaluated the c r i t e ­
r i a for supersaturation i n the following cases of gas-liquid 
reactions, (a) absorption of a gas A accompanied by an i r r e v e r s i ­
ble non-zeroth order l i q u i d phase reaction generating a v o l a t i l e 
product, (b) absorption of a gas A accompanied by a zeroth order 
l i q u i d phase reaction, (c) simultaneous absorption of two^ases 
A and Β accompanied by the l i q u i d phase reaction of A(g) + B(g)> 
(d) simultaneous absorption of two gases A and Β accompanied by 
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t h e l i q u i d p h a s e r e a c t i o n s A ( g ) B(g) and B(g) * n o n - v o l a t i l e 
p r o d u c t , (e) s i m u l t a n e o u s a b s o r p t i o n o f two g a s e s Â and E , 
A ( g ) ^ C(g) and Ε ^ n o n - v o l a t i l e p r o d u c t , ( f ) a b s o r p t i o n o f a 
g a s A accompanied b y an i n s t a n t a n e o u s r e a c t i o n g e n e r a t i n g a v o l a ­
t i l e p r o d u c t t h a t r e a c t s a l s o t o g e n e r a t e a n o n - v o l a t i l e p r o d u c t , 
(g) s i m u l t a n e o u s a b s o r p t i o n - d e s o r p t i o n accompanied b y a s e c o n d - o r ­
d e r i r r e v e r s i b l e r e a c t i o n , (h) s i m u l t a n e o u s a b s o r p t i o n o f two 
r e a c t i n g g a s e s g e n e r a t i n g a v o l a t i l e p r o d u c t , ( i ) a b s o r p t i o n o f a 
gas A accompanied b y a z e r o t h , f i r s t o r s e c o n d o r d e r l i q u i d phase 
r e a c t i o n g e n e r a t i n g a v o l a t i l e p r o d u c t Β i n the p r e s e n c e o f gas 
p h a s e r e s i s t a n c e f o r b o t h A and B. The a u t h o r s p r e s e n t e d d iagrams 
f o r t h e c r i t i c a l s u p e r s a t u r a t i o n i n t h e p l a n e (PBO'PBGVPAG V E R " 
s u s Ha t a k i n g i n t o a c c o u n t t h e gas phase r e s i s t a n c e o f gas A a n d / o r 
t h e v o l a t i l e p r o d u c t Ρ (PAG and PBG a r e the p a r t i a l p r e s s u r e o f A 
and Β i n gas and pgo i s t h e p a r t i a l p r e s s u r e o f Β i n e q u i l i b r i u m 
w i t h c o n c e n t r a t i o n o f Β i n b u l k l i q u i d ) . In t h e s e d i a g r a m s , r e g i o n s 
were l o c a t e d where no s u p e r s a t u r a t i o n i s p o s s i b l e o r s u p e r s a t u r a -
t i o n o c c u r s e i t h e r i n l i q u i d f i l m o r i n b u l k l i q u i d . 

Shah e t a l . (6) a l s o e v a l u a t e d t h e s i t u a t i o n s where t h e tempe­
r a t u r e e f f e c t s a t t h e g a s - l i q u i d i n t e r f a c e o c c u r s and o b t a i n e d the 
s u p e r s a t u r a t i o n c r i t e r i a f o r n o n - i s o t h e r m a l p h y s i c a l a b s o r p t i o n - d e ­
s o r p t i o n p r o c e s s e s when the tempera tu re e f f e c t s a r e s m a l l b u t non 
n e g l i g i b l e . The r e s u l t s i n d i c a t e t h a t t h e n e c e s s a r y c o n d i t i o n i s , 
i n g e n e r a l , d i f f e r e n t f rom t h a t f o r t h e i s o t h e r m a l c a s e and i n v o l ­
v e s t h e r a t i o o f t h e s o l u b i l i t y c o e f f i c i e n t s o f t h e d i f f u s i n g s p e ­
c i e s . 

I t i s c l e a r f rom t h e s e s t u d i e s t h a t s u p e r s a t u r a t i o n d u r i n g 
s i m u l t a n e o u s a b s o r p t i o n - d e s o r p t i o n i s p o s s i b l e i n any p h y s i c a l o r 
c h e m i c a l sys tem a s l o n g a s the d i f f u s i v i t y o f the d e s o r b i n g s p e ­
c i e s i s l e s s t h a n t h e one f o r t h e a b s o r b i n g s p e c i e s and t h e c o n ­
c e n t r a t i o n d i s t r i b u t i o n o f a t l e a s t one o f the d i f f u s i o n s p e c i e s 
i s n o n l i n e a r w h i c h i s u s u a l l y f o u n d i n p r a c t i c e . E x p e r i m e n t a l i n ­
v e s t i g a t i o n s s u c h a s t h o s e p r e s e n t e d i n r e f . (7̂ , 24) a r e n e c e s s i ­
t a t e d now t o t e s t and t o c o m p l e t e t h e t h e o r e t i c a l work o f t h e s e 
a u t h o r s e s p e c i a l l y when gas phase r e s i s t a n c e and t h e r m a l e f f e c t s 
a r e i m p o r t a n t . L e t u s see now how t h i s has been r e c e n t l y u n d e r t a ­
k e n f o r t h e c a s e o f n o n - i s o t h e r m a l gas a b s o r p t i o n w i t h c h e m i c a l 
r e a c t i o n . 

2 3 . S t e a d y s t a t e m u l t i p l i c i t y o f a d i a b a t i c g a s - l i q u i d r e a c ­
t o r s 

Many i m p o r t a n t g a s - l i q u i d r e a c t i o n s s u c h as o x i d a t i o n , h y d r o ­
g é n a t i o n , n i t r a t i o n , s u l f o n a t i o n and c h l o r i n a t i o n a r e c a r r i e d o u t 
i n a d i a b a t i c c o n t i n u o u s s t i r r e d - t a n k r e a c t o r o v e r a wide range o f 
t e m p e r a t u r e i n w h i c h a c o n t i n u o u s s h i f t f r o m c h e m i c a l t o mass 
t r a n s f e r c o n t r o l c a n h a p p e n . The i n t e r a c t i o n s between the s o l u b i ­
l i t y , 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 and t h e c h e m i c a l r e a c t i o n may 
c a u s e t h e o c c u r e n c e o f s u s t a i n e d p e r i o d i c o s c i l l a t i o n s and s t e a d y 
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s t a t e m u l t i p l i c i t y a s o b s e r v e d e x p e r i m e n t a l l y b y Hancock and 
Kenney (8) and D i n g e t a l . (9) . T h i s p r o b l e m o f s t e a d y s t a t e m u l ­
t i p l i c i t y o f a g a s - l i q u i d CSTR has o n l y r e c e i v e d a s i g n i f i c a n t 
a t t e n t i o n t h e s e 3 o r 4 l a s t y e a r s w i t h t h e r e m a r k a b l e t h e o r e t i c a l 
a p p r o a c h e s o f Hof fman , Sharma and D. L u s s (IjO, 12) c o n t i n u e d and 
c o m p l e t e d b y Raghuram and Shah (11). 

The f i r s t development p r e s e n t e d b y rfofman e t a l . (10) was 
c o n c e r n i n g a s i n g l e i r r e v e r s i b l e s e c o n d o r d e r g a s - l i q u i c T r e a c -
t i o n , A ( g a s ) + B ( l i q ) R ( l i q ) + L ( g a s ) w i t h t h e f o l l o w i n g a s ­
sumpt ions : (a) t h e l i q u i d phase c o n s i s t s o f n o n - v o l a t i l e compo­
n e n t s and no e v a p o r a t i o n " i n t o t h e gas p h a s e i s o c c u r i n g , i . e . 
t h e tempera tu re i s w e l l be low the b o i l i n g p o i n t o f t h e l i q u i d , 
(b) t h e p h y s i c a l p r o p e r t i e s o f the gas and l i q u i d , the i n t e r f a c i a l 
p a r a m e t e r s ICL and a , and t h e v o l u m e t r i c l i q u i d f l o w r a t e q i l e a v i n g 
t h e r e a c t o r and d i f f u s i v i t i e s o f a l l r e a c t i n g s p e c i e s a r e i n d é p e n ­
d a n t o f t empera tu re and c o n v e r s i o n and a l s o t h e d i f f u s i v i t i e s a r e 
e q u a l , (c) the h e a t o f s o l u t i o n ( - Δ Η $ ) and r e a c t i o n ( - A H R ) a r e i n ­
dependent o f t e m p e r a t u r e , (d) the s o l u b i l i t y o f t h e s p e c i e s A f o l ­
lows t h e H e n r y 1 s l a w , i s independent o f c o n v e r s i o n and i t s tempe­
r a t u r e d é p e n d a n c e i s e x p r e s s e d b y l o g ( x A / y A p ) = Φι /Τ ) -ϋ2 , (Φ t he 
gas a n d t h e l i q u i d a r e a t t h e same tempera t u re w i t h i n the r e a c ­
t o r , (e) the t o t a l p r e s s u r e o f the gas b u b b l e s and the gas h o l d u p 
a r e c o n s t a n t and independent o f t e m p e r a t u r e , c o n v e r s i o n and p o s i ­
t i o n w i t h i n t h e r e a c t o r , (e) the l i q u i d f e e d c o n t a i n s no d i s s o l ­
v e d g a s e o u s r e a c t a n t and t h e gas phase r e s i s t a n c e i s n e g l i g i b l e . 

Thus t h e m a t e r i a l and e n e r g y b a l a n c e s a r e , 

V y A f " W A = F1 CA1 + rAVR = E A k L a i C A i - C A l ) V R = E A k L a C A i V R 

<*lfxBf " V B = rBVR 

where qg and qi a r e the l i q u i d and gas m o l a r f l o w r a t e s , F i i s t h e 
c o n s t a n t l i q u i d v o l u m e t r i c f l o w r a t e , C ^ i i s the b u l k c o n c e n t r a t i o n 
o f t h e d i s s o l v e d g a s , C p i and Cpg a r e t h e h e a t c a p a c i t i e s o f t h e 
p u r e l i q u i d and gas and t h e s u b s c r i p t s f and ο r e f e r t o t h e f e e d 
a n d e f f l u e n t s t r e a m s . i s t h e enhancement f a c t o r and E% i s t h e 
r e a c t i o n f a c t o r (E^ = E^ f o r C A 1 = 0 i . e . the r e a c t i o n o c c u r s i n 
t h e l i q u i d f i l m and n o t i n t h e b u l k ) . The r e a c t i o n f a c t o r w | s 
e v a l u a t e d i n u s i n g t h e V a n K r e v e l e n - H o f t i j z e r a p p r o x i m a t i o n (E 
v e r s u s Ha) m o d i f i e d by Teramoto (13) and computed by an i t e r a t i v e 
s o l u t i o n o f t h r e e e q u a t i o n s i n v o l v i n g θ = k L a - r / ε , α = ε / a o ( τ and ε 
a r e t h e l i q u i d r e s i d e n c e t i m e and h o l d u p ) , and the i n s t a n t a n e o u s 
enhancement f a c t o r E j . I t was f o u n d by Hoffman^et a l . 0 0 ) t h a t 
t h e d e v i a t i o n s between t h e e x a c t v a l u e s o f E^ and t h o s e computed 
b y t h i s a p p r o x i m a t i o n t e c h n i q u e were a lways w i t h i n 4 % whatever Ej[ 
i s s m a l l e r o r l a r g e r t h a n u n i t y . 
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The steady state solutions are classically determined from 
the intersection of the heat removal Q-| and heat generation Qn 
curves as a function of the temperature Τ (Figure 2) that may be 
presented from the mass and energy balances in the shape 

and the necessary condition for the stability of any steady state 
is dQi/dT > dQn/dT. A numerical example was used to investigate 
the behavioral features of the model and its sensitivity to the 
values of various parameters. These values were selected such as 
to be similar to those representating the chlorination of n-deca-
ne which is a typical gas-liquid reaction as discussed by Ding et 
a l . (9). The values and the properties of the feed streams are 
presented in Figure 2 where qgf = q i f and when the influence of a 
certain parameter was investigated, the values of a l l the other 
parameters were set equal to those of the base case labeled B. 

When a single second-order homogeneous chemical reaction is 
carried out in a CSTR, the heat generation curve has a sigmoïdal 
shape such that no more than three steady state solutions exist. 
However, when such a reaction is carried out in a gas liquid CSTR 
the shape of the heat generation curve Qn is such that under cer­
tain conditions five steady state solutions exist. This unique 
feature of a gas liquid reacting system is shown in Figure 2a which 
describes the effect of residence time distribution on the shape 
of the Q J I graph. It is seen that for this example a unique steady 
state exists for residence times of either 2 or 8 min., three stea­
dy states for τ = 4 min., and five steady states for τ = 6 min. 
This special shape of the heat generation curve is due to the con­
fl i c t i n g influences of the temperature on the reaction factor and 
on the solubility of the gas. 

Moreover the effect of changes in the rate constant k on the 
steady state temperature is shown in Figure 2b where the dashed 
lines represent the unstable steady state (dQj/dT < dQn/dT). The 
base case labeled Β (k = 0.05 cc/mol.s) has five steady states 
for liquid residence time τ comprised between 5 and 7 minutes. 
Due to the special shape of the Qu curve, an increase in the re­
sidence time ignites the low temperature steady state and shifts 
the reactor to a high temperature steady state. However, when 
the residence time is decreased, the extinction occurs by a shift 
of the high temperature steady state to the intermediate tempera­
ture branch. Upon a further decrease of the residence time, a 
second extinction occurs due to a shift from the intermediate to 
the low temperature branch. The graphs indicate that the interme­
diate temperature steady state solutions are most sensitive to va­
riations in the rate constants. The low temperature solutions are 
rather insensitive to these changes. In general, a decrease of the 
reaction rate constant causes an increase in the ignition as well 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
7

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



7. C H A R P E N T I E R Gas-Liquid Reactors 231 
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Qi and Qn os ο function of temperature and liquid residence 
time. 

400 

Ex = 30000 cal/mole 
kt = 0.04 cm/s 
e„ = 2.0 c m - 1 
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- Λ Η , = 5000 cal/mole 

kx = 0.05 cc/mole-s at ( 5 0 ° C ) 
XA = 10 < 1 0 I 0 / T - | - W ) 

DA = β X 10~5 cmVs 
C P i = 6.5 cal/mole-°K 
- A H r = 25000 cal/mole 
€ = 0.9 

Tgf = Γ ν = 25°C 
y A / = x B / = 1.0 
Pif = 0.725 g/cc 
p a / = 0.00298 g/cc 
λ ί « Β = 142 g/g mole 
MICA = 71 g/gmole 

0 1 « 1 1 1 ι ι I 
0 10 20 30 40 50 60 

LIQUIO RESIDENCE TIME (mm) 
The influence of the reaction rate constant and the liquid 

residence time on the steady state temperature. 

Figure 2. The chlorination of n-decane (after Ref. 10) 
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a s t h e e x t i n c t i o n t i m e . Moreover the p a r a m e t r i c s t u d y i n d i c a t e s 
t h a t f o r t h e example s t u d i e d by D i n g e t a l . (9), t he lower b r a n c h 
was most s e n s i t i v e t o s o l u b i l i t y o f the gas and the a c t i v a t i o n 
e n e r g y o f t h e s y s t e m . The i n t e r m e d i a t e b r a n c h was most i n f l u e n c e d 
b y v a r i a t i o n s i n t h e r e a c t i o n r a t e and t o a l e s s e r e x t e n t b y c h a n ­
g e s i n t h e i n t e r f a c i a l a r e a . The h i g h tempera tu re s t e a d y s t a t e s 
were s e n s i t i v e m a i n l y t o t h e l i q u i d h e a t c a p a c i t y and h e a t o f t h e 
r e a c t i o n . A l l s t e a d y s t a t e s were r a t h e r i n s e n s i t i v e t o changes i n 
t h e l i q u i d mass t r a n s f e r c o e f f i c i e n t and d i f f u s i v i t y . The u p p e r 
t e m p e r a t u r e b r a n c h was u s u a l l y more s e n s i t i v e t o v a r i a t i o n s i n the 
p a r a m e t e r s t h a n was the l o w e r b r a n c h . The i g n i t i o n r e s i d e n c e t ime 
was much more s e n s i t i v e t h a n t h e e x t i n c t i o n r e s i d e n c e t ime t o v a ­
r i a t i o n s i n t h e p a r a m e t e r s . 

T h i s s t u d y o f t h e s t e a d y s t a t e m u l t i p l i c i t y o f a d i a b a t i c gas 
l i q u i d r e a c t o r s was t h e n c a r r i e d i n t h e same l a b o r a t o r y (12) i n 
d e v e l o p i n g a model f o r t h e c a s e o f two c o n s e c u t i v e c o m p é t i t i v e 
r e a c t i o n s w i t h s e c o n d o r d e r k i n e t i c s , w i t h the a ims t o demonst ra te 
t h e p o s s i b l e e x i s t e n c e and t h e maximum number o f m u l t i p l e s t e a d y 
s t a t e s w i t h d i f f e r e n t t e m p e r a t u r e s , c o n v e r s i o n s and s e l e c t i v i t i e s 
u n d e r t h e same o p e r a t i n g c o n d i t i o n s , t o t e s t the v a l i d i t y o f the 
model a n d t h e a s s o c i a t e d a s s u m p t i o n s b y compar ing i t w i t h e x p e r i ­
m e n t a l r e s u l t s o b t a i n e d a s p r e v i o u s l y w i t h the c h l o r i n a t i o n o f 
n - d e c a n e and t o d e t e r m i n e t h e p a r a m e t r i c s e n s i t i v i t y o f t h e sys tem 
w h i c h i s e s s e n t i a l f o r t h e r a t i o n a l d e s i g n , o p e r a t i o n and c o n t r o l 
o f t h e s e g a s l i q u i d r e a c t o r s . The model d e v e l o p e d by Sharma e t a l . 
(12) u s e s a g a i n e x p r e s s i o n s w h i c h d e s c r i b e the r a t e o f r e a c t i o n i n 
b o t h t h e f i l m and b u l k l i q u i d and a c c o u n t f o r t h e c o n t i n u o u s s h i f t 
f r o m c h e m i c a l t o mass t r a n s f e r c o n t r o l w i t h i n c r e a s i n g t e m p e r a t u ­
r e s . 

N u m e r i c a l s i m u l a t i o n s r e v e a l e s t h a t changes i n c e r t a i n p a r a ­
m e t e r s may change b o t h the n a t u r e o f t h e m u l t i p l i c i t y a s w e l l a s 
t h e range o f l i q u i d r e s i d e n c e t ime f o r w h i c h m u l t i p l i c i t y e x i s t s . 
S u c h changes i n r e a c t i v i t y o f the n - d e c a n e c a n c a u s e t h e a p p e a ­
r a n c e o r t h e d i s a p p e a r a n c e o f a s p e c i a l m u l t i p l i c i t y p a t t e r n (an 
i s o l a ) f o r w h i c h a s h i f t f rom the low t o the h i g h t emp era t u re 
s t e a d y s t a t e c a n n o t be a t t a i n e d by i n c r e a s i n g t h e r e s i d e n c e t i m e . 
Thus t h e h i g h t e m p e r a t u r e s t e a d y s t a t e c a n be a t t a i n e d o n l y b y p r e ­
h e a t i n g t h e r e a c t i o n m i x t u r e . The p r e s e n c e o f an i s o l a t h u s may n o t 
b e d i s c o v e r e d i n p r e l i m i n a r y e x p e r i m e n t s and i t s e x i s t e n c e may l e a d 
t o r a t h e r u n e x p e c t e d p i t f a l l s i n t h e o p e r a t i o n o f t h e r e a c t o r . Note 
a l s o t h a t t h e h i g h e r the s t e a d y s t a t e t e m p e r a t u r e , the h i g h e r i s 
t h e c o n v e r s i o n b u t t h e l o w e r i s the s e l e c t i v i t y . So an i n t e r m e d i a t e 
s t e a d y s t a t e may be i n t e r e s t i n g f o r s e l e c t i v i t y . The key p a r a m e t e r 
w h i c h i n f l u e n c e t h e m u l t i p l i c i t y p a t t e r n and r e g i o n a r e k , a , 
( - Δ % ) , Cp and t h e h e a t l o s s f rom t h e r e a c t o r . The model p r e d i c t s 
t h e o c c u r e n c e o f up t o s e v e n s t e a d y s t a t e s o l u t i o n s u n d er c e r t a i n 
o p e r a t i n g c o n d i t i o n s . The^e d i f f e r e n t s t e a d y s t a t e s c o r r e s p o n d t o 
g r e a t changes o f Ha and Ε a n d a r e due t o a s h i f t f rom c h e m i c a l 
r e a c t i o n t o mass t r a n s f e r c o n t r o l . 

The fundamenta l work o f Hof fman , Sharma and L u s s has been 
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c a r r i e d o n i n 1977 b y Raghuram and Shah (11) t h a t p u b l i s h e d c r i ­
t e r i a f o r u n i q u e n e s s and p o s s i b l e m u l t i p l i c i t y o f t h e s t e a d y s t a ­
t e s w h i c h were n o t e x p l i c i t l y s t a t e d b y t h e p r e v i o u s a u t h o r s b e ­
c a u s e o f a l g e b r a i c c o m p l e x i t y . F i n a l l y the r e s u l t s o f t h e s e t h r e e 
s t u d i e s s u g g e s t t h a t the i n f o r m a t i o n about the m u l t i p l i c i t y p a t ­
t e r n and t h e i g n i t i o n and e x t i n c t i o n p o i n t s c a n s e r v e as a r e m a r ­
k a b l e t o o l f o r d i s c r i m i n a t i n g among r i v a l models and a s s u m p t i o n s 
and f o r e s t i m a t i o n o f k i n e t i c s p a r a m e t e r s o f t h e s e models w h i c h n e ­
c e s s i t a t e s a l s o the knowledge o f p h y s i c a l c h e m i c a l and i n t e r f a c i a l 
p a r a m e t e r s . These r e s u l t s a r e a p p l i c a b l e t o a l a r g e number o f p r a c ­
t i c a l s i t u a t i o n s and s h o u l d f i n d e x t e n s i v e p r a c t i c a l u s e . They n e e d 
now complementary development f o r t h e s i t u a t i o n a t v e r y h i g h tempe­
r a t u r e c l o s e t o o r e x c e e d i n g the b o i l i n g p o i n t o f t h e l i q u i d where 
e v a p o r a t i o n i n t o the gas phase t a k e s p l a c e . 

24. Thermal e f f e c t s i n gas a b s o r p t i o n w i t h o u t and w i t h c h e ­
m i c a l r e a c t i o n 

Non i s o t h e r m a l phenomena a r e p r e s e n t t o some e x t e n t i n a l l 
gas a b s o r p t i o n o p e r a t i o n s . A s s e e n above the impor tance o f t h e non 
i s o t h e r m a l e f f e c t s a r i s e s f r o m t h e i r i n f l u e n c e on t h e mass t r a n s f e r 
r a t e a n d , i n t h e c a s e o f c h e m i c a l a b s o r p t i o n , f rom t h e i r i n f l u e n c e 
o n r e a c t i o n r a t e s and s e l e c t i v i t i e s . T h i s means t h a t t o n e g l e c t t h e 
boundary c o n d i t i o n c o u p l i n g between s o l u b i l i t y and i n t e r f a c e tempe­
r a t u r e may l e a d t o s e r i o u s o v e r e s t i m a t e s o f t h e a b s o r p t i o n r a t e s 
and t o model the non i s o t h e i m a l a b s o r p t i o n p r o c e s s , i t i s n e c e s s a ­
r y t o c o n s i d e r t h e mass and e n e r g y b a l a n c e e q u a t i o n s s i m u l t a n e o u s ­
l y . A t t e n t i o n has been c o n s i d e r a b l y f o c u s e d b o t h e x p e r i m e n t a l l y 
and t h e o r e t i c a l l y o n t h a t i m p o r t a n t t o p i c p a r t i c u l a r l y d u r i n g t h e ­
s e 3 o r 4 l a s t y e a r s (V4 - 23). 

241. In absence o f c h e m i c a l r e a c t i o n , Verma and D e l a n c e y 
(17) have s t u d i e d t h e t h e r m a l e f f e c t s i n gas a b s o r p t i o n w i t h t h e 
s i m u l t a n e o u s measurement o f i n t e r f a c i a l mass t r a n s f e r r a t e s and 
l i q u i d tempera tu re p r o f i l e s o v e r a range o f p h y s i c a l c o n d i t i o n s 
w i t h i n w h i c h most gas a b s o r p t i o n sys tems may be e x p e c t e d t o f a l l 
(a imionia-water and p r o p a n e - d e c a n e s y s t e m s ) . The e x p e r i m e n t s were 
p e r f o r m e d w i t h a q u i e s c e n t l i q u i d phase (no momentum e q u a t i o n i n ­
c l u d e d ) and t h e s u r f a c e renewa l t h e o r y was e s t i m a t e d t o p r o v i d e 
a v e h i c l e f o r e x t e n d i n g t h e r e s u l t s t o t h e hydrodynamic c o n d i t i o n s 
n o r m a l l y e n c o u n t e r e d i n i n d u s t r i a l a b s o r b e r s . A n a n a l y t i c a l s o l u ­
t i o n o f t h e s i m u l t a n e o u s e n e r g y and mass c o n s e r v a t i o n e q u a t i o n s i n 
t h e vo lume a v e r a g e r e f e r e n c e f rame i s p r o p o s e d w h i c h a p p l i e s t o a 
s e m i - i n f i n i t e l i q u i d medium and i n c l u d e s the e f f e c t s o f h e a t o f 
a b s o r p t i o n , v a r i a b l e d e n s i t y , a r b i t r a r y c o n d i t i o n a t t h e i n t e r f a c e 
and vo lume changes i n t h e l i q u i d phase i n absence o f s o l v e n t e v a ­
p o r a t i o n . I t i s a b l e t o p r e d i c t i n t e r f a c i a l mass f l o w s and l i q u i d 
t e m p e r a t u r e p r o f i l e s . Compar isons w i t h t h e e x p e r i m e n t a l d a t a f r o m 
t h e ammonia-water systems (a t 0.2, 0.467, 0.733 and 1 atm) spans 
s u r f a c e t e m p e r a t u r e r i s e f rom 6.9 Κ t o 18.2 K. The p r o p a n e - d e c a n e 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
7

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



234 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

s y s t e m a t 1 atm e x h i b i t s a t empera tu re r i s e o f 1.3 K. In a l l c a ­
s e s t h e model a d e q u a t l y p r e d i c t s t h e tempera tu re p r o f i l e s . 

242. F o r gas a b s o r p t i o n and r e a c t i o n w h i c h i s so e x o t h e r ­
m i c t h a t a l s o t h e a s s u m p t i o n o f c o n s t a n t i n t e r f a c i a l t empera tu re 
does n o t h o l d , Mann and Moyes (22) have r e c e n t l y p u b l i s h e d an e x ­
t e n s i o n o f t h e f i l m t h e o r y t o p r e d i c t a n a l y t i c a l l y the enhancement 
f a c t o r Ε and s u r f a c e tempera tu re i n c r e a s e under s l o w and f a s t r e a c ­
t i o n c o n d i t i o n s u s i n g a l i n e a r s o l u b i l i t y / t e m p e r a t u r e r e l a t i o n s h i p . 
S e v e r e r e d u c t i o n s i n Ε v a l u e s i n c o n j u n c t i o n w i t h l a r g e s u r f a c e 
t e m p e r a t u r e i n c r e a s e s up t o 100 Κ a r e p r e d i c t e d u s i n g d a t a a p p l i c a ­
b l e t o t h e d i r e c t s u l f o n a t i o n o f d o d e c y l b e n z e n e w i t h S 0 3 . T h i s i s 
done assuming t h a t the f i l m t h e o r y i s a p p l i c a b l e and tempera tu re 
a n d c o n c e n t r a t i o n g r a d i e n t s e x i s t a c r o s s the f i l m . A s the p h y s i c a l 
r e a l i t y i s s u c h t h a t the t h e i m a l d i f f u s i v i t y α i s much b i g g e r t h a n 
t h e d i f f u s i v i t y o f the a b s o r b i n g component (commonly α = 100 D) 
t h u s t h e f i l m t h i c k n e s s x u o v e r w h i c h tempera tu re g r a d i e n t s e x i s t 
i s v e r y much l a r g e r t h a n t h e f i l m t h i c k n e s s 6 = x^f o v e r w h i c h c o n ­
c e n t r a t i o n g r a d i e n t s a r e o b s e r v e d . T h i s means t h a t t h e t empera tu re 
may be c o n s i d e r e d p r a c t i c a l l y c o n s t a n t and e q u a l t o t h e i n t e r f a c i a l 
t e m p e r a t u r e Τ a c r o s s t h e mass t r a n s f e r f i l m . Thus i f t h e e f f e c t o f 
t e m p e r a t u r e o n s p e c i f i c h e a t , l i q u i d phase d e n s i t y and d i f f u s i v i t y 
a s w e l l a s t h e D u f f o u r and S o r e t e f f e c t s t a k e n i n t o a c c o u n t b y 
Verma and D e l a n c e y (17) a r e c o n s i d e r e d t o be s e c o n d a r y i n i m p o r t a n ­
c e , t h e e q u a t i o n s d e s c r i b i n g the d i f f u s i o n and f i r s t o r d e r r e a c t i o n 
a n d t h e h e a t t r a n s f e r a r e 

D. ^ £ = k ( T * ) C and α = - ^ k ( T ) C 
A d x Z d x Z L p 

s u b j e c t t o t h e boundary c o n d i t i o n s 

C = C * ( T * ) and Τ 

C = 0 and Τ 

C = 0 and Τ 

* 
Τ i s a lumped r e p r e s e n t a t i o n f o r t h e s p a t i a l l y dependent T ( x ) and 
t h e r a t e c o n s t a n t t o u s e i n t h e d i f f u s i o n r e a c t i o n ^ b a l a n c e i s r e a ­
s o n a b l y e v a l u a t e d a t the i n t e r f a c i a l t empera tu re Τ . T h i s i n t e r f a ­
c e t e m p e r a t u r e v a l u e i s g o v e r n e d by t h e h e a t r e l e a s e due s o l u t i o n 
a n d r e a c t i o n t h a t Mann and Moyes c o n s i d e r t o be i n t e r f a c i a l h e a t 
f l u x e s w i t h i n t h e f rame d e s c r i b i n g h e a t t r a n s f e r . The r e s u l t i s 
t h a t T ( x ) must be l i n e a r o v e r t h e h e a t t r a n s f e r f i l m x ^ w h i l e b e i n g 
a p p r o x i m a t i v e l y c o n s t a n t o v e r t h e mass t r a n s f e r f i l m x^!. 

The s o l u t i o n s o f t h e above e q u a t i o n s ^ u s i n g t h e employment o f a 
l i n e a r r e l a t i o n s h i p ^ f o r the s o l u b i l i t y C l e a d t o e x p l i c i t a n a l y ­
t i c a l forms f o r Τ and Ε under no o r s l o w r e a c t i o n c o n d i t i o n s 
a n d u n d e r v e r y f a s t r e a c t i o n c o n d i t i o n s . F i n a l l y t h e e x p r e s s i o n f o r 

= Τ a t χ = 0 

= Τ * a t χ = x M 

= T b a t χ = x H 
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7. CHARPENTIER Gas-Liquid Reactors 235 

the ratio of the enhancement factor at large Ha to the i n i t i a l va­
lue for solely physical absorption i s given by 

Ε (fast reaction) , 1 +
 1 " yS ^L/h0 

Ε (physical absorption) " y s ^ A H R + A H S ^ 

y § i s the proportionality constant i n the linear s o l u b i l i t y r e l a ­
tionship. It i s seen that the advent of reaction can result i n an 
ultimate increase or decrease from the i n i t i a l (already depressed) 
value, depending upon whether ys A%O cl/hL) ^ s 8XeSL^eT o r l e s s than 
unity : for large values of y$ appropriate to high s o l u b i l i t y sys­
tems and for large heat of reaction, the reaction can be expected 
to decrease the absorption potential and to hinder the absorption 
process. Finally the confines of the overall behavior under slow 
reaction conditions and beyond the fast reaction regime can be de­
duced analytically and e x p l i c i t l y and inteimediate ranges of reac­
tion rate can be solved for implicity by using the appropriate ex­
pression for (dC/cbOxs-xvj i n the boundary condition of the overall 
heat balance. 

This theory i s i l l u s t r a t e d by Mann et Moyes with the presen­
tation of the graphs surface temperature increase and Ε versus Ha 
for the high s o l u b i l i t y system S03-trioxidedodecylbenzene. Large 
increases i n interface temperature (up to 100K) and enhancement 
factors below unity (down to 0.3) are predicted for both linear ap­
proximations or theoretical ideal s o l u b i l i t y . Moreover to compare 
theory and experiment, some experimental results obtained from the 
laminar jet technique with exposure time appropriate to bubble and 
packed bed reactors show that high interface temperatures can be 
reached and that reductions i n absorption rate below that for phy­
s i c a l absorption can occur. An important feature of the work pu­
blished by Mann et Moyes (22) i s that i f applying the exact solu­
b i l i t y relationship produces a closer correspondance between the 
experimental observations and the f i l m theory predictions, however 
the linearized approach i s seen to be appropriate for preliminary 
evaluation of the l i k e l y magnitude of thermal effects from the re­
levant basic physico-chemical data. 

The theory and experimental findings emphasize the need for 
further experimental studies particularly concerning the effet of 
high surface temperature on by-product reactions (as explained by 
the authors) and for complementary theoretical work where interfa-
c i a l turbulence (JJ8, 19) or gas phase resistance (evaporation 
effect) are taken into account. This could be undertaken with the 
help of the formulation developed by Tamir et a l . (20, 21). 

243. Absorption with chemical reaction i n the presence of 
heat generation7 ̂ bulk flow and effects of the gaseous ^rivirOnment." 
A penetration model for gas-absorption into a laminar l i q u i d 
stream i n the presence of a pseudo f i r s t order chemical reaction 
and large heat generation was investigated theoretically by Tamir 
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2 3 6 C H E M I C A L REACTION ENGINEERING REVIEWS—HOUSTON 

et a l . (20) accounting for the presence of the gaseous environment, 
non consi3ered i n the previous analysis, as well as the transverse 
bulk flow contribution to the total mass transfer. In this model, 
heat of solution i s liberated at the interface while the heat of 
reaction i s liberated within the absorbing stream. As a result of 
the vapor pressure exerted by the solvent, the gaseous atmosphere 
becomes a binary mixture where simultaneous evaporation of the s o l ­
vent and absorption of the soluble gas takes place. The complete 
formulation i s based upon the conservation of mass and energy i n 
both phases with the appropriate matching conditions at the gas-
l i q u i d interface. Indeed the absorbed gas flux towards the inter­
face i s the sum of the fluxes due to diffusion and the bulk flow 
acting i n the same direction and for the evaporating solvent the 
above flow contributions are i n opposite directions, where the 
diffusion takes place from the interface towards the bulk. This 
leads to the interface matching conditions for mass conservation 
and for energy conservation. In the interface condition for ener­
gy conservation, there are four terms : the f i r s t term designates 
the condition of heat into the absorption streams while the second 
one takes care of heat transfer by conduction to the atmosphere 
( i t i s generally negligible). The third term accounts for evapora­
tion of the solvent and the last term includes the effect of heat 
liberation due to dissolution. The o r i g i n a l i t y of the formulation 
of Tamir et a l . (20) was to consider the second and third terms. 
To complete the fmroulation, equilibrium i s assumed to prevail at 
the interface. The simultaneous solution of the equations was car­
ried out i n a transform coordinate system i n which the conserva­
tion equations are reduced to a foim having a similarity solution 
at the i n l e t . 

The experimental data of the study by Mann et Clegg (18) of 
the absorption with chemical reaction of chlorine i n toluene which 
i s associated with large heat effects i s taken to i l l u s t r a t e the 
model presented above i n assuming that the reaction i s f i r s t or­
der. It i s found that the absorption flux m-j of the gas correspon­
ding to the i n l e t and with the bulk flow contribution are higher 
by 23 % relative to the values obtained when not considering the 
bulk flow. This difference remains almost constant for low values 
of the dimensionless reaction rate constant K-| and reduced towards 
high values of reduced distance ξ and K-j. However the error intro­
duced i n the evaluation of the total absorption flux (which i s 
usually the measured value i n experimental studies) w i l l continuous­
l y grow with increasing value of ζ . This i s particularly observed 
for small value of ξ which are encountered i n practice. I t i s shown 
that the bulk flow contribution at the interface to the total ab­
sorption flux m i s appreciable at the entrance region (18 %) where 
the effect of the chemical reaction i s negligible, and for r e l a t i ­
vely low values of the reaction rate constant for the overall ran­
ge of the absorber length. The effect of the evaporation flux of 
toluene m2 i s i n general much lower than m-| and also behaves i n a 
opposite way with ξ and K-j. The increase of the evaporation flux 
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7. C H A R P E N T I E R Gas-Liquid Reactors 237 

f o r i n c r e a s i n g v a l u e s o f K-| e x p l a i n s the r e d u c t i o n i n t h e s t r e a m 
s u r f a c e t e m p e r a t u r e a s compared t o the c a s e where no h e a t l o s s e s 
t o t h e s u r r o u n d i n g s a s w e l l as b u l k f l o w e f f e c t s a r e c o n s i d e r e d . 
Thus a b s o r p t i o n f l u x e s a r e c o n t i n u o u s l y d e c r e a s i n g and a r e even 
l o w e r t h a n t h o s e o b t a i n e d under c o n d i t i o n o f a b s o r p t i o n i n a b s e n ­
c e o f c h e m i c a l r e a c t i o n a s a l s o p r e s e n t e d w i t h t h e f i l m t h e o r y b y 
Mann a n d Moyes (22) c o n c e r n i n g the gas s o l u b i l i t y r e d u c e d due t h e 
i n i t i a l i n c r e a s e T n s t r e a m s u r f a c e tempera tu re b u t h e r e t h e gas 
s i d e r e s i s t a n c e i s a l s o c o n t r i b u t i n g t o t h e r e d u c t i o n . However i t 
s h o u l d be c o n c l u d e d t h a t i n t h e p r e s e n c e o f a gaseous atmosphere 
u n d e r f o r c e d c o n v e c t i o n t h e s t u d y p u b l i s h e d by T a m i r and T a i t e l 
(21) l e t t h e i m p r e s s i o n t h a t the gaseous i n f l u e n c e d wou ld be l e s s 

marked b u t i t s h o u l d be i n t e r e s t i n g f o r a f u r t h e r work t o e v a l u a ­
t e i t f o r t h e c a s e o f a h i g h l y s o l u b l e g a s . 

A t t h e end o f t h i s c h a p t e r o n g a s - l i q u i d r e a c t i o n accompanied 
b y a r i s e i n t e m p e r a t u r e w h i c h may be g r e a t enough t o a f f e c t t h e 
r a t e o f g a s a b s o r p t i o n s u b s t a n t i a l l y , i t may be o b s e r v e d t h a t f u n ­
damenta l b a c k g r o u n d f o r m u l a t i o n s have been d e v e l o p p e d t h e s e few 
l a s t y e a r s and t h i s must be c o m p l e t e d now b y e x p e r i m e n t a l s t u d i e s . 
A s i n t h e c a s e o f t h e i m p o r t a n t work i n i s o t h e r m a l c o n d i t i o n s 
(more d i r e c t e d o n k i n e t i c scheme) t h a t has a l s o been d e v e l o p p e d 
r e c e n t l y and t h a t we have n o t p r e s e n t e d h e r e , the s u g g e s t e d com­
p l e m e n t a r y work n e c e s s i t a t e s o f c o u r s e t h e s i m u l t a n e o u s knowledge 
o r d e t e r m i n a t i o n o f t h e p h y s i c o - c h e m i c a l p a r a m e t e r s s u c h as t h e 
s o l u b i l i t y , mass and t h e r m a l d i f f u s i v i t y . . . and o f t h e i n t e r f a c i a l 
mass t r a n s f e r p a r a m e t e r s . L e t u s see now what has been done r e c e n t ­
l y o n t h a t t o p i c s . 

3 . S o l u b i l i t y and d i f f u s i v i t y o f g a s e s i n l i q u i d s 

I t i s p o s s i b l e t o f i n d i n t h e l i t e r a t u r e ( r e c e n t o r n o t ) many 
e x p e r i m e n t a l d a t a on s o l u b i l i t y and d i f f u s i v i t y t h a t a r e s c a t t e r e d 
i n a l a r g e number o f j o u r n a l s . I wou ld l i k e i n t h i s p a r t t o d i s ­
c u s s t h e r e f e r e n c e s i n w h i c h I t h i n k t h a t i s i s now p o s s i b l e t o 
f i n d h e l p f u l and s u f f i c i e n t l y g e n e r a l a n a l y s i s and p r e s e n t a t i o n 
w i t h e m p i r i c a l o r t h e o r e t i c a l c o r r e l a t i o n s f o r t h e s e fundamenta l 
p h y s i c o - c h e m i c a l p a r a m e t e r s . 

3 1 . S o l u b i l i t y o f g a s e s i n l i q u i d s 

E x p e r i m e n t a l l y d e t e r m i n e d s o l u b i l i t i e s have been r e p o r t e d i n 
t h e l i t e r a t u r e f o r o v e r 100 y e a r s b u t even now o n l y a few compre ­
h e n s i v e and c r i t i c a l c o m p i l a t i o n s a r e p u b l i s h e d e s p e c i a l l y a t tem­
p e r a t u r e w e l l removed f rom 2 5 ° C . D i f f e r e n t a p p r o a c h e s a r e made, 
d e p e n d i n g upon whether t h e s o l u t i o n s a r e e l e c t r o l y t i c o r n o n e l e c -
t r o l y t i c . F i r s t o f a l l , t he s o l u b i l i t i e s o f g a s e s a r e e x p r e s s e d 
i n terms o f many d i f f e r e n t u n i t s , depend ing on the p a r t i c u l a r a p ­
p l i c a t i o n and i t wou ld be recommended t h a t the s t a n d a r d fo rm be 
t h e mole f r a c t i o n s o l u b i l i t y x * o r H e n r y ' s c o n s t a n t H a t 1 atm 
p a r t i a l p r e s s u r e o f gas a t t h e t empera tu re o f measurement e x c e p t 
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for those cases i n which the solvents do not have an easily cha-
racterizable molecular weights such as biological fluids for which 
the weight s o l u b i l i t y i s recommended. When the s o l u b i l i t y i s 
small, Henry1 s law provides a good approximation, 

£A = HA,B · < * A < < 1
f D . 

where fA i s the fugacity and the Henry's constant (H^ Β often 
designed H) of solute A i n solvent Β i s defined as 9 

χΑ-κ> 

Λ Superscript pgs indicates that the pressure of the system, as 
XA -»· o, i s equal to the saturation pressure of the solvent at tem­
perature T. At modest pressure, the fugacity i s essentially equal 
to the p a r t i a l pressure of the gaseous solute PA = y^P and Henry's 
constant i s the reciprocal of the s o l u b i l i t y when the p a r t i a l 
pressure of the solute i s 1 atm. A crude estimate of s o l u b i l i t y 
i s obtained by extrapolating the vapor pressure of the gaseous so­
lute on a Jinear plot log PSA vs 1/T. The ideal s o l u b i l i t y i s thus 
given by XA • yA (P/PSA) · F o r n o n ideal solutions an ac t i v i t y 
coefficient i s introduced and for mixture of non polars or 
sl i g h t l y polar components a considerable degree of success i s ob­
tained i n using the correlations of the regular solution theory 
(25) i.e., for solutions of gases i n solvents involving small d i f ­
ferences i n molecular size (25, 28, 29). Hildebrand and Lamoreaux 
(27) have published an interesting empirical linear relationship 
aHcT a graphical plot allowing for the calculation of the s o l u b i l i ­
ty of any nonreacting gas except H 2 i n any nonpolar solvent except 
fluorochemicals. Alternate results are published by Fleury and 
Hayduck (26) that also apply to perfluorinated gases and solvents. 
However tEe correlations for nonpolar solvents are not satisfacto­
ry to predict s o l u b i l i t i e s i n polar or associating solvents such 
as water or alcohols. Note that the s o l u b i l i t i e s of a l l gases i n a 
single solvent approach a constant value as the solution tempera­
ture i s increased towards the c r i t i c a l temperature of the solvent. 
So i t i s possible to estimate the temperature coefficient of solu­
b i l i t y , by the use of a graphical plot, for any gas i n any one s o l ­
vent from data of other gases i n that solvent (33, 34). More recent­
l y Cysewski and Prausnitz (31) have presented a semi empirical cor­
relation that may be usefulTor estimating gas s o l u b i l i t i e s at mo­
dest pressure which i s not restricted to nonpolar systems nor to 
temperature near 25°C. Their relationship for the reduced Henry's 
constant H£B§ V^/RT i s proposed i n terms of parameters, determined 
empirically ' from 76 binary systems, which characterize the inte­
raction of a single solute molecule with a matrix of solvent mole­
cules. I t may be used i n either of two ways over a wide range of 
temperature and for a variety of gases i n typical nonpolar and po­
l a r solvents, including water : f i r s t , i f a s o l u b i l i t y i s known at 
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7. C H A R P E N T I E R Gas-Liquid Reactors 2 3 9 

one t e m p e r a t u r e , t h e c o r r e l a t i o n p r e d i c t s , o f t e n w i t h a good a c c u ­
r a c y , t h e s o l u b i l i t y a t a n o t h e r t empera tu r e ; s e c o n d , i f no s o l u ­
b i l i t y d a t a a r e a v a i l a b l e , t h e c o r r e l a t i o n may be u s e d t o o b t a i n a 
r e a s o n a b l e e s t i m a t e ( w i t h i n a f a c t o r o f 2) · S i m u l t a n e o u s l y 289 l i ­
t e r a t u r e d a t a o n t h e s t a n d a r d e n t r o p y o f s o l u t i o n and 408 l i t e r a ­
t u r e d a t a o n H e n r y ' s c o n s t a n t were c o r r e l a t e d b y De L i g n y e t a l . 
(32) b y r e g r e s s i o n a n a l y s i s . The 20 g a s e s m o l e c u l e s range i n s i z e 
f r o m He t o C3H8 and t h e 39 s o l v e n t m o l e c u l e s f r o m CS2 t 0 p o l y e t h y ­
l e n e o f m o l e c u l a r w e i g h t o f 10^ and the s o l v e n t s range i n p o l a r i t y 
f r o m hexane t o m e t h a n o l . Moreover u s e f u l c o r r e l a t i o n s f o r the 
p r e s s u r e dependence o f gas s o l u b i l i t y o r s o l u b i l i t y o f gas i n m i ­
x e d s o l u t i o n s a r e p r e s e n t e d i n r e f e r e n c e s (28^, 2 9 , 3 5 ) . However , 
a s e x p l a i n e d b y C y s e w s k i and P r a u s n i t z ( 3V ) , d e s p i t e many e f f o r t s , 
a t r u l y s a t i s f a c t o r y c o r r e l a t i o n o f gas s o l u b i l i t i e s remains e l u ­
s i v e y e t now a s t h e o r e t i c a l c o r r e l a t i o n s a r e i n e v i t a b l y l i m i t e d t o 
v e r y s i m p l e systems and nar row range o f t e mp era t u re w h i l e e m p i r i ­
c a l c o r r e l a t i o n s a r e a lways l i m i t e d b y t h e p a r t i c u l a r d a t a o n 
w h i c h t h e y a r e b a s e d and i t must a lways be k e p t i n mind t h a t e x ­
t r a p o l a t i o n s t o new systems and c o n d i t i o n s a r e o f t e n s u b j e c t t o 
v e r y l a r g e e r r o r s . However t h e r e c e n t t e n t a t i v e f o r g e n e r a l i z a ­
t i o n (31-33) must be u n d e r l i n e d . Note a l s o t h a t r e c e n t p r a c t i c a l 
d a t a o n t E e i n d u s t r i a l i m p o r t a n t n e e d o f s o l u b i l i t y o f m i x t u r e s o f 
a c i d i c g a s e s i n amines may be o b t a i n e d i n r e f . ( 4 8 - 5 0 ) . B e s i d e s the 
s o l u b i l i t y o f e l e c t r o l y t e s o l u t i o n s i s e s t i m a t e d ~ ¥ y ~ " t h e w e l l - k n o w n 
e m p i r i c a l e q u a t i o n l o g H/Hg = h i v i i e re H and Hg a r e t h e H e n r y ' s 
c o n s t a n t v a l u e s i n s o l u t i o n and i n p u r e s o l v e n t and I i s t h e i o n i c 
s t r e n g t h o f t h e s o l u t i o n . The c o n t r i b u t i o n s f o r v a r i o u s s p e c i e s i n 
t h e s a l t i n g c o e f f i c i e n t h have been p r e s e n t e d s e v e r a l y e a r s ago 
(36 , 37) and t h e l i t e r a t u r e o f the l a s t few y e a r s a l l o w o n l y f o r 
some s p a r s e and complementary d a t a f o r t h e s p e c i e s c o n t r i b u t i o n s 
s u c h a s C 6 H 5 0 " and MnO^. 

3 2 . D i f f u s i v i t y i n l i q u i d s . In c o n t r a s t w i t h t h e s i t u a t i o n f o r 
g a s e s , t h e r e a r e no y e t s a t i s f a c t o r y t h e o r e t i c a l methods t o p r e ­
d i c t d i f f u s i v i t i e s i n l i q u i d s y s t e m s . D i f f e r e n t a p p r o a c h e s a r e 
n e e d e d , d e p e n d i n g o n whether t h e s o l u t i o n s a r e e l e c t r o l y t i c o r 
n o n e l e c t r o l y t i c and most s t u d i e s a r e d e v o t e d t o t h e e s t i m a t i o n o f 
d i f f u s i o n c o e f f i c i e n t s i n v e r y d i l u t e s o l u t i o n s . However , some 
p a p e r s r e p o r t s u b s t a n t i a l v a r i a t i o n s w i t h i n c r e a s i n g c o n c e n t r a ­

t i o n s and t h e e x p e r i m e n t a l methocts a v a i l a b l e f o r e s t i m a t i n g d i f ­
f u s i v i t i e s i n l i q u i d s have been r e v i e w e d r e c e n t l y i n t h e r e f e r e n ­
c e s (29 , 3 0 , 38-41 ) . F o r e s t i m a t i n g t h e d i f f u s i v i t y D^, a c o n v e ­
n i e n t r e l a t i o n s h i p i s s t i l l t h a t w e l l known o f W i l k e and Chang 
b a s e d o n t h e S t o k e s - E i n s t e i n e q u a t i o n , 

t i o n s o f t h e d i f f u s i n g s o l u t e 

D A = 7 .4 χ 1 0 ~ 8 Τ ( x M g ) 0 - 5 / ^ 
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where Μβ i s t h e m o l e c u l a r w e i g h t o f t h e s o l v e n t Β and t h e mo-
l a l volume o f t h e s o l u t e a t t h e noi roa l b o i l i n g p o i n t . The a s s o ­
c i a t i o n paramete r " x " a l l o w s f o r d i f f e r e n c e s i n s o l v e n t b e h a v i o r : 
χ = 2 .26 f o r w a t e r , 1.9 f o r m e t h a n o l , 1.5 f o r e t h a n o l , and 1.0 
f o r b e n z e n e , e t h e r , h e p t a n e , and o t h e r u n a s s o c i a t e d s o l v e n t s . 
F o r a m y l a l c o h o l , i s o b u t y l a l c o h o l , e t h y l e n e g l y c o l , and g l y c e r o l , 
Akgeiman and G a i n e r (42) have a p p r o x i m a t e d the a s s o c i a t e d parame-
homolog d e f i n e d b y s u b s t i t u t i n g a "-CH3" g roup f o r the " - C H " g r o u p . 
However t h e u n c e r t a i n t y i n a s s i g n i n g v a l u e s t o χ has r e s u l t e d i n 
e f f o r t s t o e l i m i n a t e t h i s f a c t o r e i t h e r i n i n t r o d u c i n g t h e r a t i o 
o f t h e m o l a r vo lumes o f s o l v e n t and s o l u t e , o r i n r e p l a c i n g χ by 
f u n c t i o n s o f t h e l a t e n t h e a t s o f v a p o r i z a t i o n a t the normal b o i ­
l i n g t e m p e r a t u r e . More r e c e n t l y Sovova (43, 51) p r o p o s e d a new 
equipment and a n e m p i r i c a l c o r r e l a t i o n i n u s i n g e x i s t i n g c o r r e l a ­
t i o n s a n d expanded s e t o f e x p e r i m e n t a l d a t a (365 i n wa te r and 126 
i n o r g a n i c l i q u i d s ) . The l i q u i d s a r e d i v i d e d i n t o 3 g roups : w a t e r , 
o r g a n i c l i q u i d s w i t h a p p r o x i m a t i v e l y s p h e r i c a l m o l e c u l e s , l i q u i d s 
w i t h l i n e a r m o l e c u l e s . In t h e range y β = 0.3 - 5 cp the a c c u r a c y 
o f t h e above c o r r e l a t i o n i s comparab le w i t h t h a t o f Akgerman and 
G a i n e r f o r d i f f u s i o n i n w a t e r and m a r k e d l y b e t t e r f o r d i f f u s i o n i n 
o r g a n i c l i q u i d s e x c e p t f o r s m a l l s o l u t e gas m o l e c u l e s s u c h as H2 
o r H e . T h i s c o r r e l a t i o n i s s i m p l e and r e q u i r e s o n l y a l i t t l e i n -
f o i m a t i o n about the d i f f u s i n g s p e c i e s ( y g , VmA) · However f o r s m a l l 
s o l u t e m o l e c u l e s , f o r sys tems i n v o l v i n g s o l v e n t s h a v i n g v i s c o s i ­
t i e s g r e a t e r t h a n 5 c p o r f o r h i g h l y n o n - i d e a l systems s u c h as 
aqueous a l c o h o l m i x t u r e , u s e o f the r e l a t i o n s h i p s p r o p o s e d e i t h e r 
b y Akgerman and G a i n e r t h a t r e q u i r e the p h y s i c a l p r o p e r t i e s i n v o l ­
v e d a n d a p p l i e s w i t h a s s o c i a t e d and n o n a s s o c i a t e d systems o r b y 
S r i d h a r a n d P o t t e r (44) t h a t r e q u i r e the quantum paramete r and 
c r i t i c a l m o l a r vo lumes i n s t e a d o f t h e m o l a r volume o f the s o l u t e 
a t t h e n o r m a l b o i l i n g p o i n t s h o u l d be s u g g e s t e d . Anyway i t s h o u l d 
b e n o t e d t h a t y e t now t h e s c a t t e r o f e x p e r i m e n t a l d a t a f o r H2 i s 
r a t h e r l a r g e owing t o i t s low s o l u b i l i t y and more a c c u r a t e d i f f u ­
s i o n d a t a a r e needed o v e r a wide range o f t emp era t u re i n o r d e r t o 
t e s t t h e t h e o r i e s o f l i q u i d s t a t e . 

D i f f u s i o n o f a d i s s o l v e d i o n i z e d e l e c t r o l y t e i n v o l v e s t h e d i f ­
f u s i o n o f b o t h c a t i o n s and a n i o n s w h i c h , because o f t h e i r s m a l l e r 
s i z e , d i f f u s e more r a p i d l y t h a n the u n d i s s o c i a t e d m o l e c u l e s . On 
t h e a s s u m p t i o n o f c o m p l e t e d i s s o c i a t i o n , the d i f f u s i o n c o e f f i c i e n t s 
o f e l e c t r o l y t e s c a n be p r e d i c t e d v e r y a c c u r a t e l y a t i n f i n i t e d i l u ­
t i o n u s i n g t h e e q u a t i o n s b y (a) N e r n s t - H a s k e l l f o r s o l u t i o n s c o n ­
t a i n i n g two s p e c i e s o r (b) V i n o g r a d and Mc B a i n (45) f o r s o l u t i o n s 
c o n t a i n i n g more t h a n two s p e c i e s o r (c) Gordon (4^J f o r h i g h e r c o n ­
c e n t r a t i o n up t o 2 N . In f a c t , f o r q u i c k p r a c t i c a l c a l c u l a t i o n s , 
t h e f o r m u l a o f W i l k e and Chang i s o f t e n s u f f i c i e n t w i t h t h e c o m p l e ­
m en ta ry a s s u m p t i o n t h a t t h e d i f f u s i v i t i e s i n s o l u t i o n s v a r y r o u g h l y 
a s y g ? · 8 i n t h e aqueous s o l u t i o n s u s u a l l y t a k e n t o d e t e r m i n e t h e 
i n t e r f a c i a l p a r a m e t e r s i n g a s - l i q u i d c o n t a c t o r s . 

F i n a l l y i t may be emphas ized t h a t many e x p e r i m e n t s must be c a r ­
r i e d o u t t o e x a c t l y know gas s o l u b i l i t y and d i f f u s i v i t y i n l i q u i d s . 
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7. C H A R P E N T I E R Gas-Liquid Reactors 241 

To this end i t i s interesting to note that Takeuchi et a l . (47) 
have published results of d i f f u s i v i t y and s o l u b i l i t y of GO2 In non-
electrolytic liquids simultaneously measured i n a diaphragm c e l l . 
The results show good agreement with others in the literature. 

Such d i f f i c u l t i e s of knowing the s o l u b i l i t y or the d i f f u s i v i t y 
of gas with good accuracy are sometimes overcome by use of the l a ­
boratory models, such as a laminar-jet or a wetted-wall column, 
for determination of the interfacial parameters. Indeed i n this 
case, only a^mathematical combination of s o l u b i l i t y and d i f f u s i v i ­
ty such as Cp^UÂ i s necessary, not the separate values of CJ[ and 
D̂ . But for industrial design, the separate knowledge of these two 
parameters i s most often necessary and the studies presently revie­
wed w i l l be extremely helpful. 

4. Measurement of interfacial areas and mass-transfer coef­
ficie n t s 

Gas holdup, interfacial area, and mass transfer coefficients 
are also important variables determining the mass transfer rates 
i n gas-liquid contacting devices. Because of the diversity of 
equipment used for contacting gas and l i q u i d and, furthermore, 
the substantial change i n the state and flow of phases i n given ty­
pe of equipment with variation of operating conditions, i t i s not 
surprising that quite a number of techniques i s proposed for measu­
ring interfacial parameters. They can be cl a s s i f i e d into two cate­
gories : local measurements with physical techniques such as light 
scattering or reflection, photography, or electric-conductivity 
methods, and global measurements with chemical techniques. Each 
method has i t s advantages and i t s drawbacks. Though the ground 
of these techniques i s now well established (56, 57, 60) intensi­
ve researches have been published recently on~"that topics. 

41. Physical methods. Physical measurements can be made 
of gas holdup a , bubble size, and specific surface area a 1 i n gas 
l i q u i d dispersions, as usually encountered i n bubble columns, 
plate columns, mechanically agitated tanks, and spray towers. Any 
two of these interfacial parameters are sufficient to define a l l 
three, since they are interrelated (a* = 6a/dsM) where dcj^ i s the 
volume surface mean diameter or Sauter mean diameter. The gas hold­
up i s determined directly by measuring the height of the aerated 
l i q u i d and that of the clear l i q u i d without aeration. This method 
i s rapid, but i s not very accurate (15-20 % accuracy) especially 
when waves or foams are occuring on the top of the dispersion. An 
alternate and more accurate manometric technique consists i n compu­
ting α from measurements of the clear l i q u i d height i n the disper­
sion at successive manometer tappings on the side of the froth con­
tainer (52, 54). The e l e c t r i c a l technique i s based on measuring the 
surface eTevation at certain selected points by means of an elec­
t r i c a l l y conductive t i p . The height i s determined by the v e r t i c a l 
position of the t i p at which the sum of contact times equals one 
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h a l f o f t h e measurement p e r i o d ( 5 5 ) . The gamma-ray t r a n s m i s s i o n 
t e c h n i q u e depends o n the u s e o f t ï ï e r e l a t i o n s h i p I n I 0/I • Xps 
where I 0 / I i s t h e i n t e n s i t y r a t i o b e t ween i n c i d e n t beam o f r a d i a ­
t i o n a n d t r a n s m i t t e d beam λ i s t h e mass a b s o r p t i o n c o e f f i c i e n t , ρ 
i s t h e d e n s i t y t o be measured ( s i m p l y r e l a t e d t o gas h o l d u p ) and 
s i s t h e t h i c k n e s s o f the a b s o r b i n g medium. (56) 

The S a u t e r mean p a r t i c l e s i z e o f d i s p e r s i o n i s e v a l u a t e d d i r e c t ­
l y b y a s t a t i s t i c a l a n a l y s i s o f h i g h - s p e e d f l a s h p h o t o m i c r o g r a p h s 
when t h e d i s p e r s i o n i s d y n a m i c a l l y m a i n t a i n e d . Photographs a r e t a ­
k e n t h r o u g h t h e w a l l o f the t r a n s p a r e n t r e a c t o r o r i n t h e i n t e r i o r 
o f t h e r e a c t o r w i t h t h e a i d o f an i n t r a s c o p e . To a v o i d any w a l l e f ­
f e c t o r p e r t u r b a t i o n e f f e c t t h a t may o c c u r w i t h t h i s method , a 
s a m p l i n g a p p a r a t u s f o r the p h o t o g r a p h i c t e c h n i q u e may be u s e d where 
b u b b l e s a r e e x t r a c t e d f rom t h e tank c o n t a i n i n g t h e d i s p e r s i o n b y 
means o f a c a l i b r a t e d c a p i l l a r y tube o r a tube c o n n e c t e d t o a s m a l l 
s q u a r e - s e c t i o n column t h r o u g h w h i c h a c o n t i n u o u s f l o w o f l i q u i d and 
b u b b l e s r i s e s . The p h o t o g r a p h i c t e c h n i q u e f o r measurement o f b u b b l e 
s i z e i s t i m e consuming and most o f t e n g i v e s l o c a l v a l u e s o n c o n d i ­
t i o n s n e a r t h e w a l l ; i t may m i s s a s m a l l number o f l a r g e b u b b l e s , 
a n d i s b e s t u s e d i n t h e c a s e o f s m a l l gas h o l d u p , i . e . , a t low gas 
v e l o c i t y . 

The l o c a l i n t e r f a c i a l c o n t a c t a r e a i s d e t e i m i n e d d i r e c t l y b y 
l i g h t - t r a n s m i s s i o n and r e f l e c t i o n t e c h n i q u e s . In t h e l i g h t - t r a n s ­
m i s s i o n t e c h n i q u e , a p a r a l l e l beam o f l i g h t i s p a s s e d t h r o u g h the 
d i s p e r s i o n and a p h o t o c e l l i s p l a c e d a t some d i s t a n c e f r o m i t . 
L i g h t s c a t t e r e d b y t h e b u b b l e s p a s s e s o u t s i d e t h e p h o t o c e l l and i s 
l o s t , w h i l e t h e u n s c a t t e r e d p a r t o f t h e i n c i d e n t p a r a l l e l beam i s 
r e c o r d e d b y t h e p h o t o c e l l a t the e x t r e m i t y o f an i n t e r n a l l y b l a c k e ­
n e d t u b e . C a l d e r b a n k (57) showed t h a t f o r s c a t t e r i n g b u b b l e s , 
w h i c h a r e l a r g e i n c o m p a r i s o n w i t h the w a v e l e n g t h o f l i g h t , t h e 
s c a t t e r i n g c r o s s - s e c t i o n i s e q u a l t o i t s p r o j e c t e d a r e a . F u r t h e r ­
more t h e t o t a l i n t e r f a c i a l a r e a p e r u n i t volume o f the d i s p e r s i o n 
a 1 e q u a l s f o u r t i m e s t h e p r o j e c t e d a r e a p e r u n i t v o l u m e , g i v i n g t h e 
e q u a t i o n I n I 0 / I = τ = a 1 L / 4 = I n t / t 0 where L i s t h e o p t i c a l 
p a t h l e n g t h . By c o n n e c t i n g t h e p h o t o c e l l t o a l i g h t - q u a n t i t y m e t e r 
a n d e l e c t r i c t i m e r , i t i s p o s s i b l e t o measure t h e t i m e s f o r a g i ­
v e n q u a n t i t y o f l i g h t t o be r e c e i v e d b y t h e p h o t o c e l l , when t h e 
l i g h t p a s s e s t h r o u g h the l i q u i d ( t 0 ) , and t h r o u g h t h e d i s p e r s i o n 
( t ) . T h i s t e c h n i q u e h o l d s f o r v a l u e s o f a f L < 25 , when m u l t i p l e 
s c a t t e r i n g i s n e g l i g i b l e and f o r b u b b l e d i a m e t e r s l a r g e r t h a n 5 0 μ . 
Q u i t e r e c e n t l y Landau e t a l . (58) e x t e n d e d t h i s method t o c o n d i ­
t i o n s when t h e l i g h t s o u r c e a n c T p h o t o c e l l a r e p l a c e d o u t s i d e t h e 
co lumn and m u l t i p l e s c a t t e r i n g i s t a k e n i n t o a c c o u n t . A n i n t e r e s ­
t i n g e m p i r i c a l c o r r e l a t i o n b a s e d on a n i s o t r o p i c s c a t t e r i n g i n a l l 
s i x m u t u a l l y p e r p e n d i c u l a r d i r e c t i o n s i s g i v e n , 
a f L / 4 = ( 1 η Ι 0 / Ι ) / Ι - Φ w i t h Φ = 1 -6 .59 ( 1 - β χ ρ - 0 . 2 3 3 τ ) / τ w h i c h i s v a ­
l i d f o r a f L up t o 100. T h i s r e p r e s e n t s a f o u r f o l d i n c r e a s e o f t h e 
r a n g e o f t h e a p p l i c a b i l i t y o f the l i g h t a t t e n u a t i o n t e c h n i q u e w h i c h 
i s n o t t i m e c o n s u m i n g . The range o f i n t e r f a c i a l a r e a i s up t o 
8 c m " 1 w i t h f r a c t i o n s o f l i g h t t r a n s m i t t e d l e s s t h a n 0.02 and v a ­
l u e s o f a ' a r e a p p r o x i m a t i n g by 5 I t h o s e o b t a i n e d s i m u l t a n e o u s l y 
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7. C H A R P E N T I E R Gas-Liquid Reactors 2 4 3 

b y t h e p h o t o g r a p h i c method . 

4 2 . C h e m i c a l methods 

C h e m i c a l methods t o d e t e r m i n e g a s - l i q u i d i n t e r f a c i a l a r e a s and 
mass t r a n s f e r c o e f f i c i e n t s have been i n t e n s i v e l y d e v e l o p e d f o r t h e 
l a s t t e n y e a r s ( 6 0 - 6 9 ) . The p r i n c i p l e s o f t h e s e methods a r e deduced 
f r o m t h e t h e o r y Ô T i s o t h e r m a b s o r p t i o n w i t h c h e m i c a l r e a c t i o n : a 
gas A i s a b s o r b e d i n t o a l i q u i d , , where i t undergoes a r e a c t i o n w i t h 
a d i s s o l v e d r e a c t a n t Β : A + zB * P r o d u c t s . By c h o o s i n g a r e a c t a n t 
h a v i n g a s u i t a b l e s o l u b i l i t y and c o n c e n t r a t i o n a l o n g w i t h an a d e ­
q u a t e r a t e o f r e a c t i o n , e i t h e r the m a s s - t r a n s f e r c o e f f i c i e n t s o r 
t h e i n t e r f a c i a l a r e a (o r both ) c a n be deduced f r o m the o v e r a l l r a ­
t e o f a b s o r p t i o n d e p e n d i n g o n the l i m i t i n g s t e p b e i n g the d i f f u ­
s i o n o r t h e r e a c t i o n (or b o t h ) . G e n e r a l l y a s t e a d y f l o w o f e a c h 
p h a s e t h r o u g h t h e r e a c t o r i s assumed. 

To my o p i n i o n what has been r e a l l y new d u r i n g the two l a s t y e a r s 
c o n c e r n s t h e a p p l i c a t i o n o f t h i s t e c h n i q u e t o o r g a n i c and v i s c o u s 
l i q u i d s b y S r i d h a r a n and Sharma (64) and G a n g u l i and Van den B e r g 
(65 ) . The s u g g e s t e d r e a c t i o n s between CO2 and s e l e c t e d amines i n 
h y d r o c a r b o n s o l v e n t s s u c h a s t o l u e n e , x y l e n e . . . , i n p o l a r s o l v e n t s 
s u c h a s c y c l o h e x a n o l and i n h i g h l y v i s c o u s s o l v e n t s s u c h as d i e -
t h y l e n e and p o l y e t h y l e n e g l y c o l (64) and t h e h y d r o g é n a t i o n o f e d i ­
b l e o i l i n t h e p r e s e n c e o f an homogeneous Z i e g l e r - N a t t a c a t a l y s t 
(65) d e s e r v e now some complementary k i n e t i c s s t u d y . 

4 3 . Comments o n p h y s i c a l and c h e m i c a l methods : t h e i r l i m i t s 

The s p e c i f i c s u r f a c e a r e a o f c o n t a c t f o r mass t r a n s f e r i n a gas 
l i q u i d d i s p e r s i o n (o r i n any t y p e o f g a s - l i q u i d r e a c t o r ) i s d e f i ­
n e d a s t h e i n t e r f a c i a l a r e a o f a l l the b u b b l e s o r d r o p s (o r phase 
e lement s u c h a s f i l m s o r r i v u l e t s ) w i t h i n a volume e l e m e n t , d i v i ­
d e d b y the volume o f t h a t e l e m e n t . I t i s n e c e s s a r y t o d i s t i n g u i s h 
between t h e o v e r a l l s p e c i f i c c o n t a c t a r e a f o r the whole r e a c t o r 
w i t h v o l u m e , and t h e l o c a l s p e c i f i c c o n t a c t a r e a f o r a s m a l l v o ­
lume e lement i n t h e r e a c t o r - a consequence o f v a r i a t i o n s i n l o c a l 
g a s h o l d u p and i n t h e l o c a l S a u t e r mean d i a m e t e r . So t h e r e i s n e e d 
f o r a d i r e c t d e t e r m i n a t i o n o f o v e r a l l i n t e r f a c i a l a r e a , o v e r the 
e n t i r e r e a c t o r , w h i c h i s p o s s i b l e w i t h u s e o f the c h e m i c a l t e c h n i ­
q u e . 

A t t h e o u t s e t , a t e c h n i q u e t h a t measures o v e r a l l v a l u e s c a n n o t 
be u s e d w i t h o u t r e s t r i c t i o n s t h a t a r i s e f rom t h e r e s u l t s o b s e r v e d 
w i t h p h y s i c a l me thods . F o r example the c h e m i c a l method c a n h a r d l y 
b e u s e d w i t h f a s t c o a l e s c i n g s y s t e m s , s i n c e t h e p r e s e n c e o f a 
c h e m i c a l compound may w e l l r e d u c e t h e c o a l e s c e n c e r a t e s . A l s o , as 
o b s e r v e d w i t h p h y s i c a l methods , t h e wide v a r i a t i o n o f s p e c i f i c 
c o n t a c t a r e a a t d i f f e r e n t l o c a t i o n s i n the r e a c t o r n e g a t e s the mea­
n i n g o f a n a v e r a g e v a l u e . In f a c t , p h y s i c a l and c h e m i c a l t e c h n i q u e s 
s h o u l d be u s e d s i m u l t a n e o u s l y t o i d e n t i f y more f u l l y the phenomena 
t h a t o c c u r i n g a s - l i q u i d r e a c t o r s . W h i l e t h e c h e m i c a l methods p r o -
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v i d e o v e r a l l v a l u e s o f i n t e r f a c i a l a r e a t h a t a r e i m m e d i a t e l y u s a ­
b l e f o r d e s i g n , we must a l s o know t h e v a r i a t i o n s o f the l o c a l i n ­
t e r f a c i a l p a r a m e t e r s ( a , dg^) w i t h i n t h e r e a c t o r i n o r d e r t o d e a l 
c o m p e t e n t l y w i t h s c a l e - u p . These complementary d a t a , measured by 
p h y s i c a l m e t h o d s , s h o u l d be o b t a i n e d f rom l o c a l s i m u l t a n e o u s mea­
surements o f two o f t h e t h r e e i n t e r f a c i a l p a r a m e t e r s ( a , a 1 , d g ^ ) . 
In o r d e r t o g a t h e r t h e s e complementary i n f o r m a t i o n s s i m i l t a n e o u s l y 
t h e e l e c t r o r e s i s t i v i t y p r o b e , p r o p o s e d by B u r g e s s and C a l d e r b a n k 
(53 , 59) f o r t h e measurement o f b u b b l e p r o p e r t i e s i n b u b b l e d i s ­
p e r s i o n s , i s a v e r y p r o m i s i n g a p p a r a t u s . A t h r e e - d i m e n s i o n a l r e ­
s i s t i v i t y p r o b e w i t h f i v e c h a n n e l s was d e s i g n e d i n o r d e r t o s e n s e 
t h e b u b b l e - a p p r o a c h a n g l e , a s w e l l as t o measure b u b b l e s i z e and 
v e l o c i t y i n s i e v e - t r a y f r o t h s . Gas h o l d u p , g a s - f l o w s p e c i f i c i n ­
t e r f a c i a l a r e a , and even gas and l i q u i d - s i d e mass t r a n s f e r e f f i ­
c i e n c i e s have been c a l c u l a t e d d i r e c t l y f rom t h e l o c a l measured d i s ­
t r i b u t i o n s o f b u b b l e s i z e and v e l o c i t y . T h i s method has r e v e a l e d 
a n i n t e r e s t i n g r e s u l t : t h e i n t e r f a c i a l a r e a s r e p o r t e d compare v e ­
r y f a v o r a b l y w i t h t h o s e computed f r o m e x p e r i m e n t a l g l o b a l m e a s u r e ­
ments u s i n g l i q u i d - p h a s e c o n t r o l l e d c h e m i c a l gas a b s o r p t i o n , b u t 
a r e l o w e r t h a n t h o s e measured u s i n g p h o t o g r a p h y . Whereas p h o t o g r a ­
p h y t h r o u g h t h e c o n t a i n e r w a l l a p p e a r s t o t r u n c a t e d a t a above 
e q u i v a l e n t d i a m e t e r s o f about 15 mm, t h e p r o b e u s e d b y B u r g e s s and 
C a l d e r b a n k o n l y d e l e t e s d a t a be low a d i a m e t e r o f 4 mm. So the d i f ­
f e r e n c e between t h e i n t e r f a c i a l v a l u e s measured b y t h e c h e m i c a l 
a n d p h o t o g r a p h i c methods may be due t o a s m a l l number f r a c t i o n o f 
l a r g e b u b b l e s d o m i n a t i n g t h e i n t e r f a c i a l a r e a p a r a m e t e r s o f an a s ­
sembly o f s m a l l a n d l a r g e b u b b l e s , as i n a s i e v e t r a y , and t o 
t h e i r a p p a r e n t i n a d v e r t e n t o m i s s i o n by p h o t o g r a p h y . T h i s i s a good 
example o f t h e l i m i t a t i o n o f t h e p h y s i c a l methods , where h e r e t h e y 
p r o v i d e one datum w i t h i n a l o c a l volume (dsM) and t h e o t h e r datum 
i n f o r m a t i o n α f o r t h e e n t i r e r e a c t i o n v o l u m e . 

M o r e o v e r , a lways i n t h e c a s e o f the d e t e r m i n a t i o n o f i n t e r f a c i a l 
p a r a m e t e r s i n g a s - l i q u i d d i s p e r s i o n i n s t i r r e d t a n k , Midoux (61) 
h a s p r o p o s e d a n a s y m p t o t i c m o d é l i s a t i o n f o r b u b b l e d i s p e r s i o n T n a s ­
suming t h a t e a c h b u b b l e has a l i f e t i m e d e c r e a s i n g w i t h t h e d i a m e ­
t e r . The model l e a d s t o c o n d i t i o n s t h a t a l l o w f o r t h e e v a l u a t i o n o f 
t h e a c t u a l i n t e r f a c i a l p a r a m e t e r s w i t h a 10 I a c c u r a c y . T h e s e c o n ­
d i t i o n s g i v e e i t h e r t h e s u p e r i o r l i m i t s o f t h e a b s o r p t i o n e f f i c i e n ­
c y E j \ o r t h e i n f e r i o r l i m i t s o f a c r i t e r i o n Q0-d^/ry0/6Jf^TQ i n w h i c h 
t h e i n l e t s o l u t e c o n c e n t r a t i o n γ 0 , t h e i n i t i a l ave rage a b s o r p t i o n 
H>0 a n d t h e g a s s p a c e t i m e a r e t a k e n i n t o a c c o u n t . F o r t h e d e t e r m i ­
n a t i o n o f k j a i n s l o w r e a c t i o n r e g i m e , t h e c o n d i t i o n s a r e θ ° > 3 . 3 3 
o r E A < 0 . 2 7 . F o r t h e d e t e r m i n a t i o n o f t h e i n t e r f a c i a l a r e a a w i t h 
t h e p s e u d o - m t h o r d e r r e a c t i o n , i f t h e o r d e r m i s 1 o r 2 , θ ° m i n i 
a r e r e s p e c t i v e l y 2 .60 and 3 .70 and E A max i a r e 0 .30 a n d 0 . 2 1 . F o l ­
l o w i n g t h e a u t h o r s u c h c o n d i t i o n s e x p l a i n s why t h e i n t e r f a c i a l 
a r e a s a r e se ldom measured i n r e a c t o r s o f g r e a t s i z e : t h e v a l u e s 
o f τ g a r e t o o h i g h l e a d i n g t o t o o s m a l l v a l u e s o f θ ° . 

A q u e s t i o n may a r i s e about t h e d a t a o b t a i n e d w i t h t h e p r e v i o u s 
t e c h n i q u e s w h i c h i s how t h e p a r a m e t e r s so e v a l u a t e d c a n be e x t r a p o -
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7. C H A R P E N T I E R Gas-Liquid Reactors 245 

l a t e d t o o t h e r o p e r a t i n g c o n d i t i o n s ; f o r example , f rom c h e m i c a l 
a b s o r p t i o n t o p h y s i c a l a b s o r p t i o n , o r v a p o r i z a t i o n . In o t h e r words 
i s t h e v a l u e o f lq , o r a f o r t h e hydrodynamic c o n d i t i o n s o f c h e m i ­
c a l a b s o r p t i o n t h e same a s f o r t h e hydrodynamic c o n d i t i o n s o f p h y ­
s i c a l a b s o r p t i o n ? (66 , 70 , 71_). In a p a c k e d c o l u m n , some zones o f 
l i q u i d i n t h e p a c k i n g a r e a l m o s t m o t i o n l e s s , becoming s a t u r a t e d b y 
t h e a b s o r b i n g g a s d u r i n g p h y s i c a l a b s o r p t i o n and hence a l m o s t i n e f ­
f e c t i v e t o mass t r a n s f e r . When t h e a b s o r b i n g c a p a c i t y o f the l i ­
q u i d i s i n c r e a s e d b y a c h e m i c a l r e a c t a n t , t h e s e zones may s t i l l be 
e f f e c t i v e , and measurement o f t h e amount o f gas a b s o r b e d may g i v e 
t h e i m p r e s s i o n t h a t lq , and a have g r e a t e r v a l u e s . A l s o i n a mecha­
n i c a l l y a g i t a t e d r e a c t o r , i n the c a s e o f a b s o r p t i o n w i t h a f a s t 
c h e m i c a l r e a c t i o n , t h e m a s s - t r a n s f e r c o e f f i c i e n t i s independent o f 
t h e hydrodynamics and e q u a l a t e v e r y p o i n t i n t h e v e s s e l , and t h e 
i n t e r f a c i a l a r e a s i n a l l p a r t s o f the a g i t a t e d v e s s e l c o n t r i b u t e 
e q u a l l y t o m a s s - t r a n s f e r . But i n t h e c a s e o f p h y s i c a l d e s o r p t i o n 
o r a b s o r p t i o n , t h e m a s s - t r a n s f e r c o e f f i c i e n t c a n have q u i t e d i f f e ­
r e n t v a l u e s , e . g . a r o u n d t h e a g i t a t o r and f a r away f rom i t . 

Thus t h e a s s u m p t i o n o f t h e same v a l u e f o r i n t e r f a c i a l a r e a i n 
p h y s i c a l and c h e m i c a l a b s o r p t i o n l e a d s t o u n c e r t a i n t y , e s p e c i a l l y 
i f t h e mass t r a n s f e r c o e f f i c i e n t i s deduced f r o m k L a measured b y 
p h y s i c a l a b s o r p t i o n o r d e s o r p t i o n and f r o m a i n a c h e m i c a l a b ­
s o r p t i o n . The e f f e c t i v e i n t e r f a c i a l a r e a i n t h e c a s e o f t h e f a s t 
r e a c t i o n sys tem where t h e a b s o r b i n g c a p a c i t y i s i n c r e a s e d b y a 
c h e m i c a l r e a c t a n t i s s u b s t a n t i a l l y l a r g e r t h a n t h e e f f e c t i v e i n ­
t e r f a c i a l a r e a f o r p h y s i c a l a b s o r p t i o n o r d e s o r p t i o n , a s p o i n t e d 
o u t b y J o o s t e n and Danckwerts (70) t h a t i n t r o d u c e d a c o r r e c t i o n 
f a c t o r γ , t h e r a t i o between t h e i n c r e a s e o f l i q u i d a b s o r p t i o n c a ­
p a c i t y (1+CBQ/ZCA) and the i n c r e a s e o f mass t r a n s f e r due t o c h e m i ­
c a l r e a c t i o n ( E ) . 

The t e c h n i q u e o f s i m u l t a n e o u s a b s o r p t i o n w i t h f a s t p s e u d o - m t h -
o r d e r r e a c t i o n and p h y s i c a l a b s o r p t i o n o r d e s o r p t i o n c o n c u r r e n t l y , 
(66-68) i s c e r t a i n l y a p r o m i s i n g e f f o r t t o u n d e r s t a n d t h e whole 
complex p r o b l e m o f t r a n s p o r t i n g a s - l i q u i d r e a c t o r s , s i n c e i t p r o ­
v i d e s s i m u l t a n e o u s measurement o f ^ a and a . But s t i l l i t may l e a ­
v e some doubt a s t o a v a l u e o f k L , w h i c h c a n be changed b y t h e o c ­
c u r e n c e o f c h e m i c a l r e a c t i o n ( 6 6 ) . A s d i s c u s s e d b y P r a s h e r ( 6 9 ) , i t 
w i l l be even more p r o m i s i n g t o c o n d u c t s u c h s i m u l t a n e o u s e x p e r i ­
ments i n a reg ime where b o t h hydrodynamics and r e a c t i o n have compa­
r a b l e e f f e c t s . So i t seems i m p o r t a n t t o remark t h a t adequate t e c h ­
n i q u e s now e x i s t , and t h e coming y e a r s s h o u l d p r o v i d e t h e d a t a n e e ­
d e d t o c l a r i f y t h e p i c t u r e . 

5 . Some c o n s i d e r a t i o n s o n hydrodynamics and mass t r a n s f e r and i n ­
t e r f a c i a l a r e a s i n g a s - l i q u i d r e a c t o r s : a p p l i c a t i o n t o t r i c k l e 
beds and w e l l - s t i r r e d t a n k r e a c t o r s 

The c h o i c e o f a s u i t a b l e r e a c t o r f o r a g a s - l i q u i d r e a c t i o n o r 
a b s o r p t i o n i s v e r y o f t e n a q u e s t i o n o f m a t c h i n g t h e r e a c t i o n k i n e ­
t i c s w i t h t h e c h a r a c t e r i s t i c s o f t h e r e a c t o r s t o be u s e d . The s p e -
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c i f i c i n t e r f a c i a l a r e a a , l i q u i d h o l d u p 3 , and mass t r a n s f e r c o e f ­
f i c i e n t s k^a and kca a r e t h u s v e r y i m p o r t a n t c h a r a c t e r i s t i c s o f 
g a s - l i q u i d r e a c t o r s . T a b l e I g i v e s t h e t y p i c a l v a l u e s o f t h e s e p a ­
r a m e t e r s t h a t a r e p r o v i d e d b y some t y p i c a l c o n t a c t o r s f o r f l u i d 
w i t h p r o p e r t i e s n o t v e r y d i f f e r e n t o f t h o s e o f a i r and w a t e r ( e s ­
p e c i a l l y f o r l i q u i d v i c o s i t y s m a l l e r t h a n 5 c P and f o r nonfoaming 
l i q u i d ) . 

O n l y a few r e c e n t r e s u l t s f o r c o - c u r r e n t downflow p a c k e d b e d 
a n d w e l l s t i r r e d t a n k w i l l be p r e s e n t e d i n t h e p r e s e n t r e v i e w f o r 
t h e i l l u s t r a t i o n o f the p r e v i o u s c o n s i d e r a t i o n s and b e c a u s e o f t h e 
complex a n d s i m u l t a n e o u s mechanism i n v o l v e d . A s i m i l a r and c o m p l e ­
t e r e v i e w f o r t h e c a s e o f b u b b l e columns may be o b t a i n e d i n t h e 
t e x t s p u b l i s h e d b y Deckwer e t a l . (72) and by Kas tanek e t a l . ( 7 3 ) . 

5 1 . T r i c k l e - b e d r e a c t o r s 

T r i c k l e - b e d r e a c t o r s o r s i m i l a r equipment a r e u s e d i n t h e p e ­
t r o l e u m , p e t r o c h e m i c a l and c h e m i c a l i n d u s t r i e s as w e l l a s i n the 
f i e l d o f waste w a t e r t r e a t m e n t where t h e t r i c k l e - b e d i s an a l t e r ­
n a t e t o b i o l o g i c a l o x i d a t i o n . S i n c e t h r e e p h a s e s a r e p r e s e n t , a n a ­
l y s i s o f r e a c t o r p e r f o r m a n c e s r e q u i r e s a c a r e f u l s t u d y o f t h e i n -
t r a r e a c t o r , i n t e r p h a s e , i n t r a p a r t i c l e mass t r a n s p o r t and i n t r i n ­
s i c k i n e t i c s . The t o p i c s a s a whole i s r e v i e w e d i n t h e e x c e l l e n t 
p a p e r s (74-76) f o r hydrodynamics and k i n e t i c s f o r p e t r o l e u m a p p l i ­
c a t i o n s " [ e s p e c i a l l y h y d r o g é n a t i o n s ) and (77) f o r mass t r a n s f e r and 
k i n e t i c s f o r o x i d a t i o n a p p l i c a t i o n . 

Mos t r e c e n t works d e a l w i t h m o d e l l i n g ( 7 5 ) , s o l i d - l i q u i d c o n ­
t a c t i n g e f f e c t i v e n e s s (79 - 82) and g a s - l i q u i d mass t r a n s f e r and 
hydrodynamics (83 - 9 0 ) . C o n f l i c t i n g d a t a about t h e degree o f c a ­
t a l y s t u t i l i s a t i o n depend ing o n phase f l o w r a t e s u n d e r t h e l o c a l i ­
z a t i o n o f t h e r e a c t i o n e i t h e r i n the gas phase i n d r y zone o r i n 
t h e l i q u i d p h a s e , mean t h a t s o l i d - l i q u i d c o n t a c t i n g e f f e c t i v e n e s s , 
w i t h e i t h e r t h e i n t e r n a l w e t t i n g (pore f i l l i n g ) o r e x t e r n a l c a t a ­
l y s t s u r f a c e w e t t i n g , p l a y s a complex r o l e , a c c o r d i n g t o the r e a c ­
t i o n t y p e , w h i c h must be c o n s i d e r e d i n the d e s i g n o f t r i c k l e - b e d 
r e a c t o r s . S e v e r a l s c a l e - u p c r i t e r i a have been p r o p o s e d t o t a k e 
i n t o a c c o u n t t h e r e a c t o r p e r f o r m a n c e s w i t h t h e l i q u i d f l o w r a t e 
t h a t a r e d e v e l o p e d o n t h e b a s i s o f t h e i d e a l pseudo-homogeneous 
model ( 75 ) . T h i s model t a k e s i n t o a c c o u n t o n l y the l i q u i d phase 
w i t h (aX"plug f l o w , (b) no mass t r a n s f e r l i m i t a t i o n , (c) f i r s t o r ­
d e r i s o t h e r m a l , i r r e v e r s i b l e r e a c t i o n w i t h r e s p e c t t o the l i q u i d 
r e a c t a n t , (d) t o t a l w e t t i n g o f t h e p e l l e t s , (e) no v a p o r i z a t i o n 
n o r c o n d e n s a t i o n and t h e r e l a t i o n s h i p between t h e i n l e t C i n and 
o u t l e t C 0 u t c o n c e n t r a t i o n o f the l i q u i d r e a c t a n t (o r c o n v e r s i o n X) 
i s g i v e n b y 

In 
C i 

O u t 

i n 
= - l n ( 1 - X ) = 

3600 k y ( 1 - ε ) η 

HEV 
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vrtiere η i s t h e c a t a l y s t e f f e c t i v e n e s s f a c t o r f o r c o m p l e t e l y w e t t e d 
p a r t i c l e c a l c u l a t e d f r o m T h i e l e Modulus Φ = ( V p / S p ) A v / D i , k v i s 
t h e i n t r i n s i c k i n e t i c r a t e c o n s t a n t p e r u n i t c a t a l y s t v o l u m e , ε 
i s t h e b e d p o r o s i t y and LHSV i s t h e l i q u i d h o u r l y s p a c e v e l o c i t y . 
B e c a u s e o f t h e hydrodynamic b e h a v i o u r o f t h e t r i c k l e b e d s , t h e a p ­
p a r e n t k i n e t i c r a t e c o n s t a n t k a p p a n d / o r t h e l i q u i d - s o l i d c o n t a c ­
t i n g e f f e c t i v e n e s s η χ β ( w i t h the p a r t i c l e s w e t t e d p a r t i a l l y o r w e t ­
t e d w i t h semi s t a g n a n t l i q u i d p o c k e t s ) a r e d i f f e r e n t o f t h e i d e a l 
v a l u e s . The s c a l e - u p c r i t e r i a a r e t h u s b a s e d o n t h e n o n - c a p i l l a r y 
l i q u i d h o l d u p ( 9 1 ) , k a p p = k v & n c , on t h e f r a c t i o n o f t h e e x t e r n a l 
p e l l e t s a r e a t h a t i s w e t t e d ( 9 2 ) , k a p p = k v ( a w / a v ) o r o n t h e a c ­
t u a l c o n t a c t i n g e f f e c t i v e n e s s η τ ^ = n . n c . In t h e l a s t c a s e n c i s 
d e f i n e d a s t h e degree o f c a t a l y s t u t i l i z a t i o n ( o u t s i d e and i n s i d e 
t h e p e l l e t ) compared w i t h t h a t when t h e p a r t i c l e s a r e c o m p l e t e l y 
a n d u n i f o r m i n c o n t a c t w i t h t h e f l o w i n g l i q u i d . Colombo e t a l . (81) 
e x p r e s s e d t h e s o l i d - l i q u i d c o n t a c t i n g e f f e c t i v e n e s s b y t h e r a t i o 
between t h e a p p a r e n t d i f f u s i v i t y ( D i ) a p p o f a t r a c e r i n a p o r o u s 
p a r t i c l e i n t r i c k l e b e d r e a c t o r p a r t i a l l y w e t t e d and t h e same d i f ­
f u s i v i t y D i d e t e r m i n e d i n the f u l l r e a c t o r . They c a l c u l a t e η χ β 
f r o m a T h i e l e modulus d e f i n e d t h r o u g h ( D i ) a p p as 
ΦΤΒ = ΦνΌχ/ ( D i ) a p p . D u d u k o v i c (82) d e f i n e d t h e e f f e c t i v e n e s s f a c ­
t o r f o r a p a r t i a l l y w e t t e d c a t a l y s t f o r a r e a c t i o n o c c u r i n g o n l y 
i n t h e l i q u i d f i l l e d p o r e r e g i o n t h a t may be c a l c u l a t e d f rom a 
T h i e l e modulus d e f i n e d w i t h t h e d i a m e t e r p r o p o r t i o n a l t o V e f f / S e f f 
where V e f f i s the w e t t e d p e l l e t volume and S e f f i s t h e e x t e r n a l 
w e t t e d a r e a o f t h e p e l l e t Φχβ = V e f f / S e f f ) / k y / D i = ( n i / n c E ) ^ ΐ · β · > 
nCE a n d n i r e p r e s e n t t h e f r a c t i o n o f e x t e r n a l a r e a w e t t e d and t h e 
f r a c t i o n o f i n t e r n a l volume w e t t e d . A comple te answer t o t h e s o ­
l i d - l i q u i d c o n t a c t i n g e f f e c t i v e n e s s t h a t n e c e s s i t a t e s complementa­
r y e x p e r i m e n t a l s u p p o r t s w i l l p r o b a b l y be g i v e n when the complex 
h y d r o d y n a m i c s o f the l i q u i d t r i c k l i n g o v e r the p a c k i n g i s b e t t e r 
known. B e s i d e s t h e r e a r e t r i c k l e - b e d o p e r a t i o n s s u c h as o x i d a t i o n 
i n aqueous s o l u t i o n s f o r w h i c h g a s - l i q u i d and l i q u i d - s o l i d mass 
t r a n s f e r r e s i s t a n c e s a r e s i g n i f i c a n t a n d r e l i a b l e i n f o r m a t i o n f o r 
mass t r a n s f e r c o e f f i c i e n t and i n t e r f a c i a l a r e a s show t h a t t h e v a ­
l u e s o f s u c h p a r a m e t e r s a r e a g a i n s t r o n g l y depend ing o n t h e h y d r o ­
dynamics (74, 7 5 , 7 8 ) . I t has t o be emphas ized t h a t the d e t e r m i n a ­
t i o n o f tnçnna'SSr t r a n s f e r p a r a m e t e r s s h o u l d be c a r r i e d o u t u n d e r 
r e a c t i o n c o n d i t i o n s w i t h p o r o u s c a t a l y s t t h u s i n c l u d i n g t h e s i m u l ­
taneous r e a c t i o n and hydrodynamics i n f l u e n c e . The hydrodynamics o f 
t r i c k l e - b e d r e a c t o r s i s m a i n l y c h a r a c t e r i z e d b y t h e l i q u i d h o l d u p 
and t h e p r e s s u r e d r o p f o r t h e d i f f e r e n t g a s - l i q u i d f l o w p a t t e r n s 
e n c o u n t e r e d . Indeed a t low l i q u i d and gas f l o w r a t e s (L < 5 k g / m 2 . s 
a n d G < 0.01 k g / m 2 . s ) a t r i c k l i n g f l o w e x i s t s where t h e f l o w o f 
t h e l i q u i d i s l i t t l e a f f e c t e d b y t h e gas ( s m a l l g a s - l i q u i d i n t e r a c ­
t i o n r e g i m e ) . A n i n c r e a s e o f gas a n d / o r l i q u i d f l o w r a t e s l e a d s t o 
p u l s i n g and s p r a y f l o w f o r nonfoaming l i q u i d s , and f o a m i n g , f o a -
m i n g - p u l s i n g , p u l s i n g a n d s p r a y f l o w f o r foaming l i q u i d s ( h i g h g a s -
l i q u i d i n t e r a c t i o n ) . By t a k i n g i n t o a c c o u n t t h e p r o p e r t i e s o f t h e 
f l u i d s , a f l o w p a t t e r n d i a g r a m was p r o p o s e d b y C h a r p e n t i e r e t a l . 
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(86, 93) w i t h l i n e s ( t r a n s i t i o n reg imes r a t h e r t h a n p o i n t s o f 
aTSrupt change) t o separate t h e f l o w r e g i m e s . 

Such a d i a g r a m i s p r o p o s e d f o r nonfoaming h y d r o c a r b o n s , f o r h y ­
d r o c a r b o n foaming i n p r e s e n c e o f a g a s f l o w r a t e i n t h e range 
2 0 - 3 0 ° C , and f o r v i s c o u s o r g a n i c l i q u i d s ( i n t h e r a n g e s yL=0.31-70 
c p ; QL=19-75 d y n / c m ; PL=0 .65 -1 .15 g / c m 3 ) . E x p e r i m e n t a l r e s u l t s 
f o r foaming and nonfoaming aqueous s o l u t i o n s o n n o n w e t t a b l e g l a s s 
beads (89) and f o r foaming aqueous l i q u i d s o n g l a s s p a c k i n g s (88) 
i n d i c a t e t h a t u s e o f t h e e m p i r i c a l B a k e r c o o r d i n a t e s o f t h i s d i a ­
gram does n o t c a u s e t h e t r a n s i t i o n l i n e f r o m s m a l l g a s - l i q u i d i n ­
t e r a c t i o n reg ime t o h i g h i n t e r a c t i o n t o c o i n c i d e e s p e c i a l l y f o r 
aqueous l i q u i d s . Thus i t w o u l d be more d e s i r a b l e t o d e v e l o p a f l o w 
map, b a s e d o n a sound t h e o r e t i c a l f o u n d a t i o n , w h i c h a c c o u n t s p r o ­
p e r l y f o r the i n f l u e n c e o f t h e p h y s i c a l and foaming p r o p e r t i e s o f 
t h e f l u i d and t h e w e t t i n g c h a r a c t e r i s t i c s o f t h e p a c k i n g . G u i d a n c e 
c o u l d be f o u n d i n t h e i n t e r e s t i n g works b y T a i t e l and D u k l e r (94, 
95) f o r f l o w s i n empty t u b e s and b y T a l m o r (90) f o r f l o w s t h r o u g h 
c a t a l y s t beds where t h e mechanisms f o r t r a n s i t i o n are b a s e d o n p h y ­
s i c a l c o n c e p t s , i . e . , c o m b i n a t i o n o f B e r n o u i l l i e f f e c t s , g r a v i t y 
f o r c e s , buoyant f o r c e s , t r a n s f e r o f e n e r g y t o t h e l i q u i d t o c r e a t e 
w a v e s . . . o r i n terms o f a f o r c e r a t i o r e l a t i n g i n e r t i a p l u s g r a v i ­
t y f o r c e s t o v i s c o u s p l u s i n t e r p h a s e f o r c e s . 

In t h e t r i c k l i n g f l o w o f l i q u i d , t h e n o n c a p i l l a r y h o l d u p $ n c i s 
m a i n l y a f u n c t i o n o f t h e s u p e r f i c i a l l i q u i d f l o w r a t e L and p r o p e r ­
t i e s a s w e l l a s c a t a l y s t c h a r a c t e r i s t i c s . From a d e t a i l e d i n s p e c ­
t i o n o f t h e l i t e r a t u r e d a t a , i t seems t h a t 3 n c i s c o r r e l a t e d a s 
p r o p o r t i o n a l t o L a pj? where t h e exponent a i s a f u n c t i o n o f t h e l i ­
q u i d t e x t u r e (86 , 9 ? ) . Indeed t h e dynamic reg ime o f t h e t r i c k l i n g 
l i q u i d c e r t a i n l y cHihges f r o m g r a v i t y - v i s c o s i t y t o g r a v i t y - i n e r t i a 
and t h e n t o g r a v i t y s u r f a c e and t h e exponent a may have d i f f e r e n t 
v a l u e s w h i c h a r e n o t s y s t e m a t i c a l l y e q u a l t o 0.33 a s v e r y o f t e n 
s u g g e s t e d b u t depend o n L , and the p a r t i c l e d i a m e t e r . I t i s i n ­
t e r e s t i n g t o n o t e t h a t , i f i n t h e model f o r s c a l i n g - u p b a s e d o n 
the l i q u i d h o l d u p ( 9 1 ) , & n c * s c o n s i d e r e d a s p r o p o r t i o n a l t o & L a 

t h e c o r r e s p o n d i n g r e l a t i o n s h i p i s r e p l a c e d b y l n C i n / C o u t « k v Z 
( L H S V ) 1 " a . The s l o p e (1-a) o f l n ( C i n / C o u t ) v e r s u s (1/LHSV) a t 
o t h e r w i s e c o n s t a n t r e a c t i o n c o n d i t i o n s was assumed t o be 0 .66 b y 
Henry and G i l b e r t (91) w h i c h supposes a = 0 . 3 3 . But i n an e x p e r i ­
m e n t a l s t u d y o n d e s u l f u r i z a t i o n , d e m e t a l l i z a t i o n and d e n i t r o g e n a -
t i o n o f v a r i o u s g a s o i l s b y P a r a s k o s e t a l . (96) t h e s l o p e was 
f o u n d t o range f r o m 0.532 t o 0.922 w h i c h c o r r e s p o n d s t o the e x p e ­
r i m e n t a l r ange f r o m 0.58 t o 0 .86 o b t a i n e d b y C h a r p e n t i e r e t a l . 
(86, 8 7 , 93) f o r B n c e x p e r i m e n t a l d a t a c o n c e r n i n g v a r i o u s h y d r o ­
c a r b o n s ancT o r g a n i c l i q u i d s . In t h e h i g h i n t e r a c t i o n r e g i m e , t h e 
l i q u i d h o l d u p and t h e p r e s s u r e d r o p are d e t e r m i n e d b y s e m i - e m p i r i ­
c a l c o r r e l a t i o n s u s i n g e i t h e r momentum o r e n e r g y b a l a n c e s and t h u s 
r e l a t i n g two-phase p a r a m e t e r s p r o p o r t i o n a l e i t h e r t o the r e s u l t a n t 
o f t h e f r i c t i o n f o r c e s o r t o the f r i c t i o n a l power t o t h e v a l u e s o f 
the same p a r a m e t e r s when o n l y one phase i s f l o w i n g w i t h t h e same 
s u p e r f i c i a l f l o w r a t e a s i n the c a s e o f two-phase f l o w (85 - 8 8 , 
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9 3 ) . Note t h a t t h i s s i n g l e p a r a m e t e r s s h o u l d be d e t e r m i n e d e x p e ­
r i m e n t a l l y w i t h t h e gas and the l i q u i d phase t o be u s e d . So d i f f é ­
r e n t s c o r r e l a t i o n s a r e p r e s e n t e d d e p e n d i n g whether t h e l i q u i d i s 
v i s c o u s , nonfoaming o r foaming (88, 9 3 ) . 

I t i s i n t e r e s t i n g t o n o t e t h a t t h i s foam a b i l i t y cannot be e s ­
t i m a t e d a p r i o r i w i t h t h e p h y s i c o - c h e m i c a l p r o p e r t i e s s u c h a s s u r ­
f a c e t e n s i o n ( f o r example c y c l o h e x a n e and k e r o s e n e have p r a c t i c a l ­
l y t h e same d e n s i t y , v i s c o s i t y and s u r f a c e t e n s i o n , b u t i n p r e s e n ­
c e o f a gas f l o w r a t e and f o r t h e same l i q u i d f l o w r a t e , k e r o s e n e 
may foam l e a d i n g t o p r e s s u r e d rop t e n t i m e s and e v e n more h i g h e r 
t h a n t h e nonfoaming c y c l o h e x a n e ) . However i t i s w e l l known t h a t 
t h e f o a m i n e s s o f a l i q u i d i n t h e p r e s e n c e o f a gas phase i s c a u s e d 
b y t h e d e c r e a s e d c o a l e s c e n c e o f gas b u b b l e s t r a p p e d i n t h e l i q u i d . 
So t h e c o a l e s c e n c e r a t e o f p a i r s o f i d e n t i c a l b u b b l e s g e n e r a t e d and 
i n j e c t e d i n t h e l i q u i d c a n be q u a n t i t a t i v e l y r e l a t e d t o t h e foam 
a b i l i t y (93 ) . Indeed i t was o b s e r v e d t h a t f o r p u r e c y c l o h e x a n e o r 
f o r m i x t u r e s o f c y c l o h e x a n e and s m a l l w e i g h t p e r c e n t a g e s o f d e s u l -
f u r i z e d g a s - o i l t h e r e i s 100 % c o a l e s c e n c e ( a l l t h e p a i r s o f b u b ­
b l e s c o a l e s c e a f t e r t h e i r i n j e c t i o n i n t h e l i q u i d ) and s u c h l i ­
q u i d s a r e n o t foaming w h i l e between 6 and 14 % o f added d e s u l f u r i -
z e d g a s o i l , t h e c o a l e s c e n c e r a t e i s d e c r e a s i n g a b r u p t l y f r o m 100 % 
t o 0 % though t h e s u r f a c e t e n s i o n and t h e v i s c o s i t y a r e v a r y i n g v e ­
r y s l i g h t l y ( 0 L = 25 .55 - 26 dyn /cm and y L

 = ° · 9 5 ~ 1 · 1 0 c p ) . When 
t h e c o a l e s c e n c e r a t e i s z e r o t h e f l u i d may be c h a r a c t e r i z e d a s 
f o a m i n g . I f t h e p r e s s u r e l o s s i s measured s i m u l t a n e o u s l y i n t h e 
p a c k e d r e a c t o r a t t h e same gas and l i q u i d f l o w r a t e o f t h e l i q u i d s , 
i t c o n t i n u o u s l y i n c r e a s e f r o m t h e v a l u e o b t a i n e d f o r t h e n o n f o a ­
ming c y c l o h e x a n e t o the v a l u e o b t a i n e d f o r t h e foaming d e s u l f u r i -
z e d g a s o i l ( 93 ) . So t h i s q u a n t i t a t i v e e m p i r i c a l r a t e c o a l e s c e n c e 
t e c h n i q u e c o u l d be d e v e l o p e d a s a f i r s t s t e p t o c h a r a c t e r i z e f o a ­
m i n e s s . 

I t s h o u l d be a l s o emphas ized t h a t d a t a o b t a i n e d w i t h a i r and 
w a t e r and g l a s s s p h e r e systems s h o u l d be u s e d w i t h a p a r t i c u l a r 
c a r e i f c o n s i d e r e d a s r e p r e s e n t a t i v e o f o r g a n i c and foaming f l u i d s 
and t h a t t h e hydrodynamic r e s u l t s c o n c e r n g e n e r a l l y s m a l l co lumn 
d i a m e t e r (< 15 cm) w i t h a good i n i t i a l l i q u i d d i s t r i b u t i o n . F o r 
i n d u s t r i a l r e a c t o r s up t o a s much a s 3 m i n d i a m e t e r and w o r k i n g 
a t h i g h t e m p e r a t u r e and p r e s s u r e , i t has n o t y e t b e e n p r o v e d t h a t 
foaming o c c u r s b u t i t may be t h a t some s e g r e g a t i o n i n t h e f l o w o f 
t h e p h a s e s l e a d t o l e s s i m p o r t a n t g a s - l i q u i d i n t e r a c t i o n a n d t h e ­
r e f o r e t o s m a l l e r p r e s s u r e l o s s e s p e c i a l l y when t h e l i q u i d s a r e 
n o t f o a m i n g . So a c o n s i d e r a b l e i n t e r e s t s h o u l d be f o c u s e d o n t h e 
r e a l i s a t i o n o f t h e i n i t i a l d i s t r i b u t i o n . 

52 . W e l l s t i r r e d tank r e a c t o r 

M e c h a n i c a l l y a g i t a t e d b u b b l e c o n t a c t o r s a r e v e r y e f f e c t i v e w i t h 
v i s c o u s l i q u i d s o r s l u r r i e s o r a t v e r y low gas f l o w r a t e s o r a t 
l a r g e l i q u i d v o l u m e s . T h e y a r e a l s o n o t e d f o r t h e e a s e w i t h w h i c h 
t h e i n t e n s i t y o f a g i t a t i o n c a n be v a r i e d and t h e h e a t c a n be remo-
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7. C H A R P E N T I E R Gas-Liquid Reactors 2 5 1 

v e d . T h e i r ma in d i s a d v a n t a g e i s t h a t b o t h gas and l i q u i d a r e a l ­
most c o m p l e t e l y b a c k m i x e d . A c o n s i d e r a b l e amount o f i n f o r m a t i o n i s 
a v a i l a b l e i n l i t e r a t u r e o n t h e s e c o n t a c t o r s and* comprehens ive r e ­
v i e w s have been p u b l i s h e d and a r e summarized i n r e f . ( 9 7 ) . T h i s t y ­
pe o f g a s - l i q u i d r e a c t o r shows a l s o a good example where mass 
t r a n s f e r and k i n e t i c s p e r f o r m a n c e s a r e s t r o n g l y c o n n e c t e d w i t h t h e 
hydrodynamics and have f o c u s e d many i m p o r t a n t r e s e a r c h e s t h e s e 
l a s t y e a r s . I t a p p e a r s t h a t v a l u e s o f H/T = 1 , D /T i n the range 
0 . 4 t o 0 . 5 and HpJT i n t h e range 0 . 3 3 t o 0 . 5 w i t h t h e gas s u p e r f i ­
c i a l v e l o c i t y UQ l i m i t e d t o l e s s t h a n 5 cm/s a r e l i k e l y t o be most 
d e s i r a b l e f o r gas c o n t a c t i n g w i t h a s i m p l e i m p e l l e r (T i s t h e tank 
d i a m e t e r , H t h e c l e a r l i q u i d h e i g h t , D t h e a g i t a t o r d i a m e t e r s i ­
t u a t e d a t l e v e l HpJ. 

F o r a p a r t i c u l a r i m p e l l e r t y p e , the i n t e r f a c i a l p a r a m e t e r s (gas 
h o l d u p a , i n t e r f a c i a l area and mass and h e a t t r a n s f e r c o e f f i c i e n t s ) 
a r e s t r o n g l y dependent o n i o n i c s t r e n g t h ( l i q u i d s i n h i b i t i n g c o a ­
l e s c e n c e ) , i o n v a l e n c e number, v i s c o s i t y , s u r f a c e t e n s i o n , b y t h e 
p r e s e n c e o f s o l i d o r i m m i s c i b l e l i q u i d a n d once a g a i n b y t h e foam 
a b i l i t y o f t h e aqueous o r o r g a n i c l i q u i d ( 6 7 , 98 - 1 0 2 ) . Thus i t 
i s n e a r l y i m p o s s i b l e t o p r e d i c t a p r i o r i tHêse p a r a m e t e r s . However 
i t i s w e l l known t h a t the s c a l e - u p i s p r a c t i c a b l e f r o m e x p e r i m e n t s 
c a r r i e d o u t w i t h t h e a c t u a l g a s - l i q u i d sys tem i n a s m a l l a g i t a t o r 
c o n t a c t o r (T = 10 t o 20 c m ) . A t h i g h e r t a n k d i a m e t e r , t o e n s u r e the 
same s p e c i f i c i n t e r f a c i a l a r e a o r l i q u i d o v e r a l l mass t r a n s f e r 
c o e f f i c i e n t , s c a l e - u p s h o u l d be s p e n t b a s e d upon c o n s t a n t t o t a l 
power i n p u t p e r u n i t volume o f l i q u i d ej = + ε β , g e o m e t r i c a l l y 
s i m i l a r v e s s e l s and t h e same s u p e r f i c i a l gas v e l o c i t y (εΛ and ερ 
a r e t h e m e c h a n i c a l a g i t a t i o n and s p a r g e d - g a s power c o n t r i b u t i o n s ) . 
The r e a l d i f f i c u l t y i s i n c a l c u l a t i n g t h e m e c h a n i c a l a g i t a t i o n p o ­
wer ( P E ^ A V L ) · The m e c h a n i c a l a g i t a t i o n power r e q u i r e m e n t P<> o f an 
u n g a s s e d n e w t o n i a n l i q u i d c a n be e a s i l y p r e d i c t e d f o r a number o f 
i m p e l l e r t y p e s f r o m s e m i t h e o r e t i c a l c o r r e l a t i o n s o f power number 
Np and a g i t a t i o n R e y n o l d s number. However the i m p e l l e r power i n p u t 
P A t o t h e g a s - l i q u i d d i s p e r s i o n d e c r e a s e s compared t o t h a t o f t h e 
gas f r e e l i q u i d . The r e d u c t i o n i n power i s dependent upon t h e a g i ­
t a t o r t y p e , l i q u i d phase p h y s i c o - c h e m i c a l p r o p e r t i e s , t ank geome­
t r y and gas s p a r g i n g r a t e Q Q . Hassan and R o b i n s o n (98 ) d e r i v e d r e ­
c e n t l y a s e m i t h e o r e t i c a l e q u a t i o n f r o m d i m e n s i o n a l a n a l y s e s t o r e ­
p r e s e n t e x p e r i m e n t a l d a t a c o n c e r n i n g w a t e r and aqueous s o l u t i o n s 
o f e i t h e r i n o r g a n i c e l e c t r o l y t e s o r o r g a n i c s i n two f u l l y b a f f l e d 
s t i r r e d t a n k s ( 2 . 6 and 19 l i t r e s ) w i t h t h r e e t y p e s o f t u r b i n e and 
p a d d l e i m p e l l e r s o v e r a range c o r r e s p o n d i n g t o a 100 f o l d v a r i a ­
t i o n i n power i n p u t , 

P A / P Q = C 1 ( N 2 D 3 p L / a L ) m ( Q / N D 3 ) " 0 - 3 8 (1-a) 

The f i t t e d exponent m was s l i g h t l y dependent o n i m p e l l e r t y p e 
( - 0 . 1 9 t o - 0 . 2 5 ) a n d t h e c o n s t a n t was f o u n d t o b e dependent o n 
i m p e l l e r t y p e , t a n k s i z e a n d e l e c t r o l y t i c n a t u r e o f aqueous p h a s e . 
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L o i s e a u e t a l . (100) have p r o p o s e d t o u s e e m p i r i c a l M i c h e l and 
M i l l e r (103) t y p e s o f c o r r e l a t i o n s t o f i t e x p e r i m e n t a l d a t a c o n ­
c e r n i n g w a t e r and a q u e o u s , o r g a n i c and foaming l i q u i d systems i n ­
s i d e two f u l l y b a f f l e d s m a l l v e s s e l s (5 .5 and 8 .9 l i t r e s ) a g i t a t e d 
b y a s i x f l a t - b l a d e R u s h t o n t y p e s o f d i s k t u r b i n e . 

P a = C P O N D 3 / Q J - 5 6 C M 1 1 

w i t h , f o r nonfoaming s o l u t i o n s and p u r e l i q u i d s C = 0.83 and ^ 
η = 0 .45 and f o r foaming s o l u t i o n s - C = 0 . 6 9 , η = 0.45 i f M<2.10 
and C = 1 .88 , η = 0.31 i f M > 2 .10 . The a c c u r a c y i s 20 %. L o i s e a u 
e t a l . (100) and Midoux (61 ) "have compared t h e c o r r e l a t i o n f o r the 
nonfoaming l i q u i d (Pa = 0.83 Μ ^ · 4 5 ) w i t h the l i t e r a t u r e d a t a c o n ­
c e r n i n g d i f f e r e n t s t a n d a r d tank s i z e s and Rushton t u r b i n e i m p e l l e r 
t y p e s ( F i g u r e 3a) and a r e l a t i v e l y good f i t was o b t a i n e d ( w i t h i n 
30 %) w i t h t h e complementary c o n d i t i o n s 0.05 < u s < 9 c m / s and 
1 < M < 1 0 7 . T h i s c o r r e l a t i o n a l s o a p p l i e s t o e x p e r i m e n t a l d a t a 
p r e s e n t e d b y Edney e t a l . (101) f o r n o n - n e w t o n i a n f l u i d s o r b y 
P o l l a r d e t a l . (106) f o r s e v e r a l s u p e r p o s e d a g i t a t o r s . M idoux has 
p r o p o s e d t o t a k e i n t o c o n s i d e r a t i o n t h e number o f b l a d e s nb b y t h e 
r e l a t i o n C = 0.34 η κ · 5 · V a l u e s o f C and η f o r o t h e r i m p e l l e r t y p e s 
and d i f f e r e n t gas d i s t r i b u t i o n a r e f o u n d i n r e f e r e n c e ( 6 1 ) . I t i s 
i n t e r e s t i n g t o n o t e t h a t s u c h a c o r r e l a t i o n c a n be u s e d t o s c a l e -
up t h e e x p e r i m e n t a l d a t a o f F o u s t e t a l . (104) f o r a r row head i m ­
p e l l e r ( f rom 26 l i t r e s t o 8 .9 m?) and Cooper e t a l . (105) f o r two 
f l a t - b l a d e s i m p e l l e r ( f rom 11 l i t r e s t o 8 . 6 m 3 ) a s shown i n F i g u ­
r e 3 b . T h i s c o r r e s p o n d s a p p r o x i m a t i v e l y t o a l i n e a r s c a l i n g up r a ­
t i o o f 10 (o r a v o l u m e t r i c r a t i o o f about 800 -1000 ) . But l i k e i n 
t h e c a s e o f t h e hydrodynamics o f t r i c k l e b e d r e a c t o r s t h e r e s t i l l 
e x i s t t h e p r o b l e m o f d e f i n i n g a p r i o r i t h e foam a b i l i t y o f t h e 
l i q u i d i n o r d e r t o c h o o s e t h e c o r r e s p o n d i n g s c a l i n g - u p c o r r e l a t i o n 
b e c a u s e c o r r e l a t i o n s f o r w a t e r a n aqueous s o l u t i o n s o f non e l e c ­
t r o l y t e s c a n n o t be u s e d t o p r e d i c t P a (and a) i n e l e c t r o l y t e s o l u ­
t i o n s , and v i c e v e r s a (98 , 100 ) . 

6. P r e d i c t i o n o f t h e e f f e c t o f a c h e m i c a l r e a c t i o n i n a n a b s o r b e r 
b y l a b o r a t o r y s c a l e a p p a r a t u s : s i m u l a t i o n 

Among the d i f f e r e n t s t e p s i n d e s i g n i n g i n d u s t r i a l a b s o r b e r s o r 
r e a c t o r s , we have s e e n t h a t t h e d e t e r m i n a t i o n o f s o l u b i l i t y and 
d i f f u s i v i t y o f one o r s e v e r a l s o l u t e s i n a r e a c t i n g s o l u t i o n w i t h 
unknown k i n e t i c s c a n be a c h a l l e n g i n g p r o b l e m . These d i f f i c u l t i e s 
have j u s t i f i e d making r e l a t i v e l y s i m p l e l a b o r a t o r y mode ls w i t h a 
w e l l - d e f i n e d i n t e r f a c i a l a r e a , and c a r r y i n g o u t e x p e r i m e n t s t o o b ­
t a i n d a t a d i r e c t l y a p p l i c a b l e t o d e s i g n . The a i m i s t h u s t o p r e d i c t 
t h e e f f e c t o f c h e m i c a l r e a c t i o n i n an i n d u s t r i a l a b s o r b e r f r o m 
t e s t s i n a l a b o r a t o r y model w i t h t h e same g a s - l i q u i d r e a c t a n t s , o r 
t o p r e d i c t t h e r e a c t o r l e n g t h f o r a s p e c i f i e d d u t y , u s i n g d a t a f rom 
t h e l a b o r a t o r y m o d e l , even t h o u g h t h e means o f a g i t a t i n g t h e l i q u i d 
i n t h e two t y p e s o f equipment i s q u i t e d i f f e r e n t . T h i s p r o m i s i n g 
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C H A R P E N T I E R Gas-Liquid Reactors 

Figure 3. Top (a), bottom (b) 
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t e c h n i q u e h a s been i n t e n s i v e l y d e v e l o p e d t h e s e l a s t y e a r s (107-118) 
a n d t h e methodo logy u s e d d e s e r v e s a p a r t i c u l a r a t t e n t i o n . The c r i -
t e r i a f o r s i m u l a t i n g a n i n d u s t r i a l a b s o r b e r a r e o b t a i n e d i n c o n s i ­
d e r i n g a s m a l l b u t r e p r e s e n t a t i v e volume e lement Qdh o f a n i n d u s ­
t r i a l t u b u l a r a b s o r b e r i n w h i c h a g a s - l i q u i d r e a c t i o n o c c u r s (A + 
zB P r o d u c t s ) . The m a t e r i a l - b a l a n c e e q u a t i o n s f o r t h i s c a s e , when 
t h e gas c o n t a i n s o n l y one s o l u b l e component and t h e l i q u i d o n l y one 
r e a c t a n t , a r e 

" V d C B o = z r ( C A o ' C B o ) | 3 i î d h 

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

o u t 

in 

a dh 

U L 

o u t 
dC 

Ά ο 

i n ^ L ' ^ ^ A ^ A o ' W 

rout 

o u t 
dC, 

Bo 

in f ^ L ' V ^ ^ A o ^ B o ) 

" G d P h 

m " L f ^ L ' ^ ^ A ^ A o ' W 

o u t 

in 

β dh 
in 

o u t 

d C 
Bo 

C o n s i d e r now a l a b o r a t o r y a b s o r b e r i n w h i c h t h e l i q u i d and gas 
a r e a g i t a t e d i n a way t h a t g i v e s r i s e t o m a s s - t r a n s f e r c o e f f i c i e n t s 
kg a n d kL o f t h e same magni tude as i n t h e i n d u s t r i a l a b s o r b e r (when 
t h e y a r e assumed c o n s t a n t o v e r t h e ^ h e i g h t ) . A l s o assume t h a t t h e 
r a t i o U Q / U L , t h e c o n c e n t r a t i o n s C ^ , C ^ Q , CBO> t h e t e m p e r a t u r e , and 
t h e p r e s s u r e i n t h e l a b o r a t o r y a b s o r b e r a r e the same a s t h o s e o f 
t h e volume e lement l o c a t e d a t l e n g t h , h o f t h e i n d u s t r i a l a b s o r b e r . 
Then t h e s p e c i f i c r a t e o f a b s o r p t i o n 9 = kç;, Cj£, C A O > C ^ Q ) i s 
t h e same i n b o t h a p p a r a t u s e s , and t h e r i g h t s i d e o f p r e v i o u s e q u a ­
t i o n s a r e a l s o t h e same, f o r t h e same c o n c e n t r a t i o n o r p a r t i a l 
p r e s s u r e l i m i t s ( i . e . e n t r a n c e and e x i t b u l k c o n c e n t r a t i o n s ) . I t 
f o l l o w s t h a t t h e r a t i o a h / u L i s i d e n t i c a l f o r b o t h a b s o r b e r s , hence 

h - V a
 m A 6h . \ X _ _ 
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7. C H A R P E N T I E R Gas-Liquid Reactors 255 

w h i c h d e f i n e s a s c a l i n g r a t i o and means t h a t t h e s p a c e t ime i s t h e 
same i n t h e volume e lement o f the i n d u s t r i a l a b s o r b e r and i n t h e 
l a b o r a t o r y m o d e l . C o m b i n a t i o n o f t h e above e q u a t i o n s l e a d s t o 

(a /3 ) = (am/Gm) = ^n /^m v m = An^L- ™ δ s h o w s t h a t > P e r m i t v o l u " 
me o f a b s o r b e r o r r e a c t o r , t h e r a t i o o f i n t e r f a c i a l a r e a t o l i q u i d 
h o l d u p i s t h e same i n t h e l a b o r a t o r y model and t h e i n d u s t r i a l a b ­
s o r b e r (ΑΠ /VL)· 

T h e r e f o r e t h e t h r e e " c r i t e r i a 1 1 f o r s i m u l a t i o n a r e i d e n t i c a l v a ­
l u e s o f k L , kc and a / 3 i n t h e i n d u s t r i a l and t h e l a b o r a t o r y a b s o r ­
b e r . " S i m u l a t i o n " means t h a t , i f the b u l k c o m p o s i t i o n s o f gas and 
l i q u i d i n t h e l a b o r a t o r y a b s o r b e r a r e t h e same a s i n a volume e l e ­
ment o f the i n d u s t r i a l a b s o r b e r , the a b s o r p t i o n r a t e p e r u n i t i n ­
t e r f a c i a l a r e a φ i n t h i s e lement w i l l be t h e same a s i n t h e l a b o ­
r a t o r y model <pm, whatever t h e means o f a g i t a t i n g t h e gas and t h e 
l i q u i d i n the two a b s o r b e r s . Thus <pm = £ c a n be d e t e r m i n e d e x p e r i ­
m e n t a l l y a s a f u n c t i o n o f CA 0 > C g o , o r p , and t h e above b a l a n c e 
e q u a t i o n s c a n be i n t e g r a t e d n u m e r i c a l l y s t e p b y s t e p between t h e 
l i m i t c o m p o s i t i o n s a t the e n t r a n c e and t h e e x i t o f t h e i n d u s t r i a l 
a b s o r b e r t o f i n d t h e l e n g t h h o f the a b s o r b e r . The t h i r d c r i t e r i o n 
(a /3 ) i s r e q u i r e d whenever t h e r e a c t i o n between d i s s o l v e d gas and 
a r e a c t a n t i n s o l u t i o n i s s l o w . Indeed r e a c t i o n s w i l l p r o c e e d i n 
t h e b u l k l i q u i d , and the r a t e o f a b s o r p t i o n i n i n d u s t r i a l o r l a b o ­
r a t o r y a b s o r b e r w i l l depend upon the volume o f b u l k l i q u i d a v a i l a ­
b l e p e r u n i t a r e a o f i n t e r f a c e . Compar ison o f T a b l e s (I) and ( I I ) 
l e a d s t o t h e c h o i c e o f t h e l a b o r a t o r y equipment (62, 110) f o r a 
s p e c i f i e d g a s - l i q u i d c o n t a c t o r . F o r example i t mayT>e s e e n t h a t 
any w e t t e d w a l l o r s t i r r e d v e s s e l c a n s i m u l a t e a p a c k e d column 
( w i t h r e s p e c t t o k L and k^) f o r r e a c t i o n s o c c u r i n g i n the l i q u i d 
f i l m . 

A l a b o r a t o r y model w h i c h s i m u l a t e s a " p o i n t " i n a t u b u l a r c o ­
lumn i s u s e d when i t i s p o s s i b l e t o c a l c u l a t e t h e c o r r e s p o n d i n g 
c o m p o s i t i o n s o f t h e gas and t h e l i q u i d s t reams a t v a r i o u s p o i n t s 
i n t h e co lumn ( d i f f e r e n t i a l s i m u l a t i o n ) . The s p e c i f i c a b s o r p t i o n 
f l u x φ f o r t h e g a s - l i q u i d s y s t e m c o n c e r n e d i s t h u s s y s t e m a t i c a l l y 
measured i n t h e model f o r d i f f e r e n t s o l u t e p a r t i a l p r e s s u r e s and 
l i q u i d r e a c t a n t c o n c e n t r a t i o n s c o r r e s p o n d i n g t o t h o s e t h a t e x i s t 
i n d i f f e r e n t p o i n t s i n t h e c o l u m n . Knowledge o f t h e s e a b s o r p t i o n 
r a t e s i s e s s e n t i a l f o r p r e d i c t i v e c a l c u l a t i o n o f t h e column l e n g t h 
h , a s t h e c o n s e c u t i v e v a l u e s o f i p m f rom t h e model must be u s e d t o 
i n t e g r a t e t h e mass b a l a n c e e q u a t i o n between the i n l e t and o u t l e t 
c o n d i t i o n s o f t h e p a c k e d c o l u m n , 
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TABLE II 

C H E M I C A L R E A C T I O N E N G I N E E R I N G R E V I E W S — H O U S T O N 

- V a l u e s o f t h e s i m u l a t i o n c r i t e r i a i n l a b o r a t o r y models 

MODEL 
ROTA 
TING MOVING LAMI­

NAR WETTED WALL COLUMN STRING 
OF STIRRED MODEL 

DRUM BAND JET SPHERE CYLIN­
DER CONE DISCS-

SPHERES 
VESSEL 

TIME OF 
CONTACT 

1») 

2.10** 

Ι Ο 1 

6.10*4 

6.10 2 

ΙΟ"3 

ΙΟ"1 

ίο-1 

1 

ΙΟ" 1 

2 

2.10*1 

1 

ΙΟ" 1 

2 

6.10'2 

10 

INTERFACIAL 
AREA 

A m (cm*) 

2 

100 

0.6 

6 

0.3 

10 

10 

40 

1 0 

100 
80 

30 

360 

4 

80 

l c t (cm.** 1 ) 
0.016 

0.356 

0.021 

0.210 

0.016 

0.160 

0.005 

0.016 

0.0036 

0.016 

0.005 

0.011 

0.0036 

0.016 

0.0016 

0.021 

(mole-cm's'lotm1) - 10 

40 
1 - 0 

1 

2 5 

1 

15 

( cm* 1 ) 

100 

1250 

80 

400 

20 

80 

20 

60 

25 

60 

40 

70 

20 

60 

0.002 

0.540 

W i t h t h i s t e c h n i q u e , L a u r e n t (111) u s e d a 10 cm i . d . d o u b l e -
s t i r r e d c e l l t o s i m u l a t e a 30 cm i . d . co lumn p a c k e d w i t h 20 mm 
g l a s s R a s c h i g r i n g s i n a h e i g h t o f 1.92 m. C O 2 f rom a i r was a b s o r ­
b e d i n t o sodium h y d r o x i d e and sodium c a r b o n a t e s o l u t i o n s , b o t h i n 
t h e s t i r r e d c e l l and i n t h e p a c k e d c o l u m n , so as t o compare t h e 
p r e d i c t i o n s f r o m t h e model w i t h the p a c k e d - c o l u m n r e s u l t s f o r d i f ­
f e r e n t v a l u e s o f U L , U Ç , and g a s and r e a c t a n t c o n c e n t r a t i o n s . The 
p r e d i c t e d and a c t u a l h e i g h t s d i f f e r e d b y l e s s t h a n 20 p e r c e n t i n 
a l l c a s e s , i n d i c a t i n g t h a t t h i s method i s q u i t e s o u n d . Danckwerts 
and A l p e r (108) have even o b t a i n e d b e t t e r p r e d i c t i o n ( w i t h i n 10 %) 
w i t h t h e same g a s - l i q u i d s y s t e m , u s i n g d i f f e r e n t p a c k i n g h e i g h t s 
f o r c o n s t a n t f l u i d f l o w r a t e s . 

D i f f e r e n t i a l s i m u l a t i o n i s n o t a p p l i c a b l e i n c a s e s where t h e 
a b s o r p t i o n r a t e i s i n f l u e n c e d by r e a c t i o n s o c c u r i n g i n l i q u i d b u l k 
o r between s e v e r a l reagents and g a s e s . In t h i s c a s e t h e h e i g h t o f 
t h e model i s r e l a t e d t o t h a t o f the f u l l s i z e d r e a c t o r b y a known 
s c a l i n g f a c t o r h / l ^ and t h e model s i m u l a t e s a l l t h e e s s e n t i a l f e a ­
t u r e s o f t h e r e a c t o r when t h e i n l e t and o u t l e t c o m p o s i t i o n s a r e 
t h e same i n b o t h equipment w i t h o u t any a s s u m p t i o n about t h e t r a n s ­
f e r mechanism o r r e a c t i o n k i n e t i c s ( i n t e g r a l s i m u l a t i o n ) . A c l a s ­
s i c a l example i s t h e s i m u l a t i o n o f a " c o m p l e t e " p a c k e d column o f 
known U L , U L / U Q , h , k j , , k g and a / 3 (as r e g a r d b o t h gas and l i q u i d 
s i d e phenomenae and b u l k r e a c t i o n s ) b y a s t r i n g o f s p h e r e s w i t h a 
c y l i n d r i c a l p o o l a t t h e t o p o f e a c h s p h e r e t o i n c r e a s e t h e l i q u i d 
h o l d u p a n d t o v a r y t h e v a l u e s o f t h e t h i r d s i m u l a t i n g c r i t e r i o n 
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7. C H A R P E N T I E R Gas-Liquid Reactors 257 

10 < a / 8 < 25 (109, 112 ) . Once t h e gas and l i q u i d v o l u m e t r i c f l o w -
r a t e s q L and qc a r e d e t e r m i n e d i n t h e model so t h a t ICL and k g a r e 
t h e same a s i n t h e p a c k e d co lumn and once the number o f s p h e r e s 
a n d t h e d i m e n s i o n o f t h e p o o l o n the t o p o f the s p h e r e s a r e c a l c u ­
l a t e d so t h a t a / 8 i s t h e same (which l e a d s t o the s c a l i n g r a t i o , 
h / h m ) , t h e model now s i m u l a t e s a l l the e s s e n t i a l f e a t u r e s o f the 
co lumn and i f t h e i n l e t c o m p o s i t i o n s a r e the same so a r e the o u t ­
l e t c o m p o s i t i o n s . The t o t a l a b s o r p t i o n r a t e Φς o f the p a c k e d c o ­
lumn i s t h u s p r e d i c t e d f rom t h e measurement o f the t o t a l a b s o r p ­
t i o n r a t e i n t h e model <&m. A n e x c e l l e n t i l l u s t r a t i o n o f t h i s t e c h ­
n i q u e h a s been p r e s e n t e d b y A l p e r and Danckwerts (109) where a 
10 cm d i a m e t e r co lumn p a c k e d w i t h 1.27 cm c e r a m i c R a s c h i g r i n g s 
o v e r 158 cm h e i g h t i s s i m u l a t e d by a s t r i n g o f 10 h o l l o w s p h e r e s 
c o l u m n , 49 cm h e i g h t . The e x p e r i m e n t s have been c a r r i e d o u t i n 
c a s e s where t h e b u l k c o n c e n t r a t i o n o f the r e a c t a n t s a t a g i v e n l e ­
v e l i n t h e co lumn c o u l d n o t be c a l c u l a t e d u s i n g a m a t e r i a l b a l a n c e 
e q u a t i o n t h u s l e a d i n g t o t h e o r e t i c a l p r e d i c t i o n s e i t h e r t o o com­
p l i c a t e d , i f i n d e e d p o s s i b l e , o r i n v o l v i n g l a r g e e r r o r s . In e a c h 
c a s e t h e d i f f e r e n c e between p r e d i c t e d and measured t o t a l a b s o r p ­
t i o n r a t e was w i t h i n 7 %. 

F i n a l l y , i t must be emphas ized t h e c o n s i d e r a b l e p o t e n t i a l o f t h e 
s i m u l a t i o n t e c h n i q u e . Though t h e s e s m a l l equipment have been i n t e n ­
s i v e l y u s e d t o d e t e r m i n e k i n e t i c s o r i n t e r f a c i a l p a r a m e t e r s f o r 
g a s - l i q u i d r e a c t i o n s (113-118) i t s h o u l d be s u g g e s t e d t h a t t h e y may 
u s e d now a l s o f o r s i m u l a t i o n o f g a s - l i q u i d r e a c t o r s d i f f e r e n t o f 
p a c k e d columns and i n t h e c a s e o f complex r e a c t i o n s w i t h h e a t a f ­
f e c t s . 
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Biochemical Reaction Engineering 

ARTHUR E. HUMPHREY 
Department of Chemical and Biochemical Engineering, University of Pennsylvania, 
Philadelphia, PA 19104 

The literature dealing with the kinetic behavior of biologi­
cal reactor systems surely must be as extensive, if not more so, 
than that for chemical systems. Hence, any reasonable review of 
biological reactor systems must of necessity be rather cursory in 
character. Consequently, I would like to pick and choose my 
topics in this review, focusing on those items I have personally 
found most important in dealing with fermenting systems. In 
particular, I w i l l deal with fermenting systems for the produc­
tion of chemicals such as antibiotics, production of potential 
food and feed such as single cel l protein, and biological conver­
sion of wastes. This review will be divided into three parts: 

1. basic biological kinetics 
2. typical biological reactor configurations 
3. specific examples 

Biological Kinetics 

The kinetics of biological systems may be expressed at four 
different system levels. These include 

1. molecular or enzyme level 
2. macromolecular or cellular component level 
3. cellular level 
4. population level 
Each level of expression has a unique characteristic that 

leads to a rather specific kinetic treatment. For example, bio­
logical reactions at the molecular level invariably involve en­
zyme catalyzed reactions. These reactions, when they occur in 
solution, behave in a manner similar to homogeneous catalyzed 
chemical reactions. However, enzymes can be attached to inert 
solid supports or contained within a solid ce l l structure. In 
this case, the kinetics are similar to those for heterogeneous 
catalyzed chemical reactions. 

Enzyme Kinetics. In their simplest form, enzyme catalyzed 
reactions, occurring in a well-mixed solution, are characterized 

0-8412-0432-2/78/47-072-262$06.50/0 
© 1978 American Chemical Society 
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by t h e w e l l - k n o w n M i c h a e l i s - M e n t e n k i n e t i c e x p r e s s i o n ( l ) # T h i s r e l a ­
t i o n s h i p d e p i c t s t h e s u b s t r a t e , S , c o m b i n i n g r e v e r s i b l y w i t h t h e 
enzyme, E , t o f o r m an e n z y m e - s u b s t r a t e c o m p l e x , E S , t h a t c a n i r r e ­
v e r s i b l y decompose t o t h e p r o d u c t and t h e enzyme, i . e . 

E+S _ k + 1 ^ - ES ^ E+P (1) 

T h i s l e a d s t o a k i n e t i c e x p r e s s i o n f o r t h e v e l o c i t y o f t h e r e ­
a c t i o n , v , o f t h e f o l l o w i n g f o r m : 

ν X k ^ 0 E S 
max +2 ο / Ο Ν 

v - f J f T - ( 2 ) - 1 +2 7 +S 
k + i 

where ν a x
= k + 2 E i s t * i e m a x i m u m o b s e r v a b l e r e a c t i o n r a t e a t h i g h 

s u b s t r a ? i x c o n c e n t r a t i o n a n d , h e n c e , i s o n l y l i m i t e d by t h e i n i t i a l 
enzyme c o n c e n t r a t i o n , E q . i s the d i s s o c i a t i o n c o n s t a n t . When 

and k +2 « k - l > t h e n «M " K S 
k 

ES- > E+P i s l i m i t i n g 
The s a t u r a t i o n c o n s t a n t , K g - k i s an i n d i c a t i o n o f t h e a f f i ­
n i t y o f t h e enzyme a c t i v e s i t e f o r t h e s u b s t r a t e . 

B a s i c a l l y two k i n d s o f c a t a l y t i c p o i s o n i n g o r i n h i b i t i o n a r e 
c o n s i d e r e d . T h e s e i n c l u d e i n h i b i t i o n by c o m p e t i t i o n f o r t h e a c t i v e 
s i t e by a n o n - r e a c t i v e s u b s t r a t e and i n h i b i t i o n by a s u b s t a n c e 
t h a t m o d i f i e s t h e enzyme a c t i v i t y b u t does n o t compete f o r t h e a c ­
t i v e s i t e . T h i s b e h a v i o r i s i l l u s t r a t e d i n e q u a t i o n (3). 

T h i s b e h a v i o r can be e x p r e s s e d by 

ν r r S 
max m 

V s 
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where 

(5) 

and where K j i s defined by 
k - i 

C e l l Growth K i n e t i c s . Enzyme k i n e t i c concepts have been u t i l i z ­
ed by Monod (2) and others ( 4-6 ) to express the k i n e t i c behavior 
of c e l l growth on a si n g l e l i m i t i n g substrate. Monod (3 ) postu­
l a t e d that the growth of c e l l s by binary f i s s i o n on a si n g l e l i m ­
i t i n g substrate probably had a sin g l e l i m i t i n g reaction 
step and therefore behaved i n a manner analogous to the M i c h a e l i s -
Menten enzyme k i n e t i c s , i . e . 

dX Y S >.7v 
dt = y m a x X Ks+S K t } 

where X=the c e l l concentrationS=the growth l i m i t i n g substrate con-
centratic 
Since the 
fined by 

centration, t=time and μ =the maximum growth r a t e . 
Since the growth rate o f m c e l l s , increasing by binary f i s s i o n , i s de-

1 d x (*\ 

equation (7) can be expressed as 

»'*~4φ) <9> 
The behavior of equation (9) i s depicted i n Figure 1. 

For a complete theory of c e l l growth and substrate u t i l i z a ­
t i o n , i t i s necessary to know the r e l a t i o n s h i p between the growth 
of c e l l s and the u t i l i z a t i o n of substrate. 

This r e l a t i o n s h i p i s expressed as a y i e l d , Y, defined as 

Y = § (10) 

The simplest assumption i s that Y i s constant. This i s essen­
t i a l l y true only at high growth rates as w i l l be shown l a t e r . 
From equations(9) and (10) one obtains the following r e l a t i o n s h i p 
for substrate u t i l i z a t i o n : 
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More r e c e n t l y , i t has been shown by M a r r (7 ) , P i r t (8 ) and 
o t h e r s ( 5 , 9 , 1 1 ) t h a t the y i e l d i s n o t a c o n s t a n t . R a t h e r endogene-
ous r e s p i r a t i o n u t i l i z e s t h e e n e r g y y i e l d i n g s u b s t r a t e s f o r m a i n ­
t e n a n c e f u n c t i o n s ; h e n c e , t h e s u b s t r a t e u t i l i z a t i o n by c e l l s can 
be b e t t e r e x p r e s s e d by 

dS 1 dX . «. 

dr = Y^dT + m X ( 1 2 ) 

o r 

1 dS 1 . , , . χ 

x d T e V + m ( 1 3 ) 

where m i s t h e m a i n t e n a n c e r e q u i r e m e n t o f s u b s t r a t e p e r u n i t o f 
c e l l b iomass p e r u n i t o f t i m e and i s a t r u e y i e l d c o n s t a n t 
r e p r e s e n t i n g t h e s u b s t r a t e u t i l i z e d o n l y f o r g r o w t h . T h i s r e l a ­
t i o n s h i p i s d e p i c t e d i n F i g u r e 2 . 

R e c e n t l y i t has been s u g g e s t e d t h a t t h e r a t e o f c e l l i n c r e a s e 
s h o u l d be e x p r e s s e d as a n e t g r o w t h r a t e w h i c h i n v o l v e d b o t h 
g r o w t h , μ , and d e a t h , 6, ( 1 2 - 1 4 ) , i . e . 

:ΠΓ = μ Χ - δ Χ (14) d t 

where 

μ 
max 

and 

max 
« - « U-irri? (15) 

I n e x p r e s s i o n s (14) and (15) c e l l d e a t h i s d e p i c t e d as h a v i n g a 
f i r s t - o r d e r k i n e t i c b e h a v i o r and a s m a x i m a l , i . e . 6 , when t h e 
g r o w t h l i m i t i n g s u b s t r a t e i s z e r o , i . e . S=0, and m i n i m a l when t h e 
s u b s t r a t e i s i n e x c e s s , i . e . l - S / i K ' + S ^ O . I n t h i s l a t t e r e x p r e s ­
s i o n , K g i s a c o n s t a n t used t o e x p r e s s t h e o b s e r v e d b e h a v i o r ( 1 4 ) . 

Over t h e y e a r s , numerous models f o r d e p i c t i n g c e l l g r o w t h have 
e v o l v e d . S e v e r a l w i l l be d i s c u s s e d h e r e . One s u c h model i s t h a t 
f o r g r o w t h under m u l t i p l e s u b s t r a t e l i m i t a t i o n . I t c a n be e x ­
p r e s s e d as 
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S , g / L I T E R 

Figure 1. Behavior of Equation 9 

Figure 2. Relationship between substrate utilization and growth 
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μ = μ 
max m__ 

x S l 
M u l t i p l e s u b s t r a t e l i m i t a t i o n f r e q u e n t l y o c c u r s i n b a t c h g r o w t h 
systems (15-17) . 

A n o t h e r model f o r c e l l g r o w t h i s t h a t f o r s i t u a t i o n s o f e x ­
t r e m e l y low s u b s t r a t e c o n c e n t r a t i o n s , i . e . S<K . I n t h i s c a s e 
e q u a t i o n (9) r e d u c e s t o 

μ = KS (17) 

where Κ i s c o n s t a n t and a p p r o x i m a t e l y e q u a l t o μ /Κ . T h i s k i ­
n e t i c b e h a v i o r i s f r e q u e n t l y o b s e r v e d i n l a r g e s i n g l e r e a c t o r 
w a s t e t r e a t m e n t s y s t e m s . 

A n o t h e r s i t u a t i o n t h a t commonly o c c u r s i n w a s t e t r e a t m e n t i s 
g r o w t h under c o n d i t i o n s o f " s h o c k l o a d i n g , " i . e . c o n d i t i o n s i n 
w h i c h t h e s u b s t r a t e r i s e s t o a l e v e l i n w h i c h i t becomes i n h i b i ­
t o r y t o g r o w t h . T h i s s i t u a t i o n i s f r e q u e n t l y m o d e l l e d by w a s t e 
t r e a t m e n t d e s i g n e r s by t h e f o l l o w i n g k i n d o f k i n e t i c e x p r e s s i o n 
( 1 8 , 1 9 ) : 

μ = (18) 

S K l 

T h i s e x p r e s s i o n i s a n a l o g o u s t o t h e enzyme k i n e t i c e x p r e s s i o n f o r 
n o n - c o m p e t i t i v e i n h i b i t i o n when K » K . The t h r e e b a s i c g r o w t h 
r e l a t i o n s h i p s a r e d e p i c t e d i n F i g u r e s 3 . I n p a s s i n g , i t i s i n ­
t e r e s t i n g t o n o t e t h a t t h e o b s e r v e d μ u n d e r c o n d i t i o n s o f s u b ­
s t r a t e i n h i b i t i o n i s a f r a c t i o n o f t h e a ? r u e μ i f t h e r e were no 
i n h i b i t i o n , i . e . m a x 

μ a t <WdS=0 = 1 ^ 1 9 j 
μ max 1+2VR / K T s I 

A n o t h e r common k i n e t i c e x p r e s s i o n f o r g r o w t h i s one w h i c h 
t a k e s i n t o a c c o u n t a s u b s t r a t e d i f f u s i o n a l l i m i t a t i o n . I t has 
been o b s e r v e d i n v a r i o u s w a s t e t r e a t m e n t sys tems t h a t t h e Κ f o r 
" f l o e " o r s l u d g e g r o w t h was g r e a t e r t h a n t h a t f o r s i n g l e c e l l s y s ­
t ems . F u r t h e r , t h e g r o w t h r a t e o f f l o e s o r s l u d g e s a p p e a r s t o be 
a f u n c t i o n o f t h e i r s i z e . T h i s s i t u a t i o n i s d e p i c t e d i n F i g u r e 4 . 
T h i s has l e a d P o w e l l (20) t o p r o p o s e t h a t Κ i s a n a p p a r e n t Κ ; 
i . e . s s 
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Umax 
^max 

Ν» u, s 
r \ K s * s 

/ ~ U 2 ^ K S / K , s Ν» u, s 
r \ K s * s 

('max / 

/ y 
>̂  ^ max 

\ S Kj 

^ = K S j ^ K s ^ / M i ^ 

S, g/LITER 

Figure 3. Kinetic expressions for growth 

S, g/LITER 

Figure 4. Effect of sludge size on growth rate 
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8. H U M P H R E Y Biochemical Reaction Engineering 2 6 9 

U S 
" " ( 2 ° ) 

Κ a p p +s 
S 

He has m a t h e m a t i c a l l y shown t h a t 

l j » - K s + 1^ (21) 

where K ^ f i c e l l s i z e , membrane p e r m e a b i l i t y , d i f f u s i o n c o e f f i ­
c i e n t , e t c . ) . When K = 0 t h e r e i s no d i f f u s i o n l i m i t a t i o n t o s u b ­
s t r a t e u p t a k e . The e f f e c t o f Kp and K g on μ i s i l l u s t r a t e d by t h e 
c u r v e s i n F i g u r e 5 . 

Temperature E f f e c t s . B e f o r e p a s s i n g on t o r e a c t o r c o n f i g u r a ­
t i o n s t h e e f f e c t o f t e m p e r a t u r e and pH on g r o w t h r a t e w i l l be 
b r i e f l y m e n t i o n e d . The a b s o l u t e r e a c t i o n r a t e t h e o r y has been 
f o u n d a p p l i c a b l e t o b o t h c e l l g r o w t h and d e a t h (9)> i . e . 

d A n J c m \ ( 2 2 ) 

d T R T 2 

o r 

d An k = - ( E a / R ) d ( l / T ) (23) 

where k i s t h e r a t e c o n s t a n t f o r g r o w t h , i . e . μ o r d e a t h , i . e . 
^max* T * S t * i e a ^ s o ^ u t e t e m p e r a t u r e , E a i s t h e a c t i v a t i o n e n e r g y 
f o r t h e p r o c e s s , and R i s t h e gas l a w c o n s t a n t . G e n e r a l l y s p e a k ­
i n g , Ε f o r g r o w t h , EQ9 i s t h e o r d e r o f 8 - 1 2 , 0 0 0 c a l / g - m o l e , °K 
and Ε a f o r d e a t h , E ^ , i n t h e o r d e r o f 50 -100 ,000 c a l / g - m o l e , ° K . 
T h i s b e h a v i o r l e a d s t o an o p t i m a l t e m p e r a t u r e f o r g r o w t h f o r a 
g i v e n c e l l s p e c i e s . T h i s i s d e p i c t e d i n F i g u r e 6 . 

pH E f f e c t s . The model f o r pH e f f e c t on g r o w t h has been based 
on t h e b e h a v i o r o f enzymes (21) . S i n c e enzymes a r e composed o f amino 
a c i d s , t h e y e x h i b i t " z w i t t e r i o n " b e h a v i o r , i . e . t h e y have an a c i d , 
b a s e , and n e u t r a l f o r m . C e l l s have been d e p i c t e d t o have a n a c ­
t i v e o r n e u t r a l form and a n i n a c t i v e base o r a c i d f o r m , i . e . 

X + * K ^ ' x "**U ^ x ~ (24) 

where and a r e t h e e q u i l i b r i u m c o n s t a n t s o f t h e above r e a c ­
t i o n . 
I f one d e f i n e s t h e g r o w i n g o r a c t i v e c e l l f r a c t i o n s as y , i . e . 

- X y = a c t i v e c e l l f r a c t i o n s — ^5) 
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K D / K S 

1 2 3 
S 

K S * K D 

Figure 5. Effect of diffusion limitation on growth rate 

E 0 ? 8-12,000 C a l / g - m o l e - e K 
E 0 ? 50-100,000 C a l / g - m o l e - e K 

ι/τ ew"1 

Figure 6. Effect of temperature on growth 
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8. H U M P H R E Y Biochemical Reaction Engineering 271 

where 

X = X + + X + X (26) 
ο 

By a n a l o g y t o enzyme b e h a v i o r 

1 (27) y = 

K i [H +] 
1+ 

where [ H J i s t h e h y d r o g e n i o n c o n c e n t r a t i o n . 
F i g u r e 7 d e p i c t s t h e e f f e c t o f pH on t h e a c t i v e c e l l f r a c t i o n . 

F o r most c e l l sys tems p H o p t
s 6 . 5 + l and p I ^ - p K ^ ^ + l . 

B i o l o g i c a l R e a c t o r C o n f i g u r a t i o n s 

Numerous r e a c t o r c o n f i g u r a t i o n s may be f o u n d i n b i o l o g i c a l 
p r o c e s s e s ( 6 , 1 3 , 1 8 , 1 9 ) . These i n c l u d e : 

B a t c h 
B a t c h - f e d 
Repeated d r a w - o f f 
C o n t i n u o u s 

s i n g l e s t a g e 
m u l t i p l e s t a g e 

C o n t i n u o u s w i t h r e c y c l e 
C o n t i n u o u s w i t h s t e p f e e d i n g 

F o r t h e most p a r t , t h e a n t i b i o t i c i n d u s t r y u s e s b a t c h - t y p e 
p r o c e s s e s . T h e r e a s o n f o r t h i s stems f r o m t h e f a c t t h a t most e f f i ­
c i e n t a n t i b i o t i c p r o d u c i n g o r g a n i s m s a r e h i g h l y m u t a t e d and a r e 
r e a d i l y r e p l a c e d by f a s t g r o w i n g , l e s s e f f i c i e n t a n t i b i o t i c p r o ­
d u c e r s i n a c o n t i n u o u s c u l t u r e . I n o r d e r t o a v o i d s u b s t r a t e r e ­
p r e s s i o n o r i n h i b i t i o n some b a t c h p r o c e s s e s a r e c o n t i n u o u s l y f e d 
c o n c e n t r a t e d s u b s t r a t e on demand d u r i n g t h e c o u r s e o f t h e b a t c h 
c y c l e . T h i s i s r e f e r r e d t o a s a b a t c h - f e d f e r m e n t a t i o n . The p r o ­
d u c t i o n o f B a k e r s y e a s t i s a n example o f a b a t c h - f e d p r o c e s s . I n 
some h i g h l y m y c e l i a l a n t i b i o t i c f e r m e n t a t i o n 20 t o 40 p e r c e n t 
d r a w - o f f f o l l o w e d by f r e s h m e d i a make-up i s p r a c t i c e d . I n t h e 
t r a d e , t h i s i s r e f e r r e d t o as a r e p e a t e d d r a w - o f f p r o c e s s . S t r i c t 
c o n t i n u o u s p r o c e s s e s a r e o n l y p r a c t i c e d i n p r o c e s s e s f o r t h e p r o ­
d u c t i o n o f b iomass f o r f e e d o r f o o d and t h e t r e a t m e n t o f w a s t e s . 
C o n t i n u o u s b iomass p r o d u c i n g sys tems a r e u s u a l l y s i n g l e s t a g e r e ­
a c t o r s w i t h o u t r e c y c l e . Waste t r e a t m e n t sys tems a l w a y s u s e m u l t i ­
s t a g e sys tems w i t h recycleJChey f r e q u e n t l y use s t e p f e e d i n g o f s e v ­
e r a l s t a g e s t o i m p r o v e s y s t e m s t a b i l i t y . 

A t y p i c a l s i n g l e s t a g e c o n t i n u o u s b i o l o g i c a l r e a c t o r i s d e ­
p i c t e d i n F i g u r e 8 . 

A b iomass m a t e r i a l b a l a n c e a r o u n d t h e r e a c t o r y i e l d s t h e f o l ­
l o w i n g r e l a t i o n s h i p . A t s t e a d y s t a t e 
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272 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

j± = 0 ( s t e a d y s t a t e ) « ^ ( Ο - Χ ) - μ Χ (28) 

f r o m w h i c h 

μ = f Ξ D (29) 

T h i s means t h a t t h e d i l u t i o n r a t e o r t h e n o m i n a l r e s i d e n c e t i m e o f 
t h e r e a c t o r s e t s t h e g r o w t h r a t e o f t h e b iomass i n t h e r e a c t o r . A 
change i n t h e d i l u t i o n r a t e c a u s e s a change i n t h e g r o w t h r a t e . 

A s i m i l a r b a l a n c e a r o u n d t h e r e a c t o r a t s t e a d y s t a t e f o r t h e 
g r o w t h l i m i t i n g s u b s t r a t e , a s s u m i n g t h e t h e o v e r a l l y i e l d , Y , i s 
c o n s t a n t g i v e s 

f r o m w h i c h 

| | = 0 ( s t e a d y s t a t e ) = | ( S Q - S ) - ψ (30) 

( S Q - S ) = I (31) 

C o m b i n i n g e q u a t i o n (29) and e q u a t i o n (9) y i e l d s 

Κ D s 
μ - D 

max 
(32) 

and s u b s t i t u t i o n s o f e q u a t i o n (32) f o r S i n e q u a t i o n (31) g i v e s 

Κ D 
X = Y ( S ^ r ) (33) ο μ - D ' max 

S t r i c t l y s p e a k i n g , Y i s n o t a c o n s t a n t , p a r t i c u l a r l y a t c o n d i t i o n s 
o f l o w g r o w t h r a t e because t h e m a i n t e n a n c e r e q u i r e m e n t , m, o f t h e 
b i o m a s s u t i l i z e s s u b s t r a t e w i t h o u t p r o d u c i n g b i o m a s s ( l O ) . E q u a t i o n 
(12) c a n be r e s t a t e d f o r a s i n g l e s t a g e b i o r e a c t o r a s 

D(S - S ) = ^ + mX (34) 
° G 

T a b l e 1 . i l l u s t r a t e s t h e e f f e c t o f m a i n t e n a n c e and c e l l g r o w t h 
o r r e a c t o r d i l u t i o n r a t e on t h e o v e r a l l c e l l y i e l d . 
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TABLE I . EFFECT OF MAINTENANCE ON OVERALL 
CELL YIELD I N CONTINUOUS CULTURE 

CELL Y I E L D , Y , g / g 

D , h r m=0.01 m=0.02 m=0.05 

0 . 0 1 0 .333 0 .250 0 .143 
0 .02 0 .400 0 .333 0 .222 
0 .05 0 .455 0 .416 0 .333 
0 . 1 0 0 .476 0 .455 0 .400 
0 .20 0 .488 0 .476 0 .444 
0 . 5 0 0 .495 0 .490 0 .476 

NOTE: Y =0.5 

S i n c e most s i n g l e s t a g e c o n t i n u o u s b i o r e a c t o r s a r e used t o 
p r o d u c e b i o m a s s , t h e y a r e u s u a l l y o p e r a t e d t o o p t i m i z e t h e b iomass 
p r o d u c t i v i t y . The u n i t vo lume b iomass p r o d u c t i v i t y o f s u c h a r e ­
a c t o r i s d e f i n e d as DX. U t i l i z i n g e q u a t i o n (33) t h i s u n i t vo lume 
p r o d u c t i v i t y c a n be e x p r e s s e d as 

(35) 

By t a k i n g t h e f i r s t d e r i v a t i v e o f t h e p r o d u c t i v i t y e x p r e s s i o n w i t h 
r e s p e c t t o t h e d i l u t i o n r a t e and s e t t i n g i t e q u a l t o z e r o (9 ) , 
i . e . 

(36) 

t h e d i l u t i o n r a t e o f maximum p r o d u c t i v i t y , D , c a n be f o u n d as 

(37) 

and t h e maximum p r o d u c t i v i t y , D X , as 

(38) 

The b e h a v i o r o f t h e s e r e l a t i o n s h i p s , i . e . e q u a t i o n (28) t o 
( 3 8 ) , i s d e p i c t e d i n F i g u r e 9 . 
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Figure 7. Effect of pH on growth 

Figure 8. Typical single-cell stage 
continuous hioreactor. F — flow 
rate, L/hr; V = volume, L; υ s 
F/V — dilution rate, hr1; X « 
cell concentration, g/L; S « sub­

strate concentration, g/L. 

F 

V 
So 

F 
Χ 
S 

So 

j [' 
HmaxS0 
K S + S 0 

0 = μ 

U J 

wash out 

Figure 9. Relationships for a single-stage continuous 
bioreactor 
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8. H U M P H R E Y Biochemical Reaction Engineering 2 7 5 

Note that for th i s system "wash out" of the biomass occurs when D 
approaches the maximum growth rate, i . e . D-»u 

Biomass recycle i s frequently used i n bîoreactors as a way 
of increasing the unit productivity (9 ). In order for the system 
to operate successfully, a biomass concentrator must be connected 
to the unit. (See Figure 10). 

Usually a centrifuge or s e t t l i n g tank i s used as the concen­
trator. The increased productivity achieved with a recycle bio-
reactor depends upon the recycle r a t i o , r, and the c e l l concentra­
t i o n factor, C=X /X, achieved i n the concentrator. Equations ex­
pressing the recycle system behavior are derived from material 
balances around the reactor, i . e . for the c e l l biomass balance at 
steady state 

ff - 0 - |(0)+ |rx r- |(l+r)X+yX (39) 

from which 

y = D ^ l + r - r J ) D(l+r-rC) (40) 

Since (l+r-rC)<l, i t i s possible to operate the system at d i ­
l u t i o n rates greater than the maximum growth rate. U t i l i z i n g the 
de f i n i t i o n of y from equation (9), the following expressions for 
the growth l i m i t i n g substrate, S, system effluent biomass concen­
tra t i o n , X^, and biomass concentration i n the exit stream from the 
bioreactor, X, are obtained: 

Κ D(l+r-rC) s 
y -D(l+r-rC) max v ' 

(41) 

X e = Y ( S
0 " S ) ( 4 2 ) 

Y(S -S) ο 
(1+r-rC) (43) 

These relationships are i l l u s t r a t e d i n Figure 11 for a particular 
set of conditions. 

Another continuous reactor system encountered i n the b i o l o g i ­
c a l world i s the multistage system with step feeding. This con­
figuration i s depicted i n Figure 12. 

In this system fresh feed i s step fed, i . e . fed to a l l reac­
tor stages. This configuration i s used i n waste treatment systems 
to provide greater s t a b i l i t y and to minimize the effects of sub-
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F ( U r ) 

Figure 10. Single-stage continuous bioreactor with recycle. F = 
flow rate, Lfhr; V = volume, L; X = cell concentration, g/L; 
S «— substrate concentration, g/L; r = recycle ratio; C = cell 

concentration ratio. 

Figure 11. Relationships for a single-stage continuous bioreactor 
with recycle. ( ) without recycle; ( ) with recycle; — 1 

hr'\ Y - 0.5 gig, K , = 0.2 g/L, S 0 = 10 g/L, r « 0.5, C = 2. 
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s t r a t e " s h o c k l o a d i n g " o r i n h i b i t i o n t h r o u g h d i s t r i b u t i o n 
o f t h e c o n c e n t r a t e d f e e d a l o n g t h e s y s t e m . A two s t a g e s t e p 
f e e d i n g s y s t e m i s a l s o u s e d as a r e s e a r c h t o o l t o l o o k a t t h e i n ­
h i b i t o r y e f f e c t s o f h i g h s u b s t r a t e l o a d i n g w h i c h c a n ' t be a c h i e v e d 
i n t h e s i n g l e s t a g e w i t h o u t wash o u t . The m a t e r i a l b a l a n c e r e l a ­
t i o n s h i p s f o r s t e p f e e d i n g sys tems a r e s t r a i g h t f o r w a r d . What i s 
u s u a l l y t r o u b l e s o m e i s t h e s e l e c t i o n o f t h e p r o p e r k i n e t i c e x p r e s ­
s i o n f o r h i g h s u b s t r a t e c o n d i t i o n s . 

S p e c i f i c Examples o f B i o r e a c t o r Systems 

An i m p o r t a n t a p p l i c a t i o n o f c o n t i n u o u s b i o r e a c t o r sys tems i n ­
v o l v e s w a s t e t r e a t m e n t , i n p a r t i c u l a r t h e a c t i v a t e d s l u d g e p r o ­
c e s s . T h i s s y s t e m i s i l l u s t r a t e d i n F i g u r e 1 3 . I t i n v o l v e s one 
o r more s t a g e s w i t h a n a s s o c i a t e d c e l l c l a r i f i e r and s l u d g e r e c y ­
c l e s t r e a m . I f t h e c l a r i f i e r i s p e r f o r m i n g w e l l , no s l u d g e s h o u l d 
be c a r r i e d o v e r i n t h e e f f l u e n t s t r e a m . As c a n be seen f r o m e q u a ­
t i o n s (40) and ( 4 1 ) , t h e two k e y o p e r a t i n g p a r a m e t e r s f o r e f f i ­
c i e n t h i g h c a p a c i t y BOD r e m o v a l a r e t h e r e c y c l e r a t i o and t h e 
c e l l c o n c e n t r a t i o n f a c t o r i n t h e c l a r i f i e r . U n f o r t u n a t e l y , t h e 
c e l l c o n c e n t r a t i o n f a c t o r i s a f u n c t i o n o f t h e manner i n w h i c h t h e 
b iomass i s g r o w n . I n an e a r l y p a t e n t (22) i t was d e c l a r e d t h a t 
oxygen l i m i t a t i o n was a f a c t o r i n good c e l l s e t t l i n g p r o p e r t i e s 
and t h a t s e t t l i n g p r o b l e m s c o u l d be overcome by a e r a t i n g w i t h O2 
e n r i c h e d a t m o s p h e r e s . T h i s c l a i m has been shown t o be o n l y p a r t i a l l y 
c o r r e c t ( 2 3 ) . The key t o good s l u d g e s e t t l i n g c h a r a c t e r i s t i c s i s 
t h e m a i n t e n a n c e o f t h e p r o p e r f o o d t o b iomass r a t i o , F / M , i n t h e 
s y s t e m . T h i s c a n be r e a d i l y a c h i e v e d by s t a g i n g . I t c a n a l s o be 
a c h i e v e d by o t h e r means ( 2 4 ) . 

F o r e x a m p l e , i t has been shown t h a t by c o m b i n i n g a n a e r o b i c 
and a e r o b i c sys tems you can have a h i g h r a t e BOD r e m o v a l 
s y s t e m w h i c h s e l e c t s f o r h i g h p h o s p h a t e c o n t e n t o r g a n i s m s . 
These o r g a n i s m s have good s e t t l i n g c h a r a c t e r i s t i c s . A l s o , w i t h 
s u c h a s y s t e m , p h o s p h a t e r e m o v a l f r o m t h e w a s t e w a t e r w i l l o c c u r 
( 2 4 ) . Such a s y s t e m i s i l l u s t r a t e d i n F i g u r e 1 4 . The o b j e c t i v e 
o f s u c h a s y s t e m i s t o o p e r a t e i t i n a way t h a t w i l l g i v e good 
s l u d g e s e t t l i n g c h a r a c t e r i s t i c s and minimum oxygen demand i n t h e 
a e r o b i c z o n e . 

T h e r e a r e s e v e r a l i n t e r e s t i n g s t a b i l i t y and dynamic c h a r a c ­
t e r i z a t i o n p r o b l e m s w i t h t h e a c t i v a t e d s l u d g e s y s t e m s . The f i r s t 
i n v o l v e s t h e d i u r n a l v a r i a t i o n o f b o t h t h e f l o w and t h e s u b s t r a t e 
c o n c e n t r a t i o n (BOD l e v e l ) i n t h e i n f l u e n t . The second p r o b l e m i n ­
v o l v e s t h e s l u d g e w a s t i n g p r o c e d u r e . N o r m a l l y , s l u d g e i s a l l o w e d 
t o b u i l d up t o g i v e a 24-36 h o u r i n v e n t o r y i n t h e c l a r i f i e r and 
t h e n w a s t e d once e v e r y 24 h o u r s . T h i s means t h a t t h e s l u d g e age 
i s c o n t i n u o u s l y v a r y i n g . T h i s v a r y i n g s l u d g e age a f f e c t s t h e 
k i n e t i c p r o p e r t i e s o f t h e s y s t e m . A t h i r d p r o b l e m i n v o l v e s t h e 
s y s t e m d e s i g n t o i n s u r e s t a b i l i t y . Two d i f f i c u l t i e s a r e e n c o u n ­
t e r e d . One i n v o l v e s a s y s t e m s h o c k due t o t e m p o r a r i l y h i g h BOD 
o r s u b s t r a t e l o a d i n g . T h i s r e s u l t a n t h i g h s u b s t r a t e c o n c e n t r a t i o n 
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Figure 12. Multistage continuous bioreactor 
with step feeding 
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Figure 13. Single-stage aerobic waste treatment system. S0 = influent BOD, 
Se = effluent BOD, Xr — recycle biomass concentration (VVS), rF — recycle 

flow rate, wF = wasting rate. 
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Figure 14. Combined anaerobic-aerobic waste treatment system 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
8

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 
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can be i n h i b i t o r y to growth and can i n i t i a t e washout from which 
the system may or may not recover. The other d i f f i c u l t y involves 
the problem of sludge washout due to high i n f l u e n t flows with 
l i t t l e or no substrate. Some waste treatment systems are connec­
ted to storm sewers. This i s p a r t i c u l a r l y true i n the large o l d 
Eastern c i t i e s . A hurricane or cloudburst may l i t e r a l l y wash out 
the system* The question then a r i s e s about what measures to take 
to protect the system. Most frequently the waste treatment sys­
tem, i . e . the bioreactor and c l a r i f i e r are by-passed. C e r t a i n l y , 
much more information i s needed on the dynamic behavior of these 
systems. 

The behavior of activated sludge systems has been best des­
cribed i n various papers of Andrews (18,25). A number of other 
persons have attempted to do dynamic analyses of waste treatment 
systems. For the most part, none of the analyses are completely 
s a t i s f a c t o r y . 

In recent times, the operating objectives of a waste t r e a t ­
ment system have been extended beyond carbonaceous BOD removal. 
Today some l o c a l i t i e s require complete BOD removal i n c l u d i n g n i ­
t r i f i c a t i o n . Some very forward thinking communities are even go­
ing one step further to r e q u i r i n g d e n i t r i f i c a t i o n and phosphate 
removal. Recent publications (26-28) and a key U.S. Patent (24) 
have suggested that a l l three, i . e . BOD, n i t r a t e and phosphate r e ­
moval are economically f e a s i b l e using only a secondary treatment 
scheme. U n t i l the present time, most waste treatment engin­
eers have f e l t that the process of d e n i t r i f i c a t i o n required two 
separate and d i s t i n c t reactor sections. In the f i r s t s e ction, n i ­
t r i f i c a t i o n would be performed by o x i d i z i n g the organic nitrogen 
to n i t r a t e s and n i t r i t e s . In the second section these n i t r a t e s 
and n i t r i t e s would be reduced to nitrogen. 

Because the m i c r o f l o r a that most optimally performed these 
two d i s t i n c t operations was d i f f e r e n t , most f e l t that there had 
to be intermediate c l a r i f i c a t i o n . Also, because d e n i t r i f i c a t i o n 
requires energy to derive the r e a c t i o n , methanol or some other 
b i o l o g i c a l l y oxidizeable carbonaceous material was added to the 
second section. 

Several years ago, a very i n t e r e s t i n g paper appeared report­
ing on s i n g l e pass d e n i t r i f i c a t i o n (26) i n which the anaerobic or 
d e n i t r i f i c a t i o n section was placed at front of the system. This 
was made possible by a high i n t e r n a l recycle f o r the whole system 
with separate external sludge recycle. This had the e f f e c t of 
converting the f i r s t portion i n t o a d e n i t r i f i c a t i o n section and 
u t i l i z i n g some of the i n f l u e n t BOD to d r i v e the process. Further, 
i t meant that l e s s oxygen was required i n the aerobic section 
since some of the BOD load had already been removed. 

Just r e cently, a three un i t system comprised of an anaerobic 
u n i t , followed by an anoxic and then an aerobic system with high 
i n t e r n a l recycle has been proposed (24) (See Figure 15). This 
system i s a challenge to the b i o l o g i c a l reactor designer. I t has 
four objective functions that must be achieved at the same t i n e . 
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1 . BOD r e m o v a l 
2 . N i t r i f i c a t i o n 
3 . D e n i t r i f i c a t i o n 
4 . Phosphate r e m o v a l 

F u r t h e r , t h e s y s t e m has t o o p e r a t e t o p r o d u c e good s e t t l i n g s l u d g e 
so t h a t t h e c l a r i f i e r p r o v i d e s a c l e a r e f f l u e n t . A l s o , t h e s y s t e m 
must be managed t o g i v e r e a s o n a b l y s t a b l e o p e r a t i o n . T h i s can i n ­
v o l v e s u c h t e c h n i q u e s as s t e p f e e d o f t h e i n f l u e n t and b y - p a s s i n g 
o f c e r t a i n s e c t i o n s w i t h n e a r t o t a l r e c y c l e o f o t h e r s e c t i o n s . I 
s u s p e c t t h a t i t w i l l be s e v e r a l y e a r s b e f o r e a n adequate d e s i g n 
and c o n t r o l m o d e l f o r t h i s r e a c t o r s y s t e m i s e v o l v e d . 

B i o r e a c t o r S t a b i l i t y . One t r o u b l e s o m e and u n s o l v e d p r o b l e m 
i n b i o r e a c t o r systems i s t h e i r dynamic b e h a v i o r . S i m p l e a n a l y s i s 
o f t h e one s t a g e c o n t i n u o u s b i o r e a c t o r y i e l d s t h e f o l l o w i n g c e l l 
and s u b s t r a t e b a l a n c e e q u a t i o n s (29 ,30) '· 

F o r c e l l s ^ = D ( 0 - X ) + Χμ (44) 

F o r s u b s t r a t e = D(S - S ) - ^ (45) 
a t ο Y 

Phase p l a n e a n a l y s i s o f t h e s y s t e m u t i l i z i n g s i m p l e n o n - i n h i b i t o r y 
k i n e t i c s , i . e . 

μ X 
max / n N 

v - K + S " ( 9 ) 

S 

and c o n s t a n t y i e l d , i . e . no m a i n t e n a n c e r e q u i r e m e n t , 

Y = (S - S ) / Χ = If (10) ο αΧ 

g i v e s t h e f o l l o w i n g phase p l a n e r e l a t i o n s h i p s f o r t h e i n t e r r e l a ­
t i o n s h i p between c e l l , X , and s u b s t r a t e , S , d u r i n g an u p s e t : 

Η ς D(S - S ) - ψ 
uo Ο Ι / / α\ 

dX D X ^ X ( 4 6 ) 

The phase p l a n e b e h a v i o r i s d e p i c t e d i n F i g u r e 16 f o r ' t w o k i n d s o f 
u p s e t s - an i n s t a n t a n e o u s h i g h s u b s t r a t e e x p o s u r e ( shock l o a d i n g ) 
and a n i n s t a n t a n e o u s d i l u t i o n ( s t o r m w a s h o u t ) . The s i m p l e a n a l y ­
s i s has s u g g e s t e d t h a t t h e s y s t e m i s s t a b l e and e x h i b i t s s i m p l e 
o v e r s h o o t ( 2 9 ) . The s t e a d y s t a t e c o n d i t i o n s , a t a f i x e d d i l u t i o n 
r a t e , D , a r e g i v e n by 
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THEORETICAL 

1 
X / X o o 

CASE A CASE Β 

1 
X/Xoo 

Figure 16. Transient behavior of single-stage bioreactor 
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X = Y| 
00 1 

/ κ s \ 

1 *max / 
(47) 

and 

Κ S 
S s (48) 

μ - D 
max 

When t h e k i n e t i c b e h a v i o r i n v o l v e s i n h i b i t i o n , s u c h as t h a t 
e x p r e s s e d by e q u a t i o n ( 1 8 ) , i t has been shown t h a t t h e s y s t e m c a n 
have two s t e a d y s t a t e s , one s t a b l e and one u n s t a b l e ( 3 0 ) . F u r ­
t h e r , t h e s y s t e m c a n o s c i l l a t e i n t r y i n g t o r e a c h s t e a d y s t a t e . 
The e x t e n t o f t h e o s c i l l a t i o n s and t h e i n h e r e n t i n s t a b i l i t y have 
been shown t o be a f u n c t i o n o f t h e s i z e o f t h e i n s t a b i l i t y ( 3 1 ) . 

Dynamic e x p e r i m e n t s w i t h r e a l sys tems u s i n g a s i n g l e s t a g e 
c o n t i n u o u s b i o r e a c t o r under a s i n g l e s u b s t r a t e l i m i t a t i o n have 
e x h i b i t e d b e h a v i o r l i k e t h a t i l l u s t r a t e d i n t h e b o t t o m d i a g r a m o f 
F i g u r e 16 ( 3 2 ) . The r e a l sys tems phase p l a n e p l o t has two i m p o r ­
t a n t c h a r a c t e r i s t i c s . F i r s t l y , i t shows t h a t t h e s i m p l e model i s 
i n c o r r e c t . S e c o n d l y , t h e s y s t e m i s c a p a b l e o f r a p i d l y s t o r i n g and 
e x c r e t i n g s u b s t r a t e i n r e s p o n s e t o dynamic c h a n g e s . T h i s means 
t h a t f o r t r a n s i e n t b e h a v i o r t h e k i n e t i c model must have a s t o r a g e 
f u n c t i o n and some s o r t o f s t r u c t u r a l f u n c t i o n t h a t w i l l a l l o w f o r 
l a g s and r e s p o n s e s . 

An a t t e m p t a t p r o v i d i n g b i o l o g i c a l k i n e t i c m o d e l s w i t h s t r u c ­
t u r e s has been r e p o r t e d i n t h e p a p e r s by R a m k r i s h n a , e t a l . , ( 3 3 , 
3 4 ) . To d a t e , t h e s e have f o u n d l i t t l e u s e , p r i m a r i l y because o f 
t h e d i f f i c u l t y i n m o n i t o r i n g and d i f f e r e n t i a t i n g between t h e v a r ­
i o u s b i o - s t r u c t u r e s . R e s e a r c h e r s i n t h e w a s t e t r e a t m e n t a r e a have 
g e n e r a l l y p r e f e r r e d t o e x p r e s s t h e t r a n s i e n t b e h a v i o r i n terms o f 
BOD s t o r a g e f u n c t i o n s . T h i s has o c c u r r e d l a r g e l y because i t has 
been o b s e r v e d t h a t i n most m u l t i s t a g e a e r o b i c w a s t e t r e a t m e n t s y s ­
t e m s , BOD u p t a k e p r e c e d e s b i o l o g i c a l o x i d a t i o n as measured by t h e 
oxygen demand. C e r t a i n l y , more r e s e a r c h i s needed on t h i s p o i n t . 

M i x e d P o p u l a t i o n s . C o n s i d e r a b l e l i t e r a t u r e has e v o l v e d on 
m i x e d p o p u l a t i o n s k i n e t i c s . V i r t u a l l y e v e r y p o s s i b l e b i o l o g i c a l 
i n t e r a c t i o n f r o m t h e c l a s s i c a l p r e y - p r e d a t o r mode l o f L o t k a (35) 
t o v a r i o u s forms o f commensal i sm, s y n e r g i s m , e t c . , h a v e been 
m o d e l l e d . V i r t u a l l y a l l models end up e x h i b i t i n g s t a b l e o s c i l l a ­
t i o n s . S o l u t i o n s a r e o f t e n e x p r e s s e d i n t r i a n g u l a r phase p l a n e 
p l o t s o f t h e l i m i t i n g s u b s t r a t e and t h e two s p e c i e s . I n v a r i a b l y 
t h e p l o t s have a l i m i t c y c l e as one o f t h e s t a b l e s t e a d y s t a t e 
s o l u t i o n s . From t h i s one g a i n s t h e i m p r e s s i o n t h a t o s c i l l a t o r y 
b e h a v i o r i s t h e norm r a t h e r t h a n t h e e x c e p t i o n i n b i o l o g i c a l r e a c ­
t o r s . 

R e c e n t l y , t h i s p o i n t was f u r t h e r a n a l y z e d i n a paper by A r i s 
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S, g/LITER 

Figure 17. Mixed population bioreactor problems 
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and Humphrey ( 3 6 ) , I n m i x e d c u l t u r e s e x h i b i t i n g t y p i c a l i n h i b i ­
t o r y k i n e t i c s , s u c h as i l l u s t r a t e d i n F i g u r e 1 7 , numerous o p e r a ­
t i n g r e s u l t s a r e p o s s i b l e . Two p u r e s t e a d y s t a t e s I and I I I can 
be a c h i e v e d by c a r e f u l s t a r t - u p and management o f t h e s y s t e m . 
However , s e l e c t i o n o f an o p e r a t i n g c o n d i t i o n y i e l d i n g t h e r e a c t i o n 
r a t e o r h a v i n g t h e d i l u t i o n r a t e o f s i t u a t i o n I I , has v i r t u a l l y a n 
i n f i n i t e v a r i e t y o f s t a t e s d e p e n d i n g upon how t h e s y s t e m i s 
s t a r t e d up and how i t i s p e r t u r b e d . A t c o n d i t i o n I I any r a t i o o f 
s p e c i e s c o n c e n t r a t i o n c a n be a c h i e v e d and w i l l g i v e a s t e a d y 
s t a t e . One m i g h t t h i n k t h i s s i t u a t i o n i s r a r e , c e r t a i n l y i n n o r ­
m a l i n d u s t r i a l f e r m e n t a t i o n s . However , o t h e r s i m i l a r s i t u a t i o n s 
a r e p o s s i b l e . There a r e a t l e a s t t h r e e d i s t i n c t p o s s i b i l i t i e s : 

1 . A s i n g l e o r g a n i s m g r o w i n g on a s i n g l e g r o w t h l i m i t i n g s u b ­
s t r a t e w h i c h i n h i b i t s g r o w t h a t h i g h c o n c e n t r a t i o n s and w h i c h has 
two enzymes c o n t r o l l i n g t h e r a t e l i m i t i n g m e t a b o l i c s t e p t h a t c a n 
o p e r a t e i n c o n c e r t . One enzyme i s c o n s t i t u t i v e and t h e o t h e r i s 
i n d u c i b l e a t h i g h s u b s t r a t e c o n c e n t r a t i o n s . 

2 . A s i n g l e o r g a n i s m g r o w i n g on two d i f f e r e n t energy p r o d u c ­
i n g s u b s t r a t e s w i t h s e p a r a t e m e t a b o l i c pathways whose r a t e s a r e 
a d d i t i v e and o f w h i c h one enzyme s y s t e m i s r e p r e s s e d by the s u b ­
s t r a t e o f t h e o t h e r . 

3 . A s i n g l e o r g a n i s m on a s i n g l e g r o w t h l i m i t i n g s u b s t r a t e 
h a v i n g two s e p a r a t e and d i s t i n c t pathways s i m u l t a n e o u s l y m e t a b o ­
l i z i n g t h e s u b s t r a t e . One o f t h e pathways i s i n h i b i t e d by t h e 
s u b s t r a t e a t h i g h c o n c e n t r a t i o n s . O t h e r p o s s i b i l i t i e s u n d o u b t e d l y 
e x i s t . 

The a u t h o r i s o f t h e o p i n i o n t h a t o s c i l l a t o r y and v a r i a b l e 
b e h a v i o r a r e n o t a r a r e o c c u r r e n c e i n b i o l o g i c a l r e a c t i n g s y s t e m s . 
I n f a c y h e y may w e l l be t h e b a s i s by w h i c h o r g a n i s m s i n t h e n a t u ­
r a l s t a t e c a n s u r v i v e a v a r i e t y o f c o n d i t i o n s . 

C o n c l u s i o n s 

B i o l o g i c a l r e a c t i n g sys tems p r e s e n t a v a r i e t y o f m o d e l l i n g 
c h a l l e n g e s t o t h e e n g i n e e r . They a r e n o t o n l y complex i n t h e i r 
k i n e t i c b e h a v i o r b u t t h e sys tems a r e complex i n t e rms o f t h e i r 
p r o c e s s s t r u c t u r e , i . e . t h e y can be m u l t i s t a g e d sys tems w i t h s t e p 
f e e d i n g , i n t e r n a l and e x t e r n a l r e c y c l e , and i n t e r n a l c a t a l y s t 
(enzyme) r e g e n e r a t i o n . T h e r e c e r t a i n l y a r e r e a l c h a l l e n g e s f o r 
t h e f u t u r e i n b i o r e a c t o r m o d e l l i n g and d e s i g n . 
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Catalyst Deactivation 

JOHN B. BUTT and RUSTOM M. BILLIMORIA 
Department of Chemical Engineering and Ipatieff Catalytic Laboratory, 
Northwestern University, Evanston, IL 60201 

In the years since the First International Symposium on Chem­
ical Reaction Engineering, where a first review on catalyst deac­
tivation was presented (1), there has been considerable activity 
in this area. In particular, there have been appreciable advances 
in the understanding of sintering processes, and of intraparticle 
and fixed bed reactor behavior under conditions of catalyst deac­
tivation. Happily, much of this has consisted of experimental 
information as well as analysis. 

The present effort makes no attempt to match in scope the 
previous review; we shall confine ourselves to work concerning 
chemical poisoning and coking as the primary mechanism of deacti­
vation but retain the classification according to scale — individ­
ual kinetics and mechanism, intraparticle problems, and chemical 
reactor problems. Sintering has been admirably covered in a 
recent review (2), and the subject of automotive exhaust catalysis 
(which is almost wholly an exercise in catalyst mortality) w i l l be 
treated in one forthcoming (3). 
Mechanisms and Kinetics 

Kinetic networks used to depict the processes of catalyst 
deactivation have typically been based on models which are simul­
taneous, parallel, or sequential. Both Carberry (4) and Khang and 
Levenspiel (5) have enlarged on these to include two additional 
cases, independent deactivation (characteristic of sintering) and 
simultaneous-consecutive deactivation (characteristic of coking 
via participation of both reactants and products). 

As wi l l be seen from the examples to be given here, deactiva­
tion kinetics have almost universally been correlated in terms of 
separable (6) rate factors. More detailed analysis, however, 
indicates that such assumptions are questionable for surfaces 
other than those ideal in the Langmuir sense (7). The argument 
can be developed along the lines employed to derive adsorption 
isotherms for nonideal surfaces starting with the concept of a 
subassembly of ideal surfaces distributed according to the heat of 
chemisorption. The differences in separable and nonseparable 

0-8412-0432-2/78/47-072-288$08.75/0 
© 1978 American Chemical Society 
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k i n e t i c s a r i s e because o f d i f f e r e n c e s i n : 

( O ^ c = Y s η r = Γ m η s r dq 
V T ' N S L q q q J q q q 

(D 

f o r n o n s e p a r a b l e k i n e t i c s , a n d : 

(2) 
Ο 

(3) 

f o r the s e p a r a b l e c a s e . I t i s i n t e r e s t i n g t h a t the a n a l y s i s (7̂ ) 
r e v e a l s an extreme s e n s i t i v i t y o f the v a l i d i t y o f the s e p a r a b l e 
a p p r o x i m a t i o n t o p r e s s u r e b u t o n l y a modest e f f e c t o f t e m p e r a t u r e . 
The r e a s o n t h a t s e p a r a b l e f o r m u l a t i o n s seem t o work i s p r o b a b l y 
the same t h a t L a n g m u i r - H i n s h e l w o o d r a t e e q u a t i o n s w o r k : the q u a l ­
i t a t i v e r e s u l t s a r e o f s i m i l a r f o r m f o r i d e a l and n o n i d e a l s u r ­
f a c e s b u t p h y s i c a l i n t e r p r e t a t i o n o f t h e p a r a m e t e r s i s i n c o r r e c t . 

As f a r as mechanism o f d e a c t i v a t i o n — c o n s i d e r i n g o n l y chem­
i c a l p o i s o n i n g and c o k i n g — the s i t u a t i o n r e m a i n s much t h e same as 
o u t l i n e d p r e v i o u s l y (1). S p e c i f i c c a s e s o f c h e m i c a l p o i s o n i n g 
t e n d t o be r e l a t i v e l y w e l l u n d e r s t o o d a s f a r as d e t a i l i n g s u b ­
s t a n c e s r e s p o n s i b l e f o r p o i s o n i n g and t h e n a t u r e o f the d e a c t i v a ­
t e d s u r f a c e s . A u g e r e l e c t r o n s p e c t r o s c o p y has become a n i m p o r t a n t 
t o o l f o r the i n v e s t i g a t i o n o f p o i s o n e d s u r f a c e s s i n c e the c h a r a c ­
t e r i s t i c e n e r g i e s i n t h a t s p e c t r o s c o p y a r e s u f f i c i e n t l y l o w t o i n ­
v o l v e o n l y the s u r f a c e and i m m e d i a t e l y a d j a c e n t l a y e r s . P r o g r e s s 
has a l s o been made i n u n d e r s t a n d i n g t h e p o i s o n i n g o f b i f u n c t i o n a l 
c a t a l y s t s ; n i c e e x p e r i m e n t a l examples a r e p r o v i d e d by Webb and 
Macnab (8) and B u r n e t t and Hughes (9) . The f o r m e r i n v e s t i g a t e d 
the h y d r o i s o m e r i z a t i o n o f b u t è n e on a Rh/Si02 c a t a l y s t and demon­
s t r a t e d the s e l e c t i v e d e a c t i v a t i o n o f the h y d r o g é n a t i o n f u n c t i o n 
by s m a l l amounts o f mercury i n t r o d u c e d i n t o the s y s t e m . T h i s t y p e 
o f b i f u n c t i o n a l r e a c t i o n m i g h t be termed a " p a r a l l e l " one : 

where the p o i s o n i n g d r a s t i c a l l y a f f e c t s one r e a c t i o n b u t n o t the 
o t h e r . The r e a c t i o n s t u d i e d by B u r n e t t and Hughes , on the o t h e r 
h a n d , was a " s e r i e s " b i f u n c t i o n a l r e a c t i o n , d i s p r o p o r t i o n a t i o n o f 
b u t a n e o v e r a m e c h a n i c a l m i x t u r e o f P t / A l 9 0 « and W0« , w h e r e : 

( I ) 

η (Si0 2) 

P t 
(ID 
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They showed t h a t c o k i n g o r w a t e r p o i s o n i n g o f the P t f u n c t i o n s h u t 
the e n t i r e r e a c t i o n down, c h a r a c t e r i s t i c o f the s e q u e n t i a l n a t u r e 
o f t h e s t e p s i n v o l v e d . 

The d e s c r i p t i o n o f the mechanism(s) o f coke f o r m a t i o n r e m a i n 
e s s e n t i a l l y the same a s d e s c r i b e d b e f o r e . W i t h i n c r e a s i n g e x p e r i ­
m e n t a l i n f o r m a t i o n on c o k i n g i n the l i t e r a t u r e t h e r e a p p e a r s now 
t o be a t l e a s t t a c i t agreement t h a t i t i s n o t p a r t i c u l a r l y r e w a r d ­
i n g t o l o o k f o r a mechanism o f coke f o r m a t i o n when t h e r e a r e p r o b ­
a b l y a s many mechanisms a s t h e r e a r e r e a c t i o n s and c a t a l y s t s . I n 
t h i s s e n s e , s i m p l e r e a c t i o n schemes may p r o v i d e a s t a r t i n g p o i n t 
f o r a n a l y s i s b u t may a l s o f a l l f a r s h o r t o f the mark i n c o n f r o n t a ­
t i o n w i t h e x p e r i m e n t . 

I n d i v i d u a l P a r t i c l e s 

An i n t e r e s t i n g p r o b l e m , n o t much commented upon i n the o l d e r 
l i t e r a t u r e , i s the r e l a t i o n s h i p between coke d e p o s i t i o n and the 
p h y s i c a l p r o p e r t i e s o f the c a t a l y s t . P o r e b l o c k a g e by coke depo­
s i t i o n has been d e m o n s t r a t e d i n s p e c i f i c i n s t a n c e s , b u t has been 
i g n o r e d i n e a r l i e r a n a l y t i c a l s t u d i e s o f c o k i n g ( 1 0 , 1 1 ) . 

Swabb and Gates (12) i n v e s t i g a t e d m e t h a n o l d e h y d r a t i o n on 
H - m o r d e n i t e (1 a t m . , 1 0 0 - 2 4 0 ° C ) w i t h the o b j e c t i v e o f i n v e s t i g a ­
t i n g the i n f l u e n c e o f i n t r a c r y s t a l l i n e mass t r a n s p o r t on i n i t i a l 
a c t i v i t y and d e a c t i v a t i o n r a t e s . Mass t r a n s p o r t p r o p e r t i e s were 
v a r i e d by u s i n g t h r e e d i f f e r e n t samples o f d i f f e r i n g mean p o r e 
l e n g t h ; s i g n i f i c a n t i n f l u e n c e s were found o n l y above 2 0 0 ° C . 
There were no e f f e c t s of p o r e d i m e n s i o n on the d e a c t i v a t i o n r a t e s 
(due t o coke f o r m a t i o n ) o f f r e s h c a t a l y s t o v e r the range i n v e s t i ­
g a t e d . F u r t h e r s t u d i e s o f d e a c t i v a t i o n r a t e s a f t e r one and two 
h o u r s o f u t i l i z a t i o n a t 205°C a l s o r e v e a l e d no i n f l u e n c e on p o r e 
s t r u c t u r e . T h i s w o u l d r u l e o u t i n t r a p a r t i c l e mass t r a n s p o r t a s 
c o n t r o l l i n g d e a c t i v a t i o n r a t e s a s w e l l as t h e o c c u r r e n c e o f any 
p o r e b l o c k a g e r e s u l t i n g f r o m c o k i n g i n t h i s r e a c t i o n . 

E x p e r i m e n t s on l a r g e r s i z e p a r t i c l e s have a l s o i n v o l v e d H-mor­
d e n i t e , b u t w i t h cumene c r a c k i n g as the r e a c t i o n ( 1 3 ) . R e l a t i o n s 
between coke c o n t e n t , a c t i v i t y , and i n t r a p a r t i c l e d i f f u s i v i t y were 
i n v e s t i g a t e d on 1/16 i n . N o r t o n Z e o l o n e x t r u d a t e s f o r 2 3 0 - 2 5 0 ° C 
and space v e l o c i t i e s f r o m 0 . 2 t o 0 .65 w t / w t - h r . E f f e c t i v e d i f f u -
s i v i t i e s were d e t e r m i n e d ( w i t h SF$ v i a chromatography) as a f u n c ­
t i o n o f r e a c t i o n t i m e and coke c o n t e n t w i t h t h e r e s u l t s shown i n 
F i g u r e 1 . D i f f u s i v i t y d e c r e a s e d t w o f o l d f o r r e a c t i o n t i m e s o f 2 
h o u r s o r l o n g e r , b u t r e m a i n e d e s s e n t i a l l y c o n s t a n t a f t e r t h a t . 
The e f f e c t i v e n e s s f a c t o r v a r i e d i n the range 0.3-0.7 d u r i n g t h e s e 
e x p e r i m e n t s ; e r r o r i n e s t i m a t i o n o f t h i s f a c t o r u s i n g the e f f e c ­
t i v e d i f f u s i v i t y o f the f r e s h c a t a l y s t was 20 t o 30% a t l o n g e r 
r e a c t i o n t i m e s . SEM e x a m i n a t i o n o f coked p a r t i c l e s r e v e a l e d the 
f o r m a t i o n o f a g l a s s y - l i k e c o a t i n g on the e x t e r n a l s u r f a c e , 
p e n e t r a t i n g a p p r o x i m a t e l y 0 . 1 the r a d i u s i n t o the i n t e r i o r , so i t 
was c o n c l u d e d t h a t p o r e b l o c k i n g was r e s p o n s i b l e f o r the d e c r e a s e 
i n d i f f u s i v i t y . 
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A d d i t i o n a l r e s u l t s on coke d e p o s i t i o n and p o r e b l o c k i n g a r e 
p r o v i d e d by T o e i , e t a l . (14) and R i c h a r d s o n ( 1 5 ) . T o e i , e t a l . 
found no e f f e c t o f c o k i n g on i n t r a p a r t i c l e d i f f u s i o n f o r d e h y d r o -
g e n a t i o n o f η - b u t a n e o v e r c h r o m i a - a l u m i n a (80% Y-AI2O3, 5x5 mm 
p e l l e t s o r 0 . 2 - 2 . 2 mm p a r t i c l e s ) . C a r e f u l e x a m i n a t i o n o f the 
p o r e s i z e d i s t r i b u t i o n a t d i f f e r e n t coke l e v e l s r e v e a l e d o n l y 
m i n o r a l t e r a t i o n s o f the m i c r o p o r e s t r u c t u r e , and the s y s t e m was 
modeled w i t h t h e normal i s o t h e r m a l , q u a s i - s t e a d y s t a t e c o n t i n u i t y 
e q u a t i o n s w i t h good agreement t o the e x p e r i m e n t a l d a t a . R i c h a r d ­
son f o u n d a l i n e a r d e c r e a s e i n e f f e c t i v e d i f f u s i v i t y (Ar/He) w i t h 
coke c o n t e n t f o r N a l c o 471 c o b a l t molybdena (1/8 i n . p e l l e t s ) 
f o u l e d i n a p i l o t u n i t u n d e r h y d r o t r e a t i n g c o n d i t i o n s ( 7 0 0 - 8 0 0 ° F , 
1000-1500 p s i g , 2 wt% N 2 , 0.05% S, no m e t a l s ) . The T h i e l e modulus 
however , was e s s e n t i a l l y unchanged up t o about 15 wt % coke on 
c a t a l y s t . 

S e v e r a l e a r l i e r w o r k e r s have r e p o r t e d d e c r e a s i n g d i f f u s i v i t y 
on coke f o r m a t i o n , b u t o n l y t h r e e i n v e s t i g a t i o n s ( 1 6 , 1 7 , 1 8 ) gave 
d i r e c t e x p e r i m e n t a l measurement and none o f t h e s e were f o r z e o ­
l i t e s . Recent s t u d i e s a p p a r e n t l y have p r o v i d e d no more g e n e r a l 
p i c t u r e c o n c e r n i n g the e f f e c t o f c o k i n g on t r a n s p o r t p r o p e r t i e s 
t h a n was a v a i l a b l e b e f o r e ; however , on w e i g h t o f a c c u m u l a t e d 
e v i d e n c e i t seems r e a s o n a b l e t h a t f o r r e a c t i o n s o f l a r g e m o l e c u l e s 
i n c a t a l y s t s o f f i n e p o r e s t r u c t u r e s i g n i f i c a n t changes i n d i f f u ­
s i v i t y on c o k i n g can o c c u r . Whether t h i s i n t u r n w i l l change the 
e f f e c t i v e n e s s f a c t o r w i l l depend on o t h e r c h e m i c a l and p h y s i c a l 
p a r a m e t e r s . We a r e unaware o f any s i m i l a r s t u d i e s d e v o t e d t o 
c o k i n g e f f e c t s on t h e r m a l c o n d u c t i v i t y . 

Recent t h e o r e t i c a l s t u d i e s o f d e a c t i v a t i o n i n i n d i v i d u a l p a r ­
t i c l e s have f o c u s e d on b i f u n c t i o n a l c a t a l y s t s ( 1 9 , 2 0 ) , on a p p a r e n t 
o v e r a l l k i n e t i c s o f d e a c t i v a t i o n ( 5 ) , d e a c t i v a t i o n i n n o n i s o t h e r -
mal p a r t i c l e s ( 2 1 ) , and the e f f e c t o f n o n u n i f o r m d i s t r i b u t i o n o f 
the c a t a l y t i c f u n c t i o n w i t h i n the p a r t i c l e on d e a c t i v a t i o n ( 2 2 , 2 3 , 
2 4 ) . 

Some f a c t o r s a s s o c i a t e d w i t h the d e a c t i v a t i o n o f b i f u n c t i o n a l 
c a t a l y s t s have been e x p l o r e d c o m p u t a t i o n a l l y by S n y d e r and 
Mat thews (19) and by L e e and B u t t ( 2 0 ) . These c a t a l y s t s have t h e 
a d d i t i o n a l c o m p l i c a t i o n o f the r e l a t i v e c o m p o s i t i o n o f the two 
f u n c t i o n s , w h i c h may be employed as a means t o c o n t r o l s e l e c t i v i t y 
o r d e a c t i v a t i o n r a t e s ( 2 0 ) . I n (19) r e a c t i o n n e t w o r k s o f t h e 
f o r m : 

Α . . * Β. .-"^ ( I I I ) 
(8) <8>$*R(g) 

were a n a l y z e d , w i t h coke f o r m a t i o n o c c u r r i n g on the X f u n c t i o n and 
the d e s i r e d r e a c t i o n on the Y f u n c t i o n . B o t h c o m p o s i t e (mechan­
i c a l m i x t u r e s o f X and Y ) and d i s c r e t e f o r m u l a t i o n s were i n v e s t i ­
g a t e d u s i n g a two p h a s e , i s o t h e r m a l , q u a s i - s t e a d y s t a t e m o d e l , 
a s s u m i n g a l i n e a r r e l a t i o n between coke c o n t e n t and a c t i v i t y . The 
ma jor f a c t o r s e x p l o r e d were the e f f e c t s o f the r e l a t i v e m a g n i t u d e s 
o f the r a t e c o n s t a n t s f o r i n d i v i d u a l s t e p s on the o p t i o n a l c a t a l y s t 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
9

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



292 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

f o r m u l a t i o n . I n (20) a s i m i l a r p r o b l e m was a d d r e s s e d , b u t w i t h 
emphasis on the i n t e r a c t i o n o f i n t r a p a r t i c l e d i f f u s i o n , t h e r a t e s 
o f d e a c t i v a t i o n , and c a t a l y s t f o r m u l a t i o n . B i f u n c t i o n a l forms o f 
the s e r i e s (Type I I I ) r e a c t i o n model were i n v e s t i g a t e d i n w h i c h 
e i t h e r the r e a c t a n t and i n t e r m e d i a t e o r t h e i n t e r m e d i a t e and 
p r o d u c t were r e s p o n s i b l e f o r c o k i n g o f the two f u n c t i o n s . The 
most i m p o r t a n t c o n c l u s i o n o f t h i s s t u d y was t h a t i n e i t h e r c a s e , 
g i v e n a s e t f o r m u l a t i o n , the i n c l u s i o n o f some degree o f d i f f u -
s i o n a l l i m i t a t i o n c o u l d be u s e d t o enhance b o t h c a t a l y s t e f f i c i e n ­
cy ( y i e l d o f d e s i r e d p r o d u c t ) and l i f e — a f a c t n o t e d b e f o r e f o r 
some t y p e s o f c o k i n g mechanisms i n m o n o f u n c t i o n a l c a t a l y s i s ( 1 0 ) . 

Khang and L e v e n s p i e l (5) i n v e s t i g a t e d the r e l a t i o n s h i p 
between the g l o b a l a c t i v i t y o f a p a r t i c l e , a , and the p o i n t a c t i v ­
i t y , £ . The v a l u e s o f a so d e t e r m i n e d were u s e d t o compute the 
o v e r a l l o r d e r o f the d e a c t i v a t i o n r e a c t i o n a c c o r d i n g t o : 

da « -y d , / v k . C A a (4) d t ~ d ~A s 
where : 

R 3 C A 

C A s r^ d r (5) 

s 
f o r a s p h e r i c a l p a r t i c l e o f r a d i u s R, p o r o s i t y £ , and r e a c t a n t 
c o n c e n t r a t i o n a t the s u r f a c e jC. . A number o f p a r a l l e l , s e r i e s 

A s 
and p o i s o n i n g schemes were s t u d i e d ; i n t h e f i r s t two schemes 
r e a c t i o n p r o d u c t s were t a k e n t o be coke p r e c u r s o r s . F o r p a r a l l e l 
d e a c t i v a t i o n and no d i f f u s i o n a l i n f l u e n c e , n e t d e a c t i v a t i o n o r d e r 
d was c l o s e t o u n i t y ; as the T h i e l e modulus i n c r e a s e d f r o m 1 t o 
100 the n e t o r d e r v a r i e d f r o m 1 t o 3 . F o r s e r i e s d e a c t i v a t i o n 
d = 1 f o r a l l v a l u e s o f t h e T h i e l e modulus p r o v i d i n g t h e r a t i o o f 
i n t e r m e d i a t e t o r e a c t a n t c o n c e n t r a t i o n a t t h e s u r f a c e was g r e a t e r 
t h a n one t e n t h t h e v a l u e o f the m o d u l u s . F a i l i n g t h i s , d a p ­
p r o a c h e d 3 . F o r p o i s o n i n g , p r o v i d i n g t h e r e was no o r s m a l l d i f f u ­
s i o n l i m i t on the p o i s o n , d was n e a r u n i t y f o r any s i t u a t i o n w i t h 
r e g a r d t o d i f f u s i o n l i m i t s on t h e m a i n r e a c t i o n . F o r o t h e r com­
b i n a t i o n s o f d i f f u s i o n a l l i m i t s on m a i n and p o i s o n i n g r e a c t i o n s 
the n e t o r d e r was g e n e r a l l y g r e a t e r t h a n u n i t y , up t o abo ut 3 . 

The i n t r a p a r t i c l e d e a c t i v a t i o n o f n o n i s o t h e r m a l p e l l e t s has 
been a n a l y z e d by Ray (21) u s i n g a p o r e mouth p o i s o n i n g , s l a b 
geometry m o d e l . Heat f l u x a t the b o u n d a r y o f t h e a c t i v e and i n ­
a c t i v e p o r t i o n s o f the p a r t i c l e ( F i g u r e 2a) was computed v i a 
B i s c h o f f ' s (25) a s y m p t o t i c s o l u t i o n f o r l a r g e T h i e l e m o d u l u s . A n 
e f f e c t i v e d i f f u s i o n a l modulus f o r t h i s case can be d e f i n e d a s : 

i = Κ (6s) ^ h s 2 (6) 

where : 

K(6) = ^ [ e 6 - (1 + δ ) ] % ; δ = 0 γ , 6S = P s Y s 
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Time on Stream, hr 

Chemical Engineering Science 

Figure 1. (a) Voorhies correlation of coke formation, cumene cracking on H-mordenite, 
260°-350°C, 0.33 g/hr-g (13); (b) effective diffusivity (SF6) variation with coke content 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
9

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



294 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

f 8 / i + B 0 - y \ . . <-Δ Η> ρ ° s „ . (-*H)Dpcs 

y ' Y T S » RT ' Λ λ η 

a n d
 f g AL 2 expC-E/RTl 

h s » δ - } 

Here i s the c a t a l y s t d e n s i t y and A the p r e - e x p o n e n t i a l f a c t o r . 

Now the h e a t f l u x f r o m t h e a c t i v e p a r t o f the p e l l e t , q a t 
cQlTis: 1 1 

y) (7) 

and a n e f f e c t i v e a c t i v i t y f a c t o r can be d e f i n e d as t h e r a t i o o f 
t h i s v a l u e t o t h a t f o r the u n d e a c t i v a t e d p a r t i c l e . T h i s r a t i o , 
<£, i s p l o t t e d a g a i n s t $ i n F i g u r e 2b f o r v a r i o u s v a l u e s o f the 
p a r a m e t e r s Y s , 0g, f ^ , and h s . I f (0 S/B p) < 1 , (Cases 2 , 3 , 5 - 9 ) , 

the d e a c t i v a t e d s e c t i o n has a l o w e r mass t r a n s f e r r e s i s t a n c e ( o r 
h i g h e r h e a t t r a n s f e r r e s i s t a n c e ) t h a n t h e a c t i v e p o r t i o n , p r o d u c ­
i n g a b e n e f i c i a l e f f e c t on the d i f f u s i o n e f f e c t i v e n e s s f a c t o r . 
F o r a n e x o t h e r m i c r e a c t i o n t h i s can a f f e c t the l o s s i n a c t i v e 
s u r f a c e such t h a t £ can i n c r e a s e t e m p o r a r i l y w i t h d e a c t i v a t i o n . A 
s u f f i c i e n t c o n d i t i o n f o r £ > 1 f o r some p o r t i o n o f the c a t a l y s t 
l i f e was found t o b e : 

3s e* - (1 + 6 S ) 

Pp < Λ . 1 
(8) 

I f (gg/βρ) > 1 (Case 4 ) , the o p p o s i t e h o l d s and d e a c t i v a t i o n i s 
a c c e l e r a t e d . 

A s i n d i c a t e d b y Cases 8 and 9 , some p a r a m e t e r s e t s r e s u l t i n 
m u l t i p l e s t e a d y s t a t e s . These a r e c h a r a c t e r i z e d by l a r g e 6 S and 
Y s (60 i n t h e s e examples) and (Ps/Pp) < 1 ; such r e s u l t s i n d i c a t e 
T h a t m u l t i p l i c i t y can be i n d u c e d i n a d e a c t i v a t i n g p a r t i c l e even 
when t h e f r e s h c a t a l y s t shows no such p o s s i b i l i t y . However, 
(Ps/Pp) < 1 seems p h y s i c a l l y i m p r o b a b l e . I f d e a c t i v a t i o n by c o k ­
i n g c l o s e s o f f a p o r t i o n o f the p o r e s t r u c t u r e , t h e n (Bs/^p) > 1> 
w h i l e p o i s o n i n g s h o u l d have l i t t l e e f f e c t on the r a t i o . T h i s 
m u l t i p l i c i t y w o u l d r e q u i r e a t y p e o f d e a c t i v a t i o n l e a d i n g t o a n 
i n c r e a s e i n p o r o s i t y as decay p r o c e e d s . 

I n many i n d u s t r i a l a p p l i c a t i o n s the p e r f o r m a n c e o f c a t a l y s t s 
i n w h i c h the a c t i v i t y d i s t r i b u t i o n i s n o n u n i f o r m w i t h i n the p e l l e t 
i s s u p e r i o r t o t h o s e w i t h a u n i f o r m d i s t r i b u t i o n . Mars and 
G r o g e l s (26) s t u d i e d t h e p e r f o r m a n c e o f such a c a t a l y s t f o r 
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acetylene hydrogénation and Friedrichsen (27) reports a p p l i c a t i o n s 
i n oxidation of o-xylene to p h t h a l i c anhydride, to c i t e two 
examples. Recently Shadman-Yazdi and Petersen (22), Corbett and 
Luss (23) and Becker and Wei (24) have a l l investigated the 
deactivation of c a t a l y s t s with s p a t i a l d i s t r i b u t i o n of the cata­
l y t i c function. These studies are s i m i l a r i n method and objective 
but d i f f e r considerably i n the types of a c t i v i t y d i s t r i b u t i o n con­
sidered; a summary of the models and deactivation mechanisms i n ­
vestigated i s given i n Table 1., In (22) the s e n s i t i v i t y of the 
deactivation with respect to the d i s t r i b u t i o n parameter a was i n ­
vestigated. In l i n e with p r i o r r e s u l t s (10), a = 0 gave r i s e to 
core poisoning at higher values of the Thiele modulus; of > 0 led 
to uniform poisoning — the r e s u l t of compensating v a r i a t i o n s i n 
kg and Cg w i t h i n the p a r t i c l e . An a n a l y t i c a l s o l u t i o n presented 
Tn terms~of the effectiveness factor f o r <y > 0 was: 

η ( θ ) = Y 

where : 

(9) 

k2m-p 
p = l / ( « + 2 ) , 6 = h A ( l - w ) % , a m « ( - Μ 1 - π Γ 7 ^ . ) 

-p 

and I.ρ i s a modified Bessel function of the f i r s t kind of order 
£. The parameter w appearing i n 6̂  was determined as a function of 
£ by numerical i n t e g r a t i o n of: 

S = - Σ οη/ρΛ χ + « I <10) 

m=0 
Figure 3 gives a p l o t of Ή Α(Θ) vs. θ_ for several types of a c t i v i t y 
d i s t r i b u t i o n . C l e a r l y , — increasing # enhances the long-term 
performance of the c a t a l y s t for t h i s series reaction i n a manner 
reminiscent of the response of the p a r a l l e l scheme to incorporation 
of a c e r t a i n amount of d i f f u s i o n a l resistance (10). 

In Figure 4 are given some r e s u l t s obtained numerically by 
Corbett and Luss (23) for impurity poisoning of the series reac­
t i o n scheme for cases of small and large d i f f u s i o n a l resistance. 
The effectiveness factor i n these p l o t s i s computed with respect 
to the i n i t i a l volume-averaged rate constant, which was the same 
for a l l the d i f f e r e n t d i s t r i b u t i o n s . The d i f f e r e n t i a l s e l e c t i v i t y , 
£, appearing i n the figure i s defined as: 
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a=0 

l O " I 10 l O 2 

Dimensionless t ime,# 

Chemical Engineering Science 

Figure S. Effect of activity distribution on long-term deactivation 
via coke formation in series reaction (22) 
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Chemical Engineering Science 
Figure 4. Effectiveness and selectivity variation in 
impurity poisoning, series reaction, with different 
activity distributions (23). (a) Small influence of 
diffusion, hA = 1, hB = 0.1; (b) large influence of 

diffusion, hA = 10, hB = I. 
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w h e r e : 

s 

V y χ - (r/R) 

2 
D i m e n s i o n l e s s t i m e , Θ, i s d e f i n e d as (a D P C P t/NR ) w i t h <y the 

"~ s ~ 
number o f a c t i v e s i t e s / v o l u m e , Ν the volume a v e r a g e a c t i v e s i t e s / 
v o l u m e , and C p the p o i s o n c o n c e n t r a t i o n a t the s u r f a c e . When 

s 
d i f f u s i o n a l r e s i s t a n c e i s s m a l l i t i s seen t h a t the b e s t s e l e c t i v ­
i t y b u t the most r a p i d d e c l i n e i n e f f e c t i v e n e s s o b t a i n s when most 
o f the c a t a l y t i c f u n c t i o n i s n e a r t h e p e l l e t s u r f a c e . C o n v e r s e l y , 
the s m a l l e s t r a t e o f decay i s o b t a i n e d by c o n c e n t r a t i n g most o f 
the c a t a l y t i c f u n c t i o n n e a r the c e n t e r (how t o do t h i s m i g h t p r e ­
s e n t a n i n t e r e s t i n g e x e r c i s e i n c a t a l y s t m a n u f a c t u r e ) , so a n o p t i ­
mal c h o i c e o f c a t a l y s t w o u l d i n v o l v e compromise between the s e l e c ­
t i v i t y and a c t i v i t y f a c t o r s . When d i f f u s i o n a l r e s i s t a n c e s become 
l a r g e b o t h s e l e c t i v i t y and e f f e c t i v e n e s s f a c t o r a r e i m p r o v e d by 
i n c r e a s i n g t h e d e n s i t y o f the c a t a l y t i c f u n c t i o n n e a r the s u r f a c e . 
C o r b e t t and L u s s a l s o p r e s e n t r e s u l t s f o r c a t a l y s t f o u l i n g , a s i n ­
d i c a t e d i n T a b l e 1 , w h i c h we s h a l l n o t a t t e m p t t o d i s c u s s h e r e . 

B e c k e r and Wei ( 2 4 ) , i n the p r a c t i c a l t h o u g h t t h a t c a t a l y s t s 
w i t h c o n t i n u o u s l y v a r y i n g d i s t r i b u t i o n s o f a c t i v i t y m i g h t n o t 
be so easy to p r e p a r e , i n v e s t i g a t e d s e v e r a l t y p e s o f d i s c o n t i n u o u s 
a c t i v i t y d i s t r i b u t i o n s . T h e i r q u a l i t a t i v e r e s u l t s a r e s i m i l a r t o 
t h o s e d e t a i l e d a b o v e , b u t a n i m p o r t a n t a s s u m p t i o n i n v o l v e d i n the 
a n a l y s i s i s t h a t p o i s o n i s a d s o r b e d on the s u p p o r t d e v o i d o f 
c a t a l y t i c f u n c t i o n as w e l l a s on the a c t i v e s u r f a c e . T h u s , f o r 
example , when t h e p o i s o n i s h i g h l y d i f f u s i o n l i m i t e d b u t t h e main 
r e a c t i o n i s n o t , a c e n t r a l a c t i v e c o r e s u r r o u n d e d by i n e r t s u p p o r t 
( t h e y c a l l i t a n " e g g y o l k " ) w o u l d be t h e p r e f e r r e d c o n f i g u r a t i o n . 
Such w o u l d be p r e d i c t e d by the o t h e r models as w e l l , b u t the 
d e t a i l e d ranges o f p a r a m e t e r s where such p r e f e r e n c e e x i s t s w o u l d 
d i f f e r s i g n i f i c a n t l y . 

A d d i t i o n a l t h e o r e t i c a l i n v e s t i g a t i o n s o f the i n t r a p a r t i c l e 
d e a c t i v a t i o n p r o b l e m , w h i c h u n f o r t u n a t e l y we cannot t r e a t i n 
d e t a i l h e r e , have been r e p o r t e d by L u s s and c o - w o r k e r s (28 ,29) on 
the m o d i f i c a t i o n o f s e l e c t i v i t y upon p o i s o n i n g , and by Hegedus 
(30) on t h e combined i n f l u e n c e o f i n t e r p h a s e and i n t r a p a r t i c l e 
g r a d i e n t s on d e a c t i v a t i o n . I t i s o f i n t e r e s t t h a t d e a c t i v a t i o n i n 
c e r t a i n i n s t a n c e s can a c t u a l l y have b e n e f i c i a l r e s u l t s on s e l e c ­
t i v i t y and i n t h e l o n g r u n t h e p r o b l e m may be t o a c h i e v e the b e s t 
b a l a n c e between d i m i n i s h e d a c t i v i t y and enhanced s e l e c t i v i t y ; 
s u c h r e s u l t s a r e r e m i n i s c e n t o f t h o s e p e r t a i n i n g t o d e a c t i v a t i o n 
o f b i f u n c t i o n a l c a t a l y s t s ( 1 9 , 2 0 ) . 

Many e x p e r i m e n t a l i s t s have been p r e o c c u p i e d o v e r the p a s t few 
y e a r s w i t h the development o f v a r i o u s t y p e s o f g r a d i e n t l e s s r e a c ­
t o r s f o r the s t u d y o f c a t a l y t i c k i n e t i c s ; i t i s i n t e r e s t i n g t o 
see now the emergence o f some r e a c t o r d e s i g n s w h i c h a r e a imed a t 
p r o d u c i n g s p e c i f i c k i n d s o f g r a d i e n t s w h i c h may be measured and 
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u s e d as the b a s i s f o r model i n t e r p r e t a t i o n o r p a r a m e t e r e s t i m a t i o n 
i n r e a c t i o n e n g i n e e r i n g p r o b l e m s i n v o l v i n g c a t a l y s t d e a c t i v a t i o n . 
These r e a c t o r s share the common a s p e c t o f b e i n g s i n g l e p e l l e t 
r e a c t o r s , b u t d i f f e r as t o w h e t h e r c o n c e n t r a t i o n g r a d i e n t s o r 
t e m p e r a t u r e g r a d i e n t s a r e the measured q u a n t i t y . The s i n g l e p e l ­
l e t d i f f u s i o n r e a c t o r d e v e l o p e d by P e t e r s e n and c o - w o r k e r s ( 3 1 , 3 2 , 
3 3 , 3 4 , 3 5 , 3 6 , 3 7 , 3 8 ) i s d e s i g n e d f o r c o n c e n t r a t i o n measurements , 
w h i l e somewhat d i f f e r e n t d e s i g n s employed i n t h i s l a b o r a t o r y (39, 
4 0 , 4 1 ) , by Hughes and c o - w o r k e r s ( 4 2 , 4 3 ) , Benham and Denny ( 4 4 ) , 
and Trimm, e t a l . ( 4 5 ) , p r o v i d e t e m p e r a t u r e p r o f i l e d a t a . Sche ­
m a t i c d iagrams o f the two t y p e s a r e g i v e n i n F i g u r e 5 . 

The g e n e r a l u t i l i t y , p r o p e r t i e s and a p p l i c a t i o n o f t h e s i n g l e 
p e l l e t d i f f u s i o n r e a c t o r were r e v i e w e d by Hegedus and P e t e r s e n 
(36) i n 1974, and i t has been employed i n e x t e n s i v e i n v e s t i g a t i o n 
o f the i n t e r a c t i o n s o f d i f f u s i o n , r e a c t i o n and d e a c t i v a t i o n f o r 
the h y d r o g e n o l y s i s o f c y c l o p r o p a n e on Ρί/Α^Οβ (34) and the d e h y -
d r o g e n a t i o n o f m e t h y l c y c l o h e x a n e , a l s o o n Pt/Al2Û3 ( 3 8 ) . The 
b a s i s o f the method r e s i d e s i n the f a c t t h a t measurement o f c e n t e r 
p l a n e c o n c e n t r a t i o n s ( F i g u r e 5a) v s . r e l a t i v e r a t e o f r e a c t i o n 
p r o v i d e d a t a s u f f i c i e n t t o d i s c r i m i n a t e among v a r i o u s t y p e s o f 
d e a c t i v a t i o n mechanisms and t o a l l o w p a r a m e t e r d e t e r m i n a t i o n . I n 
the o r i g i n a l a n a l y s i s (33) i m p u r i t y p o i s o n i n g , and p a r a l l e l , 
s e r i e s and t r i a n g u l a r s e l f - d e a c t i v a t i o n were c o n s i d e r e d . The 
a p p r o p r i a t e e q u a t i o n s were i n t e g r a t e d f o r a s e t v a l u e o f the 
T h i e l e modulus (2 .5 ) f o r i s o t h e r m a l c o n d i t i o n s ; a summary o f 
r e s u l t s f o r the v a r i o u s mechanisms i s s e t f o r t h i n F i g u r e 6 a . 
Here the n o r m a l i z e d c e n t e r p l a n e c o n c e n t r a t i o n i s 

φ Α ( τ , η - 1 ) - φ Α (τ-0, η=ΐ) 
ι - coA (τ=ο, η-ΐ) 

where τ i s a s c a l e d t i m e v a r i a b l e , ^ i s the e f f e c t i v e n e s s f a c t o r , 
and φ Α = C A ( t , x ) / C A ( t=0 , x=0) . The r e a c t i o n r a t e r a t i o i s t h a t 

o f the o v e r a l l r a t e t o t h a t a t z e r o t i m e . P a r a l l e l and s e r i e s 
s e l f - d e a c t i v a t i o n were c o n f i n e d t o r e l a t i v e l y n a r r o w bands d e s i g ­
n a t e d by 2 and 3 i n F i g u r e 6 a . I m p u r i t y p o i s o n i n g c o u l d 
o c c u r i n r e g i o n s 1 , 2 o r 3 , w h i l e t r i a n g u l a r s e l f - d e a c t i v a ­
t i o n i s c o n f i n e d t o zones 2 t o 5 . R e g i o n 6 i s i n a c c e s i b l e 
e x c e p t f o r s t r o n g l y d i f f u s i o n a l l y l i m i t e d s e r i e s s e l f - d e a c t i v a ­
t i o n . D e c r e a s i n g the v a l u e o f the T h i e l e modulus causes a l l zones 
t o move t o w a r d the c e n t e r d i a g o n a l . C l e a r l y t h e r e can be c o i n c i ­
dence among t h e s e r e g i o n s f o r v a r i o u s v a l u e s o f the p a r a m e t e r s and 
d i f f e r i n g mechanisms; e x p e r i m e n t a l l y one makes the d i s c r i m i n a t i o n 
by e v a l u a t i n g r e s u l t s o b t a i n e d a t d i f f e r e n t t e m p e r a t u r e s o r c o n ­
c e n t r a t i o n s (where p r e s u m a b l y o n l y the T h i e l e modulus w i l l change) 
f o r i n t e r n a l c o n s i s t e n c y a s t o p a r a m e t e r v a l u e s such as r e a c t i o n 
o r d e r , e t c . The a p p l i c a t i o n s o f t h e s e p r o c e d u r e s (34 ,35) f o r 
c y c l o p r o p a n e h y d r o g e n o l y s i s r e s u l t e d i n p o s t u l a t i o n o f a t r i a n g u ­
l a r s e l f - p o i s o n i n g model w i t h the p a r a l l e l mode p r e d o m i n a t i n g a t 
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Figure 5. (a) Single pellet diffusion reactor—concentration measurements (36); (b) 
single pellet diffusion reactor—temperature measurements (39) 

Chemical Engineering Science 
Figure 6. (a) Qualitative discrimination among poisoning models (33); (b) results of 
interpretation of deactivation data for cyclopropane hydrogenolysis on supported Pt 

(34) 
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l o w e r t e m p e r a t u r e and the s e r i e s mode a t h i g h e r t e m p e r a t u r e . One 
example o f the f i n a l f i t o b t a i n e d i s g i v e n i n F i g u r e 6b, where ^ 
i s f o r the p a r a l l e l s t e p and k^ f o r the s e r i e s s t e p . I t i s seen 
t h a t the d e a c t i v a t i o n h e r e i s r e l a t i v e l y u n i f o r m . 

More r e c e n t work by W o l f and P e t e r s e n (37,38) has i n v e s t i ­
g a t e d the i n f l u e n c e o f the o r d e r o f the m a i n r e a c t i o n on s i n g l e 
p e l l e t d i f f u s i o n r e a c t o r b e h a v i o r , u s i n g the same model d e a c t i v a ­
t i o n mechanisms s t u d i e d b e f o r e . E x p e r i m e n t a l a p p l i c a t i o n t o a 
r e a c t i o n w i t h c o m p l i c a t e d k i n e t i c s (and c o m p l i c a t e d d e a c t i v a t i o n 
b e h a v i o r ) was r e p o r t e d f o r m e t h y l e y e l o h e x a n e d e h y d r o g e n a t i o n . 

Measurements o f t e m p e r a t u r e p r o f i l e s i n a s i n g l e p e l l e t d i f ­
f u s i o n r e a c t o r were o r i g i n a l l y made f o r r e a c t i o n s i n the absence 
o f d e a c t i v a t i o n (39,42,44,45), b u t the t e c h n i q u e i s o b v i o u s l y 
e a s i l y e x t e n d e d t o i n c l u d e t h i s p o s s i b i l i t y , and e x p e r i m e n t a l 
r e s u l t s have been r e p o r t e d f o r O2 p o i s o n i n g o f Ni/Si02"Al20o i n 
e t h y l e n e h y d r o g é n a t i o n (43) and t h i o p h e n e p o i s o n i n g o f N i / k i e s e l -
guhr i n benzene h y d r o g é n a t i o n (40,41). The l a t t e r work has i n ­
c l u d e d u n s t e a d y s t a t e a s w e l l a s s t e a d y s t a t e e x p e r i m e n t s ; s t e a d y 
s t a t e t e m p e r a t u r e p r o f i l e s f o r b o t h f r e s h and d e a c t i v a t e d c a t a ­
l y s t s were o b t a i n e d a s t h e f i n a l s t a t e o f two t y p e s o f t r a n s i e n t 
measurements , ( i ) s t a r t - u p e x p e r i m e n t s m e a s u r i n g the development 
o f t e m p e r a t u r e p r o f i l e s on i n t r o d u c t i o n o f benzene i n t o the 
r e a c t o r i n i t i a l l y c o n t a i n i n g o n l y f l o w i n g h y d r o g e n , and ( i i ) 
p e r t u r b a t i o n e x p e r i m e n t s m e a s u r i n g the r e s p o n s e o f t e m p e r a t u r e 
p r o f i l e s t o s t e p changes i n c o n c e n t r a t i o n o r f l o w r a t e s t a r t i n g 
f rom a g i v e n i n i t i a l s t e a d y s t a t e . On d e a c t i v a t e d c a t a l y s t s t h e s e 
measurements were made w i t h a p o i s o n - f r e e f e e d a f t e r the c a t a l y s t 
had been p r e - p o i s o n e d t o a s p e c i f i e d l e v e l o f a c t i v i t y (as 
d e t e r m i n e d by the g l o b a l r a t e o f r e a c t i o n ) . T y p i c a l d a t a f o r the 
t e m p e r a t u r e r e s p o n s e on s t a r t u p f o r a t y p i c a l s e r i e s i s shown i n 
F i g u r e 7 f o r the f r e s h c a t a l y s t and the same sample d e a c t i v a t e d t o 
407o and 16% o f o r i g i n a l a c t i v i t y . Of p a r t i c u l a r n o t e i n t h e s e 
r e s u l t s i s the r e l a t i v e i n s e n s i t i v i t y o f the t i m e s c a l e o f s t a r t u p 
t o e x t e n t o f d e a c t i v a t i o n , and the o b v i o u s development f o r £ = 
0.16 o f a n o u t e r , dead zone i n the c a t a l y s t p a r t i c l e . A second 
i n t e r e s t i n g r e s u l t was the d o c u m e n t a t i o n o f w a n d e r i n g h o t s p o t s 
upon s t a r t u p , a phenomenon t r e a t e d t h e o r e t i c a l l y by H l a v a c e k and 
Marek (46) and Lee and L u s s (47) i n p r i o r w o r k . Three t y p e s o f 
t r a n s i e n t s were o b s e r v e d as shown i n F i g u r e 8a, the b e h a v i o r 
c h a r a c t e r i z e d i n g e n e r a l by the magni tude o f t h e Oamkohler number 
(h /Ν ̂  ) . Such e x c u r s i o n s were o b s e r v e d f o r b o t h f r e s h and d e ­
a c t i v a t e d c a t a l y s t s and so cannot be a t t r i b u t e d t o some p a r t i c u l a r 
a s p e c t o f the p o i s o n i n g mechanism. F i n a l l y , i t was n o t e d i n a 
number o f cases f o r p o i s o n e d c a t a l y s t s (41, 43) t h a t i n t r a p a r t i c l e 
t e m p e r a t u r e g r a d i e n t s were g r e a t e r t h a n i n t e r p h a s e g r a d i e n t s 
c o r r e s p o n d i n g , c o n t r a r y t o c o n v e n t i o n a l wisdom on t h a t m a t t e r . 

The i n t e r p r e t a t i o n o f t h e s e e x p e r i m e n t a l r e s u l t s d i f f e r e d 
somwhat i n a p p r o a c h f r o m t h a t o f P e t e r s e n and c o - w o r k e r s , s i n c e 
the mechanism o f d e a c t i v a t i o n ( p a r a l l e l p o i s o n i n g ) i s w e l l 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
9

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



3 0 2 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ch

00
9

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



9. B U T T A N D B I L L I M O R I A Catalyst Deactivation 303 

i d e n t i f i e d and t h e r e i s l e s s u n c e r t a i n t y about a p p r o p r i a t e models 
t o u s e . I n f a c t , a l l p a r a m e t e r s o f t h e s y s t e m , k i n e t i c s , t r a n s ­
p o r t and p o i s o n i n g , were measured i n s e p a r a t e e x p e r i m e n t a t i o n (39) 
and a n a t t e m p t was made t o s i m u l a t e the s t e a d y s t a t e and u n s t e a d y 
s t a t e t e m p e r a t u r e p r o f i l e s ( b o t h i n t r a p a r t i c l e and i n t e r p h a s e ) on 

a n £ P £ l 2 E i b a s i s . T y p i c a l r e s u l t s a r e shown i n F i g u r e 8 b ; the 
r e s u l t s seem m o d e r a t e l y e n c o u r a g i n g ; however , i t was s t i l l n e c ­
e s s a r y t o a d j u s t the v a l u e s o f c a t a l y s t e f f e c t i v e d i f f u s i v i t y by 
50% t o o b t a i n the f i t shown. 

R e a c t o r M o d e l i n g 

An i m p o r t a n t development o v e r the p a s t few y e a r s i s the l a r g e 
i n c r e a s e i n t h o s e i n v e s t i g a t o r s who have been w i l l i n g t o d e t e r m i n e 
the k i n e t i c s o f d e a c t i v a t i o n i n v a r i o u s r e a c t i o n s y s t e m s , m o s t l y 
by c o k i n g , and t h e n i n c o r p o r a t e t h i s i n f o r m a t i o n i n t o a p p r o p r i a t e 
models t o i n t e r p r e t o r p r e d i c t i n t e g r a l r e a c t o r p e r f o r m a n c e . Most 
o f t h i s has been done f o r f i x e d beds b u t i m p o r t a n t examples t r e a t 
moving and f l u i d i z e d beds as w e l l . 

P a r t i c u l a r l y t h o r o u g h s t u d i e s o f two s y s t e m s , i s o m e r i z a t i o n 
o f n - p e n t a n e on P t - r e f o r m i n g c a t a l y s t s and d e h y d r o g e n a t i o n o f 
1 -butene on C ^ O ^ / A ^ O ^ , have been p r o v i d e d by Froment and c o ­
w o r k e r s ( 4 8 , 4 9 , 5 0 ) . Space p r e c l u d e s a c o m p l e t e d i s c u s s i o n ; h e r e 
we summarize t h e n - p e n t a n e r e s u l t s . I n (48) e x p e r i m e n t s were c o n ­
d u c t e d i n a f i x e d - b e d a t 2 . 5 a tm, ( H 2 / n - p e n t a n e ) f r o m 1 . 0 t o 1 . 6 , 
and t e m p e r a t u r e f r o m 388 t o 4 2 7 ° C . The r e a c t o r was d e s i g n e d so 
t h a t gas samples c o u l d be removed f r o m d i f f e r e n t s e c t i o n s o f the 
b e d , however coke on c a t a l y s t c o u l d be measured o n l y a t t h e end o f 
a r u n . S e p a r a t e e x p e r i m e n t s were r u n a t h i g h r^ / n - p e n t a n e t o 
d e t e r m i n e the i n t r i n s i c k i n e t i c s i n t h e absence o f c o k i n g ( 5 1 ) . 
I n F i g u r e 9 a r e g i v e n the e x p e r i m e n t a l coke and n - p e n t a n e p r o f i l e s 
measured a t 3 8 8 ° C . The r e a c t i o n scheme p r o p o s e d was : 

coke h y d r o g e n a t e d p r o d u c t s 

i n a c c o r d w i t h the o b s e r v e d c o k i n g d a t a . Under the a s s u m p t i o n o f 
c o n s t a n t d e n s i t y , i s o t h e r m a l o p e r a t i o n , and no change i n the 
number o f m o l e s , the f o l l o w i n g model was s e t u p : 

; C 5 ^ i - C 5 ( IV) 

n - p e n t a n e (12) 

Î5 
o z 

Η Ω d 

Τ 
H (13) 

coke 
' ht 

e Ω d p P T 
F T 

r 
c 

(14) 

w i t h the k i n e t i c s o f r e a c t i o n and c o k i n g r e p r e s e n t e d b y : 
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k I C y A " V K : I 

r T = — — - (from reference (51)) (15) 
1 yw + V B 

r A = r j + 0.5 r R + S r c (16) 

where j r was f i t to the equation: 
n. 

ΓΗ = k H W 1 <17> 
n 0 t'FRT 

and r c = k c (y A/y w) l \ Dimensionless time = ^ p (18) 

Separable deactivation k i n e t i c s were incorporated into the model 
v i a : 

k i = ki · s 

kH = * H · S ( 1 9 ) 

k = k° · s 
c c 

-or C 0- 5 

with s = e (s_ i d e n t i c a l for a l l rate functions). 
In the notation above e_ i s void fraction, D reactor cross section, 
d p a r t i c l e diameter, Ρ , total pressure, F t o t a l feed rate, and 

conversion factor for moles n-Cc/wt coke. From experimental 
data obtained under coking conditions the model parameters were 
determined with typical results given i n Table 2. The absolute 

Table 2. Parametric Values from Integral Reactor Modeling: 
n-Pentane Isomerization on Ρί/Α^Οβ. (48) 

Temp. 
(°C) a k° 

R i 
n l k° K c n 2 

427 14.6 0.091 0.052 7.1 0.0022 1.9 
413 17.5 0.087 0.067 4.8 0.0016 1.8 
402 17.7 0.089 0.037 12.0 0.0020 2.2 
388 15.0 0.026 0.025 11.0 0.00054 3.9 

values shown are perhaps not as of much interest as their trends 
with temperature; i n p a r t i c u l a r a and are nearly temperature 
independent while n^ i s not. The value of k£ evaluated from this 
f i t under coking conditions was i n agreement with prior work (51) 
and obeyed an Arrhenius correlation. Confrontation of the 
experimental and computed results with these parameters i s given 
i n Figures 9a and 10. The fact that a and n^ are independent of 
temperature tends to lend ex post facto support to the use of 
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ΟΛά 

0.30\' 

0.2o\ 

O.IOL 

Proceedings of the 5th European Symposium 
on Chemical Reaction Engineering 

Figure 9. (a) Wt % coke on catalyst after 11 hr for different space velocities (48); (b) 
experimental n-pentane mole fractions v s . time at different space velocities (48) 

20 40 60 80 

Proceedings of the 5th European Symposium 
on Chemical Reaction Engineering 

Figure 10. Cross plot of n-pentane mole 
fraction profiles (48); ( ) experimen­

tal; ( ) computed. 
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s e p a r a b l e k i n e t i c s i n m o d e l i n g o f d e a c t i v a t i o n by c o k i n g . 
I n a second s t u d y o f the n - p e n t a n e s y s t e m , De Pauw and 

Froment (49) c o n d u c t e d a s i m i l a r s e r i e s o f e x p e r i m e n t s b u t a t much 
h i g h e r H2/n-pentane r a t i o s . Under these c o n d i t i o n s they found 
coke p r o f i l e s j u s t the o p p o s i t e o f F i g u r e 9a ( i . e . , i n c r e a s i n g 
w i t h W/F°) and i t was n e c e s s a r y t o i n c r e a s e the c o m p l e x i t y o f the 
r e a c t i o n model t o i n t e r p r e t the d a t a : 

h y d r o c r a c k e d 
p r o d u c t s 

/ \ 
η - C 1 * c 5 <V> 

coke 
T h i s schema i s i n t e r e s t i n g s i n c e i t a d m i t s the s i m u l t a n e o u s d e a c ­
t i v a t i o n o f b o t h h y d r o c r a c k i n g and i s o m e r i z a t i o n f u n c t i o n s , as 
w e l l a s coke f o r m a t i o n f r o m r e a c t a n t s and p r o d u c t s . A r a t h e r 
c o m p l i c a t e d e x p r e s s i o n was f i t t o s e p a r a t e t h e r m o b a l a n c e e x p e r i ­
ments on the r a t e o f coke f o r m a t i o n , and the e f f e c t o f d e a c t i v a ­
t i o n on k i n e t i c s a g a i n t a k e n t o be s e p a r a b l e w i t h £ a n e g a t i v e 
e x p o n e n t i a l i n coke c o n t e n t . S a t i s f a c t o r y f i t s t o the d a t a were 
o b t a i n e d ; d i f f e r e n t v a l u e s f o r <y f o r the i s o m e r i z a t i o n and h y d r o -
c r a c k i n g f u n c t i o n s were o b t a i n e d and i n t h i s case t h e y were 
t e m p e r a t u r e d e p e n d e n t . 

The r e s u l t s above f o r n - p e n t a n e a r e r e p r e s e n t a t i v e and i n d i c ­
a t i v e o f a number o f e f f o r t s a t d e t a i l e d m o d e l i n g o f r e a c t o r s and 
r e a c t i o n s u n d e r c o n d i t i o n s o f coke f o r m a t i o n . Y e t , they a r e p a r a ­
m e t e r - f i t models w h i c h e x p l a i n c e r t a i n r e g i o n s o f e x p e r i m e n t a t i o n 
v e r y w e l l and a r e u n d o u b t e d l y u s e f u l f o r i n t e r p o l a t i o n . What 
a b o u t e x t r a p o l a t i o n ? F o r t h a t p u r p o s e one w o u l d w i s h t o have a l l 
p a r a m e t e r s o f a r e a s o n a b l e model d e t e r m i n e d i n s e p a r a t e e x p e r i m e n ­
t a t i o n and c o n f r o n t a t i o n w i t h e x p e r i m e n t a c c o m p l i s h e d on a n a 
p r i o r i b a s i s ; i f r e a s o n a b l e agreement i s o b t a i n e d model e x t r a p o ­
l a t i o n s may n o t be so u n c o m f o r t a b l e . T h i s has been a c c o m p l i s h e d 
i n l a r g e measure f o r 1 -butene d e h y d r o g e n a t i o n o v e r C ^ O ^ / A l ^ O ^ by 
Dumez and Froment (50 ) . The model used i s complex , a c c o u n t i n g f o r 
d i f f u s i o n a l as w e l l as k i n e t i c and c o k i n g e f f e c t s , and a l a r g e 
amount o f i n d e p e n d e n t e x p e r i m e n t a t i o n was r e q u i r e d t o d e t e r m i n e 
the k i n e t i c and d e a c t i v a t i o n p a r a m e t e r s ; e x c e l l e n t agreement was 
o b t a i n e d between e x p e r i m e n t a l and c o m p u t a t i o n a l r e s u l t s . On the 
b a s i s o f t h i s s u c c e s s , Dumez and Froment a l s o r e p o r t t h e s i m u l a -
J t ion o f a n i n d u s t r i a l s c a l e r e a c t o r f o r b u t è n e h y d r o g é n a t i o n . 

C a t a l y s t c o k i n g and i n t e g r a l r e a c t o r p e r f o r m a n c e s t u d i e s i n ­
v o l v i n g p a r a m e t r i c f i t t i n g , s i m i l a r t o ( 4 8 ) , have been c a r r i e d o u t 
f o r a number o f o t h e r r e a c t i o n / c a t a l y s t systems and a r e summarized 
i n T a b l e 3 . A l t h o u g h i n d i v i d u a l d e t a i l s v a r y among the v a r i o u s 
i n v e s t i g a t i o n s , they s h a r e i n common the mechanism o f d e a c t i v a t i o n 
v i a coke f o r m a t i o n . I n summary one m i g h t c o n c l u d e t h a t the d e v e l ­
opment and t e s t i n g o f r e l i a b l e i n t e r p o l a t i o n models f o r c o k i n g 
e f f e c t s on r e a c t o r p e r f o r m a n c e r e p r e s e n t s a n i m p o r t a n t advance i n 
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the s t a t e o f the a r t o v e r the p a s t e i g h t y e a r s . 
D e t a i l e d r e a c t o r m o d e l i n g s t u d i e s o f dynamics as t h e y a r e i n ­

duced by o r i n f l u e n c e d by p o i s o n i n g a r e r e p o r t e d by Blaum ( 5 2 ) , 
and some e x p e r i m e n t s i n w h i c h p a r a l l e l p o i s o n i n g i s the mechanism 
o f d e a c t i v a t i o n have been r e p o r t e d by Weng, e t a l . (53) and P r i c e 
and B u t t (54) f o r benzene h y d r o g é n a t i o n on N i / k i e s e l g u h r w i t h 
t h i o p h e n e p o i s o n . These s t u d i e s were a l s o a t t e m p t e d on a n a 
p r i o r i b a s i s s i m i l a r t o t h a t o f Dumez and Froment , w i t h the many 
k i n e t i c , r e a c t o r and p o i s o n i n g p a r a m e t e r s d e t e r m i n e d i n s e p a r a t e 
e x p e r i m e n t a t i o n ( 3 9 , 5 3 ) . B o t h a d i a b a t i c and n o n a d i a b a t i c o p e r a t i o n 
w e r e i n v e s t i g a t e d ; a c h a r a c t e r i s t i c o f e i t h e r t y p e o f o p e r a t i o n 
f o r t h i s h i g h l y e x o t h e r m i c r e a c t i o n w i t h r a p i d , i r r e v e r s i b l e p o i ­
s o n i n g i s the f o r m a t i o n o f a moving r e a c t i o n zone w h i c h p a s s e s 
t h r o u g h the c a t a l y s t bed w i t h c o n t i n u i n g t i m e o f o p e r a t i o n . T h i s 
i s o b s e r v e d e x p e r i m e n t a l l y as a moving h o t s p o t i n n o n a d i a b a t i c 
r e a c t i o n o r a moving t h e r m a l f r o n t i n a d i a b a t i c r e a c t i o n , as shown 
i n F i g u r e 1 1 . C o r r e s p o n d i n g t o the e x i t o f the r e a c t i o n zone 
from the bed i s a c a t a s t r o p h i c d e c r e a s e i n c o n v e r s i o n . M o d e l i n g 
o f the s y s t e m can be c a r r i e d out a t s e v e r a l l e v e l s o f e f f o r t , i . e . , 
s i m p l e bed l i f e , r a t e o f m o t i o n o f the t h e r m a l f r o n t , o r d e t a i l e d 
shapes and dynamics o f t h e t e m p e r a t u r e p r o f i l e s . The l a t t e r was 
a t t e m p t e d i n b o t h cases ( 5 3 , 5 4 ) ; i t was found n e c e s s a r y t o use a 
o n e - d i m e n s i o n a l d i s p e r s i o n model f o r t h e energy b a l a n c e , w h i l e a 
s i m p l e p l u g f l o w model was s u f f i c i e n t f o r the mass c o n s e r v a t i o n 
r e l a t i o n s h i p s . The k i n e t i c s o f m a i n r e a c t i o n and p o i s o n i n g were 
c o r r e l a t e d b y : 

a e x p ( - E a / R T ) C B g 

Β 
1 + b exp(Q/RT)C B 

• r d = - If = k d « P ( - E a / R T ) C T · s (21) 

and 

Γ τ " τ r d <22> 
where E ^ , £L and E , e x p r e s s t e m p e r a t u r e dependence o f main r e a c t i o n , 
a d s o r p t i o n and p o i s o n i n g r e s p e c t i v e l y , Cg and a r e c o n c e n t r a ­
t i o n s o f benzene and t h i o p h e n e , r ^ t h e r a t e o f u p t a k e o f t h i o p h e n e 
p e r u n i t w e i g h t o f c a t a l y s t , and M T the t o t a l a d s o r p t i o n c a p a c i t y 
o f c a t a l y s t f o r t h i o p h e n e . I t i s seen t h e p o i s o n i n g k i n e t i c s a r e 
modeled as s e p a r a b l e , and w i t h t h i s f o r m u l a t i o n i t was found (53) 
t h a t t h e s i m u l a t i o n was e x t r e m e l y , even u n r e a s o n a b l y , s e n s i t i v e t o 
the v a l u e o f the p a r a m e t e r Μ τ · S i m i l a r r e s u l t s p e r t a i n t o the 
s i m u l a t i o n u n d e r a d i a b a t i c c o n d i t i o n s ( r e s u l t s f o r b o t h cases a r e 
a l s o g i v e n i n F i g u r e 1 1 ) . Such p a r a m e t r i c s e n s i t i v i t y w i t h 
r e s p e c t t o the p o i s o n i n g p a r a m e t e r i n d i c a t e s p o s s i b l e i n a d e q u a c i e s 
i n the s e p a r a b l e m o d e l . H o p e f u l l y we w i l l see some e x p e r i m e n t a l 
s t u d i e s o f t h i s i n the n e a r f u t u r e . 
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CHEMICAL REACTION ENGINEERING REVIEWS— 

Chemical Engineering Science 
Figure 11. Experimental and computed temperature 
profiles for a fixed bed reactor, parallel poisoning, (a) 
Hot spot migration, nonisothermal. Profiles at 60 min 
intervals (1 = 0 min). 4.3% C6H6, thiopnenelC6 = 5.65 
X 10's. XBT — rnole fractions, BA

 β fraction sites remain­
ing (53); (b) active front migration, adiabatic. Profiles at 
30 min intervals. 1.4% C6H6, 0.032% thiophene. Solid 

lines computed (54). 
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9. B U T T A N D B I L L I M O R I A Catalyst Deactivation 311 

A Case H i s t o r y : C o k i n g i n C a t a l y t i c C r a c k i n g 

V a r i o u s members o f t h e M o b i l R e s e a r c h and Development C o r p . 
have t r e a t e d us o v e r the y e a r s t o a number o f d i s c u s s i o n s on v a r ­
i o u s a s p e c t s o f t h e i r l u m p i n g , d e a c t i v a t i o n and r e a c t o r models f o r 
c a t a l y t i c c r a c k i n g . Some o f t h i s work was c o n s i d e r e d i n the p r e ­
v i o u s r e v i e w ( 1 ) , and we have done o u r own t y p e o f l u m p i n g i n the 
f o r m o f e n t r y 8 i n T a b l e 3 f o r work t h r o u g h 1971 . The s t a t e o f 
the a r t t o t h a t p o i n t may be summarized, p e r h a p s t o o c o n c i s e l y , by 
the r e s u l t s g i v e n i n F i g u r e s 12a and b . Good c o r r e l a t i o n o f the 
a c t i v i t y o f a l a r g e range o f c a t l y s t s f o r f e e d s t o c k s v a r y i n g w i d e ­
l y i n c o m p o s i t i o n was o b t a i n e d s i m p l y on the b a s i s o f a r o m a t i c t o 
naphthene w e i g h t r a t i o . G r o s s , e t a l . (75) s u b s e q u e n t l y e x t e n d e d 
t h i s work i n a t h o r o u g h s t u d y o f the c r a c k i n g o f t h r e e d i f f e r e n t 
f e e d s t o c k s on z e o l i t e c a t a l y s t s i n b o t h f i x e d and f l u i d i z e d b e d s . 
T h e i r r e s u l t s c o n f i r m e d t h a t c a t a l y s t decay was i n d e p e n d e n t o f the 
r e a c t o r t y p e , t h a t g a s o l i n e s e l e c t i v i t y was e s s e n t i a l l y the same 
i n b o t h r e a c t o r s , and t h a t the f i x e d bed was more e f f i c i e n t t h a n 
the f l u i d b e d . Such b e h a v i o r was a l l p r e d i c t e d by the a p p r o a c h e s 
d e v e l o p e d p r e v i o u s l y , so the work o f G r o s s , e t a l . s t a n d s as a 
r i g o r o u s t e s t o f t h o s e r e a c t o r and c a t a l y s t decay m o d e l s . 

The i n t e r e s t i n g p o i n t i n F i g u r e 12 i s the f a i l u r e o f the c o r ­
r e l a t i o n f o r the two f e e d s i n d i c a t e d as PC 32 and PA 37 . These 
d i f f e r e d f r o m a l l o t h e r f e e d s u s e d i n the c o r r e l a t i o n i n t h a t they 
were r e c y c l e s t o c k s , and f u r t h e r e x p e r i m e n t a t i o n r e v e a l e d t h a t the 
c o r r e l a t i o n f a i l e d a s w e l l f o r s t o c k s c o n t a i n i n g p o i s o n s such as 
b a s i c n i t r o g e n compounds. T h i s was i n v e s t i g a t e d by V o l t z , e t a l . 
(76) u s i n g the l u m p i n g , decay and r e a c t o r models o f p r i o r w o r k . 

MCGO, MCGO p l u s q u i n o l i n e , FCC f r e s h , and FCC w i t h v a r y i n g amounts 
o f r e c y c l e were s t u d i e d . MCGO p l u s q u i n o l i n e (0 .1% wt) o n l y 
s l i g h t l y r e d u c e d the c a t a l y s t decay c o n s t a n t a t 9 0 0 ° F b u t r e d u c e d 
the r a t e c o n s t a n t s f o r o v e r a l l c r a c k i n g and g a s o l i n e f o r m a t i o n by 
a b o u t 50%; some d e c r e a s e i n g a s o l i n e s e l e c t i v i t y was a l s o n o t e d . 
The a d d i t i o n o f r e c y c l e s t o c k t o FCC f r e s h f e e d a l s o had p r o ­
nounced e f f e c t s : a t 50% r e c y c l e a d d i t i o n the r a t e c o n s t a n t s f o r 
b o t h o v e r a l l c r a c k i n g and g a s o l i n e f o r m a t i o n d e c r e a s e d s h a r p l y 
w h i l e the g a s o l i n e c r a c k i n g r a t e c o n s t a n t i n c r e a s e d by a f a c t o r o f 
10 . I n b o t h cases the a l t e r a t i o n o f f e e d s t o c k s had p r o f o u n d 
e f f e c t upon the a c t i v a t i o n energy o f the g a s o l i n e c r a c k i n g r e a c ­
t i o n , i n c r e a s i n g f r o m a n o m i n a l v a l u e o f 10 k c a l / m o l e f o r MCGO t o 
a b o u t 40 k c a l / m o l e f o r MCGO p l u s 0 .1% q u i n o l i n e , and 2 3 . 5 k c a l / 
mole f o r FCC p l u s 30% r e c y c l e s t o c k . 

C l e a r l y the a c t i o n o f q u i n o l i n e i s t o p o i s o n the a c i d i c s i t e s 
a c t i v e f o r c r a c k i n g ; the d e a c t i v a t i o n model a n t i c i p a t e d c o k i n g 
o n l y and i s c l e a r l y n o t c a p a b l e o f c o r r e l a t i n g r e s u l t s due t o i m ­
p u r i t y p o i s o n i n g . R e c y c l e s t o c k s d i f f e r f r o m f r e s h f e e d p r i m a r i l y 
i n the f a c t t h a t t h e i r a r o m a t i c c o n t e n t i s h i g h e r ; a l s o t h e s e 
a r o m a t i c s i n g e n e r a l do n o t have s u b s t i t u e n t g r o u p s , w h i c h i n some 
way may a c c o u n t f o r t h e i r d i f f e r e n t r e a c t i v i t y i n c r a c k i n g . 
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312 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

R e c e n t l y J a c o b s , e t a l . (77) have s e t f o r t h a l u m p i n g scheme w h i c h 
a c c o u n t s i n d e t a i l f o r t h e i n d i v i d u a l r e a c t i o n s o f p a r a f f i n s , 
n a p h t h e n e s , a r o m a t i c r i n g s , and a r o m a t i c s u b s t i t u e n t groups i n 
b o t h l i g h t and heavy f r a c t i o n s . T h i s i s shown i n F i g u r e 1 3 . The 
ma jor a l t e r a t i o n , a s i d e f rom the i n c r e a s e d c o m p l e x i t y , f r o m the 
p r i o r t h r e e lump scheme ( T a b l e 3) i s w i t h r e s p e c t t o a r o m a t i c 
r i n g s w i t h no s u b s t i t u e n t g r o u p s : these do n o t f o r m g a s o l i n e and 
can c r a c k u l t i m a t e l y o n l y t o the C l u m p . I n a d d i t i o n , a l l r e a c ­
t i o n s a r e t r e a t e d a s f i r s t o r d e r w i t h a n i n h i b i t i o n t e r m f o r the 
a d s o r p t i o n o f heavy a r o m a t i c r i n g s . The d e a c t i v a t i o n f u n c t i o n i s 
s t i l l r e t a i n e d as s e p a r a b l e b u t i s more c o m p l e x : 

s = — * (23) 
( P ) m (1 + B t c ) Y 

where α , β and γ a r e d e a c t i v a t i o n p a r a m e t e r s , Ρ i s o i l p a r t i a l 
p r e s s u r e , and c a t a l y s t r e s i d e n c e t i m e . The e f f e c t o f n i t r o g e n 
i s a l s o t r e a t e d a s a n a d s o r p t i o n i n h i b i t i o n and the r e s u l t a n t 
f u n c t i o n u s e d a s a s c a l a r m u l t i p l i e r on t h e r a t e c o n s t a n t m a t r i x . 
The o v e r a l l scheme i s d e m o n s t r a t e d t o p r o v i d e e x c e l l e n t c o r r e l a ­
t i o n o f r e s u l t s w i t h a s e e m i n g l y e n d l e s s range o f f e e d s t o c k s , 
c a t a l y s t s , and r e a c t i o n c o n d i t i o n s . 

A n o t h e r s u b s t a n t i a l body o f work d e a l i n g w i t h c r a c k i n g r e a c ­
t i o n s has been r e p o r t e d o v e r t h e p a s t s e v e r a l y e a r s by W o j c i e c h o w ­
s k i and c o w o r k e r s . R e s u l t s w i t h cumene c r a c k i n g o v e r L a - Y z e o l i t e 
c a t a l y s t a r e summarized i n e n t r y 9 o f T a b l e 3 . C a t a l y s t d e a c t i v a ­
t i o n i n t h e s e s t u d i e s i s a l s o t r e a t e d as s e p a r a b l e , b u t a n h y p e r ­
b o l i c f u n c t i o n o f t ime on s t r e a m i s u s e d f o r c o r r e l a t i o n o f 
a c t i v i t y . The use o f t h i s t y p e o f c o r r e l a t i o n f o r a number o f 
a p p l i c a t i o n s was summarized i n a 1974 r e v i e w ( 7 0 ) . S i n c e t h a t 
t i m e , i n a d d i t i o n t o r e c e n t work on cumene c r a c k i n g (69) t h e 
model has been a p p l i e d t o a n e x t e n s i v e s e r i e s o f s t u d i e s on the 
c r a c k i n g o f gas o i l d i s t i l l a t e s ( 7 1 , 7 2 , 7 3 , 7 4 ) , a s w e l l a s b e i n g 
employed i n t h e c o r r e l a t i o n o f J a c o b s , e t a l . ( 7 7 ) . 

A n o t h e r Case H i s t o r y : C o k i n g o f N i c k e l C a t a l y s t s 

The mechanism o f coke f o r m a t i o n on v a r i o u s t y p e s o f n i c k e l 
c a t a l y s t s d u r i n g CO o r CH^ d e c o m p o s i t i o n , o r d u r i n g s team r e f o r m ­
i n g o f h y d r o c a r b o n s , has been a t o p i c o f i n t e n s i v e i n v e s t i g a t i o n 
d u r i n g the p a s t few y e a r s . R o s t r u p - N i e l s e n (78) i n v e s t i g a t e d the 
d e c o m p o s i t i o n r e a c t i o n s i n t h e range 4 5 0 - 7 0 0 ° C ; one w o u l d e x p e c t 
t h a t coke o r i g i n a t i n g f r o m t h e s e d e c o m p o s i t i o n s c o u l d be c o n ­
t r o l l e d t h e r m o d y n a m i c a l l y by o p e r a t i n g w i t h e x c e s s s team; however 
t h e r e has been u n c e r t a i n t y o v e r t h e y e a r s c o n c e r n i n g c h e m i c a l 
e q u i l i b r i u m i n t h e s e r e a c t i o n s ( 7 9 , 8 0 , 8 1 ) . H o f e r , e t a l . (82) had 
found v i a e l e c t r o n m i c r o s c o p y t h a t the coke d e p o s i t e d on N i was i n 
the f o r m o f t u b u l a r , w h i s k e r - l i k e t h r e a d s ; subsequent s t u d i e s 
(83 ,84) have r e v e a l e d two s t r u c t u r e s , N i ^ C ( c a r b i d i c ) and g r a p h i t e 
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Industrial and Engineering Chemistry 
Process Design and Development Quarterly 

Figure 12. Correlation of cracking kinetics with feed aromatic/naphthene (65). (a) 
Overall gas-oil cracking; (b) gasoline formation. 

Pf - Wt. % paraffinic molecules, {mass spec analysis), 4 3 0 ° - 650° F 
Ν / = Wt. % naphthenic molecules, (mass spec analysis), 430° - 650° F 
CΛ , * Wt. % carbon atoms among aromatic rings, (n-d-M method), 

430° - 6 5 0 e F 
A( = Wt. % aromatic substituent groups (430° - 650° F ) 
P n = Wt. % paraff inic molecules, (mass spec analysis), 650° F + 

N n = Wt. % naphthenic molecules, (mass spec analysis), 650° F + 

C A h = Wt. % carbon atoms among aromatic rings, n-d-M method, 650° F + 

A n = Wt. % aromatic substituent groups (650° F + ) 

G = G lump ( C 5 - 4 3 0 ° F) 
C = C lump ( C 1 to C 4 • COKE) 
C A i + 9 ( + N ( + A / = L F 0 < 4 3 0 ° - 6 5 0 ° F ) 
c A h + p h + N h + A h s H F 0 ί 6 5 0 · F + > 

American Institute of Chemical Engineers Journal 

Figure 13. A ten lump model for the kinetics of catalytic cracking 
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( w h i s k e r s ) w i t h t h e g r a p h i t e s t r u c t u r e decomposing above a b o u t 
4 0 0 ° C . R o s t r u p - N i e l s e n (78) found t h a t e q u i l i b r i u m c o n s t a n t s 
v a r i e d f r o m c a t a l y s t t o c a t a l y s t , b u t were c o r r e l a t e d w i t h N i 
c r y s t a l l i t e s i z e ; f u r t h e r , the d i m e n s i o n s o f t h e t u b u l a r g r a p h i t e 
s t r u c t u r e s were s i m i l a r t o t h e a s s o c i a t e d c r y s t a l l i t e . 

Steam r e f o r m i n g o f h y d r o c a r b o n s on s u p p o r t e d N i i s an i n t e r ­
e s t i n g and v e r y c o m p l i c a t e d s y s t e m . The major r e a c t i o n s t o be 
c o n s i d e r e d a r e : 

+ n H 2 0 nCO + (n + j ) H 2 

CO + H 2 —> C 0 2 + H 2 (VI ) 

CO + 3 H 2 — * C H 4 + H 2 0 

w i t h coke d e p o s i t i o n p o s s i b l y v i a : 

CH 4 —y C + 2H 2 

2C0 C + 2 H 2 ( V I I ) 

CmHm p o l y m e r —* coke 

Many w o r k e r s have d e a l t w i t h c a t a l y t i c p r o p e r t i e s as they a f f e c t 
V I and V I I . F o r c o k i n g i t i s g e n e r a l l y a g r e e d t h a t b o t h m e t a l and 
a c i d i c f u n c t i o n s a r e i n v o l v e d ; the i n c o r p o r a t i o n o f a l k a l i o r the 
use o f l e s s a c i d i c s u p p o r t s r e t a r d s coke f o r m a t i o n ( 8 5 , 8 6 , 8 7 ) . 
K i n e t i c s o f coke f o r m a t i o n a r e r e p o r t e d t o be n e a r l y f i r s t o r d e r 
i n h y d r o c a r b o n ( f o r n -hexane) ( 8 8 ) , and n o r m a l l y d e c r e a s e w i t h i n ­
c r e a s i n g s tea m/hydrocarbon r a t i o and i n c r e a s e w i t h i n c r e a s i n g u n -
s a t u r a t i o n ( 8 6 , 8 9 ) . A maximum i n coke f o r m a t i o n r a t e i n the r e ­
g i o n 5 0 0 - 6 0 0 ° C has been o b s e r v e d ( 8 6 , 8 8 ) , b u t t h e r e i s some d i s ­
agreement c o n c e r n i n g the e f f e c t o f h y d r o g e n p a r t i a l p r e s s u r e on 
c o k i n g r a t e s ( 8 6 , 9 0 ) . 

There a r e some i n t e r e s t i n g a s p e c t s t o coke f o r m a t i o n i n the 
s team r e f o r m i n g r e a c t i o n . F i r s t i s the o b s e r v a t i o n o f a n i n d u c ­
t i o n p e r i o d f o r coke f o r m a t i o n , shown i n F i g u r e 14a f o r n - h e p t a n e 
a t 500 Q C ( 8 6 ) , s t r o n g l y dependent upon steam/C r a t i o . T h i s has 
been n o t e d f o r o t h e r h y d r o c a r b o n s as w e l l ( 9 1 ) . C o r r e l a t i o n o f 
coke on c a t a l y s t i n t h i s i n s t a n c e can be p r o v i d e d b y : 

C c = k c ( t - t 0 ) (24) 

w i t h the i n d u c t i o n t i m e . F i g u r e 14b shows the s t r o n g i n h i b i ­
t i o n o f coke f o r m a t i o n w i t h i n c r e a s e i n s team/carbon ( d e c r e a s e i n 
k c ) , w i t h an accompanying i n c r e a s e i n i n d u c t i o n t i m e . An i n c r e a s e 
i n h y d r o g e n p a r t i a l p r e s s u r e i n c r e a s e d c o k i n g r a t e ( 8 6 ) . The 
c o r r e l a t i o n o f E q . (24) i s o b v i o u s l y q u i t e d i f f e r e n t f rom the 
f a m i l i a r V o o r h i e s f o r m , and the t h e r m a l dependence much g r e a t e r 
t h a n t h a t o b s e r v e d f o r V o o r h i e s - t y p e s y s t e m s . R o s t r u p - N i e l s e n 
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(86) r e p o r t s a n a c t i v a t i o n energy o f 40 k c a l / m o l e compared t o the 
10 k c a l / m o l e o r l e s s f o r coke f o r m a t i o n on c r a c k i n g c a t a l y s t s (1^). 

A second f a c t o r i s t h e r e l a t i v e l y s m a l l d i m u n i t i o n i n a c t i v ­
i t y on coke f o r m a t i o n i n t h e s e c a t a l y s t s , d e m o n s t r a t e d by s p e c i f i c 
e x p e r i m e n t s i n (86) f o r two c a t a l y s t s c o n t a i n i n g 4 . 5 and 1 1 . 0 wt % 
coke on c a t a l y s t s . The r e a s o n f o r t h i s i s n o t c l e a r , b u t may 
r e s i d e i n the tendency f o r c a r b o n t o s e g r e g a t e on n i c k e l s u r f a c e s 
(92 ,93) o r be due t o the f a c t t h a t a c a r b i d i c phase such as N i ^ C 
i s t h e a c t i v e c a t a l y t i c s u r f a c e u n d e r r e a c t i o n c o n d i t i o n s ( 8 4 ) . 

Coke f o r m a t i o n r e a c t i o n s r e p o r t e d above i n V I I may be more 
complex t h a n r e a l i z e d p r e v i o u s l y . I n v e r y r e c e n t work on s team 
r e f o r m i n g o f n - h e x a n e , B e t t , e t a l . (94) c o n c l u d e t h a t c a r b o n f o r ­
m a t i o n may r e s u l t f r o m i n t e r a c t i o n o f u n r e a c t e d hexane and the 
p r o d u c t s o f s e c o n d a r y c r a c k i n g r e a c t i o n s , o r f r o m u n s t a b l e i n t e r ­
m e d i a t e s i n t h e c r a c k i n g p r o c e s s . A s e l e c t i o n o f o t h e r t h o u g h t s 
c o n c e r n i n g the mechanism o f coke f o r m a t i o n i n r e f o r m i n g on N i 
w o u l d i n c l u d e the works o f W h a l l e y , e t a l . ( 9 5 ) , P r e s l a n d and 
W a l k e r ( 9 6 ) , and Renshaw, e t a l . ( 9 7 ) . 

Carbon d e p o s i t i o n on n i c k e l c a t a l y s t s f o r r e a c t i o n s o t h e r 
t h a n steam r e f o r m i n g has a l s o been s t u d i e d e x t e n s i v e l y i n r e c e n t 
y e a r s . The i n t e r a c t i o n o f l i g h t h y d r o c a r b o n s on N i f o i l s a t 400-
600°C has been i n v e s t i g a t e d by Lobo and Trimm ( 9 8 ) , and the p y r o l -
y s i s o f o l e f i n s on N i f o i l s a t 4 0 0 - 7 5 0 ° C by R o s t r u p - N i e l s e n and 
Trimm ( 9 9 ) . I n t h e p y r o l y s i s r e a c t i o n s the c o k i n g r a t e s p a s s 
t h r o u g h a maximum, as w i t h s team r e f o r m i n g , i n the range 5 0 0 - 6 0 0 ° C . 
The k i n e t i c s o f r e a c t i o n a r e c o m p l e x ; b e l o w a b o u t 500°C the 
a p p a r e n t a c t i v a t i o n energy i s 32 t 2 k c a l / m o l e f o r a l l o l e f i n s and 
the r e a c t i o n i s z e r o o r d e r . Above 600°C the a c t i v a t i o n energy i s 
c a . -44 k c a l / m o l e and the r e a c t i o n o r d e r i s u n i t y f o r b o t h o l e f i n 
and h y d r o g e n . S i m i l a r r e s u l t s have been r e p o r t e d by D e r b y s h i r e 
and Trimm ( 1 0 0 ) . A number o f r e a s o n s i n c l u d i n g r e g a s i f i c a t i o n 
( 8 5 , 1 0 1 ) , coke d e a c t i v a t i o n ( 1 0 1 ) , p o i s o n i n g by h y d r i d e f o r m a t i o n , 
and c o m p e t i t i v e a d s o r p t i o n - s u r f a c e d i f f u s i o n phenomena (99 ,100) 
have been s e t f o r t h t o e x p l a i n these k i n e t i c s . 

F i n a l l y , t h e r e i s a r a t h e r u n i q u e t y p e o f c o k i n g o f s u p p o r t e d 
N i u n d e r c e r t a i n c o n d i t i o n s w h i c h l e a d s t o c a t a s t r o p h i c d e s t r u c ­
t i o n o f the p h y s i c a l s t r u c t u r e ( i . e . , r e d u c t i o n t o d u s t ) . K i o v s k y 
(91) has r e p o r t e d t h i s phenomenon i n some d e t a i l f o r l o w s u r f a c e 
a r e a (~ 10 m 2 /g) s u p p o r t e d N i (10% w t ) , u s e d f o r p r o d u c t i o n o f 
a n n e a l i n g gas v i a 0^ + C H ^ . I n one t e s t , a c o m m e r c i a l N o r t o n 
NC-100 f o r m u l a t i o n m the f o r m o f 1 i n d i a m e t e r r i n g s was com­
p l e t e l y d e s t r o y e d w i t h i n e i g h t h o u r s u n d e r p a r t i a l o x i d a t i o n c o n ­
d i t i o n s w i t h i n l e t t e m p e r a t u r e o f 1 0 1 0 ° C , 3/1 a i r / C H ^ mole r a t i o 
and 400 h r " 1 space v e l o c i t y . O p e r a t i o n a t h i g h e r SV (800 h r " 1 ) 
r e s u l t e d i n no d e s t r u c t i o n . P h y s i c a l d e g r a d a t i o n was accompanied 
by coke f o r m a t i o n , b u t a n i n d u c t i o n p e r i o d was o b s e r v e d i n a l l 
cases b e f o r e d e s t r u c t i o n o c c u r r e d ; the c a t a l y s t c o u l d be com­
p l e t e l y r e g e n e r a t e d by a i r o x i d a t i o n i f t ime on s t r e a m were l e s s 
t h a n the i n d u c t i o n p e r i o d . Some t y p i c a l d a t a a r e shown i n F i g u r e 
15a f o r e x p e r i m e n t s a t 730 h r " 1 , 4 9 0 ° C , w i t h a t o l u e n e - s a t u r a t e d 
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Journal of Catalysis 

Figure 14. (a) Mean coke content of catalyst vs. time on stream, η-heptane reforming at 
500°C. 1.) HtO/C — 1.3, 2.) HtO/C — 1.5, 3.) HtO/C — 2.0; (b) coke correlation con-
stants, Equation 24, and steam/carbon ratio. Catalyst: 23.8% Ni on MgO with 6% wt 

Al, 0.07% Na, 2 m2/g Ni, 20 m? I g BET (W). 

American Chemical Society 
Figure 15. Destruction of supported Ni by coke formation during partial oxidation of 
hydrocarbons, (a) Survivors vs. time at two air/HC ratios; (b) effect of average pore di­

ameter upon survival rate (91) 
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methane a t two d i f f e r e n t a i r / h y d r o c a r b o n r a t i o s . S u r v i v o r s a r e 
d e f i n e d a s the number o f c a t a l y s t p i e c e s i n the o r i g i n a l charge 
r e t a i n i n g a t l e a s t 80% o f t h e i r o r i g i n a l mass ; t y p i c a l coke 
l e v e l s a r e o n l y on the o r d e r o f 3-5 wt % w h i l e d e s t r u c t i o n i s 
o c c u r r i n g and i t i s c l e a r t h a t the k i n e t i c s o f t h e p r o c e s s a r e 
r e l a t i v e l y r a p i d . I n i t i a l c r u s h s t r e n g t h was n o t w e l l c o r r e l a t e d 
w i t h s u r v i v a l r a t e , b u t the i n d u c t i o n p e r i o d was i n c r e a s e d and 
r a t e o f d e s t r u c t i o n d e c r e a s e d by r e d u c i n g c a t a l y s t e x t e r n a l s u r ­
f a c e a r e a p e r volume and r e d u c i n g median p o r e d i a m e t e r . The 
l a t t e r e f f e c t i s shown i n F i g u r e 15b f o r two c a t a l y s t s ; " n e w " , 
w i t h p o r e d i a m e t e r 5μ,, and " s t a n d a r d " , 1 7 u . The a b i l i t y o f coke 
f o r m a t i o n t o d e s t r o y the p h y s i c a l s t r u c t u r e o f the c a t a l y s t i s 
s u r p r i s i n g , b u t h a r d l y e q u i v o c a l . 
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A p p e n d i x 

Two o c c u p a t i o n a l h a z a r d s a s s o c i a t e d w i t h the w r i t i n g o f 
r e v i e w s such a s t h i s a r e the i n a d v e r t e n t o v e r s i g h t o f p a r t i c u l a r l y 
germane l i t e r a t u r e and t h e p u b l i c a t i o n o f r e l e v a n t work i n the 
p e r i o d between c o m p l e t i o n and p u b l i c a t i o n o f the r e v i e w . We have 
examples o f b o t h h e r e . 

I n the t e x t we commented upon the p o s s i b l e i n a d e q u a c i e s o f 
t h e s e p a r a b l e f o r m o f r e p r e s e n t a t i o n f o r d e a c t i v a t i o n k i n e t i c s . 
I n f a c t , B a k s h i and G a v a l a s (1A) have d e m o n s t r a t e d t h i s e x p e r i ­
m e n t a l l y f o r methanol and e t h a n o l d e h y d r a t i o n on S i 0 2 / A l 2 0 a t 
1 5 0 - 2 2 5 ° C , p o i s o n e d by n - b u t y l a m i n e . The k i n e t i c s o f r e a c t i o n 
were c o r r e l a t e d b y : 

k K A ? A % 

( - r T ) - ^ A ; (1A) 
ι + K A C A * + Vw 

f o r b o t h the f r e s h and d e a c t i v a t e d c a t a l y s t , b u t the a d s o r p t i o n 
c o n s t a n t s K . and K« v a r i e d w i t h e x t e n t o f d e a c t i v a t i o n w h i c h i s 
n o t a s the A s e p a r a b l e f o r m u l a t i o n w o u l d have i t . Such changes 
were i n t e r p r e t e d a s a m a n i f e s t a t i o n o f t h e n o n u n i f o r m i t y o f s u r ­
f a c e s i t e s , as we have s u g g e s t e d i n E q . ( 1 ) . Kam, e t a l . (2A) 
have a l s o u s e d a r a t e e x p r e s s i o n o f t h e f o r m o f E q . (1A) i n a 
t h e o r e t i c a l a n a l y s i s o f i s o t h e r m a l , i n t r a p a r t i c l e f o u l i n g i n v o l v ­
i n g combined s e r i e s and p a r a l l e l f o u l i n g . The r e s u l t s o f t h e 
combined mechanism a r e c o n t r a s t e d w i t h t h o s e p e r t a i n i n g t o t h e 
i n d i v i d u a l s t e p s a l o n e . 
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An example o f s t r u c t u r e s e n s i t i v i t y i n d e a c t i v a t i o n i s found 
i n t h e work o f O s t e r m a i e r , e t a l . (3A) f o r 2-15 nm Ρί/Α^Οβ and 
P t b l a c k i n ammonia o x i d a t i o n a t 3 6 8 - 4 7 3 ° K . The e f f e c t s o f c r y s ­
t a l l i t e s i z e and t e m p e r a t u r e i n d e a c t i v a t i o n were i n v e s t i g a t e d ; 
i t was found t h a t the e x t e n t o f d e a c t i v a t i o n i n c r e a s e d w i t h d e ­
c r e a s i n g t e m p e r a t u r e , and t h e r e was a d i f f e r e n c e i n the A r r h e n i u s 
b e h a v i o r between s i n t e r e d and u n s i n t e r e d m a t e r i a l s . D e a c t i v a t i o n 
was more s e v e r e w i t h s m a l l e r c r y s t a l l i t e s , b u t the s u r f a c e c o u l d 
be c o m p l e t e l y r e a c t i v a t e d by a t 6 7 3 ° K . I t was s u g g e s t e d t h a t 
PtO was the d e a c t i v a t e d s u r f a c e , and an e x c e l l e n t c o r r e l a t i o n o f 
a c t i v i t y was p r o v i d e d b y : 

dN 2 
d t i y r (2A) 

W i t h N = l + N ° K p t < 3 A> 

where Ν i s d e n s i t y o f s i t e s , Κ β a r a t e c o n s t a n t f o r d e a c t i v a t i o n , 
and 1^ an i n i t i a l s i t e d e n s i t y . 

I n r e c e n t work Hegedus and Summers (4A) have i n v e s t i g a t e d the 
p o i s o n i n g o f n o b l e m e t a l s s u p p o r t e d on AI2O3 by l e a d and phospho­
r o u s i n the o x i d a t i o n o f c a r b o n monoxide and h y d r o c a r b o n s . The 
p a r a m e t e r s s t u d i e d were p o r e s t r u c t u r e , s u p p o r t a r e a and 
i m p r e g n a t i o n d e p t h . C o r r e l a t i o n s a r e g i v e n f o r p o i s o n p e n e t r a ­
t i o n and e f f e c t i v e n e s s as a f u n c t i o n o f t ime o f o p e r a t i o n . A s i n 
the case o f c o k i n g v i a the p a r a l l e l mechanism, the o v e r a l l c a t a ­
l y s t l i f e can be o p t i m i z e d by m a n i p u l a t i o n o f the macropore s t r u c ­
t u r e . D e s i g n i n g f o r a g i v e n d i f f u s i o n a l l i m i t a t i o n i n the f r e s h 
c a t a l y s t r e t a r d s the r a t e o f t h e main r e a c t i o n b u t a l s o r e t a r d s 
p e n e t r a t i o n o f p o i s o n i n t o the c a t a l y s t m a t r i x , hence an optimum 
may be sought f o r maximum t i m e - a v e r a g e d e f f e c t i v e n e s s . 

F i n a l l y , M i k u s , e t a l . (5A) have r e p o r t e d s t u d i e s o f f i x e d 
bed r e a c t o r t r a n s i e n t s f o r CO o x i d a t i o n on Ρί/Α^Οβ (0 .1% P t ) 
w i t h CS2 p o i s o n . T h e i r e x p e r i m e n t a l r e s u l t s a r e i n q u a l i t a t i v e 
agreement w i t h the c o m p u t a t i o n s o f B l a u m (52) and E r v i n and L u s s 
(6A), b u t no s i m u l a t i o n s a r e r e p o r t e d i n the p a p e r . The t empera ­
t u r e p r o f i l e s r e p o r t e d have a c r u i o u s shape f o r what i s r e p o r t e d 
t o be a n a d i a b a t i c r e a c t o r . 
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Biochemical reaction engineering 262 
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of maintenance on overall 273 
Ceramic spheres 141 
Char 

burning and CO formation, 
mechanism of 69 

-carbon dioxide reaction 73 
combusion, models of coal- 72 
comparison of initial rates of 

pyrolysis, combustion, and 
gasification of coal/ 85 

-gas reactions 65 
-hydrogen reaction 71 
-oxygen reaction 67 
-steam reaction 74 

Chemical methods: their limits, 
physical and 243-245 

Chloride(s) 
lanthanum 41 
potassium 41 
rare earth and alkali metal 40 
of transition metals 40 
zinc 48 

Chlorination 
of n-decane 231 
of liquid isobutylene 227 
of methane 37 

Chlorine, reactions involving 37 
Chlorine in toluene, absorption with 

chemical reaction of 236 
Cloud-wake phase 95 
Coagulation 186 
Coal(s) 

anthracite 59 
bituminous 59 
catalysts found to be effective for 

gasification of 75 
-char combusion, models of 72 

Coal(s) (continued) 
-char, comparison of initial rates 

of pyrolysis, combustion, and 
gasification of 85 

combustion rates for various 70 
conversion reaction engineering 56,57 
conversion reactors, characteristics 

of various 80 
dissolution, mechanism of 99 
as function of carbon content, 

heating values of various 60 
-gas reaction, basic equations for 

single particle 77 
gasification plants 56 
hydrogen transfer from tetralin to 

bituminous 101 
lignite 59 
liquefaction 

processes, characteristics 98-100 
reactions 98 
reactor analysis 103 

in phenanthrene, dissolution of 101 
production of liquid fuel from 102 
pyrolysis and hydropyrolysis of 59-62 

Co-current fluid bed reactors 211 
Coke 305 

content of catalyst vs. time 316 
deposition 290 
destruction of supported nickel by .. 316 
formation 293 

Coking in catalytic cracking 311 
Coking of nickel catalysis 312 
Colapse technique, bed 196 
Combustion 

during pyrolysis, hypotheses for 65 
and gasification of coal/char, 

comparison of initial rates of 
pyrolysis 85 

model 93 
of coal-char 72 

rates for various coals 70 
volatile 65 

Combustor (FBC) and gasifier 
models, fluidized bed 92 

Combustor, temperature and carbon 
concentration profiles in FB 94 

Complex models, relations between 
simple and 6 

Concentration profiles 
in a moving bed gasifier, 

temperature and 85 
for simultaneous absorption/ 

desorption 226 
in a typical entrained bed gasifier, 

temperature and 91 
Condensation, heterogeneous 186 
Conduction in the solid phase, 

energy transport by 129 
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INDEX 

Conductivity of packed beds, heat .133-144 
Contactors, packed bed gas-solids 

countercurrent 216 
Continuous bioreactor system, 

multistage 278 
Continuous bioreactor, typical 

single-stage 274 
Conveying of small particles, 

fluidization and pneumatic 212 
Copper spheres 141 
Correlation models 9 
Countercurrent gas-solids reactors .... 215 
Countercurrent moving-bed gasifier .. 86 
Cracking catalyst, cat 200 
Cracking kinetics 313 
Criegee zwitterion mechanism 166 
Crystallizer, mixed 14 
Culture, effect of maintenance on 

overall cell yield in continuous .... 273 
Cumene 47 

cracking 293 
Cuprous ions, activity coefficient of .... 41 
Cyclopropane hydrogenolysis 300 
Cylinders, mixing length for hollow .. 146 

D 
Deacon reaction 39 
Deactivation, catalyst 288 
Deactivation, effect of activity 

distribution on long-term 297 
n-Decane, chlorination of 231 
Decane system, propane- 233 
Denitrification and phosphate 

removal, waste treatment 
systems for , 280 

Density distributions, aerosol 
number 184,185 

Deposition 64 
Design and modeling of coal 

conversion reactors 80 
Design of predictability, effect of 22 
Desorption with or without chemical 

reaction 225 
Desorption and exothermic 

absorption 224 
Devolatilization 64 
Diffusion 48 

limitation on growth rate, effect of .. 270 
turbulent 186 

Diffusivity in liquids 239-241 
Dissolution of coal in phenanthrene .... 101 
Dissolution, mechanism of coal 99 
Dolomite additives, limestone/ 92 
Drying of magnesium silicate spheres 154 

Ε 
Elutriation, attrition and 97 
Emulsion phase 92,95 

325 

Energy transport 
by conduction in the solid phase .... 129 
in packed beds 127 
in tubular packed bed reactors 126 
by turbulent motion of the fluid 

in the voids 132 
Entrained bed gasifier model 88-91 
Entrained bed reactor 80 
Environmental reaction engineering 162 
Enzyme kinetics 262 
Ethylbenzene, formation of 47 
Ethylene and propylene, oxidation of 46 
Ethylene and water, conversion of 51 
Expansion graph, bed 197 
Expansion and mixing coefficient, bed 197 

F 

Failure mode, operating a model in the 14 
Film model 224 
Finite mixing in a pilot plant, 

simulation of 18 
First order reaction, pseudo 28 
Fixed bed (moving bed) gasifier 

models 81 
Fixed bed reactor, temperature 

profiles for ... 310 
Flow 

capacities 87 
pattern in packed bed 141 
rate distribution I l l 

Fluid 
bed 

bubbling 24 
reactor, co-current 211 
reactor models 201 

of the bubbling 199 
and related reactors 193-195 

heat transfer in tubular reactors, 
particle-to- 115 

in the voids, energy transport by 
turbulent motion of the 132 

Fluidization 212,213 
two-phase theory of 92 

Fluidized bed 
chemical reatcions in 97 
combustor (FBC) and gasifier 92 
combustor, temperature and carbon 

concentration profiles in 94 
models, classification of the 95,96 
reactor 80 

Fossils fuels, H / C and O/C ratios of .. 60 
Fuel from coal, produtcion of liquid .. 102 

G 
Gas(es) 

absorption without and with 
chemical reaction, thermal 
effects in 233 
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326 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

Gas (es) (continued) 
heat transfer through stagnant 128 
-liquid reactions, supersaturation in 227 
-liquid reactors 223, 228 
in liquids, solubility of 237-239 
phase, fraction of solids supported 

by 217 
reactions, basic equations for single 

particle coal- 77 
reactions, char- 65 
residence time, effect of solids and .. 63 
shift reaction, water- 76 
-solids 

countercurrent contactors, 
packed bed 216 

fluid bed and related reactors, 
the design of 193 

reactors, countercurrent 215 
Gaseous and particulate air pollutants 181 
Gasification 

of coal, catalysts found to be 
effective for 75 

of coal/char, comparison of initial 
rates of pyrolysis, combustion, 
and 85 

equation, AASHTO 208 
rate, carbon 11 

Gasifier(s) 
characteristics of various types of .82-84 
countercurrent moving-bed 86 
model 

fixed bed (moving bed) 81 
fluidized bed combustor (FBC) 

and 92 
temperature 

and concentration profiles in a 
moving bed 85 

and concentration profiles in a 
typical entrained bed 91 

excursions in a moving bed 89 
Glass spheres 149 
Graphite (whiskers) 312-314 
Growth 

effect of pH on 274 
effect of temperature on 270 
kinetic expressions for 268 
rate, effect of diffusion limitation on 270 
rate, effect of sludeg size on 268 
relationship between substrate 

utilization and 266 

H 

H C L oxidation, rate of 42 
Heat 

conductivity of packed beds 133,141-144 
exchangers, horizontal tubular 24 

Heat (continued) 
transfer 

coefficient, wall 150-155 
in packed beds 118-125,156 
through stagnant gas 128 
between tube walls and packed 

beds 137 
in tubular packed bed reactors 115,126 

Heating values of various coals as 
function of carbon content 60 

η-Heptane 316 
Hinshelwood-Langmuir mechanism .47,66 
Hydrocarbons 

chemistry of oxides of nitrogen and 163 
liquid-phase oxidation of 227 
oxidation 166 
oxychlorination of saturated 44 

Hydrodynamics 
bubble 95 
influence 104 
and mass transfer and interfacial 

areas in gas-liquid reactors 245 
Hydroformylation of propylene 51 
Hydrogen 

to ammonia, conversion of nitrogen 
and 25 

/ C and O/C ratios of fossil fuels .... 60 
disproportionation reactions 101 
reaction, char- 71 
transfer from tètralin to bituminous 

coal 101 
Hydrogénation 

acetylene 293 
benzene 302 
direct 64 
of propylene 51 

Hydrogenolysis, cyclopropane 300 
Hydropyrolysis 59-61 

I 

Impurity poisoning 297 
Indirect liquefaction 98 
Interfacial areas and mass transfer 

coefficients 241 
Intrinsic rates 77 
Ion(s) 

activity coefficient of cuprous 41 
catalyzed, liquid-phase oxidation 

SO2, metal- 178-180 
mechanism, carbonium 47 

Isobutylene, chlorination of liquid 227 
Isomerization 

of but-l-ene 51 
n-pentane 304 
of xylene 27 

Isothermal plug flow 90 
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I N D E X 327 

Κ 

Ketones 163 
Kinetic(s) 

biological 262 
of catalytic cracking, lump model 

for the 313 
cell growth 264 
enzyme 262 
expressions for growth 268 
with feed aromatic/naphthene, 

correlation of cracking 313 
mechanisms and 288 
models 25 

L 

Langmuir-Hinshelwood mechanism .47,66 
Lanthanum chloride 41 
Learning models 3 
Lewis acids 47 
Limestone/dolomite additives 92 
Liquefaction 98-104 
Liquid 

diffusivity in 239-241 
distribution within the porous 

support 50 
fuel from coal, production of 102 
phase 

conversion of absorbed O2 and 
C 2 H 4 to acetaldehyde 227 

oxidation of hydrocarbons 227 
oxidation of S0 2, metal-ion 

catalyzed 178-180 
reaction, supersaturation in gas- ... 227 
reactors, gas- 223,228 
solubility of gases in 237-239 
-supported catalysts 37 

Lumping 30,31 
scheme 312,313 

M 
Magnesium silicate spheres, drying of 154 
Metal-ion catalyzed, liquid-phase 

oxidation of S0 2 178-180 
Metal salts 75 
Metaplast 59 
Meteorology 171 
Methane 71 

chlorination of 37 
-«team reforming reaction 76 

Mixed populations 283,284 
Mixing 

axial 217 
coefficient, bed expansion and 197 
complete 90 
length 145-147 
solids 97 

Model(s) 
axial dispersion 103 
for catalytic cracking reaction, 

lumping 31 
classification of 3,4 

the fluidized bed 95,96 
combustion 93 
correlation 9 
entrained bed gasifier 88 
film 224 
fixed bed (moving bed) gasifier 81 
fluid bed reactor 201 
fluidized bed combustor (FBC) 

and gasifier 92 
identification and the concept of 

model space 19 
kinetic 25 
learning 3 
level II 207-210 
for non-uniformly packed beds 112 
poisoning 300 
predictive 3 
for reactors, flow 22 
relations between simple and 

complex 6 
simulation criteria in laboratory 256 
for single particles, coal conversion 57 
space, model identification and the 

concept of 19 
surface-renewal 224 
three-phase bubbling bed 95 

Modeling of coal conversion reactors, 
design and 80 

Modeling, goals of 1 
Moving bed gasifier 80-89 

Ν 
Naphthalene, oxidation of 46 
Naphthenes 312 
Ni 3 C (carbidic) 312 
Nickel catalysts, carbon deposition on 315 
Nickel catalysts, coking of 312 
Nitric oxide 163 
Nitrogen 

atmospheric reactions involving 
oxides of 165 

and hydrocarbons, chemistry of 
oxides of 163 

and hydrogen to ammonia, 
conversion of 25 

Nucleation, heteromolecular 186 

Ο 
Oil, catalytic cracking of 29 
Olefins 39 

pyrolysis of 315 
reactions, ozone- 166 
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328 CHEMICAL REACTION ENGINEERING REVIEWS—HOUSTON 

Organic compounds 46 
Oxidant availability 11 
Oxidation 

of ethylene and propylene 46 
hydrocarbon 166 

liquid phase 227 
of naphthalene 46 
rate of HC1 42 
S0 2 44,51,170-180 
of o-xylene 295 

Oxides of nitrogen, atmospheric 
reactions involving 165 

Oxides of nitrogen and hydrocarbons, 
chemistry of 163 

Oxychlorides 40 
Oxychlorination of saturated 

hydrocarbons 44 
Oxygen 

and C 2 H 4 to acetaldehyde, liquid 
phase conversion of absorbed .. 227 

/ C ratios of fossil fuels, H / C and .... 60 
reaction, char- 67 

Ozone-olefin reactions 166 

Ρ 

Packed beds 
energy transport in 127 
flow pattern in 141 
gas-solids countercurrent 

contractors 216 
heat conductivity of 133-144 
heat transfer in 118-125,137 
model for non-uniformly packed .... 112 
reactor 

adiabitic exothermic 7 
temperature profile in a tubular .. 128 
transport phenomena in 110 

velocity distribution in 114 
of spherical particles, heat transfer 

in 156 
Paraffins 39,312 
Parallel poisoning 301 
Particle(s) 

-to-fluid heat transfer in a tubular 
reactor 115 

fluidization and pneumatic 
conveying of small 212 

heat transfer in packed beds of 
spherical 156 

individual 290 
mixing length for cylindrical 145 
Peclet number, wall heat transfer 

coefficient vs 155 
selection 194 

Particulate air pollutants, gaseous and 181 
Peclet number, wall heat transfer 

coefficients vs. particle 155 

Pellet diffusion reactor, single 300 
Pellet, geometry of partially 

deactivated 293 
Penetration theory 49 
n-Pentane isomerization 304 
n-Pentane mole fractions vs. time 305 
pH effects 269 

on growth 274 
Phenanthrene, dissolution of coal in .. 101 
Phosphate removal, waste treatment 

systems for denitrification and .... 280 
Phosphoric acid 47 
Photooxidation of aromatic species ... 166 
Phthalic anhydride, formation of 46 
Physical and chemical methods 241-245 
Plant, coal gasification 56 
Plant, simulation of finite mixing in 

a pilot 18 
Plug flow, isothermal 90 
Poisoning models 297-301 
Pollutants, gaseous and particulate .... 181 
Pollutants in the polluted atmosphere 163 
Polymerization 29,64 
Polystyrene spheres 149 
Porous support, liquid distribution 

within the 50 
Potassium chloride 41 
Powder classification 195 
Predictive models 3 
Pressure drop in tubular reactors I l l 
Pressure, effect of 61 
Product distributions of pyrolysis, 

relative yields and 70 
Propane-decane system 233 
Propylene 

dimerization 47 
hydroformylation of 51 
hydrogénation of 51 
oxidation of ethylene and 46 

Pyrolysis 98 
ana combustion of coal 62 
combustion, and gasification of 

coal/char, comparison of 
initial rates of 85 

and hydropyrolysis of coal 59 
hypotheses for the combustion 

during 65 
of olefins 315 
rates of coal 61 
relative yields and product 

distributions of 70 
temperature 59 

Pyrosulfate melt 44 

Q 
Quinoline 311 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

9,
 1

97
8 

| d
oi

: 1
0.

10
21

/b
k-

19
78

-0
07

2.
ix

00
1

In Chemical Reaction Engineering Reviews—Houston; Luss, D., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1978. 



I N D E X 

R 

Rare earth and alkali metal chlorides 40 
Rate constants and estimated 

contributions to atmospheric S0 2 

oxidation 174 
Reaction(s) 

in an absorber, prediction of the 
effect of a chemical 252 

absorption with chemical 235 
aerosol phase chemical 186 
of alkoxyl, alkyperoxyl, and 

acylperoxyl radicals with 
NO and N 0 2 168 

basic equations for single particle 
coal-gas 77 

catalytic 75 
char-carbon dioxide 73 
char-gas 65 
char-hydrogen 71 
char-oxygen 67 
char-steam 74 
of chlorine in toluene, absorption 

with chemical 236 
coal liquefaction 98 
desorption with or without chemical 225 
engineering 

biochemical 262 
coal conversion 56 
environmental 162 

in fluidized beds, chemical 97 
freeboard 98 
high temperature 37 
hydrogen disproportionation 101 
involving oxides of nitrogen, 

atmospheric 165 
mass transfer with and without 

chemical 224 
mechanisms, liquefaction 104 
medium and low temperature 47 
methane-steam reforming 76 
ozone-olefm 166 
pseudo first order 28 
rhodium carbonylation 48 
supersaturation in gas-liquid 227 
surface 66 
thermal effects in gas absorption 

without and with chemical 233 
volumetric 66 
water-gas shift 76 

Reactor(s) 
adiabatic continuous stirred tank ... 228 
adiabitic exothermic packed bed .... 7 
analysis, coal liquefaction 103 
bubbling bed 194 
characteristics of various coal 

conversion 80 
co-current fluid bed 211 
configurations, biological 271 

329 

Reactor(s) (continued) 
countercurrent gas-solids 215 
the design of gas-solids fluid bed 

and related 193 
design and modeling of coal 

conversion 80 
entrained bed 80 
flow models for 22 
fluid bed and related 195 
fluidized bed 80 
gas-liquid 223 
hydrodynamics and mass transfer 

and interfacial areas in 
gas-liquid 245 

length required for fast bed 215 
modeling 303 
modeling—the desirable and the 

achievable, chemical 1 
models, fluid bed 199-201 
particle-to-fluid heat transfer in 

tubular 115 
performance studies, integral 306 
single pellet diffusion 300 
steady state multiplicity of 

adiabatic gas-liquid 228 
temperature profiles 

for a fixed bed 310 
in a single pellet diffusion 301 
in a tubular packed bed 128 

tracer experiments in a trickle bed .. 21 
transport phenomena in packed bed 110 
trickle beds and well-stirred tank ... 245 
trickle flow 218 
tubular packed bed 126 
tubular, pressure drop in I l l 
velocity distribution in a packed 

bed 114 
well-stirred tank 250 

Residence time, effect of solids and 
gas 63 

Rhodium carbonylation reactions 48 
Riser, fast bed or 216 

S 

Salts, metal 75 
Shock loading 267 
Simple and complex models, relations 

between 6 
Simulation 

criteria in laboratory models 256 
differential 255 
integral 256 

SLP catalyst systems 38 
SLP, catalytic reaction in 48 
Slugging beds 214 
Solid(s) 

fluid bed and related reactors, 
the design of gas- 193 
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330 C H E M I C A L R E A C T I O N E N G I N E E R I N G R E V I E W S — H O U S T O N 

Solid(s) (continued) 
and gas residence time, effect of 63 
mixing 97 
phase, energy transport by 

conduction in the 129 
reactors, countercurrent gas- 215 
supported by gas phase, fraction of 217 

Solubility of gases in liquids 237-239 
Solvent extraction 98 
Spheres, drying of magnesium silicate 154 
Spheres, mixing length for binary 

mixtures 147 
Stability, bioreactor 281 
Stabilization 64 
Steady state multiplicity of adiabatic 

gas-liquid reactors 228 
Steam reaction, char- 74 
Steam reforming reaction, methane .... 76 
Steel spheres 141 
Stirred-tank reactor, adiabatic 

continuous 228 
Styrene spheres 141 
Substrate utilization and growth, 

relationship between 266 
Sulfate, oxidation of S0 2 to 170 
Sulfur dioxide 163 

heterogeneous oxidation of 175 
homogeneous oxidation of 171 
oxidation 51 

rate constants and estimated 
contributions to atmospheric 174 

retention, effect of bed temperature 
on 94 

to sulfate, oxidation of 170 
S03-trioxidedodecylbenzene 235 
Supersaturation in gas-liquid 

reactions 227 
Surface-renewal models 224 

Τ 

Tank reactors, trickle beds and 
well-stirred 245-250 

Temperature 
and carbon concentration profiles 

in FBC 94 
and concentration profiles in a 

moving bed gasifier 85 
and concentration profiles in a 

typical entrained bed gasifier .. 91 
effects 63,269 
excursions in a moving bed gasifier 89 
on growth, effect of 270 
profiles 

for a fixed bed reactor 310 
in a single diffusion reactor 301 
in a tubular packed bed 

reactor 126-128 
pyrolysis 59 
on S0 2 retention, effect of bed 94 

Tetralin to bituminous coal, hydrogen 
transfer from 101 

Theory of fluidization, two phase 92 
Theory, penetration 49 
Thermal conductivity of packed 

beds 134-140 
Thermal cracking 101 
Thermal effects in gas absorption 

without and with chemical 
reaction 233 

Tilted bed experiments 200 
Time, coke content of catalyst vs 316 
Time, n-petane mole fractions vs 305 
Toluene, absorption with chemical 

reaction of chlorine in 236 
Tracer experiments in a trickle bed 

reactor 21 
Transfer 

with and without chemical reaction, 
mass 224 

coefficients 
interfacial areas and mass 241 
vs. particle Peclet number, 

wall heat 155 
wall heat 150-152 

and interfacial areas in gas-liquid 
reactors, hydrodynamics and 
mass 245 

unit as function of bed height, 
height of 206,212 

units, different methods for the 
determination of the number of 204 

Transition metals, chlorides of 40 
Transport phenomena in packed bed 

reactors 110 
Trickle bed reactor, tracer 

experiments in a 21 
Trickle beds and well-stirred tank 

reactors 245 
Trickle flow reactors 218 
Trioxidedodecylbenzene, S0 3 - 235 
Tube walls and packed beds, heat 

transfer between 137 
Tubular 

packed bed reactors 126 
temperature profile in 128 

reactors, heat transfer in 115 
reactors, pressure drop in I l l 

Turbulent beds 194,214 
Turbulent motion of the fluid in the 

voids, energy transport by 132 

U 

Urban aerosol chemistry, elements of 181 
Urban aerosols, dynamics of 177 
Urban atmosphere, chemistry of the .. 162 
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I N D E X 

V 

Vanadium pentoxide 44 
Velocity distribution in a packed bed 

reactor 114 
Velocity as function of bubble sizes, 

bubble 207 
Vinyl chloride, production of 39 
Volatile combustion 65 

W 

Waste treatment 277 
systems for denitrification and 

and phosphate removal 280 
system, single-stage aerobic 278 

331 

Water 
conversion of ethylene and water .... 51 
-gas shift reaction 76 
system, ammonia 233 

X 
Xylene, isomerization of 27 
o-xylene, oxidation of 295 

Y 
Yields and product distributions of 

pyrolysis, relative 70 

Ζ 
Zinc chloride 48 
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