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F O R E W O R D 

A D V A N C E S I N C H E M I S T R Y S E R I E S was founded in 1949 by the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia and co l 
lections of data in special areas of topica l interest that cou ld 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d is tr ibuted among several journals or not p u b 
l ished at a l l . Papers are refereed cr i t i ca l ly accord ing to A C S 
edi tor ia l standards and receive the careful attention and proc 
essing characteristic of A C S publ icat ions . Papers pub l i shed 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are or ig ina l contributions 

not pub l i shed elsewhere in whole or major part and inc lude 
reports of research as w e l l as reviews since symposia may 
embrace both types of presentation. 
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PREFACE 

*T<he present vo lume completes the proceedings of the T h i r d Interna-
t i ona l S y m p o s i u m o n C h e m i c a l Reac t i on E n g i n e e r i n g , h e l d at N o r t h 

western U n i v e r s i t y , Evans ton , 111., A u g u s t 27-29, 1974. It comprises eight 
reviews w h i c h were inv i t ed for the sympos ium a n d cover its p r i n c i p a l 
areas of emphasis. T w o of the reviews cover specific areas of current 
interest i n chemica l processing: automotive exhaust catalysis a n d the 
produc t i on of c lean fuels f rom coal . Six summar ize the state of the art 
i n part i cu lar functions invo lved i n chemica l react ion engineering. T h e 
authors have h a d early access to the contr ibuted papers, n o w p u b l i s h e d 
as " C h e m i c a l Reac t i on E n g i n e e r i n g — I I , " A D V A N C E S I N C H E M I S T R Y S E R I E S 
N o . 133 ( A m e r i c a n C h e m i c a l Society, W a s h i n g t o n , D . C , 1974) a n d i n 
m a n y cases have b u i l t u p o n a n d ampl i f i ed them i n assessing the current 
status of work i n the field. 

W e trust that, as i n previous symposia, these reviews w i l l afford a 
bench m a r k for assessing past achievements a n d future progress. 

T h e E d i t o r and C h a i r m a n of the S y m p o s i u m owes a special debt of 
apprec iat ion to the staff of the Books D e p a r t m e n t of the A m e r i c a n 
C h e m i c a l Society for their patience, sk i l l , a n d energy i n p r o d u c i n g the 
two volumes of papers and reviews efficiently, professionally, a n d on t ime. 

Northwestern University 
Evanston, Ill. 
August 1975 

HUGH M. HULBURT 

ix 
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1 

The Catalytic Muffler 

J A M E S W E I 

Department of Chemical Engineering, University of Delaware, 
Newark, De l . 19711 

The catalytic muffler represents a delightful union of society 
needs and research opportunity. This new technology is the 
only effective solution to automotive pollution today, and 
cannot be effectively challenged by alternative solutions 
through engine changes till the 1980's. This first generation 
catalytic muffler has not been optimized in design through 
many years of experience and is capable of tremendous 
improvements. Pioneering research is particularly needed to 
further our understanding in (a) maintenance-free design 
and fail-safe reliability, (b) transport and modeling of 
shallow pellet beds and monoliths, (c) optimum design of 
catalysts and reactors for negative order kinetics, and (d) 
transient behavior of reactors. 

Τ η the f a l l of 1974 mi l l i ons of cars that w e n t on sale were e q u i p p e d 
A w i t h ox id i z ing catalyt ic converters to reduce the emissions of carbon 
monoxide a n d hydrocarbons ( 1 ) . A r e d u c i n g catalyt ic converter for N O * 
m a y f o l l ow i n a f e w years. T h e terms "catalyt ic muffler" a n d " cata ly t i c 
converter" are sometimes used interchangeably , w h i c h are shortened ver 
sions for the more comprehensive term "Kraft fahrzeugabgasentgi f tungs-
katalysator . " H o w e v e r , the catalyt ic muffler does not muffle engine noise 
a n d is located m u c h closer to the engine exhaust m a n i f o l d than a regular 
muffler. 

T h e r e are recent comprehensive reviews of the catalyt ic muffler, 
cover ing background , present technology, thermodynamics a n d kinet ics , 
p h y s i c a l transport processes, a n d d u r a b i l i t y (2, 3 ) . T h e purpose of the 
present rev iew is to concentrate on the react ion engineer ing aspects—a 
f e w past achievements a n d a great m a n y unso lved problems. 

T h e C l e a n A i r A c t as amended i n 1970 is the d r i v i n g force b e h i n d 
a n e w c h e m i c a l react ion technology a n d the debut of the catalyt ic con 
verter as an i tem for mass consumpt ion (4,5). T h e convent ional rec ipro -
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2 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 

eat ing spark - ign i t i on gasoline engine cannot meet the re laxed federa l 
standards for 1975 m o d e l automobiles i n C a l i f o r n i a w i t h o u t the use of 
the o x i d i z i n g catalyt ic converter. I n fact, the catalyt ic converter w i l l 
l e a d to more leeway i n engine design, w h i c h means u p to 2 0 % i m p r o v e 
ment i n vehic le mileage per ga l lon of gasoline a n d i n d r i v e a b i l i t y ( sup
pression of s ta l l ing , hesitat ion, backfire, a n d other engine ma l func t i ons ) . 
Therefore , the catalyt ic converter was insta l led on most 1975 m o d e l cars 
to meet the more re laxed federal standards for the other 49 states. 

T h e debut of the catalyt ic converter is marred b y two controversies. 
Gaso l ine n o r m a l l y contains 0 .03% sul fur b y weight , w h i c h contributes 
less than 1 % of man-made sources of sul fur i n the air . T h i s sul fur is 
emit ted as sul fur d iox ide into the atmosphere a n d is further ox id i zed 
to sul fur tr ioxide b y the catalyt ic act ion of meta l ions i n aerosols a n d b y 
sunl ight ( 6 ) . T h e resul t ing sul fur ic a c i d a n d sulfates are considered 
greater heal th hazards than sul fur d ioxide . T h e present ambient a ir 
s tandard for sul fur d iox ide is 365 / x g / m 3 , bu t the proposed standard for 
sulfates is 10 / x g / m 3 . T h e cata lyt i c converter oxidizes 1 0 - 3 0 % of the 
i n p u t S 0 2 to S 0 3 , w h i c h is only a smal l a d d i t i o n a l b u r d e n w h e n proper ly 
dispersed ( 7 ) , bu t i t m a y give rise to h i g h loca l concentrations of sulfates 
a long heavy traffic lanes. M u c h more def init ive investigations are needed 
to determine whether the benefits of r educ ing C O emission f rom 30 to 
3.4 g / m i l e , a n d hydrocarbons f r om 3.4 to 0.41 g / m i l e , is greater than 
the h a r m of increasing sulfate emission f r o m 0.001 to approx imate ly 0.03 
g / m i l e w h i l e recogniz ing that m u c h of the 0.16 g / m i l e emission of S 0 2 

w o u l d ox id ize to sulfates i n the atmosphere later. T h e E n v i r o n m e n t a l 
Protec t ion A g e n c y is contemplat ing a controversial vehic le emission s tand
a r d of sulfates at no more than 0.001 to 0.01 g / m i l e , w h i c h c o u l d l ead to 
the demise of the cata lyt i c converter. T h i s proposal is chal lenged b y the 
F e d e r a l E n e r g y A d m i n i s t r a t i o n a n d the State of C a l i f o r n i a . E x i s t i n g 
technology can save the catalyt ic converter b y r e d u c i n g the sul fur con
tent of gasoline, b y i m p r o v i n g the absorpt ion of sulfates i n the converter, 
a n d b y r educ ing the excess air i n the converter to suppress S 0 3 f o rma
t ion , w i t h a cost increase. A n o t h e r source of concern is the outside s k i n 
temperature of the catalyt ic converters, w h i c h m a y reach 900° F after a 
h i l l c l i m b at f u l l thrott le . T h i s converter temperature is on ly somewhat 
h igher than a convent ional muffler at the same locat ion , a n d 400 degrees 
lower than that reached b y the exhaust m a n i f o l d of the engine, b u t the 
converter is located closer to the g round a n d m a y cause fire a n d explosion 
over t a l l grass a n d combustibles . T h i s has l e d to the b a n n i n g of catalyt ic 
converters b y some o i l refineries a n d chemica l plants . 

A n engine change is the other approach to meet the F e d e r a l s tand
ards o n carbon monoxide a n d hydrocarbons ( 8 ) . I t is far more dif f icult 
to meet the standards on N O * . T h e diese l engine emits smoke a n d odor 
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1. W E I The Catalytic Muffler 3 

a n d is 5 0 % larger a n d heavier t h a n the gasoline engine. T h e ro tary 
engine is a l ready i n mass produc t i on for the subcompact M a z d a , w h i c h 
requires a t h e r m a l afterburner a n d provides a d i sappo int ing gasoline 
mileage. T h e stratif ied charge engine of H o n d a M o t o r s has shown great 
promise b u t needs proof of d u r a b i l i t y . There are m a n y other interest ing 
n e w engines i n the research a n d early deve lopment phase, i n c l u d i n g the 
steam engine, the S t i r l i n g engine, the R a n k i n engine, the gas turb ine , 
the f u e l ce l l , a n d the storage battery e lectr ic engines. A l l have strong 
points , a n d a l l have great weaknesses that must be overcome. Exper ts 
i n m an u fac t u r i n g engineer ing a n d i n customer service, w i t h i n a n d out
side of the automotive industry , bel ieve that these engines cannot capture 
a large percentage of the total market before the 1980's. I n the remainder 
of this decade, the choice is among the convent iona l engine w i t h the 
cata lyt i c converter, an enforced reduc t i on of permiss ib le vehic le -mi leage 
i n u r b a n areas, a n d a further reduct ion i n the standards of ambient a i r 
qua l i ty . F o r the next decade, the best so lut ion is the goa l of a vigorous 
compet i t i on between the investigators of n e w engines a n d the researchers 
of the catalyt ic converter. 

P l a t i n u m a n d p a l l a d i u m are the act ive ingredients used i n the first 
generation of cata lyt i c converters. I n one des ign, these noble metals are 
depos i ted on 1/16- to 1 /8 - inch pellets of h i g h surface area a l u m i n a a n d 
p l a c e d i n a very shal low bed . I n another design, the noble metals are 
deposited on a t h i n "wash coat" of a l u m i n a , w h i c h adheres to the wa l l s 
of ceramic honeycomb monol i ths . S ince space is at a p r e m i u m i n an 
automobi le , the reactor vo lume shou ld be kept to a m i n i m u m so that i t 
w i l l be compact enough to fit inside the a lready c r a m m e d engine hood , 
or i t shou ld be flat enough to fit u n d e r the front passenger's seat. 

T h e stated goal of the l a w is to m i n i m i z e emissions f r om each n e w 
car over 50,000 miles of use, subject to cost a n d r e l i a b i l i t y constraints. 
S ince u r b a n p o l l u t i o n is the m a i n target, the author ized test cyc le s i m u 
lates an u r b a n car start ing i n the m o r n i n g w i t h a c o l d engine a n d go ing 
t h r o u g h stop-and-go traffic. T h e cert i f ication procedure specifies the 
m a x i m u m permiss ib le grams emission per m i l e t rave led , regardless of 
automobi le w e i g h t or engine size. 

where m is the mo lecu lar w e i g h t of the po l lutant i n g / m o l e , F is flow 
rate of exhaust gas i n m o l e s / m i n , c is po l lu tant concentrat ion i n mole 
f ract ion , a n d V is vehic le speed i n m i l e s / m i n . T h e current ly official 
C V S - C H procedure ( F e d e r a l C y c l e ) calls for a cyc le f r o m a c o l d start, 
w i t h a r i g i d l y specif ied schedule of vehic le speed as a func t i on of t ime , 

(1) 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

01



4 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 

cover ing 7.5 mi les i n 22.9 minutes . T h i s is f o l l o w e d b y a s h u t d o w n for 
10 minutes a n d a re-start a n d repeat of the first 8.4 minutes of the cycle . 

T h e d y n a m i c range of the i n p u t variables to the catalyt ic converter 
is impressive. T h e top speed at ta ined i n the F e d e r a l C y c l e is 56.7 m p h 
a n d can be cons iderably h igher i n road use. T h e in le t gas temperature 
varies f r om ambient to 1200°F i n the C y c l e a n d m a y go u p to 1800°F 
i n r oad use. T h e chemica l heat conta ined i n the exhaust gas can be 
considerable since each mole percent of C O yie lds 140° F temperature 
rise u p o n ox idat ion . T h e flow rate of gases vary f r o m 10 S C F M d u r i n g 
engine id le to 100 S C F M d u r i n g r a p i d acceleration i n the C y c l e a n d m a y 
go u p to 200 S C F M i n r oad use. T h e gaseous composi t ion can v a r y f r o m 
an o x i d i z i n g cond i t i on w i t h a l ean a ir - to - fue l rat io to a r e d u c i n g c o n d i 
t i o n w i t h a r i c h rat io . A secondary air p u m p is often needed w i t h enough 
capac i ty to ensure a net o x i d i z i n g atmosphere. T h e C O concentrat ion 
can v a r y f r om b e l o w 0 . 1 % to above 8 % . U n d e r these condit ions, the 
gas has a reactor residence t ime of 10 to 200 msec, a n d a conversion l eve l 
of 8 0 - 9 0 % is needed. 

M a n y combinat ions of catalyst formulat ions a n d reactor conf igura
tions are adequate w h e n they are n e w l y insta l led . T h e per formance 
deteriorates w i t h use, m a i n l y because of h i g h temperature a n d poisons. 
Instead of today's gasoline w i t h 3.0 g of l ead per ga l lon , special gasoline 
w i t h less than 0.05 g of l ead w o u l d be needed to a v o i d early deact ivat ion . 
T h i s " lead-free" gasoline requires more ref ining a n d an a dd i t i ona l cost 
of about 0 .10 /ga l (9 ) accord ing to an independent study, b u t o i l indus t ry 
estimates are h igher than 1 0 / g a l . T h e catalyt ic converter occasional ly 
fails f rom p h y s i c a l at tr i t ion of the catalyst support a n d mechan i ca l fa i lure 
of the aux i l iary equipments . 

I n a few years the do l lar sale of automotive catalysts m a y exceed 
the c o m b i n e d sale of catalysts to the chemica l a n d petro leum industries 
( 1 0 ) . T h e app l i ca t i on of react ion engineer ing pr inc ip les to this emerg ing 
technology is s t i l l i n its in fancy . T h e o p t i m u m design of an i n d u s t r i a l 
reactor evolves after m a n y years of experience. T h e r e is v i r t u a l l y no 
experience w i t h the cata lyt i c muffler, a n d there is tremendous room for 
improvement . T h e catalyt ic converter also presents four n e w challenges 
to the art a n d science of react ion engineering, w h i c h calls for p ioneer ing 
research: 

( a ) I t is mass p r o d u c e d a n d p l a c e d d irect ly i n the hands of the 
consuming p u b l i c , w h o cannot a n d perhaps have no incent ive to prov ide 
moni tor ing a n d maintenance . A maintenance-free design w i t h fail -safe 
r e l i a b i l i t y is needed. 

( b ) Pressure drop across the catalyt ic converter must be severely 
l i m i t e d , r e q u i r i n g the u n f a m i l i a r shal low pel let bed , the ceramic mono
l i t h , a n d the meta l l i c screens. T h e transport properties a n d m o d e l i n g of 
these reactors need intensive study. 
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1. W E I The Catalytic Muffler 5 

( c ) T h e ox idat ion of carbon monoxide a n d hydrocarbons over p l a t i 
n u m a n d p a l l a d i u m exhibits a negative order kinetics . T h e o p t i m a l design 
of catalysts a n d reactors for such kinetics shou ld be invest igated. 

( d ) T h e performance of the catalyt ic converter is def ined over a 
w i d e d y n a m i c range of i n p u t variables a n d is dominated b y the first two 
minutes of transience f rom a co ld start of the engine. T h e transient 
behavior of converters should be better understood. 

T h e catalyt ic muffler represents a de l i gh t fu l u n i o n of society needs 
a n d research opportuni ty . It deserves the attention of some of the best 
talents i n our profession. 

Optimum Policy 

T h e overa l l goal of the F e d e r a l C l e a n A i r A c t shou ld be the best 
tradeoff between the benefits f rom a decrease i n a ir p o l l u t i o n a n d the 
costs to the p u b l i c . L a w m a k e r s need to have their v iews broadened b y a 
range of proposed po l i cy alternatives, a n d they need to k n o w the posit ive 
a n d negative consequences of each alternative. W i t h o u t the inputs f r om 
m a n y we l l - in f o rmed , unbiased , a n d a b l y argued pos i t ion papers repre 
senting the technica l po int of v i ew , the p u b l i c laws enacted m a y t u r n 
out to be waste ful , obstruct ive , or counter -product ive . T h e o p t i m a l 
des ign of a set of p u b l i c laws , a i m e d at r e d u c i n g p o l l u t i o n at m i n i m u m 
cost to the nat ion , should be a h i g h order of business. Reac t i on engineers 
w h o se ldom venture into the calculus of costs a n d benefits a n d into the 
f o rmulat ion of the o p t i m u m p o l i c y c o u l d per form another important 
d u t y as experts a n d concerned cit izens. 

A m b i e n t a ir q u a l i t y depends on the average emission per car a n d 
the total vehic le mileage. I t does not seem reasonable to f o r b i d the sale 
of a vehic le that emits more than 9.0 g / m i l e of C O a n d to accept w i t h 
equa l pleasure two vehicles emi t t ing 1.0 a n d 8.9 g / m i l e . S u c h a l a w w i l l 
l e a d to the f o l l o w i n g distort ions: encouraging a design for 8.9 g / m i l e , 
w i t h al lowances for the v a r i a b i l i t y i n manufac tur ing q u a l i t y contro l a n d 
i n vehic le testing exper imental scatter; c ondemning to a junk y a r d a n 
automobi le that emits 9.1 g / m i l e ; g i v i n g no incent ive to innovations 
l ead ing to very l o w emission cars. Instead, a l a w that sets a penal ty 
that is a continuous a n d r a p i d l y increasing funct ion of emission, c o u p l e d 
w i t h a posit ive r e w a r d for very l o w emission, w o u l d induce the m a n u 
facturers to produce better cars. 

I n a remarkable art ic le , Sh innar argued that to obta in the highest 
a i r qua l i ty , the emission standards must not be set too l o w ( l i ) . A n 
emission s tandard that is too stringent w o u l d be self -defeating since i t 
requires a n elaborate engine design that is more prone to fa i lure . A 
converter fa i lure m a y b r i n g an emission that is 10-20 times the a l l o w e d 
l i m i t . I f 5 % of the automobiles on the r o a d have f a i l ed converters that 
are not yet detected a n d corrected, then the ambient a ir q u a l i t y is d o m i -
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6 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 

nated b y the fa i lure rate. A more str ingent s tandard w o u l d l ead to a 
h igher fa i lure rate a n d d i r t i e r a ir . 

There are also m a n y re lated areas w h e r e react ion engineers c o u l d 
offer their t ime a n d talent as concerned cit izens. F o r instance, w h y 
s h o u l d the a i r q u a l i t y s tandard for C O speci fy that anywhere i n the 
U n i t e d States a n 8-hr average concentrat ion of 9 p p m b y vo lume should 
not occur more t h a n once a year? W h y should the s tandard of auto
m o b i l e emissions, ta i lored to cure u r b a n i l l s , be imposed o n r u r a l dr ivers? 
S ince 15 p p m is good enough for healthy persons, w o u l d i t not be sensible 
to relocate heart disease patients away f r o m center c i ty? 

T h e task of c u r b i n g automobi le pol lutants cannot be ended b y 
regu la t ing on ly the automobi le manufacturers . T h e r e is no current f ed 
era l l a w to require the per i od i c inspect ion a n d maintenance of vehicles 
i n use. I n the c h e m i c a l industry , a cata lyt i c reactor is often a m u l t i -
m i l l i o n do l lar investment that is des igned a n d constructed w i t h the ex
pend i ture of m a n y engineering man-hours . T o max imize profit , an 
i n d u s t r i a l reactor is moni tored b y m a n y measur ing a n d record ing i n s t r u 
ments, under the w a t c h f u l eyes of p lant engineers ready to make correc
t ive measures. I n contrast, the catalyt ic muffler w i t h its accessories has 
a r e t a i l value of perhaps $150 a n d is des igned a n d constructed for the 
d a i l y use of the general p u b l i c . T h e cont inued performance of the 
cata lyt i c converter m a y be a matter of indifference to the average motorist , 
w h o i n any case has neither the instrumentat ion nor the s k i l l to inspect 
a n d to ma in ta in . T h e catalyt ic muffler needs to be fa i lure-proof for 3 
to 5 years w i t h o u t a t tent i on—a feature not shared b y any automobi le 
accessory. 

I t has been proposed that the lack of mot ivat i on to repa ir a m a l 
func t i on ing cata lyt i c muffler m a y be augmented b y the instal lat ion of a 
device that emits l o u d noises w h i c h cannot be s i lenced t i l l the catalyt ic 
muffler is repa ired . T h i s so lut ion is s t i l l inadequate since the repa ir 
service indust ry has not yet been organized . Thousands of mechanics 
must be t ra ined to diagnose a n d to repa ir the various types of cata lyt i c 
mufflers, thousands of d iagnost ic instruments must be mass p r o d u c e d 
a n d d i s t r ibuted , mi l l i ons of spare parts must be p r o d u c e d a n d s tockpi led 
i n numerous warehouses (12). These tasks have not yet begun. P u b l i c 
l a w is too serious a business to be left to the lawyers alone. 

Unusual Catalytic Beds 

Because of the concerns for engine performance a n d fue l economy, 
the pressure drop across the catalyt ic muffler must be kept to the m i n i 
m u m . T h e highest pressure drop occurs on wide -open throttle engine 
operations w h e n the exhaust gas flow rate a n d temperature are at the 
m a x i m u m . A pressure drop of 5 -8 inches of water is regarded as the 
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1. W E I The Catalytic Muffler 7 

u p p e r l i m i t of acceptabi l i ty . T h i s requirement has l e d to the deve lopment 
of very sha l low p a c k e d beds a n d monol i ths . 

Shallow Packed Beds. T h e current des ign of p a c k e d beds have 
"pancake" aspect ratios, t y p i c a l l y 1-2 inches deep w i t h a cross-sectional 
area of some 100 square inches. Since the pellets have a d iameter of 
1/16 to 1 /8 i n c h , this means a b e d of 10 to 20 layers of part ic les , w h i c h 
is a r a d i c a l departure f rom i n d u s t r i a l beds of hundreds or thousands of 
layers. Pressure drop requirements have also l e d to the deve lopment 
of a n u m b e r of radia l - f l ow reactors, where the catalysts are p laced i n the 
annulus of two concentric cy l inders a n d where the gas flows i n a d i rec 
t ion p a r a l l e l to the radius a n d transverse to the axis of the cy l inders (see 
F i g u r e 1 ) . S ince bo th axial- f low a n d radial - f low reactors w i l l be con
s idered, the two directions i n the reactor w i l l be referred to as the 
" l o n g i t u d i n a l " a n d the "transverse" direct ions to avo id confusion. 

Figure I . Shallow pellet beds and monoliths 

W h e n a p a c k e d b e d is less t h a n 50 partic les deep, a step s igna l 
created b y a sudden change i n in let concentrat ion spreads as i t travels 
through the b e d (13). T h e l o n g i t u d i n a l spreading of a temperature 
s ignal is considerably stronger (14, 15). These modif ications to the con
centrat ion a n d temperature profiles have a strong effect o n the reactor 
performance. D i s p e r s i o n of mass i n the transverse d i rec t i on is u n i m p o r 
tant i n a catalyt ic muffler since the side wal ls are imperv ious a n d n o n -
catalyt ic . Transverse dispers ion of heat is insignif icant for the short a n d 
fat "pancake" reactors w h i c h approach adiabat i c condit ions b u t is more 
impor tant for the long a n d s l i m "c igars" reactors. Theories a n d exper i -
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8 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 

merits on the m o d e l i n g of such sha l low p a c k e d beds under d y n a m i c 
condit ions are not w e l l developed. 

U s i n g the terminology of F r o m e n t , the m i n i m u m m o d e l to use is 
the Pseudo-Homogeneous Α. I I , where l o n g i t u d i n a l dispersions are 
imposed on a p is ton flow reactor ( 1 6 ) : 

T h e gases flow through an exhaust p ipe of 2 to 3 inches i n d iameter i n a 
pu lsat ing flow, w i t h a f requency e q u a l to ha l f of the r p m of the engine, 
m u l t i p l i e d b y the n u m b e r of cy l inders a n d d i v i d e d b y the n u m b e r of 
converters. A r a p i d l y expanding cone connects the exhaust p ipe w i t h the 
catalyt ic b e d of some 100 square inches i n cross-sectional area, a n d a 
s imi lar contract ion cone gathers the exit gas into a n exhaust p ipe . T h e 
exhaust gas flow is turbulent i n the exhaust p i p e upstream f rom the 
catalyt ic bed , w i t h a Reyno lds number of 5000-80,000. T h e D a n c k w e r t s 
b o u n d a r y condit ions m a y be inappropr iate since l o n g i t u d i n a l dispersions 
of mass a n d heat occur outside of the reactor i n an u n k n o w n manner . 

Ins ide the p a c k e d b e d the Reynolds n u m b e r of the gaseous flow 
i n the F e d e r a l C y c l e is f rom 10 to 200, a n d the l o n g i t u d i n a l Peclet n u m 
ber, w d p / D , for mass is almost constant at the value of 2 ( 1 3 ) . T h i s is 
very fortunate since one can then use the same fixed Pec let n u m b e r at 
a l l flow rates. O n the other h a n d , the l o n g i t u d i n a l Peclet n u m b e r for 
heat, wdp(pc p )gas /A , is approx imate ly constant w i t h a value of 0.3 ( 1 5 ) . 
T h i s sevenfold difference i n the values of mass a n d heat l o n g i t u d i n a l 
dispersion complicates the computat ions . 

T h e Pseudo-Homogeneous Cascade m o d e l is a good dea l more 
amenable to n u m e r i c a l computat ion . 

W h e n the n u m b e r of cells i n the Cascade is chosen to be Ν = w L / 2 D , 
the d i s t r ibut i on of gaseous residence times is very s imi lar between the 
two models p r o v i d e d that Ν is greater t h a n 10. Therefore to s imulate 
mass d ispers ion w h e n the l o n g i t u d i n a l Peclet n u m b e r is 2, Ν shou ld be 
chosen to e q u a l L/dp, or each ce l l should consist of one layer of catalyst 
i n the bed . O n the other h a n d , to s imulate temperature d ispers ion w h e n 
the l o n g i t u d i n a l Peclet n u m b e r for heat is 0.3, Ν shou ld be chosen to 
e q u a l L/7dp> or each c e l l shou ld consist of seven layers. F o r t y p i c a l 

(2) 
λ - 7 -2 - u{Pcp) gas -τ- + Η · R = 0 

u ( C i _ i — Ci) — R = 0 

( p c p ) , u ( T 4 . i - r 4 ) + R- H = 0 

i = ο to Ν 
(3) 
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1. W E I The Catalytic Muffler 9 

beds where L/dp is about 15, Ν should be e q u a l to 15 or 2, d e p e n d i n g 
on whether mass dispers ion or heat dispersion shou ld be emphasized . 
W i t h such a smal l va lue of N, the analogy between the D i s p e r s e d P l u g 
F l o w a n d Cascade m o d e l breaks d o w n . 

C a u g h t between these two requirements , one m i g h t argue that an 
accurate evaluat ion of heat d ispers ion is more important than an accurate 
evaluate of mass dispersion because of the A r r h e n i u s expression for reac
t i on rate. T o be more precise, w e can define the relat ive sensit ivity of 
the react ion rate to a percentage change i n temperature compared w i t h 
a percentage change i n concentrat ion as: 

~ dR . dR 
d\nT 7 dine 

when R = f(c)e-*/R'T (4) 

_ Q _ d i n / 
RgT 1 d i n e 

I f the react ion rate is a s imple n - th order, 

d i n / 
d i n e = η 

so that S = Q/RgT · 1 / n a n d has a value of about 20 for η < 1. It is 
justif ied to choose Ν a c cord ing to the needs for thermal dispersion. T h e 
best va lue for iV was determined b y a set of transient experiments to be 
2V = (L/dp)x( 1 / 3 ) , or each ce l l should consist of three layers of cata
lysts (17, 18). E x p e r i m e n t a l values of the l o n g i t u d i n a l d ispers ion i n a 
radia l - f l ow reactor were p u b l i s h e d b y H l a v a c e k et al. (19, 20). 

T h e Heterogeneous Cascade m o d e l is also used for this p r o b l e m , 
where the temperature a n d concentrat ion of the so l id a n d gas phases 
are a l l o w e d to be different. D i s p e r s i o n is re lated to the gas to so l id 
transfer coefficients as w e l l as to N. 

^(Ti.^ — Tf) = ha(Tig — Tis) +H · R (5) 

H o w e v e r , the rates of mass a n d heat transfer be tween the so l id a n d the 
gas are not propor t i ona l to gaseous flow rates. T h e jH a n d jD factors v a r y 
approx imate ly as —0.5 power of the Reyno lds n u m b e r so that N u a n d S h 
v a r y as 0.5 power of Reyno lds number , l ead ing to transference units that 
vary w i t h —0.5 power of Reyno lds number . 
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10 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 

A l l the above theoret ical models assume u n i f o r m flow distr ibut ions . I n 
pract ice , channe l ing c o u l d be a p r o b l e m i n v i e w of the sudden expansion 
a n d contract ion i n gas flow. It c o u l d be r e m e d i e d b y judic ious use of 
baffles a n d deflectors, at the expense of increased pressure drop . T h e r m a l 
rad ia t i on effects are very important for the "pancake" design. 

Monolithic Catalytic Beds. A b u n d l e of para l l e l tubes offers m u c h 
less resistance to a ir flow than a r a n d o m p a c k e d b e d of spheres since the 
flow does not have to change d i rec t i on repeatedly a n d to spl i t u p a n d 
re jo in a r o u n d each sphere. T h e ceramic m o n o l i t h is an integra l b u n d l e 
of tubes w i t h a var ie ty of cross-sectional shapes i n c l u d i n g the c i rc le , the 
hexagon, the square, the equ i la tera l tr iangle , a n d the s inusoid . I n one 
process a mixture of fibers a n d ceramic mater ia l is extruded f r o m a d ie 
a n d then fired i n a k i l n . I n another process the mater ia l is f o rmed into 
a l ternat ing sheets of flat a n d corrugated layers, arranged into a stack, 
a n d then fired i n a k i l n . Since these ceramic products have too l i t t le 
surface area to support a n d to disperse catalysts, a h i g h surface area 
a l u m i n a is deposi ted on the tube surface as a " w a s h coat." A n u m b e r of 
open meta l l i c catalyst supports have also been deve loped i n the f o rm of 
open-mesh a n d re inforced w i r e structures a n d staggered layers of me
ta l l i c screens or saddles. T h e pressure drop through the monol i ths a n d 
meta l l i c screens tends to be l ower so that these catalyt ic beds m a y have 
" c i gar " aspect ratios, t y p i c a l l y 3 - 5 inches i n d iameter a n d 2 - 9 inches i n 
length . 

A t y p i c a l m o n o l i t h used i n catalyt ic mufflers has a channe l d iameter 
of 0.05 i n c h , a w a l l thickness of 0.01 i n c h , a n d a washcoat thickness of 
0.001 i n c h where the act ive precious metals are deposited. It is conta ined 
i n a stainless steel cy l inder 5 inches i n d iameter a n d 5 inches l ong , con
nected to the 2 % - i n c h exhaust pipes b y short cones. Gas flow rates 
generated d u r i n g the F e d e r a l C y c l e w o u l d give Reyno lds n u m b e r rang ing 
f r o m 20 to 400, w h i c h leads to a streamline flow at a l l t imes except per 
haps at the front open ing of the channe l where the gas m a y s t i l l be 
turbulent . A great dea l of channe l ing takes place i n the m o n o l i t h , i n d u c e d 
b y the r a p i d l y expanding a n d contract ing cones. T h e flow rate is m a n y 
times greater at the center of the axis, caus ing faster w a r m u p f r o m a c o l d 
start, faster ag ing , a n d l ower conversion efficiency. T h i s channe l ing can 
be r educed b y us ing flow deflectors upstream i n the expansion cone, w i t h 
a s imultaneous increase i n pressure drop . A n u m b e r of devices have 
been t r i e d a n d reported i n the l i terature (21, 22). 

T h e rates of mass a n d heat transfer f r om gases i n streamline flow 
to the wa l l s have been invest igated b y m a n y people b e g i n n i n g w i t h 
G r a e t z a n d Nussel t , often i n connect ion w i t h the des ign a n d operat ion 
of compact heat exchangers (23). T h e rate of heat transfer is important 
d u r i n g the w a r m u p , a n d also d u r i n g destruct ive overheat ing of the mono -
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1. W E I The Catalytic Muffler 11 

l i t h at h i g h temperature operations. T h e ear ly theoret ical solutions con
sider c i r cu lar channels w i t h f u l l y deve loped ve loc i ty profiles, neglect ing 
l o n g i t u d i n a l d ispers ion i n the gas phase a n d r a d i a l conduct ion i n the 
so l id phase. 

where the eigenvalues are β0 = 2.705, βχ = 6.667, β2 = 10.67, etc. a n d 
the e igenfunct ion ψ{ has i zeros accord ing to the S t u r m i a n osc i l lat ion 
theorem. W h e n χ is sufficiently large, a l l the terms i n the series become 
insignif icant compared w i t h the first t e rm, a n d the r a d i a l temperature 
profile reaches constant shape. It is customary to define a heat transfer 
coefficient, h, i n terms of the m i x i n g cup average temperature of the 
gas a n d to compute the Nusse l t n u m b e r N u = hd/λ. A t the entrance 
of the channel , the h igher terms contr ibute to a very large va lue of N u ; 
w h e n the value of x/d · R e · P r > 0.05, N u reaches the asymptot ic va lue 
governed b y the e igenfunct ion ψ0 alone. These solutions were extended 
to channels w i t h a p l u g flow entrance a n d a deve lop ing ve loc i ty profi le. 
T h e two b o u n d a r y condit ions often used are constant w a l l temperature 
a n d constant w a l l flux. T h e value of N u for deve lop ing flow a n d constant 
heat flux is greater than N u for deve lop ing flow a n d constant w a l l t e m 
perature , w h i c h is i n t u r n greater than N u for deve loped flow a n d con 
stant w a l l temperature. T h e asymptot ic Nusse l t numbers are independent 
of the channe l d iameter or the Reyno lds number . W h e n the Reyno lds 
n u m b e r is increased, the only effect is to lengthen the entrance reg ion 
of enhanced Nusse l t number . I n the catalyt ic muffler, the l ength of the 
enhanced region is at most 0.7 i n c h vs. the channe l l ength of 3 - 5 inches. 

T h e computat ion of the Graetz -Nusse l t p r o b l e m was extended to 
inc lude a large var iety of channe l geometries, usual ly r e q u i r i n g n u m e r i c a l 
techniques. T h e asymptot ic Nusse l t numbers were the goals, a n d ve loc i ty 
profiles were sometimes obtained. T h e diameter , d, used i n the def init ion 
of the Nusse l t n u m b e r becomes the h y d r a u l i c d iameter , or four t imes 
channe l cross-sectional area d i v i d e d b y the wet ted perimeter . These 
solutions are s u m m a r i z e d b y K a y s a n d L o n d o n (24) a n d b y S h a h a n d 
L o n d o n (25). T h e y range f r om 2.5 for s inuso idal channels to 7.5 for 
para l l e l plates. T h e f u l l y deve loped ve loc i ty field i n sinusoids was so lved 
b y Sherony a n d S o l b r i g (26). Schoenherr et al. have s h o w n that t r i -

(7) 

u(r) = 2 m ( 1 - r 7 r 0
2 ) 

T h e solut ion is 

(8) 
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12 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 

angular a n d s inuso idal channels have stagnant corners where the loca l 
heat transfer coefficient almost drops to zero (27). 

There is l i t t le exper imental conf irmation of these i n the l i terature . 
F o r the catalyt ic muffler, the condit ions of these calculations are not 
fu l f i l l ed : there is turbulence at the entrance of the channel , a n d the 
w a l l is neither at constant temperature nor possesses constant heat flux. 
H e c k et al. have a paper i n this sympos ium, measur ing the exper imental 
temperature profiles of a mono l i th under w a r m u p condit ions (28). T h e y 
f o u n d that the average Nusse l t number is a m i l d l y increasing funct ion 
of the Reyno lds number a n d falls between the asymptot ic values for 
constant w a l l temperature a n d for constant w a l l flux. T h e r a d i a l t em
perature gradient is neg l ig ib le . T h e entrance region of deve lop ing ther
m a l boundary layer is longer than expected, possibly because of entrance 
turbulence . K o c h s tudied mass transport i n monol i ths of various lengths 
b y ethylene ox idat ion (29). H e f ound good agreement between his data 
a n d the f u l l y deve loped l aminar flow theory w h e n the temperature is 
sufficiently h i g h a n d mass transport is rate l i m i t i n g . 

T h e m o n o l i t h under present muffler design is very se ldom under 
mass transfer l i m i t i n g condit ions, except for turnp ike d r i v i n g condit ions 
w i t h very h i g h speed gas flow a n d f u l l y w a r m e d catalysts. A s s u m i n g an 
inf ini te ly fast kinetics , the exit concentrat ion f rom a m o n o l i t h is g iven b y 

W h e n 9 0 % conversion is des ired , the value needed for T U is 2.3. T h e 
va lue of the Sherwood n u m b e r may be assumed e q u a l to the Nusselt 
number . U n d e r react ion condit ions , the S c h m i d t n u m b e r is 0.23 for 
hydrogen , 0.81 for C O , a n d 1.60 for benzene. A t y p i c a l m o n o l i t h w i t h 
0.05-inch channe l d iameter a n d 5- inch l ength has a va lue of 260 for ah. 
T h u s even w i t h the most unfavorable channe l geometry a n d S h = 2.5, 
we w o u l d be mass transport l i m i t e d on ly w h e n R e = 180, at the upper 
end reached i n the F e d e r a l C y c l e . H o w e v e r , good heat transfer is needed 
i n the w a r m u p per i od f r om a c o l d start. 

T h e m o d e l i n g of s imultaneous mass a n d heat transport a n d chemica l 
react ion on catalyt ic wal ls m a y be approx imated b y the Heterogeneous 
B . I m o d e l of Froment . T h e p r o b l e m is qui te complex a n d can be solved 
on ly b y n u m e r i c a l techniques even i f the Nussel t n u m b e r is assumed 
constant throughout the channe l length. W h e n the r a d i a l gradient i n 
the gas phase is also taken into account, w e arr ive at a m o d e l that is not 
i n the classification scheme of F r o m e n t . U n d e r i sothermal condit ions , 
this p r o b l e m was tack led b y K a t z , b y So lomon a n d H u d s o n , a n d b y L u p a 
a n d Dranof f , us ing e igenfunct ion expansion (30, 31, 32). These methods 

(9) 
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1. W E I The Catalytic Muffler 13 

are not w i d e l y used since the catalyt ic muffler channels are not iso-
Y o u n g a n d F i n l a y s o n solved this p r o b l e m b y us ing n u m e r i c a l integrat ion, 
a n d b y orthogonal co l locat ion methods (33 ) . T h e y discovered that a 
spot m a y develop on the w a l l to ignite the react ion, a n d to rejuvenate 
the Nussel t n u m b e r for a short length. I f the w a l l flux suddenly switches 
f rom negative to posit ive, the Nusse l t n u m b e r can dec l ine r a p i d l y to 
negative inf inity a n d re turn to the posit ive asymptot ic va lue b y w a y 
of posit ive inf inity. T h i s curious phenomenon arises w h e n the average 
temperature of the gas is h igher than w a l l temperature, w h i c h is i n t u r n 
h igher than the gas temperature immedia te ly adjacent to the w a l l ; this 
gives rise to a posit ive va lue for gaseous temperature gradient at the 
w a l l b u t a negative value for Ts-Tg. E x p e r i m e n t a l investigations are 
needed to evaluate the prac t i ca l significance of these phenomena. 

A n approximate equivalence between the Heterogeneous D i s p e r s i o n 
B . I I m o d e l a n d the Pseudo-Homogeneous D i spers i on A . I I m o d e l was 
g iven b y V o r t m e y e r a n d Schaefer ( 34 ) . T h e y demonstrated that w h e n 
d2/dx2 (Ts-Tg) = 0, m o d e l B . I I is equivalent to m o d e l A . I I w h e n one 
assigns 

A A = A B + ^ 2 ( p C p ) / A a (10) 

T h i s assumption is v a l i d under m i l d condit ions b u t breaks d o w n under 
light-off condit ions. A f t e r transforming the g a s - s o l i d heat transfer coeffi
c ient into a l o n g i t u d i n a l d ispersion coefficient, one can take one more 
step a n d transform this A . I I m o d e l into a Cascade mode l . W h e n λ Β = 0 , 
let 

ud(Pcp) dha a« 
A en = — - = -, r = iNU — λ Α (UpCp) u 

a n d , 

^ r P e n L d - ha L 
2 d ~~ 2upcp d 

Unfor tunate ly , h is prac t i ca l ly independent of Reyno lds n u m b e r instead 
of b e i n g propor t i ona l to i t . T h u s , under l o w Reynolds n u m b e r the mono
l i t h m a y be considered to be 60 cells i n series, b u t under h i g h Reynolds 
n u m b e r the mono l i th must be considered to be six cells i n series, w h i c h 
makes computat ion difficult. 

T h e best channe l cross-sectional shape, the best channe l diameter , 
a n d the best channe l l ength are the subjects of several investigations. 
Sufficient geometric surface area must be p r o v i d e d to disperse the a l u m i n a 
washcoat a n d p l a t i n u m . B e y o n d that po int , more surface area w o u l d 
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14 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 

m e a n a heavier m o n o l i t h a n d is not desirable. A smal l channe l d iameter 
w o u l d s imultaneously increase heat transfer coefficient h, a n d surface 
to vo lume ratio a since the Nusse l t n u m b e r is prac t i ca l ly independent 
of channe l d iameter ; i t w o u l d also l ead to a m u c h h igher pressure drop . 
T h e best d iameter is the result of a compromise . T h e o p t i m u m channe l 
shape is more controversial since there is no general ly accepted set of 
variables to be h e l d constant d u r i n g a comparison. C i r c u l a r channels are 
not seriously considered since they invo lve th i ck a n d heavy wal l s . F o r 
fast w a r m u p , a set of inf ini te ly w i d e para l l e l plates w o u l d be the best 
since i t w o u l d give the highest transfer coefficient to the surface for 
the same gas f low rate a n d pressure drop . T h i s configuration must be 
r u l e d out for its s tructura l weaknesses. T h e next best shape is an e lon
gated rectangle, w h i c h is s t i l l difficult to make a n d to protect. Hegedus 
made a comparison for various prac t i ca l shapes, based on the same 
h y d r a u l i c d iameter a n d average gaseous veloc i ty ( 3 5 ) . H e showed that 
f rom the po int of v i e w of l ower surface area requirement a n d lower 
pressure drop , the c irc le a n d hexagon are superior to the square, w h i c h 
is superior to the tr iangle a n d s inusoid . H i s results are g iven i n T a b l e I. 

Table I. Comparison of Monolith Geometries with the 
Same Hydraulic Radius ° 

Circle Hexagon Square Triangle Sinusoid 

V o l u m e of w a l l 10.2 10.2 12.9 15.7 15.7 
needed, i n . 3 

Pressure drop, 4.1 3.9 4.5 5.1 5.0 
inch water 

α Surface needed for 99% conversion under mass transfer limited conditions. All 
geometries have the same hydraulic radius of 0.062 cm, mass flow rate of 0.75 g /cm 2 

sec, wall thickness of 0.0305 cm, and temperature at 600°C. Hegedus defines the 
hydraulic radius as one-half of hydraulic diameter. 

Table II. Comparison of Monolith Geometries with the 
Same Cross-Sectional A r e a a 

Circle Hexagon Square 

L e n g t h , i n . 4.4 
W a l l vo lume, i n . 3 12.8 
Δ Ρ , inch H 2 0 4.5 

4.4 4.1 
9.2 9.8 
4.7 5.0 

Triangle Sinusoid 

4.1 3.7-4.0 
10.4 11.6 

5.7 5.5 
° Length and surface area needed for 99% conversion under mass transfer limited 

conditions, with open area of 0.02 cm 2 . 

O n the other h a n d , Johnson a n d C h a n g made a compar ison based on 
the assumption of equa l channe l open cross-sectional area ( 36 ) . A 
sinusoid , i n comparison w i t h a hexagon w i t h the same cross-sectional 
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1. W E I The Catalytic Muffler 15 

area, has a smaller h y d r a u l i c d iameter a n d larger pressure drop b u t can 
be made more compact . T h e i r results are shown i n T a b l e I I . 

These differences are signif icant for the requirement of fast w a r m u p . 
D u r i n g the manufacture of the ceramic m o n o l i t h , s l u m p i n g of the wet 
mater ia l w i l l distort the exact geometric shapes; however , th i ck coat
ings of washcoats w i l l r o u n d out the sharp corners a n d improve the 
performance. 

Negative Order Kinetics 

F o r most reactions under i sothermal condit ions, the react ion rate is 
an increas ing funct ion of the concentrat ion of each reactant consumed. 
M o s t of our react ion engineering l i terature is rooted on the G u l d b e r g -
W a a g e mass act ion l aw , on reactions of pos i t ive f ract ional order, on rates 
i n v o l v i n g a quotients of po lynomials , a l l obey ing the re lat ion dR/dC ^ 0 
where C is the concentrat ion of a reactant consumed. M a n y of the reac
t ion engineering rules that have been w o r k e d out a n d a p p l i e d w i d e l y are 
based on the posit ive order kinet ics , such as the economy of the p is ton 
flow reactor over the st irred tank reactor i n reactor vo lume requirements , 
the super ior i ty of the once-through reactor over the recycle reactor, a n d 
the dec l ine of the effectiveness of porous catalysts w h e n isothermal 
dif fusion effects are encountered. These rules are reversed w h e n one 
encounters negative order kinetics . 

Negat ive order kinetics are rare but are industr ia l ly important . A u t o -
catalyt ic a n d free r a d i c a l reactions are often c i ted b u t are improper 
examples since a dec l ine i n reactant concentrat ion is not a lways asso
c iated w i t h an increase i n catalyt ic or r a d i c a l concentrations. H y d r o -
genolysis, or the sp l i t t ing of a saturated hydrocarbon into two saturated 
hydrocarbons b y hydrogen, exhibits negative order w i t h respect to 
hydrogen concentrations over m a n y supported metals. 

A B + H , = A H + B H 

M o r i k a w a , Benedic t , a n d T a y l o r have f o und the react ion to be —1.2 to 
—2.5 order dependent o n concentrat ion ( 3 7 ) . Sinfe l t gave the react ion 
orders of ethane hydrogenolysis over the transi t ion metals as —0.8 to 
- 2 . 5 ( 3 8 ) . 

T h e kinetics of C O oxidat ion over p l a t i n u m a n d p a l l a d i u m have been 
invest igated b y numerous scientists, b e g i n n i n g w i t h the p ioneer ing w o r k 
of I r v i n g L a n g m u i r ( 3 9 ) . H e showed that the kinet ics can be repre 
sented b y the expression 

rate = / c ( 0 2 ) / ( C O ) (11) 
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16 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 e speculated that the rate -contro l l ing mechan ism is the combinat ion 
of the adsorbed oxygen atoms a n d adsorbed C O . T h e p l a t i n u m surface 
is intensive ly covered w i t h adsorbed C O so that an increase of C O con
centrat ion w o u l d decrease the adsorbed concentrat ion of oxygen a n d 
the rate of react ion. T h i s k ine t i c phenomenon has been conf irmed m a n y 
times b y various investigators (40, 41, 42, 43,44). B a d d o u r a n d C o c h r a n 
s tudied C O oxidat ion over p a l l a d i u m a n d p l a t i n u m w i t h simultaneous 
in f rared measurements (45). T h e y discovered that the kinetics are d i 
v i d e d into two regimes: a " n o r m a l r eg ime" where the C O concentrat ion 
is above a c r i t i c a l va lue , where the kinet ics has a negative dependence on 
C O concentrat ion, a n d where there is significant in f rared absorpt ion 
at 2100 c m " 1 ; a n d a " l o w surface coverage reg ime" where the C O con
centrat ion is be l ow a c r i t i ca l value , where the kinet ics is first order to 
C O concentrat ion, a n d where the in f rared absorpt ion peak is absent. 

ι ι 1 1 1 
i oo (NEGATIVE FIRST 
\ ORDER) 

/ io\ \ \ / io\ \ 
\ ε - k

2 c 0 

/ S N A 

/ 

ι 

^ ζ = 0 (FIRST ORDER) 

1 1 1 

Figure 2. The himolecular Langmuir ki
netics 

A care fu l experiment a n d quant i tave analysis of the k inet i c data was 
per formed b y V o l t z et al. (46). T h e i r experiment was done over i m p r e g 
nated p l a t i n u m catalysts o n pellets, w i t h temperatures a n d gaseous c o m 
posit ions s imula t ing exhaust gases. T o m i n i m i z e di f fusion effects, most 
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1. W E I The Catalytic Muffler 17 

of the p l a t i n u m was deposited i n the outer port ions of the part ic le . T h e y 
f ound that their C O oxidat ion data can be fitted b y 

rate = 
fei(CO) (Q 2 ) 

[ l + fc2(CO)]2 
(12) 

where ( C O ) and ( 0 2 ) are i n mole % - a t m a n d 
fci — 1.83 X 1 0 1 2 e x p ( - 2 2 , 5 0 0 / 7 7 ) , ( s e c K M O o ) " 1 

k2 = 6.55 X 1 0 " 1 e x p ( + l , 7 3 0 / D , ( C O ) " 1 

Τ = temperature, degrees R a n k i n . 

T h e denominator term i n E q u a t i o n 12 contains contr ibut ions f rom 
N O a n d hydrocarbons w h e n they are present. T h e propylene oxidat ion 
rate has the same f o rm as E q u a t i o n 12. T h e f o rm of these kinetics is 
g iven i n F i g u r e 2 w h i c h is s t r ik ing ly different f r om the f o rm of a first-
order kinet ics . H e r e , C is the concentrat ion of C O . T h e m a x i m u m rate 
is attained at C = l/k2. 

M a n y pecu l iar properties result f rom the b imo lar L a n g m u i r kinetics 
of E q u a t i o n 12. F o r instance, the concentrat ion profile of a first-order 
kinet ics i n a n isothermal p is ton flow reactor fo l lows a n exponentia l curve 
shown i n F i g u r e 3. T h i s convex func t i on indicates that any b a c k m i x i n g 
w o u l d h a r m the performance so that a constant st irred tank reactor or a 
recycle reactor of the same v o l u m e w o u l d be far less efficient t h a n a p is ton 
flow reactor. H o w e v e r for a b imo lecu lar L a n g m u i r kinetics i n the same 
reactor, the concentrat ion profi le is g iven b y integrat ion of E q u a t i o n 12 
to y i e l d : 

M 0 2 ) r - - I n y + 2ζ(1 - y) + ζ\1 - y2)/2 (13) 

0.0 

ζ = ο 
(FIRST 
ORDER) 

20 4 0 6 0 
k , ( 0 2 Î T 

100 

Figure 3. Conversion in piston flow reactor 
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18 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 

where τ is the residence t ime, y is the rat io ( C O ) / ( C O ) i n i e t , a n d ζ is 
^Ciniet-

T h e concentrat ion profiles g iven i n F i g u r e 3 are concave so that 
b a c k m i x i n g w o u l d be benef ic ial ( 3 ) . W h e n the b imolecu lar L a n g m u i r 
k inet ics occur i n a n i so thermal C S T R , the reactor per formance is de
scr ibed b y 

Μ02)τ=(1-ν)(1 + ζν)2/ν (14) 

A b o v e a c r i t i c a l va lue of ξ = 8, there w i l l be three steady-state solu
tions for each va lue of & ι ( 0 2 ) τ . T h u s i n a n experiment where the value 
of & ι ( 0 2 ) τ is v a r i e d b y chang ing the flow rate of gases or b y chang ing 
the flow rate of gases or b y chang ing the reactor temperature, the degree 
of conversion w o u l d take sudden leaps a n d w o u l d exhibi t hysteresis (see 
F i g u r e 4 ) . F o r the recyc le reactor w i t h a recycle ratio of R , the reactor 
equat ion i s : 

M 0 2 ) T = ( l + f l ) { l n z + 2 f t / ( * - l ) + £ V ( 2 2 - D / 2 } (15) 

where 2 = (1 + Ry)/(1 + R)y 

S i m i l a r instabi l i t ies can be observed i n F i g u r e 5. 
T h u s , the C S T R a n d the recycle reactors are superior i n performance 

to the p is ton flow reactor w h e n the kinet ics are of the b imolecu lar L a n g 
m u i r type. G r e a t care must be taken to a v o i d the instabi l i t ies w h i c h c a n 
arise d u r i n g the acceleration of an automobi le w h e n the residence t i m e 
c a n rise b y a factor of 20, w h e n the C O in le t concentrat ion m a y vary 
f r om 8 to 0 . 1 % , a n d w h e n the temperature m a y v a r y f r om 900° to 
1800°F ( 3 ) . 

A n even more interest ing phenomenon arises w h e n the b imolecu lar 
L a n g m u i r kinet ics take p lace w i t h simultaneous di f fusion across a porous 
catalyst. T h e classical T h i e l e analysis showed that a drop of concentra
t i o n i n the inter ior of a catalyst w o u l d l ead to a decrease i n overa l l 
react ion rate—as l ong as there is a posi t ive dependence of l o ca l react ion 
rate o n l o ca l concentrat ion. F o r the b imo lecu lar L a n g m u i r kinet ics the 
same concentrat ion drop i n the inter ior w o u l d l e a d to a n increase i n 
overa l l react ion rate (47, 48). W e i a n d B e c k e r (49) showed that even 
i n a n isothermal reactor the overa l l effectiveness factor can be greater 
t h a n 1 a n d that m u l t i p l e steady-state solutions can be expected w h e n 
the va lue of ζ exceeds 8. T h i s means that for a g iven quant i ty of p l a t i n u m 
it is better to spread i t over a th icker support layer t h a n to concentrate i t 
o n a n a r r o w layer near the pel let surface. A n even deeper p lacement 
of p l a t i n u m is advantageous i n a v o i d i n g l ead a n d phosphorus deposi t ion 
on the catalyst pellets, w h i c h tend to concentrate on the surface ( 5 0 ) . 
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1. W E I The Catalytic Muffler 19 

k , ( 0 2 ) T 

Figure 4. Conversion in CSTR 

Figure 5. Conversion in recycle reactor 

These theoret ica l advantages have been conf irmed b y the exper imenta l 
data of D o e l p et al. (51) a n d b y M i c h a l k o ( 5 2 ) . These observations c a n 
l ead to a complete reversal of the convent ional p o l i c y of o p t i m a l catalyst 
des ign : depos i t ion of the catalyst o n the v e r y edge of the support to 
f o r m the so-cal led "eggshe l l " catalyst shou ld be rep laced b y deeper 
deposi t ion to f o rm "egg y o l k " catalysts. 

A h i g h l y exothermic react ion can give r ise to m u l t i p l e steady-state 
solutions, hysteresis, a n d ins tab i l i ty i n a reactor. D a v i e s a n d B u b e n 
observed these instabi l i t ies i n the ox idat ion of h y d r o g e n a n d a m m o n i a 
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20 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 

o n p l a t i n u m wires (53 ) . H i g h l y self -poisoned b imo lecu lar L a n g m u i r k i 
netics can give rise to a l l these instab i l i ty phenomena even i n a n iso
t h e r m a l system. 

Cardoso a n d L u s s (43) have s tud ied the ox idat ion of butane a n d 
C O over co i l ed p l a t i n u m wires . W h e n the temperature of the gas was 
raised a n d then l owered , the temperature of the w i r e demonstrated two 
branches of steady-state solutions w i t h hysteresis. These instabil it ies are 
associated w i t h react ion heat effects since the temperature difference 
between the w i r e a n d the gas can be several h u n d r e d degrees. H u g o 
a n d J a k u b i t h (44) observed m u l t i p l e steady-state condit ions a n d hys
teresis w i t h C O ox idat ion o n a w i r e mesh of p l a t i n u m . T h e y be l i eved 
the system to be i sothermal a n d hypothes ized the cause of osci l lations 
as a n alternat ion of adsorbed C O between a l inear a n d br idge form. 

L u s s a n d A m u n d s o n (54) have po inted out that for i so thermal 
reactions ins ide a porous catalyst, m u l t i p l e steady states cannot take 
p lace i f the m a x i m u m rate occurs at the surface. L u s s a n d L e e (55) 
c omputed m u l t i p l e steady states i n a n isothermal catalyst slab w h e n 
the diffusivities of the two reactants are marked ly different a n d w h e n the 
react ion rate depends o n one reactant pos i t ive ly a n d on the other re 
actant negatively . A case of i sothermal instab i l i ty was observed b y 
Beusch , F i e g u t h , a n d W i c k e (56) w i t h C O ox idat ion over p l a t i n u m 
deposited o n a l u m i n a pellets of 3 -mm diameter. A s the concentrat ion 
of C O i n the gas phase was increased, the p r o d u c t i o n rate of C 0 2 i n i 
t i a l l y increases a n d t h e n abrupt ly descends to a l ower b ranch ; w h e n 
the C O concentrat ion was decreased, the C 0 2 p r o d u c t i o n rate stayed 
o n the l ower b r a n c h for a w h i l e , a n d then abrupt ly ascended to the upper 
branch . Osc i l lat ions were also observed. T h e i r data can be expla ined 
qua l i ta t ive ly b y the theory of W e i a n d Becker (49). 

T h e pecul iar i t ies of this negative order kinet ics has l e d to m a n y 
re-evaluations i n react ion engineer ing practices, a n d they are impor tant 
i n des ign ing the catalyt ic mufflers. T h e instabi l i t ies m a y be re lated to 
the sudden m o n o l i t h m e l t i n g a n d to the phenomenon of "b reakthrough" 
—sudden transient emission of unconverted C O a n d hydrocarbons i n a 
a f u l l y w a r m e d - u p converter. 

Transience and Dynamics 

M o s t i n d u s t r i a l catalyt ic reactors are des igned to operate w i t h i n a 
very narrow range of in let temperatures, flow rates, a n d concentrations. 
E x c e p t for start-up, a change i n feedstock, or an occasional upset, steady-
state condit ions preva i l . O n the other h a n d , r a p i d transience a n d w i d e 
d y n a m i c ranges are the ru l e w i t h the catalyt ic muffler. T h e proper 
engineer ing of the catalyt ic muffler requires an accurate transience analy -
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1. W E I The Catalytic Muffler 21 

sis a n d a n o p t i m a l reactor des ign over a w i d e range of i n p u t variables 
w i t h a g i n g catalysts. 

T h e requ i red l eve l of conversion over the entire F e d e r a l C y c l e is i n 
the range of 7 0 - 9 0 % . Since the catalyt ic converter is not hot enough 
d u r i n g the first two minutes to be effective, the conversion after the first 
two minutes must be m u c h better t h a n the average va lue of 9 0 % . A 
converter that effects better t h a n 9 0 % conversion at a h i g h flow rate 
a n d l o w temperature w i t h an aged catalyst must be overdesigned d u r i n g 
a l o w flow rate a n d h i g h temperature w i t h fresh catalyst. Homogeneous 
gas phase ox idat ion m a y become important at temperatures above 1600 °F. 

A n o t h e r area where transient analysis is sorely needed is destructive 
m e l t i n g of monol i ths , w h i c h occurs above 2500°F. These temperatures 
cannot be achieved b y the sensible heat of the exhaust gases alone a n d 
must invo lve combust ion of u n b u r n e d C O a n d hydrocarbons i n the 
exhaust gas. T h e r m a l rad ia t i on must p l a y a centra l role i n the heat 
balance l ead ing to such damage. I n the absence of transport effects, 
the m a x i m u m temperature atta ined i n a combust ib le mixture is the a d i a -
bat ic flame temperature. H o w e v e r , i f the combust ion takes place exc lu 
sively on the w a l l , the m a x i m u m w a l l temperature is governed b y the 
ratio of mass transfer coefficient of the combust ib le to the heat transfer 
coefficient. W h e n the value of the L e w i s number cppD/\ is greater t h a n 
1, w h i c h is the case for hydrogen , the m a x i m u m w a l l temperature m a y 
exceed the adiabat ic flame temperature. T h i s phenomenon was pred i c t ed 
b y H e c k (57) a n d exper imental ly conf irmed b y Hegedus (58 ) . 

V a r d i a n d B i l l e r (59) are the first to real ize the centra l importance 
of m o d e l i n g the reactor b e d temperature d u r i n g a co ld start. T h e i r m o d e l 
of the reactor is one d imens iona l w i t h separate temperatures for gas 
a n d so l id but w i t h o u t l o n g i t u d i n a l dispersion a n d w i t h o u t chemica l reac
t ion . T o per form the computat ion , they rep laced the c o n t i n u u m i n the 
l o n g i t u d i n a l d i rec t ion w i t h finite intervals w h i c h reduces the reactor 
to a series of 10 to 30 t i r red tanks. T h e i r i n p u t condit ions der ive f rom 
the seven mode C a l i f o r n i a C y c l e of the 1960's. T h e y conc luded that 
most of the transience takes p lace i n the first two minutes a n d that the 
temperature between the gas a n d the so l id is se ldom higher than 50 °F . 

T h e first successful m o d e l that describes the complete performance 
of a catalyt ic muffler d u r i n g a cold-start F e d e r a l C y c l e was g iven b y 
W e i (17) a n d b y K u o et al (18). I t describes a radia l - f low pel let b e d 
w i t h base meta l oxide eggshell catalyst, b y us ing a Cascade m o d e l where 
each ce l l comprises three to four rows of pellets. A complete history of 
the inlet gas flow rates, temperatures, a n d gaseous composit ions enter ing 
the catalyt ic muffler constitutes the input . T h e temperature a n d gaseous 
concentrations i n each ce l l are c omputed as functions of t ime. T h i s 
m o d e l has been used to pred i c t muffler outlet concentrations a n d b e d 
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22 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 

temperatures w h i c h fit the exper imenta l data accurately . T h i s m o d e l has 
been extensively used to explore the re lat ive impor tance of numerous 
variables of des ign a n d operat ion a n d to po int to p r o m i s i n g avenues for 
n e w design. 

H a r n e d invest igated the m o d e l i n g of mono l i th i c beds w i t h base 
m e t a l a n d precious m e t a l catalysts ( 6 0 ) . T h e b e d is assumed to be 
heterogeneous piston flow w i t h o u t ax ia l d ispers ion, a n d the k ine t i c used 
is s imple negative first order. F i n i t e difference methods w e r e used so 
that the ax ia l l ength is effectively d i v i d e d into 10 to 40 zones. T h i s 
creates a Cascade mode l , where the n u m b e r of cells is assumed to be 
independent of a tenfo ld change i n flow rate. N o attempt was made 
to compare these calculat ions w i t h exper imenta l data , a n d the v a l i d i t y 
of this m o d e l is yet to b e established. F e r g u s o n a n d F i n l a y s o n have 
demonstrated that quasi-static solutions are close to d y n a m i c solutions 
( 6 1 ) . Bauer le a n d N o b e also mode led pel let beds as heterogeneous 
piston flow w i t h o u t ax ia l d ispersion, again wi thout exper imental con
firmation ( 6 2 ) . Y o u n g a n d F i n l a y s o n chal lenged the v a l i d i t y of these 
mono l i th i c models for neglect ing r a d i a l gaseous temperature gradient 
(33). T h e y showed that the Nusse l t a n d Sherwood numbers cannot be 
considered passive parameters that are assigned ahead of t ime since 
they depend on the rate of c h e m i c a l react ion. O u r great need today, 
as a lways , is a r a p i d , c losed loop between theoret ical predict ions a n d 
exper imental testing. 

T h e d u r a b i l i t y of the catalyst is l i m i t e d b y t h e r m a l ag ing a n d b y 
po isoning (63 ) . T h e deposi t ion of l ead a n d sulfur i n a mono l i th is heav i ly 
concentrated at the reactor in let ( 50 ) . A s imi lar tendency is usual ly not 
observed i n a p a c k e d bed , poss ib ly because of a s low catalyst c i r cu lat ion 
d r i v e n b y the pu lsat ing gas flow. L e a d a n d sul fur penetrations inside a 
porous support are m a i n l y confined to a depth of 0.6 m m . T h e o p t i m a l 
reactor design for such ag ing characteristics is a fert i le field for i m a g i n a 
t ive opt imizat ion . 

Conclusion 

T h i s r e v i e w has descr ibed the catalyt ic muffler as: 
new—lots of r oom for improvement , 
b i g — a n n u a l sales of several h u n d r e d m i l l i o n dol lars , 
here to s tay—no effective compet i t ion t i l l 1980s. 

A f ew past achievements are d w a r f e d b y the m a n y unso lved problems 
w h i c h pose a chal lenge w e cannot ignore. 
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1. WEI The Catalytic Muffler 23 

Nomenclature 

a surface to vo lume ratio 
C po l lutant concentration 
cv heat capac i ty 
Ό d ispersion coefficient 
d h y d r a u l i c d iameter of channe l 
dp diameter of pellets 
F flow rate of gas 
H heat of react ion 
h heat transfer coefficient between gas a n d so l id 
k mass transfer coefficient be tween gas a n d so l id 
L l ength of b e d 
m molecular we ight of po l lutant 
Ν number of cells i n Cascade m o d e l 
η react ion order 
N u Nussel t number , hd/λ 
Pe Peclet n u m b e r ud/D and udpCv/\ 
P r P r a n d t l n u m b e r cvp./\ 
Q act ivat ion energy 
R react ion speed 
Rg gas constant 
r distance i n r a d i a l d i rect ion 
r c radius of tube 
R e Reyno lds n u m b e r dup/λ 
Sc S c h m i d t number , μ/ρΌ 
S h Sherwood number , kd/D 
Τ temperature 
T U transfer units , N u · a L / R e · P r or S h · ah/Re • Sc 
t t ime 
u gas ve loc i ty i n b e d 
V vehic le speed 
W g m / m i l e of po l lutant emission i n F e d e r a l C y c l e 
χ distance, l o n g i t u d i n a l d i rec t ion 

a. thermal di f fusivity , \/pcv i n gas 
β e igenvalue i n G r a e t z p r o b l e m 
λ heat conduct ion coefficient 
μ. v iscosity 
ζ k2C in let 
ρ density 
τ residence t ime 
ψ e igenfunct ion i n Grae tz p r o b l e m 
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Kinetic Models in Heterogeneous Catalysis 

SOL W. W E L L E R 

Department of Chemical Engineering, State University of New York at Buffalo, 
Buffalo, Ν. Y. 14214 

The diverse meanings of "kinetic models" and the varied 
objectives in establishing models are reviewed. Three com
monly used and theoretically derivable isotherms—Lang
muir, Freundlich, and Temkin—attempt to relate surface 
concentrations to gas phase composition. In the Langmuir 
isotherm, problems arise with enhanced adsorption from 
reactive mixtures, apparent negative values of adsorption 
coefficients, and abnormal temperature dependence of ad
sorption coefficients. Various approaches in the past 10 
years have been taken to kinetic modelling in heterogeneous 
catalysis. A few procedural suggestions are offered for those 
whose primary interest is reactor design and for those whose 
primary interest is reaction mechanism. 

' T ^ h e subject of k inet i c models i n heterogeneous catalysis is a t r o u b l i n g 
A one. A rigorous theory of heterogeneous catalyt ic kinet ics is analogous 

to a G r e e k tragedy: the protagonist is d o o m e d to fa i lure , a n d the course 
of that fa i lure is k n o w n to the observers f r o m the start. T h e roots of this 
p reorda ined d o o m for p rac t i ca l systems are two- fo ld . 

F i r s t , the surface of a p rac t i ca l catalyst is not u n i f o r m , geometr ical ly 
or energetical ly ; the adsorbate molecules m a y interact bo th to produce 
surface complexes a n d also to give adsorpt ion energies that depend on 
surface coverage; neither of these effects is quant i tat ive ly pred i c tab le 
today f r om first pr inc ip les for any arb i t rary system. A s a result , w e have 
no w a y of k n o w i n g i n advance, for any system, w h i c h of several different 
isotherms is quant i tat ive ly v a l i d . M o r e is sa id about different isotherms 
later , a n d I po int out here on ly that each of them depends on the u n v e r i -
fiable assumption of some m o d e l about the un i f o rmi ty of the surface or 
the d i s t r ibut ion of energies. 

T h e second root of the tragedy lies i n the need to use adsorpt ion 
isotherms at a l l . I n homogeneous kinet ics , a n d often i n enzymat i c k inet ics , 
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2. W E L L E R Kinetic Models 27 

one can measure d i rec t ly the concentrations of the reac t ing species. W i t h 
the a d d e d assumption that the mass act ion l a w is app l i cab le to e lementary 
react ion steps, w e can then piece out a react ion mechan ism w h i c h c a n 
be examined for consistency w i t h the g l oba l kinetics . I n heterogeneous 
catalysis w e general ly are ignorant of the surface concentrations. E v e n 
as p o w e r f u l a too l as measurement of the I R absorpt ion spectra of a d 
sorbed species, for example, m a y give in format ion about entities w h i c h 
are present i n large concentration on the surface but m a y be irre levant 
to the react ion mechanism. [ T h e concept of a "most abundant surface 
intermediate" ( m a s i ) , discussed b y B o u d a r t i n his recent a n d excellent 
r e v i e w ( I ) , is concerned w i t h surface species that are, i n fact, inter 
mediates. ] W e then a d d to this p r o b l e m of ind irec t estimate of surface 
concentrations the i m p l i c i t assumption that the s imple mass act ion l a w 
applies to e lementary surface reactions. T h e l i terature is replete w i t h 
c laims of ra te - l imi t ing surface reactions that are t h i r d or f ourth o r d e r — a 
result w h i c h w o u l d make a homogeneous kinetic ist tremble . 

Nevertheless, the reactions occur, w e can m a k e some sense out of the 
kinet ics , a n d w e have some fee l ing about the general pr inc ip les that 
u n d r l y heterogeneous kinetics . W h a t is the ra t i ona l m a n to do? There 
has been a spectrum of possible approaches, a l l of w h i c h have advocates, 
a n d examples of w h i c h I w i l l give. N e a r one end of the spectrum are 
those w h o correct ly c l a i m that fundamenta l unders tanding is c lear ly 
preferable to r a w empir i c i sm a n d w h o also be l ieve that there is adequate 
reason to accept the quant i tat ive v a l i d i t y of some isotherm (say, L a n g -
m u i r - H i n s h e l w o o d ) a n d of the mass act ion pr inc ip l e , a n d that i t is 
possible to establish the react ion mechanism ( or at least the ra te - l imi t ing 
step) through consistency w i t h the observed kinetics . N e a r the other 
end of the spectrum are those w h o c l a i m that none of the theories has 
quant i tat ive v a l i d i t y a n d that the important t h i n g i n pract ice is to obta in 
the most convenient e m p i r i c a l k inet i c equat ion that provides adequate fit 
to observations a n d that permits design of c ommerc ia l reactors in tended 
to operate w i t h i n the range of parameters studies. T h e intermediate 
positions are numerous. O n e popular one, at least among chemists t u r n e d 
kinetic ists , is to assert that some isotherm, say L a n g m u i r - H i n s h e l w o o d , 
gives correct qual i tat ive insights a l though i t m a y lack quant i tat ive v a l i d 
i ty , that useful forms of the g l oba l rate expression m a y be deduced on 
the basis of this assumption, b u t that b y no means is the react ion mecha 
n i s m to be be l ieved as p r o v e d s i m p l y f r om consistency w i t h k inet i c data. 
A n o t h e r intermediate pos i t ion, intr ins i ca l ly attractive, is to say that w e 
w i l l progressively compl i cate (as needed) the simplest theoret ical ex
pression {e.g., of the L a n g m u i r - H i n s h e l w o o d t y p e ) , incorporate those 
changes r e q u i r e d b y heterogeneity or interact ion , a n d suffer as a neces
sary e v i l the resul t ing compl icat ions i n the final rate l a w . T h e dif f iculty 
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28 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 

w i t h this , of course, is that w e don't k n o w a priori w h a t compl icat ions 
are quant i ta t ive ly justified for our system. 

Perhaps the best w a y to proceed here is to t ry to answer some f u n d a 
m e n t a l questions. 

(1 ) Some def init ion of terms is appropr iate . Speci f ical ly , w h a t do 
w e m e a n b y "k ine t i c model "? 

(2 ) W h y do w e w i s h to establ ish the k inet i c mode l? W h a t are our 
objectives as engineers or engineer ing scientists? 

(3 ) Since w e n o r m a l l y cannot d i rec t ly determine the surface con 
centrations of react ing species, w h a t is the range of v a l i d i t y of the various 
adsorpt ion isotherms that relate surface concentrations to the observable 
gas-phase p a r t i a l pressures? 

(4 ) T o w h a t extent can kinetics furn ish unambiguous answers to 
certain fundamenta l questions concerning the nature of the catalyst 
surface a n d the deta i led course of the surface reactions w h i c h are ac tual ly 
occurr ing? 

Kinetic Models 

There are at least two interpretations of this expression to be f o u n d 
i n the l i terature : 

(a ) T h e ac tua l mechanism, at the molecular l eve l , b y w h i c h the 
c h e m i c a l react ion occurs. 

( b ) A convenient a n d reasonable representation of the react ion 
w h i c h , a l though not i n general un ique , is at least consistent w i t h k n o w n 
data a n d permits bo th interpo lat ion a n d some extrapolat ion. 
[ K n o z i n g e r et al. (2) have recent ly d r a w n even more expl ic i t dist inctions 

i n the f o l l o w i n g def init ions: 
" M e c h a n i s t i c m o d e l : a react ion scheme w h i c h can be interpreted as 

a possible molecu lar mechanism, the intermediate species a n d active sites 
of w h i c h can be observed d i rec t ly or must be postulated on the grounds 
of exper imental evidence. 

K i n e t i c equat ion : a rate equat ion that is deduced for a g iven m e c h a 
nist i c mode l . 

K i n e t i c m o d e l : a p u r e l y f o r m a l react ion scheme whose intermediates 
a n d act ive sites are not interpreted as any rea l c h e m i c a l species. 

F o r m a l k ine t i c equat ion : a rate equat ion that is deduced for a g iven 
k ine t i c model . " ] 

T h e difference between the two interpretations is not t r i v i a l since 
i t is a lways desirable i n science to d i s t inguish between real i ty a n d p l a u s i 
b i l i t y or, i n other words , between necessity a n d consistency. I n one case, 
establ ishing the k inet i c m o d e l is considered the equivalent of establ ishing 
a u n i q u e t ru th concerning the w a y i n w h i c h the react ion actual ly occurs. 
I n the other, on ly consistency a n d convenience are invo lved . B o u d a r t (3 ) 
has expressed an extreme pos i t ion on the entire matter : " ' M e c h a n i s m ' or 
'mode l ' can m e a n a n assumed react ion network, or a p laus ib le sequence 
of steps for a g iven react ion, or a postulated stereochemical p a t h d u r i n g 
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2. W E L L E R Kinetic Models 29 

the course of an isolated step. Since methods of invest igat ion a n d goals 
are so ut ter ly different i n the study of networks, sequences a n d steps, the 
words 'mechanism' or m o d e l ' shou ld be avo ided . T h e y have a cqu i red 
the b a d connotation associated w i t h irresponsible or v a i n speculat ion, 
largely to describe achievements that v a r y w i d e l y i n sophist icat ion. " 

A t this po int i t is useful to ask w h y w e w i s h to establ ish the k inet i c 
m o d e l for a surface react ion. I f the reason is to prove conclusively the 
molecu lar mechanism b y w h i c h the react ion is t r u l y o c c u r r i n g on the 
catalyst surface, then the response must p r o b a b l y be that ( 1 ) the m e c h a 
n i s m of no so l id -cata lyzed react ion is adequate ly understood at the 
molecu lar level , even for as s imple a case as H 2 — D 2 exchange, a n d ( 2 ) of 
a l l the sophist icated approaches that have been a p p l i e d to the establ ish
i n g of catalyt ic react ion mechanisms, kinetics is among the least useful 
i n p r o v i d i n g unambiguous answers. M u c h more useful , i n different sys
tems, are techniques such as isotopic tracer studies, isotopic rate effects, 
determinat ion of sto ichiometr ic number , invest igat ion of the stereochemis
t ry of complex react ion products , a n d in f rared absorpt ion spectra of 
adsorbed species, w h i c h have a l l g iven some insight as to the react ion 
mechanism. 

O n the other h a n d , i f w e w i s h a k ine t i c m o d e l for less ambit ious 
reasons—to be consistent w i t h rate data , to p e r m i t reactor design, to 
suggest n e w experiments based on predict ions of the mode l , to contr ibute 
qual i tat ive ins ight into a possible react ion p a t h — t h e n m a n y approaches 
are possible and p lausib le . 

Adsorption Isotherms 

M o s t of us go through the f o l l o w i n g steps i m p l i c i t l y or exp l i c i t ly , 
i n d e r i v i n g a rate equat ion on the basis of a par t i cu lar k ine t i c m o d e l for 
a surface-catalyzed react ion : 

(a ) Choose a par t i cu lar surface react ion as the r a t e - l i m i t i n g step. 
( F o r s impl i c i ty , this discussion is l i m i t e d to cases where such a procedure 
is justifiable—i .e . , w h e r e a l l heat a n d mass transfer steps a n d a l l adsorpt ion 
a n d desorpt ion processes are re lat ive ly r a p i d ; on ly one step i n an overa l l 
sequence is rate l i m i t i n g , etc. ) A s an example, i n a react ion 2 A -> Β + C , 
w e m a y w i s h to consider the i m p l i c a t i o n of assuming that ( 1 ) react ion 
occurs only between molecules of chemisorbed A , a n d (2 ) the rate-
l i m i t i n g step is react ion between t w o molecules of A adsorbed on adjacent 
sites. 

( b ) Assume that a convent ional mass-action l a w applies to such 
surface reactions, where the G u l d b e r g - W a a g e "act ive masses" are p r o 
por t iona l to the surface concentrations (or f ract ional coverage) . 

( c ) Assume that some isotherm equat ion correct ly relates the surface 
concentrat ion of any species to the observable p a r t i a l pressures of a l l 
species i n the ambient b u l k gas. 
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30 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 

( d ) D e d u c e the corresponding rate equat ion re lat ing the g loba l 
kinet ics to the observable p a r t i a l pressures. 

A l t h o u g h the f o l l o w i n g discussion w i l l focus large ly on step c, br ie f 
comments about a and b are appropriate . F i r s t , i t is c o m m o n to treat 
surface reactions i n terms of the fundamenta l concept advanced b y 
L a n g m u i r (4, 5) a n d H i n s h e l w o o d (6)—i.e., that the molecules react 
w h i l e adsorbed, w i t h coverage not exceeding a monolayer. L a n g m u i r 
himself , i n his extraordinary 1921 paper on the Pt - ca ta lyzed ox idat ion of 
C O a n d H 2 ( 5 ) , suggested an alternate poss ib i l i ty : that react ion m a y 
occur d i rec t ly on co l l is ion of a gas molecule w i t h an adsorbed molecule 
or atom. T h i s concept was later developed b y R i d e a l a n d E l e y (7, 8) 
a n d has been var ious ly labe l l ed the L a n g m u i r - R i d e a l , R i d e a l - E l e y , E l e y -
R i d e a l , or " d i v e - b o m b " mechanism. T h e resultant rate equations differ 
signif icantly f r o m the L a n g m u i r - H i n s h e l w o o d form. There are few, i f 
any, unambiguous examples where this mechanism is operative. [ N e v e r 
theless, Sinfelt has h a d great prac t i ca l success i n a p p l y i n g a m i l d l y c o m 
p l i c a t e d vers ion of this mechanism i n the treatment of hydrocarbon 
hydrogenolysis over supported metals. H i s m o d e l is der ived f rom that 
used earl ier b y T a y l o r a n d co-workers at Pr inceton , cf. Réf. 10.1 H o w 
ever, the M a r s - v a n K r e v e l e n (9 ) approach to ox idat ion reactions over 
transit ion meta l oxides does i n fact invoke the not ion of cyc l i c redox 
react ion of the catalyst d i rec t ly on co l l i s ion of a gaseous molecule ( sub
strate or 0 2 ) w i t h the ( ox id i zed or reduced ) surface. Th i s approach 
has achieved considerable popu lar i ty ; its fundamenta l f ormulat ion a n d 
l imitat ions are considered i n some de ta i l later. 

W i t h respect to i t em b, i f the b i n d i n g energies of adsorbed mole 
cules are not ident i ca l , there is no reason to expect equal react iv i ty of 
those molecules. T h e direct result is that the assumption of a surface 
mass-action rate l a w is w i t h o u t ' theoret ical justif ication for systems of 
non -un i f o rm energetics. T o put the matter another way , the surface rate 
constant k, n o r m a l l y assumed to be only a funct ion of temperature, w i l l 
also be a funct ion of surface coverage i n the general case. 

W e n o w consider i t em c a n d i n q u i r e : what is the proper e q u i l i b r i u m 
adsorpt ion isotherm to be used i n deve lop ing a rate equation? A g a i n 
for s impl i c i ty , the discussion is l i m i t e d to adsorption w i thout dissociation. 
Before at tempt ing an answer, w e r e v i e w some salient characteristics of 
the L a n g m u i r , F r e u n d l i c h , a n d T e m k i n isotherms a n d the assumptions 
i n v o l v e d i n their der ivat ion . These are s ingled out because of their 
relevance to monolayer chemisorpt ion. 

Langmuir Isotherm. T h e L a n g m u i r isotherm, i n i t i a l l y de r ived on 
the basis of k inet i c arguments (11), can be der ived equal ly w e l l f r o m the 
statist ical thermodynamics appropr iate to e q u i l i b r i u m i n idea l l o ca l i zed 
monolayers (12). H o w e v e r , i n either case the v a l i d i t y of the s imple 
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2. W E L L E R Kinetic Models 31 

isotherm depends o n the satisfaction of a set of postulates, some of w h i c h 
are more easily granted than others as b e i n g true for rea l systems. R e 
gardless of any questions concerning the quant i tat ive v a l i d i t y of a l l the 
postulates, L a n g m u i r ' s concepts are of fundamenta l importance to a l l 
subsequent theoret ical w o r k i n the field. 

Some of the key assumptions a n d results of the elementary equat ion 
are: 

(1 ) A d s o r p t i o n occurs on a finite n u m b e r of equivalent sites on 
a u n i f o r m surface. 

(2 ) E a c h site can adsorb one a n d on ly one gas molecule , a n d the 
adsorpt ion is l oca l ized . T h i s impl ies l o ca l i zed monolayers. If the mole 
cules were total ly free to move over the surface w i t h no m u t u a l inter 
act ion, they w o u l d behave as a two-d imens iona l perfect gas. F r e e d o m 
to move, but w i t h v a r y i n g degrees of m u t u a l interact ion, w o u l d corre
spond to the appropr iate ly imperfect , two -d imens iona l gas. 

(3 ) T h e adsorbed molecules do not interact , a n d their energies are 
independent of the presence or absence of adsorbed molecules on n e i g h 
b o r i n g sites. 

(4 ) I f two or more species of gas molecules are present, they w i l l 
compete for adsorpt ion on the fixed number of equivalent sites. 

(5 ) F o r any gaseous species i , the corresponding e q u i l i b r i u m a d 
sorpt ion constant K i is the ratio of a n adsorpt ion rate constant fcin and a 
desorpt ion rate constant kin. K{ is in tr ins i ca l ly posit ive. Moreover , K i = 
e x p C - A G i V R T ] = e x p [ + A S i ° / R ] e x p [ - A H ° i / R T ] , where AGU ASi°, 
a n d ΔΗι° are the free energy, entropy, a n d enthalpy change on adsorption. 

( 6 ) F o r any gaseous species i at a p a r t i a l pressure pu the fract ion of 
sites covered b y adsorbed i (θι) increases l inear ly w i t h px at sufficiently 
l o w values of p\\ conversely, θι becomes independent of p\ at sufficiently 
h i g h values of p{. 

T h e problems w i t h the quanti tat ive , l i t e ra l app l i ca t i on of the s imple 
L a n g m u i r isotherm have been presented i n many places. O n l y a f e w 
add i t i ona l comments are made here, chiefly i n connect ion w i t h the t e m 
perature dependence a n d the s ign of the constants K i . Parenthet i ca l ly , 
L a n g m u i r was one of his o w n most severe crit ics . I n his 1938 F a r a d a y 
L e c t u r e (13) he observes, i n discussing his w o r k on the adsorpt ion of 
ces ium on tungsten, . . the p h y s i c a l assumptions u n d e r l y i n g this factor 
( 1 — θ ) [ in the equat ion for the adsorpt ion rate] are very improbab le . 
. . . E v e n i f there were no m o b i l i t y at a l l , w e cannot justi fy the factor 
. . . i f the sites are closely adjacent to one another. I n this case i t is 
more reasonable to assume that ( 1 — θ ) shou ld be rep laced b y ( 1 — β 4 ) 

Boudar t , i n 1956 (14) a n d since, has proper ly emphas ized the i m 
portance of examining the temperature dependence of the e q u i l i b r i u m 
adsorpt ion constants K i i n order to establish that the heats a n d entropies 
of adsorpt ion are reasonable. H e quoted the example of stibine decompo
si t ion o n ant imony, where the k inet i c data are w e l l fitted b y the L a n g m u i r 
equat ion for a single site mode l , r = kKp/(l + Kp). E x p e r i m e n t a l l y , Κ 
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32 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 

is essentially independent of temperature, i m p l y i n g that AH ~ 0, an u n 
reasonable result. T h e deduced A S a is also unreasonable. Boudart ' s 
suggestion that the "paradox of heterogeneous k inet i cs " can account for 
the temperature independence of Κ involves the idea that, a l though the 
surface coverage decreases w i t h increasing temperature, sites of h igher 
adsorpt ion energy ( i n an energetical ly heterogeneous system) become 
operative at h igher temperature. T h e qual i tat ive argument is p laus ib le , 
b u t there are difficulties i n deve lop ing quant i tat ive r igor : (a ) the ac tua l 
d i s t r ibut ion of energetics is a lways quant i tat ive ly u n k n o w n ; a n d ( b ) i t 
w o u l d be co inc identa l that these two effects of opposite s ign should 
h a p p e n to just balance. 

A n o t h e r example i l lus trat ing strange behavior of an adsorpt ion con 
stant is the fasc inat ing d isproport ionat ion of propy lene to butene a n d 
ethylene over tungsten o x i d e - s i l i c a . B o t h L u c k n e r et al. (15) a n d H a t t i -
k u d u r a n d Thodos (16) agree that a dual-site surface react ion is rate 
contro l l ing a n d that the i n i t i a l rates are g iven b y the standard dual-site 
L a n g m u i r - H i n s h e l w o o d equat ion : 

rQ = C p 3
2 / ( 1 + # 3 P 3 ) 2 

where K 3 a n d p3 are the adsorpt ion constant a n d p a r t i a l pressure, respec
t ive ly , of propylene. T h e w o r k of H a t t i k u d u r and Thodos is par t i cu lar ly 
conv inc ing because of the unusual ly large range of p a r t i a l pressures inves
t igated (more than 30-fold for p r o p y l e n e ) . 

T h e unexpected result is that, as b o t h sets of investigators agree, K 3 

actual ly increases w i t h increasing temperature whereas one n o r m a l l y 
expects a decrease. H a t t i k u d u r a n d Thodos report a value of Δ Η α = 
+ 12,140 c a l / g - m o l e for the adsorpt ion of propylene . ( T h e data of L u c k 
ner et al. do not f a l l on a straight l ine for In K 3 vs. 1/T.) N o w endo-
thermic adsorpt ion is possible ( 1 7 ) , but there are very f e w authenticated 
examples a n d these seem to invo lve either molecular hydrogen or mo le cu 
lar oxygen (18). Since the free energy of adsorpt ion must be negative, 
endothermic adsorpt ion impl ies that T A S a > ΔΗ&. Thomas a n d Thomas 
suggest, for heurist ic purposes, two ways of h a v i n g an entropy increase 
on adsorpt ion rather than the expected decrease. T h e first invokes d is 
sociative adsorpt ion w i t h complete two-d imens iona l m o b i l i t y of the 
adsorbed fragments; the second is that for some reason the entropy of 
the so l id itself increases more than the entropy of the adsorbed gas 
decreases. F o r present purposes w e note on ly that the first suggestion 
w o u l d mean g i v i n g u p the L a n g m u i r isotherm, for w h i c h i m m o b i l e a d 
sorpt ion is postulated; moreover, the p i c ture seems in tu i t i ve ly improbab le 
for propy lene d isproport ionat ion. T h e second suggestion raises a diff icult 
theoret ica l p rob l em, w h i c h I be l ieve no one has quant i tat ive ly attempted 
to date. 
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2. W E L L E R Kinetic Models 33 

T h e last po int to be ment ioned relates to the sign of the K's. I n the 
standard app l i ca t i on of L a n g m u i r - t y p e isotherms, those k inet i c models 
are d iscarded that l ead to rate equations for w h i c h any K i determined 
f r o m exper imental rate data turns out to be signif icantly negative. Some 
years ago it was noted (19) that the l i m i t e d w o r k avai lable on m i x e d 
adsorpt ion f rom a potent ia l ly reactive gas mixture ind i ca ted that e n 
hanced , rather than competit ive , adsorpt ion m i g h t be a c ommon p h e 
nomenon a n d that force-f itt ing of "enhanced adsorpt ion" data into a 
L a n g m u i r f o rm guarantees a negative value for at least one K i i n the 
range of conditions studied. I n the intervening years more examples of 
adsorpt ion f rom reactive mixtures have been examined, a n d the enhanced 
adsorpt ion behavior for at least one ( sometimes bo th ) of the constituents 
does seem to be the general pattern. T h e behavior of H 2 - C O mixtures 
on C o a n d F e F i s c h e r - T r o p s c h catalysts, Z n O , a n d noble metals has been 
recent ly rev i ewed b y G u p t a et al. (20). Gérai et al. (21), i n a study of 
adsorpt ion f rom C 3 H 6 - 0 2 on C u O a n d C u 2 0 , report enhanced adsorpt ion 
of 0 2 f rom the mixture and decreased adsorpt ion of C 3 H 6 ; at a l l t empera 
tures a n d f rom a l l mixtures the total adsorpt ion was more than add i t ive 
for bo th C u O a n d C u 2 0 . 

In tu i t ive ly we can understand the reason for enhanced adsorpt ion, 
w h e n i t occurs, i n terms of the format ion of a surface complex w h i c h is 
more strongly adsorbed than either component singly. D i r e c t evidence, 
f r om I R spectra, ca lor imtery , a n d other techniques, is avai lable for such 
complexes i n a n u m b e r of cases (see, for example, Refs. 21-24). 

It has been suggested that i f a l l the other cr i ter ia r e q u i r e d for q u a n t i 
tative v a l i d i t y of the L a n g m u i r - H i n s h e l w o o d theory were satisfied, w e 
c o u l d take into account exp l i c i t ly the format ion of such surface complexes, 
w i t h the add i t i on of another e q u i l i b r i u m constant, a n d m a i n t a i n the f o r m 
of the L a n g m u i r expressions. Unfor tunate ly , i t is diff icult exper imental ly 
to establish the existence, nature, a n d surface e q u i l i b r i u m constants for 
such complexes i n a quant i tat ive way , a n d very f ew kineticists interested 
i n mechanism have taken the trouble to investigate this p rob lem. 

Freundlich and Temkin Isotherms. S ince the several derivations of 
the F r e u n d l i c h a n d T e m k i n isotherms are s u m m a r i z e d i n various reports 
(25, 26, 27, 28), the details are not repeated here. Readers not f a m i l i a r 
w i t h Sips ' elegant paper m a y be interested to k n o w that he has used 
Stieltjes transforms to solve the inverse of the usua l problem— i . e . , to 
deduce the possible d i s t r ibut ion functions for adsorpt ion energy that are 
consistent w i t h the exper imental isotherm Θ (ρ). 

A U derivations of these isotherms ut i l i ze the L a n g m u i r result for 
adsorpt ion on surface sites of one par t i cu lar adsorpt ion energy, a n d i n 
this sense the L a n g m u i r isotherm is a fundamenta l starting place . I do 
w i s h to make a f e w points : 
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(1) T h e F r e u n d l i c h a n d T e m k i n isotherms are no less ( a n d no 
more ) theoret ical ly justif ied than the L a n g m u i r isotherm. T h e basic 
concept of l o ca l i zed , monolayer chemisorpt ion is requ i red for a l l . D i f f er 
ent isotherms result accord ing to the assumptions made about the heat 
of adsorpt ion, Δ Η η , a n d the site d i s t r ibut ion funct ion , Ν(ΔΗα), among 
other things. T h e L a n g m u i r isotherm requires the assumption that —ΔΗα 

= constant. T h e F r e u n d l i c h isotherm can be deduced f rom the assump
tions that Ν = ae~AII/AIIo a n d that θ (or ρ ) is smal l ; [cf. the comment by 
Thomas a n d Thomas (Ref . 18, p. 44): " T h e F r e u n d l i c h equation is . . . 
no longer to be regarded as mere ly a convenient f o r m of representing the 
L a n g m u i r equat ion at intermediate values of Θ. Moreover , the method 
of der ivat ion disposes of the cr i t i c i sm that the F r e u n d l i c h equat ion pre 
dicts a progressively increasing coverage w i t h increasing pressure: the 
isotherm is expected to be v a l i d on ly at l o w coverages."] T h e T e m k i n 
equat ion is obta ined i f the adsorpt ion heat decreases l inear ly (between 
m a x i m u m and m i n i m u m values) w i t h surface coverage θ and i f θ is i n a 
midd le range. 

(2 ) W e do not know, for any arb i t rary system, w h i c h assumptions 
about the d is t r ibut ion functions for energy are true or w h i c h isotherms 
are therefore theoret ical ly v a l i d . [ In this context, C l a r k (Ref . 26, p. 57) 
has c lear ly stated a d u a l di f f iculty : " I t should be emphas ized . . . that 
agreement between the theoretical isotherms w i t h d is tr ibut ion functions 
determined b y the various procedures . . . and exper imental isotherms 
does not guarantee that the true phys i ca l p ic ture has been discovered. 
. . . Another diff iculty is the inherent insensit iv ity of the theoret ical iso
therm to the form of the d is tr ibut ion funct ion w i t h i n the accuracy of 
exper imental data."] 

(3) Restraint is therefore appropriate in insistence that any one 
isotherm has un ique quant i tat ive v a l i d i t y in applications to catalyt ic 
kinetics . 

Rate Equations and Kinetic Models: An Eclectic Review 

This section contains a sampl ing f rom the enormous l i terature on 
catalyt ic kinetics pub l i shed d u r i n g the last 10-15 years. T h e samples 
were chosen p a r t l y to i l lustrate the spectrum of approaches used to 
interpret k inet ic data and part ly to indicate some areas of substantial 
disagreement. 

Ammonia Synthesis: an Example of Ambiguity. Boudart 's 1972 re 
v i e w ( 1 ) contains an excellent discussion of this system as exempl i fy ing 
"two-step catalyt ic reactions." M y purpose here is only to a d d to the 
var ious ly proposed rate equations some recent results of B r i l l (29) a n d to 
indicate the diff iculty, even i n this most -studied of catalyt ic reactions, of 
d r a w i n g conclusions about such basic questions as (a ) is the surface of 
an i r o n catalyst un i f o rm or heterogeneous, a n d ( b ) i f the surface is u n i 
f o rm, is Ho adsorbed molecu lar ly on a single site or dissociatively on d u a l 
sites. 
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2. W E L L E R Kinetic Models 35 

T h e classic T e m k i n - P y z h e v equat ion uses the T e m k i n isotherm ( i m 
p l y i n g a heterogeneous surface ) for the surface concentrat ion of n i trogen 
as re lated to the fictitious nitrogen p a r t i a l pressure that w o u l d be i n 
e q u i l i b r i u m w i t h the actual hydrogen a n d a m m o n i a p a r t i a l pressures. 
F o r the rate of the f o r w a r d react ion, the T e m k i n - P y z h e v treatment gives: 

7 / P H , ' V 
V P N I I I 2 / 

T h e constant i must be determined; to agree w i t h experiment, i t is often 
chosen to be between 0.5 and 0.6. 

T h e 1942 paper of Brunauer et al. (27), w h i c h is more expl i c i t i n 
its derivations, also starts w i t h the assumption of l inear decrease i n 
adsorpt ion heat w i t h increasing coverage (heterogeneity) a n d ends w i t h 
a general ized " T e m k i n i sotherm" that is v a l i d for the entire range of 
adsorpt ion, whereas the or ig ina l T e m k i n isotherm is v a l i d on ly i n the 
m i d d l e range. Dissoc iat ive adsorpt ion of No is again assumed, as i n 
T e m k i n - P y z h e v . F o r the f o r w a r d react ion on ly the rate expression at 
l o w surface coverage (0N) becomes: 

= k pyi2 

V Vu^ ) 

If a = 1 ( arb i trary choice ), this reduces to : 

r = k ps2 

/ α α Κ ρχηλ2 

Boudar t has shown (14, 30) that the assumption of a homogeneous 
surface ( L a n g m u i r m o d e l ) and dissociative adsorption of n i trogen as the 
rate -determining step leads to the synthesis equat ion : 

r = kpN2__ 

w h i c h is ident i ca l w i t h the equat ion deduced b y the procedure of 
B r u n a u e r et al. for a heterogeneous surface ( p r o v i d e d a = 1 ). 

S t i l l more recently , B r i l l a n d co-workers have reported interest ing 
results : 

(a ) F i e l d electron microscopic studies show that N 2 adsorpt ion 
occurs preferent ial ly on (111) faces of i r on a n d very m u c h less on (100) 
a n d (110) faces (31). 
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36 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 REVIEWS 

( b ) O n the basis of field i o n mass spectrometric studies, N 2 H a p 
pears to be the first product f o rmed on exposure of i r on to N 2 — H 2 ( 32 ) . 

( c ) I R studies of F e - M g O catalyst exposed to N 2 - H 2 at 410°C 
indicate the presence of p a r t i a l l y hydrogenated N 2 molecules (i.e., u n -
dissociated) h a v i n g bonds s imi lar to those hydraz ine (33 ) . 

O n this basis, B r i l l der ived a rate expression for a m m o n i a synthesis 
under the assumptions that the surface is homogeneous b u t that the 
rate -determining step is the non-dissociative adsorption of molecu lar 
n i trogen on a single site (-29). F u r t h e r m o r e , he shows that a set of ex
per imenta l integra l conversion data taken at 340 ° C is satisfied b y this 
rate expression w i t h a standard dev iat ion of db 1.5% i n the rate constant. 
T h e same data, fitted b y the equat ion of O z a k i et al. for dissociative a d 
sorpt ion on d u a l sites, gives an almost ident i ca l s tandard deviat ion , 
± 1.4%, i n the corresponding rate constant. 

H o p e f u l l y further ingenious experiments w i l l shed further l i g h t on 
the react ion mechanism (a l though after 40 years one m a y approach 
pess imism) but i n this spec ia l case, at least, the fitting of g l oba l rate 
expressions seems un l ike ly to differentiate k inet i c models that differ 
r a d i c a l l y i n their assumptions. 

Para-Ortho-Hydrogen Conversion: an Example of Simplicity. T h e 
paramagnet i c mechanism for the para -o r tho -hydrogen shift react ion at 
l o w temperatures should constitute the simplest chemica l example of a 
cata lyzed react ion. H u t c h i n s o n et al. (34) conducted a care ful s tudy of 
the approach to e q u i l i b r i u m , f r om bo th sides of the e q u i l i b r i u m compo
sit ion, over ferr ic oxide gel at 76°K. T h e results are disconcert ing. T h e y 
m a y be summar i zed as fo l lows : 

(1 ) W i t h the L a n g m u i r - H i n s h e l w o o d approach , the overa l l rate 
expression has the same form regardless of w h i c h step (adsorpt ion , sur
face react ion, or desorpt ion) or combinat ion of steps is rate l i m i t i n g . 
T h i s simplifies c r i t i c a l testing of the approach . 

(2 ) T h e deduced L a n g m u i r - H i n s h e l w o o d rate constant is different 
depen d i n g on whether one approaches e q u i l i b r i u m f rom the ortho-r i ch 
or p a r a - r i c h side. T h i s result w o u l d vio late the p r i n c i p l e of microscopic 
revers ib i l i ty a n d indicates that no s imple L a n g m u i r - H i n s h e l w o o d m o d e l 
can be appl i cab le i n this system. 

(3 ) T h e d iscrepancy between theory a n d experiment can be re
so lved qua l i ta t ive ly i f one postulates that the act ivat ion energies for 
adsorpt ion a n d desorption change w i t h coverage of the catalyst surface. 
H o w e v e r , such a postulate is tantamount to g i v i n g u p the quant i tat ive 
v a l i d i t y of the L a n g m u i r - H i n s h e l w o o d mode l . 

Dehydration of Ethanol to Ether. O n e of the most grat i fy ing p u b 
l ications i n catalyt ic kinetics is the paper of K a b e l a n d Johanson (35) on 
the vapor-phase dehydrat i on of ethanol to d i e t h y l ether over the a c i d 
f o r m of D o w e x 5 0 — a sulfonated s tyrene -d iv iny lbenzene copolymer. T h e 
authors f ound their k inet i c data to be consistent w i t h the equat ion pre -
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2. W E L L E R Kinetic Modek 37 

dieted f rom a s imple L a n g m u i r m o d e l i n w h i c h the ra te - l imi t ing step is 
a surface react ion between adjacently adsorbed ethanol molecules : 

the subscripts A , W , a n d Ε representing ethanol , water , a n d ether, respec
t ively . T h i s itself is p lausib le , but i t is not the reason for the except ional 
interest of the work . T h e authors proceeded to do that w h i c h is se ldom 
done—namely , to determine K A , K w , a n d K E d irect ly a n d independent ly 
f r o m adsorpt ion isotherms ( L a n g m u i r ) of the i n d i v i d u a l p u r e compo
nents. T h e extraordinary result was the agreement between the two sets 
of adsorpt ion constants—one set determined b y fitting of the k inet i c data, 
the other set f rom the i n d i v i d u a l isotherms. A t 120°C, for example, K A , 
K w , a n d K E de termined f rom the kinetics were 3.4, 7.0, a n d ~ 0. T h e 
corresponding values f rom the isotherms were 2.5, 7.6, a n d ~ 0. 

T h e experience w i t h D o w e x 50 does not permi t extension to another 
c o m m o n catalyst for a lcohol d e h y d r a t i o n — a l u m i n a . K n o z i n g e r a n d Pines 
have conducted the most extensive research on the mechanism of a l coho l 
reactions over a l u m i n a . K n o z i n g e r et al. (2) have recent ly ana lyzed 
earl ier data (36) on the kinetics of ether format ion b y a g r i d search 
method . T h e experimental data c ou ld not be fitted b y equations based 
on the expected mechanism. O n the other h a n d , five f o r m a l k inet i c equa
tions were developed w h i c h describe the data equal ly w e l l ( w i t h mean 
error ident i ca l to the mean exper imental error) a n d w h i c h cannot be 
d ist inguished. A l l five give comparable act ivat ion energies. T h e authors 
conc lude : " A t least for the ether format ion on a lumina . . . . , it therefore 
seems unreal ist ic to use k inet ic analysis for the e luc idat ion of the m o l e c u 
lar mechanism of the reaction. T h e only possible result is a p u r e l y f o r m a l 
descr ipt ion of the react ion rate as a funct ion of the par t ia l pressures of 
a lcohol , ether, a n d water . " 

Hydrogénation of Cyclopropane. A second example of a react ion 
i n w h i c h agreement is c l a i m e d between the adsorpt ion constant deduced 
f r om a rate equat ion ( L a n g m u i r f o rm) a n d that measured f r o m the 
adsorpt ion isotherm is the recent paper of Sr idhar and R u t h v e n (37 ) . 
T h e kinetics for cyc lopropane hydrogénation over four supported n i c k e l 
catalysts at 6 0 ° C were f ound to be best fitted b y the s imple expression: 

7' = 
[l+KAPA+KwPw+KFlPF]> 

r = k KcVc (l+KcPc)-1 

where subscript c represents cyc lopropane. T h e values of the k ine t i ca l l y 
determined K c for the four catalysts ranged f rom 2.12 to 3.71 a t m " 1 ; the 
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38 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

value of K c ca lculated f r om the isotherm data of Benson and K w a n (38) 
was reported to be 2.5 a i m - 1 , i n good agreement. 

Several aspects of the w o r k lead one to be less than total ly sanguine 
about the results : 

( 1 ) T h e actual plots of r vs. pc are s i g m o i d a l — a result w h i c h , as the 
authors apprec iated , is not t ru ly compat ib le w i t h the above rate equation. 

(2 ) N o term i n v o l v i n g pn appears i n the "adsorpt ion denominator " 
despite the fact ( w h i c h the authors note ) that hydrogen is more strongly 
adsorbed on n i c k e l than is cyc lopropane. 

( 3 ) T h e commerc ia l N i - S i 0 2 - A L 0 3 catalyst s tudied b y Benson a n d 
K w a n was obta ined f rom a different source ( A t l a n t i c Ref in ing C o . , vs. 
H a r s h a w ). 

(4 ) Benson a n d K w a n fitted their o w n rate data for cyc lopropane 
hydrogen to a power rate law , fitted their o w n adsorption data to F r e u n d 
l i c h isotherms and proposed that the rate -determining step was a surface 
react ion between adsorbed cyc lopropane a n d an adsorbed hydrogen atom. 

Statistical Model Building. I n 1962 a seminal paper b y B o x a n d 
H u n t e r (39) descr ibed an extremely p o w e r f u l , i terative m o d e l - b u i l d i n g 
method i n v o l v i n g m i n i m i z a t i o n of the residuals of a diagnost ic parameter . 
H u n t e r a n d M e z a k i (40), i n a p p l y i n g this approach , discussed the results 
of an exper imental study of methane oxidat ion over P d - A l 2 0 3 . A f rac 
t i ona l factor ia l design was used for the exper imental runs. Analys is of 
these data was completed i n a subsequent art ic le b y K i t t r e l l et al. (41). 
T h e rate expression ( H o u g e n - W a t s o n type) developed to fit the exper i 
m e n t a l data of H u n t e r a n d M e z a k i adequately was 

Pan, Voi 

K i t t r e l l et al. were careful to po int out that . . . "no c l a i m is made con
cerning the mechanism of the react ion or even the uniqueness of the 
m o d e l w h i c h has been set forth as adequately descr ib ing the exper imental 
data . " T h i s caveat seems appropr iate since one w o u l d have dif f iculty 
be l i ev ing i n the phys i ca l rea l i ty of the react ion mechanism w h i c h , b y a 
s tra ight forward L a n g m u i r - H i n s e l w o o d approach for a th ird -order reac
t ion between a methane molecule and two adsorbed oxygen molecules, 
w o u l d l ead to the proposed rate equation. 

Some d i chotomy of t h i n k i n g nevertheless appears to exist among 
the proponents of this approach. Box a n d H i l l (42), i n a paper ent i t led 
" D i s c r i m i n a t i o n A m o n g M e c h a n i s t i c M o d e l s , " propose to "discover the 
mechanism for a part i cu lar phenomenon l ead ing to a specific m a t h e m a t i 
ca l mode l . . . . T o d iscr iminate among these [possible mechanisms] a 
sequent ia l procedure is deve loped i n w h i c h calculations made after each 
experiment determine the most d iscr iminatory process conditions for use 
i n the next experiment . " 
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2. W E L L E R Kinetic Models 39 

T h e proposed use of sophisticated computer analysis to establish or 
to d isprove a mechanism has been the subject of considerable recent 
cr i t i c i sm. B o u d a r t ( I ) , for example, i n comment ing on a statist ical r e -
analysis by L o g a n and P h i l i p (43) of mechanist ic data b y O z a k i et al. 
on ammonia synthesis, observes "There is always a rea l danger i n kinetics 
to treat data w i t h a power fu l method of analysis w h i c h m a y be far better 
than the data themselves." A l l a r a and E d e l s o n (44) have taken an even 
stronger posi t ion i n a discussion of parameter izat ion techniques i n 
k inet ics : " T h e ab i l i ty to fit a set of numbers to a funct ional f orm resem
b l i n g chemica l k inet ic equations cannot of itself establish the v a l i d i t y of 
the model . . . . W e bel ieve that it is most important to d is t inguish 
between the correlative value of parameter fits as opposed to the pre 
d ic t ive capabi l i t ies of a t ru ly fundamenta l model . . . . W e especial ly 
object to the pub l i ca t i on of these parameters as rate constants, a term 
w h i c h impl ies a fundamenta l property of the reaction, since this only 
further aggravates an already confused situation i n the l i terature . " 

A s a parenthet ic comment, the author feels that a fundamenta l diff i 
culty is not that statistical analysis is an inappropr iate ly p o w e r f u l tool for 
d i s c r iminat ing between a number of postulated models. T h e diff iculty is 
i n dec id ing whether any of the models has a sound theoretical basis. 

Char les W a r e (45) has ca l led the author's attention to the app l i ca t i on 
of a modi f ied B o x - H u n t e r approach to proceed f rom statist ical ly designed, 
isothermal laboratory data to successful pred i c t i on of the performance 
a n d temperature d is tr ibut ion i n adiabat ic units. I n brief , a power rate 
l a w suggested b y l i terature in format ion is used as a first approx imat ion . 
T h e analysis of laboratory data indicates a possible need for m o d i f y i n g 
the f orm of the rate l aw , a n d i terat ion of the entire process finally results 
i n a rate l a w satisfying the statistical cr i ter ia imposed. T h e e m p i r i c a l rate 
l a w is satisfactory for des igning commerc ia l units operat ing w i t h i n the 
range of variables studied , and mechanist ic conclusions are not d r a w n . 

Hydrogénation of Propylene and Isobutylene. A n exceptional ly 
careful and fine study of olefin hydrogénation over P t - A l 2 0 3 was p u b 
l i shed b y Rogers et al. (46) i n 1966. T h e exper imental k inet i c data have 
been ana lyzed not on ly b y the authors but also i n at least three subse
quent papers. 

T h e final rate equat ion of Rogers et al. was : 

= aK1K2
/PiV2 , βΚχΚ<φιρ2 

r (i+KlPl+K2V2y + (i+κΓρθ (i+kiPi+k2V2) 

( T h e subscript 1 refers to hydrogen , 2 to olefin.) T h i s unusual ly complex 
f o r m was arr ived at rat ional ly . F i r s t , the authors f ound that no single 
conventional ( H o u g e n - W a t s o n ) equat ion fitted the exper imental data. 
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40 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 REVIEWS 

T h e y then resorted to a suggestion of B o n d and T u r k e v i c h (47) ( w h o h a d 
s tudied the deuteration of propylene over Pt—pumice i n a static reactor) 
that there m a y be two simultaneous rate -contro l l ing surface reactions 
between adsorbed hydrogen a n d adsorbed propylene. O n e is on sites 
where hydrogen a n d propy lene are compet i t ive ly adsorbed, the other on 
sites where hydrogen is adsorbed non-compet i t ive ly . A H o u g e n - W a t s o n 
formulat ion of this m o d e l ( w i t h undissoc iated hydrogen ) leads to the rate 
equat ion shown; the first t e rm involves hydrogen compet i t ive ly adsorbed, 
the second non-compet i t ive ly adsorbed. T h e terms a and β are the 
corresponding rate constants. 

Exce l l ent fits of the exper imental data at three temperatures are 
obta ined , a n d the parameters α, β, Ku a n d K2 show reasonable depend
ence on temperature (except for K i a n d K2 for isobutylene, whose be
hav ior is eccentr i c ) . T h e pred i c ted curves for rate vs. olefin concentrat ion 
show a m a x i m u m at l o w olefin concentration. A l l of the exper imental 
points, b y chance, f a l l on the descending b r a n c h of the ca lculated curve. 
[ T h e question of m a x i m a i n rate curves is an exceedingly interest ing 
one, w h i c h deserves discussion elsewhere. Since the exper imental data 
of Rogers et al. d i d decrease monotonica l ly w i t h increasing olefin con
centration, I examined the possible fit b y a power rate l a w of the f o r m 
r = kp1

&p2
h ( w h i c h cannot give a m a x i m u m ) . T h e greatest n u m b e r of 

exper imental runs was for propylene at 21 °C . T h e four-parameter rate 
l a w of Rogers et al. was stated to fit the 21 ° C data points w i t h an average 
dev iat ion of 3 . 1 % . T h e three-parameter rate l a w r = 0.102 pi°- 7 0p2~ 0- 2 5 

fits (data points read f rom curves) w i t h an average deviat ion of 3 .4%. 
N o significance is attached to this result . ] 

O n e of the o r i g ina l authors, L i h , has recently re - interpreted the 
exper imental data on isobutylene hydrogénation to invo lve a single rate 
constant, a, but also a f ract ion of the active sites, F u , w h i c h is avai lable 
for the chemisorpt ion of hydrogen but not for that of isobutylene (48). 
L i h ' s modi f ied H o u g e n - W a t s o n type i n i t i a l rate equat ion ( s t i l l based on 
undissoc iated hydrogen) is of the f o r m : 

T h e fit of the rate data is again good, as m i g h t be expected. T h e parame
ters a, Kl9 a n d K2 show reasonable var ia t ion w i t h temperature ; F u increases 
w i t h increasing temperature b u t apparent ly not i n a s imple manner . 

M e z a k i (49) rev ised the o r i g ina l equat ion of Rogers et al. to incorpo 
rate bo th dissociative adsorpt ion of h y d r o g e n (adsorpt ion constant Kx) 
a n d adsorpt ion w i t h o u t dissociation on single sites w i t h no ad jo in ing 
vacant sites (adsorpt ion constant Ki). T h e modi f i ed rate equat ion 
becomes: 
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2. W E L L E R Kinetic Models 41 

r = r 
« KlK2plp2 

+ 
β Κ1

]Κ2ριΡ2 
[i+(KlPly* + κ2ρ2] (Ι+ΛΓι'ρι) [1 + ( ^ ι Ρ ι ) 1 / 2 + Χ ρ 2 ] 

T h e behavior of the statistically fitted parameters is very reasonable for 
bo th propy lene a n d isobuytlene. T h e equat ion is f ormidable , however ; 
there are five adjustable parameters, each a funct ion of temperature. 

F i n a l l y , K o l b o e (50) has objected to a l l the earl ier treatments on 
the grounds that they ignored the fact, k n o w n f rom earlier mechanist i c 
studies, that the hydrogen atoms of the olefin can undergo an isotopic 
exchange ( w i t h deuter ium ) p a r a l l e l to the hydrogénation react ion. L i m i t 
i n g h imsel f to on ly two sets of sites a n d to a dissociative ( Farkas ) m o d e l 
for the olefin adsorption, K o l b o e is l e d to the f o l l o w i n g equat ion : 

A g a i n the fit to the o r i g ina l data of Rogers et al. is excellent, a n d the 
behavior of the parameters is p lausib le . H o w e v e r , there are n o w six 
adjustable parameters, each a funct ion of temperature. [Th is pro l i f e ra 
t ion of complicat ions i n olefin hydrogénation calls to m i n d a po ignant 
remark b y R i d e a l at the F i r s t Internat ional Congress on Catalys is ( 5 1 ) : 
" H i n s h e l w o o d once ca l l ed the h y d r o g e n - o x y g e n react ion the M o n a L i s a 
of c h e m i c a l reactions. It m a y w e l l be that her smile has been caught b y 
the e thy l ene -hydrogen react ion at a n i c k e l surface. A great n u m b e r of 
workers i n the field of catalysis f rom Sabatier o n w a r d have g iven explana
tions of the mechanism of the react ion, I mysel f have advanced three. A t 
least two must be erroneous and , j u d g i n g f r om the fact that no less than 
three communicat ions are to be made on this subject d u r i n g this week, 
i t is quite l ike ly that a l l three of them are wrong. " ] 

Power Rate Laws. It m a y be appropr iate to inc lude here a f e w 
examples i n w h i c h power rate l a w expressions of s imple f o rm have been 
successfully a p p l i e d over a range of temperatures. B o h l b r o (52) has 
p u b l i s h e d an extensive monograph on the kinetics of the water—gas shift 
react ion. H e notes, as an example, that the T e m k i n - P y z h e v rate equat ion 
for a m m o n i a synthesis m a y be deduced on the basis of the L a n g m u i r , 
T e m k i n , or F r e u n d l i c h isotherms, a n d that one cannot d is t inguish be
tween isotherms b y k inet i c expressions (see discussion of this above ) . 
H e concludes, i n agreement w i t h K e m b a l l ( 5 3 ) , that other t e chn iques— 
isotopic species, in f rared spectroscopy, adsorpt ion measurements, e tc .— 
are necessary to supplement k inet i c experiments before d r a w i n g definite 
conclusions concerning react ion mechanisms i n heterogeneous catalysis. 

r = [i+K2,jP2/(K1,ip1y<* + ( X i . m m 
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H e then proceeds to analyze his o w n data on the shift react ion i n terms 
of the rate expression 

r = k(T) ( C O ) z ( H 2 0 ) - ( C 0 2 ) " ( l - / 3 ) 

w h e r e 

β = ( C 0 2 ) ( H 2 ) / J C ( C O ) ( H 2 0 ) 

T h e values of I, m, and η deduced f rom experiments r u n at 3 3 0 ° - 5 0 0 ° C 
are: 

T(°C) I m η 

330 0.80 0.25 - 0 . 6 5 
360 (1.00) — — 
380 1.00 0.20 - 0 . 6 5 
400 (1.00) (0.20) ( - 0 . 6 5 ) 
420 1.00 0.25 - 0 . 6 0 
460 0.80 0.30 - 0 . 6 0 
500 0.80 0.35 - 0 . 5 0 

T h e interesting result, as B o h l b r o notes, is the smal l var iat ion of I, m, 
a n d η w i t h temperature— i .e . , the "apparent orders of reac t i on" w i t h 
respect to C O , H 2 0 , a n d C 0 2 are about the same at a l l temperatures. 
B o h l b r o then states that a single rate expression, 

is v a l i d w i t h f a i r l y good accuracy over the who le temperature range. 
T h e values of k(T) deduced f rom this expression give an excellent 
Arrhen ius p lo t (lnkvs.l/T), w i t h an apparent act ivat ion energy of 27.4 
k c a l / m o l e . 

A n analogous result has been reported b y L u n d e a n d Kester (54) 
for the Sabatier react ion ( C 0 2 + 4 H 2 = C H 4 + 2 H 2 0 ) over a R u - A l 2 0 3 

catalyst. T h e results of 62 runs were fitted b y a rate equat ion of the 
r emarkab ly s imple f o r m : 

- rf(C02) _ ^ i , ™ W X I λ 4 η ( C H 4 ) « ( H 2 0 ) 
dt 

= k(T) ^ ( C 0 2 ) " ( H 2 ) 4 " - "(H 2Q)2"1 
* s 

w i t h η = 0.225 over the entire temperature range of 204° to 360 ° C . T h e 
apparent act ivat ion energy was 16.84 k c a l / m o l e . 

O n e of the most interesting appl icat ions of p o w e r rate laws to a 
complex react ion system is that reported b y H e r t w i g et al. (55) for the 
selective ox idat ion of o-xylene to phtha l i c anhydr ide . T o l u a l d e h y d e was 
a n ana lyzed intermediate ; C O a n d C 0 2 were undes i red by-products . 
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2. W E L L E R Kinetic Models 43 

A f te r consideration of various react ion schemes, the f o l l o w i n g was arr ived 
at as best representing the da ta : 

3 

I I ï I 
o-xylene ( X ) —-> to lualdehyde (T) —» phthal i c anhydr ide (A) 

i 6 

> C O + C 0 2 

2 

T h e i n d i v i d u a l rate equations were expressed as: 

rx = - (ki + k2 + * 3) P x ° 

r T = * i Pxa - &4 p T
c 

r A = A:3 p x
a + /c4 ρτ° ~ k6 pA

d 

T h e exper imental data, obta ined w i t h a gradientless reactor, l e d to the 
f o l l ow ing values of a, c, a n d d ( the apparent orders of react ion ) for three 
test temperatures : 

T(°C) a c d Av. Error, % 

360 0.46 0.40 0.50 11.7 
380 0.41 0.39 0.50 10.1 
400 0.40 0.39 0.52 25.4 

T h e rate constants fci, ks, k4, a n d kQ showed reasonable A r r h e n i u s be
hav ior ; k2 showed no significant t rend w i t h temperature. 

A g a i n there is very smal l var iat ion of a, b, and c w i t h temperature. 
H e r t w i g et al. state that i f average values are used, the equations 

rx = - (h + k2 + k-s) ρχ0·45 

r T = / i i P x 0 4 5 - / C 4 P T 0 - 4 0 

rT = kt px0Ab + / c 4 p T 0 - 4 0 - / C 4 P A 0 - 5 0 

can be used at a l l temperatures w i t h an increase i n the average error 
that is less than 2 % . 

There is an interest ing supplement to the w o r k just descr ibed. 
K . L u c a s , w h o was responsible for this work , k i n d l y in f o rmed the author 
(56) that despite the fit w i t h a power funct ion , the desire to design 
technica l reactors w i t h extrapolat ion to w i d e l imits l e d the L e u n a - M e r s e -
b u r g group to examine other rate l a w forms i n w h i c h a l l the constants 
obeyed the Arrhen ius expression. T h e results of the subsequent w o r k 
have also been p u b l i s h e d (57). E q u a t i o n sets of the L a n g m u i r - H i n s h e l 
w o o d type were first examined but were d iscarded because some of the 
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44 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 

constants were negative; furthermore , six rate a n d seven adsorpt ion con
stants w o u l d have been needed. T h e M a r s - v a n K r e v e l e n approach (see 
b e l o w ) was then tr ied . A react ion scheme was successfully deve loped 
i n w h i c h a l l the rate constants showed A r r h e n i u s or approximate A r r h e 
nius behavior . T h e rate equations are more complex i n f o rm than the 
power functions, a n d there are seven rate constants. Interestingly, the 
average errors i n fitting the data were almost the same as w i t h the earl ier 
power rate laws : 1 2 . 1 % at 360° , 1 0 . 1 % at 380° , a n d 2 4 . 8 % at 400° . 

Mars-van Krevelen Models. I n an important paper i n 1952, M a r s 
a n d v a n K r e v e l e n (9 ) gave quant i tat ive embodiment to a l ong used q u a l i 
tat ive concept—i .e. , i n ox idat ion reactions over transit ion m e t a l oxide 
catalysts the react ion mechanism involves a c y c l i n g of the catalyst be
tween lower a n d h igher ox idat ion states of the meta l i on . T h e M a r s - v a n 
K r e v e l e n approach has enjoyed considerable popu lar i ty ; the recent paper 
of M a t h u r a n d V i s w a n a t h (58) contains m a n y references to its use. M y 
purpose here is on ly ( 1 ) to r ev iew the assumptions made i n the exper i 
m e n t a l a n d theoret ical w o r k of M a r s a n d v a n K r e v e l e n , a n d ( 2 ) to m e n 
t ion that i dent i ca l rate equations can be obta ined b y a steady-state 
R i d e a l - E l e y mode. T h e latter po int has a lready been c lear ly made b y 
D o w n i e a n d coworkers (59, 60), w h o prefer the expression "steady-state 
adsorpt ion m o d e l , " a n d i t does not require further exposit ion here. 

M a r s a n d v a n K r e v e l e n s tudied the ox idat ion of aromatic h y d r o 
carbons i n a fluidized b e d of v a n a d i u m oxide catalyst. Since ax ia l sam
p l i n g of the vapor composi t ion ind i ca ted some ver t i ca l gradient , they 
treated their fluidized b e d reactor as an idea l p l u g flow reactor, w i t h 
corresponding integrat ion of the der ived di f ferential rate expression i n 
order to treat the intergra l conversions obtained. [ T h a t this cannot be 
correct is ind i ca ted , inter alia, b y the fact that the measured naphthalene 
p a r t i a l pressure near the inlet of the reactor, shown i n their F i g u r e 4 as 
ca. 0.035 m m , is far lower than even the lowest of the p a r t i a l pressures 
(1 to 30 m m H g ) sa id to have been studied. ] 

A two-step react ion mechanism was postulated : ( I ) aromatic c om
p o u n d a n d ox id i zed catalyst —» ox idat ion products a n d reduced catalyst. 
( I I ) R e d u c e d catalyst a n d oxygen —> ox id i zed catalyst. T h e react ion rates 
were assumed "to be of the first order w i t h respect to the p a r t i a l pressures 
of the substances to be ox id i zed . " W h a t this means for the catalyst is not 
specif ied, except i n context. T h e rate of ox idat ion of the organic c o m 
p o u n d (Reac t i on I ) is then taken as: 

where R refers to organic reactant, a n d θ is "degree of coverage of the 
catalyst surface b y the oxygen." T h e rate of re -oxidat ion of the surface 
r educed i n the first react ion is assumed "to be propor t iona l to a cer ta in 
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2. W E L L E R Kinetic Models 45 

p o w e r of the p a r t i a l pressure of the oxygen a n d to the catalyst surface 
not covered b y oxygen." F o r React ion I I , therefore, 

n02 = k2 Po2n ( 1 - 0 ) 

If β moles of 0 2 are needed for the ox idat ion of one mole of aromatic , 
ήο2 = β nR. I n the steady-state, 

β k-! PR θ = k2 po2n ( 1 - 0 ) 

w h i c h leads to the final rate expression 

. = ki k2 PR po2
n 

U r β kLPR + k2 p 0 2
n 

T h e basis for choosing η is not clear. F o r aromatics ox idat ion, M a r s a n d 
v a n K r e v e l e n choose η = 1 apparent ly to permi t easy integrat ion of the 
rate equation. T h e integra l equat ion gives reasonable fit to the exper i 
menta l data a l though the authors po int out that the act ivat ion energy 
for &i cannot be g iven "on account of the spread i n the results ." 

M a r s a n d v a n K r e v e l e n use the same approach to fit the dif ferential 
rate data of K r i c h e v s k a y a (61) on S 0 2 ox idat ion over v a n a d i a b u t w i t h 
the unexp la ined choice of η = [ T h e p u b l i s h e d discussion f o l l o w i n g 
this paper is quite interesting. I n response to a quest ion f r om J . M . Smi th 
concerning possible ambigu i ty i n mechanisms, the authors r e p l y : " N a t u 
ra l l y , agreement between a k inet i c f o r m u l a a n d exper imental data is not 
a proof of the correctness of the assumed react ion mechanism. I n our 
invest igation a mechanism made acceptable b y experiments was taken as 
a basis for a consideration of the kinetics . T h e agreement between the 
k inet i c f o rmula a n d the exper imental data makes i t superfluous to con 
sider other mechanisms a n d m a y be h e l d to support the assumed 
mechanism." ] 

Conclusions and Suggestions 

T h e preced ing discussion probab ly makes clear the reasons for m y 
o w n confusion. It seems difficult even to summarize the status of k inet i c 
models i n heterogeneous catalysis, hazardous to d r a w conclusions, a n d 
foo lhardy to make recommendations . I offer here a personal evaluat ion 
w h i c h , to m y regret, does not differ greatly f r om one I vo lunteered almost 
20 years ago. 

O n e first must decide his o w n needs a n d objectives. I f these are to 
find a rate equat ion that is (a ) consistent w i t h a l l laboratory k inet i c 
measurements a n d ( b ) useful for des igning a reactor in tended to operate 
w i t h i n the l imits of variables s tudied ( temperature , p a r t i a l pressures, 
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46 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 REVIEWS 

convers ion) , then I k n o w of no better suggestion than to use the statisti
ca l ly gu ided , i terative procedure descr ibed b y W a r e , de r i v ing f r om the 
B o x - H u n t e r approach . I n this case I bel ieve that the best m o d e l is the 
s implest one that works . T h e final rate equat ion m a y be a power rate 
l a w i n f o rm or L a n g m u i r - H i n s h e l w o o d or any other that m a y prove to 
be more convenient. W i t h i n this context of pract i ca l i ty , a f ew further 
comments on the re lat ive u t i l i t y of the power a n d L a n g m u i r - H i n s h e l w o o d 
forms m a y be useful . 

A power rate l aw , where i t appl ies , has a f ew merits. T h e experi 
menta l l y determined powers immedia te ly give a fee l ing for the w a y the 
rate depends on concentrations or p a r t i a l pressures of reactants a n d 
products , i n the same w a y that the apparent act ivat ion energy i m m e d i 
ately gives a fee l ing for the sensit ivity of the rate to temperature. T h e 
powers are, i n fact, the apparent orders of reaction. A second point , also 
pure ly prac t i ca l , is that a power rate l a w — w h e r e i t applies—seems to 
give equivalent fit to exper imental data w i t h fewer adjustable parameters. 

T h e r e are disadvantages to power rate laws. A n obvious one is that 
there are m a n y cases where the data cannot be adequately fitted b y an 
equat ion of this form. A second one is the potent ia l h a z a r d i n large 
extrapolations ( a l though every rate l a w must rea l ly be treated very cau
t iously i n extrapolat ing) . P a r t i c u l a r l y troublesome i n this regard are 
reactions, such as olefin hydrogénation or C O ox idat ion (62), i n w h i c h 
the apparent order of react ion w i t h respect to one reactant is f o u n d to be 
negative—i .e . , a reactant inhib i ts its o w n react ion. I n the l i m i t of suffi
c ient ly l o w concentrations, however , there must i n p r i n c i p l e be a range 
w h e r e the reverse behavior holds , a n d the rate increases w i t h reactant 
concentration. T h i s reversal , a long w i t h the i m p l i e d rate m a x i m u m at 
some intermediate concentration, is not compat ib le w i t h any single power 
rate law. B y contrast, this behavior is total ly compat ib le w i t h the q u a l i 
tat ive concepts of the L a n g m u i r m o d e l for surface reactions, regardless 
of quant i tat ive va l id i ty . I n just such cases a L a n g m u i r - H i n s h e l w o o d 
f o r m m a y prove more useful for the rate law. 

I f one's objective is to get at the true mechanism of the react ion on 
a surface, i t becomes m u c h more diff icult to make sensible suggestions 
because the p r o b l e m is m u c h more difficult. P r o b a b l y the most important 
single caut ion is that measurement of g l oba l kinetics is s ingular ly useless 
for de termin ing catalyt ic mechanisms. T h i s is demonstrable not only 
f r om theoretical considerations but also f r om p u b l i s h e d experience w i t h 
a var ie ty of reactions. 

T h e determinat ion of mechanism is a lways in t r i gu ing a n d sometimes 
feasible, but i t should not be undertaken l ight ly . T h e f ew cases i n w h i c h 
significant progress has been made t y p i c a l l y invo lve the ded icat ion of a 
professional l i fe t ime b y more than one researcher. T h e methodology for 
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2. W E L L E R Kinetic Models 47 

mechanist ic research requires ingenui ty i n devis ing approaches u n i q u e l y 
relevant to the specific react ion of interest. A number of such approaches 
(not i n v o l v i n g g loba l k inet ics ) have been ment ioned previously . A par 
t i cu lar ly p o w e r f u l one, appl i cab le only i f the molecules undergo ing reac
t ion are sufficiently complex, is stereochemistry. I n the hands of i n d i v i d u 
als such as B u r w e l l , Pines , K e m b a l l , Siegel , a n d others stereochemical 
character izat ion of product molecules has made it possible to d r a w strong 
conclusions about the mechanisms of cata lyzed reactions of certain 
classes of organic compounds over specific catalysts. T h e mechanist i c 
complexit ies of a m m o n i a synthesis have certainly been i l l u m i n a t e d b y 
the careful app l i cat ion of isotopic tracer techniques, even though some 
fundamenta l uncertainties remain . 

Suppose some in format ion on mechanism is k n o w n independent ly 
through such studies. W h a t approach should one take i n deve lop ing a 
m o d e l for ana lyz ing g loba l kinetics? Unless quanti tat ive in format ion is 
avai lab le for the energy d i s t r ibut ion i n the specific catalyst-substrate 
system be ing invest igated—a condi t ion almost never f u l f i l l e d — I bel ieve 
it a hopeless task r igorously to deduce a necessary rate l a w f rom any 
assumed mode l . Nevertheless, i t is not unreasonable to f a l l back on 
the qual i tat ive L a n g m u i r concept that heterogeneous catalysis involves 
reactions between molecules chemisorbed i n a monolayer . E x i s t i n g 
mechanist ic in format ion (e.g., concerning ra te - l imi t ing steps) a n d 
assumptions concerning the possible f o rm of adsorpt ion isotherms m a y 
then be in t roduced to arr ive at some f o rm ( m o d e l ) for the rate l aw . 
A l t h o u g h I see no reason other than fami l ia r i ty to prefer a L a n g m u i r -
H i n s h e l w o o d f o rm over alternatives, neither do I see any reason not to 
start w i t h such a form. I f this is done, one is left w i t h the usua l r equ i re 
ment of demonstrat ing consistency (f it) w i t h the exper imental rate data. 
T h i s leaves the n o r m a l H o u g e n - W a t s o n fitting procedures intact , a n d 
I w o u l d sugegst on ly the f o l l o w i n g provisos: 

(1 ) M o d e l s for w h i c h some "adsorpt ion constant" is f ound to be 
negative should not be automatica l ly d iscarded. Negat ive values m a y be 
expected i f enhanced adsorpt ion occurs. 

(2 ) T h e h u m a n tendency to deduce mechanism through statistical 
data fitting should be resisted. 

(3 ) I f the independent mechanist i c in format ion leads to a rate equa
t i on that is inconvenient ly complex, there is no need to adhere r i g i d l y to 
the f o rm of the rate equation. I have encountered recent w o r k i n w h i c h 
mechanist i c in format ion was used to deduce a rate l a w , of the L a n g m u i r -
H i n s h e l w o o d f o rm, conta in ing eight adjustable parameters. T h i s w o u l d 
not seem to be a profitable exercise. 

(4 ) Since the ra te - l imi t ing step ( i f one exists) m a y change w h e n 
temperature or concentrations are var i ed w i d e l y , one need not be sur
pr i sed i f the c o r e r s P ^ | j ^ } g § J f QlKi l t f tesI x'eqiaire s imi lar change. 

S o c i e t y L i b r a r y 
1155 16th St. N. W. 

Washington, D. C. 20036 
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Contacting Effectiveness in Trickle Bed 

Reactors 

C H A R L E S N. S A T T E R F I E L D 

Department of Chemical Engineering, Massachusetts Institute of Technology, 
Cambridge, Mass. 02139 

The use of trickle bed reactors in industrial processing is 
reviewed, typical operating conditions are cited, and recent 
laboratory and pilot plant studies are summarized. Con
version in a trickle bed reactor usually comes closest to that 
for an ideal plug flow reactor at the highest liquid flow 
rates. Models to explain and to predict performance may 
be based on liquid holdup, catalyst wetting characteristics, 
liquid residence time distribution, or axial dispersion; these 
models are analyzed critically and compared. Some effects 
of transport limitations when reactant is present partially 
in the vapor phase are considered briefly. 

/ T p h e centra l p r o b l e m i n design, scale-up, a n d unders tand ing of the 
A operat ion of t r i ck le b e d reactors is de termin ing the effectiveness w i t h 

w h i c h the react ing l i q u i d is brought into contact w i t h the so l id catalyst. 
T h e l i q u i d a n d gas f low rates used b y the laboratories, p i l o t p lants , a n d 
c o m m e r c i a l operations v a r y greatly, a n d the w i d e range i n l i q u i d flow 
rate i n part i cu lar is a p r i m a r y cause of the var ia t i on i n behav ior w i t h 
scale of operation. A br ie f r ev i ew of indus t r ia l practices and the reasons 
therefore sets the stage for consideration of the effect of l i q u i d flow rate 
on performance a n d for character izat ion of the effectiveness of catalyst 
contact ing i n a tr i ck le b e d reactor. 

Industrial "Processing 

Petroleum Refining. T h e term tr i ck le b e d as used here means a 
reactor i n w h i c h a l i q u i d phase a n d a gas phase flow cocurrent ly 
d o w n w a r d through a fixed b e d of catalyst partic les w h i l e react ion takes 
place . These reactors have been used to a moderate extent i n chemica l 
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3. S A T T E R F I E L D Trickle Bed Reactors 51 

processing, but most of the p u b l i s h e d in format ion about their i n d u s t r i a l 
appl icat ions concerns petro leum processing, i n par t i cu lar the h y d r o -
desul fur izat ion or h y d r o c r a c k i n g of heavy or res idua l o i l stocks a n d the 
hydro f in ish ing or hydrotreat ing of l u b r i c a t i n g oils. A c c o r d i n g to v a n 
Deemter ( J ) , a t r i ck le b e d hydrodesu l fur i zat ion process was deve loped 
b y V l u g t e r , H o o g , a n d their co-workers at the She l l Laborator ies i n 
A m s t e r d a m after W o r l d W a r I I , a n d the first c o m m e r c i a l un i t was 
brought on stream i n 1955. T h e She l l process was descr ibed further b y 
L e N o b e l a n d Choufoer (2). S i m i l a r developments occurred more or 
less s imultaneously at other pe tro leum companies. L i s t e r (3 ) descr ibed 
mixed-phase desul fur izer reactors that were deve loped b y the B r i t i s h 
Pe t ro l eum C o . a n d put into operat ion d u r i n g the 1950's; he gave con 
siderable deta i l about various engineer ing design problems a n d h o w 
they were overcome. I n the Proceedings of the various W o r l d P e t r o l e u m 
Congresses were p u b l i s h e d general descriptions of the h y d r o c r a c k i n g 
a n d hydrodesu l fur i zat ion processes developed b y C h e v r o n , Esso , G u l f , 
U n i o n O i l , a n d other companies. 

T r i c k l e b e d processing is less costly than complete ly vapor-phase 
operat ion since less heat is r equ i red for feedstock vapor i za t i on a n d less 
gas must be recyc led a n d heated to react ion temperature. Moreover , 
t r i ck le b e d operat ion al lows the processing of heavy disti l lates a n d 
res idua l oils that cannot react as vapors. H y d r o c r a c k i n g processes 
are usual ly preceded b y a hydrodesu l fur i zat ion react ion that reduces 
the content of organosulfur a n d organonitrogen compounds to a suffi
c ient ly l o w leve l so that they can be tolerated b y the h y d r o c r a c k i n g 
catalyst. I n these processes, as i n lubr i ca t ing o i l treatment, the react ion 
is between hydrogen a n d a petro leum stock, a n d h i g h hydrogen pressures 
are used i n order to obta in l ong catalyst l i fe . T h e l u b r i c a t i n g o i l process
i n g m a y be a so-cal led hydro f in ish ing that removes p r i m a r i l y organic 
sulfur and ni trogen compounds a n d improves color w i t h l i t t le h y d r o 
génation of the petro leum feedstock, or i t m a y be a more severe h y d r o -
treatment w h i c h causes not on ly sul fur a n d ni trogen r e m o v a l b u t also 
r i n g hydrogénation a n d subsequent h y d r o c r a c k i n g of one or more of 
the saturated rings ( h a v i n g started w i t h a m u l t i p l e - r i n g aromatic feed
stock) to produce l u b r i c a t i n g oils of h i g h viscosity index. I n some 
systems, e.g. some hydrodesu l fur izat ion reactions, m u c h of the fluid 
present m a y be near or above the c r i t i ca l po int a n d phase behavior is 
uncerta in . 

A n alternate a n d closely re lated f o rm of contact ing is cocurrent 
g a s - l i q u i d upf low. It apparent ly has not been used indust r ia l l y for the 
processing of petro leum fractions, but i t has been a p p l i e d i n some 
chemica l operations. 
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52 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 

Chemical and Petrochemical Processing. T r i c k l e b e d reactors have 
also been used on a substantial scale for c h e m i c a l a n d petrochemica l 
processing, but in format ion is fragmentary. I n the F i s c h e r - T r o p s c h 
synthesis of l i q u i d fuels f r om mixtures of H 2 a n d C O , various means of 
r e m o v i n g the substantial heat of react ion have been t r i e d i n c l u d i n g 
recyc le of inert hot o i l through the reactor b e d as w e l l as the use of 
hot-gas recycle a n d s lurry- type reactors. S torch, G o l u m b i c , a n d A n d e r 
son (4) treated i n deta i l the chemistry a n d technology of the F i s c h e r -
T r o p s c h synthesis as i t was deve loped i n G e r m a n y before a n d d u r i n g 
W o r l d W a r I I , together w i t h contributions f r om other sources. T h e 
hot - o i l recycle version of this process was deve loped i n the 1930s b y 
D u f t s c h m i d a n d co-workers at I. G . F a r b e n i n d u s t r i e ; they r e l i e d on 
evaporative coo l ing of the hot o i l to remove a por t i on of the heat b y 
u t i l i z i n g cocurrent upf low through the catalyst bed . A later vers ion of 
the U n i t e d States B u r e a u of M i n e s also operated b y cocurrent upf low 
but w i t h l i t t le or no evaporative cool ing , a n d i t was regarded as p r o b a b l y 
more efficient. It was reported that this f o rm of contact ing gives better 
temperature contro l than tr i ck le - type operation, b u t the up f l ow version 
was short ly thereafter superseded b y an ebu l l ia t ing b e d reactor because 
of difficulties w i t h catalyst cementation i n the fixed bed . T h e indus t r ia l 
scale F i s c h e r - T r o p s c h processes used i n G e r m a n y a n d elsewhere a l l 
i n v o l v e d complete ly vapor-phase operat ion, but the o i l -recycle process 
was s tudied i n G e r m a n y i n converters as large as 50 f t 3 a n d b y the 
U n i t e d States B u r e a u of M i n e s i n a 5 0 - b b l / d a y capac i ty p lant (5 , 6, 7 ) . 

A process for synthesis of b u t y n e d i o l ( H O C H 2 C = = C C H 2 O H ) f rom 
aqueous f o rmaldehyde a n d acetylene uses t r i ck le b e d flow over a copper 
acetyl ide catalyst a n d recyc le of the product stream for heat remova l . 
O n e indus t r ia l reactor was reported to be 58.5 ft h i g h a n d 4.9 ft i n 
diameter ( 8 ). O t h e r t r i ck le b e d studies of this react ion are g iven b y B i l l , 
a reported b y B o n d i ( 9 ) . 

K r o n i g (JO) descr ibed a tr i ck le b e d process that is used i n one or 
more c ommerc ia l plants for selective hydrogénation of acetylene i n order 
to remove i t i n the presence of butadiene i n C 4 hydrocarbon streams. 
O p e r a t i o n at 1 0 - 2 0 ° C a n d 2 - 6 k g / c m 2 pressure al lows l iqu id -phase 
processing w h i c h reported ly gives l ong catalyst l i fe , un l ike gas-phase 
processing i n w h i c h po lymers r a p i d l y b u i l d u p on the catalyst. 

A patent b y Porter (11) describes some interesting operat ing aspects 
of a t r i ck le b e d catalyst hydrogenator used to convert an a l k y l anthra -
quinone to the hydroqu inone form, w h i c h is one step i n a cyc l i c process 
for manufac tur in g hydrogen peroxide. ( U p o n subsequent contact w i t h 
oxygen, the h y d r o q u i n o n e yie lds the qu inone p lus h y d r o g e n peroxide , 
a n d the quinone is then recyc led . ) 
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3. S A T T E R F I E L D Trickle Bed Reactors 53 

Recent Experimental Studies. I n v i e w of the w i d e s p r e a d use of 
t r i ck le b e d reactors on a very large scale i n the petro leum industry , it 
is surpr is ing that so l i t t le was p u b l i s h e d about the development , design, 
a n d operat ion of this type of reactor. A useful general r e v i e w of g a s -
l i q u i d - p a r t i c l e operations b y 0s tergaard (12) cites the l i terature u p to 
about 1965-1966 on contact ing between a gas a n d a l i q u i d i n fixed beds. 
Unfor tunate ly for present purposes, most of this l i terature is more relevant 
to absorpt ion systems than to chemica l reactors. A s m a l l n u m b e r of 
laboratory scale studies of specific chemica l reactions i n t r i ck le -bed 
reactors were reported (see T a b l e I w h i c h also includes a recent, repre 
sentative, laboratory scale, pe t ro leum processing s t u d y ) . A number of 
other laboratory or p i l o t p lant scale studies of petro leum ref ining reac
tions were descr ibed b y H e n r y a n d G i l b e r t (23), the most pert inent of 
w h i c h are s u m m a r i z e d i n T a b l e I I . I n some tr i ck le b e d studies of 
chemica l reactions, attention was d irected p r i m a r i l y to catalyt ic behavior 
or chemica l kinetics , a n d these investigations have been omit ted unless 
some port ion of the w o r k focussed on p h y s i c a l effects. 

Comparison with Slurry Reactors. T h e p r i n c i p a l a lternative to a 
fixed b e d w i t h two-phase flow, either u p w a r d or d o w n w a r d , is a s lurry 
reactor or ebu l l ia t ing b e d i n w h i c h the catalyst part ic les , w h i c h must be 
substantial ly smaller , are i n mot ion . These are also sometimes te rmed 
three-phase fluidized b e d reactors or suspended b e d reactors. These have 
the f o l l o w i n g advantages: (a ) a h i g h heat capaci ty to prov ide good 
temperature control , ( b ) a potent ia l ly h i g h rate of react ion per un i t 
vo lume of reactor i f the catalyst is h i g h l y active, ( c ) easy heat recovery, 
( d ) adapab i l i t y to either ba t ch or flow processing, (e ) a catalyst that 
is r ead i l y removed a n d rep laced i f its w o r k i n g l i fe is re lat ive ly short, 
a n d ( f ) possible operat ion at catalyst effectiveness factors approach ing 
u n i ty w h i c h is of spec ial importance i f di f fusion l imitat ions cause r a p i d 
catalyst degradat ion or poorer selectivity. T h e i r disadvantages are as 
fo l lows : (a ) the residence t ime d i s t r ibut ion patterns are close to those 
of a C S T R w h i c h makes i t diff icult to obta in h i g h degrees of conversion 
except b y staging; ( b ) catalyst r emova l b y filtration m a y pose problems 
w i t h possible p l u g g i n g difficulties w i t h filters ( a n d the costs of filtering 
systems m a y be a substantial por t i on of the cap i ta l inves tment ) ; a n d 
( c ) the h i g h ratio of l i q u i d to so l id i n a s lurry reactor al lows homogene
ous side reactions to become more important , i f any are possible. 

I n the tr i ck le b e d reactor, the catalyst b e d is fixed, the flow pattern 
is m u c h closer to p l u g flow, a n d the ratio of l i q u i d to s o l id present is 
m u c h smaller. I f heat effects are substantial , they can be contro l led b y 
recycle of the l i q u i d product stream a l though this m a y not be p r a c t i c a l 
i f a very h i g h percent conversion is des ired ( as i n hydrodesu l fur i zat ion ) 
or i f the product is not re lat ive ly stable under react ion condit ions. T h e 
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54 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 

Table I. Recent 

Reaction 

O x i d a t i o n of S 0 2 on wetted C 
Hydrogénation of crotonaldehyde 
Isomerizat ion of cyclopropane 
Hydrogénation of « - C H 3 styrene 
Hydrogénation of benzene 
Hydrogénation of « - C H 3 styrene 
H y d r o t r e a t i n g 

e F o r ρ = 1.0, 1 k g / m 2 sec = 0.1 cm/se 
6 Flow over a vertical string of spheres, 

ing in a square pattern. 

Reference 

H a r t m a n & C o u g h l i n (13) 
K e n n e y & Sedricks (14,15) 
W a y (16,17) 
Pelossof {18,19)b 

Satterf ie ld & Ozel (20) 
G e r m a i n , et al. {21)d 

M e a r s (22) * 

c. 
L calculated for a bed of spheres touch-

Table II. Pertinent Laboratory Scale Petroleum 

Reaction Reference 

H y d r o c r a c k i n g of a heavy gas o i l H e n r y & G i l b e r t (23) 
Hydroden i t rogenat i on of var ious compounds F l i n n , et al. (24) 

and of a c a t a l y t i c a l l y cracked l ight 
furnace o i l a 

Hydroden i t rogenat i on of a lube o i l d is t i l la te G i l b e r t & K a r t z m a r k (25) 

Hydrogénation of aromatics i n a naphthenic H e n r y & G i l b e r t (23) 
lube o i l d is t i l late 

°There are no data points in original reference; highest flow rates were not 
recorded. 

most c o m m o n type of t r i ck le b e d processing is hydrogénation, a n d most 
of the subsequent discussion refers to this type of react ion. T h e other 
reactant m a y be essentially a l l i n the l i q u i d phase or i n b o t h the l i q u i d 
a n d the gas phases, a n d the d i s t r ibut ion of reactant a n d products be
tween gas a n d l i q u i d phases m a y vary w i t h degree of conversion. I n a 
f e w circumstances, as i n some versions of the F i s c h e r - T r o p s c h process, 
the l i q u i d is inert a n d serves as a heat-transfer m e d i u m , and the react ion 
occurs between reactants i n solution a n d the catalyst. 

Industrial Operating Conditions. T r i c k l e b e d reactors i n the petro
l e u m industry may be operated under a w i d e var iety of condit ions that 
depend on the properties of the feedstock a n d the nature of the react ion. 
T h e less reactive fractions, w h i c h tend to be i n the h igher b o i l i n g range 
a n d more viscous at ambient temperatures, are t y p i c a l l y processed at 
the lower l i q u i d flow rates. Representat ive superfic ial l i q u i d velocit ies, 
L , are 10-100 f t / h r (0.83-8.3 k g / m 2 sec for a density of 1) for l u b r i c a t 
i n g oils, heavy gas oils, a n d res idua l fractions and 100-300 f t / h r (8 .3 -25 
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3. S A T T E R F I E L D Trickle Bed Reactors 55 

Laboratory Scale Studies 

Superficial Liquid 
Flow Rate; 
kg/m2 sec 

0.0043-0.06 
0.038 

0.26-2.1 
1.4-8.7 
0.9-3.0 

0.08-1.6 
0.19-0.76 

Gas Flow Rate 
kg X V J 3 

m2 sec 

15.4 
0.47 
3 -28 

28° 
0.14-3.3 
1.6-7.2 

c G for H 2 plus benzene vapor. 
d Countercurrent flow. 
e A t 100 atm pressure; all other studies at 1 atm. 

- 0.04^8 

16-55 

2 - 8 

Refining Studies Cited by Henry and Gilbert (23) 

L , kg/m2 sec Conversion, % 

0.07-0.5 61 -20 
lowest : a 0.07 99 .8% [furnace o i l reacted at 371 ° C (700°F) ] 
lowest: ' 0.035 8 0 % [quinol ine reacted at 316°C ( 6 0 0 ° F ) ] 

0 .025-0.14 6 9 7 - 7 0 % (low temperature reaction) 
0 .025-0.06 6 9 8 . 5 - 9 5 % (high temperature reaction) 
0 .03-0 .25 b 8 0 - 3 0 % (low pressure) 

9 5 - 4 0 % (high pressure) 
b Taking reactor height as 3 ft; true height was not published. 

k g / m 2 sec) for naphtha fractions w h e n ca lculated w i t h the assumption 
that the feed is ent irely i n the l i q u i d phase. F o r l ighter fractions, this 
is not general ly the case, a n d m u c h of the feed is actual ly present as 
vapor . T h e hydrogen flow-to-liquid flow ratio is c ommonly expressed i n 
terms of vo lume of H 2 [expressed i n standard cub i c feet (scf ) at s tandard 
temperature a n d pressure ( S T P ) ] per barre l of feed processed ( s c f / b b l ) . 
T h e superf ic ial gas flow rate, G , becomes about 

n (L) ( sc f /bbl ) / 
G = - cm/sec 

5.6 

where L is l ikewise i n cm/sec . Representative values are 2000-3000 
s c f / b b l for hydrodesul fur izat ion of a heavy gas o i l , 5000 s c f / b b l for 
hydrodesu l fur i zat i on of a heavy residue, a n d 5000-10,000 s c f / b b l for a 
hydrocracker . F o r m i l d hydrogen treatment, hydro f in ish ing , the h y d r o 
gen-to-feedstock ratios may be considerably smaller. 
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56 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

L i s t e r (3 ) s u m m a r i z e d the characteristics of seven B r i t i s h Pet ro l eum 
C o . desulfurizers that were designed between 1952 a n d 1962. O p e r a t i n g 
condit ions range as fo l lows : l i q u i d h o u r l y space ve loc i ty ( vo lume of 
l i q u i d f ed each hour per vo lume of reac tor ) , L H S V , 1.4-8.0 h r " 1 ; oper
a t i n g temperature, 6 9 0 ° - 7 9 0 ° F ( 3 6 5 ° - 4 2 0 ° C ) ; pressure, 50O-1000 ps ig ; 
recyc le rate, 1000-4000 s c f / b b l ; a n d single catalyst b e d depth , 8 -21 ft. 
O n e reactor consisted of three beds, each 10 ft 10 i n . deep; a second un i t 
consisted of three i d e n t i c a l reactors i n series, each 8 ft 9 i n . deep. 
Reactor diameters ranged f r o m 4 to 7 ft. 

Present d a y units m a y be cons iderably larger , a n d m u l t i p l e - b e d 
reactors are f requent ly used. T h e quant i ty of catalyst is t y p i c a l l y 
d i v i d e d into one to five beds, each 10-20 ft deep; i n m u l t i p l e - b e d reactors, 
hydrogen is injected between the beds for temperature contro l—so-ca l led 
c o l d shot cool ing. I n m u l t i p l e - b e d reactors, the catalyst beds m a y be 
e q u a l i n depth . M o r e commonly , they increase i n d e p t h as the react ion 
proceeds, a n d the quant i ty of hydrogen injected at each po int is adjusted 
i n order to achieve the des ired ax ia l temperature profi le w h i c h is speci 
fied so as to l i m i t the ad iabat i c temperature rise a long each b e d to some 
m a x i m u m [ typ i ca l l y ~ 2 8 ° C ( 5 0 ° F ) or less ] . T h e gas - to - l iqu id rat io 
thus increases w i t h flow t h r o u g h successive beds, a n d the amount of 
gas injected for coo l ing can read i ly exceed that furn i shed in i t i a l l y . T h e 
quant i ty of H 2 furn ished usual ly far exceeds that needed for stoichio
metr i c react ion, a n d i t is usual ly determined p r i m a r i l y b y the requ i re 
ments for temperature contro l a n d perhaps sometimes to h e l p achieve 
better l i q u i d d i s t r ibut ion or to p ro l ong catalyst l i fe . T h e m a x i m u m 
he ight of a single catalyst b e d is de termined b y the importance of 
ach iev ing red is t r ibut ion of l i q u i d a n d gas after some l i m i t i n g b e d depth 
is traversed or b y the c rush ing strength of the catalyst. I n present p rac 
t ice , this m a x i m u m seems to be about 2 0 - 2 5 ft. 

Representat ive operat ing condit ions for pe tro leum re f in ing processes 
are t y p i c a l l y total pressures of 500-1500 p s i ( substant ia l ly h igher i n a 
f ew cases) a n d temperatures of 3 4 5 ° - 4 2 5 ° C ( 6 5 0 ° - 8 0 0 ° F ) . Cata lys t 
partic les are t y p i c a l l y 1 / 8 - 1 / 3 2 i n . (0.32-0.08 c m ) i n diameter . 

O f considerable importance i n ana lyz ing data on t r i ck le b e d reactors 
is the fact that i n p i l o t plants the 2 -6 - f t h i g h reactors (1 -1 .5 i n . i n 
d iameter ) are t yp i ca l l y operated at about the same L H S V as is used 
commerc ia l ly . F o r a specif ied value of L H S V , the true l i q u i d superf ic ia l 
ve loc i ty is thus propor t i ona l to reactor length. A large c o m m e r c i a l 
reactor of recent design m a y have as m u c h as 6 0 - 8 0 ft total dep th of 
catalyst; data for this scale-up m a y have been obta ined i n a p i l o t u n i t at 
the same L H S V but therefore at 1 / 1 0 - 1 / 1 5 of the superf ic ial l i q u i d flow 
rate a n d at a correspondingly l ower gas rate. S ince the p i l o t u n i t a n d 
the c o m m e r c i a l un i t m a y operate under somewhat different h y d r o -
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3. S A T T E R F I E L D Trickle Bed Reactors 57 

d y n a m i c flow condit ions, their contact ing efficiencies m a y be signif icantly 
different. I n most reports of laboratory studies of any type of react ion , 
the l i q u i d a n d gas flow rates were m u c h l ower than those used c o m 
merc ia l l y (see Tables I, I I , a n d I I I ) . Some of the recent ly reported 
laboratory scale studies invo lved r a p i d exothermic reactions at l o w l i q u i d 
flow rates; consequently, heat effects were especial ly significant. Cata lys t 
pellets were only par t ia l l y wet ted , a n d reactants were re lat ive ly vo lat i le 
so that react ion occurred i n bo th l i q u i d a n d vapor phases (see b e l o w ) . 
T h e behavior of these systems m a y be signif icantly different f r o m those 
i n w h i c h the reactant is exclusively i n the l i q u i d phase ( to w h i c h subse
quent discussion per ta ins ) . 

Table III. 

Reactor 

C o m m e r c i a l 

P i l o t p l a n t 6 

Representative Limiting Flow Conditions for 
Petroleum Processing 

Superficial Liquid Velocity 

ft/hr 

10 

300 

1 

30 

to 

to 

kg/m2 sec0 

0.83 

25.0 

0.083 

2.5 

Superficial Gas 
Velocity0 

kg/m2 sec" 

0.0132 
0.066 
0.395 
1.97 
0.0013 
0.0066 
0.0395 
0.197 

"Values of G were calculated for 1000 and 5000 scf H 2 / b b l ; it was assumed that 
all hydrocarbon is in the liquid phase. 

6 Length of pilot plant reactor was assumed to be 1/10 that of commercial reactor. 
0 1 lb/hr ft2 =1.36 X 10"3 k g / m 2 sec. 

Another precaut ion i n interpretat ion stems f r om the fact that almost 
a l l o f the p u b l i s h e d in format ion on per formance of i n d u s t r i a l t r i ck le b e d 
reactors has dealt w i t h petro leum refinery operations such as h y d r o d e 
sul fur izat ion . T h e w i d e spectrum of compounds present, w i t h different 
reactivit ies , requires some arbitrariness i n descr ib ing the intr ins i c 
kinet ics . F o r five fractions of a flashed pe t ro l eum dist i l late , B o n d i (9 ) 
reported hydrodesu l fur izat ion di f ferential react ion rates over a C o / M o / 
A 1 2 0 3 catalyst that v a r i e d b y as m u c h as a factor of 4 at 4 0 % conversion 
a n d b y a factor of 7 or so at 8 0 % conversion. I f these are a l l treated as 
one c o m p o u n d i n reactor analysis, the effect is to increase the apparent 
order of react ion. A mixture of several species w i t h different react iv i ty , 
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58 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

each exhib i t ing true first-order kinetics , appears to f o l l ow some h igher 
order react ion over a w i d e range of conversion since the less react ive 
species persist longer than the more reactive ones. O n the other h a n d , 
a group of species w i t h s imi lar react iv i ty can f requent ly be treated 
adequately w h e n they are deemed to f o l l ow first-order kinetics over a 
l i m i t e d range of conversion. T h e best procedure to f o l l ow varies w i t h 
circumstances. 

Models for Design and Analysis 

The Ideal Trickle Bed Reactor. T h e analysis of t r i ck le b e d per 
formance under i d e a l circustances a n d w i t h the assumption of s imple 
first-order kinetics provides a po int of departure for analysis of r e a l 
cases. W e assume the f o l l o w i n g : (a ) p l u g flow of l i q u i d , i.e. no d is 
pers ion i n the ax ia l or r a d i a l d i rec t ion ; ( b ) no mass or heat transfer 
l imitat ions between gas a n d l i q u i d , between l i q u i d a n d so l id catalyst, or 
ins ide catalyst partic les ( the l i q u i d saturated w i t h gas at a l l t i m e s ) ; 
( c ) first-order i sothermal , i rreversible react ion w i t h respect to l i q u i d 
(gaseous reactant present i n great excess) ; ( d ) catalyst pellets c om
plete ly bathed w i t h l i q u i d ; ( e ) the reactant complete ly i n the l i q u i d 
phase; a n d ( f ) no vapor i zat i on or condensation. 

I f we consider a di f ferential vo lume element across the reactor a n d 
set the rate of react ion i n that element equa l to the disappearance of 
reactant as the l i q u i d passes through the element, t h e n : 

where F = l i q u i d flow rate i n c m 3 / s e c , c i n = concentrat ion of reactant 
i n entering l i q u i d i n m o l e s / c m 3 , χ = f ract ional conversion of reactant, 
dV = reactor vo lume i n slice under consideration i n c m 3 , a n d r = rate 
of react ion i n moles / sec c m 3 of reactor vo lume. I f the react ion is 
first-order: 

where i t v = c m 3 of l i q u i d / c m 3 of catalyst pel let vo lume sec. Subst i tut ing 
E q u a t i o n 2 i n E q u a t i o n 1, w e obta in 

Fcindx = rdV (1) 

r = fcvc(l — c) (2) 

Fcindx = fcv(l — e)cdv 

Since c = c i n ( 1 — x), 
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3. S A T T E R F I E L D Trickle Bed Reactors 59 

or 

, c i n V feT(l - c ) 3600fc Y ( l - « ) . 
l n ^ = F M 1 - i ) Lfh L H S V ( 3 ) 

where V is the v o l u m e of the tr i ck le b e d p a c k e d w i t h catalyst. 
If the same s i m p l i f y i n g assumptions again h o l d , w e shou ld be able 

to obta in the same values of the react ion rate constant kY f r om studies 
i n a st irred autoclave. I n the autoclave, we measure change i n concen
trat ion w i t h t ime whereas i n the t r i ck le b e d reactor the change is i n 
concentrat ion w i t h distance. H o w e v e r , the autoclave a n d the t r i ck le b e d 
reactor should give the same value of kv because there is a one-to-one 
correlat ion between t ime i n the autoclave a n d distance traversed i n the 
tr i ck le bed . ( F o r a specified f low rate, the distance traversed is inversely 
propor t i ona l to the d y n a m i c l i q u i d ho ldup , but i t is unnecessary to k n o w 
this i n the i d e a l cease—see subsequent discussion on residence t ime 
d is t r ibut ion . ) 

I n the autoclave: 

_ de _ r(vcat + vm) ^ 
dt Vuq 

where r is m o l e s / ( s e c ) ( c m 3 l i q u i d + c m 3 catalyst i n autoc lave ) , t> c a t = 
vo lume of catalyst pellets i n autoclave i n c m 3 , vm = v o l u m e of l i q u i d i n 
autoclave i n c m 3 , a n d t = t ime i n sec. B y subst i tut ing E q u a t i o n 2 i n 
E q u a t i o n 4, where (1 — c) is n o w the vo lume fract ion of so l id catalyst 
i n the l i q u i d s lurry i n the autoclave, we ob ta in : 

Integrat ion gives: 

dt vcat 

^i"it Vcatkyt 
C final ^liq 

A l t h o u g h i n pr inc ip l e kY f r om E q u a t i o n 5 shou ld e q u a l ky f r o m 
E q u a t i o n 3, i n pract i ce that der ived f r om E q u a t i o n 5 is f requent ly 
greater than that ca lcu lated f r om tr i ck le b e d studies because of a loss 
of contact ing effectiveness i n the tr i ck le bed . 

Before this concept is discussed, however , other possible reasons for 
these differences shou ld be noted. Homogeneous reactions, i f they are 
possible , are more l i k e l y to be encountered i n the autoclave than i n the 
tr i ck le b e d because of the m u c h h igher rat io of l i q u i d to catalyst vo lume . 
T h i s c o u l d poss ib ly l ead to various unforeseen consequences such as 
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60 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

more format ion of s ide-product a n d polymers that m i g h t b l o ck pores. 
Cata lys t po isoning w o u l d also p r o b a b l y cause the two reactor systems 
to behave differently. I n the autoclave, po isoning w o u l d occur u n i f o r m l y 
over a l l the catalyst partic les whereas i n the t r i ck l e b e d poisons w o u l d 
usual ly be adsorbed preferent ia l ly onto the top-most catalyst layers 
l e a v i n g most of the b e d c lean for the m a i n react ion. T h e net effect c o u l d 
w e l l be a s lower drop i n react iv i ty w i t h t ime i n the t r i ck l e b e d than 
w o u l d be expected f rom the autoclave studies. T h e d i s t r ibut ion of po ison 
through an i n d i v i d u a l catalyst par t i c l e m a y also be a funct ion of part i c le 
size as w e l l as of t ime a n d environment. 

I f the react ion is not ac tua l ly first-order, the values of kv as ca l cu 
la ted f r om E q u a t i o n s 3 a n d 5 should be the same i f the other assump
tions h o l d a n d i f comparison is be ing made for the same i n i t i a l a n d final 
concentrations. I n general this m a y not be the case, but , for m a n y 
systems of interest where a h i g h percent of conversion is not r e q u i r e d , 
the kinetics of the react ion m a y be represented satisfactori ly as a first-
order process even w h e n the true kinetics are substantial ly different. 

E q u a t i o n 3 is the same expression that is obta ined for single-phase 
f low except that ky is based on catalyst pel let vo lume a n d hence a factor 
(1 — c ) appears. Note that l i q u i d h o l d u p as such, or the true residence 
t ime of l i q u i d i n the reactor, does not appear i n this expression. N e i t h e r 
does the aspect rat io of the reactor (rat io of l ength to d i a m e t e r ) . T h e 
signif icance of these points is discussed be low. 

Contacting Effectiveness 

A t sufficiently l o w l i q u i d a n d gas flow rates, the l i q u i d tr ickles over 
the p a c k i n g i n essentially a laminar film or i n r ivulets , a n d the gas flows 
cont inuously through the voids i n the bed . T h i s is sometimes termed 
the gas continuous region or homogeneous flow, a n d i t is the type that 
is usua l ly encountered i n laboratory a n d p i lo t scale operations. A s gas 
a n d / o r l i q u i d flow rates are increased, one encounters behavior w h i c h 
is descr ibed as r i p p l i n g , s lugging , or p u l s i n g flow, a n d this m a y be 
characterist ic of the h igher operat ing rates encountered i n pe t ro l eum 
processing. A t h i g h l i q u i d rates a n d sufficiently l o w gas rates, the l i q u i d 
phase becomes continuous a n d the gas passes i n the f o rm of b u b b l e s — 
this is sometimes te rmed dispersed b u b b l e flow. T h i s is characterist ic of 
some chemica l processing i n w h i c h l i q u i d rates are substantial , b u t the 
gas - to - l iquid ratios are considerably b e l o w those encountered i n m u c h 
petro leum processing. F l o w patterns a n d the transitions f r om one f o r m 
to another as a funct ion of gas a n d l i q u i d flow rates were descr ibed b y 
several authors a n d were recent ly s u m m a r i z e d b y Sato and co-workers 
(26). 
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3. S A T T E R F I E L D Trickle Bed Reactors 61 

I f data are obta ined over a range of l inear velocities i n a t r i ck le 
bed , i t is usual ly f o u n d that kv as ca lcu lated f r om E q u a t i o n 3 increases 
as the l i q u i d flow rate is increased. I n different terms, i f bo th h a n d L 
are d o u b l e d ( w h i c h keeps L H S V constant ) , the percent conversion is 
increased a l though E q u a t i o n 3 predicts there should be no change. 
F u r t h e r m o r e , i n the absence of complicat ions as c i ted above, the va lue 
of ky at the highest flow rates approaches the va lue obta ined i n a s t i rred 
autoc lave where the catalyst is complete ly surrounded w i t h l i q u i d . 
C l e a r l y , i n most t r i ck le b e d reactors there is a loss i n w h a t is t e rmed 
contact ing effectiveness be l ow that w h i c h can be obta ined i n the i d e a l 
reactor, a n d this loss is greatest at the lowest l i q u i d flow rates. 

I n the past, designers of t r i ck le b e d reactors general ly used the 
fact that contact ing effectiveness improves w i t h l i q u i d flow rate as a 
b u i l t - i n factor of safety b y scal ing-up f r o m p i l o t p lant to c o m m e r c i a l 
p lant size on the basis of e q u a l values of L H S V . Since c ommerc ia l reac
tors m a y be 5 -10 times longer than p i lo t units , this w o u l d result i n p lant 
units operat ing at 5-10 times the l i q u i d superf ic ia l ve loc i ty used i n the 
p i l o t plants for the same value of L H S V . H o w e v e r , the s i tuat ion was 
confused b y the fact that i n some cases, as reported b y Ross (27), the 
c ommerc ia l un i t per formed more poor ly than the p i l o t p lant un i t i n spite 
of the use of h igher l inear l i q u i d velocities. T h i s apparent ly was caused 
b y poorer l i q u i d d i s t r ibut ion a n d was character ized b y the finding that 
l i q u i d h o l d u p was poorer i n the large uni t (27). ( T h i s method of 
scale-up is u n l i k e l y to introduce difficulties f r om mass transfer l imitat ions 
unless the catalyst part ic le size is increased at the same t ime w h i c h , 
however , the designer m a y be tempted to do i n order to avo id excessive 
pressure drop . ) 

L e t us n o w use the t e rm apparent react ion rate constant, fcapp, to 
refer to the value of the react ion rate constant as ca lculated f r om E q u a 
t ion 3 or the equivalent , a p p l i e d to results f r om a r e a l t r i ck le b e d , a n d 
reta in the s y m b o l ky to refer to the intr ins i c value. W e sha l l n o w 
consider methods of p red i c t ing the effect of the l i q u i d flow rate on k&vv. 

B o n d i (9 ) deve loped an e m p i r i c a l re lat ionship of such a f o r m as 
to cause fcapp to approach ky as the superf ic ial l i q u i d ve loc i ty approaches 
inf inity . H i s equat ion , expressed i n terms of react ion rate constants, i s : 

F o r a n u m b e r of systems, 0.5 < b < 0.7 w i t h a m e d i a n va lue of about 
2 / 3 . B o n d i also reported that an increase i n the gas rate moderate ly 
increased conversion, a n d he suggested m u l t i p l y i n g L i n his corre lat ion 
b y ( P G G ) 1 3 where , for m u c h of his data, 0.22 < β < 0.5. H o w e v e r , i n a 

app 

1 
ky 
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62 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 REVIEWS 

react ing system such as this, changing the gas flow rate also changes the 
p a r t i a l pressures of products a n d reactants such as H 2 S a n d hydrogen . 
Since H 2 S has some i n h i b i t i n g effect on the react ion rate, the i m p r o v e 
ment associated w i t h increased gas flow rate is p r o b a b l y par t ly c h e m i c a l 
a n d par t ly phys i ca l . T h e usefulness of this approach is that a contact ing 
effectiveness can be d irec t ly defined as k&vp/ky. I n t r i ck le phase studies 
of hydrodesu l fur izat ion of a heavy gas o i l , this rat io was about 0.12-0.2 
at L — 0.08 k g / m 2 sec a n d about 0.6 at 0.3 k g / m 2 sec. A t l o w l i q u i d 
flow rates, one w o u l d expect the ratio to be propor t i ona l to the 0.5-0.7 
power of the l i q u i d veloc i ty , w i t h the power decreasing at h igher l i q u i d 
velocit ies. 

Liquid Holdup. A n o t h e r approach derives f r o m the fact that as 
l i q u i d flow rate is increased, l i q u i d h o l d u p increases also. F o r the i d e a l 
reactor, the drop i n conversion should f o l l ow E q u a t i o n 3, but w i t h 
increased h o l d u p i t is general ly f ound that c o u t is l ower than pred i c ted . 
T h e increased h o l d u p is effective because i t improves contact ing or 
decreases ax ia l d ispersion or both . Regardless of the reason, i t is remark
able that a var iety of data can be brought into consonance b y assuming 
( a l l other things be ing equa l ) that the rate of react ion is propor t i ona l 
to the h o l d u p , H, or that 

fcapp oc kyH (6) 

F o r a first-order react ion, one usual ly plots In c 0 U t /C in against res i 
dence t ime i n order to obta in the value of k, i.e. 

I f fcapp α kYH, then 

l n ^ . c c - f c a p p £ (7) 

Ross (27), for example, showed that data on hydrodesu l fur i zat i on 
for two commerc ia l reactors a n d a p i lo t hydroreactor c o u l d be brought 
into agreement b y p l o t t ing percent sul fur retention vs. ( 1 / L H S V ) • Η 
on semi log coordinates. H e r e the commerc ia l reactors operated more 
poor ly even though h igher l i q u i d velocities were used. H e n r y a n d G i l b e r t 
(23) deve loped this concept further. F o r laminar flow d o w n a b e d of 
spheres, the h o l d u p should be propor t i ona l to R e 1 / 3 w h i c h can be 
d e r i v e d ana lyt i ca l ly a n d w h i c h was f o u n d exper imental ly b y Pelossof 
(18, 19) for flow over a ver t i ca l str ing of spheres. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

03



3. S A T T E R F I E L D Trickle Bed Reactors 63 

If one postulates (a ) that react ion rate is propor t i ona l to h o l d u p 
a n d ( b ) that h o l d u p is propor t i ona l to L 1 / 3 , then E q u a t i o n 3 is rep laced 
b y 

ι Cout fcv/i1/3 / Q \ 
l n ~c~ Œ ( L H S V ) 2 / 3 W 

It is general ly observed that the degree of conversion increases as the 
b e d length is increased at a constant value of L H S V , i.e. i f l i q u i d ve loc i ty 
is increased i n propor t i on to the increase i n b e d depth . T h i s was ascr ibed 
to decreased ax ia l d ispersion (see b e l o w ) , but E q u a t i o n 9 w o u l d pred i c t 
the same effect w h i c h is at tr ibuted to increased ho ldup . H e n r y a n d 
G i l b e r t obta ined good correlat ion of two sets of data on the effect of 
b e d he ight on percent conversion b y us ing E q u a t i o n 9 ( the flow rates 
used are not cer ta in ) . T h e y also demonstrated that, for a fixed b e d 
length, E q u a t i o n 9 was f o l l owed for several other sets of data ( T a b l e I I ) 
on hydrocrack ing , hydrodeni trogenat ion , hydrodesul fur izat ion , a n d 
hydrogénation—all of various petro leum fractions ( hydrodeni trogenat ion 
i n c l u d e d some studies of m o d e l c o m p o u n d s ) . T h i s r ema rka b ly good 
correlat ion was obta ined i n spite of two facts : ( a ) there is no theoret ica l 
justif ication for assuming that the rate of react ion is propor t i ona l to 
h o l d u p a n d ( b ) as H e n r y a n d G i l b e r t noted, E q u a t i o n 9 applies on ly 
w h e n H c c L 1 / 3 . A s the Reynolds n u m b e r is increased, the d y n a m i c 
reg ime changes f r om grav i ty -v i s cos i ty to g r a v i t y - i n e r t i a , a n d the expo
nent of the Reynolds n u m b e r increases to a value substantial ly greater 
than 1/3. 

T h e H e n r y a n d G i l b e r t correlations were presented i n terms of 
L H S V values, a n d i n order to compare t h e m w i t h other work , the range 
of l i q u i d flow rates used i n each of the most pert inent studies was est i 
mated ( T a b l e I I ). W h e n reactor height was not g iven, an arb i t rary value 
of 3 ft was assumed. A l t h o u g h this does result i n some error, r o u g h 
values for l i q u i d superf ic ial ve loc i ty can then be calculated. T h e corre
sponding percent conversions are also c i ted ; i n each case, the corre lat ing 
l ine went through 0 % conversion at infinite flow rate. C e r t a i n reserva
tions remain . A t very h i g h percent conversion, ax ia l d ispersion can be a 
significant factor, a n d i t is s t i l l uncerta in whether the spectrum of c o m 
pounds present i n a l l cases but one can be proper ly treated b y s imple 
first-order kinetics . Nevertheless , the H e n r y a n d G i l b e r t finding that the 
contact ing effectiveness is propor t i ona l to the one- th ird power of the l i q u i d 
f low rate seems to h o l d w i t h f low rates u p to at least ~ 0.5 k g / m 2 sec. 

I n contrast, B o n d i suggested a somewhat h igher proport iona l i ty i n 
this f low region. T h e po int at w h i c h catalyst contact ing approaches 
1 0 0 % effectiveness remains elusive. I n ana lyz ing B i l l ' s data on format ion 
of b u t y n e d i o l f rom C 2 H 2 a n d H C H O a n d Hofmann ' s data on hydrogena-
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64 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

t i on of glucose to f o r m sorbito l , B o n d i noted that contact ing effectiveness 
was s t i l l i m p r o v i n g w i t h flow rate at velocities as h i g h as 3 k g / m 2 sec. 
I n hydrodesu l fur izat ion studies, a modest further improvement i n con
tac t ing effectiveness accompanied an increase i n the l i q u i d flow rate 
f r o m about 7 to 10 k g / m 2 sec. 

If react iv i ty were indeed propor t i ona l to h o l d u p , for the laminar 
film mode l , H ce dp~2/3 a n d to v 1 / 3 where ν = μ/p. T h u s the H e n r y a n d 
G i l b e r t correlat ion becomes: 

In oc / i 1 / 3 ( L H S V ) - 2 / 3 d p - 2 / V / 3 (10) 
Cout 

T h i s predicts that decreasing catalyst size w i l l increase conversion, b u t 
the same general effect w o u l d be p r o d u c e d b y v a r y i n g catalyst size i f 
dif fusion l imitat ions w i t h i n catalyst partic les were significant. A l s o , 
accord ing to this mode l , a decrease i n h o l d u p caused b y gas flow w o u l d 
decrease conversion, instead of the opposite as was f ound b y B o n d i . 
F u r t h e r m o r e , i t seems u n l i k e l y that conversion w o u l d increase w i t h an 
increase i n viscosity. 

Wetting Characteristics. M e a r s (28) quest ioned the H e n r y - G i l b e r t 
correlat ion a n d suggested that it is more real ist ic to assume instead that 
the react ion rate is propor t i ona l to the fract ion of the outside catalyst 
surface w h i c h is effectively ( f reshly) wet ted b y the flowing l i q u i d . 
Several investigators reported that the wet ted area of p a c k e d beds at 
moderate l i q u i d flow rates is propor t i ona l to the 0.25-0.4 power of the 
mass veloc i ty , and , i n a very recent correlat ion, P u r a n i k a n d V o g e l p o h l 
(29) reported that the wet ted area is propor t i ona l to the 0.32 p o w e r of 
the l i q u i d veloc i ty . B y a p p l y i n g this correlat ion for ratio of wet ted area 
to total area a n d b y i n t r o d u c i n g the effectiveness factor, Mears ob ta ined : 

log oc / l
0 - 3 2 ( L H S V ) - 0 - 6 8 d p

0 1 V 0 - 0 5 ( a c A ) ° - 2 S (11) 
Cout 

T h e term σ0/σ relates to surface tension properties that are presumably 
constant for a g iven combinat i on of l i q u i d a n d p a c k i n g , as are also η 
a n d dp. Note that the f o rm of E q u a t i o n 11 w i t h respect to h a n d L H S V 
is essentially the same as that of E q u a t i o n 9. 

M e a r s compared Equat i ons 10 a n d 11 w i t h avai lable p i lo t p lant data 
i n various ways . E q u a t i o n 11 holds on ly w h e n the proport iona l i ty of 
P u r a n i k a n d V o g e l p o h l is v a l i d . W h e n mass velocities are above about 
1000 l b / h r f t 2 (about 1.5 k g / m 2 sec ) , a different procedure is r e com
m e n d e d i n order to a l l ow for the asymptot ic approach to complete w e t t i n g 
as the l i q u i d flow rate is increased. 
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3. S A T T E R F I E L D Trickle Bed Reactors 65 

L i t t l e in format ion has appeared on the effect of the gas flow rate 
other than the suggested correlat ion of B o n d i w h i c h predicts a moderate 
increase i n the apparent rate constant w i t h increased gas flow. T h i s 
w o u l d be expected to decrease h o l d u p b y the d r a g effect of the gas a n d 
to break u p r ivulets a n d to improve contact ing. A l t h o u g h H e n r y a n d 
G i l b e r t d i d not determine the effect of gas flow rate i n the ir corre lat ion, 
i t is w o r t h not ing that the decrease i n h o l d u p caused b y gas flow w o u l d , 
accord ing to their mode l , decrease conversion rather than increase i t 
as was f ound b y B o n d i . T h i s further reinforces the v i e w that l i q u i d 
h o l d u p per se is not the fundamenta l factor but , rather, contact ing of 
catalyst w i t h l i q u i d a n d m i n i m i z a t i o n of ax ia l dispersion. 

T h e above approach u t i l i z i n g wet t ing characteristics has the mer i t 
of re lat ing contact ing effectiveness to a parameter w h i c h can be p h y s i 
ca l ly v i sua l i zed . A film flowing d o w n w a r d u n i f o r m l y over a l l the part ic les 
i n a catalyst b e d is not necessarily the most stable conf iguration since 
surface tension w i l l t end to reduce the total film area. Observat ions of 
a t r i ck le b e d d u r i n g react ion indicate that, even w i t h excellent i n i t i a l 
d i s t r ibut ion , the l i q u i d m a y gather into r ivulets w h i c h tend to m a i n t a i n 
their pos i t ion w i t h t ime. I n some portions of the bed , catalyst pellets 
are bathed cont inuously w i t h flowing l i q u i d w h i l e i n other portions the 
catalyst pellets, a l though wet ted , do not have a l i q u i d film on the surface. 
It is the act ive or freshly contacted fract ion of the p a c k e d b e d that is of 
concern. A l t h o u g h a por t ion or a l l of the remainder m a y be wetted , the 
stagnant or noncontacted f ract ion contributes n o t h i n g to react ion. T h e 
analogous p r o b l e m i n p a c k e d b e d absorbers was l ong s tud ied to deter
m i n e the fract ion of p a c k i n g w h i c h is effectively wetted . H o b l e r (30) 
compared i n de ta i l the correlations deve loped b y various workers through 
the late 1950s. Recent treatments are referenced b y M e a r s (28). Some 
differences between the two systems, as l i s ted be low, shou ld be borne 
i n m i n d , but these do not appear to offer any major dif f iculty. 

(a ) Cata lys t pellets are almost a lways porous. E x c e p t d u r i n g 
operat ion at l o w l i q u i d flow rates c o m b i n e d w i t h exothermic react ion, 
the entire b e d eventual ly becomes wet ted b y cap i l lar i ty , even w i t h 
r ivu le t - l ike flow. A b s o r p t i o n packings are nonporous, a n d a por t i on of 
the b e d is t y p i c a l l y not wetted . H o w e v e r , the port ion of the reactor b e d 
wet ted b y cap i l l a r i ty does not contr ibute signif icantly to react ion unless 
the vapor pressure of the reactant is substantial . 

( b ) A l t h o u g h most of the data are for shapes that are characterist ic 
of absorber packings such as B e r l saddles a n d Rasch ig rings rather than 
for the spheres, pellets, a n d extrudates that are of concern i n t r i ck le b e d 
reactors, recent correlations indicate about the same ve loc i ty dependence 
for these various shapes. 

( c ) Quant i ta t ive values for the f ract ion of the b e d w h i c h is effec
t ive ly wet ted or freshly contacted w i t h flowing l i q u i d depend on the 
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66 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

m e t h o d used for their measurement. F o r example, the effective area for 
absorpt ion of a gas into a l i q u i d is the total area of that l i q u i d present 
that is not effectively stagnant. W i t h tr i ck le b e d reactors, w e are con
cerned w i t h the outside area of so l id pellets that is effectively contacted 
w i t h flowing l i q u i d . 

B y tracer studies, Wij f fe ls a n d co-workers (31) measured the frac
t ion of the stagnant h o l d u p i n p a c k e d beds w h i c h is not w a s h e d out 
d u r i n g tr i ck le flow; they took this as a measure of the f ract ion of the b e d 
w h i c h is effectively noncontacted d u r i n g operation. Measurements were 
m a d e w i t h 1-9 .5-mm glass beads at superf ic ial l i q u i d velocities of 1.0-7 
k g / m 2 sec us ing water p r i m a r i l y a l though there were a f ew runs w i t h 
cumene. T h e fract ion of the b e d freshly contacted w i t h flowing l i q u i d 
decreased w i t h increas ing part i c le size i n the 1-5 m m range. A m o d e l 
based on m i n i m i z i n g the tota l energy of the system i n a hor i zonta l p lane 
l ikewise pred i c ted this effect of part ic le size. T h e m o d e l c ou ld not be 
adequately tested w i t h 5- a n d 9.5-mm particles because the i n d i v i d u a l 
partic les were not complete ly wetted . Studies w i t h cumene were con
fined to 1- a n d 3 -mm partic les , and i t w o u l d be interesting to test the 
m o d e l w i t h larger partic les , w i t h organic systems w h i c h have lower sur
face tension than water , a n d w i t h more read i ly wet so l id surfaces. 

I n this as i n other studies, i t was f o u n d that prewet t ing the b e d can 
cause behavior substantial ly different f r om that encountered w h e n an 
i n i t i a l l y d ry b e d is used. A t the moderate l i q u i d flow rates characterist ic 
of laboratory scale t r i ck le beds, the t ime r e q u i r e d to reach steady state 
w i t h an i n i t i a l l y d r y b e d m a y be several hours (IS, 20), bu t this m a y be 
r e d u c e d s ignif icantly b y pref looding. S u r r o u n d i n g catalyst pellets w i t h 
finer inert mater ia l seems to improve wet t ing (15) a n d to cause sub
stant ia l ly i m p r o v e d conversion at constant l i q u i d flow rate (22). H e a t 
effects can also cause the rate of wet t ing u p o n start-up to be m u c h slower 
than that encountered i n the absence of react ion. A useful next step i n 
deve lop ing these approaches w o u l d be to character ize better the contact 
angles a n d spreading characteristics of representative organic l i qu ids on 
porous catalysts. 

Residence Time Distribution. A n o t h e r approach , w h i c h is not ex
c lusive of those above, is to determine the extent to w h i c h reactor 
per formance suffers b y deviations f r om the i d e a l p l u g flow mode l , as 
character ized b y the residence t ime d i s t r ibut i on ( R T D ) of the l i q u i d . 
I f w e assume first-order kinet ics , a n d i f R T D data are avai lable i n the 
f o r m of an exit age d i s t r ibut ion funct ion E ( i ) a n d the degree of c on 
vers ion is k n o w n or specified, the two can be re lated b y the expression: 

(12) 
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3. S A T T E R F I E L D Trickle Bed Reactors 67 

H e r e E(t)dt is the fract ion of the exit stream that is present i n the 
reactor for a residence t ime between t a n d (t + dt). F o r a p l u g flow 
reactor, the expression i s : 

^ = e~k,t> (13) 

A reactor efficiency can then be defined as ( tp/1m ) 100 where : 

tm = Γ Œ(t)dt (14) 
ο 

a n d where tv is the residence t ime as ca l cu lated f r o m E q u a t i o n 13 that 
w o u l d produce the same f ract ional conversion as that f ound exper i 
mental ly . 

Equat i ons 12 a n d 13 treat the system as though i t were homogeneous 
a n d thus k' = ky(l — e)/H sec" 1 where the h o l d u p H is assumed to be 
constant w i t h length and , str ict ly , need not be k n o w n . H o w e v e r , i t can 
be ca lculated f r om the E(t) funct ion b y the expression H = tm(F/V), 
a n d i t provides a useful measure of catalyst contact ing. F o r large c o m 
m e r c i a l reactors, tracer measurements appear to be the only pract i cab le 
w a y to determine ho ldup . 

Reactor efficiency can also be defined equiva lent ly as the rat io of 
the l ength of an idea l ( p l u g flow) reactor to that of a r e a l reactor 
r e q u i r e d to produce the same specified percent conversion where the 
true value of k' can be ca lculated f r om E q u a t i o n 12. A n example of the 
use of this method to analyze tr i ck le b e d performance was g iven b y 
M u r p h r e e et al. (32). F o r 9 0 % conversion, they f o u n d that a s m a l l 
p i l o t reactor operated at 9 0 % efficiency a n d that a c ommerc ia l desul -
fur i za t i on reactor operated at 4 0 - 6 0 % efficiency under condit ions of 
poor operat ion a n d 7 0 - 8 0 % efficiency under good operat ing condit ions. 
T h e same method of analysis was also a p p l i e d b y C e c i l et al. (33) i n a 
study of the desul fur izat ion of gas o i l or res idua l fue l o i l i n a smal l p i l o t 
reactor at l i q u i d rates of 35-1500 l b / h r f t 2 (about 0.05-2.2 k g / m 2 sec ) . 
T h e concept of reactor efficiency as used here m a y be subject to m i s i n 
terpretat ion since i t is very sensitive to the percent conversion chosen 
for comparison at h i g h degrees of conversion. T h u s , a moderate degree 
of dev iat ion f r om p l u g flow behavior can be insignif icant at 9 0 % con
version but serious at 9 9 % conversion. 

T h i s approach demonstrates the effect of R T D on reactor effective
ness, but i t does not address itself d i rec t ly to contact ing per se; the por t i on 
of the b e d that is not contacted effectively cannot be ident i f ied . T h e 
use of Equat i ons 12 a n d 13 is r igorously correct i f the react ion is str ict ly 
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68 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 REVIEWS 

first-order a n d i f there are no r a d i a l concentrat ion gradients. A s e m p h a 
s ized b y Schwartz a n d Roberts (34), the desired R T D is that of the 
l i q u i d external to the catalyst pores, but a tracer measurement used to 
determine the Ε ( ΐ ) curve w i l l usual ly inc lude as w e l l some contr ibut ion 
f r o m the large in terna l h o l d u p w h i c h exhibits itself i n the f o rm of 
increased ta i l ing . 

Axial Dispersion. A s a n alternative to the use of R T D , smal l dev ia 
tions f r o m p l u g flow can be descr ibed instead b y the axia l d ispersion 
m o d e l w h i c h involves only one parameter , the ax ia l d ispersion coefficient, 
w h i c h is usua l ly expressed as a Peclet number . T h e dispersion coefficient 
is obta ined b y assuming that a l l the m i x i n g processes invo lved f o l l ow the 
same funct i ona l re lat ionship as F i c k ' s laws regardless of the ac tua l m e c h a 
n i s m , an assumption that becomes increasingly dubious w i t h large degrees 
of dev iat ion f r om p l u g flow behavior . R T D measurements i n t r i ck le beds 
are better fitted b y a two-parameter cross-flow m o d e l such as that used 
b y H o o g e n d o o r n a n d L i p s ( 3 5 ) , H o c h m a n and Ef f ron ( 3 6 ) , a n d others. 
T h i s m o d e l assumes that the h o l d u p consists of stagnant pockets a n d 
l i q u i d i n p l u g flow, a n d the two adjustable parameters are the fract ion of 
the total l i q u i d i n p l u g flow a n d an exchange coefficient. Schwartz a n d 
Roberts (34) made a deta i l ed compar ison of the effect on pred i c ted 
reactor performance of various R T D data correlated i n terms of the 
dispersion m o d e l vs. the cross-flow or an equivalent mode l . I f one takes 
the R T D data of H o c h m a n a n d Ef f ron , w h i c h are p r o v i d e d i n b o t h 
forms, for representative reactor cases corresponding to R e L values of 
8 a n d 66, the rat io of r e q u i r e d catalyst vo lume ca lcu lated b y the d is 
pers ion m o d e l to that ca l cu lated b y the cross-flow m o d e l is 1.03-1.09 at 
8 0 % conversion a n d 1.11-1.22 at 9 0 % conversion. T h i s suggests that 
the ax ia l d ispersion m o d e l may be the more conservative i n general . It is 
also adequate for i n i t i a l estimates- as to whether dev iat ion f r o m p l u g 
flow w i l l be significant i n any specific case. 

Mears (22, 28) presents the f o l l o w i n g cr i ter ion for the m i n i m u m 
h/dv ratio that is r equ i red i n order to h o l d the reactor l ength to w i t h i n 
5 % of that needed for p l u g flow. 

h 20m C i n n - v 

~r > - 5 — In 77— (15) 
a p Jre L Wut 

w h e r e P e L = dpL/Di a n d m is the order of react ion. T h u s , the m i n i m u m 
reactor height increases w i t h the order of react ion, a n d i t is very sensitive 
to f ract ional conversion at h i g h degrees of conversion. 

H o c h m a n a n d Ef f ron (36) reported dispersion data for cocurrent 
m e t h a n o l a n d ni trogen flow of 600-5000 l b / f t 2 h r (0 .8 -7 k g / m 2 sec) i n 
a 6- in. c o l u m n p a c k e d w i t h 3 / 1 6 - i n . glass spheres. Pec let numbers for the 
l i q u i d v a r i e d f r o m about 0.15 at R e L = 4 to about 0.40 at R e L == 70 w i t h 
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3. S A T T E R F I E L D Trickle Bed Reactors 69 

considerable scatter. A p p a r e n t l y there were significant, b u t r a n d o m , 
variat ions i n dispersion f r o m po int to po int a n d day to day. T h e effect of 
gas rate ( u p to 8.35 c m / s e c ) was smal l . These values of P e L are 1/3 to 
1/6 those for single-phase l i q u i d flow at the same Reyno lds n u m b e r a n d 
can be compared to Pe = 2 for f u l l y deve loped single-phase turbulent 
flow i n p a c k e d beds. Charpent i e r a n d co-workers (37, 38, 39) l ikewise 
reported P e L values for t r i ck le flow d o w n to an order of magni tude less 
than that for single-phase flow at the same l i q u i d Reynolds number , b u t 
w i t h m u c h scatter. E q u a t i o n 15 demonstrates that, for representative 
laboratory scale t r i ck le b e d reactors of the order of a foot or so i n l ength , 
ax ia l dispersion m a y cause a significant dev iat ion f r om p l u g flow behavior 
w h e n conversions are r ough ly 9 0 % or more. 

T h e r e are about 15 other reported studies of l i qu id -phase ax ia l 
d ispersion, but these general ly invo lved countercurrent a i r - w a t e r sys
tems, almost i n v a r i a b l y w i t h Rasch ig r i n g a n d occasional ly w i t h B e r l 
saddle p a c k i n g , a n d frequently w i t h flow condit ions outside the range of 
interest i n t r i ck le b e d reactors. A summary l i s t ing was g iven b y M i c h e l l 
a n d F u r z e r (40) w h o also presented a r e commended correlat ion based 
on considerable w o r k of their own . T h i s involves a Reynolds number , 
R e ' , based on the interst i t ia l rather than on the superf ic ial ve loc i ty w h i c h 
must therefore be c o m b i n e d w i t h an expression for the d y n a m i c h o l d u p , 
Ht, to relate superf ic ial a n d interst i t ia l velocit ies. T h e relat ionships are : 

P e L = ( R e L ' ) 0 - 7 0 G a - ° - 3 2 (16) 

Ht — (0 .68)Re L ° - 8 0 Ga-° - 4 4 ad p (17) 

where G a is the G a l i l e o number , dp
3gcp2/^2, a n d the l i q u i d ve loc i ty used 

i n the def init ion of R e L is the superf ic ial velocity . These relationships r e p 
resent a refinement over s imi lar correlations deve loped b y Otake a n d 
K u n i g i t a (41) a n d Otake a n d O k a d a (42). Representative values of P e L 

for countercurrent a i r - w a t e r flow through 0.25-in. Rasch ig rings are 0.25 
at R e L = 10 a n d 0.5 at R e L = 100 (43), values w h i c h are reasonably 
close to those reported b y H o c h m a n a n d Ef f ron . 

Peclet numbers for the gas phase, as reported b y H o c h m a n a n d 
Ef f ron , were correlated b y the expression: 

P e G = 1.8ReG- 0- 710-° 0 0 5 R e L (18) 

for R e G values of 11 a n d 22 a n d for a range of R e L values f rom 5 to 80. 
T h i s leads to P e G values one to two orders of magni tude less t h a n those 
encountered i n single-phase gas flow, w h i c h are at t r ibuted , as was sug 
gested earlier b y D e M a r i a a n d W h i t e (44), to the gas phase "see ing" 
agglomerates of particles covered w i t h a br idge of l i q u i d as an effectively 
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70 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 REVIEWS 

larger part ic le . T h i s explanat ion is supported b y the facts that w e t pack 
i n g i n the absence of flowing l i q u i d gives a large increase i n dispersion 
over d r y p a c k i n g a n d that P e G decreases w i t h increased R e L . H o w e v e r , 
gas-phase dispersion is not of concern o rd inar i l y i n t r i ck le b e d processing. 

Mass and Heat Transfer Effects. M e t h o d s of est imating w h e n s ig
ni f icant concentrat ion gradients exist between gas a n d l i q u i d , be tween 
l i q u i d a n d so l id , or w i t h i n the porous catalyst are treated elsewhere (45). 

Interna l dif fusion l imitat ions are c ommonly expressed i n terms of 
the catalyst effectiveness factor, η, w h i c h is defined as the rat io of the 
observed rate of react ion to that w h i c h w o u l d be observed i n the absence 
of any interna l concentration or temperature gradients. M e t h o d s of esti 
m a t i n g η have n o w been developed i n great de ta i l (46, 47). F o r a first-
order react ion, in terna l di f fusion w i l l be insignif icant i f 

( r f p / 2 ) 2 r ( l - c ) 1 ( 1 9 ) 

where cs is the concentration of the key reactant i n the l i q u i d (usua l ly 
the dissolved gas) at the s o l i d - l i q u i d interface. Unless the size of the 
di f fusing molecules is comparab le to that of the pores, 

D e f f = — (20) τ 

where θ is the catalyst v o i d f ract ion a n d τ is the tortuosity factor w h i c h 
usual ly has a va lue of ~ 4 ( extreme values for the usua l catalyst struc
tures are about 2 - 7 ) . Effectiveness factors for c ommerc ia l hy drodesu l 
fur i za t i on reactors are t y p i c a l l y 0.36-0.6 for catalyst partic les 5 -6 m m i n 
diameter , w h i c h is a m i l d degree of dif fusion l imi tat ion . 

Cons ider n o w some effects that m a y occur i f reactant is present i n 
bo th the l i q u i d a n d the vapor phases. T h e m a x i m u m steady-state t em
perature difference between the center a n d the outside of a catalyst pel let , 
Δ Γ , occurs w h e n dif fusion is sufficiently l i m i t i n g so that reactant concen
trat ion i n the pel let center approaches zero. T h e n (48) 

Δ Γ = ^ - Δ # ) Α ί ΐ £ 1 ( 2 1 ) 

λ 

where λ is the thermal conduct iv i ty of the porous so l id . E v e n w i t h a 
h i g h l y exothermic react ion, i t is u n l i k e l y that Δ Γ w i l l exceed more t h a n 
a f e w degrees i f the pores r e m a i n filled w i t h l i q u i d , unless the gas is 
m u c h more soluble than hydrogen i n most l iqu ids . A n example i l lustrates 
th is : take the enthalpy change on react ion - Δ Η = 5 Χ 10 4 c a l / m o l e 
a n d a hydrogen so lub i l i ty of 10~4 g m o l e / c m 3 , w h i c h w o u l d require 
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3. S A T T E R F I E L D Trickle Bed Reactors 71 

elevated pressure i n t y p i c a l hydrocarbons. T y p i c a l values of the other 
terms are D e f f = 2 X 10 ' 5 c m 2 / s e c a n d λ = 3 X 1 0 ' 4 c a l / s e c c m ° K . Δ Γ 
is 0.33°C. 

If pores are filled w i t h vapor , however , temperature differences i n 
the hundreds of degrees are quite possible because Deit values for vapors 
are three to four orders of magni tude greater than those for solutes a n d 
gas-phase concentrations are not l owered b y as large a factor. T h e key 
l i m i t i n g component is then usual ly vapor i zed reactant rather t h a n h y d r o 
gen. Representative condit ions are as fo l lows : — Δ Η = 5 Χ 10 4 c a l / m o l e 
(this is n o w per mole of vapor i zed reactant ) , Dett = 10" 2 c m 2 / s e c , c s = 
3 X 10~5 ( representing vapor i zed reactant present i n smal l mole f ract ion 
but superatmospheric total pressure) , a n d λ as before. Δ Γ becomes 
50°C . T h i s s i tuation w i l l not develop, of course, i f the reactant does not 
have an apprec iable vapor pressure. 

If a react ion is substantial ly d i f fus ion- l imited w h e n pores are filled 
w i t h l i q u i d reactant, then circumstances that cause the pores to become 
filled instead w i t h vapor i zed reactant can cause a m a r k e d increase i n 
react ion rate w h i c h is associated w i t h the m a r k e d increase i n di f fusivity. 
Indeed , this was f o u n d exper imental ly b y Sedricks a n d K e n n e y (15) 
i n a study of the hydrogénation of crotonaldehyde. L i q u i d - p h a s e reac
t ion c ou ld presumably swi t ch to vapor-phase react ion at a c r i t i c a l va lue 
of the l o ca l l i q u i d flow rate be l ow w h i c h the heat evo lved c o u l d no 
longer be carr ied away b y the flowing l i q u i d . T h i s effect can interact 
w i t h l i q u i d flow to cause temperature instabi l i t ies i n various ways . G e r 
m a i n a n d co-workers (21) descr ibed a cyc l i c a n d i rregular behavior of 
a t r i ck le b e d i n w h i c h α-methylstyrene was hydrogenated to cumene; 
this c o u l d be expla ined p laus ib ly b y postulat ing that complete ly wet ted 
pellets h a d l o w react ion rates whereas par t ly wet ted pellets grew hotter 
because of insufficient heat transfer to flowing l i q u i d , w h i c h l e d to h i g h 
act iv i ty a n d format ion of po lymer i c by-products . These i n t u r n r educed 
catalyt ic act iv i ty , w h i c h a l l owed the pel let to become coo l a n d wet ted 
again. R e m o v a l of po lymer b y solut ion i n the flowing l i q u i d a l l o w e d 
act iv i ty to be restored a n d the cycle to recommence. Quant i ta t ive analysis 
of these types of c oup l ing effects m i g h t be very h e l p f u l i n revea l ing pos
sible causes of instabil it ies i n tr i ckle b e d reactors i n general . 

Summary and Conclusions 

M a n y factors of importance i n the design a n d character izat ion of 
t r i ck le b e d reactors have not been covered i n this rev iew. These i n c l u d e 
a descr ipt ion of the h y d r o d y n a m i c flow regions, character izat ion of pres
sure drop a n d l i q u i d h o l d u p , a n d mass transfer l imitat ions that m a y 
exist between gas a n d l i q u i d , between l i q u i d a n d so l id , or w i t h i n the 
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catalyst part ic les . Cond i t i ons i n w h i c h reactant is d i s t r ibuted be tween 
the l i q u i d a n d vapor phases can give r ise to behavior characteristics 
w h i c h w e r e on ly ment ioned . M e t h o d s of character iz ing the contact ing 
effectiveness of t r i ck le b e d reactors, however , are centra l to p r e d i c t i n g 
the i r per formance a n d the recent developments r e v i e w e d here g ive 
promise of p u t t i n g these methods of character izat ion on a m u c h more 
fundamenta l basis t h a n heretofore. 
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Nomenclature 

Some symbols that were used on ly once are defined at po in t of use 
a n d are not i n c l u d e d i n this l ist . 

c = concentrat ion, g m o l e / c m 3 ; c s , concentrat ion at l i q u i d - s o l i d 
interface 

D = molecu lar di f fusivity , c m 2 / s e c ; D e f f , effective di f fusivity i n por 
ous catalyst ( E q u a t i o n 2 0 ) 

Dl B= ax ia l d ispersion coefficient, c m 2 / s e c 
dp = catalyst part ic le diameter , c m 
F = l i q u i d flow rate, c m 3 / s e c ( Equat i ons 1 a n d 3 ) 
G = gas superf ic ial flow rate, c m / s e c at S T P or k g / m 2 sec 
G a = G a l i l e o number , d p g c p 2 / / x 2 ( E q u a t i o n s 16 a n d 17) 
g c .= conversion constant 
H «= h o l d u p , c m 3 l i q u i d / c m 3 empty reactor vo lume ; fff, free d r a i n 

i n g or d y n a m i c h o l d u p 
h = he ight of reactor, c m , or d e p t h of p a c k e d bed , c m 
k = first-order react ion rate constant; fcv, in t r ins i c first-order reac

t ion rate constant per u n i t vo lume of catalyst pel let , c m 3 

l i q u i d / c m 3 catalyst pel let vo lume sec; fcapP, apparent va lue 
as f o u n d exper imental ly ; fc7 = fcv(l — e)/H, sec" 1 ( E q u a 
tions 12 a n d 13 ) ; fcapP A v = contact ing effectiveness 

L = l i q u i d superf ic ial flow rate, c m / s e c or k g / m 2 sec 
L H S V = l i q u i d h o u r l y space veloc i ty , vo lume of l i q u i d f e d to reactor 

each ho ur per v o l u m e of reactor, = 3600 L/h hi'1 

m = order of react ion 
P e ^ — Peclet n u m b e r for l i q u i d phase, dpL/Di 
r = rate of react ion, g m o l e / s e c c m 3 reactor vo lume 
Ret, = Reyno lds n u m b e r for l i q u i d flow = d^Lp/μ; R e g for gas flow 

= dpGp/μ 
Τ — temperature, ° C 
t = t ime , sec 
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3. S A T T E R F i E L D Trickle Bed Reactors 73 

V — reactor vo lume , c m 3 

u c a t = v o l u m e of catalyst pellets i n autoclave, c m 3 

# i i q = v o l u m e of l i q u i d i n autoclave, c m 3 

χ = f ract ional conversion of reactant 
Greek 
ν = k inemat i c viscosity = μ/ρ 
c = v o i d f ract ion i n catalyst bed , same as f ract ion of reactor v o l u m e 

not o c cup ied b y catalyst part ic les ; ( 1 — c) = rat io of cata
lyst pel let vo lume to empty reactor v o l u m e 

η = effectiveness factor, rat io of ac tua l rate of react ion i n a porous 
catalyst to that w h i c h w o u l d occur i f pel let inter ior were a l l 
exposed to reactants at the same concentrat ion a n d tempera 
ture as that exist ing at the outside surface of the pel let 

μ = viscosity, poises 
Ρ = density, g / c m 3 

τ = tortuosity factor ( E q u a t i o n 20) 
θ = v o i d f ract ion i n porous catalyst par t i c l e 
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Physical Processes in Chemical Reactor 

Engineering 

E . W I C K E 

Institut für Physikalische Chemie, Westfälische Wilhelms-Universität, 
4400 Münster, Germany 

The scope of this review is the presentation and critical 
examination of the physical principles that underlie the 
pseudo-homogeneous models for processes in multiphase 
systems. For diffusion systems, i.e. porous gas-solid and 
SLP catalysts, this principle is effective diffusivity; its ad
vantages, its shortcomings, and the limits of its applicability 
are discussed in detail. For heterogeneous flow systems, 
this principle is radial and axial dispersion. The elementary 
processes including the Taylor dispersion are illustrated; 
applications to gas phase and to solids dispersion in f lu idized 
beds as well as to interphase heat transfer in packed beds 
are presented. The limits of pseudo-homogeneous modeling 
are indicated with the mass transfer problems of catalyst 
screens and of shallow beds. Differentiation between axial 
dispersion of mass in packed beds and real backmixing is 
emphasized. This difference requires a change of the well 
known boundary conditions of Dankwerts, and of Wehner 
and Wilhelm, at the bed entrance. 

A l though the papers i n the session on " P h y s i c a l Processes" (see A D V A N C E S 
I N C H E M I S T R Y S E R I E S N O . 1 3 3 ) are different i n scope a n d nature, they 

conta in a n u m b e r of c ommon v iewpoints that m a y serve as a basis for 
this rev iew. O n e of the most important v iewpoints seems to be the 
obvious tendency to describe processes that r u n i n heterogeneous m u l t i 
phase systems b y pseudo-homogeneous models a n d to comprehend the 
behavior of such processes, stationary or dynamic , i n terms of s ingle-
phase concepts. H e n c e the theme of this r ev i ew w i l l be to indicate the 
pr inc ip les a n d the methods of deve lop ing homogeneous models for 
heterogeneous processes a n d to present the usefulness of those concepts 
as w e l l as the l imits of their app l i cab i l i ty . 

75 
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T h e r e are two p r i n c i p a l types of heterogeneous systems i n chemica l 
reactors ( T a b l e I ) : the f low systems where h y d r o d y n a m i c flow is the 
predominant process of mass transport, a n d the dif fusion systems where 

Table I. Heterogeneous Reaction Systems 

Type of 
System Two Phases Three Phases 

F l o w packed beds 
fluidized beds 

t r i c k l e beds 
bubble columns 

(wi th suspended catalysts) 

macroheterogeneity: e m u i s j o n \ phase -bubble phase 

microheterogeneity : g r a i n s - f l u i d 

grids, screens, gauzes 

Di f fus i on porous solids | S L P catalysts 

macropore and micropore systems 

molecular dif fusion prevai ls . T y p i c a l flow systems are represented b y 
p a c k e d beds, fluidized beds, grids, a n d screens, a n d those w i t h three 
phases b y t r i ck le beds a n d b u b b l e co lumns w i t h suspended catalysts. 
D i f fus ion systems are the porous gas—solid catalysts a n d the supported 
l i q u i d phase ( S L P ) catalysts. I n some cases, different levels of hetero
geneity can be discerned. I n fluidized beds a n d i n three-phase b u b b l e 
co lumns there are the macro leve l of heterogeneity (dense or emuls ion 
phase a n d b u b b l e phase) a n d the mic ro leve l (grains a n d fluid); i n 
di f fusion systems, these levels of heterogeneity are the macropore a n d the 
micropore arrays. 

I n flow systems, the heterogeneity leads to the w e l l k n o w n dispersion 
effects. P a r a l l e l to the m a i n flow d i r e c t i o n — a x i a l or l o n g i t u d i n a l — t h e 
dispersion is apprec iab ly broader than i t is n o r m a l to i t — r a d i a l or trans
versal . I n order to describe these effects i n analogy w i t h dif fusion proc 
esses, mean ing fu l coefficients for r a d i a l a n d ax ia l dispersion m a y be 
measured a n d defined only i f the system is large enough to cover the 
l ength of at least 10 characterist ic d ispersion pathways i n either d irect ion . 
I f this cond i t i on is not satisfied, the m o d e l of the i d e a l single m i x i n g 
stage or the cascade of m i x i n g cells m a y be app l i cab le to the system. 
I f this fails also, then a pseudo-homogeneous m o d e l does not seem to be 
adequate for the flow system. T h i s is true, for instance, for screen cata
lysts a n d for sha l low p a c k e d beds as w e l l as for certain fluidized beds 
(see b e l o w ) . 
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4. w i C K E Physical Processes 

Diffusion Systems 

T h e pseudo-homogeneous m o d e l can be a p p l i e d i n heterogeneous 
dif fusion systems i f the units of heterogeneity—pores, holes, partic les , 
etc .—are smal l c ompared w i t h the length of the diffusion paths, i.e. the 
extension of the concentration profiles. T h e most s imple app l i cat ion of 
this m o d e l is to make use of an effective dif fusion coefficient: 

D e f , = ψ · A n ( l a ) 

where φ is the permeab i l i ty of the porous b o d y a n d D m is the dif fusion 
coefficient i n the free gas phase. I n order to measure Dett accord ing ly , 
steady state dif fusion must be a p p l i e d ( the term permeab i l i ty indicates 
steady state condi t ions ) , a n d the gas pressure must be sufficiently h i g h 
i n order to justify the neglect of K n u d s e n diffusion. T h e permeab i l i ty 
can then be used to define a l a b y r i n t h factor χ (or tortuosity factor 
l / χ ) b y : φ = c p · χ where c p is the porosity. T h e system of transport pores 
for permeat ion through the porous b o d y is normal ly the same as the 
macropore system a n d has a fa i r l y w e l l defined mean pore radius , r; 
the micropores are then s imi lar to pockets i n the wal ls of the macropores. 
I n such a case, the permeab i l i ty i n the K n u d s e n region, accord ing to 

ϋ \ ΐ ί = φκ · DK(r) ( l b ) 

w i t h D K ( r ) = K n u d s e n dif fusion coefficient, can be considered equa l to 
the permeab i l i ty for b u l k di f fusion: ψκ « φ. I f on the other h a n d , the 
micropores contribute m a r k e d l y to the dif fusion resistance for permeat ion , 
ψκ=τ^ψ holds , w h i c h means that the permeab i l i ty i n the transit ion reg ion 
becomes dependent on total gas pressure a n d on the type of mo lecu lar 
species that is dif fusing. 

F o r nonsteady state dif fusion i n porous systems, the mass balance 
equat ion is 

— ( c p c + n&) = d i v (xf/Dm · grad c) (2) 

where n a is the amount of gas adsorbed at the pore wal ls per u n i t v o l u m e 
of the porous body. Pseudo-homogeneous treatment is possible i f n a can 
be taken as the value i n adsorpt ion e q u i l i b r i u m w i t h c. I n the reg ion of 
l inear adsorpt ion isotherm a n d w i t h D m independent of concentrat ion, 
E q u a t i o n 2 then simplifies to 

I T = , ^ m / τ d i v grad c = D ' e f f · d i v grad c (3) 
dt c p + dna/dc 
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78 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

w i t h an effective coefficient D ' e f f for nonsteady state diffusion. W h e n 
adsorpt ion is neg l ig ib le 

D ' e f f - ^ D m - — = χ Α η (4) 
C P C P 

rather than E q u a t i o n l a for steady state conditions. If, on the other h a n d , 
adsorpt ion w i t h curved isotherms has to be considered, the mass balance 
i n the general f o rm of E q u a t i o n 2 must be used, a n d the solut ion of 
dif fusion problems becomes very compl i cated a l though s t i l l w i t h i n the 
concept of pseudo-homogeneity. 

Wakao ' s paper ( I ) starts w i t h the quest ion i f the b i n a r y counter-
dif fusion of inert, nonadsorbable gases through porous m e d i a runs for 
steady state a n d for nonsteady state condit ions w i t h effective di f fusion 
coefficients that differ only b y the factor ep, i.e. D e f f = ep · D ' e f £ a ccord ing 
to E q u a t i o n 4. I n fact, the v a l i d i t y of this re lat ion cou ld be conf irmed 
b y measurements w i t h N 2 - H 2 mixtures i n porous refractory mater ia l as 
w e l l as b y calculations of the diffusion through a two -d imens iona l net
w o r k of interconnected macro - a n d micropores. T h i s network m o d e l was 
also used b y W a k a o to discuss the basic question i f the effective dif fusion 
coefficient, as measured b y methods of steady state permeat ion through 
the porous m e d i u m , D D

e f £ — b i n a r y b u l k diffusion or K n u d s e n d i f fus i on— 
w i l l be the same as the coefficient, D R

e f f , that can be obta ined f r o m the 
effectiveness factor of a first-order react ion r u n n i n g at the pore wal l s . 
I n fact, the ca lculat ion y ie lds differences for the same molecular species 
w i t h a n d w i t h o u t react ion : D R

e f f < D D
e f f . T h e reason is obvious : the 

micropores contain the predominant part of the in terna l surface area, 
a n d they are therefore rather strongly engaged i n di f fusional resistance 
w h e n the transport runs to the points of react ion, c ompared w i t h the 
case of permeat ion through the porous b o d y w i thout react ion. T h e type 
of m o d e l chosen, however , enhances this effect; i n pract ice i t w i l l be 
rather smal l , as W a k a o concludes. 

L a r g e differences between the values of steady state a n d unsteady 
state dif fusion coefficients occur w i t h S L P catalysts, where the cata-
l y t i c a l l y active mater ia l is d i s t r ibuted i n a l i q u i d that covers the pore 
wal ls l ike a film a n d fills u p the smallest ( m i c r o ) pores. A s l o n g as the 
gas-phase dif fusion resistance i n the res idua l open pore cross-sections is 
de termin ing for the transport rate, the system can be treated l ike porous 
g a s - s o l i d systems. Steady state dif fusion can then be descr ibed b y a 
permeabi l i ty , E q u a t i o n l a , w h i c h i n this case is a funct ion of the amount 
of l i q u i d l oad ing , as A b e d a n d R i n k e r (2 ) demonstrated. Nonsteady 
state diffusion of insoluble species leads to D'eft = Dett/cp where c p also 
depends on l i q u i d l oad ing . F o r nonsteady state processes w i t h soluble 
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4. w i C K E Physical Processes 79 

species, the gas-phase dif fusion is rate -determining only i f the l i q u i d is 
so t h i n l y spread out a long the pore wal ls that absorpt ion e q u i l i b r i u m is 
establ ished more q u i c k l y than the gas-phase concentrations of the species 
i n the pore cross-section can change. If this is the case, E q u a t i o n 2 can 
be a p p l i e d w i t h n a = amount of dif fusion species absorbed i n e q u i 
l i b r i u m . I n the reg ion of l inear absorption, the s impl i f i ed f o r m of E q u a 
t ion 3 is appl i cab le , w h e r e i n the slope of the absorpt ion isotherm (dnjdc) 
represents a strong i n d i v i d u a l effect of the dif fusion species a n d gives 
r ise to apprec iable differences between steady state a n d unsteady state 
dif fusion. T h e reverse s ituation, i n w h i c h dif fusion resistance i n the l i q u i d 
phase is rate -determining i n nonsteady state processes, is characterist ic 
for g a s - l i q u i d chromatography; here the dif fusion paths i n the gas phase 
are kept short b y us ing very s m a l l partic les w i t h coarse porosity . 

A par t i cu lar case of considerable importance i n industry is the S L P 
catalyst for S 0 2 ox idat ion , V 2 0 5 / K 2 0 melts on porous supports. V i l l a d s e n 
a n d co-workers (3 ) conc luded that, i n t y p i c a l indus t r ia l catalysts for 
this react ion ( l i q u i d l oad ing about 5 0 % of the pore v o l u m e ) , the d i f fu 
s ion resistance is almost evenly d i v i d e d between l i qu id -phase dif fusion 
a n d pore diffusion. E v e n i n this compl i cated case, the authors succeeded 
i n deve lop ing a pseudo-homogeneous mode l . T h e l i q u i d l o a d i n g is 
thought to be composed of d isc -shaped segments that cover the pore 
wal l s ; the dif fusion of the react ion components i n these segments is 
supposed to be restr icted to one d imens ion , i.e. n o r m a l to the front face. 
[S imi lar models were developed earl ier i n g a s - l i q u i d c h r o m a t o g r a p h y — 
see G i d d i n g s ( 4 ) ] . T h e contr ibut ion of each segment to the l o ca l reac
t i on rate at the pore w a l l is ca lcu lated b y a p p l y i n g the effectiveness 
factor for p late geometry; an integrat ion b y means of a su i tab ly chosen 
d is t r ibut ion funct ion of segment thicknesses y ie lds the l o ca l react ion rate 
per u n i t vo lume of the porous support , € e ff . T h i s effective react ion rate 
is then used i n the balance equations for pore dif fusion i n the res idua l 
pore v o l u m e : 

d i v ( D i i e f f grad d) = — viVew (5) 

where vi = sto ichiometr ic n u m b e r a n d viU e ff = rate of p r o d u c t i o n of 
component i per u n i t vo lume of support . T h e decisive po int for the 
a p p l i c a b i l i t y of this pseudo-homogeneous treatment is the tac i t assump
t ion that the absorpt ion e q u i l i b r i u m is l o ca l ly established at the g a s -
l i q u i d phase boundaries . If, instead of e q u i l i b r i u m , a mass transfer re 
sistance has to be taken into account at the phase boundary , then a 
pseudo-homogeneous mode l , i.e. treatment of each component b y a s ingle 
transport equat ion l ike E q u a t i o n 5, is no longer appl i cable . T w o transport 
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80 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 REVIEWS 

equations, one for each phase, are then necessary; they are c oup led b y 
the interphase mass transfer re lat ion. 

T h e calculations of V i l l a d s e n a n d co-workers were s impl i f ied b y the 
fact that i n the l i q u i d phase only the dif fusion of oxygen h a d to be con 
s idered a n d that the rate of S 0 2 ox idat ion c o u l d be taken as propor 
t i o n a l to the distance of oxygen concentrat ion f r om e q u i l i b r i u m (first-
o r d e r ) . If, i n more general cases, the dif fusion resistances of more than 
one component i n the l i q u i d p h a s e — a n d possibly mul t i component d i f 
fus ion i n the gas phase—have to be taken into account, the p r o b l e m 
becomes m u c h more compl i cated . T h e n the system of balance equations 
can no longer be reduced to one equat ion for a single component 
( E q u a t i o n 5 ) . Prob lems l ike these have not yet been so lved; successful 
treatment shou ld be possible b y an extension of the methods of stoichio
metr i c balances w h i c h were developed recently for mul t i component b u l k 
dif fusion of react ion components i n porous m e d i a [ H u g o (5, 6,7), Hesse 
(8,9)1. 

Dispersion Effects in Packed Beds 

A p a c k e d b e d of equa l ly s ized, spher ica l , nonporous particles is the 
exemplary case for invest igat ing f low dispersion effects. T h e elementary 
processes to be considered here are presented i n F i g u r e 1. These are: 
the molecular dif fusion i n the voids between the partic les ( a ) , the b r a n c h 
i n g effect of the so l id p a c k i n g that generates a ne twork of in terwoven 
streamlines that m a y be i m a g i n e d as a r a n d o m w a l k m o d e l ( b ) or as a 
cap i l l a ry m o d e l ( c ) , the eddy di f fusivity ( d ) where the voids act as 
m i x i n g cells, a n d finally the channel ing (e ) b rought about b y i r r e g u 
larit ies i n the p a c k i n g a n d b y w a l l effects. T h e c o m b i n e d act ion of these 
dissipative processes i n the d irect ion transversal to the m a i n flow c a n 
be descr ibed b y a r a d i a l m i x i n g coefficient: 

MT = xDm + 0.1 · udp (6) 

T h e molecular dif fusion D m must be corrected w i t h the l a b y r i n t h factor 
χ (see E q u a t i o n 4 ) . I n a regular p a c k i n g arrangement, χ « 0.7. T h e 
r a d i a l d ispersion, D r = 0 . 1 - w d p where u = m e a n ax ia l flow ve loc i ty 
be tween the pellets a n d dp = pel let d iameter , is brought about b y latera l 
d isplacement of the streamlines i n the b r a n c h i n g processes. W i t h a 
s imple geometry, the r a n d o m w a l k m o d e l ( F i g u r e l b ) y ie lds 1/8 · ud^; 
measurements w i t h gas a n d w i t h l i q u i d flow give a m e a n value of 1/10 · 
udp [ W i l h e l m (10), H i b y ( I I ) ] . 

P a r a l l e l to the m a i n flow direct ion , the dissipative processes g ive 
r ise to a residence t ime d i s t r ibut ion , R T D , w h i c h can be measured b y 
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, Q . 

0 · Ό 

a) Molecular Diffusion b) Transversal Random Mto/fr c) Capillary Model 

Ô 

cPio 
d) Eddy Diffusivity a) Channeling 

Figure 1. Packed bed diffusion and dispersion processes 

tracer methods. T h e spreading-out effect can be descr ibed b y an ax ia l 
d i s t r ibut ion coefficient: 

MRTO = xDm + 0.5 · udv (7) 

that inc ludes the contributions of molecu lar dif fusion, the same as i n 
E q u a t i o n 6, a n d of ax ia l d ispers ion : D a == 0.5 · udv ( contr ibut ions f r o m 
channe l ing a n d f rom w a l l effects are not taken into account ) . T h e ax ia l 
d ispersion comes f rom the retardations a n d accelerations of the f low 
between the pellets. T a k i n g the pel let d iameter as the p laus ib le r a n d o m 
w a l k distance, one obtains D a — 0.5 • udp [ W i c k e (12, 1 3 ) ] . A s is w e l l 
k n o w n , the expression can also be der ived as an effect of eddy di f fusivity 
b y i m a g i n i n g a cascade of m i x i n g cells ( F i g u r e I d ) as was done b y A r i s 
a n d A m u n d s o n (14). 

T h e dispersion coefficients Dr a n d D a have been def ined i n order to 
describe the diss ipative processes i n the heterogeneous p a c k e d b e d b y a 
pseudo-homogeneous f ormal i sm. T h i s provides , of course, that the p a c k e d 
b e d is sufficiently extended, at least over 10 pel let diameters i n the r a d i a l 
a n d ax ia l directions. T h e different values of D r a n d D a or iginate f r o m 
the anisotropic nature of tubu lar f low a n d ind icate the different p h y s i c a l 
meanings of these dispersion processes. D r describes the r a d i a l f lattening 
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82 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

of concentrat ion profiles as a consequence of r a n d o m jumps back a n d 
f o r th w i t h reference to contro l planes fixed i n laboratory space, whereas 
D a describes the ax ia l f lattening of concentration profiles b y r a n d o m 
jumps back a n d forth w i t h reference to a contro l p lane that moves w i t h 
the mean flow ve loc i ty u, i.e. D a describes the b r o a d e n i n g of an R T D . 
I n order to indicate these differences, the notat ion ax ia l d i s t r ibut ion 
coefficient M R T D was in t roduced i n E q u a t i o n 7 instead of ax ia l m i x i n g 
coefficient or effective ax ia l di f fusivity. 

Measurements of ax ia l d ispersion w i t h gas flow through p a c k e d beds 
at Reynolds numbers above about 10 agree w i t h the expectation f rom 
the m i x i n g ce l l m o d e l : i / d p / D a = Pe =-- 2 (see F i g u r e 6, t o p ) . B u t , 
strangely enough, measurements w i t h l i q u i d flow d o w n to Reynolds n u m 
bers of about 10" 2 also agree ( F i g u r e 6, bottom ). A t such l o w Reynolds 
numbers , however , there is no more eddy di f fusivity , a n d the concept 
that the voids between the pellets act as m i x i n g cells has no m e a n i n g i n 
this region. H e n c e a different concept must be a p p l i e d here. 

Taylor Dispersion 

R a d i a l m i x i n g a n d ax ia l dispersion are not as independent of one 
another as i t m a y seem f rom their different characteristics that were 
noted i n the foregoing section. I n fact, the two processes are intercon
nected b y the mechanism of the T a y l o r dispersion. T h i s mechan ism also 
leads to an understanding of the considerable differences i n ax ia l d isper
sion between gas a n d l i q u i d flow that are represented i n F i g u r e 6. 

F o r a short in t roduc t i on to the T a y l o r d ispers ion concept, let us 
imagine viscous flow i n an open c y l i n d r i c a l tube, a n d let us consider the 
R T D of the flowing vo lume elements. T h i s d i s t r ibut i on funct ion is repre
sented b y the so l id curve i n F i g u r e 2. It starts w i t h the highest p r o b a 
b i l i t y at the smallest residence t i m e — t h a t w h i c h belongs to the fast flow 
near the tube axis a n d w h i c h is e q u a l to ha l f the m e a n value τ — a n d i t 
decreases d o w n to the l ong residence times of the s l owly flowing v o l u m e 
elements near the w a l l . T h e broken l ine i n F i g u r e 2 represents the s ignal 
of a tracer pulse that was injected upstream u n i f o r m l y over the cross-
section. T h e difference i n R T D s is brought about b y r a d i a l m i x i n g 
processes that act on the ax ia l tracer profi le but have no effect, of course, 
on the flow pattern. 

T h e interference of r a d i a l m i x i n g becomes clear f r om F igures 3 a n d 
4. F i g u r e 3 depicts the ax ia l d ispersion of the tracer pulse as i t w o u l d 
develop under the effect of on ly the l o ca l differences i n flow rate accord
i n g to the ve loc i ty profile. S u c h a spread of the tracer probe tends to 
b u i l d u p boundaries w i t h steep concentration gradients i n the r a d i a l 
d i rec t ion ( w h i c h is m a r k e d b y the arrows i n F i g u r e 3 ). I n fact, however , 
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Figure 2. Residence time distribution of laminar flow in open tube 
d(m/m0) 1 

d(t/r) ~ 2 ( E / T ) » 
. . tracer pulse with radial mixing, schematic 

Figure 3. Axial dispersion of tracer pulse without radial diffusion 
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c(x) 

c,(r) c/r) 

Figure 4. Narrowing of axial dispersion by radial 
diffusion: Taylor dispersion 

r a d i a l dif fusion along these gradients transfers tracer mater ia l f r o m the 
top of the pulse to regions of s lower f low (see F i g u r e 4 ) a n d f r o m the 
w a k e of the pulse to regions of faster flow. I n this manner , the extent of 
ax ia l d ispersion is d i m i n i s h e d b y r a d i a l m i x i n g . T h e result is the develop
ment of a be l l - shaped concentrat ion profile ( F i g u r e 4 ) that is s imi lar to 
a peak i n chromatography. T h e spread of the profi le or the var iance σ 2 

developed a long a flow p a t h of length L determines the T a y l o r dispersion 
coefficient b y 

D T i n turn is inversely propor t i ona l to the coefficient of r a d i a l m i x i n g 
(see E q u a t i o n 9 ) . Th i s concept, w h i c h was deve loped b y T a y l o r (15) 
for flow i n open tubes, can be a p p l i e d read i ly to ax ia l dispersion i n p a c k e d 
beds. T h i s was demonstrated b y E d w a r d s a n d R i chardson (16) a n d b y 
Bischoff (17); [see also W i c k e (12, 1 3 ) ] . 

T h e T a y l o r dispersion coefficient can be taken propor t i ona l to the 
m e a n flow rate, u, a n d to a mean t rave l l ing distance i n the m a i n flow 
d irect ion , Λ, a long w h i c h a v o l u m e element loses its i n d i v i d u a l i t y b y 
latera l m i x i n g processes: D T ~ u · Λ. T h e so-cal led m i x i n g length Λ is 
e q u a l to the product of the flow rate u a n d the m e a n l i f e t ime τ of the 
vo lume element; the l i fe t ime i n turn is de termined b y the square of the 
pel let diameter over the r a d i a l m i x i n g coefficient: 

Λ = u · τ = u - dp
2/Mr. I n this w a y , the characterist ic expression 

σ 2 = 2DT · L/u (8) 

DT (9) 
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Chemical Engineering Science 

Figure 5. Axial distribution in air flow through packed bed of glass beads (16) 
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for the T a y l o r dispersion coefficient is obtained. Introduct ion of M r for 
p a c k e d beds ( E q u a t i o n 6) gives 

where the factor 0.5 was chosen i n order to obtain agreement of E q u a t i o n 
10 w i t h the l i m i t i n g va lue of Peclet number , P e = 2, at R e ^ 10. W h e n 
the molecular diffusion t e rm is added , the complete expression for the 
ax ia l d i s t r ibut ion coefficient becomes 

M r o - X f l . + 0 J 8 - 1 + 1 ^ ( I D 

T h i s differs f r om the s impler E q u a t i o n 7, that was based on the 
m i x i n g ce l l mode l , b y the add i t ive term i n the denominator . Just this 
term, however , is necessary for a correct representation of the measure
ments i n the transit ion reg ion f r om h i g h Reynolds numbers to the range 
of molecular diffusion, as was shown b y E d w a r d s and R i c h a r d s o n 
(16). B y care ful measurements w i t h argon pulses i n air flow through 
p a c k e d beds of glass beads, they demonstrated that the ax ia l Pec let 
n u m b e r runs through a flat m a x i m u m i n the transit ion reg ion ( see F i g u r e 
5 ) . T h e m a x i m u m can be reproduced w i t h E q u a t i o n 11 but not w i t h 
E q u a t i o n 7; this thereby confirms the app l i cab i l i t y a n d the usefulness 
of the T a y l o r dispersion concept for p a c k e d beds. W i t h l i q u i d flow i n 
p a c k e d beds of spheres, the corresponding m a x i m u m has been observed 
earl ier i n pro f ound tracer studies b y H i b y (11) i n the range 10" 3 < Re 
< 10 ' 2 ; he represented his measurements b y a f o rmula s imi lar to 
E q u a t i o n 11. 

F i g u r e 6 gives a more extended survey of exper imental data on ax ia l 
Pec let numbers col lected f rom the l i terature b y E d w a r d s a n d R i c h a r d s o n 
(16). W i t h gas flow, the curve splits into several para l l e l l ines at smal l 
Reynolds numbers . T h i s represents the region of molecular dif fusion 
w i t h different values of D m i n different gas mixtures. W i t h l i q u i d flow, 
this reg ion occurs be low R e « 2.10" 3 [see H i b y ( I I ) ] ; d o w n to these 
smal l flow rates, the ax ia l d i s t r ibut ion of tracer signals keeps its h i g h 
va lue that is character ized b y Pe « 2. A n explanat ion m a y be f o u n d b y 
means of the cap i l lary m o d e l for flow through p a c k e d beds ( F i g u r e l c ). 
A t the b r a n c h i n g points A , B , a n d C , vo lume elements f rom regions near 
the axis pass over to regions near the w a l l ; at the points of confluence 
D , E , a n d F , the reverse change occurs. F r o m these r a n d o m retardations 
a n d accelerations of vo lume elements arises the ax ia l d i s t r ibut ion of a 
tracer pulse that is injected into the flow. It must be postulated, however , 
that the tracer substance w i l l not pass over lateral ly f rom one v o l u m e 
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Chemical Engineering Science 

Figure 6. Peclet numbers for axial distribution in packed beds (16) with gas 
flow (top) and liquid flow (bottom) 

Key for gas flow: B, Blackwell et al. (18); CB, Carberry and Bretton (19); DW, De-
Maria and White (22); EK, Evans and Kenney (20); ER, Edwards and Richardson (16); 
MH, McHenry and Wilhelm (23); and SP, Sinclair and Potter (21). Key for liquid 
flow: CB, Carberry and Bretton (19); CP, Cairns and Prausnitz (26); EW, Ebach and 

White (24); H, Hiby (11); and LG, Liles and Geankoplis (25). 
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element to the other; thus r a d i a l m i x i n g must be restricted. T h i s is true 
for l i qu ids w i t h their sma l l dif fusion coefficients but not for gases; the 
h i g h ax ia l d i s t r ibut ion at l o w Reynolds numbers is observed, therefore, 
on ly w i t h l i q u i d flow. T h i s indicates once more the importance of the 
T a y l o r d ispers ion concept for heterogeneous flow systems [ W i c k e (12, 
13)1. 

Taylor Dispersion with Mass Transfer between "Phases: Fluidized Beds 

I f mass transfer between phases occurs i n heterogeneous flow sys
tems, the re laxat ion of this la tera l transfer process gives rise to an a d d i 
t i ona l type of ax ia l dispersion. T h i s effect is of par t i cu lar importance i n 
gas chromatography where mass transfer between the mob i l e a n d the 
stationary phase is i n v o l v e d [see e.g. G i d d i n g s ( 4 ) ] . T h e pr inc ip les are 
as fo l lows. I f for the mass transfer the diffusion i n one phase, say i n a 
l i q u i d film, is rate -determining , then the m i x i n g l ength Λ can be taken 
as A = u m T d i f f = ul2/Deft where Ζ is a characterist ic distance of the d i f 
fus ion p r o b l e m , for instance the film thickness. T h e T a y l o r dispersion 
coefficient is then : 

u2l2 

DT ~ u - Λ ~ -ψζ— (12) 
^ e f f 

I f instead, the mass exchange through the phase b o u n d a r y is rate-deter
m i n i n g , then the m i x i n g length is e q u a l to the he ight of a transfer un i t 
Λ = H T U = u/(a · Kexch) where K e x c h is the exchange rate constant 
(mass transfer coefficient) a n d a is the interphase area per u n i t vo lume 
of the bed . T h e T a y l o r dispersion coefficient then becomes: 

u2 

DT ~ u · Λ ~ ——^— (13) 

T h e poss ib i l i ty of corre lat ing interphase mass transfer w i t h ax ia l 
dispersion has been a p p l i e d i n chemica l engineering i n only a f e w cases 
so far. T h e case of interest here is the app l i ca t i on to the m i x i n g processes 
i n fluidized beds that was developed b y L e v e n s p i e l a n d co-workers (27). 
T h e p r i n c i p a l relations for r a d i a l a n d ax ia l dispersion of the so l id part ic les 
a n d of the gas phase accord ing to this development are s u m m a r i z e d i n 
T a b l e I I . T h e formulas for r a d i a l dispersion are based on the r a n d o m 
w a l k m o d e l w i t h the mean diameter of the bubbles , db, as the charac
teristic w a l k i n g distance. T h e rate -determining processes were assumed 
to be the latera l m i x i n g of the so l id partic les i n the wakes b e h i n d the 
bubbles a n d the exchange of the gas between the bubbles a n d the e m u l 
sion phase. T h e formulas for the ax ia l dispersion are based on the T a y l o r 
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4. w i C K E Physical Processes 89 

Table II. Dispersion of Solids and Gas in Fluidized Beds (27) 

Type Concept Phase Equation 

R a d i a l random w a l k . . . ~ _ 3 δ , M A χ 
so l id r 1 6 ' 1—8 ' Wfrfb^14a) 

A x i a l T a y l o r ,. , n δ 2 ( Λ Λ uh
2 

dispersion s o l l d DS - a (1 - *«) jp— 

(15a) 

gas D a
g = / ( ^ o , ^f, · · ·) 

exch 

(15b) 

db = effective bubble diameter 
δ = fraction of fluidized bed consisting of bubbles 
a s= ratio of wake volume to bubble volume 
ub = rising velocity of a bubble 
Wo = gas velocity in empty tube 
Ut = gas velocity under minimum fluidizing conditions 
e m r c= void fraction under minimum fluidizing conditions 
Xgexch = exchange coefficient of gas between bubbles and emulsion phase 
K*exch = exchange coefficient of solids between the cloud-wake region and the 

emulsion phase 

p r i n c i p l e w i t h interphase mass transfer; the mass exchange here occurs 
between the bubb le phase or the wakes a n d the emuls ion phase. 

These formulas represent remarkable progress t o w a r d a systematic 
unders tand ing of the m i x i n g processes i n b u b b l i n g fluidized beds; q u a n t i 
tat ively , however , they y i e l d on ly the orders of magni tude . I t must be 
assumed that one reason for this is that a fluidized b e d usual ly extends 
over just a f e w w a l k i n g distances or m i x i n g lengths, a n d therefore i t 
falls just i n the gap where the m o d e l of m i x i n g cells is no longer v a l i d 
a n d the concept of pseudo-homogeneous dispers ion is not yet appl i cab le . 
T h e instruct ive invest igat ion b y N g u y e n a n d Potter (28) of the back -
m i x i n g i n fluidized beds of gas components that are adsorbed b y the 
so l id particles was done i n this par t i cu lar range. 

A second reason for the quant i tat ive fa i lure of the formulas i n T a b l e 
I I is the poor un i f o rmi ty i n b u b b l e size, especial ly the g r o w t h of the 
bubbles d u r i n g their rise through the bed . A n interest ing poss ib i l i ty for 
l i m i t i n g b u b b l e size was presented b y K a t o a n d co-workers (29); they 
are r u n n i n g a fluidized b e d i n the voids of a p a c k e d b e d of coarse pel lets , 
a n d they expect a number of advantages f r o m this technique. 

Genera l ly , fluidized b e d m o d e l l i n g suffers f r om a lack of re l iab le 
exper imental data, as K u n i i a n d L e v e n s p i e l (27) no ted repeatedly . 
K o j i m a a n d co-workers (30) are to be we l comed , therefore, w i t h their 
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90 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 REVIEWS 

n e w e lectrochemical m e t h o d for measur ing the l o ca l velocit ies a n d 
directions of the dense phase, even though i t is not i n fluidized beds b u t 
i n the closely re lated case of b u b b l e columns. 

Taylor Dispersion Concept for Interphase Heat Transfer 

Besides the appl icat ions of the T a y l o r dispersion concept that were 
ment ioned so far, add i t i ona l appl icat ions w i l l surely be deve loped i n the 
future . V o r t m e y e r a n d Schaefer (31) recent ly ca l l ed attention to the 
poss ib i l i ty that the re laxat ion of interphase heat transfer i n heterogeneous 
g a s - s o l i d flow systems m a y be accounted for i n a pseudo-homogeneous 
m o d e l b y i n t r o d u c i n g an add i t i ona l ax ia l d ispers iv i ty of heat. R e m e m 
b e r i n g that the H T U for heat transfer i s : A h = (u · P · cv)/(a · h), the 
T a y l o r dispersion coefficient for interphase heat transfer can be taken i n 
analogy w i t h E q u a t i o n 13 for mass transfer as 

D T , h ~ u - A h ~ U ' ' p ' C ' (16) a · η 

A c c o r d i n g l y , the t e r m : AA = D T h · ρ • cp must also be in t roduced into 
the expression for the effective ax ia l heat conduct iv i ty i n the g a s - s o l i d 
flow system. V o r t m e y e r a n d Schaefer f o l l owed a different l ine of ap 
p r o a c h a n d a r r i v e d at the corresponding f o r m u l a : 

λ » = λ ° + ( ν \ C v ) 2 ( 1 7 ) 

a · η 
where λ 0 is the effective heat conduct iv i ty i n the p a c k e d b e d w i t h the 
gas phase at rest. I n order to test the a p p l i c a b i l i t y of the method , the 
authors ca l cu lated the unsteady state p r o b l e m of heat ing u p a p a c k e d b e d 
of glass beads b y means of a hot air flow, a n d they compared the results 
w i t h the exact two-phase calculations. A comparison of the temperature 
profiles ca lcu lated for w a r m i n g - u p times of 200 a n d 600 sec is presented 
i n F i g u r e 7. T h e profile ca lcu lated w i t h the one-phase m o d e l coincides 
i n good approx imat ion w i t h the profile of solids temperature f r o m the 
two-phase calculations. T h e method was extended recent ly to c o m p u t i n g 
the steep temperature profiles through m o v i n g react ion zones i n p a c k e d 
beds; V o r t m e y e r a n d co-workers reported this app l i ca t i on of the pseudo-
homogeneous m o d e l (32). 

Catalyst Screens and Shallow Beds 

T h e invest igat ion of chemica l react ion a n d mass transfer at screen 
catalysts, per formed w i t h hydrogen peroxide decomposi t ion b y Shah a n d 
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4. w i C K E Physical Processes 91 

Length 
Chemical Engineering Science 

Figure 7. Heating-up of a packed bed by hot air flow. Calculation with 
one-phase model based on the Taylor dispersion concept for interphase heat 

transfer (31). 

Roberts ( 3 3 ) , seems to be outside the l ine of this r e v i e w on pseudo-
homogeneous mode l l ing . A c t u a l l y , however , i t represents a l i m i t i n g case 
of a heterogeneous flow system that is comparable to a sha l low p a c k e d 
b e d w i t h one or a f e w layers of pellets. T h e objective of the invest igat ion 
was to extend the earl ier studies of Satterfield a n d C o r t e z ( 3 4 ) , w h o 
w o r k e d i n the range of 0.5 < R e < 10, to h igher Reyno lds numbers ( u p 
to R e « 100) . T h e velocities of the gas flow—nitrogen w i t h 0 . 3 - 2 % 
H 2 0 2 v a p o r — a r e accord ingly h i g h , 1-10 m / s e c , a n d for this reason the 
authors neglect the effect of l o n g i t u d i n a l dif fusion. H o w e v e r , i f not iceable 
conversion occurs w h e n the gas flow passes a screen—the authors used 
single screens a n d stacks of 3, 4, a n d 5 screens—there must be appre 
c iable dif fusion transversal to flow d irec t ion i n order to achieve the mass 
transfer to the surface of the wires . T h e penetrat ion d e p t h of the trans
versal di f fusion into the gas stream that passes a mesh of the screen can 
be assumed to be of the order of the w i r e radius . 

A s imi lar order is to be expected for the l o n g i t u d i n a l backdi f fus ion. 
A c t u a l l y , the authors reported Dm/u values of £ 0.004 c m for the d e p t h of 
b a c k m i x i n g under react ion condit ions whereas the w i r e diameters of the 
used screens are 0.008-0.035 c m . T h e effect of l o n g i t u d i n a l dif fusion on 
the mean concentration gradient i n the flow d irec t ion be tween the wires 
m a y be est imated therefrom as is shown i n F i g u r e 8 b y the dotted l ine . 
T h e d r i v i n g force is d i m i n i s h e d b y A c i at the in let a n d b y A c e at the exit 
of the mesh. 

T h e authors, on the other h a n d , assumed p l u g flow; they evaluated 
the measurements b y means of the l ogar i thmic m e a n d r i v i n g force, a n d 
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92 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 REVIEWS 

correlated the data i n analogy w i t h heat transfer to the single inf inite 
cy l inder under cross-flow conditions. W i t h regard to F i g u r e 8, however , 
a treatment i n analogy w i t h heat transfer to a tube w a l l under entrance 
flow condit ions seems more real ist ic ; i n fact, this type of m o d e l i n g was 
a p p l i e d l ong ago b y W a g n e r (35 ) . 

T h e analogy w i t h entrance flow to a tube is advantageous also be
cause i t is equa l ly app l i cab le to screen catalysts a n d to shal low p a c k e d 

Figure 8. Effect of longitudinal diffusion on the mean 
concentration profile between the wires (gas flow is 

from left to right) 

beds. A l o n g this l ine , the transit ion f r om a single layer of pellets to several 
layers a n d finally to a p a c k e d b e d c o u l d be invest igated b o t h theoret ical ly 
a n d b y experiment. Strangely enough, this transit ion has been g iven l i tt le 
attention so far ; i f one asks w h y , the answer is usua l ly : because there 
was no need for this transi t ion range i n c h e m i c a l react ion engineering. 
T h e s i tuat ion has changed, however , i n recent years; sha l low p a c k e d 
beds of pellets or monol i ths became the prototypes of catalyt ic mufflers 
for r e m o v a l of C O a n d N O f rom exhaust gases [Hegedus ( 3 6 ) , Szepe 
( 3 7 ) ] . T h i s chal lenge w i l l surely increase the efforts to fill the gap i n 
our knowledge about the above-mentioned transit ion range. 
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4. w i C K E Physical Processes 93 

The Problem of Boundary Conditions for the Fixed Bed Tubular Reactor 

Imagine a catalyt ic fixed b e d reactor w i t h a single react ion at steady 
state, the catalyst section be ing sufficiently l ong to permi t app l i ca t i on of 
the pseudo-homogeneous m o d e l for ax ia l d ispersion of the fluid flow 
between the pellets. T h e dispersion diminishes the progress of c h e m i c a l 
conversion along the flow path . I n case of l inear react ion k i n e t i c s — 
first-order w i t h reference to a k e y component i — t h i s effect can be 
descr ibed b y a di f fusionl ike term i n the mass balance equat ion of this 
component. T h e balance per uni t vo lume of fluid between the pellets is 

i ( M ™ % ) - i M + ^ ' v ~ - * ( 1 8 ) 

w i t h M R T D as i n E q u a t i o n 11. T h i s balance corresponds to the ax ia l -
dispersed p lug- f low m o d e l of L e v e n s p i e l a n d Bischoff (38, 39, 40) [see 
also W i l h e l m ( J O ) ] ; the neglect of r a d i a l variables means that the reac
t ion runs under i sothermal or under ad iabat i c condit ions, so no r a d i a l 
gradients of temperature a n d of concentration have to be considered. 
T h e boundary condit ions are usual ly taken as those proposed b y D a n c k -
werts (41) a n d general ized b y W e h n e r a n d W i l h e l m (42): 

Coi = Ci(0+)-̂ (̂ V W 
'dc\ 
Kdx)L- : 0 (19b) 

where coi is the concentrat ion of component i i n the feed (at χ-» — oo ), 
a n d where 0 + refers to a posi t ion immediate ly downstream of the entrance 
cross-section of the catalyst b e d at χ = 0 a n d L " to a pos i t ion immed ia te ly 
upstream of the exit at χ = L. T h e cond i t i on i n E q u a t i o n 19a accounts 
for the effect of l o n g i t u d i n a l dif fusion that reduces the concentrat ion i n 
the entrance b y the amount : 

Ac — Coi - l i m ci (0 +) (20) 

be l ow the feed concentrat ion c 0 i . T h e cond i t i on i n E q u a t i o n 19b results 
f r om the argument that no d iscont inuity i n the gradient should occur at 
the exit of the catalyst bed , i.e. 
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94 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

a n d (dcjdx)^+ = 0 because chemica l conversion vanishes downstream 
of the exit. 

There has been m u c h discussion about these boundary condit ions, 
especial ly about E q u a t i o n 19a. Pearson (43) discussed the apparent 
j u m p i n concentrat ion at the entrance, E q u a t i o n 20. v a n der L a a n (44) 
a n d v a n C a u w e n b e r g h e (45) invest igated the app l i cab i l i t y of the b o u n 
dary condit ions to unsteady state processes. Bischoff (46) demonstrated 
their v a l i d i t y i n the case of steady state for any type of react ion kinetics 
other than first-order. T w o aspects, however , have apparent ly not been 
considered u p to n o w : the nature of the dif fusion coefficient D i n E q u a 
t i on 19a a n d the entrance effects on R T D w h e n a flow enters a p a c k e d 
b e d f rom an empty tube. These aspects are discussed brief ly i n the 
f o l l o w i n g sections. 

Case I. T h e reactor tube upstream of the catalyst section m a y be 
filled w i t h inact ive pellets of the same size a n d shape as the catalyst 
pellets (e.g. inact ive support m a t e r i a l ) . A t the entrance to the catalyst 
bed , the characterist ic pattern of p a c k e d b e d flow is then fu l l y established. 
H e n c e the dispersion processes are also f u l l y developed, a n d the value 
of M R T D as ca l cu lated b y E q u a t i o n 11 can be used i n E q u a t i o n 18 w i t h 
out suspic ion. T h e same is not true, however , for the coefficient D i n 
E q u a t i o n 19a a l though this coefficient is usual ly identi f ied w i t h M R T D -
A c t u a l l y this coefficient represents a dif fusion w i t h reference to a p lane 
fixed i n space—the entrance cross-section of the catalyst b e d at χ = 0— 
i.e. a rea l b a c k m i x i n g process, but no dispersion effects. Therefore only 
the b a c k m i x i n g term of E q u a t i o n 11 must be used i n E q u a t i o n 19a: D == 
χ · D m . T h e d e p t h of penetrat ion of this l o n g i t u d i n a l backdi f fusion, Ax, 
can be est imated as: 

- ^ = ^ < i f o r R e > l (21a) 

where the n u m e r i c a l values were obta ined f rom F i g u r e 6. H e n c e the pene
trat ion depth is on ly a fract ion of pel let diameter even at smal l Reyno lds 
numbers , a n d i t d iminishes r a p i d l y w i t h increasing flow rate. L i k e w i s e 
the concentration difference at the entrance, Ac i n E q u a t i o n 20, is only 
a fract ion of the decrease i n concentration along one pel let diameter 

that d iminishes i n the same w a y w i t h increasing flow rate. O n the other 
h a n d , the pel let d iameter is the smallest distance that can be w o r k e d 
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4. w i C K E Physical Processes 95 

w i t h i n the pseudo-homogeneous m o d e l of a p a c k e d b e d ; the penetra
t i on depth i n Equat i ons 21a a n d 21b therefore has no mean ing i n this 
mode l . A c c o r d i n g l y , for the case discussed here, the boundary condi t ion 
( E q u a t i o n 19a) can be s impl i f i ed to 

C o l = C i (0 - ) = C i ( 0 + ) (22) 

as was proposed earl ier b y H u l b u r t (47 ) . T h i s conclusion means that 
the mass balance ( E q u a t i o n 18) , w h e r e i n the ax ia l dispersion is ac
counted for, must be solved i n accordance w i t h the boundary cond i t i on 
for p iston flow ( E q u a t i o n 22) at the entrance to the catalyst bed . F o r 
mathemat i ca l reasons, i t m a y be suitable to use the complete cond i t i on 
( E q u a t i o n 19a) ; then only the molecular dif fusion must be considered, 
i.e. D — χ · D m . 

Case II. T h e reactor tube upstream of the catalyst section m a y be 
empty so the flow enter ing this section at x = 0 enters the p a c k e d b e d at 
the same t ime. Passage through 3 - 5 part ic le layers is needed i n order 
to develop the twis ted pattern of interpart i c le flow. T h i s entrance zone 
contributes more to the broadening of the R T D than other zones d o w n 
stream i n the b e d ; the reason is the acceleration f rom mean flow rate u0 

i n the empty tube to u = u0/e « 2.5 · u0 between the partic les , w h i c h 
results i n apprec iable differences i n the ve loc i ty of adjacent vo lume ele
ments (before the transversal components of flow w i t h the ir averaging 
effects have deve loped f u l l y ) . A c t u a l l y , the predominant part of this 
entrance dispers ion process occurs upstream of a n d i n the first part i c le 
layer. P a r t of the streamlines of the empty tube flow are d r a w n i m m e d i 
ately into the interstices between the pellets a n d thereby accelerated; 
others are d a m m e d up i n front of s ingle pellets and thereby retarded. 
W i t h i n this entrance zone, h igher values for M R T D shou ld be used i n 
E q u a t i o n 18. A l ternate ly , i f the constant va lue f rom E q u a t i o n 11 is 
taken, the length of the catalyst section must be extended i n the ca l cu 
lations to an effective va lue Left = L + AL where AL accounts for the 
add i t i ona l broadening of the R T D b y the entrance effects. T h e value of 
AL is expected to be on the order of a f ew part ic le diameters ( and pro 
por t i ona l to dp) . A s the entrance boundary condi t ion i n this case, E q u a 
t ion 22 should be a p p l i e d at the posi t ion x = —AL. T h i s boundary con
d i t i on , however , cannot be used at present because the dependence of 
AL on flow rate and on react ion kinetics is not k n o w n . E l u c i d a t i o n of the 
proper relationships is a p r o b l e m for future research. 

Nomenclature 

a = interphase area per uni t b e d vo lume 
c = concentration i n fluid phase 
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c p = specific heat of fluid 
D a , D r = axia l a n d r a d i a l d ispersion coefficients 
Dett = effective diffusion coefficient 
D m = diffusion coefficient i n free gas phase 
dp = part i c le d iameter 
D T = T a y l o r dispersion coefficient 
h = heat transfer coefficient 
K e x c h = exchange rate coefficient 
I = characterist ic length 
L = length of a p a c k e d b e d section 
M r = r a d i a l m i x i n g coefficient 
M R T D = axia l d i s t r ibut ion coefficient 
n a = amount adsorbed ( or absorbed ) at the pore wal ls per un i t v o l 

ume of porous b o d y 
Pe = t / d p / M RTD = Péclet n u m b e r 
r = pore radius 
R e = udjν = Reyno lds n u m b e r 
R T D = residence t ime d i s t r ibut ion 
t = t ime 
u = mean ax ia l flow ve loc i ty i n p a c k e d b e d 
u0 = mean ax ia l flow veloc i ty i n empty tube 
^eff = react ion rate per un i t vo lume of porous support 
χ = space coordinate i n ax ia l d i rec t ion 

Greek 
c = v o i d fract ion i n p a c k e d b e d 
c p = porosity 
λ = heat conduct iv i ty 
Λ «= m i x i n g l ength 
Vi = stoichiometric n u m b e r of react ion component i 
Ρ == mass density of fluid 
σ

2 = variance of pulse profi le 
τ = mean residence t ime, mean l i fet ime 
χ = l a b y r i n t h factor ( l / χ = tortuosity ) 
φ = permeab i l i ty of porous b o d y 

Literature Cited 

1. Wakao, N., ADV. C H E M . SER. (1974) 133, 281-289. 
2. Abed, R., Rinker, R. G., J. Catal. (1973) 31, 119. 
3. Livbjerg, H., Sorensen, B., Villadsen, J., ADV. C H E M . SER. (1974) 133, 

242-258. 
4. Giddings, J. C., "Dynamics of Chromatography," Part I, Marcel Dekker, 

New York, 1965. 
5. Hugo, P., Chem. Eng. Sci. (1965) 20, 187. 
6. Ibid. (1965) 20, 385. 
7. Ibid. (1965) 20, 975. 
8. Hesse, D., Ber. Bunsenges. Phys. Chem. (1974) 78, 744. 
9. Ibid. (1974) 78, 753. 

10. Wilhelm, R. H., Pure Appl. Chem. (1962) 5, 403. 
11. Hiby, J. W., "Interactions between Fluids and Particles," Proc. Symp. Inst. 

Chem. Eng., London, 1962, p. 312. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

04



4. WICKE Physical Processes 97 

12. Wicke, E., Ber. Bunsenges. Phys. Chem. (1973) 77, 160. 
13. Ibid. (1965) 69, 761. 
14. Aris, R., Amundson, R. N., AIChE J. (1957) 3, 281. 
15. Taylor, G., Proc. Roy. Soc. London Ser. A (1953) 219, 186. 
16. Edwards, M. F., Richardson, J. F., Chem. Eng. Sci. (1968) 23, 109. 
17. Bischoff, Κ. B., Chem. Eng. Sci. (1969) 24, 607. 
18. Blackwell, R. J., Rayne, J. R., Terry, W. M., J. Pet. Technol. (1959) 11, 1. 
19. Carberry, J. H., Bretton, R. H., AIChE J. (1958) 4, 367. 
20. Evans, Ε. V., Kenney, Μ. Α., Trans. Inst. Chem. Eng. (1966) 44, T189. 
21. Sinclair, R. J., Potter, Ο. E., Trans. Inst. Chem. Eng. (1965) 43, 3. 
22. DeMaria, F., White, R. R., AIChE J. (1960) 6, 473. 
23. McHenry, K. W., Wilhelm, R. H., AIChE J. (1957) 3, 83. 
24. Ebach, Ε. E., White, R. R., Chem. Eng. Sci. (1958) 4, 161. 
25. Liles, A. W., Geankoplis, C. J., AIChE J. (1960) 6, 591. 
26. Cairns, E. J., Prausnitz, J. M., Chem. Eng. Sci. (1960) 12, 20. 
27. Kunii, D., Levenspiel, O., "Fluidization Engineering," John Wiley, New 

York, 1969. 
28. Nguyen, Η . V . , Potter, Ο. E., ADV. C H E M . SER. (1974) 133, 290-300. 
29. Kato, K., Arai, H., Ito, U. , ADV. C H E M . SER. (1974) 133, 271-280. 
30. Kojima, E., Akehata, T., Shirai, T., ADV. C H E M . SER. (1974) 133, 231-241. 
31. Vortmeyer, D., Schaefer, R. J., Chem. Eng. Sci. (1974) 29, 485. 
32. Vortmeyer, D., Dietrich, K. J., Ring, K. O., ADV. C H E M . SER. (1974) 133, 

588-599. 
33. Shah, Μ. Α., Roberts, D., ADV. C H E M . SER. (1974) 133, 259-270. 
34. Satterfield, C. N., Cortez, D. H., Ind. Eng. Chem. Fundam. (1970) 9, 613. 
35. Wagner, C., Chem. Technik (1945) 18, 1. 
36. Hegedus, L. L., "Effects of Channel Geometry on the Performance of 

Catalytic Monoliths," Am. Chem. Soc., Div. Pet. Chem., Prepr. (1973) 
18, 487. 

37. Szépe, S., "The Optimal Geometric Structure of Catalytic Monolith Re
actors," Prepr. GVC/AIChE Joint Meeting, Munich, 1974, Vol. I. 

38. Bischoff, Κ. B., Levenspiel, O., Chem. Eng. Sci. (1962) 17, 245. 
39. Ibid. (1962) 17, 257. 
40. Levenspiel, O., Bischoff, Κ. B., "Advances in Chemical Engineering," Vol. 4, 

p. 95, Academic, New York, London, 1963. 
41. Danckwerts, P. V., Chem. Eng. Sci. (1953) 2, 1. 
42. Wehner, J. F., Wilhelm, R. H., Chem. Eng. Sci. (1956) 6, 89. 
43. Pearson, J. R. Α., Chem. Eng. Sci. (1959) 10, 281. 
44. van der Laan, E. T., Chem. Eng. Sci. (1958) 7, 187. 
45. van Cauwenberghe, A. R., Chem. Eng. Sci. (1966) 21, 203. 
46. Bischoff, Κ. B., Chem. Eng. Sci. (1961) 16, 131. 
47. Hulburt, H. M., Ind. Eng. Chem. (1944) 36, 1012. 

RECEIVED December 4, 1974. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

04



5 

Industrial Process Models—State of the Art 

V E R N W. W E E K M A N , JR. 

Mobil Research and Development Corp., Research Dept., Paulsboro, N.J. 08066 

Kinetic process models have come of age and are being 
used increasingly in process development, design, and 
operation. The current state of the art in the building and 
use of such reactor process models is reviewed. Few, if any, 
complete process models have been published; however, 
various incomplete pieces have appeared recently. From 
these pieces, it is possible to assess current trends and 
problems. Part icular attention is given to kinetically lump
ing complex reaction mixtures along with attendant prob
lems and benefits. In addition, recent findings on particle 
heat and mass transfer effects, fluid bed comparisons, and 
two-phase flow-packed bed reactors are reviewed. Finally, 
remaining problem areas in the development of process 
models are addressed. 

T)rocess models used i n the design, operation, a n d opt imizat i on of 
·*· i n d u s t r i a l reactors are the raison d'etre of react ion engineering. T h e y 
represent its final product a n d the vehic le b y w h i c h the b o d y of react ion 
engineer ing theory is app l i ed . I n this rev iew, the state of the art of 
process models is judged p r i m a r i l y f r om recent ly p u b l i s h e d pieces of 
i n d u s t r i a l models. T h e w o r d pieces is appropr iate since, to this rev iewer s 
knowledge , f e w i f any complete process models have been p u b l i s h e d . 
T y p i c a l l y , a m o d e l is p u b l i s h e d w i t h the rate constants miss ing , or 
w i t h o u t ment ion of the m i x i n g patterns that occur i n the reactor, or w i t h 
the chemistry not ident i f ied specif ically. T h i s is understandable i n v i e w 
of the usefulness of i n d u s t r i a l process models to reactor design a n d 
operation. C o m p l e t e models w i l l be p u b l i s h e d eventual ly , but , since 
they were deve loped only d u r i n g the last 5 -10 years, apparent ly more 
t ime must pass before any complete , though obsolete, models w i l l be 
p u b l i s h e d . B y l ook ing between the l ines, however , w e can make some 
judgments as to the current state of the art. I t is also w e l l to keep i n 

98 
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5. W E E K M A N , J R . Industrial Process Models 99 

m i n d that those pieces a lready p u b l i s h e d are p r o b a b l y f rom earl ier 
versions of the current ly used m o d e l a n d that they do not represent the 
latest m o d e l that is actual ly be ing used i n the field. 

Selected academic contr ibutions , w h i c h i n this reviewer 's op in i on 
bear d i rec t ly on the current state of the art, were i n c l u d e d i n this rev iew. 
W i t h the emphasis on the present state, m a n y va luable academic con
tr ibut ions w h i c h m a y have a large impact on future generations of 
models were not inc luded . M o s t of the rev i ewed papers w e r e p u b l i s h e d 
w i t h i n the last three years, most since the last Internat ional React ion 
E n g i n e e r i n g S y m p o s i u m i n A m s t e r d a m . F i n a l l y , at the end of the rev iew, 
research areas w h i c h cou ld greatly improve the current state of the art 
are discussed. 

The Comptent Process Model 

It is important to remember w h a t the indust r ia l l y useful process 
m o d e l should contain. T h e complete process m o d e l ( a ) accounts for the 
effects of the f u l l range of process variables (e.g. pressure, flow rates, 
a n d temperature) on product yields a n d propert ies ; ( b ) a l lows p r e d i c 
t ion of the effect of a w i d e range of charge stock composi t ion on produc t 
yields a n d propert ies ; ( c ) predicts the effects of catalyst ag ing a n d of 
changes i n catalyst properties on act iv i ty a n d select ivity ; ( d ) encom
passes the effects of process variables on m i x i n g a n d on h y d r o d y n a m i c 
phenomena; a n d (e ) has been veri f ied b y extensive p i l o t p lant or c o m 
m e r c i a l tests. P r o d u c t properties are usual ly the most difficult to quant i fy 
i n terms of basic chemica l or phys i ca l phenomena. F o r example, the 
omnipotent octane n u m b e r i n the petro leum industry is diff icult to char 
acterize i n a basic sense. 

Idea l ly , the process variables should be l i n k e d to the yie lds a n d 
properties i n terms of fundamenta l phys io chemica l phenomena. I n prac 
t i ca l models it is not always possible to describe each effect i n its most 
fundamenta l f orm, a n d correlations i n v o l v i n g adjustable parameters are 
usual ly requ i red . Bas i c fundamenta l relationships for a l l variables m a y 
be expensive to ascertain, a n d Prater 's o p t i m u m sloppiness p r i n c i p l e ( J ) 
must be invoked . T h i s p r i n c i p l e is i l lustrated i n F i g u r e 1 w h e r e the 
fundamentalness of the m o d e l is p lo t ted vs. its usefulness a n d cost. T h e 
fundamentalness parameter has been roughly quanti f ied i n terms of the 
n u m b e r of phenomenolog i ca l laws d i v i d e d b y the n u m b e r of adjustable 
parameters. W h e n this rat io is zero, w e have a pure ly correlat ive m o d e l 
whereas, w h e n i t is inf inite , w e have a pure ly theoret ical m o d e l w h i c h 
contains no adjustable coefficients. W h i l e the correlative m o d e l is cheap, 
y o u get w h a t y o u p a y for, a n d its extrapolative properties are poor. O n 
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100 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 REVIEWS 

USEFULNESS 

COST 

NET VALUE 

0 
NUMBER OF PHENOMENOLOGICAL LAWS 

NUMBER OF ADJUSTABLE CONSTANTS 

INCREASINGLY FUNDAMENTAL -

Figure 1. Principle of optimum sloppiness 

the other h a n d , a pure ly theoret ical m o d e l that explains a l l phenomena 
m a y give accurate extrapolations but at an exorbitant development cost. 
T h u s , w e see that the net value w i l l p robab ly have an o p t i m u m some
what short of a l l phenomena be ing quanti f ied. I t is usua l ly best to keep 
the m o d e l as s imple as possible a n d to a d d only phenomena w h i c h con
tr ibute signif icantly to an understanding of the process var iab le behavior . 

T o re turn to our descr ipt ion of the complete process mode l , i t is 
c r i t i ca l that i t be able to pred ic t the product d i s t r ibut ion f r om the reac
t ion over the f u l l range of ant i c ipated charge stock composit ion. F e w 
i n d u s t r i a l processes have s ingle-component feedstocks, and , more often 
than not, a complex mixture must be reacted. It is very difficult to treat 
the react ion of each species, a n d b y necessity w e must l u m p species 
together k inet i ca l ly . A substantial par t of the r e v i e w is devoted to the 
state of the art of k inet i c l u m p i n g since i t is so v i t a l to most process 
models . 

T h e next c r i t i ca l attr ibute of our i n d u s t r i a l process m o d e l is the 
ab i l i t y to pred i c t the effects of catalyst ag ing a n d changes i n catalyst 
properties on act iv i ty a n d selectivity. O n c e w e k n o w the rate constants 
for a g iven react ion scheme, w e have the f u l l power of the m a n y tools 
of react ion engineering to a i d us i n design a n d operation. Unfor tunate ly , 
w e have f e w guidel ines for p r e d i c t i n g these rate constants f r o m the 
properties of the catalyst. A s a consequence, enormous sums of money 
are spent each year b y industry for rede termin ing k inet i c parameters 
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5. W E E K M A N , J R . Industrial Process Models 101 

after on ly smal l changes i n catalyst properties that result f r o m either 
ag ing or changes i n composit ion. 

A n o t h e r key part of our process m o d e l is the ab i l i ty to pred i c t the 
effect of process variables on m i x i n g a n d fluid d y n a m i c phenomena. I n 
this reviewer's experience, a significant por t ion of the difficulties encoun
tered i n a p p l y i n g i n d u s t r i a l models lies i n not f u l l y understanding these 
phenomena. T h u s changes i n temperature or flow rate can , i n t u r n , 
change m i x i n g patterns so as to alter the react ion greatly. F i n a l l y , our 
m o d e l should be veri f ied, at the very least i n extensive p i l o t p lant w o r k 
or, more desirably , i n large scale c ommerc ia l tests. O n l y b y such large 
scale testing can w e be sure that the m o d e l successfully predicts the 
scale-up of a l l the key phenomena. M a n y times such large scale testing 
leads to the discovery of prev ious ly unaccounted for phenomena. Indeed , 
important discoveries of c r i t i ca l phenomena were made b y the fa i lure of 
process models i n such tests. Prater (2) ca l l ed this the strategy of f a i l 
ure ; w h e n a p p l i e d alert ly , it can be h i g h l y useful i n sort ing out the 
c r i t i ca l behavior of the process reactor. 

Lumped Kinetics in Recent Process Models 

O n e of the key problems i n descr ib ing the kinetics of complex 
systems is h o w to l u m p the m a n y components so that the resultant 
l u m p e d kinetics describe the system behavior adequately . Some of the 
earliest theoret ical w o r k descr ib ing the nature of l u m p e d systems was 
b y A r i s a n d Gavalas ( 3 ) and A r i s (4). I n a comprehensive treatment, 
W e i a n d K u o ( 5 , 6) descr ibed the errors i n v o l v e d i n l u m p i n g mono-
molecular systems. A s a matter of pract i ca l i ty , most i n d u s t r i a l systems 
are strongly constrained to l u m p i n g those species w h i c h can be read i l y 
identi f ied. T h e r e is also strong incent ive to l u m p species i n terms of 
those that are the final products of the process. 

Catalytic Reforming. I n the area of the catalyt ic r e f o rming of 
petro leum naphthas, S m i t h (7 ) was one of the first to present l u m p e d 
kinetics . H i s react ion scheme treated aromatics, naphthenes, a n d 
paraffins as single components. E a c h l u m p e d species contained m a n y 
compounds w h i c h were very l i k e l y to have different react ion rates. I n 
spite of this , the kinetics were adequate to descr ibe the overa l l behavior 
of the reformers. Recent ly D o r o k h o v et al. (8 ) also successfully de
scr ibed reformer behavior us ing a modi f i cat ion of this scheme ( F i g u r e 
2 ) . Unfor tunate ly , this l u m p i n g is so coarse that i t is sometimes diff icult 
to describe the important properties of the system (e.g. oc tane) . H e r e 
the d i s t r ibut ion of compounds among the paraffins, naphthenes, a n d aro
matics becomes important . 

T h i s shortcoming was rect i f ied b y K m a k (9) w h o descr ibed a 
l u m p e d system for r e f o rming that contained 22 l u m p e d species. H i s bas ic 
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102 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 

Ρ < » W ' 6 > < » A 
3 

Cr Ν (β) 

Khimiya i Tekhnologiya Topliv i Masel 

Figure 2. Lumped kinetics of 
reformer behavior (8) 

Figure 3. Kinetic model reaction paths 
(9) 

l u m p i n g scheme is dep i c ted i n F i g u r e 3. W h i l e m a n y of the l ower 
molecu lar we ight species are pure components, b y the t ime one reaches 
the seven- a n d eight-carbon systems m a n y different species are contained 
w i t h i n each l u m p . O f course, such a system describes the overa l l chem
istry a n d properties m u c h more closely than the S m i t h mode l . K m a k 
was able to determine some of the rate constants independent ly a l though 
coup led fitting was r e q u i r e d for a significant n u m b e r of the constants. 
S u c h coup led fittings can distr ibute errors among the rate constants and 
makes hazardous extrapolat ion to regions not covered b y the data. F i g u r e 
4 is K m a k s comparison of the pred i c ted select ivity behavior w i t h the p i l o t 
p lant data. Increasing octane n u m b e r reflects increased severity of 
operat ion a n d indicates that the m o d e l adequate ly describes the compo-
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5. W E E K M A N , J R . Industrial Process Models 103 

s i t ion profiles for a n u m b e r of i n d i v i d u a l components. F i g u r e 5 compares 
the aromatics p red i c t i on w i t h numerous p i l o t p lant data. K m a k also 
compared the m o d e l w i t h c ommerc ia l data ; aga in there was a very good 

K m a k ' s process m o d e l contains a heat balance term w h i c h al lows 
pred i c t i on of temperature profiles i n the bed . These calculations are 
compared w i t h p i lo t p lant data i n F i g u r e 6 w h i c h reveals that the m o d e l 
adequately describes the temperature profile through the reactors. Tests 
of b o t h the heat a n d mass ba lanced equations are important i n any 
thorough test of the mode l . Unfor tunate ly , K m a k d i d not report his 
constants; however , one cou ld reconstruct t h e m w i t h sufficient exper i 
menta l data. 

W i t h this type of mode l , where a large n u m b e r of rate constants 
are be ing fitted, i t is extremely important that as m a n y rate constants as 
possible be determined independent ly f rom the data. T h e n u m b e r of 
rate constants w h i c h are fitted i n a coup led fashion should be m i n i m i z e d 
i n order to improve the pred i c t ing ab i l i ty of the mode l , p a r t i c u l a r l y i n 
the reg ion outside the range of the exper imental data. 

fit. 

im/P/OTVT A R A M C O - B R E G A MIX, 2 5 0 PSIG. 9 8 0 * F INLETS. 4 M S C F / B 

2 0 I T O L U E N E " 1 

2 0 - 0 

LINES = PREDICTIONS 

1 0 
iP, 

54 6 0 7 0 8 0 8 5 9 0 9 5 97 

C5+ R E S E A R C H OCTANE, CLEAR 

Figure 4. Pilot plant data and component pro
file predictions of selectivity behavior (9) 
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104 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 

Hydrocracking Process Model. H y d r o c r a c k i n g of pe t ro leum frac
tions is effected i n order to reduce the molecular w e i g h t of a charge 
stock as w e l l as to remove sul fur a n d other contaminants. T h e b o i l i n g 
range is usua l ly considerably h igher t h a n w i t h r e f o rming—approx imate ly 
2 2 1 ° - 4 8 2 ° C ( 4 3 0 ° - 9 0 0 ° F ) . Because of the more complex molecu lar 
structures present, i t is m u c h more diff icult to ident i fy as m a n y i n d i v i d u a l 
components as i n reformers. A s a result , one is forced to l u m p the i n d i 
v i d u a l constituents into m u c h larger classes than i n re forming . 

Zj 1 5 

O B S E R V E D Y I E L D S , LV % ON F E E D 

Figure 5. Pilot plant data and predictions of aromatic yields (9) 

O n e approach b y Stangeland (JO) uses s m a l l b o i l i n g range frac
tions as the l u m p e d components. I n F i g u r e 7 he plots the d i s t r ibut ion 
of charge stock w i t h b o i l i n g range for the discreet components chosen. 
E x p e r i m e n t a l data on the who le charge stock a n d the disappearance of 
the i n d i v i d u a l fractions were p lo t ted i n a first-order fashion ( F i g u r e 8 ) . 
T h e rate constants obta ined i n this fashion were then correlated b y the 
re lat ionship 
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5. W E E K M A N , J R . Industrial Process Models 105 

k(T) =k0T + A(Ta - T) (1) 

where the constants k0 a n d A are adjustable parameters w h i c h were 
determined f r om the exper imental data. T h e re lat ionship of A a n d k0 is 
dep i c ted i n F i g u r e 9. Parameter A changes s l ight ly w i t h charge stock 
( F i g u r e 10) . O t h e r s imi lar parameters ( B a n d C ) used for the select ivity 
behavior , change at a greater rate w i t h the paraffin concentrat ion of the 
feed. 

A l l the adjustable parameters w i l l , of course, be strong functions of 
the par t i cu lar catalyst used. Stangeland c o m p a r e d his predict ions w i t h 

1 6 0 / 3 5 0 E F V T G U L F C O A S T F E E D A T 1 0 1 RON C L E A R 

P E R C E N T O F T O T A L C A T A L Y S T 

Figure 6. Pilot phnt data and predictions of 
adiabatic reactor temperatures (9) 

0 200 400 600 800 1000 

Τ Β Ρ F 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 7. Description of a feedstock as discrete 
components (10) 
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106 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 REVIEWS 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 8. Correlation of first-order rate 
constant with model residence time (10) 

500 1000 
Τ Β Ρ , °F 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 9. Cracking rate func
tion (10) 

data over a w i d e range of b o i l i n g ranges a n d conversions ( F i g u r e 11 ) ; 
for the par t i cu lar charge stock a n d catalyst used , the m o d e l gave a 
good representation of the p i l o t p lant data. F i g u r e 12 is Stangeland's 
comparison of the m o d e l predict ions w i t h the jet f u e l y ie lds f r o m a 
c o m m e r c i a l two-stage hydrocracker ; again the m a t c h between the c o m 
m e r c i a l data a n d the predict ions of the process m o d e l is v e r y good. 
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5. W E E K M A N , J R . Industrial Process Models 107 

Whereas the m o d e l is based on a k inet i c f ramework , the correlations of 
the rate constants are not based on any fundamenta l phenomena. F o r 
this reason, considerable caut ion is r e q u i r e d w h e n this m o d e l is extrapo
la ted into composit ions of charge stock w h i c h w e r e not i n c l u d e d i n the 
or ig ina l exper imental program. 

Catalytic Cracking Models. T h e catalyt ic c rack ing of petro leum 
fractions uses a feedstock w h i c h is as complex as that used for h y d r o -

il ι ι ι ι ι 
0 10 20 30 40 50 

P a r a f f i n s in Feed, Vol % 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 10. The dependence of model pa
rameters on feed and catalyst type (10) 

0I I I I I I I I I I I 
0 10 20 30 40 50 60 70 80 90 100 

Yield of C4
 + . Wt % 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 11. Measured and predicted 
yields for through hydrocracking (10) 
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20 30 40 50 60 70 80 90 

S e c o n d - S t a g e C o n v e r s i o n , X 2 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 12. Predicted and measured jet 
yields from a two-stage hydrocracker show
ing the effect of conversion levels (10). Solid 
symbols indicate data; the jet yield is in 
parentheses; contour lines represent model 

predictions. 

crack ing . W e e k m a n a n d co-workers (11, 12) descr ibed the kinetics of 
cata lyt i c c rack ing i n terms of the three - lump system d i a g r a m m e d be low. 

charge 

/ \ 
gasoline —> coke + l ight gases 

H e r e the charge stock is i n c l u d e d i n one l u m p w i t h the major products 
const i tut ing the other two lumps . W o j c i e c h o w s k i a n d co-workers (13, 
14) also used the same l u m p i n g scheme. T h e t w o k inet i c re la t ion 
ships descr ib ing the conversion of the charge stock are g iven i n E q u a t i o n 
2 ( W e e k m a n , et al.) a n d i n E q u a t i o n 3 ( W o j c i e c h o w s k i , et al.) for an 
isothermal fixed b e d reactor. 

XA = (2) 
tn + l 

where K 0 = react ion rate parameter , η = decay parameter ( Ν i n E q u a 
t i on 3 ) , t = catalyst exposure t ime, a n d S = space veloc i ty . 

S( 
KQ ΓΧΑ / 1 + € A * A \ 1 + W j y 

i + ot)'*-Jo V T ^ r J λ 
(3) 
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5. W E E K M A N , J R . Industrial Process Models 109 

T h e key difference i n the two approaches is the two add i t i ona l parame
ters i n Wojc iechowski ' s equat ion : G represents an add i t i ona l decay p a 
rameter, the other a charge stock refractoriness factor (W). W h i l e E q u a 
t ion 3 m a y give a s l ight ly better fit to exper imental data, this is expected 
since more fitted parameters are used. W h e n a l l four parameters are 
fitted together, errors m a y be d is t r ibuted among the parameters so as to 
make extrapolat ion hazardous. 

O 10 2 0 3 0 

S P A C E V E L O C I T Y , W T / ( W T ) ( H R ) 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 13. Conversions for different 
charge stocks (15) (solid line: Equation 7, 

rate constants Table IV in Ref. 15) 

W e e k m a n a n d N a c e (12) used a m o v i n g b e d reactor w h i c h enabled 
them to measure independent ly the react ion rate a n d the decay. T h i s 
paper also presented k inet i c equations w h i c h a l l o w p r e d i c t i o n of the 
gasoline y i e l d . F i g u r e 13 depicts a t y p i c a l fit of the m o d e l to a w i d e 
range of charge stocks. A s i n the Stangeland m o d e l ( 1 0 ) , the rate con 
stants are strong functions of b o t h the charge stock a n d the catalyst. 
F i g u r e 14 is an example of corre lat ion of the rate constants i n terms o f 
the aromatic-to-naphthene rat io [Nace et al. (15, 1 6 ) ] . Surpr is ing ly , a l l 
v i r g i n stocks h a d a s imi lar corre lat ion whereas materials that h a d been 
reacted previous ly , either b y t h e r m a l c o k i n g or cata lyt i c c rack ing , d i f 
fered marked ly . T h i s is also i l lus t rated i n F i g u r e 15 w h e r e either the 
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100 

70 
900 °F 900 °F 900 °F 

oq, o. 
», ο 

I Vc32 

Δ 
A37 A37 A37 

0.1 0.2 0.3 0.5 0.7 1.0 2.0 3.0 5.0 10.0 
AROMATIC TO NAPHTHENE WT RATIO 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 14. Relationship between gasoline for
mation rate constant and aromatic-to-naphthene 

ratio (16) 
100, , 

31 1— 1 1 1 I I 1 I 1 I I • ' • ' 

0.1 1.0 H 

A/M 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 15. Plot of log K0 vs. log A/N (17). 
O , MCGO; •, MCGO + 0.1 wt % quino-
line; and Δ , FCC fresh feed and combined 

feeds. 

add i t i on of basic n i t rogen as qu ino l ine or the add i t i on of recycle mater ia l 
causes a dev iat ion f r om the v i r g i n gas o i l correlat ion [ V o l t z et ah ( 1 7 ) ] . 
Since the v i r g i n gas oils were der ived f r o m a var iety of petro leum sources, 
the correlat ion indicates s imi lar i ty i n the format ion processes of petro
l e u m f rom different areas. T h u s the aromat i c /naphthene rat io is suffi
c ient to p i n d o w n the par t i cu lar d i s t r ibut ion of compounds w h i c h gives 
a certain l u m p e d c rack ing rate. F i g u r e 16 shows that the decay ve loc i ty 
constant also correlates w e l l w i t h the aromatics-to-naphthene ratio . 

I n the der ivat ion of the k inet i c equations, catalyst decay was re lated 
solely to catalyst residence t ime. H o w e v e r , since Voorh ies (18) demon-
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5. W E E K M A N , J R . Industrial Process Models 111 

strated that coke format ion is strongly dependent on catalyst residence 
t ime, i t is not at a l l surpr is ing that a strong correlat ion exists (see F i g u r e 
17) between the catalyst decay ve loc i ty a n d the coke on catalyst. T h i s 
finding contradicts that of W o j c i e c h o w s k i a n d co-workers (14) w h e n 
they used a m u c h smaller range of charge stock composi t ion than that 
used b y N a c e et al. (15). T h e Voorhies re lat ionship predicts that coke 
w i l l be a funct ion only of t ime on-stream a n d that i t is independent of 
such parameters as conversion a n d space veloc ity . T h i s re lat ionship i m 
plies that the charge stock makes coke at about the same rate as the 
products . I n Wojc iechowski ' s recent work , the aromatics w e r e r emoved 

"* 100 

| \ o 

§ 5 0 

υ 
>-
t 30 S 20 
> 

υ 
ω ιο 
° 0.1 0.2 0.3 0.5 0.7 1.0 2.0 3.0 5.0 10.0 

AROMATIC TO NAPHTHENE WT RATIO 

90 0°F 

< 

• j-υ· 

/ Y 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 16. Relationship between catalyst de
cay constant and aromatic-to-naphthene ratio 

(16) 

•β 30 

900 °F 

/0 

° / ° 
° / o 
8/ 

ο 

< 

ο / 

To 

Jo 

0 0.5 1.0 1.5 
CATALYST COKE.WTX AFTER 5 MIN ON-STREAM 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 17. Decay velocity con
stant vs. catalyst coke (16) 
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MOLECULAR REACTIONS 
PARAFFINS C i 6 H 3 4 + H 2 2 C 8 H i 8 Δ Η < 0 

OLEFINS C16H32 + H2 C 1 6 H 3 4 Δ Η < 0 

NAPHTHENES + H2 Q C4H9 Δ Η < 0 

AROMATICS - 2 H 2 CtY} ΔΗ<° 
BOND REACTIONS 

SATURATE a BONDS [C-C] +H2 

OLEFIN π BONDS [C = C]'+H2 

AROMATIC π BONDS [C = C] + H2 — 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 18. Proposed bond reaction schemes (19) 

f r o m the charge stock; consequently cok ing of charge a n d of reactants 
were no longer equal . U n d e r these condit ions, a coke profi le c o u l d be 
present i n the fixed bed , a n d this c ou ld exp la in the different findings. 

Hydrogenolysis Reactions. Jaffe (19) recent ly proposed a nove l 
scheme for l u m p i n g hydrogenolysis reactions i n order to pred i c t the 
overa l l heat release. H e noted that, a l though the heat released b y a d d i n g 
hydrogen to olefins, aromatics, c racked paraffins, a n d naphthenes is qu i te 
different, the value w i t h i n each class is qui te s imi lar . I n F i g u r e 1 8 are 
Jaffe's proposed b o n d react ion schemes i n v o l v i n g saturation of σ bonds 
a n d olefin π bonds as w e l l as aromatic π bonds. F i g u r e 1 9 presents the 
equivalent k inet i c scheme for creat ing a n d destroying these bonds. T h u s 
w h e n an aromatic π b o n d is saturated, σ bonds are created; however , 
w h e n paraffins crack a n d subsequently hydrogenate , σ bonds are de
stroyed. T h e resul t ing k inet i c equations are l is ted w i t h the four r e q u i r e d 
rate constants that were determined b y fitting f r om exper imental data. 

O f course, any l u m p i n g scheme must be accompanied b y a te ch 
n ique to measure the lumps . F igures 2 0 a n d 2 1 demonstrate that the 
b o n d concentrations m a y be determined d irect ly b y standard test p r o 
cedures. ( R a a n d R a S represent the aromatic a n d saturated r ings , r e 
spectively. ) O n determin ing the rate constants, Jaffe f o u n d that one set 
was sufficient to describe three fa i r ly divergent charge stocks. I n F i g u r e 
2 2 are p lo t ted the aromatic π b o n d concentrations as pred i c ted a n d as 
observed experimental ly . T h e kinet i c scheme adequately describes the 
exper imental behavior over the three- fo ld range of concentration. 

H y d r o g e n consumpt ion is also pred i c ted d i rec t ly b y the kinet ics ; 
p red i c ted a n d observed values over a very w i d e range of h y d r o g e n 
consumpt ion are p lo t ted i n F i g u r e 2 3 . T h i s range covers processes f r o m 
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5. W E E K M A N , J R . Industrial Process Models 113 

[ C - C ] + H 2 A [C-C] 

[C = C]' + H2 [C-C] 

[C-C] + H 2
 k 4 -

d J S ^ l - - h i [ C - C ] + ~ [ C - C ] 

^ l ' = - k 3 [ C = C]' 

d [°Γ°1 =-[k2 + k 4 ] [C-C] + A ki [C = G] + k3 [C = C]' 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 19. Kinetic scheme (19) 

PARAFFINS 

TOTAL CARBON-CARBON BONDS = y2[4C - H] 
1 

- ç -

C-C = ft[4C - H] - 2 C=C - 3 C=C - [Ra - Ras] 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 20. Experimental determination of bond 
concentrations (19) 

m i l d hydrotreat ing a n d desul fur izat ion u p to deep hydrocrack ing . A s i n 
a l l the indus t r ia l models descr ibed so far, these rate constants are 
strongly dependent on the nature of the catalyst. A l t h o u g h the rate 
constants seem adequate for descr ib ing the three different charge stocks, 
any large extrapolat ion b e y o n d these par t i cu lar stocks c ou ld be 
hazardous. 

Theoretical Analysis of Lumping 

O n e of the first comprehensive theoret ica l analyses of l u m p e d 
systems was b y W e i a n d K u o ( 5 , 6). F o r monomolecu lar systems they 
deve loped a cr i ter ion for exact l u m p a b i l i t y ; that is , they were able to 
determine w h i c h lumps w o u l d describe precisely the behavior of the 
u n d e r l y i n g u n l u m p e d react ion system. I n add i t i on , they descr ibed the 
errors that w o u l d result f r om inexact l u m p i n g . Unfor tunate ly , i n order 

Δ Η = - 1 5 

Δ Η = - 3 0 

Δ Η = - 1 0 

kcal 
mole H2 

kcal 
mole H2 

kcal 
mole H2 
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OLEFINS 

R R = R L , _ Ρ /BROMINEN moles 
L U L J " 1 5 . 9 8 \ N U M B E R ) liter 

AROMATICS 

[Ί · H i |Cal moles 
[C - C] - %p L~T2~J Lc"J "ΪϊϊβΤ" N " D - M M E T H O D 

[C = C ] = [ $ % C a i ] ~ ~ r S M A S S S P E C T R O M E T E R 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 21. Experimental determination of bond 
concentrations (19) 

to u t i l i z e the analysis, one must k n o w the u n d e r l y i n g system, the a v o i d 
ance of w h i c h is the goal of l u m p i n g i n the first p lace . O z a w a (20) 
recent ly extended this earl ier w o r k a n d p r o v i d e d cr i ter ia for l u m p i n g 
that are based on finding a nonvanish ing eigenvector. Luss a n d H u t c h 
inson (21) descr ibed the behavior of l u m p e d systems of p a r a l l e l first-
order reactions, a n d they ana lyzed the possible errors i n such l u m p e d 
systems. G o l i k e r i a n d L u s s (22) s tud ied the di f fusional p r o b l e m for 
l u m p e d systems of para l l e l first-order reactions. F i g u r e 24 is the result 
of their analysis for spher i ca l catalyst partic les where d represents the 
dispersion of the l u m p e d system a n d is the ratio of the variance of the 
T h i e l e modulus for the l u m p e d system to the average T h i e l e modulus . 

0 500 1000 1500 
C=C OBSERVED SCF/BBL 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 22. Fit to saturation data (19) 
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0 1000 2000 3000 4000 
H 2 CONSUMPTION OBSERVED SCF/BBL 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 23. Fit to H2 consumption data (19) 

^6 = 0 
v . 0 . 2 5 

0.5 '^^ SV 
SPHERICAL PELLET 

. GAMMA DISTRIBUTION 
OF THIELE MODULUS 

1 1 L 1 W \ 
0.1 0.5 1.0 5.0 10 50 

< Ψ > - Μ Ε Α Ν THIELE MODULUS 

Chemical Engineering Science 

Figure 24. Mean effectiveness 
factor for first-order reactions in

side a spherical pellet (22) 

T h u s , for a single component or a system where a l l rate constants are 
ident i ca l , d w o u l d be equa l to zero. 

M o r e recently, G o l i k e r i a n d L u s s (23) represented m a n y coupled , 
i rrevers ible , consecutive, first-order reactions as a l u m p e d ternary system. 
T h e y f o u n d that the k inet i c parameters as w e l l as the func t i ona l f o r m 
of the rate expression m a y depend on the choice of lumps as w e l l as on 
the overa l l feed composit ion. T h i s demonstrates that one must use great 
caut ion w h e n extrapolat ing l u m p e d systems to feed composit ions outside 
those used i n the o r ig ina l study. I n an even more f r ighten ing example 
of the problems of l u m p i n g , these same authors (24) reported the changes 
i n apparent act ivat ion energy w h i c h m a y occur i n systems that conta in 
p a r a l l e l n t h order reactions. F i g u r e 25 i l lustrates the effect o n act ivat ion 
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CONVERSION OF GROUPED SPECIES 
AlChE Journal 

Figure 25. E'—the activation energy of the grouped 
species at various temperatures and conversion levels (24) 

^ ^ - ^ 9 5 % CONVERSION 

^ 6 5 % \ ^ _ _ 
" ~55% 

- ^ ^ ^ 45% 

ιοοο/τ [ κ β ' ' ] 

AlChE Journal 

Figure 26. E'—the activation energy 
of the grouped species at various tem
peratures and conversion levels (24) 

energy of conversion of the l u m p e d species. I f w e h a d chosen 620°K as 
our react ion temperature , w e w o u l d have f o u n d l i t t le change i n act ivat ion 
energy w i t h conversion a n d possibly w o u l d have been conv inced that w e 
h a d an excellent l u m p i n g scheme. H o w e v e r , h a d w e chosen 460°K, a 
large change i n act ivat ion energy w o u l d have occurred w i t h conversion. 
A n o t h e r v i e w of this phenomenon is dep i c ted i n F i g u r e 26 w h e r e the 
act ivat ion energy is p lo t ted vs. temperature. T h u s , h a d w e chosen a 
conversion l eve l of 5 5 % a n d then v a r i e d react ion temperature , w e w o u l d 
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5. W E E K M A N , J R . Industrial Process Models 117 

have f o u n d an act ivat ion energy w h i c h gave a classic A r r h e n i u s plot . 
H o w e v e r , h a d w e gone to substantial ly l ower or h i g h conversions, w e 
w o u l d have f ound that the act ivat ion energy changed substantial ly w i t h 
temperature. A g a i n , the lesson is qu i te c l ear—that extrapolat ing l u m p e d 
systems into regions where data are not avai lab le can be extremely 
dangerous. Because significant dangers have a lready been exposed i n this 
area, add i t i ona l research w o r k is v i t a l i n order to out l ine further the 
pit fal ls a n d the degree of error w h i c h occur i n l u m p i n g complex react ion 
systemi . 

II0| I I I I I I I I I I 

5 0| I ι ι ι ι ι ι 1 1 1 1 
BULK ί ο 0-8 0.6 0.4 0.2 0 

RADIAL POSITION, Γ/α 

AlChE Journal 

Figure 27. Measured internal and ex
ternal profiles for PeUet 1 with feed tem
perature of 52°C (25). Profiles as a func
tion of (a) flow rate for feed composition 
of —10% C6H6; (b) feed composition at 
high flow, 15 liters/min; and (c) feed 
composition at intermediate flow, 10 

liters/min. 

Experimental Confirmation of Internal Heat and 
Mass Transfer Limitation 

I n a n excellent exper imental study, K e h o e a n d B u t t (25) used a 
careful ly instrumented catalyst sphere to study i n t e r n a l heat transfer. 
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Figure 28. Predicted and observed 
profiles for Pellet 1 (TF = 26° and 
52°C) (25). (a) Typical fit to data at 
26°C; (b) fit to feed flow change; (c) 
fit to feed concentration change; and 
(d) fit to anomalous profile at high 

reaction rates. 

Some of their measurements for the n i cke l - ca ta lyzed hydrogénation of 
benzene are p lo t ted i n F i g u r e 27. N o t on ly the interna l temperature 
rise, b u t also the temperature rise across the film can be observed. T h e i r 
observed profiles agree w e l l w i t h those pred i c ted b y theory ( F i g u r e 28 ). 
F i n a l l y , there was good agreement between their exper imental ly deter
m i n e d effectiveness factor a n d that pred i c ted theort ical ly ( F i g u r e 29 ) . 

U s i n g a s imi lar technique , K o h a n d H u g h e s (26) measured in terna l 
temperature profiles i n a catalyst pel let under fresh conditions a n d w i t h 
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AlChE Journal 

Figure 29. Summary of meas
ured and calculated effectiveness 

factors for all runs (25) 

AlChE Journal 

Figure 30. Intraparticle tempera
ture profiles for active and poisoned 
pellet (26). O : Active pellet, 24% 
C2Hh, flow — 21 cm3/sec, T i w i i = 
20°C; Δ : poisoned pellet, 20.7% 
C2HU, flow = 20 cm3/sec, Tinit = 

54°C. 
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120 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 REVIEWS 

a pel let w h i c h h a d been poisoned. T h e po isoning resulted i n a b a n d of 
nonact ive catalyst near the surface ( F i g u r e 3 0 ) . I n this reg ion , the 
temperature rises l inear ly to the active reg ion inside. T h e react ion 
s tudied was the hydrogénation of ethylene over n i c k e l on s i l i ca a l u m i n a 
catalyst ; traces of oxygen acted as the poison. 

I n another exper imental s tudy W a n g a n d W e n (27) tested the u n -
reacted s h r i n k i n g core m o d e l where an ash layer provides the contro l l ing 
mass transfer resistance. I n F i g u r e 31 are p lo t ted their measurements 
that were obta ined w i t h fire-clay spheres impregnated w i t h carbon. T h e 
unsteady state m o d e l appears to give an excellent representation of the 
exper imental data a l though the pseudo-steady state version is adequate 
except at the extremes of conversion. 

Testing of Fluid Bed Models 

A n exper imental invest igat ion of the merits of exist ing two-phase 
fluid b e d models was conducted b y S h a w et al. (28). T h e i r exper imental 
system was the hydrogenolysis of n o r m a l butane over a n i c k e l - s i l i c a 
catalyst i n an 8- in. d iameter fluidized b e d p i l o t p lant . T h e authors 
l i s ted the models tested ( F i g u r e 32) i n order of increasing computer 
t ime w h i c h presumably is close to their r a n k i n g i n terms of complexity . 

AlChE Journal 

Figure 31. Experimental and cal
culated surface rate-conversion 

curves (27) 
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MODEL UPFLOW 
PHASE 

ORCUTT ET. AL. Β 

KATO & WEN QLC 

KATO L WEN(MODIF) B&C&W 

ORCUTT ET.AL. Β 

PARTRIDGE & ROWE B&C 

KUNII & LEVE NSPIEL B&C&W 

DENSE 
PHASE 

PERF. MIX. 

U0= 0. 
DEAD S P A C E 

WITH 
I N T E R C H A N G E 

BUBBLES 

Q D B CONST. 

Ο D B = F C H ) 

0 DB = F(H) 

PLUG FLOW Ο DB CONST. 

PLUG FLOW ο = F(H) 

PLUG FLOW 
UP OR DOWN ο DB 

CONST. 

Canadian Journal of Chemical Engineering 

Figure 32. Summary of existing two-phase models 
(28). B, bubble void; C, cloud overlap; and W, 

wake. 

A separate fixed b e d reactor was used to determine intr ins i c k ine t i c 
rates, a n d these values were then a p p l i e d to a l l models (see F i g u r e 3 3 ) . 
A l l models , w i t h poss ib ly one exception, gave surpr is ing ly s imi lar p r e 
dictions of conversion as w e l l as selectivity. I n a hea l thy d i sp lay of 
candor, the authors then demonstrated that a l l the models dev iated sub
stantial ly f r om the exper imental results obta ined w i t h their p i l o t p lant . 
Rather than ca l l ing d o w n a p lague on a l l the models , they f o u n d that 
one of their rate constants c ou ld be adjusted to fit the fluidized b e d data . 
W h i l e this brought the models into l ine w i t h exper imental data , i t leaves 
one w i t h an uneasy fee l ing about the scale-up f r o m the fixed b e d to the 
fluidized bed . F i g u r e 34 is a comparison of the simplest m o d e l of 
O r c u t t et al. (29) w i t h one of the more complex models proposed b y 
K a t o a n d W e n (30). I t is interest ing that the more complex b u b b l e 
c l o u d a n d w a k e m o d e l does not appear to be apprec iab ly more accurate 
than the m u c h s impler O r c u t t C S T R mode l . S u c h work , s tudy ing the 

Bubble Diameter DB = 
Gas Interchange F„ = 
Catalyst Activity 3.6 

10. 
n./DB 

Models 

Conversion of 

Butane 

Selectivities 

Models 

Conversion of 

Butane c, c 2 c 3 

Orcttil et. β/.(7) 
C.S.T.R. 53.3 2.01 0.353 0.427 
P.F.T.R. 55.3 2.01 0.352 0.428 
C.S.T.R. U 0 = 0 52.2 2.03 0.356 0.421 
Partridge & RowtW 55.5 1.96 0.337 0.457 
Kato & WenW 51.0 2.00 0.348 0.435 
Wake-Bubble Mixed 57.5 1.93 0.329 Ό.471 
Assume C.S.T.R. 

Uo = o Wake-Bubble Mixed 53.7 1.85 0.308 0.511 
Wake-Emulsion Mixed 52.9 1.95 0.334 0.461 

Experimental Results 48.8 1 2.51 0.302 0.332 

Canadian Journal of Chemical Engineering 

Figure 33. Comparison of various flu
idized bed models (28) 
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ORCUTT C.S.T.R. MODEL KATO AND WEN MODEL 

EXPERIMENTAL CONVERSION 

Canadian Journal of Chemical Engineering 

Figure 34. Observed vs. predicted conversion—comparison 
of the Orcutt model with the Kato and Wen model (28) 

effectiveness of various exist ing models , seems to be a more f r u i t f u l 
exercise than the pro l i ferat ion of add i t i ona l models. 

Ammonia Synthesis Kinetics 

W e have l ong been accustomed to us ing computers to solve a m o d e l 
that describes a par t i cu lar react ion. Recent ly Ferrar i s et al. ( 31 ) used a 
computer to generate models w h i c h c o u l d then be tested against the 
data. U s i n g the a m m o n i a synthesis react ion , they generated 23 different 
models for descr ib ing the rate of a m m o n i a format ion . O f these rate 
expressions, 21 fit the data almost equal ly w e l l w h i l e one was signi f i 
cant ly better than the others a n d one was signif icantly worse. Interest
ing ly , the superior rate expression is one w h i c h d i d not appear prev ious ly 
i n the l i terature. Since each rate expression represents an ent ire ly d i f 
ferent mechanism, i t is again abundant ly clear that to determine mecha 
n i s m f rom the fit of a rate expression is extremely hazardous. F igures 
35 a n d 36 present examples of some of the rate expressions used b y the 
authors. Since the M S E is the mean squared error w i t h p2 a correlat ion 
coefficient a n d Ε the average error, the fits for these w i d e l y divergent 
models are essentially equal . I t is also clear that each rate expression 
has signif icantly different extrapolat ion properties. T h u s , even w i t h the 
heav i ly researched a m m o n i a synthesis react ion, w e must use care w h e n 
extrapolat ing the rate results b e y o n d the bounds of our measurements. 

Transport Reactors 

A rather heroic example of a process m o d e l is that of a commerc ia l 
k i l n for the ca lc inat ion of a m m o n i u m a l u m i n u m sulfate to a l u m i n u m 
oxide deve loped b y M a n i t i u s et al. ( 32 ) . E l e v e n separate species are 
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Ν Model M S E P~ E7r A Β 

7 
α Ν 2 α Η ; - al„Ja2„2K2 

3-93 x 10 4 0-988 8-46 1 090260 8766-94 

8 aN2aH2 - C Î N H j / û H ; ^ 2 

C , a N 2 + C 2 a N H , 
3-73 x 10 4 0-988 8 02 

- 6 - 5 3 9 7 4 0 
0-969128 

9667-27 
8720-94 

9 
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H2K2 

4 0 1 x 10 4 0-989 7-82 
- 13-656600 
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0-971862 

124426 00 
9060-79 
8770-46 

Γ Ί 2 

1-720570 8485-22 
10 Γ Ί 2 

— 1 - 8 3 x 1 0 4 0-995 6-22 0-587183 10287-40 

C , + C \ a N „ , + C \ [^J 2-450150 5242-41 

Chemical Engineering Science 

Figure 35. Models for rate expressions (31) 

Ν Model M S E P? E% A Β 

11 
« Ν , ΰ Η , - ' Α Ν Η , / Κ ' 

1 -81 x 10 4 0-995 7-42 
7-62644 

- 1 - 3 1 5 4 3 

- 0 - 2 9 2 8 1 

7687-60 
10259-80 

5239-81 

12 
aN2a\2- a2

N„JK2 

C , Î 1 N , + C 2 a 2
N H ( + C \ a N ; 

— 1 - 9 5 x 1 0 4 0-995 7-39 
7-63237 

- 1-32913 
7752-72 

10253-70 

13 
Î I N J Û . V - U N I J K 3 

1 - 9 3 x 1 0 4 0-995 7-57 
7-51443 

- 1 - 5 6 2 2 2 
7305-49 

11165 00 
Î I N J Û . V - U N I J K 3 

4-23073 8840-64 

14 αΝ :αι\? - Î I N I I , / K ; 

1 - 9 5 x 1 0 4 

N : Û N H , 
0-995 7-40 

7-60826 
- 1 - 3 4 9 3 1 

3-44699 

7624 06 
10229-60 
11465-10 

Chemical Engineering Science 

Figure 36. Modeh for rate expressions (31) 

f o l l owed i n the k i l n a long w i t h the re lated heat balance equations. 
F i g u r e 37 reveals that the computed gas temperature agrees f a i r l y w e l l 
w i t h that measured i n the commerc ia l k i l n . T h e outer w a l l temperature, 
however , d i d not agree quite as w e l l ( F i g u r e 38 ) . W h i l e the s imulat ion 
describes the general shape of the w a l l temperature, because of the 
chokes p laced on the w a l l some flow nonuni formi ty is obviously occur
r i n g . T h e s imulat ion cou ld be checked more accurately i f composi t ional 
data were avai lable at intermediate points i n the k i l n to ver i fy mass 
balance equations. It is always more comfort ing to check b o t h the heat 
a n d the mass ba lanc ing equations independent ly . 

T h e performance of a riser or transport reactor was s tud ied b y 
Prat t (33). T h i s is an increasingly important type i n w h i c h the catalyst 
is t ransported through the reactor b y the gaseous react ing system. T h e y 
are usual ly large ver t i ca l p ipes ; hence the name riser reactor. Since they 
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124 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 REVIEWS 

are used almost universa l ly i n the catalyt ic c rack ing of petro leum oils, 
they represent the largest of a l l classes of reactors i n terms of throughput . 
Pra t t character ized their per formance i n terms of three dimensionless 
groups (see F i g u r e 39 ) . T h e M group is the ratio of part i c le residence 
t ime to intrapart i c le di f fusion t ime a n d thus represents h o w m a n y di f fu
s ion t ime constants a g iven part i c le spends i n the reactor. T h e Ρ group 
describes the s l ip of the catalyst relat ive to the gas a n d thus represents a 
dimensionless catalyst concentration, φ is the f a m i l i a r T h i e l e modulus 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 37. Comparison of computed and experimental gas temperature pro
files, and computed wall and material temperatures for kiln with chokes (32) 

w h i c h accounts for dif fusion w i t h i n the catalyst partic les . Prat t presented 
a series of per formance charts, one of w h i c h is reproduced as F i g u r e 40; 
conversion increases w i t h increasing M a n d also w i t h P . Riser reactors 
are par t i cu lar ly attractive for catalyst systems that use a h i g h l y active 
yet r a p i d l y decay ing catalyst. T h e m a i n diff iculty w i t h such systems is 
the flow patterns that are i n d u c e d b y the separate in t roduct i on of catalyst 
a n d reactant. T h e interest ing flow patterns that can occur i n such reactors 
were reported earl ier b y Saxton a n d W o r l e y (34). M u c h more w o r k is 
necessary to describe the flow behavior i n riser reactors as w e l l as i n 
those that use a h igher catalyst concentrat ion (e.g. the choked risers or 
fast fluid b e d s ) . 
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'C 

in 

Industrial and Engineering Chemistry, 
Process Design and Development 

Figure 38. Process model of a commercial kiln (32). Computed and 
experimental outer wall temperature profiles (top); and hypothetical 
shape of the material bed (thin layer, fast motion) in the rotary kiln 

with chokes (bottom). 

M = J ^ , (.9) 

(20) 

(21) 

Chemical Engineering Science 

Figure 39. Three dimensionless 
groups that characterize the per
formance of a riser reactor (33) 
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Conv 

Chemical Engineering Science 

Figure 40. Conversion as a function 
of the parameter M for various values 

of Ρ with φ2 = 1 (33) 

•h ιο 

OPERATING 
POINTS 

-TRANSITION R E G I M E 

P U L S I N G REGIME 

Ο 5 10 15 2 0 25 3 0 

G X , LB H 2 0 / ( H R ) ( F T ) 2 1000 

AlChE Journal 

Figure 41. Flow regimes ob
served by Wulfert (36) 

Gas—Liquid Flow in "Packed Beds 

A thorough rev iew of t r i ck le bed reactors is presented i n this v o l u m e 
b y Satterfield ( 3 5 ) ; therefore, this r ev i ew w i l l concentrate on flow rates 
h igher than those used i n t r i ck le flow. Be imesch a n d Kessler (36) 
m a p p e d the various regimes of flow observed i n past work . I n F i g u r e 41, 
the major flow regimes are p lo t ted i n terms of the l i q u i d a n d gas loadings 
i n p a c k e d reactors; the pu l s ing reg ime is dominant at h igher gas a n d 
l i q u i d rates. M o r e recently , Sato et al. (37) p u b l i s h e d a s l ight ly more 
deta i led m a p of observed flow regimes ( F i g u r e 42 ) . T h e p r i m a r y d i f 
ference between the two diagrams is the re labe l ing of the l i q u i d c on t inu 
ous reg ime as dispersed b u b b l e flow. 
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5. W E E K M A N , J R . Industrial Process Models 127 

O f key importance is the trans i t ion f rom the gas continuous to the 
pu l s ing or l i q u i d continuous regime. S u c h transit ion can occur w h e n a 
laboratory reactor is scaled u p to p i lo t p lant or commerc ia l size. A s w e 
increase the length-to-diameter rat io , as is t y p i c a l w i t h the larger reactors, 
the re lat ive l i q u i d a n d gas loadings increase at constant space veloc i ty . 
T h u s , whereas the laboratory reactor m a y be i n the gas continuous region, 
the p i l o t p lant or c ommerc ia l reactor may be i n the pu l s ing regime. U n 
fortunately , very few, i f any, k inet i c studies have been made across this 
transi t ional interface. E a r l i e r w o r k b y this rev iewer (38) demonstrated 
that the heat transfer i n the r a d i a l d i rec t ion can change greatly w h e n the 
flow changes f rom the gas continuous to the p u l s i n g regime. T h i s greatly 
enhances r a d i a l heat transfer a n d m a y also i m p l y i m p r o v e d contact ing 
w i t h signif icant effects on the kinetics . 

Be imesch a n d Kess ler (36) invest igated the structure of the pulses; 
the ir proposed pu l s ing flow m o d e l is dep ic ted i n F i g u r e 43. H e r e the 
dominant feature is a s lug of l i q u i d f o l l owed b y gas continuous regions. 

5X10 

10' 

x: 

Ο 
10; 

3x10' 

M i l l ι—I I I I I 11 
/ 

τ 1—I I I I I I 

GAS CONTINUOUS 
(BLURRING) 

GAS 
CONTINUOUS 

(CHANNELED) 

• T U R P I Ν et α1.6> 
•WEEKMAN et al. 7 ) 

•CHARPENTIER et al. 2 ) 

• WULFERT 8) 
•LARKINS3) 

5x103 10* 

J I I I i I I I 
PACKING 

2.59 MM 
5.61 
8.01 

12.2 
16.5 

1(f 10° 
L (kg/rrr^hr] 

Journal of Chemical Engineering of Japan 

Figure 42. Summary of present and published diagrams 
for flow pattern boundary (37) 
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Gas Continuous 
) Region 

Channel of Gas 
Fingers Extending from 

Pulse to Pulse 

ighly Porous 1 quid 
Region With Hiqh 
Volumetric Fraction 
of Gas 

AlChE Journal 

Figure 43. Proposed puhing flow 
model (36) 

T h e y propose a channe l of gas near the w a l l w i t h l i q u i d fingers that 
extend between the pulses. T h e presence of such pulses alters the con
tact ing efficiency of the b e d w i t h potent ia l ly s ignif icantly different mass 
transfer effects i n the pulses a n d between the pulses. K i n e t i c studies i n 
this reg ime of flow are v i t a l l y needed i n order to determine real ist ic 
des ign cr i ter ia . 

Summary 

W h i l e m u c h progress is be ing made t o w a r d so lv ing the problems 
faced b y the reactor designer, m a n y areas require further research work . 
T h i s rev iewer w i l l not attempt to make an exhaustive summary of these 
areas but rather w i l l ident i fy those w h i c h i n his op in ion are par t i cu lar ly 
r ipe . 

P r o b a b l y the greatest p r o b l e m fac ing those w h o a p p l y the pr inc ip les 
of react ion kinetics to indus t r ia l reactors is the fact that a l l the rate 
constants are strong functions of the par t i cu lar catalyst used. T h u s 
s m a l l changes i n catalyst composit ion, or changes i n d u c e d i n the catalyst 
b y the ag ing process, necessitate re- identi f icat ion of a l l the rate constants 
that were used i n the kinet i c mode l . A t the present t ime, very f ew 
e m p i r i c a l correlations exist to gu ide the designer i n p r e d i c t i n g the 
effect of changes i n catalyst properties on the resultant k inet i c rate 
constants. W e have not yet even deve loped our J- factor analogy i n this 
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5. W E E K M A N , J R . Industrial Process Models 129 

area. So lut ion of this p r o b l e m requires very close cooperation between 
those i n v o l v e d i n react ion engineer ing a n d those i n v o l v e d i n surface 
chemistry . A n y theories, correlations, or even guidel ines i n this area 
w i l l be very va luable since the greatest research expenditure i n the 
process indust ry today is p r o b a b l y for the repeat exper imenta l w o r k that 
is necessitated b y changes i n catalyst properties. 

Important progress has been made i n studies of l u m p e d react ion 
systems; they have revealed p r i m a r i l y some of the possible pi t fa l ls w h e n 
such l u m p e d systems are used. T h e major p r o b l e m is to ident i fy the 
best lumps to choose before one has ana lyzed the system exhaustively. 
Suitable guidel ines can greatly reduce the amount of exper imenta l w o r k 
r e q u i r e d i n determin ing the l u m p a b i l i t y of complex systems. S u c h w o r k 
w i l l , of course, be closely connected w i t h the ana ly t i ca l procedures 
r e q u i r e d to ident i fy the correct lumps i n the react ing mixtures. W i t h o u t 
such guidel ines , exper imental programs to re-analyze the rate constant 
behavior of each n e w feedstock w o u l d be extremely expensive. 

T h greatest dif f iculty encountered i n sca l ing u p reactors to c o m 
m e r c i a l size is p robab ly that i n pred i c t ing the flow patterns i n the large 
scale reactor. U n u s u a l flow patterns m a y be i n d u c e d i n large fluid b e d 
reactors b y reactor internals w h i l e riser reactors m a y have uneven 
cata lyst -reactant profiles that are caused b y i n i t i a l m i x i n g phenomena. 
I n between the velocities of the riser a n d the fluid bed , the fast fluidized 
b e d or choked riser reactors m a y exhibit complex flow behavior i n bo th 
the catalyst a n d the reactant phases. A s was descr ibed earlier, the flow 
patterns i n fixed b e d reactors undergo ing two-phase flow m a y be exceed
ing ly complex. T h e transit ion f r om one flow regime to another m a y 
cause significant changes i n reactor performance. S u c h fluid d y n a m i c 
a n d m i x i n g behavior may , i n fact, dominate the behavior of the scaled-up 
indus t r ia l reactor. 

I t is also w e l l to keep i n m i n d that, unless rate constants are deter
m i n e d under essentially gradientless condit ions i n the laboratory , they 
m a y be contaminated w i t h m i x i n g , heat a n d mass transfer, or fluid 
d y n a m i c effects present i n the laboratory reactor. I t is very u n l i k e l y 
that such effects w i l l scale u p proper ly to the commerc ia l design. Some 
recent reviews addressed this p r o b l e m of des igning laboratory reactors to 
determine indus t r ia l rate constants (39, 40). I n the area of mass transfer 
l imitat ions , the presence of l i q u i d i n the catalyst pores m a y compl icate 
react ion behavior , par t i cu lar ly i f noncondensable gases are p r o d u c e d b y 
the react ion. Study of two-phase flow i n catalyst pores is an area i n 
w h i c h l i t t le research w o r k has been done. 

F i n a l l y , i t is v i ta l l y important that industry release more w e l l d o c u 
mented reactor performance data. S u c h data can serve to test exist ing 
theories a n d possibly h igh l ight n e w important research areas. I t is very 
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important , however , that the data be w e l l documented since the interpre 
tat ion of c ommerc ia l data can be quite hazardous because of noise or 
changes i n certain key parameters w h i c h were not control led . D a t a on 
obsolete processes c o u l d be p u b l i s h e d since the compet i t ive edge has 
been lost, yet the data can st i l l be important for p r o v i d i n g tests of 
theory or c lar i fy ing reactor per formance phenomena. 
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6 

The Role of Chemical Reaction Engineering 

in Coal Gasification 

H E R M A N F. F E L D M A N N 

Battelle, Columbus Laboratories, 505 King Ave., Columbus, Ohio 43201 

The stoichiometry and the unit operations required to con
vert coal to a clean gaseous fuel are briefly described. The 
most important reactions occurring in this conversion are 
pyrolysis, hydrogasification, and steam gasification. Gross 
physical transformations occurring during these reactions 
are discussed as well as what appears to be a reasonable 
qualitative basis for the development of reaction rate equa
tions describing each step. Rate equations developed by 
various workers are described, and the physical bases for 
these equations are discussed. Further experimental work 
should focus on establishing more accurately what is occur
ring in the complex system than on generating additional 
reaction rate equations. Gasifier designs proposed to opti
mize the complex overall gasification system are described. 
Since most of these reactor systems use relatively complex 
gas-solid flow circuits, recommendations are made for 
increased experimental and analytical studies to simplify the 
design and operational control of these reactor systems. 

/ ^ o a l can react w i t h steam, carbon diox ide , or hydrogen to produce 
^ gaseous products that c a n be used either d i rec t ly for f u e l or for 
synthesiz ing a var iety of other chemica l compounds . T h i s conversion 
involves the three m a i n reactions l i s ted b e l o w : 

C + H 2 0 <=> C O + H 2 (Gasif ication) (1) 

C + C 0 2 *± 2 C O (Gasification) (2) 

C + 2 H 2 <=± C H 4 (Hydrogasi f icat ion) (3) 

132 
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6. F E L D M A N N Coal Gasification 133 

I n add i t i on , there are two gas phase reactions important at gasifica
t ion condi t ions—the so-cal led water -gas shift react ion (Reac t i on 4) a n d 
the methanat ion react ion (Reac t i on 5 ) : 

C O + H 2 0 <=> C 0 2 + H 2 (4) 

C O + 3 H 2 <=> C H 4 + H 2 0 (5) 

T h e reverse of Reac t i on 5 is ca l l ed methane -s team re forming a n d is 
undes irable w h e n methane is the desired product . 

T h u s , one can start w i t h a carbonaceous so l id such as coal , a n d after 
gasification a n d hydrogasi f icat ion one ends w i t h C H 4 , C O , a n d H 2 rather 
than a d i r t y so l id . T h e C O a n d H 2 m a y react together further to f o r m 
add i t i ona l paraffinic hydrocarbons rang ing f r om methane to gasoline a n d 
waxes as w e l l as alcohols, olefins, a n d i n short, almost any c o m p o u n d 
that can be f o rmed f rom petro leum as w e l l as a synthetic na tura l gas 
( S N G ) . T h e ab i l i ty of gasification to transform the carbon i n coa l to 
compounds that can supplement our d w i n d l i n g supplies of petro leum 
a n d na tura l gas c o m b i n e d w i t h a domestic supp ly of coa l that can satisfy 
our energy needs for hundreds of years has g iven the development of 
coa l gasification technology an extremely h i g h nat iona l pr i o r i ty . 

T h e greatest emphasis i n the U . S . is to gasify coa l to produce the 
f o l l o w i n g p r i m a r y gaseous products : 

( 1 ) Substitute na tura l gas ( S N G ) to supplement r a p i d l y d i m i n i s h i n g 
natura l gas. H e a t i n g value of S N G w i l l v a r y f r om about 900 to 980 
B t u / S C F . 

(2 ) Synthesis gas, w h i c h consists m a i n l y of C O a n d H 2 w i t h some 
C H 4 , has a heat ing value of about 300 to 500 B t u / S C F depend ing on the 
methane concentration. Syngas can be u t i l i z e d i n u t i l i t y boi lers i n p lace 
of n a t u r a l gas or for synthesiz ing a var iety of chemicals r a n g i n g f r om 
paraffinic waxes to gasoline, olefins, a n d alcohols. 

(3 ) Producer gas w h i c h has a heat ing va lue of about 100 to 150 
B t u / S C F because of the n i trogen d i luent in t roduced b y us ing air as a 
gasi fy ing agent. T h i s gas c o u l d be used i n u t i l i t y or i n d u s t r i a l boilers. 

I f economic technologies to produce the above products f r o m coa l 
can be developed, the U n i t e d States w i l l be able to b r i n g its energy con 
sumpt ion patterns more i n propor t i on to its reserves of coal , o i l , a n d 
natura l gas. F o r example, i n 1972 petro leum s u p p l i e d about 4 6 % of a l l 
domestic energy requirements f o l l owed b y na tura l gas ( 3 2 % ), b i tuminous 
coa l ( 1 7 % ), h y d r o p o w e r ( 4 % ) , nuclear ( 0 . 8 % ) , a n d anthracite ( 0 . 2 % ). 
T o supp ly this energy d e m a n d pattern , the U n i t e d States, f o rmer ly a f u e l 
exporter, h a d to re ly ever increas ingly on i m p o r t e d fuels. I n 1972, for 
example, w e impor ted about 1 2 . 5 % of our f u e l w h i c h represented a 2 4 . 5 % 
increase over 1971. 
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134 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 REVIEWS 

Generic Process Descriptions 

I n this section w e brief ly a n d broad ly discuss the integrated un i t 
operations necessary to convert coa l to gas. D e t a i l e d process descriptions 
are avai lab le f r o m m a n y sources. [Exce l l ent sources are the Office of 
C o a l Research reports, prepr ints of the A C S D i v i s i o n of F u e l C h e m i s t r y , 
a n d the Proceedings of the A G A / O C R Synthet ic P i p e l i n e Gas Symposia . ] 
Therefore , on ly a generic descr ipt ion of each process type is g iven to 
po int out the differences i n basic types of processes a n d to show h o w the 
gasification operat ion relates to the other u n i t operations necessary to 
produce the final product . 

S N G and Synthesis Gas. A t y p i c a l process to produce S N G f rom 
coa l is shown i n F i g u r e 1. T h e first major processing step is pretreatment 
to prevent coal swe l l ing a n d agglomerat ion w h i c h w o u l d cause p l u g g i n g 
a n d s h u t d o w n of the gasification react ion system. T h i s step is necessary 
only for E a s t e r n cak ing coals a n d can be e l iminated for W e s t e r n sub-
bi tuminous coa l a n d l ignite . Pretreatment is s imply the p a r t i a l ox idat ion 
of the volat i le constituents of the coa l w h i c h w o u l d otherwise cause i t to 
soften, swe l l , a n d stick. R e m o v a l of this vo lat i le matter is economical ly 
a n d technica l ly undes irable because its loss reduces coa l react iv i ty a n d 
methane y i e l d a n d increases oxygen consumption . Pretreatment is 

PRETREATMENT 
GAS 

COAL 
PRETREATMENT 

COAL 
GASIFICATION 

SYSTEM 

GAS 
PURIFICATION 

SYSTEM 
REMOVAL OF 

C0 2 . H2S , DUST, TAR 

OXYGEN OR HEAT 

METHANATION 
α ) + 3 Η 2 - ^ Η 4 + Η 2 0 

AND 
WATER REMOVAL 

PIPELINE GAS 

Figure 1. Simplified flow diagram for producing pipeline gas from coal 
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6. F E L D M A N N Coal Gasification 135 

avo ided i n the B u r e a u of M i n e s H y d r a n e Process a n d B i t u m i n o u s C o a l 
Research's B i - G a s Process b y u t i l i z i n g d i lute phase reactors. 

A f ter pretreatment the coal goes to the ( hydro ) gasification reactor 
system w h i c h is the heart of the process. I n the reactor system, w h i c h 
can be qu i te complex, sto ichiometric Reactions 1 through 4 occur except 
that coa l or char is the so l id reactant instead of carbon w h i c h greatly 
increases the k inet i c a n d thermodynamic complexity . [ C h a r is defined 
as the so l id carbonaceous product ar is ing f r om the t h e r m a l treatment of 
coal.] A n add i t i ona l , extremely important react ion occurs, the so-called 
pyrolysis or devo lat i l i zat ion reaction. 

C o a l + heat -> gases ( C H 4 , C O , C 0 2 , H 2 , H 2 0 ) + tar + char (6) 

Gasi f i cat ion reactor systems used for S N G produc t i on a l l contain two 
basic elements or zones. I n the first zone the i n c o m i n g coal first passes 
an environment i n w h i c h conditions are contro l led as near ly as possible 
to m a x i m i z e the y i e l d of methane b y React ion 3, the hydrogasi f icat ion 
reactions, and React ion 6, the devo lat i l i zat ion react ion. T o max imize 
methane product i on , favored at elevated pressure, a n d to avo id c o m 
pressing the gas for the p ipe l ine , the o p t i m u m pressure is on the order of 
1000 ps ig (69 a t m ) . Hydrogas i f i cat ion temperatures range f r om 1200° to 
1800°F ( 6 5 0 ° - 9 8 0 ° C ) . A t temperatures m u c h h igher than 1800°F, m e t h 
ane begins to decompose. T h e hydrogen for hydrogasi f icat ion is p r o d u c e d 
i n the second zone f r om the so-cal led gasification reactions (React ions 1 
a n d 2 ) , a n d the water gas shift react ion (Reac t i on 4 ) . Gasi f i cat ion reac
tions are not especial ly sensitive to pressure but require temperatures 
h igher than that r e q u i r e d for o p t i m a l methane format ion . T y p i c a l t e m 
perature ranges are f rom 1800°F ( 9 8 0 ° C ) u p to 2800°F ( 1 5 4 0 ° C ) for 
s lagging gasification. F o r this reason the reactor must be separated into 
zones. T h e heat for the h i g h l y endothermic gasification reactions occur
r i n g i n the second zone is p r o v i d e d b y one of the f o l l o w i n g means: 

( a ) B u r n i n g part of the carbon w i t h oxygen, w h i c h is the technique 
that is most technica l ly advanced . 

( b ) B u r n i n g part of the carbon w i t h air to prov ide heat to an inter
mediate heat transfer agent such as agglomerated ash ( I ) or ca l c ined 
do lomite ( 2 ) . These intermediate heat transfer techniques a l l ow the 
combust ion heat to be transferred to the gasification system w i t h o u t 
d i l u t i n g the synthesis gas w i t h n i trogen f r o m the air . There is a large 
economic potent ia l i n such systems because they a l l o w nitrogen-free 
synthesis gas to be generated w i t h o u t an expensive oxygen plant . T h e 
technica l p r o b l e m w i t h such a system is the requirement to c irculate a 
large amount of the heat transfer agent to satisfy the endothermic heat 
requirements of the gasification react ion at the h i g h temperatures re 
q u i r e d to achieve reasonable gasification rates. 

( c ) I n the I G T s t e a m - i r o n process (3 ) a producer gas is generated 
w h i c h is used to reduce i r o n oxides. T h e r e d u c e d i r o n - i r o n oxide then 
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Figure 2. Effect of temperature and reactor type on hydrogasification 
rate (data courtesy Pittsburgh Energy Research Center—ERDA) 

reacts w i t h steam to produce a h y d r o g e n - s t e a m mix ture for the hydrogas i 
fication of coa l to a methane-r i ch gas. 

Because the condit ions for p r o d u c i n g methane are not suitable for 
generat ing synthesis gas a n d vice-versa, most reactor systems for p r o d u c 
i n g S N G are, as w e shal l see, rather complex. 

I f the gasif ication system is in tended to produce synthesis gas rather 
than methane, considerable reactor s impli f ications m a y be made . F o r 
example, a single-zone pressur ized entra ined gasifier can be u t i l i z e d 
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6. F E L D M A N N Coal Gasification 137 

instead of the m u l t i - z o n e d reactor systems necessary to m a x i m i z e methane 
p r o d u c t i o n i n the reactor system. Since methane can be synthesized f r o m 
synthesis gas b y the w e l l - k n o w n methanat ion react ion, a l og i ca l quest ion 
is : w h y use the more complex reactor systems needed to m a x i m i z e direct 
p roduc t i on of methane f r om coal? 

T h e answer is that the direct f ormat ion of methane results i n i m 
p r o v e d t h e r m a l efficiency (4,5,6). I n add i t i on , other process s impl i f i ca 
tions (7) result f r om m a x i m i z i n g the fract ion of methane p r o d u c e d b y 
hydrogasi f icat ion that can substantial ly l ower costs for the p r o d u c t i o n 
of S N G ( 5 ) . H o w e v e r , the re l i ab i l i t y of the more complex reactor sys
tems has not yet been established. Therefore , before the "best" system 
can be selected, reactors of at least p i l o t -p lant scale must be operated for 
sufficiently l ong times to a l l ow re l iab i l i t y to be accurately established. 

Some other cr i ter ia that are important i n select ing the "best" reactor 
system for either the produc t i on of synthesis gas or S N G w i l l be : 

( a ) T h e ab i l i ty of the reactor system to handle a w i d e range of coa l 
part i c le sizes. F o r example, continuous m i n i n g mach inery produces a 
large f ract ion of coal too fine for the convent ional L u r g i ( 8 ) m o v i n g b e d 
reactor system, though experiments are i n progress at West f i e ld , Scot land 
to mod i fy the L u r g i to handle finer coal (9 , 10). 

( b ) T h e a b i l i t y to handle h i g h l y c a k i n g E a s t e r n U . S . coals w i t h o u t 
pretreatment. 

( c ) T h e ab i l i t y to be scaled u p large enough to m i n i m i z e the n u m b e r 
of reactor trains r e q u i r e d for a c o m m e r c i a l S N G plant . F o r example, i f 
the L u r g i system is used, about 30 reactors w i l l be necessary for a p lant 
p r o d u c i n g 250 m i l l i o n S C F / d a y of p ipe l ine q u a l i t y gas. 

Gas Purification. T h e hot r a w gas f rom the gasification system 
contains the f o l l o w i n g components i n amounts that depend on the specific 
k i n d of gasification system used : 

B a s i c steps i n p u r i f y i n g the gas i n c l u d e : 
( 1 ) C o o l i n g the gases a n d the remova l of dust a n d tar. 
(2 ) W a t e r - g a s shift ( C O + Ή20<± C 0 2 + H 2 ) to adjust the H 2 / C O 

ratio to the value desired for the part i cu lar synthesis job requ i red . F o r 
example, i f C H 4 is the desired product , the H 2 / C O ratio w o u l d be a d 
justed to s l ight ly over 3; if , on the other h a n d , hydrogen were the desired 
product , the shift react ion w o u l d be carr ied to complet ion . 

(3 ) R e m o v a l of a c i d gases, H 2 S , C O S , a n d C 0 2 . Several c ommerc ia l 
processes are avai lable for r e m o v a l of these constituents f r o m the c leaned 
coa l gas. 

C H 4 

C O 
Ho 
C 0 2 

H 2 0 

H 2 S 
C O S 
N H 3 

dust 
tar 
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138 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 REVIEWS 

( 4 ) M e t h a n a t i o n (Reac t i on 5 ) or other synthesis reactions to p r o 
duce a var ie ty of h y d r o c a r b o n products f r o m C O a n d H 2 . 

F o r the most par t c o m m e r c i a l technology is ava i lab le for per f o rming 
the above pur i f i cat ion steps. 

L o w - B t u Gas ( P r o d u c e r G a s ) . I f the combust ion of carbon w i t h 
a i r rather than oxygen d irect ly provides the heat for the carbon - s team 
react ion, the gaseous produc t w i l l conta in ni trogen i n a dd i t i on to the 
species prev ious ly l i s ted as be ing i n the oxygen b l o w n gasification systems. 
O r d i n a r i l y the n i trogen content of l o w - B t u gas is approximate ly 5 0 % , 
a n d the heat ing va lue w i l l vary f r om about 100 to 150 B t u / S C F . 

Since the manufacture of synthesis gas does not require oxygen, i t 
w i l l be i n most cases cheaper o n a B t u basis t h a n synthesis gas. H o w e v e r , 
i f m u c h downstream treatment, such as coo l ing a n d pur i f i cat ion , is neces
sary, increased c a p i t a l a n d operat ing costs caused b y the necessity of 
h a n d l i n g greater volumes of n i t rogen-d i luted gas can q u i c k l y negate 
the savings ga ined b y the e l iminat ion of an oxygen p lant , especial ly for 
large instal lations. 

Figure 3. Char sections after hydrogasification, X48 (cour
tesy Pittsburgh Energy Research Center—ERDA) 

A l s o , because of its l o w vo lumetr i c heat ing va lue , l o w - B t u gas cannot 
be transmitted very far. T h u s , its major uses are expected to be for on-site 
u t i l i za t i on for certain i n d u s t r i a l appl icat ions as a substitute for natura l 
gas, or as a fue l for either convent ional u t i l i t y plants or c o m b i n e d cycle 
power plants . 

T h e r e are two major advantages i n convert ing coa l to l o w - B t u gas for 
combust ion purposes rather than b u r n i n g the coa l d i rec t ly a n d r e m o v i n g 
the sul fur b y stack gas s c r u b b i n g : (1 ) the combust ion of gas el iminates 
or greatly reduces part i cu late emissions; a n d (2 ) i n l o w - B t u gas the sul fur 
is present m a i n l y as H 2 S w h i c h can be r emoved us ing avai lable H 2 S 
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6. F E L D M A N N Coal Gasification 139 

Figure 4. Char particles after dilute-phase hydrogasification (cour
tesy Pittsburgh Energy Research Center—ERDA) 

r e m o v a l technology, convert ing the coal sul fur to h igh-grade e lemental 
sul fur rather than the sulfate s ludge product of stack gas scrubbing . 

I n pr inc ip l e , any gasif ication system used to produce synthesis gas 
or S N G can also be used to produce l o w - B t u gas b y s i m p l y subst i tut ing 
air for oxygen. [ In pract ice there are exceptions to this statement. F o r 
example , certain s lagging b e d gasif ication systems such as the K o p p e r s -
To tzek gasifier require such h i g h gasification temperatures for smooth 
operat ion that substitution of a ir for oxygen necessitates extremely h i g h 
a i r preheat temperatures.] 

Gasification Reaction Rates 

T h e coal or coa l char analogs of Reactions 1, 2, a n d 3 are the reac
tions of greatest importance i n the design a n d opt imizat i on of coa l gasifi
cat ion systems. Before discussing gasification kinetics , it is important to 
recognize two important properties of c o a l / c o a l - c h a r reactions: 

(1 ) T h e reactions of coa l char w i t h hydrogen , steam, a n d carbon 
d iox ide are irreversible . F o r example , the react ion : 

coal + H 2 —» char + C H 4 

cannot be reversed to a l l o w coa l to be f o rmed f r o m char a n d methane. 
T h i s means that the very h a n d y concept of e q u i l i b r i u m approach cannot 
be correct ly used i n ana lyz ing coa l reactions. 
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140 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 REVIEWS 

(2 ) T h e react ion rates of coa l are h i g h l y dependent not on ly on the 
type of coa l but unfortunate ly on the env ironmenta l history of the coal 
part i c le i n the reactor. T h u s , such things as heatup rate a n d the gaseous 
atmosphere a n d its change w i t h t ime greatly influence coa l react ion rates. 
T h i s means that i n k inet i c studies one must pay great attention to the 
condit ions ant i c ipated to exist i n the scaled-up reactor. 

Because of the great var ia t i on of coal react ion rates w i t h b o t h coa l 
type a n d par t i c l e history, this section does not cover this topic exhaus
t ive ly . Rather , a sampl ing of react ion models is presented, a n d the c h e m i 
ca l a n d p h y s i c a l transformations occurr ing d u r i n g gasification a n d h y d r o 
gasif ication are discussed. 

Coal-Hydrogen Reactions. T h e greatest single effort i n coal gasifica
t i on is d i rec ted at the produc t i on of methane, a n d the reactions of greatest 
importance i n the p r o d u c t i o n of methane are the devo lat i l i zat ion or 
pyrolys is react ion 

coal -> char + C H 4 + C O + H 2 + tar 

a n d the hydrogasi f icat ion react ion 

coal + z H 2 —-> C H 4 + char, 

where χ depends on the type of coal , the hydrogen p a r t i a l pressure, and 
the degree of carbon conversion. 

Before discussing react ion models i n any deta i l , i t is w o r t h w h i l e to 
describe the general ly accepted transformations that occur w h i l e coa l is 
heated u p to react ion temperature ( ~ 1 0 0 0 ° F ) . I f an Eas tern b i tuminous 
coa l is used, the coa l w i l l start to soften at about 500°F ( 2 6 0 ° C ) , a n d at 
about 750°F ( 4 0 0 ° C ) the evolut ion of vo lat i le matter begins (11). [ V o l a 
t i le matter is defined as the amount of mater ia l that is vo la t i zed d u r i n g 
heatup of the coa l part ic le . I t consists of most ly tar vapors, C H 4 , C O , H 2 , 
a n d b o u n d water . ] T h e vapors released b y the t h e r m a l decomposi t ion 
of coal cause the part ic le to swe l l a n d finally to assume an open porous 
structure after the part i c le solidifies (see F i g u r e 3 ) . T h e resol idi f icat ion 
occurs as a result of the conversion of l i q u i d - f o r m i n g materials into gases, 
vapors, a n d solids. T h e amount of poros i ty depends u p o n m a n y factors, 
especial ly the 

type of coa l 
heat ing rate 
gaseous environment 
pressure 
p h y s i c a l constraints against expansion such as reactor 

wal ls or other partic les. 

A n explanat ion for the fact that the rate of carbon hydrogasi f icat ion 
(12) a n d pyrolys is (11) increase w i t h increas ing heatup rate is that the 
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6. F E L D M A N N Coal Gasification 141 

vo la t i zed species escape the part i c le a n d m i x w i t h the hydrogen at a 
h igher rate a n d thereby decrease the amount of recombinat ion that occurs 
i n the part ic le . 

I n most react ion systems of commerc ia l interest the part i c le heatup 
rate to the temperatures r e q u i r e d for the above transformation is ex
tremely h i g h , o c curr ing i n fractions of a second. Therefore , the history 
of a coal part i c le d u r i n g a t ime p e r i o d last ing less than a second has a 
great effect on its subsequent react iv i ty i n the reactor. 

T h e chemica l transformations that occur d u r i n g this p e r i o d are 
p robab ly more important than the phys i ca l transformations. D u r i n g this 
t ime of softening, swe l l ing , a n d devo lat i l i zat ion , bonds w i t h i n the coa l 
molecule are break ing , result ing i n the format ion of radicals w h i c h makes 
the coa l extremely reactive. T h e reactive species f o rmed can either react 
together to f o rm h i g h l y condensed a n d thereby unreact ive tars or so l id 
res idua l carbon, or they can react w i t h hydrogen to f o rm h y d r o c a r b o n 
gases, l ighter aromatics , or so l id react ive species that are i n turn further 
hydrogasi f ied to hydrocarbon gases. T h e so l id carbon structure f o r m e d 
b y the condensed radicals can be hydrogenated further but at a m u c h 
lower rate than either the vo lat i le matter or the reactive so l id carbona
ceous mater ia l . 

Table I. High-Btu Gas Processes 
Developer 

B i t u m i n o u s C o a l Research 
Inst i tute of G a s Technology 
Conoco C o a l Deve lopment C o r p . 
Bat te l l e Inst i tute 

Process 
B i - G a s 
H y - G a s 
C 0 2 Acceptor 
B a t t e l l e / U n i o n C a r b i d e 
Agg lomerat ing Gasif ier 

Synthane 

H y d r a n e 

U . S . B u r e a u of M i n e s 

U . S . B u r e a u of M i n e s 

Sponsor 

A G A / O C R 
A G A / O C R 
A G A / O C R 

U . S . B u r e a u 
of M i n e s 

U . S . B u r e a u 
of M i n e s 

T h e above p i c t u r e m a y be s u m m a r i z e d b y assuming that the carbon 
i n the coa l is d i s t r ibuted into the f o l l o w i n g phases each h a v i n g a different 
react iv i ty w i t h h y d r o g e n : 

(1 ) T h e most reactive carbon w h i c h is q u i c k l y (a lmost instantane
ous ly ) converted to methane. T h i s carbon is conta ined i n a l iphat i c 
chains b r i d g i n g the aromat ic groups i n the coal . T h e conversion of this 
carbon is p robab ly l i m i t e d b y heat transfer. 

(2 ) C a r b o n that is associated w i t h react ive solids w h i c h are p r o b 
ab ly f o rmed b y the react ion of radicals w i t h hydrogen . T h o u g h this carbon 
reacts w i t h hydrogen at a slower rate than does the carbon i n the a l iphat i c 
chains, its hal f - l i f e is s t i l l on ly on the order of seconds. 

(3 ) R e s i d u a l carbon f o rme d b y the condensation of radicals a n d 
w h i c h reacts w i t h hydrogen w i t h a ha l f - l i f e rang ing f r o m minutes to hours. 
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142 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 REVIEWS 

Figure 5. Lurgi pressure gasifier 

A l t h o u g h they m a y differ i n the manner i n w h i c h the mathemat i ca l 
forms for the rate equations are developed, most of the react ion models 
proposed for the react ion of coa l or char w i t h hydrogen to f o rm methane 
are based on the above assumptions. 

T h e fract ion of total carbon i n the coa l that can be assigned to each 
of the above three categories depends on the condit ions that the coa l 
part i c le sees u p o n enter ing the reactor. F o r example, M o s e l y a n d Patter 
son ( 13 ) achieved complete conversion w i t h residence times on the order 
of 1 sec or less w h e n hydrogen p a r t i a l pressures approached 1000 atm. 
F e l d m a n n et al (14) w i t h data generated b y H i t s h u e et al (15) deter
m i n e d that the f ract ion of Phase 1 a n d Phase 2 carbon is de termined b y 
temperature a n d hydrogen p a r t i a l pressure w i t h the amount of Phase 1 
a n d Phase 2 carbon increasing w i t h increasing temperature a n d h y d r o g e n 
p a r t i a l pressure. T h e p h y s i c a l interpretat ion of this behavior is that as 
temperature increases, more bonds are broken , w h i c h means smaller 
fragments more amenable to gasification i f they combine w i t h hydrogen 
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6. F E L D M A N N Coal Gdsificdtion 143 

rather than recondensing. T h e increased h y d r o g e n par t ia l pressure m a x i 
mizes the fract ion of these thermal ly f o rmed fragments that u l t imate ly 
end u p as gas. 

A s the above discussion indicates, coal is a chameleon- l ike substance 
that undergoes transformations i n b o t h chemica l a n d p h y s i c a l properties 
that greatly affect its react iv i ty . Despi te this complex i ty several models 
descr ib ing its react ion w i t h hydrogen have been proposed that adequately 
describe the data. 

F o r example, Johnson (16) assumed that the carbon conversion can 
be descr ibed b y the f o l l o w i n g three rate regimes : (1 ) devo lat i l i zat ion , 
(2 ) r a p i d rate methane formation, a n d (3 ) low-rate gasification. Since 
devo lat i l i zat ion occurs near ly instantaneously, only t h e ' s e c o n d two re 
gimes can be descr ibed b y rate equations. F o r the r a p i d rate methane 
format ion p e r i o d Johnson deve loped the f o l l o w i n g equat ion : 

PURGE & INERT GAS L INES 

XXTLTLJl TO STACK 

GAS TO DUST 
— COLLECTOR 

WASTE HEAT 

FUEL BUNKER G A S I F I E R 

X S T E E L S H E L L 

REFRACTORY LINING 

FLUID BED 

SCRAPER FOR ASH 
REMOVAL 

RATCHET DRIVE 
WATER COOL SHAFT 

OXYGEN OR 
ENRICHED AIR 

ASH 
RECEIVER 

WATER JACKETED 
SCREW CONVEYOR 

Figure 6. Winkler gdsifier (courtesy Bdttelle Institute) 
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144 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 REVIEWS 

Figure 7. Wellman-Galusha fuel gas generator (courtesy Battelle 
Institute) 

where F H 2 = hydrogen p a r t i a l pressure i n atmospheres; f R = re lat ive 
react iv i ty factor w h i c h depends on the par t i cu lar type of coa l or char 
used ; a = a k ine t i c parameter that depends on gas compos i t ion a n d 
pressure. 

C a r b o n conversion is integrated f r om 0 to X R because the conversion 
is w r i t t e n i n terms of "base" carbon def ined as 

" b a s e " carbon = t o t a l carbon — volat i le carbon 

Johnson suggests u t i l i z a t i o n of this equat ion above 1500°F ( 8 1 6 ° C ) . T h e 
di f ferential f o r m of the equat ion is g iven b y : 

dX/dt = / L / c T ( l - X ) 2 / 3 exp (-aX2) 

where (1 — X ) 2 / 3 represents a surface area term a n d ( — aX2) represents 
the decay i n react iv i ty experienced as the carbon conversion increases. 
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6. F E L D M A N N Coal Gasification 145 

T h e rate constant, fcT, is i n t u r n a complex funct ion of reactant p a r t i a l 
pressures a n d e q u i l i b r i u m constants ( ca lculated on the basis of a carbon 
act iv i ty = 1 ) of the hydrogénation react ion expressed b y sto ichiometr ic 
Express ion 3. Johnson uses this same basic equat ion, w i t h appropr iate ly 
modi f ied constants, for the gasification of char w i t h steam. 

Z ie lke a n d G o r i n (17, 18) r e commend the f o l l o w i n g equations to 
correlate the react ion of char w i t h s t e a m - h y d r o g e n mixtures : 

#Total = AP" £ C H 4 = DP™ 

where R<rotai is the tota l specific carbon conversion rate a n d R C H 4 is the 
rate of methane format ion ; Ρ is the total system pressure a n d A, D, n, a n d 
m are e m p i r i c a l functions of carbon conversion a n d the s t e a m / h y d r o g e n 
ratio . T h e rate of carbon - s team react ion is ca l cu lated as RT — Rem-
T h e y also prov ide correlations showing apparent energies of act ivat ion 
( rang ing f rom 40 to 75 k c a l ) w i t h w h i c h to adjust the rate equations for 
temperature. 

Figure 8. Koppers-Totzek gdsifier 

Z a h r a d n i k a n d G l e n n (19) start the development of their hydrogas i 
fication rate equat ion w i t h the f o l l o w i n g s impl i f i ed react ion scheme: 

coal + H 2 -> C * * + C H 4 + (other gases) 

Ri 
C * * > C * 

Ri 
C * * + H 2 > C H 4 
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146 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 REVIEWS 

where C * * is an act ive intermediate ; C * is inact ive char f o r med b y 
po lymer i za t i on of active intermediate forms of carbon. B y assuming that 
the net conversion rate of act ive carbon is g iven b y : 

dC**/dt = / C I P H 2 A * * - / c 2 C * * 

where A * * is the area associated w i t h the active intermediate a n d fci a n d 
k2 are the rate constants for act ivat ion a n d deact ivat ion. It was then 
assumed that the A * * term is propor t i ona l to ( C * * ) 2 / 3 . T h a t is , the 
methane format ion rate f r o m the act ive carbon occurs at the shr ink ing 
surface surround ing the active species. 

F r o m this beg inn ing the final equat ion re la t ing methane y i e l d to 
system parameters is 

methane y i e ld lbs carbon i n C H 4 

bi + fc2pH2/(l + & 3 P H 2 ) lbs C i n or ig inal coal 

where b u b2, a n d b3 are constants determined b y exper imental measure-

Raw coal 

Product gas 

Char transfer 
line 

Gas to dilute phase 

Hydrogen 

Char 
Figure 9. Commercial hydrane reactor. Ca

pacity: 125 million SCF pipeline gas. 
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INLET FOR SLURRY > 

OF CRUSHED COAL 
AND LIGHT OIL 

FLUIDIZED BED IN 
WHICH SLURRY OIL IS 

VAPORIZED BY RISING, 
HOT GASES AS 

COAL DESCENDS 

DRIED COAL FEED 
FOR FIRST-STAGE 

HYDROGASIFICATION 

HIGH VELOCITY GAS 
FROM SECOND-STAGE 

MIXES WITH DRIED COAL 

CHAR FROM FIRST STAGE 
FEEDS INTO SECOND-

STAGE FLUIDIZED BED 

HYDROGEN - RICH GAS 
AND STEAM RISE TO 

SECOND-STAGE 

RAW GAS OUTLET 
TO QUENCH CLEANUP 

AND METHANATION STEPS 

RISING GASES CONTACT 
CHAR FOR FURTHER 

HYDROGASIFICATION 

HYDROGASIFIED CHAR 
FROM SECOND-STAGE 
FEEDS INTO STEAM-

OXYGEN GASIFIER 

STEAM - : 

OXYGEN 

SECOND-STAGE 
HYDROGASIFI -
CATION 

STEAM-OXYGEN 
GASIFIER 

ASH 

Figure 10. IGT pilot plant hydrogasification reactor section 

merits. T h e constant b2 is an A r r h e n i u s funct ion of temperature. T h i s 
m o d e l was based on data generated i n bo th in tegra l a n d dif ferential 
reactors. 

F e l d m a n n a n d co-workers (7 , 14, 20) f o u n d a s imple rate m o d e l 
adequate to correlate data f r om an integra l di lute-phase reactor system 
us ing r a w coal . T h e m o d e l assumes that the hydrogasi f icat ion react ion 
proceeds throughout the part ic le a n d that a certain fract ion of the carbon 
becomes converted into a f o rm that is unreact ive towards hydrogen . T h e 
equat ion w h i c h describes the rate of methane generation i s : 

dx/dt = kpn2 (1 — x — C i / C o ) 

where χ = the carbon conversion to methane; k = the rate constant for 
methane format ion ; ρΉ2 — the hydrogen p a r t i a l pressure; a n d C i / C o = 
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FLUE GAS 

V 
ASH 

Figure 11. C02 acceptor process (courtesy 
American Gas Association) 

the f ract ion of the o r i g ina l carbon that is deact ivated. O v e r the range of 
carbon conversions achieved ( 2 0 - 5 0 % ) i t appeared that the format ion 
of unreact ive carbon was neg l ig ib le a n d C i / C o = 0. T h e constants were 
ca l cu lated f r om integra l f ree- fa l l d i lute phase reactor data b y the inte 
grat ing rate equat ion as fo l l ows : 

Γ dx/(l - χ - C i / C o ) = kpu2 L/UT 
JE 

where Ε = the fract ion of carbon that is " instantaneously" converted to 
methane; L = the reactor l ength , a n d UT = the average t e r m i n a l ve loc i ty 
of the partic les i n the free- fa l l reactor. 

Previous measurements (14) i nd i ca ted that the gas is essentially 
b a c k m i x e d i n the reactor, thereby a l l o w i n g a constant va lue to b e 
assumed for the hydrogen p a r t i a l pressure over the length of the reactor. 

D u r i n g these investigations k depended quite heav i l y on the type of 
reactor system used. F o r example, i t was dec ided to use a di f ferential b e d 
reactor to generate lower temperature data than c o u l d be obta ined i n the 
p i l o t p lant . P r e l i m i n a r y results f rom the di f ferential reactor are compared 
w i t h those measured i n the integra l f ree- fa l l d i lu te phase reactor i n 
F i g u r e 2. I t is felt that the difference is caused either b y the l ower heatup 
rate i n the di f ferential reactor compared w i t h the d i lute phase reactor or 
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SCRUBBER 
PRESSURIZED 
COMBUSTION GAS 

SCRUBBER 
1 3L . SYNTHESIS 
J * ^ G A S 

BURNER 

COAL FEED ( 
(INERT GAS] AGGLOMERATING—Η 

FLUID BED GASIFIER 
h * — D R Y FLUID BED 

AIR -Γ 
ASH 

COAL 8 AIR-
CHAR FOR 
RECYCLE 

STEAM 
SUPERHEATED 
STEAM 

ASH 

AIR 

Figure 12. Union Cdrbide/Bdttelle dgglomerdting bed gdsifier 

the p h y s i c a l constraints on part i c le expansion i n the di f ferential reactor. 
T h e porous nature of the char p r o d u c e d b y the hydrogasi f icat ion of 

r a w coa l is shown i n F i g u r e 3. T h i s photomicrograph also indicates that 
the assumption of a shr ink ing core type m o d e l is p r o b a b l y not phys i ca l l y 
real ist ic . T h e softening a n d expansion of b i tuminous coa l into porous 
spheres is s h o w n i n F i g u r e 4. T h e agglomerat ion noted is caused b y the 
particles c o l l i d i n g together w h i l e s t i l l i n the s t i cky state. 

T h u s , w e see that f r om a very s imi lar phys i ca l concept various rate 
equations have been developed, a l l of w h i c h prov ide adequate fits to the 
exper imental data at h a n d , and , w i t h modi f i cat ion of appropr iate con 
stants, they can be extended to fit other data as w e l l . O r d i n a r i l y , the 
n u m b e r of experiments necessary to determine the constants for one of 
the models presented m a y be sufficient to develop an alternate rate m o d e l 
u t i l i zab le for process design. 

Char-Steam Reaction (C + H 2 0 C O + H 2 ) . T h i s react ion is 
extremely important i n determin ing the economics of gasification because 
i t is endothermic , a n d (as prev ious ly discussed) the heat is usua l ly sup
p l i e d b y combust ing part of the carbon w i t h oxygen. A l s o , the cost of 
oxygen constitutes one of the major costs of bo th synthesis gas a n d S N G . 
M a n y investigators have, over the years, s tudied the carbon -s team reac
t ion a n d have proposed various mechanisms to expla in their results. A n 
excellent survey, discussion, a n d attempt to prov ide a uni f ied p i c ture of 
the system is g iven b y V o n Fredersdorf f a n d E l l i o t t (21). 

M u c h of the w o r k done to elucidate react ion mechanisms for the 
carbon -s team system u t i l i z e d h i g h l y graphi t i c forms of carbon or pure 
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150 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 REVIEWS 

chars such as that prepared f rom coconut shells. Unfor tunate ly , i t has 
not been possible to a p p l y the resul t ing models to systems us ing coal 
a n d / o r coa l chars w i t h o u t a substantial number of experiments to define 
the constants used i n the rate equations. Therefore , as i n hydrogasi f ica
t ion , there seems to be no safe w a y of avo id ing direct exper imental 
measurements u t i l i z i n g the part i cu lar coal or char of interest. T h e result
i n g data m a y be correlated us ing a n u m b e r of different react ion models. 
Some of these models are tabulated be low. 

V o n Fredersdorf f a n d E l l i o t t (21 ) as w e l l as m a n y others re commend 
an equat ion of the L a n g m u i r - H i n s h e l w o o d type 

to correlate carbon -s team react ion rate data. F o r example, this approach 
has been used successfully to correlate data on coa l chars ar is ing f rom 
l igni te (22). 

W e n a n d co-workers (23) i n corre lat ing data f r om a continuous flow 
reactor system consisting of coal char, steam, a n d hydrogen used a m o d e l 
bear ing more p h y s i c a l resemblance to the models descr ibed prev ious ly 
for the c o a l - h y d r o g e n system. T h a t is , they assumed that the char con
sisted of two carbon phases, each h a v i n g different reactivit ies t o w a r d 
steam. T h e more reactive first phase carbon i n the char reacts at a rate 

= & P H 2 O / ( 1 + aPn2 + & P H 2 O ) 

g iven b y 
rCl = * (/ - x) 

Chor Recycle 

*- Synthesis 
Gas 

Figure 13. U.S. Bureau of Mines Synthane coal gasification 
process (courtesy Pittsburgh Energy Research Center—ERDA) 
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6. F E L D M A N N Coal Gasification 151 

PROCESS GAS 
OUTLET 170Q°F 

COOLING WATER 
OUTLET 

ZONE II /ENTRAINED 
HYDROGASIFIER 

REFRACTORY 

TWO COAL 
INJECTION NOZZLES 

RECYCLE CHAR 
BURNERS 

ZONE 1 /SLAGGING 
I GASIFIER 

SLAG PORT 
SLAG TAP BURNER 

AND VIEW PORT 

SLAG QUENCH ZONE 

TWO SLAG 
OUTLET NOZZLES 

Figure 14. Bi-Gas reactor (courtesy American 
Gas Association) 

where χ is the carbon conversion a n d / is the f ract ion of first phase carbon 
i n the coa l or char feed. T h u s , accord ing to this m o d e l the gasification of 
this carbon is independent of steam p a r t i a l pressure a n d is not re tarded 
b y hydrogen . W e n et al. (23) assume that the react ion of the second 
phase or less reactive carbon is dif fusion contro l led a n d r e c o m m e n d the 
rate expression 
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1 5 2 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 REVIEWS 

r C 2 = (l/jDp)[ÎLflfH2o ( 1 - / ) ( P H 2 O - P * H 2 O ) ] 

where ( K g ) H 2 o is the effective mass transfer coefficient for steam, D p the 
part ic le d iameter a n d p * H 2 o the steam p a r t i a l pressure i n e q u i l i b r i u m 
w i t h the gases surrounding the part ic le . 

I n Ref . 23 W e n a n d co-workers also present a m o d e l for c oa l h y d r o 
gasif ication that assumes two carbon phases, each h a v i n g a different 
react iv i ty . 

A s ment ioned , Johnson (16) uses the same basic rate equat ion to 
correlate the c h a r - s t e a m react ion as the c a r b o n - h y d r o g e n react ion w i t h 
the constant, k, g iven b y a different expression of temperature a n d gas 
properties. T h a t a l l the above rate expressions a l l ow the data to be ade
quate ly fitted is inevi table because of the number of constants at one's 
disposal . I n gasification l ike hydrogasi f icat ion the history of the char has 
an apprec iab le effect on its subsequent react iv i ty , a n d i t is therefore 
necessary to conduct experiments to characterize the par t i cu lar char of 
interest. I n spite of the m a n y efforts over the past years to develop gasi
fication models , there is no a priori w a y of selecting constants to be used 
w i t h any of the react ion models . A l s o , because of the complexi ty of the 
system, i t seems that efforts to develop universa l ly appl i cab le k inet i c 
models for design m a y be fruitless. Instead of deve lop ing add i t i ona l 
k inet i c models , further efforts ought to be increasing our qual i tat ive 
unders tanding of w h a t occurs d u r i n g gasification a n d hydrogasi f ication. 
F o r example, we have seen that i n spite of the i rrevers ib i l i ty of the 
react ion : coa l - f A (gas -> char + B ( g a s ) , m a n y of the k inet i c models 
successfully u t i l i z e approach to e q u i l i b r i u m arguments to correlate their 
data. W e have also seen that, i n spite of photomicrographs that indicate 
that char particles are extremely porous, shr ink ing core analogies have 
been u t i l i z e d to develop rate equations that also a l l o w the satisfactory 
correlat ion of data. Perhaps future hydrogasi f icat ion rate studies should 
be p laced i n the f o l l ow ing categories: 

( a ) Process design react ion rate models where the objective is to 
develop rate equations suitable for specific design purposes. T o be suit
able the data for such models should be generated at condit ions s imula t ing 
as closely as possible those that w i l l be ant i c ipated i n the par t i cu lar 
reactor system under design. 

( b ) M o d e l s that e lucidate the p h y s i c a l phenomena occur ing d u r i n g 
hydrogasi f icat ion. T h e emphasis i n this w o r k should be at increasing 
the understanding of what goes on rather than on the generation of 
mathemat i ca l rate models a l though the rates at w h i c h such transforma
tions occur are important . O n e area need ing such understanding is 
behavior of methane at gasification condit ions. It is w e l l k n o w n that the 
p r o d u c t i o n of methane, the desired e n d product for S N G , is not favored 
at conditions o p t i m a l for gasification. Is this caused b y ( a ) suppression 
of methane generation f r om coal or char at gasification condit ions , 
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6. F E L D M A N N Coal Gdsificdtion 153 

( b ) steam re forming of methane, ( c ) carbon depos i t ion cata lyzed b y 
char via the react ion : C H 4 - » C + 2 H 2 , or ( d ) combust ion of methane 
w i t h oxygen ar is ing f r o m h i g h gas m i x i n g rates? 

O t h e r areas of interest a n d importance w o u l d be 
( a ) steam decomposi t ion b y water -gas shift ( C O + H 2 0 - » C 0 2 + 

H 2 ) vs. steam decomposit ion b y carbon - s team react ion ( C + H 2 0 - » C O 
+ H 2 ) . 

( b ) more c h e m i c a l a n d p h y s i c a l characterizations of char properties 
a n d their change w i t h increasing carbon conversion. 

( c ) role of heatup rate i n de termin ing react iv i ty towards steam a n d 
hydrogen . 

( d ) react iv i ty of char carbon w i t h steam at h i g h carbon conversion 
levels. M a n y of the quant i tat ive studies of the char - s t eam react ion were 
made of carbon conversion levels b e l o w 8 0 % . K n o w l e d g e of the above 
factors shou ld a l l o w concepts for o p t i m i z i n g carbon a n d oxygen u t i l i z a 
tion—i .e. , m a x i m u m carbon conversion at m i n i m u m oxygen consumpt ion 
to be developed. 

(e ) determinat ion of intermediates i n convert ing coa l to methane. 
( f ) est imation of heat effects accompany ing hydrogasi f ication. 
K n o w l e d g e of the above phenomena c o u l d l ead to the design of more 

thermal ly efficient gasifiers. 
Reactor Design. A l m o s t every conceivable type of so l ids -gas con

tact ing scheme is used i n hydrogasi f icat ion reactor systems, often i n 
combinat ion ( T a b l e I ) . F o r example, among h i g h - B t u gas processes 
current ly under development, the H y - G a s Process uses a combinat ion of 
fluid beds as w e l l as an entrained reactor; the B i - G a s Process ut i l izes an 
entrained reactor together w i t h a s lagging b e d reactor system; the 
B a t t e l l e / U n i o n C a r b i d e A g g l o m e r a t i n g B e d Gasif ier ut i l izes a u n i q u e 
agglomerat ing type of fluid b e d together w i t h a two-stage non-agglomer
at ing ( d r y ) fluid b e d ; C o n s o l s C 0 2 Acceptor Process consists of two d r y 
fluid beds very s imi lar to the B a t t e l l e / U n i o n C a r b i d e reactor system; the 
H y d r a n e Process uses d i lute solids phase free- fa l l reactors together w i t h 
a fluid b e d ; and , finally, the Synthane Process requires a fluid b e d a n d 
free- fa l l react ion zone. There are also four c o m m e r c i a l systems that 
c ou ld be used to produce synthesis or h i g h - B t u gas. T w o of these 
proecsses—the L u r g i a n d the W e l l m a n - G a l u s h a gasifiers—use m o v i n g 
beds; the W i n k l e r system uses a fluidized bed , a n d the K o p p e r s - T o t z e k 
is an entra ined reactor. A l l of these c o m m e r c i a l reactors are single-
staged, a n d only one, the L u r g i , is designed for operat ion at e levated 
pressure. 

T h e p r i m a r y reasons for the increased complex i ty of the reactor 
systems current ly under development, compared w i t h the aforementioned 
c o m m e r c i a l systems, are to increase the f ract ion of methane p r o d u c e d b y 
the hydrogasi f icat ion, to reduce (or e l iminate ) oxygen consumption , a n d 
i n the case of the B i - G a s a n d H y d r a n e processes to a l l o w the use of r a w 
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154 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 REVIEWS 

coa l w i t h o u t pretreatment. Schematic representations of these reactor 
systems are s h o w n i n F igures 5 through 14. O n e of the major problems 
i n operat ing the more sophist icated second generation hydrogasi f ica
t i on systems n o w be ing developed w i l l be the contro l of gas a n d solids 
flow at the h i g h pressures a n d temperatures necessary for gasification a n d 
hydrogasi f icat ion. Requirements to design such reactors a n d to contro l 
their operat ion w i l l b e : 

( 1 ) increased attention to the m o d e l i n g of sol ids-gas flow circuits 
(2 ) expanding the data a n d technology base for the design a n d con

t r o l of such systems 
(3) development of ways to pred i c t gas m i x i n g between reactor 

zones. 
F o r example, the prac t i ca l importance of the above topics i n reactor 

design was recently demonstrated b y Z a h r a d n i k a n d G r a c e (24) w h o 
showed that the inject ion of coal into the upper stage of the B i - G a s 
reactor resulted i n gas m i x i n g patterns that caused methane to rec irculate 
to the hot zone where i t was re formed b y steam. T h i s greatly reduced 
the direct methane y i e l d w h i c h has a deleterious effect on process eco
nomics . A s imple change i n the coa l inject ion nozz le e l iminated the p r o b 
l e m a n d a l l o w e d increased methane yie lds . H o w e v e r , i f gas m i x i n g pat 
terns i n the reactor were not examined, this p r o b l e m w o u l d not have 
been isolated, a n d the lower methane yie lds w o u l d have been accepted. 

T h e specific references g iven i n the L i t e r a t u r e C i t e d section w i l l 
p rov ide a d d i t i o n a l in format ion on coa l gasification technology. T h e excel 
lent comprehensive b i b l i o g r a p h y c o m p i l e d b y R u b y M a t h i s o n (25) is 
par t i cu lar ly recommended . 
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Multiplicity, Stability, and Sensitivity of 

States in Chemically Reacting Systems— 

A Review 

ROGER A. SCHMITZ 

Department of Chemical Engineering, University of Illinois, 
Urbana, Champaign, Ill. 61801 

Attention to the topics of multiplicity, stability and sensi
tivity of states in chemical reactors and catalyst particles has 
stemmed principally from publications by Van Heerden, 
Amundson, and Aris in the 1950's. These and subsequent 
studies through the 1960's were mainly theoretical in nature, 
dealing primarily with problems involving a single exo
thermic reaction. More recently, experimental research has 
borne out some of the theory, but most of the distributed 
models used in mathematical work have not been put to 
careful experimental tests. A parallel literature in other 
fields of application, including biology, combustion and 
electrochemistry, has developed, introducing a variety of 
problems and broadening considerably the scope of this 
subject area. This review surveys the literature on these 
topics with particular emphasis on the chemical engineering 
literature. 

he essential topics of this r ev iew are the m u l t i p l i c i t y (or un ique -
A ness) of steady states of open chemica l ly react ing systems, the 

stabi l i ty of states to smal l a n d large perturbat ions , a n d the sensit ivity of 
them to parameter or i n p u t changes. T h e topics have their p r i n c i p a l 
app l i ca t i on i n the design, startup, a n d contro l of the various types of 
continuous-f low c h e m i c a l reactors encountered i n the chemica l a n d petro
l e u m industries . O t h e r areas of app l i ca t ion , i n c l u d i n g combust ion , b i 
ology, a n d electrochemistry, certa inly are not new; i n fact, some of t h e m 
have earlier roots than do reactor appl icat ions i n the p u b l i s h e d l i terature. 

156 
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7. scHMiTZ Multiplicity, Stability, and Sensitivity 157 

C o m m o n usage of the words m u l t i p l i c i t y , s tabi l i ty , a n d sensitivity i n 
the l i terature a n d throughout this paper is accord ing to the f o l l o w i n g 
definitions. T h e m u l t i p l i c i t y of steady states is the n u m b e r of different 
sets of state variables at w h i c h the t ime rate of change of a l l state 
variables is ident i ca l ly zero for a fixed set of conditions or parameters. 
Gavalas ( 1 ) has shown that one shou ld expect the m u l t i p l i c i t y to be an 
o d d n u m b e r for react ing systems p r o v i d i n g the chemica l k inet i c expres
sions satisfy some rather l i b e r a l restrictions. These states are descr ibed 
b y the w o r d steady only to s igni fy that the t ime rate of change of state 
variables at such states is zero—not to s igni fy stabi l i ty . A steady state is 
stable i f perturbations w i t h i n an arb i t rar i l y sma l l ne ighborhood surround
i n g the state die a w a y to zero. I f even the smallest such perturbations 
grow, the steady state is unstable. I n keep ing w i t h the usua l vernacular , 
s tabi l i ty so defined shou ld proper ly be termed l o ca l asymptot ic stabi l i ty , 
to d is t inguish it f rom other types such as g loba l stabi l i ty , w h i c h impl ies 
stabi l i ty to a n arb i t rar i l y large disturbance. Sensit iv i ty is somewhat less 
prec ise ly defined. It describes a general s i tuation i n w h i c h smal l p e r m a 
nent changes i n a parameter have a large effect on the steady state. Sensi 
t i v i ty m a y or m a y not be connected w i t h steady-state m u l t i p l i c i t y a n d 
instabi l i t ies . 

T h e intent i n this rev iew is to portray as m u c h as possible the m a n y 
phys i cochemica l situations a n d the var iety of in t r i gu ing behav iora l char
acteristics w h i c h have been descr ibed i n the l i terature. T h e major thrust 
is t o w a r d chemica l reactor appl icat ions , but a final section on other a p p l i 
cations is inc luded . M o s t of the papers on chemica l reactors have focused 
either on the continuous-f low, we l l - s t i r red reactor ( C S T R ) , on a single 
catalyst part ic le , or on tubular or fixed-bed reactors. Papers of a very 
general nature have been rare. A c c o r d i n g l y , separate sections are devoted 
to each of these three subjects. T h e fourth section contains a more general 
discussion of the effects of m i x i n g a n d mathemat i ca l mode l ing . A n at
tempt is made at appropr iate places to put the papers to be presented i n 
Session V I I of the sympos ium vo lume ( A D V A N C E S I N C H E M I S T R Y S E R I E S 
N o . 133 ) i n perspective. 

R e v i e w papers f rom previous symposia , par t i cu lar ly the one b y R a y 
( 2 ) , fill some of the gaps i n the present rev iew. I n add i t i on , books 
devoted to this subject b y Gavalas ( J ) a n d Per lmutter (3 ) a n d a vo lume 
ed i ted b y O p p e l t a n d W i c k e (4) are good general references. T w o 
a d d i t i o n a l books b y A r i s (5 ) a n d D e n n ( 6 ) , b o t h of w h i c h emphasize 
these topics, w i l l soon be avai lable . 

A s an estimate, the n u m b e r of l i terature references to papers on 
m u l t i p l i c i t y and stabi l i ty i n chemica l reactors contained i n this r ev i ew 
amounts to about 4 0 % of those p u b l i s h e d i n this area of app l i ca t i on 
through the past two decades. T h e percentage c i ted i n other areas of 
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158 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 REVIEWS 

app l i ca t i on is m u c h smaller. C e r t a i n l y , some important contr ibutions , 
p a r t i c u l a r l y those i n the Russ ian l i terature, are missed i n this rev iew. 

The CSTR 

I n add i t i on to its p rac t i ca l role as an important a n d common type of 
i n d u s t r i a l reactor, the C S T R , or more generally, the idea l ly m i x e d open 
react ing system, has been the cornerstone for this area of research. T h e 
necessary mathemat i ca l theorems a n d methods of analysis are standard; 
laboratory studies are re lat ive ly s imple to conduct , a n d the results are 
easily interpreted. Consequent ly , our knowledge a n d understanding of 
C S T R behavior p robab ly set the upper b o u n d on our capabi l i t ies for 
exp lor ing a n d understanding the behavior of other open react ing systems 
a n d suggest the questions one n o r m a l l y poses w h e n invest igat ing more 
complex d i s t r ibuted react ion models. [I a m adher ing to the usua l con
vent ion a n d jargon accord ing to w h i c h "d i s t r ibuted mode ls " is taken to 
mean those w h i c h account for spatial variations of one or more of the 
dependent var iables—as i n most models of porous catalyst partic les and 
tubu lar reactors. I n " l u m p e d models , " such as the C S T R p r o b l e m , no 
spat ia l dependence is considered.] I n fact, i t is t empt ing to conjecture 
that the qual i tat ive features of the behavior of d i s t r ibuted systems m a y a l l 
be easily expected b y analogy to C S T R behavior , the lure bas ica l ly be ing 
the fact that the mathemat i ca l descr ipt ion for most d i s t r ibuted models 
reduces to that of a C S T R as dispersion parameters become large. Those 
findings that disprove this conjecture are of the greatest interest i n studies 
of d i s t r ibuted systems a n d usual ly can be termed surpr is ing . Therefore , 
any newcomer to this field is advised to acquaint himsel f f u l l y w i t h the 
status of knowledge regard ing C S T R behavior before e m b a r k i n g on n e w 
problems. 

The Classic Theoretical Problem of a Single Exothermic Reaction. 
T h e classic C S T R prob lem, in t roduced i n papers b y V a n H e e r d e n {7,8), 
Bi lous a n d A m u n d s o n ( 9 ) , and A r i s a n d A m u n d s o n (10) involves a single 
homogeneous exothermic react ion oc curr ing i n a we l l - s t i r red , cont inu
ously- fed reactor. [ T h e paper b y V a n H e e r d e n i n 1953 was not actual ly 
the first to treat m u l t i p l i c i t y a n d instabil it ies i n chemica l reactors, b u t no 
paper before i t h a d made a significant impact b y 1953. Publ i cat ions b y 
L i l j e n r o t h (11) a n d W a g n e r (12) are among those w h i c h preceded it . ] 
T h e facts that ( 1 ) so s imple a system can exhibit m u l t i p l e steady states, 
unstable states ,and sustained osci l latory outputs a n d that (2 ) the m e t h 
ods of L i a p u n o v a n d Poincaré are we l l - su i ted for invest igat ing the sta
b i l i t y a n d transient characteristics of such processes were brought out i n 
these early publ icat ions . These same characteristics were s tudied i n 
numerous subsequent theoret ical papers cover ing most of the conceivable 
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7. scHMiTZ Multiplicity, Stability, and Sensitivity 159 

variations of the classic p r o b l e m a n d g i v i n g rise to a lengthy l i terature 
c u l m i n a t i n g i n recent publ icat ions b y Poore (13) a n d U p p a l , R a y , a n d 
Poore (14). 

F o r first-order A r r h e n i u s kinet ics , the mater ia l a n d energy balances 
for the classic p r o b l e m take the dimensionless f o rm of Equat i ons 1 a n d 2. 

dci 
ΊΓθ 

= 1 — ci — Da et exp 

L ^ = 1 - U + j8 Da c, exp (l - j^J - a(U - Ο 

(D 

(2) 

[ In the equations presented throughout this paper , I have incorporated 
first-order A r r h e n i u s kinetics w i t h a single chemica l reaction for purposes 
of discussion a n d i l lustrat ion . T h e vast major i ty of theoret ica l models 
have used this f o r m ; other k inet i c descriptions require obvious a n d 
stra ight forward modif ications.] 
These equations are expressed i n terms of six parameter groups L, Da, γ, 

— Stable States 
— Unstable States 
• · · Stable Limit Cycles 
xxx Unstable Limit Cycles 

fflb ïïa — Stable States 
— Unstable States 
• · · Stable Limit Cycles 
xxx Unstable Limit Cycles 

ι 

— Stable States 
— Unstable States 
• · · Stable Limit Cycles 
xxx Unstable Limit Cycles (d) (e) 

A C F Β A A C J G B A 
ETb 

X 

A "ïïl 

(f) 

V a 

D I B 

(g) 

y ? (h) 

A B A 

Damkohler Number 

Chemical Engineering Science 

Figure 1. Steady-state and stability results for different regions in param
eter space for a CSTR with first-order Arrhenius kinetics; L , γ, and ta are 

fixed (14) 
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160 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

Conversion — • 

Chemical Engineering Science 

Figure 2. Classes of phase plots for the different cases indicated in 
Figure 1. The symbol u designates unstable steady states; s, stable 
steady states; sic, stable limit cycles; and ulc, unstable limit cycles (14). 

β, a, a n d fa- Poore (13) a n d U p p a l et al (14) establ ished regions i n the 
β, 1 + a parameter p lane ( for fixed values of L , y, a n d t&) as shown i n 
the center por t i on of F i g u r e 1 b y obta in ing condit ions for the m u l t i p l i c i t y 
of steady-state solutions, for their s tabi l i ty a n d for the existence, a n d 
stabi l i ty of per i od i c orbits (sustained os ic i l latory s tates—l imit cyc les ) . 
A l l of this in format ion is s u m m a r i z e d i n F i g u r e 1, w h i c h is in tended to 
show only qual i tat ive features. [ In c o p y i n g figures f r om the l i terature, I 
have changed notat ion a n d labe l ing f r om that i n the o r i g ina l reference 
to be consistent w i t h the discussion a n d symbols throughout this rev iew. ] 
T h e sketches of steady-state conversion vs. D a m k o h l e r number , w h i c h 
surround the central figure, typ i fy the behavior w i t h i n the various re 
g i ons—I , I I , I l i a , I l l b , etc. T h e curves b i furca t ing f r o m the so l id a n d 
dashed portions of the steady-state curves indicate the ampl i tudes of 
l i m i t cycles; those m a r k e d b y dots represent stable orbits a n d those b y 
the s y m b o l X , unstable ones. N i n e different sections of the steady state 
curves, each d is t inguished f r o m any of the others b y the m u l t i p l i c i t y a n d 
stabi l i ty of steady states a n d the existence of one or more l i m i t cycles, 
can be identi f ied. These sections are designated A , B , . . . , H , a n d J on 
on the abcissas of the steady-state plots i n F i g u r e 1. F o r each of these 
sections there is a characterist ic phase portra i t i n the convers i on - tem-
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7. scHMiTz Multiplicity, Stability, and Sensitivity 161 

perature plane. Sketches of these are shown i n F i g u r e 2. If, for example, 
the parameters β a n d a ( again for fixed values of other parameter groups ) 
corresponded to a po int i n reg ion H l b of the central sketch i n F i g u r e 1, 
the behav iora l features of that reactor are character ized b y the sketch i n 
F i g u r e I d . Phase portraits of type A , B , C , a n d F are possible, depend ing 
on the part i cu lar value of the D a m k o h l e r number . A s the D a m k o h l e r 
n u m b e r is decreased f rom large values, the b r a n c h of h i g h conversion 
states is stable through section A a n d bifurcates to a l i m i t cycle i n section 
B . T h e l i m i t cycle persists through section F , even though t w o other 
states—one a stable low-convers ion state, the other a saddle p o i n t — 
emerge i n the pase plane. F i n a l l y , the l i m i t cycle disappears as i t inter 
feres w i t h séparatrices i n the phase p lane (at the r i ght end of section C ) , 
a n d eventual ly only l o w conversion states at l o w values of Da are possible. 

A sufficient condi t ion for uniqueness of a steady state is that the po int 
corresponding to g iven values of β a n d a l i e b e l o w C u r v e M i n the centra l 
sketch of F i g u r e 1. A l l steady states for any po int b e l o w C u r v e M satisfy 
the so-cal led slope condi t ion for stabi l i ty or static condi t ion , as i t was 
termed b y Gi l l es a n d H o f m a n n (15). ( T h i s is the condi t ion that the de
terminant of the coefficient matr ix i n l inear i zed transient equations be 
posit ive or that the slope of the heat remova l curve exceed that of the heat 
generation curve at the steady state.) F o r any po int above C u r v e M , 
m u l t i p l e states w i l l exist over some range of Da. S tab i l i ty of a l l steady 
states can be assured i f a n d only i f the po int i n the β, 1 - f « p lane lies 
b e l o w both Curves M a n d S—i.e., i n R e g i o n I. I n fact, i t can be s h o w n 
that steady states for such cases are g lobal ly stable. A l l steady states for 
points be l ow C u r v e S satisfy the condi t ion that the trace of the coefficient 
matr ix be negat ive—ca l l ed the d y n a m i c cond i t i on b y Gi l l e s a n d H o f m a n n 
(15). I t can be shown that on ly Regions I a n d I I are accessible i n the 
spec ia l case of an adiabat ic reactor (i.e., a = 0 ) . 

It is not feasible to elaborate here on the abundant a d d i t i o n a l in for 
mat ion contained i n F igures 1 a n d 2. T h e paper by U p p a l et al. contains a 
m u c h more extensive discussion of reactor behavior for the different cases 
a n d of the methods of construct ion of F i g u r e 1. It also inc ludes n u m e r i c a l 
examples a n d simulations to a d d quant i tat ive fidelity to the sketches 
shown here. 

T h e w o r k of Poore a n d U p p a l et al. m a i n l y serves to t ie together a l l 
of the pr ior f ragmentary in format ion reported on this classic p r o b l e m . 
M o s t of the separate features w h i c h they describe have been studied . 
T h e w o r k of V a n H e e r d e n (7,8) made i t c lear that either one or three 
steady states exist, depend ing on parameter values, a n d that the inter 
mediate states are unstable. Subsequent studies (10,15,16) demonstrated 
that states other than the intermediate state c o u l d be unstable i n n o n -
adiabat i c systems, a n d the phase diagrams of A r i s a n d A m u n d s o n (JO) 
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162 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

showed that bo th stable a n d unstable l i m i t cycles m i g h t be expected. 
Schmitz a n d A m u n d s o n ( 16) showed that a l l three steady states c o u l d be 
unstable, but the f o l l o w i n g facts established b y U p p a l et al. apparent ly 
have not been expressed i n previous studies of C S T R behavior a n d were 
not general ly apprec iated b y workers i n this area. (1 ) F o r parameter 
values corresponding to points above C u r v e S i n F i g u r e 1, except for 
those i n R e g i o n l i b , l i m i t cycles w i l l a lways exist over some range of 
values of the D a m k o h l e r number ; (2 ) the stabi l i ty of the l i m i t cycles 
near the po int of b i furcat ion can be determined b y an algebraic c r i ter ion ; 
(3 ) l i m i t cycles m a y disappear as the D a m k o h l e r number is changed b y 
(a ) shr ink ing to zero ampl i tude (as, for example, i n m o v i n g a long the 
steady-state curve f rom Sect ion Β to Section A i n F igures I d , l e , If , l i , 
a n d l h as stable l i m i t cycles shr ink to a stable state, or i n m o v i n g f r om 
Sect ion H to Section C i n F i g u r e l c as unstable l i m i t cycles shr ink to an 
unstable steady state) , ( b ) coalescence of stable a n d unstable l i m i t cycles 
( as i n m o v i n g f rom R e g i o n D to Reg ion A i n F igures I f a n d l g — g e n e r a l l y 
re ferred to as " h a r d " b i furcat i ons ) , a n d ( c ) interference of a l i m i t cyc le 
w i t h a separatrix (as i n m o v i n g f rom section H to section Ε i n F i g u r e l c ) . 

A t least two other papers (17,18) have presented an extensive analy 
sis of this classic C S T R p r o b l e m i n parameter space. Ne i ther is as ex
haustive (par t i cu lar ly i n the treatment of the appearance a n d disappear
ance of per i od i c orbits ) as the pub l i ca t i on b y U p p a l et al. O t h m e r ( 19 ) 
recent ly presented a s imi lar analysis of a s impl i f ied k inet i c m o d e l of the 
i sothermal Be lousov -Zhabot insk i i r eac t i on—an autocatalytic system i n 
w h i c h malon i c a c i d is ox id i zed isothermal ly b y bromate i n the presence 
of a meta l i on . ( Other works w h i c h focused on this fasc inat ing react ion 
are c i ted later. ) A l s o , the diagrams a n d analyses s imi lar to those used b y 
U p p a l et al. can easily be constructed for other two-var iab le problems. 
W i t h quite different k inet i c expressions, n e w qual i tat ive features c o u l d 
be introduced . F o r example, U p p a l et al. ment ioned the poss ib i l i ty of a 
greater n u m b e r of l i m i t cycles existing for a g iven set of parameters, but 
they f ou n d no evidence of these i n their computations for first-order 
A r r h e n i u s kinetics . O t h m e r (19) p red i c ted the appearance of three l i m i t 
cycles i n a phase plane, two of w h i c h were unstable orbits a r o u n d stable 
steady states a n d the t h i r d a stable orb i t surrounding a l l three steady 
states. N o simulations for such a case were given. 

T h e exact construct ion of the phase diagrams shown i n F i g u r e 2 a n d 
the quant i tat ive determinat ion of the ampl i tudes of l i m i t cycles ( ind i ca ted 
schematica l ly b y the dots a n d X ' s i n F i g u r e 1) s t i l l require d i g i t a l or 
analog computer solutions of the nonl inear Equat i ons 1 a n d 2. A p p l i c a 
tions of the d irect method of L i a p u n o v to establish regions of asymptot ic 
s tabi l i ty i n the phase p lane have consistently resulted i n very conservative 
estimates, as w e l l i l lustrated i n a recent paper b y Shastry a n d F a n (20). 
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7. s c H M i T Z Multiplicity, Stability, and Sensitivity 163 

O t h e r references to such studies a n d a descr ipt ion of methods of con
struct ing L i a p u n o v functions m a y be f ound i n the book b y Per lmutter 
(3). M e t h o d s of obta in ing the exact regions of asymptot ic s tabi l i ty b y 
c o m p u t i n g that separatrix ( b y b a c k w a r d n u m e r i c a l integrat ion) i n the 
phase p lane w h i c h passes through the saddle po int have been descr ibed 
(10,15) a n d are re lat ive ly easy to apply . 

A number of papers have been devoted to methods of approx imat ing 
the l i m i t cycles i n the phase p lane (see, for example , Refs. 21, 22, 2 3 ) . 
H e b e r l i n g et al. (21) c ompared the various approximate solutions w i t h 
those generated b y n u m e r i c a l solution, i n c l u d i n g unstable l i m i t cycles 
w h i c h were rendered stable b y reversing the d i rec t ion of t ime i n the 
n u m e r i c a l integrat ion. M u c h of the w o r k on the computat ion of l i m i t 
cycles has been mot ivated b y the fact [first po in ted out b y Doug las a n d 
R i p p i n (24)~\ that the t ime-average performance g iven b y an osci l latory 
output m a y be better than that of the steady state about w h i c h the output 
oscillates. T a k i n g a l l experiences into account, most researchers i n this 
field w o u l d p r o b a b l y r e commend s tra ight forward n u m e r i c a l or analog 
s imulations us ing the nonl inear system equations to s tudy the large scale 
transient effects for a g iven situation. [ T h e per iod i c operat ion of chemi 
ca l reactors caused b y the del iberate m a n i p u l a t i o n ( cy c l ing ) of one or 
more parameters to improve reactor per formance is not w i t h i n the scope 
of this rev iew. A recent r ev i ew b y B a i l e y (25) covers this subject 
extensively.] 

Further Theoretical Work. A m o n g variations of or departures f r om 
the classic p r o b l e m have been theoret ical studies of systems i n v o l v i n g 
more than one phase, more than one react ion, reactors i n series, a n d 
others. Genera l l y the features s tudied i n these works are s imi lar to those 
descr ibed above, b u t w h e n the complex i ty of the system equations is 
increased (par t i cu lar ly as a result of an increase i n the order of the sys
tem—i.e., i n the number of dependent var iab l es ) , the m u l t i p l i c i t y of 
steady states is often increased. Schmitz a n d A m u n d s o n (16) showed, 
for example, that a single exothermic react ion m a y give rise to as m a n y 
as n ine steady states w h e n i t occurs i n b o t h phases of a system w i t h two 
fluid phases a n d w i t h transfer resistances between the phases. I n a s imi lar 
s i tuat ion i n v o l v i n g mult iphase po lymer izat ion , G o l d s t e i n a n d A m u n d s o n 
(26) encountered as m a n y as 25 different steady states. ( I n connect ion 
w i t h mult iphase C S T R systems, there have been a f ew theoret ical studies 
of steady-state m u l t i p l i c i t y a n d stabi l i ty i n two-phase (27) a n d three-
phase (28) models of fluidized-bed reactors w i t h the dense phase per 
fect ly m i x e d a n d of a perfect ly m i x e d spray reactor ( 2 9 ) , a l l for exo
thermic processes. ) 

A systematic analysis of two sequential reactions A —» Β - » C , bo th 
exothermic, i n a single-phase C S T R has been reported b y H l a v a c e k , K u b i -
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164 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

cek, a n d V i s n a k ( 3 0 ) ; they showed that five steady states are possible , 
as are sustained osci l latory outputs for a nonadiabat i c s i tuation. T h e 
structure of the three-d imensional phase space for this system was c a l c u 
lated b y Sabo a n d Dranof f (31), whose w o r k also i n c l u d e d the est imation 
of regions of asymptot ic stabi l i ty b y app l i ca t i on of L i a p u n o v ' s direct 
method . 

I n a theoret ical s tudy w h i c h accompanied exper imental work , G r a z i -
a n i et al. (32) ana lyzed the Be lousov -Zhabot insk i i react ion us ing a k inet i c 
scheme very s imi lar to the 10-reaction m o d e l of F i e l d , Koros , a n d Noyes 
(33). T h e results, shown i n F i g u r e 3, pred i c t " h a r d " osci l latory b i f u r c a 
tions (that is, the e l iminat ion of stable l i m i t cycles b y coalescence w i t h 
unstable ones) . 

M a n y publ icat ions have focused on the p r o b l e m of automatic con
t ro l , speci f ical ly the poss ib i l i ty of s tab i l i z ing an inherent ly unstable state 
b y a feedback contro l scheme. Some of the very early papers considered 
this p r o b l e m (JO, 34, 35, 36). M o r e recently , s tab i l i z ing control has been 
considered b y D e m o et al. (37), w h o ana lyzed the poss ib i l i ty of s tab i l i z 
i n g an unstable state b y m a n i p u l a t i n g the s t i rr ing speed i n a nonadiabat i c 
reactor; b y H y u n a n d A r i s ( 3 8 ) , w h o examined the effects of hysteresis 
i n the feedback loop; a n d b y L u y b e n ( 3 9 ) , i n a study of the effect of the 
react ion ve loc i ty constant on reactor stabi l i ty . 

Interest i n the m u l t i p l i c i t y a n d stabi l i ty of steady states i n i sothermal 

0.001 0.01 0.1 1 
F/V (sec - 1) 

AlChE Meeting 

Figure 3. Predicted behavior for the Belousov-Zhabotin
skii reaction in a CSTR at 25°C. Solid curves represent 
stable states; dashed sections, unstable states. Dots repre
sent the amplitudes of stable limit cycles (amplitudes not 
shown to scale) and X's, amplitudes of unstable ones (32). 
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7. s c H M i T z Multiplicity, Stability, and Sensitivity 165 

systems has increased notab ly i n recent years. T w o studies of the B e l o u -
sov-Zhabot inski i react ion have already been c i ted . I n add i t i on , H i g g i n s 
(40) discussed various i sothermal k inet i c models i n d i c a t i n g m u l t i p l i c i t y 
of states a n d osci l latory behavior i n m a n y cases. H i s paper was a i m e d at 
b i o l og i ca l react ion mechanisms, as were others (see, for example, Refs. 
41, 42, 43). F u r t h e r discussion of m u l t i p l i c i t y a n d stabi l i ty i n b io logy is 
i n c l u d e d later. M a t s u u r a a n d K a t o (44) presented a theoret ical study 
showing m u l t i p l e states i n an i sothermal C S T R , bas ing their k inet i c m o d e l 
on the autocatalyt ic ox idat ion of i sopropy l a lcohol . K n o r r a n d O ' D r i s c o l l 
(45) po inted out that viscosity effects on the terminat ion of the p o l y m e r i 
zat ion of styrene gives the appearance of autocatalycity a n d causes m u l 
t ip le steady states. 

F u t u r e w o r k i n this area w i l l p robab ly be addressed more a n d more 
t o w a r d compl i cated systems of reactions. H o p e f u l l y this w i l l l ead to some 
means of categoriz ing or c lassi fy ing react ion systems so that on ly the t y p i 
ca l behavior of each class need be e luc idated. Single reactions seem to be 
appropr iate ly d i v i d e d into two classes: (1 ) those for w h i c h chemica l rates 
increase w i t h an increase i n the extent of react ion over some range of the 
extent (accelerat ing reactions) a n d (2 ) those for w h i c h rates monoton i -
ca l ly decrease w i t h increasing extent (dece lerat ing react ions) . T o the 
former class be long exothermic a n d autocatalyt ic reactions as examples 
a n d to the latter, endothermic a n d isothermal mass-action reactions. 
B a r r i n g the poss ib i l i ty of some very unusual phys i ca l effects, a sufficient 
condi t ion for the u n i q u e condi t ion a n d stabi l i ty of steady-state solutions 
is that the react ion be long to the decelerat ing class. Another important 
d ist inct ion between the two classes is that the progress of accelerat ing 
reactions m a y be favored b y b a c k m i x i n g w h i l e decelerat ing reactions are 
best done under segregated or p lug- f low condit ions. There does not seem 
to be a useful analogy i n terms of accelerating or decelerat ing systems of 
reactions, a n d the task of def ining easily identi f iable classifications appears 
formidable . Recent w o r k b y H o r n (46), H o r n a n d Jackson (47), a n d 
F e i n b e r g a n d H o r n ( 48 ) represents a step t o w a r d such a goal . React ion 
mechanisms considered i n those studies were i sothermal systems w h i c h 
obey mass-action kinetics. T h e p r i n c i p a l notions invo lved were those of 
weak revers ib i l i ty a n d deficiency of a mechanism. T h e essential result 
of interest here is a theorem w h i c h states that a sufficient condi t ion for a 
mass-action mechanism to have a un ique a n d g lobal ly stable steady state 
i n an open, perfect ly m i x e d system is that i t have a deficiency of zero 
a n d be w e a k l y reversible . B o t h the deficiency a n d weak revers ib i l i ty can 
be read i l y determined f rom the react ion mechanism a n d are independent 
of the react ion ve loc i ty constants. T h e proof involves an elegant mathe 
m a t i c a l structure essentially a i m e d at establishing condit ions under w h i c h 
the nature of steady a n d transient states i n an open react ing system is the 
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166 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

same as that d ic tated b y thermodynamic laws for closed systems near 
e q u i l i b r i u m . For tunate ly for most interested readers the general results 
have been a p p l i e d i n a manner most easily apprec iated i n the last of the 
above three references as w e l l as i n three other papers b y H o r n (49). T h e 
results seem to be useful for models i n w h i c h the system is open as a 
consequence of assuming that certain components are present i n ficti
t iously constant concentrat ion—an assumption commonly invoked i n b i o 
l og i ca l appl icat ions . H o w e v e r , this author's l i m i t e d testing of the theorem 
w i t h continuous flow react ion models suggests that i t is qui te conservative 
i n its present form. C e r t a i n l y variations a n d modifications of this approach 
as w e l l as ent ire ly different approaches w i l l be for thcoming. 

Experimental Studies. T h o u g h long de layed i n t ime f rom the theo
re t i ca l w o r k of V a n H e e r d e n a n d others, a n u m b e r of papers presenting 
exper imental data on steady-state m u l t i p l i c i t y a n d stabi l i ty i n the C S T R 
have appeared, most ly w i t h i n the past three or four years. [ F o r purposes 
of organizat ion here, papers w h i c h inc lude exper imental data are referred 
to i n separate subsections. M o s t of them also contain some contr ibut ion 
to or discussion of an u n d e r l y i n g theory.] T a b l e I gives a l ist of the 
above-mentioned papers a long w i t h a br ie f descr ipt ion of each system 
studied a n d the observations reported. [ T o m y knowledge , the lists of 
exper imental reactor studies g iven i n tables i n this r ev i ew are complete. 
H o w e v e r , the b o l d c l a i m of no omissions is not m a d e a n d most l i k e l y 
w o u l d not be correct.] T h e l ist contains studies of single-phase systems 
( l i q u i d a n d gas ) , of two-phase systems (emuls ion po lymer i za t i on , g a s -
l i q u i d a n d g a s - s o l i d ) , of exothermic, a n d of i sothermal processes. [ T h e 
gas-solid cases represent so l id -cata lyzed reactions. These experiments 
used a rec i rculat ion reactor ( or recycle or loop reactor ) w h i c h approaches 

Table I. Experimental Studies of Steady-State Multiplicity, 
Instabilities, and Control in Well-Mixed Reactors" 

Reference 

1. H o f m a n n , 
1965 (50) 

2. H a f k e a n d Gi l l es , 
1968 (51) 

3. H u g o , 1968 (52) 

4. B u s h , 1969 (53) 

5. F u r u s a w a et al., 
1969 (54) 

6. B a c c a r o et al., 
1970 (55) 

Experimental System 

Decompos i t i on of H2O2 i n l i q u i d phase 
i n nonadiabat ic C S T R 

L i q u i d phase ox idat ion of e t h y l alcohol 
b y H 2 0 2 i n nonadiabat ic C S T R 

Decompos i t ion of N 2 0 on copper oxide 
cata lyst i n adiabat ic c i r cu lat ing re 
actor 

V a p o r phase chlor inat ion of m e t h y l 
chloride i n nonadiabat ic C S T R 

H y d r a t i o n of propylene oxide i n l i q u i d 
phase i n adiabat ic C S T R 

H y d r o l y s i s of ace ty l chloride i n l i q u i d 
phase i n nonadiabat ic C S T R 
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7. scHMiTZ Multiplicity, Stability, and Sensitivity 167 

Reference 
7. H u g o , 1970 (56) 

8. Ve j tasa and 
Schmi tz , 
1970 (57) 

9. Gerrens et al., 
1971 (58) 

10. H o r a k et al., 
1971 (59) 

11. H a n c o c k and 
K e n n y , 
1972 (60) 

12. H o r a k a n d 
J i racek , 
1972 (61) 

13. H u g o a n d 
J a k u b i t h , 
1972 (62) 

14. L o a n d Chole t te , 
1972 (63) 

15. D u b i l and Gaube , 
1973 (64) 

16. E c k e r t , H l a v a -
cek, and M a r e k , 
1973 (65) 

17. E c k e r t et al., 
1973 (66) 

18. G r a z i a n i et al., 
1973 (32) 

19. M a r e k , 
1973 (67) 

20. C h a n g a n d 
Schmi tz , 
1974 (68) 

21. D i n g , S h a r m a , 
a n d L u s s , 
1974 (69) 

22. G u h a a n d Agnew, 
1974 (70) 

23. Weiss and J o h n , 
1974 (71) 

T a b l e I . C o n t i n u e d 
Experimental System o m c 

E x o t h e r m i c decomposit ion of N 2 0 on χ 
copper oxide catalyst and isothermal 
ox idat ion of C O on p l a t i n u m catalyst 
i n c i r cu lat ing reactor 

L i q u i d phase reaction between N a 2 S 2 0 3 x 
a n d H 2 0 2 i n adiabat ic C S T R 

E m u l s i o n po lymer izat ion of styrene i n χ 
three-stage series of i sothermal 
C S T R ' s (three stable states observed) 

L i q u i d phase autocata lyt i c reaction of χ 
b i s t r i ch lormethy l tr isul f ide w i t h a n i 
l ine i n one- and two-stage i sothermal 
C S T R system 

C h l o r i n a t i o n of m e t h y l alcohol i n iso- χ 
t h e r m a l g a s - l i q u i d system 

H y d r o g e n - o x y g e n react ion on p l a t i n u m χ χ 
catalyst i n adiabatic rec irculat ing re
actor 

Isothermal ox idat ion of carbon m o n - χ χ 
oxide on p l a t i n u m catalyst i n rec i r cu 
la t ing reactor 

L i q u i d phase reaction between N a 2 S 2 0 3 x 
and H 2 0 2 i n series of adiabatic C S T R ' s 

Oxo react ion i n a nonadiabat ic reactor χ 
modeled as a C S T R 

O x i d a t i o n of C O on C u O / A l 2 0 3 cata lyst χ χ 
i n adiabat ic c i r cu lat ing reactor 

O x i d a t i o n of C O on C u O / A l 2 0 3 catalyst χ χ 
i n adiabat ic c i r cu lat ing reactor 

L i q u i d phase Be lousov -Zhabot insk i i re - χ 
act ion i n i sothermal C S T R 

L i q u i d phase Be lousov -Zhabot insk i i re - χ 
act ion i n i sothermal C S T R 

L i q u i d phase react ion between N a 2 S 2 0 3 χ χ χ 
and H 2 0 2 i n nonadiabat ic C S T R 

C h l o r i n a t i o n of n-decane i n g a s - l i q u i d χ 
mix ture i n nonadiabat ic C S T R 

L i q u i d phase react ion between N a 2 S 2 0 3 χ 
and H 2 0 2 i n adiabatic C S T R 

L i q u i d phase formaldehyde condensa- χ 
t i o n to carbohydrates is i sothermal 
C S T R 

β Column headings: ο stands for sustained oscillations, m for steady-state multi
plicity, and c for feedback control of unstable states; χ in the columns indicates the 
behavior observed. 
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168 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 REVIEWS 

C S T R behavior at h i g h rec i r cu lat ion rates. F o r purposes of mathemat i ca l 
analysis, they are frequent ly descr ibed b y the usua l C S T R equations.] 
B o t h sustained osc i l latory behavior a n d hysteresis effects resul t ing f rom 
m u l t i p l e steady states have been s tud ied , bear ing out some of the theo
re t i ca l results. G e n e r a l l y i n the studies of steady-state m u l t i p l i c i t y , two 
stable states were obtained. Except ions were reported b y H o r a k et al. 
( 5 9 ) , i n w h i c h two C S T R ' s i n series resulted i n three stable states; b y 
H o r a k a n d Jiracek ( 6 1 ) , i n w h i c h the high-convers ion state as w e l l as 
the intermediate state was uns tab le—a situation resembl ing type C of 
F igures 1 a n d 2; a n d i n a study of the i sothermal so l id cata lyzed ox idat ion 
of carbon monox ide b y H u g o a n d J a k u b i t h ( 6 2 ) , i n w h i c h sustained 
oscil lations were observed around h i g h conversion states, resembl ing 
situations of type F . I n a l l other studies, on ly situations of types A , B , 
a n d Ε have been reported . 

T h e data shown i n F i g u r e 4 are t y p i c a l of the results of experiments 
b y G r a z i a n i et al. (32) w i t h the Be lousov -Zhabot insk i i react ion. T h e 
exper imental condit ions inc lude the range over w h i c h bo th stable a n d 
unstable l i m i t cycles were pred i c t ed accord ing to the theoret ical curve i n 

1.10 h 

1.05 

? 1 0 0 
> 

— oscillations (peak to peak) 

• experimental stable states 

0 2 4 6 8 10 

Flow Rate (ml/min) 

AlChE Meeting 

Figure 4. Experimental results showing the 
readings from a platinum electrode immersed 
in a CSTR (volume 25 ml) for the Behusov-

Zhabotinskii reaction at 25°C (32) 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 169 

F i g u r e 3. T h e data suggest that the oscil lations are h a r d since they do 
not appear to shr ink to zero a m p l i t u d e at the end of the osc i l latory 
region, a n d hence that situations of type D exist; however , extensive 
exper imental testing d i d not establish this conclusively . 

60 h 

50 h 

4 0 

3 
ο 
α> α. Ε 
|2 
α> 
ο 
55 

CO 

30 

20 

10 Theoretical 
— Steady States 

u Region of Unstable States for L=0 

Experimental 
Δ Stable 
• Unstable (Controlled) 

J I L J I L _ J L 
30 4 0 50 60 70 80 

Residence Time (sec) 

Chemical Engineering Science 

Figure 5. Experimental results of Chang and 
Schmitz (68) showing unique unstable (controlled) 
states for the thiosulfate-peroxide reaction in a 

nonadiabatic CSTR 

C h a n g a n d Schmitz (68) used a s imple feedback contro l scheme i n 
a nonadiabat i c system to stabi l ize unstable states—i.e., to e l iminate the 
l i m i t cycles i n cases of sustained oscil lations a n d to stabi l ize the inter 
mediate states ( saddle po ints ) i n the regions of m u l t i p l e steady states— 
i n an exper imental analog of the early theoret ical studies b y A r i s a n d 
A m u n d s o n (10). F igures 5, 6, a n d 7 i l lustrate some exper imental obser
vations of C h a n g a n d Schmi tz a n d show some comparisons w i t h theo
ret i ca l predict ions for the second-order react ion between sod ium th io -
sulfate a n d hydrogen peroxide. E x c e p t for the automatic contro l aspect, 
these observations resemble those descr ibed i n m a n y of the other entries 
i n T a b l e I. Steady states on the range of residence times shown i n 
F i g u r e 5 are un ique , but over a por t ion of that residence t ime range they 
are pred i c ted to be unstable. T h e unstable states were obta ined exper i -
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170 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 REVIEWS 

menta l ly b y a convent ional p r o p o r t i o n a l - i n t e g r a l feedback control ler used 
as shown schematica l ly i n F i g u r e 5. 

C h a n g a n d Schmi tz used two different reactors w h i c h dif fered only 
i n their w a l l th ickness—that is, i n the effective value of L i n E q u a t i o n 2. 
F o r the data shown i n F i g u r e 5, L was est imated to be about 1.02. F o r 
the other reactor L was ca. 1 .1— large enough to cause a l l of the steady 
states i n F i g u r e 5 to be stable wi thout feedback control . 

F i g u r e 6 shows an exper imental l i m i t cyc le for the uncontro l l ed 
reactor on the phase p lane a n d the course of the transient f o l l o w i n g the 
in i t ia t i on of feedback contro l act ion. [The phase p lane shows the t e m 
perature vs. its t ime der ivat ive as opposed to the u s u a l t e m p e r a t u r e -
concentrat ion plots. Trans ient concentrations were not measured i n these 
experiments.] F i g u r e 7 presents theoret ical a n d exper imental results for 

50 r-

d. 25 

feedback 
control 

J I I I I I I I I L 

20 4 0 
Time (min) 

I I I ι ι ι I I I I I 
0 25 50 

Temp (°C) 

Chemical Engineering Science 

Figure 6. Sustained oscilla
tions and the effect of feedback 
control with the thiosulfate-
peroxide reaction in a CSTR. 
In the lower diagram, Curve 
(1) represents the limit cycle, 
and the dashed curve starting 
at (2) shows the trajectory fol
lowing the initiation of feed

back control (68). 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 171 

condit ions under w h i c h m u l t i p l e steady states exist. T h e exper imental 
points for the intermediate states were again obta ined b y s tab i l i z ing 
feedback control . B o t h the h i g h a n d l o w temperature states i n F i g u r e 5 
were inherent ly stable. 

I n those cases for w h i c h comparisons were made , agreement between 
theoret ical predict ions a n d exper imental results have been general ly satis
factory, at least i n a qual i tat ive sense. A n accurate descr ipt ion of the 
c h e m i c a l kinet ics is undoubted ly the l i m i t i n g factor i n this regard i n 
almost any s ituation. A good example is the w o r k of H u g o a n d J a k u b i t h 
(62) on the osci l latory behavior i n the so l id -catalyzed ox idat ion of carbon 
monoxide. Other papers, though not repor t ing expeimental data , have 
closely l i n k e d their analysis to ac tua l react ion systems or at least used 
rea l k inet i c data (36, 44, 45, 72, 73, 74, 75, 76, 77, 78). L i m i t e d space does 
not permi t a descr ipt ion or l i s t ing of the various topics covered i n these 
papers. 

The Catalyst Particle Problem 

M a t h e m a t i c a l Models a n d T h e o r e t i c a l Studies . T h e start ing po int 
for most theoret ical studies of chemica l react ion w i t h t h e r m a l effects i n 
porous catalyst partic les has been the f o l l o w i n g system of dimensionless 
dif fusion equations, w r i t t e n here for first-order Arrhen ius k inet ics : 

$ - ( Ε + ϊ δ ) - * - ρ | > ( ι - £ ) ] <3> 

* Μ δ + ΐ £ ) + ' * Η : ( ' - έ ) ] ( 4 ) 

w h e r e 

!

0 for slab geometry 
1 c y l i n d r i c a l 
2 spherical 

w i t h boundary condit ions : 

2 = 0 : ^ = 3 ^ = 0 (for symmetr i c profiles) (5) 
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10 

^ Experimental 
\γ Δ Stable 

• Unstable (controlled) 

•Α Λ - Δ Α Ά 

_ L 
0 20 40 60 80 

Coolant Flow Rate (ml/sec) 

Chemical Engineering Science 

Figure 7. Stable and unstable (controlled) 
states for the thiosulfate-per oxide reaction 
in a CSTR. The arrowheads extending from 
the unstable states indicate the extent of 
fluctuations in the reactor temperature dur

ing controlled operation (68). 

T h e quant i ty u l t imate ly of interest i n most appl icat ions is the part i c le 
effectiveness factor, η, w h i c h is obta ined f rom the solution profiles a n d 
depends, of course, on a l l parameters i n the descr ib ing equations. 

F e w studies have used these equations as wr i t t en . Var i ous spec ia l 
cases are deduc ib le depend ing , for example, on whether (1 ) the L e w i s 
n u m b e r , Le, is taken to be uni ty , (2 ) slab, c y l i n d r i c a l or spher ica l geome
try is adopted, (3 ) the Nusse l t a n d S h e r w o o d numbers are finite, (4 ) the 
Nusse l t a n d Sherwood numbers are equal , (5 ) in terna l concentration 
a n d / o r temperature gradients are considered a n d (6 ) the assumption of 
symmetr i c profiles, embod ied i n E q u a t i o n 5, is retained. M o s t of the 
combinat ions of these spec ia l cases either make sense phys i ca l ly i n certa in 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 173 

appl icat ions or l ead to mathemat i ca l ly convenient problems. O b v i o u s l y 
the number of different versions of the basic p r o b l e m is large; a l i terature 
search w o u l d show that questions regard ing steady-state m u l t i p l i c i t y and 
stabi l i ty have been pursued for m a n y of these. Some versions l end t h e m 
selves to special mathemat i ca l methods not appl i cab le to others, a n d 
certain dist inct ive properties of solutions of some are not f ound i n others. 
A l l i n a l l , i t is difficult i n a br ie f rev iew to organize a n d sort out the 
appl i cab le mathemat i ca l methods, as w e l l as the effects of the m a n y 
parameters, a n d to i n c l u d e conclusive statements, m a n y of w h i c h must be 
qual i f ied b y a list of restrictions. T h e f o l l ow ing account is in tended on ly 
to b r i n g out essential facts and , where possible, to relate behav iora l char 
acteristics for this p r o b l e m to those of the C S T R . A very comprehensive 
treatment of the porous catalyst part ic le p r o b l e m m a y be f o u n d i n the 
book b y A r i s ( 5 ) . 

F o r t y p i c a l c ommerc ia l porous catalysts used i n i n d u s t r i a l reactors 
some of the special cases ind i ca ted above w o u l d not be real ist ic . F o r 
example, the ratio Sh/Nu can cover several orders of magni tude w i t h 
the lower l i m i t be ing approx imate ly 10. Le is also m u c h greater than 
u n i t y — a n average of perhaps 30. (Parameters values for some specific 
exothermic reactions were tabulated b y H l a v a c e k et al. (80).) Such con
siderations l ead to a prac t i ca l w o r k i n g m o d e l i n w h i c h the temperature 
is assumed to be u n i f o r m throughout the part i c le , any heat exchange 
resistance be ing confined to an outer fluid film, and i n w h i c h a l l mass 
transfer resistance is internal . Because of the large Le, it is reasonable 
i n the w o r k i n g m o d e l also to assume that the concentration profile is i n 
a pseudo-steady state at a l l t imes—that is, that it is governed b y the steady 
f o rm of E q u a t i o n 3. M o r e is sa id later regard ing this mode l . M o s t theo
ret i ca l studies have not been restr icted to these prac t i ca l ranges of con
ditions a n d justi f iably so, for one should adopt a b r o a d v i e w of the 
p r o b l e m as essentially be ing a mathemat i ca l descr ipt ion of any two state 
variables i n a general react ion-d i f fus ion prob lem. F o r example, w i t h 
appropr iate kinet ic expressions a n d interpretat ion of the various parame
ter groups, the equations shown above m a y describe the concentrat ion 
profiles of two species i n an i sothermal system for w h i c h the magnitudes 
of parameter groups corresponding to Le a n d Sh/Nu m a y be greater 
than, less than, or equa l to uni ty . 

T h e catalyst part ic le p r o b l e m descr ibed b y Equat i ons 3 -6 bears a 
great dea l of s imi lar i ty to the C S T R prob lem, the flow terms i n the latter 
rep laced b y dif fusion terms i n the former. A r i s (81) explored these 
similarit ies i n s tudy ing the p r o b l e m for Nu, Sh-> oo. Some parameters 
such as Nu, Sh a n d a, do not have obvious counterparts i n the C S T R 
prob l em, but one w o u l d expect a priori that, l ike the C S T R p r o b l e m , the 
catalyst part ic le w o u l d possess m u l t i p l e steady states a n d unstable states 
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174 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

under some conditions. If, i n fact, internal gradients are neglected 
ent ire ly or i f react ion is assumed to occur only on the external surface 
a n d the temperature of the so l id is assumed u n i f o r m , the mathemat i ca l 
p r o b l e m takes on a f o rm ident i ca l to that of the C S T R . T h e m u l t i p l i c i t y 
of states and stabi l i ty considerations for this version of the p r o b l e m were 
s tudied b y W a g n e r (12) a n d others (see, for example, Refs. 82, 83, and 
86). Computat ions of steady-state profiles b y W e i s z a n d H i c k s (87 ) , 
Ostergard (88), A m u n d s o n a n d R a y m o n d (89), a n d others, f rom equa
tions s imi lar to Equat i ons 3 a n d 4, have demonstrated the m u l t i p l i c i t y of 
states a n d hence the m u l t i p l i c i t y of the effectiveness factor w h e n i n t r a -
part i c l e effects are invo lved . 

Some studies have been a imed at establ ishing sufficient conditions 
for uniqueness a n d i n some instances sufficient conditions for s tabi l i ty as 
w e l l . Such condit ions are potent ia l ly va luable because the computations 
invo lved i n searching for a l l possible steady profiles require the solution 
of a nonl inear boundary value p r o b l e m — a frequently difficult a n d expen
sive task. Ascer ta in ing the stabi l i ty of a g iven profile is even more prob 
lematic . I n a prac t i ca l s i tuat ion, i f one can rule out the poss ib i l i ty of 
m u l t i p l e solutions and instabi l i t ies b y easily app l i ed sufficient condit ions, 
the design a n d operation of a catalyt ic reactor is somewhat s impl i f ied . 
M a n y such conditions are a v a i l a b l e — a l l restricted to certain cases and 
some untested insofar as their conservatism is concerned. It is on ly a 
sl ight exaggeration to c l a i m that the l i s t ing and compar ing of these and 
ment ion ing the various mathemat i ca l methods put to use i n d e r i v i n g them 
w o u l d require a rev iew paper itself. T o cite some of these: c r i ter ia g iven 
b y L u s s (90) for Nu, Sh-> oo appear to be the least conservative a n d the 
most general i n the sense that they a p p l y to the various geometries and 
that an arb i t rary f o rm of the rate expression can be accommodated ; 
Jackson (91) presented sufficient condit ions for uniqueness for a case of 
finite Nu a n d Sh for slab geometry. Kastenberg (92) showed that L u s s ' 
c r i t r i on for uniqueness w i t h Nu, Sh —» oo also guaranteed g loba l s tabi l i ty 
for Le = 1. L i o u et al. (93) obta ined sufficient conditions for stabi l i ty 
for Le^l. 

A w a r e of the results of the C S T R prob lem, one w o u l d expect the 
m u l t i p l i c i t y of solutions of the steady-state forms of Equat ions 3 -6 to be 
three over some ranges of the parameters a n d un i ty over others. W h i l e 
this is the case w i t h Nu, Sh - » oo for the infinite slab a n d inf inite cy l inder 
geometries, i t is not necessarily the case for spheres. T a k i n g Nu, Sh —» oo 
for a spher i ca l part ic le , C o p e l o w i t z a n d A r i s (95) f ound as m a n y as 15 
steady solution profiles, a n d M i c h e l s e n a n d V i l l a d s e n (96) f ound 21 pro 
files. T h i s great m u l t i p l i c i t y was f ound only over a very n a r r o w parameter 
range i n b o t h cases. E a r l i e r , H l a v a c e k a n d M a r e k (97) h a d f o u n d five 
steady profiles for spher i ca l geometry w i t h a zero-order k ine t i c mode l . 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 175 

M i c h e l s e n a n d V i l l a d s e n (96) showed that there may be infinitely m a n y 
states i n the spher ica l part ic le , a conclusion reached also b y G e l rand 
(98) a n d F u j i t a (99) i n studies of a closely re lated mathemat i ca l p r o b 
l em. A l l of the solutions obta ined b y C o p e l o w i t z a n d A r i s a n d b y M i c h e l -
sen a n d V i l l a d s e n have been shown subsequently to be unstable except 
for the h i g h and l o w conversion profiles (96, 100). E v e n though this 
great m u l t i p l i c i t y exists only over a very n a r r o w a n d i m p r a c t i c a l range of 
parameters a n d a l l but two profiles are unstable , the fact that they do 
occur is of great interest because ( 1 ) neither geometry effects nor m u l t i 
p l ic i t ies greater than three for a p r o b l e m of this type are suggested b y 
C S T R results a n d (2 ) they alert researchers to the fact that w h i l e the 
we l l - s tud ied C S T R p r o b l e m provides tremendous theoretical insight , not 
a l l qua l i ta t ive features of the behavior of open chemica l ly react ing sys
tems i n general are contained therein. 

O t h e r theoretical discoveries, l abe l l ed as surpr is ing w h e n v i e w e d 
against C S T R behavior , are: (1 ) that five steady-state solutions exist 
under some condit ions w h e n Nu/Sh < 1 (101) a n d (2 ) that i f ( a ) the 
imposed condi t ion i n E q u a t i o n 5 at the part i c le center is removed and 
the condi t ion g iven i n E q u a t i o n 6 is imposed instead at χ = —1 for slab 
geometry, ( b ) Sh > Nu, a n d bo th are finite a n d ( c ) the p r o b l e m as 
descr ibed b y Equat i ons 3 -6 has three steady-state solutions, then the slab 
m a y have six add i t i ona l profiles ( ac tual ly three sets of mirror - image pairs ) 
w h i c h are not symmetr i c about the centerline. T h e possible existence of 
such profiles was shown b y Pis m e n a n d Kharats (102) a n d H o r n et al. 
(103). T h e asymmetr ic profiles have also been the subject of other 
recent papers (104, 105, 106, 107, 108, 109). T h i s result is apparent ly 
geometry dependent; no analogous findings for the infinite cy l inder or the 
sphere have been reported. 

A rigorous study of the stabi l i ty of steady-state solutions is u n w i e l d l y , 
c a l l i n g for an analysis of the eigenvalues of a nonself -adjoint system i n 
w h i c h coefficients are functions of steady-state profiles. T h e p r o b l e m is 
s impl i f i ed i n cases for w h i c h Le is taken to be inf inity , un i ty or zero w i t h 
Nu = Sh because a l l eigenvalues can be shown to be rea l , a n d w e l l - k n o w n 
mathemat i ca l theorems can be app l i ed . Cons iderat ion of large-scale 
transients requires s tudy ing the solutions of coup led nonl inear p a r t i a l 
di f ferential equations i n general . Some examples of s tabi l i ty analyses and 
transient s imulations i n v o l v i n g various ana ly t i ca l a n d n u m e r i c a l tools a n d 
based on a n u m b e r of variations of the p r o b l e m expressed b y Equat i ons 
3 -6 are contained i n Refs. 83, 84, 85, 89,100,110, 111, 112, 113,114). I n 
c l u d e d i n some of these (112, 113) are n u m e r i c a l solutions for cases w i t h 
Le < 1 h a v i n g a un ique unstable profile about w h i c h the state variables 
oscil late continuously . T h e oscil lations resemble l i m i t cycles i n the C S T R 
prob lem. I n general , studies of steady-state s tabi l i ty a n d of large scale 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

07



176 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 REVIEWS 

transient behavior for the catalyst par t i c l e p r o b l e m have shown no be
hav ior that is not analogous to C S T R results. T h i s posteriori observation is 
not meaningless because ( 1 ) there is no general theorem for d i s t r ibuted 
models w h i c h ensures that l inear i zed equations y i e l d the correct answers 
even for inf ini tes imal perturbations as do L i a p u n o v ' s theorems for l u m p e d 
models a n d (2 ) Poincaré's theorems guaranteeing l i m i t cycles i n a phase 
p lane for second-order l u m p e d models h a v i n g a u n i q u e unstable state do 
not necessarily carry over to d is t r ibuted problems. 

C e r t a i n p h y s i c a l effects not descr ibed i n E q u a t i o n s 3 -6 have been 
s tudied i n some publ icat ions . These i n c l u d e nonun i f o rm external c o n d i 
tions (94, 115) to w h i c h a part ic le i n a fixed b e d reactor w i l l general ly 
be subjected a n d changes i n molar density as a result of chemica l react ion 
(116, 117). These a n d other such effects w o u l d be expected to give r ise 
on ly to quantitat ive changes, w h i c h m a y be important i n prac t i ca l s i tua
tions but w o u l d not be expected to ( a n d have not been shown to ) a d d 
or take a w a y any characterist ic features of the properties of solutions to 
Equat i ons 3 -6 . T h e paper b y Jackson (117) is of fundamenta l interest, 
however , because i t points out that add i t i ona l terms m a y be long i n the 
transient equations i f a change i n mo lar i ty is associated w i t h the chemica l 
react ion. 

It was po in ted out above that even though w i d e parameter ranges 
have been explored i n theoret ical studies, p rac t i ca l considerations l i m i t 
these ranges considerably for nonisothermal problems. A very useful , 
s imple a n d p laus ib le m o d e l for prac t i ca l purposes m a y be deduced f r om 
Equat i ons 3 -6 i f i t is assumed that a l l of the resistance to heat exchange 
resides i n the external fluid film a n d that the species profi le is always i n 
a pseudo-steady state relat ive to the instantaneous temperature profile. 
I n v o k i n g these assumptions, one m a y integrate E q u a t i o n 4 term b y term 
over the part i c le vo lume to obta in 

where η, the effectiveness factor, is g iven b y any of the f o l l o w i n g three 
expressions, 

L e ΪΡ = (<* + !) Nu (U - U) + β' φ2 η a exp (7) 

η Ci exp 

f C + 0 « p [ T ( l - i ; ) ] £ ca{x)xadx (8a) 

\ [(a + l)/^(dc./dx)^i 

' [(α + 1)/ψ 2] Sh [c, - c s (1)] 

(8b) 

(8c) 

where c(x), (dc/dx)x = i or c ( l ) for E q u a t i o n s 8a, 8b, a n d 8c m a y be 
obta ined ana ly t i ca l ly for a g iven va lue of i s f r o m 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 177 

(9) 

I n prac t i ca l appl icat ions , η m a y be avai lable e m p i r i c a l l y i n terms of 
the parameters. These equations f o rm a s impl i f ied part i c le m o d e l w h i c h 
m i g h t w e l l be the most appropr iate w o r k i n g m o d e l i n commerc ia l a p p l i c a 
tions. S imi lar equations c o u l d be developed for kinetics other than the 
first-order A r r h e n i u s type used here. T h e major points are: (1 ) E q u a t i o n 
7 is analogous to the energy equat ion for a C S T R , (2 ) steady-state values 
of η a n d tB m a y be determined graphica l ly i f η is g iven i n terms of te, a n d 
thus the poss ib i l i ty of m u l t i p l i c i t y of steady states can easily be examined, 
a n d (3 ) a transient analysis us ing E q u a t i o n 7 is re lat ive ly s imple a n d 
shows that ( a ) the slope condi t ion gives a necessary a n d sufficient test 
for stabi l i ty , ( b ) no sustained osc i l latory states are possible, a n d ( c ) 
un ique steady states are g lobal ly stable. N u m e r i c a l computations a n d 
comparisons b y H a n s e n ( 118) a n d Y a n g (114) indicate the adequacy a n d 
l imitat ions of this mode l . I n part i cu lar , they show that w h i l e temperature 
un i f o rmi ty i n the steady state m a y be a good approx imat ion , the transient 
profiles can show considerable spat ia l var ia t ion w h i c h c o u l d affect sta
b i l i t y . T h i s same m o d e l as w e l l as other forms based on the not ion of 
temperature un i f o rmi ty through the part ic le have also been used i n studies 
of steady state m u l t i p l i c i t y a n d stabi l i ty b y C r e s s w e l l (119), C r e s s w e l l 
a n d Paterson (120), a n d M c G r e a v y a n d co-workers (121, 122, 123, 124, 
125, 126). M c G r e a v y a n d A d d e r l e y (127) used this m o d e l to examine 
the steady-state sensit ivity of the catalyst pel let to external parameters a n d 
re lated the sensit ivity to the r u n a w a y p r o b l e m i n a fixed-bed cata lyt i c 
reactor. M o r e w i l l be said regard ing the r u n a w a y p r o b l e m later. 

A n apprec iable amount of w o r k has been reported for the porous 
catalyst part i c le w i t h models of chemica l kinetics other than a single 
exothermic react ion. Gavalas (1, 111) showed that i n general the m u l t i 
p l i c i t y of steady-state solutions should be an o d d n u m b e r — s a y 2 m + 1, 
a n d that at least m of them w i l l be unstable. K u o a n d A m u n d s o n (83, 
84) s tud ied the m u l t i p l i c i t y a n d stabi l i ty of the sequent ia l system of 
exothermic reactions A -> Β —> C a n d f o und five steady-state profiles i n 
some cases. C r e s s w e l l a n d Paterson (120) a n d M c G r e a v y a n d T h o r n t o n 
( 121,122, 126 ) also w o r k e d w i t h models w h i c h accounted for more than 
one react ion i n s tudy ing m u l t i p l i c i t y , s tabi l i ty , a n d sensit ivity problems. 
H a r t m a n et al. ( 128 ) incorporated a dual-site i so thermal L a n g m u i r - H i n -
she lwood m o d e l into the dif fusion equations a n d showed that three steady 
states were possible. S i m i l a r problems were w o r k e d b y M i t s h k a a n d 
Schneider (129, 130). Such reactions, not obvious ly autocatalyt ic i n a 
strict sense, show accelerat ing behavior as the react ion extent increases 
o w i n g to a deplet ion of a reactant w h i c h tends to dominate the active sites. 
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M e h t a a n d A r i s (131, 132) presented a deta i led study of the pth-order 
i sothermal react ion a n d showed m u l t i p l i c i t y for ρ < 0. 

Lumped Models. T h e emphasis through the preced ing section was 
o n theoret ical studies w h i c h used Equat i ons 3 -6 (or of spec ia l cases 
deduced therefrom) a n d w h i c h used methods of ana lyz ing t h e m or of 
generating n u m e r i c a l solutions. I n recent years m u c h effort has been 
devoted to the development a n d appl i cat ion of methods w h i c h convert 
the basic d i s t r ibuted m o d e l to an approximate l u m p e d m o d e l — a process 
to w h i c h the t e rm l u m p i n g has been app l i ed . [Some workers have used 
the term l u m p i n g to indicate the replacement of a p a r t i a l di f ferential 
equat ion i n an approximate sense b y a single o rd inary di f ferential equa 
t ion. I t seems more consistent w i t h usua l terminology to refer to l u m p i n g 
general ly as the process of convert ing a d i s t r ibuted system to a l u m p e d 
system, even though the number of equations i n the latter m a y exceed that 
of the former. ] Essent ia l ly these methods invo lve rep lac ing those terms 
conta in ing derivatives w i t h respect to posi t ion b y a l inear combinat ion of 
the dependent var iab le evaluated at specific spat ial positions. T h e n u m b e r 
Ν of such positions is arb i t rary except insofar as l imitat ions m a y be p laced 
on the accuracy of solutions; presumably as Ν is increased, the exact 
so lut ion is approached. T h u s a single p a r t i a l di f ferential equat ion is 
converted to Ν o rd inary di f ferential equations. T h e advantages of w o r k 
i n g w i t h the l u m p e d version are obvious : the knowledge ga ined f r om 
studies of the C S T R p r o b l e m carry over d irect ly , a n d mathemat i ca l tools 
for s tudy ing n e w behavior are r ead i l y avai lable . 

F o u r methods of l u m p i n g have been descr ibed : (1 ) l inear izat ion , 
(2 ) difference methods, (3 ) orthogonal co l locat ion, a n d (4 ) averaging. 
A l l four have been a p p l i e d to the catalyst part ic le p r o b l e m i n connect ion 
w i t h studies of steady-state m u l t i p l i c i t y and stabi l i ty . T h e orthogonal 
co l locat ion method has rece ived the greatest amount of attention. It was 
first used for s tudy ing the catalyst part i c le p r o b l e m b y V i l l a d s e n a n d 
Stewart (133 ) , w h o showed that spat ia l der ivat ive operators c o u l d be 
rep laced b y matrices, the elements of w h i c h depend on the co l locat ion 
points. T h e co l locat ion points are usual ly taken to be the roots of an 
orthogonal p o l y n o m i a l . O r t h o g o n a l co l locat ion is one of the methods of 
we ighted residuals a n d is descr ibed i n deta i l , w i t h examples, b y F i n l a y s o n 
( 134 ). T h e first app l i ca t i on of the method to steady-state m u l t i p l i c i t y i n 
a catalyst part i c le was reported b y Stewart a n d V i l l a d s e n (135). It has 
subsequently been used i n m a n y studies of the catalyst part ic le p r o b l e m , 
i n c l u d i n g those reported i n Refs. 136, 137, 138, 139, 140, 141, 142, 143, 
w h i c h addressed problems of steady-state m u l t i p l i c i t y , stabi l i ty , a n d total 
transient behavior . I n most cases tested, the o r i g i n a l par t ia l di f ferential 
equations m a y be represented b y a rather l o w order system of o rd inary 
di f ferential equations b y the co l locat ion method . R a r e l y are more than 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 179 

three or four co l locat ion points r equ i red , a l though V a n D e n B o s c h a n d 
P a d m a n a b h a n (144) f ound it necessary to use a 14-point representation 
to attain good accuracy i n ca l cu lat ing very steep steady profiles a n d a 
seventh-order system for s tabi l i ty determinations. 

L i n e a r i z a t i o n a n d difference methods have been used m a i n l y b y 
H l a v a c e k a n d others at the Prague school (79, 145, 146, 147, 148). 
[ L i n e a r i z a t i o n here is the term associated w i t h the par t i cu lar l u m p i n g 
method proposed b y H l a v a c e k a n d co-workers i n the papers c i ted . I t 
has no th ing to do w i t h l inear i z ing nonl inear terms i n the system e q u a 
tions.] 

T h e averaging m e t h o d was in t roduced b y Luss a n d L e e (149) i n 
examin ing the stabi l i ty of the steady-state profiles for a part i c le whose 
temperature was assumed un i f o rm. It bas ical ly involves rep lac ing the 
terms i n the o r i g ina l d i s t r ibuted m o d e l b y quantit ies averaged over the 
part ic le vo lume or over subsections of i t . T h e spat ia l der ivat ive operators 
take on the f orm of overa l l transfer coefficients. T h i s method was also 
used b y L e e et al. (150). 

I n m a n y of the publ icat ions c i ted above, comparisons are made of 
one l u m p i n g method vs. others or of results and computat iona l labor asso
c iated w i t h l u m p i n g methods vs. those of other methods of h a n d l i n g the 
or ig ina l p a r t i a l di f ferential equations (see, for example, Refs. 79, 80, 140, 
141,142,143,144,146,147,149). A very interest ing and promis ing obser
vat ion is that first-order l u m p i n g is suitable for m a n y purposes. I n first-
order l u m p i n g w i t h the col locat ion method, for example, one w o u l d use 
on ly one inter ior co l locat ion point . I n this approach the p a r t i a l dif feren
t i a l equations i n Equat i ons 3 a n d 4 are each rep laced b y a single ord inary 
di f ferential equat ion, the spat ia l der ivat ive term i n E q u a t i o n 3 rep laced 
b y A c ( l — cs), a n d i n E q u a t i o n 4 b y A t ( l — f s ) . T h e coefficients A c a n d 
A t depend on the par t i cu lar l u m p i n g method used, a n d cH a n d ts are con 
s idered to be average values or values at a specific point . I n the orthogo
n a l co l locat ion method , cs a n d ts are approximations to the exact solutions 
at the single interior co l locat ion point , a n d A c a n d A t are g iven b y the 
f o l l o w i n g relationships 

where n i a n d n2 depend on the part ic le geometry. Equat i ons 3 -6 then 
reduce s i m p l y to 

λ ο = (10) 

= X c (1 - c) - φ2 c s exp (11) 

a n d 
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Le ~p = λ , ( 1 - Q + β' φ2 ca exp [ 7 ( l - ( 1 2 ) 

These are immedia te ly recognized as be ing equivalent to the adiabat ic 
C S T R p r o b l e m ; i n fact, they can read i ly be put i n the form of Equat ions 
1 a n d 2 w i t h L r ep laced b y Le Ac/At, Da b y </>2Ac, a n d β b y / ? 'A C /A t . T h e n 
a l l of the in format ion contained i n F igures 1 a n d 2 a n d i n the earl ier 
discussion re lated to them carry over to the present s ituation. I n fact, 
several of the publ i cat ions referred to earlier have used equations of the 
f o r m of Equat i ons 11 a n d 12 a n d have d i sp layed m a n y of the transient 
features prev ious ly explored for the C S T R . 

I f one judges the adequacy of s impl i f ied versions of the p r o b l e m , such 
as that descr ibed b y E q u a t i o n s 11 a n d 12 or of other low-order l u m p i n g 
forms i n terms of quant i tat ive agreement w i t h the or ig ina l p r o b l e m , he 
w o u l d conclude that they are inadequate i n m a n y situations (see, for 
example, such comparisons i n the papers b y V a n den B o s c h a n d P a d -
m a n a b h a n (144).) Remember , however , that the or ig ina l equations are 
themselves h i g h l y idea l i zed mathemat i ca l descriptions of a compl i cated 
u n d e r l y i n g p h y s i c a l system. W h i l e they m a y be bas ica l ly sound for 
react ion i n a system of p a r a l l e l pores of equa l cross-section, length, a n d 
act iv i ty , there has been very l i t t le exper imental testing of their adequacy 
i n descr ib ing the quant i tat ive behavior of a h i g h l y nonl inear react ion 
process i n structures resembl ing t y p i c a l c ommerc ia l catalysts. Therefore , 
the o r i g ina l descr ipt ion itself should be v i e w e d as useful m a i n l y for 
qual i tat ive purposes at present, a n d there is l i t t le justif ication for t e rming 
as inadequate the s impl i f ied l u m p e d versions as l ong as they pred i c t the 
same qual i tat ive trends. F r o m Equat i ons 11 a n d 12, one w o u l d conclude, 
for example, b y analogy to the C S T R p r o b l e m that sustained osc i l latory 
behavior is not possible as l ong as Le > 1 i f Sh = Nu or i f Nu, Sh - » oo ; 
i n these cases the slope condi t ion is necessary a n d sufficient for stabi l i ty 
determinations. T h e y l ead to the same conclusion for finite a n d u n e q u a l 
values of the Nusse l t a n d Sherwood numbers unless Nu > Sh. These 
results are consistent w i t h present knowledge of the behavior of solutions 
of Equat i ons 3-6 . C e r t a i n qual i tat ive features of the solutions of the 
o r i g i n a l d i s t r ibuted system, however , cannot be pred i c t ed b y the simplest 
l u m p e d f o rm, a n d i t is important that researchers or potent ia l users of 
the s impl i f i ed forms be aware of these. F o r example, such features d is 
cussed earl ier as asymmetr i c steady profiles a n d a m u l t i p l i c i t y greater 
than three for a first-order A r r h e n i u s react ion require a higher -order 
approx imat ion . I t also appears that extremely steep concentrat ion profiles 
are not easily descr ibed b y these methods. F o r these, a two-zone m o d e l 
descr ibed b y Paterson a n d C r e s s w e l l (139) appears to b e a good alterna
tive. I n this mod e l , a react ion zone through w h i c h the concentrat ion of 
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Chemical Engineering Science 

Figure 8. Multiple steady-state 
concentration profiles in a catalyst 
slab obtained through numerical 
integration ( ) and orthogonal 
collocation: · ( N = 1), A ( N = 
2), M(N = 3). L e = J ; γ = 20; 
β' = 0.7; φ = 0.16; N u = Sh = 

oo (140). 

Figure 9. Sustained oscillations in a 
spherical particle obtained through or
thogonal collocation ( ) with Ν = 
1 by Hellinckx et al. (140) and through 
numerical solution (·) by Lee and 
Luss (113). L e = 0.1; y = 30; β' = 

0.15; φ = 1.1; N u = Sh = oo. 

a l i m i t i n g reagent decreases to zero is assumed to exist near the par t i c l e 
surface a n d is descr ibed mathemat i ca l ly b y l ow-order co l locat ion equa 
tions. C h e m i c a l react ion does not take p lace i n the inner zone. V a n den 
B o s c h a n d P a d m a n a b h a n (144) f ound this technique to be use fu l i n 
descr ib ing steep gradients a n d i n p r e d i c t i n g the results of H a t f i e l d a n d 
A r i s (ment ioned prev ious ly ) w h i c h show a m u l t i p l i c i t y of five. 
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182 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

E v i d e n c e that qua l i ta t ive ly a n d quant i tat ive ly accurate in format ion 
m a y be obta ined i n some cases w i t h s imple l u m p e d models was shown 
w e l l b y H e l l i n c k x et al. (140), f r om w h i c h F igures 8 a n d 9 were taken 
for i l lustrat ion . 

A l l i n a l l , the results of studies of s impl i f ied models are encouraging. 
L i t t l e significant progress is i m m i n e n t a long the lines of extending our 
general knowledge to more complex c h e m i c a l reactions or of p u t t i n g our 
present knowledge to p r a c t i c a l use i n design w o r k unless these or other 
simplif ications can be p r o v e d useful . 

Related Problems. C lose ly re lated to the problems of porous catalyst 
partic les are those w i t h react ion on external surfaces i n c l u d i n g catalyt ic 
wires a n d gauzes. T h e latter at least have long been of concern i n indus 
t r i a l appl icat ions. I n fact, the thrust of Li l jenroth 's paper i n 1918 (11) 
was t o w a r d the ign i t i on a n d ext inct ion characteristics of ammonia ox ida 
t i on on a catalyt ic gauze. I n recent years, Luss a n d co-workers have 
s tudied various problems w i t h catalyt ic wires i n c l u d i n g steady-state 
m u l t i p l i c i t y a n d stabi l i ty (151), temperature flickering (152, 153, 154), 
a n d s tanding wave solutions (155). Some of these inc lude exper imental 
data ( 151,153,154). F l i c k e r i n g , a cause of inefficient indus t r ia l operat ion, 
is apparent ly caused b y concentration or m i x i n g fluctuations i n the i m 
p i n g i n g stream. R a y et al. (156) po in ted out that the large thermal 
capaci ty of the wires a n d gauzes w o u l d most l i k e l y cause a l l oscillations 
ar is ing f rom intr ins i c instabi l i t ies to damp. M a t h e m a t i c a l solutions w h i c h 
correspond to spat ia l ly s tanding waves a long the w i r e length i n cases of an 
infinite l ength or insulated ends are possible but have been shown to be 
unstable (155, 157). 

T h e p r o b l e m of steady-state m u l t i p i l i c i t y a n d stabi l i ty w i t h diffusion 
a n d conduct ion to a spher ica l catalyt ic surface has been s tudied i n deta i l 
( 158,159,160). A cognate subject is that of noncata lyt i c fluid-solid reac
tions. It is not possible here to probe the d is t inguish ing characteristics of 
the mathemat i ca l models a n d the solutions for such systems. Discussions 
of them as w e l l as l i terature references are i n Refs. 161, 162, 163. 

Experimental Studies. There have been only a f ew p u b l i s h e d re 
ports of experiments w i t h single catalyst particles that have demonstrated 
steady-state m u l t i p l i c i t y a n d / o r instabi l i t ies . Those of w h i c h the author 
is aware are l isted a long w i t h br ie f descriptions i n T a b l e I I . E x c e p t for 
the study of carbon monoxide oxidat ion b y Beusch et al. (first entry i n 
the t a b l e ) , a l l of the studies i n v o l v e d large thermal effects, a n d the p r i 
m a r y exper imental measurement was of the temperature at the center of 
the catalyst part ic le . C o m m o n l y the exper imental setup was one i n w h i c h 
a gas stream conta in ing the reactants flowed past a freely suspended 
catalyst part ic le b y forced convection. I n some of the experiments b y 
Wicke ' s group, the part ic le was i m b e d d e d i n a layer of inert partic les . 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 183 

Table II. 

Reference 

Experimental Studies of Steady-State Multiplicity and 
Instabilities with Single Catalyst Particles" 

1. Beusch , F i e g u t h , 
and W i c k e , 1970, 
1972 (164,165) 

2. H o r a k and J iracek , 
1970 (166) 

3. F u r u s a w a and 
K u n i i , 1971 (167) 

4. J i racek , H a v l i c e k , 
a n d H o r a k , 
1971 (168) 

5. H o r a k a n d J iracek , 
1972 (61) 

6. J iracek , H o r a k , 
and H a j k o v a , 
1973 (169) 

Experimental System 

(a) Ox idat i on of hydrogen on suspended 
P t / s i l i c a / a l u m i n a part ic le 

(b) Ox ida t i on of hydrogen on single p a r 
ticle imbedded i n a layer of inert 
particles 

(c) Ox idat i on of C O (nearly isothermal) 
on suspended P t / A l 2 0 3 pellet 

Ox ida t i on of hydrogen on a suspended 
P t / A l 2 0 3 catalyst part ic le 

E t h y l e n e hydrogénation on a suspended 
pellet of A d k i n ' s catalyst 

Ox idat i on of hydrogen on a P t / a l u m i n a 
pellet 

Ox ida t i on of hydrogen on P t / a l u m i n a 
part ic le i n a b a c k m i x reactor and flow 
tubu lar reactor 

O x i d a t i o n of hydrogen on a P t / a l u m i n a 
part ic le i n a batch recycle-flow reactor 

o m 

a Column headings are defined in Table I. 

A l t h o u g h these exper imental reports do not contain thorough q u a n t i 
tative comparisons w i t h theoret ical predict ions , the qual i tat ive features 
of the laboratory observations are read i ly apprec iated i n v i e w of k n o w n 
theoret ical behavior . 

T h e careful exper imental w o r k of W i c k e a n d his co-workers (164, 
165) warrants special comment. F igures 10 a n d 11 demonstrate some of 
their results, i n c l u d i n g temperature oscil lations w i t h the h y d r o g e n - o x y g e n 
react ion ( F i g u r e 10) a n d m u l t i p l e steady states i n experiments w i t h 
carbon monoxide ox idat ion ( F i g u r e 11) . A recent paper b y W i c k e (170) 
summarizes these a n d other contributions f r om his group at M u n s t e r . 
T h a t osci l latory states exist is not surpr is ing i n v i e w of aforementioned 
theoret ical studies, but the oscil lations observed i n these experiments do 
not seem to be explainable i n terms of interactions of transport processes 
— i n t e r n a l a n d ex terna l—and w i t h a s imple one-step k inet i c mechanism 
of the type assumed i n a l l theoret ica l studies of part ic le oscil lations to 
date. Beusch et al. (164,165) suggested that compl i cated surface kinet ics , 
not reduc ib le to a single rate expression, are invo lved . It is also possible 
that the adsorpt ive species capacitance of the catalyt ic surface, w h i l e not 
enter ing into the steady-state p ic ture , affects the stabi l i ty characteristics 
apprec iably . T h i s capacitance, w h i c h is unaccounted for i n the preced ing 
equations, is c o m m o n l y overlooked. 
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184 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 REVIEWS 

Time (min) 

Figure 10. Temperature oscillations in a 
single 8-mm spherical catalyst particle (Ft/ 
silica/alumina) during hydrogen oxidation 

in air (3.14 vol % H,) (164, 165) 

0 1 2 3 4 5 6 

vol. % CO in feed 

Figure 11. Multiple steady 
states (hysteresis) in the oxida
tion of CO in air in a single 
3X3 mm cylindrical catalyst 
particle (Pt/Al203) (164, 165) 

A n exper imental study b y B e n h a m a n d D e n n y (171) deserves com
ment because i t includes quanti tat ive comparisons of exper imental meas
urements of unsteady temperature profiles w i t h theoret ical predict ions . 
T h e experiments invo lved the oxidat ion of carbon monoxide on a c y l i n d r i 
c a l pel let of C u O / A l 2 0 3 catalyst i n forced convect ion flow. Seven ther
mocouples were i m b e d d e d i n the pellet . T h e w o r k was not a i m e d at 
s tudy ing steady-state m u l t i p l i c i t y or instabi l i t ies ; i t is pert inent to this 
discussion because i t demonstrates the dif f iculty a n d perhaps the accuracy 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 185 

w h i c h one m i g h t expect to find i n at tempt ing to pred i c t catalyst part i c le 
behavior quant i tat ive ly . B e n h a m a n d D e n n y po int out that variat ions i n 
transfer rates over the par t i c l e surface l e a d to m a r k e d l y nonisothermal 
a n d asymmetr ic part i c le profiles. These measurements w i t h a r e a l catalyst 
part i c le therefore a d d emphasis to some of the comments above to the 
effect that the usua l mathemat i ca l m o d e l g iven b y Equat i ons 3 -6 shou ld 
be considered useful p r i m a r i l y for qual i tat ive purposes a n d that this 
shou ld be remembered w h e n s impl i f i ed versions are evaluated. 

I n other exper imental studies w i t h a single catalyst part i c le , K e h o e 
a n d B u t t (172, 173) demonstrated reasonable, though rough , agreement 
w i t h results ca lculated f rom a m o d e l s imi lar to that g iven b y Equat i ons 3 
a n d 4. N o steady-state m u l t i p l i c i t y or instabi l i t ies were observed i n those 
experiments. C e r t a i n l y there is a need for further care fu l exper imental 
w o r k on these problems. 

Tubular and Fixed-Bed Reactors 

Mathematical Models and Theoretical Studies. N e a r l y a l l of the 
mathemat i ca l models w h i c h have been used i n studies of m u l t i p l e states, 
stabi l i ty , a n d sensit ivity of tubu lar or fixed-bed reactors use balance 
equations on the fluid phase of the f o l l o w i n g f o r m or of forms read i ly 
deduced there from: 

dCf 1 d 2Cf dc{ D n Q v 

m = w. w ~ w ~ 1 ( ' 
1 1 • À S' -1 + * - <* - '·> <14> 

T h e forms of the rate functions R i a n d R 2 depend on whether the m o d e l 
is "homogeneous" or "heterogeneous." W i t h first-order Arrhen ius - type 
kinetics , R i a n d R2 for homogeneous models are: 

Ri = Da a exp (l - ^ J (15) 

R2 = jftRi (16) 

F o r the same kinet ics , expressions for R i a n d R 2 w i t h heterogeneous 
models are: 

#i = ^ ^ 7 - ^ ε 8 φ2 η ci exp 7 ^1 - (17) 
τ ε 

Rt = -, (a + 1) ψ± (L - 1) (i . - U) (18) τ L·e 
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186 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

T h e D a n c k w e r t s boundary condit ions are c o m m o n l y used, even i n the 
unsteady state. 

N o lengthy discussion of the general mathemat i ca l m o d e l itself is 
in tended here, but a f ew comments are warranted . ( A recent paper b y 
F r o m e n t (174) contains an extensive discussion of m o d e l representation 
of fixed-bed reactors. A recent paper b y L i i b e c k (175) compares the 
d y n a m i c behavior of the homogeneous m o d e l w i t h that of several m o d i 
fications of the two-phase m o d e l of a p a c k e d reactor w i t h i n the reg ion of 
steady-state m u l t i p l i c i t y , a l l through n u m e r i c a l calculations. T h e influence 
of the b o u n d a r y condit ions was also investigated. ) T h e homogeneous 
m o d e l is often adopted for studies of b o t h p a c k e d ( cata lyt i c ) reactors 
a n d empty tubular ( t r u l y homogeneous) reactors. F o r p a c k e d reactors 
the i m p l i c i t assumption i n the homogeneous m o d e l is that the so l id cata
l y t i c mater ia l is a lways i n thermal e q u i l i b r i u m w i t h the fluid a n d that the 
chemica l react ion, o c curr ing either inside or on the external surface of 
catalyst partic les , is unaffected b y transport. A n important quant i ty i n 
this m o d e l of p a c k e d reactors is the capac i ty factor L . T h a t factor m a y 
be so large that the concentrat ion profile through the b e d m a y be assumed 
to be i n a pseudo-steady state relat ive to the instantaneous temperature 
profile. Studies i n w h i c h L is taken to be un i ty proper ly app ly only to an 
u n p a c k e d tubu lar reactor. O b v i o u s l y L affects on ly the unsteady state. 

A s made evident b y Equat i ons 17 a n d 18, the heterogeneous m o d e l 
recognizes the presence of a catalyst phase a n d can account for transport 
effects bo th interna l a n d external to the catalyst. F o r the heterogeneous 
m o d e l there must be i n c l u d e d a set of equations, such as those i n E q u a 
tions 3-6 , f r om w h i c h l o ca l a n d instantaneous values of η a n d ta m a y be 
obta ined . 

A n u m b e r of conf igurat ional variations, some of w h i c h are important 
i n problems of interest here, such as p a r t i a l recyc le of the effluent ( loop 
reactor) a n d co-current or countercurrent heat exchange w i t h a coolant 
or w i t h the reactor effluent, can easily be brought into the mathemat i ca l 
descr ipt ion b y m o d i f y i n g the boundary conditions a n d / o r attaching a n 
add i t i ona l energy balance to describe the var ia t ion of t&. 

Theore t i ca l investigations into the m u l t i p l i c i t y , stabi l i ty , a n d sensi-

(19) 

if = 1 + 
1 dU 

Pet θξ 

(20) 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 187 

t iv i ty of states for m a n y spec ia l cases deduc ib le f r o m the preced ing e q u a 
tions have been reported . M o s t studies f a l l in to one of three categories: 
(1 ) investigations of the effect of ax ia l d ispersion w i t h a homogeneous 
m o d e l us ing Equat i ons 13-16, 19, a n d 20 either w i t h a = 0 or t& constant; 
(2 ) investigations of effects of the catalyst phase us ing a heterogeneous 
m o d e l w i t h Pec, Pet —» oo a n d either a = 0 or f a constant i n Equat i ons 13, 
14, a n d 1 7 - 2 0 ) ; a n d (3 ) investigations of the various spec ia l geometric 
configurations us ing a homogeneous m o d e l w i t h Pec,Pet-> oo. Conse 
quent ly , most studies are s impl i f ied i n the sense that they isolate one of 
the effects of dispersion, fluid-particle interactions, and reactor conf igura
t ion f r om the others. T h e f o l l ow ing discussion is organized somewhat 
a long the lines of these three situations, but some others of interest are 
also i n c l u d e d . F i v e of the six papers i n Session V I I of A D V A N C E S I N C H E M 
I S T R Y S E R I E S N O . 133 dea l w i t h reactors of this type. A n attempt is made 
here to put t h e m i n perspective. 

M u l t i p l i c i t y of steady states i n the homogeneous reactor m o d e l w i t h 
ax ia l m i x i n g was first demonstrated b y V a n H e e r d e n (8 ) b y n u m e r i c a l 
solution of the governing steady-state equations. R a y m o n d a n d A m u n d 
son (176) also presented a n u m b e r of calculations a n d s imulations, a n d a 
series of papers b y A m u n d s o n a n d his co-workers (177,178,179,180,181, 
182, 183, 184, 185) contains a complete a n d deta i led mathemat i ca l study 
of this p r o b l e m for a single react ion w i t h L = 1. T h e most recent paper 
i n that series (185) contains a n u m b e r of interest ing examples for w h i c h 
the stabi l i ty of steady states was determined f rom computations of e igen
values ( b y the G a l e r k i n method ) of the l inear i zed equations, a n d results 
of computer simultations were shown for a nonadiabat i c reactor. Var ious 
types of instabi l i t ies , resembl ing those of the C S T R , were demonstrated, 
i n c l u d i n g sustained oscil lations. 

T h e establ ishing of sufficient condit ions for uniqueness ( a n d stabi l i ty 
i n some cases ) i n terms of k inet i c expressions a n d system parameters has 
been the cont inu ing prey of theoreticians. These problems p r o v i d e a good 
arena for a p p l y i n g such mathemat i ca l tools as fixed-point methods, c om
par ison equat ion theorems, b i furcat ion theory, a n d L i a p u n o v functionals . 
T h e rev i ew b y R a y at the previous internat ional sympos ium ( 2 ) describes 
some of these. M o r e recently sufficient condit ions for uniqueness have 
also been w o r k e d out b y M a t s u y a m a (186) for the ad iabat i c case w i t h 
Pec = Pet a n d b y H a n a n d A g r a w a l (187) a n d V a r m a a n d A m u n d s o n 
(J83 ) for nonadiabat i c cases w i t h Pec ^= Pet. T h e c o m m o n feature 
of a l l of these cr i ter ia , some of w h i c h are app l i cab le on ly to a first-order 
A r r h e n i u s react ion, is that they are satisfied i f the Peclet numbers 
are large. F r o m e n t (188) po in ted out that the values of the Peclet 
n u m b e r ( cons ider ing Pec = Pet) w h i c h w o u l d g ive rise to steady-state 
m u l t i p l i c i t y a n d stabi l i ty problems are at least an order of magni tude 
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188 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

smaller than those app l i cab le to indus t r ia l packed -bed reactors. H e 
conc luded that there is l i t t le l i k e l i h o o d of such problems be ing encoun
tered except possibly i n unusua l cases of a very short reactor or short 
stages—as perhaps i n the case descr ibed b y Dassau a n d W o l f g a n g (73). 
C r i t e r i a for uniqueness, however , m a y not be so easily met i n smal l 
exper imental or p i l o t p lant reactors. I n this regard , recent papers b y 
H l a v a c e k et al. (189) a n d V o r t m e y e r a n d Schaefer (190) are important . 
I n the first, exper imental evidence ind i ca t ing that Pec is considerably 
greater than Pet was c i ted , a n d calculations showed that the region of 
steady-state m u l t i p i l i c i t y is extended to m u c h h igher values of Pec. T h e 
second paper showed that there is an equivalence of a sort between the 
homogeneous a n d heterogeneous models for cases of a p a c k e d reactor i f 
the dispersion coefficients are suitably defined to reflect the transfer rates 
between the f lu id a n d so l id . T h e analysis a n d results of V o r t m e y e r a n d 
Schaefer do not a p p l y i n a l l cases—the major assumptions be ing that 
d2tt/d£2 = dHJdf2 a n d that the gas phase temperature is at a pseudo-
steady state re lat ive to the l o ca l instantaneous so l id temperature ; s t i l l 
they suggest that the behavior pred i c ted b y the homogeneous dispersion 
m o d e l may be more m e a n i n g f u l i f Pec a n d Pet are not v i e w e d i n the 
strictest sense. T h e conc lud ing statement b y V a r m a a n d A m u n d s o n (185) 
to the effect that the interest ing results w h i c h the ir analysis predicts beg 
for exper imental conf irmation is appropriate . E x p e r i m e n t a l conf irmation 
is not yet avai lable . 

A s one w o u l d expect in tu i t i ve ly and , i n fact, can show formal ly , the 
homogeneous m o d e l reduces to the C S T R p r o b l e m as the Peclet numbers 
become very smal l . C o h e n ( 191 ) used s ingular perturbat ion methods to 
look at the smal l Pec let n u m b e r case a n d descr ibed behavior analogous 
to that of the C S T R for L = 1. H l a v a c e k a n d H o f m a n n (192, 193) used 
the " l i n e a r i z a t i o n " method for first-order l u m p i n g ( ment ioned also i n the 
previous section for the catalyst part i c le p r o b l e m ) , also for L = 1, to 
study steady-state m u l t i p l i c i t y , s tabi l i ty characteristics, a n d transient be
havior , i n c l u d i n g sustained oscil lations for smal l Peclet numbers . T h e i r 
results c ompared favorably , i n a qual i tat ive sense at least, to n u m e r i c a l 
solutions. L o w - o r d e r l u m p e d models are probab ly less descr ipt ive of rea l 
behavior here than i n the catalyst part i c le p r o b l e m , except for sma l l 
Pec let numbers . S t i l l one m i g h t hope that they w o u l d be useful i n descr ib 
i n g trends a n d parameter effects. A c c o r d i n g to the w o r k of H l a v a c e k a n d 
H o f m a n n (193) w i t h the first-order l u m p e d mode l , sustained osci l latory 
states are not possible i n an adiabat ic reactor unless Pet > Pec. ( T h i s i n 
equa l i ty can p r o b a b l y never be satisfied i n a realistic s i tuat ion where the 
t h e r m a l di f fusivity w o u l d exceed molecular diffusivities because of r a d i a 
t i on a n d so l id conduct ion effects. N o t e that this inequa l i ty restr ic t ion 
does not a p p l y to nonadiabat i c reactors. ) 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 189 

Since the C S T R is a l i m i t i n g case of the homogeneous tubular reactor, 
one expects the general behav iora l features to be s imi lar and , as i n the 
catalyst part i c le p r o b l e m , tends to describe any departure f r o m C S T R 
behavior as a "surprise . " O n e such feature, apparent ly first d iscovered i n 
computations b y M c G o w i n a n d Per lmutter (194) a n d subsequently 
shown also b y H l a v a c e k et al. (197) and V a r m a a n d A m u n d s o n (184, 
185) is the existence of five steady states under some conditions (nonad ia 
bat i c i n a l l cases reported ) w i t h a first-order Arrhen ius react ion. 

A s ment ioned earlier, v i r t u a l l y a l l studies of steady-state m u l t i p l i c i t y 
i n the homogeneous m o d e l w i t h ax ia l dispersion have been of a single 
exothermic reaction. A rare exception is the w o r k of C h e n (198) o n a 
theoret ical study of a s imple first-order autocatalyt ic react ion descr ib ing 
i sothermal m i c r o b i a l growth . 

T h e important early contributions to the theory of the heterogeneous 
models were b y W i c k e a n d V o r t m e y e r (199), W i c k e (200), L i u a n d 
A m u n d s o n (201, 202), a n d L i u , A r i s , and A m u n d s o n (203). T h e analysis 
i n these cases was based on a p lug- f low m o d e l for the fluid phase w i t h a l l 
dif fusive transport effects confined to the fluid film surrounding the cata
lyst partic les . L i u a n d A m u n d s o n (202) also considered the effect of 
ax ia l dispersion i n the fluid phase. N o n e of these studies accounted for 
ax ia l conduct ion f rom part i c le to part ic le so that each element of catalyst 
was effectively isolated f rom others. Investigations into the m u l t i p l i c i t y 
a n d stabi l i ty of steady states, therefore, were reduced to an examinat ion 
of the behavior of each part i c le s ingly i n surrounding condit ions g iven 
b y the l o ca l instantaneous state of the fluid. I n some examples, these 
studies showed that over a por t ion of the bed , the state of the fluid w o u l d 
be such that the particles c ou ld have m u l t i p l e states. I n such situations, 
as l ong as there is no direct ax ia l c ommunica t i on between the adjacent 
catalyst partic les , the m o d e l al lows for an u n l i m i t e d n u m b e r of steady-
state pro f i les—if one constructs profiles composed of some particles i n a 
high-temperature state a n d others i n a l o w state through that por t i on of 
the reactor where m u l t i p l i c i t y is possible. E x c e p t for a f e w of these, a l l 
obv ious ly have discontinuous so l id phase temperature profiles. M o r e 
recent ly A r i s a n d Schruben (204) s tudied this s i tuation i n deta i l us ing the 
H e a v i s i d e step funct ion to represent the dependence of the heat genera
t ion rate on temperature. A further study was reported b y F a r i n a a n d 
A r i s (205), w h o took into account fluid-phase dispersion a n d so l id c on 
duct i on ( a x i a l ) . T h e p r i n c i p a l effect of the so l id conduct ion is to smooth 
the discontinuous profiles a n d possibly reduce the total n u m b e r of steady 
profiles to a smal l finite value. 

T h e effects of ax ia l conduct ion i n the so l id phase for a first-order 
Arrhen ius react ion were demonstrated through n u m e r i c a l solutions of the 
unsteady equations b y E igenberger (206). H e used fluid equations s i m i -
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190 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

lar to Equat i ons 13 a n d 14 w i t h Pec, Pet -> oo a n d w i t h R i g iven b y E q u a 
t i on 18c; his equations for the so l id phase were of the f o rm of Equat i ons 
11 a n d 12 except that a term propor t i ona l to d2ts/d£2 was a d d e d to account 
for so l id conduct ion . C o n c e r n i n g m u l t i p l i c i t y of steady profiles, the essen
t i a l result was that w i t h adiabat ic condit ions imposed on the so l id at the 
inlet a n d outlet boundaries , transient profiles w o u l d arrive at one of three 
different stable steady profiles; the one actual ly reached depended on 
i n i t i a l conditions. Presumab ly two others l ie between the stable ones for 
a m u l t i p l i c i t y of five. F u r t h e r m o r e , the m u l t i p l i c i t y was sensitive to inlet 
a n d outlet conditions on the so l id energy equation. W i t h rad ia t i on losses 
at the inlet , three stable steady states were s t i l l possible, but m u c h less 
l i k e l y to occur, a n d i f equations for p a c k e d sections of inert mater ia l at 
the inlet a n d outlet were appended , on ly two stable profiles were f ound . 
E igenberger po inted out that the results of his s imultations resemble the 
exper imental findings of P a d b e r g a n d W i c k e (207). Since a l l of his results 
were obta ined f rom n u m e r i c a l solutions for an example case, no definite 
conclusions regard ing the possible number of steady states i n such cases 
can be g iven, a n d the matter is s t i l l not complete ly resolved. A l so u n 
settled are questions concerning the poss ib i l i ty of sustained osci l latory 
states and the stabi l i ty of various steady profiles w h e n axia l conduct ion 
effects i n the so l id phase are taken into account. 

I n the w o r k descr ibed above, E igenberger also showed that the 
heterogeneous m o d e l account ing for ax ia l conduct ion i n the so l id phase 
c o u l d describe " w a n d e r i n g " or " c reep ing" profiles. Such profiles ( exper i 
m e n t a l data were apparent ly first g iven b y W i c k e a n d V o r t m e y e r ( 199) ) 
are character ized b y the occurrence of a steep temperature profi le ( i g n i 
t i on zone) over a smal l section of the reactor w h i c h alternately can be 
m a d e to wander upstream or downstream s lowly w i t h sl ight parameter 
changes. A c c o r d i n g to Eigenberger 's results, this phenomenon can be 
expla ined i n terms of parametr i ca l ly sensitive steady-state profiles; for 
these profiles the steady locat ion of the i gn i t i on zone is changed dras
t i ca l ly f r o m one pos i t ion to another i n the reactor i n response to a s m a l l 
change i n a parameter. L a r g e w a l l or so l id heat capacities then give rise 
to the w a n d e r i n g nature of the profiles w h i c h are the s low transients 
accompany ing the transit ion f r om one steady state to another. O t h e r 
mathemat i ca l descriptions w h i c h have been used to expla in these w a n d e r 
i n g profiles i n c l u d e those based on ce l l models b y V a n d e r v e e n et al. 
(208) a n d Rhee et al. (209) a n d on a homogeneous m o d e l of reactors of 
inf inite length b y Vor tmeyer a n d Jahne l (210, 211). So far, at least, 
exper imental in format ion on these curious transients ( conta ined i n the 
reference g iven above a n d i n others l i s ted later ) has not d i s c r iminated 
between the various mathemat i ca l models w h i c h can describe them 
qual i tat ive ly . 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 191 

W i t h Pec, Pet - > oo, Equat i ons 13-16, 19, a n d 20 have a u n i q u e so lu 
t i on for g iven condit ions i f f a is constant or w i t h cocurrent f low of a 
coolant. Other reactor configurations, however , such as those w i t h c o u n -
tercurrent cool ing, heat exchange between effluent a n d feed, a n d w i t h 
recycle streams, w h i c h prov ide a means of thermal feedback, can give 
ris to steady-state m u l t i p l i c i t y a n d stabi l i ty problems. V a n H e e r d e n (7,8) 
a n d B i l ous a n d A m u n d s o n (212) considered some of these cases. There 
have been a number of other theoret ical studies of these problems ( 146, 
191, 196, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223, 224, 225 
226, 227, 228, 229, 230, 231, 232). I n the recent l i terature these models 
have rece ived re lat ive ly l i t t le attention, bu t m u l t i p l i c i t y a n d stabi l i ty 
problems caused b y the effects contained i n them m a y be m u c h more 
f requent ly encountered i n present indus t r ia l processes than b y the effects 
of ax ia l dispersion or react ion i n porous catalyst partic les . A n example 
commonly referred to is the synthesis of a m m o n i a i n p a c k e d reactors w i t h 
heat exchange between the react ing fluid a n d the feed (7, 214, 215, 229). 

I n the s imple homogeneous p l u g flow reactor m o d e l w i t h o u t any 
mechanism of thermal feedback, severe des ign problems w i t h reactor 
sensit ivity m a y be encountered even though steady states are stable a n d 
unique . Sensit iv i ty to s m a l l changes i n a parameter or operat ing c o n d i 
t ion is very l i k e l y the explanat ion for most incidents of " r u n a w a y " c o n d i 
tions i n indus t r ia l reactors. B a r k e l e w (233) first presented some guide 
lines for des igning reactors to avo id runaways caused b y sensitivity. 
O t h e r cr i ter ia for avo id ing extremely sensitive condit ions have been 
g iven b y Dente a n d C o l l i n a (234), H l a v a c e k et al. (235), a n d V a n W e l -
senaere a n d F r o m e n t (236). T h e agreement between these various 
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Figure 12. Effect of in-
traparticle diffusion on 
the temperature profile 
in a one-dimensional 
packed-bed reactor with 

Pe = oo (120) 
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1 9 2 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

cr i ter ia for first-order A r r h e n i u s kinetics is very good, as shown b y F r o 
ment (174). F r o m e n t also showed the effect of various reactor models , 
i n c l u d i n g two -d imens iona l models , on the pred i c ted reactor profiles a n d 
their sensitivity. There is no precise def init ion of sensitivity. T h a t of 
V a n Welsenaere a n d F r o m e n t (236) , for example, was g iven i n terms of 
the temperature at the hot spot a n d the existence of an inflection po int 
i n the temperature profile. T h e cr i ter ia established are intended to be 
u s e d as guides i n the first stages of reactor design. Reactors for w h i c h 
condit ions l ie close to the r u n a w a y reg ion requ i re i n d i v i d u a l s tudy a n d 
simulations. 

A l l of the cr i ter ia c i ted above for de termin ing sensit ivity or r u n a w a y 
condit ions were based on homogeneous models . T h a t these m a y be more 
conservative than necessary i f di f fusional l imitat ions w i t h i n (or external 
to ) the catalyst particles are taken into account was i l lustrated b y Cress 
w e l l a n d Paterson (120). T h e y used the ox idat ion of o-xylene as an 
example. F i g u r e 12 presents a compar ison of temperature profiles for 
different values of the pore di f fusivity for a case i n w h i c h a homogeneous 
m o d e l predicts a r u n a w a y profile. Re la ted studies b y M c G r e a v y a n d 
C r e s s w e l l (237) a n d M c G r e a v y and A d d e r l e y (238) further emphasize 
this po int a n d suggest that w o r k i n g w i t h a more deta i led m o d e l i n des ign
i n g reactors near the r u n a w a y l imits or w i t h i n the r u n a w a y reg ion of 
homogeneous models m a y be w e l l justified. M c G r e a v y and A d d e r l e y 
(127) proposed a r u n a w a y l i m i t w h i c h they obta ined b y examin ing the 
sensit ivity of the part i c le temperature to the l o ca l external f lu id 
temperature. 

Experimental Studies. T a b l e III lists exper imental studies of steady-
state m u l t i p l i c i t y a n d stabi l i ty i n packed -bed reactors. A s the number of 
entries indicates , there has been a pauc i ty of exper imental in format ion 
re lat ive to the amount of reported theoret ical w o r k on this type of re 
actor. [Some of the entries i n T a b l e I m i g h t have been p laced i n T a b l e III 
because they used packed -bed reactors. H o w e v e r , those reactors were 
the rec i r cu la t ing type w h i c h behaved more near ly l ike C S T R ' s than 
tubular ractors.] T h e on ly report of osci l latory states is that of V o l t e r 
(239) for the gaseous po lymer i za t i on of ethylene. These oscillations were 
not l i n k e d quant i tat ive ly to a mathemat i ca l mode l . Entr i e s 5, 7, 8 a n d 10 
i n the table represent studies of l i q u i d phase reactions i n empty tubes. 
E x c e p t for the experiments of B u t a k o v a n d M a k s i m o v (246), these have 
a l l been shown to f o l l ow the predict ions of a p l u g flow mode l . B u t a k o v 
a n d M a k s i m o v used a nonadiabat ic co i led tubular reactor. T h e be
hav ior reported , shown i n F i g u r e 13, must be the result of an ax ia l d is 
pers ion or w a l l conduct ion mechanism. N o theoret ical m o d e l was i n 
c l u d e d i n the paper . 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 193 

Table III. Experimental Studies of Steady-State Multiplicity and 
Instabilities in Tubular and Fixed-Bed Reactors 0 

Reference Experimetal System o m 
1. V o l t e r , 1963 

(239) 
2. Padberg a n d 

W i c k e , 1967 
(207) 

3. W i c k e , Padberg , 
and Arens , 
1968 (240) 

4. K i l g e r , 1969 (241) 

5. R o o t and Schmi tz , 
1969,1970 (242, 

6. F i e g u t h a n d 
W i c k e , 1971 

m) 
7. L u s s and 

M e d e l l i n , 
(245) 

8. B u t a k o v and 
M a k s i m o v , 
1973 (246) 

9. V o t r u b a a n d 
H l a v a c e k , 
1973 (247) 

10. A u s i k a i t i s a n d 
E n g e l , 1974 
(248) 

P o l y m e r i z a t i o n of ethylene i n a n o n 
adiabat ic t u b u l a r reactor 

O x i d a t i o n of C O i n fixed bed of P t / A l 2 0 3 

catalyst 

O x i d a t i o n of ethane on P d / a l u m i n a 
catalyst a n d ox idat ion of C O on 
P t / a l u m i n a catalyst i n a fixed bed 

C a t a l y t i c ox idat ion of carbon monoxide 
flowing l ong i tud ina l ly past a p l a t i n u m 
tube 

L i q u i d phase reaction between N a 2 S 2 0 3 
and H 2 0 2 i n adiabat ic t u b u l a r reactor 
w i t h recycle 

O x i d a t i o n of C O i n adiabat ic fixed bed of 
P t / A l 2 0 3 catalyst 

L i q u i d phase reaction between N a 2 S 2 0 3 
and H 2 0 2 i n nonadiabat ic t u b u l a r re 
actor w i t h countercurrent flow of 
coolant i n a n annulus 

L i q u i d phase po lymer izat i on of styrene i n 
l aminar flow nonadiabat ic t u b u l a r re 
actor 

C a t a l y t i c ox idat ion of carbon monoxide 
i n adiabat ic packed-bed reactors of 
P d / A l 2 0 3 a n d C u 0 / A l 2 0 3 cata lyst 
(three stable states observed) 

L i q u i d phase reaction between N a 2 S 2 0 3 

and H 2 0 2 i n a cyc led bat ch reactor 
s imulat ing a plug-f low t u b u l a r reactor 
w i t h recycle 

° Column headings are as defined in Table I. 

Exper iments reported w i t h fixed-bed or catalyt ic reactors ( entries 
2 -4 , 6, a n d 9 i n T a b l e I I I ) n i ce ly demonstrate steady-state m u l t i p i l i c i t y 
a n d associated hysteresis phenomena. C a r r i e d out at l o w Peclet a n d 
Reyno lds numbers , they apparent ly show effects of b o t h ax ia l d ispers ion 
a n d interphase transport. T o some extent, they seem to be descr ibable 
b y more than one mathemat i ca l mode l , a n d close quant i tat ive c o m p a r i 
sons w o u l d be very difficult. M o s t of these exper imental studies i n c l u d e 
some discussion of the associated theory. It is p a r t i c u l a r l y noteworthy 
that V o t r u b a a n d H l a v a c e k ( entry 9 i n T a b l e I I I ) observed three stable 
steady states under certain condit ions. P r i o r theoret ica l studies, c i t ed 
above, have s h o w n this to be possible, but apparent ly i t h a d not p r e v i 
ously been observed experimental ly . 
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194 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 REVIEWS 

Coolant Temp.(°C) 

Doklady Akademii Nauk SSSR 

Figure 13. Multiple 
steady states (hysteresis) 
in the liquid-phase po
lymerization of styrene in 
a tubular reactor (4 mm 
id coiled tube) in laminar 

flow (246) 

I n add i t i on to the experiments on m u l t i p l i c i t y a n d stabi l i ty l i s ted i n 
T a b l e I I I , there have been several reported exper imental investigations 
of " w a n d e r i n g " profiles (199, 207, 240, 249, 250, 251)—a transient phe 
nomenon descr ibed i n the preced ing section. A s po inted out earl ier , 
theoret ical explanations have been offered i n terms of different models , 
a n d exper imental studies reported to date do not seem to d is t inguish 
among them. 

Papers in Session V I I . A s ment ioned earlier, five of the six papers i n 
Session V I I of the sympos ium vo lume a p p l y d i rec t ly to tubular a n d 
fixed-bed reactor dynamics . A br ie f cr i t ique is presented here as a n 
appropr iate f o l l ow-up of the preced ing rev i ew of the exist ing l i terature 
o n this subject. ( T h e r e m a i n i n g paper i n the session concerns more 
general ly the subject of m i x i n g . T h o u g h appl i cab le i n a general sense to 
reactors of interest here, i t is more appropr iate ly brought into the dis 
cussion i n a later section.) 

T w o of the papers, one b y V a n D o e s b u r g a n d de Jong a n d the other 
b y H a n s e n a n d Jorgensen, study the unsteady behavior of fixed-bed re 
actors a n d compare theoret ical predict ions w i t h exper imental ly measured 
profiles. V a n D o e s b u r g a n d de Jong s tudied the hydrogénation of C O 
a n d C 0 2 to m e t h a n e — p a r a l l e l exothermic reac t i ons—in an adiabat ic 
reactor. T h e y systematical ly consider each p h y s i c a l rate process a n d 
conc lude that a s imple p lug- f low homogeneous m o d e l applies ( w i t h heat 
capac i ty of the so l id mater ia l taken into account ) . T h e i r m o d e l then 
consists of E q u a t i o n s 13 a n d 14, w i t h L > 1 a n d Pec, Pet - » oo , su i tably 
modi f i ed to inc lude more than one react ion. T h e results p r e d i c t e d b y 
their m o d e l show very good agreement w i t h their exper imental data. I n 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 195 

their experiments Pec var i ed f r o m 300 to 1200, considerably b e y o n d the 
va lue for w h i c h one w o u l d expect to encounter any apprec iable effect of 
ax ia l dispersion and , therefore, steady-state m u l t i p l i c i t y . 

I n the experiments of H a n s e n a n d Jorgenson, the Pec let n u m b e r was 
somewhat lower (Pec ~ 270, Pet ~ 115) , a n d these workers used a homo
geneous ax ia l dispersion m o d e l to describe transients i n the h y d r o g e n -
oxygen react ion i n an adiabat ic reactor p a c k e d w i t h P t / a l u m i n a catalyst. 
A c c o r d i n g to the calculations of H l a v a c e k et al. ( 189 ) for Pec =^= Pet, the 
va lue of Pec i n these experiments is about twice the value at the upper 
l i m i t of m u l t i p l i c i t y . H a n s e n a n d Jorgenson do not report any observa
tions of steady-state m u l t i p l i c i t y . T h e authors po int out that the exper i 
mental ly observed transients i n the last part of the reactor are not w e l l 
descr ibed b y their mode l . T h i s observation suggests questions as to the 
adequacy of the dispersion mode l , par t i cu lar ly for descr ib ing the unsteady 
state. A s i n most r e a l chemica l systems, such discrepancies can be the 
result of an inaccurate representation of chemica l rate processes, as the 
authors suggest. 

E igenberger describes an interesting theoret ical s tudy of the effects 
of the thermal capacitance a n d conductance of the reactor w a l l on the 
d y n a m i c behavior i n homogeneous p lug- f low tubular reactors. B o t h a 
l i q u i d react ion a n d a gas-phase react ion are considered, a n d the w a l l is 
not assumed to be i n thermal e q u i l i b r i u m w i t h the fluid. T w o results are 
par t i cu lar ly interest ing: (1) for a l i q u i d react ion, l o n g i t u d i n a l conduct ion 
i n the w a l l is not significant; yet, o w i n g to the heat capac i ty of the w a l l , 
some features of the d y n a m i c response are s imi lar to the w a n d e r i n g p r o 
files descr ibed earlier for fixed beds; (2 ) for a gas phase react ion, w a l l 
conduct iv i ty effects are important a n d lead to m u l t i p l e steady states under 
some conditions. A recent pub l i ca t i on b y E igenberger (252) gives a d d i 
t ional attention to w a l l effects on tubular reactor dynamics . 

H l a v a c e k a n d V o t r u b a report some interesting results on the ox idat ion 
of C O . T h e i r experiments invo lved various catalysts i n fixed beds a n d i n 
mono l i th i c honeycomb structures. Such reactors have been discussed 
extensively earl ier i n this sympos ium i n the r e v i e w paper on catalyt ic 
mufflers b y W e i a n d are also the p r i n c i p a l topic of a paper i n Session I X 
b y Y o u n g a n d F i n l a y s o n . T h e y differ f r om the usua l c ommerc ia l catalyt ic 
reactor i n that the Peclet and Reynolds numbers are smal l ( l aminar flow). 
H l a v a c e k a n d V o t r u b a report exper imental observations of m u l t i p l e 
steady states i n bo th types of reactors. T h e observation of m u l t i p l e states 
i n the flow of reactants through channels w i t h catalyt ic wal l s ( as i n the 
honeycomb structure) does not seem to have been reported previous ly , 
though the experiments b y K i l g e r c i ted i n T a b l e I I I were s imi lar . T h i s 
par t i cu lar observation b y H l a v a c e k a n d V o t r u b a is interest ing i n v i e w of 
the theoret ical results of Y o u n g a n d F i n l a y s o n ; the latter authors show 
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essentially that w h i l e a s imple one-d imensional heterogeneous m o d e l 
incorporat ing constant heat a n d mass transfer coefficients can have m u l 
t ip le steady solutions, a more exact two -d imens iona l so lut ion us ing a 
f u l l y deve loped ve loc i ty d i s t r ibut ion is always un ique . Y o u n g a n d F i n 
layson d i d not account for l o n g i t u d i n a l heat conduct ion i n the reactor 
w a l l , bu t they po int out that this m a y be important i n some cases. T h e 
theoret ica l results of Y o u n g a n d F i n l a y s o n as w e l l as those of E igenberger 
( c i t ed above, regard ing w a l l effects), suggest that w a l l conduct ion ( w h i c h 
i n effect is an ax ia l d ispersion mechanism) is the p h y s i c a l process respon
sible for m u l t i p l i c i t y i n the experiments w i t h the honeycomb structure. 
H l a v a c e k a n d V o t r u b a do not discuss two -d imens iona l models b u t con 
sider several variations of the general one-d imensional m o d e l g iven above. 

T h e paper i n this session b y M c G r e a v y a n d A d d e r l e y focuses on the 
p r o b l e m of des igning fixed-bed reactors to avo id parametr i c sensit ivity 
a n d m u l t i p l e steady states. E a r l y w o r k on the sensit ivity p r o b l e m dealt 
ent ire ly w i t h homogeneous models a n d more recent w o r k b y M c G r e a v y 
a n d co-workers emphas ized possible importance of transport l imitat ions 
i n this regard . I n their paper at this sympos ium, M c G r e a v y a n d A d d e r l e y 
extend this not ion to obta in cr i ter ia i n g raph i ca l f o rm i n terms of operat ing 
parameters. T h e results permi t a designer to determine whether operat ing 
parameters are such that the reactor w i l l be re lat ive ly insensitive to sma l l 
parameter changes a n d w i l l have u n i q u e states. It is further suggested 
that these results m i g h t be read i l y imp lemented i n the computer contro l 
or op t imiza t i on of a g iven reactor. 

Mixing and Modeling—Effects on Multiplicity and Stability 

B y heurist ic arguments, V a n H e e r d e n (8 ) advanced the not ion that 
a necessary cond i t i on for m u l t i p l i c i t y of steady states i n an exothermic 
reac t ing system was that some p h y s i c a l mechanism for heat feedback to 
exist. H e demonstrated this point b y w o r k i n g out examples of a C S T R , 
a p lug- f low tubular reactor w i t h feed-effluent heat exchange, a n d a t u b u l a r 
reactor w i t h ax ia l dispersion. O b v i o u s l y the general requirement of 
feedback shou ld not be restr icted to exothermic systems but must a p p l y 
to accelerat ing reactions i n general . T h e not ion has served a useful 
purpose a l though no precise def init ion of feedback has been offered. 
T h e not ion is in terwoven i n m u c h of the f o l l o w i n g discussion of m i x i n g 
effects a n d m o d e l i n g cons iderat ions—a discussion appropr iate ly br ie f a n d 
l i m i t e d to intr ins ic h y d r o d y n a m i c effects. 

C l e a r l y i n order for in t r ins i c feedback i n a g iven react ing flow system 
to be possible, the residence times must be d i s t r ibuted so that fluid e le
ments of different ages can intermix . Res idence- t ime d i s t r ibut ion in for 
mat i on , however , describes only macroscopic m i x i n g features a n d b y itself 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 197 

tells no th ing about m i x i n g at the microscopic level—i .e. , about the state 
of segregation as descr ibed b y D a n c k w e r t s (253). I f f lu id elements i n 
any react ing f low situation are complete ly segregated w i t h regard to both 
heat a n d mass exchange, there can be no feedback regardless of the 
macroscopic p ic ture . ( M a t h e m a t i c a l l y , complete ly segregated systems 
give rise to problems of the in i t ia l -va lue type. ) T h u s bo th macroscopic 
a n d microscopic effects warrant consideration. Nevertheless, almost a l l 
mathemat i ca l models w h i c h have been used to study m u l t i p l i c i t y , s tabi l i ty , 
a n d sensit ivity of states are based on macroscopic considerations. I n the 
axia l dispersion m o d e l of a tubular or fixed-bed reactor, for example, the 
effective ax ia l di f fusivity can be chosen to describe macroscopic effects, 
a n d once i t is chosen, the leve l of microscopic m i x i n g is also fixed. 

I n Session V I I Y a n g a n d W e i n s t e i n describe a w a y to study theo
re t i ca l ly both macroscopic a n d microscopic effects. T h e y mainta in that 
two adjustable parameters, η a n d R, i n a hypothet i ca l reactor m o d e l c on 
sisting of η C S T R ' s i n series a n d a recycle stream ( w i t h recycle rat io R ) 
can be separately a n d s imultaneously m a n i p u l a t e d so that the m o d e l can 
describe g iven residence-t ime d is tr ibut ion data a n d s t i l l prov ide f lex ib i l i ty 
i n cover ing a range of m i c r o m i x i n g conditions between complete segre-
gaton a n d m a x i m u m mixedness—the extreme m i x i n g situations descr ibed 
b y Zwie te r ing (254). F u r t h e r m o r e , the m o d e l is qu i te amenable to 
mathemat i ca l analysis a n d seems w e l l suited for e m p i r i c a l reactor m o d e l 
i n g i n m a n y prac t i ca l situations. Y a n g a n d W e i n s t e i n present results of 
calculations showing the effect of m i c r o m i x i n g on steady-state m u l t i 
p l i c i t y i n an exothermic reaction. 

A p p a r e n t l y the on ly pr i o r s tudy of the effects of m i c r o m i x i n g on 
m u l t i p l i c i t y a n d stabi l i ty was that b y Y a m a z a k i a n d I c h i k a w a (255); they 
examined the extreme cases of complete segregation of bo th heat a n d 
mass a n d of m a x i m u m mixedness for an arb i t rary residence-t ime d i s t r i 
but ion . T h e i r conclusion was that steady states i n the first case are always 
un ique a n d stable a n d that those i n the second are stable i f a per fect ly 
m i x e d reactor h a v i n g the same mean residence t ime as the g iven reactor 
is stable. 

T h e discussion of m o d e l i n g a n d the not ion of feedback i n connect ion 
w i t h steady-state m u l t i p l i c i t y a n d instabil i t ies can be pursued further 
a long somewhat different lines. A d m i t t e d l y any rea l chemica l ly react ing 
system has an u n d e r l y i n g mathemat i ca l descr ipt ion w h i c h i n its exact f o r m 
— i f an exact f o r m can even be constructed—is far too complex to analyze. 
Simpli f ications a n d approximations must be made. T h o u g h t - p r o v o k i n g 
questions then arise as to h o w one can be reasonably certain that the 
simpli f ications a n d approximations he introduces do not also introduce 
spurious qual i tat ive features into the solutions of the mathemat i ca l m o d e l 
—features that have no counterpart either i n the rea l p h y s i c a l system or 
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198 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

i n the solutions of the more exact mathemat i ca l p rob l em. ( Simpli f icat ions, 
of course, m a y also e l iminate important qual i tat ive features.) There 
p r o b a b l y is no general answer to such questions, but as a reasonable 
guide l ine , i t appears that one should be w a r y whenever an approx imat ion 
changes the basic mathemat i ca l f orm. Some examples are read i ly a v a i l 
able. O n e is i n the aforementioned paper b y Y o u n g a n d F i n l a y s o n i n 
Session I X . L a m i n a r flow through a catalyt ic duct w i t h negl ig ib le ax ia l 
di f fusion or conduct ion gives rise to a nonl inear parabo l i c system of 
equations w h e n formulated proper ly i n terms of r a d i a l a n d axia l pos i t ion 
variables . F o r this p rob lem, as i n most parabo l i c problems, the solutions 
are un ique a n d stable—no feedback mechanism exists. If, however , as 
Y o u n g a n d F i n l a y s o n show, the p r o b l e m is s impl i f ied to a one-dimensional 
f o rm i n w h i c h r a d i a l variations are accounted for only i n terms of con
stant heat a n d mass transfer coefficients to the catalyt ic duct w a l l , u n i q u e 
ness can no longer be guaranteed. I n fact, this s impl i f ied version m a y 
have an infinite number of solutions as discussed i n some publ i cat ions 
c i ted earlier. T h e rea l p h y s i c a l s ituation m a y indeed have non-unique 
solutions ( the experiments descr ibed i n the paper b y H l a v a c e k a n d 
V o t r u b a i n Session V I I show this to be t r u e ) , but these must be the result 
of ax ia l w a l l conduct ion ( or of molecular conduct ion and diffusion ax ia l ly 
i n the tube ) a n d not solely of transport between the catalyt ic w a l l a n d 
the f lu id i n laminar flow. T h e use of constant transfer coefficients is v a l i d 
on ly for u n i f o r m l y accessible surfaces. Cata lys t partic les i n a p a c k e d 
b e d m a y prov ide areas that are nearly u n i f o r m l y accessible because of 
the nature of the flow. 

I n a paper addressed to these same matters, L i n d b e r g a n d Schmitz 
(256) considered a theoret ical p r o b l e m of flow past a nonun i f o rmly 
accessible catalyt ic sur face—namely boundary layer flow past wedge -
shaped solids. T h e conclusion was s imi lar to that of Y o u n g and F i n l a y s o n ; 
the solut ion of the boundary layer p r o b l e m was shown to be un ique , b u t 
the solut ion of a s impl i f ied vers ion us ing constant heat a n d mass transfer 
coefficients was m u l t i v a l u e d . L i n d b e r g a n d Schmitz i n c l u d e d a d is 
cussion of the general mode l ing p r o b l e m a n d of the possible pit fa l ls that 
one w o u l d hope to avo id . 

Cons ider , as another example, f u l l y deve loped constant-property 
l a m i n a r flow i n a tubular reactor w i t h homogeneous exothermic react ion 
a n d neg l ig ib le ax ia l conduct ion a n d dif fusion of heat a n d mass bo th i n 
the fluid a n d i n the w a l l . T h e two-d imens iona l steady-state mater ia l a n d 
energy balances are of the parabo l i c f o rm ( a n in i t ia l -boundary va lue 
p r o b l e m ) , a n d solutions are u n i q u e for real ist ic react ion k inet i c models . 
N o mechan ism of thermal feedback exists. I f the not ion of T a y l o r d i f 
fus ion is in t roduced (to account for dispersion effects ar is ing f r om r a d i a l 
ve loc i ty grad ients ) , then the m o d e l is converted to the one-d imensional 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 199 

ax ia l dispersion f orm, a nonl inear boundary va lue system. A feedback 
mechanism has been in t roduced through the s impl i f i cat ion procedure , 
a n d the uniqueness a n d stabi l i ty of steady-state solutions can no longer 
be guaranteed. I n l ight of these comments, the exper imental observations 
of B u t a k o v a n d M a k s i m o v (see T a b l e I I I ) , w h i c h invo lved the l aminar 
flow of l i q u i d reactants w i t h no obvious intr insic mechanism of feedback 
other than those of molecular dif fusion and conduct ion , are surpr is ing . 

A l l such considerations should r e m i n d researchers not to lose sight 
of the u n d e r l y i n g phys i ca l p r o b l e m w h e n attacking the mathemat i ca l 
one. C l e a r l y they also must be kept i n m i n d i f experimental observations 
are to be careful ly a n d correctly interpreted. 

Other Areas of Application 

Steady-state m u l t i p l i c i t y , instabi l i t ies , a n d osci l latory behavior i n 
react ing systems are also of interest i n b io logy , combust ion, a n d electro
chemistry. I n each of these areas a large l i terature has d e v e l o p e d — a l l i n 
p a r a l l e l for the most part w i t h f e w points of contact. F r o m a mathemat i ca l 
v iewpo int , at least, problems i n these areas closely resemble those con 
nected w i t h chemica l reactor design. It seems appropriate , therefore, to 
describe some of the research a n d the interest ing problems encompassed 
i n these areas, even though the coverage must be br ie f a n d inadequate . 

I n b io l og i ca l appl icat ions the major interest has been i n osc i l lat ing 
systems. T h e p ioneer ing w o r k i n this regard was b y L o t k a (257, 258) i n 
the early 1900's on the oscil lations i n p r e d a t o r - p r e y interactions. Since 
then, osci l latory behavior at a l l levels of b i o l og i ca l ac t iv i ty has been 
observed a n d studied . It is f requent ly suggested i n these studies that 
intr ins i c instabi l i t ies i n b i o chemica l reactions are responsible for c i r cad ian 
( d a i l y ) a n d other rhythms so prevalent i n l i v i n g systems. A recent r e v i e w 
b y N i c o l i s and P o r t n o w (259) covers chemica l oscillators w i t h par t i cu lar 
regard to b io log i ca l appl icat ions. A number of books have been devoted 
to b io log i ca l rhythms ; a recent one b y P a v l i d i s (260) emphasizes the 
mathemat i ca l analysis of them. 

Steady-state m u l t i p i l i c i t y has been i n v o k e d i n b i o l og i ca l problems 
to exp la in swi t ch ing a n d threshold phenomena i n b i o chemica l pathways 
a n d the deve lopmenta l processes w h e r e b y a deve loped organism c o m 
posed of m a n y different types of cells ( different " f i n a l " states ) emanates 
f r o m a single, near ly u n i f o r m fert i l i zed egg ce l l (see, for example, the 
book b y Rosen (261) a n d papers b y Ede l s t e in (262) a n d L a v e n d a (263) . ) 

Explanat ions for the development of f o r m a n d structure i n l i v i n g 
systems has also been offered i n terms of spat ia l or " symmetry b r e a k i n g " 
instabi l i t ies i n systems i n v o l v i n g diffusion a n d react ion. T h i s phenomena 
was s tudied first b y T u r i n g (264) a n d later b y Pr igog ine a n d co-workers 
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(265, 266, 267, 268) a n d Scr iven a n d co-workers (269, 270) (see also 
the books b y Glansdorf f a n d Pr igog ine (271) a n d A r i s ( 5 ) ) . I n such 
theoret ical studies, questions are posed as to whether spat ia l ly dependent 
perturbat ions , imposed on an i n i t i a l l y u n i f o r m steady state, g r o w (or 
decay ) u n i f o r m l y or instead grow i n t ime w i t h a certain pre ferred spat ia l 
structure. U n d e r certa in condit ions a spat ia l ly per i od i c g r o w t h is p r e 
d i c ted . E v i d e n c e that such instabi l i t ies ac tual ly occur i n b i o l og i ca l 
systems m a y be f o u n d i n various descriptions of pat tern a n d aggregative 
movement of cells i n cu l ture such as those descr ibed b y E l s d a l e (272) 
a n d Bonner (273) (see also the aforementioned book b y P a v l i d i s ) . 

Figure 14. Traveling chemical waves in a diffusion tube 
during the Belousov-Zhabotinskii reaction (with Fe3+). The 
light bands (waves) are blue; the dark regions are red. 
Waves, initiated by oscillations in the stirred beaker (at left 
of photo), are about 4 mm apart and are traveling at a 

speed of about 0.5 cm/min (280). 

M o s t mathemat i ca l models used i n studies re lated to b i o l og i ca l a p p l i 
cations are for i so thermal kinet ics , a n d they a l l ow for the exchange of 
m a t e r i a l w i t h the surroundings, or "openness," b y i n v o k i n g the assumption 
that some species concentrations have fixed constant values. T h e resul t ing 
mathemat i ca l descriptions are s imi lar to those of the usua l cont inuous-
f low chemica l reactor models , but the u n d e r l y i n g p h y s i c a l p i c ture differs. 
T h e resul t ing steady states are actual ly pseudo-steady states i f the system 
is t r u l y closed, or they represent steady states i n extreme cases of open 
systems for w h i c h some components can be exchanged w i t h the surround
ings w i thout resistance. 
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T h o u g h not a b i o l og i ca l react ion, the i so thermal l i qu id -phase 
Be lousov -Zhabot insk i i react ion has attracted great interest among b io l o 
gists a n d biophysic ists as w e l l as chemists m a i n l y because the i n t r i g u i n g 
behavior w h i c h i t displays is reminiscent of b i o l og i ca l behavior . (Refs . 
19 a n d 23, w h i c h contain studies of this react ion i n an open, w e l l - m i x e d 
system, have been c i ted i n an earl ier section. ) Osc i l lat ions , ind i cated b y 
sharp color changes f r om r e d to b lue ( w h e n F e 3 + is used as the m e t a l i o n ) 
w i t h the react ion proceeding i n a closed s t i rred beaker, were descr ibed 
b y Z h a b o t i n s k i i (274). Spat ia l ly per i od i c behavior , v i s ib le as an assembly 
of t rave l l ing waves, i n the absence of s t i r r ing , were later reported b y 
Busse (275) a n d Z a i k e n a n d Zhabo t insk i i (276). A deta i led p h y s i c a l 
descr ipt ion of the f o rm a n d interactions of these t rave l l ing waves has 
been g iven b y W i n f r e e (277, 278, 279), the latter reference conta in ing 
some beaut i fu l color photographs of s p i r a l l i n g waves. T h e propagat ion 
of these waves through a smal l dif fusion tube was s tudied exper imental ly 
b y Tatterson a n d H u d s o n (280) (see F i g u r e 14) . A thorough study of 
this system b y F i e l d et al. (33) revealed that i t consists of 10 c o u p l e d 
reactions i n c l u d i n g an autocatalyt ic sequence. A t present there is no 
proof that the observed spat ia l ly per iod i c phenomena are the result of 
spat ia l or "symmetry b r e a k i n g " instabil it ies of the type s tudied theoret i 
ca l ly i n references c i ted above. Rather the waves w h i c h propagate 
through stagnant mixtures seem to emanate f r om b o u n d a r y perturbat ions , 
such as dust or minute partic les . A general theoret ical analysis of the 
effects of perturbations of this type has been g iven b y Or to l eva a n d Ross 

(281) . 
I n other studies mot ivated b y b io l og i ca l appl icat ions , A r i s a n d K e l l e r 

(282) a n d B a i l e y a n d Luss (283) have suggested that asymmetr i c c o n 
centration profiles through membranes , s imi lar to those descr ibed earl ier 
for catalyst partic les , result ing f r om the poss ib i l i ty of m u l t i p l e states i n 
enzymat i c reactions m a y have a bear ing on active transport. 

A very interest ing paper i n the combust ion l i terature b y G r a y et al. 
(284) crosses the boundaries of combust ion, c h e m i c a l reactor, a n d b i o 
l og i ca l appl icat ions . A m o n g the various topics i n c l u d e d a n d ana lyzed are 
hyper themia i n w a r m - b l o o d e d an imals—descr ibed as a t h e r m a l r u n a w a y 
w h e n the body temperature exceeds a c r i t i c a l v a l u e — a n d h ibernat i on 
w h i c h is expla ined i n terms of the f o rm of the heat generation curves for 
h ibernat ing animals w h i c h permi t m u l t i p l e states, the two stable ones 
be ing the h ibernat ing state a n d the active state. 

M o s t of the theory of m u l t i p l e states, instabi l i t ies , a n d sensit ivity for 
chemica l reactors can be a p p l i e d to combust ion problems. I n combust ib le 
systems, m u l t i p l e steady states i n open processes are the ru le rather than 
the exception; the region of m u l t i p l i c i t y corersponds to condit ions over 
w h i c h the mixture can be brought either to a steady i gn i t ed state or to 
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a n ext inguished one b y appropr iate perturbations or start-up condit ions. 
S tandard references for the treatment a n d discussion of these a n d re lated 
topics are the books b y F r a n k - K a m e n e t s k i (285) a n d V u l i s (286). M u c h 
of the theory a n d exper imental in format ion per ta in to closed systems— 
i.e., to situations i n w h i c h reactants are charged to a vessel, subjected to 
a predetermined pressure a n d ambient temperature, a n d observed through 
an ensuing transient. E v e n for such cases, however , the theory usua l ly 
is a p p l i e d to a "pseudo" steady-state vers ion of the p r o b l e m , a n d w h e n 
gradients are neglected, the results resemble those descr ibed earl ier i n 
this paper for the C S T R (see, for example, a recent r e v i e w b y B e r l a d 
(287). L o n g w e l l a n d Weiss (288) in t roduced the continuous-f low, w e l l -
s t irred combustor, s imi lar to a C S T R , as a convenient exper imental too l 
a n d demonstrated its u t i l i t y b y us ing ext inct ion data—i .e. , the l i m i t of 
steady-state m u l t i p l i c i t y corresponding to a transit ion f r om a h i g h t em
perature state to a l o w one—to deduce k inet i c parameters. S imi lar theo
re t i ca l a n d exper imental studies i n distr ibuted-parameter flow systems 
have also been reported (289, 290, 291). 

Instabil it ies a n d m u l t i p l e steady states occur i n e lectrochemical 
systems because of h i g h l y nonl inear current-potent ia l relationships. A 
descr ipt ion b y W o j t o w i c z (292) is a good reference source. I n i t methods 
of L i a p u n o v a n d Poincaré are used to analyze dynamics , a n d behav iora l 
features are descr ibed w h i c h have analogs i n chemica l reactor behavior . 
A c c o r d i n g to this book the first cases of per iod i c behavior i n electro
c h e m i c a l systems were reported as early as 1828. A l k i r e a n d Nico la ides 
(293, 294) recent ly d iscovered that the equations governing a cer ta in 
d is tr ibuted m o d e l of the aeration corrosion of a meta l under a moist film 
possess at least 13 steady-state profiles for the current d i s t r ibut ion . F u r 
thermore, some of these l ead to very h i g h l y l oca l i zed react ion rates a n d 
suggest a possible explanation or mechanism for the l oca l i zed corrosive 
attack of metals. 

Problems of intr ins i c instabil it ies arise i n m a n y other situations 
w h i c h do not invo lve chemica l rate processes. It is not possible to 
describe these i n deta i l here, bu t they are w o r t h y of note because the 
mathemat i ca l methods used to study them a n d the phenomena of interest 
are often very s imi lar to those descr ibed here for chemica l systems. 
A m o n g these are problems i n hydrodynamics and crysta l l i zat ion . D e n n 
(6) treats the former a n d provides some unif icat ion of these problems 
w i t h those of chemica l reactors. T h e occurrence of sustained oscil lations 
i n perfect ly m i x e d crystall izers was s tudied f rom a theoret ical v i e w p o i n t 
b y S h e r w i n et al. i n 1967 (295) and more recently b y R a n d o l p h et al. 
(296). E x p e r i m e n t a l studies of these oscil lations have also been reported 
(297,298). 
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7. S C H M I T Z Multiplicity, Stability, and Sensitivity 203 

Concluding Remarks 

O n e noticeable recent t rend has been the increase i n exper imental 
in format ion . U n t i l very recently there was a dearth of exper imental data 
or reports of actual chemica l reactor behavior to support the large n u m 
ber of theoret ical studies. M a n y theoret ical results have n o w been borne 
out b y experiments, a n d laboratory data definitely a d d a tone of rea l i sm 
to problems i n this area. S t i l l , theory leads exper imental fact b y a con 
siderable measure a l though some exper imental observations have sug
gested, a n d probab ly w i l l continue to suggest, questions for further theo
ret i ca l investigations. T h e need for add i t i ona l laboratory studies is most 
evident i n d i s t r ibuted problems where some v iewpoints need c lari f icat ion 
a n d where predict ions of the usua l mathemat i ca l models c o u l d be q u a l i 
tat ive ly incorrect . 

F r o m a theoret ical v i ewpo int , at least, the p r o b l e m of e luc idat ing the 
possible behav iora l features i n systems of reactions ( w i t h o u t h a v i n g to 
handle each case i n d i v i d u a l l y ) is a chal lenging one—even for the l u m p e d 
C S T R case. U n t i l now, the vast major i ty of w o r k has been w i t h a single 
exothermic react ion. E m p h a s i s has been on the effects of interact ing 
p h y s i c a l rate processes. Some of the experimental observations of osc i l la 
tions i n s ingle catalyst partic les a n d of the fasc inat ing conduct of the 
Be lousov -Zhabot insk i i system, descr ibed i n studies c i ted above, as w e l l as 
appl icat ions i n some key areas of b io logy, m a y st imulate more effort i n 
the d i rec t ion of complex react ing systems. O n l y a very s m a l l percentage 
of the papers be ing p u b l i s h e d on the subjects of this r ev i ew are f r o m 
industry . A s a result , the present p rac t i ca l app l i cab i l i t y of academic 
research to i n d u s t r i a l reactor design a n d its impac t thereon are uncerta in . 
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Nomenclature 

a geometric constant; 0 for slab, 1 for cy l inder , 2 for sphere 
ay area for heat losses per un i t reactor v o l u m e 
b characterist ic l ength ; h a l f - w i d t h for slab, radius of cy l inder or 

sphere 
c f dimensionless concentrat ion of reactant i n the b u l k fluid phase, 

CAT/C AO 
cB dimensionless concentrat ion of reactant i n part ic le pores, 

CAT/CAO 
C A concentration of reactant 
CP heat capac i ty 
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D b i n a r y dif fusion coefficient 
D f effective ax ia l d i f fusiv i ty of reactant 
D g pore di f fusivity of reactant 
Da D a m k o h l e r n u m b e r g iven b y Κτ exp ( —y) or Κ0τ 
Ε ac t ivat ion energy 
F vo lumetr i c flow rate 
h fluid-particle heat transfer coefficient based o n superf ic ial exter

n a l part i c le surface area 
( — Δ Η ) heat of react ion ( posit ive for exothermic react ion ) 
kt effective ax ia l fluid thermal conduct iv i ty 
km fluid-particle mass transfer coefficient based on superf ic ial exter

n a l part i c le surface area 
kB effective t h e r m a l conduct iv i ty of catalyst part i c le 
Κ pre -exponent ia l factor for react ion rates per un i t of reactor 

vo lume V 
K' pre -exponent ia l factor for react ion rates per u n i t of pore vo lume 
K o , Kq react ion ve loc i ty constants at temperature TQ, g iven b y Κ exp 

( — γ ) a n d K' exp ( — γ ) , respect ively 
I tubu lar reactor l ength 

L dimensionless capac i ty factor, 1 -\ p * p a 

Le L e w i s number , paCpsDs/ks 

m mass 
r i i , n 2 l u m p i n g constants 
Ν n u m b e r of spat ia l positions ( e.g., co l locat ion points ) i n l u m p i n g 

procedure 
Nu Nusse l t n u m b e r ( B i o t number ) , hb/ks 

Pec Pec let n u m b e r for mass dispersion, vl/Dt 

Pet Peclet n u m b e r for heat dispersion, vlcvip{/kt 

Ru Ro rate functions 
Rg un iversa l gas constant 
Sh Sherwood number , kmb/esDs 

tf dimensionless temperature of b u l k fluid phase, Tt/TQ 

ts dimensionless temperature w i t h i n catalyst part ic le , TB/TQ 

Τ temperature 
U overa l l coefficient for heat losses f r om the reactor 
ν average interst i t ia l fluid ve loc i ty 
V v o i d reactor vo lume 
χ dimensionless distance, y'/b 
y d istance var iab le measured f r o m reactor in le t 
y' distance var iab le measured f r o m center of catalyst part i c le 
ζ t ime 
α dimensionless coefficient for reactor heat losses Ua^r/p±Cvt 
β dimensionless adiabat ic temperature rise i n fluid phase, 

( — Δ Η ) C A o/ptCptTo 
β' dimensionless ad iabat i c temperature rise i n catalyst part i c le , 

(-&H)esDsCo/T0ke 

γ dimensionless act ivat ion energy, E/RgT0 

c reactor v o i d f ract ion , rat io of b u l k fluid vo lume to total v o l u m e 
es porosity of catalyst part i c le 
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η effectiveness factor for catalyst part i c le re lat ive to react ion rate 
at C A f , T f 

Θ dimensionless t ime for C S T R a n d tubular reactors, ζ/τ 
θ' dimensionless t ime for catalyst part i c le , ζ/τ' 
A c , A t l u m p i n g constants defined i n E q u a t i o n 10 
ξ dimensionless distance, y/l 
ρ density 
τ characterist ic t ime for C S T R a n d tubular reactors, V/F 
r9 characterist ic t ime for catalyst part ic le , b2/Da 

φ T h i e l e modulus , b y/ K 0 ' / D s 

Subscr ipts 
a ambient or coolant condit ions 
f b u l k fluid phase 
ο feed conditions 
s state w i t h i n catalyst part i c le or submerged so l id mater ia l 

Literature Cited 

1. Gavalas, G. R., "Nonlinear Differential Equations of Chemically Reacting 
Systems," Springer-Verlag, New York, 1968. 

2. Ray, W. H., 5th European/2nd Int. Symp. Chem. Reaction Eng., Amster
dam, 1972, p. A8-1, (1972). 

3. Perlmutter, D. D., "Stability of Chemical Reactors," Prentice-Hall, Engle-
wood Cliffs, 1972. 

4. Oppelt, W., Wicke, E., Eds., "Grundlagen der Chemischen Prozessrege-
lung," Oldenbourg Verlag, Munich, 1964. 

5. Aris, R., "The Mathematical Theory of Diffusion and Reaction in Per
meable Catalysts," Vols. I and II, Clarendon Press, Oxford, 1975. 

6. Denn, M. M., "Stability of Reaction and Transport Processes," Prentice
-Hall, Englewood Cliffs, 1975. 

7. Van Heerden, C., Ind. Eng. Chem. (1953) 45, 1242. 
8. Van Heerden, C., Chem. Eng. Sci. (1958) 8, 133. 
9. Bilous, O., Amundson, N. R., AIChE J. (1955) 1, 513. 

10. Aris, R., Amundson, N. R., Chem. Eng. Sci. (1958) 7, 121, 132, 148. 
11. Liljenroth, F. G., Chem. Met. Eng. (1918) 19, 287. 
12. Wagner, C., Chem. Techn. (1945) 18, 28. 
13. Poore, A. B., Arch. Rational Mech. Anal. (1973) 52, 358. 
14. Uppal, Α., Ray, W. H., Poore, A. B., Chem. Eng. Sci. (1974 ) 29, 967. 
15. Gilles, Ε. D., Hofmann, H., Chem. Eng. Sci. (1961) 15, 328. 
16. Schmitz, R. Α., Amundson, N. R., Chem. Eng. Sci. (1963) 18, 265, 391, 

415. 
17. Skryabin, Β. N., Dokl. Akad. Nauk SSSR (1968) 179, 400. 
18. Hlavacek, V., Kubicek, M., Jelinek, J., Chem. Eng. Sci. (1970) 25, 1441. 
19. Othmer, H., Math. Biosciences, in press. 
20. Shastry, J. S., Fan, L. T., Chem. Eng. J. (1973) 6, 129. 
21. Heberling, P. V., Gaitonde, Ν. Y., Douglas, J. M., AIChE J. (1971) 17, 

1506. 
22. Rayzak, R. J., Luus, R., AIChE J. (1971) 17, 435. 
23. Luus, R., Lapidus, L., AIChE J. (1972) 18, 1060. 
24. Douglas, J. M., Rippin, D. W. T., Chem. Eng. Sci. (1966) 21, 305. 
25. Bailey, J. E., Chem. Eng. Commun. (1973) 1, 111. 
26. Goldstein, R. P., Amundson, N. R., Chem. Eng. Sci. (1965) 20, 195, 449, 

477, 501. 
27. Elnashaie, S., Yates, J. G., Chem. Eng. Sci. (1973) 28, 515. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

07



206 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

28. Bukur, D. B., Wittmann, C. V., Amundson, N. R., Chem. Eng. Sci. (1974) 
29, 1173. 

29. Newbold, F. R., Amundson, N. R., Chem. Eng. Sci. (1973) 28, 1731. 
30. Hlavacek, V., Kubicek, M., Visnak, K., Chem. Eng. Sci. (1972) 27, 719. 
31. Sabo, D. S., Dranoff, J. S., AIChE J. 16, 211. 
32. Graziani, K. R., Hudson, J. L., Schmitz, R. Α., 66th Ann. Meetg. AIChE, 

Philadelphia, 1973; Joint GVC-AIChE Meetg., Munich, 1974. 
33. Field, R. J., Körös, E., Noyes, R. M., J. Amer. Chem. Soc. (1972) 94, 

8649. 
34. Aris, R., Amundson, N. R., Chem. Eng. Progr. (1957) 53 (5), 227. 
35. Nemanic, D. J., Tierney, J. W., Aris, R., Amundson, N. R., Chem. Eng. 

Sci. (1959) 11, 199. 
36. Hoftyzer, P. J., Zwietering, Th. N., Chem. Eng. Sci. (1961) 14, 251. 
37. Demo, H. R., Iglesias, Ο. Α., Farina, I. Η., Willis, E., DeSantiago, M., 

Chem. Eng. Sci. (1972) 27, 2151. 
38. Hyun, J. C., Aris, R., Chem. Eng. Sci. (1972) 27, 1341, 1361. 
39. Luyben, W. L., AIChE J. (1974) 20, 175. 
40. Higgins, J., Ind. Eng. Chem. (1967) 59 (5), 19. 
41. Gross, B., Kim, Y. G., Bull. Math. Biophys. (1969) 31, 441. 
42. O'Neill, S. P., Lilly, M. D., Rowe, P. N., Chem. Eng. Sci. (1971) 26, 173. 
43. Chi, C. T., Howell, J. Α., Pawlowsky, U., Chem. Eng. Sci. (1974) 29, 207. 
44. Matsuura, T., Kato, M., Chem. Eng. Sci. (1967) 22, 171. 
45. Knorr, R. S., O'Driscoll, K. F., J. Appl. Polymer Sci. (1970) 14, 2683. 
46. Horn, F., Arch. Rational Mech. Anal. (1972) 49, 172. 
47. Horn, F., Jackson, R., Arch. Rational. Mech. Anal. (1972) 47, 81. 
48. Feinberg, M., Horn, F. J. M., Chem. Eng. Sci. (1974) 29, 775. 
49. Horn, F., Proc. Roy. Soc. Lond. (1973) A334, 299, 313, 331. 
50. Hofmann, H., 3rd European Symp. Chem. Reaction Eng., Amsterdam, 

1964, p. 235 (1965). 
51. Hafke, C., Gilles, E. D., Mess. Steuern Reg. (1968) 11, 204. 
52. Hugo, P., 4th European Symp. Chem. Reaction Eng., Brussels, 1968, 

p. 459 (1971). 
53. Bush, S. F., Proc. Roy. Soc. (1969) A309, 1. 
54. Furusawa, T., Nishimura, H., Miyauchi, T., J. Chem. Eng. Japan (1969) 

2, 95. 
55. Baccaro, G. P., Gaitonde, Ν. Y., Douglas, J. M., AIChE J. (1970) 16, 249. 
56. Hugo, P., Ber. Bunsen-Gesellschaft (1970) 74, 121. 
57. Vejtasa, S. Α., Schmitz, R. Α., AIChE J. (1970) 16, 410. 
58. Gerrens, H., Kuchner, K., Ley, G., Chem. Ing. Tech. (1971) 43, 693. 
59. Horak, J., Jiracek, F., Krausova, L., Chem. Eng. Sci. (1971) 26, 1. 
60. Hancock, M. D., Kenney, C. N., 5th European/2nd Int. Symp. Chem. 

Reaction Eng., Amsterdam, 1972, p. B3-47 (1972). 
61. Horak, J., Jiracek, F., 5th European/2nd Int. Symp. Chem. Reaction Eng., 

Amsterdam, 1972, p. B8-1 (1972). 
62. Hugo, P., Jakubith, M., Chem. Ing. Tech. (1972) 44, 383. 
63. Lo, S. N., Cholette, Α., Can. J. Chem. Eng. (1972) 50, 71. 
64. Dubil, H., Gaube, J., Chem. Ing. Tech. (1973) 45, 529. 
65. Eckert, E., Hlavacek, V., Marek, M., Chem. Eng. Commun. (1973) 1, 89. 
66. Eckert, E., Hlavacek, V., Kubicek, M., Sinkule, J., Chem. Ing. Tech. 

(1973) 45, 83. 
67. Marek, M., "Scientific Papers of Institute of Chemical Technology, Prague, 

in press. 
68. Chang, M., Schmitz, R. Α., Chem. Eng. Sci. (1975) 30, 21 (second paper 

will appear in same journal). 
69. Ding, J. S. Y., Sharma, S., Luss, D., Ind. Eng. Chem., Fundamentals 

(1974) 13, 76. 
70. Guha, Β. K., Agnew, J. B., Ind. Eng. Chem. Proc. Des. Dev., in press. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

07



7. S C H M I T Z Multiplicity, Stability, and Sensitivity 207 

71. Weiss, A. H., John, T., J. Catal. (1974) 32, 216. 
72. Westerterp, K. R., Chem. Eng. Sci. (1962) 17, 423. 
73. Dassau, W. J., Wolfang, G. H., Chem. Eng. Progr. (1963) 59 (4), 43. 
74. Cowley, P. Ε. Α., Johnson, D. E., ISA J. (Feb. 1965) 81. 
75. Herbrich, D., Thiele, R., Lucas, K., Chem. Tech. (1968 ) 20, 75. 
76. Iscol, L., Proc. JACC (1970), paper 23-13. 
77. Schmeal, W. R., Barkelew, C. H., 63rd Ann. Meetg. AIChE, Chicago, 

1970, paper 23d. 
78. Lee, W., Kugelman, A. M., Ind. Eng. Chem., Product Res. Dev. (1973) 

12, 197. 
79. Hlavacek, V., Kubicek, M., Marek, M., J. Catal. (1969) 15, 17. 
80. Ibid., p. 31. 
81. Aris, R., Chem. Eng. Sci. (1969) 24, 149. 
82. Spalding, D. B., Chem. Eng. Sci. (1959) 11, 53. 
83. Kuo, J. C. W., Amundson, N. R., Chem. Eng. Sci. (1967) 22, 49. 
84. Ibid., p. 443. 
85. Ibid., p. 1185. 
86. Elnashaie, S. S. Ε. H., Cresswell, D. L., Can. J. Chem. Eng. (1973) 51, 

201. 
87. Weisz, P. B., Hicks, J. S., Chem. Eng. Sci. (1962) 17, 265. 
88. Ostergaard, K., Chem. Eng. Sci. (1963) 18, 259. 
89. Amundson, N. R., Raymond, L. R., AIChE J. (1965) 11, 339. 
90. Luss, D., Chem. Eng. Sci. (1971) 26, 1713. 
91. Jackson, R., Chem. Eng. Sci. (1972) 27, 2205. 
92. Kastenberg, W. E., Chem. Eng. Sci. (1973) 28, 1691. 
93. Liou, C. T., Lim, H. C., Weigand, W. Α., AIChE J. (1973) 19, 321. 
94. Copelowitz, I., Aris, R., Chem. Eng. Sci. (1970) 25, 885. 
95. Ibid., p. 906. 
96. Michelsen, M. L., Villadsen, J., Chem. Eng. Sci. (1972) 27, 751. 
97. Hlavacek, V., Marek, M., Chem. Eng. Sci. (1968) 23, 865. 
98. Gel'fand, I. M., Amer. Math. Soc. Transl. (1963) 29, 295. 
99. Fujita, H., Bull. Amer. Math. Soc. (1969) 75, 132. 

100. Jackson, R., Chem. Eng. Sci. (1973) 28, 1355. 
101. Hatfield, B., Aris, R., Chem. Eng. Sci. (1969) 24, 1213. 
102. Pis'men, L. M., Kharats, Y. I., Dokl. Akad. Nauk SSSR (1968) 178, 901. 
103. Horn, F. J. M., Jackson, R., Martel, Ε., Patel, C., Chem. Eng. J. (1970) 

1, 79. 
104. Bailey, J. E., Chem. Eng. Sci. (1972) 27, 1055. 
105. Jackson, R., Horn, F. J. M., Chem. Eng. J. (1972) 3, 83. 
106. Luss, D., Bailey, J. E., Sharma, S., Chem. Eng. Sci. (1972) 27, 1555. 
107. Patel, C., Jackson, R., 5th European/2nd Int. Symp. Chem. Reaction 

Eng., Amsterdam, 1972, p. 135-49 (1972). 
108. Yang, R. Y. K., Padmanabhan, L., Lapidus, L., Chem. Eng. J. (1972) 2, 

218. 
109. Yang, R. Y. K., Lapidus, L., Chem. Eng. Sci. (1973) 28, 875. 
110. Wei, J., Chem. Eng. Sci. (1965) 20, 729. 
111. Gavalas, G. R., Chem. Eng. Sci. (1966) 21, 477. 
112. Hlavacek, V., Marek, M., 4th European Symp. Chem. Reaction Eng., 

1968, p. 107 (1971). 
113. Lee, J. C. M., Luss, D., AIChE J. (1970) 16, 621. 
114. Yang, R. Y. K., Lapidus, L., Chem. Eng. Sci. (1974) 29, 1567. 
115. Hlavacek, V., Kubicek, M., Chem. Eng. Sci. (1970) 25, 1527. 
116. Lih, M. M., Lin, K., AIChE J. (1973) 19, 832. 
117. Jackson, R., Chem. Eng. Sci. (1974) 29, 1413. 
118. Hansen, K. W., Chem. Eng. Sci. (1971) 26, 1555. 
119. Cresswell, D. L., Chem. Eng. Sci. (1970) 25, 267. 
120. Cresswell, D. L., Paterson, W. R., Chem. Eng. Sci. (1970) 25, 1405. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

07



208 C H E M I C A L REACTION ENGINEERING REVIEWS 

121. McGreavy, C . , Thornton, J. M., ADVAN. C H E M . SER. (1972) 109, 607. 
122. McGreavy, C., Thornton, J. M., Chem. Eng. Sci. (1970) 25, 303. 
123. McGreavy, C., Thornton, J. M., Can. J. Chem. Eng. (1970) 48, 187. 
124. McGreavy, C., Thornton, J. M., Chem. Eng. J. (1970) 1, 296. 
125. McGreavy, C., Soliman, Μ. Α., Chem. Eng. Sci. (1973) 28, 1401. 
126. McGreavy, C., Thornton, J. M., Chem. Eng. J. (1973) 6, 91. 
127. McGreavy, C., Adderley, C. I., Chem. Eng. Sci. (1973) 28, 577. 
128. Hartman, J. S., Roberts, G. W., Satterfield, C. N., Ind. Eng. Chem., 

Fundamentals (1967) 6, 80. 
129. Mitschka, P., Schneider, P., Coll. Czech. Chem. Comm. (1970) 35, 1617. 
130. Ibid. (1971) 36, 54. 
131. Mehta, Β. N., Aris, R., J. Math. Anal. Appl. (1971) 36, 611. 
132. Mehta, Β. N., Aris, R., Chem. Eng. Sci. (1971) 26, 1699. 
133. Villadsen, J. V., Stewart, W. E., Chem. Eng. Sci. (1967) 22, 1483. 
134. Finlayson, Β. Α., "The Method of Weighted Residuals and Variational 

Principles," Academic Press, New York, 1972. 
135. Stewart, W. E., Villadsen, J. V., AIChE J. (1969) 15, 28. 
136. Ferguson, Ν. B., Finlayson, Β. Α., Chem. Eng. J. (1970) 1, 327. 
137. Hlavacek, V., Kubicek, M., J. Catal. (1971) 22, 364. 
138. McGowin, C. R., Perlmutter, D. D., Chem. Eng. Sci. (1971) 26, 275. 
139. Paterson, W. R., Cresswell, D. L., Chem. Eng. Sci. (1971) 26, 605. 
140. Hellinckx, L., Grootjans, J., Van Den Bosch, B., Chem. Eng. Sci. (1972) 

27, 644. 
141. Michelsen, M. L., Villadsen, J., Chem. Eng. Sci. (1972) 27, 751. 
142. Sorensen, J. P., Guertin, E. W., Stewart, W. E., AIChE J. (1973) 19, 969. 
143. Karanth, N. G., Koh, H. P., Hughes, R., Chem. Eng. Sci. (1974) 29, 451. 
144. Van Den Bosch, B., Padmanabhan, L., Chem. Eng. Sci. (1974) 29, 805, 

1217. 
145. Hlavacek, V., Marek, M., Kubicek, M., Coll. Czech. Chem. Comm. (1970) 

35, 2124. 
146. Hlavacek, V., Kubicek, M., Caha, J., Chem. Eng. Sci. (1971) 26, 1743. 
147. Hlavacek, V., Kubicek, M., Chem. Eng. Sci. (1971) 26, 1737. 
148. Mitschke, P., Schneider, P., Coll. Czech. Chem. Comm. (1972) 37, 196, 

2506. 
149. Luss, D., Lee, J. C. M., Chem. Eng. Sci. (1971) 26, 1433. 
150. Lee, J. C. M., Padmanabhan, L., Lapidus, L., Ind. Eng. Chem., Funda

mentals (1972) 11, 117. 
151. Cardoso, Μ. Α. Α., Luss, D., Chem. Eng. Sci. (1969) 24, 1699. 
152. Ervin, Μ. Α., Luss, D., Chem. Eng. Sci. (1972) 27, 339. 
153. Edwards, W. M., Worley, Jr., F. L., Luss, D., Chem. Eng. Sci. (1973) 

28, 1479. 
154. Edwards, W. M., Zuniga-Chaves, J. E., Worley, Jr., F. L., Luss, D., 

AIChE J. (1974) 20, 571. 
155. Luss, D., Ervin, Μ. Α., Chem. Eng. Sci. (1972) 27, 315. 
156. Ray, W. H., Uppal, Α., Poore, A. B., Chem. Eng. Sci. (1974) 29, 1330. 
157. Jackson, R., Chem. Eng. Sci. (1972) 27, 2304. 
158. Petersen, Ε. E., Friedly, J. C., De Vogelaere, R. J., Chem. Eng. Sci. 

(1964) 19, 683. 
159. Friedly, J. C., Petersen, Ε. E., Chem. Eng. Sci. (1964) 19, 783. 
160. Winegardner, D. K., Schmitz, R. Α., AIChE J. (1968) 14, 301. 
161. Ishida, M., Wen, C. Y., Chem. Eng. Sci. (1971) 26, 1043. 
162. Wang, S. C., Wen, C. Y., AIChE J. (1972) 18, 1231. 
163. Knapp, R. H., Aris, R., Arch. Rational Mech. Anal. (1972) 44, 165. 
164. Beusch, H., Fieguth, P., Wicke, E., ADVAN. C H E M . SER. (1972) 109, 615. 
165. Beusch, H., Fieguth, P., Wicke, E., Chem. Ing. Tech. (1972) 44, 445. 
166. Horak, J., Jiracek, F., Chem. Tech. (1970) 22, 393. 
167. Furusawa, T., Kunii, D., J. Chem. Eng. Japan (1971) 4, 274. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

07



7. S C H M I T Z Multiplicity, Stability, and Sensitivity 209 

168. Jiracek, F., Havlicek, M., Horak, J., Coll. Czech. Chem. Comm. (1971) 
36, 64. 

169. Jiracek, F., Horak, J., Hajkova, M., Coll. Czech. Chem. Comm. (1973) 38, 
185. 

170. Wicke, E., Chem. Ing. Tech. (1974) 46, 365. 
171. Benham, C. B., Denny, V. E., Chem. Eng. Sci. (1972) 27, 2163. 
172. Kehoe, J. P. G., Butt, J. B., AIChE J. (1972) 18, 347. 
173. Kehoe, J. P. G., Butt, J. B., 5th European/2nd Int. Symp. Chem. Reaction 

Eng., Amsterdam, 1972, p. B8-13 (1972). 
174. Froment, G. F., Chem. Ing. Tech. (1974) 46, 374. 
175. Lubeck, B., Chem. Eng. J. (1974) 7, 29. 
176. Raymond, L. R., Amundson, N. R., Can. J. Chem. Eng. (1964) 48, 173. 
177. Amundson, N. R., Can. J. Chem. Eng. (1965) 43, 49. 
178. Luss, D., Amundson, N. R., Chem. Eng. Sci. (1967) 22, 253. 
179. Luss, D., Amundson, N. R., Can. J. Chem. Eng. (1967) 45, 341. 
180. Ibid. (1968) 46, 424. 
181. Markus, L., Amundson, N. R., J. Diff. Eqns. (1968) 4, 102. 
182. Varma, Α., Amundson, N. R., Chem. Eng. Sci. (1972) 27, 907. 
183. Varma, Α., Amundson, N. R., Can. J. Chem. Eng. (1972) 50, 470. 
184. Ibid. (1973) 51, 206. 
185. Ibid., p. 459. 
186. Matsuyama, H., J. Chem. Eng. Japan (1973) 6, 276. 
187. Han, C. D., Agrawal, S., Chem. Eng. Sci. (1973) 28, 1617. 
188. Froment, G. F., ADVAN. C H E M . SER. (1972) 109, 1. 
189. Hlavacek, V., Hofmann, H., Votruba, J., Kubicek, M., Chem. Eng. Sci. 

(1973) 28, 1897. 
190. Vortmeyer, D., Schaefer, R. J., Chem. Eng. Sci. (1974) 29, 485. 
191. Cohen, D. Α., Summer Inst. Nonlinear Math. Battelle, Seattle, 1972. 
192. Hlavacek, V., Hofmann, H., Chem. Eng. Sci. (1970) 25, 173. 
193. Ibid., p. 1517. 
194. McGowin, C. R., Perlmutter, D. D., AIChE J. (1971) 17, 831. 
195. Ibid., p. 837. 
196. Ibid., p. 842. 
197. Hlavacek, V., Hofmann, H., Kubicek, M., Chem. Eng. Sci. (1971) 26, 

1629. 
198. Chen, M. S. K., AIChE J. (1972) 18, 849. 
199. Wicke, E., Vortmeyer, D., Z. Elektrochem. (1959) 63, 145. 
200. Wicke, Ε., Z. Elektrochem. (1961) 65, 267. 
201. Liu, S. L., Amundson, N. R., Ind. Eng. Chem., Fundamentals (1962) 1, 

200. 
202. Ibid. (1963) 2, 183. 
203. Liu, S. L., Aris, R., Amundson, N. R., Ind. Eng. Chem., Fundamentals 

(1963) 2, 12. 
204. Aris, R., Schruben, D. L., Chem. Eng. J. (1971) 2, 179. 
205. Farina, I. H., Aris, R., Chem. Eng. J. (1972) 4, 149. 
206. Eigenberger, G., Chem. Eng. Sci. (1972) 27, 1909, 1917. 
207. Padberg, G., Wicke, E., Chem. Eng. Sci. (1967) 22, 1035. 
208. Vanderveen, J. W., Luss, D., Amundson, N. R., AIChE J. (1968) 14, 636. 
209. Rhee, Η. K., Foley, D., Amundson, N. R., Chem. Eng. Sci. (1973) 28, 

607. 
210. Vortmeyer, D., Jahnel, W., Chem. Ing. Tech. (1971) 43, 461. 
211. Vortmeyer, D., Jahnel, W., Chem. Eng. Sci. (1972) 27, 1485. 
212. Bilous, O., Amundson, N. R., AIChE J. (1956) 2, 117. 
213. Douglas, J. M., Orcutt, J. C., Berthiaume, P. W., Ind. Eng. Chem., Funda-

mentals (1962) 1, 253. 
214. Baddour, R. F., Brian, P. L. T., Loglais, Β. Α., Eymery, J. P., Chem. Eng. 

Sci. (1965) 20, 281. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

07



210 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 REVIEWS 

215. Brian, P. L. T., Baddour, R. F., Eymery, J. P., Chem. Eng. Sci. (1965) 
20, 297. 

216. Reilly, M. J., Schmitz, R. Α., AIChE J. (1966) 12, 153. 
217. Ibid. (1967) 13, 519. 
218. Wang, F. S., Perlmutter, D. D., Proc. JACC, Philadelphia, 1967, p. 107. 
219. Wang, F. S., Perlmutter, D. D., AIChE J. (1968) 14, 976. 
220. Inoue, H., Komiya, T., Int. Chem. Eng. (1968) 8, 749. 
221. Mukosei, V. I., Pis'men, L. M., Kharkats, Y. I., Int. Chem. Eng. (1968) 

8, 17. 
222. Pareja, G., Reilly, M. J., Ind. Eng. Chem., Fundamentals (1969) 8, 442. 
223. Pismen, L. M., Fiz. Goreniya i Vzryva (1969) 5, 239. 
224. Matsuyama, H., J. Chem. Eng. Japan (1970) 3, 248. 
225. McGowin, C. R., Perlmutter, D. D., Chem. Eng. J. (1971) 2, 125. 
226. Matsuyama, H., J. Chem. Eng. Japan (1972) 5, 197. 
227. Volin, Y-M., Ostrovskii, G. M., Slin'ko, M. G., Dokl. Akad. Nauk SSSR 

(1972) 204, 648. 
228. Caha, J., Hlavacek, V., Kubicek, M., Chem. Ing. Tech. (1973) 45, 1308. 
229. Stephens, A. D., Richards, R. J., Automatica (1973) 9, 65. 
230. Liou, C. T., Weigand, W. Α., Lim, H. C., Int. J. Control (1974) 19, 561. 
231. Liou, C. T., Lim, H. C., Weigand, W. Α., Chem. Eng. Sci. (1974) 29, 705. 
232. Oh, S. H., Schmitz, R. Α., Chem. Eng. Comm. (1974) 1, 199. 
233. Barkelew, C. H., Chem. Eng. Progr. Symp. Ser. (1959) 55 (25), 38. 
234. Dente, M., Collina, Α., Chim. Ind. (1964) 46, 1445. 
235. Hlavacek, V., Marek, M., John, T. M., Coll. Czech. Chem. Comm. (1969) 

34, 3868. 
236. Van Welsenaere, R. J., Froment, G. F., Chem. Eng. Sci. (1970) 25, 1503. 
237. McGreavy, C., Cresswell, D. L., 4th European Symp. Chem. Reaction 

Eng., Brussels, 1968, p. 59 (1971). 
238. McGreavy, C., Adderley, C. I., Chem. Eng. Sci. (1974) 29, 1054. 
239. Volter, Β. V., Proc. Int. Fed. Automatic Control Congr., 1963, p. 507/1. 
240. Wicke, E., Padberg, G., Arens, H., 4th European Symp. Chem. Reaction 

Eng., Brussels, 1968, p. 425 (1971). 
241. Kilger, H., Chem. Ing. Tech. (1969) 41, 862. 
242. Root, R. B., Schmitz, R. Α., AIChE J. (1969) 15, 670. 
243. Ibid. (1970) 16, 356. 
244. Fieguth, P., Wicke, E., Chem. Ing. Tech. (1971) 43, 604. 
245. Luss, D., Medellin, P., 5th European/2nd Int. Symp. Chem. Reaction 

Eng., Amsterdam, 1972, p. 134 (1972). 
246. Butakov, Α. Α., Maksimov, Ε. I., Dokl. Akad. Nauk SSSR (1973) 209, 

643. 
247. Votruba, J., Hlavacek, V., Chem. Prunysl (1973) 11, 541 [English transla

tion in Int. Chem. Eng. (1974) 14, 461]. 
248. Ausikaitis, J., Engel, A. J., AIChE J. (1974) 20, 256. 
249. Vortmeyer, V. D., Z. Elektrochem. (1961) 65, 282. 
250. Berty, J. M., Bricker, J. H., Clark, S. W., 5th European/2nd Int. Symp. 

Chem. Reaction Eng., Amsterdam, 1972, p. B8-27 (1972). 
251. Venkatachalam, P., Kershenbaum, L., Grossmann, E., Earp, R., 5th Euro-

pean/2nd Int. Symp. Chem. Reaction Eng., Amsterdam, 1972, p. B8-39 
(1972). 

252. Eigenberger, G., Chem. Ing. Tech. (1974) 46, 11. 
253. Danckwerts, P. V., Chem. Eng. Sci. (1958) 8, 93. 
254. Zwietering, Th. N., Chem. Eng. Sci. (1959) 11, 1. 
255. Yamazaki, H., Ichikawa, Α., J. Chem. Eng. Japan (1969) 2, 100. 
256. Lindberg, R. C., Schmitz, R. Α., Chem. Eng. Sci. (1969) 24, 1113. 
257. Lotka, Α., J. Phys. Chem. (1910) 14, 271. 
258. Lotka, Α., Proc. Nat. Acad. Sci. U.S. (1920) 6, 410. 
259. Nicolis, G., Portnow, J., Chem. Rev. (1973) 73, 365. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

07



7. SCHMITZ Multiplicity, Stability, and Sensitivity 211 

260. Pavlidis, T., "Biological Oscillators: Their Mathematical Analysis," Aca
demic Press, New York, 1973. 

261. Rosen, R., "Dynamical System Theory in Biology," Wiley-Interscience, 
New York, 1970. 

262. Edelstein, Β. B., J. Theor. Biol. (1972) 37, 221. 
263. Lavenda, Β. H., Quart. Rev. of Biophys. (1972) 5 (4), 429. 
264. Turing, A. M., Phil. Trans. of the Roy. Soc. (1952) B237, 37. 
265. Prigogine, I., Nicolis, G., J. Chem. Phys. (1967) 46, 3542. 
266. Prigogine, I., Lefever, R., J. Chem. Phys. (1968) 48, 1695. 
267. Prigogine, I., Lefever, R., Goldbeter, Α., Herschkowitz-Kaufman, M., 

Nature (1969) 233, 913. 
268. Prigogine, I., Babloyantz, Α., "Analysis and Simulation of Biological Sys

tems," H. C. Hemker and B. Hess, Eds., American Elsevier, New York, 
1972. 

269. Gmitro, J. I., Scriven, L. E., "Intracellular Transport," Κ. B. Warren, Ed., 
Academic Press, New York, 1966. 

270. Othmer, H. C., Scriven, L. E., J. Theor. Biol. (1971) 32, 507. 
271. Glansdorff, P., Prigogine, I., "Thermodynamic Theory of Structure, Sta

bility and Fluctuations," Wiley-Interscience, New York, 1971. 
272. Elsdale, T., "Towards a Theoretical Biology," C. H. Waddington, Ed., 

Vol. 4, p. 95, 1972. 
273. Bonner, J. T., Ann. Rev. Microbiol., C. E. Clifton, Ed., (1971) 25, 75. 
274. Zhabotinskii, A. M., Dokl. Akad. Nauk SSSR (1964) 157, 392. 
275. Busse, H. G., J. Phys. Chem. (1969) 73, 750. 
276. Zaikin, A. N., Zhabotinskii, A. M., Nature (1970) 225, 535. 
277. Winfree, A. T., Science (1972) 175, 634. 
278. Ibid. (1972) 181, 937. 
279. Winfree, A. T., Sci. Am. (1974) 230 (6), 82. 
280. Tatterson, D. F., Hudson, J. L., Chem. Eng. Commun. (1973) 1, 3. 
281. Ortoleva, P., Ross, J., J. Chem. Phys. (1973) 58, 5673. 
282. Aris, R., Keller, Κ. H., Proc. Nat. Acad. Sci. (1972) 69, 777. 
283. Bailey, J. E., Luss, D., Proc. Nat. Acad. Sci. (1972) 69, 1460. 
284. Gray, B. R., Gray, P., Kirwan, Ν. Α., Combust. Flame (1972) 18, 439. 
285. Frank-Kamenetskii, D. Α., "Diffusion and Heat Transfer in Chemical 

Kinetics," 2nd ed., Plenum Press, New York, 1961. 
286. Vulis, L. Α., "Thermal Regimes of Combustion," McGraw-Hill, New York, 

1961. 
287. Berlad, A. L., Combust. Flame (1973) 21, 275. 
288. Longwell, J. P., Weiss, Μ. Α., Ind. Eng. Chem. (1955) 47, 1634. 
289. Smith, H. W., Schmitz, R. Α., Ladd, R. G., Comb. Sci. Tech. (1971) 4, 

131. 
290. Fang, M., Schmitz, R. Α., Ladd, R. G., Comb. Sci. Tech. (1971) 4, 143. 
291. Williams, F. Α., Ann. Rev. Fluid Mech. (1971) 3, 171. 
292. Wojtowicz, J., "Modern Aspects of Electrochemistry," J. O'M. Bockris and 

Β. E. Conway, Eds., Vol. 8, p. 47, 1972. 
293. Alkire, R., Nicolaides, G., J. Electrochem. Soc. (1974) 121, 183. 
294. Alkire, R., Nicolaides, G., J. Electrochem. Soc. (1975) 122, 25. 
295. Sherwin, M. B., Shinnar, R., Katz, S., AIChE J. (1967) 13, 1141. 
296. Randolph, A. D., Beer, G. L., Keener, J. P., AIChE J. (1973) 19, 1140. 
297. Randolph, A. D., Beckman, J., 67th Ann. Meetg. AIChE, Washington, 

1974, paper 100b. 
298. Douglas, J. M., Song, Y. H., 67th Ann. Meetg. AIChE, Washington, 1974, 

paper 100c. 
RECEIVED December 4, 1974. Work supported by the National Science Founda
tion and the Army Research Office, Durham, N. C. 

Pu
bl

is
he

d 
on

 J
un

e 
1,

 1
97

5 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

ba
-1

97
5-

01
48

.c
h0

07



8 

Oxidation Reaction Engineering 

A. C A P P E L L I 

Montedison Fibre R&D, Milan, and Istituto di Chimica Industriale, 
Politecnico di Milano, Italy 

This review presents a selection of work on various aspects 
of oxidation reactions. The papers reviewed are divided 
into four sections: (a) vapor phase oxidation with oxygen or 
air, (b) liquid phase oxidation with oxygen, (c) liquid phase 
oxidation with hydroperoxides, and (d) heterogeneization 
of homogeneous catalytic processes. The papers of the first 
(and most important) section are examined according to 
process type and certain basic aspects. Information is given 
about the state of the art of oxidation reactors. Special atten
tion is paid to automotive exhaust treatment processes. 
When the data are evaluated from the point of view of 
chemical reaction engineering, it is concluded that com
munication between researchers and process engineers needs 
improvement. 

' " p h e f o l l o w i n g rev iew is a representative selection of w o r k on various 
aspects of ox idat ion reactions p u b l i s h e d i n 1972, 1973, a n d 1974. 

T h r e e general sections are discussed w h i c h correspond to a n a t u r a l d i 
v i s i on of the subject matter. These are: ( a ) vapor phase ox idat ion w i t h 
oxygen or air , ( b ) l i q u i d phase ox idat ion w i t h oxygen, a n d ( c ) l i q u i d 
phase ox idat ion w i t h hydroperoxides . A fourth section, o n the hetero
geneizat ion of homogeneous processes, i n w h i c h the preparat ion of sup
por ted homogeneous catalysts is treated, is discussed separately. Spec ia l 
emphasis is g iven to automotive exhaust. 

Vapor Phase Oxidation with Oxygen or Air 

T h e discussion focuses on heterogeneous catalyt ic processes, w h i c h 
are b y far the most important ones. Papers are r e v i e w e d accord ing to 
different aspects w h i c h are of part i cu lar interest i n this area. F i r s t con
s idered are the types of processes, w h i c h inc lude the ox idat ion of organic 

212 
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8. C A P P E L L I Oxidation Reaction Engineering 2 1 3 

a n d some inorganic molecules. Secondly , some of the basic chemica l 
a n d / o r p h y s i c a l aspects of ox idat ion , such as mechanisms, nature of 
act ive centers, react ion patterns, effects of operat ing conditions a n d 
catalyst modif ications, a n d role of dif fusion are considered. F i n a l l y , some 
in format ion about the present state of the art i n the field of ox idat ion 
reactors, bo th on a laboratory a n d indus t r ia l scale, is g iven. 

Types of Processes. I n the papers examined the ox idat ion of olefins, 
aromatics, N H 3 , S 0 2 , a n d C O have been studied. W i t h regard to the 
ox idat ion of olefins, the reactions s tudied are l i s ted i n T a b l e I , approx i 
mate ly accord ing to their degree of ox idat ion. 

D E H Y D R O D I M E R I Z A T I O N . T r i m m et al. ( 1 ) attempt to ident i fy a cata
lyst for the po lymer i za t i on a n d subsequent cyc l i zat ion of olefins under 
oxidat ive condit ions, us ing the ox idat ion of propene to benzene as an 
i l lustrat ion . A survey of possible compounds showed that i n d i u m oxide 
c o u l d be a suitable catalyst. T h e oxide was tested experimental ly a n d 
f ound to be a selective catalyst for the ox idat ion of propene to benzene. 
1 ,5 -Hexadiene a n d acrole in were produced i n the early stages of the 
react ion, a n d the diene ox id i zed further to produce benzene. T h e kinetics 
of the react ion were examined i n some deta i l , a n d a tentative mechanism 
was advanced . 

T h e note b y Parera et al. ( 2 ) reports the analogous oxidat ion of 
isobutene to 2 , 5 -d imethy l - l , 5 -hexad iene a n d p-xylene over i n d i u m oxide. 
T h e kinetics were examined, a n d a mechanism was proposed. 

O X I D A T I V E D E H Y D R O G E N A T I O N . Sterrett et al. (3 ) present a k inet i c 
study of the oxidative dehydrogenat ion of butene to butadiene over a 
z inc chromium—iron catalyst. T h e data on w h i c h the k inet i c m o d e l is 
based were obta ined using a set of statistically designed experiments. 
Select iv i ty to butadiene remained h i g h throughout the runs. T h e f o rma
t ion of butadiene was fit to a semiempir i ca l rate expression b y a non- l inear , 
least-square, curve- f i t t ing technique. 

I n the study reported b y P i t zer (48) methods of act ivat ing a 
p h o s p h o r u s - t i n oxide catalyst, active a n d selective for the oxidat ive 
dehydrogenat ion of butènes to butadiene, were investigated. Object ives 
of act ivat ion i n c l u d e d several properties of the catalyst, a n d the author 
attempted to accompl ish these objectives b y heat ing the finished catalyst 
i n steam, air , a n d nitrogen. C a t a l y t i c act iv i ty was i m p r o v e d b y steaming 
at elevated temperatures w h i l e heat ing i n air and ni trogen gave no 
improvement . O n l y macroporos i ty seemed to account for the increase i n 
catalyt ic act iv i ty , a n d steaming appeared to affect the b u l k of the 
catalyst instead of a l ter ing only the surface of the catalyst partic les. 

A L L Y L I C O X I D A T I O N . F i v e papers describe experiments carr ied out 
over molybdate catalysts. I n the study b y W r a g g et al. (5) the ammoox i -
dat ion of propene a n d of acro le in was s tudied over t w o catalysts—one 
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214 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 REVIEWS 

T a b l e I . V a p o r Phase 

Process Catalyst 

i n d i u m oxide 

z i n c - c h r o m i u m oxide 
phosphorus - t in oxide 

i 
A l l y l i c ox idat ion 

molybdate 
tungstate 
u r a n i u m - a n t i m o n i u m oxide 
mercuric chloride 

s i lver 
molybdate 
( P d doped) v a n a d i u m pentoxide 
m o l y b d e n - a l u m i n a 

O x i d a t i v e C - C cleavage supported i r i d i u m 

Complete combustion p l a t i n u m - a l u m i n a spinels 
chromite 

s imi lar to c ommerc ia l b i s m u t h molybdate catalysts a n d the other con
sist ing of the koechl in i te phase B i 2 0 3 - M o 0 3 . T h e rates, react ion orders, 
A r r h e n i u s parameters, a n d selectivities of the ammoxidat ions were s tudied 
at a fixed temperature, a n d tentative mechanisms have been advanced. 
M a n n a n d K o (6) report the effect of several variables on conversion and 
y i e l d of the ox idat ion of 2-methylpropene to methacro le in over a b i s m u t h 
mo lybdate catalyst. A rate equat ion has been evaluated based on a 
mechanism. Pasquon et al. (7) invest igated the catalyt ic behavior of 
some molybdate catalysts i n the oxidat ion of 1-butene to butadiene or 
to male ic anhydr ide . T h e catalyt ic act ion of b i s m u t h molybdates is 
discussed b y Schuit ( 8 ) i n its connect ion w i t h the so l id structure, method 
of preparat ion , kinetics of the react ion cata lyzed , a n d adsorpt ion of 
reactants a n d products . Mechan i sms for the oxidat ion of olefins a n d for 
the ammoxidat i on of propene a n d a m m o n i a are proposed. D a n i e l a n d 
K e u l k s (9 ) report p r e l i m i n a r y results of an invest igat ion on a catalyst 
conta in ing B i , M o , a n d F e . T h e authors have f o u n d that the act iv ity 
a n d select ivity of this catalyst are comparable w i t h b i s m u t h molybdate 
for the ox idat ion of propene to acrolein. V i l l a et al. (10) report the results 
of an invest igat ion on the catalyt ic behavior of B i tungstates for the 
ox idat ion a n d ammoxidat i on of olefins ( propene a n d 1-butene ). A c c o r d 
i n g to this study B i 2 W 0 6 is the only active a n d selective compound . I n a 
laboratory s tudy b y Grasse l l i a n d Suresh (4) a u r a n i u m - a n t i m o n y oxide 
catalyst, k n o w n to be par t i cu lar ly efficient for synthesiz ing acry loni tr i le , 
was s tudied to develop an unders tanding of s tructura l features re lated to 
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8. C A P P E L L i Oxidation Reaction Engineering 215 

O x i d a t i o n of Olefins 

Examples 

propene —> benzene 

3 
48 butene —> butadiene 

5, 6, 7,8, 9 propene —» acrole in 
10 
4 
16 

butene - » butadiene 
propene —» acry lon i t r i l e , a c ry l i c ac id 

11,29, 30, 31 
7,12,13 

15 

ethylene —» ethylene oxide 
butene —» maleic anhydr ide 
ethylene - » acetaldehyde 
propene -> acetone 

25 propene - » acetaldehyde 

17,18 
19 

hydrocarbons and C O - » C 0 2 

catalyt ic act iv i ty . A mechanism for the ox idat ion a n d ammoxidat i on of 
propene is proposed i n v o l v i n g a l l y l i c intermediates. A r a i et ah (16) 
presents a k inet i c study of the ox idat ion of isobutene to methacro le in 
over mercur i c chlor ide supported on active charcoal . T h e kinetics of the 
ox idat ion were determined , a n d react ion rates of other olefins were also 
measured. 

O X Y G E N I N S E R T I O N . M e t c a l f et al. (11) s tudied the kinetics of s i lver-
cata lyzed ethylene oxidat ion. T h e behavior of various inhib i tors was 
invest igated, a n d the k inet i c data were fitted to L a n g m u i r - H i n s e l w o o d 
rate expressions, a l though some inconsistencies were noted. M a r c i n k o w -
sky et al. ( 29 ) , C a r b e r r y et al. (30) a n d F o r z a t t i et al. (31) also report 
studies on ethylene ox idat ion over A g supported catalysts. 

Tr i f i r o et al. (12) present a study of the ox idat ion of 1-butene to 
male i c anhydr ide over a M n - M o 0 6 based catalyst. A monocenter ox ida 
t i on mechanism, account ing for the f ormat ion of C O , C 0 2 , a n d male i c 
anhydr ide , is proposed. I n the above ment ioned paper b y Pasquon et al. 
(7) on the catalyt ic behavior of some molybdate catalysts a tentative 
mechanism of f ormat ion of male i c anhydr ide f r om 1-butene over F e -
M 0 O 4 is advanced. A k i m o t o et al. (13) report the results of an invest i 
gat ion on supported m o l y b d e n a catalysts for the ox idat ion of butadiene. 
E v n i n et al. (14) describe w o r k on the development of a heterogeneous 
catalyt ic system, consisting of p a l l a d i u m - d o p e d v a n a d i u m pentoxide a n d 
a t h i r d component, w h i c h is capable of o x i d i z i n g ethylene d i rec t ly to 
acetaldehyde w i t h h i g h specif icity, act iv i ty , a n d stabi l i ty . T h e results 
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216 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

of an invest igation o n the catalyt ic act iv i ty of a M0O3 · A 1 2 0 3 system for 
the oxidat ion of propene are reported b y G i o r d a n o et al. (15), a n d a 
tentative mechanism is advanced . 

O X I D A T I V E C - C C L E A V A G E . C a n t a n d H a l l (25) compared the ox ida
t ion reactions of ethylene, propylene , 1-butene, cis-2-butene, trans-2-
butene, isobutene, a n d the two 2-pentenes over supported Ir catalysts. 
T h e most important ox idat ion products were acetic a c id f r om ethylene, 
propene, the 2-butenes, a n d the 2-pentenes, a n d prop ion i c a c id a n d 
acetone f r om 1-butene a n d isobutene, respectively. Possible mechanisms 
are discussed. 

C O M P L E T E C O M B U S T I O N . I n a study b y V o l t z et al. (17) the kinetics 
of carbon monoxide a n d propene oxidat ion on a p l a t i n u m - a l u m i n a 
catalyst were determined. C o m p l e x k inet i c equations were f ormulated , 
a n d some rate constants a n d act ivat ion energies were ca lculated . T h e 
ox idat ion kinetics were used to describe the performance of p l a t i n u m 
catalyt ic converters i n automotive emission contro l systems. T h e ox ida 
t ion of propene over C r ( I I I ) a n d F e ( I I I ) spinels has been investigated 
b y Z a n d e r i g h i et al. (18). A non-selective ox idat ion to C 0 2 was ob
served, a n d a tentative mechanism was advanced. I n a study b y Yao 
(19) four types of « - C r 2 0 3 microcrystals were prepared a n d used as 
catalysts for the ox idat ion of C 2 H 4 , C 3 H 6 , C 2 H 6 , C 3 H 8 , and C O . React ion 
rates were measured, a n d some mechanisms were advanced. 

Chemical Kinetic and Physical Aspects. Some of the r ev i ewed papers 
are discussed accord ing to the f o l l o w i n g aspects: 

proposed mechanisms 
nature of active sites 
react ion patterns 
effects of operat ing conditions 
effect of catalyst modifications a n d add i t i on of promoters or inhibi tors 
role of dif fusion 
P R O P O S E D M E C H A N I S M S . K inet i c s a n d mechanism of g a s - s o l i d cata

ly t i c oxidations are general ly expla ined on the basis of redox or L a n g -
m u i r - H i n s h e l w o o d mechanisms or eventual ly of a t h i r d mechanism, w h i c h 
can be considered as combinat ion of the other two. T h e mechanism 
accord ing to w h i c h the substance to be ox id i zed reduces the catalyst, 
w h i c h is reox id ized b y oxygen f rom the feed, is k n o w n as redox mecha 
n ism. Th is can be assumed to take place i n two stages: 

T h i s mechanism has been tested either d i rec t ly on the basis of data 
obta ined b y pulse microreactors (4, 12, 20, 24), i n w h i c h stage 1 and 

C-ox + molecule —» C - r e d + oxidized molecule 

C - r e d + 0 2 -> C-ox (2) 

(1) 
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8. C A p p E L L i Oxidation Reaction Engineering 217 

stage 2 were separated, or b y fitting the exper imental data f r om f low 
reactors to k inet i c equations der ived f rom the mechanism (1, 21, 22, 23). 
A c c o r d i n g to L a n g m u i r - H i n s h e l w o o d mechanism the substance to be 
ox id i zed a n d oxygen react together i n the adsorbed state. I n this case 
also, either ox idat ion runs done i n pulse microreactors w e r e used to test 
the proposed mechanism (12, 18, 26), or the constants of the k inet i c 
equations based on this mechanism were est imated b y the least-squares 
method (1,6,11). 

F i n a l l y the t h i r d mechanism, w h i c h has been tested i n the ox idat ion 
of butènes to male ic anhydr ide ( 3, 12, 26 ) can be assumed to take place 
i n three stages, w h i c h may be w r i t t e n as: 

C -ox - f butènes C - r e d - j - butadiene + H 2 0 (1) 

C - r e d + 0 2 -> C - r e d - 0 2 -> C-ox (2) 

C - r e d — 0 2 + butadiene -> maleic anhydr ide - f C O , C 0 2 (3) 

Tables I I , I I I , a n d I V show some reactions for w h i c h the various mecha 
nisms were tested. 

Table II. Redox Mechanism 

Process Reference 

O x i d a t i o n of butene to butadiene over var ious oxide catalysts 20 
O x i d a t i o n of propene to acrolein over B i - M o oxide catalysts 21 
O x i d a t i o n of propene to acry lon i t r i l e over U - S b oxide catalysts 4 
O x i d a t i o n of anthracene to anthraquinone over C o - M o oxide 

cata lyst 22 
O x i d a t i o n of anthracene to anthraquinone over V oxide cata lys t 23 
O x i d a t i o n of methanol to formaldehyde over M o 0 3 — F e 2 -

( M o 0 4 ) 3 cata lyst 24 
O x i d a t i o n of propene to benzene over I n oxide cata lyst 1 
O x i d a t i o n of butènes to male ic anhydr ide over M n M o 0 4 

cata lyst 12 

Table III. Langmuir-Hinshelwood Mechanism 

Process Reference 
O x i d a t i o n of 2-methylpropene to methacrole in over B i - m o l y b -

date cata lyst 6 
O x i d a t i o n of ethylene to ethylene oxide over A g cata lyst 11 
O x i d a t i o n of propene to C 0 2 over C r ( I I I ) and F e ( I I I ) spinels 18 
O x i d a t i o n of propene to benzene over I n oxide cata lys t 1 
O x i d a t i o n of butènes to maleic anhydr ide over M n M o 0 4 

cata lys t 12,26 
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218 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

Table IV. Mixed Mechanism 

Process Reference 

O x i d a t i o n of butènes to male ic anhydr ide over M n M o 0 4 - b a s e d 
cata lys t 

O x i d a t i o n of butene to butadiene over ferrite cata lys t 3 
26 

N A T U R E O F A C T I V E S I T E S . Hypotheses re lat ive to the chemica l nature 
of act ive sites have been advanced . I n the case of ethylene ox idat ion over 
A g catalyst, m a n y authors agree that adsorbed forms of perox id i c mo lecu 
lar oxygen are responsible for the f o rmat ion of ethylene oxide (27, 2 8 ) . 
C 0 2 f o rmat ion has been a t t r ibuted to atomic forms of adsorbed oxygen 
( 2 7 , 2 8 ) . F o r the a l l y l i c ox idat ion of olefins a n d for the selective ox idat ion 
of methano l to f ormaldehyde , latt ice oxygen ( M e = 0 type) is proposed 
as the active o x i d i z i n g site (4, 7, 10, 12). T h e cata lyt i c systems cons id 
ered are U - S b oxides (4), molybdates (7 , 12), a n d b i s m u t h tungstates 
(10). I n the ox idat ion of butènes a n d butadiene to male i c anhydr ide 
over m o l y b d e n a catalysts, the active sites are assumed to be adsorbed 
forms of oxygen on M o ( V ) or M o ( I V ) (12,13). F i n a l l y , for the complete 
combust ion of olefins over various catalysts, adsorbed forms of atomic a n d 
molecu lar oxygen have been suggested (12, 17, 18). I n T a b l e V the 
above ment ioned hypotheses are summar ized . 

R E A C T I O N P A T T E R N S . E x c e p t for total ox idat ion reactions, i n a l l other 
cases the interest ing products are intermediates. It can be expected, 
therefore, that p a r t i a l ox idat ion products are the result of successive or 
para l l e l reactions, a n d f r om the data i n l i terature there is enough evidence 
that bo th mechanisms can be assumed. A n example, concerning the ox i 
dat ion of butènes, is g iven i n F i g u r e 1. 

A par t i cu lar case is the f ormat ion of acry loni tr i le a n d male i c anhy
dr ide since these products seem to be successive to other stable inter 
mediates—acro le in a n d butadiene , respectively. T h i s should be true at 
least i n the format ion of male i c anhydr ide , where the conclusion is that 

Table V . Nature 

Reaction Catalyst 

O x i d a t i o n of ethylene to ethylene oxide A g 

Complete ox idat ion of propene 

O x i d a t i o n of propene to acry lon i t r i l e 
O x i d a t i o n of 1-butene to butadiene 
O x i d a t i o n and ammoxidat i on of olefins 
O x i d a t i o n of butènes to male ic anhydr ide 
O x i d a t i o n of butadiene to maleic anhydr ide 
Complete ox idat ion of propene 

U - S b oxide 
F e 2 0 3 - M o 0 3 

B i 2 W 0 6 

M n M o 0 4 

M o 0 3 

P t 
C r ( I I I ) and 

F e ( I I I ) spinels 
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8. C A P P E L L i Oxidation Reaction Engineering 219 

butadiene is the intermediate (47); however , some controversy s t i l l exists 
for the format ion of acry loni tr i le . F i g u r e 2 gives a react ion scheme, a n d 
some values of ca l cu lated k inet i c constants are g iven i n T a b l e V I . 

E F F E C T S O F O P E R A T I N G C O N D I T I O N S . F r o m some papers examined i n 
this r ev i ew i t is possible to der ive in format ion about the role of operat ing 
condit ions such as contact t ime, temperature, p a r t i a l pressure of oxygen, 
on y ie lds , selectivities, types of products , etc. T h e paper b y Trifîrô et al. 
(12) on the ox idat ion of butènes gives a table showing the influence of 
percent oxygen, temperature, a n d contact t ime on the types of reactions 
occurr ing . W h e n the amount of oxygen is increased f r om 0 to 2 0 % , the 
temperature is increased f rom 350° to 480 ° C , a n d the contact t ime is 
increased f rom 0.27 to 2 sec, the f o l l o w i n g sequence of catalyt ic act ion can 
be ob ta ined : 

i somerizat ion - » ox idat ive dehydrogenation -> ox idat ion w i t h 
insert ion of 0 2 -> cleavage of C - C bonds and complete o x i 
dat ion 

I n an other paper b y Trifîrô et al. (26) on the same subject the 
influence of 0 2 p a r t i a l pressure on yields a n d selectivities is reported . 

I n a paper b y T r i m m a n d D o e r r ( 1 ) on the ox idat ion of propene to 
benzene over i n d i u m oxides the y i e l d of major products was examined as 
a funct ion of contact t ime a n d of oxygen a n d fue l concentrations. T h e y 
showed that : 

T h e y i e l d of benzene passes through a wel l -de f ined m a x i m u m at a 
certain value of the contact t ime. 

T h e major products— i .e . , hexadiene a n d benzene—increase a n d pass 
t h r o u g h a m a x i m u m as the concentration of oxygen is increased. 

T h e y i e l d of C 0 2 increases l inear ly w i t h oxygen concentration. 
T h e y i e l d of hexadiene increases w i t h propene concentrat ion w h i l e 

the y i e l d of benzene passes through a m a x i m u m a n d the y i e l d of C 0 2 

passes through a m i n i m u m . 
T h e effect of temperature on the react ion was more complex—the 

amounts of hexadiene and benzene p r o d u c e d appeared to be inversely 

of A c t i v e Sites 

Reference Active Sites 

27,28 peroxide molecular oxygen ( format ion of ethylene oxide) 
atomic oxygen ( formation of C 0 2 ) 

4 
7 

10 
12 
13 
17 

latt ice oxygen 
latt ice oxygen 
latt ice oxygen 
latt ice oxygen 
oxygen [ o n M o ( V ) or M o ( I V ) ] 
atomic and molecular oxygen 

18 atomic and molecular oxygen 
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220 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

B u t - l - e n e 

cïs-But-2-ene B u t a - l , 3 - d i e n e 

Figure 1. Oxidation of butènes 

C O 

C 0 2 

F u r a n 

Acro le in 

n - B u t y r a l d e h y d e 

Aceta ldehyde 

Acro le in 

A c r y l o n i t r i l e ' 

M e t h y l C y a n i d e 

E t h y l e n e 

C O 

co 2 

Aceta ldehyde " 

Figure 2. Ammoxidation of propene and acrolein 

related. F r o m the above ment ioned papers it is possible to deduce that 
the rate of total ox idat ion increases as the p a r t i a l pressure of oxygen is 
increased. 

A different effect of the p a r t i a l pressure of oxygen was descr ibed i n 
a s tudy b y M e t c a l f et al. (11) on s i lver -cata lyzed ethylene oxidat ion. 
T h e rates of bo th ethylene oxide a n d carbon d iox ide format ion passed 
through m a x i m a w i t h increasing oxygen pressure a n d then decreased. 
T h i s behavior was b y means of i n h i b i t i n g effects of the react ion products . 

E F F E C T S O F C A T A L Y S T M O D I F I C A T I O N S A N D A D D I T I O N O F P R O M O T E R S 

O R I N H I B I T O R S . F o r ethylene oxidat ion over si lver catalysts some authors 
( 27, 28 ) report that the effect of chlor ine is to i n h i b i t dissociative adsorp
t i on of oxygen a n d thus to increase the select ivity of ethylene epoxida-
t ion since d iatomic oxygen on si lver is responsible for the selective 
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8. C A P P E L L i Oxidation Reaction Engineering 221 

ox idat ion of ethylene to ethylene oxide. T h e role of C a a n d B a i n the 
same react ion is controversial ; some authors (32) contend that the pres
ence of C a increases selectivity w h i l e others ( 33, 34 ) be l ieve the add i t i on 
of B a a n d C a influences only act iv i ty . 

I n the ox idat ion of 1-butene over F e 2 0 3 - M o 0 3 , Pasquon et al. (7) 
studied the effect of gaseous oxygen a n d T e on selectivity. T h e y f ound 
that at the lowest oxygen concentrations butadiene a n d 2-butenes are the 
m a i n products ; w h e n the concentration of oxygen is increased, butadiene 
a n d butènes decrease, a n d male ic anhydr ide formation reaches a m a x i 
m u m . I t was also observed that add i t i on of T e increases the select ivity 
i n butadiene. 

R O L E O F D I F F U S I O N . T h r e e papers (14, 42, 43) dea l w i t h effects of 
dif fusion on cata lyzed ox idat ion reactions. F o r the ox idat ion of ethylene 
to acetaldehyde over P d supported catalysts, E v n i n et al. (14) report 
that the l o w values determined for the apparent act ivat ion energies for 
ethylene conversion a n d acetaldehyde format ion are an ind i ca t i on of 
di f fusional rather than k inet i c control . T h e presence of di f fusional 
l imitat ions is conf irmed b y experiments i n w h i c h the rate was shown to 
depend on the p a r t i a l pressure of the ni trogen carrier gas. 

I n a study on ammonia oxidat ion over p l a t i n u m , reported b y P ignet 
a n d Schmidt (42), a strong influence of mass transfer was observed. N e a r 
the sto ichiometric composit ion ( 2 1 % N H 3 i n a i r ) a n d above, select ivity 
for N O d r o p p e d to zero, i n contrast to the react ion i n the k ine t i c regime 
where significant N O produc t i on was observed i n excess N H 3 a n d at 
temperatures above 1200 ° C 

F i n a l l y , i n a study reported b y K a d l e c et al. (43) the effective d i f -
fusivities of air and S 0 2 i n four indus t r ia l v a n a d i u m pentoxide catalysts 
for sulfur d ioxide ox idat ion were measured at the steady state. W i t h 
models for the effective di f fusivity a n d the kinetics of the catalyt ic ox ida 
t ion of S 0 2 , an o p t i m u m apparent density of the catalyst m a y be deter
m i n e d w h i c h gives the m a x i m u m rate of react ion per u n i t vo lume of 
catalyst. 

Types of Reactors . L A B O R A T O R Y S C A L E . O n the laboratory scale 
pulse microreactors have been used largely to d is t inguish between redox 
a n d L a n g m u i r - H i n s h e l w o o d mechanisms. I n these studies oxidat ion runs 
of organic molecules were done w i t h and w i t h o u t oxygen i n the gas phase 
(4, 7, 12, 18, 20, 24). I n the oxidat ion of butènes to male i c anhydr ide 
(7, 12) a C a r b e r r y s st irred-tank flow reactor was chosen since heat a n d 
mass gradients caused b y transfer phenomena are absent i n this type of 
reactor. C o n v e n t i o n a l type flow reactors were used i n most other cases. 

I N D U S T R I A L S C A L E . L i t e ra ture reports of exper imental w o r k i n ox ida -
dat ion reactors are scarce, thus m a k i n g i t diff icult to ver i fy the mathe
m a t i c a l models avai lable . T h e reactors w h i c h dominate i n this area are 
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Table VI . Kinetic 

Reaction Κ κ, κ2 Κ2' Κ2" Κ3 

Propene a m 
mox idat i on 5.2 4.8 0.16 0.16 — 0 0.1 

Propene 
ox idat ion 8.0 — 5.85 — 0 0.06 2.0 

A c r o l e i n a m 
mox idat i on 170.0 

A c r o l e i n 
ox idat ion 97.0 — — — 0 — — 

the convent ional types—i.e., tubular reactors, m u t i p l e tube reactors, 
mul t i layer reactors, a n d fluidized b e d reactors. A n e w type of reactor for 
gas phase catalyt ic recycle reactions was recent ly patented b y C o l l i n a 
et al. (49). T h i s reactor is sketched i n F i g u r e 3 a n d consists essentially 
of a n injector, f o l l owed b y a single radial - f lux layer of catalyst, a n d 
surrounded b y an annular empty space through w h i c h the reacted gases 
flow back f rom the catalyst layer to the injector, exchanging heat w i t h 
feed gas i n a heat exchanger. T h e conversion per pass is kept very l ow , 
a n d i t is therefore easy to contro l temperature increases. T h e pressure 
drop is l ower than i n convent ional reactors, a n d i t is possible to reach 
h i g h capacities. T h e reactor is suitable for ox idat ion reactions such as 
the ox idat ion of methano l to f ormaldehyde , ethylene to ethylene oxide, 
propene to acro le in a n d acry l i c ac id , a n d butènes to male i c anhydr ide . 
B o t h p lant a n d operat ing costs for these processes seem compet i t ive w i t h 
convent ional plants . 

Papers Presented in This Section. F o u r of the papers discussed i n 
the last session of the T h i r d Internat ional S y m p o s i u m on C h e m i c a l 
React i on E n g i n e e r i n g ( A D V A N C E S I N C H E M I S T R Y S E R I E S N O . 1 3 3 ) be long 
to this section on gas phase catalyt ic oxidat ion. T w o papers concern the 
ox idat ion of o-xylene to phtha l i c anhydr ide over v a n a d i u m catalysts. 
T h e other two report studies on the - ox idat ion of carbon monoxide i n 
automotive exhausts. 

O X I D A T I O N O F O - X Y L E N E O V E R V A N A D I U M C A T A L Y S T S . C a l d e r b a n k 

(50) s tudied the kinetics of phtha l i c anhydr ide format ion i n the ox idat ion 
of o-xylene over a c ommerc ia l v a n a d i u m catalyst. T h e exper imental runs 
were carr ied out i n a sp inn ing catalyst-basket reactor, a n d the kinetics 
were determined for the disappearance of o-xylene a n d of the p a r t i a l 
ox idat ion products o - to lualdehyde a n d phtha l ide . T h e kinetics pred i c t 
observed temperature profiles i n large tubu lar reactors. 

W a i n w r i g h t a n d H o f f m a n ( 51 ) also s tudied the kinetics of o-xylene 
oxidat ion over a vanad ium-on-s i l i ca catalyst on the basis of exper imental 
data obta ined i n a laboratory-scale fixed b e d reactor a n d i n a pi lot-scale 
transported b e d reactor. T h e k inet ic rate expression, w h i c h is l i m i t e d to 
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8. C A P P E L L i Oxidation Reaction Engineering 223 

Constants 

K± K± K4" K±" K5 Kg K7 Kg Kq 

25.8 — — 0 0.9 0 1.77 — — 

165.0 1 3 0 28 22 — — — 

— — 7 42 — 48 — 0 390 

o-xylene disappearance, is based on a redox mechanism. T h e operat ion 
of the transported b e d reactor has been pred i c t ed w i t h good accuracy, 
a n d some considerations about selectivities, mechanisms, a n d p h y s i c a l 
phenomena, together w i t h suggestions for further research, are i n c l u d e d . 
Agreement between the results reported i n these two papers seems to be 
fa i r l y good. F o r example the rate expression suggested b y W a i n w r i g h t 
a n d H o f f m a n n contains a parameter Θ, w h i c h becomes equa l to 1 w i t h a 
f u l l y ox id ized catalyst, i n agreement w i t h the disappearance kinetics of 
o-xylene proposed b y C a l d e r b a n k , w h i c h are first order u p to near ly 1 
mole % of xylene concentration. T h e observations regard ing the ac t iva 
t ion energy are also s imi lar i n bo th papers. T h e act ivat ion energy de
creased as the react ion temperature increased, becoming about a t h i r d of 
that at lower temperatures. T h e operat ion temperature range, however , 
is considerably l ower i n W a i n w r i g h t a n d Hoffman's study, poss ib ly 
because of the different catalysts used. 

O X I D A T I O N O F C A R B O N M O N O X I D E I N A U T O M O T I V E E X H A U S T S . T h e 

catalyt ic ox idat ion of carbon monoxide has been s tudied extensively w i t h 
m a n y catalysts. N o b l e catalysts have rece ived considerable attention 
d u r i n g the last several years for use i n automotive emission contro l sys
tems. A kinet ic m o d e l of C O a n d C 3 H 6 ox idat ion on a pe l le ted p l a t i n u m -
a l u m i n a catalyst was prepared a n d incorporated into a prev ious ly deve l 
oped converter mo de l , w h i c h has been used to pred i c t a n d opt imize the 
performance of various types of p l a t i n u m catalysts ( i n c l u d i n g mono l i th i c 
t y p e s ) ; this mathemat i ca l converter m o d e l was descr ibed b y K u o et al. 
( 5 2 , 5 3 ) . 

T h e oxidation of C O over p l a t i n u m catalysts has been s tudied for 
m a n y years, but the conclusions regard ing the mechanisms a n d rate 
equations are somewhat conf l ict ing (54, 55, 56, 57 ) . Sh i shu (58) m a d e a 
comprehensive invest igat ion of C O oxidat ion on a mono l i th i c p l a t i n u m 
catalyst i n a di f ferential flow reactor a n d deve loped rate equations. 
H a r n e d (59) prepared a mathemat i ca l m o d e l for catalyt ic converters 
used for the ox idat ion of C O a n d hydrocarbons , a n d T a y l o r (60) ob
ta ined a m o d e l of the ox idat ion kinetics for p l a t i n u m catalysts. C O ox ida -
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224 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

t i on has been studied w i t h other catalysts also. L a i d l e r (61) reported 
some studies done w i t h catalysts such as quartz glass, rock crystal , p l a t i 
n u m , a n d copper oxide. Schwab a n d Gossner (62) used silver, p a l l a d i u m , 
a n d s i l v e r - p a l l a d i u m alloys. Parravano (63) reported the use of n i c k e l 
oxide, to w h i c h foreign ions h a d been added . α - A l u m i n a pellets w i t h 0.5 
w t % p a l l a d i u m a n d x-ray i r rad ia ted a l u m i n a have also been proposed 
as catalysts (64, 65). 

A t present, exhaust treatment devices, such as catalytic converters 
show promise i n r educ ing C O emissions to the l o w levels r e q u i r e d b y the 
restrictions imposed i n m a n y countries. T h e catalysts to be used b y auto 
manufacturers i n the next years general ly contain p l a t i n u m , w h i c h is, 
however , expensive a n d easi ly poisoned. T h u s , there is a need for cheaper 
catalysts w i t h good performance a n d of re l iable catalyt ic converter models. 
T h e papers dicussed b e l o w d e a l w i t h these two problems. 

K a l m a n et al. (66) evaluated the performance of crystal l ine copper-
substituted z i r c o n i u m phosphate i n the catalyt ic ox idat ion of C O . A 
react ion rate expression was obta ined b y a p p l y i n g the integra l method 
of analysis to the exper imental data. E v e n though a direct comparison of 
the performance of this catalyst w i t h other catalysts is diff icult o w i n g to 
the lack of l i terature data obta ined under s imi lar condit ions, i t seems that 
copper-subst i tuted α - z i r con ium phosphate is at least comparable i n 
act iv i ty w i t h other catalysts a n d merits further invest igat ion . 

Y o u n g a n d F i n l a y s o n (67) propose two mathemat i ca l models for a 
par t i cu lar type of catalyt ic converter—the m o n o l i t h converter. T w o types 
of catalyt ic converters—packed beds a n d mono l i ths—have been proposed 
for the ox idat ion of C O a n d hydrocarbons i n automobi le exhausts. A s 
ment ioned above, K u o has deve loped a m o d e l for the m o n o l i t h converter, 
a n d mathemat i ca l models have been proposed a n d solved also for p a c k e d 
b e d converters (52, 59, 68, 69). T h e mono l i th converter consists of an 
array of ducts or cells through w h i c h the exhaust gas flows axial ly . 
Because of a smaller vo lumetr i c heat capacity , mono l i th i c converters 
w a r m u p more q u i c k l y than p a c k e d b e d devices, b u t have problems 
caused b y t h e r m a l expansion. T h e mathemat i ca l models deve loped i l lus 
trate important features of the thermal behavior of the mono l i th con
verter. T h e react ion rate expression used was f o u n d i n the l i terature , 
a n d some assumptions were m a d e to obta in suitable models , tak ing into 
account heat a n d mass transfer across the ce l l cross-section. T h e two 
proposed models differ because i n one of them heat a n d mass transfer 
coefficients defined i n the usua l w a y are used. Sui table so lut ion methods 
have been used for bo th models , a n d b o t h transient a n d steady-state 
calculations for t y p i c a l cases are i l lustrated i n some figures. T h e study 
seems to be very accurate and gives useful advice for des igning this type 
of converter. 
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8. C A P P E L L i Oxidation Reaction Engineering 225 

Figure 3. Reactor for catalytic gas phase reactions 

Liquid Phase Oxidation with Oxygen 

I n this group of processes b o t h homogeneous a n d heterogeneous 
cata lyzed reactions are presented. T h e l i qu id -phase ox idat ion of organic 
compounds w i t h a ir or oxygen is complex, a n d the mechanisms are further 
compl i cated b y mass transfer processes. W h e n oxygen transfer becomes 
the ra te - l imi t ing step, the rate of the overa l l process is n o longer contro l led 
b y the chemica l mechanisms. 

A paper b y H o b b s et al. on mass transfer rate - l imi tat ion effects i n 
l i q u i d phase ox idat ion (45) indicates that p h y s i c a l a n d c h e m i c a l effects 
are theoret ical ly separable, a n d their re lat ive contributions can be est i 
mated. As an example, the l i q u i d phase ox idat ion of m e t h y l e thy l ketone 
i n acetic a c i d solvent is considered. 

I n the s tudy reported b y G u r u m u r t h y a n d G o v i n d a r a o (46) a rate 
equat ion is deve loped for the l i q u i d phase ox idat ion of prop iona ldehyde 
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226 C H E M I C A L R E A C T I O N ENGINEERING REVIEWS 

w i t h oxygen i n the presence of manganese propionate catalyst, de W i l t 
a n d V a n der B a a n (44) present a k ine t i c m o d e l for the p l a t i n u m cata lyzed 
ox idat ion of glucose to k-gluconate w i t h oxygen i n aqueous a lka l ine so lu
tions. T h e experiments were done batchwise i n a reactor e q u i p p e d w i t h a 
h igh-speed stirrer to m i n i m i z e the inf luence of oxygen transport f r o m the 
gaseous to the l i q u i d phase. T h e reactions studied are l isted i n T a b l e V I I . 

Table VII. Liquid Phase Oxidation with Oxygen 

Process Catalyst Reference 

O x i d a t i o n of propionaldehyde M n - p r o p i o n a t e Jfi 
O x i d a t i o n of glucose p l a t i n u m 44 
O x i d a t i o n of m e t h y l e thy l ketone cobaltous acetate 4$ 

A l a g y et al. (70) describe a study on the l i q u i d phase ox idat ion of 
cyc lohexane w i t h oxygen. A mathemat i ca l m o d e l has been deve loped on 
the basis of k ine t i c da ta concerning cyclohexane ox idat ion a n d mass-
transfer in format ion der ived f r o m experiments on cyc lododecane ox ida 
t ion . T h e exper imental runs were done i n semicontinuous, mechanica l ly 
st irred equipment . O n the p i l o t scale a 150-liter c y l i n d r i c a l reactor was 
used, i n w h i c h s t i r r ing was achieved b y in ject ing gas at the bot tom of the 
c o l u m n a n d b y in t roduc ing tangent ia l ly at the top a l i q u i d stream der ived 
f r o m the bot tom of the co lumn. T h e k inet i c m o d e l has seven parameters 
w h i c h have been determined b y a non- l inear regression method . T h e 
agreement between ca lcu lated a n d exper imental data seems good, tak ing 
into account that the react ion is complex a n d both c h e m i c a l a n d p h y s i c a l 
phenomena are important . A s impl i f i ed m o d e l has also been p r e p a r e d b y 
incorporat ing certa in assumptions i n the o r ig ina l mode l . 

Liquid Phase Epoxidation of Olefins with Hydroperoxides 

F o u r papers (35, 86, 37, 38) report studies on l i q u i d phase epox ida -
t i on of olefins w i t h hydroperoxides . T h e react ion i s : 

N N C = C ^ / + R O O H + R 0 H 

a n d is cata lyzed b y m a n y trans i t ional m e t a l catalysts. T h e k inet i c equa 
t ion , w h i c h has been obta ined for different m o l y b d e n u m catalysts is of 
the type : 

V ^= Κ ^olefin ^hydroperoxide Ccatalysts 

a n d is cata lyzed b y m a n y transi t ion m e t a l catalysts. T h e k inet i c equa-
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8. C A P P E L L i Oxidation Reaction Engineering 227 

e q u i l i b r i u m format ion of a ca ta lys t -hydroperox ide complex; the second 
step is the rate -determining react ion of the complex w i t h the olefin to 
f o rm the epoxide, coproduct a lcohol , and the m o l y b d e n u m catalyst. 

B a k e r et al. (35) present k ine t i c data on the epoxidat ion of 1-octene 
b y cumene a n d tert-butyl hydroperox ide i n the presence of m o l y b d e n u m 
hexacarbony l as catalyst. T h e observed kinet ic behavior is compat ib le 
w i t h the previous ly proposed general mechanism for the epoxidat ion 
react ion. 

I n the study reported b y She ldon a n d V a n D o o m (36) cyclohexene 
a n d 1-octene, used as m o d e l olefins of different react iv i ty , were epox id ized 
i n the l i q u i d phase w i t h tert-butyl hydroperox ide i n the presence of v a r i 
ous transit ion meta l catalysts. I t is c onc luded that an active epoxidat ion 
catalyst shou ld be bo th a weak oxidant a n d a fa i r ly strong L e w i s ac id . 
These requirements are best met b y compounds of certain metals i n h i g h 
ox idat ion states [ M o ( V I ) , W ( V I ) , T i ( I V ) ] . 

I n the paper b y S u et al. (37) on v a n a d i u m a n d m o l y b d e n u m chelates 
as catalysts i n the epoxidation of cycloalkenes, rate laws for the v a n a d i u m -
cata lyzed systems are consistent w i t h react ion via rate -determining attack 
of olefin on a v a n a d i u m ( V ) - h y d r o p e r o x i d e complex. Arguments are 
presented to support the v i e w that the mo lybdenum-ca ta lyzed epox ida
t ion , l ike those i n v o l v i n g v a n a d i u m , proceeds b y react ion of olefins w i t h 
a m e t a l - h y d r o p e r o x i d e complex. 

I n a study b y Trifîrô et al. (38) on the l i q u i d phase epoxidat ion of 
cyclohexene b y tert-butyl hydroperox ide on a M o - b a s e d catalyst, a rate 
l a w is g iven , a n d the presence of a ca ta lys t -hydroperox ide reversible 
complex as the act ive species i n the epoxidat ion is advanced on the basis 
of a spectroscopic study. T h e reactions invest igated are l isted i n T a b l e 
V I I I . 

Heterogeneization of Homogenous Catalytic Processes 

Some studies have been reported on the transformation of homo
geneous processes into heterogeneous ones b y support ing the catalysts. 
T h i s is the case of a heterogeneous catalyst system w h i c h has been 
developed for the vapor phase ox idat ion of ethylene to acetaldehyde (14). 
T h e catalyst consists of p a l l a d i u m - d o p e d v a n a d i u m pentoxide a n d usual ly 
a t h i r d component such as T i , R u , P t , or Ir . A catalyst consisting of 
m e r c u r i c ch lor ide supported on active charcoa l was used b y A r a i et al. 
(16) for the a l l y l i c ox idat ion of olefins. T h e ox idat ion over m e r c u r i c i o n 
catalyst occurs at a temperature w h i c h is l ower than that necessary over 
b i s m u t h molybdate catalyst. F i n a l l y , catalysts prepared b y support ing 
M o ( V I ) on S i 0 2 have been proposed b y F o r z a t t i et al. (40) for the epoxi 
dat i on of olefins w i t h hydroperoxides . 
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Evaluation of the Literature Data 

T h i s section focuses on those aspects of interest to c h e m i c a l react ion 
engineers i n m o d e l i n g reactions a n d i n des igning indus t r ia l reactors. T h e 
foregoing w i l l have g iven the reader an apprec iat ion not only of w h a t 
has been done but of the cr i ter ia w h i c h are general ly f o l l owed b y the 
authors active i n this area. T h e points examined under chemica l k inet i c 
a n d p h y s i c a l aspects, for example, are t y p i c a l of these k inds of papers a n d 
account for the fact that the interests of the authors are fundamenta l ly 
chemica l . M o s t papers dea l w i t h microscop ic mechanisms, a n d several 
specific c h e m i c a l systems are used to i l lustrate these mechanisms, but 
general ized react ion models are se ldom given. O f ten , deta i led a n d ele
gant studies concerning the catalyt ic chemistry of the reactions are carr ied 
out but useful models for reactor design are not attempted. T h e range of 
catalysts considered is extensive, b u t some differ i n i rre levant details. 

Discuss ion of the details of surface bonds can be f ound i n m a n y 
papers, a n d parametr i c effects of operat ing condit ions on act iv i ty and 
selectivity are often discussed, but most ly on the laboratory scale. O n 
the other h a n d , i t is not easy to find k inet i c studies done to prov ide 
re l iab le data to pred i c t reactor performance, a n d systematic techniques 
i n c h e m i c a l kinetics invest igat ion are not often app l i ed . T h e use of 
statistically designed experiments, for example, is ment ioned i n on ly a 

Table VIII. Liquid Phase Epoxidation with Hydroperoxides 

Process 

E p o x i d a t i o n of 1-octene by cumene and 
i e r i - b u t y l hydroperoxide 

E p o x i d a t i o n of 1-octene and cyclohexene 
b y tert-butyl hydroperoxide 

E p o x i d a t i o n of cycloalkenes b y tert-
butyl hydroperoxide 

E p o x i d a t i o n of cyclohexene b y tert-
butyl hydroperoxide 

Catalyst Reference 

M o - h e x a c a r b o n i l e 35 

t rans i t i on metals 

V and M o chelates 

M o based 

36 

37 

38 

f ew papers, a n d i t does not seem that advanced parameter est imation 
techniques are often used also i f a certa in improvement f r o m this po in t 
of v i e w can be not iced . There is lack of in format ion concerning studies 
carr i ed out sequential ly on the laboratory, p i lot , a n d commerc ia l scale. 
I n this connect ion most of the papers come f rom universit ies rather than 
f r o m industries , a n d the poss ib i l i ty of obta in ing va luab le in format ion on 
process kinetics f r om c o m m e r c i a l scale reactors is general ly d isregarded, 
at least for p u b l i c a t i o n purposes. Nevertheless, some authors seem to be 
more a n d more conscious of the necessity of p r o v i d i n g useful data for 
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8. C A P P E L L i Oxidation Reaction Engineering 229 

design purposes; i n those fields w h i c h are more strongly connected w i t h 
so lv ing prac t i ca l problems (as, for example, i n automat ive emission 
contro l ) , re l iab le models are avai lable . 

Conclusions 

T h e s i tuat ion i n this area has some posit ive aspects but is not entirely 
satisfactory f rom the po int of v i e w of a chemica l engineer. T h e qua l i ty of 
papers f ou n d i n l i terature is general ly good, but most studies are based 
on laboratory scale experiments, a n d scale-up rules are se ldom given. I n 
this area some authors st i l l " p l a y w i t h mechanisms" a n d carry out exper i 
ments w i t h different catalysts a n d under different operat ing condit ions 
w i thout a r r i v i n g at conclusions of any sort. H o w e v e r , a definite i m p r o v e 
ment has been ev idenced i n the last f ew years; i n most cases n o w at least 
k inet i c models , useful f rom an engineering po int of v i e w , are proposed 
as a result of a research study. Nevertheless, the communica t i on between 
those w h o propose models a n d those w h o should use them does not seem 
entirely satisfactory. T h e br idge between researchers a n d those i n v o l v e d 
i n design a n d operat ion of reactors, that Professor F r o m e n t ment ioned 
at the e n d of a rev i ew d u r i n g the first Internat ional S y m p o s i u m on C h e m i 
ca l React ion E n g i n e e r i n g , is s t i l l a weak br idge of boats, a n d not even the 
observation that the Romans were able to uni fy the western w o r l d us ing 
this type of br idge can reassure us ent ire ly i n the 1970's. 
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