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CHEMICAL REACTIONS have been used by man­
kind since time immemorial to produce useful 

products such as wine, metals, etc. Nevertheless, the 
unifying principles that today we call chemical reac­
tion engineering were not developed until relatively a 
short time ago. During the decade of the 1940's (not 
even half a century ago!) a transition was made from 
descriptive industrial chemistry to the conceptual un­
ification of reaction processes and reactor types. The 
pioneering work in this area of industrial practice was 
done by Denbigh [1] in England. Then in 1947, 
Hougen and Watson [2] published the first textbook 
in the U.S. that presented a unified approach in tack­
ling catalytic kinetics and reactors. This book has had 
a lasting effect on the American school of catalytic 
reaction engineering as focused primarily on pet­
roleum processing. The expansion of the petroleum 
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and petrochemical industry provided a fertile ground 
for further development of reaction engineering con­
cepts. The final cornerstone of this new discipline was 
laid in 1957 by the First Symposium on Chemical 
Reaction Engineering [3] which brought together and 
synthesized the European point of view. The Amer­
ican and European schools of thought were not identi­
cal, but in time they converged into the subject matter 
that we know today as chemical reaction engineering, 
or CRE. The above chronology led to the establish­
ment of CRE as an accepted discipline over the span 
of a decade and a half. This does not imply that all the 
principles important in CRE were discovered then. 
The foundation for CRE had already been established 
by the early work of Frank-Kamenteski, Damkohler, 
Zeldovitch, etc., but at that time they represented 
"voices in the wilderness," and no coherent area of 
specialization known as CRE had yet emerged. 

What then is CRE? It is the discipline that quan­
tifies the interplay of transport phenomena and kine­
tics in relating reactor performance to operating con­
ditions and input variables. CRE, in achieving this 
goal, relies on thermodynamics, kinetics, fluid me­
chanics, transport phenomena, chemistry or 
biochemistry, physics, etc. The key equation of CRE 
can be stated as 

Reactor Performance = f (input, kinetics, contacting) 

Product yield, or selectivity, or production rate can 
be taken as measures of performance. Feed and 
operating conditions constitute the input variables. 
Fluid mechanics of single or multiphase flows deter­
mines contacting, while kinetic descriptions relate 
reaction rate to pertinent intensive variables such as 
concentrations, temperature, pressure, catalyst activ­
ity, etc. 

CRE is a general methodology for approaching any 
system (chemical, biochemical, biological, etc.) where 
engineering of reactions is needed, i.e ., where cause 
and effect relations imparted by reaction and observed 
in small laboratory vessels need to be "scaled-up" to 
large commercial reactors. CRE can then be used by 
the research engineer to quantify the reaction system 
and assess transport lirmtat10ns, by the aes1gn en­
gineer in designing the plant reactor, and by the man-
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What is CRE? It is the discipline that quantifies the interplay of transport phenomena and 
kinetics in relating reactor performance to operating conditions and input variables ... in achieving this 

goal [it] relies on thermodynamics, kinetics, fluid mechanics, transport phenomena ... physics, etc. 

ufacturing engineer in keeping the reactor running ac­
cording to specification. The power of CRE is that it 
spans the domain of many diverse technologies in the 
petroleum, metallurgical, chemical, materials, fer­
mentation and pharmaceutical industries. The same 
framework can be used to attack a reaction problem 
irrespective of its chemical nature. 

CURRENT STATUS OF CRE 

It is impossible in a brief review to do justice to a 
discipline as broad as CRE. One can approach the sub­
ject from the generic point of view and talk about the 
status of CRE in dealing with homogeneous gaseous 
or liquid systems, heterogeneous gas-solid catalytic 
systems, heterogeneous gas-solid noncatalytic sys­
tems, gas-liquid systems, gas-liquid-solid systems, 
etc., or one can approach it from the technological 
point of view and consider the status of CRE in hydro­
desulfurization of crude oil, biochemical processing, 
polymerization, food production, baking, electrochem­
ical processing, air pollution abatement, coal gasifica­
tion, etc. All of those areas have received attention, 
and plenary lectures were dedicated to them at vari­
ous ISCRE symposia. Here, we will just try to im­
press upon the reader the current status of teaching 
CRE at universities and the possible disparity be­
tween that activity and industrial practice. 

CRE in Academia 

It is instructive to note that in 1958, only 18% of 
the academic departments in the U.S. offered a course 
on CRE to undergraduate students. In 1962 that per­
centage had already risen to 53%, and by the end of 
the 1960's, CRE had become a required course in all 
accredited departments in the U.S. This has remained 
unchanged today. In the early years, Hougen and 
Watson [2] was the only textbook considered in the 
U.S. It has been replaced mainly by Levenspiel's text 
[4] in the 1960's. Brotz [5] and Kramers and Wester­
terp [6] seem to have been the standards in Europe 
until recently. The number of general textbooks of 
the subject exceeded forty-eight in 1980 and continues 
to rise dramatically. These texts have been sum­
marized by Levenspiel [7] and Dudukovic [8]. Special­
ized monographs treating a particular topic within 
CRE are also proliferating. 

What are the undergraduate students exposed to 
in a typical CRE course in the U.S.? According to the 
latest survey [8] (and not much has changed since 
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then) most of them (over 67%) learn the ideal reactor 
concepts, deal with evaluation of kinetic data from 
batch experiments, treat some nonideal reactors (via 
tanks in series and dispersion model, mainly) and are 
introduced to mechanisms and kinetics. Only about 
60% are introduced to the transport-kinetic interac­
tions in heterogeneous systems, less than 50% deal 
with realistic packed-bed reactor problems, and fewer 
than 20% are exposed to fluidized beds. Most depart­
ments claim some industrial input into the course, but 
it consists mainly of the instructor's industrial experi­
ence. Use of digital computers, numerical methods, 
and programming in dealing with realistic design 
problems is on the rise. While over 55% of the depart­
ments utilized numerical approaches in 1982, it is ex­
pected that almost all will do so in 1987. 

The increased use of computational tools in CRE 
courses is welcome because it allows the basic CRE 
principles, once mastered, to be applied to more 
realistic, practical problems. Quantification of CRE 
principles, through extensive use of mathematics, 
dates back to Amundson and co-workers at the Uni­
versity of Minnesota [9] which at the time represented 
a significant step forward. Today, most graduate 
courses in CRE suffer to some extent from mathemat­
ical oversophistication that has lost touch with reality. 
For example, students may work on various numerical 
schemes to solve complex reactor models while assum­
ing that the kinetic relations are known with great 
accuracy-an unlikely event in industrial practice. A 
trend toward better understanding of process chemis­
try or biochemistry, and improved tools to deal with 
scant and inaccurate data, seem to be needed instead. 
The "computerization" of the CRE courses allows the 
students today to handle reactor models that rep­
resented doctoral thesis projects a decade ago. There­
fore an increased emphasis on tying CRE principles 
to process chemistry is possible and is needed. 

Academic research is split between traditional 
reactor type oriented research and the new emphasis 
on process development. For example, continued re­
search is being done on improved understanding of 
various multiphase reactors such as fluidized beds, 
slurry reactors, three phase fluidized beds, bubble col­
umns, trickle-beds, stirred tanks, etc. Increased em­
phasis on process oriented research is apparent, e.g., 
silane pyrolysis to silicon, epitaxial growth of single 
crystals, preparation of novel zeolites, preparation of 
new polymers, etc. 

211 



Industrial Practice of CRE 

There is a wide gap between industrial practice 
and academic approaches to CRE in the U.S. It is 
expected that the gap is even wider in developing 
countries. Reaction engineering is practiced at a high 
level of sophistication, paralleling approaches outlined 
in most modern textbooks [10-12], only in some large 
petroleum companies. There, kinetic data are sought 
in absence of transport effects on small scale equip­
ment, mechanisms and kinetics on catalytic surfaces 
are studied, and the scale-up problem is approached 
in stages. Scale-up often involves the evaluation of 
hydrodynamic assumptions made in reactor design by 
tracer studies on a cold real scale model of the produc­
tion reactor. Recently, the Mobil Corporation has 
used this classical and methodical approach to success­
fully develop methanol-to-gasoline large scale 
fluidized bed reactors which were the key to the suc­
cess of the process. Unfortunately, U.S. petroleum 
companies have not been building many new plants in 
the last five years, and their CRE advances have been 
temporarily halted. In industry, advances of a 
methodology like CRE are process demand driven. 
When the demand disappears, the advances slow 
down. The danger of this situation is that some of the 
best CRE teams which had been assembled at large 
petroleum companies are now disintegrating and dis­
persing. Thus, when synfuels become needed again, 
there will be a painful period of adjustment in reas­
sembling teams with CRE expertise. 

Chemical, pharmaceutical and other companies in 
the U.S. and elsewhere in the world have not, in gen­
eral, practiced CRE on the same level as petroleum 
companies. Often they did not realize that the reactor, 
although not a major item in capital expenditures for 
a new plant, by its performance dictates the load on 
and size of separation equipment. Reactor design 
often followed a "seat-of-the-pants" approach and was 
rarely optimized. Major advances have been made in 
reactor control where digital, multivariable control 
conducted through a central station is the dominant 
feature of modern plants. Frequently, companies 
either rely on patent protection or are pressured to 
introduce a product on the market within a short time, 
so they tolerate sloppy reactor design. Prater's princi­
ple of optimum sloppiness [13] is not practiced here. 
That principle, practiced in petroleum companies, 
states that as more and more relations for a reaction 
system are quantified, costs go up but the uncertainty 
of design goes down, and the cross section of the two 
curves indicates an optimum. Most reactor designs in 
chemical and other industries are done with very little 
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quantitative information in hand regarding kinetics. 
Scale-up based on equal liquid hourly space velocity 
(LHSV) is the rule of the day, followed by incorpora­
tion of additional reactor volume in the design as a 
safety factor. It is hoped that the increased competi­
tiveness in the specialty chemicals area will force the 
chemical companies to practice CRE at a higher level. 
Significant savings should be possible with better 
reactor designs. 

CRE research in industry has been traditionally 
process driven. New contactors (new reactor types) 
are introduced for a particular technology and then 
sometimes become adopted elsewhere, e.g., fluidized 
bed for catalytic cracking, radial flow reactor for am­
monia synthesis, Shell bunker (moving) bed reactor 
for hydrodesulfurization with deactivating catalysts, 
fast fluidized bed for coal combustion, etc. Most of the 
industrial research today is oriented towards the de­
velopment of better zeolites and other catalysts, spec­
ialty chemicals, specialty polymers, composite mate­
rials, high performance ceramics, improved pigments, 
etc. CRE, unfortunately, seems to play only a minor 
role in these bench scale endeavors, but is expected 
to be needed in scale-up. The current economic situa­
tion has brought to a temporary halt the research on 
synthetic fuels, alternate energy sources, and process­
ing of heavy oils. 

FUTURE TRENDS 

Reaction engineering is now a mature discipline. 
It evolved in the 1940's from the ideal reactor concepts 
on one side and from the systematic treatment of 
transport-kinetic intractions on catalyst particles on 
the other. Mathematical approaches of the early 1960's 
established the foundation on which the principles of 
CRE dealing with transport-kinetic interactions can 
be applied to a vast variety of fields. The unification 
of CRE approaches has been achieved. Increased com­
puterization allows its application in complex prob­
lems. What of the future then? What will be the re­
search directions and where, i .e., in which field , will 
the major industrial impact be felt? What kind of CRE 
should be taught and practiced in developing coun­
tries? 

' Many would argue that the future of CRE is in 
high technologies. However, high technology must be 
carefully defined. Often biotechnology, high technol­
ogy, high performance composites, semiconductor ma­
terials, high performance ceramics, optical fibers 
technology, pharmaceuticals, etc., are understood to 
be high technology. However, that is not necessarily 
so. For example, a fully automated modern steel plant 
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may involve much more sophistication, contro~, and 
automation than a primitive autoclave for cunng of 
thermosetting composites or for production of cells .. 
Really, what is often meant by high-tech is hig?-value 
added products, i. e., relatively new technologies that 
produce specialty, often low volume, products t~e 
price of which is an order of magnitude abov~ their 
manufacturing costs! We have no argument with the 
premise that CRE will be needed and will prosper by 
advancing high technology products. However, we are 
not at all convinced that it will play a significant role 
in development of high-value added products unless 
they also happen to be high technology_ products. T_he 
reason for this is simple and has nothmg to do with 
science or engineering, but with economics. In produc­
ing a high value added product (a miracle drug, _a 
super fast semi-conductor chip, etc.) the bottle-neck is 
in the science. Once a bench scale scientist makes a 
breakthrough, scale-up factors required are small and 
the efficiency of manufacturing is not critical since the 
profit margin is huge. This is the reason why a de­
mand for CRE specialists in biotechnology has so far 
failed to materialize. Very specific, low-volume prod­
ucts are being sought, and engineering involvement is 
small and secondary to that of scientists. This will 
change when competitiveness in this area increases 
and/or when large scale biomass conversion is attemp­
ted. 

The CRE research directions in the U.S. invari­
ably follow the funding trends. Therefore in the short­
term future (five years) one can expect increased em­
phasis on 

• aerosol reactors in production of ceramics and optical fi-
bers 

• batch processing, control and optimization 
• biotechnology 
• chemical vapor deposition in preparation of semiconductor 

materials such as MOCVD of gallium arsenide, etc. 
• combustion and generation of particulates 
• reaction engineering of composite materials 
• reaction engineering in microgravity 
• reaction engineering of specialty polymers 
• zeolite catalysts, catalyst preparation and quantification, 

modifications with transition metals, studies of configura­
tional diffusion. 

Over the long run we well know that trends are 
cyclic in nature. The energy problem has not been 
solved permanently. Eventually petroleum based 
products will need replacement and synthetic fuels, 
renewable energy sources, and new materials will be 
needed. The currently dormant research on 

• coal gasification and liquefaction 
• methanol synthesis 
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• methanol to chemicals conversion 
• multiphase reactors 
• synfuels from various sources, etc. 

will be resurrected in addition to the currently popular 
areas. 

All of the above areas seem to be more process 
oriented than the CRE research in the 1960's and 
1970's that concentrated on analysis of various reactor 
types. The trend of remarrying CRE concepts ~th 
process chemistry is probably here to stay. It is of 
course possible to make further dramatic improve­
ments in our understanding and a priori design of 
various multiphase reactor types that are today de­
signed based on empirical relations. The to~ls ne~es­
sary to achieve this are available and consist of im­
proved non-invasive technology for monitoring flow 
patterns and concentration profiles (gamma cameras 
and sources, x-ray and positron emission tomography, 
optical fibers, etc.) and of supercomputers th~t _make 
difficult flow calculations possible. However, it is un­
likely that any society will in the present climate allo­
cate the resources necessary to tackle with the best 
available tools a problem such as fluidized bed or 
trickle-bed a priori design. If these breakthroughs 
happen, and they are possible based on our cun:ently 
available arsenal of tools, they will occur in relat10n to 
the development of a particular technology that relies 
on such a reactor type. Research funding will be di­
rected toward the development of new processes for 
pollution abatement and acid rain elimination, for the 
development of improved data bases in treatment of 
hazardous chemicals, for processes for hazardous 
chemicals elimination, for expert systems for reactor 
safety, etc. 

In the near future we can expect chemical reaction 
engineers to develop a second specialty (a _"min?r," so 
to speak) in a scientific discipline such as rmcrob10lo~, 
electronics, ceramics, materials, etc. Then they will 
work very effectively together with scientists in the 
early stages of developing new processes. Capable 
managers with technical backgrounds will realize that 
productivity and the success rate in_ developing n_ew 
processes can be increased drama~icall~ b~ lettmg 
chemical reaction engineers work with scientists on a 
new process or new material from the very conception 
of new ideas. Thus, we will see significant involve­
ment of CRE in new areas such as materials, semicon­
ductors, ceramics, specialty polymers, and food and 
feed. Major industrial impact will be in scale-up ~nd 
design of flexible processes that can meet changing 
customer needs. All high technology areas will benefit 
from CRE, and they include "old" technologies, large 
scale commodity and specialty chemicals, petroleum 
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processing, and all the new high-value products where 
a high level of competition exists. 

This implies that developing countries must teach 
well the CRE principles, but should not try to do re­
search in all of the areas. Their research should be 
directed toward improving and further developing the 
technologies for which there are economic advantages 
and incentives. A close and productive academic-in­
dustrial relationship is the only way for developing 
nations to achieve a competitive position in certain 
industries. 

Since reaction engineering is considered a mature 
discipline, it is clear that higher returns are expected 
by application of the CRE principles in emerging 
technologies than by further advancement of these 
principles. It is often argued that traditional ap­
proaches in studying a specific reactor type in a gen­
eral sense bring diminishing returns and incremental 
improvements in our knowledge base. This might be 
true if one insists on using old fashioned experimental 
and mathematical tools. However, as argued earlier, 
our scientific base in instrumentation and large scale 
computation has reached a new dimension. If we 
would bring these new tools to bear on multiphase 
reactor problems, advances paralleling those in 
medicine would be possible. At present, the limiting 
factor is a lack of funds since generic reactor analysis 
cannot be compared in appeal to health care. 
Nevertheless, research of various reactor types will 
continue, with increased emphasis on novel devices 
that combine reaction and adsorption in one unit (e.g., 
reactive distillation, chromatographic reactor, super­
critical reaction and separation). We should also re­
member that unexpected breakthroughs are possible 
at any time and in any area. After all, who could pre­
dict the timing of Danckwerts residence time distribu­
tion concepts and their impact on CRE that lasted 
several decades? CRE will remain a vital field and a 
fun field to do research in and to practice in industry. 
Steady progress will be made, more science will be 
brought back to CRE, and major breakthroughs are 
possible. These are the conclusions of our recent En­
gineering Foundation Conference on reaction en­
gineering [14]. 

SUMMARY 

Chemical reaction engineering is a mature disci­
pline that has emerged from the treatment of pe­
troleum related catalytic reaction problems and has 
been broadened to the point that the word chemical 
should be dropped from its title. Reaction engineering 
principles deal with the transport phenomena-kinetic 
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interactions and are general in nature and applicable 
to all types of processing and all phenomena where, 
in conversion of raw materials to useful products or to 
energy, reactions occur. Reaction engineering as a 
discipline has profited immensely from the availability 
of increased computational power and from the exis­
tence of data base management. Its further evolution 
is expected to make its dependence on various sci­
ences (chemistry, biochemistry, materials, etc.) even 
stronger and could possibly result in formation of vari­
ous CRE subdisciplines. 

Reaction engineering will continue to prosper in 
the future by relying more on basic chemistry in reac­
tion pathway development and by incorporating basic 
hydrodynamic principles in reactor design. Empirical 
correlations will gradually be replaced by relations 
based on first principles. In spite of all these predicted 
specific advances, however, the most valuable re­
source will remain the reaction engineering methodol­
ogy itself. Perhaps the ultimate achievement will be 
the development of expert systems for reaction en­
gineering which will combine the fundamental ap­
proaches of science with the experience, instinct and 
intuition of many great reaction engineers. These sys­
tems will then be able to lead us in the design of safe, 
optimal reactors based on a minimum data set. 
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