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AT THE HEART OF MOST chemical plants lies the
chemical reactor and so a knowledge of the
factors and concepts affecting its design and per-
formance are a central part of the education of
the chemical engineer. Until the 1960’s much of
the efforts of chemical engineers centered on
equilibrium stage processes used for separations
along with the applications of fluid mechanics
and heat transfer in industrial equipment. Since
then interest in the challenging field of the inter-
action of chemical reactions and transport pro-
cesses has grown for at least three reasons: the
rapid development of mathematical techniques,
using computers, which now permit more realistic
models of chemical reactors to be developed; an
enormous growth in fundamental surface science
studies which offers a promise of understanding
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the way catalysts function; and finally, in the
1970’s, the problems raised by pollution and
energy conservation have forced all chemical
manufacturers to re-examine the performance of
their processes, so they remain in harmony with
the society of which they are a part, and still
operate profitably.

Chemical engineering as a distinct discipline,
began in Cambridge in 1948 with an endowment
from Shell Ltd., the first Shell Professor being T.
Fox. At that time certain policy decisions over
the course were taken which are still in force.
The chief of these was that the graduating chemi-
cal engineer should have a firm grounding in engi-
neering principles, particularly in fluid mechanics,
and in applied physical chemistry with thermo-
dynamics and reaction kinetics playing a central
role. Thus the undergraduate course comprises
two years of science or engineering followed by a
third year in the Chemical Engineering Depart-
ment studying for ‘Part I of the Chemical Engi-
neering Tripos.” Although this three year course
ends with the Cambridge B.A. and provides pro-
fessional recognition by the U.K. Institution of
Chemical Engineers there is little opportunity in
such a full curriculum to go into many topics in
the depth that is a feature of Cambridge science
and engineering. Most Cambridge BA’s stay on
to take the fourth year ‘Part II of the Chemical
Engineering Tripos’ which is widely recognised
in the U.K. as being equivalent to an MSc by
examination, rather than by research. This fourth
year course is similar in approach to many of the
graduate programmes offered at U.S. universities
and contains lectures on mathematics, polymers,
chemical reactors, fluid mechanics, granular ma-
terials, and process simulation. Additional teach-
ing is given on topics such as process economics
and materials. Some lectures will be given for the
first time in 1980-81 on biotechnology and these
will probably be expanded in subsequent years.
The topics which reflect in part the teaching and
research interests of the faculty, have the under-
lying aim of giving more advanced training in
chemical engineering. Although mainly provided
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.. . it is possible using physical arguments to explain why reactors for the
catalytic oxidation of butene and ethylene consist of hundreds of parallel tubes, each

one being a few centimeters in diameter and surrounded by coolant, whereas entirely different
criteria have influenced the design of sulphuric acid and ammonia converters.

for Cambridge graduates, there are usually a small
number of overseas graduate students with under-
graduate backgrounds in chemical engineering or
chemistry, including some from the United States,
who come to the department to take these post-
graduate courses. At the end of the year the
‘Certificate of Advanced Study’ is awarded: some
stay on for a further two years to complete a
PhD, but most return to the United States to
take up industrial positions or do additional post-
graduate training. They appear to find their
graduate year abroad in Britain both enjoyable
and stimulating. Students admitted with the in-
tention of working for a three year PhD are
usually required to select only a few of these
subjects for examination, the major requirement
in their first year being a brief research disserta-
tion describing their progress and future pro-
gramme. The course requirements for the PhD
are significantly less than is customary in the
United States. This is partly a consequence of the
need to complete the PhD in the three years for
which the U.K. Science Research Council provide
studentships covering tuition and maintenance. A
marked difference between university teaching in
Britain and North America is that courses are
spread out over the whole year (October to June)
made up of three 9-10 week terms, and the only
examination is that held in early June; continuous
assessment is restricted to work on a research
project over the year, which contributes some 20-
25% towards the examination mark. The advant-
ages and shortcomings of end-of-year exams as
against mid-and end-of-semester tests is a con-
troversial subject which is hotly argued when-
ever two or three professors or students are
gathered together. It is likely to remain so, but
U.K. pupils experience the yearly examination
system from an early age in secondary school.

TECHNICAL CONTENT

LL THOSE TAKING THE lectures on chemical re-
actors are assumed to be familiar with the
basic concepts as discussed in texts such as ‘Chemi-
cal Reactor Theory’ by Denbigh and Turner, both
of whom spent many years on our faculty. Topics
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comprise the analysis of idealised continuous
single phase reactors, such as the stirred tank, and
the isothermal gas phase plug-flow reactor operat-
ing at constant pressure. The latter has the im-
portant feature that reaction stoichiometry makes
an important contribution to the volume required
for a given conversion. These reactor types also
provide a useful basis for a discussion of residence
time concepts, yield and selectivity, and non-
isothermal behaviour. It is in the fourth year
graduate course under discussion that there is an
opportunity to examine the features of the many
industrial reactors which bring together two or
more gas/liquid/solid phases. Examples are the
catalytic reactor with diffusion and reaction oc-
curring in the catalyst pellet, gas-solid fluidised
beds, gas-liquid contacting processes. In addition,
particularly with industrial oxidation processes,
problems of heat transfer must be recognised and
taken into account.

Undergraduate courses on heterogeneous
catalysis tend to be somewhat limited in scope
and so although the idea of the rate determining
step leading to Langmuir Hinshelwood mechan-
isms is quickly grasped, it is necessary to spend
some time outlining the structure, properties, and
characterisation of real catalysts and their
supports. The mathematics of diffusion and re-
action under steady state conditions are examined
and examples of industrial processes where
catalyst effectiveness is important are considered.
Comparisons are made, in terms of experimentally
accessible parameters, of the relative importance
of heat and mass transfer effects through the
fluid film and within the particle, and it is empha-
sized how failure to recognise these diffusional
limitations may give spurious estimates of in-
trinsic kinetics and reaction order. This leads to
the recognition of possible multiple states in steady
state operation. It also provides an opportunity to
contrast the elegant mathematics of steady state
diffusion-reaction theory based on a continuum
model with the untidy reality of irregular porous
supports containing metal catalyst crystallites.

When attention is turned to the assembly of
catalyst particles in a tube (that work-horse of the
chemical industry), the fixed bed reactor, it be-
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TABLE 1
Course Outline

DIFFUSION AND REACTION IN CATALYST PELLETS

(N. K. H. Slater) 6 Lectures

® Survey of heterogeneous catalytic processes.

e Structure of porous catalysts—tortuousity, voidage.

® Transport mechanisms in catalyst pores—Bulk and
Knudsen diffusion.

e Diffusion and reaction—Thiele modulus and effective-
ness factors.

® Analysis for different particle geometry and complex
kinetics.

® Non-isothermal reactions
effects.

RESIDENCE TIME EFFECTS (J. F. Davidson) 6 Lectures

® Micro and macro mixing. Effect of velocity profile on
conversion with different kinetics.

® Dispersion models, Danckwerts boundary conditions.
Limiting cases for zero and infinite axial dispersion.

e Applications of R.T.D.’s to fluidised bed.

e Taylor Diffusion in a circular pipe with laminar flow.

e Dispersion in turbulent flows.

inter and intra-particle

FIXED BED REACTORS (C. N. Kenney) 8 lectures

® Models for radial and axial dispersion and transport.

e Experimental determination of transport coefficients
in fixed beds.

® Non-isothermal fixed bed reactors : relative importance
of particle and wall heat transfer.

e Hot spots, Barkelew’s analysis
simple thermal explosion theory.

® Dynamics of non-isothermal C.S.T.R. linearised sta-
bility analysis, limit cycles.

e Conditions for unique steady states. Examples of
multiplicity and oscillations in isothermal catalytic and
biological systems.

GAS ABSORPTION WITH CHEMICAL REACTION
(C. N. Kenney) 8 lectures
® (Gas-liquid reactions for gas cleaning and product

comparison with

synthesis.

e Film model for kinetic and diffusion regimes. Hatta
number, fact first order reactions in liquid film.

® Second order reactions. Transition from fast to in-
stantaneous regime. Van-Krevelen graphical solution.

e Iterative methods for column design. Gas-liquid re-
actors in practice.

e Film, Highie and Danckwerts absorption models.

e Experimental methods for absorption rates in labora-
tory and industrial equipment.

® Three-phase slurry reactors.

FIXED BED DYNAMICS (C. N. Kenney) 6 lectures

e Jon exchange, chromatography, pressure swing pro-
cesses, parametric pumping.

® Ideal chromatography, speed of movement of front,
self sharpening fronts.

® Non-ideal chromatography, Laplace Transform applied
to linear isotherm and finite mass transfer.

® Theoretical plates in chromatography.
analysis.

® Preparation and physical chemistry of ion-exchangers.

FLUIDISATION (D. Harrison/R. Clift) 10 lectures

e Calculation of incipient fluidising velocities. Relation
between Archimedes and Reynolds numbers.

e Plot of Umf versus particle diameter. Slug flow. Pre-
diction of bed height.

e Bubble formation and bubble coalescence.

o Flow regimes and transitions.

© First order reaction. Bubble model with complete
mixing in particulate phase, conversion.

e Exchange between bubbles and particulate phase.
Formulae for crossflow factors. Comparison with ex-
periment.

® Heat transfer in fluidised beds. Penetration theory and
slug flow bubble mechanics applied to transfer co-
efficient prediction.

Moment

comes necessary to consider a number of new
factors associated with the flow of fluid (and
heat) ; in particular how seriously does the piston
flow assumption associated with the ideal single
phase tubular reactor become modified by an axial
spreading term as a result of streams of fluid
entering and leaving the voids between the
catalyst particle. As is well known such axial dis-
persion leads usually to a reduction in conversion
because of the departure of the residence time
distribution from that of a plug-flow system. Al-
though not primarily a chemical reactor problem,
the phenomenon of Taylor Diffusion is discussed
at this point, not inappropriately since the work
was carried out by the late Sir Geoffrey Taylor
in a building close to our department. The analysis,
apart from its intrinsic interest, provides a telling
example of the merits of simple experiments and
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observation in our high technology age which
should be grasped by all students of science and
engineering: namely that it was possible for con-
siderable numbers of experimentalists over several
hundred years to watch the spreading of dye in
water flowing through small bore tubes at low
velocities without understanding the mechanism
of axial dispersion. Even those who had the ability
to write down the appropriate differential equation
did not have G.I. Taylor’s insight to judge which
terms could be ignored on physical grounds, so
reducing the problem to one of relatively simple
integrations.

When an exothermic reaction can occur in a
fixed bed, heat balance equations are coupled with
those governing the transport and consumption of
reactants. The detailed solution of such coupled
equations does not form a part of the course, but
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it is possible using physical arguments to explain
why reactors for the catalytic oxidation of butene
and ethylene consist of hundreds of parallel tubes,
each one being a few centimeters in diameter and
surrounded by coolant, whereas entirely different
criteria have influenced the design of sulphuric
acid and ammonia converters.

An important class of reactors are those in
which gas bubbles, or slugs, contact and react in-
liquids or solid particles. Such systems which in-
clude fluidised beds have long been a research
interest of the department. Material appears in
the timetable in a block called granular materials
but has obvious relevance to the general field of
reactor design. In such systems, an understanding
of the fluid mechanics of bubble flow is crucial to
an appreciation of fluidised bed behaviour. Lec-
tures follow the ‘two phase theory’ of fluidisation
which has been extensively developed by J. F.
Davidson, the present Shell Professor and De-
partmental Chairman, and D. Harrison. The
problem of the transfer of gas from a bubble to
catalyst pellets as it passes through a bed of fluid
particles, in spite of its complexity, can nonethe-
less be discussed in quantative form by recognis-
ing that a part of the gas supports the particles
and gives the medium liquid-like properties. Effec-
tive mass transfer coefficients can be obtained and
if (and it is a substantial provision) the mixing
features of gas and solid particles are known,
then the conversion obtainable in a fluidised bed
reactor can be derived. Although the behaviour
of single bubbles is now fairly well understood, a
major aim of the engineer is to develop methods of
scaling-up laboratory experiments to industrial
dimensions. The high gas velocities used in in-
dustrial units and the fact that the gas is intro-
duced in bubble swarms which can coalesce and
re-divide, continue to provide many challenges to
theory and experiment.

The problem of gas absorption with chemical
reaction in a liquid is discussed in some eight
lectures beginning with industrial examples of
gas-liquid contacting devices used for gas purifica-
tion and homogeneous catalytic reactors. A
knowledge of the Whitman two-film theory is as-
sumed and the importance of the Hatta number
in characterising a family of absorption regimes
i.e. kinetic and diffusion control, fast reaction in
the liquid film, and instantaneous reaction is de-
veloped. The ‘film model’ equation is discussed
giving the variation of concentration of the ab-
sorbed species, ¢, as function of its distance from
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the gas-liquid interface, z.

Ddzc

Tdz®
Here D is a liquid phase diffusion coefficient and
R (c¢) a kinetic rate term. The comparison of the
Enhancement Factor with the Effectiveness
Factor concept of gas-solid catalysts emphasizes
the common features of diffusion-reaction pro-
cesses. The transition to instantaneous reaction
with the diffusion of reactive solute to the gas-
liquid reaction interface, provides an opportunity
to illustrate the use of the Van-Krevelen plots of
Enhancement factor as a function of Hatta
number.

A discussion is provided of the penetration
theory of absorption with reaction, developed by
Professor Danckwerts who was initially a lecturer
and later Shell Professor and Departmental
Chairman for some fifteen years. This involves
the solution of partial differential equations of
the type

—R(e) =0

D 2% oc

e e
The partial derivative on the right hand side ex-
presses the fact that the concentration at any z
is time dependent. The final lectures touch on the
use of the laminar jet, and wetted wall column for
obtaining data in the laboratory and how the pa-

TABLE 2
Reading List

G. Astarita, Mass Transfer with Chemical Reaction,
Elsevier, 1967

J. J. Carberry, Chemical and Catalytic Reaction Engineer-
ing, McGraw Hill, 1976

P. V. Danckwerts, Gas Liquid Reactions, McGraw Hill,
1970

J. F. Davidson and D. Harrison, Fluidised Particles, C. U. P.
1963

J. F. Davidson and D. Harrison, Fluidization, Academic
Press, 1971

K. G. Denbigh and J. C. R. Turner, Chemical Reactor
Theory, C. U. P. 1976

D. Kuni and O. Levenspiel, Fluidization Engineering. Wiley,
1969

D. D. Perlmutter, Stability of Chemical Reactors,
Prentice Hall, 1972

C. N. Satterfield, Mass Transfer in Heterogeneous

Catalysis, M.L.T. Press, 1970

T. K. Sherwood, R. L. Pigford and C. R. Wilke, Mass
Transfer, McGraw-Hill, 1975

J. M. Thomas and W. J. Thomas, Introduction to the
Principles of Heterogeneous Catalysis, Academic Press,
1967
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rameters obtained from such experiments may be
used in the design of industrial reactors. The
complexities of designing a countercurrent absorp-
tion column involving the consumption of both gas
and liquid phase reactants are pointed out, but
limitations of time do not allow the class to do
examples involving lengthy iterative calculations.

Later on in the course, features of reactor be-
haviour are discussed which involve time-de-
pendent, as opposed to steady state, behaviour.
The first of these is the question of parametric
sensitivity and temperatures runaway in fixed bed
reactors. Although distributed parameter systems
are important, from the teaching standpoint the
dynamic behaviour of the lumped non-isothermal
CSTR can be discussed more effectively in a few
lectures. The stability behaviour of linearised
two variable systems is examined in the mathe-
matics lectures and shows how the defining equa-
tions, with X as vector of concentration and
temperature, can be related to reactor parameters

making up the 2 x 2 matrix, A

X-AX

These equations can lead to experimentally ob-
servable non-linear oscillations in temperature and
concentration. Discussion of such limit cycles
appears to add a desirable reality to topic which
in the mathematics lectures some students
certainly find somewhat abstract.

Another topic covered in some depth is that
of chromatographic separation processes with the
same principles having their large scale realisa-
tion in ion-exchange and gas-solid adsorption pro-
cesses. The pair of partial-differential equations
covering the behaviour of the adsorption column
provide good illustrations of the applicability of
graduate level mathematical techniques

oc¢ 2 oc¢ 3 ('aQ)
(az)t€ at)zp ot /z

24 4
P (at A F(c, q)

Here € and p are the bed voidage and density re-
spectively and v is fluid velocity. The equations
show how solute concentration in fluid, ¢, and in
solid, q, vary with distance along the bed z, and
time, t. If the second equation applies to a situa-
tion where there is instantaneous equilibrium
between moving and solid phases, then the ‘theory
of characteristics’ shows how the front may
broaden or self sharpen, depending on whether the
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adsorption isotherm is linear or curved. When the
equilibrium between gas and solid is not
instantaneous and the rate of mass transfer be-
tween gas and solid is included with a linear iso-
therm, then the analysis provides a useful example
of the applicability of Laplace transform theory
to partial differential equations. Accompanying
this formal analysis, some information is provided
on the background physical chemistry of ad-
sorbents and ion-exchangers. Although the theory
of fixed bed separation is well established, it seems
likely that recent advances in the preparation of
adsorptive solids will ensure an increasing appli-
cation of these separation methods in future. In
passing it will be noticed that these equations
are effectively those describing the response of a
fixed bed reactor to perturbations in concentration
and so have relevance to fixed bed dynamics and
control.

PRESENTATION

HE PRESENTATION OF THIS course follows a

traditional pattern using the lecture plus
blackboard method. Slides and overhead trans-
parencies are employed occasionally ; handouts are
given of some of the more elaborate mathematical
development. Each lecturer distributes problem
sheets. Students have a weekly tutorial of one
hour with a member of the teaching staff, who
is their supervisor over the year, and who allo-
cates them additional examples and deals where
possible with questions over the bulk of the Part
IT course. However, individual lecturers are always
available to deal with specific queries if required.
The author is fortunate in having been able to
give large parts of this course when he was a
Visiting Professor at the University of Houston in
1976 and at Stanford University in 1977, and
found it was well received. The students in U.S.
graduate classes appear to have much more diverse
backgrounds than would be encountered in the
more homogeneous U.K. system. However, their
enthusiasm and lively interest always provides
visiting lecturers with a class of appreciative and
able students. In the course a positive attempt is
made to show how catalyst chemistry, chemical
engineering and mathematical methods come to-
gether to influence the design, economics and
operation of chemical reactors. Advances in all
three topics give hope that imaginative design
may be the approach in the future rather than a
too heavy reliance on empiricism and past
practice. O
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