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A FI~TEEN WEEK COURSE in chemical reactor de-
sign was prepared to meet the needs of 

graduate students in Purdue's School of Chemical 
Engineering. Since this is essentially the only 
?"raduate course on chemical reaction engineering 
m our school, a variety of topics was included. 
The course outline is given in Table 1. The aim of 
the course is to bring together different disciplines 
on studying the behavior of chemical reactors. 
This behavior is intimately related to the inter­
play of chemical and physical rate processes. 

There has been an increasing number of books 
on reaction engineering or analysis in recent 
times with widely varying directions or emphasis. 
In this course, the main text was Froment and 
Bischoff's "Chemical Reactor Analysis and De­
sign" [1] and collateral reading was suggested 
from Lapidus and Amundson's "Chemical Reactor 
Theory, A Review." [2] Although these texts pro­
vided an organizational framework for this course 
they were inadequate on several occasions. Hence'. 
handouts were used and additional reading was 
suggested from numerous papers and other books 
some of which are mentioned at the end. [3-llj 

C. G. Takoudis received his Diploma (1977) at the National Technical 

University of Athens, Greece and his Ph.D. (1981) at the University of 

Minnesota in chemical engineering. He joined the faculty of Purdue 

University in November 1981. He has been involved in research in re­

action engineering, heterogeneous catalysis and kinetics. 
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The aim of this course is to 
bring together different disciplines on 
studying the behavior of chemical reactors. This 
behavior is intimately related to the interplay of 
chemical and physical rate processes. 

In order to maintain the pace shown in Table 1, 
some topics were not covered in depth. For these, 
several references were suggested and students' 
comprehension of these topics was examined 
through unannounced quizzes, homework prob­
lems, and midsemester exams. At the end of the 
course, the students were displeased with the 
main text, fairly positive to the recommended one, 
and pleased with the supplementary readings. 

At the beginning of the course the students be­
come familiar with the concept of stoichiometry 
and the implications of the law of mass action to 
the _algebraic_ treatment of chemical reactions [3]. 
An mtroducbon to the pure and applied aspects of 
kinetics of chemical processes as well as a unified 
treatment of the kinetic analysis of elementary 
steps, simple reactions and reaction networks form 
a review of the undergraduate chemical engineer­
ing kinetics course [4]. Special emphasis is given 
to chemisorption kinetics and equilibria, and to 
catalytic reaction kinetic models. 

Despite the simplicity of a chemical reaction 
system or a reaction network, one may have to en­
counter questions like these [5] : Does a system 
admit a positive equilibrium? Can there be more 
than one positive equilibrium? Can the positive 
equilibria be unstable? Are there cyclic solutions? 
Although these questions are not simple, several 
existing theorems may provide useful information 
on the answers to the above. A series of examples 
from heterogeneous catalysis emphasizes clearly 
the advantages and particularly the limitations 
of the existing analyses. 

Polymerization mechanisms and kinetics are 
covered next. Methods for the solution of the in­
finite set of difference-differential equations 
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TABLE 1 
Course Outline 

Stoichiometry. Elements of Reaction Kinetics. 
Chemical reaction. Rate of reaction 
The law of mass action 
Independence of reactions 
Measurement of quantity and its change due to reaction 
Invariants of a system of reactions 

Homogeneous and Heterogeneous Reactions 
Intrinsic reaction rate 
Chemical kinetics of elementary steps 
The steady-state approximation 
The rate determining step 
Ambiguity of simplified kinetics 
Chemisorption in kinetics and equilibria 
Some illustrations of catalytic rate models and 

mechanisms 
Mathematical Aspects of Mass Action Kinetics 

Mechanisms, kinetics and equilibria 
The stability of open isothermal reactors with complex 

chemistry 
Reaction network structure 
Multiple equilibria and chemical oscillations 
Advantages and limitations of the " zero deficiency 

theorem" and other related theorems 
Applications from heterogeneous catalysis 

Polymerization. Biochemical and Fermentation Kinetics 
Polymerization mechanisms and kinetics 
Microbial kinetics and dynamics 
Growth of a single population 
Growth of mixed populations 

Lumped Kinetics. Parameter Estimation 
Lumping analysis in monomolecular reaction systems 
Structure of a lumpable monomolecular system for 

reversible chemical reactions 
Kinetic behavior of a network of first order reversible 

reactions 
New methods of parameter estimation in linear systems 
Parameter estimation in non-linear systems 

Conservation Equations for Chemically Reacting 
Multicomponent Mixtures in Continuous Media 

The continuity equations 
The energy equation 
The momentum equation 
Equation for a retreating surface 

Catalytic Heterogeneous Reactions. Single Particle Studies 
The general equations of diffusion and reaction 
Effectiveness factor 
The single reaction in an isothermal pellet 

Reaction in a slab 
The first order reaction 
The infinite cylinder. The sphere 
Finite and hollow cylinders 
The reversible first-order reaction 
Reaction with volume change 
The pth-order reaction 
Langmuir-Hinshelwood kinetics 

The Single reaction in a non-isothermal body 
The equations ,and methods of solutions 
The first order reaction. Boundary conditions 
General kinetics 

Multiple reactions 
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Lumped resistance models 
Uniqueness and multiplicity criteria 

Stability of the Steady State and Dynamic Behavior 
Tests for stability. Limit cycles 
Stability and dynamics of lumped resistance models 
Some features of the transient behavior of diffusing 

and reacting systems 
Numerical methods 

Catalyst Deactivation 
Types of catalyst deactivation 
Kinetics of catalyst poisoning 
Kinetics of catalyst deactivation by coking 
Separability of catalytic deactivation kinetics 

Non-catalytic Reactions 
Solid-ftuid reactions 
Gas-liquid reactions 

The Batch Reactor 
The isothermal and non-isothermal batch reactor 
Optimal operation policies and control strategies 

The Continuously Stirred Tank Reactor 
The basic mass and energy balances 
The design of a single reactor 
The stability and control of the steady state 
Sequences of stirred reactors 
Transient behavior 

The Tubular Reactor 
Types of tubular reactor 
The mass, momentum and energy balances 
Design principles. Optimal design 
The effects of ftow profile 
Axial dispersion in tubular reactors 
Criteria for the uniqueness of the steady state 
Stability and transient behavior 

The Fixed Bed Reactor 
Factors in the design of fixed bed reactors 
Modelling of fixed bed reactors 
Pseudo-homogeneous models. Heterogeneous models 
Fixed bed reactors with heat exchangers 
Stability and transient behavior 

N onideal Continuous Flow Reactors 
Age-distribution functions 
Application of age-distribution functions 
Flow models 

The Fluidized Bed Reactor 
The two-phase theory. Fluid mechanics of bubbles 
Two-phase theory applied to catalytic reactors 
Division of gas flow, bed expansion, and phase volumes 
Factors in the design of fluidized bed reactors 
Stability and multiplicity of the steady state 

Multiphase Flow Reactors 
Types of multiphase flow reactors 
Trickle bed reactors 

Design principles 
Wetting efficiency 
Interphase mass transfer. Heat transport 
Pressure drop and liquid hold-up 
Reactor models 

Optimization of Chemical Reactors 
Conventional and unconventional optimization 
Globally optimal design. 
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pertinent to polymeric systems, and step and chain 
growth polymerizations are discussed in detail. 
Unstructured and structured models of microbial 
kinetics are a precursor to the understanding of 
the growth of mixed populations, and microbial 
dynamics is a precursor to the stability of a 
steady state. 

The importance of lumping in the petrochemi­
cal industry is presented and lumping analysis in 
monomolecular reaction systems is discussed [6]. 
Also, parameter estimation and kinetic models 
based on experimental data are increasingly used 
in the chemical industry for the design of catalytic 
reactors. Hence, parameter estimation and kinetic 
behavior of a network of first order reversible 
reactions or non-linear reaction systems are dis­
cussed in depth. 

Since the investigation of chemical reactors 
involves a synthesis of information pertaining to 
the chemical reacting system such as thermo­
dynamics (e.g. heat of reactions, equilibrium com­
positions), kinetics (reaction rate expressions) 
and those relating to pertinent physical rate pro­
cesses (momentum, heat and mass transfer), 
conservation equations for chemically reacting 
mixtures are discussed next. The conservation of 
mass, momentum and energy appended by ap­
propriate phenomenological descriptions of physi­
cal laws ( e.g. Fourier's law of heat conduction) 
and economic considerations govern the rules of 
this synthesis. 

After a reference to the general equations of 
diffusion and reaction, single particle studies 
follow [7]. Different particle shapes, various 
kinetics, isothermal or nonisothermal operation 
and single or multiple reactions in permeable 
catalysts are discussed in detail. Special emphasis 
is given to boundary conditions and asymptotic 
behaviors. Also, at this point, the students become 
familiar with the concept of lumped resistance 
models and the possible serious pitfalls of such a 
lumping. 

Once the above investigation of diffusion and 
reaction in permeable catalysts is completed, the 
following questions may arise [8] : Which steady 
states can be realized? What initial conditions may 
lead to a given steady state? Could periodic opera­
tion result? Answers to these questions are pre­
sented in two stages. First, after a quick review 
of the autonomous ordinary differential equations 
and the tests for stability, the stability and dy­
namics of lumped resistance models are discussed 
in depth. Second, several features of the transient 

160 

behavior of distributed systems are investigated 
with emphasis on diffusing and reacting systems. 

After a review of the different types of catalyst 
deactivation, the kinetics of catalyst poisoning and 
of deactivation by coking are discussed. Emphasis 
is given to the separability of catalytic deactiva­
tion kinetics and to the implications of catalyst de­
activation in a number of chemical processes. 

Solid-fluid and gas-liquid non-catalytic re­
actions are covered in depth next. The shrinking 
core model, the grain model, and the pore model 
with structure are investigated within the frame­
work of the solid-fluid reactions. 

A unified treatment of chemical reactor 
analysis and design is complicated by at least two 
sources of divergent behavior. Naturally, the di­
versity of chemically reacting systems would be in­
herited by the reactors in which reactions are car­
ried out. Furthermore, reaction equipment itself 
covers a wide variety such as stirred tank, moving 
bed, packed bed, fluidized bed and other types of 
reactors in which the relative role of physical and 
chemical rate processes may be profoundly differ­
ent. Therefore, it should be evident that general 
results on reactor behavior or design prescriptions 
are not to be found. However, the divergent 
features of chemical reactor analysis have been 
presented in a proper perspective in [9]. 

The batch reactor is investigated under iso­
thermal and nonisothermal operation. Special at­
tention is given to optimal operation policies and 
control strategies. 

The continuously stirred tank reactor (CSTR) 
is covered next. The design principles of a single 
or a sequence of stirred reactors are discussed in 
detail. After a review of the stability of the steady 
state and the transient behavior of a CSTR, the 
optimal sequence of stirred reactors based on the 
principle of optimality is presented. 

The investigation of the tubular reactor com­
prises design principles, the effects of flow pro­
file and axial dispersion. Emphasis is given to the 
comparisons and connections between a CSTR and 
a plug flow reactor. Criteria for the uniqueness 
of the steady state and a discussion on the sta­
bility and dynamic behavior of a tubular reactor 
conclude the analysis of this type of reactor. 

The fixed bed reactor is investigated next. The 
factors in the design of fixed beds are discussed 
in detail. Pseudo-homogeneous and heterogeneous 
models are presented. Special attention is given to 
runaway phenomena, excessive sensitivity to 
variations in some parameters, and the non-steady 
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behavior due to catalyst deactivation. The current 
state of art on multiplicity, stability and transient 
behavior of a fixed bed reactor is also discussed. 

After a brief review of imperfect mixing in 
reactors and age-distribution functions, the analy­
sis and design of the fluidized bed reactor follows. 
The design principles of such a reactor are dis­
cussed in detail within the context of the two­
phase theory applied to catalytic reactors. Several 
reactor models are discussed with emphasis on the 
assumptions and approximations of each one of 
them. The analysis of a fluidized bed becomes com­
plete with a discussion of desulfurization with 
limestone in a fluidized coal combustor. 

The trickle bed reactor is investigated next 
[10]. Emphasis is given to internal and external 
wetting efficiencies, mass transfer pertinent to 
trickle flow, and the factors in the design of such a 
reactor. 

An overview of conventional and particularly 
unconventional optimization concludes this course. 
Special emphasis is given to globally optimal de­
sign [11]. 

The last stage of this course is a take home 
final exam. This exam includes a set of data of 
the methanol synthesis from H2 and CO (in the 
presence or absence of CO2). This is a simple 
system chemically, the thermodynamic properties 
of the· chemical species are well-known, it has 
commercial significance, and it is not too simple 
kinetically. The students have to develop a kinetic 
model for the synthesis of methanol from that set 
of rate data; to simulate specified plant-scale 
catalytic reactors at specified reaction conditions, 
using their kinetic model; and to summarize their 
results. They are given the types of reactors, the 
reaction conditions and most thermodynamic and 
physical property data. The reactors may be fixed 
or fluidized beds, one- or two-dimensional, and iso­
thermal or nonisothermal. The purpose of this 
project is to compare the kinetic models and simu­
lated reactor performance calculations generated 
by various students working independently from 
a common data base and set of assumptions. The 
modeling process itself-by incorporating differ­
ent interpretations of experimental data into the 
basic kinetic models--can influence the final re­
actor design and its ultimate performance dra­
matically. 

Student evaluation of this course has been 
favorable and their comments indicate that they 
enjoyed the final project. • 
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[eJb:>111 letters 

DEAD STATE NOT A DEAD ISSUE 

Dear Sir: 
Re: Availability (Exergy) Analysis, and En­
vironmental Reference States ( GEE, p. 138, 
Summer 1983) 
Nothing pleases an author more than a long 

and careful review, seasoned with salutory ad­
jectives, of his book [1]. Consequently I am obliged 
to both the reviewer and the editor for their 
generosity. 

Permit me use of this letter to try to put to rest 
an issue raised in the review-the proper environ­
mental reference state to be used for availability 
calculations. 

Almost any reference state will do; as long as 
it can be explicitly defined, is convenient, is used 
consistently, and is clearly stated to readers and 
users whenever absolute rather than incremental 
availability changes are presented. 

I have chosen the same reference state used 
throughout the chemical literature for "Standard 
Enthalpies of Combustion" -and hence I call the 
availability values compiled in my book "Standard 

Continued on page 197. 
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