). Ingham, I.}. Dunn, E. Heinzle, ¥WILEY-VCH
). E. Prenosil, ). B. Snape R I ety

Chemical
Engineering Dynamics

An Introduction to Modelling and Computer Simulation

Third, Completely Revised Edition _included
_g _ Berkeley Madonna File Edit Flowchart Model Compute Graph P s Window Help 4 [+ (=1 (97%)
o606 Therm cover.mmd - Equations Therm.mmd - Runs 1-5: CA vs. TR

= {on @‘"“‘“““‘l@l@ﬁi 5. CRE e

INIT CA=CAl _{nitial conc., kmol/m3} “V\ \\

KO=Z'EXP(E/R"273)) s \\ \\\\\\\\\
K=KO0'EXP(-E/R)"(1/TR-1/273)) 35 \C \\ NONC

O

d/dt(CA) = F*(CAO-CAWV-K'CA (D20 4 ° g s, W

order kinetics} s L 8 R NS
o O o,

{Dynamic ene’, | ‘: b, R [

HL = F*(TR, ! ~
HG =-K*C 1 \\ \ \ \\L\"a
d/dt(TR) = it \A\ + i G
Limit CA>=( oszo 330 340 s;o R 370

™
!

200 400 600 800 1000 1200 1400 1600



f

John Ingham, Iwving J. Dunn, Elmar Heinzle,
Jifi E. Prenosil, Jonathan B. Snape

Chemical Engineering Dynamics

An Introduction to Modelling and Computer Simulation

Third, Completely Revised Edition

BICENTENNIAL

1807

WILEY
2007

BICENTENNIAL

WILEY-VCH Verlag GmbH & Co. KGaA

BICENTENNIAL
TVINNILNZDIG




The Authors

Dr. John Ingham
74, Manor Drive
Bingley BD16 1PN
United Kingdom

Dr. Irving J. Dunn
Chalet Maedi
Quellweg 3

8841 Gross
Switzerland

Prof. Dr. Elmar Heinzle
Universitit des Saarlandes
Technische Biochemie
Am Stadtwald Geb. 11
66123 Saarbriicken
Germany

Dr. Jiri E. Prenosil

ETH Zirich

Department of Chem. Engineering
8092 Ziirich

Switzerland

Dr. Jonathan B. Snape
Mylnefield Research Services Ltd.
Errol Road

Invergowrie

Dundee DD2 5DA

Scotland

Cover illustration

The background picture was directly taken from
MADONNA, the program provided with this
book, in the foreground, a betch reactor is shown
with kindly permission of Pete Csiszar.
WWwWw.postmixing.com

All books published by Wiley-VCH are carefully
produced. Nevertheless, authors, editors, and
publisher do not warrant the information contained
in these books, including this book, to be free of
errors. Readers are advised to keep in mind that
statements, data, illustrations, procedural details or
other items may inadvertently be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available
from the British Library.

Bibliographic information published by

the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek lists this publica-
tion in the Deutsche Nationalbibliografie; detailed
bibliographic data are available in the Internet at
http://dnb.d-nb.de.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

All rights reserved (including those of translation
into other languages). No part of this book may
be reproduced in any form — by photoprinting,
microfilm, or any other means — nor transmitted
or translated into a machine language without
written permission from the publishers.
Registered names, trademarks, etc. used in this
book, even when not specifically marked as such,
are not to be considered unprotected by law.

Typesetting K+V Fotosatz GmbH, Beerfelden
Printing  Strauss GmbH, Morlenbach
Bookbinding Litges & Dopf GmbH, Heppenheim
Wiley Bicentennial Logo Richard J. Pacifico

Printed in the Federal Republic of Germany
Printed on acid-free paper

ISBN 978-3-527-31678-6



John Ingham, Iwing J. Dunn,
Elmar Heinzle, Jifi E. Prenosil,
Jonathan B. Snape

Chemical Engineering Dynamics



1807-2007 Knowledge for Generations

Each generation has its unique needs and aspirations. When Charles Wiley first
opened his small printing shop in lower Manhattan in 1807, it was a generation
of boundless potential searching for an identity. And we were there, helping to
define a new American literary tradition. Over half a century later, in the midst
of the Second Industrial Revolution, it was a generation focused on building
the future. Once again, we were there, supplying the critical scientific, technical,
and engineering knowledge that helped frame the world. Throughout the 20th
Century, and into the new millennium, nations began to reach out beyond their
own borders and a new international community was born. Wiley was there, ex-
panding its operations around the world to enable a global exchange of ideas,
opinions, and know-how.

For 200 years, Wiley has been an integral part of each generation’s journey,
enabling the flow of information and understanding necessary to meet their
needs and fulfill their aspirations. Today, bold new technologies are changing
the way we live and learn. Wiley will be there, providing you the must-have
knowledge you need to imagine new worlds, new possibilities, and new oppor-
tunities.

Generations come and go, but you can always count on Wiley to provide you
the knowledge you need, when and where you need it!

N ——
UWesee, ~f P JE Bz %
William J. Pesce Peter Booth Wiley
President and Chief Executive Officer Chairman of the Board



Preface

The aim of this book is to teach the use of modelling and simulation as a disci-
pline for the understanding of chemical engineering processes and their dy-
namics. This is done via a combination of basic modelling theory and computer
simulation examples, which are used to emphasise basic principles and to de-
monstrate the cause-and-effect phenomena in complex models. The examples
are based on the use of a powerful and easy-to-use simulation language, called
BERKELEY-MADONNA, that was already successfully used in the second edition
of this book. Developed at the University of California for Windows and Macin-
tosh, MADONNA represents almost all we have ever wanted in simulation soft-
ware for teaching. The many programmed examples demonstrate simple model-
ling procedures that can be used to represent a wide range of chemical and chem-
ical engineering process phenomena. The study of the examples, by direct compu-
ter experimentation, has been shown to lead to a positive improvement in the
understanding of physical systems and confidence in the ability to deal with chem-
ical rate processes. Quite simple models can often give realistic representations of
process phenomena. The methods described in the text are applicable to a range of
differing applications, including process identification, the analysis and design of
experiments, process design and optimisation, process control and plant safety, all
of which are essential aspects of modern chemical technology.

The book is based on the hands-on use of the computer as an integral part of the
learning process. Although computer-based modelling procedures are now com-
monplace in chemical engineering, our experience is that there still remains a
considerable lack of ability in basic modelling, especially when applied to dynamic
systems. This has resulted from the traditional steady state approach to chemical
engineering and the past emphasis on flow-sheeting for large-scale continuous
processes. Another important contributing factor is the perceived difficulty in solv-
ing the large sets of simultaneous differential equations that result from any rea-
listic dynamic modelling description. With modern trends towards more intensive
high-value batch processing methods, the need for a better knowledge of the plant
dynamics is readily apparent. This is also reinforced by the increased attention
that must now be paid to proper process control, process optimisation and plant
safety. Fortunately the PC and Macintosh computers with suitable simulation soft-
ware now provide a fast and convenient means of solution.
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Preface

The excellent software BERKELEY-MADONNA enables a more modern, Win-
dows-based (also Macintosh compatible) and menu driven solution.

In this third edition we have revised the theoretical part and introduced a
number of new simulation examples. Some examples deal with safety problems
in chemical reactors and others are related to modelling of environmental sys-
tems and are located in a new Environmental Process section.

Organisation of the Book

The book consists of an introduction to basic modelling presented in Chapters
1 to 4. An introduction to simulation principles and methods and the simula-
tion examples are found in Chapter 5. The first four chapters cover the basic
theory for the computer simulation examples and present the basic concepts of
dynamic modelling. The aim is not to be exhaustive, but simply to provide suffi-
cient introduction, for a proper understanding of the modelling methodology
and computer-based examples. Here the main emphasis is placed on under-
standing the physical meaning and significance of each term in the resulting
model equations. Chapter 5, constituting the main part of the book, provides
the MADONNA-based computer simulation exercises. Each of the examples is
self-contained and includes a model description, the model equations, exercises,
nomenclature, sample graphical output and references. The combined book
thus represents a synthesis of basic theory and computer-based simulation ex-
amples. The accompanying CD includes the MADONNA simulation language
for Windows and Macintosh and the ready-to-run simulation example programs.
Each program is clearly structured with comments and complete nomenclature.
Although not included within the main body of the text, the MADONNA solu-
tion programs provided on the CD are very simple both to write and to under-
stand, as evidenced by the demonstration program BATSEQ in Section 5.1.3.
All the programs are clearly structured and are accompanied by clear descrip-
tions, nomenclature and details of any special items of programming that might
be included. All programs are therefore very easy to understand, to apply and, if
needed, to modify. Further, a clear connection between the model relationships
described in the text and the resulting program is very apparent.

Chapter 1 deals with the basic concepts of modelling, and the formulation of
mass and energy balance relationships. In combination with other forms of re-
lationship, these are shown to lead to a systematic development for dynamic
models. Though the concepts are simple, they can be applied equally well to
very complex problems.

Chapter 2 is employed to provide a general introduction to signal and process
dynamics, including the concept of process time constants, process control, pro-
cess optimisation and parameter identification. Other important aspects of dy-
namic simulation involve the numerical methods of solution and the resulting
stability of solution; both of which are dealt with from the viewpoint of the si-
mulator, as compared to that of the mathematician.
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Chapter 3 concerns the dynamic characteristics of stagewise types of equip-
ment, based on the concept of the well-stirred tank. In this, the various types of
stirred-tank chemical reactor operation are considered, together with allowance
for heat effects, non-ideal flow, control and safety. Also included is the model-
ling of stagewise mass transfer applications, based on liquid-liquid extraction,
gas absorption and distillation.

Chapter 4 concerns differential processes, which take place with respect to
both time and position and which are normally formulated as partial differential
equations. Applications include heterogeneous catalysis, tubular chemical reac-
tors, differential mass transfer, heat exchangers and chromatography. It is
shown that such problems can be solved with relative ease, by utilising a finite-
differencing solution technique in the simulation approach.

Chapter 5 comprises the computer simulation examples. The exercises are in-
tended to draw the simulators attention to the most important features of each
example. Most instructive is to study the influence of important model parame-
ters, using the interactive and graphical features of MADONNA. Interesting fea-
tures include the possibility of making “parametric runs” to investigate the in-
fluence of one parameter on the steady state values. When working with arrays
to solve multistage or diffusion problems, the variables can be plotted versus
the array number, thus achieving output plots as a function of a distance mea-
sure.

Working through a particular example will often suggest an interesting varia-
tion, such as a control loop, which can then be inserted into the model. In run-
ning our courses, the exercises have proven to be very open-ended and in tack-
ling them, we hope you will share our conviction that computer simulation is
fun, as well as being useful and informative. An Appendix provides an instruc-
tional guide to the MADONNA software, which is sufficient for work with the
simulation examples.

In this edition some of our favourite examples from our previous book “Envi-
ronmental Bioprocesses” have been added in a new section of Chapter 5. Also
the exercises from some examples have been expanded, according to our teach-
ing experience in the area of reactor safety and control.

We are confident that the book will be useful to all who wish to obtain a bet-
ter understanding of chemical engineering dynamics and to those who have an
interest in sharpening their modelling skills. We hope that teachers with an
interest in modelling will find this to be a useful textbook for chemical engin-
eering and applied chemistry courses, at both undergraduate and postgraduate
levels.
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ficient PC and Macintosh based software, which was not available to those who
were the major pioneers in the area of digital simulation. The modeller is now
free to concentrate on the prime task of developing a realistic process model
and to use this then in practical application, as was originally suggested by
Franks (1967, 1972).

We are very grateful to all our past post-experience course participants and
university students who have helped us to develop and improve some of the ex-
amples. In addition, we would like to thank Tim Zahnley, one of the developers
of BERKELEY-MADONNA, for his help with software questions. Members of
Wiley-VCH helped us in the editing and printing of this third edition, and for
this we are grateful.



Nomenclature for Chapters 1-4

Symbols
Area

Specific interfacial area
Various parameters

Various parameters
Concentration

NANT m®® >

(g}
‘. )

[=)
=

Diffusivity

Differential operator
Diameter

Energy

Activation energy
Residence time distribution
Residence time distribution
Volumetric flow rate

o

Gas or light liquid flow rate
Gravitational acceleration

T OA® AT T mE e A Y

Enthalpy
AH Enthalpy change
H Height
H Henry's law constant
Hg Rate of heat gain
L Rate of heat loss
h Fractional holdup
h; Partial molar enthalpy
] Total mass flux
j Mass flux

Magnitude of controller input signal

Magnitude of controller output signal

Heat capacity at constant pressure
Heat capacity at constant volume

Frequency in the ultimate gain method

Superficial light phase velocity

Units

2

various

m?/m® and cm?/cm?
various

various

various

kg/m?, kmol/m?
kJ/kg K, kJ/mol K
kJ/kg K, kJ/mol K
mz/s

m

kJ or kJ/kg
kJ/mol

m?/s

1/s

m’/s

m/s2

m/s

kJ/mol, kJ/kg
kJ/mol, kJ/kg

m

bar m?/kg

KkJ/s

kJ/s

kJ/mol
kg/s, kmol/s
kg/m? s, mol/m? s
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Constant in Cohen-Coon method
Mass transfer coefficient

kinetic growth constant

Constant

specific death rate coefficient
Gas-liquid mass transfer coefficient
referring to concentration in G-phase
Gas film mass transfer coefficient
Gas-liquid mass transfer coefficient
referring to concentration in L-phase
Liquid film mass transfer coefficient
Overall mass transfer capacity coefficient
based on the aqueous phase mole ratio X
Proportional controller gain constant
saturation constant

Length

Liquid or heavy phase flow rate
Superficial heavy phase velocity
Mass

Mass flow rate

maintenance factor

Mass flux

Molar flow rate

Number of moles

Reaction order

Controller output signal

Total pressure or pure component
vapour pressure

Partial pressure

Peclet number (L v/D)

Heat transfer rate

Total transfer rate

Heat flux

Ideal gas constant

Reaction rate

Number of reactions

Reaction rate

Adsorption rate of the sorbate

death rate

Reaction rate of component i

Heat production rate

Rate of substrate uptake

Growth rate

Slope of process reaction curve/A
Selectivity

various
m/s

g1
various
s~1

1/s

1/s
1/s

1/s
kmol/m?> s

various

kg m™

m

m®/s, mol/s
m/s

kg, mol
kg/s

kg S/kg X
kg/m? s
mol/s

various

bar

bar

kJ/s

kg/s, mol/s

kJ/m? s

bar m*/K mol

kg/s, kmol/s

kg/m* s, kmol/m” s
g/cm’® s
kg m™ s~
kg i/m* s, kmol/m? s
kj/m> s

kg S m? g

kg biomass/m> h
various

1
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Number of compounds
Concentration of substrate
Laplace operator
Temperature

Time

Transfer rate of sorbate

Heat transfer coefficient
Internal energy

Vapour flow rate

Volume

Flow velocity

Rate of work

Mass flow rate
Concentration in heavy phase
Mole ratio in the heavy phase
Conversion

Biomass concentration

Mole fraction in heavy phase
Input variable

Fractional yield
Concentration in light phase
Mole ratio in the light phase
Yield coefficient

Yield of i from j

Mole fraction in light phase
Output variable

Arrhenius constant

Length variable

Length variable

Difference operator
Thiele modulus
Dimensionless time
Summation operator
Backmixing factor
Relative volatility
Reaction order
Controller error
Effectiveness factor
Plate efficiency
Dynamic viscosity
Specific growth rate

Nomenclature for Chapters 1-4

kg/m’
°C, K

h, min, s
g/s
kj/m” K s
kJ/mol
mol/s

"

m/s

kJ/s

kg/s
kg/m?, mol/m?

kg/m3

various

kg/m?, mol/m*

kg/kg
kg i/kg
various
various
m

m

various
kg m/s
1/h
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Um Maximum growth rate 1/h

v Stoichiometric coefficient -

0 Dimensionless temperature -

p Density kg/m?

T Controller time constant s

T Residence time h and s

T Shear stress kg m/s”
Time constant h, min, s

7L Time lag h, min, s

0 Partial differential operator -

Indices

0 Refers to initial, inlet, external, or zero order

1 Refers to outlet or first order

1, 2,..., n Refers to segment, stage, stream, tank or volume element

A Refers to component A

a Refers to ambient

abs Refers to absorption

agit Refers to agitation

app Refers to apparent

avg Refers to average

B Refers to component B, base, backmixing, surface position or boiler
C Refers to component C or combustion

c Refers to cross-sectional or cold

D Refers to derivative control, component D, delay or drum

E Refers to electrode

eq Refers to equilibrium

F Refers to formation or feed

f Refers to final or feed plate

G Refers to gas or light liquid phase or generation

h Refers to hot

ht Refers to heat transfer

I Refers to integral control

i Refers to component i or to interface

inert Refers to inert component

j Refers to reaction j or to jacket

L Refers to liquid phase, heavy liquid phase or lag
m Refers to metal wall or mixer

max Refers to maximum

mix Refers to mixer

mt Refers to mass transfer

n Refers to tank, section, segment or plate number

P Refers to plug flow, pocket and particle
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Nomenclature for Chapters 1—4

Refers to heat

Refers to recycle stream

Refers to reactor

Refers to settler, steam, solid or surroundings
Refers to surface, settler or shell side

Refers to liquid film at solid interface

Refers to steady state

Refers to standard

Refers to tube

Refers to total

Refers to vapour

Refers to water or wall

Bar above symbol refers to dimensionless variable
Refers to perturbation variable, superficial velocity or stripping section
Refers to equilibrium concentration

XX1



Related Titles

P.S. Agachi, Z.K. Nagy, M.V. Cristea,
A. Imre-Lucaci

Model Based Control
Case Studies in Process Engineering

2007
ISBN 978-3-527-31545-1

A.C. Dimian, C.S. Bildea
Chemical Process Design
Computer-Aided Case Studies

2006
ISBN 978-3-527-31403-4

T.G. Dobre, J.G. Sanchez Marcano
Chemical Engineering
Modelling, Simulation and Similitude

2006
ISBN 978-3-527-30607-2

Z.R. Lazic

Design of Experiments

in Chemical Engineering
A Practical Guide

2004
ISBN 978-3-527-31142-2

I.). Dunn, E. Heinzle, J. Ingham,
J. E. Pfenosil

Biological Reaction
Engineering

Dynamic Modelling Fundamentals
with Simulation Examples

2003
ISBN 978-3-527-30759-3

J.B. Snape, I.]. Dunn, J. Ingham,
J. E. P¥enosil
Dynamics of Environmental

Bioprocesses
Modelling and Simulation

1995
ISBN 978-3-527-28705-5



Contents

Preface XIII

Nomenclature XVII

1 Basic Concepts

1.1 Modelling Fundamentals 1

1.1.1 Chemical Engineering Modelling 1

1.1.2 General Aspects of the Modelling Approach 3
1.1.3 General Modelling Procedure 3

1.2 Formulation of Dynamic Models 4

1.2.1 Material Balance Equations 4

1.2.2 Balancing Procedures 6

1.2.2.1 Case A: Continuous Stirred-Tank Reactor 7
1.2:2.2 Case B: Tubular Reactor 7
1.2.2.3 Case C: Coffee Percolator 8

1.2.3 Total Material Balances 16
1.2.3.1  Case A: Tank Drainage 17
1.2.4 Component Balances 18

1.2.4.1 Case A: Waste Holding Tank 19

1.2.4.2 Case B: Extraction from a Solid by a Solvent 20
1.2.5 Energy Balancing 22

1.25.1 Case A: Continuous Heating in an Agitated Tank 27
1.2.5.2 Case B: Heating in a Filling Tank 28

1.2.5.3 Case C: Parallel Reaction in a Semi-Continuous Reactor
with Large Temperature Changes 29

1.2.6 Momentum Balances 31

1:2.7 Dimensionless Model Equations 31

1.2.7.1 Case A: Continuous Stirred-Tank Reactor (CSTR) 32
1.2.7.2 Case B: Gas-Liquid Mass Transfer to a Continuous Tank Reactor
with Chemical Reaction 34

1.3 Chemical Kinetics 35
1.3.1 Rate of Chemical Reaction 35
1.3.2 Reaction Rate Constant 38

Chemical Engineering Dynamics: An Introduction to Modelling and Computer Simulation, Third Edition
J. Ingham, L.]. Dunn, E. Heinzle, J.E. Prenosil, J. B. Snape

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ISBN: 978-3-527-31678-6



VI | Contents

1.3.3 Heat of ReactionHeat of Reaction 39

1.3.4 Chemical Equilibrium and Temperature 39
1.3.5 Yield, Conversion and Selectivity 39

1.3.6 Microbial Growth Kinetics 41

1.4 Mass Transfer Theory 43

141 Stagewise and Differential Mass Transfer Contacting 43
1.4.2 Phase Equilibria 45

1.4.3 Interphase Mass Transfer 46

2 Process Dynamics Fundamentals

2:1 Signal and Process Dynamics 51

2.1.1 Measurement and Process Response 51

2.1.11 First-Order Response to an Input Step-Change Disturbance 51
2.1.1.2  Case A: Concentration Response of a Continuous Flow,
Stirred Tank 52
2.1.1.3 Case B: Concentration Response in a Continuous
Stirred Tank with Chemical Reaction 54
2.1.1.4  Case C: Response of a Temperature Measuring Element 55
2.1.15 Case D: Measurement Lag for Concentration in a Batch Reactor 57
2:1.2 Higher Order Responses 58
2.1.2.1 Case A: Multiple Tanks in Series 58
2.1.2.2 Case B: Response of a Second-Order Temperature Measuring

Element 60
2.1.3 Pure Time Delay 61
214 Transfer Function Representation 62
22 Time Constants 63
221 Common Time Constants 64

2.2.1.1 Flow Phenomena 64
22122 Diffusion-Dispersion 65
2.2.13 Chemical Reaction 65
2.2.1.4 Mass Transfer 65
2.2.1.5 Heat Transfer 67

222 Application of Time Constants 67

2.3 Fundamentals of Automatic Control 68
2.3.1 Basic Feedback Control 68

2.3.2 Types of Controller Action 69

2321 On/Off Control 70

2322 Proportional Integral Derivative (PID) Control 70

2323 Case A: Operation of a Proportional Temperature Controller 72
2.3.3 Controller Tuning 73

2331 Trial and Error Method 74

2.3.32 Ziegler-Nichols Open-Loop Method 74

2333 Cohen-Coon Controller Settings 75

2.3.34 Ultimate Gain Method> 75

2.33.5  Time Integral Criteria 76



