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Preface

Background

There are a variety of courses in a standard chemical engineering curriculum, ranging
from the introductory material and energy balances course, and culminating with the cap-
stone process design course. The focus of virtually all of these courses is on steady-state
behavior; the rare exceptions include the analysis of batch reactors and batch distillation
in the reaction engineering and equilibrium stage operations courses, respectively. A con-
cern of a practicing process engineer, on the other hand, is how to best operate a process
plant where everything seems to be changing. The process dynamics and control course is
where students must gain an appreciation for the dynamic nature of chemical processes
and develop strategies to operate these processes.

Textbook Goals

The major goal of this textbook is to teach students to analyze dynamic chemical
processes and develop automatic control strategies to operate them safely and economi-
cally. My experience is that students learn best with immediate simulation-based rein-
forcement of basic concepts. Rather than simply present theory topics and develop
analytical solutions, this textbook uses “interactive learning” through computer-based
simulation exercises (modules). The popular MATLAB software package, including the
SIMULINK block-diagram simulation environment, is used. Students, instructors, and prac-
ticing process engineers learning new model-based techniques can all benefit from the
“feedback” provided by simulation studies.!

Depending on the goals of the instructor and the background of the students, roughly
one chapter (+ 0.5) and one module can be covered each week. Still, it is probably too ambi-
tious to cover the entire text during a typical 15-week semester, so I recommend that instruc-
tors carefully choose the topics that best meet their personal objectives. At Rensselaer

"It should be noted that I am not a proponent of a solely “simulation-based” control education,
where students iteratively adjust parameters in a JavaScript simulation until acceptable responses
are obtained. I wish for students to obtain the classic mode of understanding as analyzed so well by
Robert Pirsig in Zen and the Art of Motorcycle Maintenance (Bantam Books, 1974). This deeper
understanding of process control can be obtained by rigorous analysis and by selected simulations
where the student plays a direct role in the implementation of an algorithm or strategy of choice.
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Polytechnic Institute, we teach the one-semester, 4-credit course in a studio-based format,
with students attending two 2-hour sessions and one 2-hour recitation (which also provides
plenty of “catch-up” time) each week. During these sessions we typically spend 45 minutes
discussing a topic, then have the students spend the remaining hour performing analysis
and computer simulation exercises, working in pairs. During the discussion periods the stu-
dents face the instructor station at the front of the room, and during the simulation periods
they swivel in their chairs to the workstations on the countertops behind them. This text-
book can also be used in a more traditional lecture-based course, with students working on
the modules and solving homework problems on their own.

Chapters

An introduction to process control and instrumentation is presented in Chapter 1. The
development and use of models is very important in control systems engineering. Funda-
mental models are developed in Chapter 2, including the steady-state solution and lin-
earization to form state space models. Chapter 3 focuses on the dynamic behavior of linear
systems, starting with state space models and then covering transfer functiqn-basc;d mod-
els in detail. Chapter 4 we cover the development of empirical models, including continu-
ous and discrete transfer function models.

Chapter 5 provides a more detailed introduction to feedback control, developing the
basic idea of a feedback system, proportional, integral, derivative (PID) controllers, and
methods of analyzing closed-loop stability. Chapter 6 presents the Ziegler-Nichols closed-
loop oscillation method for controller tuning, since the same basic concept is used in the
automatic tuning procedures presented in Chapter 11. Frequency response analysis tech-
niques, important for determining control system robustness, are presented in Chapter 7.

In recent years model-based control has lead to improved control loop performance.
One of the clearest model-based techniques is internal model control (IMC), which is pre-
sented in Chapter 8. The PID controller remains the most widely used controller in indus-
try; in Chapter 9 we show how to convert internal model controllers to classical feedback
(PID) controllers.

In Chapter 10 the widely used cascade and feed-forward strategies are developed.
Many control loops suffer from poor performance, either because they were not tuned well
originally, or because the process is nonlinear and has changed operating conditions. Two
methods of dealing with these problems, automatic tuning and gain scheduling, are pre-
sented in Chapter 11. The phenomenon of reset windup and the development of antireset
windup strategies are also presented in Chapter 11.



Preface xxvii

Many control strategies must be able to switch between manipulated inputs or select
from several measured outputs. Split-range, selective and override strategies are presented
in Chapter 12. Process units contain many control loops that generally do not operate inde-
pendently. The effects of these control-loop interactions are presented in Chapter 13. The
design of multivariable controllers is developed in Chapter 14.

The development of the control instrumentation diagram for an entire chemical
process is challenging and remains somewhat of an art. In Chapter 15 recycle systems are
shown to cause unique and challenging steady-state and dynamic control problems. In
addition, an overview of corporate-wide optimization and control problems is presented.
Model predictive control (MPC) is the most widely applied advanced control strategy in
industry. The basic step response model-based MPC method is developed in Chapter 16.
This is followed by a discussion of the constrained version of MPC, and enhancements to
improve disturbance rejection.

Learning Modules

The chapters are followed by a series of learning modules that serve several purposes; some
focus on the software tools, while others focus on particular control problems. The first two
provide introductions to MATLAB and SIMULINK, the simulation environment for the modules
that follow. The third module demonstrates the solution of ordinary differential equations
using MATLAB and SIMULINK, while the fourth shows how to use the MATLAB Control Tool-
box to create and convert models from one form to another. The modules that follow focus
on a particular unit operation, to provide a detailed demonstration of various control system
design, analysis or implementation techniques. Module 5 develops a simple isothermal
CSTR model that is used in a number of the chapters. Module 6 details the robustness analy-
sis of processes characterized by first-order + deadtime (FODT) models.

Module 7 presents a biochemical reactor with two possible desired operating points;
one stable and the other unstable. The controller design and system performance is clearly
different at each operating point. The classic jacketed CSTR with an exothermic reaction
is studied in Module 8. Issues discussed include recirculation heat transfer dynamics, cas-
cade control, and split-range control. Level control loops can be tuned for two different
extremes of closed-loop performance, as shown in Module 9 (steam drum, requiring tight
level control) and Module 10 (surge drum, allowing loose level control to minimize out-
flow variation). Challenges associated with jacketed batch reactors are presented in Mod-
ule 11. Some motivating biomedical problems are presented in Module 12. Challenges of
control loop interaction are demonstrated in the distillation application of Module 13.
Module 14 provides an overview of several case study problems in multivariable control.
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Here the students can download SIMULINK .mdl files for the textbook web page and per-
form complete modeling and control system design. These case studies are meant to tie
together many concepts presented in the text. Issues particular to flow control are dis-
cussed in Module 15, and digital control techniques are presented in Module 16.

Textbook Web Page

MATLAB and SIMULINK files, as well as additional learning material and errata, can be
found on the textbook web page:

www.rpi.edw/dept/chem-eng/WW W/faculty/bequette/books/Process_Control/
or

www.rpi.edu/~bequeb/Control

Acknowledgments

A few acknowledgments are in order. First of all, Professor Jim Turpin at the University
of Arkansas stimulated my interest in process dynamics and control when I took his
course as an undergraduate. As a neophyte process engineer for American Petrofina I had
the opportunity to serve as a process operator during two work-stoppages. A newfound
respect for control loop interaction led me to graduate study at the University of Texas,
where Professor Tom Edgar provided the “degrees of freedom” for me to explore a range
of control topics. Collaborations at Merck, Inc., led to the presentation of modeling and
control of batch reactors in Module 11. Research sponsored by the Whitaker Foundation
and the National Science Foundation resulted in material pres¢nted in Modules 12 and 14.

My own graduate students have served as teaching assistants in the dynamics and
control courses, and have provided me with valuable feedback on various versions of this
textbook. In particular, Lou Russo, now at ExxonMobil, helped me understand what
works and what does not work in the classroom and in homework assignments. He cer-
tainly had a major positive impact on the education of many Rensselaer undergraduates.

Professor Robert Parker at the University of Pittsburgh classroom tested this text-
book, and made a number of valuable suggestions. In addition, Brian Aufderheide (now at
the Keck Graduate Institute) critiqued Chapter 16.

My colleagues at Rensselaer have promoted an environment that provides an opti-
mum mix of teaching and research; our department has published four textbooks during
the past two years. Various educational initiatives at Rensselaer have allowed me to



Preface xxix

develop an interactive learning approach to dynamics and control. In particular, the Con-
trol Engineering Studio environment gives me immediate feedback on the level of practi-
cal understanding on a particular topic and allows me to give immediate feedback to
students. A Curriculum Innovation grant from P&G led to the development of experi-
ments and learning modules for the dynamics and control course, and for other courses
using the Control Engineering Studio classroom.

Various Troy and Albany establishments have served to “gain schedule” my per-
sonal regulatory system and allowed me to obtain a better understanding of the pharma-
cokinetics and pharmacodynamics of caffeine and ethanol. The Daily Grind (www.daily
grind.com; you won'’t find a better coffee roaster in Seattle) in Albany provided beans for
the many espressos that “kick started” numerous sections of this textbook. Group meet-
ings at the Troy Pub & Uncle Sam Brewery (www.troypub.com; try the Harwood Porter
the next time you are in town) led to many interesting education and research? discussions
(not to mention political and other topics).

Naturally, completing this text would have been a struggle without the support of
my wife, Pat Fahy, and the good sleeping habits of my kids, Brendan and Eileen. They
have done their best to convince me that not all systems are controllable.

*The important interplay of research and education should not be overlooked. Seemingly innocuous
problems assigned in the control class have led to interesting graduate research projects. Similarly,
graduate research results have been brought into the undergraduate classroom.



it REE HELRIERLE
MR E B ER

¥ S| & BRXHA £ &
wb6015 38.00 |A Classical Introduction to Modern Number Theory K.Ireland
wb3310 81.00 |A Course in Computational Algebraic Cohen
wb0081 28.00 |A Course in Differential Geometry Klingenberg
wb5951 39.00 (A Course in Functional Analysis 2nd ed. J.B.Conway
wb6007 39.00 |A Course in Homological Algebra P.J Hilton
wb6573 89.00 |A Course in Real Analysis J. N. McDonald
wb5999 45.00 |A Course in the Theory of Groups 2nd ed. J.S.Robinson
wb7243 73.00 |A First Course in Differential Equations D.G.Zill
wb8300 49.00 |A First Course in Modular Forms F.Diamond
wb6591 45.00 |A Guidebook to Mechanism in Organic Chemistry 6th ed. P.Sykes
wb5919 69.00 |A Quantum Approach to Condensed Matter Physics P.L.Taylor
wb8229 49.00 |Algebra Hungerford
wb7184 | 126.00 [Algebra Revised Third Edition S.Lang
wb0082 82.00 |Algebra Geometry Hartshome
wb4714 59.00 {Algebraic Geometry Harris
wb6618 65.00 |Algebraic Graph Theory C.Godsil
wb6562 48.00 |Algebraic Number Theory 2nd ed. S.Lang
wb3312 69.00 |Algebraic Topology Fulton
wb7185 75.00 Algebraic Topology R. M. Switzer
wb5964 58.00 | An Introduction to Banach Space Theory R.E.Megginson
wb4705 47.00 |An Introduction to Computational Fluid Dynamics Versteeg
wb6009 28.00 |An Introduction to Ergodic Theory P.Walters
wb6645 | 126.00 [An Introduction to Quantum Theory F.S. Levin
wb7294 79.00 |An Introduction to Quantum Theory M.E.Peskin

An Introduction to the Mathematical Theory of Inverse

wbd251 42.00{Problems Kirsch
wb7251 | 126.00 [An Introduction to Theoretical Chemistry J. Simons
wb6614 39.00 |Analytic Methods for Partial Differential Equations G.Evans
wb4098 | 158.00 |[Analytical Chemistry Handbook Dean
wb0730 89.00 [Applications of Lie Groups to Differential Equations Olver
wb4723 72.00 | Applied Mechanics 3rd ed. Hannah
wb5967 36.00 |Applied Quantum Mechanics W.A Harrison
wb8303 39.00 |Atom Optics P Meystre
wb8295 69.00 {Atomic and Electronic Structure of Solids E Kaxiras
wb5962 28.00 [Banach Algebra Techniques in Operator Theory 2nd ed. R.G.Douglas
wb3619 48.00 |Basic Algebraic Geometry 1 Shafarevich
wb3620 43.00 |Basic Algebraic Geometry 2 Shafarevich
wb5958 38.00 |Basic Homological Algebra M.S.Osborne
wb3924 98.00 |Bioorganic Chemistry Dugas
wb7272 68.00 |Bose-Einstein Condensation in Dilute Gases

Pethick




wb7293 45.00 {Brownian Motion and Stochastic Calculus 2nd ed. Karatzas
wb6625 78.00 |Calculus 2nd ed. Vol.1 J. Stewart
wb7242 78.00 |Calculus 2nd ed. Vol.2 J. Stewart
wb7180 56.00 |Carbon Nanotubes and Related Structures P.J. F. Harris
wb7307 45.00 |Case Studies in Time Series Analysis Xie Zhongjie
wb6008 39.00 {Categories for the Working Mathematician 2nd ed. M.Lane
wb7271 99.00 |Chaos in Dynamical Systems 2nd ed. Ott
wb6568 | 216.00 |Chemistry of the Environment 2nd ed. Bailey
wb7179 | 126.00 |Classical Dynamics: A Contemporary Approach J. V. Jose
wb5640 47.00 |Classical Electrodynamics Tung Tsang
wb7266 89.00 |Classical Electrodynamics W. Greiner
wb7313 89.00 |Classical Fields: General Relativity and Gauge Theory M.Carmeli
wb5940 { 110.00 |Classical Optics and its Applications M.Mausuripur
wb5935 92.00 |Clinical Biochemistry: Techniques and Instrumentation J.8.Varcoe
wb3392 76.00 [Coding and Information Theory Roman
wb3738 49.00 |Coherent Optics Lauterborm
wb0058 49.00 {Commutative Algebra Vol.l Zariski
wb0059 65.00 |Commutative Algebra Vol.2 Zariski
wb8231 38.00 |Complex Analysis E.M.Stein
wb6006 59.00 |Complex Analysis 4th ed. S.Lang
Compressible Fluid Flow and Systems of Conservation Laws in
wb7316 33.00{Several Space Variables A. Majda
wb6594 96.00 |Computational Analysis of Biochemical Systems E.O.Voit
wb4720 60.00 |[Computational Methods in Physics and Engineering Wong
wb6622 28.00 |Concepts in Solids: Lecutres on the Theory of Solids P.W.Anderson
wb4737 83.00 |Crystallization 3rd ed. Mullin
wb6604 36.00 |Differential Analysis on Complex Manifolds R.O.Wells
wb3616 57.00 |Differential and Riemannian Manifolds Lang
wb3391 89.00 |Differential Equations and Their Applications 4th ed. Braun
Differential Equations,Dynamical Systems and an Introduction
wb8281 55.00|to Chaos 2nd ed. M.W Hirsch
wb0112 56.00 |Differential Forms in Algebraic Topology Bott
wb0063 34.00 |Differential Topology Hirsch
wb6572 58.00 |Diffusion Processes and Partial Differential Equations K.Taira
wb5921 63.00 |Diffusions, Markov Processes and Martingales Vol.1 L.C.G.Rogers
wb5920 74.00 |Diffusions, Markov Processes and Martingales Vol.2 L.C.G.Rogers
wb8208 99.00 |Digital Geometry R Klette
wb8234 68.00 |Dynamic Asset Pricing Thoery 3rd ed. Darrell Duffie
wb7262 86.00 |Econometrics 3rd ed. B. H. Baltagi
wb4262 69.00 |Electrodynamics of Continuous Media 2nd ed. Landau
wh7273 78.00 |Electrodynamics of Solids Dressel
wb1463 89.00 |Electromagnetics & Calculation of Fields 2nd ed. Ida
wb6589 59.00 |Electronic Properties of Materials 3rd ed. R.E.Hummel
wb8292 89.00 |Electronic Structure R.M.Martin
wb6596 84.00 |Electronic Transport in Mesoscopic Systems S.Datta
wb5956 49.00 |Elementary Methods in Number Theory M.B.Nathanson
wb6550 45.00 |Elliptic Functions 2nd ed.

S.Lang




wb5922 59.00 |Elliptic Partial Differential Equations of Second Order D.Gilbarg
wb4703 60.00 |Engineering Materials Vol.1 2nd ed. Timings
Equilibrium and Non-Equilibrium Statistical
wb8301 89.00| Thermodynamics M.L.Bellac
wb7285 39.00 |Facts and Mysteries in Elementary Particle Physics
wb3955 28.00 |Field and Galois Theory P.Morandi
wh6575 85.00 [Field Quantization Greiner
wb7309 69.00 |Field Theory: A Path Integral Approach Ashok Das
wb6635 99.00 |Finite Volume Methods for Hyperbolic Problems R. J. Leveque
wb4964 79.00 {Fluid Mechanics Spurk
wb4260 76.00 |Fluid Mechanics 2nd ed. Landau
wb6605 39.00 |Foundations of Differentiable manifolds and Lie Groups F.W.Warner
wb5636 63.00 |Foundations of Quantum Chromodynamics 2nd ed. T Muta
wb5968 28.00 |Foundations of Real and Abstract Analysis D.S.Bridges
wb7267 56.00 [Fourier Analysis and Applications G. P. Witomski
wb6556 78.00 |Fourier Analysis and Partial Differential Equations R.lorio
wb7287 29.00 |Fourier Analysis: An Introduction E.M.Stein
wb5918 60.00 {Fourier Integrals in Classical Analysis C.D.Sogge
wb6578 36.00 |Fourier Series Vol.1 R.E. Edwards
wb6579 48.00 |Fourier Series Vol.2 R.E. Edwards
wb2611 75.00 |Functional Analysis 6th ed. Yosida
wb7191 45.00 |Functions of One Complex Variable 2nd ed. J. B. Conway
wb3403 45.00 |Fundamentals of Chemical Kinetics Logan
wb6617 38.00 |Fundamentals of Convex Analysis J-Baptiste
wb6616 63.00 |Fundamentals of Real Analysis S.K.Berberian
wb7259 89.00 |Fundamentals of Semiconductors 3rd ed. P.Y.Yu
wb5957 48.00 |Galerkin Finite Element Methods for Parabolic Problems V.Thomee
wb6587 82.00 |Gauge Theory of Weak Interactions Greiner
wb0078 47.00 |General Relativity for Mathematicians Sachs
wb0057 49.00 |General Topology Kelley
wb6626 88.00 |Geometric Measure Theory H. Federer
Geometric Partial Differential Equations and Image
wb5941 88.00| Analysis G. Sapiro
Geometrical Methods in the Theory of Ordinary Differential
-wb7192 52.00|Equations 2nd ed. V. L. Amold
wb5948 38.00 |Global Analysis in Mathematical Physics Y .Gliklikh
wb0093 33.00 {Graph Theory Bollobas
wb5639 49.00 {Green's Functions for Solid State Physicists Doniach
wb4965 74.00 |Group Theory & Physics Sternberg
wb7304 58.00 |Group Theory in Physics:an Introduction Cornwell
wb3300 41.00 |Groups and Representations Alperin
wb5033 46.00 |Guidebook to Organic Synthesis 3rd ed. Mackie
wb1476 | 150.00 |Handbook of Surface and Colloid Chemistry
wb8221 89.00 |Harmonic Analysis Stein
wb6619 49.00 |Harmonic Function Theory 2nd ed. S.Axler
wb7254 | 156.00 |Hazardous Chemicals Handbook P. A. Carson
wb6004 69.00 |Henderson's Dictionary of Biological Terms 12th ed.

E.Lawrence




wb3398 60.00 {Heterocyclic Chemistry 3rd ed. Gilchrist
Imperial College Inaugural Lectures in Materials Science and
wb5938 38.00|Materials Engineering D.W.Pashley
wb6606 59.00 |Inequalities 2nd ed. G.Hardy
wb8206 39.00 |Infinite Dimensional Lie Algebras 3rd ed. Victor G. Kac
Infinite-Dimensional Dynamical Systems in Mechanics and
wb4716 100.00{Physics 2nd ed. Temam
wb5034 79.00 |Inorganic Reaction Mechanisms Tobe
wb6011 28.00 |Interpolation Spaces: An Introduction J.Bergh
wb0116 29.00 |Introduction to Coding Theory J.H.van Lint
wb4732 38.00 [Introduction to Colloid and Surface Chemistry 4th ed. Shaw
wb6574 48.00 {Introduction to Computational Molecular Biology J.Setubal
wb6002 42.00 {Introduction to Cyclotomic Fields 2nd ed. Washington
wb7289 39.00 |Introduction to Electrodynamics 3rd ed. D.J.Griffiths
wb6014 27.00 |Introduction to Elliptic Curves and Modular Forms N.Koblitz
wb6557 68.00 |Introduction to High Energy Physics 4th ed. D.H.Perkins
wb0087 28.00 |Introduction to Knot Theory Crowell
wb7284 29.00 |Introduction to Lie Algebras and Repressentation Theory J.E.Humphreys
wb7186 49.00 |Introduction to Linear Algebra 2nd ed. S.Lang
wb6593 59.00 |Introduction to Liquid State Physics N. H. March
wb3389 98.00 |Introduction to Numerical Analysis 2nd ed. Stoer
wb6599 89.00 [Introduction to Physical Chemistry 3rd ed. M.Ladd
wb6582 69.00 |Introduction to Solid-State Theory 0O.Madelung
wb6603 48.00 |Introduction to Stochastic Calculus with Applications F.C Klebaner
wb6555 76.00 |Introduction to Surface and Thin Film Processes J.A.Venables
wb5959 38.00 |Introduction to Topological Manifolds JM.Lee
wb6558 76.00 |Isoperimentric Inequalities I.Chavel
wb4270 | 156.00 (Kaye & Laby Tables of Physical and Chemical Constants Kaye
wb6623 98.00 |Knots and Physics 3rd ed. L.H.Kauffman
wb1477 | 360.00 (Lange's Handbook of Chemistry 15th ed. Dean
wb3873 | 110.00 |Lasers & Electro-Optics Davis
wb0060 36.00 |Lectures in Abstract Algebra I Jacobson
wb0061 45.00 {Lectures in Abstract Algebra IT Jacobson
wb0062 49.00 |Lectures in Abstract Algebra III Jacobson
wb7315 39.00 {Lectures on Differential Geometry S.S.Chern
wb7291 49.00 |Lectures on Finite Fields and Galois Rings Zhe-Xian Wan
wb6624 18.00 |Lectures on Lie Groups W.Y Hsiang
wb6010 47.00 |Lectures on Nonlinear Hyperbolic Differential Equations L Hormander
wb0111 39.00 |Lectures on Remain Surfaces Forster
wb0107 37.00 |Lectures on the Theory of Algebraic Numbers Hecke
wb1470 39.00 |Life Insurance Mathematics 3rd ed. Gerber
wb7274 69.00 |Liquid Crystals 2nd ed. Chandrasekhar
wb8293 | 139.00 |Many-Particle Physics 3rd ed. G.D.Mahan
wb4099 69.00 |Markov Chains and Stochastic Stability Meyn
wb8307 69.00 [Martingale Methods in Financial Modelling 2nd ed. M Musiela
wb8207 85.00 |Materials Science of Thin Films 2nd ed. M.Ohring
wb8222 59.00 |Mathematical Anlaysis I

V.A.Zorich




wb8223

69.00 |Mathematical Anlaysis I V.A.Zorich
wb7306 | 189.00 |Mathematical Methods for Physicists 6th ed. Arfken,Weber
wb6559 | 169.00 |Mathematical Methods for Physics and Engineering K.F.Riley
wb0090 87.00 |Mathematical Methods of Classical Mechanics Arnold
wb6560 68.00 |Mathematical Modeling in Continuum Mechanics R.Teman
wb8305 79.00 |Mathematical Physic Vol.1 S.Hassani
wb8306 79.00 {Mathematical Physics Vol.2 S.Hassani
wb3923 65.00 Mathematics for Economics and Finance Anthony
wb3304 49.00 {Mathematics in Medicine and the Life Sciences Hoppensteadt
wb8274 39.00 |Measure Theory P.H.Halmos
wb4255 36.00 {Mechanics 3rd ed. Landau
wb0344 43.00 {Mechanics of Materials 2nd ed. Cai Zengshen
wb6611 59.00 |Methods of Mathematical Finance [.Karatzas
wb5641 | 110.00 [Methods of Mathematical Physics 3rd ed. Jeffreys
wb5931 59.00 |Methods of Modern Mathematical Physics Vol.1 M Reed
wb5932 53.00 {Methods of Modern Mathematical Physics Vol.2 M.Reed
wb5933 68.00 Methods of Modern Mathematical Physics Vol.3 M.Reed
wb5934 59.00 |Methods of Modern Mathematical Physics Vol.4 M.Reed
wb6012 78.00 |Methods of Statistical Physics T.Tanaka
wb6576 45.00 |Microstructure and Properties of Materials Vol.1 JCM..Li
wb6577 42.00 |Microstructure and Properties of Materials Vol.2 JCM.Li
wb5929 98.00 |Modelling Extremal Events for Insurance and Finance P.Embrechts
wb0123 80.00 |[Modern Geometry-Methods and Application Part 1 Dubrovin
wb0133 72.00 {Modern Geometry-Methods and Application Part 2 Dubrovin
wb1264 71.00 |Modern Geometry-Methods and Application Part 3 Dubrovin
wb5963 38.00 (Modern Graph Theory D.S.Bridges
wb6636 | 116.00 [Modern Mathematical Methods for Physicists & Engineers C. D. Cantrell
wb7314 36.00 |Modern Quantum Mechanics J.J.Sakurai
wb5936 98.00 {Molecular Modeling: Principles and Applications 2nd ed. A.R.Leach
wb7258 48.00 [Monte Carlo Strategies in scientific Computing J.S. Liu
wb3824 68.00 |Multivariate Statistical Modelling Based on Generalized Fahrmeir
wb4268 75.00 {Natural Products Mann
wb7275 59.00 |Newton to Einstein: The Trail of Light Baierlein

Nonlinear Oscillations, Dynamical Systems, and Bifurcations
wb1471 73.00|of Vector Fields Guckenheimer
wb8294 79.00 [Nonlinear Systems: Analysis, Stawbility and Control S.Satry
wb7270 68.00 {Nonlinear Waves, Solitons and Chaos 2nd ed. Infeld
wb7190 59.00 (Number Theory for Computing 2nd ed. Song Y. Yan
wb5966 38.00 |Numerical Analysis R Kress
wb3299 65.00 |Numerical Partial Differential Equations Vol 1 Thomas
Numerical Partial Differential Equations: Conservation Laws
wb7269 76.00iand Elliptic Equations J. W. Thomas
wb4103 36.00 |Operational Quantum Physics Busch
wb4962 | 190.00 |Optical Coherence & Quantum Optics Mandel,Worf
wb6600 86.00 {Optics 11th ed. M. H. Freeman
wb3659 64.00 (Optima and Equilibria Aubin
wb5928 39.00 |Ordinary Differential Equations

W. Walter




