Contents

1 Setting the Stage 1
1.1 Introduction ... .......... ... ... 1
1.2 Some Classifications and Terminology . ........... 2
1.3 Scale .. ... . .. .. e 7
1.4 SomeExamples ... ...... ... ... ... .. ... ... 10

1.4.1 Chemical Vapor Deposition . .............. 10
1.4.2 Hydrodesulfurization . . ................. 12
1.4.3 Olefin Polymerization . . . . ............... 15
1.4.4 Hepatitis B Virus Modeling . .. ............ 18
1.5 AnOverviewoftheText ..................... 20

2 The Stoichiometry of Reactions 27
2.1 Introduction .. ... ... ... .. .. .. 27
2.2 Chemical Reactions and Stoichiometry ... ......... 28
2.3 IndependentReactions ...................... 35
2.4 Reaction Rates and Production Rates . ............ 41
2.5 Computational Aspects of Stoichiometry . .. ........ 46

2.5.1 Computing Production Rates from Reaction Rates 47
2.5.2 Computing Reaction Rates from Production Rates 48
2.5.3 Measurement Errors and Least-Squares Estimation 49

2.6 Summary and Notation . ..................... 53
2.7 EXEICISeS . . . . i i i it e e e 55
3 Review of Chemical Equilibrium 63
3.1 Introduction .. ... ... ... ... .. ... 63
3.2 Condition for Reaction Equilibrium .............. 64
3.2.1 Evaluation of the Gibbs Energy Change of Reaction 75
3.2.2 Temperature Dependence of the Gibbs Energy . . . 76

3.3 Condition for Phase Equilibrium . ............... 79
3.3.1 IdealMixtures . . . ... .. ... ..., 80
3.3.2 Nonideal Mixtures .. ................... 82

3.4 Heterogeneous Reactions . . ... ................ 82
3.5 MultipleReactions . ............ ..., 88
3.5.1 Algebraic Approach . ................... 88
3.5.2 Optimization Approach . ................ 92



Xii Contents

3.6 Summary and Notation ... ...................
3.7 EXercises . ... .. .. ... e e

4 The Material Balance for Chemical Reactors
4.1 General MoleBalance .......................
4.2 The BatchReactor .............. ... . ... ....
4.2.1 Analytical Solutions for Simple Rate Laws . . . . . .
4.3 The Continuous-Stirred-Tank Reactor (CSTR) . ... .. ..
4.4 The Semi-BatchReactor . .. ...................
4.5 Volume Change Upon Reaction . ................
4.6 The Plug-Flow Reactor (PFR) . ... ... ............
4.6.1 Thin Disk Volume Element . ..............
4.6.2 Steady-State Operation . ... ..............
4.6.3 Volumetric Flowrate for Gas-Phase Reactions. . . .
4.6.4 Volumetric Flowrate for Liquid-Phase Reactions . .
4.6.5 Single Reaction Systems . .. ..............
4.6.6 Multiple-ReactionSystems . . ... ...........
4.7 Some PFR-CSTR Comparisons . . ... .............
4.8 Stochastic Simulation of Chemical Reactions .. ... ...
4.9 Summary and Notation . .. ...................
4. 10EXercises . . .. .. i e e e

5 Chemical Kinetics

5.1 Introduction . ............ ... ...
5.2 Elementary Reaction . . ... ...................
5.3 Elementary Reaction Kinetics ... ...............
5.4 Fastand Slow Time Scales . ...................

5.4.1 The Reaction Equilibrium Assumption . ... .. ..

5.4.2 The Quasi-Steady-State Assumption. . .. ... ...
5.5 Rate Expressions ... ..... ... ... . ...
5.6 Reactions atSurfaces .......................
5.7 Summary and Notation . .....................
5.8 EXercises . ... .. .. e

6 The Energy Balance for Chemical Reactors
6.1 General Energy Balance . ... ..................
6.1.1 WorkTerm . ............ ... .
6.1.2 EnergyTerms .. ........... ... .. .......
6.2 TheBatchReactor .........................
6.3 The CSTR . . . . . . e e e e
6.3.1 Steady-State Multiplicity . .. ... ... ........

111
111
112
113
129
133
133
146
146
147
147
148
149
151
159
164
173
176

189
189
190
195
207
209
218
226
237
255
257



Contents

6.3.2
6.3.3

Stability of the Steady State . .. ............
Sustained Oscillations, Limit Cycles . . . .. ... ..

6.4 The Semi-BatchReactor . ... ..................
6.5 The Plug-FlowReactor . . . .. ..................

6.5.1
6.5.2

Plug-Flow Reactor Hot Spot and Runaway . . . . ..
The Autothermal Plug-Flow Reactor . . . ... .. ..

6.6 Summary and Notation . .....................
6.7 EXEercises . . . ... .. .. i

7 Fixed-Bed Catalytic Reactors
7.1 Introduction ............ ... ...,
7.2 CatalystProperties . .. .. .. ... ... . ... .......

7.2.1

Effective Diffusivity ... ... ..............

7.3 The General Balances in the Catalyst Particle .. .. .. ..
7.4 Single Reaction in an Isothermal Particle . . . .. .. .. ..

7.4.1
7.4.2
7.4.3
7.4.4
7.4.5
7.4.6

First-Order Reaction in a Spherical Particle . . . ..
Other Catalyst Shapes: Cylinders and Slabs . . . . .
Other Reaction Orders . .................
Hougen-Watson Kinetics . .. ... ...........
External Mass Transfer . . ................
Observed versus Intrinsic Kinetic Parameters

7.5 Nonisothermal Particle Considerations . ...........
7.6 Multiple Reactions . .. ........... ... .......
7.7 Fixed-Bed ReactorDesign . . . ... ... ............

7.7.1

Coupling the Catalystand Fluid ............

7.8 Summary and Notation . .....................
7.9 EXercises . ... ... .. e e

8 Mixing in Chemical Reactors
8.1 Introduction . ....... ... ...
8.2 Residence-Time Distribution. . .................

8.2.1
8.2.2
8.2.3
8.2.4
8.2.5
8.2.6

Definition . ............. ... ... ......
Measuringthe RTD .. ... ...............
Continuous-Stirred-Tank Reactor (CSTR) . . . . . ..
Plug-Flow Reactor (PFR) and Batch Reactor . .. ..
CSTRsin Series . . . ... ... ... .. ...
Dispersed PlugFlow . . . . .. ..............

8.3 Limits of Reactor Mixing . ....................

8.3.1
8.3.2
8.3.3

Complete Segregation. . ... ..............
Maximum Mixedness . ..................
Mass Transfer and Limits of Reactor Mixing

Xiii

295
305
316
317
322
326
332
338

355
355
357
360
363
365
366
374
377
380
385

. 390

392
395
400
400
416
419

433
433
434
434
435
439
442
444
446
454
455
458

. 464



Xiv Contents

8.4 Limits of Reactor Performance . ................ 469
8.4.1 A Single Convex (Concave) Reaction Rate ... ... 469
8.4.2 TheGeneralCase. .. ............. ..., 474

8.5 Examples in Which Mixing is Critical . . . .. ......... 479

8.6 Summary and Notation . ... .................. 486

8.7 EXercises . ... ... . ... e 490

9 Parameter Estimation for Reactor Models 501

9.1 ExperimentalMethods....................... 501
9.1.1 Analytical Probes for Concentration ......... 501
9.1.2 Experimental Reactors for Kinetics Studies . . . .. 506
9.1.3 Characterizing Catalysts and Surfaces . ....... 510

9.2 Data Modeling and Analysis . .. ................ 513
9.2.1 Review of the Normal Distribution .......... 514
9.2.2 Eigenvalues and Eigenvectors . . . ........... 515
9.2.3 Least-Squares Estimation. . ............... 517
9.2.4 Least Squares with Unknown Variance ... ... .. 523
9.2.5 Nonlinear Least Squares . ................ 527
9.2.6 Design of Experiments . ................. 532
9.2.7 Parameter Estimation with Differential Equation

Models .. ...... ... . . .. .. ... .. 538

9.3 AnIndustrialCaseStudy ..................... 551

9.4 Summary and Notation . ..................... 562

9.5 EXErCiSes . . . . . . o it i 565

A Computational Methods 575

A.1 Linear Algebra and Least Squares. . . ............. 575

A.2 Nonlinear Algebraic Equations and Optimization .. ... 578
A.2.1 Defining Functions (function) . . ... ........ 578

A.2.2 Solving Nonlinear Algebraic Equations (fsolve) . . 579
A.2.3 Solving Nonlinear Optimization Problems (npsol) 580

A.3 Differential Equations (Isode) . . . ... ............ 582
A.3.1 Differential-Algebraic Equations (dass1) . . ... .. 584
A.3.2 Automatic Stopping Times (ddasrt) ......... 584

A.4 Sensitivities of Differential Equations (ddasac) . . ... .. 585

A.5 Boundary-Value Problems and Collocation (colloc). ... 589

A6 EXErCiSes . . .. .. it e e e 595

Index 599



