Modeling
Using MATLAB
Second Edition

MATERIALS

extras.springer.com | 2 @ SPI‘ inger




Ekkehard Holzbecher

Environmental Modeling

Using MATLAB®

@ Springer



Priv.-Doz. Dr.-Ing. Dipl.-Math. Ekkehard Holzbecher
Georg-August Universitdt Gottingen

Goldschmidtstr. 3

37077 Gottingen

eholzbe@gwdg.de

Additional material to this book can be downloaded from http://extra.springer.com.

ISBN 978-3-642-22041-8 e-ISBN 978-3-642-22042-5
DOI 10.1007/978-3-642-22042-5
Springer Heidelberg Dordrecht London New York

Library of Congress Control Number: 2011941398

@ Springer-Verlag Berlin Heidelberg 2012

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilm or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965,
in its current version, and permission for use must always be obtained from Springer. Violations are liable
to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not imply,
even in the absence of a specific statement, that such names are exempt from the relevant protective laws
and regulations and therefore free for general use.

Printed on acid-free paper

Springer is part of Springer Scier-



Contents

Part I Primer to Modeling with MATLAB®

1 Introduction........ ... ... ... . . .. ... . .. 3
1.1 Environmental Modeling Using MATLAB® . . .. ........... 3

1.2 Introductionto MATLAB®. . ............... ... ... ..... 7
1.2.1 Getting Started with MATLAB® . . . ............... 8

1.2.2 Matricesin MATLAB® . ... ..................... 15

1.2.3 Basic Matrix Operations. . ... ................... 19

1.3 A Simple Environmental Model . . .. .................... 25
1.4 MATLAB® Graphics ~ The Figure Editor. . . ... ........... 29

1.5 MATLAB® Help System. . . ...t 32
References . .. .. .ot i 32

2 Fundamentals of Modeling, Principles and MATLAB® . ... .. ... 35
2.1 MOdel TYDPES: ¢ s : s v smmpmumsmns 554356 0s cmmumimain s 35
22 Modeling Steps s ws v e s 5555 su snsnsmeananss o285 s 36
2.3 Fundamental Laws. . ... ... ... ... . .. e 40
2.3.1 Conservationof Mass. .. ............. ... ...... 40

2.3.2 Conservation of Momentum . . .................... 41

233 Conservationof Energy. . ... ... ... ... ... .. .... 41

2.4 Continuity Equation forMass . . . ....................... 42
25 MATLAB® M-files. .. ..., 46
26 Isand Loops in MATLAB® . . ........................ 51
2.7 Debuggingof Mfiles. .. ... ... ... ... .. .. . i 55
Reference. : cowmems 15 s s dmmns 15 s.0mans s 888 sROEFS 5§ 8 imBHEe 56

3 Transport. .. ... ... ... 57
3.1 The Conservation Principle . . .. ........ ... ............ 57
3.2 Fick’s Law and Generalizations . . . . ..................... 59
32,1 Diffusion. . ... 59

322 DISPersion. ... ... ...t 63

XV



XVi

Contents

3.3 The Transport Equation. . .. .......... ... .. .......... 64
331 MassTransport: -« . v: v 2 s sc o vmmimnnsssssinssas 64

3.3.2 Fourier’s Law and Heat Transport. . . . ............. 68

3.4 Dimensionless Formulation. . .......................... 71
3.5 Boundary and Initial Conditions. . ... ................... 71
References. .. ... ..o 73
Transport Solutions. . . . . ........... ... .. ... ... ... .. ... 75
4.1 1D Transient Solution for the Infinite Domain. .. ... ... ... .. 75
4.2 A Simple Numerical Model . . .. ....... ... ... ... .. ...... 80
4.3 Comparison Between Analytical and Numerical Solution. . . . .. 88
4.4 Numerical Solution Using MATLAB® pdepe . . . . .......... 90
45 Example: IDInflow Front. ... ... ... ... ... ... .. .. 93
References s wmmns s ss sunmmss 63 50EENs 35 2 iNESHEE S § 58 sMEEE 95
Transport with Decay and Degradation. . ... ................ 97
5.1 Decay and Degradation. .. ............. ... .. ... ...... 97
5.2 1D Steady State Solution. . . ........... . ... ... ... .... 100
5.3 Dimensionless Formulation. .. ......................... 102
5.4 Transient SOIUtIONS . . . . . . ..ottt e 108
References. . . ... ... . . 110
Transport and Sorption. . . . ........ .. ... .. ... .. .. ... ..., 111
6.1 Interphase Exchange................................. 111
6.2 Retardation::soewsssssvisses s smmmsnmans 62563 s 117
6.3 Analytical Solution. . ... ... .. .. L. 120
6.4 Numerical Solutions. . ........... ... ... ... .. ....... 122
6.5 Slow Sorption. ... ... ... ... 126
6.6 MATLAB® Animations. . .. ............. ... 130
References.: s cosvsncsivavimsansss s spmmuas i s sasmmmns 8 5 iams 132
Transport and Kinetics . . . .. ......... ... .. ... ............ 133
7.1 Introduction.............. .. .. ... 133
7.2 Law of Mass Action for Kinetic Reactions . .. . ............. 136
7.3 Monod, Michaelis—Menten and Blackwell Kinetics. . . ... ... . 137
7.4 BacteriaPopulations. . .. ... ... .. 138
7.5 Steady States. . ... .. ... 140
References. . ... 145
Transport and Equilibrium Reactions. . .. ............. ... ... 147
8.1 Introductory Example........... ... ... .. ... .. .. ... 147
8.2 The Law of Mass Action for Equilibrium Reactions. . ........ 151
8.3 Speciation Calculations . . ... ...ttt 153
8.4 Sorption and the Law of Mass Action. .. ................. 157
8.5 Transportand Speciation. . ............ ... .. . ..., 160

References. . ... . e 166



Contents XVil

9 Ordinary Differential Equations: Dynamical Systems . . . . . ... .. 169
9.1 Streeter-Phelps Model for River Purification. . . ............ 170
9.2 Details of Michaelis—Menten or Monod Kinetics. . . .. ....... 173
9.3 1D Steady State Analytical Solution. . . .................. 176
04 Redox SEqUENCES. . ... ..o i it 184
References . . oo et e e e e e e 188

10 Parameter Estimation. . .. . .......... ... ... ... ... .. ... 191
10:1 TntrodUuCtOn.c o« o5 : ¢ s s ¢ 5 ¢ smmsmmnes o5 s s sommmwnanm e 191
10.2 Polynomial Curve Fitting . . .. .. ......... ... ........... 193
10.3 Exponential Curve Fitting . .. . ....... .. ... ... ....... 196
10.4 Parameter Estimation with Derivatives. . . ................ 198
10.5 Transport Parameter Fitting . . . .. ............. ... .. ... 206
10.6 General Procedure. . . ....... ... ... .. ... i 209
| 2 S} 153 1 - U T T T 213

Part II Advanced Modeling Using MATLAB®

11 FlowModeling. . .. ... ... ... . ... . ... ... . . . 217
11.1 The Navier-Stokes Equations for Free Fluids . .. . .......... 218
11.2  The Euler Equations and the Bernoulli Theorem .. .......... 224
11.3 Darcy’s Law for Flow in Porous Media. . ................ 228
11.4 Flow in Unsaturated PorousMedia. . ... ................ 232
REfEICNCES . « vuimmmmme s o 85 SmmMBEs 85838 EMBEREHTE 3 558 sumw 237
12 Groundwater Drawdown by Pumping . . . ... ................ 239
12.1 Confined Aquifer. .. ... .... ... ... .. . i i 239
12.2 Unconfined Aquifer. . .. ... ... ... ... .. . . .. 242
12.3 Half-confined Aquifer. . ........... ... . ... ... ... 245
124 Unsteady Drawdown and Well Function. . . .............. 246
12.5 Automatic Transmissivity Estimation. .. ................. 248
REfErences . . . . vttt e s 252
13 Aquifer Baseflow and 2D Meshing . . . ... .............. .. ... 253
131 ID ANALYSIS . - o e 253
132 1D Implementation. . .. ... ... .ttt 255
133 2D Implementation. . .. ... ... vttt 257
134 Meshsand Grids . . . ... ..ot it 260
Reference . . ... it 263
14 Potential and Flow Visualization. . . . ... .................... 265
14.1 Definition and First Examples. .. .. .................... 265
14.2 Potential and Real World Variables. . ... ................ 268
14.3 Example: Groundwater Baseflow and Well . . .. ........... 270
144 MATLAB® 2D Graphics. .. .. ... i 273
145 MATLAB® 3D Graphics. . . .. oovvvi oo 278

References. . ... ... ... oo, D Ad e ) whow wis 3T2HB KONV PR



Xviii

15

16

17

18

19

20

21

Contents

Streamfunction and Complex Potential . . ... ... ... ... ... ... ... 281
[5.1 Streamfunction. ... ............. oo, 281
15.2 The Principle of Superposition. . . ..................... 285
152.1 TheDoublette. ... ... ... ... ... . ... .. . 286

1522 MirrorWells. . ... ... i 287

15.3 Complex Analysis and Complex Potential . . . ............. 291
15.4 Example: Vortices or Wells Systems . . . ................. 295
15.5 Example: Thin Objects in Potential Flow . . . . ... .......... 299
| 335 13053 1 Lo P T T TR T T T IE 301

2D and 3D Transport Solutions (Gaussian Puffs and Plumes). . . . 303

16,1 Introduction. . . ..o v i e e e 303
16.2 2D Instantaneous Line Source. . .. ..............c...... 308
16.3 2D Constant Line Source. . ... .. ... . ... 309
16.4 3D Instanteneous SOUICE . . . . . .. .ottt t it e e 309
16.5 3D Constant SOUICE . . . . . . i i it e 311
RETErENCES . . o ot e e e e 315
Image Processing and Geo-Referencing . . . .................. 317
17.1 Introduction. . .. ... ... i e s 317
172 ReadingandDisplay. ... ... ... .. ... ... ... ... . ... 318
173 Ged-RefefeNBilis : ; svnnusmpenamayme 555+ 605 cmmmme 319
174 DIigitizing . .. oo oo s ccmumnss s enpnnscssnmms: s sems 322
175 MATLAB® FUNCHONS . . o .\ vt e i e e e e ee e e 324
References . . . ..o e e 325
Compartment Graphs and Linear Systems . . . ... ............. 327
18.1 Compartmentsand Graphs. .. ........................ 327
182 Linear SyStems. ... .. ... .ot 331
18.3 Eigenvalues and Phase Space. .. .......... ... ... ..... 341
ReferenCes . & . ot o e e e e 346
Nonlinear Systems . . . . .. .. ... 347
19.1 LogisticGrowth. . ... ... .. ... i 347
19.2 Competing Species . . . .. ..o 350
193 Predator—Prey Models. .. ............. ... ... ... L 356
19.4 Chaos (Lorenz Atractor) . . . ... vt e ittt e e 360
RETEIONCES . - o ocomvimis o v v s 5w mis 5 55 8 S a@Bs 3 85 0w @us o § 88 362
Graphical User Interfaces. . . . ..... ... ... ............... 363
20.1 The MATLAB® Guide . . ....... 0. 363
20.2 TheTransport GUL. ... ... ... . .. i 371
RefErenCes . . v v omomimn v v o s nmiiw @b 285 5 SMEESES 35 SHAEEHS 3 8 375
Numerical Methods: Finite Differences. ... .................. 377
21.1 Introductory Example .. . ..... .. ... ... ... .. ... 378
21.2 Finite Differences . . . . ... ... . .. 381

21.3 A Finite Difference Example . .. ....... ... ... ... .. ... 386



Contents XiX

21.4 Solution for the 2D Poisson equation. . .. ................ 389
21.5 Solution for the 2D Diffusion-Decay Equation. .. .......... 392
REfOIeNCES . v vvv 6 v v v o b is 8 55 e G @ e s s 55 A sy 393
Supplements. . . ... ... ... 395
Supplement 1: MATLAB® Datalmport. . .. .................. 395
Supplement 2: Data Export. .. ....... .. ... 398
Supplement 3: Data Presentation in a Histogram . . . ... .......... 398
Epilogue . . . ... . e 399
References. . ... ...t 400
MATLABI Command Index . . . .............................. 401
Companion Software List . . .. ... ........ ... .......... ...... 405



