D.Jou J.Casas-Vazquez
G. Lebon

Extended Irreversible
Thermodynamics

Second Revised and Enlarged Edition
With 27 Figures

©: Springer



Contents

Part I. General Theory

1 Classical and Rational Formulations
of Non-equilibrium Thermodynamics . . . .

1.1 The General Balance Laws of Continuum Physics
1.2 The Law of Balance of Entropy .. .. .. ...
1.3 Classical Irreversible Thermodynamics . . . . .

1.4 Rational Thermodynamics . . ... ... .. .... ... .. .. ....
Problems . . .. .. . . . .. e e

References . . . .. .. .. .. .. ... ......

2  Extended Irreversible Thermodynamics . .

2.1 The Generalized Gibbs Equation . . ... ...

2.2 The Generalized Entropy Flux and Entropy Production . .. .. .. ...

2.3 Evolution Equations of the Fluxes . ... .. ..

2.4 Non-equilibrium Equations of State and Convexity Requirements

2.5 A Physical Interpretation of the Non-equilibrium Entropy . . . . .. ..

2.6 An Axiomatic Formulation of EIT . . ... ..
2.7 Some Comments and Perspectives . . ... ..
Problems . ............. . ... ...,

References . .. .. . ... . . . . ... ... ..

Part II. Microscopic Foundations

3 TheKinetic Theoryof Gases . .. ... ...

3.1 The Basic Concepts of Kinetic Theory . . . ..

3.2 Non-equilibrium Entropy and the Entropy Flux

13
15
24
33
39

41

42
44
47
49
54
57
67
70
73

77

77
82



XII  Contents

33Grad'sSolution . . ... ... e 84
3.4 The Relaxation-Time Approximation . . .. .. ............. 88
3.5 Dilute Non-ideal Gases . . . . . . .. ... . ... 90
3.6 Non-linear Transport . . . . .. ... ... .. ... ... ....... 95
3.7 Beyond the Thirteen-Moment Approximation:

Continued-Fraction Expansions of Transport Coefficients . . . .. ... 101
Problems . ... ... ... .. ... 106
References . . . . .. . . . . ... . e 109
4 FluctuationTheory .. ... ... ... ... ... ............ 111
4.1 Einstein's Formula. Second Moments of Equilibrium Fluctuations . . . . 111
42 Ideal Gases . . . . . . . .. i e e e 116
4.3 Fluctuations and Hydrodynamic Stochastic Noise . . . ... ... .. .. 119
44 TheEntropy Flux . .. .. ... ... . . ... i 120
4.5 Application: RadiativeGas . . . .. ... ... .. ... ... ..., 122
4.6 Onsager'sRelations . . ... ........................ 124
Problems . ... .. . . . .. e 127
References . . . . . . . . . . . e 129
5 Non-equilibrium Statistical Mechanics . . ... ... ... ... ... 131
5.1 Projection OperatorMethods .. . . ... ... .............. 131
5.2 Evolution Equations for Simple Fluids . .. ... ............ 136
5.3 The Information-Theory Approach . . . ... .. ............ 140
5.4 The Ideal Gas Under Heat Flux and Viscous Pressure . . . . ... ... 145
5.5 Heat Flow in a Linear Harmonic Chain . . . . . . . ... ... ... .. 150
5.6 Relativistic Gas Under an Energy Flow . . . ... ... .. ....... 155
Problems . .. . .. . ... .. e 159
References . . . . . . . . . . e 162
Part ITII. Selected Applications
6 Hyperbolic Heat Conduction . . ... .................. 167
6.1 The Finite Speed of Thermal Signals. Second Sound . . . . ... .. .. 168

6.2 HeatPulses . . . . . . . . . 0 i i i i e e e e e e e e 172



Contents

6.3 Phonon Hydrodynamics. Poiseuille Phonon Flowin Solids . . . . . . ..
6.4 Non-equilibrium Absolute Temperature . . ... .. ... ........
6.5 Second Sound Undera HeatFlow . .. ..................
6.6 Heat Conduction in a Rotating Rigid Cylinder . ... ... ... .....
6.7 The Second Law in Non-equilibrium Situations: a Simple Hlustration . . .
6.8 Non-linear Heat Transfer: Flux Limiters . . . .. ... ... .......
6.9 Other Applications . . . . . . . . . v v v i ittt e e e
Problems . . . . . . ... e e
References . . . . . . . . . e

7 Rheological Materials . . .. ... ....................

7.1 Rheological Models . . . .. .. ... .. ... ... . L
7.2 Extended Thermodynamic Description of Linear Viscoelasticity . . . . .
7.3 The Rouse-Zimm Relaxational Model . . .................
7.4 Extended Irreversible Thermodynamics of Second-Order
Non-NewtonianFluids . . . . ... ... ................
Problems . ... ... ... ...
References . .. .. .. ... . ... e

8 WavesinFluids . ................. .. ... .....

8.1 Hydrodynamic Modes in Simple Fluids . . . .. ... ... .... ..
8.2 Transverse Viscoelastic Waves . . . .. ... ... ...........
8.3 Ultrasound Propagation in Monatomic Gases . . . .. .........
8.4 Shock Waves
Problems

References

9 Generalized Hydrodynamics and Computer Simulations . . . . . . .

9.1 Generalized Hydrodynamics. Density and Current Correlation Functions .
9.2 Spectral Density Correlation . . . .. .. .. .. .. ...........
9.3 The Transverse Velocity Correlation Function: the EIT Description

9.4 The Longitudinal Velocity Correlation Function: the EIT Description

9.5 Computer Simulations of Non-equilibrium Steady States . . . ... ...
Problems . .. . . ... e
References . . . . . . . . . . . e e

XII

177
181
183
185
187
192
195
196
200

203

204
209
218

225
234
238

241

241
243
245
254
262
264

265



XIV  Contents

10 Non-classical Diffusion and Electrical Conduction . ... ... ...

10.1 Extended Thermodynamics of Diffusion . . . .. .. ... ... ...,
10.2 Telegrapher's Equation and Stochastic Processes . . . . .. .. .. ...
10.3 Taylor Dispersion . . . .. .. ... ... . ... ... .. ...
10.4 Non-Fickian DiffusioninPolymers . ... ... .............
10.5 Electrical SyStems . . . . . . . v i it e e e e e e e e
10.6 Cross Terms in Constitutive Equations: Onsager's Relations . . . . . . .
10.7 Hydrodynamical Models of Transport in Semiconductors . . . . . . . .
Problems . .. ... ... ...
References . . . . . . . . . . . .. . e

11 Thermodynamics UnderFlow . .. ... ... .. ... ........

11.1 The Chemical Potential Under Shear. Flow-Induced Changes

in the Phase Diagram of Solutions . . . . . ... ... ... .....
11.2 Explicit Solution for the Rouse-Zimm Model . . . .. .. ... .. ..
11.3 Chemical Reactions Under Flow: Polymer Degradation . . ... ...
11.4 Dynamical Approach . . . . .. .. ... ... ... . ... .....
Problems . .. ... . . . .. e
References . . . . .. .. . . .. e

12 Relativistic Formulation and Cosmological Applications . . . . . .

12.1 The Macroscopic Theory . . . . .. ... ... ... .. .......
12.2 Characteristic Speeds . . . . . . ... .. ... .
12.3 The Relativistic Kinetic Theory . . . . . ... ... ... ......
12.4 Cosmological Applications: Viscous Models . . . . .. ... ... ..
12.5 Extended Thermodynamics and Cosmological Horizons . . .. .. ..
12.6 Other Applications: Nuclear Collisions . . . . .. ... ... .....
Problems . . .. .. ... ..
References . . . . . .. .. . . . e

Appendices . . . . . ... L e

A. Summary of Vector and Tensor Notation . . . ... .. ... ......
B. Useful Integrals in the Kinetic Theoryof Gases . . . .. .. .. ... ..
C. Some Physical Constants .. . . .. ... ... ..............

SubjectIndex . . . ... ... ... . ... ...

321

322
327
332
337
341
343

345

345
349
352
357
363
366
367
370

373

373
376
376

377



