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Systems with chemical reactions

Chemical kinetics

Near-equilibrium linearization

Onsager reciprocity from Ziegler principle of 
maximum entropy production rate
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Relation between rates and affinities: far and near equilibrium
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Detailed kinetic mechanism for the oxidation of hydrocarbons

Fig.10 in T. Lu and C.K. Law, Progress in Energy and Combustion Science 35, 192 (2009).

Reactions A b E

1 O+O+M=O2+M 1.20E+17 -1 0

2 O+H+M=OH+M 5.00E+17 -1 0

3 H+H+M=H2+M 1.00E+18 -1 0

4 H+H+H2=H2+H2 9.00E+16 -0.6 0

5 H+H+H2O=H2+H2O 6.00E+19 -1.3 0

6 H+OH+M=H2O+M 2.20E+22 -2 0

7 H+O2+M=HO2+M 2.80E+18 -0.9 0

8 H+O2+O2=HO2+O2 2.08E+19 -1.2 0

9 H+O2+H2O=HO2+H2O 1.13E+19 -0.8 0

10 OH+OH+M=H2O2+M 7.40E+13 -0.4 0

11 O+H2=H+OH 3.87E+04 2.7 6260

12 O+HO2=OH+O2 2.00E+13 0 0

13 O+H2O2=OH+HO2 9.63E+06 2 4000

14 H+O2=O+OH 2.65E+16 -0.7 17041

15 H+HO2=O+H2O 3.97E+12 0 671

16 H+HO2=O2+H2 4.48E+13 0 1068

17 H+HO2=OH+OH 8.40E+13 0 635

18 H+H2O2=HO2+H2 1.21E+07 2 5200

19 H+H2O2=OH+H2O 1.00E+13 0 3600

20 OH+H2=H+H2O 2.16E+08 1.5 3430

21 OH+OH=O+H2O 3.57E+04 2.4 -2110

22 OH+HO2=O2+H2O 1.45E+13 0 -500

23 OH+H2O2=HO2+H2O 2.00E+12 0 427

24 HO2+HO2=O2+H2O2 1.30E+11 0 -1630
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Relation between rates and affinities: far and near equilibrium
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Relation between rates and affinities: far and near equilibrium
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Nonequilibrium models must satisfy Onsager reciprocal relations near-equilibrium

Linearization of rate-affinity (flux-force) relations
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Nonequilibrium models must satisfy Onsager reciprocal relations near-equilibrium

Explicit relations for the case of two rates and two affinities
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Onsager relations in the linear regime as a consequence of the

principle of maximum entropy production rate (Ziegler, 1958)
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Graphical illustration of the 

Ziegler orthogonality relation

e2

e1
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Graphical illustration of the 

Ziegler orthogonality relation

e2

e1

Slide 21.11



© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

Graphical illustration of the 

Ziegler orthogonality relation
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Graphical illustration of the 

Ziegler orthogonality relation

e2

e1
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Nonequilibrium in 
heat transfer

Fourier law of thermal conduction

Onsager relations and symmetry of the 
thermal conductivity tensor

Cattaneo law of damped thermal wave
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Familiar near-equilibrium, nonequilibrium states

steady-state heat flux
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Familiar near-equilibrium, nonequilibrium states
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Slide 21.16



© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

Familiar near-equilibrium, nonequilibrium states
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Familiar near-equilibrium, nonequilibrium states

Fourier law of thermal conduction
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Anisotropic Fourier conduction in 2D - special change of coordinates
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Baumeister, Hamill, Hyperbolic Heat-Conduction Equation—A Solution for the Semi-Infinite Body Problem, J.Heat Transfer, 91, 543 (1969)
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Cattaneo-Vernotte heat conduction equation 
(eliminates the paradox of instantaneous propagation implied by Fourier heat equation)
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Slide 4:  

Image showing size of selected detailed and skeletal mechanisms for hydrocarbon fuels, together with the approximate years when the 
mechanisms were compiled courtesy Elsevier, Inc., https://www.sciencedirect.com. Used with permission.

Slide 7:

Portrait of Lars Onsager is in the public domain.

Slides 10–13:

Portrait of Hans Ziegler © Source unknown. All rights reserved. This content is excluded from our Creative Commons license. For more 
information, see https://ocw.mit.edu/help/faq-fair-use.

Slide 20:

Figure showing heat flux at wall as a function of time-short time solution, typical temperature profile showing discontinuity at wave front, and 
map of undisturbed and thermal wake regions © The American Society of Mechanical Engineers. All rights reserved. This content is excluded 
from our Creative Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use.
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