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Ingredients of the general balance equations for the extensive properties of a continuum:

Diffusive and convective fluxes in terms of  transport velocities
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“Heat&diffusion” mode of interaction between adjacent elements
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General balance equations for an extensive property of a continuum
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Nonequilibrium in 
heat, mass, and charge transfer

the extrinsic relation for the entropy 
production density in terms of fluxes and 

forces
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General “entropic form” of the expression for σ
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σ in terms of the measurable heat flux q" in the absence of charge carriers
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σ in terms of the measurable heat flux q" and the current density I"
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σ in terms of q", I" and Φ: an "extrinsic relation"
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To σ  is the rate of exergy dissipation per unit volume
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Force-Flux shorthand notation
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Nonequilibrium in 
heat, mass, and charge transfer

linear relations between forces and fluxes

cross effects and Onsager reiprocal relations

Curie principle
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Material resistance to flux and forces: “intrinsic” relations for σ
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Direct laws (neglecting cross effects)
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Onsager nonequilibrium cross effects and the Curie symmetry principle
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sketch of Onsager’s original proof

This slide was not discussed in class. It was added a posteriori as useful reference in response to a student's request.
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Orthogonality relations yield Onsager relations in the linear regime as a consequence of the

principle of maximum entropy production rate (Ziegler, 1958)
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Orthogonality relations in the nonlinear regime as a consequence of the

principle of maximum entropy production rate (Ziegler, 1958)
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Material resistance to flux and forces: steepest entropy ascent

G.P. Beretta, "The fourth law of thermodynamics: steepest entropy ascent." 
Phil. Trans. Royal Society A 378: 20190168 (2020).
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Material resistance to flux and forces: steepest entropy ascent
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Material resistance to flux and forces: steepest entropy ascent
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Material resistance to flux and forces: steepest entropy ascent
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Material resistance to flux and forces: steepest entropy ascent
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Material resistance to flux and forces: steepest entropy ascent
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We may call Fourth Law the statement of existence of metric G

G.P. Beretta, "The fourth law of thermodynamics: steepest entropy ascent." 
Phil. Trans. Royal Society A 378: 20190168 (2020).
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“Not near but not too far” from SES (so that the assumed local equilibrium Gibbs relation still holds):

force-flux relations from SEA (steepest entropy ascent) 
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The Fourth Law: existence for every state of a local nonequilibrium dissipative metric G
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More on Steepest Entropy Ascent

This slide was not discussed in class. It was added a posteriori as useful reference in response to a student's request.
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More on Steepest Entropy Ascent

This slide was not discussed in class. It was added a posteriori as useful reference in response to a student's request.
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More on Steepest Entropy Ascent

This slide was not discussed in class. It was added a posteriori as useful reference in response to a student's request.
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More on Steepest Entropy Ascent

This slide was not discussed in class. It was added a posteriori as useful reference in response to a student's request.
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More on Steepest Entropy Ascent

This slide was not discussed in class. It was added a posteriori as useful reference in response to a student's request.
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More on Steepest Entropy Ascent

This slide was not discussed in class. It was added a posteriori as useful reference in response to a student's request.
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More on Steepest Entropy Ascent

This slide was not discussed in class. It was added a posteriori as useful reference in response to a student's request.
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A related, but more general nonequilibrium law of nature, that so far escaped a formal mathematical formulation:

Bejan’s “constructal law” of design and evolution in Nature

Text excerpts from Adrian Bejan and Sylvie Lorente, The constructal law of design and 
evolution in nature, Philos. Trans. R. Soc. Lond. B, 365, 1335 (2010)
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While the state evolves towards the steady state with minimum global EP (or the SES)

maximal local EP selects the hydrodynamic pattern
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While the state evolves towards the steady state with minimum global EP (or the SES)

maximal local EP selects the most efficient flow pattern

Figures from: A. Bejan, Int. J. 
Energy Res., 27, 859 (2003).

Flow in a porous medium heated from below: 

This slide was not discussed in class. It was added a posteriori as useful reference in response to a student's request.
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Maximal local EP (SEA) implies minimum global EP at steady state
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Maximal local EP (SEA) implies minimum global EP at steady state
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Text excerpts about constructal law courtesy of National Library of Medicine.

Slide 36:

Figure showing Rayleigh-Benard 2D rolls in horizontal layer © American Physical Society. 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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Figure 4, Figure 5, and Figure 7 © John Wiley & Sons, Inc. 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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