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Nonequilibrium in 
heat, mass, and charge transfer

Logic and ingredients of the 
construction
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Parallel logic in the construction of nonequilibrium theories:

Heat transfer vs chemical kinetics
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Nonequilibrium in 
heat, mass, and charge transfer

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

Balance equations for 1D heat and mass transfer
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Ingredients of the general balance equations for the extensive properties of a continuum:

Rate of change of a generic extensive property of a continuum
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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

This slide was added after Lecture 22. It is repeated and illustrated in Lecture 23. 
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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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Ingredients of the general balance equations for the extensive properties of a continuum:

Local source/sink densities account for the effects of collisions, and short and long range forces
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General balance equations for an extensive property of a continuum
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Interrelations between alternative variables used to account for composition, and on the definition of

barycentric velocity
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Various extensive properties for a continuum
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Nonequilibrium in 
heat, mass, and charge transfer

Continuum assumption

Local densities of the extensive properties
from local-equilibrium (bulk-flow) 

assumptions
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Continuum approximation vs Knudsen number

Slide 22.14



© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

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

Gibbs-Duhem and local-equilibrium simple-system bulk-flow relations
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Ingredients of the general balance equations for the extensive properties of a continuum:

Gibbs-Duhem relation in terms of molar and mass specific properties 
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Ingredients of the general balance equations for the extensive properties of a continuum:

Gibbs and Gibbs-Duhem relation in terms of volume specific properties 
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Nonequilibrium in 
heat, mass, and charge transfer

Generalizations of the concept 
of heat interaction:

“heat&diffusion” interaction
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Energy balance

Entropy balance to have max δW

work δW
REV

A

B
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Recall how we defined “heat interactions”...
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... and proved the Clausius statement of the second law
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Energy balance

Balance of constituent  i

Entropy balance to have max δW

work δW
REV

A

B
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Use the same logic to define “heat&diffusion interactions”...
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... and generalize the Clausius statement of the second law

Slide 22.22



© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

Only a fraction of JE is q″ in a “heat&diffusion” interaction

Partial enthalpy

Partial entropy

Therefore, we define the (measurable*) heat flux so that

Using rewrite as           =

*De Groot & Mazur call        the measurable heat flux, but denote it by      
(please note that their use of the prime differs from our use here). 

Slide 22.23



© 2024 Gian Paolo Beretta     @MIT 2.43 Advanced Thermodynamics

If constituents carry electric charge

Use                                  and (*)

rewrite as

(*) Partial charge flux due to the 
diffusion of component i: 

(*) Total charge flux (current density):

Only a fraction of JE is q″ in a “heat&diffusion” interaction
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=

Therefore, we define the (measurable*) heat flux so that

*De Groot & Mazur call        the measurable heat flux, but denote it by      
(please note that their use of the prime differs from our use here). 
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“Heat&diffusion” mode of interaction between adjacent elements
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