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Reading:
Dill and Bromberg, Ch. 7 ‘Thermodynamic Driving Forces,’ pp. 105-109 

Supplementary Reading:
Dill and Bromberg, Ch. 9 ‘How to Design a Fundamental Equation,’ pp. 153-155



Last time

Thermodynamic driving forces

What goes into internal energy?

· We have introduced the concept of temperature as a thermodynamic force that causes a ‘thermal displacement’ which is the change in entropy of the system:

(Eqn 1)
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· Temperature is not the only thermodynamic force of interest, and each force and its conjugate displacement contribute to the total internal energy/entropy of a material.  We have introduced 2 thermodynamic state functions that are useful for examining the behavior of isolated thermodynamic systems, the internal energy U and the entropy S:

U = U(S,V,N)

S = S(U,V,N)

· The internal energy and entropy are not independent functions (U is a function of S and vice versa)- thus, we can use an equation for either U or S to determine equilibrium states of a system; we don’t need both at one time so we simply use the function that is easier to work with for a given problem.

Supplementary Info

· Why do we write U = U(S,V,N)?  Why not U = U(T,V,N)?  The answer will unfortunately not be clear until we introduce the second law.  The second law dictates that certain thermodynamic functions will reach extrema (maximima or minima) when the system is at equilibrium- e.g. the entropy will be maximized at equilibrium.  When U and S are written as function of S,V,N and U,V,N respectively, they are said to be written in terms of their natural variables.  State functions of natural variables have extremum principles at equilibrium (they will be maximized or minimized at equilibrium).  SO, the reason we write U(S,V,N) is that it is useful- we can use that equation for internal energy to calculate equilibrium properties.

Components of the internal energy

· To understand what goes into U, we can write an expression for the differential dU:

· (Eqn 2)
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· The sum in the last term is over the total number of components in the system, C.  Note that (Eqn 2) is not a thermodynamic law or definition- it is simply an expression derived from differential calculus- following the rules for writing the differential of a multivariate function.

· It is useful to think of the differential as a sum of different forms of internal energy:

(Eqn 3)
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· This is analogous to the potential energy expression from physics for mechanical forces:

(Eqn 4)
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· Where V is the potential energy, F is the force, and dx is the physical displacement

· Each term in (Eqn 2) has a force multiplied by a displacement:
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· We have already provided a common name for one of these thermodynamic forces:

(Eqn 5)

temperature
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· Note that with the “constant N” requirement on the partial derivative, we are simply generalizing our earlier definition of T

· The other two partial derivatives in dU can also be identified as thermodynamic forces:

(Eqn 6)

pressure
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tendency to exchange volume

(Eqn 7)

chemical potential
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= 
tendency to exchange molecules

· These are definitions of the common thermodynamic forces

· Thermodynamic forces are intensive: they do not depend on the size of the system.

· The chemical potential is a driving force that controls mixing, unmixing, and chemical reactions between components.  It is extremely important in materials science & engineering- and as shown in the equations above, it is a driving force for molecules to enter or leave the system.  We will see later that it controls the composition of the phases that are present- and when multi-phase materials are considered, it controls the composition of each phase.

· Putting together the definitions above, we arrive at the complete expression for the differential of the internal energy:

(Eqn  1)
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FUNDAMENTAL EQUATION FOR INTERNAL ENERGY

· We have already mentioned that we are generally most interested in changes in U for making thermodynamic calculations- thus we will find (Eqn 2) extremely useful.  In fact, this is often referred to as one of the fundamental equations for an isolated system.

· For some materials, we may need to add more terms to the internal energy to account for other forces that may be present:

· E.g. magnetic forces, surface forces, electrical forces, etc.

· Example- thin films.  Thin films of all classes of materials are ubiquitous in materials science & engineering- they are used in everything from the design of semiconductor devices and microchips to photonic systems to polymer coatings.  Suppose we have a system comprised of a thin polymer film 500Å thick on a ceramic silicate substrate.  We may like to determine whether the film will be stable at a given use temperature, or whether it will ‘dewet’- breaking apart into microdroplets.  The surface to volume ratio will be large enough that we cannot neglect the contribution of the surface energy to the total internal energy of the film.  Thus, to write the fundamental equation for the intact film, we introduce terms for the energy of the top and bottom surfaces:
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(Eqn  2)
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· …in other cases, we may not need every term.  For example, if the number of molecules in the system is constant, dN = 0 and the chemical potential term is not needed in the fundamental equation.

· The identities prescribed above are consistent with the first law.  Consider a material that undergoes a reversible process.  Remember the 2 consequences of a reversible process are:

(Eqn 8)
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· And

(Eqn 9)
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· Thus:

(Eqn 10)
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· Equating (Eqn 2) with (Eqn 10), we have:

(Eqn 11)


[image: image15.wmf]


· …which agrees with the definitions made above.

The fundamental equation for the entropy

· In a completely analogous manner to the approach described above for identifying driving forces in the internal energy, we can write a differential expression for the entropy:

(Eqn 12)
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· The thermodynamic forces associated with the entropy are:

(Eqn 13)
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(Eqn 14)
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(Eqn 15)
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· Together, these give the fundamental equation for the entropy:

(Eqn  3)
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· (Eqn 2) and (Eqn 12) are called fundamental because they completely specify all changes that can occur in a simple thermodynamic system.  They will be used as the basis for applying the second law of thermodynamics (which we’ll arrive at soon) to identify the equilibrium state of a given system.

Why so many differential expressions?

· You are probably wondering why we write so many differential expressions in thermodynamics.  Why don’t we write out the integrated form of the internal energy- U = …?  The answer lies in our practical needs in making thermodynamic calculations: to determine whether one state is more stable than another, we will only need to know the difference between the energies of two states- hence the use of differentials.  There is no practical situation when we need to know the absolute value of the internal energy, and its absolute value has no practical meaning.  Thus, we stick with differentials, which rapidly provide us with energy differences and energy changes.
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