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10.2: dE = TdS - PdV and Internal consistency
In Chapter 1, we observe that the business of science is the creation of models that are internally consistent and that accurately
describe reality. Logical deduction from tentative hypotheses is a valuable tool in our effort to create new models. Such logical
arguments often take the form of “Gedanken (thought) experiments,” as exemplified by our various arguments about the properties
of hypothetical, friction-free, piston engines. Nevertheless, the route by which we arrive at a theory is irrelevant; what counts are
the theory’s internal consistency and predictive capability. Let us pause, therefore, to note that we have arrived at mathematical
expressions of ideas that we initially introduced as principles inferred from experience.

In Chapter 6, we prove Duhem’s theorem when the variables are chosen from the set pressure, temperature, volume, and
component concentrations. However, the theorem is more general. It asserts that two variables are sufficient to specify changes in
the state of a closed, reversible system, in which only pressure–volume work is possible. Our derivations have now led us to the
conclusion that the energy of such a system can be expressed as a function of entropy and volume. Given the entropy, the volume,
and the function , the relationships developed above mean that we know , , , , and  for the system. Given
these, we can calculate , , and . That is, specifying the changes in the two variables  and  is sufficient to specify the
change in the state of the system. Moreover, we can rearrange the fundamental equation to

so that the volume can be expressed as a function of entropy and energy. Given , , and the function , we can find 
 and . Specifying the changes in  and  is sufficient to specify the change in the system. Finally, we can rearrange the

fundamental equation to

so that  and specifying changes in  and  is sufficient to specify the change in the system.

Now, let us return to our discussion in Section 9.7 of the entropy change for an isolated system undergoing a spontaneous change.
That discussion explores the use of the machine-based statement of the second law to establish that the entropy of an isolated
system must increase during any spontaneous process. To infer that the system’s entropy must increase in such a process, we
consider the special case in which only pressure–volume work is possible and argue that a change in which  is no
change at all. That is, we assume that specifying the change in  and  is sufficient to specify the change in the state of such a
system. It is, therefore, a significant check on the internal consistency of our thermodynamic model to see that 
implies that  and  are indeed a sufficient pair.

Finally, let us consider the relationship of a spontaneous process in a closed system to the surface that describes reversible
processes in the same system. The energy of the system undergoing reversible change is expressed as . An energy
surface in -space is sketched in Figure 1. At any point on this surface, the system is at equilibrium. The point 

 is such a point. The tangent to this surface at  and in the plane  is the partial derivative 
. The tangent to the surface at  and in the plane  is the partial derivative .
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Figure 1. An energy surface in volume-entropy-energy-space

No point in -space that is off the  surface can describe an equilibrium state of the closed system. As a
practical matter, some of these points may represent states that the system can attain. If so, they are transient states of a
spontaneously changing system. Let us suppose, for example, that we are able to

maintain  and  while a slow chemical reaction occurs in the system. At every instant, such a state must have a non-
equilibrium composition. It must have an energy, and this energy must exceed ; since we must have  for a
spontaneous process, a point  can represent a state of the system during a spontaneous change only if . If 

, the point  cannot represent a state of the system that can spontaneously go to equilibrium at .
Similarly, if  and the system is isolated with  and , the point  represents a state of the system
that can go to equilibrium at  spontaneously. This process would satisfy the entropy criterion, .
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