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THE SECOND LAW OF THERMODYNAMICS

vast evidence on which the. second law is based, the equivalent of the
Kelvin-Planck statement must be
The net work transfer interaction of a closed system that executes a cycle while
in communication with no more than one pressure reservoir cannot be
negative, i.e.,
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<0 is imPossible

Had this statement not been true, man would have opted a long time ago for
letting the atmospheric pressure reservoir alone do work for him.

CONCLI,]DING REMARKS
Despite an already impressive record of articles, books, public debates, and
lost friendships, the second law continues to be a preferred topic in modern
research-this, as an activity distinct from the modern engineering interest
in second-law implications in thermal design (e.g., chapters 3, 5, and 11).
Among the modern works devoted to the second law, I note the comParative diicussion and the ordering of the various alternative formulations that
have been proposed. No less than nine such alternatives are discussed by
Montgomery [a5] and seven by Huang and Clothier [a6]. The latter place
special emphasis on a formulation proposed originally by Hatsopoulos and
*".n"n [47] based on the body of empirical evidence that concerns the
behavior of isolated systems (see also Huang t48l). The evidence can be
summarized in two statements (the two laws), first, that the energy of the
isolated system is forever conserved, and, second, that the system's ability to
do useful work (for us) can either deteriorate or, at best, stay the same. The
connection between this second statement and the second law written here
as a principle of entropy increase for isolated systems (p.72) becomes clear
after applying the concept of nonflow exergy to isolated systems (Problem
3.5).
Another modern development is the questioning of the view that all the
second-law formulations are equivalent [11]. For example, we are brought
up to believe (1) that with regard to constructing heat-engine cycles, the
second law boils down to having access to at least two heat reservoirs, and
(2) that when only two reservoirs are involved, the net effect of the engine
cycle is the emission of heat transfer by the wann reservoir and the
absorption ,of heat transfer by the cold one. Professor Truesdell draws
attention to a class of heat-engine cycles [49]-the so-called "strange" or
unusual Carnot cycles [sO]-that make us think twice about the generality of
such teachings. Shown in Fig. 2.16 is the trace left in the T-V plane by the
reversible cycle of a closed system that consists of a quantity of cold water.
The noteworthy property of cold water is that its density reaches a welldefined maximum as the temperature varies isobarically. At atmospheric
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2.16 A reversible cycle executed by a closed system consisting of a batch of
liquid water near the temperature of its density maximum (after Truesdell [49]).
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pressure, the temperature of maximum density is very close to 4oC: this
feature governs the circulation pattern of cold water in nature, both in pure
liquid layers [51] and in liquid-saturated porous media [52].
One interesting consequenae of the anomalous behavior of cold water is
that the reversible and adiabatic lines are cup-shaped, as shown in Fig. 2.16.
The Carnot cycle, then, consists of only two processes, a reversible and
adiabatic volume change connected to a reversible and isothermal volume
change. If the sense of the cycle is as indicated in Fig.2.16, then during the
first part of the reversible and isothermal expansion process, the system
absorbs heat from the lone heat reservoir (Tr). During the second part of
the process, a heat transfer interaction of exactly the same magnitude as the
first occurs in the opposite direction: the net heat transfer interaction for the
entire cycle is zero, in other words, the proposed heat-engine cycle does not
deviate from the Kelvin-Planck statement of the second law. Nevertheless,
contrary to the rules of thumb listed in the preceding paragraph, in Fig.
2.16, we have an example of a heat-engine cycle that proceeds while in
contact with only one heat reservoir. Furthermore, at the end of each cycle,
the net effect is not the emission of heat transfer by the reservoir that serves
as heat source.
Finally, there is considerable material still being written about Sadi
Carnot and the origins of what later became the second law. There is little
disagreement on the greatness of Sadi Carnot's intuitive description of a
"limiting" cycle that consists of a succession of equilibrium states, and of his
claim that the efficiency of such a cycle depends only on the temperatures of
the two heat reservoirs and not on the choice of working fluid. Unfortunate-

