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Abstract: The apparent paradox represented by the second law's future of decay and the evolution of living structures in
nature has been introduced. The second law in its historic-conventional form has been discussed. The corrected version of this
law in terms of new research on the foundations of classical thermodynamics has been discussed. Finally a resolution of the
apparent paradox has been proposed in the light of these newer advances.
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1. Introduction

The apparent paradox at the heart of classical
thermodynamics is the collapse into disorder advocated by
the second law of thermodynamics and nature's incessant
success in turning chaos into order, as for instance, in the
self-organization of a living cell and its subsequent evolution
into a complete organism [1-3]. Roger Caillois gave
expression to this feeling of failure of the thermodynamic
method with the following words: “Clausius and Darwin
cannot both be right” [4—6]. This apparent conundrum has led
few to believe in the existence of some very special
principles governing the origin and evolution of life [7-9]
while others have speculated [10, 11], and even discussed
[12—-14], about the existence of some hitherto not so well
known laws governing the thermodynamics of open systems.
That life is a thermodynamic phenomenon is now already a
well established concept [15, 16]. Therefore the origin and
evolution of life should also be best understood through the
use of thermodynamic principles.

Thermodynamically, the evolution of living matter is
described by postulating the wvalidity of the negentropy
principle [17-19]. According to this, the evolution of
biological systems occurs in the direction in which the
structure becomes more complex [20, 21]. Nevertheless, a
clear cut correlation between negentropy and order is yet to
be found [22]. However, recent research on the foundations

of classical thermodynamics suggests that self-organizing
phenomena (order) could be accommodated within the realm
of this science and that too without one having to invoke a
quantitative correlation between negentropy and order [23—
25]. The new approach also points out that no new principles
are needed to bring self-organizing phenomena, like the
evolution of complex biological structures such as DNA and
the cells, into the realm of thermodynamics. All we need do
is recognize a basic flaw in the conventional formulation of
the second law of thermodynamics.

2. Conventional Second Law; the
Reversible Engine

The most common and historically precise way of
introducing the second law of thermo-dynamics is to imagine
a reversible engine absorbing a certain quantity of heat O,
from a hot thermal reservoir at temperature 7), converting a
part Q of this absorbed heat into work W and discarding the
remaining portion O, to a cold thermal reservoir at
temperature 7. [26-32]. For this kind of reversible cyclical
transformation, known as the Carnot reversible engine (cf.
Fig. 1) the following results hold:

Qn—Qc =0 (1)
Q=w @)
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Figure 1. Carnot reversible engine.

This traditional approach to the second law associates a
zero entropy change to the reversible production of work out
of heat [33]. Thus, if dS denotes the entropy change, then for
the reversible production of work W out of heat Q we write:

ds@Q-wW) =0 3

The justification for above assumption rests on the notion
that work done can always be related to the raising (or
lowering) of a weight somewhere in the surroundings [2] and
that process is, by its nature, reversible and isentropic [34].
Then as per Clausius' theorem [4]:

The algebraic sum of all the transformations which occur
in a cyclical process must always be positive or in the limit
equal to zero.

For the reversible heat engine under consideration this
means:

dSA,rev + dSB,rev =0 )

It is on the basis of above kind of analysis that Rudolf
Clausius made the following broad generalization, now
known as the second law of thermodynamics:

The entropy of the universe is continuously increasing as a
result of every spontaneous (or irreversible) process.

Hot Source, Tn; Qn=Q + Qc
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Since entropy is also taken as a measure of the disorder or
randomness in the system, by this he meant that the disorder
or randomness of the universe was increasing with time. In
fact it was Clausius who originally introduced [35] the term
entropy (meaning transformation) which according to him is
a measure of the thermal energy of a system per unit
temperature that is unavailable for doing work.
Mathematically, according to Clausius:

erev
ds === (%)
Equation (5) is commonly taken as the thermodynamic
definition of entropy. Equation (4), therefore, expresses the
second law of thermodynamics as applied to a reversible
process and for an irreversible process as per Clausius's
postulate:

dSyr >0 (6)

The assertion that dS;,. = 0 is apparently incompatible with
the second law and therefore would represent a counter
argument to it. As will be shown below this equality is
actually a correction that needs to be applied to the Clausius
formulation of second law and hence, quantitatively, refute
the paradox mentioned in the beginning.

3. Corrected Second Law
3.1. The Irreversible Engine

In order to derive the conclusion dS;,. = 0 let us consider a
situation in which the work W generated by the reversible
Carnot engine(cf. Fig. 1) is irreversibly degraded, via some
frictional mechanism, into an equivalent amount of heat Q at
the temperature 7, of the cold reservoir (cf. Fig. 2 below).

Hot Source, Th

Qc,irr Qirr Path B+ Path C

=PathD

Y A

Cold Sink, T.

Figure 2. Reversible production followed by irreversible degradation.

The very fact that the reversible work in above
transformation has been irreversibly degraded into heat
makes the whole process irreversible. This has been indicated
on the right-hand side of the diagram in Figure 2 by attaching

the label “irr” to the respective energy changes involved. The
physical reason for this shift is the fact that the reversion of Q
or Q. or both back to the hot source from the cold sink
demands the expenditure of work that we don’t have
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available here.
The entropy change for above kind of transformation will
be given by

dSirr,engine = dSA,irr + dSD,irr = dSA,rev + dSB,rev +
dScirr = 0 + 0+Tﬂc=% 7)
Where in writing the result expressed by equation (7) we
have made use of equations (2) and (4) and the fact that an
irreversible degradation of an amount of work 6W into heat
at some temperature T will result in an entropy increase of
magnitude 6W/T [23]. This fact is itself a consequence of an
observed asymmetry [31] in nature whereby it is possible to
convert all of the work irreversibly into heat but not all of the
heat into work; even reversibly. Since the combination of
transformations [Q(Ty) — W],y and [W — Q(T,)];; on the
left-hand side has been replaced by the single transformation
[Q(Ty) — Q(T,)]ir on the right-hand side, one can deduce
from equation (7) that:

w_w_Q
dSD,irr = dSB,rev + dSC,irr =0+ T. = T. = T. 3
Or more concisely:
w Q

dSD,irr = Te = T. ©)

Comparing (7) and (9) we can therefore write:

w Q

dSirr,engine = dSD,irr = T. = T. (10)

3.2. The Correction

Equation (10) is a very interesting result. It shows that the
entropy change for above irreversible process (engine) is
solely a result of the transfer of an amount of heat O from the
hot to the cold reservoir or in other words due to the
transformation [Q(Ty) — Q(T.)];r. But if this is so then the
other transformation involved in the process, that is, the
irreversible transfer of Q. from the hot source to the cold
sink, represented as [Q.Ty,) — Q.(T.)li, takes place at
constant entropy:

dSA,irr =0 (11)

The transformation represented by equation (11) is
reversible on account of its entropy change but irreversible
because of the impossibility of transferring Q. back to the hot
source without utilizing some external agency. We seem to
have stumbled upon some kind of a thermodynamic impasse
[23] where the only option left to us, in order to make any
further progress (that is, the only option for the constant
entropy criterion expressed by equation (11) to remain valid)
is for heat Q to flow, in some mysterious way, on its own
(unassisted by some external agency) from the cold to the hot
reservoir. The observation that such a transfer is denied by
experience tells us that the only way to save the situation is to
abandon the notion that thermodynamically irreversible
processes are always accompanied by an increase of entropy

of the universe. This in other words means that constant
entropies are not uniquely limited to reversible processes
only.

4. Discussion

The above conclusions, which were reached by an
unambiguous thermodynamic analysis of the problem, can
have far reaching consequences. An immediate corollary for
us here is the observation, based on above analysis, that the
collapse into disorder, commonly believed as the hallmark of
the second law, is a misleading conclusion from the theory;
because as per above analysis it is perfectly sensible to write
dS;; = 0. A correct way to express the second law would
therefore be to say that:

The entropy of the universe may increase as a result of
some spontaneous (or irreversible) process.

But why did Clausius get it amiss? The answer is that
perhaps he performed his Carnot analysis by considering an
idealized (reversible) process only, without introducing some
irreversibility into the problem. As per his incomplete
analysis Clausius deduced that the entropy of the universe
remains constant in a reversible process even if the process
involved the creation of certain amount of work. Then, based
on this deduction, he made the bold generalization that since
in a spontaneous (or irreversible) process the entropy cannot
decrease so it must increase [35]. But we showed above that
as soon as some irreversibility is introduced into the model
the supposed equivalence between constant entropy criterion
and reversibility gets nullified. So what does all this mean for
our paradox mentioned in the beginning? It means that since
the entropy of the system does not always tend to a
maximum, that is, things do not always go up the slope of
disorder the paradox mentioned in the beginning is not a
valid one. There is no reason, therefore, to accept that
entropy and evolution are antagonistic to each other. Clausius
and Darwin are both firmly footed when it comes to the
validity of the two of the great doctrines of science: entropy
and evolution. Since entropy is fundamentally a measure of
dispersal of energy at the microscopic level [36] this
connection between entropy and evolution is also of
fundamental importance for any biological theory for the
origin and evolution of life. Our conclusion above, although
not a new one as the same has been reached in other indirect
ways also [3, 6, 11] is certainly better grounded, however.

5. Conclusion

Inclusion of irreversibility, in the form of irreversible
degradation of work into heat via some frictional mechanism,
in the operation of Carnot reversible engine leads to the
refutation of the apparent paradox represented by the second
law's future of decay and the local ordering of structures in
nature, as for instance in the origin and evolution of life. The
results obtained show that Entropy and Evolution are not
antagonistic to each other and Clausius's version of the
second law needs to be corrected to bring it in line with the
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occurrence of self organizing phenomena (order) in nature.
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