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Abstract: - Sadi Carnot, at age 28, published in 1824, now famous “Réflexions sur la puissance motrice du feu
(Reflections on the Motive Power of Fire),” which is much more important than what it appears at first. It may be
among the most important treatises in natural sciences. At that time, when heat was considered as indestructible
caloric and the energy conservation law was not known, when heat engines were in initial stage of development
with efficiency of less than 5%, the confusion and speculations flourished. Carnot’s reasoning of reversible cycles
is in many ways equal if not more significant than the Einstein’s relativity theory in modern times. It led to
discovery of Thermodynamic absolute temperature and entropy, and the far-reaching Second Law of
Thermodynamics. No wander that Carnot’s work was not noticed at his time, when his ingenious reasoning of
ideal heat engine reversible cycles is not fully recognized, and may be truly comprehended by a few, even now.
Additional reasoning and conclusions are also presented here.
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1. Introduction: Sadi Carnot’s Far- reasoning, and we may have never known since he
Reaching Treatise of Heat Engines Was died at age 36 from cholera epidemic.
Not Noticed at His Time and Even Not In historical context, it is hard to comprehend
Fully Recognized Nowadays now how Carnot then ingeniously and fully explained

the critical concepts of reversible thermo-mechanical
processes and limits of converting heat to work at
inception of the heat engines’ era when their
efficiency was below 5% and when nature of heat
was not fully understood. Confusions about the
thermo-mechanical and general Thermodynamic
reversibility continued long after Carnot, and even
now, after his subtle and ingenious reasoning paved
the way to discovery and accurate definition of the
Thermodynamic absolute temperature and entropy,
including entropy conservation during ideal
reversible processes and continuous entropy
generation during real irreversible processes, as well
as establishment of the far-reaching Second Law of
Thermodynamics. The Second Law made its
appearance after 1850, but a half century later it was
already surrounded by so much confusion that the

No wander that Sadi Carnot’s “Réflexions sur
la puissance motrice du feu (Reflections on the
Motive Power of Fire [1]).” published in 1824, was
not noticed at his time, when his ingenious reasoning
of ideal heat engine reversible cycles is not fully
recognized, and may be truly comprehended by a
few, even now. He gave a full and accurate reasoning
of heat engine limitations of “converting heat to
work” at the time when caloric theory was
flourishing and almost two decades before
equivalency between work and heat was
experimentally established by Joules in 1843. Sadi
Carnot laid ingenious foundations for the Second
Law of Thermodynamics before the Fist Law of
energy conservation was known and long before
Thermodynamic concepts were established. Sadi
Carnot may had not been aware of ingenuity of his
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British Association for the Advancement of Science
decided to appoint a special committee with the task of
providing clarity about the meaning of this law.
However, its final report (Bryan, 1891) did not settle
the issue. Half a century later, the
physicist/philosopher ~ Bridgman  (1941)  still
complained that “there are almost as many
formulations of the Second Law as there have been
discussions of it.” And even today, the Second Law
remains so obscure, due to the lack of its
comprehension, that it continues to attract new efforts
at clarification [2, 3], including this one.

The classical, phenomenological Thermodynamics
today, almost a forgotten science, has unjustifiably a
dubious status. Many modern physicists regard
classical Thermodynamics as an obsolete relic.
Often, mostly due to lack of subtle comprehension,
the Thermodynamics is considered as an
engineering subject and thus not as the most
fundamental science of energy and nature. However,
a number of prominent modern physicists have
acknowledged  fundamental = importance  of
Thermodynamics. Einstein, whose early writings
were related to the Second Law, remained convinced
throughout his life that “Thermodynamics is the only
universal physical theory that will never be
refuted.” Many other renowned physicists have been
impressed by the universal and indisputable validity
of Thermodynamic principles. Apart from the view
that Thermodynamics is obsolete, there is a
widespread belief among scientists in
Thermodynamics® absolute authority. Namely, the
phenomenological Laws of Thermodynamics have
much wider, including philosophical significance and
implication, than their simple expressions based on
the experimental observations. “It is crystal-clear
(to me) that all confusions related to the far-
reaching fundamental Laws of Thermodynamics,
and especially the Second Law, are due to the
lack of their genuine and subtle comprehension™
[4-7].

2. Sadi Carnot’s Ingenious Reasoning
of Ideal Heat Engine Reversible
Cycles

Sadi Carnot, at age 28, published in 1824, now
famous “Réflexions sur la puissance motrice du feu
(Reflections on the Motive Power of Fire [1]).” At
that time, when the energy conservation law was not
known and heat was considered as indestructible
caloric, when heat engines were in initial stage of
development with efficiency of less than 5%, the
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confusion and speculations flourished. Can the
efficiency be improved by different temperatures or
pressures, a different working substance than water;
or some different mode of operation than pistons and
cylinders? With ingenious and far-reaching
reasoning, Carnot answered all of those questions and
proved that maximum, limiting efficiency of heat
engine does not depend on medium used in the
engine but only depends on (and increases with) the
temperature difference between the heat source and
cooling medium or heat sink, not directly as, but
similarly to the water wheel efficiency dependence
on the waterfall height difference (see Fig. 1,
formulas are developed after Carnot followers’
work).

Fig. 1: Similarity between an ideal heat engine
(HE) and a water wheel (WW).

The most importantly, Carnot introduced the
reversible processes and cycles and, with ingenious
reasoning, proved that maximum heat engine
efficiency is achieved by any reversible cycle (thus
all must have the same efficiency), i.e.:

“The motive power of heat is independent of the
agents employed to realize it; its quantity is fired
solely by the temperatures of the bodies between
which is effected, finally, the transfer of the caloric.”
[1],1.e.
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Carnot cycle consists of four reversible processes, see
Fig. 2: isothermal heating and expansion at constant
high-temperature Ty (process 1-2); adiabatic
expansion to archive low-temperature T, (process 2-
3); isothermal cooling and contraction at constant
low-temperature T_ (process 3-4); and adiabatic
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compression to archive high-temperature Ty and
complete the cycle (process 4-1).
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Fig. 2: Heat-engine ideal Carnot cycle: note thermal and
mechanical expansions and compressions (the former is
needed for net-work out, while the latter is needed to
provide reversible heat transfer).
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Fig. 3: Reversible Heat-engine (solid lines)
and Refrigeration Carnot cycle (dashed lines,
reversed directions). Note, Wy =W =0 if heat
transfer with phase change (compare Fig.2).

All processes are reversible, thus the cycle could be
reversed along the same path and with the same
quantities of all heat and work in opposite directions
(in-to-out and vice versa), see Fig. 3, i.e. (note
thermal expansion and compression may be replaced
by evaporation and condensation during thermal
phase changes on Fig. 3):

=
==
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The consequence of the cycle reversibility is the most
ingenious and is far-reaching, see Fig. 4 (see also
next Section). Let us consider three heat-engine (HE)
cycles on Fig. 4: two reversible, HEr, and HEg,, and
third irreversible, HEy,,.. Let us assume that the cycles
are taking place between the same temperature
reservoirs (one at higher temperature Ty and other at
lower T, <Ty) and consuming the same quantity of
heat Qu, but have different efficiencies
(g <My <Myye» Where n =W 0, /Q, ).  1If  we
reverse the reversible HEg; with the smallest

efficiency and couple it with either HER, or HE},; then
the net-effect will be production of net-work

(W,,, =W, >W,, —W;, > 0) while consuming heat

from one thermal reservoir only (at T, since Qy will
be returned back at Ty), thus violating the Second
Law of Thermodynamics (perpetual motion machine
of the second kind), see Fig. 4. At the time, Carnot
was under impression that the above scenario will be
producing work without spending any caloric

(QL,Rz\lrr =QLp =Qu, thus QL,Rz\lrr —QLr =0)

and therefore violating the impossibility of the
perpetual motion machine (of the first kind; note that
neither Thermodynamics not its Laws were known at
that time) [2,3]. Carnot erroneously assumed that the
same caloric (heat) will be passing through the
engine and produce work by lowering its
temperature, similarly to the same water flow passing
through the water-wheel and produce work by
lowering its elevation potential (see Fig.1). This
error, considering the knowledge at the time, in no
way diminished the Carnot’s ingenious reasoning and
conclusions about reversible processes and accurate
limitations of heat to work conversion.
Alternatively, with similar reasoning as above, if the
three heat-engines of Fig. 4 produce the same amount
of work Whg;, then the higher efficiency engines will
require less heat consumption (Q, ., <Q, ¢z <Q )

Irr

and then the net-effect will be transferring heat
(QL R2‘,rr—QLle) from low-to-high temperature

reservoirs only (from T_ to Ty, without any net-
work), again violating the Second Law of
Thermodynamics. The above analysis proves that a
reversible cycle cannot have smaller efficiency than
any other cycle, thus all reversible cycles (we could
have reversed either HEg; or HEr, but not HE,,
irreversible one) must have the same maximum
possible efficiency for the given temperature of the
two thermal reservoirs, independently from anything
else, including the nature of heat-engine agent
undergoing the cyclic process. Since the irreversible

ISSN: 1790-5095



4th IASME/WSEAS International Conference on ENERGY, ENVIRONMENT, ECOSYSTEMS and SUSTAINABLE DEVELOPMENT (EEESD'08)

Algarve, Portugal, June 11-13, 2008

cycles could not be reversed, they may and do have
lower than maximum reversible efficiency up to zero
(no net-work produced) or even negative (external
work input required to run an inefficient engine that
heats), i.e.:

Mee <Mrev = Max = Tc Ty T) - B)

Reversible

andQy = constant, then: Wy <Wy, <,

and O z > O, > Op; (08 Oy oy <Op)

Fig. 4: If a reversible heat engine (HEg;) has a
smaller efficiency than other reversible HEg, or
irreversible HEy,, , then if HEg, is reversed
(Refrigeration REF cycle) and combined with other
HEs, it will result in impossible net-work from a
single reservoir (Wgy ~Wkgz), or heat transfer from
low to high temperature (Qu-Qugr2jirr)-

Carnot did not provide quantitative, but qualitative
relation for the ideal heat engine efficiency, and
accurately specified all conditions that must be
satisfied to achieve the maximum efficiency: the need
for “re-establishing temperature equilibrium for
caloric transfer,” i.e. reversible processes, where heat
transfer has to be achieved at negligibly small (in
limit zero) temperature difference at both temperature
levels, Ty , high temperature for heat source
(heating), and T_ , low temperature for heat sink
(cooling of heat-engine medium), see Fig. 3.

Carnot reasoned that mechanical expansion and
compression are needed to decrease and increase the
temperature of the engine medium to match the
temperature of the high- and low-temperature thermal
reservoirs, respectively, and thus provide for the
reversible heat transfer (see also [4-6]). Carnot then
reasoned that in limiting case a reversible cycle could
be reversed using the obtained work and transfer
back the caloric (heat) from low- to high-temperature
thermal reservoirs, thus laying foundations for the
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refrigeration cycles as reversed heat engine cycles,
see Fig. 3 and Eq. (2).

Actually, Carnot (1824) established the fundamentals
for the second Law of thermodynamics (Clausius
1850, and finalized by Thomson in 1874), before the
First Law was even known (Meyer, 1&1; Joule,
1843, and finalized by Helmholtz, 1847).

3. Thermodynamic Absolute
Temperature, Clausius (In)Equality
and Entropy, and the Far-Reaching
Second-Law of Thermodynamics

Kelvin _Absolute Temperature: Carnot analyzed
critical concepts and qualitative relations related to
the “motive-power equivalent of heat” through his
ingenious reasoning of reversible cycles, before the
Joule’s “mechanical equivalence of heat” was even
known. Only after the latter was established it was
possible (actually easy) to quantify Carnot engine
efficiency, i.e.:

et :WnetOUT — QH _QL :1_&
QIN QH QH

The above Eq. (4) is valid for both, real and ideal,
reversible heat engine cycles. However, for reversible
Carnot cycles the efficiency depends only on the
temperature values of the two heat reservoirs (Eq. 1).
Furthermore, more specific relation for the Carnot
efficiency could be inferred by considering the three
related Carnot cycles on Fig. 5. For a given Ty, for
arbitrary high-temperature reservoir and given
arbitrary low Tge, for reference-temperature
reservoir, the combined Carnot efficiency of the two
heat engines, HEyr and HEr, cascaded at an
arbitrary intermediate temperature level T, must be
the same as the corresponding Carnot efficiency of a
third heat engine HEug running between the two
temperature reservoirs with the same heat input Qy,
and thus releasing the same heat Qge, at a given
reference temperature Tge, see Fig. 5. Thus for
everything, but intermediate temperature T, given as
fixed quantities, the heat Q(T) transferred from HEyr
to HE1r engine must be directly proportional to Qg
(efficiency is an intensive HE property) and a non-
negative and increasing function of T only, i.e.:

Q(T) =Qges - f(T7TRef )|TRC = Qger ° f(T) ©)

Q)

s=given
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Then, the above could be applied for any temperature
level, say T=T; or T=T, or T= Ty, and very important
correlation deduced:

Q) _ Que- F(M) _ £(M)| _T_Q
QM) Que fM) M) gpr T Q

The above function f(T) could be any arbitrary, but
non-negative and increasing function of temperature,
thus defining a new absolute Thermodynamic
temperature scale, say =T, independent of the
substance of a thermometer.

The above function, the Carnot ratio equality
(Eq. 6), is much more important than what it appears
at first. Actually it is probably the most important
equation in Thermodynamics and among the most
important equations in natural sciences.

Tw

Trer

AD = [ for given I
Fig. 5: For a fixed Ty, Trrer, Qu, and Qges, the
Q(T) is proportional to Qg (efficiency is
intensive property) and an increasing function of
T for a given Trer.

Not only that Eq. (6) defines the Thermodynamic
absolute temperature scale, which is independent of
the substance of a thermometer, but it will define a
fundamental property of matter, the entropy S, the
related process-equilibrium functions and
correlations, and quantify irreversibility (loss of work
potential), and the far-reaching Second Law of
Thermodynamics.
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In some references the Carnot ratio equality of
heat and related absolute temperature functions, is
deduced from the following reasoning, see Fig. 5

again (If T =T,,then Q(T)=Q; ):

QRef QT QRef
— ==y Tee) = | — || 5
(QH J J’ﬁ) (QHJ ( Q J

Not function of T

= fCl(TH NPSE fCl(TT s Trer)

Dependance of T must cancel

must be

:(f(TT)].(f(TRcf)j:(f(TRcf)J:(QRCfJ (7)
fT) L) f(T) Qx

Now, it is easy to write the correlation to define a
linear absolute temperature scale for a given arbitrary
reference temperature and unit increment, say Tre=
273.15 K and unit of absolute temperature 1 K = 1 °C
(Kelvin, 1848), i.e.:

T _Qom _om . ,_Qm .
TRef Q(TRef) QRef Q(TRef) o

_QM),

QRef

®

Ref

Where, Q and Qges , are heat transferred in any
reversible Carnot cycle working between an arbitrary
temperature T and the reference temperature Tges.

Clausius Equality (Entropy) and Inequality:
Another important consequence of the Carnot ratio
equality, Eq. (6), for a Carnot cycle working between
the two constant temperature thermal-reservoirs,
T=THor T=T,, is:

QH.IN _ QL,OUT — Q(TH ) + Q(TL)
TH TL TH TL

where Q(T) =Q,y =—Qoyr

Or in general, for a variable temperature, reversible
Carnot Cycle working between arbitrary variable
temperature thermal-reservoirs, see Fig. 6, and after
integration of Eq. (9) for infinitely many Carnot
cycles of infinitesimally small heat transfer OQ at

®

virtually constant temperature T, we have:

jB' @H,IN _ @L,OUT — &(TH) + m(—I—L)
T, T, T, T,

:§ T(T)zo

Rev. Cycle
Clausius Equality

10)

This is well-known Clausius equality (more about
Clausius inequality later), which defines new
fundamental property entropy, since it is independent
on process path Q(T), namely (compare with Eq. 10):
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QZ.T‘&(TH :Tany)‘ +f&g(T|_,asgiven)

Cycle T TH Rev TH Rev
Any Rev. Path Fixed Pat
B — B
_ J‘ ag(TH _Tany) J' &D(TL,as given) -0 (1 1)
A TH Rev A TH Rev
Any Rev. Path Fixed Pat
B — B
S S, - 6Q(TH - Tany ) _ &Q(TL,as given )
AR T - T
A H A H Rev
Any Rev. Path Rev Fixed Path

= const (independent of path Q(T = Tany)

Thus System Property

SW =380, —80, =T, (S)—T,(S)}ds

Tul(S)

w [ z-T, ks

AY

.
>

Fig. 6: Clausius equality: Variable temperature
reservoirs require multi-stage Carnot cycles

For real, irreversible cycles, the heat engine
efficiency is smaller than for reversible cycles, i.e.,

for everything else being the same W,__<W

Irr = "YRev
(equality in limit if irreversibility reduces to
reversibility). Then we can reason the proof of the
famous Clausius inequality as follow:

err = §&g|rr)S G;&?Rev =WRev) (12)
§dT—Q s(sﬁdTQ :oj or Sﬁ‘jT—Q:—sGenso (13)
Eq.(10) Any Cycle

Clausius Inequality
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The second Law of Thermodynamics is formulated
based on the definition of entropy (Eq. 11) and the
Clausius inequality (Eq. 13), the latter defines the
entropy generation, S, >0 due to irreversibility

(note  AS¢,q,

irreversibility if any; the generated entropy is
transferred to all affected surrounding systems).

=0, but S, ,>0 due to cycle

4. Additional Reasoning of the Carnot
Work Equivalency of Heat

Joule’s experiments have proved the equivalency
of fully irreversible conversion of mechanical work
to heat or more accurately via generated heat into the
internal thermal energy (of a single thermal
reservoir). However, the Joule’s “mechanical
equivalent of heat” does not work in reverse for
thermal energy (or heat) conversion to mechanical
energy (or work), since it is not possible to reverse
original, fully-irreversible Joule’s process and
convert heat (thermal energy) from a single reservoir
to work without any other impact with the
surroundings (i.e., spontaneously). Here the Carnot
principle provides the missing “heat equivalent of
work” or “Carnot motive-power equivalent of heat”
via reversible heat-engine conversion of thermal
energy into mechanical work. In order to extract
work from a heat reservoir, it is necessary to employ
a heat engine running a power cycle, while
transferring part of the heat from a high-temperature
reservoir to a low-temperature reservoir, that is, it is
necessary to have, in addition to high-temperature
reservoir for heating, also a low-temperature
reservoir to cool a part of the heat-engine cycle.
Without the low-temperature reservoir to provide
thermal compression by cooling of a gas (or
condensation of a vapor during cycle isothermal heat
removal), all obtained expansion work (or even more
in non-ideal cycle) will be needed to compress the
cycle medium to the original temperature, and all
absorbed heat (or even more in non-ideal cycle) has
to be removed out from the cyclic medium in order to
complete the cycle, see Fig. 7 (right). Therefore, the
so called “waste cooling-heat” in power cycles (like
in thermal power plants) is not waste but very useful
heat, necessary for thermal compression of cycling
medium  (steam-into-condensate, for example),
without which it will not be possible to produce
mechanical work from heat (i.e., thermal energy).
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(see ideal gas Carnot cycle elsewhere [6]).
However the  mechanical expansion-and-
compression are needed to adjust temperature for
reversible heat transfer at virtually zero
temperature difference. Such reversible cycle, in
limit, will run spontaneously when transferring
heat from high to low temperature reservoirs and
extract maximum work possible. If the cycle is
reversed by using the obtained work, it will
transfer the same heat in reverse, from low to high
temperature, thus performing a reversible
» refrigeration (or heat pump) cycle, to be

Fig. 7: Heat engine ideal Carnot cycle between two different
temperature heat-reservoirs (Ty>T_ and W>0) (left), and with
a single temperature heat-reservoirs (Ty=T, and W=0, ideal

reversible cycle) (right). Low-temperature thermal
compression is needed (critical), not the mechanical

(isentropic) compression, to realize work potential between
the two different temperature heat-reservoirs, due to internal

thermal energy transfer via heat (W=Qp-Q_>0). The

isentropic expansion and compression are needed to provide
temperature for reversible heat transfer, while net thermal
expansion-compression provides for the net-work out of the

cycle.

Thermal and mechanical energy and their energy-
potentials, temperature and pressure, are interrelated
(coupled). Reversible addition of work (mechanical
compression) or heat (heating via thermal energy
transfer), or irreversible heating (via loss of work or
work potential) will increase simultaneously pressure
(mechanical elastic energy potential) and temperature
(thermal energy potential), and vice versa. The
reversible Carnot cycle is the “gauge tool” to
uncouple the mechanical energy from thermal energy
and thus establish their equivalency. If we heat a gas
in a piston its internal energy will increase, and
mechanical work potential with regard to other
reference thermal reservoir is expressed with Carnot
efficiency (only if non-equilibrium exist, otherwise
no work potential). The cyclic process is ideal
method to decouple and measure the mechanical
power-equivalent of the thermal energy. It is
accomplished by an intermediary system, which after
making the whole reversible cycle (or integer number
of cycles, thus coming to the same final state as
initial), it will not make any change of volume or any
other property to itself. There will be thermal and
mechanical expansions and compressions (or thermal
evaporation and condensation if change of phase).
The net work is due to the net-thermal expansion-
compression, since the net-mechanical expansion-
compression is zero without phase change for any
reversible cycle exposed to thermal reservoirs only
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elaborated elsewhere [6].

5. Conclusion

Carnot ingenious reasoning (in 1824), at the time
when little was known about heat and work
interactions, much before establishment of the
“mechanical equivalent of heat” (Joule, 1843),
helped his followers to extend his work and to

define absolute Thermodynamic temperature
(Kelvin, 1848) and entropy, a new
Thermodynamic material property (Clausius,

1850, Boltzman, 1880), as well as the Gibbs free
energy (Gibbs 1878), one of the most important
Thermodynamic functions for the characterization of
electro-chemical systems and processes, like the
voltage outcomes of an electrochemical cell, and the
equilibrium constant for a reversible chemical
reaction. The Carnot work, almost unnoticed at his
time and not enough recognized even now, has had
unprecedented and far-reaching consequences, and
was crucial for development of new science of
Thermodynamics. Carnot answered many questions
related to the equivalency of “motive power” and
“heat” through his ingenious reasoning of reversible
cycles.

Carnot reasoning opened the way to generalization
of Thermodynamic reversibility and energy process

equivalency (conserving non-equilibrium  using
reversible  processes), definition of absolute
Thermodynamic  temperature and a new

Thermodynamic material property “entropy,” as well
as the Gibbs free energy, one of the most important
Thermodynamic functions for the characterization of
electro-chemical systems and their equilibriums, thus
resulting in formulation of the universal and far-
reaching Second Law of Thermodynamics, see Fig. 8:
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Fig. 8: Significance of the Carnot’s reasoning of
reversible cycles is in many ways comparable with the
Einstein’s relativity theory in modern times. The
Carnot Ratio Equality is much more important than
what it appears at first. It is probably the most important
equation in Thermodynamics and among the most
important equations in natural sciences.

In conclusion, it is only possible to produce work
during energy exchange between systems in non-
equilibrium, not within a single thermal reservoir in
equilibrium, for example. Actually, the work
potential is measure of the systems’ non-equilibrium,
thus the work potential could be conserved only in
processes if the non-equilibrium is preserved
(conserved, i.e. rearranged — cycle work has to be
stored eventually), and such ideal processes could be
reversed, and thus named reversible processes. When
systems come to the equilibrium there is no potential
for any process to produce (extract) work. Therefore,
it is impossible to produce work from a single
thermal reservoir in equilibrium: otherwise, non-
equilibrium will be spontaneously created leading to
a “black-hole-like energy singularity,” instead to the
equilibrium with randomized equi-partition of energy
at particulate level. It is only possible to produce
work from thermal energy in a process between two
thermal reservoirs in non-equilibrium (with different
temperatures). Consequently, if heat transfer takes
place spontaneously at finite temperature difference,
without possible reversible Carnot work extraction,
the latter work potential will be permanently “lost,”
thus irreversibly dissipated into thermal energy.
Maximum work, for a given heat transfer from high
to low temperature thermal reservoirs, will be
produced during ideal, reversible Carnot cyclic
process, in order to prevent any other impact to the
surrounding, (like net-volume expansion, etc.; net-
cyclic change is zero). All real natural processes
between systems in non-equilibrium have tendency
towards common equilibrium and thus loss of the
original work potential, by converting (“dissipating”)
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other energy forms into the thermal energy
accompanied with increase of entropy (randomized
equi-partition of energy per absolute temperature
level). Due to loss of work potential in a real process,
the resulting reduced work cannot reverse back the
process to the original non-equilibrium, as is possible
with ideal reversible processes. Since non-
equilibrium cannot be created or increased
spontaneously (by itself and without interaction with
the rest of the surroundings) then all reversible
processes must be the most and equally efficient (will
equally conserve work potential, i.e. conserve non-
equilibrium, otherwise will create non-equilibrium by
coupling with differently efficient reversible
processes). The irreversible processes will loose work
potential to thermal energy with increase of entropy,
thus will be less efficient than corresponding
reversible processes as is stated in Eq. (12) and
further elaborated and generalized elsewhere [6].
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