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Abstract

The traditional thermodynamic theory explains the reversible phenomena quite well, except that
reversible phenomena are rare or even impossible in practice. Here the purpose is to propose an
explanation valid for reversible and also irreversible phenomena, irreversibility being common or
realistic. It previously exposed points tricky to grasp, as the sign of the work exchange, the adia-
batic expansion in vacuum (free expansion) or the transfer of heat between two bodies at the
same temperature (isothermal transfer). After having slightly modified the concepts of heat
transfer (each body produces heat according to its own temperature) and work (distinguishing
external pressure from internal pressure), the previous points are more easily explained. At last,
an engine efficiency in case of irreversible transfer is proposed. This paper is focused on the form
of thermodynamics, on “explanations”; it does not question on “results” (except the irreversible
free expansion of 1845...) which remain unchanged.
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1. Introduction

Thermodynamics traditionally [1] [2] deals of relations between the thermal and the mechanical phenomena. It
is a science that was born in the nineteenth century and was codified by scholars as Sadi CARNOT or James
Prescott JOULE. Since then, little major changes have been made, on form and content. It is on this first point
that presentation takes place in this essay. Indeed, some statements remain difficult to understand, even if current
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“explanations” do not taint the veracity of the “results”.

In the first part, we will check some statements tricky to understand: a mathematical equality considered as a
physical principle, an expansion without any work, a negative work represented by a positive area, a transfer of
heat between two bodies at the same temperature, and a cycle where heat seems to go from cold to hot! In the
second part, we will change the forms of the heat transfer and of the work and consequently of the internal en-
ergy. Then in the third part, we will apply these new forms to the first statements which were tricky to under-
stand. Explanations look then more understandable, especially for irreversible phenomena. At last, an efficiency
ratio based on differences of temperatures is proposed for irreversible cycles.

2. Some Statements Tricky to Understand
2.1. The “Principle Zero” of Thermodynamics

Its name or more precisely its numbering—*“zero”—is unusual. The reason is historical. The first principles
having already been laid, it has nevertheless been considered necessary to add another one prior to the demon-
strations. But more than its numbering, it is its content which is surprising as a “principle”. Recall that the prin-
ciple zero states that if A is in (thermal) equilibrium with B and B with C, then A is with C. This is surprising
because that looks like more to a mathematical property (a transitive law, an equivalence relation or an axiom as
“two quantities equal to a third are equal”) than to a physical principle. In other branches of physics, it is not
stated as a “principle” that if A has the same mass as B and B as C, then A has the same mass as C. This zero
principle asks a question: does not it reflect a certain difficulty in characterizing thermal equilibrium?

2.2. Free Expansion and Joule Experiment

2.2.1. Historical
In 1806, Louis GAY-LUSSAC was the first to experiment expansion in vacuum. Measuring the temperature di-
rectly on the air with an alcohol thermometer, he found no variation of temperature [3].

In 1845, James JOULE did the same experiment, except that it measured the temperature of the surrounding
water; he found no variation of temperature either [4].

In 1865, Gustave-Adolphe HIRN did the same experiment, measuring the temperature through a variation of
pressure. He found a light variation of temperature: —0.2°C [5]. See Figure 1.

Since there, the experiment has been done again with carbon dioxide CO, (which is more sensitive than air): it
has been noted a decrease of temperature of —0.3°C [6] [7].

And today, it is mainly the usual industrial way to cool gases [8] [9].

And yet History has retained the result of the Joule’s experiment with no variation of temperature!

2.2.2. Explanation
Let us remind that an ideal gas is a gas that obeys the ideal gas law:

PV=nRT (1)
with P: internal pressure of the gas; V: volume of gas; n: amount of substance of the gaz (in moles); R: gaz con-
stant (8.314 J-K *-mol ); T: absolute temperature (in Kelvin).

This is a good approximation for gases in usual conditions (when the pressure is relatively low, less than 10
atm.) like the atmospheric pressure. It is often used to describe cycles, compressions and expansions.

There are two laws of Joule: the first one called Joule-Gay Lussac law and the second one called Joule-
Thomson law. The first law states that for ideal gas the internal energy depends only on the temperature, the
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Figure 1. The so-called Joule’s experiment.
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second one that the enthalpy depends only on its temperature. To check it, these scholars set up an experiment
showing that “the gas temperature would remain constant” (which is quite different to the Joule’s law: U de-
pends only on its temperature) with the expansion, due to the formula

dU = 6Q + oW @)

The reasoning is as follow: because there is no heat transfer, and because there is no work (P, =0 SO
without external pressure, there would not be pressure work), there is no change of internal energy U and so we
should not have change of temperature.

This is why it is still traditionally explained that if the gas cools in experiments, it is that in sudden expansion
the gas is far to be ideal [the gas would not obey to Equation (1)]: this is an indirect recognition that traditional

theory is not in agreement with experimental results...

2.2.3. A Surprising Result
What a surprising result: a thermodynamic system which keeps constant its internal energy U and its tempera-
ture T, and which does not receive any heat or work but submits an irreversible change! It is the result found by
Pr. Joule in 1845.
Why is it qualified here of surprising result? Because it is unusual to get:
¢ no work when the volume changes; it would be surprising that the border line, which can be the black top of
Figure 1, moves without any work! It would be at variance with the first principle of thermodynamics where
perpetual motion machines of the first kind are impossible...
e aconstant temperature

T, =T, 3)

when in the reversible and in the other irreversible cases, the temperature decreases [10] with expansion
(without heat transfer); please check on Figure 2.

2.3. Work Representation by Its Area

In mathematics, the area is calculated by integrating a function. If the function f,_,, () is positive so its inte-
gral, represented by an area, is positive: [F,,]>0 [11]. See Figure 3 where f . (X) is Py (V) and [F ]
iS [Wmath] .

In thermodynamics, work is conventionally counted positively when received and negatively when provided
by the system. The infinitesimal work exchanged by the system is denoted oW .

SW =P, dV 4)

ext

The pressure P, being always positive, when V, is higher than V, (that is, when X, higher than x,), the
thermodynamics sum W is then negative: W < 0. How explain that in the [P-V] Clapeyron diagram particularly
suitable for representation of work, the negative work W is paradoxically represented by a positive area W__.?

math *

2.4. Carnot Cycle

The theorizing of thermodynamics by physicists did not precede but followed or accompanied the development
by engineers of thermal engines as the steam engine. They had already realized that the efficiency 7 (work

Reversible case (1) Irreversible cases (2) Vacuum case (2)
1, (Q=0) 1, (Q=0) T Q=0
o ) P 5 P .
s 0 3
) ) ‘\ T =T,()
T<T P .
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Wi 0 wo=00
v, 2VG v, 2\/0

Figure 2. Work and temperature evolution with expansion.
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Figure 3. Representation of posi-
tive mathematical area.

done/energy transmitted by the hot source) seemed limited by an unsurpassable value related to the temperatures
of the sources.

n< 1—T°—Old (5)
Hot

Was it an impression or a physical principle? Sadi Carnot, who thought the heat was a fluid called caloric,
described a clever cycle (not representative of an existing machine) which reaches the performance limit. Let us
consider a transformation of this cycle, the isothermal transformation. See Figure 4.

An isothermal transformation is a transformation that takes place at constant temperature, in contact with a
thermostat. Take for example a piston air-filled at 20° Celsius, in an external medium like water also at 20° Cel-
cius. The air volume is adapted to the pressure according to the ideal gas law. This system is in stable equilib-
rium; it does not change and will not change spontaneously. And there is no reason that for two bodies at the
same temperature, heat flows in one direction rather than another. In the case of perfect equality between fluid
temperature and thermostat temperature: there is no transfer of heat.

Quot =Qcoa =0 (6)
And more generally for isothermal transformation
Tfluid = Tthermostat - Q = O (7)

This cycle cannot work as a thermal engine.
The efficiency 7 of the Carnot cycle is defined as the ratio of work supplied of the heat input, (i.e. by en-
ergy conservation), dividing heat balance by heat input:

— QHot _QCO|d 8
n oL (8)
Hence [cf Equation (6)]
0
n= 6 C)]

n is not calculable. Rigorously, the Carnot efficiency (based on isothermal conditions) is not defined!

2.5. Carnot Engine

The thermal cycle of a motor is traditionally represented as follows in Figure 5.

In motor mode, the heat from the hot source is partly converted in form of work, the balance going to the cold
source.

And the thermal cycle of a refrigerating unit is traditionally represented as follows in Figure 6.

In refrigeration mode, the heat from the cold source goes to the hot source and the work too. How is it possi-

ble that the heat goes from cold to hot?
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Figure 4. Carnot cycle.
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Figure 6. Traditional representations of cooling cycle.

3.1. Internal Energy U

3. Statement of Assumptions

The above points will be discussed again after the following assumptions:

Beforehand, what is the internal energy U? “The internal energy of given state cannot be directly measured. (---)
Though it is a macroscopic quantity, internal energy can be explained in microscopic terms by two theoretical
virtual components. One is the microscopic kinetic energy (--). The other is the potential energy (---). There is no
simple universal relation between these quantities of microscopic energy and the quantities of energy gained or
lost by the system in work, heat, or matter transfer.” [12]. So the link between macroscopic and virtual micro-
scopic components is:
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U =3 (E)+ X(E) (10

with E for kinetic energy of particles and Ep for potential energy

And the main property of U is: “The internal energy is a state function of the system, because its value de-
pends only of the current state of the system and not on the path taken or processes undergone to prepare it.” [8].
This property does not change here.

3.2. Emitted Heat Proportional to Temperature

The first new assumption is that all bodies emit heat, and this heat 5Q is proportional to the temperature T of
the body over a period dt:

O0Qumited =S- AT -dt (11)

with:

s coefficient, unit in [W/(K-m?)]

A area of the body, in [m?]

T temperature of the body surface, in [K]

dt time length of the thermal exchange, in [s]
Remark: if entropy S in [J/K] has the properties of a status function, s is only a coefficient in [W/(K-m?)]. And
like Cp, s is empirical and should be dependent for example on the temperature.

3.3. Work of Internal Pressure

According to the fundamental principle of dynamics, acceleration undergone by a body is proportional to the net
strength it received. The piston is moved because at a time that internal strength was different from the external
strength, i.e. the internal pressure was different from the external pressure. See Figure 7.

It is considered here (please read arguments in Appendix) the internal strength or internal pressure, and
therefore their work according to the formula:

é\N'nt = F’nt -l (12)

or
=P, -dV (13)

Remark: The fundamental principle of dynamics indicates that if internal pressure equals constantly and ex-
actly to external pressure, then there is no movement (for a body initially at rest): the reversible movement
where constantly and exactly P, =P, is impossible. The reversible movement is a limit but an unrealistic
case.

3.4. Variation of Internal Energy Function of Heat Transfer and Internal Pressure Work

The property to calculate the “variation” of U is traditionally given by dU =5Q+6W [cf Equation (2)] with
OW =P, -(-dV,,) [cf Equation (4)] which gives.

€

\
Figure 7. Py was different from

Pext-
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or

dU = 6Q P, -dV (14)

ext

Note than the variation of the “internal” energy would depend from the “external” pressure.
In this essay let us rather have the internal energy to depend from the internal pressure:

dU =5Q—-6W,, (15)

du +6W,, =6Q (15bis)

with oW, = PR, -dV;,, [cf Equation (13)] which means

3.

4,

In

int

dU =6Q-P,, -dV (16)

5. Comments

P, has only been changed into P, there is no major change in the expression of |éW| and dU; no ma-

jor change means that P,, has in practice the same magnitude than P, (except of course in the particular
case of expansion in vacuum).
When P,, =P, then dU according to Equation (14) is equal to dU according to Equation (16):
0Q+ Py (-dV) = 6Q Ry, -dV (17)
For reversible paths, P,, =P, , so there is no difference in the calculation of dU.
For irreversible paths, we will get a difference in the calculation of |éW| This difference of work calcula-
tion will change the “predicted” reached point in the Clapeyron diagram; for example, shall we reach the
temperature T, or T,? See Figure 8.
Then, to calculate the difference of internal energy from the initial point (TO) , we will choose a “reversible”
path, and we have demonstrated herebefore there was no difference in the calculation of dU_ , and so in
the calculation of the U status [we will find either U (T,) or U (T,)].
It confirms the U value of such defined point depends only of the current state of the system and not on the
path taken or processes undergone to prepare it.
For ideal gas, the property that the macroscopic internal energy U depending only on the temperature (the
Joule’s law) remains unchanged.
Due to Equation (10) and Equation (15bis), the link between the macroscopic value U and the virtual micro-
scopic terms could be changed.
To sum up into a chart (Chart 1).

rev !

Consequences

function of these hypotheses, points of Paragraph 2 are now discussed again.
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Figure 8. Change of the predicted reached point.
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4.1. Thermal Balance and Heat Transfer

4.1.1. Concept

Suppose two identical bodies, except for temperature, in a fully insulated enclosure: all the heat emitted from
one body A is received by the other body B (and vice versa). According to the first hypothesis of Equation (11)
where 8Q,...q IS Proportional to temperature, at every moment (see Figure 9):

e the body A at the temperature T, emits the heat 6Q,yeqa and receives from B the heat  6Qqpiyeq/s

e the body B at the temperature Tg emits the heat 5Q,eqs and receives from A the heat  5Qqpieq/a

e For A, the balance between the emitted heat and the received heat is the heat 6Qp,unce/a :

5Qbalance/A = 5Qemitted/B - 5Qemitted/A (18)
e For B, the balance between the emitted heat and the received heat is the heat 6Qp,unces :
5Qbalance/B = 5Qemitted/A - 5Qemitted/B (19)

This heat 0Q,, . 1S NOthing but the exchanged heat §Q in the traditional theory.
4.1.2. Generalization
e We can note in the case of this single two bodies that
§Qbalance/ B~ _5Qbalance/ A (20)

This is in agreement with energy conservation, what is lost from one side is gained from the other side.
e |Iffor example T, >T,, then according to Equation (11) on emitted heat

§Qemined/A > 5Qemitted/B (21)
and so

§Qbalance/ A< 0 (22)

The (hot) body A emits more heat than it receives.
By the same reasoning

Chart 1. Similarities and differences about internal energy.

Theory Traditional Proposed
Determination Cannot be directly measured Cannot be directly measured
U For ideal gas U function of T only U function of T only
Link macro/micro U=>(E)+D.(E) ?
Property du =6Q-P, -dV dU =6Q-PR, -dV
AU Reversible AU =Q-P-AV AU =Q-P-AV
Irreversible U(T)-U(T,)=Q- [P, -dv U(T,)-U(T,)=Q-[R,-dv
7
3
Qemined/A BOdV B
TA
TB
BOdV A Qemined/B

Figure 9. Heat transfer.
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5Qbalance/ B >0 (2 3)

The (cold) body B receives more heat than it emits.

Thus, the difference in heat is transferred from A to B, or in other words:

The heat “difference” goes from hot to cold.

Result: That prohibits the perpetual motion machine of the second kind where heat is directly removed from a
body: for there to be heat transfer we need a heat differential that goes from hot to cold.

4.1.3. Case of Equilibrium
When T, =T, then

5Qbalance/A = _5Qbalance/ B~ 0 (24)

When heat balance is nil, the bodies remain in thermal equilibrium. But that does not mean the heat ex-
changed is non-existent, which means the exchange is balanced. That is why it is distinguished. So we will dis-
tinguish the “balance heat” Qs (=0) from the “emitted heat” §Q,ueqa (#0) -

Using this argument on three bodies, mathematics proved that two temperatures equal to a third one are equal,
and so the three bodies are in stable equilibrium; it would not be longer a thermodynamical principle, it would
be a mathematical property.

4.1.4. Extension
For radiative exchange, according to Stéfan-Boltzmann’s law, the emittance M of a black body is:

M=0T* (25)
with o =5.67x10° [W-m?-K™*].
Let us have the hypothesis where the variable s would be equal to kT*:
s=kT? (26)

Note in this hypothesis the variable s increases as a function of temperature.
For a given area,

5Qbalance/A = 5Qemitted/B - 5Qemitted/A = kTE?dt - kT/fdt (27)
5Qbalance/A = (TB _TA ) k (T83 +TI32TA +TBT/f +TA3 ) dt (28)
For T, and Tg of the same order of magnitude, let us have & suchas
T, =Ty +&, (29)
& being small compared to T, and T.
6 Quance/a = &1 K -[4T§ + 6 (6T2 +4Tye, + &2 )] dt (30)
&; being small compared to Tg,
5Qbalance/A Ré&r 4k Tl33 -dt (31)
and with
C=4k-T; -dt (32)

and & =T,—T, according to Equation (23):
5Qbalance/A ~C (TB _TA) (33)

On a low temperature range and for a given duration t, 6Q,,.a Would be proportional to (Tg —T,) for
radiative exchanges.

4.2. Joule Experiment and Adiabatic Expansion

4.2.1. The Joule’s Law and the Selected Experiments

First we have to distinguish
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o the Joule’s law: the internal energy depends only of the internal temperature for an ideal gas, from

o the so-called experiment of Joule: the adiabatic expansion in vacuum. It is a specific experiment because it is
done against vacuum, and so it is irreversible. Let us remind experiments and industrial practice indicate that
without heat transfer (§Q = 0) the gases cool by relaxing (at temperatures lower than the Mariotte tem-
perature and at low pressure).

4.2.2. Usual Explanations
In the case of the expansion against vacuum, there is no heat exchange or external work exchange. Thus, ac-
cording to Equation (14) dU =0, so U = Constant, and therefore (see Joule’s law) T = Constant. As this is in
contradiction with the experimental results where the temperature is decreasing, it is said that the gases do not
follow the ideal gas law [13]! Equation (1) of ideal gas would be invalid in these cases. Why would not rather
Equation (2) of internal energy and so Equation (14) be invalid for irreversible transformations? See Figure 10
on incompatible assumptions.

Another explanation is to assert absolute vacuum does not exist (even in the intergalactic space, there is one
particle per m?), there is always some molecules and thus a (tiny) level of external pressure ¢, and therefore
work of external forces:

éVVext = _é/ ' dVint (34)
dv.. >0 so oW, <0 and dU <0 (35)

int ext —

In this case, the gas should hardly cool (whereas in practice, the gas really cools).

4.2.3. Proposed Explanation
According to Equation (16): dU =6Q—P,,-dV . The internal pressure of the gas being never nil, the internal

Internal energy: Ideal gas law:

dU=00 P -dV P n AL

_ —J

Experimental result:

T'is decreasing

or?

Internal energy: Ideal gas law:

dU =80 ~By dV P.oV=nRT
| & )

v

Experimental result:

T'is decreasing

Figure 10. Incompatible assumptions.



0. Serret

work is not nil, dV,, >0, and 5§Q =0, therefore dU <0: placing itself under the usual conditions (lower
temperature than Mariotte temperature and so to a pressure where the molecules do not interact), the ideal gas
must cool itself by relaxing in accordance with the present hypothesis, and in accordance with experiments
(without making necessarily a perfect vacuum).

A more precise calculation will be to use the formula from the Appendix:

AW,y = (P + Py )/2- 0V, (36)

Because 6Q=0 and P, =0,
du =-PR,/2-dV,,, (37)
dU <0sodT <0. (38)

The experimental results are in agreement with the Joule’s law: with the expansion work the temperature is
decreasing; and so there is a loss of internal energy (gained by the expansion work).
Conversely, in case of compression, the temperature increases and the internal energy consequently.

4.3. The Area of Internal Pressure Work

During an expansion the volume increases, and so according to Equation (13) where oW, =P, -dV,, : the in-
ternal work is positive (W, >0).

When the abscise increases for a positive function, the mathematical integral represented by its area is posi-
tive (W, >0). See Figure 11.

The same reasoning can be applied to the volume restriction and to the negative integral.

There is total correlation between the thermo dynamical work of the internal pressure W, and the mathe-
matical graphic representation W in the Clapeyron diagram in [P-V].

math

4.4. Engine Cycle

“A transformation is reversible if it can return to its initial position by a series of infinitesimal changes. It is only
a thought experiment: the actual transformations are all irreversible” [14].

The Figure 6 represents the idealized but incorrect case where heat is transferred whereas the internal fluid is
at the same temperature as the hot source, and then at the same temperature as the cold source. For there to be
heat transfer, “in practice, there must be some difference in temperature between the machine and the hot and
cold sources” [15]. For the refrigerating machine, the fluid must be compressed to a temperature above the hot
source, and then expanded to a temperature below the cold source for it to work. The Figure 6 should be re-
viewed as follows in Figure 12.

In refrigeration mode, heat of the cold source goes towards the colder fluid. Then the cycle fluid is com-
pressed by the work done up to a temperature above the heat source for the heat dissipation of the fluid. And to
close the cycle, the fluid is relaxed and cooled itself to return to the initial conditions.

PA
W =+P V >0
int 0 0
P >
0 >
math
7
>
v, 2v, v

Figure 11. Representation of internal
pressure work.
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The Figure 5 of the motor cycle are also idealized and incorrect, as there is no transfer of heat if the fluid is at
the same temperature as the hot source, and then as the cold source. The Figure 5 should be reviewed as follows
in Figure 13.

In motor mode, heat from the heat source goes to the cooler fluid, the fluid expansion provides work (and to
complete the cycle, the fluid transfers the heat balance to the cold source).

4.5. Motor Efficiency

4.5.1. Motor Efficiency Formula
And Figure 4 would have to be reviewed as follows in Figure 14.

PA
i Q,.,<0
J==Weer, Fluid
E lHo( H
Ve
: T W0

=
-

t
Cold

LETEF LT A
fQCo]d >0

Figure 12. Proposed representation of cooling cycle.
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Figure 14. Proposed Carnot engine.
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If this cycle is more realistic, it will generate complicated equations to calculate variable temperatures. That is
why it is suggested here the following simplification, knowing that ty and tc are approximately (not exactly)
constant. Let us characterize it with equations:

The heat transferred to the (relative) hot fluid from the Hot source is (cf Equations (11) and (18)):

Qbalance/hot fluid = SH (TH -1y )t fora giVen area (39)

Note: the Hot source and the (relative) hot fluid being substantially at the same temperature, we consider
firstly that they have substantially the same sy (idem for s¢).
For writing formulas reason, let us simplify the expression: Quuunce/motsiia MO Qu (ANd Qpapancescoid i 1NLO

Qc).
Qu =5y -(T,y —t,,)-t for agiven area (40)
AsT, >t, thenQ, >0 (41)
And the heat transferred from the (relative) cold fluid to the Cold source is [cf Equation (11) and Equation
(19)]:
Qc =s¢ +(Te —t¢ )-t for a given area (42)
As T, <t; then Q. <0 (43)

Preliminary remark: according that we adhere or not to the hypothesis expressed by Equation (15) taking into
account internal work, demonstration hereafter does not change, it is why it is denoted by |W| which can rep-
resentas well W, | as [W,|.

For a motor cycle:

Qu = |W|+|Qc| (44)
Motor efficiency 7 is:
n= ul (45)
Qu
or according to Equation (44):
Qu
and using equalities (40) and (42):
n= 1_S_C.ﬂ (47)
Sy TH _tH

On the same range of temperature, s. =s,, , SO
tc _Tc

=1-
7 TH _tH

(48)

which, for effective engine, is more accurate than the usual limit inequality 7 < 1—T—C [cf Equation (5)].
H

4.5.2. Theoretical Example
To get a better understanding, let us apply to a theoretical example, the irreversible Carnot engine, as described
in Figure 15.
The effective efficiency is according to definition Equation (45):
W| 100
Mesr. = E =

=60% (49)
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Figure 15. Irreversible Carnot engine.

If we use the efficiency of irreversible cycle based on temperatures as seen Equation (48):

Ty, Z1— te Te ;310300 _ gy, (50)
T, -t 800775

which has the same value than the effective efficiency,.
Thus the Carnot efficiency based on sources temperatures is, according to Equation (5):

ngl—-rc—"'dzl—@:&% (51)
Tt 800
which is slightly higher than the effective efficiency.
We can of course find the efficiency of 60% if we consider the cycle temperatures instead of the sources
temperatures. The trouble is Carnot “engine” with isothermal evolution is unrealistic as explained §2.4. So, let
us check another simple example.

4.5.3. Application
Then we will apply this property of the efficiency to a non-biphasic cycle: the very simple but more realistic
elevator engine given by Pr. Richard Taillet [16]. Figure 16 and Chart 2 sum up the results:

In this non-biphasic cycle, the net work is —45 kJ for a heat transfer of (122 + 868 =) 990 kJ. The cycle effec-
tive efficiency is very low, (45/990 =) 5%.

When we apply the Carnot efficiency, with a 746 K hot temperature and a 300 K cold temperature, the maxi-
mum efficiency is according to Equation (5):

T, 300
Tcamot max. Sl__czl__ZGO% (52)
Carnot ma; TH 746

The maximum efficiency (60%) based on sources temperatures is very far of this cycle efficiency (5%).

To apply the new efficiency formula, we strictly should have used the instantaneous temperatures and inte-
grate them, which would be very difficult here. So, only to give an order of magnitude, we will take in this ex-
ample an average temperature of ((373 + 746)/2 =) 560 K for the hot side, and an average temperature of ((600 +
300)/2 =) 450 K for the cold side. An irreversible efficiency should be closed to

to-T -
g =1 le~Tc _; 450-300
S ey 746 —560

=19% (53)

An irreversible efficiency (19%) based on differences of temperatures is closer to the effective efficiency
(5%).

Previous calculation (19%) was done with a very approximative but simple average temperature only to ex-
plain. It has also been taken final fluid temperatures equal to the source temperature, which would mean a per-
fect heat exchanger. In practice, we will get for example 4 to 5 K between the final fluid temperature and the

1588
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PA

T, (746 K)

BGBK) e (146 K

AGK) D (600 K)

- T_(300K)

>
A\
Figure 16. Non-biphasic motor cycle.

Chart 2. Cycle results.

Exchanges Heat (kJ) Work (kJ)
A-B 122 0
B-C 868 —245
C-D —245 0
D-A =700 200

Cycle sum 45 —45

source temperature: A . Let us use the more accurate logarithmic difference of temperature (At,n) used with

heat exchangers:
(T+A6-t)-A0
At =
In((T+A6-t)/A0)

which would give
(746+5-300)-5

T, -ty =At . =
" n((746+5-300) /5)

=99 K

and, because A@ is in practice a bit lower on the cold side than on the hot side
C T AL - (746-(300-4))-4 LK
© 0" in((746-(300-4))/4)

SO

t. —T,
Thirrev El_u:l_%ZS%
T o, 99

which is in good correlation with the 5% of the effective efficiency.

5. Conclusion and Summary

(54)

(55)

(56)

(57)

Slightly modifying the concepts of heat transfer and work, we have given different explanations, and hopefully

clearer on:

¢ the thermal balance and the heat transfer direction;

o the effects of expansion in the so-called experiments of Joule;
o the direct reading of the work in the Clapeyron diagram;
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Chart 3. Comparison chart.

Theory Traditional Proposed
Heat received by the system oQ 5Q, e
Equilibrium of 2 bodies Q=0 Quuere =0 bUt Q%0
Equilibrium of 3 bodies by principle (# 0) as a consequence
Heat goes from hot to cold by principle (# 2) as a consequence
Heat transfer from A to B Q. =C(T, —T,) by C definition Q. =C(T,-T,) asaBoltzmann consequence
Pressure work AW =—P, -dV,, AW, =+P, -dV,,
Clapeyron diagram W and Wnman have opposite signs Wint and Wiain have same sign
U internal energy State function State function
Joule’s law U function of T U function of T
Energy variation dU =6Q-P, -dV dU =6Q-P, -dV
Adiabatic expansion du =0 du <0
Adiabatic compression du =0 du >0
Cycle efficiency definition Noyee = W Noyee = W
Qu Qu
Carnot cycle efficiency Neanotogee =1~ %‘ Mo 15 NOt defined (Q, =Q. =0)
Irreversible engine efficiency Tier. =? ey, =1= e =T
TH 7tH
Engine efficiency limit Tengine sl—T—C Nergine <1_Lc
TH TH

e a more accurate use of diagram of thermal cycles, especially for irreversible transformations in the motor
cycle and the refrigeration cycle;
. . . . to =T,
e anew property for irreversible engine efficiency: 7., = l—% .
H  'H
You will find a chart (Chart 3) to sum up the proposed formulas vs. the traditional formulas.
Without questioning the experimental results and the reversible predictions, the purpose of this essay is con-
tributing to evolve the presentation of the thermodynamics traditional explanations, taking better account of Ir-
reversibility.
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Appendix
Arguments for Internal Pressure Work

1) Work of external pressure
Because dV,, =-dV,

int 1

oW = _Rext 'dVint = Pext '(_dvint) =P,

ext

’ dvext = Wy, (A1)

this means oW is nothing but the work supplied (or received) by the outside to the (internal) system.

b) Work of internal pressure

More than the work supplied by the external, it would be more rigorous to take in count the work received (or
supplied) by the (internal) system: oW, =P, -dV,,.

Due to the conservation of energy, the trouble is why the supplied work SW,,, would not be equal to the re-
ceived work SW. . ? See Figure 17.

int *

To get a movement, it is necessary to have P, # P, ,s0 oW, #oW,,.
3) Effective work
Effective work, supplied and received, is in fact
oW =(P, +a-dP)-dV,, with 0<a <1 (A.2)
this will be difficult to integrate
W =[(P, +a-dP)-dV, (A3)

So previous equation can be approximated by

P A

r\t & J SWEX(: PEX(dVEX!

o A 8W =P 4V

int int” int

- >
. A%
Figure 17. Wey and Wig.
PA
dv
Pé'“
dp I “iiaans @ _+P )2
Pi‘“ / / ext int’
/ >
A\

Figure 18. Effective work (supplied and re-

ceived).
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oW ~ (Pint + Pext )/2 ’ dVint (A4)

See Figure 18.
For pragmatic reasons (for example Clapeyron diagram, cf 84.3), it has been chosen here to represent oW
by P, -dV,,, butif high precision is required, one of the two previous formulas [(A.4) or more precisely (A.2)]

will be necessary.
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