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Abstract: Despite its indisputable efficiency and the great variety of its applications, thermodynamics shows
conceptua difficulties which have been noted in several textbooks [1, 2]. The aim of this paper is to expose the
problem in avery simple way and suggest a proposal to solve it. Already presented in preliminary papers [3, 4],
this solution consists in linking thermodynamics with relativity. A numerical example illustrates the matter.
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1. Statement of the problem

Let us congder a thermodynamic system defined as a given amount of gas contained
in a vessel. We suppo® that it can exchange heat (Q) and work (W) with the surroundings
from which it is separated by a mobile piston. If the gas evolves from an initial state 1
(P,V1,T1) to afind state 2 (P, V2, Ty), the thermodynamic andysis of the process can be
summarized &s follows.

1.1 Exchange of work

Calling dV an elementary variation of volume of the gas, whether the exchange of
work with the surroundngsis irreversible or reversible, the equaions we have to use are,
respectively:

dWir = - PedV Y

where P, means "externd pressure” and R "internd pressure”.

A first consequence is that, for a given value of dV, the difference beween dW,, and dW,e,
takes theform:

dWr = dWreV = dV(F)| = Pe) BQ

Observing tha dV is postive when P, > P, and negative when P, < P, it can benoted tha the
term dV(P, - P) is dways postive, giving in dl cases:

dW; > dWie, 4) (
Another writing ofeq. 4 is therefore:

dW = dWie, + dWag ©)



where dW g means dWggitiona @nd ha a postive vaue
These equaionsare directly trangposable to the case of an isolated system composed
of two gaseous parts, called 1 and 2, separated by a mobile piston. If they exchange work
irreversibly, we can write:
dW]_ =- P2dV1 6)(
sz =- PldVZ (7)
Having d\, = - dV;, we ge for the whole system:
dWys = dVy (PLDP,) o))

For similar reasonsto thos encountered with eq. 3, the right hand side of eg. 8 is postive,
giving o dWk,« apostive vaue

1.2 Thermodynamic consequence of the results just obtained

According to the first law of thermodynanics, a system exchanging heat and work
with its surroundingsobeys the equaion:

dU=dQ+ dw 9
where dU, ddined as thechangein interna energy, is consdered as an exact differential.

Thisisaway to say that dU has the same value, whaever thelevel of irreversibility of
the process and tha, consequently, we can write:

dUpr = dUrev (10)

Knowing that these terms correspond b the respective equaions
dUrer = dQe + dWie (11)
dUir =dQr +dWiy (12)

we immediately see tha to recondle the condition dW, > dW,e, (eg.4) with the condiion
dUir = dUe, (eg. 10, we mug have:

def < dQ'G‘V (13)

Aswill gppear below, this last condition raises an interesting pioblem.

1.3 Exchange of heat

The exchanges of heat occurring between a system and its surroundngsare mainly governed
by the second bw of theemodynanics, generally summarized by he equation:



dS=dQT +dS (14)

This expression, whos precise sgnificance is:

dS=dQTe+dS (15)
is sometimes presented unde the form:
dS=dS +dS (16)

Through this last equaion, it appears clearly that dS, defined as the changein entropy, is
divided into an externd component (dS;) and an internd component (dS).

An important piece of information given by the second law is tha the value of dS is always

pogtive for an irreversible process and reaches a value zero exclusvely for a reversible
process. To kegp in mind tis difference, we can write eq. 15 undethe form:

dS, =dQTe+dS (17)

which correspondsto the general case of an irreversible process. In the case of a reversible
process, &. 17 kecomes simply:

dSe = dQT; 19)
Expression 17 s an entropy equaion, whose corresponding energy ejuation is:
TedSy =dQ+ Te dS (19)

Observing tha the quantity TedS is necessarily postive (Te beng an absolute temperature
and dS apostive term, as dready noed), the concluson we are led to takes the form:

Comparing eg. 20 with eq 13 (dQr < dQre), it seems evident tha the term dQ of eq. 20
correspondsto theterm dQ,; of eq.13 and theterm T dS;, to theterm dQey.

Althoughthis point of view is the oneclassically admitted in thermodynanmics, it represents a
changeof convention, because theinitial definition of dQ., is dQ = T;dS., (eg. 18) and tha
of dQr isdQy = TedSy, in the same way as the definition of dW,, is dW,, = - PdV (eg. 1)

As aconsequence, the true dgnificance of eq. 20is notdQ,, < dQ., butthe reverse, tha is:

def > dQ'G‘V (21)

Therefore, as dready dore with &j. 4, € 21 @n dso bewritten:



dQir = dQev + dQxq 2%

where dQuq means dQuditiona @Nd has a postive value The parallel between eg. 19 and eq.22
can beemphasized by writing them togeher:

TedSr= dQ +TedS (19)
d@ =dQe *+ dQaq (22)

and noting tha each term of the first equaion has the significance and value of the
correspondng term of the second ejuation.

Of course, the doubk condition dW; > dW,e, and dQ; > dQ., is not compaible with the
condition dU;,; = dU,e, (€9.10), and explainsthat we are confronted to another problem which
requires itself to besolved.

1.4 Suggested solution.
If the subditution of eg. 13 by eg. 21 is recognized as vaid, the only way to solve the

problem jug mentionead is to admit tha the equdity dU;, = dU,, representing the usud
conaoeption ofthefirst law of thermodynanics, needsto besubdgituted by theinequdity:

dik > dUsey (23)

This last expression an also bewritten:

di; = dUey + dUqq 24)
where dU g means dU yditiona @Nd ha a postive vaue
The question raised by this eq. 24 is evidently the origin of the energy designaed as dU .
The explanation advanced in previous papers [3, 4] suggests a disintegration of mass
occurring within the system, according to the Einstein mass-energy relation E = mc?. In this
conaeption, dU4yq is conddered as having the significance:

dWg = dE = - c?dm 25

the sign minus corresponding to the fact that a decrease in mass results in an increase in
energy and convasaly.

Dueto this reference to the mass-energy relation, another writing ofeq. 25 is:
dUirr = dLJre\/ = Czdm 2&)

which appears as a general connection between thermodynanics and relativity, covering the
thefirst and second laws.

As a complementary remark, it can be noted that the equivalence between theterm dQ
of eg. 19 and the term dQe, Of €g.22 means tha the term dQ of eq.17 (from which eq.19is



derived) represents dQe,. Similarly, but by simple definition, the term dQ of egq. 18 (which
refers to reversible processes) represents dQe,.

Dueto thefact tha theentropy is a state function, as well as the volume, an important
point of the thermodynanic theory is the equdity:

dSy = dSe (27)

Remembering that eq. 17and 18 ae respectively written:

dSyr =dQTe +dS a7)
dSe = dQT; (18)

it can beextracted from eq. 27 ha:
dS =dQe [L/Ti D1/T{ @8)

If Te > T, the term in brackets is pogtive and the system receives heat from the
surroundngs Therefore dQ., is postive and dS is postive too.

If Te < T;, the term in brackets is negaive and the system provides heat to the
surroundings Therefore dQ., IS negative and dSis postive.

Althoughthe postive value of dS is a well-known daa of the thermodynanmic theory,
the important point of the reasoning jus adopted is precisely that in eg.17, dQ represents
dQev, NOtdQy,. This peculiarity explainstha it can befactorized in eq 28, confirming tha dS
is always postive (except in thelimited condition of reversibillity, for which T = T; and thus
dS =0)

An interesting extendon concerns the case of a system defined as isolated, composed
of two parts (designaed 1 and 2) which exchange heat, because ther initial temperatures are
different (T, and T»).

Applying &. 28 b pat 1 and pat 2 gives respectively:

dS: = dQe [1/T1 - 1/TY] 29)
dS2 = dQen2 [1/T2- 1/T4] 80)

Since dQez = - dQev1, €9. 30 can also bewritten dS, = dQrevs [1/T1 P 1/T,], showing that we
have the equality:

ds =dS; 81)
As aconsquence, if theformula agpplied to pat 1 and pat 2 iseq. 19, we get:

TZdSrrl = erevl + T2d31 (32)



T1dSi2 = dQez + T1dS> 33)

whos meaningsare respectively:
dQm = dQe1 + dQua 84)
dQiz = dQe2 + dQxa2 35)

Remembering tha dQ.e, 2 = - dQ.ey 1 and dS; = dS;;, the result obtained for the whole
system is therefore:

0@ gst = dQevyst+  dQudsyst (36)

tha is: dRys = 0  +dSi(T1+T)) 87)

where dS; (T1 + T,) has dways a postive vaue

Similarly, if we condde an isolated system composed of two gaseous pats which
exchange work (because ther initial pressures P; and P, are different), it can be derived from
eq. 5 ha:

dW = dWiev1 + AWt 36)
dWir2 = dWrey2 + AW 89)
Theresult for the whole system is therefore:
dWrr.syst: dWrev.syst + dWajd.syst (40)
that is Ws= 0 + dVi(Pi-P) 41)

For a conaete representation of the difference between this extended intepretation and

theoneclassically admitted, anunerical example is examined bdow.
2. Numerical example

Let us condde the very simple case of a system defined as a liter of water which is
heated from 20 {C (= 293,15K) to 40 {C (= 31315 K). The difference between the classica
and the new suggested interpretation an besummazized as follows.

2.1. Qassical intepretation

If the heating is donereversibly, the entropy variation between state 1 and state 2 is
given by integration ofeg. 18. Knowing tha:

dQ=mcdT 42)



where mis the mass of the system (1 Kg) and c its heat capacity (4.184 J, we gd:

313.15
"Se = HodT @3)
293.15
Admitting that m and ccan beassumed condant ove theinterval of integration, theresult is:
| Sy =4.184 In (313.15/293.15)= 276.13 K™ 44)

If the heating is doneirreversibly, because - for example - the system is directly putin
contact with athermodat a 313,15 K we have to integrate eq. 17and we obtain:

313.15
1

AS, = — [dQ +AS, (45)
e 293.15
whose meaning is (see eg.16).
IS=1&+!'S
and an also bewritten (see eq.17)
IS=1Q/Te+!' S

In these equations thefirst term of theright hand sideis calculated by writing:

313,15
10 o L meqr,. 1 = 58680

= = 267,22 JK' 46)
e 293,15 Te 313’15

Then knowing fromeq. 27 tha ! Si; = ! S, ther common value can be designaed ! S and
we gd for! S;:

1S=1S-1S
ie 1S =89 K™ 47)

An important point to keep in mind is tha, in the classical conagption of the thermodynanic
theory, this pogtive value of ! S is not interpreted as the symptom of an increase in energy.

2.2. New suggested intepretation

If the heating is donereversibly, the calculation remains the same as in the classical
interpretation.

If the heeting is doneirreversibly, we have to integrate eq. 19, ingead of the classical
eq. 17, ad we get:



T!S=1Q+T!'S 48)

This equaion can be applied to the water (symbol wa) and to the themodat (symbol th),
giving respectively:

For the water: T! Swa=! Qua+ Te! Swa (49)
For thethemodgtat:  Twd Sh="! Qun + Twa! Sin (50)

If the conditions of irreversibility are the ones previoudy mentioned (water directly put in
contact with thethemodat a 313.15 K, the calculationscan bedoneas follows:

a) For the water:
Having! Swa=276.13 K (eg. 44), and! Q.. = 83680 €q.46) eg. 49 gies:
313.15 276.135 83680 +Te! Swa
Therefore Tg Swa=2971 J and the corresponding vdue of ! Sy, is:
| Swa= 2971/313.15 =8.91 K* (51)
which is evidently the same as tha obtained &owve (eg. 47)

It can be noted tha, in eg. 49,! Qua represents the energy tha the water receives from
the thermodat (its value is the same whether the process is reversible or irreversible). By
contrast, Te ! Swa IS interpreted as an energy created ingde the water, by disintegration of
mass. Since the corresponding changein mass, obtained by the Eingein mass-energy relation
is very small, we easily conceived tha it canna be experimentally detected. Neverthdess,
taking it into congderation is indispensable for the congstency of the theory.

b) For the thermogat:

To reach the main objective, which is the calculation of the term Tya ! Sity Of €g. 50
(enegy created indde the themodat), afirst step is the deerminaion of theterms Ty, ! Qun
and! Sih.

Being thevalueof T, when eq. 48 is applied to the thermodat, the term T, represents
the average temperature of thewater during the heating process. Its valueis the same whether
the process is reversible or irreversible and can be calculated by integration of eg. 18, tha is
by therelation:

Te=!1QNI"S (52)

Theresult obtinad is:

T =83680276.135 =303.04 K



Theterm ! Qu represents the heat o by the thermogat and given to the water. Its
vaueis:

1 Qn = -! Qua = - 83680J
Theterm ! Sy, consequently, is given by herelation:
I'Sh="! Qu/T
tha is:
| Sy = - 83680 /313.15=- 267.22 K*
Entering these vaues into eg. 50 whos expression is:

Twa Sh=!Qn+ Twa! St

gives:
303.04 x - 267.22 = 83680 +Tya! Sin
Therefore we have:
Twa! Sth=27@ J
and

| Sin=2702/Tywa =2702803.04 =891 XK™* (53)
Comparing this result with the oneobtained by ). 51, we see that:
'Sih = ! Swa 54)

This equdity is in accordance with eq. 31. It can be observed tha the factorization of dV; in
eg. 8 was itself a consequence of the equality between theterm dV; of eq. 6 (whose meaning
is dVj;) and the term - dV, of eq.7 (whos meaning is dV;,). This is the sign of an andogy
between the volume and the entropy, except tha an internd exchange of volume between two
pats of asystem obeys therelation dVi; = - dVi,, while an internd exchange of entropy oleys
therelation d$; = dSi,.

An important point is that both in the case of an exchange of volume and an exchange of
entropy, the find result is an increase in energy which requires tha relativity (the Eingein
mass-energy relation) be closely connected with thermodynanics.

Conclusions.

The hypotesis presented here is not a rgjection of the thermodynamic theory, but an
extenson. Remembering tha this theory was stated in the middle of the X1Xth century, we
easily conceive tha it was impossible for its authors to take into account the concept of the
mass-energy relation, itself discovered by Eingein at the beginning of the XXth century. This



situaion is probably at the origin of the change of convention noted above (section 1.3), a
change which escaped notice because there was no aternaive solution at tha time. Yet, it
represents a slight incongstency and is certainly thereason of the conceptud difficulties often
encountred in thermodynamics.

From the practical point of view, the difference between the classical interpretation
and the new suggested one (sections2.1and 2.2) is not very large, because a mgjor part of the
calculationsis dready dane with the usud gpproach.

From the theoretical point of view, the difference is more important. Suggesting a
close connettion beween thermodynamics and relativity, the extended interpretation opens
new possibilities. Some of them have been briefly mentionad in previouspapes[3, 4].
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