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Esercizio (tratto dal Problema 12.51 del Mazzoldi-Nigro-Voci)

Due macchine termiche utilizzano le stesse due sorgenti: una sorgente fredda alla temper-
atura T2 = 300 K ed una sorgente calda alla temperatura T1 = 600 K. La prima macchina,
reversibile, assorbe un calore 2 kJ e produce un lavoro W . La seconda macchina, irre-
versibile, con rendimento ηI = 0.3, produce lo stesso lavoro W . Calcolare la variazione di
entropia dell’universo in un ciclo di ciascuna delle due macchine.

R I
W

<latexit sha1_base64="bknBClUAf6oPLw2qgdqSvJ1XPM4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU7AxKZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsoGM1Q==</latexit>

W
<latexit sha1_base64="bknBClUAf6oPLw2qgdqSvJ1XPM4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU7AxKZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsoGM1Q==</latexit>

T1
<latexit sha1_base64="n6A8uSm1oKaWJj6T6B2EubWLJE4=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtLAI2FhGzBckR9jbzCVL9vaO3T0hHPkJNhaK2PqL7Pw3bpIrNPHBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38389hMqzWPZMJME/YgOJQ85o8ZKj42+1y+V3Yo7B1klXk7KkKPeL331BjFLI5SGCap113MT42dUGc4ETou9VGNC2ZgOsWuppBFqP5ufOiXnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHpFG0I3vLLq6RVrXiXlerDVbl2m8dRgFM4gwvw4BpqcA91aAKDITzDK7w5wnlx3p2PReuak8+cwB84nz/USY16</latexit>

T2
<latexit sha1_base64="vv9xgKf2pZk62aqCk1d1sOLrcLc=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtLAI2FhGzBckR9jbzCVL9vaO3T0hHPkJNhaK2PqL7Pw3bpIrNPHBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38389hMqzWPZMJME/YgOJQ85o8ZKj41+tV8quxV3DrJKvJyUIUe9X/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dUrOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdoQvOWXV0mrWvEuK9WHq3LtNo+jAKdwBhfgwTXU4B7q0AQGQ3iGV3hzhPPivDsfi9Y1J585gT9wPn8A1c2New==</latexit>
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SOLUZIONE

Dati Noti:
Qass,R = 2 kJ
T1 = 600 K
T2 = 300 K
ηI = 0.3

R I
W

<latexit sha1_base64="bknBClUAf6oPLw2qgdqSvJ1XPM4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU7AxKZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsoGM1Q==</latexit>

W
<latexit sha1_base64="bknBClUAf6oPLw2qgdqSvJ1XPM4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV7LHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzU7AxKZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNWHNz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsoGM1Q==</latexit>

T1
<latexit sha1_base64="n6A8uSm1oKaWJj6T6B2EubWLJE4=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtLAI2FhGzBckR9jbzCVL9vaO3T0hHPkJNhaK2PqL7Pw3bpIrNPHBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38389hMqzWPZMJME/YgOJQ85o8ZKj42+1y+V3Yo7B1klXk7KkKPeL331BjFLI5SGCap113MT42dUGc4ETou9VGNC2ZgOsWuppBFqP5ufOiXnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhDd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHpFG0I3vLLq6RVrXiXlerDVbl2m8dRgFM4gwvw4BpqcA91aAKDITzDK7w5wnlx3p2PReuak8+cwB84nz/USY16</latexit>

T2
<latexit sha1_base64="vv9xgKf2pZk62aqCk1d1sOLrcLc=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswl0UtLAI2FhGzBckR9jbzCVL9vaO3T0hHPkJNhaK2PqL7Pw3bpIrNPHBwOO9GWbmBYng2rjut7O2vrG5tV3YKe7u7R8clo6OWzpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38389hMqzWPZMJME/YgOJQ85o8ZKj41+tV8quxV3DrJKvJyUIUe9X/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dUrOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdoQvOWXV0mrWvEuK9WHq3LtNo+jAKdwBhfgwTXU4B7q0AQGQ3iGV3hzhPPivDsfi9Y1J585gT9wPn8A1c2New==</latexit>

Qass,R
<latexit sha1_base64="NaD2T9rrY75eRp4oLUZJY0c4aVo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEF1KSKthlwY3LVuwD2hAm00k7dCYJMxOhhn6JGxeKuPVT3Pk3TtsstPXAhcM5987ce4KEM6Ud59sqbGxube8Ud0t7+weHZfvouKPiVBLaJjGPZS/AinIW0bZmmtNeIikWAafdYHI797uPVCoWRw96mlBP4FHEQkawNpJvl1t+hpW6zAZSoPvZzLcrTtVZAK0TNycVyNH07a/BMCapoJEm3LzUd51EexmWmhFOZ6VBqmiCyQSPaN/QCAuqvGyx+AydG2WIwliaijRaqL8nMiyUmorAdAqsx2rVm4v/ef1Uh3UvY1GSahqR5UdhypGO0TwFNGSSEs2nhmAimdkVkTGWmGiTVcmE4K6evE46tap7Va21riuNeh5HEU7hDC7AhRtowB00oQ0EUniGV3iznqwX6936WLYWrHzmBP7A+vwBizqS+w==</latexit>

Qass,I
<latexit sha1_base64="42dra3QayUJhMU6Ams3djWBq1Mw=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEF1KSKthlwY3uWrAPaEOYTCft0JkkzEyEGvolblwo4tZPceffOG2z0NYDFw7n3Dtz7wkSzpR2nG+rsLG5tb1T3C3t7R8clu2j446KU0lom8Q8lr0AK8pZRNuaaU57iaRYBJx2g8nt3O8+UqlYHD3oaUI9gUcRCxnB2ki+XW75GVbqMhtIge5nM9+uOFVnAbRO3JxUIEfTt78Gw5ikgkaacPNS33US7WVYakY4nZUGqaIJJhM8on1DIyyo8rLF4jN0bpQhCmNpKtJoof6eyLBQaioC0ymwHqtVby7+5/VTHda9jEVJqmlElh+FKUc6RvMU0JBJSjSfGoKJZGZXRMZYYqJNViUTgrt68jrp1KruVbXWuq406nkcRTiFM7gAF26gAXfQhDYQSOEZXuHNerJerHfrY9lasPKZE/gD6/MHfYSS8g==</latexit>

Qced,I
<latexit sha1_base64="hJbe/LBp8SvlKhlJHCC0jsb0Bo8=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCylJFeyy4EZ3LdgHtCFMJpN26MwkzEyEGvIlblwo4tZPceffOG2z0NYDFw7n3Mu99wQJo0o7zrdV2tjc2t4p71b29g8Oq/bRcU/FqcSki2MWy0GAFGFUkK6mmpFBIgniASP9YHo79/uPRCoaiwc9S4jH0VjQiGKkjeTb1Y6fYRJeZiPJ4X2e+3bNqTsLwHXiFqQGCrR9+2sUxjjlRGjMkFJD10m0lyGpKWYkr4xSRRKEp2hMhoYKxInyssXhOTw3SgijWJoSGi7U3xMZ4krNeGA6OdITterNxf+8YaqjppdRkaSaCLxcFKUM6hjOU4AhlQRrNjMEYUnNrRBPkERYm6wqJgR39eV10mvU3at6o3NdazWLOMrgFJyBC+CCG9ACd6ANugCDFDyDV/BmPVkv1rv1sWwtWcXMCfgD6/MHU5uS1w==</latexit>

Qced,R
<latexit sha1_base64="IYKVe1b3KP/p9bkaTaf2Ub8w0O4=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCCylJFeyy4MZlK/YBbQiTyaQdOjMJMxOhhnyJGxeKuPVT3Pk3TtsstPXAhcM593LvPUHCqNKO822VNja3tnfKu5W9/YPDqn103FNxKjHp4pjFchAgRRgVpKupZmSQSIJ4wEg/mN7O/f4jkYrG4kHPEuJxNBY0ohhpI/l2teNnmISX2UhyeJ/nvl1z6s4CcJ24BamBAm3f/hqFMU45ERozpNTQdRLtZUhqihnJK6NUkQThKRqToaECcaK8bHF4Ds+NEsIolqaEhgv190SGuFIzHphOjvRErXpz8T9vmOqo6WVUJKkmAi8XRSmDOobzFGBIJcGazQxBWFJzK8QTJBHWJquKCcFdfXmd9Bp196re6FzXWs0ijjI4BWfgArjgBrTAHWiDLsAgBc/gFbxZT9aL9W59LFtLVjFzAv7A+vwBYVGS4A==</latexit>

1. Consideriamo anzitutto la prima macchina termica reversibile R.

• Essendo la macchina termica reversibile, la variazione di entropia dell’universo
durante la trasformazione ciclica reversibile del gas in R è nulla

∆Suniv,R = 0 (1)

• Dato che è reversibile e che opera tra due sorgenti, il suo rendimento ηR è pari
al rendimento ηC della macchina di Carnot ed è determinato unicamente dalle
temperature delle due sorgenti

ηR = ηC = 1− T2
T1

(2)

• E del resto dalla definizione generale di rendimento abbiamo anche

ηR =
W

Qass,R
⇒ W = ηRQass,R (3)

e, usando l’Eq.(2), si ha

W =

(
1− T2

T1

)
Qass,R (4)

che, essendo ora espresso in termini dei dati noti, ci è ora noto (e servirà per la
seconda macchina).

• Infine, essendo in generale il rendimento esprimibile anche come

ηR = 1−
|Qced,R|
Qass,R

, (5)

Confrontando le Eq.(2) e (5) abbiamo

T2
T1

=
|Qced,R|
Qass,R

(6)
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da cui ricaviamo subito

|Qced,R| = Qass,R
T2
T1

(7)

ed è anch’esso espresso in termini dei dati noti, per cui ci è noto.

Osservazione
Avendo ora calcolato i calori scambiati dalla macchina R, possiamo anche
verificare direttamente che la (1) è vera, calcolando la variazione di entropia
dell’universo attraverso la variazione di entropia dell’ambiente. Infatti

∆Suniv,R = ∆Samb,R + ∆Sgas,R︸ ︷︷ ︸
=0 perché gas in R compie ciclo

=

=
Qsorg1,R

T1
+
Qsorg2,R

T2
=

[i calori scambiati dalle sorgenti col gas in R sono

uguali ed opposti a quelli scambiati dal gas in R]

=
−Qass,R

T1
+
−Qced,R

T2
=

=
−Qass,R

T1
+
|Qced,R|
T2

[uso la (7)]

=
−Qass,R

T1
+

1

T2
Qass,R

T2
T1

=

=
−Qass,R

T1
+
Qass,R

T1
= 0

(8)

2. Consideriamo ora la seconda macchina termica irreversibile I.

• Per la definizione generale di rendimento si ha

ηI =
W

Qass,I
⇒ Qass,I =

W

ηI
(9)

dove W è identico al lavoro compiuto dalla prima macchina. Pertanto, sos-
tituendo (4) nell’Eq.(9) si ottiene

Qass,I =
1

ηI

(
1− T2

T1

)
Qass,R (10)

Sostituendo i valori

Qass,I =
1

0.3

(
1− 300 K/

600 K/

)
2 kJ =

= 3.33 kJ (11)

• D’altra parte, il rendimento della seconda macchina termica è esprimibile anche
come

ηI = 1−
|Qced,I|
Qass,I

⇓
Qass,I(ηI − 1) = −|Qced,I|

⇓
|Qced,I| = Qass,I(1− ηI) (12)
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Sostituendo si ottiene

|Qced,I| = 3.33 kJ (1− 0.3) =

= 2.33 kJ (13)

Essendo il calore ceduto negativo, si ha

Qced,I = −|Qced,I| = −2.33 kJ (14)

• La variazione di entropia dell’universo durante la trasformazione ciclica irre-
versibile del gas in I è data da

∆Suniv,I = ∆Samb,I + ∆Sgas,I︸ ︷︷ ︸
=0 perché gas in I compie ciclo

=

=
Qsorg1,I

T1
+
Qsorg2,I

T2
=

Osservo che i calori scambiati dalle sorgenti col gas sono uguali ed opposti
a quelli scambiati dal gas con le sorgenti. Ad esempio il gas assorbe dalla
sorgente 1 il calore Qass,I e dunque la sorgente 1 cede al gas il calore −Qass,I.
E analogamente per la sorgente 2. Pertanto abbiamo

∆Suniv,I =
−Qass,I

T1
+
−Qced,I

T2
=

=
−Qass,I

T1
+
|Qced,I|
T2

Sostituendo i valori

∆Suniv,I =
−3.33 kJ

600 K
+

2.33 kJ

300 K
=

= 2.22 J/K (15)

che è positiva, come mi aspetto, visto che la trasformazione in I è irreversibile.
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