


𝑣 = 𝑐𝑜𝑠𝑡. , 𝑑𝑣 = 0
𝑢 = 𝑢 𝑇

𝑐𝐿 =
𝑑𝑞

𝑑𝑇
=
𝑑𝑢

𝑑𝑇
= 𝑐𝐿 𝑇

𝑢 = 𝑢0 +න
𝑇0

𝑇

𝑐𝐿𝑑𝑇

𝑑ℎ = 𝑑𝑢 + 𝑣𝑑𝑝 = 𝑐𝐿𝑑𝑇 + 𝑣𝑑𝑝 → ℎ = ℎ0 +න
𝑇0

𝑇

𝑐𝐿𝑑𝑇 + 𝑣 𝑝 − 𝑝0

𝑑𝑠 =
𝑑𝑢

𝑇
= 𝑐𝐿

𝑑𝑇

𝑇
→ 𝑠 = 𝑠0 +න

𝑇0

𝑇

𝑐𝐿
𝑑𝑇

𝑇

𝑐𝐿 = 𝑐𝑜𝑠𝑡.
𝑢 = 𝑢0 + 𝑐𝐿 𝑇 − 𝑇0

ℎ = ℎ0 + 𝑐𝐿 𝑇 − 𝑇0 + 𝑣 𝑝 − 𝑝0

𝑠 = 𝑠0 + 𝑐𝐿 ln
𝑇

𝑇0



𝑝𝑣 = 𝑅𝑇
𝑢 = 𝑢 𝑇

ℎ = 𝑢 + 𝑝𝑣 = ℎ 𝑇

𝑐𝑥 =
𝑑𝑞

𝑑𝑇
𝑐𝑣 = 𝑐𝑣 𝑇
𝑐𝑝 = 𝑐𝑝 𝑇

𝑐𝑝 = 𝑐𝑣 + 𝑅

𝑐𝑣 = 𝑐𝑜𝑠𝑡. 𝑐𝑝 = 𝑐𝑜𝑠𝑡.

𝑝𝑣 = 𝑍𝑅𝑇, 𝑍 = 𝑍 𝑝, 𝑇
𝑍



𝑐𝑥 =
𝑑𝑞

𝑑𝑇
𝑐𝑥 = 𝑐𝑝 𝑑𝑞 = 𝑑ℎ = 𝑐𝑝 𝑑𝑇

𝑐𝑥 = 𝑐𝑣 𝑑𝑞 = 𝑑𝑢 = 𝑐𝑣𝑑𝑇

𝑐𝑥 = 0 𝑝𝑣𝛾 = 𝑐𝑜𝑠𝑡. 𝑇𝑝
1−𝛾

𝛾 𝛾 = 𝑐𝑝/𝑐𝑣

𝑐𝑥 → ∞ 𝑝𝑣 = 𝑅𝑇 = 𝑐𝑜𝑠𝑡.

𝑑𝑞 = 𝑑𝑢 + 𝑑𝑙
𝑑𝑙 = 𝑝𝑑𝑣 𝑐𝑥𝑑𝑇 = 𝑐𝑣𝑑𝑇 𝑝𝑑𝑣

𝑝𝑣 = 𝑅𝑇 𝑝𝑑𝑣 + 𝑣𝑑𝑝 = 𝑅𝑑𝑇 𝑑𝑇 = 1/𝑅 𝑝𝑑𝑣 + 𝑣𝑑𝑝 𝑅 = 𝑐𝑝 − 𝑐𝑣
𝑐𝑥 − 𝑐𝑣 𝑑𝑇 − 𝑝𝑑𝑣 = 0 → 𝑐𝑥 − 𝑐𝑣 𝑣𝑑𝑝 + 𝑐𝑥 − 𝑐𝑝 𝑝𝑑𝑣 = 0

𝑝𝑣𝑛 = 𝑐𝑜𝑠𝑡. 𝑛 =
𝑐𝑥−𝑐𝑝

𝑐𝑥−𝑐𝑣



𝑑𝐸∗ = 𝑑𝐸1
∗ − 𝑑𝐸2

∗ + 𝑑𝑄∗ − 𝑑𝑊∗

𝑑𝑚1 = 𝑑𝑚2 = 𝑑𝑚



𝑞1−2 − 𝑙1−2 = 𝑢2 − 𝑢1 +
𝑐2
2

2
−
𝑐1
2

2
+ 𝑔𝑧2 − 𝑔𝑧1

𝑢𝑡 = 𝑢 +
𝑐2

2
+ 𝑔𝑧

𝑞1−2 − 𝑙1−2 = 𝑢𝑡2 − 𝑢𝑡1

𝑙1−2 = 𝑙′1−2 + 𝑝2𝑣2 − 𝑝1𝑣1
• 𝑙′1−2
• −𝑝1𝑣1
• 𝑝2𝑣2

𝑞1−2 − 𝑙′1−2 = 𝑢2 + 𝑝2𝑣2 − 𝑢1 − 𝑝1𝑣1 +
𝑐2
2

2
−
𝑐1
2

2
+ 𝑔𝑧2 − 𝑔𝑧1



𝑞1−2 = 0 𝑣1 = 𝑣2

𝑙′1−2 = 𝑢1 − 𝑢2 + 𝑣 𝑝1 − 𝑝2 +
𝑐1
2

2
−
𝑐2
2

2
+ 𝑔𝑧1 − 𝑔𝑧2

𝑙′1−2 = 𝑐𝑣 𝑇1 − 𝑇2 +
1

𝜌
𝑝1 +

1

2
𝜌𝑐1

2 + 𝜌𝑔𝑧1 − 𝑝2 −
1

2
𝜌𝑐2

2 − 𝜌𝑔𝑧2

𝑝0 = 𝑝 +
1

2
𝜌𝑐2

𝑝𝑡 = 𝑝 +
1

2
𝜌𝑐2 + 𝜌𝑔𝑧

𝑙′1−2 = 𝑐𝑣 𝑇1 − 𝑇2 +
1

𝜌
𝑝𝑡1 − 𝑝𝑡2

𝑞1−2 = 0 𝑙′1−2 =
1

𝜌
𝑝𝑡1 − 𝑝𝑡2

𝑞1−2 = 0 𝑙′1−2 = 0 𝑝𝑡1 = 𝑝𝑡2



ℎ = 𝑢 + 𝑝𝑣

ℎ0 = ℎ +
𝑐2

2

ℎ𝑡 = ℎ +
𝑐2

2
+ 𝑔𝑧

𝑞1−2 − 𝑙′1−2 = ℎ2 − ℎ1 +
𝑐2
2

2
−
𝑐1
2

2
+ 𝑔𝑧2 − 𝑔𝑧1

𝑞1−2 − 𝑙′1−2 = ℎ𝑡2 − ℎ𝑡1

𝑞1−2 = 0 𝑙′1−2 = ℎ𝑡1 − ℎ𝑡2
𝑞1−2 = 0 𝑙′1−2 = 0 ℎ𝑡2 = ℎ𝑡1 ℎ𝑡 = 𝑐𝑜𝑠𝑡
𝑙′1−2 = 0 𝑞1−2 = ℎ𝑡2 − ℎ𝑡1







ሶ𝑚 = 0.01
𝑘𝑔

𝑠
.

𝐷1 = 1.0𝑐𝑚 𝑣1 = 2.4
𝑚3

𝑘𝑔
𝐷2 = 2.5𝑐𝑚

𝑣2 = 3.8
𝑚3

𝑘𝑔

𝐴1 =
𝜋

4
𝐷1
2 = 7.85 ∙ 10−5𝑚2 𝐴2 =

𝜋

4
𝐷2
2 = 4.91 ∙ 10−4𝑚2

𝑉1 = 𝑣1
ሶ𝑚

𝐴1
= 305.6

𝑚

𝑠
𝑉2 = 𝑣2

ሶ𝑚

𝐴2
= 77.4 𝑚/𝑠

Poiché non viene fatto lavoro e il flusso è adiabatico, l'entalpia di ristagno
rimane costante ℎ01 = ℎ02. Con una trascurabile di energia
potenziale, questa equazione si riduce a

ℎ2 − ℎ1 =
1

2
𝑉1
2 −

1

2
𝑉2
2 = 43,7 𝑘𝐽/𝑘𝑔



200𝑘𝐽/𝑘𝑔
100𝑘𝐽/𝑘𝑔 90𝑘𝐽/𝑘𝑔

𝑞1−2 − 𝑙′1−2 = ℎ2 − ℎ1 +
𝑐2
2

2
−
𝑐1
2

2
+ 𝑔𝑧2 − 𝑔𝑧1

𝑧1 = 𝑧2 𝑐1 = 𝑐2 → 𝑞1−2 −𝑙
′
1−2 = ℎ2 − ℎ1

𝑙′1−2 = 𝑊𝑐 = −200 𝑘𝐽/𝑘𝑔 𝑙′1−2 < 0
𝑄𝑤𝑎𝑡𝑒𝑟 = −90 𝑘𝐽/𝑘𝑔 𝑄𝑤𝑎𝑡𝑒𝑟 < 0

ℎ2 − ℎ1 = 100
𝑘𝐽

𝑘𝑔
𝑞1−2 = ℎ2 − ℎ1 + 𝑙′1−2 = −100 𝑘𝐽/𝑘𝑔

𝑞1−2 = 𝑄𝑎 + 𝑄𝑤𝑎𝑡𝑒𝑟 → 𝑄𝑎 = 𝑞1−2 − 𝑄𝑤𝑎𝑡𝑒𝑟 −10 𝑘𝐽/𝑘𝑔



•

•

•

• 𝑑𝑆/𝑑𝑡 ≥ 0

𝑑𝑆 =
𝛿𝑄

𝑇
+ 𝑑𝑆𝑖𝑟𝑟 𝑑𝑆𝑖𝑟𝑟 ≥ 0

𝑆2−𝑆1= න
1

2𝛿𝑄

𝑇
+ Δ𝑆𝑖𝑟𝑟

𝛿𝑄 è l'energia termica scambiata con la sorgente a temperatura 𝑇



𝑇1 𝑇2
ሶ𝑚 𝑐𝑝

𝑇3
𝑇3

Δ𝑆𝑏1 = 𝑇1
𝑇3 𝑑𝑄

𝑇
= 𝑇1

𝑇3 ሶ𝑚𝑐𝑝
𝑑𝑇

𝑇
= ሶ𝑚𝑐𝑝 ln

𝑇3

𝑇1
Δ𝑆𝑏2 = 𝑇2

𝑇3 𝑑𝑄

𝑇
= 𝑇2

𝑇3 ሶ𝑚𝑐𝑝
𝑑𝑇

𝑇
= ሶ𝑚𝑐𝑝 ln

𝑇3

𝑇2

Δ𝑆𝑏1 + Δ𝑆𝑏2 = 0

ሶ𝑚𝑐𝑝 ln
𝑇3

𝑇1
+ ሶ𝑚𝑐𝑝 ln

𝑇3

𝑇2
= 0 ln

𝑇3

𝑇1
+ ln

𝑇3

𝑇2
= 0 ln

𝑇3

𝑇1

𝑇3

𝑇2
= 0

𝑇3
2

𝑇1𝑇2
= 1 𝑇3 = 𝑇1𝑇2

ሶ𝑚𝑐𝑝 𝑇1 − 𝑇3 + ሶ𝑚𝑐𝑝 𝑇2 − 𝑇3 ሶ𝑚𝑐𝑝 𝑇1 + 𝑇2 − 2𝑇3 ሶ𝑚𝑐𝑝 𝑇1 + 𝑇2 − 2 𝑇1𝑇2 ሶ𝑚𝑐𝑝 𝑇1 − 𝑇2
2



•

•



𝑞 − 𝑙′ = Δℎ𝑡

1 − 𝐵 Δℎ1−𝐵 = 0 → 𝑞1−𝐵 − 𝑙′1−𝐵 = 0 → 𝑙′1−𝐵 = 𝑞1−𝐵 = 
1

𝐵
𝑇𝑑𝑠 𝑙′1−𝐵 < 0 𝑝𝑒𝑟 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛𝑒, 𝑙′1−𝐵 > 0 𝑝𝑒𝑟 𝑒𝑠𝑝𝑎𝑛𝑠𝑖𝑜𝑛𝑒

1 − 2′ − 𝑙′1−2′ = ℎ2′ − ℎ1 = 
1

2′
𝑐𝑝𝑑𝑇 = 

1

2′
𝑣𝑑𝑝 = 

𝐵

2′
𝑇𝑑𝑠

1 − 2 −𝑙′1−2 = ℎ2 − ℎ1 = 
1

2
𝑐𝑝𝑑𝑇 = 

1

2
𝑣𝑑𝑝 + 

1

2
𝑇𝑑𝑠



Δℎ = 0 →
𝑞1−𝐵 = 𝑙′1−𝐵

𝑞1−2′ =
0


𝐵

2′
𝑇𝑑𝑠

𝐴𝐴𝐵1𝐶 𝐴𝐴𝐵2′𝐶

𝐴𝐴1𝐵𝐶 𝐴𝐴2′𝐵𝐶

𝐴1𝐵2′



𝑇2 > 𝑇2′



𝑙′1−2 = 𝑙𝐶 = 𝑙𝐶𝑖𝑑 + 𝑙𝑐𝑟𝑒𝑐 + 𝑙𝑝𝑎
𝑙𝑝𝑎 𝑙𝑐𝑟𝑒𝑐

𝑙𝐶 = 𝐴𝐴𝐵2𝐷 = 𝐴𝐴𝐵2′𝐶 + 𝐴12′2 + 𝐴𝐶12𝐷
𝐴𝐶12𝐷

𝐴12′2

𝑙′1−2 = 𝑙𝐸 = 𝑙𝐸𝑖𝑑 + 𝑙𝑟𝑒𝑐 − 𝑙𝑝𝑎
𝑙𝑝𝑎 𝑙𝑟𝑒𝑐

𝑙𝐸 = 𝐴𝐷2𝐵𝐶 = 𝐴𝐴2′𝐵𝐶 + 𝐴12′2 − 𝐴𝐴12𝐷
𝐴𝐴12𝐷

𝐴12′2

𝑙𝐶 = 𝑙𝑝𝑜𝑙 𝑙𝑝𝑎
𝑙𝐸 = 𝑙𝑝𝑜𝑙 − 𝑙𝑝𝑎

𝑙𝑝𝑜𝑙 = 𝑙𝐶𝑖𝑑 + 𝑙𝑐𝑟𝑒𝑐
𝑙𝑝𝑜𝑙 = 𝑙𝐸𝑖𝑑 + 𝑙𝑟𝑒𝑐



𝑞 − 𝑙′ = Δℎ𝑡

𝑞1−2 = 0 −𝑙′1−2 = Δℎ1−2 = 
1

2
𝑐𝑝𝑑𝑇 Δ𝑠 = 0 𝑙𝑤 1−2 = 0 → 𝑙′1−2 = −

1

2
𝑣𝑑𝑝

𝑞1−2′ = 0 −𝑙′1−2′ = Δℎ1−2′ = 
1

2′
𝑐𝑝𝑑𝑇 Δ𝑠 ≠ 0 𝑙𝑤1−2′ ≠ 0 → 𝑙′1−2′ = −

1

2′
𝑣𝑑𝑝 − 

1

2′
𝑇𝑑𝑠



𝐿𝑐𝑟

𝐿

𝐿𝑐𝑟
𝐿𝑖𝑠 = 

1

2𝑖𝑠 𝑣𝑑𝑝

𝐿𝑤
𝐿 = 𝐿𝑐𝑟 + 𝐿𝑖𝑠 + 𝐿𝑤



𝑝𝑣 = 𝑅𝑇

𝑝𝑣𝑘 = 𝑐𝑜𝑠𝑡. 𝑝𝑣𝑘 = 𝑝1𝑣1
𝑘 𝑣 = ൗ𝑝1

1/𝑘
𝑣1 𝑝1/𝑘

𝑙′1−2 − 1
2
𝑣𝑑𝑝

−න
1

2

𝑣𝑑𝑝 = −න
1

2

ൗ𝑝1

1
𝑘𝑣1 𝑝

1
𝑘 𝑑𝑝 = −𝑝1

1
𝑘𝑣1න

1

2

𝑝−
1
𝑘𝑑𝑝 = −𝑝1

1
𝑘𝑣1

𝑘

𝑘 − 1
𝑝
𝑘−1
𝑘

1

2

=
𝑘

1 − 𝑘
𝑝1

1
𝑘𝑣1 𝑝2

𝑘−1
𝑘 − 𝑝1

𝑘−1
𝑘

=
𝑘

1 − 𝑘
𝑝1

1
𝑘𝑣1𝑝1

𝑘−1
𝑘

𝑝2
𝑝1

𝑘−1
𝑘

− 1 =
𝑘

1 − 𝑘
𝑝1𝑣1

𝑝2
𝑝1

𝑘−1
𝑘

− 1 =
𝑘

1 − 𝑘
𝑅𝑇1

𝑝2
𝑝1

𝑘−1
𝑘

− 1

𝑘

1−𝑘
𝑅𝑇1

𝑝2

𝑝1

𝑘−1

𝑘
− 1



𝑝𝑣 = 𝑅𝑇

𝑝𝑣𝑛 = 𝑐𝑜𝑠𝑡. 𝑝𝑣𝑛 = 𝑝1𝑣1
𝑛 𝑣 = ൗ𝑝1

1/𝑛
𝑣1 𝑝1/𝑛

Ricordiamo che 𝑝2 𝑝2′

1−
2′
𝑣𝑑𝑝

−න
1

2′

𝑣𝑑𝑝 = −න
1

2′

ൗ𝑝1

1
𝑛𝑣1 𝑝

1
𝑛 𝑑𝑝 = −𝑝1

1
𝑛𝑣1න

1

2′

𝑝−
1
𝑛𝑑𝑝 = −𝑝1

1
𝑛𝑣1

𝑛

𝑛 − 1
𝑝
𝑛−1
𝑛

1

2′

=
𝑛

1 − 𝑛
𝑝1

1
𝑛𝑣1 𝑝2

𝑛−1
𝑛 − 𝑝1

𝑛−1
𝑛

=
𝑛

1 − 𝑛
𝑝1

1
𝑛𝑣1𝑝1

𝑛−1
𝑛

𝑝2
𝑝1

𝑛−1
𝑛

− 1 =
𝑛

1 − 𝑛
𝑝1𝑣1

𝑝2
𝑝1

𝑛−1
𝑛

− 1 =
𝑛

1 − 𝑛
𝑅𝑇1

𝑝2
𝑝1

𝑛−1
𝑛

− 1

𝑛

1−𝑛
𝑅𝑇1

𝑝2

𝑝1

𝑛−1

𝑛
− 1



𝑝𝑣 = 𝑅𝑇. 𝑣1 = 𝑅𝑇1/𝑝1 𝑣2 = 𝑅𝑇2/𝑝2
𝑝𝑣𝑛 = 𝑐𝑜𝑠𝑡. 𝑝1𝑣1

𝑛 = 𝑝2𝑣2
𝑛

𝑝1 𝑅𝑇1/𝑝1
𝑛 = 𝑝2 𝑅𝑇2/𝑝2

𝑛 𝑝1
1−𝑛𝑇1

𝑛 = 𝑝2
1−𝑛𝑇2

𝑛 𝑇2

𝑇1
=

𝑝2

𝑝1

𝑛−1

𝑛

Ricordiamo che 𝑝2 𝑝2′
𝑇2

𝑇1
=

𝑇
2′

𝑇1

𝑙′1−2′ = 1−
2′
𝑐𝑝𝑑𝑇

−න
1

2′

𝑐𝑝𝑑𝑇 = 𝑐𝑝 𝑇2′ − 𝑇1 = −
𝑘

𝑘 − 1
𝑅𝑇1

𝑇2′

𝑇1
− 1 =

𝑘

1 − 𝑘
𝑅𝑇1

𝑇2
𝑇1
− 1 =

𝑘

1 − 𝑘
𝑅𝑇1

𝑝2
𝑝1

𝑛−1
𝑛

− 1

𝑘

1−𝑘
𝑅𝑇1

𝑝2

𝑝1

𝑛−1

𝑛
− 1 NB 

𝑘

𝑘−1
𝑅 = 𝑐𝑝 essendo R=𝑐𝑝-𝑐𝑣 e 𝑘 =

𝑐𝑝

𝑐𝑣



𝜂𝑐,𝑖𝑠 =
𝑙𝑎𝑣𝑜𝑟𝑜 𝑖𝑠𝑜𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐𝑜

𝑙𝑎𝑣𝑜𝑟𝑜 𝑟𝑒𝑎𝑙𝑒
=

𝑘
1 − 𝑘

𝑅𝑇1
𝑝2
𝑝1

𝑘−1
𝑘

− 1

𝑘
1 − 𝑘

𝑅𝑇1
𝑝2
𝑝1

𝑛−1
𝑛

− 1

=

𝑝2
𝑝1

𝑘−1
𝑘

− 1

𝑝2
𝑝1

𝑛−1
𝑛

− 1

𝜂𝑐,𝑖𝑠 =
𝑙𝑎𝑣𝑜𝑟𝑜 𝑝𝑜𝑙𝑖𝑡𝑟𝑜𝑝𝑖𝑐𝑜

𝑙𝑎𝑣𝑜𝑟𝑜 𝑟𝑒𝑎𝑙𝑒
=

𝑛
1 − 𝑛𝑅𝑇1

𝑝2
𝑝1

𝑛−1
𝑛

− 1

𝑘
1 − 𝑘

𝑅𝑇1
𝑝2
𝑝1

𝑛−1
𝑛

− 1

=
𝑛

𝑛 − 1

𝑘 − 1

𝑘



𝑞 − 𝑙′ = Δℎ𝑡

𝑞1−2 = 0 −𝑙′1−2 = Δℎ1−2 = 
1

2
𝑐𝑝𝑑𝑇 Δ𝑠 = 0 𝑙𝑤 1−2 = 0 → 𝑙′1−2 = −

1

2
𝑣𝑑𝑝

𝑞1−2′ = 0 −𝑙′1−2′ = Δℎ1−2′ = 
1

2′
𝑐𝑝𝑑𝑇 Δ𝑠 ≠ 0 𝑙𝑤1−2′ ≠ 0 → 𝑙′1−2′ = −

1

2′
𝑣𝑑𝑝 − 

1

2′
𝑇𝑑𝑠



𝜂𝑒,𝑖𝑠 =
𝑙𝑎𝑣𝑜𝑟𝑜 𝑟𝑒𝑎𝑙𝑒

𝑙𝑎𝑣𝑜𝑟𝑜 𝑖𝑠𝑜𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐𝑜
=

𝑘
𝑘 − 1

𝑅𝑇1 1 −
𝑝2
𝑝1

𝑛−1
𝑛

𝑘
𝑘 − 1

𝑅𝑇1 1 −
𝑝2
𝑝1

𝑘−1
𝑘

=
1 −

𝑝2
𝑝1

𝑛−1
𝑛

1 −
𝑝2
𝑝1

𝑘−1
𝑘

𝜂𝑒,𝑖𝑠 =
𝑙𝑎𝑣𝑜𝑟𝑜 𝑟𝑒𝑎𝑙𝑒

𝑙𝑎𝑣𝑜𝑟𝑜 𝑝𝑜𝑙𝑖𝑡𝑟𝑜𝑝𝑖𝑐𝑜
=

𝑘
𝑘 − 1

𝑅𝑇1 1 −
𝑝2
𝑝1

𝑛−1
𝑛

𝑛
𝑛 − 1𝑅𝑇1 1 −

𝑝2
𝑝1

𝑛−1
𝑛

=
𝑛 − 1

𝑛

𝑘

𝑘 − 1






