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12.2 Thermal equilibrium
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12.3 Zeroth Law

of Thermodynamics
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12.5 First Law of

Thermodynamics

U

Q =

W =

U =

principle of conser-

vation of energy

Q =  U + W (12.1)
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First Law of Thermo-

dynamics
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Q W

12.2

Q  – W

U=0

isothermal

U=0 12.8

Q  = W

 

 

P

W  = P V

V

12.1

Q  = U + P V (12.3)

12.3

1 g

2256 Jg–1. 1 g Q = 2256 J

1 g 1

cm3 1671 cm3

 W =P (V
g
 –V

L 
)

= 1.013 ×105 ×(1670)×10–6

=169.2 J

12.3

  U = 2256 – 169.2  =  2086.8 J

12.6 Specific heat

capacity

T T +

T 

Q heat ca-

pacity 11

T
Q

S



  (12.4)

Q

S

S m m

kg

1
    

S Q
s

m m T
       (12.5)

s specific

heat capacity

J kg–1 K–1
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m

mole 

1S Q
C

T 


 
 (12.6)

C molar specific

heat s C

J mo1–1 K–1

C

s 

C 

12.1

13

N

one

dimensional

2 × ½ k
B
T = k

B
T

3 k
B
T

U  = 3 k
B
T  × N

A
  = 3 RT

Q = U + P V  U

V

C
Q

T

U

T
R  








3 (12.7)

12.1

12.1

J kg–1K–1 J mol–1K–1

900.0 24.4

506.5 6.1

386.4 24.5

127.7 26.5

236.1 25.5

134.4 24.9
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calo-

rie 1g

1°C

12.5 0

°C 100 °C

SI

spe-

cific heat capacity at constant volume

specific heat ca-

pacity at constant pressure

C
p
  –  C

v
 = R (12.8)

C
p
 C

v

R universal

gas constant 12.8

1

12.3

Q  = U + P V

Q

V=0

v
v v

Q U U
C

T T T
                      (12.9)

V

U

Q

p
p p p

   
Q U V

C  P
T T T

                      (12.10)

1g 14.5 °C

15.5°C

J

SI

4186 J kg–1 K–1

4.186 J g–1 K–1

mechanical equivalent of heat

1 

conversion factor

12.5
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P

U T

PV = RT

p

  
V

P R
T

     (12.11)

12.9 (12.10) 12.11

12.8

12.7

Thermodynamic state

variables and Equation of State

equilibrium state

state variable

[ 12.6(a)]

[ 12.6(b)]
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extensive intensive

U V

M P

T 

Q = U + P V

P

V 

12.8 Thermodynamic

processes

12.8.1 Quasi-static process

12.7

quasi-static

P, V, T

* Q Q Q
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P, T P', T'

P

P'

T T'

isothermal process

isobaric process

isochoric process

adiabatic process

12.2

12.2

Q = 0)

T+  T

(P, T)
P+  P

12.7
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T 

PV  =

Boyle’s Law

T

P
1
, V

1

P
2
, V 

2

V + V V

P

W  = P  V

V0

W

  dV  
2

1

V
W = P

V

... PV = RT

 W
V

V

dV

V
  In

2
2

1
1

V
=  RT RT    
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(12.12)

Q = W
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V
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P1 V1
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
(12.14)
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1 – 

P V P V
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V V

 

   

 
 

 

     1 2
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)1

1 – –

R(T – T
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
 




 (12.16)

12.16
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2
 < T

1

W < 0

T
2
 > T

1

V

12.1

(Constant pressure process)

P

W = P (V
2
 – V

1
)  =    R (T

2
 – T

1
) (12.17)

(Cyclic process)

cyclic process

U = 0

12.1

12.9 Heat engines
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12. 9
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
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W (12.18)
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Second

Law of Thermodynamics 12.11
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furnace

exothermic

internal

combustion engine

12.10 Refrigera-

tors and heat pumps
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Lord Kelvin (William Thomson)  (1824-

1907)

James Joule, 1818-1889) Julius

Mayer, 1814-1878 Hermann Helmholtz, 1821-1894)

Joule-Thomson

effect

1796-1832

(Rudolf Clausius) (1822-1888)

entropy

isolated





Q
1
  = W +  Q

2

2

1 2–
Q

Q Q


  (12.22)

12.22

12.11 Second Law

of Thermodynamics
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Second Law of Thermodynamics

12.20

12.21

W

Kelvin

Planck

Clausius

12.12 Re-

versible and irreversible processes
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irre-

versible

irreversibility

viscosity

dissipative
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reversible process
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12.11 P–V
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W
1  2
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  =  Q
1
 =   R T

1
  ln 








1
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V
V

 (12.23)

b 2  3 P
2
, V

2
, T

1
P

3
,

V
3
, T

2

12.16

 1 2

12 3

R T T
W







 (12.24)
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3
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V
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2

12.12

W
3  4

 

3
2 2

4

ln3  4
V

W Q RT
V



 
     (12.25)

d 4  1 P
4
, V

4
, T

2
P

1
,

V
1
, T

1

12.16

1 2

-14  1
T T

W R 


 
    (12.26)

12.23 12.26
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W = W12 + W23 – W34 – W41

   =  RT
1
  ln 

 
  

2

1

V

V
–   RT

2
  ln

 
  

3

4

V

V
 (12.27)

             1 2

1 1

QW

Q Q

 

 
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1 2

1

V

VT
T V

V

(12.28)

2  3

11

1 2 2 3T  V T  V
 



    

1/( 1)

2 2

3 1

V T
=  

V T

 
 

    
(12.29)

4  1

1 1  
2 4 1 1T  V T  V

  
1/ 1

1 2

4 1

V T
= 

V T

 
 
  

(12.30)

12.29 12.30
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3
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V
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V
V

    (12.31)

12.31 12.32

1 2
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W=Q
1
–Q

2


R< I R

I 

Q
1

W < W´ R

 Q
2
 =  Q

1
 – W >  Q

1
 – W´ I–R

 (Q
1
 – W) –

(Q
1
 – W') = (W' – W )


I > R

12.12 I

R

W' > W

W' – W

12.32



 12.32

2

1

2

1
T
T

= 
Q
Q

(12.33)
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1.

2.

3.

Q  = U  +  W

Q W U

4.

s
m

Q
T


1 



m Q T

1 Q
C

T





 Q T

C=3R

C 

1 1g 14.5oC

15.5oC 1 cal  =  4.186 J

5. Cp
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Cv

Cp – Cv  = R

R

6.

P V T m

PV= RT

7.

8. T V
1 

V
2

Q

Q  =  W  =     R T   ln 







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2
V
V

9.
PV =

p
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 
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, V
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 
  

 – 1
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


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

10.
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1 1

 QW
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11. Q
2

Q
1

W

21

22
QQ

Q 
W
Q

  
   




12.




13.

14. T
1

T
2

1

2
T
T 

   1 

15. Q > 0

Q < 0

W > 0

W < 0
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1.

2.

3.

4.

5.

V  1K K–1 IV  3

Q  22 TML J Q

s  122  KTL Jkg–1K–1

K  13  KMLT Js–1K–1
dx

dt
KAH 
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12.1 geyser 27 °C

77 °C 3.0

heat of combustion

4.0 × 104 Jg–1

12.2 2.0 × 10–2 kg 45 °C

N2 = 28; R = 8.3 J mol–1 K–1

12.3

a T1 T2

2

)( 21 TT 

b coolant

c

d

12.4 3

12.5 A B

22.3J A B

9.35

1 = 4.19J

12.6 stopcock A B A

B

a A B
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b

c

d

P-V-T

12.7 3.6 × 109J 5.4×108J

12.8 heater 100W

75J

12.9 12.13

D E

E F D

E E F

12.13

12.10 9oC 36oC
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