
Temperature, Heat, and the First Law of Thermodynamics 
Thermodynamics 
 

Some temperatures on the Kelvin scale. Temperature T = 0 corresponds to 10-  and cannot be plotted on this logarithmic scale. 

 
Zeroth law of thermodynamics 

     

 
a) Body T (a thermoscope) and body A are in thermal equilibrium. (Body S is a thermally insulating screen.) (b) Body T and body B 

are also in thermal equilibrium, at the same reading of the thermoscope. (c) If (a) and (b) are true, the zeroth law of thermodynamics 

states that body A and body B are also in thermal equilibrium. 

 
 
If A, B are each in thermal equilibrium with C at T, then they are in thermal equilibrium with each other. 
 
 



Measuring temperature 
 
 
 
                                    

KT 16.2733 =  

                                                                                     
 
 
 
phase diagram of water 
 

The Constant-Volume Gas Thermometer 
 
 

 
A constant-volume gas thermometer, its bulb immersed in a liquid whose temperature T is to be measured. 
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The Celsius and Fahrenheit Scales 
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Thermal Expansion 
 
 

             
(a) A bimetal strip, consisting of a strip of brass and a strip of steel welded together, at temperature T0. (b) The strip bends as shown 

at temperatures above this reference temperature. Below the reference temperature the strip bends the other way. Many thermostats 

operate on this principle, making and breaking an electrical contact as the temperature rises and falls. 
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SOLUTION:   

Key Idea

coefficients of linear expansion 



 



Temperature and Heat 
 

         
If the temperature of a system exceeds that of its environment as in (a), heat Q is lost by the system to the environment until thermal 

equilibrium (b) is established. (c) If the temperature of the system is below that of the environment, heat is absorbed by the system 

until thermal equilibrium is established. 
heat is a form of energy 

 
1 cal = 3.969 × 10-3 Btu = 4.186J 
 
heat for 1 lb water 1°F increase in temperature = 1 Btu 
 

Heat capacity (C) 
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Cv specific heat at constant volume 
Cp specific heat at constant pressure 

for an ideal gas  Cp = Cv – Nk 
 
When heat is absorbed,  
(1) temperature    vibration or translation more violently  
(2) phase transitions define L as heat of transformation 

   Q = L m 
 

For example, heat of vaporization Lv of water (liquid ↔ gas) 

kgKJmolKJgcalLV 22567.40539 ===  

heat of fusion LF ↔

kgKJmolKJgcalLF 33301.65.79 ===

molar specific heat 
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Heat and Work 
 

A gas is confined to a cylinder with a movable piston. Heat Q can be added to, or withdrawn from, the gas by regulating the 

temperature T of the adjustable thermal reservoir. Work W can be done by the gas by raising or lowering the piston.

water  

initial state i 
Vi , Pi , Ti 
 
final state f 
Vf , Pf , Tf  
 

F = P A 

let  W  F  piston move 



Work done by the gas 
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(a) The shaded area represents the work W done by a system as it goes from an initial state i to a final state f. Work W is positive 

because the system's volume increases. (b) W is still positive, but now greater. (c) W is still positive, but now smaller. (d) W can be 

even smaller (path icdf) or larger (path ighf). (e) Here the system goes from state f to state i, as the gas is compressed to less volume 

by an external force. The work W done by the system is now negative. (f) The net work Wnet done by the system during a complete 

cycle is represented by the shaded area. 

 

The First Law of Thermodynamics   
 
Q-W is the same for all processes if initial state and final state are not changed. It is independent of path. 
Q-W is the intrinsic property of the system, we call it internal energy  

WQEEE if −=−=∆ int  

For an infinitesimal change  dE = dQ – dW 
 
 
 

f

i 

Volume 

P



(1) Adiabatic processes
 
no heat transferred

WE −=∆ int  

 
 

 
 

An adiabatic expansion can be carried out by slowly removing lead shot from the top of the piston. Adding lead shot reverses the 

process at any stage.

(2) Constant-volume processes 
 
W = 0     Q > 0    ∆

∆ ∆  

 
(3) Cyclical processes 
   ∆

 
(4) Free expansions. 

    
The initial stage of a free-expansion process. After the stopcock is opened, the gas fills both chambers and eventually reaches an 

equilibrium state.

If mg < pA, gas expand, W > 0 

∆Eint < 0 
 
If mg > pA, gas compressed, W < 0 

∆Eint > 0 
p

Am

Q = W = 0 
 

∆E = 0 



 

 
Water boiling at constant pressure. Energy is transferred from the thermal reservoir as heat until the liquid water has changed 

completely into steam. Work is done by the expanding gas as it lifts the loaded piston. 
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(b) Q = Lvm = 2260 kJ/ kg 1kg = 2260 kJ 

(c) ∆E = Q – W = 2090 (kJ) 
 



Heat Transfer Mechanisms 
 

Thermal conduction. Energy is transferred as heat from a reservoir at temperature TH to a cooler reservoir at temperature TC through 

a conducting slab of thickness L and thermal conductivity k.
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Thermal resistance to conduction 
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Conduction through a composite slab 

 
 

 
Heat is transferred at a steady rate through a composite slab made up of two different materials with different thicknesses and 

different thermal conductivities. The steady-state temperature at the interface of the two materials is TX. 
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Convection 

 
 
 
 
 
 
 
 
 

tornado 



Radiation 
thermal radiation rate 
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 The Kinetic Theory of Gases 
1 mole is the number of atoms in a 12 g sample of carbon 12. 
 
Na = 6.02 × 1023 mol-1   Avogadro’s number 
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ideal gas eg. of state 
 
pV = nRT  ( experiment first )   R = 8.31  J (mole K)  gas constant 
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Pressure, Temperature, and RMS Speed 

 

A cubical box of edge L, containing n moles of an ideal gas. A molecule of mass m and velocity is about to collide with the 

shaded wall of area L2. A normal to that wall is shown. 

 

( )

( )

M
RT

vRTv
M

nRTv
nM

pV

V
nM

v
V

nM
v

V
nM

Nvv
V

nM
p

V
nMv

V
Nmv

p
A
F

F
t

mvtvA
V
N

mvmvmvp

rmsrms

rms

rms
x

xNx

xx

xx

xxxx

3
3

3

33

.....

22

2

22

2

2
22

22
1

22

==

==

===

++=

===

=
∆

⋅�
�


�
�

� ∆⋅�
�

�
�
�

�

−=−−=∆

 

 
 
 
 

Gas  vrms (m/s)  

Hydrogen (H2)  1920  

Helium (He)  1370  

Water vapor (H2O)  645  

Carbon dioxide (CO2)  412  

 
 

A 

v∆t 

4300( mi h) at  T = 300K 



Translational Kinetic Energy 
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( Boltzmann constant ) 
 

Mean free path 

 
A molecule traveling through a gas, colliding with other gas molecules in its path. Although the other molecules are shown as 

stationary, they are also moving in a similar fashion. 
< l > = λ mean free path 
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(a) A collision occurs when the centers of two molecules come within a distance d of each other, d being the molecular diameter. 

(b) An equivalent but more convenient representation is to think of the moving molecule as having a radius d and all other 

molecules as being points. The condition for a collision is unchanged. 

In time ∆t the moving molecule effectively sweeps out a cylinder of length v ∆t and radius d. 
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Boltzmann distribution 
 

 

a) The Maxwell speed distribution for oxygen molecules at T = 300 K. The three characteristic speeds are marked. (b) The curves 

for 300 K and 80 K. Note that the molecules move more slowly at the lower temperature. Because these are probability distributions, 

the area under each curve has a numerical value of unity. 
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Internal energy Eint 

nRTkTNnKNnE AA 2
3

2
3

)(int =⋅⋅=⋅⋅=   (monatomic ideal gas) 

nRT
f

E
2int =   f = # of degrees of freedom 

ex. 

 
Models of molecules as used in kinetic theory: (a) helium, a typical monatomic molecule; (b) oxygen, a typical diatomic molecule; 

and (c) methane, a typical polyatomic molecule. The spheres represent atoms, and the lines between them represent bonds. Two 

rotation axes are shown for the oxygen molecule. 

 
 
                                  f = 3+2+2 = 7   ( translation + rotation + vibration ) 
 
 

f =3 
f = 3+2= 5  ( translation + rotation ) 



Degrees of Freedom for Various Molecules 

    Degrees of Freedom  Predicted Molar Specific Heats  

Molecule  Example  Translational  Rotational  Total (f)  CV (Eq. 20-51 )  Cp = CV + R  

Monatomic  He  3  0  3  
    

Diatomic  O2  3  2  5  
    

Polyatomic  CH4  3  3  6  3R  4R  

 

 

A plot of CV/R versus temperature for (diatomic) hydrogen gas. Because rotational and oscillatory motions begin at certain energies, 

only translation is possible at very low temperatures. As the temperature increases, rotational motion can begin. At still higher 

temperatures, oscillatory motion can begin.



Molar Specific Heats at constant volume  
initial state i : p, T, V 
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Molar Specific Heat at Constant Pressure 
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1 constant volume process 
2 constant pressure process  
3 adiabatic process 
Since final state property doesn’t depend on path, it 

can always be obtained from path 1, ∆Eint = nCv∆T 
and then by eg. of state pV=nRT 



Adiabatic expansion of an ideal gas 
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Entropy and the Second Law of Thermodynamics 
Entropy S measures the degree of disorder of a system which is a function of the state of system. 
The experience tells us that the entropy S in creases for an irreversible process of a closed system 2nd 

law of thermodynamics ∆S ≥ 0 
Kelvin statement  

The entropy of a system increases when it receives heat decreases when it loses heat. ∆S∝∆Q 
Clausius statemen
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For a irreversible process ∆S
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A Carnot Engine 
We shall focus on a particular ideal engine called a Carnot engine after the French scientist and 
engineer N. L. Sadi Carnot (pronounced “car-no”), who first proposed the engine's concept in 1824. This 
ideal engine turns out to be the best (in principle) at using energy as heat to do useful work. Surprisingly, 
Carnot was able to analyze the performance of this engine before the first law of thermodynamics and 
the concept of entropy had been discovered. 

 

The elements of an engine. The two black arrowheads on the central loop suggest the working substance operating in a cycle, as if 

on a p-V plot. Energy |QH| is transferred as heat from the high-temperature reservoir at temperature TH to the working substance. 

Energy |QL| is transferred as heat from the working substance to the low-temperature reservoir at temperature TL. Work W is done by 

the engine (actually by the working substance) on something in the environment. 

 

 

A pressure–volume plot of the cycle followed by the working substance of the Carnot engine. The cycle consists of two isotherm 

(ab and cd) and two adiabatic processes (bc and da). The shaded area enclosed by the cycle is equal to the work W per cycle done by 

the Carnot engine. 

 



 
The Carnot cycle plotted on a temperature–entropy diagram. During processes ab and cd the temperature remains constant. During 

processes bc and da the entropy remains constant. 
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Efficiency of a Carnot Engine  
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TC = 0 

TC  
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TC  

perfect engine 
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Brownian Rachet 
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refrigerator 
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perfect refrigerator 

    

(a) Engine X drives a Carnot refrigerator. (b) If, as claimed, engine X is more efficient than a Carnot engine, then the combination 

shown in (a) is equivalent to the perfect refrigerator shown here. This violates the second law of thermodynamics, so we conclude 

that engine X cannot be more efficient than a Carnot engine. 
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K ≅ 2.5  for typical airconditioner 
K ≅ 5   for household refrigerator 
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A Statistical View of Entropy 
 

 

 
 
 
consider for molecules in a container 
 
 
           configuration     probability 
4 at left         1             1 16 

3 at left      44
1 =C            4 16 

2 at left      64
2 =C            6 16 

1 at left         4             4 16 
0 at left         1             1 16 
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stirling’s formula   NNNN −= ln!ln  
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ex. 

When n moles of an ideal gas doubles its volume in a free expansion, the entropy increase from the 

initial state i to the final state f is Sf - Si = nR ln 2. Derive this result with statistical mechanics. 
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