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Thermodynamics

• Section 1: Basics
– Temperature Scale
– Thermal Expansion
– Internal Energy and Temperature
– Specific Heat 
– Latent Heat



Temperature Scales

Water boils

Water freezes

212

32

Fahrenheit

100

0

Celsius

273.15

373.15

Kelvin

-459 -273.15 0 absolute zero



Thermal Expansion

• When temperature rises
– molecules have more kinetic energy 

• they are moving faster, on the average
– consequently, things tend to expand

• amount of expansion depends on…
– change in temperature
– original length
– coefficient of thermal expansion

• L0 + ∆L = L0 + α L0  ∆T
• ∆L (linear expansion)
• ∆V (volume expansion)

Temp: T

Temp: T+∆T
L0

∆L



Concept Question

As you heat a block of aluminum from 0 C to 100 C its density 
1.  Increases
2. Decreases 
3. Stays the same

T = 0 C

M, V0

ρ0 = M / V0

T = 100 C

M, V100

ρ100 = M / V100 

< ρ0

CORRECT



Concept Question

An aluminum plate has a circular hole cut in it. A copper ball (solid 
sphere) has exactly the same diameter as the hole when both are at 
room temperature, and hence can just barely be pushed through it. If 
both the plate and the ball are now heated up to a few hundred 
degrees Celsius, how will the ball and the hole fit (α (aluminum) > α
(copper) ) ? 
1. The ball won’t fit through the hole any more 
2. The ball will fit more easily through the hole 
3. Same as at room temperature

CORRECT

The aluminum plate and copper ball both have 
different coefficients of thermal expansion. 
Aluminum has a higher coefficient than copper which 
means the aluminum plate hole will expand to be 
larger than the copper ball's expansion and allow 
more space for the ball to pass through.



Internal Energy and Temperature

• All objects have “internal energy” (measured in Joules)
Examples: kinetic energy of molecules (due to vibrational, 
rotational or electronic energy)

Thermal internal energy is the average kinetic energy of 
molecules in motion.

• Temperature is a measure of this average kinetic energy.
• The amount of thermal internal energy of an objects depends on 

– temperature
• related to average kinetic energy per molecule

– how many molecules 
• mass

– “specific heat capacity”

Quest: Difference between Internal Energy and Heat?



Internal Energy

• Total translational kinetic energy of the gas due to the random 
thermal motion of its molecules.---Mono atomic gas where no 
rotaional or vibrational energy is present

In general: Internal energy is the total energy associated with the 
internal states of atoms and molecules composing the system. 
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How To Change the Temperature of a System (Solids or Liquids)?

• Add or subtract heat
– Q = heat = energy that flows from warmer to cooler systems. 

• Q = c m ∆T
– Q = amount of heat that must be supplied or subtracted to 

raise  or lower the temperature of mass m by an amount 
∆T. 

• Units of Q: Joules or calories
– 1 cal = 4.186 J
– 1 kcal = 1 Cal = 4186 J

– c = specific heat capacity: Heat required to raise 1 kg by 1oC.

• ∆T = Q/(cm)  (just like a = F/m)



Numerical Values of Specific Heat Capacity ‘c’ for different media

Substance c in J/(kg C)
Aluminum 900
Copper 387
Iron 452
Lead 128
Water (15 C) 4186
Ice (-15 C)    2000

Q: Suppose you have equal masses of aluminum and copper at 
the same initial temperature.  You add 1000 J of heat to each 
of them.  Which one ends up at the higher final temperature

a)  aluminum
b)  copper
c)  the same

correct

Q= c m ∆T



448

837

4186

(a) Water (b) Iron







Latent Heat

T

Q added to water

water 
temp 
rises

Q = m L with  L = Latent Heat L  [J/kg]:
Q is the amount of heat needed to add or remove from a substance
with mass m to change the state of that substance.
Liquid <-> Solid (fusion energy)   Liquid <-> Gas (vaporization energy)
Solid <-> Gas (sublimation energy) 

Substance Lf (J/kg)     Lv (J/kg) 
water 33.5 x 104    22.6 x 105

water 
changes
to steam

(boils)

steam 
temp 
rises

100oC



Phase changes 

1. Transitions between solid, liquid, and gaseous phases 
typically involve large amounts of energy compared to 
the specific heat.

2. If heat were added at a constant rate to a mass of ice to take 
it through its phase changes to liquid water and then to 
steam,

3. The energies required to accomplish the phase changes 
(called the latent heat of fusion and latent heat of 
vaporization ) would lead to plateaus in the temperature vs
time graph. 



The graph below presumes that the pressure is one standard atmosphere.



Ans: 52.54 0C

Example:

water

Heat lost by water  =  heat gain by ice
-cwmw(Tf -Ti)water     =  miceLf  + cwmice(Tf -Ti)ice





Cooling a Cup of Coffee
Quest: You have a 200 gram cup of coffee at 100 C, too hot to drink. 
Various cooling strategies demonstrate specific heat, phase changes, 
and the approach to thermal equilibrium.

(1) Add cold water:
How much will the coffee be cooled by 
adding 50 gm of water at 0 C? 

(2) Add Ice:
How much will the coffee be cooled by 
adding 50 gm of Ice at 0 C? 

(3) Force Evaporation: 
Suppose you start with 300 gm of coffee at 
100 C and force 50 grams of it to vaporize, 
leaving the final mass at 250 gm? 



(1) Add cold water: (2) Add Ice (3) Force Evaporation 

http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html
Reference:

Answer: 



Cooling a Cup of Coffee 
You have a 200 gram cup of coffee at 100 C, too hot to drink. How much 
will you cool it by adding 50 gm of water at 0 C? 

Heat lost by coffee = Heat gained by water

Solution:



Cooling a Cup of Coffee 
You have a 200 gram cup of coffee at 100 C, too hot to 
drink. How much will you cool it by adding 50 gm of ice 
at 0 C? 

Heat lost by coffee = Heat gained by ice 



Cooling a Cup of Coffee 
You have a 300 gram cup of coffee at 100 C, too hot to drink. 
How much will you cool it by forcing 50 gm to evaporate, 
leaving 250 gm? 

Heat lost by coffee = Heat of vaporization

But this can't be right because it gives a negative temperature (-8 C) 
and the specific heat equation              is valid only so long as a phase 
change is not encountered, so we can't pass 0 C with this equation. If
25000 calories are extracted, we have cooled the coffee to 0 C but still 
have 2000 cal to remove. This will freeze some of the coffee:



http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html
Reference:



Thermal science is 
macroscopic or microscopic?
• Macroscopic quantities like P, V & T

characterizes thermal properties of gas. So we 
can say that the science of ‘Thermal Physics’ is 
understood in a macroscopic level.

• It can also be understood in a microscopic level. 
Example: Temperature of a gas is a measure of 
the average kinetic energy of the gas molecules.

• P, V & T commonly called ‘thermodynamic 
variables of the system’.



The relationship between energy and temperature
(for monatomic ideal gas)

Tk
2
3  vm

2
1  eKE/molecul ave B

2 ==

Internal Energy U 
= number of molecules x ave KE/molecule
= N (3/2) kBT
= (3/2) n RT = (3/2) P V   (ideal gas)



The Ideal Gas Law
(review)

• P V = N kB T
–N = number of molecules

• N = number of moles (n) x NA molecules/mole
–kB = Boltzmann’s constant = 1.38 x 10-23 J/K

• P V = n R T
–R = ideal gas constant = NAkB = 8.31 J/mol/K



Zeroth Law of Thermodynamics

0. Law: Thermal equilibrium
(Mechanics: Σ F = 0, a=0)

Indicator of thermal equilibrium: ∆T=0
(like a=0) 

If two systems are individually in equilibrium 
with a third system,

they are in thermal equilibrium with each other.
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The first law of Thermodynamics

• The first law of Thermodynamics is a generalization of 
the law of conservation of energy and includes 
possible changes in internal energy.

• When a system undergoes an infinitesemial change in 
state, where a small amount of heat, dQ, is transferred 
and a small amount of work, dW, is done, the internal 
energy also changes by a small amount, dU. Thus for 
infinitesimal process we can express the first law as

PdVdUdQ
PdVdQ
dWdQdU

+=
−=
−=



The work done 

• The work done in the expansion from the initial 
state is the area under the curve in a PV 
diagram.

• The work done by the system depends on the 
process by which the system goes from the 
initial to the final state. 

• In other words, the work done depends on the 
initial, final and intermediate states of the 
system.



PV Diagrams

Pf

i

f

Vi
Vf

A gas expands (slowly) from 
state i to state f. The work done 
by the gas equals the area under 
the PV curve.

• PV Diagram-1

Pi



PV Diagrams

Pf

i

f

Vi
Vf

A gas expands from state I to 
state f. The work done by the gas 
equals the area under the PV 
curve.

• PV Diagram-2

Pi



Observations from PV diagram 
1 and 2

• Although initial and final sates are same 
work done by the system is different.

• Work done by the system depends on the 
initial, final and intermediate states of the 
system.

• These observations are very important in 
the designing of engines. 



V

P 1 2

34

V

P
W = P∆V (>0)

1 2

34

∆V > 0 V

P
W = P∆V = 0

1 2

34

∆V = 0

V

P
W = P∆V (<0)

1 2

34

∆V < 0 V

W = P∆V = 0
1 2

34

P

∆V = 0 V

P 1 2

34

If we go
the other 
way then
Wtot < 0

V

P 1 2

34

Wtot > 0

Wtot = ??Isobaric Process: P=constant
Isochoric Process: V=constant



V

P
1 2

3

Now try this: What is the total work done
by system when going from
state 1 to state 2 to state 3 and
back to state 1 ? 

V1                  V2

P1

P3

Area = (V2-V1)x(P1-P3)/2 

Different processes in a PV Diagram



First Law of Thermodynamics
Example-1

V

P
1 2

V1                  V2

P
2 moles of monatomic ideal gas is taken
from state 1 to state 2 at constant pressure
P=1000 Pa, where V1 =2m3 and V2 =3m3.  Find
T1, T2, ∆U, W, Q.

1.  P V1 = n R T1 ⇒ T1 =  P V1/(nR) = 120K
2. P V2 = n RT2 ⇒ T2 =  P V2/(nR) = 180K

3. ∆U = (3/2) n R ∆T = 1500 J or ∆U = (3/2) P ∆V = 1500 J 

4.  W = P ∆V = 1000 J > 0 Work done by the system (gas) 

5.  Q = ∆U + W = 1500 J + 1000 J = 2500 J > 0 heat gained by system (gas)



First Law of Thermodynamics
Example-2

2 moles of monatomic ideal gas is taken
from state 1 to state 2 at constant volume
V=2m3, where T1=120K and T2 =180K.  Find Q.

1.  P V1 = n R T1 ⇒ P1 =  n R T1/V = 1000 Pa

2. P V2 = n R T1 ⇒ P2 =  n R T2/V = 1500 Pa

3. ∆U = (3/2) n R ∆T = 1500 J

4.  W = P ∆V = 0 J

5.  Q = ∆U + W = 0 + 1500 = 1500 J
=> It requires less heat to raise T at const. volume than at const. pressure.

V

P

2

1

V

P2

P1



Concept Question
Shown in the picture below are the pressure versus volume 
graphs for two thermal processes, in each case moving a 
system from state A to state B along the straight line shown. In
which case is the work done by the system the biggest?
1. Case 1 
2. Case 2 
3. Same

A

B4

2

3 9 V(m3)

Case 1

A

B
4

2

3 9 V(m3)

P(atm)

Case 2

P(atm)

correct

Net Work = area under P-V curve
Area the same in both cases!



Thermodynamic Processes
(for gases)



Thermodynamic systems

• A system (region) is separated from 
the remainder of the universe by a 
boundary which may be imaginary or 
not, but which having finite volume. 
•The possible exchanges of work, heat, 
or matter between the system and the 
surroundings take place across this 
boundary. 
•There are five dominant classes of 
systems:

Closed Systems – matter may not cross the boundary. 
Open Systems – heat, work, and matter may cross the boundary. 

Isolated Systems – matter and energy may not cross the boundary. 
Adiabatic Systems – heat may not cross the boundary. 
Diathermic Systems - heat may cross boundary. 



Note



Thermodynamic Processes
(for gases)

• Isothermic: constant temperature 
∆T = 0 means ∆U = 0 (U is constant!)

• Adiabatic: no gain/loss of heat energy (Q)
Q = 0 means ∆U = W

Note: Isothermal and Adiabatic are important for Carnot Engine (Ideal 
heat Engine)

• Isochoric (or isovolumetric): constant volume
∆V = 0 means W = 0 (no work performed on/by system)

• Isobaric: constant pressure
∆P = 0 means W = P∆V

Note: Isochoric and Isobaric are important for specific heat of Gases.



Isothermal Process:

•An isothermal process 
is a thermodynamic
process in which the 
temperature of the system
stays constant: ∆T = 0. 

•This typically occurs 
when a system is in 
contact with an outside 
thermal reservoir (heat 
bath), 

•and processes occur 
slowly enough to allow the 
system to continually 
adjust to the temperature 
of the reservoir through 
heat exchange. 

Note:

ALL the heat added to the system
Is used to work



Isothermal Processes
• Process where the temperature (T) of the 

working substance remains constant
• There are 2 possible outcomes

1. As work is performed on the working substance, it 
releases the energy as heat (Q) {Q is released}

2. All heat energy (Q) absorbed is converted to work 
by the working substance {Q is absorbed}

• Since ∆T = 0, then ∆U = 0 so 
∆U = Q – W  = 0

becomes
W = Q = (nRT)ln(Vf/Vi) 

{work performed by working substance}



For a constant temperature process involving an ideal gas, pressure can 
be expressed in terms of the volume:



Derivation:
∆W = P∆V



Adiabatic Process

∆U = -W

Work performed on the working substance increases 
its internal energy by exactly the same amount.

Insulated
wall W = - (3/2)nR∆T

Only Q=0



Adiabatic Processes
• Process where no heat energy (Q) is allowed to 

enter or leave the system, Q = 0 (∆U = Q – W = 
-W)

• Two outcomes:
1. Work performed on the working substance increases 

its internal energy by exactly the same amount
2. Worked performed by the working substance 

decreases its internal energy by exactly the same 
amount

• Since ∆U = -W & ∆U depends on ∆T,
– For a monatomic gas:

W = - (3/2)nR∆T
– For a diatomic gas:

W = - (5/2)nR∆T



P-V relation for Adiabatic Processes

• When a gas undergoes an adiabatic expansion/contraction 
the relationship between pressure and volume is

PiVi
γ = PfVf

γ

where γ is CP/CV (the ratio the molar heat capacities at 
constant P and V, respectively)

• For monoatomic gases, γ is 5/3
• For Diatomic gases, γ is 7/5



Isochoric Process:

Internal energy (U) increases as heat energy (Q) 
is  absorbed by the working substance



Isochoric Processes

• Process where the volume (V) of the working 
substance remains constant

• No work is performed during this process 
since ∆V = 0 {area under PV curve is zero}

• Two outcomes:
– Internal energy (U) increases as heat energy (Q) 

is  absorbed by the working substance
– Internal energy (U) decreases as heat (Q) is 

released by the working substance
• Since ∆V = 0 then W = 0, so

∆U = Q





Isobaric process



Isobaric Processes
• Process where the pressure (P) of the working substance 

remains constant
• Since ∆P = 0, then the area under the PV curve (the work 

performed) is equal to P.∆V or
W = P.∆V

{work performed by working substance}
• The internal energy change of the system is equal to 

the difference between heat energy absorbed & work 
performed, or

∆U = Q – W = Q - P.∆V
• The internal energy change (∆U) is also related to the 

change in temperature (∆T):
∆U = (3/2)nR.∆T {monatomic gas}

Or ∆U = (5/2)nR.∆T {diatomic gas}



Specific Heat Capacity & 1st Law of 
Thermodynamics (for monatomic gases)

• The heat (Q) absorbed by a gas can be expressed as:
Q = Cn∆T

where C is the molar heat capacity (J/mol.K)
• Since gases it is necessary to distinguish between molar heat capacity 

at constant pressure (CP) and constant volume (CV)
• Let’s begin with the 1st Law of Thermodynamics:

Q = ∆U + W
• At constant pressure: {∆U = (3/2)nRT & W = P∆V = nR∆T}

Q = (3/2)nR∆T + nR∆T = (5/2)nR∆T → CP = (5/2)R
• At constant volume: {∆U = (3/2)nRT & W = 0}

Q = (3/2)nR∆T + 0 = (3/2)nR∆T  → CV = (3/2)R



Selected Specific Heats



• Book: Basic Thermodynamics - Evelyn 
Guha (Cahpter-3,4 & 5)

• Worked Examples on first Law: Page-57,58,59,60 &61 
(chapter-3)

Study material on Thermodynamics
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Section -3
• Heat Engine
• Second Law of Thermodynamics
• Carnot Engine(P-V cycle)



Thermodynamics

• Thermodynamics (from the Greek thermos meaning heat and 
dynamics meaning power) is a branch of physics that studies the 
effects of changes in temperature, pressure, and volume on physical 
systems .

•Roughly, heat means "energy in 
transit" and dynamics relates to 
"movement"; thus, in essence 
thermodynamics studies the 
movement of energy.

History: 
Sadi Carnot (1796-1832): 
“Father" of thermodynamics.

http://en.wikipedia.org/wiki/Image:Carnot2.jpg



Sadi Carnot (1796-1832)
• French engineer
• Published only 1 work during 

his lifetime
– Described the details of the 

“Carnot” engine (an “ideal” heat 
engine)

• Fascinated with steam engines
– Resented the advancements 

made in rival England
– The bulk of his work focused on 

understanding heat and steam 
engine design/efficiency

– Work based on the “caloric”
theory

• Contracted cholera and died the next day, at the age of 
36



thermodynamic system

• Typical thermodynamic system - heat moves from 
hot (boiler) to cold (condenser) and work is extracted. 



Thermodynamic Processes
(for gases)

• Isothermic: constant temperature 
∆T = 0 means ∆U = 0 (U is constant!)

• Adiabatic: no gain/loss of heat energy (Q)
Q = 0 means ∆U = W

Note: Isothermal and Adiabatic are important for Carnot Engine (Ideal 
heat Engine)

• Isochoric (or isovolumetric): constant volume
∆V = 0 means W = 0 (no work performed on/by system)

• Isobaric: constant pressure
∆P = 0 means W = P∆V

Note: Isochoric and Isobaric are important for specific heat of Gases.

W = Q = (nRT)ln(Vf/Vi)



Heat Engines

• A process that utilizes heat energy input (Qin) to 
enable a working substance perform work output

• Heat energy input equals the work performed plus 
the heat energy discarded:

Qin = Qout + W

Qin

W

Qout
Heat Engine







Second Law of 
Thermodynamics

• Kelvin-Planck 
statement: It is 
impossible to construct 
a heat engine that, 
operating in a cycle, 
produces no other 
effect than the 
absorption of thermal 
energy from a reservoir 
and the performance of 
equal amount of work.

Hot reservoir

Engine

Cold reservoir

W



Impossible engine

• Impossible refrigerator
Hot reservoir

Qh

Engine

Cold reservoir

Qc

Th

Tc

•Clausius statement 
(in a simpler form) 
Heat will not flow 
spontaneously from 
a cold object to a 
hot object.



Example of Heat Engine
• The Carnot Cycle (Engine)

– An “ideal” reversible heat engine (no heat 
engine can be more efficient than a Carnot
engine)

– A 4 stage engine that operates between 2 
temperature reservoirs (Thot and Tcold) 
consisting of 

• 2 isothermic phases
• 2 adabatic phases







Efficiency of a Heat Engine
• A measure of the effectiveness of a heat engine is its 

thermodynamic efficiency:
Efficiency = ε = Wperformed/Qinput = (Qinput– Qout)/Qinput

or
% Efficiency = % ε = (Wperformed/Qinput).100%

• For the Carnot (“ideal”) engine:

% Efficiency = % εCarnot = (Qinput– Qout)/Qinput
since Qinput/Qout = Thot/Tcold the efficiency can be 
written as

% εCarnot = [(Thot-Tcold)/Thot ].100%Show that



Proof:

Conversion constant (joule effect 
due to cyclic process)

Isothermal compression

Isothermal expansion

adiabatic expansion

IAdiabatic compression
Q2=W3/J



Hence





(1)Example-1



Example-2



Example-3



















Reversible and irreversible 
processes

• In nature almost all the processes have a 
preferred direction. 
For example heat flows hotter to cooler bodies, a ball 
moving on a rough surface stops but the opposite 
phenomenon never occur without the influence of 
external forces. 
A process is irreversible if the the system 
and its surroundings can not be returned to 
its initial state.



Reversible and irreversible 
processes-2

• In irreversible process we pass through a series of 
nonequilibrium states while going from initial to final 
state, so irreversible process can not be represented 
by a line on PV diagram.

• A process may be reversible if the system passes from 
the initial state to the final state through a succession of 
equilibrium states.

• If a process occur quasi-statistically, that is slowly 
enough, so that each state departs only infinitesimally 
from equilibrium, it can be considered reversible and 
can be represented by a line on a PV diagram.



Carnot Theorem

• No real heat engine operating between 
two heat reservoirs can be more efficient 
than a Carnot engine operating between 
the same two reservoir (Carnot Theorem).



• All Carnot engines operating between the same 
two temperature in a reversible manner have the 
same efficiency.

• Efficiency of any reversible engine operating in a 
cycle between two temperatures is greater than 
the efficiency of any irreversible (real) engine 
operating between the same temperatures.
Actually friction, heat loses by conduction and 
other practical difficulties make all the real 
engine irreversible and thus less efficient 
compared to a Carnot engine.



• Book: Basic Thermodynamics - Evelyn 
Guha (Cahpter-4)

• Worked Examples on Carnot Cycle: Page-
77,78,79,80,81 & 82.(chapter-4)

Study material on Thermodynamics
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Second Law of Thermodynamics

• Not all processes that are allowed by energy conservation 
occur in nature. Why ?

• Ice melts but water does not spontaneously freeze,
• heat flows from hot to cold but never from cold to hot. 

⇒ We need a new concept which makes these (reversed) 
processes 
highly unlikely.



New concept: Entropy (S)

• A measure of “disorder” or probability of state of a system.
• A property of a system (=state function, just like P, V, T, U)

– related to number of different “thermodynamic states” of 
system

– Examples of increasing entropy:
• ice cube melts
• gases expand into vacuum

• In 1850 Clausius introduced a new thermodynamic state variable 
Entropy (it’s a Greek word meaning ‘turning into’).

• Entropy is a measure of how much heat is unavailable for 
conversion into work.

• A thermodynamic system can described by a temperature T, an 
internal energy U and an entropy S. The entropy provides a 
relation between heat and temperature.



Entropy-2
• The change in entropy, dS, between two equilibrium 

states is given by the heat transferred, dQ, divided by 
the absolute temperature T, of the system in this interval 
,that is 

T
dQdS =

• In any spontaneous process the entropy can not 
decrease.

• This is the second law of thermodynamics, with equality 
holding for a reversible process.

.0≥dS







First Law:

as

Where J is a constant (conversion factor), mass of gas m=1kg

In terms of V and T

………..(1)

[ assume m=1, n=1]



Expression in terms of pressure and volume:

as

Expression in terms of pressure and Temperature:

as

From (1)

From (1)



Can also be obtained from equation (1).



ad





given

solution

Note:



Imp



• Book: Basic Thermodynamics - Evelyn 
Guha (Cahpter-5)

• To Read:Page-91,92,93,94,95 and 96
• Worked Examples: Page-112,113,114 and 115 (for 

Entropy) Chapter – 5.

Study material on Thermodynamics



References:

• Basic Thermodynamics – Evelyn Guha
(Chapter-3,4 &5 theory and Problems)

• Engineering Thermodynamics – P. K. Nag (third 
edition) (Solved Problems: pages-66,67, 
130,131,170,171,172(Imp),179)

• Thermodynamics- Cengel-Boles (Ch. 5 & 6)
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More on Entropy (S)

• A measure of “disorder” or probability of state of a 
system.

• A property of a system (=state function, just like P, V, 
T, U)
– related to number of different “states” of system

• Examples of increasing entropy:
– ice cube melts
– gases expand into vacuum

• Change in entropy:
– ∆S = Q/T  (T in K !)    SI unit: [J/K]

• >0 if heat flows into system (Q>0)
• <0 if heat flows out of system (Q<0)



Reversible vs. Irreversible changes in a thermodynamic 
system:

• Definition given by Fermi (1936), in Thermodynamics:
"A transformation is said to be reversible when the successive 

states of the transformation differ by infinitesimals from 
equilibrium  states.”

∆Srev = 0

• Irreversible: Processes in which new entropy is 
“created”.  A system  spontaneously changes, or 
energy is transformed in a way that creates new 
entropy. This does not allow complete recovery of all  
aspects of previous thermodynamic states.

∆Sirrev > 0

Processes that happen spontaneously are irreversible.



• The entropy change (Q/T) of the system+environment ≥ 0
– never < 0
– order to disorder
The entropy of the universe increases whenever an irreversible 

process occurs. All real processes in nature are irreversible.
• Consequences:

– A “disordered” state cannot spontaneously transform into a more 
“ordered” state.

– No engine operating between two reservoirs can be more efficient
than one that produces zero change in entropy. The  latter is called 
a “Carnot engine” (no real engine can ever be perfectly reversible 
but Carnot is a useful idealization, since  it represents the limiting 
case) .

– Heat cannot be transferred spontaneously from cold to hot.



Entropy
• Microscopic origin of entropy was essentially 

explained by Maxwell, Boltzmann and Gibbs 
around 1870.

• Let ‘i ‘ index the possible states of a system, pi
be the probability to be in the i-th state and let 
there be Ω total states. Then the microscopic 
definition of the entropy is 

• Where k is Boltzmann’s constant 

,ln
0

i
i

i
pkS p∑

Ω

=

−=



Entropy

• If all the states are equally likely then 

• This equation was so important to 
Boltzmann that it appears on his grave.

Ω=
Ω

=

ln,

1

kStherefore

p i



Change of Entropy in a Carnot
cycle

• In a Carnot cycle

• The entropy of the universe remains constant in 
a reversible process. So the entire energy is 
available to do work and after a complete 
reversible cycle. If we have a computer made up 
of reversible gates only we can do our 
computation without expensing energy.  

0, =

−

−=
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hhot
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Phase diagram and Clausius
Clapeyron equation

Reference:
Page- 292,  Heat and Thermodynamics by

Zemansky & Dittman (7th Edition)



Three dimensional Phase diagram 
for a pure substance

PT -diagram PV Diagram

PVT Diagram

Use for application



Clausius - Clapeyron Equation

Where J is joule constant, L is Latent heat

Equation is called Clausius-Clapeyron Equation

Phase 1 
(Liquid)

Phase 2
(steam)

P

T

dP

dT







Adibatic Expension
of steam

water steam

Note

Note: Specific volume means Volume per unit mass, hence heat Q=L

•Isothermal expansion of mixed 
state AB( water and vapour)
•Transition of water in to steam

Steam phaseVw Vs

•Reversible 
process
•Carnot cycle

(1) AB (Isothermal Exp)
(2) BC (Adia. Expansion)
(3) CD (Isothermal Comp.)
(4) DA (Adia. Compression)



For reversible cycle

As m=1 gm

(2)

(1)

[Q=m L= L]

[Q=W/J]





Is positive , hence increase

vT
L

dT
dp

∆
=

v
s

vv
ss

dT
dp

∆
∆

=







−
−

=
12

12

As ∆S=∆Q=L/T      as m=1

In terms of Entropy



Using the C-C equation: fusion

Example:
Calculate the melting temperature of ice at a pressure of 1000 
atmospheres……

vT
L

T
p

dT
dp

∆
=

∆
∆

=
Lfusion = 3.4 x 105 J kg-1

vice = 1.091 x 10-3 m3 kg-1

vwater = 1.000 x 10-3 m3 kg-1

∆v = vwater- vice = -9.1 x 10-5 m3 kg-1

Tmelt (1 atmosphere) = 273K

1-7
5

5

K Pa1036.1
)10(-9.1273

103.4
×−=

××
×

=
∆
∆

−T
p

K/atm 104.7Pa K 1035.7 31-7 −− ×−=×−=
∆
∆

p
T

Tmelt (1000 atm) = 273-7.4 = 265.6



Laws of Thermodynamics

0th Law: when 2 objects are in thermodynamic equilibrium independently 
with a 3rd object, they are in fact in thermodynamic equilibrium with 
each other or in other words,

You can use a thermometer to measure the temperature of 
something

1st Law: conservation of energy
∆U = Q - W

2nd Law: thermodynamic limit of heat engine efficiency
1. Heat only flows spontaneously from high T to cold T
2. A heat engine can never be more efficient that a “Carnot” engine 

operating between the same hot & cold temperature range
3. The total entropy of the universe never decreases

3rd Law: it is not possible to lower the temperature of a system to absolute 
zero in a finite number of steps.
It is impossible to reach the temperature of absolute zero



PHY201: Thermodynamics

•Van der Waals isotherms  (just for understanding, not in 
course)

•Mixed phase behaviour    (just for understanding, not in 
course)

•Phase transitions and the Gibbs function

•Derivation and use of the Clausius-Clapeyron
equation (Slides 11-15 are in course)

•Reference: Pages 157-162, Evelyn Guha

More on Clausius Clapeyron Equation
(Another approach)



Van der Waals isotherms

0.0001 0.0002 0.0003 0.0004
0.0
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Volume (m3)

180K
150K

140K
125K

•At higher temperatures, isotherms ideal-gas-like 
(hyperbolic)

•As T decreases, isotherms become progressively more 
distorted

•Distortion associated with formation of “condensed”
phases (liquid, solid)



Expanded view of “distorted” isotherm
Pr

es
su

re

Volume

A
B

C

D

E

•In reality, the system doesn’t 
exactly follow the isotherm 
predicted by the equation of 
state

•For example, along the path 
BCD, the volume decreases and 
so does the pressure: physically 
unrealistic

•In fact, when the system 
reaches point A, further 
compression takes the system 
directly along ACE

•States along the ABC and CDE 
portions of the isotherm are 
unstable

•Vertical position of straight line 
determined by the condition 

Area 1
Area 2

The straight line portion of 
the corresponds to the 
system in mixed phase 
(liquid/vapour)



Pr
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Volume

Mixed phase region

1234
vapour

liquid

1

4

2

At all points between 1 and 
4, liquid and vapour phases 
co-exist in equilibrium at 
same temperature & 
pressure

P

3

P
P

P



Liquid/vapour mixed phase region

•Locus of the equivalent “A, E”
points for each isotherm defines    
boundary of the P-V-T region of 
mixed phase

Pr
es

su
re

Volume

Tc isotherm

VC

PC

• Onset of mixed phase 
behaviour occurs at the critical 
temperature TC. This is the 
point at which the isotherm 
develops a point of inflection
•From position of point of 
inflection on P-V diagram, 
values for the critical volume
(Vc) and critical pressure (Pc) 
can be defined
•The three parameters Tc, Vc
and Pc define the critical point, 
C, where: 
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Three dimensional Phase diagram 
for a pure substance



P-T projection of phase diagram

fusion

vaporisation

sublimation

“boundary lines” between phases are where phases co-exist in 
equilibrium: known as co-existence curves



Phase Diagrams
• Graph of pressure-

temperature 
relationship; describes 
when 1,2,3 or more 
phases are present 
and/or in equilibrium 
with each other. 

• Lines indicate 
equilibrium state two 
phases. 

• Triple point- Temp. 
and press. where all 
three phases co-exist in 
equilibrium.

• Critical pressure- vapor pressure at critical temp.
• Critical point- point where system is at its critical pressure and 

temp. 



Phase transitions and the Gibbs function
•In general, phase transitions take place at constant temperature and 
pressure. Under these conditions, the Gibbs function is the appropriate 
thermodynamic potential.
•Consider 2 phases co-existing in equilibrium: Phase 1 and Phase 2
•Mass of phase 1 = m1, mass of phase 2 = m2

•Specific Gibbs function of phase 1 = g1; Specific Gibbs function of phase 2 
= g2

3

P

m1, g1

m2, g2

2211 gmgmGtotal +=

Consider an incremental mass of phase 1 (dm1) 
undergoing a transition to phase 2.

2211 gdmgdmdGtotal +=

22110 gdmgdmVdPSdTdGtotal −=⇒=+−=

But dm1= - dm2 (mass conservation) 21 gg =



Phase transitions and the Gibbs function

CONCLUSION
When two phases co-exist in equilibrium, their specific 

Gibbs functions are equal

No assumptions made about the nature of the 2 phases: this is a general resu



The Clausius-Clapeyron equation

The Clausius-Clapeyron equation gives an expression for the 
slope of the P-T co-existence curve between 2 phases. It is 
most commonly used to calculate how the temperature of 
the phase transition varies when pressure is changed 

Phase 1

Phase 2

g1=g2 along co-existence curve,
(two phases co-exist in equilibrium, 
their specific Gibbs functions are 
equal)P

T



The Clausius-Clapeyron equation

g1=g2

Phase 1

Phase 2

P

T

dP

dT

dPvdTsdg 111 +−=

dPvdTsdg 222 +−=

s, v, specific entropy, volume

Now, since g1= g2 along co-existence curve:

21 dgdg = dPvdTsdPvdTs 2211 +−=+−

ie
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dT
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∆
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The Clausius-Clapeyron equation
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dT
dp

∆
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=







−
−

=
12

12

Now, the specific latent heat for the transition is given by L = T∆s. 
Substituting in the above finally gives us our CLAUSIUS-CLAPEYRON 
EQUATION:

vT
L

dT
dp

∆
=



Using the C-C equation: fusion

For melting/freezing (fusion) it’s OK to assume that latent 
heat and specific volumes of the solid and liquid phases are 
constant and that the slope of the coexistence curve is 
therefore constant. 

Example:
Calculate the melting temperature of ice at a pressure of 1000 
atmospheres……

vT
L

T
p

dT
dp

∆
=

∆
∆

=
Lfusion = 3.4 x 105 J kg-1

vice = 1.091 x 10-3 m3 kg-1

vwater = 1.000 x 10-3 m3 kg-1

∆v = vwater- vice = -9.1 x 10-5 m3 kg-1

Tmelt (1 atmosphere) = 273K

1-7
5

5

K Pa1036.1
)10(-9.1273

103.4
×−=

××
×

=
∆
∆

−T
p

K/atm 104.7Pa K 1035.7 31-7 −− ×−=×−=
∆
∆

p
T

Tmelt (1000 atm) = 273-7.4 = 265.6



Using the C-C equation: vaporisation

For boiling/condensing (vaporisation), the previous approach only 
gives reasonable results for small pressure/temperature variations. 
This is because the specific volume of the vapour phase is highly 
pressure/temperature dependent.

We need to make some (reasonable) assumptions:
Specific volume of vapour >> specific volume of liquid, ie ∆v = 

vvapour

2RT
pL

p
RTT

L
Tv

L
dT
dp

vapour
===


