
Thermodynamics
Phase Changes

Work Done on a Gas

Lana Sheridan

De Anza College

April 27, 2020



Last time

• applying the ideal gas equation

• thermal energy

• heat capacity

• phase changes

• latent heat



Overview

• more about phase changes

• work, heat, and the first law of thermodynamics



Practice

The specific heat capacity of ice is about 0.5 cal/g◦C. Calculate
the number of calories it would take to change a 1 g ice cube at
absolute zero (−273◦C) to 1 g of boiling water.

warming ice:

Q1 = mcice∆T = (1 g)(0.5 cal/g◦C)(273◦C) = 136.5 cal

melting:

Q2 = mLf = (1 g)

(
3.33 × 105 J/kg

4.186 J/cal

)(
1 kg

1000 g

)
= 79.55 cal

warming water:

Q3 = mcwater∆T = (1 g)(1.0 cal/g◦C)(100◦C) = 100 cal

Total Q1 + Q2 + Q3 = 320 cal.

1Hewitt, Problem 2, page 314.
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Practice

The specific heat capacity of ice is about 0.5 cal/g◦C. Supposing
that it remains at that value all the way to absolute zero, calculate
the number of calories it would take to change a 1 g ice cube at
absolute zero (−273◦C) to 1 g of boiling water. How does this
number of calories required to change the same gram of 100◦C
boiling water to 100◦C steam?

boiling:

Q4 = mLv = (1 g)

(
2.26 × 106 J/kg

4.186 J/cal

)(
1 kg

1000 g

)
= 540 cal

The energy required to transform the water to steam is much
bigger than the energy required to heat the ice, convert it to
water, and continue heating up to 100◦C.

1Hewitt, Problem 2, page 314.
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Question

Suppose the same process of adding energy to the ice cube is
performed as discussed in the last question, but instead we graph
the internal energy of the system as a function of energy input,
Q +W . What would this graph look like?

1Based on Quick Quiz 20.2, Serway & Jewett, page 600.



Phase Change paths



Evaporation

evaporation

the process by which a liquid changes to a gas at the liquid surface

Since changing from a liquid to a gas requires heat, when a liquid
evaporates it takes heat from its surroundings.

This is why humans sweat in hot weather, pigs wallow puddles,
and dogs pant. All are trying to use evaporation of water to reduce
body temperature.



Evaporation

Ben Franklin noticed that a wet shirt kept him feeling cool on a
hot day.

He decided to experiment to see if the temperature of objects
could be lowered by this process.

In 1758 he and John Hadley took a mercury thermometer and
repeatedly wet the bulb with ether while using bellows to keep air
moving over it.

Despite it being a warm day, they recorded temperatures as low as
7◦ F (−14◦C) at the bulb of the thermometer.

This is the basic idea behind refrigeration!



Latent Heat Practice

The heat of vaporization of ethyl alcohol is about 200 cal/g. If
2 kg of this fluid were allowed to vaporize in a refrigerator, show
that 5 kg of ice (at 0◦C) would be formed from 0◦C water.

Hint: in the last problem we melted 1 g of ice and found it
required 80 cal.

energy needed for vaporization:

Q = mLv ,ea = (2 kg)(200 cal/g) = 4.0 × 105 cal

assuming this same amount of energy was taken from the water:

m =
Q

Lf
=

4.0 × 105 cal

80 cal/g
= 5000 g = 5 kg X

1Hewitt, Problem 8, page 314.
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Regelation

This is a phenomenon seen in water because its density is lower in
its solid state.

High pressure applied to solid water causes it to melt, even at low
temperatures.

This makes ice skating work.



Phase Change paths



Phase Diagrams

1A typical phase diagram. The dashed green line shows the unusual
behavior of water. Diagram by Matthieumarechal, Wikipedia.



Liquids below their melting point & above their
boiling point

Phase changes require the bond structure of the substance to
change.

As a liquid is cooled, it will generally start to freeze at one point
before another. (Symmetry breaking.) For example, ice cubes in a
freezer freeze from the top down.

As water freezes solid crystals form and spread throughout.

If the water is very pure and cooled without shaking, it can be
cooled below 0◦C without freezing.

This is called supercooling and can happen in some other liquids
also under the right conditions.
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Liquids below their melting point & above their
boiling point

The same thing can happen when water (or other liquids) are
heated just above their boiling points.

As the liquid starts to boil, bubbles of vapor form inside it. This
happens most easily at defects in the edges of the container.

If the container is very smooth and not shaken, the only way the
liquid can vaporize is from the middle. Surface tension opposes
this.

The liquid can be heated a bit above its boiling point.

This is called superheating.

It is used in bubble chambers to observe charged particles.



Liquids below their melting point & above their
boiling point

Bubble chambers:

1Left, figure by aarchiba, Wikipedia; right, IOP
http://cerncourier.com/cws/article/cern/28742



Heat and Work

We now take a closer look at the first law of thermodynamics.

To do this, we will take a deeper look at work and heat.

We also need to consider our system more carefully.



Thermodynamic Equilibrium States

We will study thermodynamic systems.

These systems are in thermodynamic equilibrium internally.

Thermodynamic equilibrium state

a state of a system in which every part of the system will be at the
same temperature, T , and if the system is a gas, at the same
pressure, P.

In classical thermodynamics, it is a postulate that any system left
isolated will come to a thermal equilibrium state given enough
time, and then remain in that state.

In particular, for our present discussion we will be considering an
ideal gas. (Can use PV = nRT .)
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Ideal Gases

Ideal gas assumptions (kinetic theory model).

We make the following assumptions in the ideal gas model:

• the volume of the gas particles is negligible compared to the
total gas volume

• molecules are identical hard spheres (will relax this later)

• collisions between molecules are elastic

• there are no intermolecular forces (aside from hard-sphere
collisions)

• there are no long-range forces from the environment (can be
relaxed)

A real gas is behaves as an idea gas when it is at high temperature
and low density (far from condensation).



Variables

The variables we will use can be broken into types:

state variables – describe system’s state / properties – T , P, V ,
and Eint.

transfer variables – describing energy transferred into our out of
the system – Q, W

intensive variables – variables that don’t change value when the
system is doubled in size – P, T , ρ, c

extensive variables – variables that double their value when the
system is doubled in size – V , Eint, m, C
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Work done on a gas

Imagine compressing or expanding a gas in a piston
quasi-statically (meaning slowly enough so the gas remains in
thermal equilibrium).

 20.4 Work and Heat in Thermodynamic Processes 601

dy

P

A

V

a b

Figure 20.4  Work is done on 
a gas contained in a cylinder at a 
pressure P as the piston is  
pushed downward so that the gas 
is compressed.

 What if the final state of the system is water at 100°C? Would we need more steam or less steam? How 
would the analysis above change?

Answer  More steam would be needed to raise the temperature of the water and glass to 100°C instead of 50.0°C. 
There would be two major changes in the analysis. First, we would not have a term Q 3 for the steam because the water 
that condenses from the steam does not cool below 100°C. Second, in Q cold, the temperature change would be 80.0°C 
instead of 30.0°C. For practice, show that the result is a required mass of steam of 31.8 g.

WHAT IF ?

Substitute 
numerical 
values:

ms 5 2
10.200 kg 2 14 186 J/kg # 8C 2 150.08C 2 20.08C 2 1 10.100 kg 2 1837 J/kg # 8C 2 150.08C 2 20.08C 212 010 J/kg # 8C 2 11008C 2 1308C 2 2 12.26 3 106 J/kg 2 1 14 186 J/kg # 8C 2 150.08C 2 1008C 2

5 1.09 3 1022 kg 5   10.9 g

 

▸ 20.4 c o n t i n u e d

20.4 Work and Heat in Thermodynamic Processes
In thermodynamics, we describe the state of a system using such variables as pres-
sure, volume, temperature, and internal energy. As a result, these quantities belong 
to a category called state variables. For any given configuration of the system, we 
can identify values of the state variables. (For mechanical systems, the state vari-
ables include kinetic energy K and potential energy U.) A state of a system can be 
specified only if the system is in thermal equilibrium internally. In the case of a gas 
in a container, internal thermal equilibrium requires that every part of the gas be 
at the same pressure and temperature.
 A second category of variables in situations involving energy is transfer vari-
ables. These variables are those that appear on the right side of the conservation 
of energy equation, Equation 8.2. Such a variable has a nonzero value if a process 
occurs in which energy is transferred across the system’s boundary. The transfer 
variable is positive or negative, depending on whether energy is entering or leaving 
the system. Because a transfer of energy across the boundary represents a change 
in the system, transfer variables are not associated with a given state of the system, 
but rather with a change in the state of the system.
 In the previous sections, we discussed heat as a transfer variable. In this section, 
we study another important transfer variable for thermodynamic systems, work. Work 
performed on particles was studied extensively in Chapter 7, and here we investigate 
the work done on a deformable system, a gas. Consider a gas contained in a cylinder 
fitted with a movable piston (Fig. 20.4). At equilibrium, the gas occupies a volume V 
and exerts a uniform pressure P on the cylinder’s walls and on the piston. If the pis-
ton has a cross-sectional area A, the magnitude of the force exerted by the gas on the 
piston is F 5 PA. By Newton’s third law, the magnitude of the force exerted by the pis-
ton on the gas is also PA. Now let’s assume we push the piston inward and compress 
the gas quasi-statically, that is, slowly enough to allow the system to remain essen-
tially in internal thermal equilibrium at all times. The point of application of the 
force on the gas is the bottom face of the piston. As the piston is pushed downward 
by an external force F

S
 5 2F ĵ through a displacement of d rS 5 dy ĵ (Fig. 20.4b), the 

work done on the gas is, according to our definition of work in Chapter 7,

 dW 5 F
S

?d rS 5 2F ĵ ?dy ĵ 5 2F dy 5 2PA dy 

The mass of the piston is assumed to be negligible in this discussion. Because A  dy 
is the change in volume of the gas dV, we can express the work done on the gas as

 dW 5 2P dV (20.8)

 If the gas is compressed, dV is negative and the work done on the gas is positive. 
If the gas expands, dV is positive and the work done on the gas is negative. If the 

How much work is done on the gas?

1Figure form Serway & Jewett.
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Definition of work:

W =

∫
F · dr

For this system:

W =

∫
(−F j) · dy j

= −

∫
F dy

= −

∫
P A dy

= −

∫
P dV

W = −

∫Vf

Vi

P dV



Work done on a gas

Here, the volume decreases,
so the work done on the gas
is positive.
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W = −

∫Vf

Vi

P dV

The work done is the area under the
P-V curve (with the appropriate
sign).

602 Chapter 20 The First Law of Thermodynamics

volume remains constant, the work done on the gas is zero. The total work done on 
the gas as its volume changes from Vi to Vf is given by the integral of Equation 20.8:

 W 5  23
Vf

Vi

 P dV  (20.9)

To evaluate this integral, you must know how the pressure varies with volume dur-
ing the process.
 In general, the pressure is not constant during a process followed by a gas, but 
depends on the volume and temperature. If the pressure and volume are known 
at each step of the process, the state of the gas at each step can be plotted on an 
important graphical representation called a PV diagram as in Figure 20.5. This type 
of diagram allows us to visualize a process through which a gas is progressing. The 
curve on a PV diagram is called the path taken between the initial and final states.
 Notice that the integral in Equation 20.9 is equal to the area under a curve on a 
PV diagram. Therefore, we can identify an important use for PV diagrams:

The work done on a gas in a quasi-static process that takes the gas from an 
initial state to a final state is the negative of the area under the curve on a PV 
diagram, evaluated between the initial and final states.

 For the process of compressing a gas in a cylinder, the work done depends on the 
particular path taken between the initial and final states as Figure 20.5 suggests. To 
illustrate this important point, consider several different paths connecting i and f 
(Fig. 20.6). In the process depicted in Figure 20.6a, the volume of the gas is first 
reduced from Vi to Vf at constant pressure Pi and the pressure of the gas then 
increases from Pi to Pf by heating at constant volume Vf . The work done on the gas 
along this path is 2Pi(Vf 2 Vi). In Figure 20.6b, the pressure of the gas is increased 
from Pi to Pf at constant volume Vi and then the volume of the gas is reduced from 
Vi to Vf at constant pressure Pf . The work done on the gas is 2Pf(Vf 2 Vi). This value 
is greater than that for the process described in Figure 20.6a because the piston is 
moved through the same displacement by a larger force. Finally, for the process 
described in Figure 20.6c, where both P and V change continuously, the work done 
on the gas has some value between the values obtained in the first two processes. 
To evaluate the work in this case, the function P(V ) must be known so that we can 
evaluate the integral in Equation 20.9.
 The energy transfer Q into or out of a system by heat also depends on the pro-
cess. Consider the situations depicted in Figure 20.7. In each case, the gas has the 
same initial volume, temperature, and pressure, and is assumed to be ideal. In Figure 
20.7a, the gas is thermally insulated from its surroundings except at the bottom of 
the gas-filled region, where it is in thermal contact with an energy reservoir. An energy 
reservoir is a source of energy that is considered to be so great that a finite transfer of 
energy to or from the reservoir does not change its temperature. The piston is held 
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A constant-pressure 
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constant-volume process
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An arbitrary 
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Figure 20.6 The work done on 
a gas as it is taken from an initial 
state to a final state depends on 
the path between these states.

Figure 20.5 A gas is compressed 
quasi-statically (slowly) from state 
i to state f. An outside agent must 
do positive work on the gas to 
compress it.

f
Pf

P

i

V
ViVf

Pi

The work done on a gas 
equals the negative of the area 
under the PV curve. The area 
is negative here because the 
volume is decreasing, resulting 
in positive work.

In this picture the area
is −ve (Vi > Vf )
so the Work is +ve.



Summary

• more about phase changes

• work, heat, and the first law of thermodynamics

Next Test Tuesday, May 5 (? TBC), on Ch19, 20.

Homework Serway & Jewett:

• Read chapter 20 and look at the examples.


