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Last time

• the ideal gas equation

• moles and molecules



Overview

• finish applying the ideal gas equation

• thermal energy

• heat capacity



Ideal Gas Equation

The equation of state for an ideal gas:

PV = nRT

where

• P is pressure

• V is volume

• n is the number of moles (amount of gas)

• R = 8.314 J mol−1 K−1 is the universal gas constant

• T is temperature

The LHS and RHS of this equation both have units of Joules
(energy).



Problem #74
A cylinder is closed by a piston connected to a spring of constant
2.00× 103 N/m. With the spring relaxed, the cylinder is filled with
5.00 L of gas at a pressure of 1.00 atm and a temperature of
20.0◦C.
(a) If the piston has a cross-sectional area of 0.0100 m2 and
negligible mass, how high will it rise when the temperature is
raised to 250◦C?
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copper to be 11.0 3 1010 N/m2. At this lower tempera-
ture, find (a) the tension in the wire and (b) the x coor-
dinate of the junction between the wires.

 73. Review. A steel guitar string with a diameter of 1.00 mm  
is stretched between supports 80.0 cm apart. The tem-
perature is 0.08C. (a) Find the mass per unit length of 
this string. (Use the value 7.86 3 103 kg/m3 for the den-
sity.) (b)  The fundamental frequency of transverse 
oscillations of the string is 200 Hz. What is the tension 
in the string? Next, the temperature is raised to 30.08C. 
Find the resulting values of (c) the tension and (d) the 
fundamental frequency. Assume both the Young’s mod-
ulus of 20.0 3 1010 N/m2 and the average coefficient of 
expansion a 5 11.0 3 1026 (8C)21 have constant values 
between 0.08C and 30.08C.

 74. A cylinder is closed by 
a piston connected to 
a spring of constant 
2.00  3 103 N/m (see 
Fig. P19.74). With the 
spring relaxed, the 
cylinder is filled with 
5.00 L of gas at a pres-
sure of 1.00 atm and a 
temperature of 20.08C. 
(a)  If the piston has a 
cross- sectional area of 
0.010 0  m2 and negli-
gible mass, how high 
will it rise when the 
temperature is raised 
to 2508C? (b) What is 
the pressure of the gas at 2508C?

 75. Helium gas is sold in steel tanks that will rupture if sub-
jected to tensile stress greater than its yield strength of 
5 3 108 N/m2. If the helium is used to inflate a balloon, 
could the balloon lift the spherical tank the helium 
came in? Justify your answer. Suggestion: You may con-
sider a spherical steel shell of radius r and thickness t 
having the density of iron and on the verge of breaking 
apart into two hemispheres because it contains helium 
at high pressure.

 76. A cylinder that has a 40.0-cm radius and is 50.0 cm 
deep is filled with air at 20.08C and 1.00 atm (Fig. 
P19.76a). A 20.0-kg piston is now lowered into the cyl-
inder, compressing the air trapped inside as it takes 
equilibrium height hi (Fig. P19.76b). Finally, a 25.0-kg 
dog stands on the piston, further compressing the air, 
which remains at 208C (Fig. P19.76c). (a) How far down 

k

h
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Figure P19.74
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 66. (a) Show that the density of an ideal gas occupying a 
volume V is given by r 5 PM/RT, where M is the molar 
mass. (b) Determine the density of oxygen gas at atmo-
spheric pressure and 20.08C.

 67. Two concrete spans of 
a 250-m-long bridge 
are placed end to 
end so that no room 
is allowed for expan-
sion (Fig. P19.67a). If a 
temperature increase 
of 20.08C occurs, 
what is the height y 
to which the spans 
rise when they buckle 
(Fig. P19.67b)?

 68. Two concrete spans 
that form a bridge 
of length L are placed end to end so that no room is 
allowed for expansion (Fig. P19.67a). If a temperature 
increase of DT occurs, what is the height y to which the 
spans rise when they buckle (Fig. P19.67b)?

 69. Review. (a) Derive an expression for the buoyant force 
on a spherical balloon, submerged in water, as a func-
tion of the depth h below the surface, the volume Vi of 
the balloon at the surface, the pressure P0 at the sur-
face, and the density rw of the water. Assume the water 
temperature does not change with depth. (b) Does the 
buoyant force increase or decrease as the balloon is sub-
merged? (c) At what depth is the buoyant force one-
half the surface value?

 70. Review. Following a collision in outer space, a copper 
disk at 8508C is rotating about its axis with an angular 
speed of 25.0 rad/s. As the disk radiates infrared light, 
its temperature falls to 20.08C. No external torque acts 
on the disk. (a) Does the angular speed change as the 
disk cools? Explain how it changes or why it does not. 
(b) What is its angular speed at the lower temperature?

 71. Starting with Equation 19.10, show that the total pres-
sure P in a container filled with a mixture of several 
ideal gases is P 5 P1 1 P2 1 P3 1  . . . , where P1, P2, . . . 
are the pressures that each gas would exert if it alone 
filled the container. (These individual pressures are 
called the partial pressures of the respective gases.) This 
result is known as Dalton’s law of partial pressures.

Challenge Problems
 72. Review. A steel wire and a copper wire, each of diameter 

2.000 mm, are joined end to end. At 40.08C, each has 
an unstretched length of 2.000 m. The wires are con-
nected between two fixed supports 4.000 m apart on 
a tabletop. The steel wire extends from x 5 22.000 m  
to x 5 0, the copper wire extends from x 5 0 to x 5 
2.000 m, and the tension is negligible. The temperature 
is then lowered to 20.08C. Assume the average coeffi-
cient of linear expansion of steel is 11.0 3 1026 (8C)21  
and that of copper is 17.0 3 1026 (8C)21. Take Young’s 
modulus for steel to be 20.0 3 1010 N/m2 and that for 
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Figure P19.67  
Problems 67 and 68.
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1Serway & Jewett, page 588.
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PV = nRT

We have enough info to know the number of moles, n, or we can
work around that because the amount of gas does not change as it
is heated.
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=
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Also, kh + P0A = Pf A

and Pi = P0 and Vf = Vi + Ah.
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(a) Find h.
Solving quadratic:

kh2 +

(
kVi

A
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)
h + P0Vi

(
1 −

Tf

Ti

)
= 0

Remember: Tf = 250 + 273 K, Ti = 20 + 273 K

positive solution:
h = 0.169 m
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Problem #74
A cylinder is closed by a piston connected to a spring of constant
2.00× 103 N/m. With the spring relaxed, the cylinder is filled with
5.00 L of gas at a pressure of 1.00 atm and a temperature of
20.0◦C.
(b) What is the pressure of the gas at 250◦C?
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1Serway & Jewett, page 588.



Problem #74

(b) Find Pf .

We already have the expression we need:

Pf = kh/A+ P0

Pf = 1.35× 105 Pa
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Heat and Energy

In the late 1700s, the theory was that heat was a kind of fluid that
would pass from one object to another.

Burning an object would release this trapped fluid, which would
explain why fire is hot.

Benjamin Thompson (Count Rumford, or simply “Rumford”) was
an American Loyalist soldier during the American revolution and
moved to Europe after the war.

While studying canon manufacture in Munich, he noticed that the
process of boring canons (drilling out the barrel) produced an
incredible amount of heat, especially if the drill bit was dull.
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Heat and Energy

This fluid model could not explain why friction of the drill bit on
the canon would produce enough heat to keep water boiling,
basically for as long as the drilling continued.

Wearing away the canon metal was not producing the heating (a
dull bit wears away the metal more slowly), the friction was.



Heat is Energy (Transfer)

James Prescott Joule realized that this meant there was an
equivalence between work and heat: both were kinds of energy
transfers.

He did many experiments to quantify this relationship.

About 4,180 Joules of mechanical energy are needed to increase
the temperature of 1 kg of water by 1◦C. (More on this later.)

We conclude that there is another type of energy: a hot object has
more energy than a similar cold object.
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Thermal Energy and Internal Energy

thermal energy1

The energy that an object has as a result of its temperature.

Internal energy, Eint or U

The energy that a system has as a result of its temperature and all
other molecular motions, effects, and configurations, when viewed
from a reference frame at rest with respect to the center of mass
of the system.

Internal energy can be thought of as a combination of kinetic and
potential energies of microscopic particles, but it is different from
mechanical energy, because it cannot be directly converted into
work.

1This definition is not universal!



Internal energy vs. Heat

Internal energy: U is the symbol most commonly used for internal
energy, but it should not be confused with potential energy!
They are different: potential energy can be directly converted to
work, internal energy cannot.

The textbook uses Eint for internal energy.

Heat, Q

Energy that is transferred into or out of a system in thermal
contact with its environment because of a temperature difference
between the system and environment.

Heat and internal energy are not the same thing. Heat changes the
internal energy of the system.
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Bond Energy

bond energy

The energy that an object has as a result of the configuration of
its constituent particles at a microscopic level.

internal energy = thermal energy + bond energy

Intuitively,

bond energy is an intermolecular potential energy of all of the
atoms or molecules due to how they are bonded, and

thermal energy is the the kinetic energy of the random motion of
the atoms or molecules.



First Law of Thermodynamics

Where this is headed:

1st Law

The change in the internal energy of a system is equal to the sum
of the heat added to the system and the work done on the system.

W + Q = ∆Eint

This is just the conservation of energy written in a different way!

It takes into account that heat is energy.



Heat Capacity

Before we look more closely at the first law, let’s look at the effect
of adding heat to a substance that is not near a phase change.

It requires less energy to raise the temperature of some objects
compared to others.

Obviously, a small amount of water requires less heat to raise its
temperature by 1 degree than a large amount of water.

But even two objects of the same mass may require different
amounts of heat to change their temperature by 1 degree if they
are made of different materials.

Different materials have different heat capacities.
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Heat Capacity

Heat Capacity2, C

of a sample of substance is the quantity of heat required to change
the temperature of that sample by 1 degree C (or K).

Q = C ∆T

where ∆T is the change in temperature and Q is the heat.

Q ∝ ∆T

and C is the constant of proportionality.

2Here, this refers to a process where temperature changes at constant
pressure. In solids and liquids this distinction is not too significant.



Specific Heat Capacity
However, it is usually more useful to compare one kind of
substance to another for a given mass (eg. 1 kg).

Specific Heat Capacity3, c

of a substance is the quantity of heat required to change the
temperature of a unit mass of that substance by 1 degree C (or K).

Q = cm∆T

m is the mass of the object.

For example, water has a specific heat capacity
c = 4186 J kg−1 K−1.

C = cm

3Here, this refers to a process where temperature changes at constant
pressure. In solids and liquids this distinction is not too significant.



Specific Heat Capacity

Different materials have different heat capacities.

• for Lead, c = 129 J kg−1 K−1

• for Hydrogen, c = 14300 J kg−1 K−1

Hydrogen gas’s specific heat capacity is phenomenally high. (Its
molar mass is small.)

Most substances are in the range 500 - 2000 J kg−1 K−1.

This means that water also has quite a high heat capacity
(4186 J kg−1 K−1). This has an effect on Earth’s weather and
climate, since oceans make most of Earth’s surface.



Specific Heat Capacity Question

Quick Quiz 20.14 Imagine you have 1 kg each of iron, glass, and
water, and all three samples are at 10◦C.

(a) Rank the samples from highest to lowest temperature after
100 J of energy is added to each sample.

(A) iron, glass, water

(B) water, iron, glass

(C) water, glass, iron

(D) glass, iron, water

4Serway & Jewett, pg 579.
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Specific Heat Capacity Question

Quick Quiz 20.14 Imagine you have 1 kg each of iron, glass, and
water, and all three samples are at 10◦C.

(b) Rank the samples from greatest to least amount of energy
transferred by heat if each sample increases in temperature by
20◦C.

(A) iron, glass, water

(B) water, iron, glass

(C) water, glass, iron

(D) glass, iron, water

4Serway & Jewett, pg 579.



Summary

• applying the ideal gas equation

• thermal energy

• heat capacity

Homework (not collected, some recommended problems here
are not in WebAssign) Serway & Jewett:

• Look at examples 20.1 – 20.3.

• Ch 20, onward from page 615. OQs: 3, 5, 7; CQs: 3, 11;
Probs: 63, 69


