PH315 – Fall 2019

Instructor: Ethan Minot

Homework for Week 2
Due Friday October 11 at 5pm

1. Entropy basics
a) (T3B.5) Objects A and B have different temperatures and initial entropies of 22
J/K and 47 J/K. We bring the objects into thermal contact and allow them to
come to equilibrium (the objects are isolated from everything else). What is the
most that we can say about the combined system’s entropy after the two objects
come to equilibrium?
b) (T3B.8) Suppose that we increase an object’s internal energy 10 J by heating
the object. The temperature of the object remains roughly constant at 20 C. By
how much does the object’s entropy increase?
c) What is the maximum possible efficiency for a combustion engine operating in
the Arctic winter where outside air temperatures are -40°Celcius (about 80°Fahrenheit)? Assume that the engine dumps waste heat into the outside air
and the maximum temperature inside the engine is 700°Celcius (about
1300°Fahrenheit).
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2. Heat Pump (long-answer format)
The diagram below shows a machine that moves thermal energy from a cold
reservoir to a hot reservoir. Use the 2nd Law of Thermodynamics to find the
maximum performance of a heat pump (see diagram below). Express your
answer as the ratio QH/W.

Sense making: The heat pump idea is really useful! Consider a heat pump for a
family home. Choose a realistic outside temperature on a snowy day (the cold
reservoir). Choose a realistic temperature for inside the home (hot reservoir).
Based on your temperature estimates, what is the maximum possible value of
QH/W?
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3. Multiplicity of an ideal gas (long-answer format)
a) (T3M.7)
The multiplicity of an ideal monatomic gas with N atoms, thermal energy U, and volume
V turns out to be roughly

Ω(𝑈, 𝑉, 𝑁) = 𝐶𝑉 * 𝑈 +*/- ,
where C is a constant that depends on N alone. Use this information and the definition of
temperature to determine how the thermal energy of a monatomic gas depends on its
temperature.
b) (From the GRE Physics Subject GR0177, given in 2001)
In this question, note how energy is irreversibly transported to a different region of space
via a random microscopic process.
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4. Heat capacity
On page 14 of Moore you can find a chart of 𝜕𝑈/𝑑𝑇 for various solids and gases. For
the solids and monatomic gases, N is the number of atoms. For the diatomic gases, N, is
the number of molecules. (Note, in later physics classes you’ll study the distinction
between 𝜕𝑈/𝑑𝑇 and 𝑑𝑈/𝑑𝑇).
a) What rule of thumb does this chart suggest for
estimating the 𝜕𝑈/𝑑𝑇 of solids, monatomic gases
and diatomic gases?
b) (from T1T.10) Suppose we have a cube
containing one mole of gold and another cube
containing one mole of aluminum. (The gold cube
has more than 7 times the mass of the aluminum
cube.) Both are initially at room temperature.
Suppose that we increase the temperature of each
by 10 K. Which cube’s thermal energy has increased
more?
i) How much did the thermal energy of the gold cube
increase? Give your answer in Joules.
ii) How much did the thermal energy of the
aluminum cube increase? Give your answer in
Joules.
c) (from T1T.12) Suppose we have two rigid
containers, one holding N molecules of helium gas,
and one holding N/2 molecules of oxygen gas. Both
are initially at room temperature. We then add the
same amount of energy to each gas by heating.
Which gas is hotter at the end?
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5. Thermal energy in the earth’s climate (long-answer format)
Thermal energy is stored in all materials on Earth, including the air, water and rocks. The
air is composed mostly of diatomic molecules such as N2 and O2.

a) Use the rule of thumb for diatomic gases to estimate the specific heat capacity
of the Earth’s atmosphere. To make it simple, assume the volume of the
atmosphere is fixed. Give your answer in units of J/(g∙K).
b) Use Google to find the mass of the Earth’s atmosphere. Now check that’s Google’s
answer is consistent with other known facts: Air pressure at sea level is about 100 kPa
and the radius of the Earth is about 6000 km. The air pressure at sea level is caused by
the downward force of gravity (Fg = mg) acting on the air above sea level. The thickness
of the atmosphere is much much less than the radius of the Earth.
c) For liquid water at room temperature

𝜕𝑈
≈ 9𝑁𝑘4 ,
𝜕𝑇
where N is the number of water molecules. (There are 3 atoms per water molecule, so it
follows the same rule of thumb as solids). To keep things simple, assume the volume of
water doesn’t change with temperature (!). Check that this simple estimate is consistent
with the actual specific heat capacity of water (4.2 J/(g∙K)).
d) Apply parts a, b, and c and to assess the validity of this statement:
“Between 1955-2010, the temperature of the top 2000 meters of the ocean rose by
about 0.05 C. If the same amount of heat that has gone into the top 2000 meters of the
ocean between 1955-2010 had gone into the lower 10km of the atmosphere, then the
Earth would have seen a warming of about 20°C.”
Is this statement reasonable, or ridiculous?
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Not graded - do this question if you are curious:
Thermal energy in the Earth’s core
The center of the Earth is filled with liquid iron, at a temperature of at least 3000 K. This
liquid metal is responsible for the geomagnetic dynamo that generate the Earth’s
magnetic field. This magnetic field is critical for protecting our planet from solar wind.
Luckily, thermal energy is trapped inside the Earth by a rocky shell, so the liquid metal is
not cooling off very fast.
a) Use Moore’s chart to estimate the specific heat capacity of iron. Write the specific
heat capacity in units of J/g.K.

b) Thermal energy from the core is escaping from the surface of the Earth at a rate of
about 1 mW/m2. (I calculated this number using the temperature gradient in the rocky
shell, and the thermal conductivity of rock). Approximately how long will it take for the
core to lose half its thermal energy?
Sense making: If the geomagnetic dynamo stops working, it would be disastrous for life
on Earth. Therefore, please compare your answer to part b to other important time
periods. For example, the time since the last ice age, the age of the Earth, the age of the
Universe.
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Not graded - do this question if you are curious:
Entropy and heat capacity in the same question
From the Physic GRE subject test in 2008, GR0877
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