
Homework 5

Problem 5.1 (practice): Power from the ocean It has been proposed to use the thermal gradient of
the ocean to drive a heat engine. Supoose that at a certain location the water temperature is 22oC at the
ocean surface and 4oC at the ocean floor.

a) What is the maximum possible efficiency of an engine operating between these two temperatures?

b) If the engine is to produce 1 GW of electrical power, what minimum volume of water must be processed
every second? Note that the heat capacity of water Cp = 4.2 Jg−1K−1 and the density of water is
1 g cm−3, and both are roughly constant over this temperature range.

Problem 5.2: Power plant on a river At a power plant that produces 1 GW (109watts) of electricity,
the steam turbines take in steam at a temperature of 500oC, and the waste energy is expelled into the
environment at 20oC.

a) What is the maximum possible efficiency of this plant?

b) Suppose you arrange the power plant to expel its waste energy into a chilly mountain river at 15oC.
Roughly how much money can you make in a year by installing your imporved hardware, if you sell
the addtional electricity for 5 cents per kilowatt-hour?

c) At what rate will the plant expel waste energy into this river?

d) Assume the river’s flow rate is 100m3/s. By how much will the temperature of the river increase?

e) To avoid this “thermal pollution” of the river the plant could instead be cooled by evaporation of river
water. This is more expensive, but it is environmentally preferable. At what rate must the water
evaporate? What fraction of the river must be evaporated?

Problem 5.3: Bungee A physics major carefully measures the tension in a Bungee cord over a range of
temperatures from room temperature to the boiling point of water. She examines her data carefully and
finds that the tension in the cord is very well approximated by

τ =
(
a− be−T/T1

)
tan

(
πL

2LM

)
where L is the length that the cord is stretched beyond its relaxed length, and a, b, T1 and LM are positive
constants.

She then places the relaxed cord (L = 0) in a calorimeter and measures the heat capacity over the same
range of temperatures and finds that

CL = α+ γe−T/T1

where α and γ are two additional positive constants, and T1 is the same value found in the previous experi-
ment.

a) Sketch the tension τ versus the stretch L, and the heat capacity CL versus the temperature T .

b) Find the change in free energy

∆F = F (T, L) − F (T, 12LM )

where TR is room temperature.

c) Solve for the change in entropy S(T, L) − S(T, 12LM ) at an arbitrary temperature and length.

d) Solve for the change in internal energy U(T, L) − U(T, 12LM ) at an arbitrary temperature and length.
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Problem 5.4: Using the Gibbs free energy You are given the following Gibbs free energy:

G = −kTN ln

(
aT 5/2

p

)
where a is a constant (whose dimensions make the argument of the logarithm dimensionless).

a) Compute the entropy.

b) Work out the heat capacity at constant pressure Cp.

c) Find the connection among V, p,N, and T , which is called the equation of state.

d) Compute the internal energy U .

Problem 5.5: Free expansion The internal energy is of any ideal gas can be written as

U = U(T,N) (1)

meaning that the internal energy depends only on the number of particles and the temperature, but not the
volume.1 The ideal gas law

pV = NkBT (2)

defines the relationship between p, V and T . You may take the number of molecules N to be constant.
Consider the free adiabatic expansion of an ideal gas to twice its volume. “Free expansion” means that no
work is done, but also that the process is also neither quasistatic nor reversible.

a) What is the change in temperature of the gas?

b) What is the change in entropy of the gas? How do you know this?

Tc

Th

Qc

Qh

W

Problem 5.6 (challenge): Heat pump A heat pump is a refridgerator (or air
conditioner) run backwards, so that it cools the outside air (or ground) and warms
your house. We will call Qh the amount of heat delivered to your home, and W the
amount of electrical energy used by the pump.

a) Define a coefficient of performance γ for a heat pump, which (like the efficiency
of a heat engine) is the ratio of “what you get out” to “what you put in.”

b) Use the second law of thermodynamics to find an equation for the coefficient of
performance of an ideal (reversible) heat pump, when the temperature inside
the house is Th and the temperature outside the house is Tc. What is the
efficiency in the limit as Tc � Th?

c) Discuss your result in the limit where the indoor and outdoor temperatures
are close, i.e. Th − Tc � Tc. Does it make sense?

d) What is the ideal coefficient of performance of a heat pump when the indoor
temperature is 70◦F and the outdoor temperature is 50◦F? How does it change
when the outdoor temperature drops to 30◦F?

1This relationship happens to be linear at low temperatures, where “low” is defined relative to the energy of the excited
states of the molecules or atoms.
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