
Maximum points 160. Time: 4 hours

Final Exam: Heat and Thermodynamics

Attempt all questions. (Cell phones and Help sheet are not allowed)

1. A solid at absolute temperature T is placed in an external magnetic field H = 30, 000

gauss. The solid contains weakly interacting paramagnetic atoms of spin 1/2, so that

the energy of each atom is ±µH. If the magnetic moment µ is equal to one Bohr

magneton, i.e., µ = 0.927 × 10−20 ergs/gauss,below what temperature must one cool

the solid so that more than 75 percent of the atom are polarized with their spins

parallel to the external magnetic field?

2. A reversible cycle device does work while exchanging heat with three constant

temperature reservoirs as shown in figure. The three reservoirs 1, 2 and 3 are at

temperatures of 1000K, 300K and 500K respectively.
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It is known that 400kJ of heat is transferred from reservoir 1 to the device, and the

total work done by the cyclic device is 100kJ. Determine both the magnitude and the

direction of heat transfer with the other two reservoirs. [Hint : For reversible cycle,
∑
i

dQi

T
= 0].

3. Find the relation among T , P , and µ for the system with the fundamental equation,
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where v0, R and θ are constants.

4. A container is separated into two chambers (1 and 2) by a movable diathermal piston

that is permeable to gas species A only. Initially 2 mole of species A and 2 mole

of species B are placed in chamber 1 and 1 mole of species B is placed in chamber

2. The total volume of the container is V0 and the container is insulated from the

surroundings. The total internal energy of the container is U0. The fundamental

relation for this gas mixture is

S = NR ln(UV )− 2R(NA ln NA + NB ln NB)

where N = NA + NB. This fundamental relation is applicable to both sides of the

piston.

(a) Show that the equilibrium position of the piston is such that V2 = V0/3.

(b) Find the internal energy and gas composition on both sides at equilibrium.

5. A Carnot engine works between temperatures T1 and T2. It drives a Carnot refrigera-

tor that works between two different temperatures T3 and T4 (see fig). Find the ratio

| Q3 | / | Q1 | in terms of the four temperatures.
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6. You are told that the variation of the pressure of air with height, z, obeys the expression

P (z) = P (0)e−mgz/kBT ,

where m is the molecular weight of air. The boiling point of water varies with height

above sea-level due to the variation of the pressure of the air. The latent heat of

vaporization of water is about 2.44× 106 J kg−1, mass density of water is 103 kg m−3

and that of vapor is 0.598 kg m−3 (at 1000C). Find the rate of change,

dTb

dz
,

of the boiling temperature with altitude from sea level in 0C per km. Assume the

temperature of the air is 300 K. (Density of air at 00C and 1 atm is 1.29 kg m−3).

7. Large heat reservoirs are available at 900 K (H) and 300 K (C).

(a) 100 cal of heat are removed from the reservoir H and added to C. What is the

entropy change of the universe?

(b) A reversible heat engine operates between H and C. For each 100 cal of heat

removed from H, what is the work done and what is the heat added to C?

(c) Show that the entropy change of the universe in the process of part (b) above is

zero.

(d) A real heat engine is operated as a heat pump removing heat from C and adding

heat to H. What can be said about the entropy change in the universe produced by

the heat pump?

8. The speed of sound c for a material is defined based on the change in pressure P with

respect to mass density ρ for an isentropic process such that c2 = ∂P
∂ρ

∣∣
s
.

(a) Derive a relationship for the speed of sound in terms of the specific volume v

and the parameters cp, cv, αP and κT , where the response functions carry the usual
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meanings.

(b) For an ideal gas, evaluate this relationship to determine the temperature depen-

dence of the speed of sound.

Help Sheet

kB = 1.38× 10−23 J K−1

g = 10 m s−2

1 cal = 4.19 J

1 J = 107 erg

γ (ideal gas) = 1.67
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