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Worksheet #18
Tuesday April 28 2026

Question 1.

Ideal gas Carnot Engine: Consider a Carnot engine working with a monoatomic ideal gas
between a high temperature TH and and a low temperature TC. As usual, the Carnot cycle has
4 parts (see figure): an isothermal expansion at T = TH (AB), an adiabatic expansion (BC), an
isothermal compression at T = TC (CD), and an adiabatic compression (DA). Remember that the
energy of a monoatomic ideal gas is E = (3/2)NkBT .
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Figure 28: The Carnot cycle, shown in the p� V plane and the T � S plane.

gas. If we were to squeeze an isolated system, the temperature would rise. But we

keep the system at fixed temperature, so it dumps heat QC into its surroundings.

• Adiabatic contraction DA. We isolate the gas from its surroundings and continue

to squeeze. Now the pressure and temperature both increase. We finally reach

our starting point when the gas is again at temperature TH .

At the end of the four steps, the system has returned to its original state. The net heat

absorbed is QH � QC which must be equal to the work performed by the system W .

We define the e�ciency ⌘ of an engine to be the ratio of the work done to the heat

absorbed from the hot reservoir,

⌘ =
W

QH

=
QH �QC

QH

= 1� QC

QH

Ideally, we would like to take all the heat QH and convert it to work. Such an

engine would have e�ciency ⌘ = 1 but would be in violation of Kelvin’s statement of

the second law. We can see the problem in the Carnot cycle: we have to deposit some

amount of heat QC back to the cold reservoir as we return to the original state. And

the following result says that the Carnot cycle is the best we can do:

Carnot’s Theorem: Carnot is the best. Or, more precisely: Of all engines oper-

ating between two heat reservoirs, a reversible engine is the most e�cient. As a simple

corollary, all reversible engines have the same e�ciency which depends only on the

temperatures of the reservoirs ⌘(TH , TC).

– 116 –

Figure 1: A Carnot Engine

(a) Compute the heat absorbed QH during the isothermal expansion (AB). Express your answer
in terms of TH, VB, and VA.

(b) Compute the heat released QC during the isothermal compression (CD). Express your answer
in terms of TC, VC , and VD.

(c) For the adiabatic parts of the cycle (BC and DA), show that V T 3/2 = constant. Use this to
show that

VA
VB

=
VD
VC

. (1)

(d) Use the above to show that the Carnot efficiency is simply

ηC = 1 − QC

QH
= 1 − TC

TH
. (2)
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This defines the thermodynamic temperature.

(e) The above implies that
QH

TH
− QC

TC
= 0 (3)

Adopting the notation that heat leaving the system is negative, the above could be written as

2∑
i=1

Qi

Ti
= 0, (4)

where Q1 = QH with T1 = TH, and Q2 = −QC with T2 = TC. The above looks like a
conservation law for reversible cycles. What is being conserved here? Look at the units for
guidance and remember that the above is a consequence of the second law.

(f) Argue that any reversible cycle can be broken down into N isothermal processes and N
adiabatic processes, as illustrated in the figure below. Generalize the above to show that, for
any reversible cycle, we have ∮

R

d̄Q

T
= 0, (5)

where the subscript R means reversible. This means that whatever quantity you found was
conserved in part (e) is a function of state. What is this function of state?

Figure 2: Any reversible cycle can be broken down into a series of isothermal and adiabatic processes.


