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Preliminary Thermal – August 2024 

Easy Problems: A1 

1. One mole of van de Waals gas (𝑃𝑃 + 𝑎𝑎/𝑉𝑉2)(𝑉𝑉 − 𝑏𝑏)  =  𝑅𝑅𝑅𝑅 expands from Vi to Vf isothermally, how
much is the work done by the system.

Solution:

𝑃𝑃 =  𝑅𝑅𝑅𝑅/(𝑉𝑉 − 𝑏𝑏) − 𝑎𝑎/𝑉𝑉2 

𝑊𝑊 =  ∫ 𝑃𝑃𝑃𝑃𝑉𝑉 = ��
𝑅𝑅𝑅𝑅
𝑉𝑉 − 𝑏𝑏

−
𝑎𝑎
𝑉𝑉2�

𝑃𝑃𝑉𝑉 

=  𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙 �
𝑉𝑉f − 𝑏𝑏
𝑉𝑉i − 𝑏𝑏�

+ 𝑎𝑎(1/𝑉𝑉f − 1/Vi) 

2. A2 Show that, for ideal gas CP-CV=αV
2 TV/KT where the thermal expansion coefficient α =

(∂V/∂T)P/V and isothermal compressibility KT = −(∂V/∂P)T/V
Solution:

For ideal gas,

𝛼𝛼 =
1
𝑉𝑉
�
𝜕𝜕𝑉𝑉
𝜕𝜕𝑅𝑅
�
𝑃𝑃

=
𝑙𝑙𝑅𝑅
𝑃𝑃𝑉𝑉

=
1
𝑅𝑅

𝐾𝐾 = −1/𝑉𝑉 �
𝜕𝜕𝑉𝑉
𝜕𝜕𝑃𝑃
�
𝑇𝑇

= 1/𝑃𝑃 

So 𝛼𝛼𝑉𝑉2𝑅𝑅𝑉𝑉/𝐾𝐾 = �1
𝑇𝑇
�
2
𝑃𝑃𝑅𝑅𝑉𝑉 = 𝑃𝑃𝑉𝑉

𝑇𝑇
= 𝑙𝑙𝑅𝑅  

3. A3 A polytropic process is a thermodynamic process that obeys the relation: 𝑃𝑃𝑉𝑉𝑙𝑙 = 𝐶𝐶, where C is a
constant. Show that heat capacity in a polytropic process is Cl = lim(Q/ΔT)polytropic = CV+nR/(1-l).

Solution:

Given 𝑃𝑃𝑉𝑉𝑙𝑙 = 𝐶𝐶 and 𝑃𝑃𝑉𝑉 = 𝑙𝑙𝑅𝑅𝑅𝑅, one can derive 𝑉𝑉 = � 𝐶𝐶
𝑛𝑛𝑛𝑛𝑇𝑇

�
1
𝑙𝑙−1, P= (𝑛𝑛𝑛𝑛𝑇𝑇)

𝑙𝑙
𝑙𝑙−1

𝐶𝐶
1
𝑙𝑙−1

. 

Δ𝑉𝑉 = �
𝐶𝐶
𝑙𝑙𝑅𝑅𝑅𝑅

�
1
𝑙𝑙−1

�
−1
𝑙𝑙 − 1

�
Δ𝑅𝑅
𝑅𝑅

,  𝑃𝑃Δ𝑉𝑉 =
𝑙𝑙𝑅𝑅

1 − 𝑙𝑙
 Δ𝑅𝑅 

The heat capacity 𝐶𝐶𝑙𝑙 = lim
Δ𝑇𝑇→0

� 𝑄𝑄
Δ𝑇𝑇
�
𝑝𝑝𝑝𝑝𝑙𝑙𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

= lim
Δ𝑇𝑇→0

Δ𝑈𝑈+𝑃𝑃Δ𝑉𝑉
Δ𝑇𝑇

= lim
Δ𝑇𝑇→0

Δ𝑈𝑈
Δ𝑅𝑅

+ lim
Δ𝑇𝑇→0

𝑃𝑃Δ𝑉𝑉
Δ𝑅𝑅

= 𝐶𝐶𝑉𝑉 +
𝑙𝑙𝑅𝑅

1 − 𝑙𝑙





2 

Hard Problems: 

1. B1 One mole of diatomic ideal gas (CV = 2.5 nR) performs a transformation from an initial state with
temperature of 291 K and volume of 21,000 ml to a final state with temperature of 305 K and volume
of 12,700 ml. The transformation is represented on the (V, P) diagram by a straight line. Find the work
performed and the heat absorbed by the system.

Solution:

Using 𝑃𝑃𝑉𝑉 = 𝑁𝑁𝐴𝐴𝑘𝑘𝐵𝐵𝑅𝑅: 
Initial Final Change 

P (Pa) 1.15x105 2x105 0.85E5 

V (m3) 2.1x10-2 1.27x10-2 -8.3x10-3

T (K) 291 305 14 

A straight line in (P,V) diagram: 𝑃𝑃 = 𝑃𝑃1 + Δ𝑃𝑃
Δ𝑉𝑉

(𝑉𝑉 − 𝑉𝑉1),  

𝑊𝑊 = ∫ 𝑃𝑃𝑃𝑃𝑉𝑉 = ∫ �𝑃𝑃1 + Δ𝑃𝑃
Δ𝑉𝑉

(𝑉𝑉 − 𝑉𝑉1)� 𝑃𝑃𝑉𝑉 = �𝑃𝑃1 −
Δ𝑃𝑃
Δ𝑉𝑉
𝑉𝑉1�ΔV + 1

2
Δ𝑃𝑃(𝑉𝑉1 + 𝑉𝑉2) =-1307 J 

Δ𝑈𝑈 = CVΔ𝑅𝑅 = 290 𝐽𝐽 

𝑄𝑄 = Δ𝑈𝑈 + 𝑊𝑊 = −1017 𝐽𝐽 

2. B2 Consider a wire with equation of state: 𝐹𝐹 = 𝑏𝑏𝑅𝑅 �𝐿𝐿
𝐿𝐿0
− 𝐿𝐿02

𝐿𝐿2
�, where 𝐿𝐿 is the length, 𝐿𝐿0(𝑅𝑅) is the length 

when the tension F is zero, b is a constant. Like the PVT system, one can define linear thermal 
expansion coefficient 𝛼𝛼 = 1

𝐿𝐿
�𝜕𝜕𝐿𝐿
𝜕𝜕𝑇𝑇
�
𝐹𝐹

 , isothermal Young’s modulus 𝑌𝑌 = 𝐿𝐿
𝐴𝐴
�𝜕𝜕𝐹𝐹
𝜕𝜕𝐿𝐿
�
𝑇𝑇
, where A is the area of

the cross section of the wire. 

a. Show that 𝑌𝑌 = 𝑏𝑏𝑇𝑇
𝐴𝐴

( 𝐿𝐿
𝐿𝐿0

+ 2𝐿𝐿02

𝐿𝐿2
). 

b. Find 𝑌𝑌0 for F = 0.

c. For a rubber band at T=300 K, b =1.33×10-2 N/K, A =1×10-6 m2, calculate the value of F and Y for
𝐿𝐿
𝐿𝐿0

 = 0.5, 1.0, 1.5 and 2. 

Solution: 

a. 𝐹𝐹 = 𝑏𝑏𝑅𝑅 �𝐿𝐿
𝐿𝐿0
− 𝐿𝐿02

𝐿𝐿2
� 

�𝜕𝜕𝐹𝐹
𝜕𝜕𝐿𝐿
�
𝑇𝑇

= 𝑏𝑏𝑅𝑅 �𝐿𝐿
𝐿𝐿0

+ 2𝐿𝐿02

𝐿𝐿2
� 

𝑌𝑌 = 𝐿𝐿
𝐴𝐴
�𝜕𝜕𝐹𝐹
𝜕𝜕𝐿𝐿
�
𝑇𝑇

= 𝑏𝑏𝑇𝑇
𝐴𝐴
� 𝐿𝐿
𝐿𝐿0

+ 2𝐿𝐿02

𝐿𝐿2
� 

b. When F = 0, 𝐿𝐿 = 𝐿𝐿0. 𝑌𝑌 = 3𝑏𝑏𝑇𝑇
𝐴𝐴

. 

c.
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𝑳𝑳/𝑳𝑳𝟎𝟎 0.5 1.0 1.5 2.0 

𝐹𝐹 (N) -14 0 4.2 7.0 

𝑌𝑌(N/m2) 3.4x107 1.2x107 9.5x106 1x107 



Thermo B3

One mole of a monoatomic gas is expanded adiabatically amd quasi-statically from an

initial pressure of 2 atm and temperature 300 K to a final pressure 1 atm. Find

(a) The final volume

(b) The final temperature

(c) the work done by the gas.

(d) The change in the internal energy of the gas.

Solution (a)

V1 =
RT1
p1

=
0.08206 · 300

2
= 12.31L 5points

where we useR = 0.08206 L·atm/(mol·K) derived from 1 atm·L=101325 Pa·0.001 m3=101.325

J and R=8.3145 J/(mol·K). (Alternatively they can use SI units by converting atm into Pa.

The answer is V1 = 0.01231 m3.)

For adiabatic process

P1V
γ
1 = P2V

γ
2

where γ = (cV +R)/cV = 5/3 for a monoatomic gas.

V2 = V1

(
P1

P2

)1/γ

= V12
3/5 = 18.66 L 7points

(b)

T2 =
P2V2
R

=
1 · 18.66

0.08206
= 227 K. 5points

(c)

W = −cV ∆T = −3

2
R · (−73) = 910 J 5points

(d)

∆U = −W = −910 J. 3points

1





Grading Rubric for Thermal Physics (Preliminary Exam, August 2024) 
 
NB: If there is a “no errors” entry for a problem, minor errors should only count against that budget. 
 
A1 
𝑊 = ∫ 𝑝𝑑𝑉       5 points 
Correctly express 𝑝(𝑉) and insert it in the integral  5 points 
Carry out the indefinite integral, perhaps with minor errors 6 points 
Substitution of limits      4 points 
No errors in the integration     5 points 
 
A2 
Equation of state (EOS) for ideal gas  2 points 
Calculate 𝛼 from the EOS   6 points 
Calculate K from the EOS   6 points 
Substitute and verify the identity  5 points  
No errors     6 points 
 
A3 
State the definition of heat capacity 𝐶 = 𝛿𝑄/𝛿𝑇   2 points 
State first law 𝛿𝑄 = 𝑑𝑈 + 𝑝𝑑𝑉      2 points 
Ideal gas 𝑝𝑉 = 𝑛𝑅𝑇       1 points 
Ideal gas 𝐶𝑉 = 𝑑𝑈/𝑑𝑇       2 points 
Combine EOS with 𝑝𝑉𝑙 = 𝐶 to get 𝑝 as a function of T only  4 points 
Combine EOS with 𝑝𝑉𝑙 = 𝐶 to get 𝑉 as a function of T only  4 points 

Calculate 𝑝𝑑𝑉
𝑑𝑇

= 𝑛𝑅/(1 − 𝑙)      4 points 

Put everything together      1 points 
No errors        5 points  
 
A4 
Flux from unit surface area of the Sun through 𝜎   6 points 
Total flux from the Sun including 4𝜋𝑅𝑆2     8 points 
Flux per unit area at earth (divide by 4𝜋𝑅𝑜𝑟𝑏

2 )    8 points 
Substitute numbers and compute the answer    1 point 
Reasonable order of magnitude     2 points 
 
 
  



 
B1 
Equation 𝑝(𝑉) for the straight line     5 points 
Set up integral for the work      3 points 
Carry out the integration      5 points 
Substitute numbers and calculate the work    1 point 
First law (connect heat with energy and work)    2 points 
Relation of Δ𝑈 = 𝐶𝑉Δ𝑇       3 points 
Calculate Δ𝑈        1 point 
Add the two to get heat absorbed     1 point 
No errors in the formulas      4 points 
Correct numerical results      0 points 
 
B2 
Derive Y        5 points 
Show that F=0 at L=L0       4 points 
Substitute L=L0 into Y to find Y0     4 points 
Calculate the values of F and Y for different L/L0 (general approach) 5 points 
Correct numerical values (1 point for each L/L0)   4 points 
No errors in the formulas      3 points 
 
B4 
𝑑𝑆 = 𝛿𝑄/𝑇        3 points 
Argue that the final temperature 𝑇𝑓  is the average of 𝑇(𝑥)  2 points 
Set up integral for entropy change for a piece of length 𝑑𝑥  3 points 
Integrate it from 𝑇(𝑥) to 𝑇𝑓       4 points 
Set up integral over the length of the wire    4 points 
Carry out the integral over the length (integration by parts)  4 points 
No errors        5 points 
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