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Preliminary Thermal — August 2024
Easy Problems: A1

1. One mole of van de Waals gas (P + a/V?)(V —b) = RT expands from V; to V;isothermally, how
much is the work done by the system.

Solution:

P = RT/(V —b) —a/V?

deV_”V b V2

= RT In [V_f_ b] +a(1/Ve—1/V)

2. A2 Show that, for ideal gas Cp-Cy=av’ TV/Kr where the thermal expansion coefficient o =
(oV/0T)p/V and isothermal compressibility Kr=—(0V/0P)7/V

Solution:

For ideal gas,

_1(0V) _nR_l
“=v\or), TP TT

—

1

So a3TV/K = (= il

)ZPTVz?an

3. A3 A polytropic process is a thermodynamic process that obeys the relation: PV! = C, where Cis a
constant. Show that heat capacity in a polytropic process is C;= lim(Q/AT)polytropic = Cv+nR/(1-1).

Solution:
1 L
Given PV! = C and PV = nRT, one can derive V = ( )H, P= (nRTl)l_l
nRT e
1
av = ¢ )m< - )AT Pav = % ar
~ \nRT 1-1) T’ T 1-1
. s Q _ i, AUHPAV
The heat capacity C; = A171"r—1>10 ( AT)polytropic A171"r—1>10 -
i AU bl PAV
A%r—l}oﬁ A%r—r}o AT
nR
== CV +

1-1
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Hard Problems:

L.

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 PV = NykgT:

P (Pa) 1.15x10° 2x10° 0.85E5
v (m’) 2.1x10% 1.27x10% -8.3x10°
T (K) 291 305 14

A straight line in (P, V) diagram: P = P; + 2—5 v -1,
W= [Pdv = [P1 + ooV - Vl)] v = (P, = ToV1 ) AV + 2 AP(Vy + V) =-1307 ]

AU = CyAT =290
Q=AU+W =-1017]

2
B2 Consider a wire with equation of state: F = bT (%o — %), where L is the length, Ly(T) is the length

when the tension F is zero, b is a constant. Like the PVT system, one can define linear thermal

aT dL
the cross section of the wire.

. . 1(0L . L (OF .
expansion coefficient @ = 7 (—) , isothermal Young’s modulus Y = " (—) , where 4 is the area of
F T

_bT L | 2L}
a. ShowthatY = e (Z + L_Z)'

b. Find Y, for F=0.

c. For arubber band at 7=300 K, b =1.33x102 N/K, 4 =1x10° m?, calculate the value of F and Y for
==05,1.0, 1.5and 2.
0

Solution:

_ L(9FY _bT(L  2L§
Y_Z(E)T_A(Lo—l_m)
b. When F=0,L=Lo.Y =2,

C.



0 4.2 7.0

F(N) 14
Y(N/m?) 34x107  1.2x107  9.5x10°  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)

RTy  0.08206 - 300

Vv, =
' b1 2

= 12.31L 5points

where we use R = 0.08206 L-atm/(mol-K) derived from 1 atm-L=101325 Pa-0.001 m®*=101.325
J and R=8.3145 J/(mol-K). (Alternatively they can use SI units by converting atm into Pa.
The answer is V7 = 0.01231 m?.)

For adiabatic process

PV = PVy

where v = (cy + R)/cy = 5/3 for a monoatomic gas.

P, 1/~
Vo =W, (P) =112%° =18.66 L Tpoints
2
(b)
PV, 1-18.66 .
T, = — — 227 K. 5point
2T TR T 0.08206 points

3
W =—cyAT = —§R~ (—=73) =910 J 5points

AU = -W = -910 J. 3points



B Soluf
of = 228
T
/M?l—rc&é W T )= (e~ /4) /L
Fer adx W?‘[w)/ of We rod
‘th"fﬁ 1
dx [ dT o dx g, (172
dg: C/) f 7 CQ L. - )
Ty 7o (T, Y/L

; P - &
aS= =L 5 wx Oy 17/
Tt (=T ) % L

T fe :fﬂﬂg ~ //vz‘{’/Cful ¢S

Cp A l(Ten T ]
(=or e Neewomnd /W//‘@/‘C @/ﬂﬂ/s

~ Soe &0 e (rir)z]= =t (i () EN,

A ¥ _
—+ j ol X { T__;_}:_—/J‘:? ~—~L’Zn , j X L x —
o 7——’7“(7” /V)L_ L Lﬁ' ‘
) 7i~T,
% LT
LT, L - EE (A bl S £l g it
7o, x~+ &7 2l 7
) ri~Te fT
=) n Ty +L L;(Z,, e
~T> T

S/Wmfhj A o /WW/&}/ WA @K?ﬁﬁxéu
£ScC [l L2l ln T ottt 7)

=G [ 4+ n 7“«*71”,7_2*&_7_;]

2/5 7—2—_7; /e



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 a 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 = 6Q /6T 2 points
State first law §Q = dU + pdV 2 points
Ideal gas pV = nRT 1 points
Ideal gas Cy, = dU/dT 2 points
Combine EOS with le = (C to getp as a function of T only 4 points
Combine EOS with le = C to get V as afunction of Tonly 4 points
Calculate % =nR/(1-1) 4 points
Put everything together 1 points
No errors 5 points
A4

Flux from unit surface area of the Sun through o 6 points
Total flux from the Sun including 4er52 8 points
Flux per unit area at earth (divide by 471R§rb) 8 points
Substitute numbers and compute the answer 1 point

Reasonable order of magnitude 2 points



B1

Equation p(V) for the straight line

Set up integral for the work

Carry out the integration

Substitute numbers and calculate the work
First law (connect heat with energy and work)
Relation of AU = C, AT

Calculate AU

Add the two to get heat absorbed

No errors in the formulas

Correct numerical results

B2

Derive Y

Show that F=0 at L=L,

Substitute L=Lo into Yto find Yo

Calculate the values of F and Y for different L/LO (general approach)
Correct numerical values (1 point for each L/L0)

No errors in the formulas

B4

ds =46Q/T

Argue that the final temperature T is the average of T (x)
Set up integral for entropy change for a piece of length dx
Integrate it from T'(x) to Ty

Set up integral over the length of the wire

Carry out the integral over the length (integration by parts)
No errors

5 points
3 points
5 points
1 point

2 points
3 points
1 point

1 point

4 points
0 points

5 points
4 points
4 points
5 points
4 points
3 points

3 points
2 points
3 points
4 points
4 points
4 points
5 points
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