
Problem 1

a.) The relevant equation for conductive heat transfer is:

∆Q

∆t
= kA

∆T

∆x

At the junction, given that there are no fluctuations in time, we have:

(

∆Q

∆t

)

slab 1

=

(

∆Q

∆t

)

slab 2

so that:

k1A
TH − TJ

L1

= k2A
TJ − TC

L2

Solving for TJ , we have:

TJ =
THk1/L1 + TCk2/L2

k1/L1 + k2/L2

b.) The rate of heat transfer into the ice is:

∆Q

∆t
= k2A

TJ − TC

L2

The amount of heat required to melt the ice is:

∆Q = MLF

Therefore the time required to melt it is:

∆t =
∆QL2

k2A(TJ − TC)
=

MLFL2

k2A
(

THk1/L1+TCk2/L2

k1/L1+k2/L2

− TC

)

Problem 2

We remember Archimedes’ principle (i.e. buoyancy = weight of displaced fluid). This gives us the relations
between the initial densities:

ρsphere · Vsphere = ρliquid ·
1

2
Vsphere ⇒ ρsphere =

1

2
ρliquid

At neutral buoyancy we have:
ρ′sphere = ρ′liquid

Therefore we have:
msphere

Vsphere +∆Vsphere
=

mliquid

Vliquid +∆Vliquid

Plugging in the initial density values:

2(1 + ∆Vsphere/Vsphere) = 1 +∆Vliquid/Vliquid

Using the fact that ∆V/V = β∆T :

βL = 2βS +
1

∆T



Problem 3

The heat lost by the skewer has to equal the heat gained by the water, so:

MScS(TH − TF ) = MW cW (TF − TW ) (1)

which gives

TF =
MScSTH +MW cWTW

MScS +MW cW
. (2)

Using dQ = MScSdT , the entropy change of the skewer is

∆SS =

∫

dQ

T
=

∫

MScSdT

T
= MScS ln

TF

TS

< 0. (3)

In exactly the same way we get for the water:

∆SW = MW cW ln
TF

TW

> 0. (4)

The total entropy change is then

∆STOT = MScS ln
TF

TS

+MW cW ln
TF

TW

(5)

which we know to be positive by the Second Law of Thermodynamics.

Problem 4

• For AB, Q = 0 because the process is adiabatic. Work WAB =
∫

pdV is
positive.

• Using Q = ∆Eint + W , for BC, ∆Eint = d
2
NkB∆T = 0 because it is

isothermal, and W < 0 because the gas is being compressed, so Q < 0
and heat is leaving the system.

• For CA, W = 0 (the volume is constant), and temperature is increasing,
so Q > 0 and heat is entering the system.

Point A has the highest temperature, and point B has the lowest. This can
be seen by plotting isotherms, and remembering that for an adiabat p ∝

1

V γ

which falls more quickly than an isotherm, so TA > TB .
Carnot efficiency is:

eC = 1−
TL

TH

. (6)

TH is just TA = PAVA

nR
. Note that TL = TB = TC , so since AB is adiabatic we

have:

PAV
γ
A = PB(2VA)

γ =⇒ PB =
PA

2γ
(7)

1



Hence TB = PBVB

nR
= PAVA

2γ−1nR
which gives:

eC = 1−
1

2γ−1
= 1− 21−γ (8)

The only heat flow in is along CA and is given by QIN = nCV ∆T =
d
2
nR(TA − TC) = 1

γ−1
nRTA

(

1− 21−γ
)

= 1

γ−1
PAVA(1 − 21−γ) where we have

used the relation between d and γ on the formula sheet. The work done during
AB is:

WAB = −∆Eint = −
d

2
nR(TB − TA) =

1

γ − 1
PAVA(1− 21−γ). (9)

The work done during the isothermal compression BC is:

WBC = nRTC ln

(

VB

VA

)

= −21−γPAVA ln 2. (10)

Finally then the efficiency is:

e =
WNET

QIN

=
PAVA

(

1

γ−1
(1− 21−γ)− 21−γ ln 2

)

PAVA
1

γ−1
(1− 21−γ)

(11)

which can be written

e = 1−
21−γ(γ − 1) ln 2

(1− 21−γ)
(12)
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a)

The electric field on the axis is

~E(x) =
1

4πǫ0

(

Q1

x2
−

Q2

(x− a)2

)

x̂

Setting this equal to zero gives

(Q1 −Q2)x
2 − 2Q1ax+Q1a

2 = 0

The solution to this is

P± =
2aQ1 ±

√

4a2Q2

1
− 4(Q1 −Q2)Q1a2

2(Q1 −Q2)
= a

Q1 ±
√
Q1Q2

Q1 −Q2

We take the solution with the + sign as we want an answer > 0.

P = a

√
Q1√

Q1 −
√
Q2

b)

The electric field of a point charge has no zeros so the force of a point charge on another cannot be zero.
The force of Q3 on Q2 will be

~F32 =
Q2Q3

4πǫ0a2

(

1−
√
Q1√

Q1 −
√
Q2

)−2

x̂ =
Q2Q3

4πǫ0a2

(

1−

√

Q1

Q2

)2

x̂

c)

The force of Q3 on Q1 will be

~F31 =
Q1Q3

4πǫ0a2

( √
Q1√

Q1 −
√
Q2

)−2

(−x̂) = −
Q1Q3

4πǫ0a2

(

1−

√

Q2

Q1

)2

x̂

d)

We need ~F21 to be equal in magnitude to the answer in part c (or equivalently ~F12 to be equal in magnitude
to the answer in part b). This is satisfied when

Q1

4πǫ0

Q2

a2
=

Q1

4πǫ0

Q3

P 2

This means

Q2 =
Q3

Q1

(
√

Q1 −
√

Q2)
2

So we need

Q3 =
Q2Q1

(
√
Q1 −

√
Q2)2
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