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University of California, Berkeley
Physics 8A Fall 2005 (Yury Kolomensky)

PRACTICE PROBLEMS FOR THE FINAL

Maximum score: 200 points

1. (25 points) Ice in a Glass
You are riding in an elevator holding a glass of water
with an ice cube floating in it.

(a) (10 points) When the elevator is at rest, what
fraction of the ice is submerged in water ?

(b) (15 points) As the elevator accelerates upward,
you notice that the block is dips below the sur-
face. What is the acceleration of the elevator ?

Use the density of waterρw = 1 g/cm3 and the density
of iceρi = 0.9 g/cm3.

1. Solution
(a) This is a fairly simple application of Newton’s and
buoyancy laws. At rest, the acceleration of the ice cube
is zero. There are two forces acting on the block: buoy-
ancy forceFb = ρwgVsubmerged, pointing up, and grav-
ity mg, pointing down:

Fb − mg = 0 → ρwgVsubmerged = mg

Expressing the mass of the block in terms of the total
volume of the block and density:

m = ρiV

we can solve for the fraction of the block submerged in
water:

Vsubmerged

V
=

ρi

ρw
= 0.9

In other words, 90% of the block (by volume) is sub-
merged in water.
(b)) In this case, the ice block is accelerating upward
(together with water and the elevator):

Fb − mg = ma

whereFb = ρigV , since the entire volume is submerged
in water. Again substitutingm = ρiV , we can solve for
acceleration:

a =
ρwgV − ρigV

ρiV
= g

(

ρw

ρi
− 1

)

= 1.1 m/s2 .

2. (30 points) Hammer Throw at the Olympics
Hammer Throw is an Olympic Track-and-Field event.
The object is to throw a heavy steel ball (which used to
be an actual hammer) for maximum distance. In men’s
events, the ball weighs 16 lbs (m = 7.3 kg). In the act
of throwing, an athlete quickly spins the ball in a circle
on the end of a 4 ft (l = 1.2 m) wire handle before let-
ting it fly. The world record in men’s events belongs to
Yuriy Sedykh of Soviet Union, who threw the hammer
86.74 m in 1986.

(a) (15 points) Ignoring air resistance and assuming
the optimal launch angle, estimate the speed with
which the hammer was launched.

(b) (15 points) Estimate the tension of the wire just
before the ball was launched, while it was still
following a circular trajectory.

(N.B. You can see the videos of hammer throws,
including the world-record throw from Sedykh at
http://www.hammerthrow.com/videos/default.asp

2. Solution
(a) Let’s recall the kinematics equation for the range of
a projectile. If the ball is kicked at angleθ over horizon
and it lands at the same elevation, the ball travels the
horizontal distance

L =
v2 sin 2θ

g
.

It immediately follows, that ifv is fixed, the maximum
range

Lmax =
v2

g

is achieved whenθ = π/4 rad = 45◦. Plugging in
Lmax = 86.74 m, we can solve for velocity of the ham-
mer:

v =
√

Lmaxg = 29 m/s . (1)
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(b) This part is actually a bit ambiguous. I did not tell
you whether the hammer is rotating in the horizontal
plane or at some angle to the horizon. If you watch
the video, it is clear that the hammer is actually spun
in a plane that is tilted to the horizontal by about45o.
This makes it easier to release the ball at the proper
angle. However, when the ball is released, the veloc-
ity vector is at45o to the horizontal, and the wire is in
the horizontal plane. Therefore, the wire tension pro-
vides centripetal acceleration, and the only other force
in the problem (gravity) provides tangential accelera-
tion. It will be clear however, that the tangential force is
much smaller than the centripetal, and for the estimates,
it can be ignored.

The relationship between the force and the acceler-
ation is given by the Newton’s law:

T = macp = m
v2

l

wherel, the length of the wire, is the radius of rotation.
Plugging in the expression forv from Eq. (1), we com-
pute

T = mg
Lmax

l
= 5 kN .

This force is about 80 times larger than the weight of
the ball, in fact, it is even larger than the weight of the
person ! Clearly, compared to this force, the weight of
the ball (and the additional acceleration it may create)
can be ignored.

3. (30 points) Bird on a String
A clothesline of lengthl = 10 m is strung horizontally
between two trees to tensionT = 100 N. A small bird
of massm = 1 kg lands on the string exactly in the mid-
dle. Before catching the string, the bird had a downward
velocity v = 1 m/s. As the bird holds on firmly to the
string, it starts oscillating in the vertical direction.

(a) (15 points) Determine the period of the oscilla-
tions.

(b) (15 points) Find the lowest and highest points of
the oscillations.

3. Solution
(a) First of all, we shall prove that the motion of the bird
on the string is oscillatory. Oscillations occur in a sys-
tem displaced from equilibrium, if there is arestoring

force, proportional to the displacement. We’ve covered
a couple of situations like this in class and on theProb-
lem of the week page.

l

T T

mg

y

0 α

So let’s find the equilibrium positiony0 of the bird
first. That is the position where the net force acting on
the bird is zero. We will pointY axis upward, and count
y values relative to the horizontal string. In other words,
the equilibrium position of the bird will be at negative
y.

There are three forces acting on the bird (see pic-
ture): two tension forces, which are equal in magnitude
to T and the gravity forcemg. The balance of forces in
the vertical direction imply

2T sinα = mg

The angleα is proportional to the displacementy0:

sin α ≈ tan α =
2|y0|

l
= −

2y0

l

So the tension force which balances the gravity force is

Frestoring = −
4T

l
y0 = mg

Bingo ! This is just like Hooke’s law: the force from the
stringFrestoring is proportional to−y0, and the effective
spring constant is

k =
4T

l
= 40 N/m

The equilibrium position is at

y0 = −
mg

k
= −25 cm .

If the bird is displaced from the equilibrium position to
elevationy, it will experience net force

Fnet = −
4T

l
y − mg = −

4T

l
(y − y0) = −k(y − y0)

The bird’s acceleration satisfies the oscillator equation:

ay =
d2y

dt2
= −

k

m
(y − y0)
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Just like a mass on a vertical spring, the bird would be
oscillating aroundy0 with the angular frequency

ω =

√

k

m
= 6.3 rad/sec

The period of oscillations is

T =
2π

ω
= 1 sec

(b) The extremes can be most easily found from energy
conservation. At the lowest and highest points, the ki-
netic energy of the bird is zero. The initial energy of the
bird is

E0 =
mv2

2

Suppose the maximum/minimum position isy, relative
to the horizontal (unperturbed) string. At that position,
the total energy of the bird is a sum of the gravitational
potential energymgy and the spring potential energy is
ky2/2. From energy conservation

mv2

2
= mgy +

ky2

2

This quadratic equation can be solved fory:

y =
−mg ±

√

m2g2 + kmv2

k

which has two values:ymax = 5 cm,ymin = −55 cm.

4. (25 points) Guitar strings
With a standard guitar tune, the first string is usually
tuned to e’ (E4) note (frequencyf1 = 330 Hz), and the
second is tuned to b’ (B3) (f2 = 247 Hz).

(a) (15 points) If both strings are made of the same
material (steel), have the same length, and are
under the same tension, what is the ratio of the
string diameters ?

(b) (10 points) If the first string is “plucked” at exact
center by giving it nonzero transverse velocity in
a very small region, what tones (in Hz) will be
heard ?

4. Solution
(a) Standing waves in a guitar string obey closed-closed
(node-node) boundary conditions. The wavelength of

the fundamental mode in each string is equal toλ0 =

2L whereL is the length of the string. The frequency is

f =
v

2L

wherev =
√

T/µ is the wave velocity,T is string ten-
sion, andµ is the linear mass density.

µ = ρA =
ρπd2

4

So, the frequency of the fundamental mode of the string
is related to its length and diameter as

f =
1

Ld

√

T

πρ

With everything else being equal, the fundamental fre-
quency of the string is inversely proportional to its di-
ameter. Hence, the ratio of two diameters is

d2

d1

=
f1

f2

= 1.3

(b) This is a little more interesting. Normally, for the
node-node boundary conditions, a string would have the
following mode frequencies:

fk =
v

2L
k, k = 1, 2, 3, . . .∞ (2)

However, not all of these modes will be excited by
plucking the string in the middle. When we pluck a
string in the middle, we create ananti-node there, a
place where the string has largest amplitude. So the only
modes from Eq. (2) that will be excited are the modes
which have an anti-node in the string middle. These
are only odd modes,i.e. k = 1, 3, 5, . . .∞. Hence, the
tones we will hear will have frequencies

fn = (2n + 1)330 Hz, n = 0 . . .∞

The other way to get the same picture would be to
say that the string has to satisfy 3 boundary condi-
tions: closed on each end, and open in the middle. So if
you consider half of the string, it will have closed-open
(node-antinode) conditions. These conditions produce
the tones given above (only odd harmonics of 330 Hz).

5. (30 points) Foghorns in the Bay
Two tugboats, moving toward each other almost head-
on in the Oakland Harbor, sound foghorns at the same
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time. Each tugboat is moving with the speed of 10 knots
(5 m/s) and the frequency of the foghorn sound is 200
Hz. What would the captains of each boat hear ? As-
sume air temperature of20oC.

5. Solution

This is an application of two effects we studied: the
Doppler effect and the beating. First, let’s determine
what frequencies would be heard by the captain of one
of the boats. Let’s denote the natural frequency of the
hornf0 = 200 Hz. The captain and his own boat move
with the same velocity, so the captain would observe the
sound of his own horn at the same frequencyf1 = f0.

The sound from the other boat, on the other hand,
would be shifted in frequency. The detector (captain)
is moving with velocityvD = V = 5 m/s toward the
source of sound. At the same time, the source is moving
with velocity vS = V = 5 m/s towards the boat. The
general formula that describes the Doppler effect is the
following:

fdetected = f0

v ± vD

v ∓ vS

The sign assignment is as follows. If the source (or de-
tector) is movingalong the direction of the wave, we
pick the minus sign in the denominator (numerator).
If the source (or detector) are movingopposite to the
wave, we pick theplus sign. The other way to think
about it is to remember this. If the source and the de-
tector are moving toward each other, the detected fre-
quency is higher than the original. If they are moving
away from each other, the detected frequency is lower
(this is similar to the red shift observed in the light from
distant stars, which are moving away from us due to the
expansion of the Universe).

Putting this all in place, we get the frequency of the
sound from the other boat:

f2 = f0

v + V

v − V
≈ f0

(

1 + 2
V

v

)

(3)

The last expression is an approximation valid forV �

v. Herev is the speed of sound in air at the ambient
temperatureT = 20oC = 293 K. I didn’t tell you what
the speed of sound is at this temperature. If you do not
remember it (and do not have a table of speed of sound
in air for every temperature), here is how to compute it.
This follows the derivation I showed in class.

From wave motion, the velocity of a wave in a
medium is related to the bulk modulus of the medium
and its mass density:

v =

√

B

ρ
(4)

where bulk modulusB is defined as

B = −V
dP

dV

For relatively high sound frequencies (and 200 Hz is rel-
atively fast), the pressure changes in the sound wave can
be consideredadiabatic. That is, the pressure changes
spread relatively fast, so that the sound front does not
have time to exchange energy with the environment. An
adiabatic process is described by the following relation
between volume and pressure:

PV γ = C = const (5)

whereγ = 7/5 for a di-atomic gas (which air mostly
is). Hence,

B = −V
dP

dV
= γV

C

V γ+1
= γP

So the bulk modulus is proportional to the atmospheric
pressureP = 1 atm.

The next step is to find the mass density of the air:

PV =
m

M
RT → ρ =

m

V
=

PM

RT

PluggingB andρ into Eq. (4), we find

v =

√

γ
RT

M
= 343 m/s

for T = 293 K and M = 29 × 10−3 kg/mole. This
agrees very well with the value in Table 17-1 of HRW.

Finally, we get back to our original problem. Eq. (3)
predicts that the sound from another boat will be heard
by captain at frequency

f2 = f0

(

1 + 2
V

v

)

≈ 206 Hz .

His own boat’s horn will be heard at the original fre-
quencyf1 = f0 = 200 Hz. The two waves will in-
terfere, and the resulting sound would be a pitch of
f = 0.5(f1 + f2) = 203 Hz modulated bybeat fre-
quency fbeat = f2 − f1 = 6 Hz.
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6. (25 points) Fire hazard
You filled a stainless steel teapot withV = 1 L of water
atT0 = 20◦C and put it on the electric range, which de-
livers P = 1 kW of thermal power. If you fall asleep
while waiting for the water to boil, how long would
it take for the water to evaporate completely (and for
the sound of smoke alarm to wake you up) ? The latent
(evaporation) heat of water isLV = 2.3 MJ/kg and the
specific heat of water iscw = 4200 J/kg · K. Mass of
the teapot ism = 1 kg and the heat capacity of the steel
is cs = 500 J/kg · K.

6. Solution
Mass of the water in the teapot ismw = ρH2OV =

1 kg. The amount of heat needed to warm the water and
the teapot fromT0 = 20◦C toT = 100◦C is

Q1 = (cwmw + csm)(T − T0) = 376 kJ

The amount of heat needed to evaporate the water is

Q2 = mwLV = 2.3 MJ

The total heat is

Q = Q1 + Q2 = 2.7 MJ

and a 1 kW range would deliver it in

t =
Q

P
= 45 min

That’s fairly quick, so don’t fall asleep !

7. (30 points) A simple engine
Find the efficiency of an engine that uses a monoatomic
ideal gas and follows a cycle which consists of four
steps:

• (A) Isochoric pressure increase fromp1 = 1 atm
to p2 = 2 atm

• (B) Isobaric expansion fromV1 = 1 L to V2 =

2 L

• (C) Isochoric pressure decrease fromp2 to p1

• (D) Isobaric compression fromV2 to V1

The definition of the cycle efficiency is

ε =
Wnet

Qadded

whereWnet is the net work doneby the gas. It is equal
to the area enclosed by the cycle on thePV diagram, or,

more explicitly, to the sum of work of each leg. Work
done by the gas over isochoric processes is zero. Work
done on leg (B) is

WB =

∫ V2

V1

pdV = p2(V2 − V1)

This work is clearly positive. Likewise, work done on
leg (D) is negative:

WD = p1(V1 − V2) = −p1(V2 − V1)

Net work is

Wnet = WB + WD = (p2 − p1)(V2 − V1) = 100 J

The heat added to the systemQadded is the sum of
the positive amounts of heat over the cycle. The head
over leg (A) is

QA = nCV (T2 − T1)

wheren is the number of moles of the gas andCV =

3/2R for monoatomic gas. TemperaturesT1 andT2 are
found from the ideal gas law:

T1 =
p1V1

nR

T2 =
p2V1

nR

Hence, heatQA is equal to

QA =
3

2
(p2 − p1)V1 > 0

Heat added on the leg (B) is

QB = nCP (T3 − T2) =
5

2
p2(V2 − V1) > 0

where we usedCP = CV +R = 5/2R for monoatomic
gas. Likewise, for other legs we have:

QC =
3

2
(p1 − p2)V2 < 0

QD =
5

2
p1(V1 − V2) < 0

The total heat added to the system is

Qadded = QA + QB

and the efficiency of the engine is

ε =
(p2 − p1)(V2 − V1)

3/2(p2 − p1)V1 + 5/2p2(V2 − V1)
= 15%


