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Problem 3(c): Remember that the rope has
mass M and length �.

Problem 4: Neglect the mass of the cables.
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3 25

4 25

TOTAL 100
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Problem 1: Flying in the wind (25 points)

For this problem we will use a coordinate system in which the
compass directions — North, South, East, and West — are oriented
with respect to the x- and y-axes as shown on the right. Suppose
that an airplane is traveling due east, at a speed vair relative to the
air. There is a wind blowing uniformly toward the south, at a speed
vwind.

(a) (6 points) What is the velocity �vground of the plane relative to the ground? Express
your answer as a vector of the form �vground = ?ı̂+ ?̂.

The key item here is the definition of relative velocity, which is defined on the formula
sheet as a difference in velocities; i.e., the velocity of some object A relative to some
object B is defined by �vA,B ≡ �vA −�vB, where �vA and �vB are measured in the same
coordinate system. Applying that definition to this case,

�vplane,air = �vplane,ground −�vair,ground ,

so
�vground ≡ �vplane,ground

= �vair,ground +�vplane,air

= vairı̂ − vwind̂ .

(b) (6 points) What is the speed of the plane relative to the ground?

Speed =
∣∣�vground

∣∣ =
√

v2
air + v2

wind .

(c) (6 points) What is the angle of the plane’s ground velocity relative to east? Be sure
to specify if the angle is north of east or south of east.

�vground = vair ı̂− vwind ̂

tan φ =
vwind

vair

φ = arctan
(

vwind

vair

)
, south of east.
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(d) (7 points) Keeping the same speed relative to the air, vair, the pilot turns the plane
at just the right angle so that its velocity relative to the ground is due east. At what
angle relative to east does he turn the plane? Be sure to specify if the angle is north
of east or south of east.

The vector relationship

�vground = �vair,ground +�vplane,air

continues to hold, since it follows from the defi-
nition of relative velocity. The wind velocity has
not changed, so �vair,ground = −vwind ̂, and we
are told that

∣∣�vplane,air

∣∣ = vair. This time, however, the direction of �vplane,air is modi-
fied, so that �vground points due east. The picture is then as shown on the right. The
angle θ is then given by

sin θ =

∣∣�vair,ground

∣∣∣∣�vplane,air

∣∣ =
vwind

vair
,

so

θ = arcsin
(

vwind

vair

)
, north of east.
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Problem 2: The inclined plane (25 points)

A block slides on a frictionless inclined plane, at an angle
φ relative to the horizontal. Neglect air resistance.

(a) (8 points) Draw a free body diagram showing all the
forces acting on the block. Be sure to label each force.

(b) (9 points) What is the magnitude and direction
of the acceleration that the block experiences?

Choose x- and y-axes that are parallel and per-
pendicular to the inclined plane, as shown in
the diagram. Then the force of gravity can be
resolved explicitly as

�W = M�g = Mg sinφ ı̂ −Mg cosφ ̂ ,

and the normal force becomes
�N = N ̂ .

Thus the x-component of �F = M�a becomes

Mg sinφ = Max , which implies ax = g sinφ .

There is no motion in the y-direction, so

the acceleration has magnitude g sinφ and points down the slope.
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(c) (8 points) What is the magnitude and direction of the force that the inclined plane
exerts on the block?

The rigidity of the inclined plane prevents the block from moving in the y-direction,
so there is no acceleration in the y-direction. Thus the y-component of �F = M�a can
be written

N −Mg cosφ = 0 ,

so
N = Mg cosφ .

Thus,

the normal force has magnitude Mg cosφ
and points along the upward normal to the plane.
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Problem 3: A rope dangling from an elevator (25 points)

A rope of length � and mass M is suspended from the bottom
of an elevator. A block of mass m is attached to the bottom of the
rope. For parts (a) and (b) of this problem, the elevator is moving
upward at a uniform speed v0.

(a) (8 points) What is the magnitude F of the force that the ele-
vator applies to the top of the rope?

Isolating the system consisting of the rope plus the
block, the free body diagram is shown on the left.
The only forces are the force applied by the elevator,
F , and the downward force of gravity, (M + m)g.
Since the velocity is uniform, there is no accelera-
tion, so the net force must be zero. Therefore

F = (M +m)g .

(b) (8 points) What is the tension T1 of the rope at its midpoint?

Isolating the system consisting of half the rope plus the block,
the free body diagram is shown on the left. The only forces
are the upward force applied by the top half of the rope, which
is the tension T1 at the midpoint, and the downward force of
gravity,

(
1
2M + m

)
g. Since the velocity is uniform, there is

no acceleration, so again the net force must be zero. Therefore

T1 =
(
1
2
M + m

)
g .
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Now suppose that the elevator starts to accelerate upward at a
fixed acceleration, of magnitude a.

(c) (9 points) What is the tension T2(x) in the rope at an arbitrary
distance x below the elevator, where 0 ≤ x ≤ �?

Isolating the system consisting the block plus a piece
of rope of length � − x (the piece whose end is a dis-
tance x below the elevator), the free body diagram is
shown on the left. The only forces are the upward
force applied by the top half of the rope, which is the
tension T2(x) at a distance x below the elevator, and
the downward force of gravity,

(
�−x

� M + m
)
g. Note

that (� − x)/� is the fraction of the rope that extends
below the point at a distance x from the elevator.
Since the acceleration is now upward with magnitude
a, the vertical component of �F = M�a becomes

T2 −
(

� − x

�
M +m

)
g =

(
� − x

�
M + m

)
a ,

so

T2 =
(

� − x

�
M + m

)
(g + a) .
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Problem 4: Lifting by helicopter (25 points)

A steel block of mass M is being lifted by a helicopter, which is accelerating upward
with an acceleration of magnitude a. The cylinder is attached to a horizontal bar by two
cables, which make angles of θ1 and θ2 with respect to the horizontal, as shown in the
diagram.

Find an expression for T1, the tension in cable 1, in terms of M , θ1, θ2, g, and a.

The force diagram, with the forces resolved into horizontal and vertical components,
is shown above. There is no horizontal motion, so the horizontal forces must balance:

T1 cos θ1 = T2 cos θ2 . (1)

The net vertical force must account for the vertical acceleration, and so must be equal
to Ma:

T1 sin θ1 + T2 sin θ2 − Mg = Ma . (2)

Substituting the value of T2 obtained from Eq. (1),

T1 sin θ1 + T1
cos θ1

cos θ2
sin θ2 = M(g + a) .

Now one just solves this equation for T1:

T1
sin θ1 cos θ2 + cos θ1 sin θ2

cos θ2
= M(g + a) .
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By a trigonometric identity,

T1
sin (θ1 + θ2)

cos θ2
= M(g + a) ,

so finally

T1 =
M(g + a) cos θ2

sin (θ1 + θ2)
.
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