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Problem 1

Two masses m; = 10.0 kg and ms = 14.0 kg, are coupled by a massless cord. They slide on a
horizontal surface. An external force F.,; = 25.0 N is applied to mass mo as shown.

a) Suppose there is no friction. Find the acceleration.
b) Find the tension in the cord.

¢) Now suppose that there is friction, determined by a coefficient py of kinetic friction which
is the same for each mass. The system slides to the right at constant speed v = 1.2 m/s.
What is the coefficient of friction py?

m m, | -
1 ext

Solution
a) (6 points) Newton’s laws for the masses
T = ma,
Fopi — T = moa.
Adding these gives F..+ = (m1 + m2)a and solving for a

Fent 25.0

- ~ 1.04 m/s%.
mi+my 100+ 14.0 m/s

b) (6 points)
T =mja=10.0-1.04 =~ 10.4 N.

c) (8 points) System of two masses moves without acceleration. The net external force should be
Zero.

Feat — pe(ma +m2)g = 0.

Feqt 25.0

_ _ ~0.11.
Fe = Gy £ ma)g ~ (10.0 + 14.0)9.8
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Problem 2

A discus thrower can throw a discus (on the Earth, of course) over 70 m distance (close to the
world record). Will the athlete be able to throw a discus with an escape speed on the surface of
an asteroid of density 2500 kg/m? and diameter of 200 km? Assume that the space suite is very
light and does not hinder athlete’s movements. To solve this problem:

a) Find the initial speed of the discus from the given range.
b) Find the escape velocity from the asteroid.

c) Compare those velocities and come to a conclusion.

2 .
Hint: the range of the projectile’s motion is given by R = 3%20‘0. The constant G = 6.67 x
1071 N - m? /kg?.

Solution

’Ug sin 2ag

a) (6 points) The range of the projectile motion is given by R = and is maximal for

2
ag = 45°. The maximal range is R0z = %. We obtain for the initial velocity of the discus

v0 = \/gRmaz = V70 -9.8 = 26.2 m/s.

b) (12 points) First of all, let us calculate the mass of the asteroid. Its radius r = d/2 = 100 km =
1.0 x 10° m. Its volume is given approximately by §7T7"3. The mass of the asteroid is

4 4
My = p§71'1“3 = 250053.14(1.0 x 10°)% ~ 1.05 x 10 kg.

The escape velocity can be found from

M 2
AT + mgesc _ 07

-G

where M4 is the mass of the asteroid and r is its radius. We have

~ 120 m/s.

\/2GMA \/2 -6.67-10~11.1.05 - 1019
Vese =

r 1.0- 105

¢) (2 points) Comparing velocities we see that vy < vese, and the athlete will not be able to send
the discuss into the outer space from the asteroid.
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Problem 3

A mass m = 5.0kg is released from the point A and it slides down the incline (§ = 30°), where
coefficient of kinetic friction is 0.3. It goes distance L = 5.0 m and hits an ideal spring with a spring
constant £ = 3000N/m. While it is being acted upon by the spring, assume it is on a frictionless
surface.

a) What is the maximal compression x of the spring?
b) How far does the block go up the plane on the rebound from the spring?

Hint: In calculations you can assume that the maximal compression of the spring is small x < L.

=frictionless

Solution

We are going to use the energy conservation principle to solve this problem. Let us choose the zero
of potential energy at the initial position of the block.

a) (10 points) If 1 is the initial position and 2 is the position where the compression of the string
is maximal, we have

Kl + Ugmwl + Usprl + Wfr K2 + Ugrch + U@prQ-

For initial position we have
K = Ugra’ul = Usp?"l = 0.

If the maximal compression of the spring x we have at the point of maximal compression y =
—(L +x)sinf (L =5 m) and

K, = 0,
Ugrave = —mg(L+ z)sind,
Ugpra = ka?/2.

The magnitude of the friction force is F, = urmgcos@ and the work done by friction is
W, = —Lpgmg cos 6.

Plugging all this into the first equation we have

k 2
O+O+0—Lukmgcos9:O—mg(L+a:)sin9+%.



Let us assume that x is small # < L and neglect « in the left hand side of this equation (alternatively
you can solve this quadratic equation and obtain exact but very close result). We solve

2mg _ . 25.09.8 . Y o\
x = \/kL(sme — pcosf) = \/30005.0(sm30 —0.3c0s30°) ~ 0.2 m.

Indeed, this compression is much smaller than 5m and our assumption has been justified.

b) (10 points) If 3 is the position of the block when it stops after rebound we have
Kl + Ugr(wl + Usprl + Wfr = KS + Ugrav?) + U@prB-

If it goes distance s up the slope we have

K3 = 0,
Ugrav3 = 7mg(L - 5) sin 03
Usp'r'2 = 0

and the work done by friction
Wy = —(L + s)urpmg cosb.

We have
04+0+0—(L+s)upgmgcostd =0—mg(L — s)sinf + 0.

and

_ Lsin& — prcost _sin30° —0.3cos30°

= = ~ 1.6 m.
sin @ + puy cos 6 sin 30° + 0.3 cos 30° m
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Problem 4

The horizontal beam shown in the figure has a mass of M = 20kg, and its center of gravity is at
its center. The mass of the load m = 10kg. The load is connected to the beam by a very light rod.
Find

a) the tension T in the 5.00 m cable,
b) the horizontal and vertical components of the force exerted on the beam at the wall,

¢) the change of the length of the 5.00 m cable due to tension. The cross-sectional area of the
cable is A = 1.0 mm? and it is made of copper (Y=11 x 10*! Pa).

Solution

Consider beam-load as a system. We are interested only in external forces acting on this system.
These are: weights of the beam Mg, weight of the load mg, tension of the 5.00 m cable T, the
horizontal component of the force from the wall N (directed to the right), the vertical component
U of the same force.

We choose the direction downwards for the axis y and the direction to the right for the axis
x as positive. Also we choose the clockwise sense of rotation as positive. We calculate all torques
about the pivot point.

We write three equilibrium conditions

(3 points) > F,=0: N —Tcosf =0,

(3 points) > F,=0: Mg+ mg—U —Tsinf =0,
L

(3 points) >r.=0: Mga +mgL —TsinfL = 0.

Here L is the length of the beam, and 6 is the angle between the cable and the beam. We find
from the figure sinf = 3/5, cosf = 4/5.

a) The last equation gives us immediately

. _ (m+M/2)g  (10420/2)9.8 ,
(3 points) T= " = 35 ~ 3.3 x 10° N.




b) Using the found value of T and solving first two equations we find

1 1
(2 points) U= Mg+mg—Tsind = EMg = 5209.8 =98 N,

4
(2 points) N = Tcosf=33x 1025 = 2.6 x 102 N.

¢) (4 points)
The relation between tensile stress and strain is

T Al
Z_yv=
A l(] ’

where Iy = 5.00 m is the length of an unstretched cable and A = 1.0 mm?
cross-sectional area. We find

2 —6
Al lOT}//A 3.3 x 102/10

= 500" o

=1.0 x 107% m? is its

=15x10"2m = 1.5 mm.
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Problem 5

Consider again the system described in the previous problem. Assume that the 5.00 m cable breaks
and the beam pivots around the pin with no friction.

a) What is its initial angular acceleration a of the beam, just after the cable breaks?
b) What is its initial linear acceleration a of the load, just after the cable breaks?

c) At the same moment, what is the tension of the very light rod Fr connecting the load m
with the beam?

Assume that the rod stays vertical as it is freely connected to the beam (on a hinge).

Hint: The moment of inertia of a uniform bar about an axis through its center is I = %M L? and
about an axis through one end is I = %M L2

Solution

We write dynamic equations of motion (second Newton’s law) for beam and the load separately.
For the beam

L
(5 points) ZTZ =Ilua: MgE—FFTL:Ia,

where Fr is the tension of the rod connecting the load and the beam.
For the load
(5 points) Z F,=ma: mg — Fr = ma.

(2 points) In addition we have an expression for the moment of inertia of the beam about
the pivot point I = %M L? and the kinematic relation between angular acceleration of the beam
and the linear acceleration of the load a = La. Plugging this relations in above two equations we
obtain

L 1
Mg5 +FrL = §ML%é,
mg — Fr = mLa,

a) (3 points)
We cancel L in the first equation

1 1
-M Fr=-ML
5 g+ rr 3 o

and add it to the second equation. We see that the tension force cancels and we obtain
1 1
§Mg+mg = gMLa—i—mLa

and

7m+M/2£710+20/2%N29@
T m+M/3L 10+20/3 4 77 27

b) (2 points)

m

a=al ~11.8 -
S

We notice that this acceleration is bigger than g!

¢) (3 points)



The equation for the load gives us
Fr=mg—mLa=m(g—a)=10(9.8 —11.8) =~ —20 N.

We notice, that it is negative! Indeed, for the load to move with the acceleration larger than g the
rod should push it down!



