E7-1 2., = (7.36x10%2kg)(3.82x10%m) /(7.36 x 102?kg + 5.98 x 103%kg) = 4.64 x 10°m. This is less
than the radius of the Earth.

E7-2 If the particles are | apart then
x1 = mil(my + mo)
is the distance from particle 1 to the center of mass and
xo = mal(my + ma)
is the distance from particle 2 to the center of mass. Divide the top equation by the bottom and

$1/$2 = ml/mg.

The center of mass velocity is given by Eq. 7-1,

ﬂ o
. mivi + maVva
Vem =

my + ma

(2210 kg)(105 km/h) + (2080 kg)(43.5 km /h)

- = 75.2 km/h.
(2210 kg) + (2080 kg) m/

E7-4 They will meet at the center of mass, so

ZTem = (65kg)(9.7m)/(65kg + 42kg) = 5.9m.

E7-5 (a) No external forces, center of mass doesn’t move.
(b) The collide at the center of mass,

Tem = (4.29kg)(1.64m)/(4.29kg + 1.43kg) = 1.23 m.

E7-6 The range of the center of mass is
R =2sin20 /g = (466 m/s)?sin(2 x 57.4°)/(9.81 m/s?) = 2.01 x 10* m.

Half lands directly underneath the highest point, or 1.00x 102 m. The other piece must land at z,
such that
2.01x10*m = (1.00x 10* m + z)/2;

then z = 3.02x10% m.

The center of mass of the boat + dog doesn’t move because there are no external forces on

the system. Define the coordinate system so that distances are measured from the shore, so toward

the shore is in the negative x direction. The change in position of the center of mass is given by
magAxg + mpAxy,

Az = =0,
mq + mp

Both Az, and Az, are measured with respect to the shore; we are given Azxg, = —8.50 ft, the
displacement of the dog with respect to the boat. But

Azg = Axg + Axyp.
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Since we want to find out about the dog, we’ll substitute for the boat’s displacement,

0= magAxg + my (AIL’d — Axdb)
mq + my '

Rearrange and solve for Axy. Use W = mg and multiply the top and bottom of the expression by

g. Then
mbedb g o (464 1b)(—850 ft)

mg+mpg  (10.8 1b) + (46.4 1b)
The dog is now 21.4 — 6.9 = 14.5 feet from shore.

Axg = = —6.90 ft.

E7-8 Richard has too much time on his hands.

The center of mass of the system is x., away from the center of the boat. Switching seats is
effectively the same thing as rotating the canoe through 180°, so the center of mass of the system
has moved through a distance of 2z¢y, = 0.412m. Then ¢y, = 0.206 m. Then

where | = 1.47m, M = 78.4kg, m, = 31.6kg, and m is Judy’s mass. Rearrange,

L Mi— (Mt mo)wen _ (T84keg)(147m) — (T8.4ke +31.6ke) (0206m) _
- I+ Tom - (1.47m) + (0.206 m) T Oose

E7-9 It takes the man ¢t = (18.2m)/(2.08 m/s) = 8.75s to walk to the front of the boat. During
this time the center of mass of the system has moved forward z = (4.16 m/s)(8.75s) = 36.4m. But
in walking forward to the front of the boat the man shifted the center of mass by a distance of
(84.4%g)(18.2m)/(84.4kg + 425kg) = 3.02m, so the boat only traveled 36.4m — 3.02m = 33.4m.

E7-10 Do each coordinate separately.

_ (8keg)(0) + (8kg)(1m) + (4kg)(2m) _ .-
o (3kg) + (8kg) + (4kg) '

and
(3kg)(0) + (8kg)(2m) + (4kg)(1m)

Yom = (3kg) + (8kg) + (4kg)

=1.33m

The center of mass of the three hydrogen atoms will be at the center of the pyramid

base. The problem is then reduced to finding the center of mass of the nitrogen atom and the three

hydrogen atom triangle. This molecular center of mass must lie on the dotted line in Fig. 7-27.
The location of the plane of the hydrogen atoms can be found from Pythagoras theorem

yn = /(10.14x10-11m)2 — (9.40x 10~ 11m)2 = 3.8 x 10~ ' m.

This distance can be used to find the center of mass of the molecule. From Eq. 7-2,

C maYn +muyn  (13.9m5)(0) + (3my)(3.8x 107 m)

om = = =6.75x10"’m.
y M + 1701 (13.9mn) + (3mn) % m

E7-12 The velocity components of the center of mass at t = 1.42s are vem,, = 7.3m/s and
Vem,y = (10.0m/s) — (9.81m/s)(1.42s) = —3.93m/s. Then the velocity components of the “other”
piece are

v = [(9.6kg)(7.3m/s) — (6.5kg)(11.4m/s)]/(3.1kg) = —1.30m/s.

and
vay = [(9-6kg)(—3.9m/s) — (6.5kg)(—4.6 m/s)]/(3.1kg) = —2.4m/s.
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The center of mass should lie on the perpendicular bisector of the rod of mass 3M. We
can view the system as having two parts: the heavy rod of mass 3M and the two light rods each of
mass M. The two light rods have a center of mass at the center of the square.

Both of these center of masses are located along the vertical line of symmetry for the object.
The center of mass of the heavy bar is at yn cm = 0, while the combined center of mass of the two
light bars is at yi cm = L/2, where down is positive. The center of mass of the system is then at

ZMyl cm +3Myh cm 2(L/2)
m = 2 2 = = L .
Ye 2M + 3M 5 /5

E7-14 The two slabs have the same volume and have mass m; = p;V. The center of mass is
located at

3 3
myl — mal _ e (5.5 cm) (7.85 g/cm”) — (2.70 g/cm”)

. 3 =~ = 2.68 cm
my + My p1+ p2 (7.85 g/cm”) + (2.70 g/cm”)

LTem =
from the boundary inside the iron; it is centered in the y and z directions.

E7-15 Treat the four sides of the box as one thing of mass 4m with a mass located [/2 above the
base. Then the center of mass is

Zem = (1/2)(4m)/(dm +m) = 21/5=2(0.4m)/5 = 0.16 m,

LTem = Yem = 0.2m.

E7-16 One piece moves off with momentum m(31.4m/s)i, another moves off with momentum
2m(31.4m/s)j. The third piece must then have momentum —m(31.4m/s)i — 2m(31.4m/s)j and
velocity —(1/3)(31.4m/s)i — 2/3(31.4m/s)j = —10.5m/si — 20.9m/sj. The magnitude of vs is
23.4m/s and direction 63.3° away from the lighter piece.

E7-17 It will take an impulse of (84.7kg)(3.87m/s) = 328kg - m/s to stop the animal. This would
come from firing n bullets where n = (328kg - m/s)/[(0.0126 kg)(975m/s) = 27.

E7-18 Conservation of momentum for firing one cannon ball of mass m with muzzle speed v,
forward out of a cannon on a trolley of original total mass M moving forward with original speed
Vo is

Muvg = (M — m)vy + m(v. +v1) = Mv1 + mog,

where v7 is the speed of the trolley after the cannonball is fired. Then to stop the trolley we require
n cannonballs be fired so that

n=(Muvg)/(mv.) = [(3500kg)(45m/s)]/[(65kg) (625 m/s)] = 3.88,

son =4.

Label the velocities of the various containers as Vv, where k is an integer between one and
twelve. The mass of each container is m. The subscript “g” refers to the goo; the subscript k refers
to the kth container.

The total momentum before the collision is given by

~

= . . .

P= Z MV ; + MgVgi = 12mveont..cm + Mg Vg i-
k
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We are told, however, that the initial velocity of the center of mass of the containers is at rest, so
the initial momentum simplifies to P = mgVe i, and has a magnitude of 4000 kg-m/s.
(a) Then
B P B (4000kg-m/s)
Yem = 1om + mg  12(100.0kg) + (50 kg)

(b) It doesn’t matter if the cord breaks, we’ll get the same answer for the motion of the center
of mass.

=3.2m/s.

E7-20 (a) F = (3270m/s)(480kg/s) = 1.57x 10°N.
(b) m = 2.55x10°kg — (480kg/s)(250s) = 1.35x 105kg.
(c) Eq. 7-32:

vr = (—3270m/s) In(1.35 x 10°kg/2.55 x 10°kg) = 2080 m/s.

Use Eq. 7-32. The initial velocity of the rocket is 0. The mass ratio can then be found
from a minor rearrangement;
M;
My
The “flipping” of the left hand side of this expression is possible because the exhaust velocity is
negative with respect to the rocket. For part (a) M;/M; = e = 2.72. For part (b) M;/M; = e =
7.39.

= €|Uf/vre1|

E7-22 Eq. 7-32 rearranged:

% — e—\Av/vrCﬂ _ e—(22.6m/s)/(1230m/s) — (.982.

The fraction of the initial mass which is discarded is 0.0182.

E7-23 The loaded rocket has a weight of (1.11x10°kg)(9.81 m/s?) = 1.09x10°N; the thrust must be
at least this large to get the rocket off the ground. Then v > (1.09x105N)/(820kg/s) = 1.33x10%m/s
is the minimum exhaust speed.

E7-24 The acceleration down the incline is (9.8m/s?)sin(26°) = 4.3m/s%. It will take t =
v/2(93m)/(4.3m/s?) = 6.6s. The sand doesn’t affect the problem, so long as it only “leaks” out.

E7-25| We'll use Eq. 7-4 to solve this problem, but since we are given weights instead of mass
we’ll multiply the top and bottom by g like we did in Exercise 7-7. Then

¢ _ Vit mevag  Wivi + Wavy
T mi+my g Wi+ W

Now for the numbers

(975 T)(1.36m/s) + (0.50 T)(0) ‘
Pem = (9.75 T) + (0.50 T) = 1.29m/s.

P7-1 (a) The balloon moves down so that the center of mass is stationary;
0 = Mvp + mvy = Moy +m(v + vy),
or v, = —muv/(m + M).
(b) When the man stops so does the balloon.

91



P7-2 (a) The center of mass is midway between them.
(b) Measure from the heavier mass.

Tem = (0.0560m)(0.816 kg)/(1.700 kg) = 0.0269 m,

which is 1.12 mm closer to the heavier mass than in part (a).
(c¢) Think Atwood’s machine. The acceleration of the two masses is

a=2Amg/(my + mo) = 2(0.034kg)g/(1.700 kg) = 0.0400g,
the heavier going down while the lighter moves up. The acceleration of the center of mass is

aem = (@my — amsz)/(my + ma) = (0.04009)2(0.034 kg)g/(1.700kg) = 0.00160g.

This is a glorified Atwood’s machine problem. The total mass on the right side is the mass
per unit length times the length, m, = Az; similarly the mass on the left is given by m; = A(L — z).
Then

my—my  Ax—ANL—-x) 2x—1L
m2—|—m1g_)\:c—|—/\(L—a:)g_ L

which solves the problem. The acceleration is in the direction of the side of length z if z > L/2.

P7-4 (a) Assume the car is massless. Then moving the cannonballs is moving the center of mass,
unless the cannonballs don’t move but instead the car does. How far? L.
(b) Once the cannonballs stop moving so does the rail car.

By symmetry, the center of mass of the empty storage tank should be in the very center,
along the axis at a height y; om = H/2. We can pretend that the entire mass of the tank, m, = M,
is located at this point.

The center of mass of the gasoline is also, by symmetry, located along the axis at half the height of
the gasoline, yg cm = /2. The mass, if the tank were filled to a height H, is m; assuming a uniform
density for the gasoline, the mass present when the level of gas reaches a height = is my = ma/H.

(a) The center of mass of the entire system is at the center of the cylinder when the tank is full
and when the tank is empty. When the tank is half full the center of mass is below the center. So as
the tank changes from full to empty the center of mass drops, reaches some lowest point, and then
rises back to the center of the tank.

(b) The center of mass of the entire system is found from

_ MgYgem + MiYtem  (ma/H)(x/2) + (M)(H/2)  ma® + MH?

Yom = mg +my B (mz/H) + (M) C 2max+2MH’

Take the derivative:
dYem M (mx2 +2eMH — MHQ)

de (mx+ MH)?

Set this equal to zero to find the minimum; this means we want the numerator to vanish, or ma? +

2eMH — MH? = 0. Then
—M+\/M2+mMH
xr = .

m
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P7-6 The center of mass will be located along symmetry axis. Call this the z axis. Then

1
Tem = M/xdm,

7TR2 0 0
4 R
= m v/ R? — 22 dx,
0
4 4R
= _szR/?’_g'

P7-7 (a) The components of the shell velocity with respect to the cannon are
v, = (556 m/s) cos(39.0°) = 432m/s and v, = (556 m/s)sin(39.0°) = 350 m/s.

The vertical component with respect to the ground is the same, v, = v;/, but the horizontal compo-
nent is found from conservation of momentum:

M (v, — Ua/v) +m(ve) =0,

so v, = (1400kg)(432m/s)(70.0kg + 1400 kg) = 411 m/s. The resulting speed is v = 540m/s.
(b) The direction is 6 = arctan(350/411) = 40.4°.

P7-8 v =(2870kg)(252m/s)/(2870kg + 917kg) = 191 m/s.

P7-9 It takes (1.5m/s)(20kg) = 30N to accelerate the luggage to the speed of the belt. The
people when taking the luggage off will (on average) also need to exert a 30 N force to remove it;
this force (because of friction) will be exerted on the belt. So the belt requires 60 N of additional
force.

P7-10 (a) The thrust must be at least equal to the weight, so
dm/dt = (5860kg)(9.81m/s?)/(1170m/s) = 49.1kg/s.

(b) The net force on the rocket will need to be F = (5860kg)(18.3m/s?) = 107000 N. Add this
to the weight to find the thrust, so

dm/dt = [107000 N + (5860 kg)(9.81m/s?)]/(1170m/s) = 141kg/s

P7-11| Consider Eq. 7-31. We want the barges to continue at constant speed, so the left hand
side of that equation vanishes. Then

ZFext = _Vrel%~
We are told that the frictional force is independent of the weight, since the speed doesn’t change the
frictional force should be constant and equal in magnitude to the force exerted by the engine before
the shoveling happens. Then > Fox is equal to the additional force required from the engines. We’ll
call it P.

The relative speed of the coal to the faster moving cart has magnitude: 21.2 — 9.65 = 11.6
km/h= 3.22 m/s. The mass flux is 15.4 kg/s, so P = (3.22 m/s)(15.4kg/s) = 49.6 N. The faster
moving cart will need to increase the engine force by 49.6 N. The slower cart won’t need to do
anything, because the coal left the slower barge with a relative speed of zero according to our
approximation.
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P7-12 (a) Nothing is ejected from the string, so v,e] = 0. Then Eq. 7-31 reduces to m dv/dt = Fext.
(b) Since Foyt is from the weight of the hanging string, and the fraction that is hanging is y/L,
Foxt = mgy/L. The equation of motion is then d?y/dt*> = gy/L.
(c) Take first derivative:

dy Yo 9/Lt _ _—\/9/Lt
AN /L)(e ¢ )
and then second derivative,

2
%:%( /g/L)Q (6 g/Lt_|_ef g/Lt).

Substitute into equation of motion. It works! Note that when ¢ = 0 we have y = yo.
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