CIRCULAR MOTION; GRAVITATION

Responses to Questions

1. The three major “accelerators” are the accelerator pedal, the brake pedal, and the steering wheel. The
accelerator pedal (or gas pedal) can be used to increase speed (by depressing the pedal) or to decrease
speed in combination with friction (by releasing the pedal). The brake pedal can be used to decrease
speed by depressing it. The steering wheel is used to change direction, which also is an acceleration.
There are some other controls that could also be considered accelerators. The parking brake can be
used to decrease speed by depressing it. The gear shift lever can be used to decrease speed by
downshifting. If the car has a manual transmission, then the clutch can be used to decrease speed by
depressing it (friction will slow the car), or, if on a steep downward incline, depressing the clutch can
allow the car to increase speed. Finally, shutting the engine off can be used to decrease the car’s speed.
Any change in speed or direction means that an object is accelerating.

Yes, the centripetal acceleration will be greater when the speed is greater since centripetal acceleration
2
. . o v .
is proportional to the square of the speed (when the radius is constant): ap =—. When the speed is
r

higher, the acceleration has a larger magnitude.

3. No, the acceleration will not be the same. The centripetal acceleration is inversely proportion to the
2
. . v . . .
radius (when the speed is constant): ag = —. Traveling around a sharp curve, with a smaller radius,
r

will require a larger centripetal acceleration than traveling around a gentle curve, with a larger radius.

4. The three main forces on the child are the downward force of gravity (the child’s weight), the normal
force up on the child from the horse, and the static frictional force on the child from the surface of the
horse. The frictional force provides the centripetal acceleration. If there are other forces, such as
contact forces between the child’s hands or legs and the horse, which have a radial component, they
will contribute to the centripetal acceleration.

5. On level ground, the normal force on the child would be the same magnitude as his weight. This is the
“typical” situation. But as the child and sled come over the crest of the hill, they are moving in a
curved path, which can at least be approximated by a circle. There must be a centripetal force, pointing
inward toward the center of the arc. The combination of gravity (acting downward) and the normal
force on his body (acting upward when the sled is at the top of the hill) provides this centripetal force,
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which must be greater than zero. At the top of the hill, if downward is the positive direction, Newton’s
2

second law says F), =mg—Fy=m Y Thus the normal force must be less than the child’s weight.
r

6. No. The barrel of the dryer provides a centripetal force on the clothes to keep them moving in a
circular path. A water droplet on the solid surface of the drum will also experience this centripetal
force and move in a circle. However, as soon as the water droplet is at the location of a hole in the
drum there will be no centripetal force on it and it will therefore continue moving in a path in the
direction of its tangential velocity, which will take it out of the drum. There is no centrifugal force
throwing the water outward; there is rather a lack of centripetal force to keep the water moving in a
circular path.

She should let go of the string at
the moment that the tangential
velocity vector is directed exactly
at the target. This would also be
when the string is perpendicular
to the desired direction of motion
of the ball. See the “top view”
diagram. Also see Fig. 5-6 in the
textbook.

Target

At the top of the bucket’s arc, the gravitational force and normal forces from the bucket, both pointing

downward, must provide the centripetal force needed to keep the water moving in a circle. In the
2
- . v .
limiting case of no normal force, Newton’s second law would give F,, = mg =m—, which means
r

that the bucket must be moving with a tangential speed of v >./gr or the water will spill out of the

bucket. At the top of the arc, the water has a horizontal velocity. As the bucket passes the top of the arc,
the velocity of the water develops a vertical component. But the bucket is traveling with the water,
with the same velocity, and contains the water as it falls through the rest of its path.

For objects (including astronauts) on the inner surface of the cylinder, the normal force provides a
centripetal force, which points inward toward the center of the cylinder. This normal force simulates
the normal force we feel when on the surface of Earth.

(a) Falling objects are not in contact with the floor, so when released they will continue to move
with constant velocity until they reach the shell. From the frame of reference of the astronaut
inside the cylinder, it will appear that the object “falls” in a curve, rather than straight down.

(b) The magnitude of the normal force on the astronaut’s feet will depend on the radius and speed of

2 2
the cylinder. If these are such that v - g (so that mZ = mg for all objects), then the normal
r r

force will feel just like it does on the surface of Earth.

(c) Because of the large size of Earth compared to humans, we cannot tell any difference between
the gravitational force at our heads and at our feet. In a rotating space colony, the difference in
the simulated gravity at different distances from the axis of rotation could be significant, perhaps
producing dizziness or other adverse effects. Also, playing “catch” with a ball could be difficult
since the normal parabolic paths as experienced on Earth would not occur in the rotating cylinder.
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10. (a) The normal force on the car is largest at point C. In this case, the centripetal force keeping the
car in a circular path of radius R is directed upward, so the normal force must be greater than the
weight to provide this net upward force.

(b) The normal force is smallest at point A, the crest of the hill. At this point the centripetal force
must be directed downward (toward the center of the circle), so the normal force must be less
than the weight. (Notice that the normal force is equal to the weight at point B.)

(¢) The driver will feel heaviest where the normal force is greatest, or at point C.

(d) The driver will feel lightest at point A, where the normal force is the least.

2
(e) Atpoint A, the centripetal force is weight minus normal force, or mg — Fy = % The point at

which the car just loses contact with the road corresponds to a normal force of zero, which is the

2
> Umax = \/IT

. . . . . v,
maximum speed without losing contact. Setting Fyy =0 gives mg = —22%

11. Yes, a particle with constant speed can be accelerating. A particle traveling around a curve while
maintaining a constant speed is accelerating because its direction is changing. However, a particle with
a constant velocity cannot be accelerating, since the velocity is not changing in magnitude or direction,
and to have an acceleration the velocity must be changing.

12.  When an airplane is in level flight, the downward force of gravity is
counteracted by the upward lift force, analogous to the upward normal force on
a car driving on a level road. The lift on an airplane is perpendicular to the plane
of the airplane’s wings, so when the airplane banks, the lift vector has both
vertical and horizontal components (similar to the vertical and horizontal
components of the normal force on a car on a banked turn). Assuming that the
plane has no vertical acceleration, then the vertical component of the lift
balances the weight and the horizontal component of the lift provides the
centripetal force. If F is the total lift and ¢ =the banking angle, measured

2
from the vertical, then F; cos¢ =mg and F} sin¢g = mU—, S0 ¢ = tanfl(uz/gr).
r

13.  Whether the apple is (a) attached to a tree or (b) falling, it exerts a gravitational force on the Earth
equal to the force the Earth exerts on it, which is the weight of the apple (Newton’s third law). That
force is independent of the motion of the apple.

14.  Since the Earth’s mass is much greater than the Moon’s mass, the point at which the net gravitational
pull on the spaceship is zero is closer to the Moon. It is shown in Problem 30 that this occurs at about
90% of the way from the Earth to the Moon. So, a spaceship traveling from the Earth toward the Moon
must therefore use fuel to overcome the net pull backward for 90% of the trip. Once it passes that point,
the Moon will exert a stronger pull than the Earth and accelerate the spacecraft toward the Moon.
However, when the spaceship is returning to the Earth, it reaches the zero point at only 10% of the way
from the Moon to the Earth. Therefore, for most of the trip toward the Earth, the spacecraft is “helped”
by the net gravitational pull in the direction of travel, so less fuel is used.

15. The satellite needs a certain speed with respect to the center of the Earth to achieve orbit. The Earth
rotates toward the east so it would require less speed (with respect to the Earth’s surface) to launch a
satellite (a) toward the east. Before launch, the satellite is moving with the surface of the Earth so
already has a “boost” in the right direction.
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16.

17.

18.

19.

20.

21.

If the antenna becomes detached from a satellite in orbit, the antenna will continue in orbit around the
Earth with the satellite. If the antenna were given a component of velocity toward the Earth (even a
very small one), it would eventually spiral in and hit the Earth. If the antenna were somehow slowed
down, it would also fall toward the Earth.

Yes, we are heavier at midnight. At noon, the gravitational force on a person due to the Sun and the
gravitational force due to the Earth are in the opposite directions. At midnight, the two forces point in
the same direction. Therefore, your apparent weight at midnight is greater than your apparent weight at
noon.

Your apparent weight will be greatest in case (b), when the elevator is accelerating upward. The scale
reading (your apparent weight) indicates your force on the scale, which, by Newton’s third law, is the
same as the normal force of the scale on you. If the elevator is accelerating upward, then the net force
must be upward, so the normal force (up) must be greater than your actual weight (down). When in an
elevator accelerating upward, you “feel heavy.”

Your apparent weight will be least in case (c¢), when the elevator is in free fall. In this situation your
apparent weight is zero since you and the elevator are both accelerating downward at the same rate and
the normal force is zero.

Your apparent weight will be the same as when you are on the ground in case (d), when the elevator is
moving upward at a constant speed. If the velocity is constant, acceleration is zero and N = mg. (Note
that it doesn’t matter if the elevator is moving up or down or even at rest, as long as the velocity is
constant.)

If the Earth were a perfect, nonrotating sphere, then the gravitational force on each droplet of water in
the Mississippi would be the same at the headwaters and at the outlet, and the river wouldn’t flow.
Since the Earth is rotating, the droplets of water experience a centripetal force provided by a part of the
component of the gravitational force perpendicular to the Earth’s axis of rotation. The centripetal force
is smaller for the headwaters, which are closer to the North Pole, than for the outlet, which is closer to
the equator. Since the centripetal force is equal to mg — N (apparent weight) for each droplet, N is
smaller at the outlet, and the river will flow. This effect is large enough to overcome smaller effects on
the flow of water due to the bulge of the Earth near the equator.

The satellite remains in orbit because it has a velocity. The instantaneous velocity of the satellite is
tangent to the orbit. The gravitational force provides the centripetal force needed to keep the satellite in
orbit, acting like the tension in a string when twirling a rock on a string. A force is not needed to keep
the satellite “up”; a force is needed to bend the velocity vector around in a circle. The satellite can’t
just have any speed at any radius, though. For a perfectly circular orbit, the speed is determined by the

orbit radius, or vice versa, through the relationship vy =+/rg, where r is the radius of the orbit and

g is the acceleration due to gravity at the orbit position.

The centripetal acceleration of Mars in its orbit around the Sun is smaller than that of the Earth. For
both planets, the centripetal force is provided by gravity, so the centripetal acceleration is inversely
proportional to the square of the distance from the planet to the Sun:
2
mpu Gmsmp 1)2 G}'nS
= —— SO aR = —_—= )

r r? r r

Since Mars is at a greater distance from the Sun than is Earth, it has a smaller centripetal acceleration.
Note that the mass of the planet does not appear in the equation for the centripetal acceleration.
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22.  For Pluto’s moon, we can equate the gravitational force from Pluto on the moon to the centripetal force
needed to keep the moon in orbit:

mm02 Gmymy, v’ Ar?
—_— S m,,. = —=

2 p G 2
r r GT

This allows us to solve for the mass of Pluto (m,,) if we know G, the radius of the moon’s orbit, and

the velocity of the moon, which can be determined from the period T and orbital radius. Note that the
mass of the moon cancels out.

The Earth is closer to the Sun in January. See Fig. 5-29 and the T
accompanying discussion about Kepler’s second law. The caption 1y \
in the textbook says: “Planets move fastest when closest to the Sun.” 4
So in the (greatly exaggerated) figure, the time between points )
1 and 2 would be during January, and the time between points e w3
3 and 4 would be July. 20 4

Responses to MisConceptual Questions

1. (b) Asyouturn, you feel the force between yourself and the car door. A common misconception is
that a centrifugal force is pushing you into the door (answer (a)). Actually, your inertia tries to
keep you moving in a straight line. As the car (and door) turn right, the door accelerates into you,
pushing you away from your straight-line motion and toward the right.

2. (e) Incircular motion, the velocity is always perpendicular to the radius of the circle, so (), (¢), and
(d) are incorrect. The net force is always in the same direction as the acceleration, so if the
acceleration points toward the center, the net force must also. Therefore, (e) is a better choice
than (a).

3. (¢) A common misconception is that the ball will continue to move in a curved path after it exits the
tube (answers (d) or (e)). However, for the ball to move in a curved path, a net force must be
acting on the ball. When it is inside the tube, the normal force from the tube wall provides the
centripetal force. After the ball exits the tube, there is no net force, so the ball must travel in a
straight-line path in the same direction it was traveling as it exited the tube.

4. (d) The phrase “steady speed” is not the same as “constant velocity,” as velocity also includes
direction. A common misconception is that if a car moves at steady speed, the acceleration and
net force are zero (answers (a) or (b)). However, since the path is circular, a radially inward
force must cause the centripetal acceleration. If this force (friction between the tires and road)
were not present, the car would move in a straight line. It would not accelerate outward.

5. (b) A common error in this problem is to ignore the contribution of gravity in the centripetal force.
At the top of the loop gravity assists the tension in providing the centripetal force, so the tension
is less than the centripetal force. At the bottom of the loop gravity opposes the tension, so the
tension is greater than the centripetal force. At all other points in the loop the tension is between
the maximum at the bottom and the minimum at the top.

6. (a) The forces acting on the child are gravity (downward), the normal force (away from the wall),
and the force of friction (parallel to the wall and in this case opposing gravity). In particular,
there is nothing “pushing” outward on the rider, so answers (b), (d), and (e) cannot be correct.
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7. (d) Ifthe net force on the Moon were zero (answer (a)), the Moon would move in a straight line and
not orbit about the Earth. Gravity pulls the Moon away from the straight-line motion. The large
tangential velocity is what keeps the Moon from crashing into the Earth. The gravitational force
of the Sun also acts on the Moon, but this force causes the Earth and Moon to orbit the Sun.

8. (f) A common misconception is that since the Earth is more massive than the Moon, it must exert
more force. However, the force is an interaction between the Earth and Moon, so by Newton’s
third law, the forces must be equal. Since the Moon is less massive than the Earth and the forces
are equal, the Moon has the greater acceleration.

9. (c¢) The nonzero gravitational force on the ISS is responsible for it orbiting the Earth instead of
moving is a straight line through space. Astronauts aboard the ISS experience the same
centripetal acceleration (free fall toward the Earth) as the station and as a result do not
experience a normal force (apparent weightlessness).

10. (b) A common misconception is that the mass of an object affects its orbital speed. However, as with
all objects in free fall, when calculating the acceleration the object’s mass is divided out of the
gravitational force. All objects at the same radial distance from the Earth experience the same
centripetal acceleration, and by Eq. 5—1 they have the same orbital speed.

11. (¢) Each of the incorrect answers assumes the presence of an external force to change the orbital
motion of the payload. When the payload is attached to the arm, it is orbiting the Earth at the
same distance and speed as the shuttle. When it is released, the only force acting on the payload
is the force of gravity, which due to the speed of the payload keeps it in orbital motion. For the
payload to fall straight down or to follow a curved path that hits the Earth, a force would need to
slow down the payload’s speed, but no such force is present. To drift out into deep space a force
would be needed to overcome the gravity that is keeping it in orbit, but no such force is present.

12.  (d) Since the penny is rotating around the turntable it experiences a centripetal force toward the
center of the turntable, as in (c¢). The rotation is also slowing down, so the penny experiences a
decelerating force opposite its velocity, as in (a). These two forces are vectors and must be added
together to give a net force in the direction of (d).

Solutions to Problems

1. (a) Find the centripetal acceleration from Eq. 5-1.
2

a =”7= (1.10 m/s)2/1.20 m = 1.008 m/s? ~ [1.01 m/s>

(b) The net horizontal force is causing the centripetal motion, so it will be the centripetal force.

Fr =mag =(22.5kg)(1.008 m/s?)=22.68 N~ 22.7 N
2. Find the centripetal acceleration from Eq. 5-1.

2 2
ap :U_:w:(saoo m/s?) 1—g2 =[5.41g's
r 520x10° m 9.80 m/s

3. Find the speed from Eq. 5-3.

2
mo Frr (310 N)(0.90 m)
F, = - U= = =11.81m/s= 12 m/s

© Copyright 2015 Pearson Education, Ltd. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Circular Motion; Gravitation 5-7

4. To find the period, take the reciprocal of the rotational speed (in rev/min) to get min/rev, and then
convert to s/rev. Use the period to find the speed, and then the centripetal acceleration.

po| min |f 60 113338 0175 m o= 2Z0o 2OATSM) 6 eni0 s
45 rev /| 1 min rev T 1.333s

2 2
v°  (0.8249 m/s) P -2
ap =—=——""-—"=3888m/s“~ -3.9 m/s
Ry 0.175m

5. The centripetal force that the tension provides is given by Eq. 5-3. Solve that for the speed.
2

mo Frr (75 N)(1.3 m)
R = - v= = =13.31m/s= I3 m/s
Ry \/ m J 0.55 kg 13 s

6. The centripetal acceleration of a rotating object is given by Eq. 5—1. Solve that for the velocity.

v = Jagr =J(1.25x10% g)r = \/(1.25x10°)(9.80 m/s2)(7.00x 1022 m) = 2.928x 10> m/s

(2.928x102 nﬂs)( Lrev J[ 60s ]= 99x10* rpm

272(7.00x10%2 m) J{ 1 min

7. A free-body diagram for the car is shown. Write Newton’s second law for
the car in the vertical direction, assuming that up is positive. The normal
force is twice the weight.

2
ZF:FN—mg:ma - 2mg—mg:mu— -
r

v =frg =115 m)(9.80 m/s?) = 33.57 m/s ~ 4 mis

In the free-body diagram, the car is coming out of the page, and the center of
the circular path is to the right of the car, in the plane of the page. The Fy
vertical forces (gravity and normal force) are of the same magnitude, because ﬂ fi
the car is not accelerating vertically. We assume that friction is the force —
causing the circular motion. At maximum speed, the car would be on the mg
verge of slipping, and static friction would be at its maximum value.

2
I m/s
95 km/h)| ——
v v? {( )[3.6 km/h H

R =F —» m—=uyly=ymg — = —= = .57
o P AN T A e (125 m)9.80 mis?)

Notice that the result is independent of the car’s mass.

9. A free-body diagram for the car at one instant is shown, as though the car is coming ~
out of the page. The center of the circular path is to the right of the car, in the plane Fy P
of the page. At maximum speed, the car would be on the verge of slipping, and E:ﬁ'
static friction would be at its maximum value. The vertical forces (gravity and
normal force) are of the same magnitude, because the car is not accelerating mg
vertically. We assume that friction is the force causing the circular motion.

2
R =F - mu—zysFNzysmg —
r

v=1\Jurg = \/(0.65)(90.0 m)(9.80 m/s?) = 23.94 m/s ~ m

Notice that the result is |independent of the car’s mass |
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10. (a) At the bottom of the motion, a free-body diagram of the bucket would be as
shown. Since the bucket is moving in a circle, there must be a net force on it
toward the center of the circle and a centripetal acceleration. Write \@/

Newton’s second law for the bucket, Eq. 5-3, with up as the positive direction.

ZFR:FT—mg:mazmue/r—) mg

[P =mg) _ [(1.20 m)[25.0 N - (2.00 kg )(9.80 m/s >)] _
- m \/ 2.00 kg N

(b) A free-body diagram of the bucket at the top of the motion is shown. The
bucket is moving in a circle, so there must be a net force on it toward the
center of the circle, and a centripetal acceleration. Write Newton’s second law
for the bucket, Eq. 5-3, with down as the positive direction. Fy mg

2
Fr+
ZFR=FT+mg:ma:mUT - v= /%

If the tension is to be zero, then

o= 078 _ o 120 m)9.80 mis?) =
m

The bucket must move faster than 3.43 m/s in order for the rope not to go slack.

The free-body diagram for passengers at the top of a Ferris wheel is as shown.
Fy 1s the normal force of the seat pushing up on the passengers. The sum of
the forces on the passengers is producing the centripetal motion and must be a
centripetal force. Call the downward direction positive, and write Newton’s
second law for the passengers, Eq. 5-3.

2
ZFR =mg — Iy =ma=m>—
B

Since the passengers are to feel “weightless,” they must lose contact with their seat,
and the normal force will be 0. The diameter is 25 m, so the radius is 12.5 m.
2
mg=m = v=Jgr = 9.80 m/s?)12.5 m) = 11.07 m/s
r

1rev 60s
11.07 m/. =8.457 ~ 8.5
( s>(2ﬂazjm))( j rpm

1 min

(a) See the free-body diagram for the pilot in the jet at the bottom of the loop.
2
We have ap = UT =6.0g.

(840 km/h)| 1S _
2 0 2 3.6 km/h 0250
—=60g > r= = = Jm= P m
r 60g 6.0(9.80 m/s?)

(b) The net force must be centripetal, to make the pilot go in a circle. Write Newton’s second law for

the vertical direction, with up as positive. The normal force is the apparent weight.
2

ZFR =y —mg:mUT
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2

. L v
The centripetal acceleration is to be — =6.0g.
r

2

v 2
Fy =mg+m—="Tmg =7(78 kg)(9.80 m/s ) = 5350 N = [5400 N
N =mgtm== Tmg = (78 kg)(9.80 mis”)

(¢) See the free-body diagram for the pilot at the top of the loop. The
normal force is down, because the pilot is upside down. Write
Newton’s second law in the vertical direction, with down as positive.

ZFR =Iy +mg:m1)2/r=6mg — Fy=5mg=

13. To experience a gravity-type force, objects must be on the inside of the outer
wall of the tube, so that there can be a centripetal force to move the objects
in a circle. See the free-body diagram for an object on the inside of the outer
wall and a portion of the tube. The normal force of contact between the
object and the wall must be maintaining the circular motion. Write Newton’s
second law for the radial direction.

2

ZFR =Iy :maszT

-
\

This is to have nearly the same effect as Earth gravity, with Fy = 0.90 mg. Equate the two expressions

for normal force and solve for the speed.

2
N = mZ = 0.90mg — v=0.90gr = \/(0.90)(9.80 m/s 2)(550 m) = 69.65 m/s
r

lrev 86,400 s
69.65 m/s d =1741rev/day =~ [L700 rev/da
Tl e y ~ 700 ey

1 day

14. The radius of either skater’s motion is 0.80 m, and the period is 2.5 s. Thus their speed is given by
27(0.80 m)
Ss

v=2xr/T = =2.0 m/s. Since each skater is moving in a circle, the net radial force on

each one is given by Eq. 5-3.

2 2
Fp =m0 zgéi)z.o M) _ 575 N~ [28x 102 N
. m

7

15.  The force of static friction is causing the circular motion—it is the centripetal
force. The coin slides off when the static frictional force is not large enough to f;‘N i
move the coin in a circle. The maximum static frictional force is the coefficient If:J—fr>
of static friction times the normal force, and the normal force is equal to the _
weight of the coin as seen in the free-body diagram, since there is no vertical mg

acceleration. In the free-body diagram, the coin is coming out of the page and
the center of the circle is to the right of the coin, in the plane of the page.

The rotational speed must be changed into a linear speed.

in )( 27(0.130
u=(38.oﬂj[ “mnj( 7 m)]:0.5173m/s

min 60s 1rev

v? o2 (0.5173m/s)

Fp=Fy = m—=uFy=pumg > p=— = 0210
R =Fir p N g (0.130 m)(9.80 m/s)
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16. For the car to stay on the road, the normal force must be greater
than 0. See the free-body diagram, write the net radial force,
and solve for the radius.

mu? mu?
-> r=—
r mg cos 6 —Fy

Fr =mgcosO—Fy =

For the car to be on the verge of leaving the road, the normal

mz)2 02

force would be 0, so 7, . This

ritical — =
mgcosf gcosb

expression gets larger as the angle increases, so we must
evaluate at the largest angle to find a radius that is good for all angles in the range.

2
95 key/h | _L1VS
L2 3.6 km/h

Teritical = = =747 m= |75m
maximum €080 (9.80 m/s%)cos18° 75 m)

17. If the masses are in line and both have the same frequency of
rotation, then they will always stay in line. Consider a free- F F,,
body diagram for both masses, from a side view, at the B B

-1
-
ST

TA

instant that they are to the left of the post. Note that the same ms ma
tension that pulls inward on mass 2 pulls outward on mass 1,

by Newton’s third law. Also notice that since there is no myg m,g
vertical acceleration, the normal force on each mass is equal

to its weight. Write Newton’s second law for the horizontal

direction for both masses, noting that they are in uniform circular motion.

2 2
v v
ZFRA:FTA_FTB:mAaA:mA_A ZFRB:FTB:mBaB:mB 2
TA B
. rev \( 2zxr
The speeds can be expressed in terms of the frequency as follows: v =| f— " =2zrf.
s rev
2
v
ST S
B
L2
Frp =Frg+my Ao 47rmBrBf2+mA (27rrAf)2/rA = 47r2f2(mArA +mprg
TA

el
@

18. A free-body diagram of Tarzan at the bottom of his swing is shown. The upward
tension force is created by his pulling down on the vine. Write Newton’s second
law in the vertical direction. Since he is moving in a circle, his acceleration will be
centripetal and will point upward when he is at the bottom. mg

2
F —
S F=Fp-mg=ma=m’ - v= |(Fr —mg)r
r m

The maximum speed will be obtained with the maximum tension.
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4 8 m/s

o \/(FT max —~ Q)" [[1150 N—(78 kg)(9.80 m/s2)](4.7 m) _
max m - 78 kg -

19. The speed is 50 km/h, the curve is unbanked, and the static friction coefficient for rubber on wet
concrete is 0.7. If the car is just at the point of slipping, the static frictional force, which is providing
the acceleration, would be at its maximum.

2 2 {50 h(3 ;kn;hﬂ
muv 1% . -
_='umg_)r=—= 228.121’1’1% 301’1’1
* g (0.7)(9.80 m/s?)

20. The fact that the pilot can withstand 8.0 g’s without blacking out, along with the
speed of the aircraft, will determine the radius of the circle that he must fly as he
pulls out of the dive. To just avoid crashing into the sea, he must begin to form that
circle (pull out of the dive) at a height equal to the radius of that circle.

2 2 v)
aR=UT=8.Og N - (270 m/s)

= = 930 m
8.0g 8.0(9.80 m/s*)

21.  Since the curve is designed for 65 km/h, traveling at a higher speed with
the same radius means that more centripetal force will be required. That
extra centripetal force will be supplied by a force of static friction,
downward along the incline. See the free-body diagram for the car on
the incline. Note that from Example 5-7 in the textbook, the no-friction
banking angle is given by the following:

2
2 {@5 kmh)[mmﬂ
v 3.6 km/h

rg (95 m)(9.80 m/s?)

=19.3°

Write Newton’s second law in both the x and y directions. The car will have no acceleration in the y
direction and centripetal acceleration in the x direction. We also assume that the car is on the verge of
skidding, so that the static frictional force has its maximum value of Fj; = y Fy. Solve each equation

for the normal force.

ZFy:FNcosﬁ—mg—Ffrsinﬁzo — Fycos@—uFysind=mg —

O S
(cos @ — g sin 6)
v? v?
ZszFNsin6’+Fﬁcos¢9=FR=mT - FNsin0+ySFNCOSH+=mr— -

Fy=— mo? Ir
(sin @ + p, cos 0)
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5-12 Chapter 5

Equate the two expressions for Fy and solve for the coefficient of friction. The speed of rounding the

curve is given by v = (95 km/h) 10mss. =26.39 m/s.
3.6 km/h
mg mo? Ir

(cos@— ugsin ) - (sin @ + p, cos 0)

2 2
U—cos&—gsin@ U——gtanH M—Q.SO m/s 2)tan19.3O
r r 95 m

_ = = [032]

o v? v? (26.39 rn/s)2
gcos@+—sinf g+—tand 9.80 m/s >+ 7'95 tan19.3°
r r

m

22.  From Example 5-8, we are given that the track radius is 500 m (assumed to have two significant

figures), and the tangential acceleration is 3.2 m/s*. Thus the tangential force is
Fian = Mag, = (950 kg)(3.2 m/s*) = 3040 N~ 3.0x10° N

The centripetal force is given by Eq. 5-3.

2
Fy =mZ— = (950 kg)(15 m/s)?/(500 m) = 427.5 N ~ [430 N
r

23.  The car has constant tangential acceleration, which is the acceleration that causes the speed to change.
Thus use constant-acceleration equations to calculate the tangential acceleration. The initial speed is 0,

the final speed is 270 km/h| =0/
3.6 km/h

of radius 220 m, so Ax.,, = 2207 m. Find the tangential acceleration using Eq. 2—11c.

2 2 2
: ] e ;:UO = (75 m/sm) ? -
UL, —U =2a.,. A - a,, = = =4.069 m/s” =~ 4.1 m/s
tan 0 tan tan Y tan tan ) o 7 ( 2207 ) -

j =75 m/s, and the distance traveled is one-half of a circular arc

With this tangential acceleration, we can find the speed that the car has halfway through the turn, using
Eq. 2—-11c, and then calculate the radial acceleration.

D2 — U n = 20 Mn = Un = D% an + 2an Mg = \2(4.069 m/s?)(1107 m) = 53.03 m/s

2 /N2
ap =2 =222 ) 15 78 ms z-13m/s
R 220 m

The total acceleration is given by the Pythagorean combination of the tangential and centripetal
accelerations, a, = wlaﬁ + atzan . If static friction is to provide the total acceleration, then
Fy =may, =m aﬁ + aén . We assume that the car is on the verge of slipping and is on a level

surface, so the static frictional force has its maximum value of F = u Fyy = usmg. If we equate these
two expressions for the frictional force, we can solve for the coefficient of static friction.

[ 2 2
Ffr = Mgy = MAJAR + gy = KMg —

_Varrag, 0278w @060 misH?
g 9.80 m/s’ . '

S
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This is an exceptionally large coefficient of friction, so the curve had better be banked.

24. In all cases, we draw a view from above, and the car is moving clockwise around the
circular path.

(a) In this case, the car is gaining speed, so it has a tangential acceleration in the
direction of its velocity, as well as a centripetal acceleration. The total
acceleration vector is somewhat “forward.”

(b) In this case, the car has a constant speed, so there is no tangential acceleration.
The total acceleration is equal to the radial acceleration.

(¢) In this case, the car is slowing down, so its tangential acceleration is in the
opposite direction as the velocity. It also has a centripetal acceleration. The total
acceleration vector is somewhat “backward.”

25. We show a top view of the particle in circular motion, traveling clockwise. a
Because the particle is in circular motion, there must be a radially inward

component of the acceleration.
2

. v
(@) ag =asinf=— —
-

v=A+arsinf = \/(1.05 m/sz)(1.95 m)sin25.0° = |0.930 m/s

(b) The particle’s speed change comes from the tangential acceleration, which
is given by a,,, =acos@. Since the tangential acceleration is constant,

we use Eq. 2—11a.

Vtan ~ V0 tan = Gtan! —>

Uan =00 tan + dant = 0.930 m/s+ (1.05 m/s?)(cos 25.0°)(2.00 s) = [2.83 m/s

26. The spacecraft is at 3.00 Earth radii from the center of the Earth, or three times as far from the Earth’s
center as when at the surface of the Earth. Therefore, since the force of gravity decreases as the square
of the distance, the force of gravity on the spacecraft will be one-ninth of its weight at the Earth’s
surface.

(1850 kg)(9.80 m/s?)
FG :%nganhyS = 9 =|2010N

surface

This could also have been found using Eq. 5—4, Newton’s law of universal gravitation.

27. (a) Mass is independent of location, so the mass of the ball is 24.0 kg on both the Earth and the
planet.
() The weight is found by using W = mg.
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Wearth, = MZgarn = (24.0 kg)(9.80 m/s?) = 235 N
Wotanet = MZpianct = (24.0 kg)(12.0 m/s*) = 288 N

28. For the net force to be zero means <
that the gravitational force on the d
spacecraft due to the Earth must be
the same as that due to the Moon.

v

Moon

Write the gravitational forces on the spacecraft
spacecraft, equate them, and solve for X @) d—x
the distance x. We measure from the m v
center of the bodies.
F -G M Earthmspacecraft . R M Moonmspacecraft
Earth- - 2 > Moon >
spacecraft X spacecraft (d —X )
2 2
M Earth Mspacecraft -G M MoonMspacecraft N X _ (d —x) X _ d—x
2 - 2 - -
X (d —-X ) M Earth M Moon \/ M Earth \/ M Moon

JM \J5.97x10% k
x=d Earth — (3.84x10° m) T <8 — B.46x10% m

(VMytoon + M e (\/7.35><1022 kg ++/5.97x10% kg)

This is only about 22 Moon radii away from the Moon. Alternatively, it is about 90% of the distance
from the center of the Earth to the center of the Moon.

29. Assume that the two objects can be treated as point masses, with m; =m and m, =4.00 kg—m. The
gravitational force between the two masses is given by the following:
2
2-G m(4'02 M) (6.67x10°" N m?/kg?) H00m=m "
r r (0.25 m)2

mn,

F=G =25x107""N

This can be rearranged into a quadratic form of m* —4.00m+0.234 = 0. Use the quadratic formula to
solve for m, resulting in two values, which are the two masses.

m, =3.94 kg, m, = 0.06 kg

30. The acceleration due to gravity at any location on or above the surface of a planet is given by

Gplanet = GM /r?, where ris the distance from the center of the planet to the location in question.

planet

M M 1 M 1 980 m/s> 5
gplanet =G Pl;net =G Earth _ G Earth — ngarth — 0 —
r . .

(2.0 Rpgen)* (2.0 Rian

31. The force of gravity on an object at the surface of a planet is given by Newton’s law of universal
gravitation, Eq. 5-4, using the mass and radius of the planet. If that is the only force on an object, then
the acceleration of a freely falling object is acceleration due to gravity.

M
FG =G l\goonm =MZMoon
"Moon
M 211 5. 2 (7.35x10%% kg) 3
EMoon = G 22 = (6.67x10* ' N-m” /kg )W: 1.62 m/s
"Moon ( 1aXx m)
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M
32.  The expression for the acceleration due to gravity at the surface of a body is gpoqy =G ; ody , where
body
Ryogy is the radius of the body. For Mars, gypare = 0.388 -
G MMars — O 38G MEarth N
2 : 2
RMars REarth
2 2
R 400 km
My = 0.38M g, | M85 | = 0.38(5.98x10%* kg) (&] = 6.5x10% kg
R Barh 6380 km
33. We assume that the distance from the Moon to the Sun is the same as the distance from the Earth to the Sun.
M ytoon M Barh MytoonMss
FME:FX:G"‘;‘—alrt Fys = F, = G —eon—Sun_
"Moon- "Moon-
Earth Sun
2 2 2 2
[ M M M M M M
Fnet _ sz + Fyz — G Mo;n Earth + G Mozon Sun =G MMoon 2Eamh + - Sun
"Moon- "Moon- "Moon- "Moon-
Earth Sun Earth Sun

24 2 30 2
= (6.67x107" N-m?/kg?)(7.35x102 kg) ((5'98“0 kg)} +{ (19910 kg)]

(384 x10° m)? (149.6x10° m)?
=[4.79x10%° N

M MoonM Earth M Earth
G——0— —_tarth
2 2 2
"Moon- "Moon- "Moon-
0= tan_l & = tan_l Earth = tan_l ﬂ: ta -1 MSL
2
Fy "Moon- M gy
G MMoonMSun MSun Earth
2 2
"Moon- "Moon-
Sun Sun

=t

. (5.98x10%* kg) (149.6x10° m)? o (5.98x10%* kg) (149.6x10° m)?
(384x10° m)? (1.99x10°° kg) (384x10° m)? (1.99x10°° kg)

=tan"' 0.456 =

34. The acceleration due to gravity at any location at or above the surface of a planet is given by

Eplanct = CM pjanet /r?, where r is the distance from the center of the planet to the location in question.

M 2.80M M
Eplanet = Gt = G Earth _ 2.80[G§—aﬂhJ = 2.80gEh = 2.80(9.80 m/s®) = [27.4 m/s*

2 2
r REarin Riarn

35. The acceleration due to gravity is determined by the mass of the Earth and the radius of the Earth.

 GM, GM,,, G2M, 2GM, ,
8o = 2 Enew = 2 - 3 o 9 2 9g0
o Thew (”0) o

So g is multiplied by a factor of [2/9],
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36. The acceleration due to gravity at any location at or above the surface of a planet is given by

Zplanet = OM planet /r?, where r is the distance from the center of the planet to the location in question.
For this problem, Mpjnet = Mpan = 5-97 % 10%* kg,

(@)  r=Rgyy +6400 m= 6.38x10° m+ 6400 m

24
g = G—Earth Ea”h —(6.67x102 " Nom?/kg?y—OI8M0T kD) g2
2

r? (6.38x10° m +6400 m)

(b) r=Rpgyy +6400 km = 6.38x 10° m+6.4x10° m=12.78x10° m (3 significant figures)

24
g=G Earth—(667x102“N m?/k Z)M—244m/s

r? (12.78x10° m)?

37. We are to calculate the force on Earth, so we need the distance of each planet from Earth.

Fearn = (150-108)x10° km =4.2x10"" m  rgyy = (778-150)x10° km = 6.28x 10" m

Venus Jupiter

Feart, = (1430-150)x10° km =1.28x10"? m

Saturn

Jupiter and Saturn will exert a rightward force, and Venus will exert a leftward force. Take the right
direction as positive.

MEanhMJupiter M gaen M sarum M gaiin M venus
3 +G > -G

FEarth— =G
planets "Earth "Earth TEarth
Jupiter Saturn Venus
2 318 95.1 0.815
= OM oy TRV 2 2 10 2
(6.28x10°" m)” (1.28x10"“ m)~ (4.2x10" m)

=(6.67x107"! N-m? /kg?)(5.97x10** kg)*(4.02x10722 m2)=9.56x10'" N~9.6x10!" N

The force of the Sun on the Earth is as follows:

24 30
Foe = GMEar;hMSun _ (6671 N.m k) 397X10% ke)(1.99x10” ke)

Sun Farth (1.50%x10'! m)?
Sun

=3.52x102 N

So the ratio is Fp,,. /Frar. = 9-56x10'7 N/3.52x10% N = [2.7x10™° | which is 27 millionths.

planets Sun

38. Calculate the force on the sphere in the lower left corner, using the free-
body diagram shown. From the symmetry of the problem, the net forces
in the x and y directions will be the same. Note 6 = 45°.

m? m? 1 m? |
Fy = Fiight + Fiag €08 0= ¢ g2 -¢g" (1-1— —j
2

d’ (fd) N 2

2
Thus F), = F, = G%(H LJ The net force can be found by the

22
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Pythagorean combination of the two component forces. Due to the symmetry of the arrangement, the
net force will be along the diagonal of the square.

2 2
F=F}+F?} = \2F] =Fx«/§:G’;—2(l+ ﬁjﬁ:c’:—z(«/ﬁ 15]

2
= (6.67x10% N-m2/kg2)((7'5i)2(\5+ IEJZ |l.1x10‘8 N at 45°
0.80 m)

The force points toward the center of the square.

39. In general, the acceleration due to gravity of the Earth is given by g = GM g, /r?, where r is the
distance from the center of the Earth to the location in question. So, for the location in question,

1 GMEanh_l_GMEanh
& = 10 Esurface - 2 T 10 2
r Riartn

r=V10Rg,, = 10(6.38x10° m) = [2.02x10” m

- r2=10R%

40. The acceleration due to gravity at any location at or above the surface of a star is given by

Zetar = OM giar /r?, where r is the distance from the center of the star to the location in question.

M SM. _ 30
Zoar =G —5= G35 = (6.67x107'' N mz/kgz)%z 7x10'2 m/s2
r r 1x10" m

41. The shuttle must be moving at “orbit speed” in order for the satellite to remain in the orbit when
released. The speed of a satellite in circular orbit around the Earth is given in Example 5-12.

M
Uorbit = G ianh
v M . 24
U=\/G Earth = |G Earth _ (6.67><10_“ N~m2/kg2) (5 968X10 kg) :
r (Rgayih +780 km) (6.38x10° m+7.8x10° m)

=|7.46x10° m/s

42. The speed of a satellite in a circular orbit around a body is given in Example 5-12 as
Uorbit = | OMpogy /7', Where 7 is the distance from the satellite to the center of the body.

’ M 24
L= G bOdy — G MEarth c _ (6.67)(10_11 Nmz/kgz) (5968X10 kg) -
r Rpaeh +4.8x10° m (6.38x10” m+4.8x10° m)

=15.97x10° m/s
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43. Consider a free-body diagram of yourself in the elevator. FN is the force of the scale pushing
up on you and reads the normal force. Since the scale reads 77 kg, if it were calibrated in
newtons, the normal force would be Fy = (77 kg)(9.80 m/s2) =754.6 N. F

Write Newton’s second law in the vertical direction, with upward as positive.

N - mg _ 754.6 N —(62 kg)(9.80 m/s? )
m 62 kg

ZFzFN—mg:ma - a= |24m/s upward

Since the acceleration is positive, the acceleration is upward.

44. Draw a free-body diagram of the monkey. Then write Newton’s second law for the
vertical direction, with up as positive.
Fo—
ZF:FT—mg:ma 5 q=-1""8
m

For the maximum tension of 185 N,

185 N —(12.0 kg)(9.80 m/s?)

=562 m/s’~ 5.6 m/s’
(12.0kg)

=5.6m/s’

Thus the elevator must have an upward acceleration greater than a for the cord to break.
Any downward acceleration would result in a tension less than the monkey’s weight.

45. The speed of an object in a circular orbit of radius  around mass M is given in Example 5-12 by
v=~GM /r and is also given by v =2zr/T, where T is the period of the orbiting object. Equate the
two expressions for the speed and solve for 7.

lgM _27r
r T

3 6 4 3
Tzzﬂ\/ Ay (ALTA0 me95x10 M §05x10%s ~118 min
GM (6.67x1071 N-m?/kg?)(7.35x10* m)

46. The speed of a satellite in circular orbit around the Earth is shown in Example 5-12 to be
M
Uorbit = 4 fGL“h. Thus the velocity is inversely related to the radius, so the closer satellite will be
r

orbiting faster.
GMEaITh
Datose _ V| Tetose Har _ | Reann +1:5x10"m _ \/6.38><106m+l.5><107m= L4
Vpyr /GMEarth Tlose  \| Rparn +7.5x10°m  V6.38x10°m +7.5x10%m
Tfar

So |the close satellite is moving 1.2 times fasteﬂ than the far satellite.
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47. Consider a free-body diagram for the woman in the elevator. FN is the upward force

the spring scale exerts, providing a normal force. Write Newton’s second law for the
vertical direction, with up as positive.

ZF:FN—mg:ma - Fy=m(g+a)

(a, b) For constant-speed motion in a straight line, the acceleration is 0, so the
normal force is equal to the weight.

Fy = mg = (58.0 kg)(9.80 m/s%) =
(¢) Here a=+023g, so Fy =123 mg=1.23(58.0 kg)(9.80 m/s*) = [699 N
(d) Here a=-0.23g, so Fy =0.77 mg =0.77(58.0 kg)(9.80 m/s 2) =440 N

(e) Here a=-g, so Iy :@.

48. The speed of an object in an orbit of radius » around the Earth is given in Example 5-12 by
U = GMg,y, /r and is also given by v =27r/T, where T is the period of the object in orbit. Equate

the two expressions for the speed and solve for 7. Also, for a “near-Earth” orbit, » = Rg,, -

M ’ 3
Glnh :ﬂ > T =2 I”—
r T GMEaITh

R3 ) 6 . \3
T=2g |- Eath oy _(638x]0" m) ———= 0705 =84.5 min
GM gyran (6.67x107" N-m?/kg?)(5.98x10** m)

@ , the result does not depend on the mass of the satellite.

49. Consider the free-body diagram for the astronaut in the space vehicle. The Moon is h‘
below the astronaut in the figure. We assume that the astronaut is touching the inside of H
the space vehicle, or in a seat, or strapped in somehow, so a force will be exerted on the

astronaut by the spacecraft. That force has been labeled FN. The magnitude of that F,| ymg
force is the apparent weight of the astronaut. Take down as the positive direction.
(a) If'the spacecraft is moving with a constant velocity, then the acceleration of the
astronaut must be 0, so the net force on the astronaut is 0.
D F=mg-Fy=0 -

M ) 22
PEMoon _ (6,67 107! N-m?/kg?) (75 ke)(74x107 ke) 59,3y
.

FN=mg=G
N (25x10° mp

Since the value here is positive, the normal force points in the original direction as shown on the

free-body diagram. The apparent weight is |59 N, away from the Moon |

(b) Now the astronaut has an acceleration toward the Moon. Write Newton’s second law for the
astronaut, with down as the positive direction.

ZF =mg—Fy=ma — Fy=mg—ma=5923N-(75kg)(1.8m/s 2): -76 N
Because of the negative value, the normal force points in the opposite direction from what is

shown on the free-body diagram—it is pointing toward the Moon. So perhaps the astronaut is
pinned against the “ceiling” of the spacecraft, or safety belts are pulling down on the astronaut.

The apparent weight is |76 N, toward the Moon |.
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50. The apparent weight is the normal force on the passenger. For a person at rest, the normal force is
equal to the actual weight. If there is acceleration in the vertical direction, either up or down, then the
normal force (and hence the apparent weight) will be different than the actual weight. The speed of the
Ferris wheel is v =27zr/T =27(11.0 m)/12.5s =5.529 m/s.

(a) See the free-body diagram for the highest point of the motion. We assume
the passengers are right-side up, so that the normal force of the Ferris wheel
seat is upward. The net force must point to the center of the circle, so
write Newton’s second law with downward as the positive direction.

The acceleration is centripetal since the passengers are moving in a circle.
v* v?
ZF:FR =mg-Fy=ma=m— — Fy=mg-m—
r r

The ratio of apparent weight to real weight is given by the following:

2 02

mg—-m— g-—— 2 2
5529 m/s)
r_ 2 e vt ( =0.716
mg g rg (11.0 m)(9.80 m/s?)

(b) At the bottom, consider the free-body diagram shown. We assume
the passengers are right-side up, so that the normal force of the Ferris \ ’-ﬂ—‘/
wheel seat is upward. The net force must point to the center of the circle,
so write Newton’s second law with upward as the positive direction. The F mg
acceleration is centripetal since the passengers are moving in a circle.
v* v?
ZF:FR :FN—mgzma:mT - Iy =mg+m7

The ratio of apparent weight to real weight is given by the following:
2
v
mg +m-— 2 2
L Yy (5.529 m/s) - [o3a
mg rg (11.0 m)(9.80 m/s”)

2
The centripetal acceleration will simulate gravity. Thus 2 070 g — v=,/0.70gr. Also for a
r

rotating object, the speed is given by v =27zr/T. Equate the two expressions for the speed and solve
for the period.

b= '—0.70gr =2_;z:r o or- 2rr _ 2r(16 m)2 _
0.70gr \/(0.70)(9.80 m/s%)(16m)

52. (a) The speed of an object in near-surface orbit around a planet is given in Example 512 to be
v=~GM/R, where M is the planet mass and R is the planet radius. The speed is also given
by v =27R/T, where T is the period of the object in orbit. Equate the two expressions for the

speed.
M 2zR M _4z°R? M Axz?
—=— > G—= - —=—
R T R 77 R* GT?
The density of a uniform spherical planet is given by p = = . Thus
Volume %7[R3
oM _ 3472 [3x
4zR® 4r GT? |GT?
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(b) For Earth, we have the following:

o= 37 = |5.4x 10° kg/m®

GT?  (6.67x107") N-m? /kg?)[(85 min)(60 s/min)]

53.  Use Kepler’s third law for objects orbiting the Sun.

2 3
(T Neptune Miartn ) = (I’ Neptune Mgarth ) -

3/2 9 3/2
] 4.5x10" k
TNeptune _ TEanh Neptune =(1 year) Lsm = |160 years
TBarth 1.50x10° km

54. Use Kepler’s third law for objects orbiting the Sun.

3 2 2/3 2/3
T; T
£ R N (% L ) S Py

"Earth Tearth Earth

55.  Use Kepler’s third law for objects orbiting the Earth. The following are given:
. 86,400
T, = period of Moon = (27.4 day) (TS} 2367x10%s
ay

r, = radius of Moon’s orbit = 3.84x10%m

r, = radius of near — Earth orbit = Rg, 4, = 6.38x10 %m

(LT, =(nir) -

3/2
6
T =T, (ri/ry ) = (2367x10% ) [WJ = 5.07x10° s (= 84.5 min)

3.84x10% m

56. Knowing the period of the Moon and the distance to the Moon, we can calculate the speed of the Moon
by v =27zr/T. But the speed can also be calculated for any Earth satellite by v =/GM gy, /7, as

derived in Example 5-12. Equate the two expressions for the speed, and solve for the mass of the Earth.
GMgy, /r =27r/T —

4r% 47%(3 84 x10% m)®
Mgy == 7 (384x10" m) — |598¢ 10% kg

GT?  (6.67x107"" N-m2/kg?)[(27.4 d)(86,400 s/d)]?

57. There are two expressions for the velocity of an object in circular motion around a mass M:
v=~GM /r and v =27zr/T. Equate the two expressions and solve for 7.

NGM Iy =2xrIT —

3x10% m/s)(3.16x10” s
1 X )

3
(3x10*
r Ly 15 8
T=2r\|—=2x =5.8x10""s=1.8x10"yr
GM

(6.67x10711 N-m?/kg?)(4x10* kg)
~[2x10® yr
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58. Use Kepler’s third law, Eq. 5-7b, to find the radius of each moon, using Io’s data for », and 7,.
(1/n) =T > 5 =n(h/T)*"°

Teuropa = "o (Turopa /TIO) = (422x10° km)(3.55 d/1.77 d)*”* = [671x10° km
Fanymede = (422x10° km)(7.16 d/1.77 d)* = 1070x10° km

Feallisto = (422x10° km)(16.7 d/1.77 d)** = [1880x10° km

The agreement with the data in the table is excellent.

59. As found in Example 5-12, the speed for an object orbiting a distance » around a mass M is given by

60. Use Kepler’s third law to relate the orbits of Earth and Halley’s comet around the Sun.

3 2
(rHal]ey /rEarth ) = (THalley /TEarth ) -

B 23 6 2/3 6
Titattey = Tarth (Tattey Trartn ) = (150x10° km)(76 yr/1 yr) " = 2690x10° km

This value is half the sum of the nearest and farthest distances of Halley’s comet from the Sun. Since
the nearest distance is very close to the Sun, we will approximate that nearest distance as 0. Then the

farthest distance is twice the value above, or 5380x10° km = |5.4x10'? m| This distance approaches

the mean orbit distance of Pluto, which is 5.9 x 102 m. |It is still in the solar system, nearest to |

IPluto’s orbit.

2 2iz'REanh /T 4” REarth
2] orbit orbit
Earth REarn T?
orbit orbit

61. The centripetal acceleration is ap = . The force (from Newton’s

second law) is F = mp,qag - The period is one year, converted into seconds.
2
47°Rg

mi _ 472(150x10' m) _
ag = orbit d =15.97x107° m/s?

T2 (3.15x107 )
Fy =ma = (5.97x10%* kg)(5.97x107° m/s?) = [3.56x10** N

exerts this force on the Earth. It is a gravitational force.

62. Since mass m is dangling, the tension in the cord must be equal to the weight of mass m, so Fy =mg.

That same tension is in the other end of the cord, maintaining the circular motion of mass M, so
2
v . . .
Fr = Fy =Map =M —. Equate the expressions for tension and solve for the velocity.
r
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2

1%
i o= ]

63. The force is a centripetal force, and is of magnitude 7.45 mg. Use Eq. 5-3 for centripetal force.

2
F=m =745mg — v=\145rg = \1.45(11.0 m)(9.80 m/s ) = 28.
r

1rev
28.34 m/s)x ———— = 10.410 rev/s
( I Tmiom) Q410 revs|

64. The car moves in a horizontal circle, so there must be a net horizontal
centripetal force. The car is not accelerating vertically. Write Newton’s
second law for both the x and y directions.

Z:Fy:FN cos0-mg=0 —> Fy= e
cos 6

ZFX :ZFR = Fy sin @=ma,

The amount of centripetal force needed for the car to round the curve is as follows:

2
(85 km/h) M
V2 3.6 km/h 5
Fr =m=—= (1050 kg) =8.130x10°N
r 72 m

The actual horizontal force available from the normal force is as follows:

Fy sin 0= mge sin @ = mg tan 6 = (1050 kg)(9.80 m/s 2 tan14° = 2.566x 10> N
cos
Thus more force is necessary for the car to round the curve than can be ¥
supplied by the normal force. That extra force will have to have a horizontal *

component to the right in order to provide the extra centripetal force.
Accordingly, we add a frictional force pointed down the plane. That
corresponds to the car not being able to make the curve without friction.

Again write Newton’s second law for both directions, and again the
y acceleration is zero.

. +Fp sin @
ZFy:FN cos@-mg—F;sin0=0 — FN:—mg fr S0
cos 0
2
ZFXZFNSin9+FfrC059:m_
B

Substitute the expression for the normal force from the y equation into the x equation, and solve for the
friction force.
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66.

mg+Fgsin@ . v? . . v?
g+sm9+Fﬂcos9=m— — (mg+F; sin 0) sin 0 + F;, cos 26 = m ~—cos 0
cos 0 r r

2

Fy =mZ—cos 0—mg sin 0= (8.130x 103 N)cos 14° — (1050 kg)(9.80 m/s *)sin 1 #
r

=5.399x10° N

So a frictional force of |5.4x10° N down the plane| is needed to provide the necessary centripetal

force to round the curve at the specified speed.

Consider the free-body diagram for a person in the “Rotor-ride.” FN is the /_\
normal force of contact between the rider and the wall, and Fj, is the static v
frictional force between the back of the rider and the wall. Write Newton’s I fi
second law for the vertical forces, noting that there is no vertical acceleration.
ZFyzFfr—mg:O - Fy=mg - FN
mg
If we assume that the static friction force is a maximum, then v

Fy = pufy=mg — Fy=mgly,

But the normal force must be the force causing the centripetal motion—it is the only force pointing to
2 2

. . 4
the center of rotation. Thus F = Fyy = m—. Using vv=27zr/T, we have Fyy = T Zmr'
r T

Equate the

two expressions for the normal force and solve for the coefficient of friction. Note that since there are
0.50 revolutions per second, the period is 2.0 s.

4°mr  m 72 (980 m/s?)(20s)?
Rtz _me o, 8T _( JCOS)” _ 5]
T s 47 47% (5.5 m)

Any larger value of the coefficient of friction would mean that the normal force could be smaller to
achieve the same frictional force, so the period could be longer or the cylinder radius smaller.

There is no force pushing outward on the riders. Rather, the wall pushes against the riders. By
Newton’s third law, the riders therefore push against the wall. This gives the sensation of being pressed
into the wall.

A free-body diagram for the sinker weight is shown. L is the length
of the string actually swinging the sinker. The radius of the circle of
motion is moving is » = L sin 8. Write Newton’s second law for
the vertical direction, noting that the sinker is not accelerating
vertically. Take up to be positive.

mg
cos ¢

sz =Frcos@-mg=0 — Fp=

The radial force is the horizontal portion of the tension. Write Newton’s second law for the radial
motion.
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2

ZFR = Frsin @ = mag :mUT

Substitute the tension from the vertical equation and the relationships » = L sin @ and v =27zr/T.

2 2 - 2
FTsinB:mU— - & sin9=4ﬂ mL2s1nt9 — cosf = 8T
r cos 0 T 4L
2 2 2
0 = cos”! gT; — cos”! (9.80 nzl/s )(0.758)" _
47°L 477(025 m)

67. Atthe top of a circle, a free-body diagram for the passengers would be as
shown, assuming the passengers are upside down. Then the car’s normal
force would be pushing DOWN on the passengers, as shown in the diagram.
We assume no safety devices are present. Choose the positive direction to be
down, and write Newton’s second law for the passengers.

2 2
ZFzFN+mg:ma:mU— - Fsz[U——gJ
r

7

We see from this expression that for a high speed, the normal force is positive,
meaning the passengers are in contact with the car. But as the speed decreases, the normal force also
decreases. If the normal force becomes 0, the passengers are no longer in contact with the car—they

are in free fall. The limiting condition is as follows:
2

Unin
it g =0 = by =g = J9.80 m/s (8.6 m) =

1 m/s

68. The speed of the train is (160 km/h)| ———
3.6 km/h

):44.44 ms.

(a) Ifthere is no tilt, then the friction force must supply the entire centripetal force on the passenger.
2 2
v? (55 kg)(44 44 m/s) _
Fr=m—= =190.6 N» -1.9x10 N
R™TR (570 m)

(b) For the banked case, the normal force will contribute to the radial force
needed. Write Newton’s second law for both the x and y directions. The y
acceleration is zero, and the x acceleration is radial.

. +F}; sin 0
ZFyzFN cos@-mg—Fysinf=0 — FNz%

2

ZFX = [y sin 8+ F}; cos H:mUT

Substitute the expression for the normal force from the y equation into
the x equation, and solve for the friction force.

: 2
mg+Fg sin @ . v
PET T Y Gin 0+ cosd=m——
cos 6 r
)
(mg + Fy, sin ) sin 6+ F cos’O@=m-—cos —
r
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2
Fy =m| —cos@—gsinf

B
2
=(55 kg){%cos 8.0°—(9.80 m/s %) sin 8.0"} =113.7N~ [.1x10%2N
m
69. See the diagram for the two stars. d

(a) The two stars don’t crash into each other because of
their circular motion. The force on them is centripetal
and maintains their circular motion. Another way to
consider it is that the stars have a velocity, and the
gravity force causes CHANGE in velocity, not actual velocity.

If the stars were somehow brought to rest and then released under the influence of their mutual
gravity, they would crash into each other.

(b) Set the gravity force on one of the stars equal to the centripetal force, using the relationship that
v=2xr/T = znd/T, and solve for the mass.
2 2 2 2 2 2
FG=GM :FR:MU_:M2(M/T):27er _>GM_:2”Md
d2 d/2 d T2 d2 T2

27%d3 2228 0 %10 m)?
M= _ ( ) = [0.6<10” ke

GT? -
(6.67x107"' N-m?/kg?) (12.6 grx S 19x107s

70. The acceleration due to the Earth’s gravity at a location at or above the surface is given by
g =GMp,, /r*, where ris the distance from the center of the Earth to the location in question.
Find the location where g = % Zsurface-
GM Earth _ l GM Earth

2 - 2
r 2 REanh

- 7= 2R]%arth - r= ﬁREanh

The distance above the Earth’s surface is as follows:

= Riarn = (V2 1) Roggy = (V2-1)(6.38x10° m) = 2.64x10° m |= 0.414 Ry,

71.  We assume the water is rotating in a vertical circle of radius . When the bucket is

at the top of its motion, there would be two forces on the water (considering the water - T~
as a single mass). The weight of the water would be directed down, and the normal e
force of the bottom of the bucket pushing on the water would also be down. See the Fy -

free-body diagram. If the water is moving in a circle, then the net downward force
would be a centripetal force.

2 2
ZFzFN+mg:ma:mU— - Fsz[U——gJ
r

7

The limiting condition of the water falling out of the bucket means that the water loses contact with the
bucket, so the normal force becomes 0.

2 2
Fsz[UT—g] - m[@—g}zo - Ucritica]:\/yg
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72.

73.

74.

75.

No portion of this material may be reproduced in any form or by any means, without permission in writing from the publisher.

From this, we see that , it is possible to whirl the bucket of water fast enough. The minimum speed

is \/E . All you really need to know is the radius of the circle in which you will be swinging the

bucket. It would be approximately the length of your arm, plus the height of the bucket.

For an object to be apparently weightless, the object would have a centripetal acceleration equal to g.

This is the same as asking what the orbital period would be for an object orbiting the Earth with an
2

orbital radius equal to the Earth’s radius. To calculate, use g =ap =

, along with
Earth

U =27 Rga, /T, and solve for T.

2 2
47°R R
g= U BRath _, p_op /Lﬂhzz 638><1()6m .07x103 s~845m1n)
b4

Rearth T2 9.80 m/s?

The speed of an object in an orbit of radius » around a planet is given in Example 5-12 as
v=,/GM planet /7> and is also given by v =277/T, where T is the period of the object in orbit. Equate

the two expressions for the speed and solve for T.

3
GMPlanet :272.” > T=2x r
r T GMPlanet

For this problem, the inner orbit has radius 7., =7.3x 107 m, and the outer orbit has radius

=1.7x10% m. Use these values to calculate the periods.

7 3
Tinner =27Z\/ — (7.3x10" m) = PR.0x10%s

(6.67x107" N-m?/kg?)(5.7x10°° kg)

1.7x10% m)?
Touter :2”\/ L w = 7.1><104s

(6.67x1071 N-m?/kg?)(5.7x10%® kg)

T outer

Saturn’s rotation period (day) is 10 h 39 min, which is about 3.8x 10* s. Thus the inner ring will

appear to move across the sky faster than the Sun (about twice per Saturn day), while the outer ring
will appear to move across the sky slower than the Sun (about once every two Saturn days).

The speed of an object in an orbit of radius » around the Moon is given by v = \/GM 100 /7, and is

also given by v =27zr/T, where T is the period of the object in orbit. Equate the two expressions for
the speed and solve for T.

GMMOOn/r :zﬂr/T —>

5 |(Ryoon +100 km)’ oy (1.74x10° m+1x10° my
GM vtoon GM vtoon (6.67x1071 N-m?/kg?)(7.35x10?* kg)

T=2rx

= [7.1x10% s (=2.01))|

The lamp must have the same speed and acceleration as the train.
The forces on the lamp as the train rounds the corner are shown
in the free-body diagram included. The tension in the suspending
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cord must not only hold the lamp up, but also provide the
centripetal force needed to make the lamp move in a circle. Write Newton’s second law for the vertical
direction, noting that the
lamp is not accelerating vertically.
mg
cos 0

sz =Frcos@-mg=0 — Fp=

The force moving the lamp in a circle is the horizontal portion of the tension. Write Newton’s second
law for that radial motion.
L2
r

Substitute the expression for the tension from the first equation into the second equation, and solve for

the speed.
2

g sinHzmgtané’:mU— -
cos 6 r

v=,jrgtanf = \/(215 m)(9.80 m/sz)tanl6.5° = 25.0 m/s

76. The speed of rotation of the Sun about the galactic center, under the assumptions made, is given by

m

Frsin 0=

M 2
L= Grgﬂ, S0 M gyjaxy = BSunobit? _ *gupstitute in the relationship that v = 277, oric/T-
Sun orbit
2 3
v A o)’ _ 47°[(30,000)(9.5x10" m)P’
galaxy — GT2 -

7
(6.67x107" N-m?/kg?) {<200x106 ) [31510sﬂz

Lyr
=3452x10*" kg = 3x10* kg

The number of solar masses is found by dividing the result by the solar mass.

M, 41
# stars = galaxy _ 3.452x10 kg=1.726x10“z

Mg,  2.0x10° kg

=G MEarthm

77. (a) The gravitational force on the satellite is given by £, , where r is the distance of

rav
r

the satellite from the center of the Earth. Since the satellite is moving in circular motion, then the
2

. . v o .
net force on the satellite can be written as ., = m—. By substituting v =27zr/T for a circular
r

net

2
. A mr
orbit, we have F _

et = . Then, since gravity is the only force on the satellite, the two

expressions for force can be equated and solved for the orbit radius.
Mgymm 4’ mr
r? 72

G

4r? 4r?

=7.615x10° m ~ [7.6x10° m
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78.

79.

80.

81.

(b) From this value the gravitational force on the satellite can be calculated.
(6.0x10** kg)(5500 kg)
(7.615x10° my?

M Earth m

=G =(6.67x107"' N-m?/kg?) =3.796x10* N

grav

oo

(c¢) The altitude of the satellite above the Earth’s surface is given by the following:

F—Rpyq = 7.615x10° m—6.38x10° m = [1.2x10° m

The speed of an orbiting object is given in Example 5-12 as v =+ GM /r, where r is the radius of the
orbit, and M is the mass around which the object is orbiting. Solve the equation for M.

2 17 5 2
5.7x107 m)(7.8x10° m/
v="LGMIr — M=%=( X10_ m)(78x10" ST _ k5 5x10% kg

(6.67x107 N-m?/kg?)

The number of solar masses is found by dividing the result by the solar mass.
Mgalaxy _ 5.2x% 1039 kg
Mg,  2x10*" kg

# solar masses = = [2.6x10° solar masses |

Find the “new” Earth radius by setting the acceleration due to gravity at the Sun’s surface equal to the
acceleration due to gravity at the “new” Earth’s surface.
GM Earth _ GM Sun

&Earth = 8Sun

new "Earth "Sun
new

M 1 24k
Foartn = Foun . |20 = (6.96x10° m) 298 030 g_ 121><106
Mgy 1.99x10% kg

new

This is about 1/5 the actual Earth radius.

. .. L |GM
The speed of an object orbiting a mass is given in Example 5-12 as v =, [—>4L
r

GM GM GM M
Upew =1.5v and v, = /ﬂ - l5v= ,ﬂ - 1.5\/ Sun _ Sun_ - _,
rneW rneW r rneW

1.5

Note that the answer doesn’t depend on either of the asteroid masses.

The goal is to form a quantity that has acceleration units, from the speed of the radius of an object in
circular motion. Speed has dimensions [F}, radius has dimensions [L], and acceleration has
. . L . . . .
dimensions — | To get time units squared in the denominator, the speed must be squared. But the
T

2

dimensions of speed squared are — |- This has one too many powers of length, so to reduce that,
T

divide by the radius.
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7
2l

Factors such as 2 or 7, if needed for the final formula, cannot be determined with dimensional

analysis.

Solutions to Search and Learn Problems

1. Ex.5-1: (i) The ball; (ii) tension in the string acting on the ball.
Ex. 5-2: (i) The Moon; (i1) gravitational force on the Moon from the Earth.
Ex. 5-3: (i) The ball; (ii) tension in the string acting on the ball.
Ex. 5—4: (i) The ball; (ii) at the top it is the sum of the tension and force of gravity;

at the bottom it is the difference between tension and gravity.

Ex. 5-5: (i) The tetherball, (i) the horizontal component of the tension.

Ex. 5-6: (i) The car; (i1) the force of static friction between the tires and the road.
Ex. 5-7: (i) The car; (i) the horizontal component of the normal force.
Ex. 5-8: (i) The race car; (ii) the radial component of the static friction.

Ex. 5-9: No centripetal acceleration
Ex. 5-10: (i) The spacecraft;  (ii) the force of gravity on the spacecraft from the Earth.

Ex. 5-11: No centripetal acceleration.

Ex. 5-12: (i) The satellite; (i1) the force of gravity on the satellite from the Earth
Ex. 5-13: (i) Mars; (ii) the force of gravity on Mars from the Sun.
Ex. 5-14: (i) Earth; (i1) the force of gravity on Earth from the Sun.

2. A free-body diagram for the ball is shown, similar to Fig. 5-7. The
tension in the suspending cord must not only hold the ball up, but also
provide the centripetal force needed to make the ball move in a circle.
Write Newton’s second law for the vertical direction, noting that the
ball is not accelerating vertically.

mg

sin @

ZFy =frsinf@-mg=0 — Fr=

The force moving the ball in a circle is the horizontal component of the tension. Write Newton’s
second law for that radial motion.

Uz
ZFR =FT COS@=maR =m7

Substitute the expression for the tension from the first equation into the second equation, and solve for
the angle. Also substitute in the fact that for a rotating object, v = 2z7/T. Finally, we recognize that if
the string is of length L, then the radius of the circle is » = L cos 6.
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Fo cos 6 = mg o 0= mo? _ 4 mr B 47°mL cos 0
T sin 6 r T2 T2
2 2 2 v)
sin 0 = 8T — @=sin! 8T =sin"! (©-80 m/s”)(0.5005) = 5.94°
47’L 4r’L 47%(0 600 m)

. . mg  (0.150 kg)(9.80 m s?)
The tension is then given by Fr = = =142 N
& v sin 6 sin 5.94°

3. An object at the Earth’s equator is rotating in a circle with a radius equal to the radius of the Earth and
a period equal to one day. Use that data to find the centripetal acceleration and then compare it with g.

( 2,[,,)2 47%(6.38x10° m)

2 T 2 2

aR=”—=T—=4”—2r S &R (86’40052 — 0.00344~ |——
r r T g (9.80 m/s”) 1000

So, for example, if we were to calculate the normal force on an object at the Earth’s equator, we could

not say ZF = Fy —mg = 0. Instead, we would have the following:

2 2

ZF:FN—mg:—mU— - FN:mg—mU—
r r

2
v . .
If we then assumed that Fy =mg. ¢ = mg —m—, then we see that the effective value of g is
r

2

v
Zoff =g—7:g—0.003g =10.997g

4. (a)
Gstar = GM.

star

M ) 30
Gstar =G —" =(6.67x1o*”N-m2/kg2)w= 4.38x107 m/s*
R (1.74%10° m)
Moon

(b) W =mg,,. =(65kg)(4.38x10" m/s?)=[2.8x10° N
star

(¢) Use Eq. 2-11c, with an initial velocity of 0.

V¥ =u5 +2a(x-x)) —

V= 2a(x— %) = y2(4.38x107 m/s>)(1.0 m) = 0.4x10° ms

5. For a body on the equator, the net motion is circular. Consider the free-body
diagram as shown. F) is the normal force, which is the apparent weight. The

net force must point to the center of the circle for the object to be moving in a
circular path at constant speed. Write Newton’s second law with the inward
direction as positive.

The acceleration due to gravity at any location at or above the surface of a star is given by

/r?, where r is the distance from the center of the star to the location in question.
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2

ZFR = M jupiter _FN =m

Jupiter

2 2
Fuo = v _ G M Jupiter v
N = gJupiter_R =m 2 _R
Jupiter Rjupjter Jupiter

Use the fact that for a rotating object, v =27zr/T.

2
M Jupiter 4 RJupiter
Fy=m|G 3 - 3
Jupiter TJupiter

Thus the perceived acceleration of the object on the surface of Jupiter is

2
MJupiter _ 4z RJupiter _ (667>< 10711 N. mz/kgz (1.9X1027 kg) 47[2(7.1><107 m)

R? T2 . (7.1x10' mY
Jupiter Jupiter |i(595 min)( 60s j

1 min

=22.94 m/s? {1—gj =

9.80 m/s’

Thus you would not be crushed at all. You would certainly feel “heavy” and quite uncomfortable, but
not at all crushed.

6. (a) The Moon is Full when the Sun and Moon are on opposite sides of the Earth. In this position, a
person on the Earth will only be able to see either the Sun or the Moon in the sky at any given
time. Therefore, as the Sun sets, the Moon rises and as the Moon sets, the Sun rises.

(b) As the Moon orbits the Earth it moves toward the east 1/29.53 of a synodic orbit, or about 12°
every day. Therefore, if the Moon was just rising at 6 PM on the day of the Full Moon, it would
be about 12° below the horizon at 6 PM the next day, and therefore would not be visible.

(c) The red dot represents the location of a person on the Earth who sees the Full Moon rise at 6 PM
on the day shown as figure (a). A day later (b) the Earth has completed one full rotation and for
the person at that location it is again 6 PM. When the next Full Moon arrives, 29.53 days have
elapsed. That means the red dot has revolved around the Earth about 29 and a half times.
Because of the half revolution, the dot is on the other side of the Earth. To the observer it is now
about 6 AM and the Full Moon is setting as the Sun rises. In part (d) the Earth will have
completed about 27 and a third revolutions, so the red dot should be about one-third of a counter-
clockwise rotation from 6 PM, or about 2 AM.

7

7
_ :@ Earth (27.32 d)

7

(d) The Earth completes one full revolution, or 360°, around the Sun every year, or 365.25 days. The
angle of the Moon in Fig. 5-31e relative to the “horizontal” (the dashed line in part (a)) is equal
to the angle that the Earth moves between consecutive Full Moons:

B [ 29.53 days

360°=29.11°
365.25 days
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So in 29.53 days the Moon has orbited 360° + 29.11° =389.11°. The angular speed of the Moon
is constant and can be written as the ratio of the orbital angle to orbital period for either sidereal
or synodic orbits. Setting the ratios equal, solve for the sidereal period.

— esidereal _ esynoptic N

Tsidereal Tsynoptic
Hsidereal 360°
Tsidereal = Tsynoptic 9 . = (29.53 days) 389.11° = |27.32 days
synoptic :

© Copyright 2015 Pearson Education, Ltd. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



